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Abstract

Polyclonal antibodies against microcystin-LR (MC-LR), a cyclic heptapeptide toxin, were generated in rabbits using MC-LR-BSA. An enzyme-
linked immunosorbent assay (ELISA) was developed for the characterization of the antibodies and their potential use for analytical purposes. The
concentration of MC-LR that inhibits 50% of antibody—antigen binding (ICsy) was 0.5 ug L~! for the indirect ELISA format and 0.9 pgL~! for
the direct ELISA, using MC-LR-horseradish peroxidase conjugate. The limit of detection corresponding to ICg, was found to be 0.06 pg L1, well
below the Word Health Organization level for drinking water of 1 wgL~". The direct competitive ELISA was applied to water samples and was
shown useful for screening purposes. The developed anti-microcystin antibodies were immobilized on solid supports for use in selective solid phase
extraction (SPE) systems, prior to liquid chromatography (LC) quantification. An immunoaffinity cartridge (IAC), a Sepharose®-based cartridge
incorporating 2 mg of antibodies allowed the selective and quantitative recovery of a mixture of 0.2 ug of MCs showing potential use in sample
preparation of real matrices. When applied to water and green algae samples, average recoveries from Sepharose®-based cartridges were in the
range of 86—113% for water samples and 85-92% for blue-green algae samples. Selectivity of the IAC clean-up was proven by comparison with
non-specific solid phase extraction using octadecylsilica (ODS) sorbent. Results obtained using LC/UV after IAC clean-up agreed well with results
obtained using liquid chromatography and mass spectrometry detection (LC/MS and LC/MS/MS) after SPE-C18 clean-up, allowing therefore to
validate the resulting technique.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Microcystins (MCs) are a family of hepatotoxic pep-
tides produced by freshwater cyanobacteria (blue-green
algae) belonging to the genera Microcystis, Anabaena, Nos-
toc and Oscillatoria (Planktothrix). All microcystins have
a common cyclic heptapeptide structure (Fig. 1) consist-
ing of -D-Ala-L-X-D-erythro-3-methylisoAsp-L-Z-Adda-D-iso-
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Glu-N-methyldehydro Ala, where Adda is a Cpp amino
acid: 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-
dienoic acid and X and Z refer to the variable amino acids that
give its name to the molecule [1]. These molecules represent
an increasing environmental and health risk as their presence
in sources of water supplies has caused the death of wild and
domestic animals worldwide [2] and has been linked to human
fatalities [3]. MCs have been shown to inhibit protein phos-
phatase [4] and to promote tumors [5]. Animal studies carried
out in mice administered with MCs resulted in the death of the
treated animals suffering from hypovolemic shok due to loss of
blood from the vasculature in the damaged liver, within 1-3h
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Fig. 1. Common structure of microcystins.

after MCs administration. Extensive hemorragic necrosis and
disruption of sinusoids in the liver of mice or rats were reported
as direct toxicological effects related to MCs [6,7]. Because of
their natural occurrence, MCs can be found in drinking water
supplies and some health food products based on blue-green
algae such as Aphanizomenon and Spirulina, harvested from
natural freshwater lakes and commercialized worldwide under
a variety of brands, either individually or within vitamin supple-
ments.

The most commonly occurring MCs are microcystin
leucine-arginine (MC-LR), microcystin arginine-arginine (MC-
RR), microcystin tyrosine-arginine (MC-YR) and microcystin-
leucine-alanine (MC-LA) variants.

Available analytical techniques include LC/UV [8,9] and
LC/MS [10-13] along with an extensive sample treatment and
clean-up prior to injection into the LC system. A novel ISO
norm (ISO 20179: 2005 — water quality — determination of
microcystins — method using solid phase extraction (SPE) and
high performance liquid chromatography (HPLC) with ultravi-
olet (UV) detection) is available. Some developments of more
bio-analytical assays were reported as generic screening systems
for different MCs. The mouse bio-assay is most frequently used
to detect the toxins in cyanobacterial water blooms [14,15]. The
phosphatase inhibition enzyme assay has been developed and
extensively used, exploiting the characteristic of MCs to inhibit
the regulatory enzymes: protein phosphatase 1 and 2A (PP1
and 2A) [16]. Although convenient for generic sample screen-
ing, these assays present the drawback of their sensitivity to the
matrices and the fact that some ions such as Mn?* could react as
inhibitor of PP2A [31]. In addition to that, the inhibition depends
on the variety of the MC and some natural compounds could
inhibit the PP1A action [32]. Also, the inhibition ratio depends
on the amount of protein phosphatase [33]. In the latter work, it
has been shown that amounts of MCs around 0.2 x 103 pgL~!
gave different results for the same level of MC and for the same
sample, Enviroguard ELISA test gave results 10 times better
than that of the protein phosphatase.

The immunochemical approach provides an excellent alter-
native suitable for low level detection and quantification of
toxicants. Immunoassays constitute a useful screening system
offering minimum sample treatment while reaching satisfactory
detection limits, allowing therefore to reduce the number of sam-
ples to undergo lengthly analytical procedures. Immunoaffin-
ity chromatography (IAC), another immunochemical-based

approach, was in turn found to be an excellent sample clean-
up technique for a large variety of toxic chemicals in biological
samples at trace concentrations using little or no organic sol-
vents [17-19]. This paper describes the application of both
techniques to the analysis of MCs in water and blue-green
algae.

The development of immunoassays was reported for a large
number of low molecular weight toxins, such as mycotoxins
[20] and marine toxins [21,22] and was extended to micro-
cystins. Kfir et al. [22] reported the production of monoclonal
antibodies against MCs by immunizing mice with MC-LA-
polylysine. The generation of monoclonal antibodies against
microcystin-LR with high affinity and the establishment of dif-
ferent highly sensitive immunoassays were described earlier
(Weller et al. [34], Zeck et al. [35], Zeck et al. [36], Zeck et
al. [37] and Lindner et al. [38]). Besides, the generation of
monoclonal antibodies needs complicated protocols and high
costs and then only restricted number of laboratories are able to
perform it.

Polyclonal antibodies against MCs were generated by Chu
et al. [23] and Brooks and Codd [21]. The sensitivity of the
resulting immunoassays needed further improvement as the ICsq
values were higher than the WHO guideline of 1 wgL~! in
drinking water. In a recent work, McElhiney and Lawton [39]
gave a comparison study between the different analysis meth-
ods of MCs, their availability, their efficiency and their field of
application, showing the need of supplementary studies to be
done.

This paper presents the development and the characteriza-
tion of polyclonal antibodies newly generated against MCs.
These antibodies were previously involved in immunoaffinity
cartridges evaluated by collaborating teams [8,24] and were
found to be effective in isolating the MCs from blue-green
algae, fish and water samples. The resulting extracts were
clean enough to enable direct LC/UV detection of the incrim-
inated MCs. Our study has reproduced the development of
larger volumes of these antibodies and attempted to demonstrate
their further usefulness in analytical applications aiming at the
detection of low levels of MCs in water and food supplement
samples.

2. Experimental
2.1. Materials

2.1.1. Chemicals and supplies

All chemicals, organic solvents and reagents were analyt-
ical grade materials. MC-LR and MC-RR were purchased
from Sigma (USA). MC-YR and MC-LA were purchased from
Calbiochem-Novabiochem Corp. (USA) and were extracted
from Microcystis aeruginosa. The purity of these microcystins
estimated by HPLC was, respectively, 98.7%, 96.46%, 99.0%
and 98.2%. Bovine serum albumin (BSA; RIA grade), ovalbu-
min (OVA), B-lactoglobulin (3-LG), goat anti-rabbit IgG per-
oxidase conjugate (secondary antibody), Tween 20, 30% hydro-
gen peroxidase (H>O3), 2,4,6-trinitrobenzene-1-sulfonic acid
(TNBS), ethylenediamine (EDA), 1-(3-dimethylaminopropyl)-
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3-ethylcarbodiimide hydrochloride (EDC), -ethylchlorofor-
mate (CICOOEt), tributylamine (NBu3), sodium tetraborate
(NapB40O7), 1,4-dioxane and Horseradish peroxidase (HRP)
were purchased from Sigma-Aldrich Canada Ltd. (Oakville,
Ont., Canada). O-Phenylenediamine dihydrochloride (OPD)
was purchased from Pierce Chemical Co. (Rockford, USA).
Freund’s complete and incomplete adjuvants were obtained
from Gibco (Grand Island, USA). The affinity extraction gel to
extract immunoglobulin G (IgG) was the Avid-Chrom gel. IgGs
were immobilized on Sepharose CL-4B® from Sigma—Aldrich
(Canada) and on aldehyde activated silica gel supports from J.T.
Baker (USA). Immulon-2 microtiter plates were purchased from
VWR Canlab (Mississauga, Ont., Canada).

2.1.2. Buffers

Phosphate buffered saline (PBS) pH 7.4, contained 10 mM
NaH,PO4, 10 mM NaH;PO4, H,O and 140mM NaCl. The
plate coating buffer consisted of 13 mM Nay,CO3 and 35 mM
NaHCOj3 at pH 9.6 and contained OVA at 10* pg L~!. Wash-
ing buffer consisted of 0.1% of Tween 20 in PBS. The blocking
buffer consisted of PBS containing 0.3% of skimmed milk (PBS-
BR). Citrate buffer consisted of 51 mM Na,HPO4 and 24 mM
citric acid at pH 5.0. The substrate consisted of 17.5mg O-
phenylenediamine (ODP) in 25 mL citrate buffer with 10 pnL
of 30% H,0, added.

3. Instrumentation

A microplate autowasher (EL405) from Bio-Tek Instruments
(USA) was used to wash the 96-well microtiter plates. Opti-
cal densities (OD) of the wells were measured on a Multiscan
Ascent® microplate reader 354 from Labsystems (Finland) with
a 492 nm filter. The centrifuge device was a Mikro 22R from
Hettich (Germany). The HPLC equipment consisted of a binary
solvent delivery module, model LC-10AD using the Class-VP
chromatography workstation as data acquisition and instrument
controller and equipped with an auto-injector model SIL-9A all
from Shimadzu Corporation (Kyoto, Japan).

4. HPLC conditions

The column used was a Symmetry LC-C;g column (5 pm
ODS, 150 mm x 3.9 mm i.d.) (Waters). A diode-array detec-
tor set at 238 nm with 2 nm band length was used. The mobile
phase A was acetonitrile/water (20/80) containing 0.05% (v/v)
acetic acid and the mobile phase B was acetonitrile/water (80/20)
containing 0.04% (v/v) acetic acid. The chromatographic pro-
gramme run consisted of a gradient step from 10 to 29% B over
7 min then to 60% B over another 7min and finally to 10%
B over S5min and for 6 min. The flow rate was set at 0.5 mL
min~ .

5. Preparation of the immunogen and antibody
generation

Because of their low molecular weight (21000 Da), MCs are
unable to elicit an immune response when injected to labora-

tory animals such as rabbits used for the immunization. MC-LR
was conjugated to BSA chosen as a carrier protein to obtain
an immunogen by the water-soluble carbodiimide method using
200 mg of BSA and 500 p.g of MC-LR activated by EDC. Five
milligrams of EDC was added to 500 wg of MC-LR dissolved
into PBS buffer. The pH was adjusted to 5 and the mixture was
kept under gentle stirring during 5 min at room temperature. To
this solution, 200 mg of BSA was added and the mixture was
kept during 4 h at room temperature. The reaction was stopped
by the addition of 0.1 M sodium acetate buffer solution at pH 4.2.
The solution was, then, dialyzed against PBS buffer during 1 h
at room temperature and the product was kept at —4 °C before
use.

Rabbits were inoculated with the immunogen (500 pg per
rabbit) in complete Freund’s adjuvant. A first boost was made 2
weeks later and every 4 weeks trial bleeds were recovered from
rabbits 10 days after each administration boost using a mixture of
immunogen/incomplete Freund’s adjuvant. The titer evaluation
of the antiserum was performed using an indirect immunoassay
method. Once the protocol of immunization was found satis-
factory to elicit the targeted antibodies, larger amounts of anti-
serum were produced, using several immunizations in rabbits.
Antisera with similar characteristics (affinity, titer and cross-
reactivity) were pooled to allow a consistent source of immuno-
reagents.

6. Preparation of MC-LR-OVA conjugate

A second MC-LR protein conjugate was made using OVA
as a carrier protein. The conjugation of this carrier protein to
MC-LR was performed using the mixed anhydride method.
Five hundred micrograms of MC-LR was dissolved in 0.5 mL
methanol and divided into two 250 pL-fractions, which were
evaporated to dryness at 35 °C under nitrogen stream. To one
residue (fraction 1), containing 250 pg of MC-LR, 0.5mL
of 1,4-dioxane was added and stirred. Eight microliters of
ethylchloroformate and 15 pL of tributylamine were then added.
The solution was mixed and maintained 30 min at room tem-
perature. The solution was then added slowly and dropwise
to the OVA solution (10mg in 3mL of bicarbonate buffer
at pH 9.6). The reaction was kept 2h at room temperature
and left overnight at 4°C and then dialyzed against 2L of
PBS for 3 days with the buffer solution changed once a
day.

7. Preparation of MC-LR-HRP conjugate

Conjugation of MC-LR to HRP was achieved by the mixed
anhydride method. Two hundred and fifty micrograms of MC-
LR was dissolved in 1,4-dioxane and 8 L of ethylchloroformate
was added under stirring. Then, 15 pL of tributylamine was
added and the mixture was stirred at room temperature for
30 min. A solution of 10 mg HRP in 0.5 mL PBS buffer 0.02M
at pH 7.4 was then added dropwise. The mixture was stirred
and the pH was adjusted to 9 using sodium tetraborate. After
incubation overnight at 4 °C under stirring, the mixture was dia-
lyzed against PBS buffer 0.02M at pH 7.4 and then carried
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out overnight at room temperature. Finally, the product was
concentrated, fractionated into 200 pL aliquots and stored at
—20°C.

8. Immunoassay
8.1. Microtiter plate coating

Protein conjugates or antibodies to be coated were diluted
in carbonate buffer containing 10* wg L~' OVA as a blocking
reagent and were added to each well of 96-well ELISA microtiter
plate (200 wL per well). Coating was allowed at 4 °C overnight.
After the solution was removed, the wells were washed three
times with PBS-Tween (300 wL per well).

8.2. Monitoring of antibody titers by indirect ELISA

MC-LR-OVA coated plates were used to monitor titers of
antisera. To each well, 200 pL of a serial dilution of anti-MC-
LR antiserum was added in triplicates and the wells were mixed
gently, the plate was incubated at 4 °C for 45 min. The plate was
then washed five times with 300 wL. PBS-Tween 20. Goat anti-
rabbit I[gG-HRP conjugate (200 L) at 1/5000 dilution in PBS-
BR was then added. After allowing a 30 min incubation at room
temperature, the enzyme solution is discarded and the plates
washed. The substrate solution (200 p.L of freshly prepared OPD
substrate in citrate buffer) was then added. Colour development
was allowed in the darkness at room temperature and the reaction
was stopped by adding 50 p.L of 2.5 M H,SO4. The OD was red
using a 492 nm filter.

8.3. Indirect competitive ELISA

A solution of anti-MC-LR antiserum was prepared in PBS-
BR at the optimum dilution previously determined by the indi-
rect ELISA assay. Serial dilutions of MC-LR standards were
prepared in water and added to the anti-MC-LR antiserum solu-
tions. The standard solutions were pre-incubated with the anti-
bodies for 1 h at room temperature. Two hundred microliters of
each solution was then transferred in triplicates onto the plates,
which were previously coated with MC-LR protein conjugate.
The plate was incubated at 4 °C for 45 min and then washed with
PBS-Tween buffer. Incubation with goat anti-rabbit IgG-HRP
conjugate at 1/5000 dilution in PBS-BR buffer was then allowed
for 30 min at room temperature. The plate was finally washed
and incubated in the dark with the OPD substrate solution for
20 min at room temperature. The reaction was then stopped by
adding 50 wL of 2.5M H3SOy4 solution and the OD492 n, Was
recorded.

8.4. Direct competitive ELISA

Microtiter plates were pre-coated with protein A at
10* wg L™! (200 wL per well) useful for IgG orientation. Anti-
MC-LR IgG solution (10* wg L~! or other related concentration
found through optimization) was then applied to these plates and
incubated at4 °C overnight. Serial dilutions of MC-LR standards

containing MC-LR-HRP conjugate at an optimum working con-
centration (previously determined) were then applied to these
plates to generate a calibration curve. Incubation proceeded
for 45min at 4°C. The plate was washed three times with
PBS-Tween and incubated with 200 L per well of freshly pre-
pared OPD-substrate solution at room temperature for 20 min
before the addition of the stopping solution (50 uL of 2.5M
H>S0Oy4). The OD492 nm Was then recorded using the automatic
reader.

9. Preparation and use of immunosorbents

Immunosorbents were prepared according to a previously
described procedure [25]. Two commercially available sorbents
have been tested for the immobilization of the purified IgGs:
a CNBr activated Sepharose and an aldehydeactivated silica
beads. Purified antibodies were oxidized by 0.01 M NalOy4 in
0.05 M acetate buffer (pH 5) containing 0.15 M NaCl and kept
under gentle stirring for 4h at 4 °C. The excess of the oxidiz-
ing reagent was then eliminated using a 0.2M ethanolamine
solution. Solutions of about 15 mgmL~! of oxidized antibodies
were mixed with the Sepharose gel equilibrated in the acetate
buffer. The binding reaction was allowed to proceed under gen-
tle stirring overnight at 4°C. The bound Sepharose gel was
stored in 0.02M PBS buffer (pH 7.4) at 4°C. The second
sorbent was an aldehydeactivated silica beads. Purified anti-
bodies (2-6 mgmL~!) were coupled to the activated silica in
0.9% NaCl solution for 8h at 4°C according to the proce-
dure provided by the manufacturer. The remaining free aldehyde
groups on the carrier were neutralized by flushing the gel with
0.2M ethanolamine/HCI solution (pH 7.5). The bound silica
was stored in 0.02M PBS buffer (pH 7.4) at 4°C. The total
amounts of coupled antibodies in both cases were 2 mg mL~! of
gel.

The immunosorbents were packed into individual cartridges
(2 mg IgG per cartridge) and washed and stored in PBS buffer
0.02M, pH 7.4 at4 °C when not in use. For storage period longer
than 1 week, the cartridges were kept in PBS buffer containing
0.02% sodium azide (NaN3).

10. Handling of water samples

River and ground water samples (10mL) were filtered
through a 0.45-pm disc filter (type HA, Millipore) and the fil-
trates were applied directly to the immunoaffinity cartridges
(IACs) with a possible pH adjustment if required.

11. Sample extraction applied to blue-green algae

A 3-g portion of homogenized and grounded blue-green
algae sample was placed into a 50-mL centrifuge test tube.
A first extraction was performed by adding 20 mL of 75%
methanol in water (v/v), and shaking on the vortex for 3 min.
The sample was then centrifuged at 4500 rpm during 10 min.
The supernatant was transferred into a graduated 50-mL glass
tube. The residue was re-extracted with 10 mL of 75% methanol
in water (v/v) as above described. The resulting supernatant
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[ Filtrate the water sample (10 mL) through a 0.45 pm disc (type HA, Millipore) J

l

[ Condition the cartridge by gravity flow with : }

* 3 mL distilled water
* 3 mL phosphate buffer (PBS) 0.02 M, pH 7.4

l

[ Charge the cartridge by gravity flow with 10 mL aliquot of water sample }

l

Wash the cartridge by gravity flow with:
e 3 mL PBS buffer0.02 M, pH 7.4
¢ 3 mL distilled H,O
+ 3 mL methanol/water (15/85) (v/v)

|

[ Elute with 14 mL methanoliwater (80/20) (v/v) containing 2% (v/v) acetic acid J

|

[ Evaporate the effluent to dryness at 40°C on a rotary evaporator ]

|

[ Redissolve the product into 500 L of phase A prior to HPLC analysis ]

Rinse the cartridge with 5 mL water and 5 mL
PBS buffer to store for later use

Fig. 2. Clean-up procedure of water samples and blue-green algae extracts using immunoaffinity cartridges with immobilized MC-LR IgGs prior to analysis of

microcystins by HPLC.

was added to the first fraction and the volume was made up to
30mL.

12. Evaluation of the capacity of IAC cartridges and
application of to water sample clean-up

The evaluation of the IAC columns consists of the estima-
tion of the total capacity of microcystins and the determination
of their optimum conditions of use with the targeted matri-
ces. Recoveries were first determined, for each MC individually
(MC-LR, MC-RR, MC-YR and MC-LA) then using a mixture of
the four MCs. A 1-mL volume of 15% methanol in PBS solution
was fortified at spiking levels of 0.1 and 0.2 g of total MCs. The
obtained solution was then passed through the pre-conditioned
immunoaffinity cartridge following the protocol presented in
Fig. 3. First, the column was pre-conditioned with 5 mL of PBS
then washed successively with 3 mL of PBS, 3 mL of de-ionized
water and 3 mL of 15% methanol in water. The MCs were then
eluted with 14 mL of 80% methanol in water containing 2%
acetic acid. The elution fraction was evaporated at 40 °C to dry-
ness using a rotary evaporator and then re-dissolved in 500 pL
of mobile phase A prior to HPLC analysis. The IAC cartridge
was then rinsed with 5 mL of water and 5 mL of PBS and stored
for later use.

13. TAC clean-up procedure for blue-green algae
extracts

An equivalent of 0.05-0.1 g of sample extract was diluted
with PBS to obtain a maximum content of 16% methanol (v/v),
the sample was then passed through the pre-conditioned IAC,
following the same protocol described in Fig. 2.

14. Results and discussion
14.1. Antibody generation and evaluation

Previous studies showed that anti-MCs antibodies had little
ability, if any, to neutralize the toxicity of MCs [23-26]. These
antibodies recognized the common structure of MCs represented
by the Adda group, which plays an important role in their toxic-
ity and in expressing antibody specificity [27-29]. Such moiety
was therefore to be preserved during the conjugation. Different
proteins (ovalbumin [30], bovine serum albumin [30], Keyhole
Limpet Hemocyn [30], ethylenediamine modified bovine serum
albumin [23] or poly-L-lysine [23]) were described in the litera-
ture as possible carrier proteins for the synthesis of immunogens.
In the present study, MC-LR-BSA conjugate was used as the
immunogen to inoculate the rabbits and MC-LR-OVA conju-
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gate was used as the competitor protein. The epitopic density of
the generated immunogen (i.e. number of haptens attached to the
carrier protein) was 13, which is in the suitable interval of 10-30
to obtain an efficient immuogen [40]. The epitopic density was
evaluated by a comparative measurement of the free NH; func-
tions that reacted with TNBS before and after coupling of the
hapten [41,42].

Since MC-LR contains two available carboxylic acid
(COOH) functions, no further functionalization was required.
The harvested antibodies were evaluated by monitoring their
titer and specificity. Titers were determined seeking the serum
dilution giving an OD of 1 after colour development. Such target
was determined aiming at using the corresponding dilution for
the set-up of a competitive ELISA.

The immunization scheme was designed so as not to miss the
animal optimum response against the inoculated immunogen,
if bleeds are not monitored in a timely fashion. Large bleeds
(20-30 mL) of serum was obtained by heart puncture, after each
indicated boost period and rabbits were maintained for a max-
imum of 15 months. None of six immunized animals showed
a significant amount of specific antibodies before 5 months of
immunization. Once the protocol of immunization was proven
successful, it was reproduced on several animals and the har-
vested fractions were characterized. Fractions with similar char-
acteristics (titer, cross-reactivity) were gathered to constitute a
pool of polyclonal antibodies with consistent properties. Under
the conditions described for the titer determination, a solution
of anti-MC IgGs set at 10* pugL~! induced an OD of 1.0 and
could be used for the development of the intended competitive
immunoassay. The specificity of the antibodies was evaluated
by the midpoint value (ICsg) causing 50% inhibition of binding
of the competitor MC-LR-OVA conjugate to the antibodies by
free MC-LR. The concentration of the coating conjugate was
varied from 0.5 to 10* pg L™! and various pre-incubation times
(60 min, 90 min and overnight) were tested. An optimum value
of the ICsy was found to be equal to 0.5 ugL~! of MC-LR
when the coating conjugate was used at 0.5 x 103 ugL™! and
the pre-incubation time was set to 1 h at 4°C, using an IgG
solution set at 8 x 10° pg L™!. The background (%) due to non-
specific binding of antibodies on the plate did not exceed 10%
of the maximum OD obtained with the same concentration of
reagents (antibody, coating protein). The ICsg value appears to
be below the WHO level for drinking water of 1 wg L™! allow-
ing therefore, to predict the possible use of these reagents for the
development of an ELISA-based screening procedure for water
samples.

14.2. Development of an enzyme immunoassay for the
detection of microcystins

Two different immunoassay formats were investigated. The
previously described steps of antibody characterization allowed
the development of a competitive indirect ELISA possibly use-
ful for analytical purposes. Two protein conjugates of MC-LR
such as MC-LR-BLG and MC-LR-OVA were tried. Optimum
results were obtained with MC-LR-OVA conjugate coated at
0.5 x 103 wg L™! on microtiter plates. However and despite the

achieved sensitivity (ICs0=0.5 p.g L1, this format is relatively
lengthy and may not be suitable for high throughput sample han-
dling. A second format was developed using antibodies directly
immobilized on microtiter plates and oriented by protein A.
In this direct format, for a known antibody concentration and
a given MC-LR-HRP conjugate concentration, the response is
related to the amount of the analyte bound to the supported
antibodies on the plate. The more analyte is present in the sam-
ple, the less the immobilized antibodies retain the conjugate,
resulting in a low amount of enzyme bound to the immobi-
lized antibodies and then a weaker enzyme response. Results
are featured in %B/By versus log(concentration of MC-LR) or
other related microcystins, where B is the OD49 nm, of a spiked
sample and By is that of a blank. A linear transformation of
the calibration curve was given with Logit-log transformation,
where Logit(%B/By) =In[(%B/By)/(100 — %B/By)]. The con-
centration causing 50% inhibition of binding of the antibodies
(ICs0) was found to be of 0.9 pg L~! and the detection limit
defined as the ICgo was found to be 0.06 g L~!. The linear trans-
formation of the calibration curve allowed a simple and direct
quantification of MCs in the spiked water samples at a concen-
tration as low as 0.06 ppb. Considering the guideline of 1 pg L™!
for MC-LR in drinking water, fixed by the World Health Organi-
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LR and (b) Logit-log calibration curve transformation for spiked PBS-BR buffer
using anti-MC-LR.
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Fig. 4. (a) %B/By calibration curve for spiked river water using anti-MC-LR
anti-serum and (b) Logit-log calibration curve transformation for spiked river
water using anti-MC-LR anti-serum.

zation (WHO), the sensitivity reached by the developed ELISA
is adequate. Similar values of ICsg were found for other major
MCs, respectively, 1.7, 1.6 and 1.8 pg L™! for MC-YR, MC-LA
and MC-RR. Quantification would be expressed in equivalent
concentration of MC-LR. The short incubation periods and the
limited number of steps made it possible to perform the assay
on real-life water samples in less than 2 h.

This ELISA test was adapted for use with river water. A
calibration curve was performed in a PBS-BR buffer solution
(Fig. 3a and b) and a model river water obtained from the Ottawa
river (Fig. 4a and b). Recovery results were attempted using
water samples fortified with known amounts of MC-LR. Best
results were obtained by elimination of sediments with centrifu-
gation and adjustment of pH to 6.5, prior to addition of reagents
and application onto the plate.

Due to the observed matrix effect, calibration curves were
made by diluting standards in a solution of blank river water
diluted 1:2 with PBS at pH 7.4 containing 0.5% BSA and 0.2%

Table 1
ELISA characteristics in different dilution media
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Fig. 5. (a) %B/By Calibration curve for spiked two-fold diluted river water in
PBS-BR buffer using anti-MC-LR anti-serum and (b) Logit-log calibration curve
transformation for spiked two-fold diluted river water in PBS-BR buffer using
anti-MC-LR anti-serum.

Tween 20 as blocking reagents (Fig. 5a and b). Such calibration
curves gave acceptable values of ICsg (0.53 g L1y and ICgg
(0.012 pgL~1). Table 1 presents characteristics of calibration
curves in different media, while Table 2 shows the calculated
concentrations obtained with three spiking levels using different
calibration curves performed in two different media: the regular
ELISA dilution buffer (PBS-BR) and centrifuged blank river
water diluted 1:2 in PBS-BR. It is recommended to use the latter
calibration curve for better consistency and reproduction of the
matrix effect. Such approach is commonly followed with ELISA
screening systems where matrix interferences are encountered.
Further investigation is required to test other sources of fresh
water samples. However, this assay presents a good potential of
use for screening purposes with little or no sample preparation
prior to analysis.

Dilution made in PBS-BR

Dilution made in centrifuged river

Dilution made in centrifuged river water

buffer (pH 7.4) water with no pH adjustment diluted 1:2 in PBS-BR buffer (pH 7.4)
ICso (mgL™h) 0.903 1.215 0.531
ICgo (mgL™") 0.026 0.071 0.012
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Table 2

Concentrations determined from artificially fortified Ottawa river water samples with MC-LR, using calibration curves performed in two different media

Experimental concentration Calculated concentration from calibration S.D. (%) Calculated concentration from calibration S.D. (%)
(ngL™h curve performed in PBS-BR (ugL™!) (n=5) curve performed in river water diluted 1:2 in
PBS-BR (ngL™!) (n=5)
0.22 0.181 26 0.138 17
0.56 0.571 2 0.447 17
1.11 1.776 6 1.453 14
14.3. Development and characterization of IAC cartridges 5.
for selective extraction of MCs
4]

The extraction of environmental and food contaminants from 5 a3l
chemically complex matrices is always problematic. Many inter- E
ferents are co-extracted with the target compounds and hinder 2
their analysis especially if residue determination is considered. il
Classical methods employ one or two liquid-liquid partition _J
steps followed by liquid—solid chromatography to isolate the 0 . z o T = i
analytes of interest. This approach is not effective particularly
for the most polar analytes. In addition, relatively large volumes @ Time (min)
of organic solvents (often chlorinated solvents) may be required. &

The determination of MCs in complex matrices presenting
massive interferences requires a clean-up step to remove these 44
interferences, followed by LC/MS or LC/MS/MS quantification
[10]. However, these methods are time-consuming and require 5 3
expensive equipments, which are accessible to a handful of labo- E 2]
ratories. Immunoaffinity chromatography (IAC) was considered
as an alternative sample preparation technique, based on the 11
high specificity and recognition between the developed anti- "
bodies and the target analytes. Purified anti-MC-LR antibodies 0 5 10 15 20 25
were bound to two different solid supports, Sepharose® and sil- (b) Time (min)

ica. The evaluation of these IAC cartridges was performed by
passing a mixture of MCs at the level of 0.2 g of total MCs
made in 15% methanol in PBS. Average recoveries (n=3) from
the Sepharose® cartridges were found to be 100% for MC-LR,
103% for MC-RR, 100% for MC-YR and 98% for MC-LA with
standard deviation (%S.D.) of 7%, 7%, 5% and 4%, respectively.
The capacity of the Sepharose® IAC cartridge was evaluated to
be 0.2 g each MC passed through the cartridge separately or
0.2 pg of a mixture of MCs (0.05 g of each MC-LR, RR, YR
and LA). The capacity of the silica IAC cartridge was found to
be 0.135 g of MC-LR or of a mixture of the four MCs studied.

14.4. Use of MC-specific IAC cartridges for sample
preparation

The efficiency of the developed MC-specific IAC columns
was determined on two types of matrices: river water and
blue-green algae-based food supplements. Spiked extracts were
treated according to the protocol described in Fig. 2.

14.4.1. Water samples

A potentially blank river water was run through the clean-up
and analysis steps in order to determine the possible presence
of MCs. The sample was confirmed blank (Fig. 6a) and could
therefore be used for spiking purposes. A ground water sample

Fig. 6. (a) Chromatogram of river water sample before spiking, considered as
a blank, on the MC-specific IAC cartridges and (b) chromatogram of a mixture
of MC standards at the level of 0.2 pg (0.050 g each) useful as a reference for
the evaluation of recoveries from MC-specific IAC cartridges.

from the Ottawa region was also treated similarly. Both sources
of ground and river water samples were spiked with 0.2 wg of
total MCs and passed through both the silica and Sepharose®-
based IAC columns. Fig. 6b presents the chromatogram of a
mixture of MCs spiked at the level of 200 wgL™! (0.05 g
each), allowing the determination of the retention time of each
MC for further identification. This chromatogram will serve as
a reference to determine how clean an extract is once passed
through the IAC columns. Recovery results are presented in
Table 3. While both Sepharose®- and silica-based IAC columns
gave satisfactory retention/elution results, the silica-based car-
tridges retained less MC-LR and required more eluent buffer to
release the retained analytes. Moreover, and as it will be fur-
ther discussed, silica-based cartridges were not as efficient to
eliminate all interferences that may be encountered in treated
extracts. Such differences may be explained by different yields
of antibody immobilization, orientation of these antibodies and
variation of antibody efficiency once immobilized on the vari-
ous solid supports. From these limited observations, it appears
that the more hydrophilic Sepharose®-based supports are more
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Table 3
Average recoveries (n=3) from river and ground water of a mixture of 0.2 wg of MCs using Sepharose®- and silica-based TAC cartridges
Ground water River water
% Recovery % S.D. % Recovery % S.D.
Results from Sepharose®-based IAC
MC-LR 105 4 97 4
MC-RR 112 5 89 2
MC-YR 113 6 102 4
MC-LA 86 4 87 5
Results from silica-based IAC
MC-LR 73 4 78 5
MC-RR 112 5 98 4
MC-YR 94 4 83 6
MC-LA 76 3 43 7
5. Table 4
Average recoveries (n=3) of a spiked mixture of 0.02 pg of MCs made in 0.1 g
44 of blank algae reconstituted in 15% methanol in PBS buffer and cleaned-up
using Sepharose®-based IAC cartridges
o 31
g % Average recovery % S.D.
2] MC-LR 87 10
1] MC-RR 85 3
MC-YR 93 9
0 i i X MC-LA 90 6
0 5 10 15 20 25
Time (min)

Fig. 7. LC/UV chromatogram obtained after IAC clean-up of blue-green algae
sample extract AT-04, spiked with 0.2 pg of MCs using Sepharose® IAC car-
tridges.

appropriate than the silica-based counterparts for the intended
applications.

14.4.2. Blue-green algae samples

Blue-green algae samples were obtained from food supple-
ments collected during a monitoring campaign of Spirulina-
based health food products. This study was limited to eight
samples of blue-green algae: AT-04 which was proven to be
a negative sample and OR-01, OR-02, OR-22, WR-02, WR-21,
WR-26 and WR-29, which were found to be containing one
or more of the MCs studies at various levels of contamination.
To validate the use of the IAC clean-up for extract preparation
purposes, sample AT-04 was used for artificial fortification. The
extract was proven to be clean of MCs prior to fortification of an
equivalent of 0.1 g sample extract with a mixture of MCs at the
levels of 0.1 wg and 0.2 wg g~ IAC clean-up proceeded accord-
ing to the protocol described in Fig. 2. The resulting LC/UV
chromatogram is presented in Fig. 7. A recovery study was per-
formed on the same blank sample extract and is summarized
in Table 4. All MCs were recovered with satisfactory values
when fortification was made on 3 g portions of homogenized
and ground blue-green algae solid (sample AT-04).

The efficiency of the IAC column clean-up was clearly
demonstrated by comparing results of clean-up for positive sam-
ples using such supports with those of a commercial solid phase
extraction cartridge: ODS SPE-C18 (Supelco, USA). The chro-
matogram thus obtained (Fig. 8) has far more interferences

than that resulting from the same extract clean-up (sample OR-
22) using the Sepharose®-based IAC columns (Fig. 9). Chro-
matogram profiles show the clear advantage of Sepharose®-
based IAC in comparison to silica-based IAC ones. Another
advantage of the former columns is the level of reproducibility
achieved from one experiment to the other and between various
IAC cartridges prepared according to the same protocol. Each
Sepharose®-based IAC column could be used for clean-up with
blue-green algae extracts, more than 10 times, without a signif-
icant decrease of capacity and specificity.

Further validation of use of such specific clean-up supports
was demonstrated when results of MC determination obtained
with the simplified IAC sample clean-up and LC/UV detec-
tion were compared to those obtained in a previous study
using LC/MS and LC/MS/MS after non-selective ODS SPE-C18
clean-up of the same samples [10]. Table 5 shows this compar-
ison and confirms the usefulness of the IAC clean-up prior to

40+
304

2

€ 20
10+
0 : : : : ‘

0 5 10 15 20 25
Time (min)

Fig. 8. LC/UV chromatogram obtained after IAC clean-up of blue-green algae
sample extract OR-22 using a commercial ODS SPE-C18 cartridge.
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Table 5

Comparison of quantitative results for microcystins by LC/UV after IAC clean-up and by LC/MS and LC/MS/MS after ODS SPE-C18 clean-up

Samples TAC LC/UV(LR +LA) (png g_l) S.D. (%) Lawrence et al. [10]
SPE-C18 LC/MS (LR +LA) (pgg™") SPE-C18 LC/MS/MS (LR +LA) (ungg™")
AT-04 n.d. - n.d. n.d.
OR-01 1.4 4 1.4 -
OR-02 1.3 6 1.5;1.4 1.9;1.6; 1.3
OR-22 5.7 3 5.7 5.5
WR-02 2.8 4 3.0 4.1;3.6
WR-21 43 3 2.8;4.2 4.9;6.6
WR-26 1.7 5 24 2.8
WR-29 34 4 1.7; 1.8 3.1
5o Acknowledgements
| Sepharose®-based IAC
44 . ..
Dr. J.E. Lawrence and his team are thanked for providing
N the blue-green algae-based health food products and their cor-
£, ’ responding analytical results.
1
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Fig. 9. LC/UV chromatograms of blue-green algae extracts from sample OR-22
using Sepharose®- and silica-based IAC cartridges.

LC/UV detection as an equally alternative to determine MCs in
food supplements.

15. Conclusion

This paper presented the development and characterization of
newly generated polyclonal antibodies specific to MCs. These
antibodies were demonstrated to be useful for the develop-
ment of immuno-analytical techniques such as immunoassay
screening test and immunoaffinity sample preparation. The lat-
ter technique resulted in the development of a simple sample
handling procedure to be associated with LC/UV determination
of MCs that may be potentially present in blue-green algae food
supplements or in sources of production of drinking water. Fur-
ther investigation is required to enable the availability of these
immuno-reagents and IAC columns so that they can be integrated
in regulatory and compliance analysis.
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Abstract

An optimized capillary zone electrophoresis (CZE) method for the analysis of tetracycline (TC), chlortetracycline (CTC), oxytetracycline (OTC)
and doxycycline (DXC) is described. Using fused-silica capillaries, the influence of the electrolyte composition, pH and concentration, as well as
temperature and applied voltage were investigated. A factorial and central composite design was performed to optimize the method in a simple way.
The optimal separation conditions were 50 mmol L~' sodium carbonate + 1 mmol L~' EDTA, pH 10; voltage 13kV and temperature 23 °C. The
method was validated for TC determination in pharmaceuticals through the following performance criteria: linearity and linear range, sensitivity,
selectivity, intra-assay and inter-assay precision, detectability, accuracy and ruggedness. In comparison with the recommended HPLC method in
the United States Pharmacopeia, this CZE-method exhibited the same performance as the official method, with the advantage that the same method
could be used for the simultaneous determination of the different tetracyclines in pharmaceutical formulations.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Antibiotics; Tetracyclines; Capillary electrophoresis; Validation

1. Introduction

Tetracycline (TC), chlortetracycline (CTC), oxytetracycline
(OTC) and doxycycline (DXC) are members of the tetracyclines
group of broad-spectrum antibiotics [1], widely used in human
and animals. In animals, they are used in the treatment of bovine
mastitis and are added at sub-therapeutical levels to animal feeds
for prophylactic purposes [2]. They have also found application
in the postharvest preservation of fruits and vegetables and the
extermination of insect pests [3]. The structures of these com-
pounds are shown in Fig. 1.

In recent years, methods using capillary zone electrophoresis
(CZE) for the determination of tetracyclines and their impurities
have been reported and several electrolytes like phosphate, phos-
phate and triton-X, phosphate and tris and methanol, sodium
carbonate and EDTA, citric acid and (3-alanine was employed

* Corresponding author. Tel.: +55 19 37883084; fax: +55 19 37883023.
E-mail address: raths @iqm.unicamp.br (S. Rath).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.048

[4-9]. Several approaches have also been followed for the deter-
mination of TC, CTC, OTC and DXC by the United States Phar-
macopoeia (USP) using high performance liquid chromatogra-
phy (HPLC) for quality control of these antibiotics [10]. The
physicochemical properties of tetracyclines, their ionic nature,
multiple ionization sites, and water solubility, however, make
these compounds more suitable for electrophoretic analysis.
CZE continues to grow rapidly as an analytical technique for a
wide range of application areas, including the analysis of phar-
maceuticals. CZE has several advantages over HPLC for the
determination of tetracyclines while not sharing some of the
difficulties associated with peak tailing and low efficiency of
HPLC arising from interaction with residual silanol groups on
silica-based packing materials. CZE has also the advantages of
shorter analysis time and lesser consumption of sample and sol-
vent, in comparison with HPLC [11,12].

The official monographs of the United States Pharmacopeia
describe a different method for each tetracycline. For CTC a
microbiological assay is recommended while OTC, DXC and
TC are quantified by HPLC. Furthermore, the HPLC analytical
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Fig. 1. Structures of the tetracyclines.

conditions are quite different for the different compounds. The
stationary phases employed for OTC and DXC determination are
octadecil columns and the mobile phases comprise a mixture of
tertiary butyl alcohol, phosphate buffer pH 7.5 (OTC) and pH 8.0
(DXC), tetrabutylammonium hydrogen sulfate and EDTA. The
quantitation of TC is performed with an octyl column, employ-
ing a mobile phase composed of ammonium oxalate, dibasic
ammonium phosphate, pH 7.6, and dimethylformamide.

This paper describes the development of a simple and gen-
eral CZE-method for the simultaneous determination of TC,
CTC, DXC and OTC in pharmaceutical formulations, using
experimental planning. The method was validated and its per-
formance compared with the official HPLC methods described
in the United States Pharmacopeia.

2. Experimental
2.1. Instrumental and operating conditions

The capillary electrophoresis was performed on a Hewlett
Packard 3D Capillary Electrophoresis system (Germany),
equipped with a DAD detector. Tetracyclines were detected at
270 nm. Data were collected using the HP 3D Chemstation soft-
ware from Hewlett-Packard (Germany). The separations were
carried out on a fused-silica capillary (50 pm i.d.) with effec-
tive (I) and total length (L) of 52 cm and 60.6 cm, respectively.
Injection was done hydrodynamically for 20 s at 20 mbar. Mea-
surements of pH were made with a DM-20 pH-meter from
Digimed (Brazil), using a combined glass electrode. When nec-
essary, the pH of electrolyte was adjusted using 0.1 mol L~!
NaOH or 0.1 mol L~! HCI before making up to volume.

The high performance liquid chromatographic analyses were
performed using a Waters chromatographic system (USA), com-
posed of a solvent delivery system, model 510, a Tunable
Absorbance Detector model 486, a 746 Data Module and a Rheo-
dyne 7725 injector with a sample loop of 20 pL.

Chromatographic separation was achieved using a Zorbax
SB-Cg column (250 mm x 4.6 mm, 5 wm) with a SB-Cg guard-
column (12.5mm x 4.6 mm, 5 um) purchased from Alltech
(USA). The mobile phase consisted of a mixture of 680 mL of
0.1 mol L~! ammonium oxalate, 270 mL of dimethylformamide
and 50 mL of 0.2mol L™! dibasic ammonium phosphate. The
pH of the mobile phase was adjusted with 3 mol L~! ammo-
nium hydroxide or 3 mol L~! phosphoric acid. The flow rate was
2mL min~!. HPLC conditions were followed based on United
States Pharmacopeia XXVIII [10].

2.2. Standards and reagents

Standards of tetracycline hydrochloride and doxycycline
hydrochloride were purchased from Sigma (USA) while oxyte-
tracycline dihydrate and chlortetracycline hydrochloride were
from ICN Biomedical Inc. (USA).

Analytical grade disodium hydrogenphosphate, sodium
tetraborate, sodium hydroxide, sodium carbonate, phosphoric
acid, sodium dodecyl sulfate (SDS), ammonium oxalate, ammo-
nium hydroxide, sodium ethylenediaminetetraacetate (EDTA),
TRIZMA® hydrochloride acid and phosphoric acid were pur-
chased from Merck (Germany). Methanol and dimethylfor-
mamide, HPLC-grade solvents, were purchased from Tedia
(USA).

Throughout the study, water was obtained from a Milli-Q
system from Millipore (USA). Before analysis, all the solu-
tions were filtered through 0.45 pm nylon filters from Millipore
(Brazil).

2.3. Samples

Ten commercial samples of pharmaceutical formulations
(capsules) containing tetracycline, from different batches and
six different brands were purchased at local drugstores in Camp-
inas, SP, Brazil.

2.4. Standard solutions

Standard stock solutions of TC, OTC, CTC and DXC were
prepared by dilution of appropriate volumes of the standards
in methanol to a final concentration of 1 mgmL~!. These solu-
tions were stored under refrigeration (4 °C) until use. Working
solutions in the concentration range of 5.0-100 pg mL~! were
prepared daily by dilution of the standard stock solution in water.

2.5. CZE procedure

Before daily use, the capillary was sequentially washed with
water (10 min), 1 molL~! NaOH (2 min), 0.1 molL~! NaOH
(3 min) and run electrolyte (5 min). During the analyses and after
each determination the capillary was sequentially washed with
water (2min), 1 molL~! NaOH (I min), 0.1 molL~! NaOH
(1 min) and run electrolyte (2 min).

The separation conditions for the tetracycline determinations
were 50 mmol L~! sodium carbonate + 1 mmol L~! EDTA, pH
10; voltage, 13 kV and temperature, 23 °C.
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2.6. HPLC procedure

The HPLC determinations of TC in the samples followed the
official monograph of the United States Pharmacopeia XX VIII
[10], without modification.

2.7. Experimental design for CZE optimization

A fractional factorial design (2*1) was carried out to
distinguish the significant parameters. The results of this
design were used to plan a subsequent higher order 23
design with central composite, which was performed with the
same procedure. The variables evaluated were pH (9.3-12.7),
temperature (20-26°C) and sodium carbonate concentration
(4377 mmol L~!; Table 1). All statistical calculations were
developed with the software Statistic, Statsoft Inc., v. 5.5 (USA).

2.8. Method validation

The method was in-house validated using the following per-
formance criteria: linearity and linear range, sensitivity, selec-
tivity, intra-assay and inter-assay precision, detectability, accu-
racy and ruggedness [13]. The linearity, linear range, sensitivity
and detectability were established through the calibration curve
obtained by triplicate analysis of TC, TCT, OTC, DXC at five
concentration levels 5.0, 10, 50, 75 and 100 p.g mL~!. The sen-
sitivity is the slope of the calibration graph. The detectability
(D) for each tetracycline was calculated according to Miller and
Miller [14], using the following expression: D = ksy/,/m, where
k=3, sy is the standard deviation of the residuals and m is the
slope of the calibration curve.

The intra-assay precision of the method, expressed as the rel-
ative standard deviation of peak area measurements (n=35), was
evaluated through the results obtained with the method operat-
ing over one day under the same conditions, using solutions of
each analyte at a single concentration level, 50 pgmL~!. The
inter-assay precision was determined for two concentration lev-
els, 50 and 100 wg mL~!, and the analyses were performed for
4 days.

The selectivity of the method was evaluated by exposing
TC, CTC, OTC, DXC, at a concentration level of 50 g mL~1,
to the following stress conditions for 1h: 0.1 molL~! HCI,
0.1 molL~! NaOH, 3% (v/v) H,0O, and temperature (55 °C).
The solutions were analyzed considering the resolution between

Table 1
Nominal values corresponding to —1, 0, +1, —1.68 and 1.68 in the first experi-
mental design

Variables -1 0 +1 —1.68 1.68
A (pH) 10 11 12 9.3 12.7
B (carbonate 50 60 70 43 77
concentration)?®
(mmol L)
C (temperature) 21 23 25 20 26
O

2 In the presence of 1.0 mmol L~! EDTA.

Table 2
Nominal values corresponding to —1, 0, +1, —1.68 and 1.68 in the second
experimental design

Variables —1 0 +1 —1.68 1.68

A (carbonate 48 50 52 46.6 53.4
concentration)?
(mmol L~1)

B (temperature) 22.5 23 23.5 222 23.8
0

C (pH) 9.5 10 10.5 9.2 10.8

2 In the presence of 1.0 mmol L~' EDTA.

the analyte and other substances formed during the experiment
and the analytical signal before and after the exposure of the
analyte to the stress conditions, expressed as recovery.

The accuracy of the method was evaluated through analyses
of samples of pharmaceutical formulations containing the TC
by the proposed CZE method, using the procedure described
below, and by HPLC according to the method described in the
United States Pharmacopeia XXVIII [10].

The susceptibility of the developed analytical method to
changes was tested to evaluate the ruggedness of the method.
For this purpose a 23 experimental design was employed
(Table 2), where the following variables were tested: tempera-
ture (22.2-23.8 °C), pH (9.2-10.8) and carbonate concentration
(46.6-53.4mmol L~1).

2.9. Sample analysis

The content of capsules of 10 samples of each commercial
formulation from the same batch containing TC were weighed
and homogenized in a mortar. An accurately weighed quantity
of the freshly mixed powder, equivalent to about 50 mg of tetra-
cycline hydrochloride, was transferred to a 50 mL volumetric
flask and 25 mL of water was added. The mixture was sonicated
for about 5 min, allowed to cool, diluted to volume and filtered
through 0.45 pwm membrane filters Millipore (USA). A volume
of 2.5 mL of this solution was diluted to 10 mL with water in a
volumetric flask (250 wg mL~"). All samples were analyzed in
quintuplicate.

The analyses by CZE were carried out as described in 2.5.
and quantitation was accomplished through an external cali-
bration curve with five concentration levels in the range of
25-500 wg mL~!. Two samples were also analyzed by HPLC
using the method described in the United States Pharmacopeia
XXVIII [10].

3. Results and discussion
3.1. CZE method development

In view of reports on the influence of the electrolyte on
selectivity [15], it was deemed mandatory to first compare the
performance of different types of background electrolytes for the
separation of the tetracyclines. Ten different electrolytes were
evaluated: sodium phosphate (pH 8.5), Tris (pH 8.5 and 11),
sodium carbonate (pH 8.5 and 11), sodium tetraborate (pH 8.5),
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sodium acetate (pH 4.5 and 8.5) and the mixture sodium tetrab-
orate, sodium phosphate and sodium dodecyl sulfate (SDS), (pH
8.5 and 9.5). The electrolytes were made in concentration range
of 20140 mmol L~! with steps of 40 mmol L~! adding, in all
cases, 1 mmol L~! EDTA, to prevent the well-known interfer-
ence of tetracyclines with metal ions. With the first three elec-
trolytes all the components were separated, but with the sodium
carbonate-EDTA the separation was achieved in a shorter time
(8 min). Notwithstanding the recommended addition of SDS to
the electrolyte by some authors [16], the mixture tetraborate-
phosphate-SDS-EDTA did not allow adequate resolution of the
four tetracyclines under study and longer analysis times were
required.

Considering the resolution of the analytes and the analysis
time, the best conditions were achieved with the sodium carbon-
ate buffer having added EDTA. Subsequently, it was necessary to
establish the electrolyte concentration, pH and temperature. Due
to the fact that more than one variable was potentially important,
and that it would be difficult to optimize the conditions through
a uni-variant optimization procedure, the experimental CZE-
conditions were obtained using an chemiometric experimental
design. This procedure offers an efficient route for determining
the best resolution from a selected number of conditions [17].
Moreover, by using experimental design it is possible to evaluate
the interaction of factors, which have a significant effect on the
separation using a small number of experiments.

For the determination of the most relevant variables an exper-
imental design using first a 2* 11y factorial design with four
factors was conducted: pH (10.5-12.5), temperature (21-25 °C),
concentration of the electrolyte (40-80 mmol L~!) and voltage
(11-15kV). Upon verification that the voltage was not signif-
icant, a central composite 2° design was performed for the
remaining three variables (pH, electrolyte concentration and
temperature) in order to refine the optimal conditions for the
separation the tetracyclines by CZE. The experimental design
was thus constructed by the use of a full 23 factorial design with
three central and four axial points, respectively. The conditions
are presented in Table 1.

Fig. 2 depicts the response surfaces, showing that the sep-
aration of the four TCs under study is achieved at a concen-
tration of 50 mmol L™! sodium carbonate, pH 10 and 23 °C.
The responses of the model, R? values, were greater than 0.94,
implying that the model was well fitted by the data for the
response of number of peaks. It was verified that the con-
centration of the electrolyte and pH had a major influence on
the electroosmotic flow (EOF) and the current produced in the
capillary.

It was observed that, whereas the migration time increased
with pH and electrolyte concentration, the resolution dimin-
ished. At pH higher than 12 incomplete separation occurred.
The longer migration time with increasing pH indicates that an
increase in electrophoretic movement of the negatively charged
tetracycline molecules has overcome the increase in electroos-
mosis.

A typical electropherogram of TC, CTC, OTC and DXC at
the optimized conditions established through the experimental
design is presented in Fig. 3.
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Fig. 2. Response surface for tetracyclines showing the number of separated
compounds as a function of significant separation parameters using sodium
carbonate plus 1 mmol L~! EDTA and pH, obtained using 23 factorial design
with the central composite design.

Before proceding to validate the CZE method for the deter-
mination the tetracyclines in pharmaceutical formulations, a
system suitability test was performed, where the following
parameters were evaluated: plate count (N), resolution (Rs), and
tailing factor (7r). The same procedure was also employed for
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Fig. 3. A typical electropherogram of 100 pgmL~" of (1) TC, (2) CTC, (3)
OTC and (4) DXC (ty1 6.9 min, fyp 7.2 min, fy3 7.5 min, fy4 7.7 min, respec-
tively). Capillary: uncoated fused silica; background electrolyte, a solution of
50mmol L~! sodium carbonate plus 1 mmol L-! EDTA, pH 10; temperature,
23 °C; applied voltage, 13 kV; detection wavelength, 270 nm.
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Table 3
System suitability parameters for CZE and HPLC
CZE HPLC
TC? CTC? oTC? DXC? TC?
Plate numbers/m 227826 132570 225671 114242 26448
Resolution (Rs) 4.1 4.8 3.0 - -
Tailing factor (TF) 1.0 1.0 0.9 1.0 1.0
Migration time (CZE) 7.0 7.2 7.5 7.7 8.0

or retention time
(HPLC) (min)

The resolution was calculated between two adjacent peaks.
% Antimicrobial compound

the HPLC system, due to the fact that this technique was used to
evaluate the accuracy of the CZE method for TC quantitation.
The results are presented in Table 3.

Both methods give adequate resolutions (Rs>2) for all the
TCs under study. Nonetheless, as expected, the calculated plates
number for the CZE method were an order of magnitude higher
than those for the HPLC method. The tailing factor obtained for
all tetracyclines using CZE were within the acceptable range,
T<2.0[18].

3.2. Method validation

The CZE method was in-house validated for the analyses of
the tetracyclines by evaluation of the following parameters [13]:
linear range, linearity, sensitivity, selectivity, detectability, intra-
and inter-assay precision and accuracy. The results are summa-
rized in Table 4. The accuracy was evaluated by comparing the
results obtained from the analysis of pharmaceutical formula-
tions by the proposed CZE method with those obtained using
the recommended HPLC method described in the United States
Pharmacopeia XXVIII [10].

The linearity, range and sensitivity were obtained from cali-
bration graphs using an external standard at five concentration
levels for each tetracycline under study, with triplicate analyses.
The linearity was tested using a pure error lack of fit test with
simple regression, which was not significant at the 5% level.

100
90+
804

ET (55 °C )
70

60+
50+

EHCI

ONaOH

EPeroxide
40+ i
30+ i
20+
104
0-

RECOVERY (%)

oTC TC cCTC DXC

Fig. 4. Recovery (%) of tetracylines after exposure of standard solutions
(50 pgmL~1) to temperature (55°C), 0.1 mol L~! HCI, 0.1 mol L~! NaOH or
3% (vIv) H,0,.

The selectivity indicates the ability of the method to accu-
rately measure the analyte response in the presence of poten-
tially interfering sample components or degradation products.
In this study the selectivity was evaluated by exposing the
analyte to stress conditions, such as acid (0.1 mol L~! HCl),
base (0.1 mol L~! NaOH) and an oxidant (3%, v/v H,O»). The
solutions were analyzed considering the resolution between the
analyte and other substances formed during the experiment and
the analytical signal before and after exposure of the analyte to
the stress conditions. Co-migration of degradation products was
not observed due to the fact that the peak purity for each analyte
was confirmed by the overlay of the spectra before and after
degradation process. The results are presented in Fig. 4. It was
evident that the stability of the tetracyclines depends on their
chemical structure. Under the four stressing conditions, TC was
the most stable while CTC and OTC are the least stable com-
pounds to alcaline treatment. The most significant factors that
influences the stability of the tetracyclines were alkaline or oxi-
dant media. CTC degrades completely in 0.1 mol L~! NaOH.
The degradation products formed under all the stress conditions
migrated at shorter times (approximately 4 min) than their cor-
responding tetracyclines, thus confirming the selectivity of the
method.

Table 4
Quantitative features for TC and CTC
Parameter TC CTC oTC DXC
Linear Range (ug mL~") 10-250 10-100 10-100 10-100
Sensitivity” (aU pg mL~") 0.57+0.02 0.37£0.01 0.57£0.02 0.524+0.02
Linearity (r) 0.999 0.999 0.999 0.999
Intercept” —0.6+—0.8 —-0.7+-0.7 —-0.7+-0.9 —2+-1
Intra-assay precision (R.S.D.%)

50pgmL=!; =5 15 0.7 13 2.0
Inter-assay precision (R.S.D.%)

50pgmL~!n=4 2.5 2.3 2.4 2.6

100 pgmL~"; n=4 2.3 1.7 23 2.6
Detectability (ugmL~") 3 3 3 3

R.S.D., relative standard deviation.
* P<0.05.



M.C.V. Mamani et al. / Talanta 70 (2006) 236243

TC

24,0
23,8
23,6

23,4
23,2
8]
i 23,0
228
226 =150
140
22,4 B 130
22,2 1120
220 & 100
46 47 48 49 50 51 52 53 54-90
(A) Conc.
CTC
24,0
23,8
23,6
23,4
23,2
O
& 23,0
22,8
22,6
22,4
’ I 45
22,2 1 [l 40
22,0 -
46 47 48 49 50 51 52 53 54-25
(©) Conc

241

TC
11,0 ?—v—v—v———‘
10,8 °
10,6 ,‘
L o
104
10,2 !
T 100} & | o
9,8
%6 o °
9.4 :
9,2 o Il 130
90 =] 120
\ = 110
46 47 48 49 50 51 52 53 54-100
B) Conc.
CcTC
11,0
10,8
10,6
10,4
10,2
T 10,0
9,8
9,6
I 50
9,4 40
9,2 B 30
20 =K
46 47 48 49 50 51 52 53 54-0

Conc.

(D)

Fig. 5. Counter plots used to evaluate the ruggedness of the method selected by the 23 experimental design. (A) TC (temperature vs. electrolyte concentration); (B)
TC (pH vs. electrolyte concentration); (C) CTC (temperature vs. electrolyte concentration); (D) CTC (pH vs. electrolyte concentration).

The precision of the method for TC, CTC, OTC and DXC
was evaluated using the results obtained over one day of oper-
ation under the same conditions (intra-assay) and for 4 days
(inter-assay precision). The intra- and inter-assay precisions
were determined at 100% of the target concentration from 5 and
4 determinations, respectively. The results were expressed as
relative standard deviations (RSD; Table 4) and were lower than
2.0 and 2.6% for intra- and inter-assay, respectively. Consider-
ing that regulatory agencies [10] recommend that the precision
be lower than 2%, the values obtained by the CZE method are
acceptable.

The detectability established represents the lowest concen-
tration of an analyte in sample solutions to be introduced in the
CE equipment that can be detected. The detection and the quan-
titation limits of the method are not presented, due to the fact that
the active compound is the major constituent of the formulation
and this parameter is not required for method validation for the
quality control of pharmaceutical products. Furthermore, these
limits would depend on sample dilution before analysis.

The accuracy of the method was assessed for TC by analyz-
ing two commercial formulations by both the developed CZE
and the recommended United States Pharmacopeia methods.
The mean values obtained using the proposed method and the
reference method (Table 5), for both samples, do not differ sig-
nificantly (P <0.05).

Finally, the ruggedness of the method was assessed introduc-
ing small changes to the procedure and examining the effect on
the results (analytical signal). For this purpose, the temperature

(23.0£0.8°C), pH (10.0£0.8) and electrolyte concentration
(50.0 4 3.4mmol L~!) were changed simultaneously using a
23 factorial design as described in Section 2.8. The response
graphs for TC and CTC, and OTC and DXC, are presented
in Figs. 5 and 6, respectively. Whereas the analytical signal
of DXC and TC were less influenced by small variations in
pH of the electrolyte, CTC and DXC were less affected by
small variations in the temperature. Considering that the same
method should be applicable for all four tetracyclines and, in
order to guarantee consistent results, it is important that the
range of each variable that produces acceptable results is incor-
porated in the analytical procedure. The results obtained in
this study allowed establishing the following parameters: 50 &
1 mmol L~! sodium carbonate, pH 10.0 & 0.1 and temperature
23.0£0.1°C.

Table 5
TC content per capsule determined in commercial samples by CZE and HPLC.
Sample 6 Sample 7
CZE HPLC CZE HPLC
Average 545 510 502 491
content®
(mg/capsule)
s (mg/capsule) 10 10 26 18
R.S.D. 1.9 1.9 4.1 3.7

2 n=35; s, estimate of the standard deviation (mg/capsule); R.S.D., relative

standard deviation.
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Fig. 6. Counter plots used to evaluate the ruggedness of the method selected by the 23 experimental design. (A) OTC (temperature vs. electrolyte concentration);
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Table 6

TC content in commercial samples determined by CZE

Sample 1 2 3 4 5 6 7 8 9 10
Mean value (mg/capsule) 537 605 520 513 494 545 502 510 520 558
R.S.D. (%) 1.8 2.0 2.0 3.7 22 1.9 4.1 1.8 4.3 3.9

R.S.D,, relative standard deviation (n=5); nominal value of all samples (1-10): 500 mg of TC/capsule.

3.3. Analysis of commercial samples

After the validation, the CZE method was applied to the assay
of 10 different commercial samples labeled to contain 500 mg
of TC. Two of the samples were also analyzed by HPLC. The
concentrations determined in the 10 samples varied between 492
and 605 mg of TC per capsule (Table 6). Considering that the
active ingredient needs to be in the range of 90-125% [10], all
of the samples analyzed were in accordance with their specifi-
cations and also agreed with the results of the HPLC assay.

4. Conclusions

Most of the methods for the determination of antimicrobials
described in Pharmacopoeias recommend analysis by HPLC.
Nonetheless, these methods are time consuming and require
the use of large volumes of HPLC-grade solvents. Many CZE
methods have been developed in recent decades, even though,
considering their advantages such as efficiency and cost, most

of them continue to be alternative methods in the quality control
of pharmaceuticals.

The results obtained in this work confirm that the CZE
method, when properly optimized and validated, fulfills all the
pre-established requirements based on international regulations
and is adequate to be used in the quality control of pharmaceu-
ticals.
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Abstract

Fabrication of an amperometric-rotating biosensor for the enzymatic determination of cholesterol is reported. The assay utilizes a combination of
three enzymes: cholesterol esterase (ChE), cholesterol oxidase (ChOx) and peroxidase (HRP); which were co-immobilizing on a rotatory disk. The
method is developed by the use of a glassy carbon electrode as detector versus Ag/AgCl/3 M NaCl in conjunction with a soluble-redox mediator
4-tert-butylcatechol (TBC). ChE converts esterified cholesterol to free cholesterol, which is then oxidized by ChOx with hydrogen peroxide as
product. TBC is converted to 4-tert-butylbenzoquinone (TBB) by hydrogen peroxide, catalyzed by HRP, and the glassy carbon electrode responds
to the TBB concentration. The system has integrated a micro packed-column with immobilized ascorbate oxidase (AAOx) that works as prereactor
to eliminate L-ascorbic acid (AA) interference. This method could be used to determine total cholesterol concentration in the range 1.2 uM-1 mM
(r=0.999). A fast response time of 2min has been observed with this amperometric-rotating biosensor. Lifetime is up to 25 days of use. The
calculated detection limits was 11.9 nM. Reproducibility assays were made using repetitive standards solutions (n=>5) and the percentage standard

error was less than 4%.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The clinical analysis of cholesterol (Chol) in serum samples
is important in the diagnosis and prevention of a large number of
clinical disorders. There is a strong positive correlation between
high serum Chol level and several illnesses as atherosclerosis
and hypertension which can develop into coronary heart disease,
myocardial and cerebral infarction (stroke).

In conditions such as hypothyroidism, nephrosis, diabetes
mellitus, myxedema, and obstructive jaundice, the patient will
have increased levels of Chol and its esters above the physio-
logical norm. Decreased levels are found in patients suffering
from hyperthyroidism, anemia, malabsorption and wasting syn-
dromes.

Normal human blood serum contains less than 5.2 mM Chol
(200 mg/dl), and a high level being considered as greater than
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0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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6.2 mM (240 mg/dl) [1,2]. Plasma Chol levels increase with age,
and are generally less in women than men, until menopause,
when the values in women exceed those in men [3]. Chol is
carried in plasma by a series of protein-containing micelles
known as lipoproteins. The lipoproteins are classified into dis-
tinct subtypes according to their density, very low density
lipoprotein (VLDL), low density lipoprotein (LDL), interme-
diate density lipoprotein (IDL) and high density lipoprotein
(HDL). About 70% of total plasma Chol contained within
lipoproteins is esterified by fatty acids. Hence, the concentration
of free Chol within lipoproteins is approximately 1.0-2.2 mM
(40-85 mg/dl) [4].

Historically, Chol was measured using non-enzymatic spec-
trometry, via the production of a colored substance, chiefly
via cholestapolyenes and cholestapolyene carbonium ions
(Liebermann—Burchard reaction). This method suffered from
poor specificity, instability of the color reagent, standardization
difficulties, the variable reactivity of esters and the unstable and
corrosive nature of the reagents used [5,6]. The selectivity of
the chemical reaction was improved with the introduction of
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the enzymes, cholesterol esterase (ChE) and cholesterol oxidase
(ChOx).

The cholest-4-en-3-one can be reacted with 2,4-dinitro-
phenylhydrazine to produce a colored hydrazone [7], although
the consumption of O [8], or the production of HyO» [4,9-11].
These are the easier methods of quantifying Chol spectrophoto-
metrically, with the latter being the preferred method.

A number of Chol biosensors have been developed over the
past 30 years. Examples of optical biosensors, which determine
Chol enzymatically have been developed [12—-15]. A fiber optic
device has been developed by co-immobilizing ChOx and ChE
on preactivated nylon membrane for free and total Chol esti-
mations [16] and enzyme-based determination of Chol using
the quartz crystal acoustic wave sensor also has been published
[17].

The total Chol present in all lipoproteins fractions can be
determined using amperometric and potentiometric assays spe-
cific for Chol [18-22]. Cholesterol and cholesterol esters are
acted upon by cholesterol esterase and oxidase to generate HyO»,
which could be measured amperometrically with modified elec-
trodes [23-28].

In the present paper, we report the results of our system-
atic studies on the technical development and optimization of
an amperometric-rotating biosensor. This is a multienzymatic
system in which ChE, ChOx and horseradish peroxidase (HRP)
are simultaneously immobilized on a disk rotatory. Detection is
accomplished with the use of a glassy carbon electrode along
with a soluble-redox mediator 4-tert-butylcatechol (TBC). ChE
converts esterified cholesterol to free Chol, which is then oxi-
dized by ChOx with hydrogen peroxide as product. TBC is
converted to 4-tert-butyl-o-benzoquinone (TBB) by hydrogen
peroxide, catalyzed by HRP, and the glassy carbon electrode
responds to the TBB concentration. Besides, the system has
integrated a micro packed-column with immobilized ascorbate
oxidase (AAOKXx), that works as prereactor to eliminate L-ascorbic
acid (AA) which is very important electroactive interferent.

2. Experimental
2.1. Reagents and solutions

All reagents used, except as noted, were of analytical reagent
grade. Horseradish peroxidase (HRP, EC 1.11.1.7 Grade II,
181 1U mg_l), cholesterol oxidase (ChOx, EC 1.1.3.6, from
Pseudonomas fluorescens, 4.2 Ul mg_l), cholesterol esterase
(ChE, EC 3.1.1.13 from Pseudomonas sp., 5.9 Ul mg_l), ascor-
bate oxidase (AAOx; 10003000 Ul mg™ 1 ), cholesterol and Tri-
ton X-100 were all purchased from Sigma (St. Louis, USA). A
stock 0.01 M cholesterol solution was prepared in phosphate
buffer (0.01 M, pH 7) containing 10% (w/w) of Triton X-100 in
a thermostated bath at 65 °C. This solution was stored at 4 °C
in the dark and was stable for at least 10-15 days (until turbid-
ity was observed). More dilute working solutions of cholesterol
were prepared by dilution of the stock solution using a 0.01 M
phosphate buffer solution containing 1% (w/w) of Triton X-100.
This solution was used as the carrier solution in the FIA system.

Synthetic Chol serum samples were prepared with the con-
centrations of interferents indicated in the text. Quality controls
human serum (QC) with a lower, medium and higher (1.50 mM
(QC1), 3.96 mM (QC2) and 7.77mM (QC3)) concentrations,
respectively (Accutrol™ Chemistry controls, A-2034, Sigma
Diagnostics), were used. The kit for spectrophotometric deter-
mination of Chol (colestat enzimatic®) was purchased from
Wiener Lab., Argentina, and was used accordance with man-
ufacture instructions. 4-Tert-butylcatechol (4-TBC), ascorbic
acid (AA), uric acid, lysine, lactate, glucose and glutaraldehyde
used were purchased from Merk, Darmstadt. 3-Aminopropyl-
modified controlled-pore glass, 1400 A mean pore diameter and
24 m? mg_1 surface area, was from Electro-Nucleonics (Fair-
field, NJ) and contained 48.2 wmol g~! of amino groups.

Aqueous solutions were prepared using purified water from
a Milli-Q-system and the samples were diluted to the desired
concentrations using a 10 ml Metrohm E 485 burette.

2.2. Apparatus

The main bodies of the amperometric-rotating bioreactor
were made of Plexiglas. The design of the flow-through cham-
ber containing the rotating enzyme biosensor and the detector
system was described previously [29]. Glassy carbon electrode
is on the top of the rotating reactor. The rotating reactor is a disk
of Teflon in which a miniature magnetic stirring bar (Teflon-
coated Micro Stir bar from Markson Science Inc., Phoenix, AZ)
has been embedded. Typically, a sensor disk carries 1.4 mg of
controlled-pore glass on its surface. Rotation of the lower reactor
was initiated by a laboratory magnetic stirrer (Metrohm E649
from MetrohmAGHerisau, Switzerland) and controlled with a
variable transformer with an output between 0 and 250V and
maximum amperage of 7.5 A (Waritrans, Argentina).

Micro packed-column was made of Tygon tubing (2.0cm
long, 2.0 mmi.d.), it contained controlled-pore glass with AAOx
immobilized. A pump (Gilson Minipuls 3 peristaltic pump,
Gilson Electronics Inc., Middleton, WI) was used for pumping,
sample introduction, and stopping of the flow. Fig. 1 illustrates

p s

STIRRER

Fig. 1. Block diagram of the continuous-flow system and detection arrange-
ment. P: pump (Gilson Minipuls 3 peristaltic pump, Gilson Electronics, Inc.
Middleton, WI); C: carrier buffer line; SI: sample injection; W: waste line;
R&DC: sensor and detector cell; WE: glassy carbon electrode; RE: reference
electrode (Ag/AgCl/3.0M NaCl); AE: auxiliary electrode (platinum); D: poten-
tiostat/detection unit (BAS LC-4C, Bioanalytical Systems, West Lafayette, IN);
R: recorder (Varian, Model 9176, Varian Techtron, Springuale, Australia); PCR:
packed-column reactor.
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schematically the components of the single-line continuous-flow
setup. The pump tubing was Tygon (Fisher AccuRated, 1.0 mm
i.d., Fisher Scientific Co., Pittsburgh, PA) and the remaining tub-
ing used was Teflon, 1.00 mm i.d. from Cole Parmer (Chicago,
IL).

Amperometric detection was performed using a BAS LC-
4C potentiostat and a BAS 100 B/W (Electrochemical Analyzer
Bioanalytical System, West Lafayette, IN) was used to voltam-
metric determinations. The potential applied to the working
electrode (Glassy carbon electrode, GCE) for the functional
group detection was —150 mV versus Ag/AgCl/3.0 M NaCl ref-
erence electrode, BAS RE-6, and a Pt wire was used as counter
electrode. At this potential, a catalytic current was well estab-
lished.

Spectrophotometric measurements were performed with a
Beckman DU 350 UV-vis spectrophotometer using 1 cm glass
cells. All pH measurements were made with an Orion Expand-
able Ion Analyzer (Orion Research Inc., Cambridge, MA) Model
EA 940 equipped with a glass combination electrode (Orion
Research Inc., Cambridge, MA).

2.3. Enzymes immobilization

The rotating disk biosensor (bottom part) was prepared by
immobilizing HRP, ChE and ChOx on 3-aminopropyl-modified
controlled-pore glass (APCPG). The APCPG, smoothly spread
on one side of a double-coated tape affixed to the disk sur-
face, was allowed to react with an aqueous solution of 5%
(w/w) glutaraldehyde at pH 10.00 (0.20 M carbonate) for 2 h at
room temperature. After washed with purified water and 0.10 M
phosphate buffer of pH 7.00, the enzymes mixture (constituted
by HRP 40 U/ml, ChE 40 U/ml and ChOx 40 U/ml in 0.10 M
phosphate buffer, pH 7.00) was coupled with residual aldehyde
groups in phosphate buffer (0.10 M, pH 7.00) overnight at 4 °C.

By other way, AAOx was immobilized on 3-aminopropyl-
modified controlled-pore glass (APCPG). The APCPG was
allowed to react with an aqueous solution of 5% (w/w) glu-
taraldehyde at pH 10.00 (0.20 M carbonate) for 2h at room
temperature. After washing with purified water and 0.10 M phos-
phate buffer of pH 7.00, the enzyme (5 mgml~—!) was coupled
to the residual aldehyde groups in phosphate buffer (0.10 M, pH
7.00) overnight at 4 °C. Then the column was packed with 20 mg
APCPG-AAOx preparation.

The both immobilized enzymes preparations (rotating disk
and packed-column) were then washed with phosphate buffer
(pH 7.00) and stored in the same buffer at 4 °C between uses.
The immobilized preparations were perfectly stable throughout
at least 1 month of daily use.

2.4. Validation

The samples from healthy human volunteers and Quality con-
trols were diluted 1/10 before to carry out the measurements.
Thus, the determinations were made in linear zone of the Chol
calibration plot (see below).

To establish the lower limit of quantification in a single vali-
dation batch five replicates of QC sample 3.96 mM cholesterol

were analyzed. The intra- and inter-day precision (CV%) and
accuracy (bias%) of the assay procedure were determined by the
analysis of five samples at each lower, medium and higher QC
concentration (1.50mM (QC1), 3.96 mM (QC2) and 7.77 mM
(QC3)) in the same day and one sample at each QC concentration
in five different days, respectively.

The freeze-thaw stability was also verified at two levels of
concentrations, lower and higher, after three freeze-thaw cycles.

3. Results and discussion

The development of analytical system based on the use
of immobilized multienzymes system represents one of the
most rapid advancing areas of biosensors. Biosensors find a
widespread application in scientific investigation as well as in
medicine, biotechnological processes, food industries and envi-
ronmental control.

The pioneering work of Kulys et al. [30] demonstrated that
the combination of peroxidase and an oxidase makes possible to
construct amperometric biosensors that work at more negative
potentials avoiding electroactive interferences. This principle
has also been used by other groups introducing an electroactive
polymer to facilitate the HRP reduction [31,32]. However, most
of the Chol in human blood is esterified with long chain fatty
acids. Since cholesterol esters do not function as substrates for
ChOx, biosensors based on ChE and ChOx have been devel-
oped for total Chol determination [33,34]. Cholesterol esterase
catalyzes the hydrolysis of the esters to free cholesterol which
can then become the substrate for ChOx oxidation. Cholesterol
and cholesterol esters were acted upon by cholesterol esterase
and oxidase to generate H,O», which was measured ampero-
metrically [23,35].

In our case, we have immobilized on the rotating disk HRP,
ChOx and ChE in proportion 1:1:1, incorporating with the sam-
ple injection 4-TBC that works as mediator (Scheme 1). So the
combination of 4-TBC and HRP, which reduces hydrogen per-
oxide, makes it possible to operate at a low potential and to
eliminate interferents. The current developed at the detector is
directly proportional to the concentration of analyte in the bulk
of solution and increase with increasing rotation velocity.

Advantages of this configuration are the stability that results
from immobilized enzymes in the rotatory disk and forced con-
vection of the oxidized products to the electrode. If the flow is
stopped when the sample plug transported by continuous-flow

Rotating disk
e 8B HRPyreq) HeO: ChOx(FAD) crals
Fattyacid  chol. oleate

Electrode

H20

| S
O» ChOS(FADH) Cholesten-3-one

TBC HRPFox)

Scheme 1. Schematic representations of the reduction wave of the enzy-
matic process between 4-tert-butylcatechol (TBC), 4-tert-butyl-o-benzoquinone
(TBB), hydrogen peroxide (H0O3), cholesterol esterase (ChE), cholesterol oxi-
dase (ChOx), and horseradish peroxidase (HRP).
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Fig. 2. The values of K}, for the system obtained at five different rotation veloc-
ities and stopping the flow for 120 s during measurement. The calculation of K}
was performed under conditions in which [substrate] > KIIVI'

reaches the center of the reactor, detection take place under con-
ditions similar to those of batch detection [36,37].

The implementation of continuous-flow/stopped-flow pro-
gramming and the location of immobilized enzymes involved
in the sequence illustrated earlier, permits: (a) utilization of
relatively low enzyme loading conditions, (b) instantaneous
operation under high initial rate conditions, (c) easy detec-
tion of accumulated products, and (d) reduction of apparent
Michaelis—Menten constant, K 1/\/1

A more complete reagent homogenization is achieved,
because the cell works as a mixing chamber by facilitating the
arrival of substrate at the active sites and the release of products
from the same sites. The net result is high values of catalytic
current.

As noted at the beginning of this section, rotation is expected
to decrease the values of the apparent Michaelis—Menten con-
stant, K l/\/I’ since the catalytic efficiency is increased. Michaelis
constant which differ substantially from that measured in homo-
geneous solution, is not an intrinsic property of the enzyme, but
of the system. This constant characterizes the reactor, not the
enzyme itself. It is a measure of the substrate concentration range
over which the reactor response is linear [38]. Fig. 2 shows the
values of K}, for the system obtained at five different rotation
velocities and stopping the flow for 120 s during measurement.
The calculation of Ky was performed under conditions in which
[substrate] > K}, as a consequence the following applies (Eq.
(1)), assuming that the Briggs and Haldane scheme [39] is of the
plot of 1/S versus 1/[CholTya] plot. This is a graphical approach
similar to the Lineweaver—Burk plot:

1 (m) N 1
s = \[Choloel ) ™" )

where S =rate of response; Ky; = m/n. The apparent constant
is thus obtained from the slope and intercept of the 1/S versus
1/[Cholrga] plot.

Thereby, as observed earlier [40], if the sensor is devoid of
rotation, there is practically no response. If a rotation of 900 rpm
is imposed on the sensor located at the bottom of the cell (with
immobilized enzymes), the signal is dramatically enlarged. The
trend indicates that, up to velocities of about 900 rpm, a decrease
in the thickness of the stagnant layer improves mass transfer to
and from the immobilized enzyme active sites. Beyond 900 rpm,
the current is constant, and chemical Kinetics controls the overall
process. Therefore, a rotation velocity of 900 rpm was used.

Advantages to these biosensors include rapid analysis,
reusability, thermal stability, and linearity.

3.1. Effect of cell volume and sample size

Depending on the volume of the cell in contact with the sen-
sors, the overall process becomes controlled by diffusion (large
volumes) or by the chemical kinetics of the enzyme-catalyzed
reactions (small volumes).

The cell volume was changed from 150 1 to 1 ml by remov-
ing the O-rings between the upper and lower half of the cell.
The measured current, as expected, decreased linearly with an
increase in cell volume, due to the dilution effect favored by
rotation, and the fact that the measured current is directly pro-
portional to bulk concentration. The smallest cell volume of
150 1 was adopted for further studies.

The measured current increased lineally with sample size up
to 150 wl in a cell with a volume of 150 wl. For convenience a
sample size of 150 wl was used. Sensitivity is almost tripled in
the range between 50 and 150 pl.

3.2. Effect of pH

The catalytic current (nA), under stopped-flow conditions,
presents a moderate increase from pH 6.5 to 7.00 and then begin
to decay up to pH 8.00, the highest pH value tested (Fig. 3).

I/ nA

4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 8.0 8.5
pH

Fig. 3. pH dependence of multienzymatic-rotating biosensor signal. One
hundred and fifty microliter aliquots of 3.96 mM Chol standard solution
were injected into various buffers solutions. Other biosensor conditions were
described in the text.
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Therefore, the pH used for this system was 7.00 (0.10 M phos-
phate buffer).

3.3. Cholesterol measurement with multienzymatic-rotating
biosensor

The working potential was selected using the cyclic voltam-
mogram of 4-TBC at a glassy carbon electrode (GCE) in phos-
phate buffer [41]. For potentials values below —150mV, the
cathodic current became independent of the applied potential;
therefore, this value was chosen as working potential. Further-
more, at this potential, a less contribution of the electroactive
interferences present in serum is expected.

The performance of the multienzymatic-rotating biosensor
for the measurement of total Chol concentration was character-
ized. The following procedure was used: (a) a baseline current
was established with the buffer solution; (b) a solution contain-
ing the sample diluted 1/10 with buffer phosphate and 4-TBC
was injected in the rotating biosensor; (c) the flow was detained,
the disk was rotated to 900 rpm and the reduction current was
measurement; (d) After 2 min the flow was started again. A Chol
calibration plot was obtained by plotting catalytic current I (nA)
versus Chol concentration. The results obtained with this method
are shown in Fig. 4. A linear relation (Eq. (2)) was observed in
the range of 1.2 uM and 1 mM (rotation 900 rpm):

I(nA) = 0.81 + 69.49[Ccholl 2

The correlation coefficient for this type of plot was typically
0.998. Detection limit (DL) is the minimal difference of con-
centration that can be distinguished from the signal of baseline
buffer solution. The DL was calculated as the amount of Chol
required to yield a net peak that was equal to three times the
SD signal. In this study, the minimal concentration of Chol
was 11.9nM. Reproducibility assays were made using repeti-
tive standards solutions (n=35) containing 1.0 mM 4-TBC and
3.96 mM Chol; the percentage standard error was less than 4%.
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Fig. 4. Response of the multienzymatic-rotating biosensor for several Chol con-

centrations (mM). The flow was stopped for 2 min during measurement; cell

volume: 150 wl; flow rate: 1 ml min~!.

Table 1
Intra- and inter-day precision and accuracy (n=>5)

Intra-day Inter-day
Cnominal (MM) 1.50 3.96 7.71 1.50 3.96 777
Mean cfound (MM) 1.47 3.93 7.72 1.39 3.83 7.59
CV (%) 0.70 1.10 1.80 1.00 1.40 2.30
Bias (%) 2.00 0.48 0.67 7.33 3.16 1.03

The stability of the biosensor was tested for nearly 3 h of con-
tinuous use in the FIA system. In this experiment, after every
four samples, a standard solution containing 1.0 mM 4-TBC,
3.96 mM Chol was injected. In the FIA system using a mul-
tienzymatic sensor, there is practically no decay in the catalytic
current after eight samples.

The effect of the various compounds on the response of the
multienzymatic-rotating biosensor was tested. Compounds such
as lysine, glucose, lactate and uric acid showed little or no effect
on the current response. But the addition of 10mM ascorbic
acid resulted in ca. 4.8% decrease versus the reductive cur-
rent obtained with Chol synthetic and 4-TBC. This fact can be
avoided with the incorporation of a packed-column (PCR) that
contains APCPG-AAOx preparation (Fig. 1).

The intra- and inter-day precision (CV%) and accuracy
(bias%) of the assay procedure were determined by the analysis
of five samples at each lower, medium and higher QC concen-
tration in the same day and one sample at each QC concentration
in five different days, respectively (Table 1).

Repeated analyses using a range of human serum samples,
containing low and high levels of Chol demonstrate the pre-
cision of the Chol biosensor. This was found to range from
1.4 to 4.6% for within-day analyses and from 1.8 to 5.9% for
day-to-day analyses. Recovery yields were performed using the
clinical serum samples which were diluted with the working
phosphate buffer and spiked with Chol standards. Recoveries in
the range 96.6—103% with an average of 100.1% were obtained.
The response study of this multienzymatic-rotating biosensor
was compared with spectrophotometric methods. Table 2 gives
the results obtained using the 2 methods for 5 separate determi-
nations of 10 human serum samples.

Table 2
Results obtained using the 2 methods for 5 separate determinations of 10 human
serum samples

Sample no. Proposed method (mM)? Reference method (mM)?
1 3.96 + 4.1 x 1073 3.90 + 6.1 x 1073
2 3.83 +£3.6x 1073 3.89 +52x 1073
3 1.50 + 3.1 x 1073 1.56 + 4.1 x 1073
4 146 +£29x 1073 140 + 3.9x 1073
5 7.80 £ 3.9 x 1073 7.69 + 5.4 %1073
6 7.60 + 4.5x 1073 7.57 +5.1% 1073
7 5.96 + 3.3 x 1073 5.76 + 6.1 x 1073
8 436 +45x1073 447 +55x1073
9 6.96 £ 3.9 x 1073 6.79 + 43x 1073

10 1.96 + 4.1 x 1073 2.09 4+ 3.1x 1073
4 X+8S.D.
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Table 3
A comparison of previous methods for determining cholesterol
Detection method Response Linear range (mM) Detection Lifetime Known interferents Ref.
time (min) limit (uM) (days)
Amperometric 1 2-10 mM for FC 500 60 Ascorbic acid, glucose were [42]
major interferents
Amperometric 1 0.05-0.50 8 25 Not tested [43]
Potentiometric 16 0.05-3 for TC 10 - Ascorbic acid, bilirubin and [44]
proteins had negligible effects
Amperometric <2 0.58-3.68 for FC 60 5 Ascorbic acid, paracetamol, [45]
glutathione, uric acid were
major interferents
Amperometric 5 No data for FC - - Oxygen, urea [46]
Amperometric 1 Not linear for TC 500 1 Not tested [47]
Spectrophotometric 5 2.6-15.6 for TC 2.6 - Negligible interference from [48]
ascorbic acid, uric acid and
haemoglobin
Spectrophotometric 12 0.13-1.3 for TC 130 - Testosterone; Vitamin D; [49]
progesterone were major
interferents. NaCl; CuSOy;
creatinine; NaHCO3;
albumin; estrogen had
practically no effect
Amperometric 2 0.001-1 for TC 0.012 30 Ascorbic acid, lysine, Proposed method

glucose, lactate, and uric acid
had negligible or not effects

FC refers to the fact that the biosensor was used to measure free cholesterol only, while TC means total cholesterol was determined.

4. Conclusions

The usefulness of enzyme biosensor used for the determina-
tion of different concentrations of Chol was demonstrated. The
proposed method was compared with another biosensor previ-
ously developed. Table 3 indicates that the results obtained by
the proposed method were better than the results obtained by
existing methods. This type of detection shows good promise in
biological sensing, particularly in plasma and whole blood sam-
ples. Also, this biosensor is able to operate as a fast, selective and
sensitive detection unit when is incorporated into a FIA system,
and provides a fast and cost effective solution to the realization
of quantitative information at extremely high and low levels of
Chol concentrations.

Advantages to these biosensors include rapid analysis,
reusability, thermal stability, and linearity. The method is highly
reproducible and the values correlate well with those obtained
with the colorimetric assays.
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Abstract

An epi-fluorescence microscopy for determination of peroxidase in individual neutrophils was developed by a combination of enzyme-catalyzed
reaction and fluorescence detection. In this method, an individual cell was transferred into a microliter-volume vessel and lysed by freeze-thawing
and ultrasonication. The peroxidases-catalyzed reaction was initiated by adding the buffer solution containing nonfluorescent substrates 10-acetyl-
3,7-dihydroxyphenoxazine and H,O, to the vessel. Peroxidase activity could be determined via measuring the fluorescent signal of the product
resorufin of enzyme-catalyzed reaction. When the slope of kinetic curve of the enzyme-catalyzed reaction was used to quantify peroxidases in
single cells, the effect of the time difference between each measurement and the interference from other intracellular compounds that could emit

fluorescence can be eliminated.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Single-cell analysis is of significant interest to the chemi-
cal, biotical, medical, and pharmaceutical communities [1-3].
Enzymes are important biological substances in cells. Early in
1950s, Lowry has developed a histochemistry method with flu-
orescence detection for rough measurements of a few enzymes
in large single nerve cell bodies [4]. However, the method is
unsatisfactory in regard to precision, and fragments of nerve tis-
sue of known composition give low results. After that, Lowry’s
group reported a more accurate method for enzyme analysis
in single large cell bodies using the enzyme-catalyzed reac-
tion and the fluorescence detection [5]. The similar methods
have been used to measure different enzymes [6]. In 1970s,
qualitative measurements of glucose-6-phosphate dehydroge-
nase (G6PDH) activity in single fibroblasts have been performed
by fluorescence microscopy with epi-illuminaton [7]. In the
method, single frozen-dried fibroblasts were put into droplets
of liquid contained substrates for enzyme-catalyzed reaction and
the fluorescence of the products was detected for each cell during

* Corresponding author. Fax: +86 531 8856 5167.
E-mail address: jwr@sdu.edu.cn (W. Jin).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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3 h of incubation. The flow cytometric assay for (3-galactosidase
activity in single yeast cells has been reported [8]. Capillary
electrophoresis (CE) has been successfully used to determine
a variety of enzyme activity in different single cells. Lactate
dehydrogenase isoenzymes [9,10], kinase [11-13] and a-1,3-N-
acetylgalactosaminyltransferase [14] in single mammalian cells
can be separated and determined by using CE with laser-induced
fluorescence (LIF) detection. CE with electrochemical detec-
tion (ECD) has been developed for analysis of G6PDH [15]
and alkaline phosphatase isoenzymes [16]. Particle-counting
immunoassay in a capillary environment for determination of
G6PDH has been described [17,18]. Recently, other methods
for single-cell analysis of enzymes such as fluorescence imag-
ing analysis with electroporation [19], optical sensor [20], flu-
orescence microscopy and flow cytometry [21], fluorescence
microscopy and CE with LIF detection [22], and resonance
Raman microscopy [23] have been developed.

In this work, we developed a new method for determina-
tion of enzyme activity in single cells based on the enzyme
kinetics using epi-fluorescence microscopy. Peroxidase (PO)
is a green heme enzyme that plays a crucial role in infection
and inflammation [24,25]. It is required for neutrophils to kill a
variety of microorganisms and has been implicated in promot-
ing tissue damage in numerous inflammatory diseases including
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rheumatoid arthritis [26], adult respiratory distress syndrome
[27], lung cancer [28] and acute myeloid leukemia [29]. Thus,
analysis of PO activity within cells has attracted considerable
attention to understand cellular function [30]. Therefore, PO
in human neutrophils was chosen as the model enzyme. The
strategy of amplifying detection signal via enzyme-catalyzed
reactions is commonly used [31-33]. The protocol based on
the enzyme-catalyzed reaction was also used in this work to
determine PO in a single cell. Fluorescence detection is very sen-
sitive for the products of enzyme-catalyzed reactions [34-37].
PO could catalyze nonfluorescent enzyme substrate 10-acetyl-
3,7-dihydroxyphenoxazine (ADHP) to fluorescent resorufin in
the presence of H>O;. The PO activity could be determined
through measuring the fluorescence of resorufin based on the
slope of linear line on the plot of the fluorescence intensity ver-
sus the reaction time. When the slop was used to quantify the PO
activity in single cells, the effect of the time difference between
each measurement and the interference of other compounds that
could emit fluorescence could be eliminated.

2. Experimental
2.1. Chemicals

ADHP was purchased from AnaSpec Inc. (San Jose, CA,
USA). A 4.3 x 1073 mol/L stock solution of ADHP was pre-
pared by dissolving ADHP in dimethyl sulfoxide (DMSO) and
stored at —20°C. Horseradish peroxidase (HRP, R.Z~ 3.0,
250U/mg) was obtained from Shanghai Lizhu Dongfeng
Biotechnology Co., Ltd. (Shanghai, China). A 375 U/mL stock
solution of HRP was prepared in water. The 4.5% dextran T-500
separation solution was purchased from Pharmacia (Uppsala,
Sweden) and the lymphocyte separation medium was obtained
from Shanghai Huajing Biological High-Tech. Co., Ltd. (Shang-
hai, China). Other reagents were of analytical grade and pur-
chased from standard reagent suppliers. The ADHP stock solu-
tion and HyO, solution were diluted to 4.8 x 10~* mol/L with
2.0 x 1072 mol/L phosphate buffer (pH 7.0) before use. Other
aqueous solutions were prepared with doubly distilled water.
All solutions were prepared in disposable plastic ware using
disposable pipette tips and stored at 4 °C. All disposable plas-
tic wares and disposable micropipette tips used in the assay
were autoclaved prior to use in order to denature any con-
taminants. A resorufin solution was prepared by the follow-
ing procedures: 100 pL of phosphate buffer (pH 7.0), 4 pL of
4.3 x 1073 mol/L H,0,, 4 pL of 4.3 x 1073 mol/L ADHP and
2L of 7.5 x 10~* U/mL HRP were mixed in a plastic ware
and sealed. After incubation for 48 h, the solution was heated
for 20 min at 88 °C to disable the HRP. The solution was stored
at 4 °C and diluted 1000 times just before use.

2.2. Epi-fluorescence microscopy

The schematic of the epi-fluorescence microscope is shown
in Fig. 1. The excitation source was a He—Ne laser (Melles
Griot Laser Group, Carlsbad, CA, USA) with 543 nm and 5 mW.
The microscope frame was an Olympus IX81 inverted micro-

Fig. 1. Schematic diagram of the epi-fluorescence detection system: 1, plastic
bottle with a recessed bottom; 2, thermometer; 3, constant-temperature water;
4, cover; 5, vessel; 6, objective; 7, He—Ne laser; 8, excitation filter; 9, dichroic
mirror; 10, emission filter; 11, CCD; 12, coverslip; 13, epoxy. Dimensions are
not in scale.

scope body with a filter cube containing three filter elements
(8-10). The laser passed through a 520—550 nm excitation filter
(8), reflected by a 565 nm dichroic mirror (9), and focused to
the sample vessel via a 10x microscope objective (NA 0.40).
The fluorescence was collected by the same objective, trans-
mitted through the dichroic mirror, filtered by a cut-on 580 nm
emission filter (10) and detected by CCD camera (Cascade
512B, Roper Scientific, Inc. Tucson, AZ, USA) equipped with
a 512 pixel x 512 pixel array (16 pm pixel x 16 wm pixel). An
800 pm x 800 wm area could be imaged with the CCD con-
trolled by MetaMorph software and a 10xobjective. All images
were acquired with the exposure time of 100 ms, intensifier gain
of 2375 and readout speed of 5 MHz.

The vessel was fabricated by fixing a ~1.2 mm i.d., ~8 mm
long plastic tube upon a 0.17-mm-thick microscope coverslip
with cyanoacrylate and sealing the outside of the tube with
epoxy. A Smm x 5Smm coverslip as the cover of vessel was
glued to the plastic tube with a double-face adhesive-tape after
addition of the solution. The vessel and its cover were also shown
in Fig. 1.

2.3. Preparation of human neutrophils and their lysate

Human neutrophils were isolated as described previously
[38]. Briefly, five portions of human blood and one portion of
4.5% dextran T-500 separation solution were mixed in a 10-mL
centrifuge tube. The mixture was allowed to stand for 40 min
at 4°C. The supernatant transparent liquid in light red con-
tained neutrophils, a few lymphocytes and erythrocytes. Three
portions of the supernatant liquid were put on one portion of
lymphocyte separation medium and then were centrifuged for
15 min at 1000 rpm. The supernatant and the middle foggy layer



W. Li, W. Jin / Talanta 70 (2006) 251-256 253

containing lymphocytes were discarded. The cell mixture at
the bottom contained neutrophils and a small amount of ery-
throcytes. Following washing with 2 mL PBS, the cell mixture
was centrifuged for 3 min at 2000 rpm. The supernatant was
discarded. Then 2mL of H,O was added. After vibrating the
solution for ca. 20s, erythrocytes were lysed. Two milliliters
of 1.8% NaCl was immediately added into the cell mixture
and the mixture was centrifuged for 3 min at 2000 rpm. The
supernatant was discarded again. Following two washing steps,
~10 pL of neutrophil solution could be obtained. Then 1 mL of
PBS was added to the neutrophil solution to obtain the neutrophil
suspension. The cell suspension was counted using a hemocy-
tometer (Shanghai Medical Optical Instrument Plant, Shanghai,
China) under an inverted biological microscope and immedi-
ately used to determine PO activity in single cells. To prepare
the cell lysate, the cells were subjected to both freeze-thawing
and ultrasonication for cytolysis. The neutrophil suspension of
I mL was centrifuged for 4 min at 2500 rpm. The supernatant
was discarded. Then 1 mL of H>O was added. The suspension
was maintained at —20 °C for 30 min in a refrigerator. Then, the
suspension was taken out and remained at room temperature for
defrosting. Next, the suspension was ultrasonicated for 10s in
an ice bath, following stopping the ultrasonication for 10s to
cool the cells. The ultrasonication process was repeated about
30 times until the cells were lysed. Thus the lysate was obtained
and stored at —20 °C.

2.4. Determination of HRP activity in the standard solution
and PO activity in the cell lysate

Since the activity of all peroxidases is defined and determined
with the same method. Therefore, HRP served as a standard to
quantify PO activity and the same activity unit for both HRP
and PO was used in this work. Before both HRP activity in the
standard solution and PO activity in the neutrophil lysate were
detected, the laser was focused on the resorufin solution in a
vessel. For that, the vessel containing the resorufin solution was
put on the microscope stage. The objective was adjusted to the
position, at which the largest average-gray-level (AGL) of image
was obtained. The vessel was taken off and rinsed with water.
The rest water in the vessel was allowed to evaporate. The HRP
solution or cell lysate, ADHP and H,O, (each 2 pL), which
were preheated at 25 4 0.3 °C previously, were added into the
vessel, respectively. The solution in the vessel was stirred with
a ~0.3 mm-diameter quartz stirring rod for 20s. A bottle with
water of 25 £0.3 °C shown in Fig. 1 was put on the vessel to
form an air bath to preheat the solution. After the solution was
preheated for 30 s, six LIF images were taken by the CCD camera
with an interval of 1 min and an exposure time of 100 ms. The
laser was turned off at the imaging interval to avoid fluorescence
quenching.

2.5. Single-cell analysis
For sampling a single cell, the electromigration technique

reported in single-cell analysis by using capillary electrophore-
sis [15] was used here. The setup of single-cell injection is shown
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Fig. 2. Schematic diagram of the cell injector: 1, stainless steel tube; 2, copper
wire; 3, microscope slide; 4, epoxy ring; 5, silicon washer; 6, syringe needle;
7, syringe body; 8, hole; 9, cathode; 10, capillary; 11, piston of the syringe.
Dimension is not in scale.

in Fig. 2. A stainless steel tube (1) (0.4 mm i.d., 0.8 mm o.d.,
23 mm long) and a copper wire of 0.4 mm diameter (2) as the
electromigration anode for electrokinetical injection of a single
cell were immobilized on a microscope slide (3) with epoxy.
There was a gap of 2 mm between the copper wire and the stain-
less steel tube. An epoxy ring of ~5 mm diameter (4) was formed
on the slide as the container of the cell suspension. The tip of the
needle of a 5-mL syringe was cut off partly. A silicon washer (5)
was inserted into the fitting sleeve of the syringe needle (6). The
syringe was previously drilled a hole with ~5-mm diameter (8)
to insert the cathode wire (9). A capillary (25 pm i.d., 375 pm
0.d., 60 mm long) (10) previously filled with phosphate buffer of
2.0 x 1072 mol/L was inserted into the syringe needle through
the silicon washer. To see the opening of the injection end of
capillary, a ~15-mm section of the polyimide coating at the
injection end of capillary was removed by burning before use.
The syringe (7) with the capillary was fixed on a laboratory-made
xyz stage. The capillary in the needle was inserted into the stain-
less steel tube by means of the xyz stage. The phosphate buffer
of 2.0 x 10~2 mol/L was added into the syringe from the hole
(8). Then, the piston of the syringe was pushed until the buffer
in the syringe was over the capillary. After the microscope slide
was placed on the inverted biological microscope with a magni-
fication of 400x, a 50-pL aliquot of the neutrophil suspension
was placed in the epoxy ring. When a neutrophil drifted toward
the injection end under the field of vision of the microscope, an
injection voltage of 500 V was applied to transport the cell into
the capillary tip. The syringe needle with the capillary contain-
ing the injected cell was quickly removed from the syringe and
reconnected to another empty syringe. The cell was immediately
transferred to the vessel shown in Fig. 1 by pushing the piston
of the empty syringe. The cell in the vessel was subjected to
both freeze-thawing and ultrasonicating for cytolysis. For that,
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~0.1 nL of water was added into the vessel with a single cell
and the vessel was maintained for 30 min at —20 °C in a refrig-
erator. The vessel was taken out and kept at room temperature
for refreezing. The liquid in the vessel was allowed to evapo-
rate. Then, 2 pLL of doubly distilled water was added into the
vessel and the vessel was covered with a microscope coverslip
to prevent evaporation. The vessel was put in an ice bath placed
in an ultrasonicator and ultrasonicated for 5 min to lyse the cell.
Thus, the single-cell lysate containing intracellular substances
involving PO was obtained. The vessel containing the single-cell
lysate was positioned on the microscope stage. Two microliters
of H,O; and 2 L. of ADHP were added to the vessel with the
final concentration of 1.6 x 10~* mol/L for the both. The solu-
tion was stirred, preheated and the LIF image of the solution was
taken according to the procedure for determining PO activity in
the cell lysate described above.

2.6. Data analysis

Allimages were analyzed with MetaMorph software (Molec-
ular Devices Corp. Downington, PA, USA) to measure the
AGLs. Corrected AGL was obtained by subtracting the value
of the first image, which was corresponding to both the inherent
fluorescence from intracellular components and the fluorescence
from the product of enzyme-catalyzed reaction. The slope of
linear relationship between the corrected AGL and the enzyme
concentration, dF/d¢, was used for quantification by using the
standard calibration method.

3. Result and discussion
3.1. Optimization of detection conditions

The fluorescence intensity was heterogeneous in the images
taken by the epi-fluorescence microscopy because of asym-
metric irradiation of laser through the objective to the vessel.
Therefore, AGL of the whole image was measured. It was
found that both fluorescence signal and its relative standard
deviation, R.S.D., increased with the laser power for the deter-
mination of the resorufin solution. R.S.D. of the fluorescence
signal has a minimum value for the laser power in the range of
1.00-1.25 mW. We selected 1.10-mW power in our experiments.

Since both PO and HRP are the peroxidase, they can catalyze
the same substrates with the same mechanism and HRP could be
used to obtain the optimal conditions for detection of PO activ-
ity. pH 7.0 and 25 °C, which were the suitable environment for
PO determination [39], were used in our experiments. ADHP
can be catalyzed by PO to fluorescent resorufin, following to
nonfluorescent complex polymer [40]. However, when ADHP
is incubated with an equimolar concentration of H>O5, the sub-
strate is quantitatively transformed into resorufin [41]. Fig. 3
shows the relationship between dF/d¢ and the concentration of
ADHP and H,O;. The largest value at the concentration of
1.6 x 10~* mol/L for both was obtained. The values were chosen
in our experiments. Since the concentration of fluorescent prod-
uct increased with the reaction time of the enzyme-catalyzed
reaction, AGL of images was dependent on the reaction time.
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Fig. 3. Relationship between dF/d:r and the concentration of substrates.
1.33 x 1072 mol/L. phosphate buffer (pH7.0); 1.5 x 10~* U/mL HRP; laser
power, 1.1 mW; laser wave length, 543 nm; exposure time, 100 ms; readout
speed, 5 MHz; intensifier gain, 2375; 10x objective (NA 0.40).

To eliminate the effect of the reaction time from adding enzyme
substrates to taking the fluorescent image on AGL of image, the
slope of the kinetic curve, dF/dt, corresponding to the reaction
rate of the enzyme-catalyzed reaction, was used for quantifica-
tion. We measured AGL until 10 min. The relationship between
AGL and the reaction time was linear. dF/dt was independent
on the reaction time within 10 min and proportional to the activ-
ity concentration of HRP. Thus, use of dF/dt for quantification
of PO activity could enhance the precision and accuracy of the
method. To reduce the detection time, 5 min was used in the
experiments. Fig. 4 shows the kinetic curves (the plot of AGL
versus the reaction time) within 5 min for different HRP activity
concentrations.

The linear relationship of the activity concentration cov-
ered a range of 7.5 x 1078-2.3 x 107*U/mL with a corre-
lation coefficient of 0.998. The linear range of the activ-
ity calculated according to the solution volume of 6 pL. was
4.5 x 10719-1.5 x 107%U. The dF/d¢ values obtained for a
series of nine measurements of blank resulted in an average value
of 1.4 AGL/min and a standard deviation, o, of 0.2. It could be
calculated that the limit of detection, LOD, of the method was
7 x 1078 U/mL based on the equation LOD =30/S [42], where
S was the slop of the calibration curve. LOD of the activity was
4 x 10719U according to the volume of 6 wL. The relative stan-
dard deviation of the method for a series of 6 measurements of
7.5 x 1075 U/mL HRP was 3.9%.

3.2. Determination of PO activity in the cell lysate

For determination of PO activity in the cell lysate, the
thawed lysate of 1 L was diluted 200 times and the kinetic
curve of the diluted lysate was measured. From the dF/dr
values, the mean activity concentrations of PO in three neu-
trophil lysates obtained by using the standard calibration curve
described above were 1.29 x 1074 U/mL, 1.28 x 104 U/mL
and 1.24 x 1074 U/mL, respectively. According to the activ-
ity concentrations determined and the cell concentrations of
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Fig. 4. Relationship between the corrected AGL and the reaction time at different
HRP concentrations (10~7 U/mL): (1) 0.75; (2) 2.25; (3) 7.50; (4) 15.0; (5) 22.5;
(6) 52.5; (7) 75.0; (8) 150; (9) 225; (10) 525; (11) 750; (12) 1500; (13) 2250.
1.6 x 10~* mol/L Hy05; 1.6 x 10~* mol/L. ADHP. Other conditions as in Fig. 3.

4.3 x 10% cells/mL, 2.2 x 103 cells/mL and 1.1 x 103 cells/mL
for the three lysates, the calculated mean PO activities in
a single neutrophil were 2.7 x 103U, 29x 103U and
3.0x 1078 U, respectively, which were within the range of val-
ues (0.11-6.4 x 1078 U) determined in single-cell analysis by
using voltammetry [43], implying that the results was reliable.
To prove the reliability of the method, a certain amount of
standard HRP was added to a lysate and then the lysate was
measured. From the detected activity concentration in the lysate
with and without the standard HRP, the recovery calculated was
between 97 and 104%.

Some metal ions can catalyze the decomposition of H,O»
[44,45]. In order to know whether they disturb the determina-
tion of PO activity in lysates, following experiments were done:
PO in a lysate sample was disabled by heating the sample to
88 °C for 30 s. The lysate was then cooled to room temperature.
After the phosphate buffer containing the substrates was added,
the sample was detected. The dF/df value measured was about
1/600 of the signal of PO activity in the lysate. Thus, the distur-
bance of metal ions could be neglected. It was found that total
fluorescence intensity of intracellular substances in the lysate
without both phosphate buffer and substrates was constant dur-

ing measurement, indicating dF/d¢=0. Therefore, intracellular
substances did not interfere with the determination of PO activ-
ity in lysates.

3.3. Single-cell analysis

After a single cell with PBS was transferred into the vessel,
water in the vessel was evaporated quickly. Therefore, water
should be added to the vessel before cytolysis. In order to pre-
vent that some chemical reagents such as NaOH, SDS and some
organic solvents that often are used to lyse cells may denature
PO, the cell transferred in the vessel was lysed by the freeze-
thawing and ultrasonicating.

In order to estimate whether metal ions interfere with PO
activity determination in single neutrophils, a similar identifica-
tion used in lysates mentioned above was used. A neutrophil in
the vessel was heated to 88 °C for 30 s to disable PO, then, the
cell was lysed according to the procedure described in Section 2.
After the phosphate buffer containing the substrates was added
in the vessel, the sample was detected. It was found that the
dF/dt value was near the blank value, implying no disturbance
of intracellular metal ions in single-cell analysis. From the dF/ds
value, the PO activity in single neutrophils could be calculated
by the standard calibration method. The PO activity determined
in nine neutrophils was between 8.0 x 107°-8.5 x 1073 U. The
corresponding value in the lysate (3.0 x 1078 U) was within the
range of values found in the present single-cell analysis.

4. Conclusions

A simple and sensitive epi-fluorescence microscopy for
single-cell analysis of intracellular PO was developed on the
basis of the enzyme-catalyzed reaction with ADHP and H>O»
as the substrates. LOD of the method is as low as 7 x 1078 U/mL.
When the slope of the kinetic curve corresponding to the reaction
rate of the enzyme-catalyzed reaction was used for quantifica-
tion, the time effect from adding enzyme substrates to taking
the fluorescent image and the fluorescence from intracellular
compounds can be eliminated, implying that the results were
reasonable.
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Abstract

A new chelating polymeric sorbent is developed using Merrifield chloromethylated resin anchored with calix[4]arene-o-vanillinsemicarbazone
for simultaneous separation and solid phase extractive preconcentration of U(VI) and Th(IV). The “upper-rim” functionalized calix[4]arene-o-
vanillinsemicarbazone was covalently linked to Merrifield resin and characterized by FT-IR and elemental analysis. The synthesized chelating
polymeric sorbent shows superior binding affinity towards U(VI) and Th(IV) under selective pH conditions. Various physico-chemical parame-
ters that influence the quantitative extraction of metal ions were optimized. The optimum pH range and flow rates for U(VI) and Th(IV) were
6.0-7.0 and 1.0-4.0 mlmin~' and 3.5-4.5 and 1.5-4.0 ml min—!, respectively. The total sorption capacity found for U(VI) and Th(IV) was 48734
and 41175 wgg™", respectively. Interference studies carried out in the presence of diverse ions and electrolyte species showed quantitative ana-
lyte recovery (98-98.5%) with lower limits of detection, 6.14 and 4.29 pgl~!' and high preconcentration factors, 143 and 153 for U(VI) and
Th(IV), respectively. The uptake and stripping of these metal ions on the resin were fast, indicating a better accessibility of the metal ions
towards the chelating sites. The analytical applicability of the synthesized polymeric sorbent was tested with some synthetic mixtures for the
separation of U(VI) and Th(IV) from each other and also from La(IlI), Cu(Il) and Pb(Il) by varying the pH and sequential acidic elution. The
validity of the proposed method was checked by analyzing these metal ions in natural water samples, monazite sand and standard geological
materials.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Merrifield chloromethylated resin; Solid phase extraction; GFAAS; ICPAES; Preconcentration; Calix[4]arene-o-vanillinsemicarbazone

1. Introduction acute toxicological effects in mammals and their compounds

are potential occupational carcinogens [3]. Thus, there remains

Uranium and thorium find extensive application as nuclear
fuel in power plants and their main sources are pitchblende,
monazite sand and sea water. Their selective extraction simulta-
neously in presence of each other and closely associated metal
ions has drawn much attention of the chemists world over
because of their importance in energy related applications [1].
The separation of these economically important metal ions is
also a matter of concern as the nuclear waste coming out of
reactors cause serious and irreversible environmental and bio-
logical damage [2]. Both the metal ions are known to cause
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a need of preorganized complexing agents that discriminates
U(VI) and Th(IV) from associated metal ions present in great
excess in solid or aqueous media. The procedures described
in the recent literature, for the separation and trace determi-
nation of U(VI) and Th(IV) are either less sensitive or time
consuming due to high matrix concentration [4—13]. So far, mod-
est work has been done towards simultaneous separation and
solid phase extractive preconcentration of U(VI) and Th(IV).
The reagents available for the separation and trace determina-
tion of these metal ions are either less specific as a number
of diverse ions interfere during their determination or it may
require further purification by ion exchange chromatography
[14-20]. A separation and preconcentration is therefore manda-
tory ahead of their determination by highly versatile techniques
like GFAAS and ICPAES. Solid phase extraction technique has
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been widely used in the preconcentration/separation of trace and
ultra trace amounts of inorganic and organic species, to enhance
sensitivity and to separate analytical matrix [21-24]. Chelating
resins are being frequently used for solid phase extraction in
selective trace metal analysis. Suitable chelating agents can be
chemically bonded to or impregnated onto a polymeric matrix
as supports for the solid phase extraction of metal ions from
aqueous solution. For solid phase extraction of these metal ions,
polymeric calixarenes can play a dominant role [25-35]. Poly-
mer supported calixarenes offer a suitable platform for their
simultaneous separation and preconcentration due to their flex-
ible operating condition, ease of synthesis, insoluble character,
cost-effectiveness, lower toxicity, good stability and reusabil-
ity. They also serve as eco friendly materials in contrast to the
liquid-liquid extraction procedure, which results in huge envi-
ronmental problem due to toxic organic diluents.

The preparation of insoluble resins by appending function-
alized calixarenes to the commercially available polymeric
support is relatively easy compared to polymerizing function-
alized calixarene monomers. The chemistry of calixarenes,
polymer supported calixarenes and their ability to complex
cations have been well documented by many authors [36—44].
Shinkai et al. [45] have reported a polymer bound calix[6]arene,
prepared by reacting p-(chlorosulphonyl)calix[6]arene with
poly(ethylene-imine) and used the polymer for selective adsorp-
tion of UO,2*. Yilmaz and co-workers [46] have synthesized
polymeric resins via nucleophilic substitution reactions involv-
ing 5,11,17,23-tetrakis[(propylthio)methyl]-25,26,27,28-tetra-
hydroxycalix[4]arene and 5,11,17,23-tetrakis[(methylthio)me-
thyl]-25,26,27,28-tetrahydroxycalix[4]arene as precursors with
Merrifield’s resin. These calix[4]arene based polymeric resins
have high extraction ability towards metal cations. Separation
of uranium from aqueous solution by liquid-liquid extraction
as well as solid phase extraction was carried out by Berhard
and co-workers [47] using calix[6]arene anchored on polyester
nonwoven fabric via impregnation and subsequent vitrifica-
tion. As oxygen bearing o-vanillinsemicarbazone can act as a
very good complexing agent for trace metal ions [48], it was
thought to incorporate this functionality on the calix[4]arene
scaffold supported by a water insoluble polymer matrix. In this
article the synthesis of Merrifield resin supported calix[4]arene-
o-vanillinsemicarbazone and its application to the separation and
solid phase extractive preconcentration of U(VI) and Th(IV) in
river and ground water samples, monazite sand and some stan-
dard geological materials has been reported.

2. Experimental
2.1. Apparatus

Precoated silica gel plates (Merck 60 Fps4) were used for
the analytical TLC. A Systronics digital pH meter Model 335
was used for the pH measurements. Flow rate in the column
was adjusted with a Miclins peristaltic pump PP-10. Spectral
measurements were done on a Hitachi 3210 UV-vis spectropho-
tometer using 10 mm quartz cells. FT-IR spectra were recorded
on a Jasco infrared spectrophotometer as KBr pellets. Elemen-

tal analysis was done on Heraeus Carlo Erba 1108 elemental
analyzer. The 'H NMR spectra were recorded on Bruker oper-
ating at 100 MHz for proton in DMSO-dg with TMS as the
internal standard. Atomic absorption measurements were per-
formed on Perkin-Elmer model 420 atomic absorption spec-
trophotometer (AAS) pyrolytically coated HGA-76 graphite
furnace (GF). A uranium hollow cathode lamp was used at
358.5 nm wavelength with a spectral width of 0.2 nm for U(VI)
determination. The atomization temperature of 2700 °C and
argon gas purge was used. Labtam plasma scan 710 sequen-
tial inductively coupled plasma atomic emission spectrometer
(ICPAES) with plasma scan multitasking computer and peri-
staltic pump was used for Th(IV) determination under optimum
working conditions: radio frequency (rf) 27.12 MHz; incident
power 2000 W; Labtam GMK nebulizer; rf power 5 W; observa-
tion height 14 mm; argon coolant flow rate 10 dm® min~!; argon
carrier flow rate 1 dm> min~'; intergraph period 10s; resolution
0.004 nm; peristaltic pump flow rate 1 mlmin~'; wavelength-
Th(V) 283.73 nm.

2.2. Reagents

All chemicals used in this work were of analytical grade of
Merck or Lancaster (Chennai, India). Commercially available
Merrifield peptide resin [chloromethylated polystyrene divinyl-
benzene co-polymer or CMPDB] (1% cross-linked, 1.5 mmol
equivalent of Cl/g of resin, 200400 mesh, Cp5H,5Cl, FW
360.92) was procured from Aldrich. All aqueous solutions were
prepared with quartz distilled deionized water, which was further
purified by a Millipore Milli-Q water purification system (Ban-
galore, India). Standard stock solutions (2000 g ml~1) of U(VI)
and Th(IV) were prepared by dissolving the requisite amounts
of uranyl nitrate hexahydrate and thorium nitrate tetrahydrate,
respectively, in quartz distilled deionized water containing small
amounts of HNOs. Their final concentrations were standardized
spectrophotometrically [49]. The adjustments of pH between
2.5 and 5.8 were made with the help of potassium hydrogen
phthalate and sodium hydroxide standard buffers as described
elsewhere [50] and from pH 6.0 to 7.5 with some commercially
available standard buffer solutions. The glassware used were
soaked in 10% HNO3 overnight before use and cleaned repeat-
edly with double distilled deionized water.

2.3. Synthesis (Fig. 1)

Synthesis of 5,11,17,23-tetratert-butyl-25,26,27,28-tetrah-
ydroxycalix[4]arene 1 and 25,26,27,28-tetrahydroxycalix[4]
arene 2 were carried out as reported in literature [51,52]. 26,28-
Dimethoxy-25,27-dihydroxycalix[4]arene 3 and 11,23-dinitro-
26,28-di methoxy-25,27-dihydroxycalix[4]arene 4 were synthe-
sized as reported by Arduini and co-workers [53]. Products 5-7
were prepared by our method reported earlier [54].

2.3.1. Synthesis of resin 8 by loading of 7 on CMPDB

A mixture containing 10g 7 (10.8 mmol), 10g K,CO;3
(72mmol) and 10g of CMPDB in 150ml of dimethylfor-
mamide:tetrahydrofuran =2:1 was heated at 75 °C temperature
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for 8 hunder N; gas atmosphere. Thereafter the polymeric beads
of resin 8 were separated through porous filter at pump. Repeated
washing with the solvents dimethylformamide and tetrahydro-
furan followed by water were carried out to ensure complete
removal of unreacted 7 and the weight of the dried resin 8 was

found to be 12.2 g. The amount of 7 loaded on CMPDB was
evaluated by difference of mass taken before and after coupling
for the dried resin and was found to be 22%:

Wy — Wy
1

percentage of 7 hooked on CMPDB = x 100%

NO,
NH,
Raney Ni
_—
NH,NH,H,0
4
(5)
20 % HCI | NaNO,
N, CI
OCHj4
OH
NH 2
CH=—N \Cfo OH OCHj,
(0-VSC)
(6)
NaOH
OCH;
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N NH
A
CH=—N \Czﬂ‘o
N
NH,

(M

Fig. 1. Reaction flowchart.



260 V.K. Jain et al. / Talanta 70 (2006) 257-266

OCH,

+ He—CH, ),

ZT[
2

\

z

v

\

e]

CH,CI

(CMPDB)
@)

K,CO,

~H,C—CH)- —fcH—cHy)-

(8)

R'=-N—=N OH
NH
CH::N/, \\C;;o
NH,
(8) : CMPDB supported calix[4]arene-o-vanillinsemicarbazone

Fig. 1. (Continued).



V.K. Jain et al. / Talanta 70 (2006) 257-266 261

where W is the weight of dried CMPDB and W, is the weight
of dried resin 8.

The elemental analysis of nitrogen in resin 8 was found to
be 2.73%, which further confirmed the amount of loading to
be 22-23%. This result shows that only 0.4 mmol, i.e. 26%
of the total available CI (1.5 mmol/g of CMPDB) reacted with
0.195 mmol of ligand 7.

2.4. Procedure for column concentration and
determination of U(VI) and Th(IV)

A glass column (200 mm x 8.0 mm) was prepared by adding
the slurry of the beads of mesh size (200—400) having 1g
resin 8 in CH3OH:H»O (1:1). The height of the column section
containing resin (bed height) was 15 mm. It was conditioned
with different buffer solutions for the samples containing U(VI)
and Th(IV) prior to their elution from the column. Suitable
aliquot of the solution containing 0.1-15.0 wg ml~' U(VI) and
0.02-3.4 pgml~! Th(IV) was passed through the column after
adjusting the appropriate pH at an optimum flow rate. The strip-
ping of the metals from resin was carried out by suitable eluting
agents like HC1 or HNOs3. The preconcentrated metal ions in
the eluants were collected in a 25 ml volumetric flask, made to
volume by double distilled water and determined spectrophoto-
metrically and also compared by GFAAS and ICPAES (Table 1).

3. Results and discussion
3.1. Spectral interpretation of synthesized compounds

FT-IR and 'H NMR spectra of compounds 1-4 were in good
agreement with the reported values. The reduction of 4 to yield
corresponding S5 is done with Raney Ni (W-2) and hydrazine
hydrate. In 5, the IR band at 3435 cm—! due to N-H stretching
and absence of any peak due to N-O showed complete reduc-
tion of 4. The IR band at 3276 and 3469 cm™~! represented the

phenolic —OH stretching at the ‘lower rim’ of calix[4]arene and
0-VSC, respectively, in 7. In 8, disappearance of the band at
3276 cm™~! suggested the binding of calix[4]arene to CMPDB
through the ‘lower rim’. A sharp IR peak at 1593 cm™~! in 7 and
8 indicated the presence of CH=N stretching. In 'H NMR spec-
tra of 7, the peak at 10.2 ppm corresponded to the phenolic —OH
groups.

3.2. Parameters optimized for separation and
preconcentration of U(VI) and Th(IV)

3.2.1. Effect of pH

A glass column was packed with 1g resin 8. One hundred
milliliter solutions containing 15 wg ml~! U(VI) and 3 wg ml~!
Th(IV), respectively, were passed through the column at their
optimum flow rate by varying pH. The percentage of metal
sorption was measured by desorbing resin with suitable elut-
ing agents and then determined by spectrophotometry, GFAAS
and/or ICPAES. The pH studies revealed selective sorption of
Th(IV) and U(V]) in the column. The optimum pH for U(VI)
and Th(IV) were found to be 6.0-7.0 and 3.5-4.5, respectively
(Table 1). Their selectivity in pH of sorption suggests the possi-
bility of separation of these metal ions in presence of each other
in the column.

3.2.2. Effect of flow rate

The effect of flow rate on the extent of metal ion sorbed on the
resin was studied in the column packed with 1 g resin 8 at 30 °C.
Feed solutions containing 15 wgml™! U(VI) and 3 pgml~!
Th(IV) were passed at different flow rates (0.5 ml min~!,
1.0mlmin~!, 1.5mlmin~!, 2.0 ml min~!, etc.) maintained by
peristaltic pump at their optimum pH. The flow rate of the
liquid during separation should be such that the working condi-
tions are close to the equilibrium state as the flow rate depends
upon the particle size and the temperature. Optimum flow rate
may be defined as the rate of flow of the effluent through the

Table 1
Parameters optimized for sorption and desorption of U(VI) and Th(IV) on the resin
No. Parameters Metal ions
U(vI) Th(IV)
1 pH range 6.0-7.0 3.5-4.5
2 Optimum range of flow rate (ml min~—!) 1.0-4.0 1.5-4.0
3 Concentration of acid for desorption 0.25N HCl 2.0N HCl or 0.1IN HNO3
4 Total sorption capacity (mg g 48734 41175
5 Distribution coefficient (Kq) 3150 3995
6 Preconcentration factor (PF) 143 153
7 Breakthrough capacity (mg g 9502 7618
8 R.S.D. (%)* 1.7 1.5
9 Metal sorbed (%)* 99.5 99.7
10 Average recovery (%)* 98 98.5
11 t1/2 for exchange (min) 6.5 5
12 Linear range (pgml~") 0.1-15.0 0.02-3.4
13 Regression equation A=Cx0.0997-0.0002 A=C x0.4959-0.0007
14 Correlation coefficient 1.0000 0.9998
15 LOD (pgl™h) 6.14 4.29
16 LOQ (pgl™h) 20.48 14.32

2 Ten determinations.
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column at which more than 98% sorption takes place. The opti-
mum flow rates obtained were between 1.0-4.0 mlmin~! and
1.5-4.0 ml min~"! for U(VI) and Th(IV), respectively (Table 1).
An increase in flow rate resulted in decrease in sorption due to
insufficient contact time between the resin and the metal ion
solution.

3.2.3. Effect of concentration of eluting agents

The effect of eluants like HCl and HNO3 was studied by tak-
ing their different normal concentrations. One gram of resin
8 in the column was conditioned at pH of maximum sorp-
tion and then fed with 100 ml solutions containing 15 pgml™!
U(VI) and 3 pg ml~! Th(IV), respectively. The metal ions were
desorbed with different eluting agents and then determined by
spectrophotometry, GFAAS and/or ICPAES. It was observed
that quantitative elution was possible with 7ml 0.25N HCI and
6.5ml 2.0N HCI or 0.1N HNO3 for U(VI) and Th(IV), respec-
tively (Table 1).

3.2.4. Total sorption capacity

The total sorption capacity studies were carried out using
the batch technique for U(VI) and Th(IV). One gram of resin 8
was equilibrated with 500 ml solution containing 100 wg ml~!
metal ions at their optimum pH for 2 h at 30 °C. The amount of
metal ions sorbed on the resin was calculated from the difference
in the metal ion concentration in the solution before and after
sorption. The total sorption capacities of the resin were found to
be 48,734 and 41,175 pg g~ ! for U(VI) and Th(IV), respectively
(Table 1).

3.2.5. Distribution coefficient K

Exchange equilibria are very often expressed in terms of the
distribution coefficient. This quantity is given by the ratio of the
equilibrium concentrations of the same metal ion in the resin
phase and in the solution. The distribution coefficient K4 of the
metal ions between the resin and aqueous phase was determined
by batch experiment. One gram of resin 8 was equilibrated with
25 ml solution containing not more than 1950 and 1647 g ml~!
for U(VI) and Th(IV), respectively, for 2 h at 30 °C. The solution
was filtered to remove the resin and the filtrate was subjected to
spectrophotometric, GFAAS and/or ICPAES determination of
the metal ion content. The concentration of the sorbed metal
ion was similarly measured by desorbing with suitable elut-
ing agent. Kq for U(VI), Th(IV) were found to be 19,248 and
23,296 ml/g, respectively (Table 1). The distribution coefficient
Ky or efficiency of the resin was measured using the equa-
tion:

¥ amount of the metal ion taken up by the resin
d =

amount of the metal ion remaining in the solution

volume of the solution

amount of resin taken

The plots of log Ky against pH (Fig. 2) were straight lines with
the slopes close to unity, slopes for U(VI) and Th(IV) were 0.85
and 1.08, respectively, indicating 1:1 stoichiometry between the
metal ions and resin [55].

4

3.59

d

Log K
N
1

1] Slope
* UV 085
0.5- B Th(v) :1.08

pH

Fig. 2. Plot of log Ky against pH for sorption of U(VI) and Th(IV) on the resin.
Amount of resin: 1g; volume of the solution: 25 ml; U(VI): 1950 pgml~';
Th(IV): 1647 pgml~!

3.2.6. Exchange kinetics

The batch experiments were carried out to determine the
rate of loading of U(VI) and Th(IV) on the resin: 1g resin
8 was stirred with 100 ml feed solution containing 488 and
412 wgml~! for U(VI) and Th(IV), respectively, at their opti-
mum pH at 30°C. Five milliliters of the feed solution was
withdrawn at predetermined intervals and analyzed. The con-
centration of metal ion in aqueous phase was determined by
spectrophotometry, GFAAS and/or ICPAES. The amount of
metal ion loaded on the resin phase was calculated by mea-
suring the concentration of metal ion in the feed solution. The
time taken for the sorption of 50% of the metal ions (¢12) was
found to be 6.5 and 5.0 min for U(VI) and Th(IV), respectively
(Table 1, Fig. 3),which indicates very good accessibility of these
metal ions towards chelating sites.

3.2.7. Breakthrough studies

Breakthrough capacities are more significant and useful than
total sorption capacities in ion exchange chromatographic appli-
cations as it gives actual working capacity of the resin in the
column. Breakthrough capacity or the effective capacity may
be defined as the capacity at the moment when the adsorbed
component has appeared in the effluent with an increased con-
centration. It is one of the most critical parameters when working
under dynamic condition. Breakthrough studies were carried
out by taking 1 g resin 8 in the column having 200 mm length
and 8.0mm internal diameter with the bed height of 15 mm
and passing 10 pgml~! of metal ions [U(VI), Th(IV)] at their
optimum pH and flow rate. An aliquot of 2.0 ml eluant was col-
lected each time and analyzed by spectrophotometry, GFAAS
and/or ICPAES for the metal ion content. Breakthrough capac-
ities of the resin for U(VI) and Th(IV) were found to be 9502
and 7618 wg g~ !, respectively (Table 1). Both the curves were
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Fig. 3. Exchange kinetics of U(VI) and Th(IV) on the resin. Amount of resin:
1 g; volume of the solution: 100 ml; U(VI): 488 ug ml~!, pH 6.5; Th(IV):
412 pgml~!, pH 4.0

steep at their breakthrough points at different times, indicating
the possibility of separating these metal ions from their mixtures
(Fig. 4).

3.2.8. Preconcentration of U(VI) and Th(IV)

The concentration of trace elements in natural water is too
low for their direct determination. Therefore, preconcentration
or enrichment step is unavoidable even with a sensitive detec-
tion method. The resin was studied for column concentration of

o]

o]

IS

Concentration of Eluent (ug/ml)

o] [uv
—o-Th(IV)
0 " " . o- s
0 200 400 600 800 1000 1200

Effluent Volume (ml)

Fig. 4. Breakthrough curves for U(VI) and Th(IV) on the resin. Amount of resin
in the column: 1 g; concentration of the solution passed: 10 wgml~!; U(VI): pH
6.5; Th(IV): pH 4.0

U(VI), Th(IV) in terms of their preconcentration factor (PF):

PE concentration of metal in stripping solution

initial concentration of metal in feed solution

One thousand milliliter solutions containing 20 pg1~! each
of U(VI) and Th(IV) at pH 6.5 and 4.0, respectively, were passed
through the column containing 1 g resin 8. The preconcentrating
ability of resin was assessed from the elution profile of metal
ions by plotting the concentration of effluents as a function of
the volume of stripping solutions: 7.0 ml, 0.25N HCI for U(VI);
6.5 ml, 2.0N HCl for Th(IV). The preconcentration factors were
found to be 143 and 153 for U(VI) and Th(IV), respectively,
with >98% recovery (Table 1).

3.2.9. Resin stability tests

The stability of resin 8 was tested to evaluate its sustainability
for repeated cycles of sorption and desorption with different min-
eral acids. It was observed that there was no detectable change in
the physical and chemical properties of the resin in concentrated
acidic solutions of 5.0N HCI, 3.0N HNO3 and 3.5N H,SOy4. To
check the regenerating capacity of resin, it was subjected to
repeated sorption and desorption of U(VI) and Th(IV) at their
optimum conditions in the column. One gram of resin was taken
in the column and 500 ml solution containing 100 wg ml~! metal
ions was passed through it at 30 °C. Resin was then stripped off
metal ions with 25 ml of suitable eluant. Resin showed very
good stability up to 20 repeated cycles of sorption and desorp-
tion, after which it showed 2-3% decrease in efficiency, which
may be due to hydrolysis of resin when treated with mineral
acids.

3.2.10. Effect of electrolytes and associated cations

The limit of tolerance of anions and cations on the sorption
of U(VI) and Th(IV) is defined as that which causes an error
of 2-3% in the recovery of these metal ions. The effect of com-
monly associated cations in natural water samples such as Fe(Il),
Fe(III), Co(II), Ni(II), Mn(II), alkali [Li(I), Na(I), K(I), Rb(I),
Cs(I)] and alkaline earth [Mg(II), Ca(II), Sr(I) and Ba(Il)] had
been studied under optimum conditions of metal ion sorption.
Mn(II) did not affect the sorption of U(VI) and Th(IV) up to
4 mg, however, for other cations the tolerance limits were much
higher (Table 2). The effect of anions and their limit of tolerance
on the sorption of U(VI) and Th(IV) by resin was studied by tak-
ing different concentrations of some electrolytes like NaCl, NaF,
NaBr, NaNO;, NaNO3, Na; SOy, NazPO4 and CH3COONa. The
results in Table 2 showed that except Na3POy, all other elec-
trolytes did not interfere between 0.2 and 0.3 M concentration
range, which further augments the potential application of resin
for the analysis of real samples.

3.3. Separation U(VI) and Th(IV) in the presence of La(Ill)
Cu(Il) and Pb(II)

The synthesized chelating resin was used for separating
U(VI) and Th(IV) from their binary and ternary mixtures in
the presence of Cu(Il), Pb(IT) and La(III) due to favorable kinet-
ics and high breakthrough capacities in the column. Hence, the
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Tolerance limits of commonly associated cations and anions in water samples on the sorption of U(VI) and Th(IV) on the resin

Metal ions Interfering cations (mg)
(100 mg each)
Fe(Il) added as  Fe(IIl) added as  Co(II) added as Ni(IT) added as Mn(II) added as Alkali metal ions® Alkaline earth
FeSO4-7H,0 Fe(NO3)3-7H20 Co(NOs3),-7H20  Ni(NO3),-6H20 Mn(NO3),-6H,O  added as nitrate salts metal ions® added
as nitrate salts
U1 12 7 10 14 8 - -
Th(I) 8 9 13 12 4 - -
Metal ions (2.5 pgml™!) Concentration of electrolytes (anions) (mol1~")
NaF NaCl NaBr NaNO, NaNO3 Na;SO4 Naz POy CH3COONa
U(VID 1.2 1.9 1.1 2.5 2.1 1.3 0.3 1.5
Th(V) 14 2 1.5 3.2 3.1 1.2 0.2

Experimental condition: resin, 1 g; volume of solution passed, 100 ml; U(VI), pH 6.5; Th(IV), pH 4.0.

2 Did not interfere.

following mixtures (each 100 wg in 25 ml of buffer solution)
were passed through the column at pH of maximum sorption
and optimum flow rate. The separation was carried out for the
following mixtures: (A) La(IIl), U(VI) and Th(IV); (B) U(VI),
ThIV) and Cu(II); (C) U(VI), Th(IV) and Pb(Il). The column
effluents were analyzed for the metal ions by spectrophotometry,
GFAAS and/or ICPAES. In the separation of a ternary mix-
ture (A) containing La(III), U(VI) and Th(IV), the mixture was
passed through the column maintained at pH 6.5. Very minute
amount (<2%) of Th(IV) was retained by resin and most of it
came out with the effluent as it gets hydrolysed above pH 4.0
while the other two metal ions were retained on the column.
By the selective elution, La(IIl) was first eluted with 0.0IN
HNOj; followed by U(VI) with 0.25N HCI. In the separation
of a ternary mixture (B), containing U(VI), Th(IV) and Cu(Il),
the mixture was passed through the column maintained at pH
3.5. Most of (=98%) U(VI) was not retained by resin and it came
out with the effluent as it does not form the complex with the
calixarene derivative at a low pH while the other two metal ions
were retained on the column. Complete separation of Th(IV)
and Cu(II) was achieved with sequential acidic elution of Th(IV)
with 0.1N HNO3 and Cu(Il) by 3N HCI. In the separation of a
ternary mixture (C), the mixture was passed through the col-
umn maintained at pH 6.5. Most of (=98%) Th(IV) was not

retained by resin and it came out with the effluent while rest
of the metal ions were retained on the column. By selective
elution, Pb(II) was first desorbed by elution with 0.1N HNOj3
followed by U(VI) with 0.25N HCI. Quantitative separation was
achieved in all three mixtures as shown in their separation pattern
in Fig. 5(A)—(C).

3.4. Analytical performance (calibration graph, detection
limit and precision)

In the preparation of the calibration standards for U(VI) and
Th(IV), their standard stock solutions were used after appropri-
ate dilution. The precision of the proposed method was investi-
gated based on the optimum condition for preconcentration in
the column and expressed as R.S.D.: 1.7% for U(VI) and 1.5%
for Th(IV) (Table 1). The limit of detection (LOD) was defined
as that analyte concentration giving a signal equal to three times
the standard deviation of blank signal [56]. The limit of quan-
tification (LOQ) was then set as 10 times the standard deviation
of the blank signal. The volume of initial solution for calculat-
ing LOD and LOQ for U(VI) was 0.6 and 2.0 ml of 0.1 p.g ml~ !,
respectively, and that for Th(IV) was 2.0 ml of 0.02 pg ml~! and
1.4ml of 0.1 wg ml~! which was diluted to 10 ml with the buffer
solution prior to elution.

40 pHBS5 | 0O0INHNO3 | 02/51\#1»—10” 88 pH35 | 0ANHNO3 | 3ONHC 92 pHES | 0ANHNO3 | 025N Hel
35 : 30 /\ 0 A
| / F |
Sa A AN T AN
g2 | [ *I =) I T / \ & 20/ f’ \ J \ ]
£ 20| | [ \ S / |‘ | ‘. = ol %
S (| /]| 2" [ | g | ]|
= f w | 3
2 | | \ 0] | \ .‘l \ / i m'f \ ,f }
/ ﬂ | \ u tfom || o [m Po | u \
5 Th & La \\JI u \ 5 / V HI 5 1 | \ \/ \
¥ LY
0 20 40 60 80 °0 % 4 6 8 100 00 20 40 6o éo 100
(A) Effluent volume (ml) (B) Effluent volume (ml) (C) Effluent volume (ml)

Fig. 5. Separation of ternary mixtures: (A) La(III), U(VI) and Th(IV); (B) U(VI), Th(IV) and Cu(Il); (C) U(VI), Th(IV) and Pb(II) on the resin.
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Table 3
Preconcentration and determination of U(VI) in river and ground water samples and U(VI) and Th(IV) in monazite sand and U.S. standard geological samples on
the resin
Metal ions U(VI) Th(IV)
Samples Certified amount (ug) Amount found (ng) Recovery (%) Certified amount (pg) Amount found (ng)
Water samples?
Sabarmati river, near 10 £0.05° 9.85 + 0.03 98.5 - -
Thermal Power Station,
Ahmedabad
Ground water, Gujarat 17 4 0.05° 16.7 £ 0.05 98 - -
University Area,
Ahmedabad
Natural geological samples®
Monazite sand, 0.0185 0.018 £ 0.0003 - 8.45 8.40 £+ 0.560
Travancore, India (%)
USGS: BCR-1 (mgg™") 1.71 1.78 £ 0.05 - 6.1 6.15 + 0.08
USGS: GSP-1 (mgg™") 2.1 2.13 £ 0.09 - 105 105.0 £ 1.49

Experimental condition— resin: 1 g; sample: 1000 ml; U(VI): pH 6.5, elution by 0.25N HCI; Th(IV): pH 3.5, elution by 2.0N HCI.
% Average and standard deviation from triplicate run conducted with a single column.
b Certified values reported by National Institute of Occupational Health, Ahmedabad, India.

3.5. Application to analysis of water samples, monazite
sand and standard geological samples

The application and validation of the proposed method was
verified by subjecting resin to natural water samples, monazite
sand and standard geological samples. The river water sam-
ples were isokinetically collected in polyethylene bottles from
Sabarmati river near thermal power station, Ahmedabad city of
India and ground water samples were collected from Navrang-
pura region of Ahmedabad and then passed through the column
as described in the general procedure for column concentra-
tion. The geological materials were obtained from United States
Geological Survey USGS: BCR-1 and USGS: GSP-1 and were
decomposed in the mixture of acids as described in the literature
[57]. The results are given in Table 3.

3.6. Comparison with other preconcentration methods

The present method achieves high preconcentration factors
(U(VD: 143 and Th(IV): 153) compared to quinoline-8-ol [26]
and succinic acid [27] anchored on polymeric supports. The
detection limit—a significant figure of merit obtained by this
method is very low, 6.14 and 4.29, respectively, for U(VI) and
Th(IV) compared to the chemically modified Amberlite XAD-
16 with [(2-dihydroxyarsinoylphenylamino)methyl]phosphonic
acid [28] and N,N-dihexylcarbamoylmethyl phosphonic acid
[29]. The synthesized resin showed excellent stability in dif-
ferent acids compared to the above two methods and could be
used for 20 cycles of sorption and desorption without affect the
efficiency.

4. Conclusion

Solid phase extraction with a chelating calix[4]arene
anchored Merrifield’s chloromethylated polystyrene resin pro-
vides an effective preconcentration and separation of U(VI) and
Th(IV). The calixarene ring is found to be an important platform

on which ion-binding ligands can be pre-organized, resulting
in high affinities and selectivities. The newly synthesized resin
seems promising for trace enrichment of metal ions as appar-
ent from the column studies. The separation curves demonstrate
the efficiency of resin for the real-time separation of U(VI) and
Th(IV) in the presence of each other and also La(III), Cu(II) and
Pb(II) with minimum interference from alkali and alkaline earth
metal ions. Resin shows high separating and preconcentrating
ability for these metal ions. Resin can be successfully regen-
erated for 20 cycles of operation in the column. The results
obtained from the analysis of natural water samples, monazite
sand and standard geological samples prove the reliability of the
proposed method.
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Abstract

Based on the stochastic resonance theory, a new single-well potential stochastic resonance algorithm (SSR) to improve the signal-to-noise ratio
(SNR) is presented. In the new algorithm, stochastic resonance takes place in a single-well potential driven only by the noise. The effect on the
proposed algorithm is discussed. By using simulated and experimental data sets, it is proven that the signal-to-noise ratio (SNR) of the weak signal
can be greatly enhanced by this method. The new single-well potential stochastic resonance algorithm (SSR) may be a promising tool to extend
instrumental linear range and to improve the accuracy of trace analysis. The research enlarges the application scope of single-well potential to

nonlinear signal processing.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Stochastic resonance (SR) is a nonlinear phenomenon
whereby the noise can enhance the detection of a weak signal
[1-3]. It generally occurs in bistable dynamical systems attacked
by a weak signal corrupted by noise through the nonlinear inter-
nal dynamics of the system, the small signal is ampliled by
the presence of noise. [4]. It was brought forward by Benzi
firstly and successfully applied to the study of ancient ice age
weather [5-7]. Stochastic resonance (SR) has attracted consid-
erable interest in the last decade due, among other aspects, to
its potential technological applications for optimizing the output
signal-to-noise ratio (SNR) in nonlinear dynamical systems. The
phenomenon shows the counterintuitive role played by noise in
nonlinear systems as it enhances the response of a system sub-
ject to a weak external signal. [8]. There are lots of papers,
which show the large number of applications in improving ana-
lytical detection limits for trace analysis. Such as Wang has
applied double-well potential stochastic resonance (DSR) to
analyze the weak laser-Raman spectrum of CCly. Pan et al. have

* Corresponding author. Tel.: +86 25 83271180.
E-mail addresses: astdaixiong@hotmail.com, lcwangxbr@yahoo.com.cn
(X. Bing-ren).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.039

improved the detectability of analytes in gas chromatography
[9,10,12].

Stochastic resonance is a powerful approach to amplify sub-
threshold small signals, while this kind of weak signals are rarely
considered by analysts before. However, it is difficult to change
the optimized system parameters for the stochastic resonance in
detecting weak signal. Therefore, our attention will be focused
on the simple model of stochastic resonance, which has the lesser
system parameters. In this paper, anew single-well potential with
the only parameter b characterizing the system was applied in
generating stochastic resonance. By two simulated data sets and
an experimental data set, the applicability of the proposed SSR
was investigated. The effect on the performance of the algorithm
was also discussed in details.

2. Theory and algorithm

A model of a one-dimensional nonlinear system that exhibits
stochastic resonance is the damped harmonic oscillator with the
Langevin equation of motion [11,12].

mi + yx + % = H(t) (1)

where the dot represents time-derivative. This equation describes
the motion of a particle of mass m moving in the presence of
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U (X)

Fig. 1. Double-well potentials with the a=1, b=0.1.

friction yx in a potential U(x) and with an additive stochastic
force H(f). When the system is heavily damped, the inertial term
mX can be neglected.

Rescaling Eq. (1) with the damping term y gives:

dU(x)

. THO @)

=

U(x) = —ax?/2 + bx*/4 is the simplest double-well potential with
the constants a and b characterizing the system. Thus, Eq. (2)
leads to:

f=ax—bx’ + H®) (3)

where H(t)=h(t) + I'(t), h(?) is the input signal and I"(¢) is the
noise to induce SR.

After considering the SR phenomenon in bistable systems
without excitation, Ditzinger and his coworkers investigated a
system that was not bistable and concluded that bistability was
not a necessary ingredient for SR [13]. In this paper, the new
potential function was rendered by changing the exponent of x.
Formula is as follows:

Ux)=—a+ %bx2 4)

After using the new single-well potential function, the stochastic
differential equation (Eq. (2)) is as follows:

i=—-bx+ H@) (5)

Fig. 1 shows the simple double-well potential which has a local
unstable maximum point at x =0 and two stable minimum points
at x = /a/b, respectively. There is a potential barrier between
the two stable states with a height of Au=a?/4b. When SR takes
place, the input signal, noise and nonlinear system cooperate
well and the signal will extract energy from the noise both intrin-
sic and external to surmount the energy barrier and hop from one
potential well to another. Consequently, the strength of signals
will increase and that of noise will decrease. The output signal
x of the system will be obtained by a better SNR compared with
the input one.

Fig. 2 shows the single-well potential with the same a and b
as Fig. 1. There is single-well potential which has no potential

0.4

0.2

U2(X)

Fig. 2. Single-well potentials with the a=1, b=0.1.

barrier. When SR takes place, the input signal will extract energy
from the noise to move along the brim of the single-well poten-
tial. Thus, it can get the height, which the single input signal
cannot reach. There may be the reason that strength of signals
will increase and that of noise will decrease. Consequently, the
weak signal will obtain a better SNR than input signal.

When the input signal is sine, Eq. (5) leads to x = —bx +
Ag sin(£2t 4+ @g) + I'(t), I'(t), is assumed to be zero-mean
white noise of variance o. Using an Euler scheme to discretize
this equation, the following model can be obtained [14]:

n n n
X1 =Xn +KY si+ K> &+KY —bxi (©6)
i=0 i=0 i=0

where s; = Ag sin(£2t + @) and K is length of step.
When K is enough small,

n nh
thi = /Ao cos(£2t 4+ Dg)dt
i=0 0

Ao Ao
= o cos(Dg) — X7 cos(£2t,—1 + Do)
Thus, Eq. (6) becomes as follows:

Ag Ap
Xpt+1 = Xp + o cos(Po) — ¥ cos(£2t,—1 + Do)

n n
+KY &+KY —bx
i=0 i=0

From this equation, it can be educed that the output signal is
sine signal with amplitude Ao/$2 and same frequency with input
signal. The small b should be used in order to avoid the effect
of h) 1 — bxi.

3. Simulations
3.1. Periodic signals

For convenience, the mixed input signal reads explicitly
H(t) = Agcos(§2t) + /2DI(t). I'(t) is the Gaussian white
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noise which means value is 0 and variance is 1. Thus, Eq. (5)
becomes the following form:

X = —bx+ Agcos(£2t) + ~/2DI (1) @)
and Eq. (3) becomes the following form:
& = ax — bx® + Ag cos(£2t) + V2DI (1) 8)

The output signal can be obtained by solving Egs. (7) and (8). In
the proposed DSR and SSR, the discrete stochastic differential
equation was solved by a fourth-order Runge—Kutta method,
which has more precision than Euler scheme [12,15,16]. The
algorithms can be described as follows:

x,1+1:x,1+é(k1+2k2+2k3+k4), n=01,---,N—1

ki = K(ax, — bxfl + uy)

ki k1>
ky=K\|alx,+—=—|—blxp+—= | +upt1
2 2
k Ko\ 2
k3 =K <a (Xn + ;) —b(xn + ;) +I/tn+1>

ks = K(a(xy +k3) — b(xy + k3)> + 1y 42)

The algorithm of solving the double-well potential stochastic
resonance (DSR)

1
xn-‘rl=xn+8(kl+2k2+2k3+k4)’ n=01,...,N—1
k1 = K(=bx, + uy)

k
kz:K(—b (Xn+21> +un+l>

k2
kx=K|[—-b xn+? + upt

ky = K(—b(xp + k3) + up42)

The algorithm of solving the single-well potential stochastic
resonance (SSR)

Where u,=h(t)+1I'(#) and x is the output signal. The
K is length of step. All the calculations were performed
by using programs written by the authors in the Mat-
lab environment (The Mathworks, Natick, USA), running
on PC with Intel (R) Pentium4 CPU 2.00 GHz and 512M
RAM.

Numerical simulation of Eqgs. (7) and (8) is K=0.2, A9 =0.3,
£2=0.027r and D=0.51. And the time is from 0 to 2000 s digi-
tized into 10000 points.

Output signal
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Fig. 3. (a) Numerical simulation with Ao =0.3, £2=0.02 and D =0.51; (b) the output signal by the quartic bistable system with a =1 and b= 1; (c) the output signal

by single-well potential with »=0.1.
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Fig. 4. Simulated chromatograms with s =2.

From Fig. 3a—c, it is can be seen that the noise was locked
to the periodic signal. And the stochastic resonance as a “reso-
nant” synchronization phenomenon, happen in the single-well
potential as in the quartic bistable system.

3.2. Aperiodic signals

Simulated chromatogram was produced according to the fol-
lowing equation: h(t) = hg exp[—4 In(2)(t — to/w12)], where
ho is the peak height; ¢, 7o and w1/, denote time, the peak posi-
tion and the peak half-width, respectively. The time is from 0
to 10 min digitized into 2500 points. 7y is 4 and wy is 0.5.
The simulated Gaussian white noise which means value is 0
and variance is 1 is added to the simulated signal to construct a
noisy chromatogram. The data with hg =2 is shown in Fig. 4 as
examples.

The results of simulated data set are shown in Fig. 5. The
shape of chromatograms is dissimilar because their potentials
applied in generating stochastic resonance are different. But

Obtained signals of simulated chromatograms by SSR

)

Height

20 Obtained signals of simulated chromatograms by DSR

2oL (0) ]

-100 L 1 L 1

Time (min}

Fig. 5. (a) Obtained signal of simulated chromatogram by the single-well poten-
tial with 5 =0.026. (b) Obtained signal of simulated chromatogram by the quartic
bistable system with a=0.005 and b=4.083 x 107>,

the signal-to-noise ratio (SNR) of weak signal can be greatly
enhanced by the SSR and DSR.

4. Experiment
4.1. Materials

Dichloromethane (99.8% purity) were obtained from the
Nanjing Chemical Co. (Nanjing, China). Distilled water was
used throughout the study.

4.2. Gas chromatograph determination of dichloromethane

The microanalysis of dichloromethane was performed on
HP5890 gas chromatography system with FID detector, tem-
perature at 170°C, and attenuation factor at 2. The car-
rier gas was nitrogen (Np) at a flow rate of 25 ml/min.
The oven temperature was set at 50 °C. A DB5 GC-column
(0.25 mm. i.d. x 30 m; film thickness 0.25 wm) was used. Reten-
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Fig. 6. Experimental chromatogram of dichloromethane at the concentration of
1.5 pg/ml.

Obtained signal of dichloromethane by SSR

T T

3

(a)
2 - -
dichloromethane

Voltage (mv)

Time (min)

Fig.7. (a) Obtained chromatogram of dichloromethane by the single-well poten-
tial with »=0.02. (b) Obtained chromatogram of dichloromethane by the quartic
bistable system with a=0.002 and b=4.01 x 1073.
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tion time of dichloromethane was about 2.2 min. A sample
of dichloromethane was prepared in water at the concentra-
tion of 1.5 wg/ml. Fig. 6 showed the signal of dichloromethane
was too weak to meet the requirement of quantitative anal-
ysis. So it was impossible to determine the concentration of
dichloromethane accurately under such heavy noise. Therefore,
anew and effective method of dealing data of the chromatograph
signal should be adopted. The signal was chosen to perform
SSR (h=0.02) and DSR (a=0.002 and b=4.01 x 1073). Com-
pared with Figs. 6 and 7 presents a signal with a much larger
range of strength than the former one. Consequently, the reason-
able result cannot be obtained for the chromatographic data set
of dichloromethane by conventional methods, such as FFT and
WT. The result of experiment is same as the simulations.

5. Results and discussion

5.1. Effect of noise intensity D on the performance of
stochastic resonance

The single-well potential stochastic resonance algorithm is
presented in order to be applied to improve the signal to noise
ratio (SNR) in the trace analysis. Thus, the effect of D to the
signal of chromatogram is discussed. There is not a precise
computational formula of SNR in chromatogram. So the signal-
to-noise (S/N) ratios were used for a rough estimation in this
paper. The same data in Fig. 5 with different values of D was
selected to perform the stochastic resonance. Further increasing
the noise to 2.0, the SNR of single-well potential is 3 and that
of quartic bistable system is 6. This demonstrated that the quar-
tic bistable system’s detectability of the signal submerged by
noise is much stronger. In the chromatogram, the noise intensity
D is usually smaller than 0.5. Thus, the single-well potential
stochastic resonance algorithm is enough to be applied in high
performance liquid chromatography and gas chromatography.

5.2. Effect of system parameter b

The parameters a and b in Eq. (2) not only define the height
of the potential barrier, but also affect the profile of the potential
well. When the input signal was fixed, the parameters a and b
affected the quality of final output signal directly. Same as DSR,
the parameter b is very important to SSR. It is proved that strong
noise needs smaller b than the weak one. In order to detect the
chromatographic signal, the shape of the output signal should
be taken into account. Generally, the ratio of peak height to peak
half-width is evaluating indicator. And a big ratio presents a good
output signal. According to the published paper [12], small @ and
b should be considered first. Fixing one parameter, another was
adjusted until the expected output signal is obtained. By this

optimization method, the satisfied value of the parameters can
be obtained.

6. Conclusion

The DSR gives analysts a completely different way to
improve the instrumental detectability. However, the optimiza-
tion of system parameters is complicated and difficult. This
paper has investigated the new single-well potential stochastic
resonance algorithm (SSR). The results show that SSR trans-
duces the signal optimally when a certain amount of noise is
presented. And the parameter of SSR method is required only
one. Thus, itis easier to be selected compared with the traditional
double-well potential stochastic resonance. In the future it is pos-
sible that the method could be combined by or embedded in the
chromatographic workstations to function online. Through the
periodic signals and aperiodic signals, it can be proved that SSR
can improve the SNR of weak signals. Compared with other con-
ventional chemometrics methods, such as fast Fourier transform
(FFT) [17-19], wavelet transform (WT) [20-23], the proposed
SSR keeps the information of an analytical signal intact. It can
be expected that the proposed SSR may be a promising chemo-
metrics method for trace analysis.
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Abstract

Molecularly imprinted polymers (MIP) have been elucidated to work as artificial receptors. In our present study, a MIP was applied as a
molecular recognition element to a chemical sensor. We have constructed a creatinine sensor based on a MIP layer selective for creatinine and
its differential pulse, cathodic stripping voltammetric detection (DPCSV) on a hanging mercury drop electrode (HMDE). The creatinine sensor
was fabricated by the drop coating of dimethylformamide (DMF) solution of a creatinine-imprinted polymer onto the surface of HMDE. The
modified-HMDE, preanodised in neutral medium at +0.4 V versus Ag/AgCl for 120's, exhibited a marked enhancement in DPCSV current in
comparison to the less anodised (<+0.3 V) HMDE. The creatinine was preconcentrated and instantaneously oxidised in MIP layer giving DPCSV
response in the concentration range of 0.0025-84.0 g mL ™! [detection limit (30) 1.49 ngmL~']. The sensor was found to be highly selective for
creatinine without any response of interferents viz., NaCl, urea, creatine, glucose, phenylalanine, tyrosine, histidine and cytosine. The non-imprinted
polymer-modified electrode did not show linear response to creatinine. The imprinting factor as high as 9.4 implies that the imprinted polymer
exclusively acts as a recognition element of creatinine sensor. The proposed procedure can be used to determine creatinine in human blood serum

without any preliminary treatment of the sample in an accurate, rapid and simple way.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Creatinine sensor; Molecularly imprinted polymer; Differential pulse cathodic stripping voltammetry; Blood serum

1. Introduction

Molecular imprinting is a generic technology, which intro-
duces recognition properties into synthetic polymers using
appropriate templates. The conventional MIPs have widely been
used as selective recognition layers in sensing devices [1,2].
However, the slow diffusion and rebinding kinetics are limiting
parameters which often render the application of MIPs in chemi-
cal sensor unfeasible. Few approaches such as surface imprinting
techniques forming recognition sites at the membrane surface
may in future lead to more efficient sensing layers. Specificity,
their stability, and potentially low production costs are certainly
the strongest arguments for MIPs in sensing in contrast to immo-
bilised bio-receptors such as antibodies and enzymes. MIPs
have been combined with a variety of transduction schemes
like capacitance [3], impedometric [4], amperometric [5], mass-
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sensitive [6], and optical sensing platforms [7]. The achievable
selectivity provides sensing chemistries tuned towards the tem-
plated analyte due to e.g. preferential enrichment or transport
into the recognition layer. However, polymer specificity, affin-
ity, and capacity have to be greatly improved in order to meet
the requirements for real-world applications. Furthermore, most
sensors require selective recognition at aqueous conditions for
applications in the fields of clinical diagnostics and environ-
mental monitoring, which remains a challenge for most MIP
receptors reported to date. The absence of a general procedure
for MIP preparation, incomplete template removal, difficulty in
integrating MIP with suitable transducer, and the problem of
transforming the binding event into processable signal are some
of the major limitations encountered in the development of MIP
Sensor.

Despite the fact that MIP-based solid-electrode sensors have
advantages such as low cost, small size, robustness, selectivities
rivalling biological recognition elements and easy automation,
one of the difficulties of measurement protocols involving an
extraction step is the strong effects of unspecific adsorption
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on the electrode surface [8]. However, voltammetry transduc-
tion adds the capacity of discriminating between species and
identifying adsorption at imprinted sites either by separately
optimising the binding medium and the measurement medium or
by using the same medium for binding and detection. In addition,
structurally related interferents can be identified by their electro-
chemical potentials [9]. The major drawbacks with MIP-based
solid-sensors have so far been the long response time and limited
senitivities for the target analytes owing to non-reproducible film
thickness. Here the film thickness creates a substantial diffusion
barrier across the film/solution interface. Thus, irreproducibil-
ity of the films severely influences the reproducibility of the
sensors. The present work with modified-HMDE offers an alter-
native to the solid sensors to overcome the aforesaid problems.
The mass-transfer could be enhanced by thin film grafting tech-
nique and sensitivity by coupling MIP elements to voltammetric
tranducers [10,11] in the modified HMDE.

Creatine is one of the main compounds in the muscular ener-
getic metabolism leading to phosphocreatine to maintain high
ATP levels. During muscle contraction, creatine and creatine
phosphate are spontaneously converted to creatinine. Creati-
nine is a waste product, which is eliminated from the body by
renal excretion at a relatively constant rate. This leads to the fact
that creatinine measurement is a clinically chosen test for indi-
cating renal, thyroid, and muscular functions and myocardial
infarction. To maintain the normal level of creatinine is impor-
tant because high levels are indicative of diabetic nephropa-
thy, eclampsia, glomerulonephritis, muscular dystrophy, pre-
eclampsia, pyelonephritis reduced renal blood flow, renal failure,
and urinary tract obstruction, while a low level may be indicative
of muscular dystrophy and myasthenia [12]. The routine clinical
laboratory method using spectrophotometry based on the Jaffé
reaction [13] is subject to many interferences and lacks speci-
ficity [14]. Enzymatic methods are apparently costly and time
consuming [15,16]. Electrochemical methods such as amper-
ometric and potentiometric biosensors either display essential
cross-reactivity with creatine, urea, glucose or are low in sen-
sitivity [17]. The investigation of using molecularly imprinted
polymer for the adsorption of creatinine was initiated by Sreeni-
vasan and Sivakumar in 1997 [18]. They utilised y irradiation
to synthesise the polymer for the binding of creatinine [18].
Later in 2002, a reversible chemosensor was also prepared using
molecular imprinting method [12]. Fluorescent MIPs, which
are based on the reaction between polymerised hemithioacetal
(formed by allyl mercaptan, o-phthalic aldehyde) and primary
amine leading to the formation of isoindole complex, were also
reported for the detection of creatine and creatinine [19,20]. In
2004, a synthetic monomer with Lewis acidic zinc(II) was also
applied to prepare the MIP with a stereo-shape binding effect
towards creatinine [21]. Many analytical methods have been
reported for the analysis of creatine and creatinine in pharmaceu-
tical formulations and biological fluids, e.g. spectroscopy [22],
chemometry [23], mass spectrometry [24], fluorescence [20] and
capillary zone electrophoresis [25]. Adsorption experiments to
study the selectivity of creatinine-imprinted polymer in mixture
solutions (consisting with different analogue compounds, for
instance, creatine, N-hydroxysuccinimide, and 2-pyrrolinidone)

were recently reported [26,27]. In these experiments, high per-
formance liquid chromatography was found to be most suitable
detection tool to simultaneously analyse the solution contain-
ing creatinine and its analogue compounds. The first reversible
chemosensor to creatinine [12], based on artificial chemorecep-
tors and capacitive detection, displayed detection limit of 10 uM
and observed no interference from NaCl, creatine or glucose.
However, such impedometric (capacitive) chemosensors neces-
sarily require an ultrathin layer of MIP grafting over the solid
electrodes. It could be the irreproducibility in the film thickness
which resulted in a deviation of 10% or less in experimen-
tal results [12]. Furthermore, the capacitive sensors apparently
involved electrode fouling risk and therefore the deviation in
capacitance data might occur with real probes.

In this paper, a MIP-modified HMDE is proposed for the
selective determination of creatinine specifically from serum
samples. The creatinine-imprinted polymer [abbreviated as
P(Cre)] used was prepared from melamine (mel) and chloranil
(chl) avoiding a higher-level of cross-linking network. It should
be noted that in real time sensing applications, lower amounts
of cross-linking allow better accessibility to the site [28]. The
polymer P(Cre) could be regarded as an artificial receptor to
recognise the target molecule by the stereo-shape ability, sto-
ichiometric non-covalent interactions [29] as well as induced
fit mutual polarisation [17] between MIP and creatinine, par-
ticularly in the aqueous and serum samples. The HMDE was
preferred for electrode design, since other solid-electrodes such
as mercury-film electrode and glassy-carbon electrode were
proved to be highly critical owing to non-reproducible regen-
eration of the electrode and the excessive electrode fouling in
the complex matrices of biological samples.

2. Experimental
2.1. Materials and reagents

The reagents melamine (mel), chloranil (chl), creatinine (Cre)
and other chemicals (interferents) were purchased from Loba
Chemie, Otto, and SD Fine, India. All chemicals were of ana-
lytical grade. The solvent dimethylformamide (DMF) was of
HPLC quality. The water used in the present investigation was
first demineralised and then triple distilled (conductivity range
(0.06-0.07) x 107°Scm™1).

2.2. Molecularly imprinted polymer preparation

The preparation and characterisation of molecularly
imprinted polymer [P(Cre)] and reference non-imprinted poly-
mer [P(Rf)] were based on the experimental methods reported
elsewhere [11]. In order to study the selectivity and sensitivity
of molecular imprinting, we have also studied various compo-
sitions of P(Cre) taking different molar ratios of mel, chl and
template (1:1:1, 1:2:1, 2:3:3, 3:2:2) during polymerisation. The
imprinting protocol (Fig. 1) presumably involved stereo-shape
complementarities for template binding through non-covalent
bonding interactions [11,26,30] in DMF (porogen). For template
removal different solvents or mixed solvents other than water
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Fig. 1. Imprinted polymer with shape and functional memory [P(Cre)].

had been tried and the results were not promising. However,
aqueous methanol, 10% (v/v), was found to be the most suit-
able solvent for the complete extraction (number of extractions
6, shaking time 10 min, 5.0 mL protions) of creatinine (polar)
template from the polymer matrix. Interestingly, the molecular
recognition of the creatinine in aqueous medium is most likely
to proceed with the ‘induced-fit’ (cf., enzyme-substrate binding)
(Fig. 2) [31,32] binding resulting from electronic complemen-
tarities between host and guest.

2.3. Procedure

Voltammetric measurements were performed by follow-
ing the reported procedure [11] using a polarographic ana-
lyzer/stripping voltammometer (Model 264A EG & G Princeton
Applied Research, USA) in conjunction with a X-Y recorder

(PAR Model RE 0089) and 303A static mercury drop unit
(EG & G Princeton Applied Research). The optimised amount
(300 pg mL~") of P(Cre) in 10mL DMF was taken into a
voltammetric cell container allowing hanging mercury drop
electrode (HMDE) to be submerged for 120 s at +0.4 V (versus
Ag/AgCl) for electrode coating. Another cell container, con-
taining 10 mL aqueous solution of Cre (in absence of any sup-
porting electrolyte) was brought under this modified electrode
for an optimised preconcentration period of 30s at +0.4 V (ver-
sus Ag/AgCl) under quiescent condition. After 15 s equilibra-
tion time, differential pulse, cathodic stripping voltammograms
were recorded from +0.1 V and terminated at —0.6 V (versus
Ag/AgCl) at scan rate 10mV s~! and pulse amplitude 25 mV.
All runs for each concentration of Cre test analyte and subse-
quent quantification (standard addition method) were always
proceeded with fresh mercury drops duly modified with the
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signaling receptor-template complexation (1-2) (induced fit mechanism). Diagrams 2a—e represent molecular rearrangements; 2c represent electronic distribution
upon polarization of creatinine in the complexes (1-2); 2f is the Cre-radical obtained after electrochemical oxidation.

imprinted polymer at 25 &= 1 °C. Since dissolved oxygen did not
interfere with the stripping voltammetry in the present instance,
no deaeration was performed [33].

3. Results and discussion
3.1. Sensor development

Drop coating of the HMDE surface with a P(Cre)-DMF solu-
tion enabled preparation of modified electrode with molecular
imprinted recognition capability. The approach adopted is same
as described earlier [1,11]. Despite the excellent electrochemical
characteristics of solid-modified electrodes, poor reproducibility
is expected in terms of film thickness. The uncontrolled confor-
mation adopted by the polymer during solidification, electrode
fouling risk and critical regeneration prevent the use of drop-
coating method for the production of disposable solid electrode

sensor. The time consuming synthesis of MIPs and the relative
lack of stability of MIP solutions limit their use as analytical
tools. In contrast, HMDE was found to be a better alterna-
tive to obviate problems encountered with solid-electrodes. The
imprinted polymer, P(Cre), was immobilised at the mercury drop
surface via the chl and mel functionalities (>C=0 and —-NH>)
facilitating firm adherence of coating onto the positively charged
surface at +0.4 V (versus Ag/AgCl) under the driving force of
charge—transfer interactions. The remaining functional groups
were projected outwardly making binding cavities accessible
for template rebinding without any resistance. The porosity and
permeability of the film were controlled by adjusting the concen-
tration of the polymer and the template in the casting solution.
The modified mercury drop could be renewed in a reproducible
manner. This was evident from the fact that each voltammetric
measurement was repeated thrice with a fresh HMDE duly mod-
ified with an optimised amount of 300 g mL~! P(Cre) which
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Table 1

Analytical results of DPCSV measurement of creatinine (Cre) in water®

Imprinting factors

Cre concentration (ug mL ™)

Cre concentration (pug mL~1)

Cre concentration
(ngmL~")

using P(Rf)-modified HMDE
mel:chl:Cre (molar ratio)

using P(Cre)-modified HMDE

mel:chl:Cre (molar ratio)

mel:chl:Cre (molar ratio)

3:2:2 2:3:3 1:2:3

1:1:1

1:2:3

2:3:3

3:2:2

1:1:1

1:2:3

2:3:3

3:2:2

1:1:1

nd
nd
nd

nd
nd
nd

nd
nd
nd

nd
nd
nd

nd
nd
nd

nd
nd
nd

nd
nd
nd

0.0025 (£0.06)

0.00249
0.0049

0.0049 (£0.006)

0.0247 (£0.15)

5.02 (£0.01)
14.80 (£0.11)
28.05 (£0.05)
49.90 (£0.04)
58.70 (£0.08)
84.10 (£0.10)

0.02483

5.00
14.70
28.03
49.03

3.89
3.29

3.66
2.10

3.60
3.08

4.29
5.08
4.58
6.97
7.34
9.40

0.56 (£0.15)
1.97 (£0.08)

nd
nd
nd
nd

0.559 (£0.32)
2.32 (£0.08)

nd
nd
nd
nd

0.305 (£0.08)
0.380 (0.432)

nd
nd
nd
nd

1.17 (£0.53)
2.91 (£0.08)
6.12 (£0.07)
7.20 (£0.09)
8.00 (£0.28)
8.95 (£0.07)

2.05 (£0.11) 2.20 (£0.025)

1.10 (£0.05)

6.50 (£0.149)

nd
nd
nd
nd

4.88 (40.705)

nd
nd
nd
nd

1.18 (£0.045)

nd

nd
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nd

58.03
84.10

nd

2 Data in parentheses denote standard deviations based on three repeated runs (each run recorded with a fresh MIP-modified HMDE); nd, not detectable.

always responded the reproducible data (Tables 1 and 2). As
the DMF solution of P(Cre) is highly stable, the conformation
adopted by the polymer during solidification of the film over the
HMDE surface remains intact without any cavity deformation
after solvent evaporation. This was supported by a separate col-
umn chromatographic experiment in which P(Cre), as such, and
P(Cre), after redissolution, in DMF had demonstrated identical
imprinting effect for template retention at optimised conditions
of column operations.

3.2. Different molar ratios of monomers/template in the
molecular imprinting procedure

Different molar ratios of monomers (mel and chl) to template
(Cre) were studied during the polymerisation. As evident from
Table 1, the MIPs prepared in 1:1:1 molar ratio of monomers to
template showed the quantitative adsorption of creatinine at all
ranges of concentrations studied. While all the MIPs prepared
in different molar ratios (other than 1:1:1) showed some Cre
adsorption between 5.0 and 14.7 pg ml~!, these polymers were
found to be ineffective towards template rebinding in extreme
concentration regions. On the other hand, the non-imprinted
polymer, P(Rf), showed insignificant uptake of creatinine than
in the case of all the MIPs studied. With the molar ratio of 1:1:1,
best binding performance was achieved. It is clear from the ana-
Iytical data (Table 1) that the binding capacities of the MIPs
towards creatinine are drastically declined with the increase of
template owing to the restricted polymerisation and moreover
a steric overcrowding in the receptor network. The imprinting
factors (i.e. the ratio of binding capacity of MIP for creatinine
to the binding capacity of the corresponding non-MIP P(Rf) for
creatinine) of the MIPs prepared from different molar ratios are
listed in Table 1.At the molar ratio of 1:1:1, imprinting factors
were obtained to be greater than 4.0. As the molar ratios were
changed the imprinting effect declined accordingly. Hence, we
may conclude that with 1:1:1 molar ratio of mel-chl-Cre, the
best binding capacity as well as imprinted effect were achieved.
This was supported from earlier concept of ‘stoichiometric non-
covalent interactions’ where the interaction during the polymeri-
sation was reportedly stoichiometric in nature [29]. Accordingly,
more than 90% uptake of the template is feasible if an equimo-
lar mixture of template and binding cavity between monomers is
prepared and there is no more need to use excess binding cavities
to saturate the template completely.

3.3. Voltammetric behaviour

The imprinted polymer (1:1:1), was firmly immobilized on
a hanging mercury drop surface through electrostatic interac-
tions (via Hg(II) interactions with carbonyl and amine functional
groups) at +0.4V (versus Ag/AgCl) resulting in a highly per-
meable monolayer during coating of 120s. The electrode was
dipped in an aqueous solution of creatinine (pH=7.0, main-
tained by the addition of a few drops of NaOH/HNO3) for 30's
and the cyclic voltammetry (CV) (Fig. 3) runs were scanned at
a slow scan rate (10mV s™!) in cathodic stripping mode. The
p-chloranil incorporated in MIP film can catalyse the oxida-
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Fig. 3. Typical cathodic stripping cyclic voltammograms of Cre with
MIP-modified hanging mercury drop electrode [Cre concentration; (run a)
50 wgmL~!; (run b) 0.12 wg mL~'; MIP concentration: 300 g mL~"; MIP and
Cre preanodization potential: +0.4 V (vs. Ag/AgCl); deposition time of polymer:

120 s; preconcentration time of Cre: 30 s; pH: 7.0; scan rate: 10.0 mV s’l].

tion of creatinine in aqueous solution and also it is found to
be reactive toward chlorate and borate buffers [34] if used as a
supporting electrolyte. Furthermore, the pre-anodisation of the
modified-HMDE forbids the use of other supporting electrolytes
such as KCI, KNOs, citrate, phosphate and acetate buffers in
order to avoid the possible anionic oxidation which interferes
in the evaluation of electrochemical process of creatinine in
the potential range studied. Therefore, no supporting electrolyte
was used in this study. It has been reported that pre-anodisation
can generate oxygen containing functional groups such as car-
bonyl, carboxylate and hydroxyl radical species in a very small
quantity on the surface of electrode which can accelerate or
catalyse the electrochemical process even in the absence of a
supporting electrolyte [33]. In the present instance, the charge
transport through redox centres was believed to occur via an
electron hopping process between redox centers incorporated in
the film (homogeneous electron-transfer) and eventually to the
positively charged electrode (heterogeneous electron-transfer
process) [35,36]. The film-entrapped creatinine molecule were
readily oxidised as cre radical during preconcentration and sub-
sequently, after 15s equilibration time, stripped off from the
electrode surface due to electrostatic repulsion (Fig. 3) during

Table 2
Analytical results of DPCSV measurements of creatinine (Cre) in human blood serum and interferent mixtures at [P(Cre)]-modified hanging mercury drop electrode
Sample Analyte Determined value® Recovery® Relative standard I vd
concentration (mean £ S.D.) (mgmL™ 1y deviation (%) (n=3)
(ngmL~1) with MIP-modified HMDE
Dilute human blood - 0.094 4+ 0.05 (9.4) - - - -
serum (unspiked)®
Dilute human blood 0.38 0.38 + 0.02 (0.40£0.01) 100.0 5.2 fca1 =3.80 1.00
serum (spiked)" 0.58 0.58 4+ 0.03 (0.59 £0.04) 100.0 5.1 } tap =4.30
1.00 1.01 & 0.01 (1.02 £ 0.03) 101.0 1.0
Interferents® (in 0.97 (0.97 Tyr) 0.96 £+ 0.01 99.0 1.0
water)
1.87 (0.93 Tyr) 1.87 £ 0.01 99.9 0.5
0.97 (0.97 urea) 0.98 + 0.01 101.0 1.0
1.87 (0.93 urea) 1.86 + 0.14 99.5 7.5
0.97 (0.97 NaCl) 0.97 + 0.01 99.0 1.0
1.87 (0.93 NaCl) 1.86 + 0.02 99.5 1.1
0.97 (0.97 Phe) 0.98 + 0.01 101.0 1.0
1.87 (0.93 Phe) 1.86 £+ 0.02 99.5 1.1
0.97 (0.97 Glu) 0.98 + 0.01 101.0 1.0
1.87 (0.93 Glu) 1.86 + 0.13 100.0 6.9
0.97 (0.97 Cy) 0.98 + 0.04 101.0 4.8
1.87 (0.93 Cy) 1.86 £+ 0.09 99.5 4.8
0.97 (5.00 Crea) 0.97 + 0.08 100.0 8.2
1.87 (8.00 Crea) 1.87 &£ 0.13 100.0 6.9
0.97 (0.97 His) 0.97 + 0.02 101.0 2.0
1.87 (0.93 His) 1.87 £ 0.02 100.0 1.1
2.81 (5.23, mix") 2.81 £ 0.06 100.0 2.1

4 Average of three replicate determinations (S/N = 3) with fresh MIP-modified HMDE.
b Recovery: Amount of analyte determined/amount of analyte taken.
¢ t, Student’s #-test for comparison of two methods at confidence level of 95%.

d ), correlation coefficient.

e_ Value in parenthesis indicates total concentration of Cre in original blood sample (undiluted) as obtained by multiplying with a dilution factor of 100.
f Values in parentheses indicate Cre concentration (wg mL~!) determined by the standard solid phase extraction (SPE) method with P(Cre)-modified silica gel at

a flow rate of 5mL min~! and pH 7.0.

£ Values in parenthesis indicate concentration (g mL~") of various interferent taken with Cre in aqueous mixture solution (Cy, cytosine; Ad, adenine; AA, ascorbic
acid; His, histidine; Theo, theophylline; Glu, glucose; Tyr, tyrosine; Phe, phenylalanine).

h

mix denotes mixture of NaCl, urea, Glu and Crea (concentration 5.23 pg mL~! each).
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cathodic scan. This could be the reason that no distinguishable
anodic peak was observed on the reverse scan in spite of some
adsorption of reduced product at electrode surface which gave
rise to an ill-defined pre-wave to the cathodic stripping peak. The
oxidation of creatinine was found to be substantial at +0.4 V.
The effect of pre-anodisation of HMDE at potential <+0.3V
did not yield any cathodic stripping response in the present
case.

In the complexes 1-2, the positively and negatively charged
positions of the creatinine dipole (Fig. 2, 2b) pair with the
receptor (Fig. 2, 1b) dipole’s negatively and positively charged
positions, respectively. Such electrostatic host—guest attraction
apparently deforms the structure and alters the charge distri-
bution of creatinine, as indicated by diagram Fig. 2c, during
rebinding in aqueous medium [17]. As the recapture of the
template molecule creatinine is mainly electrostatically (partly
hydrogen bonding) co-ordinated to the receptor, the apparently
high strength of these interactions allows analyte binding to the
MIP from aqueous solution with a high affinity. Interestingly,
the imprinted molecules (the oxidised form of creatinine, Cre
radical) at higher concentrations were strongly adsorbed at pre-
anodised MIP-coated electrode. Thus corresponding stripping
current was restricted to a larger extent as compared to the lower
concentration of the anlayte.

On the basis of CV behaviour as presented above, it is possible
to propose a tentative mechanism (Fig. 2) for the electrochem-
ical behaviour of creatinine at imprinted-modified HMDE. The
higher electron withdrawing character of carbonyl groups as
compared to imine may orient a type of keto-enol tautomerism
between Fig. 2d and e. Therefore, the creatinine shown in Fig. 2e
is instantaneously oxidised to the corresponding radical (Fig. 2f)
at the modified electrode at +0.4 V versus Ag/AgCl.

The DPCSYV runs of Cre at P(Cre)-coated HMDE are shown
in Fig. 4. This depicts [as shown in Fig. 4b] multiple runs reveal-
ing the reproducible renewal of modified HMDE in the present
investigation. The slight negative shift in potential at the lower
concentration of analyte reveals a complexation (Fig. 2, 1-2)
with high affinity for analyte binding in dilute aqueous medium.
The current response in the lower concentration range primar-
ily includes contributions from facilitated mass-transfer through
electrostatic rebinding in aqueous condition. This affects the
detection limit to attain as low as ngmL ™" level. This could be
regarded as a good achievement for a MIP-based sensor. In this
case the cathodic stripping of Cre radical is apparently favoured
owing to the progressively increasing negative charges on the
electrode. The restricted DPCSV current response in higher con-
centration range of analyte, like CV, could be ascribed either to
the adsorption effect or the lessened contribution of migration
current owing to the matrix effect of the bulk concentrated region
in the absence of a supporting electrolyte.

3.4. Optimisation of analytical parameters

The optimum potential for polymer coating and creatinine
rebinding was found to be +0.4 V (versus Ag/AgCl). Any poten-
tial lesser than this may cause an electrostatic repulsion at elec-
trode/film interface owing to the induced polarisation and con-
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Fig. 4. DPCSV of creatinine with MIP-modified hanging mercury drop elec-
trode in aqueous samples [Cre concentration (g mL’l): b, 0.0248; ¢, 0.0372;
d, 0.495; f, 14.7; g, 47.93; h, 84.1] and with reference polymer P(Rf)-modified
hanging mercury drop electrode [Cre concentrations (g mL~!): a, 0.0495; e,
14.7]. DPCSYV in blood serum samples [Cre concentration (g mL~1):1,0.0579
(P(Rf)-modified HMDE) and j, 0.038; k, 0.0579 (MIP-modified HMDE)]. Other
conditions as in Fig. 3. DPCSV (Cre, 0.0248 g mL~!; run b) recorded for three
repeated experiments (each run with a fresh MIP-modified HMDE).

sequently enhanced anionic charge density of chloranil moieties
in the polymeric receptor 1b (Fig. 2). An induced fit complex-
ation by electrostatic binding to the rigid dipolar cleft suggests
a better transition state stabilisation of complexes 1-2 (Fig. 2)
at +0.4 V (versus Ag/AgCl) [37] than that at potentials <+0.3 V
(versus Ag/AgCl). The maximum concentration of P(Cre) was
found to be 300 wg mL~! which apparently formed a thin-film
monolayer coat around the mercury drop in an optimum time
of 120s. This facilitated a maximum uptake of creatinine in
30 s preconcentration time. A drastic fall in creatinine DPCSV
current was observed beyond 300 pg mL~! of the MIP loading
probably because of slow mass-transfer and decreasing partition
coefficient of test analyte from the aqueous phase to relatively
thick film-layer. The thickness in the film beyond the optimum
concentration of the polymer may be attributed to an intermolec-
ular electrostatic aggregation of the rigid dipolar clefts of the
receptor.

Interestingly, the reference polymer P(Rf)-modified-
HMDE responded a negligible binding of creatinine below
5.00ugmL~! concentration. The current responses were
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reduced by one-fourth in comparison with MIP-coated elec-
trode for Cre concentration varying from 5.0 to 84.0 ugmL ™!,
The pH of the cell content was adjusted to neutral so as to avoid
the probable hydrolysis of creatinine to creatine [38] and also to
cater the need for DPCSV analysis in blood samples (pH 7.4).
The average DPCSV currents were surprisingly of 1072 wA
(varying from 0.02-0.26 wA) order in both concentrated as well
as dilute ranges of concentration under the optimised conditions
(pH 7.0, P(Cre) 300 pg mL~!, polymer deposition time 120s,
creatinine preconcentration time 30s, preanodisation potential
+0.4 V versus Ag/AgCl, scan rate 10mV s~!, pulse amplitude
25mV) for the reason stated earlier. The calibration equations
for creatinine were given as below:

e lower concentration range (0.0025-0.0495 wg mL~1);

e Ipc =(4.685=0.0048)C + (0.0057 £ 0.00087), v=1.00,
n="7;

e higher concentration range (5.0-84.0 pgmL™!);

e Ipc=(0.003+1.58 x 10~%)C+(0.0059 £ 0.771 x 10~°),
v=1.00, n=06.

where Ipc is the peak height in pA, C the concentration of cre-
atinine in wgmL ™! and v is the correlation coefficient at 95%
confidence level. The limit of detection (LOD) is calculated as
1.49 ng mL~! (R.S.D. 0.167%) on the basis of minimum distin-
guishable signals (Sp) and the slope (m) of the linear regression
for lower concentrations of analyte following the equation [39]

LOD = Sm =il Sbl,
m

where Sy, is equivalent to the sum of mean blank signal S plus
a multiple 3 of the standard deviation of the blank (Sp)).

3.5. Cross selectivity studies

The DPCSV currents for creatinine and different interfer-
ing molecules such as cytosine, phenylalanine, tyrosine, urea,
NaCl, glucose, histidine, creatine (Fig. 5) were studied and
compared at P(Cre)-modified and P(Rf)-modified electrodes. In
the case of creatinine-modified-HMDE sensor, creatinine gave
a quantitative response while tyrosine and histidine were less
responsive. The other interferents such as creatine, urea, glu-
cose, NaCl, cytosine phenylalanine had shown absolutely no
response. The reference polymer-modified-HMDE sensor pro-
duced no response for Cre but significant responses for all the
interferents when present alone in the test solution. As regard
to the mixture analysis, where most of the interferents coexists
with creatinine, the creatinine uptake was found to be highly
selective and quantitative at optimised conditions of analysis
using P(Cre)-modified HMDE (Table 2). The ratios between the
concentration of main analyte (Cre) and interferents were 1:1
and 1:2 in binary mixtures. As the major interference of cre-
atinine detection by MIP in clinical applications might come
from creatine, the binary mixture of creatinine and creatine was
analysed in 1:5 concentration ratio. Insofar as multiple mixture
is concerned, creatinine was analysed in a mixed solution con-
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Fig. 5. Sensor response for 0.971 mgmL~! solution of Cre and its interferents:
tyrosine (Tyr), urea, cytosine (Cy), creatine (Crea), NaCl, histidine (His), pheny-
lalanine (Phe), glucose (Glu) and creatinine (Cre).

sisted of interferents in double concentration. Here analytical
results prove the selectivity of the proposed sensor over these
interferents that can be generally found in the biologically fluids.

4. Analytical applications

The creatinine-imprinted polymer-modified-HMDE sensor
proved to be useful for the determination of creatinine in human
blood serum samples (Table 2). The distortion and asymmetric-
ity in voltammetric peak, as usually encountered due to the co-
sorption of many potential interferents in human blood plasma
sample, have not been found in DPCSV runs (Fig. 4) obtained
with proposed P(Cre)-modified HMDE. The presence of anti-
coagulant species (e.g. fluoride and citrate ions) and other anions
did not affect the accuracy of the desired result. The validation
of proposed method was performed employing a standard tech-
nique of solid phase extraction in LC-DPCSV measurement,
which revealed similar precision and accuracy of the results
(Table 2) in blood serum samples on the basis of Student’s #-
test (fcal < trab)-

5. Conclusion

The described electrode has excellent features for the selec-
tive assay of creatinine in aqueous and biological fluids. The
preparation of the electrode is simple, fast, and reproducible
where the voltammetric measurement for each sample can be
accomplished with a single modified mercury drop of PAR
model 303A static mercury drop electrode system. The pro-
posed method assures reliable response characteristics for the
freshly renewed modified-HMDE sensor for the quantitation of
DPCSV peaks.
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Abstract

A simple, fast, sensitive and accurate reversed-phase ion-pair HPLC method for simultaneous determination of nitrite and nitrate in atmo-
spheric liquids and lake waters has been developed. Separations were accomplished in less than 10 min using a reversed-phase C;g column
(150 mm x 2.00 mm i.d., 5 wm particle size) with a mobile phase containing 83% 3.0 mM ion-interaction reagent tetrabutylammonium hydroxide
(TBA-OH) and 2.0 mM sodium phosphate buffer at pH 3.9 and 17% acetonitrile (flow rate, 0.4 mL/min). UV light absorption responses at 205 nm
were linear over a wide concentration range from 100 pwg/mL to the detection limits of 10 pg/L for nitrite and 5 pwg/L nitrate. Quantitation was carried
out by the peak area method. The relative standard deviation for the analysis of nitrite and nitrate was less than 3.0%. This method was applied for
the simultaneous determination of nitrite and nitrate in dew, rain, snow and lake water samples collected in southeast Massachusetts. Nitrate was
found being present at 4.79-5.99 wg/mL in dew, 1.20-2.63 pg/mL in rain, 0.32-0.60 pg/mL in snow and 0.12-0.23 wg/mL in lake water. Nitrite
was only a minor species in dew (0.62—0.83 wg/mL), rain (<0.005-0.14 pg/mL), snow (0.021-0.032 pwg/mL) and lake water (0.12-0.16 pg/mL).
High levels of nitrite and nitrate observed in dew water droplets may constitute an important source of hydroxyl radicals in the sunny early morning.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Nitrite (NO>7) and nitrate (NO3™) are important compo-
nents in atmospheric liquids and surface water because their
photolysis significantly enhance the photooxidation of natural
and anthropogenic pollutants by formation of hydroxyl rad-
icals (OH®), the most powerful oxidant in aqueous solution
[1-5]. Nitrate and its conjugated acid (HNOs3) are the end
oxidative product of nitric oxide and other nitrogen species.
As a major component of atmospheric aerosols, HNO3/NO3;~
not only represents a significant nitrogen flux from the atmo-
sphere to surface water, but also contributes substantially to the
acidity of precipitation [2,6—8]. In contrast to nitrate, nitrite is
only a trace component in atmospheric water droplets. How-
ever, due to the high photolytic efficiency of nitrite and its
conjugated nitrous acid, HONO, the photolysis of these N(III)
species has been considered a predominant source of OH rad-

* Corresponding author. Tel.: +1 508 999 8959; fax: +1 508 999 9167.
E-mail address: yzuo@umassd.edu (Y. Zuo).
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icals in the low atmosphere, particularly, in the early morn-
ing when the concentrations of other hydroxyl radical sources,
such as formaldehyde and ozone, are low [1,2]. Nitrite and
HONO in condensed phases are also involved in the forma-
tion of carcinogenic nitrosamines [2,9]. Given the significant
influence of nitrite and nitrate on human environment and
health, it is important to monitor their concentration and exam-
ine the mechanisms involved in their production, transport and
decomposition in atmospheric condensed phase and surface
water.

Although nitrate has been determined routinely in most rain-
water surveys due to the concerns about the causes of acid
rain and the eutrophication of surface water, measurements of
nitrite in dew, rain, fog and cloud water are scarce [8,10-13].
The commonly used methods for nitrite determination include
the spectrophotometric detection based on the Griess reaction
[12,14], in which nitrite is diazotized with sulfanilamide and
then reacted with N-(1-naphthyl)ethylenediamine to form a col-
ored product. For the measurement of total concentration of
nitrite and nitrate, it is necessary to reduce the nitrate to nitrite
with copperised cadmium [15]. Nitrate concentration is then
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calculated as the difference between the total inorganic nitrogen
anions and nitrite. Several flow injection analysis (FIA) methods
have been developed based on this spectrophotometric tech-
nique for the simultaneous determination of nitrite and nitrate
[16,17]. Incomplete reduction and sample carryover have been a
reported problem in the FIA analyses. The most frequently used
methods for the simultaneous analysis of the nitrate and nitrite
include the ion chromatography (IC) with suppressed conduc-
tivity detection [10,18,19], which requires a long analysis time
if the sample contains other common anions, such as sulfate and
phosphate. During the IC separation, nitrite could be partially
oxidized due to the use of a mobile phase at the high pH value.
Recently, capillary electrophoresis (CE) [11,20,21] is employed
in the analysis of environmental and biologic samples such as
rain water, human saliva and urine. In addition to traditional
IC, ion-pair chromatographic methods have also been widely
studied for the separation of common anions, including nitrite
and nitrate [22,23]. lon-pair HPLC methods offer, with respect
to ion chromatography, advantages of relatively lower cost in
both instrumentation and columns and can be advantageously
employed in laboratories where only conventional HPLC sys-
tems are available. On the other hand, the theoretical column
efficiency of ion-pair HPLC is better than that of an IC column,
assuming that a suitable ion-pair reagent is chosen. In ion-pair
LC, more parameters, such as stationary phase material, counter-
ion and the concentration, pH and ionic strength of eluent, and
organic modifier and the concentration, can be selected and thus
provide further advantages to increase the selectivity and res-
olution and minimize possible interference. A comprehensive
review on this technique has recently been published by Gen-
naro and Angelino [24]. However, little information is available
on the analysis of atmospheric water samples using ion-pair
HPLC.

Recently, we have reported on an indirect photometric ion-
pair HPLC method for the analysis of sulfur and nitrogen anions
in atmospheric liquids [13]. Because both nitrite and nitrate
ions have large molar absorption coefficients in the short UV
wavelength region, a direct spectrophotometric detection would
generate a high selectivity and sensitivity for the measurement
of these nitrogen species. In this paper, we describe a direct
spectrophotometric ion-pair HPLC method for the simultane-
ous analysis of nitrite and nitrate in dew, rain, snow and surface
water samples.

2. Experimental
2.1. Chemicals

Standards of sodium nitrite was purchased from Baker Chem-
ical Co. (Phillipsburg, NJ, USA) and sodium nitrate from Fisher
Scientific (Fair Lawn, NJ). Tetrabutylammonium hydroxide
(TBA-OB) titrant (0.4 M in water, HPLC grade) and sodium
phosphate were obtained from Acros Organics (Geel, Belglum,
NIJ). Acetonitrile was supplied by Pharmco Products (Brook-
field, CT, USA). Except where noted, all reagents were of
analytical grade and all solution preparations were made using
doubly distilled-deionized water.

2.2. Samples

Snow, rain, and dew water samples were collected during the
periods from January to June 2004, and from September 2005 to
January 2006 with a Teflon container or film on the roof of Build-
ing Group-II or on the grass of the University of Massachusetts
Dartmouth campus, North Dartmouth, MA. Lake water samples
were collected from Buttonwood Park, New Bedford, and North
Dartmouth, MA. After sampling, snow samples were stored at
—20°C; rain, dew and lake waters at 4 °C in the dark until used.
The samples were centrifuged and filtered through 0.45 pm
membrane filters (Fisher Scientific brand) before HPLC anal-
ysis. Precautions have always been taken to minimize sample
contamination. All sample containers, glassware and filtration
devices were thoroughly cleaned with 0.1 M HCI solution and
then finally with doubly distilled-deionized water. The blank
chromatograms with the doubly distilled-deionized water have
shown no nitrite peak and nitrate below 10 pg/L.

2.3. HPLC analysis

A Dionex high-performance liquid chromatograph (Dionex
Corporation, Sunnyvale, CA, USA) equipped with a P680 HPLC
pump, a UVD-170U spectrophotometer detector, a Gina 50
autosampler, and Chromeleon 6.60 software was used for all
experiments. Some of HPLC analyses were conducted with
Beckman liquid chromatograph equipped with a Model 125 dual
solvent pump, a 168 photodiod array detector, a 508 autosampler
and Gold Nouveau Software. The analytical column used was
a Phenomenex Cig reversed-phase column (150 mm x 2.00 mm
i.d., 5 wm particle size) guarded by a 10 mm C;g guard column.
The anions of interest were separated using an isocratic elution
program. The mobile phase was made up of 83% 3.0 mM TBA-
OH titrant and 2.0 mM sodium phosphate buffer at pH 3.9 and
17% acetonitrile organic solvent. The flow rate was 0.4 mL/min.
Detection of nitrite and nitrate anions was carried out by direct
UV absorbance at 205 nm.

A series of 1.5 mL standard mixture solutions of nitrite and
nitrate were prepared from individual standard stock solutions.
Twenty microliters of water samples or standard solutions was
directly injected onto the HPLC system.

3. Results and discussion
3.1. Chromatographic separation

Charged surfactants have been widely used as mobile phase
modifiers to improve the partitioning characteristics of charged
solutes in reversed-phase HPLC. Various studies have been made
to identify the interactions that occur between charged surfac-
tants and ionic solutes and two retention mechanisms have been
proposed. The first assumes ion-pair formation in the mobile
phase prior to its adsorption on to the non-polar stationary phase,
while the second assumes the hydrophobic surfactant ion is held
on the surface of the hydrophobic stationary phase, and the
ionic solute is retained by electrostatic attraction to the charged
hydrophobic surfactants. In an earlier study, we developed a
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Fig. 1. Chromatogram of nitrite and nitrate standard mixture. NO,~ and NO3~
concentration: 6.00 pg/mL and injection volume: 20 pL.

successful method for the simultaneous determination of com-
mon sulfur, and inorganic nitrogen anions in atmospheric water
samples based on this second mechanism, in which the station-
ary phase was recoated about every another month depending
on the number of samples analyzed and their matrix complexity
[13]. In this work, the short chain TBA-OH was selected to form
hydrophobic ion-pairs with analyte anions to be separated in a
reversed phase C;g HPLC column and the ion-pairs were deter-
mined using a direct photometric method. Fluoride, chloride,
sulfate and sulfite are optically transparent, do not interfere the
UV absorbance measurement and thus make the simultaneous
determination of nitrite and nitrate with the above mentioned first
mechanism possible and easier. After systematic experiments on
the several mobile phase variables, including the concentration
of TBA-OH, the CH3CN/H;O ratio (from 5% to 50%), pH of
the mobile phase and mobile phase flow rate, the separation
conditions were optimized and described in Section 2.

Fig. 1 shows the separation of a standard mixture of nitrite
and nitrate. A good separation can be achieved in a short elu-
tion time less than 8 min. The chosen wavelength of 205 nm
provides a higher sensitivity with a clean chromatogram than
the wavelength of 254 or 225 nm employed in previous stud-
ies [25,26]. Nitrate in the mobile phase used in this study
has a molar absorptivity of 852Lmol~'em™!, and nitrite
401 Lmol~! cm~! at 205 nm. Acetonitrile has a short absorption
wavelength cut-off and was used as an organic solvent in mobile
phase.

3.2. Quantitative analysis

In atmospheric liquids the concentration of nitrite is usually
below 1.00 wg/mL, while nitrate has a much broader concentra-
tion range. Therefore, the calibration curve for the analysis for
nitrite was made in the concentration range of 0.00-10.0 pg/mL,
and for nitrate anion in the range of 0.00—-1.00 x 107 wg/mL.
Calibration curves for both nitrite and nitrate were linear over
the concentration ranges tested. For nitrite a typical calibration
curve followed the equation: peak area = 4.098Cy,- — 0.001

with a correlation coefficient of R*>=0.998 while for nitrate:
peak area = 5.414Cyq, - + 1.074 with R*=0.999.

The mean values of retention time for nitrite and nitrate deter-
mined in standard mixtures were: nitrite 5.093 = 0.006 min;
nitrate 6.812 +0.012 min, respectively. The relative standard
deviation (R.S.D.) values of the retention times and peak areas
were generally smaller than 1%, indicating that the separation
method developed was very stable and had high reproducibility.
The relative standard deviations for the intra- and inter-analysis
of nitrite and nitrate are less than 3.0% and 4.2%, respectively.
The detection limit measured as three times the background
noise was 10 wg/L NO;™ and 5 wg/L NO3 ™. These detection
limits are significantly lower than those reported for ion chro-
matography with a suppressor column or indirect photometric
ion-pair HPLC. Increasing the injection volume of sample can
further lower the detection limits.

3.3. Determination of nitrite and nitrate in dew, rain, snow
and lake waters

The described method was tested in several atmospheric
water matrices with known amounts of nitrite and nitrate added,
and the average percentage recovery was found to be 98—-101%
for both analyte ions. Figs. 2—4 illustrate typical elution profile
of dew, rain and lake water samples. Chromatograms of these
water samples did not show interference with the same reten-
tion volume as nitrite or nitrate. Nitrite and nitrate anions were
identified by matching retention times against those of standards
and standard addition. In the chromatogram of lake water sam-
ple, besides nitrite and nitrate, there are two other peaks which
might be due to small molecular weight organic acids but have
not been identified. The concentrations of nitrite and nitrate in
dew, rain, snow, and lake water samples are given in Table 1.
Among all samples analyzed, the higher concentrations of both
nitrite and nitrate were found in dew. This can have significant
effects on vegetation and the material surfaces, since dew pro-
vides a means to hold a liquid in place for a long time (overnight)
and since the concentration may further increase to a very high
value during evaporation in the morning. Both nitrite and nitrate
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Fig. 2. Chromatogram of a dew sample.
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Fig. 4. Chromatogram of a lake surface water sample.

Table 1
The concentrations of nitrite and nitrate found in atmospheric and lake water
samples (pg/mL)

Sample Date of collection ~ pH Nitrite Nitrate
value

Dew 1 27 September 2005 6.20  0.64 £0.02 4.87 £0.15
Dew II 27 September 2005 6.32  0.62+£0.02 479 + 0.14
Dew 111 26 September 2005 6.70  0.83 £0.02 5.99 £ 0.18
Rain I 2 October 2005 3.86 ND? 2.63 £+ 0.09
Rain II 2 October 2005 390 ND 2.62 £ 0.08
Rain III 28 May 2005 3.60 0.1440.00 1.20 £ 0.05
Snow I 29 January 2004 4.88 0.021£0.001 0.320 = 0.01
Snow II 18 January 2004 455 0.0324+0.001 0.376 £ 0.01
Snow III 12 January 2006 395 0.032+£0.002  0.60 £ 0.02
Snow IV 12 January 2006 4.02 0.0264+0.002  0.56 &+ 0.02
Lake water I 29 September 2005 5.49  0.12+£0.01 0.12 £ 0.01
Lake water II 29 September 2005 5.50 0.16+0.01 0.23 £ 0.02
Lake water III 29 September 2005 5.64  0.124+0.01 0.14 £ 0.01
Lake water IV 29 September 2005 5.57 0.12+0.01 0.17 £ 0.01

4 ND, not detected.

undergo rapid photolysis under sunlight irradiation to form OH
radicals:

NO;” +H>0 + hv — °*OH + NO® + OH™ (1)
NO3™ +H0 + hv — °*OH + NO,; +OH™ 2)

Due to the high reactivities of hydrogen peroxide, organic per-
oxides and hydroxyl radicals, these photooxidants have been
suggested to cause oxidative stresses in plants and be responsi-
ble for the forest decline observed in Europe, North American
and Japan [27-29]. Among all the oxidants, the OH radical is
known to be the most reactive one.

Nitrite and nitrate in dew and other wet precipitation could
arise from the dissolution of HNO; and HNO3 in the gas phase
or in the atmospheric aerosols. The reactions of nitrogen oxides
in water droplets can also be an important source:

NO + NO, +H,0 — 2HNO, 3)
INO, +H,0 — HNO, + HNO; )

A reaction between NO, and bisulfite in water droplets could
account for the formation of considerable amount of nitrite. On
the other hand, the nitrite deposited and/or formed in dew water
can be recycled into the mixing layer, due to the high volatil-
ity of ammonium nitrite. In this sense, the wet surface can be
considered to be an active sink during the night and a source
of nitrite during early morning. Given the importance of nitrite
and nitrate in the atmospheric gas and liquid phase chemistry
and on the health, further studies on the sources, concentration
variation, transformation and fate of these nitrogen species in
dew and other atmospheric precipitation is urgently needed.

4. Conclusions

The described direct photometric ion-pair HPLC method has
been proved a rapid, sensitive, and accurate technique for the
simultaneous determination of nitrite and nitrate. This method
was successfully applied to the quantitative measurement of
nitrite and nitrate in dew, rain, snow and natural surface waters.
Among the samples analyzed, dew water contains high levels of
nitrite and nitrate.
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Abstract

This work has been developed using a sylvestral fruit tree, native to the Brazilian forest, the Eugenia uniflora L., one of the Mirtaceae family.
The main goal of the analytical study was focused on extraction methods themselves. The method development pointed to the Clevenger extraction
as the best yield in relation to SFE and Soxhlet. The SFE method presented a good yield but showed a big amount of components in the final
extract, demonstrating low selectivity. The essential oil extracted was analyzed by GC/FID showing a large range of polarity and boiling point
compounds, where linalool, a widely used compound, was identified. Furthermore, an analytical solid phase extraction method was used to clean
it up and obtain separated classes of compounds that were fractionated and studied by GC/FID and GC/MS.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The development of organic chemistry took place along with
the study of plants, mainly in the 19th century, when the first
studies on plants were scientifically recorded. This ended up
in the isolation of some plants active principles, then, known
as medicinal ones. Out of these studies, some efficient active
principles were obtained, and even today, are employed in the
treatment of certain diseases, e.g. morphine, quinine, camphor
and cocaine [1,2].

Nature, in general, has yielded most known organic sub-
stances. Therefore, it is the vegetal kingdom that has contributed,
in a more meaningful way, to the supply of useful substances for
the treatment of human diseases [3]. The fantastic variety and
complexity of plant bio-synthetized special metabolites, would
have formed and evolved as a defense mechanism of these plants
to environmental conditions, rich in microorganisms, insects,
animals and also to adaptation and regulation conditions [4].

* Corresponding author. Tel.: +55 14 3103 6135; fax: +55 14 3203 2856.
E-mail address: srissato@fc.unesp.br (S.R. Rissato).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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Thus, plants comprise an enormous laboratory of organic syn-
thesis, as a result of millions of years of evolution and adaptation
on Earth.

In the 1900s, the advent of antibiotics produced through
microbe fermentation and the remarkable development of syn-
thetic pharmacologicals, soon after World War II, markedly
reduced the use of medicinal plants and consequently, the invest-
ment in pharmacologicals deriving from plants. In the last
decades, a great change in the paradigm of western societies
has caused plant products to play, once again, an important role
in great populations of developed and developing countries.

Holding an extremely profitable market, the phytopharmaco-
logicals have relighted the interest of the pharmaceutical indus-
try in products coming from a vegetal origin. Around 1990, it was
estimated that about 80% of the world population sought, in the
plants, the main source of medicine [5]. It is proved, today, that
a great part of the world population, mainly those from devel-
oping countries, uses as medicine, extracts or portions deriving
from plants.

For some authors, out of the 200,000 species which might
exist in Brazil, at least half may have some therapeutical prop-
erty, but less than 1% of these, has been, so far, the object
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of suitable studies. Many substances, coming exclusively from
Brazilian plants, have been patented by foreign companies or
governmental organs [6].

Essential oil or simply essence, are volatile oils of diverse
chemical composition, which derive from vegetal materials, giv-
ing them their main odors [7,8]. The manufacturers of perfume,
cosmetics and food aromatizing, nearly absorb the totality of
natural essences and respective derivatives a fact that justifies
the high technical level reached in their preparation and the
elevated economic value which they represent. Paint and var-
nish industries consume important amounts of some essences
and they are utilized in medicine, in the formulation of anti-
septics, antispasmodics, inhalants, analgesics [7]. Furthermore,
the essential oils are, almost always, bacteriostatic and often
bactericide. [9].

The Eugenia uniflora L., the main object of this research,
belongs to the Mirtaceae family [10]. The pitanga tree is a sylves-
tral fruit native to the Brazilian jungles, found in a range that
reaches from the Guianas to the State of Sao Paulo; it does not
survive in Southern States [11,12].

The leaves of the Eugenia uniflora L. are utilized in popu-
lar medicine, in infusion, in the treatment of fever, rheumatism,
stomachic diseases, disorders of the digestive tract, hyperten-
sion, yellow fever and gout; to reduce weight, diminish blood
pressure, act as a diuretic [13—16]. Studies have shown the odor
of the leaves to have repellent properties [15]. In addition, the
infusion of the fresh leaf and the green fruit is used to combat
malaria and the aqueous extract of the dry leaf is utilized as a
menstrual stimulant [14].

The present study aimed at assessing the influence of different
extraction and purification methods on the yield and composition
of Eugenia uniflora L.’s essential oil. The extracts obtained were

submitted to analysis by high-resolution gas chromatography
coupled to a flame ionization detector (GC/FID) and the results
discussed.

2. Material and method
2.1. Samples

Fully grown leaves of E. uniflora were collected from plants
cultivated on the campus of the Paulista State University, Bauru,
SP, in April 2005. Plant materials were authenticated by Dr.
Osmar Cavassan, Biology Department, where voucher specimen
no. 2148 was deposited.

Fresh leaves, found in an intermediate position between the
top (canopy) and the base of a tree, were randomly collected,
always at the same time (7:30 AM). The samples were immedi-
ately sent to the laboratory to undergo the drying and extraction
procedure.

The leaves were dried for 7 days, in a naturally ventilated
site, sheltered from the sun, under a controlled temperature and
powdered in stainless steel-cutting bladed mills, at 3800 RPM.

Following the grinding process, the samples were sifted in
the GOWMAC system with sieve meshes varying between 1
and 50, being the intermediate portions used.

Fig. 1 presents a diagram with the main phases performed in
the extraction, purification and analysis processes to obtain the
essential oil of Eugenia uniflora L.

2.2. Extraction

Aiming at evaluating the best way to extract the essential
oil from the Eugenia uniflora L. plant, four different extraction

Sample
Clean-up, Dry
Ground
Extraction
h 4 ¥
Clevenger System Soxlhet Supercritical Fluid Solid-liquid
Extraction
Yield Evaluation
Purification | HRGC/FID
h 4

HRGC/MS

Fig. 1. Diagram of extraction, purification and analysis of Eugenia uniflora L. essential oil.
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processes were utilized: solid-liquid, Clevenger system, Soxhlet
and extraction with a supercritical fluid (SFE). The oil yield
(quantitative analysis) for the tested extractions was calculated
by dividing the mass obtained by the initial mass and the time
of extraction (in hours).

2.2.1. Solid-liquid extraction

1.20 g of previously ground leaves were placed in a becker
(250 mL) with 200 mL of distilled water under constant agita-
tion, for 30 min, in a 45 °C temperature. Then, the extract was
filtered and submitted to liquid—liquid extraction with 80 mL of
petroleum ether (proposed solvent). The mixture was shaken and
the operation repeated five times, so as to favor, at the maximum,
the partition between the two solvents of opposed polarities,
resting for 20 min to allow the separation between the two
phases.

The phases were separated by the simple collection per-
formed through the opening of the funnel’s faucet. The aqueous
phase was eliminated and discarded. The organic phase (clearer)
was collected and submitted to concentration under a nitrogen
flow and room temperature and the extract submitted to evalua-
tion phases.

For the same purpose, different volumes of the partition sol-
vent were tested for the same solid-liquid method, as follows.

2.2.2. Solid-liquid extraction

2.20g of previously ground leaves were extracted with
200 mL of distilled water, for 30 min, at a temperature of 45 °C
under constant shaking, being decanted for a 20-min period,
in the becker itself. The aqueous part of the decanted mix-
ture was placed in a separation funnel and the petroleum ether
partition solvent was added into two portions: 40 and 20 mL,
being repeated the previously described procedure. Following
the collection, the organic extracts were combined, concentrated
under a nitrogen flow and then, submitted to the evaluation
phases.

2.2.3. Clevenger system

Thirty grams of previously ground leaves were extracted with
300 g of distilled water (proportion 1:10, m/m) in a round bottom
flask at a controlled temperature (98 °C).

The study of extractions in the Clevenger system was per-
formed in different periods: 1, 2, 3 and 4 h. The essential oil
obtained was, then, submitted to evaluation.

2.2.4. Supercritical fluid extraction

SFE was carried out in the dynamic mode (the fluid passes,
continuously, through the extraction cell which contains the
sample) in an ISCO-SFX™ 220—Supercritical Fluid Extractor
and Controller SFX™ 200 equipment. 2.5 g of ground leaves
(30 mesh) were submitted to extraction using 50 mL of CO;
as the fluid extractor, in supercritical state, in different pres-
sures (27.58, 34.47, 41.37, 48.26, 55.16, 62.05 MPa) at flow
rate of 10 mL/min during 10 min A fused-silica capillary tube
(30 cm x 100 pm i.d.) was attached to the outlet of the extractor
as a restrictor and the extracts were collected in an ice-cooled
vial containing acetone.

After each extraction, the essential oil obtained was collected,
remaining at room temperature for total CO, evaporation. The
evaluation of the gravimetric yield was performed in relation to
the initial mass, in each pressure studied.

2.2.5. Soxhlet extraction

Seven grams of previously ground leaves were inserted in
a cellulose cartridge on which a piece of silanized glass wool
was placed (enough to fill the cartridge). After preparing the
sample, the cartridge was inserted into the Soxhlet apparatus,
utilizing as the solvent, 92%-commercial ethanol, at approxi-
mately 98 °C for 4 h. The extract obtained was concentrated in
arotary-evaporator under a reduced pressure, at the temperature
of 50 °C until dryness and submitted to evaluation.

2.3. Linalool purification and isolation

For the posterior application of the oil to accomplish the
Lethal Dose test and other biological tests as well, the pro-
cedures to purify the sample and isolate the active principle
were performed utilizing silica gel adsorption chromatography.
This procedure was initially developed with a study on the
extract’s chromatographic behavior in the presence of solvents
from different dielectric constants in thin layer chromatography
(TLC). In a second step, after determining the solvent, an elu-
tion study was performed in little fractions, to define the quantity
of solvent suitable for the elution procedure of compounds of
interest.

Procedure: 10 g of silica gel, previously activated at 140 °C,
for 4 h, were added to a preparatory liquid chromatography col-
umn, being conditioned with 50 mL of n-hexane, and the sample
added to the column, eluted with n-hexane/ether (30:70, v/v)
in 25 fractions of 3mL. The extract was collected in a round
bottom flask and concentrated until dryness in a rotary evapora-
tor, under reduced pressure, at 50 °C. The extracts were finally
diluted in 1 mL of hexane and submitted to analysis by GC/FID
and GC/MS.

2.4. Identification of compounds

The identification of some constituents of the essential
oils was achieved based on their retention indexes (deter-
mined in relation to a series of normal alkanes), and by com-
parison of their mass spectral fragmentation patterns (NIST
database/ChemStation data system) [17], and literature data
[18,19].

The results accomplished through mass spectrometry,
showed the presence of linalool, which was corroborated by
the injection and comparison of chromatographic retention time
with its analytical standard. Thus, the present study was directed
so as to quantify the linalool, owing to its great applicability as
a medicine.

The quantification of linalool in the samples studied was per-
formed by external standard method. A primary linalool standard
was prepared in acetone, in concentrations of 0.1, 0.5, 1.0, 2.0
and 3.0%, being analyzed through GC/FID, so as to obtain the
analytical curve.



M.S. Galhiane et al. / Talanta 70 (2006) 286-292 289

2.5. Analysis

2.5.1. GC/FID

The extracts obtained in the studied extraction methods were
solubilized in ethanol/water (1:20, v/v), being the sample vol-
ume injected, 1 nL. The analyses were performed in a HP
5890 Series II Chromatographer, equipped with a flame ioniza-
tion detector and a chromatographic column CW-20 (Carbowax
20M), length 50 m; internal diameter 0.22 mm and film thick-
ness 0.35 wm. The operating conditions were as follows: initial
temperature 40 °C (2 min), increased at 8 °C/min to 250 °C, kept
for 1 min, then increased at 12 °C/min to 290 °C for 8 min; injec-
tor temperature 250 °C; Hy carrier gas; column linear velocity
(u =45 cm/s) operated in the split mode 1:70; injection volume
1 pL; detector temperature 300 °C.

2.5.2. GC/MS

The extracts obtained were submitted to gas chromatography
analysis in a HP 5890 Series II gas chromatographer equipped
with a HP 5972 (quadruple) mass selective detector and a
fused silica column LM-5, 5% phenyl 95% dimethylpolysilox-
ane (35m x 0.25mm i.d., film thickness 0.25 wm). The oven
temperature was from 60 °C to 25 °C/min up to 150°C, then
3°C/min up to 200°C, and 8°C/min up to 290 °C (8 min),
the temperature of the injector, 250 °C; the carrier gas Helium,
operated in the “splitless” mode; injection volume, 1 pL. The
mass spectrometry parameters were: electrons impact at 70 eV,
source temperature 250 °C, line of transference, 280 °C, electro-
multiplier at 1200V, scan rate 1.5scan/s in the mass interval
40-600 m/s.

3. Result and discussion

Medicinal plants contribute as a natural medicine source and
afford great chances for a prototype molecule to be obtained,
owing to their diversity of constituents. However, countless
plants which are used in phytotherapeutic preparations need a
greater quality control, since the scientific literature indicates
that many of these may present toxic substances or variable
chemical composition [20,21].

The main purpose of the present study was to investigate
the extraction and purification methods by means of chromato-
graphic methods of analysis (GC/FID and GC/MS).

3.1. Evaluation of the extraction methods studied
Table 1 presents the mean of gravimetric yield for the Eugenia

uniflora L.’s essential oil, obtained through various extraction

Table 1
Mean of gravimetric yield for the essential oil of the Eugenia uniflora L. plant
obtained through the extraction methods tested

Extraction method Mean yield (%)
Solid-liquid 0.015
Soxhlet 0.140
Clevenger 0.416
SFE 2.950

methods tested. In all cases, the presence of a “waxy mass”, in
the bottom of the becker, probably grease and hydrocarbons of a
high molecular weight obtained following solvent volatilization,
was confirmed. This mass was discarded in the chromatographic
analyses, due to contamination risks of the chromatographic sys-
tem: column and detector, mainly.

As it can be verified, the greatest yields were obtained for the
SFE method (about 3.0 g) and the Clevenger system (about 0.4 g)
and the smallest yield for the solid—liquid extraction (0.015 g).

The extractions accomplished by the Clevenger system still
offered different results regarding the extraction time, as shown
in Table 2. As it can be seen, the extraction time is an important
variable in the process to obtain the oil, for, an increase of about
350% in the yield of raw oil, obtained after 5 h of extraction, as
compared to the 1-h period, was confirmed.

In order to obtain better extraction conditions, that is, the
greatest oil yield, ground leaves granulemetry was assessed.
Table 3 presents the results obtained for the Clevenger extrac-
tion process, utilizing various ground leaves granulemetry (5,
15 and 30 mesh). The results showed the influence of pieces’
sizes, which was greater in periods of 1-3 h, with differences
of up to 45% in oil yield. Nevertheless, after these periods, that
is, 4 and 5 h of extraction, smaller variations on the yield of oil
extraction (5-10%) were observed. An increase in the yield of
oil extraction was seen in all experiments, a fact that might be
related to the increase in contact surface which allows a greater
quantity of extracted compounds (Fig. 2).

The results obtained through supercritical fluid extraction
(SFE) are reported in Table 4 and in Fig. 3. The latter demon-
strates, graphically, the essential oil yield for the Eugenia
uniflora L. plant, obtained through SFE in different extrac-
tion experiments with pressure variation. The fluid’s pres-
sure is the main parameter which influences a SFE pro-
cess [19,22]. In this work, when the pressure increased from
27.58 to 55.16 MPa, the yields of the oil studied increased in

Table 2
Extraction time X yield of the essential oil obtained through the Clevenger sys-
tem, for dry leaves

Time (h) Oil yield (%)
1 0.168

2 0.328

3 0.433

4 0.556

5 0.600

Table 3

Extraction time x yield of the essential oil obtained through the Clevenger sys-
tem, for different leaf granulemetries

Time (h) Yield (%)
5 mesh 15 mesh 30 mesh
1 0.080 0.098 0.102
2 0.200 0.225 0.289
3 0.322 0.336 0.394
4 0.498 0.512 0.527
5 0.522 0.558 0.569
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Fig. 2. Yield of the Eugenia uniflora essential oil obtained by Clevenger system
using fresh leaves.

about 300%. This may be related to a greater density, which
increases the extraction fluid solvatation power, promoting a
greater yield in oil extraction. Nevertheless, in greater densi-
ties, that is, greater pressures (62.05 MPa), the diffusion coef-
ficient diminishes, causing a decrease in the extraction yield,
owing to the kinetics of the process, which can be verified in
Table 4.

Although the SFE presented an optimal quantitative yield
of raw oil, the qualitative aspect was not shown to be con-
venient in relation to the analytes present in its composition.
The diversity of the extracted compounds was probably due
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Table 4
Yield of the essential oil obtained through the SFE system, in different pressures
Pressure (MPa) Yield (%)
27.58 0.832
34.47 0.500
41.37 1.044
48.26 1.548
55.16 2512
62.05 1.268
Supercritical Fluid E:dractionl
3
2,51 ]
2 4
=)
= 157
O
1 4
L [
0 T - ‘ -

27,58 34,47 41,37 4826

Pressure (MPa)

55,16 62,05

Fig. 3. Mass of Eugenia uniflora essential oil obtained by SFE.

to the carbon dioxide’s penetration strength and the conditions
utilized, which showed to be little selective for our objec-
tive, besides compromising and hampering the chromatographic
analysis. Hence, Clevenger was the method to present the best
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Fig. 5. Chromatogram of standard linalool at 1 pg/mL and its mass spectrum.

performance, being chosen for qualitative studies regarding its
composition.

3.2. Determination of major compounds

Fig. 4 presents the chromatogram of the essential oil obtained
by the Clevenger system. One can observe a great quantity of
peaks, which evidence the presence of a great quantity of com-
pounds with different polarities, since the main mechanism of
separation of such column is through the value of dielectrical
constant. Thus, the presence of an ample range of boiling points
may be inferred, based on the programming of the temperature
of the chromatograph oven.

The chromatogram of the raw essential oil (Fig. 4) obtained
by GC shows various peaks, presenting four major compounds
of greater concentration, which were posteriorly submitted to
analysis through high resolution gas chromatography coupled to
mass spectrometry. By means of a search in a database and the
respective mathematical calculation in relation to the 10 peaks
referring to most abundant ions in the spectrum existing in the
GC/MS system, it was possible to find, experimentally, each
component of interest of the essential oil.

Fig. 4 presents the chromatogram and the respective spectra
of the major peaks studied in this paper.

- Cyclohexane, lethenyl-1-methyl;

- 1,5-Cycloundecadiene, 9-1-methylethyl;
- 5-Benzofuranacetic acid, 6-ethenyl;

- 1,2-butanediol, 1-phenyl.

The linalool compound (2,6-Dimethyl-2,7-octadien-6-ol)
was also identified through the database in the GC/MS system
and had its identity confirmed by the analysis of the standard,
which may be observed in Fig. 5.

3.3. Purification and isolation of the linalool

The results obtained through the fractioning of the essential
oil of the Eugenia uniflora L. plant are presented in Figs. 6 and 7.
These results show that the silica’s high polarity utilized in
relation to the petroleum ether’s polarity (n-hexane and other

RS Linalool —
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0,000 T T
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| Hﬂﬂﬂm
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Fig. 6. Results obtained for the Eugenia uniflora essential oil fractioned in silica
column.

hydrocarbons), enabled the retention of polar compounds and
the elution of linalool, mainly in fractions of 10-24, being that
fractions 1-9 did not eluate considerable quantities of the desired
compound. The fractioning study was monitored by means of
1.2e5 4
1.0e5 1
8.0e4 1
6.0e4
4.0e4 1

Linalol

2.0e4

10 15

Time (min.)

20 25

Fig. 7. Chromatogram of fraction 12 of the extract of Eugenia uniflora oil
obtained by Clevenger system and GC/FID.
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analyses carried out by GC/FID and confirmed by GC/MS, for
a greater reliability of the results. Thus, it was possible to deter-
mine that the fraction of 27 initial mL could be discarded and that
just another 45 mL would be necessary for the linalool, present
in the sample, to be separated. This study is extremely impor-
tant in plants’ analytical procedures, for it contributes to a faster
and more economical process, diminishing the discard of toxic
solvents.

The chromatogram of Fig. 7 presents the sample of fraction
12 as an example to illustrate the purification process’ effect,
showing great efficiency and capacity for the concentration of
the target compound (linalool).

External calibration was used to quantify the linalool in the
extract of essential oil of Eugenia uniflora. The calibration curve
obtained gave an equation of y=415.794 + 1.027 x 10’x which
was linear (r2>0.99), being its average concentration around
1.70%.

In future works, the improvement of extraction and purifica-
tion methods will be studied for the accomplishment of quanti-
tative studies of other major compounds and their applications
in vitro and in vivo.

4. Conclusion

This work presented several methodologies to extract the
essential oil of the Eugenia uniflora L., and the Clevenger
method showed the greatest efficiency and selectivity. More con-
temporary methods were also studied and, in this particular, the
supercritical fluid extraction (SFE) presented excellent results,
mainly by the yield and its extraction velocity, besides being a
method of great solvent economy. However, it presented a low
selectivity, being necessary a previous optimization to suit the
purposes of the work.

The granulemetry study, in the Clevenger extraction, demon-
strated that when the size of particles is diminished, the oil yield
sensibly increases.

GC/FID and GC/MS showed to be valuable tools to determine
the general and specific composition of complex samples such
as plant extracts.

The study accomplished by chromatographic techniques
pointed to linalool as one of the active principles of the Eugenia
uniflora L.

The purification of the oil, utilizing silica, was greatly impor-
tant in the active principle (linalool) isolation phase and/or
cleaning, avoiding the toxic effect of co-extractives.

In subsequent phases, condition adjustments, utilizing mul-
tivariate chemometric methods with artificial computer intelli-
gence may aid in the attainment of better extraction and purifi-
cation conditions of the oil studied, prior to biological tests in
vitro and in vivo.
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Abstract

In food production, reliable analytical methods for confirmation of purity or degree of spoilage are required by growers, food quality assessors,
processors, and consumers. Seven parameters of physico-chemical properties, such as acid number, colority, density, refractive index, moisture and
volatility, saponification value and peroxide value, were measured for quality and adulterated soybean, as well as quality and rancid rapeseed oils.
Chemometrics methods were then applied for qualitative and quantitative discrimination and prediction of the oils by methods such exploratory
principal component analysis (PCA), partial least squares (PLS), radial basis function-artificial neural networks (RBF-ANN), and multi-criteria
decision making methods (MCDM), PROMETHEE and GAIA.

In general, the soybean and rapeseed oils were discriminated by PCA, and the two spoilt oils behaved differently with the rancid rapeseed
samples exhibiting more object scatter on the PC-scores plot, than the adulterated soybean oil. For the PLS and RBF-ANN prediction methods,
suitable training models were devised, which were able to predict satisfactorily the category of the four different oil samples in the verification
set. Rank ordering with the use of MCDM models indicated that the oil types can be discriminated on the PROMETHEE 1II scale. For the first
time, it was demonstrated how ranking of oil objects with the use of PROMETHEE and GAIA could be utilized as a versatile indicator of quality
performance of products on the basis of a standard selected by the stakeholder. In principle, this approach provides a very flexible method for

assessment of product quality directly from the measured data.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Edible vegetable oils; Physico-chemical properties; Principal component analysis; Partial least squares; Artificial neural networks; PROMETHEE and

GAIA; Chemometrics

1. Introduction

Determination of food authenticity is an important issue in
food quality control and safety [1]. In general, large quantities
of vegetable oils are consumed every year, and in particular,
soybean and rapeseed oils are widely used in food preparation,
cooking and frying. However, such oils may be spoilt naturally
through rancidity, or by adulteration, which often occurs for
financial gain. Spoilt oils may cause severe health and safety
problems [2]. Thus, methods of detection for spoilt vegetable oils
are important. Commonly available instrumental methods for
such applications include gas chromatography (GC) and liquid

* Corresponding author.
E-mail address: ynni@ncu.edu.cn (Y. Ni).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.037

chromatography (LC), which have been used for analysis of
vegetable oil constituents such as sterols [3,4], fatty acids [5,6],
triglycerides [7-9] and tocopherols [ 10]. However, while GC and
LC are frequently-used methods for assessment of adulteration
of vegetable oils, they are often time-consuming and laborious.
A review of this field [11] has been published.

It is generally well known that near-infrared (NIR) spec-
troscopy has been applied for rapid quantitative analysis of
many constituents in food and agricultural products with many
applications being reported recently [12—15]. Fourier transform
infrared (FT-IR) [16,17], and FT-Raman spectroscopy [18] have
also been applied in this context, especially for the FT-Raman
analysis with the use of the Nd:YAG laser at 1064 nm.

Chemometrics methods have been commonly applied for
matching and discrimination, classification and prediction in
assessing authenticity of vegetable oils. Thus, GC and LC
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methods in combination with multivariate statistical techniques
such as principal component analysis (PCA), discriminant anal-
ysis (DA), cluster analysis (CA), K-nearest neighbor, partial
least squares (PLS) and artificial neural networks (ANN) have
been applied successfully to classify and discriminate the oils
[19-22]. Quantitative assessment of oil adulteration has been
similarly achieved with the use of IR [23,24] and Raman spec-
troscopy [25].

Traditional methods for evaluating the quality of vegetable
oils have relied on the measurement of physico-chemical prop-
erties such as density, refractive index, saponification value,
iodine and acid numbers [26]. Many of these methods are
simple, well understood in the industry, and may be read-
ily and cheaply applied in small food laboratories. But there
are very few reports [27] of multivariate classifications of
vegetable oils, which are based on such physico-chemical
properties.

This paper focuses on the evaluation of the potential of mul-
tivariate chemometrics analysis for the assessment of the quality
of soybean and rapeseed oils on the basis of physico-chemical
properties.

In this study, we investigated physico-chemical data for both
of these cases. Thus, both pure oils were available, and also
samples of: (i) soybean oil adulterated with palm oil, and (ii)
rancid rapeseed oil were included. Interestingly, the general
physico-chemical properties of the pure and impure samples
of the two types of oil were often quite similar and could not
be always discriminated by, for example, the colority variable.
Thus, the aim of this work was to investigate how different
methods of chemometrics could facilitate the discrimination,
classification or prediction of different oils and their purity
on the basis of commonly measured physico-chemical prop-
erties. This aim was facilitated with the aid of the following
objectives:

(1) to investigate the matching and discrimination of the oils
with the aid of exploratory PCA on the basis of seven com-
mon physico-chemical properties viz, colority, moisture and
volatility, density, refractive index, acid number, saponifica-
tion value and peroxide value;

Table 1

(2) to assess the possibility of applying PLS and RBF-ANN
methods for prediction of the oil type, and quality status of
the oils; and

(3) to apply the multicriteria decision making methods
(MCDM) for quality ranking of the oil objects, and to
demonstrate that this approach can compare the quality of
the oils relative to a performance threshold introduced by
the stakeholders.

2. Experimental
2.1. Soybean and rapeseed oil samples

Sixty-one soybean and rapeseed oil samples (25 quality soy-
bean, 7 adulterated soybean, 15 quality rapeseed and 14 rancid
rapeseed oil samples) from different suppliers in Nanchang,
China, were provided by the Jiangxi Provincial Food Quality
Safety Supervising Test Center. All the edible vegetable oil sam-
ples were examined randomly. Samples were collected in glass
bottles and stored in the dark at 3—4 °C.

2.2. Methods of analysis

The seven selected physico-chemical properties, colority,
moisture and volatility, density, refractive index, acid number,
saponification value and peroxide value, were measured by stan-
dard methods for food analysis [28]. These are similar to those
described in the well known analytical texts [29,30]. The results
of the seven parameters determined for edible vegetable oil sam-
ples are summarized (Table 1) as mean values and standard
deviations.

2.3. Chemometrics methods and data analysis

The data matrix consisted of 61 objects (the soybean and
rapeseed oil samples) and seven variables (the physico-chemical
parameters). The data were processed on a Pentium IV com-
puter with the use of programs from: for PCA and PLS-Sirius
6.5 (PRS, Bergen, Norway), for MCDM methods (Visual Deci-
sion Inc., Version 2000), and for RBF-ANN (MATLAB 6.1,
Mathworks).

Mean values and standard deviations (S.D.) for the variables measured for the vegetable oil samples®

Variables Soybean oil samples Rapeseed oils samples

QS (n=25) AS (n=17) QR (n=15) RR (n=14)

Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Colority 0.1 0.0 0.1 0.0 4.15 0.85 4.74 0.77
Moisture and volatility (%) 0.04 0.02 0.05 0.02 0.08 0.05 0.1 0.06
Density (20°C) 0.922 0.006 0.915 0.002 0.918 0.003 0.917 0.002
Refractive index (20 °C) 1.474 0.002 1.471 0.004 1.473 0.001 1.472 0.001
Acid number (mgkg~!) 0.17 0.07 0.34 0.10 221 0.54 3.98 1.60
Saponification value (mgkg™!) 193.2 1.1 193.7 0.7 175.4 2.8 175.0 2.5
Peroxide value (meqkg™") 4.73 45 12.0 5.7 7.7 3.0 14.3 2.6

2 QS: quality soybean oils; AS: adulterated soybean oils; QR: quality rapeseed oils; RR: rancid rapeseed oils.
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2.3.1. Principal component analysis and partial least
squares

Exploratory PCA is a well-known technique of multivari-
ate analysis [31-33]. PCA transforms an original data matrix
(X, xm) into a product of two matrices, one of which contains
the information about the objects (S, ), namely scores of the n
objects on m principal components (PCs), and the other, which
focuses on the variables (V;;,x;;), contains the loadings. PCs are
extracted on the basis of data variance in a top-down order with
PC1 describing the largest amount of the variance. It is common
to pre-treat the data matrix before submission to a chemometrics
procedure; in this work, the matrix was autoscaled. Autoscaling
is a common multiple pre-treatment involving y-mean scaling
followed by standardization of the variables. Since the indepen-
dent variables varied in size significantly, it is useful to remove
the influence of size.

PLS is a well-known factor analysis multivariate method
principally applied for prediction [31,34-36]. It requires a cali-
bration step in which a model is constructed from a number of
significant factors. PLS modeling includes the dependent and
independent variables in the data compression and decomposi-
tion operations, i.e., both y and x data are actively used in the
data analysis. Strictly, in this work the PLS procedure could
be referred to as Discriminant PLS because the objects were
assigned to different classes as e.g. 0, 1, 2, etc.

2.3.2. Radial basis function—artificial neural networks

Artificial neural network modeling is widely used to solve
analytical problems, especially for fitting non-linear data
[37,38]. The most common ANN model involves the multilayer
feed-forward net with the back-propagation (BP-ANN) learn-
ing algorithm [37]. More recently, another approach has been
described — the RBF — ANN, which offers some advantages of
robustness and sensitivity to noisy data as compared to the BP-
ANN model. The basic theory of RBF-ANN and its application
to chemical problems can be found in the literature [39,40].

In general, RBF-ANN networks use a Gaussian kernel func-
tion to account for the non-linearity of the hidden layer process-
ing elements. The Gaussian function responds only to a small
region of the input space where the Gaussian is centred. The
key to a successful implementation of these networks is to find
suitable centres for such a Gaussian function, which is charac-
terized by two parameters, i.e., centre (c;), and peak width (o;).
The output from the jth Gaussian neuron for an input object x;
can be calculated by the following equation:

e — 12
”i;7>;j“ ) o

where ||x;—c;j|| is the calculated Euclidean distance between x;,
and ¢;, and the o; determines the portion of the input space where
the jth RBF-ANN will have a non-significant zero response. This
RBF-ANN hidden layer is fully connected to the output layer by
the size of the weight coefficients, wg;. The input value to each
output node is the weighted sum of all the outputs of the hidden
nodes. Finally, the response of each output node is calculated by
a linear function of its input (which includes the bias, wyg), i.e.,

outj = @;(||lx; — ¢jl|) = exp (

the output of the hidden layer (outy). The relationship between
the value, outy, and the input variables x; can be represented by:

outy = wio + > _wi®;(llxi — ¢jl) )
J

The weights wy; are adjusted to minimize the mean square error
of the net output. The two sets of parameters (the centres and
the widths) in the hidden layer and a set of weights in output
layer are adjusted. The adjustment for output layer is quite sim-
ple, so the RBF-ANN has a guaranteed learning procedure for
convergence.

2.3.3. PROMETHEE and GAIA

PROMETHEE, a non-parametric outranking method, orders
objects on the basis of a set of criteria. It and its partner, the
visual display tool, GAIA, have been fully described elsewhere
[41-44], and a summary of the PROMETHEE procedure fol-
lows: (a) a data matrix consisting of objects (oil samples) and
the criteria (measured oil variables) was analysed with the use of
MCDM Decision Lab 2000 software [45], (b) for each criterion,
the user selected one of the six available preference functions
for rank-ordering, and indicated whether higher or lower values
were preferred i.e. maximised or minimized ranking, (c) a differ-
ence matrix was then computed from the raw data by subtraction
in all possible combinations, and the preference functions were
applied, (d) the global preference index was computed by sum-
ming the preference values for each object, (e) positive and
negative outranking flows were calculated (where the positive
outranking flow, ¢*, expressed how an object outranks all other
objects and the negative outranking flow ¢, indicated how other
objects outrank the object), (f) pair-wise comparison of the out-
ranking flows was performed for each alternative and partial
ranking of the alternatives was obtained, (g) the net ranking
flow, ¢ (where ¢ = ¢* — @) and complete ranking of the objects
were computed i.e. the rank order was the most preferred object
(highest ¢ value) to the least preferred one (lowest ¢ value), and
(h) PROMETHEE results were then submitted to GAIA, which
displayed them as a PC1 versus PC2 biplot with a decision axis,
pi, which showed the quality of the decision. When pi is long,
the best objects are in its direction and farthest away from the
origin and vice versa.

3. Results and discussion
3.1. Qualitative studies: principal component analysis

The full 61 x 7 autoscaled data matrix consisting of 25 qual-
ity soybean oils and 7 soybean oils adulterated with palm oil
together with 15 quality rapeseed oils and 14 rancid oils were
submitted to PCA analysis. The soybean product had been mixed
with another oil (palm oil), while the spoilt rapeseed oil repre-
sents oils, which had undergone normal degradation rather than
being mixed with an additive. Thus, the two different methods
of spoilage could show different property behavior, which could
be evident on a PCA biplot.
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Fig. 1. PC1 vs. PC2 biplot of edible vegetable oil samples. () Quality soybean
oils; (OJ) adulterated soybean oils; (A) quality rapeseed oils; (A) rancid rapeseed
oils.

The PC1 versus PC2 biplot (Fig. 1) accounts for almost 70%
of data variance and shows a distinct discrimination between the
soybean and rapeseed oils on PC1. The rapeseed cluster shows
a trend with positive scores on this PC, and the rancid samples
have the highest scores, while the soybean group has negative
PC1 scores. However, interestingly, the adulterated oils form
a clearly separated cluster with scores closer to zero i.e. rela-
tively more positive. Colority and acid number loadings vectors
are relatively large on PC1, and together with the shorter per-
oxide and moisture/volatility vectors discriminate the rapeseed
oils from the soybean ones. On the other hand, saponification
and the somewhat shorter refractive index and density loadings
distinguish the soybean oils from the rapeseed ones. The dis-
crimination of the oils on PC2 is much less clear. Thus, all of
the quality rapeseed samples, about two thirds of the quality
soybean and most of the rancid rapeseed oils are intermixed
with positive scores on PC2. They are discriminated from the
other oil samples on the basis of the refractive index, density
and to a lesser extent colority and the acid number. It is noted
that the moisture/volatility vector does not contribute to PC2.
The saponification criterion is the dominant loadings vector dis-
criminating the objects with negative PC2 scores. Together with
the smaller peroxide variable, it discriminates the soybean adul-
terated cluster and the remnants of the soybean quality and rancid
rapeseed samples from the other oils.

In addition to this PC-by-PC analysis, it is clear from the
PC1 versus PC2 projection plane that the differently spoilt oil
groups relate differently to their respective quality counter parts.
Thus, the separate soybean adulterated oil cluster forms a rough
trend along an imaginary line that passes through the soybean
quality group. The refractive index and density loadings vec-
tors, which are virtually co-linear, appear to be responsible for
this trend. The saponification vector with negative loadings on
both PCs is particularly related to the separation of the adul-
terated soybean oil. On the other hand, the rapeseed objects

form a dispersed cluster. There is no obvious separation of the
two groups from each other; indeed two rancid samples clearly
overlap the quality ones. The strong colority and acid number
loadings vectors are co-linear and reflect a clear association with
the change of these properties in the rancid samples. Similarly,
the peroxide vector is strongly associated with the rancid oils
as well.

Thus, it is apparent from this biplot that different variables,
which are commonly measured for all of the oil types considered,
are specifically related to different types of spoilt samples. The
biplot also indicates that spoilage by adulteration, results in sam-
ple mixtures with properties that are quite different from those of
the quality oils i.e., there is a distinct discrimination between the
two classes of samples. On the other hand, spoilage by normal
degradation of oils resulting in rancidity produces more varied
objects with the quality oil samples gradually blending in with
the rancid ones.

3.2. Quantitative studies: partial least squares and
artificial neural networks

In practice, the fundamental requirement is to know whether
a given oil sample is suitable for human consumption or not,
irrespective of the nature of spoilage. It would also be particu-
larly useful and more efficient if the associated testing could be
carried out by comparison with a composite calibration model
rather than individual calibrations for different models. In this
study, the soybean and rapeseed oils in the 61 sample matrix
were categorised into the four sub-types of pure and spoilt oils
with the use of oil category numbers 1, 2, 3 or 4, depending on
the case in question, and these were included as the dependent
variables for prediction modeling with the use of the PLS and
RBF-ANN methods.

3.2.1. Partial least squares

For PLS modeling, the 61 x 7 data matrix was divided into
a calibration and verification data sets. The former consisted of
22 soybean objects (17 pure and 5 adulterated samples) and 19
rapeseed objects (10 pure and 9 rancid samples), and the latter set
consisted of 10 soybean (8 pure and 2 adulterated samples) and
10 rapeseed objects (5 pure and 5 rancid samples). All samples
in the different categories were selected randomly.

For the PLS model, each type of oil was identified by a num-
ber 1, 2, 3 or 4 for quality soybean, adulterated soybean, quality
rapeseed and rancid rapeseed oils, respectively. Four statisti-
cally significant PCs (p=0.05) were extracted by the leave-
one-sample-out-at-a-time cross-validation method [38] for the
PLS calibration model, which described 67% of independent
and 96% of dependant data variance. The standard error of
calibration (SEC) was 0.27. In general, the predictions for the
verification data set (Table 2), and the measured versus predicted
plot (Fig. 2A) indicated that the results were quite acceptable
(SEP=0.26). However, one sample from the rapeseed oil group
gave poor predictions (R12). On the other hand, the model suf-
fered unavoidably from low sample numbers, because of the
need to split the 61-member data set into a training and a verifi-
cation groups.
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Table 2

Prediction results of the calibration models constructed by PLS and RBF-ANN
for the test set (quality soybean oil, adulterated soybean oil, quality rapeseed oil
and rancid rapeseed oil)

Sample Actual Predicted®-"
PLS RBF-ANN

1(S2) 1 1.0 0.98
2(S6) 1 0.89 1.0
3(S8) 1 0.88 0.91
4(S13) 1 1.4 1.3
5(S16) 1 1.2 1.3
6 (S20) 1 0.65 0.68
7(S22) 1 1.1 1.1
8 (S24) 1 1.3 1.3
9(S27) 2 1.8 1.6
10 (S31) 2 2.1 2.1
11 (R2) 3 2.8 2.7
12 (R4) 3 2.6 2.6
13 (R10) 3 3.1 3.0
14 (R12) 3 35 34
15 (R14) 3 3.0 3.0
16 (R16) 4 3.6 3.7
17 (R18) 4 4.2 3.8
18 (R22) 4 43 43
19 (R24) 4 4.0 4.1
20 (R28) 4 3.7 3.7

2 Values of the verification samples were set to 1, 2, 3 and 4 according to
the ranges >0.5 and <1.5, >1.5 and <2.5, >2.5 and <3.5, and >3.5 and <4.5,
respectively.

® (i) PLS model: number of significant factors=4; (ii) RBF-ANN model
parameters: 0.04, 15, 1500 and 18 for goal sum-squared error, epochs, spread
(sc) radial basis function and radial neurons, respectively.

3.2.2. Radial basis function—artificial neural networks

The 61 x 7 data matrix was divided into the same training
and verification data sets as for the PLS model above. The RBF-
ANN predicted values are compared with the measured ones,
and with those predicted by the PLS model (Table 2). An SEP
value of 0.24 when compared with that from the PLS modeling
of 0.26 indicates that the RBF-ANN model provides similar
results.

3.2.3. The elliptic joint confidence region (EJCR) method

A statistical analysis of recoveries may be performed by
applying linear regression analysis of measured versus predicted
data (see Table 2). Once the intercept (a) and slope (b) are found
by the LS method, the evaluated values with the ideal ones (0 for
intercept and 1 for slope) may be compared by calculating the
elliptic joint confidence region (EJCR) for the true intercept o

and slope § parameters. The equation describing the joint region
is [46,47]:

n(a—a)> + 2(Xx)a — a)(b — B) + (Zxi)* (b — p)*

=25 F2n—2 3)
where n is the number of data points, 5% the regression variance,
and F», ,— is the statistical F’ value with 2 and n — 2 degrees of

freedom at a given confidence level, usually 95%. If the point (1,
0) is inside the EJCR, it indicates that proportional and constant
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Fig. 2. (A) Plot of prediction vs. measured results for the test set in Table 3
by PLS. (M) Quality soybean oils; ([J) adulterated soybean oils; (A) quality
rapeseed oils; (A) Rancid rapeseed oils. (B) Joint confidence intervals based on
PLS and RBF-ANN methods (p =0.05).

biases are absent. Fig. 2B shows both of these regions for PLS
and RBF-ANN methods. They contain the theoretically expected
value of (1, 0), but the region for PLS appears slightly better than
that for RBF-ANN.

These investigations showed that both the PLS and the RBF-
ANN methods can categorize satisfactorily the pure and the
spoilt oils according to their types as identified by the oil cat-
egory number. While this approach is feasible, it will always
need a training set, the dependent variable of which will be
subject to some other criteria required to decide the quality of
the oils. An alternative potential solution to this rather cumber-
some method is to apply the MCDM methods [42], which do
not require model training sets, and which rank-orders the oil
objects according to the criteria measurements. PROMETHEE
and GAIA methods are representative of such an approach, and
have recently been shown to have considerable potential for
applications to problems similar to the one being discussed here
[43,48,49].
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3.3. PROMETHEE and GAIA analysis of the oil samples

3.3.1. Ranking of the oil samples

Recently, it has been demonstrated successfully that it is pos-
sible to differentiate the performance of sugarcane clones for
resistance against disease [49] with the use of the PROMETHEE
and GAIA methods. Some advantages of this approach include:
(i) no training set is required; (i) PROMETHEE is a non-
parametric method based on comparisons of Euclidean dis-
tances, and thus, it is possible to rank-order not only many
objects but just a few as well; (iii) reference objects or crite-
ria may be added to the data matrix.

The same 61 x 7 raw data matrix was investigated in this
work. The modeling parameters, preference functions and mod-
eling rationale are summarized as follows:

(1) All the criteria were minimized because for each variable,
adulterated or rancid samples have higher values than those
for the quality oils.

(2) The linear preference function was chosen for modeling
every criterion [41,45,49]. As there is more than one type of
oil being analyzed simultaneously i.e. different types of oil
of different quality, a range of ideal threshold values for each
criterion could not be determined for this data set. Conse-
quently, minimum and maximum values for each criterion
in the data set were selected as the Q and P threshold values
in PROMETHEE, respectively.

(3) The weighting factor for each criterion was set to the default
value of 1.

The PROMETHEE II net outranking flows range from +0.18
to —0.28 (Table 3). It is clear that the two types of oil were differ-
entiated such that the soybean oils had positive ¢ net outranking
flow values, and the rapeseed oils had negative ¢ ones. Ideally,
one might expect very little difference in the ¢ values for a given
oil type, particularly for the quality samples, because for a given
oil type the properties should be more or less the same. Spoilt
samples should be made evident by degree rather than in large
steps. Except for a few samples on both ends of the oil perfor-
mance scale, the order derived from the ¢ net outranking flows
reflected closely the above postulated ideal behavior—for the
quality soybean oils ¢ range was 0.14-0.12, and it was some-
what wider for the quality rapeseed samples (¢ range: —0.05 to
—0.13). In general, for each oil, the quality products had higher
(more positive) values while the spoilt samples clustered at the
end of the ranking groups. However, there was no obvious sep-
aration in either group of the spoilt oils from the quality ones
on the basis of the ¢ values. Indeed, there appeared to be some
mixing of the spoilt samples with the quality ones. For the ran-
cid rapeseed oil, two samples (R16 and R27) were picked up
in the MCDM analysis. In the PROMETHEE II net outranking
flows order, these samples were placed arguably at the quality
boundary with ¢ values just above —0.16. With the adulterated
soybean oil, one sample (S30) was close to the quality/spoilt
boundary of the group, while the other (S29) was further up the
scale. Neither sample was previously picked up by the PLS and

Table 3

Demonstration of PROMETHEE II overall rankings for the comparison of qual-
ity of the pure and spoilt soybean and rapeseed oils against the respective average
oil criteria, Savg and Ravg

Object ¢ Net Group

S8 0.18 Quality soybean
S4b 0.16 Quality soybean

S11 0.16 Quality soybean

S6 0.15 Quality soybean
S5a 0.15 Quality soybean
S20 0.14 Quality soybean
S18 0.14 Quality soybean

S15 0.14 Quality soybean

S9 0.14 Quality soybean

S7 0.14 Quality soybean
S19 0.13 Quality soybean
S22 0.13 Quality soybean
S10 0.13 Quality soybean
S29 0.13 Adulterated soybean
S2 0.13 Quality soybean
Savg 0.13 Avg. quality soybean
S1 0.13 Quality soybean
S24 0.13 Quality soybean
S14 0.12 Quality soybean
S16 0.12 Quality soybean
S21 0.12 Quality soybean
S23 0.12 Quality soybean
Si2a 0.11 Quality soybean
S30 0.11 Adulterated soybean
S17 0.11 Quality soybean

S3 0.10 Quality soybean
S13 0.09 Quality soybean
S25b 0.09 Quality soybean
S32 0.06 Adulterated soybean
S28 0.05 Adulterated soybean
S26 0.05 Adulterated soybean
S27 0.04 Adulterated soybean
S31 0.02 Adulterated soybean
R7b —0.01 Quality rapeseed

R4 —0.02 Quality rapeseed
Rla —0.03 Quality rapeseed
R14 —0.04 Quality rapeseed

R6 —0.05 Quality rapeseed

R2 —0.05 Quality rapeseed
R15 —0.05 Quality rapeseed

R3 —0.05 Quality rapeseed

RS —0.06 Quality rapeseed
Ravg —0.06 Avg. quality rapeseed
R9 —0.08 Quality rapeseed

R8 —0.08 Quality rapeseed
R10 —0.09 Quality rapeseed
Rlla —0.10 Quality rapeseed
R16 —0.11 Rancid rapeseed
R13 —0.12 Quality rapeseed
R27b —0.13 Rancid rapeseed
R12 —0.16 Quality rapeseed
R24 —0.17 Rancid rapeseed
R28 —0.18 Rancid rapeseed
R23 —0.19 Rancid rapeseed
R26 -0.19 Rancid rapeseed
R19 —0.20 Rancid rapeseed
R21 —0.20 Rancid rapeseed
R25 -0.21 Rancid rapeseed
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Table 3 (Continued )

Object ¢ Net Group

R17 —0.22 Rancid rapeseed
R18 —0.24 Rancid rapeseed
R20 —0.24 Rancid rapeseed
R29 —0.25 Rancid rapeseed
R22 —0.28 Rancid rapeseed

a, b: Is and 2s (standard deviations) from the average quality oil (i.e. Savg or
Ravg), respectively. Soybean oil: 1srange: 0.15-0.11¢ and 2s range: 0.17-0.09¢;
rapeseed oil: 1s range: —0.02 to —0.10¢ and 2s range: 0.01 to —0.14¢.

the RBF-ANN when these were applied to the verification sets
because both samples were located in the calibration models.

The GAIA biplot (Fig. 3) was produced from a matrix formed
by the decomposition of the PROMETHEE II outranking flows
[41], provided guidance for the detection of potential atypical
samples and for the principal criteria responsible for the discrim-
ination of the different grades of oils. Thus, all soybean samples
had negative scores on PC1 and all rapeseed samples had posi-
tive ones. As with the initial PCA analysis on the autoscaled data
matrix (Fig. 1), the soybean samples showed on the PC1 versus
PC2 projection plane, a relatively tight roughly linear trend of
the samples with a clear separation of most of the adulterated
samples from the quality ones (two adulterated objects, S29 and
S30, were completely immersed in the quality cluster), whereas
the rapeseed oils formed a much more dispersed cluster. The
quality oils formed a loose group with the more negative scores
on PC1, while the rancid oils had more positive scores. The two
rancid samples (R16 and R27), which appeared among the qual-
ity oils according to the PROMETHEE II net outranking flows
scale were now in their corresponding rancid cluster.

The dominant criteria that were responsible for the discrim-
ination of the soybean oils from rapeseed ones on PC1, were
in order of vector length—colority, peroxide, acid number and
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Fig. 3. GAIA biplot with average quality samples (Savg and Ravg) included.
(M) Quality soybean oils; ((J) adulterated soybean oils; (A) quality rapeseed
oils; (A) rancid rapeseed oils; (O) average quality oils.

moisture and volatility. On PC2, colority and acid number were
responsible for separating mostly the rancid and the adulterated
oils from the rest. Peroxide criterion was dominant for objects
with positive scores on PC2, i.e., mostly the quality oils from
both groups. This is in agreement with the expectation that such
oils will have the lowest peroxide values consistent with the
‘minimised’ setting of the variable in the modeling process.

3.3.2. Performance classification of the oil samples

The PROMETHEE and GAIA analysis (Section 3.3.1) estab-
lished that: (i) the soybean and rapeseed oils are clearly separated
on the ¢ net outranking flow relative scale, and (ii) in each case,
the spoilt samples formed a group at the end of each set of ¢
values. For the illustration of performance prediction, we chose
to compare the oil samples with the average set of criteria val-
ues (Savg and Ravg) for the quality soybean and rapeseed oils
respectively. PROMETHEE 1I rank order results for the full
data show (Table 3) the positions of the Savg and Ravg objects
amongst the samples according to the relative ¢ net outrank-
ing flows scale. The stake holder now has guidance to assess
the quality of the oil against the chosen and defined decision
points on the ranking scale, as well as, in this illustration, the
Is and 2s standard deviation limits. The criteria values for the
objects, Savg and Ravg, can be transferred to another data set
and applied in the same manner with the knowledge that they
are representative of oil quality as defined. However, the ¢ val-
ues are non-transferable and are computed for each individual
matrix.

The GAIA biplot (Fig. 3) accounted for 91% of data variance
shows the position of the Savg and Ravg objects relative to the
other objects.

4. Conclusion

In general, the soybean and rapeseed oils were discriminated
by PCA, and the two spoilt oils behaved differently from each
other. The PLS and RBF-ANN prediction models produced sat-
isfactory results on the verification set. PROMETHEE II rank
ordering indicated that the oil types can be discriminated, and
for the first time, it was demonstrated how the ranking of the oil
objects could be utilized as a versatile indicator of quality per-
formance on the basis of a standard selected by the stakeholder.
In general, this approach provides a very flexible method for
assessment of product quality.

The proposed methodologies have been recommended to the
Jiangxi Provincial Food Quality Safety Supervising Test Center
for oil products quality testing.
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Abstract

In this study, we have developed a sensitive, rapid and simple procedure for the energy dispersive X-ray fluorescence (EDXRF) spectrometry
measurement of tungsten in tobacco plant parts. Only 0.1 g of dried plant material is needed instead of the usual 1g. EDXRF spectrome-
try is used for quantitative measurement, after the foliar application of solutions of tungstophosphoric acid (WPA), its magnesium salt and
compounds with glycine (Gly) and alanine (Ala), in exact quantities. After that, the leaves, trunks and summits were collected and prepared
separately. Tungsten is determined directly in raw dried material, and the overlap of the tungsten peak with zinc’s that is present is avoided
by the spectral deconvolution to obtain quantitative results. The prepared dry tablets weighed 100 mg, and measurement time was 2000s. The
radioisotope excitation source used was '°Cd and tungsten was identified and quantified at the L,; and L, lines at the energies of 8397.6eV
and 8335.2 eV, respectively. EDXRF spectrometry was applied in a wide range of concentrations (up to 2000 mg/kg), with an estimated detec-
tion concentration limit of 15 mg/kg, calculated on dried material. Quantitative analysis of different parts of the treated plant plus the washings
gave 94.47% recovery of the applied tungsten in different compound forms. After the foliar application of investigated WPA compounds, there
were noticed both vertical and horizontal distributions of tungsten through out the tobacco plants, according to the EDXRF spectrometry results.
This conclusion is also in agreement with the positive effects of WPA on Tobacco mosaic tobamovirus (TMV) infection of Nicotiana tabacum
(Solanaceae).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction tive purposes [5]. TMV is very resistant and contagious and has

almost 800 plant species as host plants. It survives deep in the

Heteropoly compounds (HPCs) have large practical interest
and different applications [1-4]. HPCs with Keggin-type struc-
ture have been reported as inhibitors of several kinds of viruses,
but the literature about activity of HPCs on plant viruses is very
limited. In our previous work we proved significant antiviral
activity of 12-tungstophosphoric acid (WPA) against the plant
viruses Tobacco mosaic tobamovirus (TMV) and Cucumber
mosaic cucumovirus (CMV) in curative as well as in preven-
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soil for even two years as well as through all the procedures of
tobacco treatment. It is worth mentioning that there is no sat-
isfactory preparation against this virus in practice. Therefore,
the investigation of compounds with antiviral activity is of spe-
cial economical importance, and the present study addresses the
analytical procedure for the investigation of tungsten antiviral
compounds.

Tungsten in plant tissues may be determined by a variety
of methods, including neutron activation analysis [6—10], X-ray
fluorescence [11], spectrophotometry [12,13], atomic absorp-
tion [14] or fluorescence [15] spectrometry, ICP-MS [16], or
polarography [17]. Most require extensive sample preparation,
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including mineralization [11,14,16,17], dry [13] or low tem-
perature [15] ashing, chromatographic separation [8,10,12], or
solvent extraction [14].

In this work we have proposed a simple and sensi-
tive non-destructive method for HPC tungsten determination
in tobacco plants in wide range of concentrations (up to
2000 ppm in the dried samples, with 15 ppm detection limit)
with energy dispersive X-ray fluorescence (EDXRF) spec-
trometry and utilized it for antiviral activity investigation 12-
tungstophosphoric acid and its compounds. The tungsten com-
pounds in the plant materials were previously concentrated by
drying the material to be analyzed, allowing small samples,
and zinc spectral interference effect was eliminated by spectral
deconvolution.

We have used the method to investigate transport and dis-
tribution of WPA and its compounds after their foliar applica-
tion on Nicotine tobacco, var. Samsun, as chosen host plant.
It is important to estimate the distribution profile of selected
WPA compounds through the host plant and to contribute to
the explanation of their antiviral activity mechanism. In order
to investigate the possible phytotoxicity of the applied com-
pounds besides the WPA, experiments with the magnesium
salt of WPA, and new synthesized WPA compounds with
the amino acids, glycine (Gly) and alanine (Ala) were also
performed.

2. Experimental
2.1. Materials and methods

2.1.1. Chemicals

12-Tungstophosphoric acid, was made by Drachel’s method
[18]. Magnesium salts of WPA (MgWPA) [19], as well
as glycine and alanine compounds of WPA (GlyWPA and
AlaWPA) were prepared according to our previously devel-
oped procedures [20]. All chemicals were of analytical grade,
provided by Merck. The content of tungsten in the obtained
compounds was checked by ICP-AES, and the obtained and the
theoretical values were in agreement.

2.1.2. Pot experiment

The soil used in the pot experiment was sampled from an
unspoiled land in central Serbia. The plants were cultured in a
green house. Systematic virus infection was carried out when
the seeds had sprouted. When grown, they were placed one
plant per plastic pot. Each tobacco plant involved in the exper-
iment had at least four leaves. Systematic virus infection was
caused by the mechanical inoculation of each plant by using
carborundum for mechanical abrasion before applying the virus
solution. Mechanical inoculation with TMV inoculums (conta-
gious plant material containing viruses, dissolution 1073) was
performed on one of the lower leaves of Nicotiana tabacum
var. Samsun. After 3 days, the first signs of systematic infection
of the plant could be observed, and the application of WPA
compounds was carried out 2 days after that. The weighed
WPA compounds were dissolved in distilled water to give a
tungsten concentration of 5 mg/mL, and the prepared solutions

were applied in portions of 50 wL per each half of leaf, on
three leaves per pot. We analyzed four groups of plants: three
infected and treated and one group of healthy plants (control).
In the case of infected plants, we analyzed HPCs treated leaves,
non-treated leaves with summits, stem and roof. Groups were
treated with HPCs solutions for once, twice and thrice, with
10 days between each treatment. Plants were sampled 30 days
after the first application. During growth, soil humidity was
maintained by adding 50mL of distilled water per pot every
3 days.

2.1.3. Investigation of antiviral activity

Antiviral activity of HPCs was investigated by following the
number of spot damages that appeared on infected plants before
and after treatment by solutions of HPCs. The effect of absorbed
tungsten compounds on the growth of plants was studied
too.

2.1.4. Sample and standard preparation

Six plants of each group were harvested and washed with
distilled water three times. Water rinse, from the first washing
of treated leaves was collected for each plant and analyzed. The
whole plant in the pot experiment was separated into root, stem,
leaf and the top of the plant, called summits. These sub plant
samples were dried at 105 °C in an oven till constant weight and
ground in a mortar with pestle. Obtained dry plant material was
pressed and tablets of 100.0 mg were made.

For quantitative analysis several standards of tungsten in
stable hexahydrate form of WPA (WPA-6) with various concen-
trations (from 10 ppm to 2000 ppm of tungsten), were made with
the same matrix plant material (dried tobacco plant). Namely, it
was possible to use plant material of the control group for stan-
dard preparation, as tungsten is not normally present in tobacco
plant in detectable quantities. So, standards were prepared by
addition of WPA-6 solutions of known concentration into dried
material of healthy and non-treated plant. After drying and grind-
ing and mixing with a mortar and pestle, the tablets of 100.0 mg
were made.

2.1.5. EDXRF experimental

EDXRF measurements were performed on the EDXRF spec-
trometer (manufactured by Canberra) with a Si(Li) semiconduc-
tor detector and annular radioisotope excitation source '%°Cd
(manufactured by Isotope Products). The nominal activity of
the source was 740 MBq (declared on the June 15 2002) and the
excitation energy was 22.1keV. An MCA analyzer S35+ and
MicroSampo Software were used for data collection. All sam-
ples and standards were measured for a period of 2000 s under
the same experimental conditions on the sample holders made
of Teflon rings and Mylar foil.

Peaks of tungsten, corresponding energies of 8397.6 eV (Ly1)
and 8335.2eV (Lay), were recorded, and analysis and decon-
volution of those overlapped peaks were calculated by using
Matlab 7.0, Peak Fit 4.0 and Origin 7.0 software. Each value
of peak area was the mean value from three successive mea-
surements without changing the experimental setup. The peak
of zinc (K12 8628.0eV), which is present in the plant as an
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Fig. 1. Overlapping of bands characteristic for tungsten and zinc shown for EDXRF spectrum of dried Nicotiana tabacum leaves (standard prepared with 100 mg/kg

of tungsten).

essential element tobacco plants, caused overlap with tungsten
characteristic peaks, (Fig. 1). Therefore, the deconvolution pro-
cedure (Fig. 2) had to be performed, especially in the analysis
of lower tungsten concentrations. The amount of zinc present
varies with the plant part, but is probably not higher than about
50 ppm in the dried samples; it is typically 10-30 ppm in SRM
NIST plant leaves. Zinc is highest in the parts that are in the
intensive growing phase.

The tungsten detection limit was estimated to be 15 mg/kg
(calculated on dry material), based on three times the stan-
dard deviation of the background. The tungsten content of
0.233 mg/kg normally present in plant (Virginia Tobacco
Leaves—Ref. mat. ICHTJ-cta-VTL-2 [21]) is below the detec-
tion limit of the applied analytical technique.

The calibration curve is recorded as counts per mg/kg (con-
tent of tungsten in dried plant material) and that was used for
quantitative determination of tungsten in samples. Linearity was
good in a wide range of concentrations (the linear least squares
line equation: y = 18.54x — 238.3 and 72 =0.9996).

3. Results and discussion

In comparison with literature data [22], one of the advantages
of the EDXRF analytical technique in this study is the possibility
of using of only 0.1 g of dried plant material instead of 1 g as usu-
ally required for multielement determination in plant materials.
This was possible, as raw tobacco leaves are very succulent, and
consist of about 93% of water, and the drying procedure causes
sufficient pre-concentration of tungsten in samples. We analyzed
different plant parts separately, along with the rinses, and it was
established that the rate of tungsten recovery was not less than
93%. The average recovery of 94.47% of the tungsten indicates
quantitative recovery and measurement by this method. Table 1
summarizes all the results obtained by EDXRF determination of
tungsten applied, rinsed, absorbed and found in different plant
parts.

The results of all the investigations confirm that tungsten was
present in all analyzed sub plants after the treatment with HPCs.
A translocation process of tungsten after the foliar application,

150 150
100 109
50 w 50
\ Zn
150 LB, . .88 / 150
100 .y N 100
50 .t 50
8.3 8.5 8.7

Fig. 2. Deconvolution of EDXRF spectrum of dried Nicotiana tabacum leaves (standard prepared with 100 mg/kg of tungsten).
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Table 1

Summarized data of found and located tungsten in dried plant material

Number of Compound Mg W, Mg W, Mg W, Treated Untreated Stem, Root, % W found

treatments applied rinsed absorbed leaves, mg W leaves, mg W mg W mg W in plant®

1% WPA 1.1074 0.0918 1.0156 0.2717 0.4471 0.1547 0.0837 94.23
MgWPA 1.1027 0.0860 1.0167 0.2702 0.4371 0.1665 0.0994 95.73
GlyWPA 1.0098 0.0862 0.9236 0.2301 0.4036 0.1428 0.0866 93.45
AlaWPA 0.9928 0.0884 0.9044 0.2487 0.4119 0.1022 0.0838 93.61

2x WPA 2.2149 0.2201 1.9948 0.5320 0.8516 0.2761 0.2019 93.29
MgWPA 2.2054 0.1892 2.0162 0.5490 0.8349 0.3442 0.2030 95.78
GlyWPA 2.0196 0.2336 1.7860 0.5235 0.7001 0.2674 0.1775 93.42
AlaWPA 1.9856 0.2647 1.7209 0.5137 0.6835 0.2900 0.1699 96.31

3x WPA 3.3224 0.5856 2.7368 0.9434 1.009 0.4086 0.2157 94.16
MgWPA 3.3081 0.5614 2.7467 0.9078 1.048 0.4749 0.2269 96.74
GlyWPA 3.0294 0.6063 2.4231 0.8764 0.855 0.3351 0.1723 92.38
AlaWPA 2.9785 0.6117 2.3668 0.8573 0.862 0.3304 0.1884 94.57

2 94 47-average % of found W of totally applied amount of W.
Table 2 Table 4

The concentrations of tungsten found in different sub plants in groups treated
once with solutions of WPA, MgWPA, GlyWPA and AlaWPA

Concentration Treated Untreated Stem Root

of W (mg/kg) leaves leaves

WPA 325+ 14 308 + 14 367 + 12 329 + 12
MgWPA 312 £ 11 302 £ 14 350 + 11 338 + 11
GlyWPA 281 £ 12 277 £ 12 324 + 13 316 + 12
AlaWPA 292 £ 11 287 £ 9 240 £ 9 287 £ 10

Mean standard deviations given for six plants in the same group in the pot
experiment, with n=3 for each sample.

from leaf to root, was noticed. The concentrations of tungsten
in different sub plants after the first, second and third foliar
applications of WPA, MgWPA, GlyWPA and AlaWPA were
estimated and presented in Tables 2—4. It could be seen that
after the first treatment there is no considerable difference in
the concentration of tungsten in different sub plants. The only
exception is in the case of WPA and MgWPA treatment, when
the concentration of tungsten was slightly higher in the stem.
After the second treatment the average concentration of tung-
sten was approximatively doubled. The exception is in the case
of GlyWPA and AlaWPA treatment, where it is evident that
transport towards untreated (upper) plant parts is decreased.
The possible explanation could be the slower transport of large
molecules with amino acids. After the third treatment, the aver-
age concentration of tungsten is the highest in treated leaves,

Table 3

The concentrations of tungsten in different sub plants in groups treated twice
with solutions of WPA, MgWPA, GlyWPA and AlaWPA (10 days between foliar
applications)

Concentration Treated Untreated Stem Root

of W (mg/kg) leaves leaves

WPA 597 + 24 577 £ 21 572 £ 20 630 £ 19
MgWPA 610 £ 22 590 + 22 607 £ 23 640 + 18
GlyWPA 595 £ 21 492 £+ 20 593 £+ 24 640 £ 19
AlaWPA 587 £ 18 487 £ 19 629 + 23 577 £ 18

Mean standard deviations given for six plants in the same group in the pot
experiment, with n =3 for each sample.

The concentrations of tungsten found in different sub plants in groups treated
thrice with solutions of WPA, MgWPA, GlyWPA and AlaWPA (10 days between
each foliar application)

Concentration Treated Untreated Stem Root

of W (mg/kg) leaves leaves

WPA 1036 + 31 678 £+ 28 814 £+ 29 618 + 27
MgWPA 993 + 32 708 + 27 872 £+ 31 708 + 27
GlyWPA 965 £+ 30 602 £+ 30 709 £+ 30 551 + 26
AlaWPA 969 + 33 610 + 27 691 + 28 613 + 29

Mean standard deviations given for six plants in the same group in the pot
experiment, with n=3 for each sample.

which confirms the saturation of tungsten uptake by the plant.
Tungsten concentration is somewhat lower in the stem and
the lowest in untreated leaves, summits and root, especially in
the case of GlyWPA and AlaWPA treatment. The analysis of
tungsten percentage rinsed from treated leaves shows also the
saturation of tungsten uptake after the repeated HPCs treatment
(Table 5). Namely, the plant attains saturation of tungsten content
after absorption of WPA and MgWPA in the first two treatments.
In the case of GlyWPA and AlaWPA, absorption decreases in
rinse continually with repeated rinse treatments.

Increase in biomass of different parts of plants for the period
of 30 days treatment is different. Therefore, it is also worth
considering the percentage of tungsten in different plant parts
of totally absorbed tungsten (applied-rinsed) after the repeated
treatment. These results for the first, second and third HPCs
applications are presented in Fig. 3a—c. The results of the anal-
yses indicate the incorporation of exogenous tungstate in the

Table 5
Percentage of tungsten rinsed from leaves treated with HPCs (each value is mean
for six plants)

% W rinsed from 1x treated 2x treated 3x treated
treated leaves

WPA 8.29 9.94 17.63
MgWPA 7.80 8.58 16.97
GlyWPA 8.54 11.57 20.01
AlaWPA 8.90 13.33 20.54
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Fig. 3. Tungsten found (percentage) in different plant parts of totally absorbed
tungsten (applied tungsten minus tungsten found in rinses) after the first (a),
second (b) and third (c) repeated HPCs treatment.

[] Treated leaves [ Untreated leaves

plant and a translocation process of WPA from leaf to root
when applied to leaves. A homeostatic regulation mechanism
for excessive uptake of tungsten in plants is suggested to regu-
late the concentrations of tungsten in plant.

The effect was manifested as a decrease in the number of
spots, and other damages that TMV causes on the majority of
leaves. Also, treated groups of plants were considerably higher
and more developed than the plants in the control group. Analy-
sis of the results (for example, the plant height), showed slightly
better activity of MgWPA.

The results of this study show that the spots and other dam-
ages caused by TMV on the majority of leaves almost completely
disappeared after the HPCs treatment. The effect is obvious not
only on the treated half part of the leaf but also on the other non-
treated half, thus indicating the horizontal transport of HPC.

Inhibition effects were in positive correlation with the HPCs
concentration. Negative effects of HPCs solutions on herbal

Table 6

Total dried plant mass of Nicotiana tabacum (each value is mean for six plants)
Mass of dried plants, (g) 1x treated 2x treated 3x treated
WPA 2.9642 3.1709 3.2502
MgWPA 3.0796 3.1987 3.2607
GlyWPA 2.9911 3.0561 3.1138
AlaWPA 3.0021 3.0326 3.0842

parts (phyto-toxicity is minimal) and for MgWPA almost do
not exist. Negative effects could be noticed as some slightly
lighter spots on leaf surfaces, probably due to slight acidity of
the applied solutions. The comparison of results shows that bet-
ter results could be obtained when the time between inoculation
and first treatment is shorter.

Recent developments provide more data about new and inter-
esting bioactivity of tungstate in humans and animals, such as
exhibiting insulin-like [23], hepatoprotective [24], or antiobe-
sity [25] properties. In this experiment we noticed not only the
antiviral activity of WPA compounds, but also positive effects
on plant growth. The results of following total dried plant mass
confirmed that (Table 6) mass of the whole plants increases with
the number of treatments with WPA compounds (the difference
in mass is more pronounced if one takes into consideration that
dried material is not more than 7% of fresh whole plant mass).

For the time being, there is not enough data about the mech-
anism of antiviral activity of WPA compounds against the plant
viruses, but the tetrahedral structure of these compounds as well
as for vanadate, tungstate, and molybdate, also appears to be
a common factor important for their bio-actions [26,27]. More
specialized experiments are necessary to be performed. The ana-
Iytical procedure of EDXRF tungsten determination that we
propose here is useful for easy and rapid measurements in such
studies.

4. Conclusions

EDXREF spectrometry has been shown as a very convenient
analytical technique for the analysis of plant material. The usual
long and expensive treatment procedure of samples is avoided.
The special advantage in this case was that tungsten is not
normally present in the plant material at detectable levels by
EDXREF. Therefore, standards and samples can be prepared with
the same matrix. The accuracy of the method is satisfactory, as
evidenced by the fact that 94.47% of the total applied amount
of tungsten is located and recovered from different parts of the
plant and the rinses, (Table 1).

It can be concluded that HPC with Keggin structure have
positive antiviral activity on TMV, while the magnesium salt of
WPA is the most efficient against plant TMV. Translocation of
applied HPCs was apparent from the distribution of tungsten in
different parts of plant. On the basis of the obtained results of
the concentrations of tungsten in different parts of plant, it can
be concluded that tungsten is transported through the plant in
vertical and horizontal directions.

The obtained data are useful for consideration of possible
application of this group of compounds in TMV treatment.
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Abstract

A sample preparation method based on ultrasound-assisted pseudo-digestion of Al from Juices and soft drink samples under ultrasonic effect
has been described. A Plackett—-Burman experimental design was used as a multivariate strategy for the evaluation of the effects of vary-
ing several variables at once. The effects of five different variables preintensification time (without ultrasonic stirring), intensification time in
ultrasonic bath (UB), temperature of UB, two acid mixtures (HNO3;-H,SO4—H,0, and HNO3;—H,0,), on the recovery of Al have been inves-
tigated. From these studies, certain variable showed up as significant, and they were optimized by a using 2* + star central composite design,
which involved 16 experiments. The best conditions for pseudo-digestion were as follows: a preintensification time 10 min, intensification time
20 min, volume of acid mixtures 3.0 ml and temperature of ultrasonic bath 80 °C. A conventional acid digestion on electric hot plate was used
to obtain total Al for comparative purpose. Final solutions obtained from both methods, were analysed by electrothermal atomic absorption
spectrometry. Analytical results for the Al by ultrasound-assisted pseudo-digestion, and conventional wet digestion methods showed a good
agreement, thus indicating the possibility of using ultrasonic-assisted digestion sample preparation instead of intensive treatments inherent
with the acid digestion methods on electric hot plate. The procedure proposed allowed the determination of Al with detection limit (3d/s)
10pgl".
© 2006 Elsevier B.V. All rights reserved.

Keywords: Ultrasonic bath; Aluminum; Factorial design optimization; Electrothermal atomic absorption spectrometer (ETAAS); Soft drink; Juices

1. Introduction

Aluminum (Al) is the most popular metallic element in indus-
tries and consequently in our surroundings. However, it has
attracted much attention for more than two decades in discussing
whether it has any relationship with serious dementia cause
Alzheimer’s disease. Potential health risks associated with ele-
vated Al intake have long been discussed among physicians and
Al poisoning in patients with chronic renal failure is one of the
most important clinical problems involving trace metal toxicity

[1].
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Despite the facts that Al is present in all foodstuffs, the ques-
tion of contamination with Al from the sources arises now and
then. It is well known that acidic food such as apple, rhubarb
or vinegar may cause corrosion of cooking pans and that, due
to this, the Al content of the food may rise during preparation
[2,3]. The hypothesis that Al exposure is etiological related to
Alzheimer’s disease has lead to much debate. Ecological stud-
ies have suggested that concentration of Al in drinking water of
0.1-0.20 mg 1~ may increase the risk of Alzehiemer’s disease
with relative risk ranging from 1.35 to 2.6 mg1~! [4,5]. Thus
special efforts should be taken to prevent contamination of food
and beverages, etc., with Al either directly or during preparation
with special regards to infants, old people or individual with
suboptimal renal functionality.

The determination of metals in complex samples by atomic
absorption spectrometry (AAS) generally requires the destruc-
tion of the sample matrix to render a solution of the analyte ready
for analysis. Sample digestion techniques, such as microwave,
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and conventional wet acid digestion (CDM) for total heavy
metal determination have been used widely for the dissolution
of target elemental analytes [6,7]. Such digestion techniques
require the use of concentrated acids and high temperatures, and
often high pressures, to affect the total dissolution of elemental
analytes from liquid and solid samples [8]. For elemental anal-
ysis, the sample preparation procedure employed is, apart from
sample collection, ordinarily the most time-consuming step in
the overall analysis [9]. The efficiency of the wet digestion pro-
cedures can be enhanced with the use of ultrasound irradiation
[9,10]. Ultrasonic radiation can be considered another alter-
native for sample pre-treatment, since ultrasound facilitates an
auxiliary energy and accelerates some steps, such as dissolution,
fusion and leaching, among others [11]. In many situations,
ultrasound-assisted leaching is an expeditious, inexpensive
and efficient alternative to conventional extraction techniques
and, in some cases, even to supercritical fluid and microwave-
assisted extraction, as demonstrated by application to both
organic and inorganic analytes in a wide variety of samples
[12-14].

Several means of optimization can be used for the extraction
of metals from different matrixes, but some methods are
time-consuming: for instance, the study of each variable
separately. Procedures for optimization of factors by multi-
variate techniques have been encouraged, as they are faster,
more economical and effective, and allow more than one
variable to be optimized simultaneously [15,16]. Among the
different groups of designs, Plackett—-Burman designs (PBDs),
introduced in 1946 by Plackett and Burman [17], allow us to
discover the most significant variables for a certain system
with only few experiments. They are used as a screening
method in order to select the variables that have influence
on a system but they do not give the optimum value for each
variable.

In order to obtain the optimum values for each variable
involved in a certain system, central composite designs are
the most widely used design framework [18]. These design
structures are based on full two-level factorial design by center
point replication and inclusion of an axial portion [19]. The
optimization procedures based on these approaches are nowa-
days being applied to optimize some sample pre-treatments
and operating conditions for some analytical techniques
[20-23].

The aim of this work was to improve sample preparation per-
formance, proposing the development of an ultrasound-assisted
pseudo-digestion method (UDM) for fast and reproducible
recovery of Al in soft drinks and juices. Factorial designs
were used for optimization of the experimental variables.
Parameters influencing ultrasound-assisted pseudo-digestion,
such as preintensification time (without ultrasonic stirring)
intensification time (in ultrasonic bath), acid mixtures, tem-
perature of ultrasonic bath are fully investigated. Due to
there being many variables that affect the acid digestion
process, in order to obtain the optimal values for each vari-
able, experimental designs, such as Plackett—-Burman and
central composite designs, have been used throughout the
optimization.

2. Experimental
2.1. Reagents

Through out the experimental work using ultrapure water,
obtained from a Milli-Q purification device (Millipore Co., Bed-
ford, MA, USA). For the preparation of samples, standards
and blanks, Milli-Q water additionally purified by distillation.
All reagents used were of analytical reagent-grade. Concen-
trated Nitric acid, sulphuric acid, 30% hydrogen peroxide were
spectroscopic grades (Merck, Darmstadt, Germany) and were
checked for possible trace Al contamination by preparing blanks
for each procedure. Certified standard of Al (1000 ppm) was
obtained from Fluka (Buchs SG, Switzerland) Laboratory glass
wares was kept overnight in 10% (v/v) nitric acid solution, and
washed with distilled water and finally with ultrapure water
before use.

2.2. Instrumentation

The ultrasonic-assisted digestion experiments were carried
out with an ultrasonic bath Sonicor, Model No. SC-121TH, Son-
icor Instrument Corporation Copiague, NY, USA with technical
specifications; programmable for temperature ranging from 0
to 90 °C, timer 0-30min, 220V, 50/60 Hz, intensification fre-
quency 35 kHz for the ultrasound energy and a total volume of
41, was used to induce the acid digestion process. Al was deter-
mined in both digests obtained by both procedures using atomic
absorption spectrometer of Hitachi Ltd., Model 180-50, S. No.
5721-2, equipped with graphite furnace G-03. The instrumental
parameters are shown in (Table 1).

The calibration curves (0.1-1.0 wg m1~1) for aluminum were
established with solutions prepared from a 1000 pgml~! certi-
fied stock solution.

2.3. Samples

Different eight brands of Soft drink and 10 juice samples
were collected from the urban areas of Hyderabad city during
2004-2005. Five to ten samples of different batches of the
same brand of both drinks packed on different dates were also

Table 1
Measurement conditions for ETAAS for aluminum

Instrumental parameters

Lamp current (mA) 10
Wave length (nm) 309.3
Slit-width (nm) 1.3
Cuvette Tube
Carrier gas (ml/min) 200
Sample volume (1) 10

Temperature programming [temperature range/time (s)]

Dry 80-120/15
Ash 400-700/15
Atomization 2700-2800/5

Cleaning 2800-2900/2
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collected to observe the variation in the elemental contamination
levels of the products.

For determination of Al in the mgl~! range, extreme care
was taken to accomplished, collection, storage, preparation, and
final analysis without outside contamination from this ubiqui-
tous element. The all samples were mechanically stirred for 1 h
to degas. The accuracy of methodology was performed by stan-
dard addition method, because reference materials for soft drinks
and juices are not commercially available. The triplicate samples
of 7-up and Frooto was spiked with known amount of aluminum
and subjected to both methods to perform a recovery test.

2.4. Procedures

Four sub-samples of each batch packed on different dates
of soft drink and juice were used for analytical determinations
with the conventional wet acid digestion and pseudo-digestion
procedures. With each series of conventional and ultrasonic-
assisted pseudo-digestions, blank were measured. Each result is
the average of 20—40 readings for samples. The concentrations
were obtained directly from calibration graphs after correction
of the absorbance for the signal from an appropriate reagent
blank.

2.4.1. Ultrasound-assisted pseudo-digestion method
(UDM)

For pseudo-digestion optimization, different mixtures of
concentrated acids and oxidants, HNO3:H,SO4:H,O, (1:1:1,
v/v/iv) (M1) and HNO3:H;0, (1:1, v/v) (M2), preintensification
time (without ultrasonic stirring) (P) for different time interval
(2-10 min), intensification or sonication times (5-20 min) and
the temperature of ultrasonic bath was ranged between 40 and
90 °C were tested. To evaluate the efficiency of the process, the
results obtained with the UDM were compared with those from
CDM.

To optimized the different analytical variables, three repli-
cate of 0.5 ml of five sets of sub samples of soft drink and juice
were taken in Pyrex flasks (50 ml capacity), concentrated mix-
ture of acids M1 and M2 were added at two level minimum
(—) and maximum (+) separately. After different time intervals
(2-10 min) at room temperature, the flasks were placed inside the
ultrasonic water bath and were subjected to ultrasonic energy at
35 kHz for different time interval (5—20 min). The temperature
range of ultrasonic water bath was 40 and 80°C. After soni-
cation for different time intervals, the supernatant liquid was
evaporated to approximately 0.5 ml final volume on a heating
plate. Final solution was made up to 10 ml with 2N HNO3 and
subjected to sonication for another 2 min and made volume upto
10 ml with 2N HNOj3 in volumetric flasks. The final solutions
were collected in polyethylene flask, for the determinations of
Al by ETAAS. Blanks were also treated in the same way.

2.4.2. Conventional digestion method (CDM)

Duplicate 0.5 ml of sub samples of soft drink and juices were
placed into 50 ml Pyrex flasks. Added 5 ml volume of a freshly
prepared mixture of concentrated HNO3:H>SO4:H,0, (1:1:1,
v/vlv), to each flak and solutions were heated on electric hot

Table 2
Factors and levels used for the Plackett—-Burman and central composite designs
in the factorial design

Variables Low (—) High (+) Optimum
conditions
HNO3:H,S04:H,0, 1.0 3.0 3.0
M1) (1:1:1),
ml
HNO3:H,0, 1.0 3.0 3.0
(1:1) (M2),
ml
Preintensification 2 10 10
time (P), min
Intensification 5 20 20
time (), min
Temperature 40 80 80
M), °C

Volume 0.5 ml for all experiments.

plate at 80 °C, for 2-3 h, till the clear transparent digests were
obtained. Final solutions were made up to 25 ml with 2N HNOs3.
The final solutions were collected in polyethylene flask, for
the determinations of Al by ETAAS blank digestions were also
carried out. The concentrations were obtained directly from cal-
ibration graphs after correction of the absorbance for the signal
from an appropriate reagent blank.

2.5. Procedure used in the factorial design

For the evaluation of five factors at two levels a
Plackett—Burman design with only sixteen experiments is
described instead of the 23 =32 required for a full factorial
design. The Plackett—-Burman matrix shown in Table 3, where
the low (—) and high (+) levels are those specified in Table 2.
Sixteen experiments were carried out for completing the facto-
rial designs, the resulting values (1-16) being of three replicates.
The experimental data were processed using the (Minitab 13.2
(Minitab Inc., State College, PA) and Microsoft Excel 2000.

2.5.1. Optimization strategy

Some times, the effect of some factors are less significant
can lead to wrong results on the importance of the most signif-
icant variables. Plackett—Burman designs constitute a variation
on saturated fractional designs, allowing the evaluation of either
system with few experiments; k factors can be studied in k+ 1
runs (only the main effects are estimated). These designs can
be used only when k+ 1 is a multiple of 4 (i.e., k=3, 7, 11...).
This enlarges the opportunities offered by the saturated factorial
design, which it complements [24]. Another characteristic of
Plackett—Burman designs is the orthogonality property. In order
to obtain the optimum values for each variable involved in a
certain system central composite designs (CCDs) are the most
widely used design framework for second-order RS modeling
within k factor experiments [25].

The optimization process was carried out using a factorial
Design 23 with center points. In our present work the statisti-
cally significant variables were, volume of (M1), intensification
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Table 3
Plackett—Burman design
Data matrix
Experiment Number A (M1) B (M2) C(P) D (») E (1) %Recovery of Al* Estimated variance (s%)
1 + — — - + 66.3 + 0.17 0.03
2 + + — — — 30.2 + 1.05 1.11
3 + + + - - 36.2 + 0.40 0.16
4 + + + + - 50.7 + 0.50 0.25
5 — + + + + 94.3 + 0.29 0.08
6 + — + + + 99.3 + 0.21 0.04
7 — + — + + 78.5 + 0.20 0.04
8 + — + — + 75.5 + 0.56 0.31
9 + + — + - 38.7 + 0.30 0.09
10 - + + - + 70.3 + 0.30 0.09
11 - — + + — 48.9 + 0.30 0.09
12 + - — + + 97.8 + 0.30 0.09
13 — + - - + 70.2 + 0.15 0.02
14 _ — + — — 25.7 £ 0.20 0.04
15 — — - + - 28.9 + 0.30 0.09
16 _ — — — — 24.2 £ 0.20 0.04

Factors: 5, replicates: 1, design: 16, runs: 16, center points (total): 0.
? Mean values of triplicate results.

time (), and temperature of the ultrasonic water bath (7), were
regarded as factors for optimization experiment.

2.5.2. Calibration and sensitivity

Calibration and standard addition graphs were obtained for
Al. However, as the acid composition of both acid mixture and
different matrixes of samples, the standard addition technique
was used throughout the development of Plackett—Burman and
central composite designs. The mean and standard deviation, for
N=9, of the slopes of the standard addition graph corresponding
to Al was 0.176 4 0.004 pg ml~! and good precision could be
seen for the calibration.

The detection and quantification limits, given by

and LOQ =10 x —
m

LOD =3 x —
m
respectively, where s is the standard deviation of nine measure-
ments of reagent blank and m is the slope of the calibration or
standard addition graph was obtained for Al. LOD of 10 ug1~!
being reached, and LOQ of 25 wg1~! for Al was calculated.
Reproducibility of the method was assessed by using three
replicates of soft drink (7-up) and juices (Frooto) taken from
the same packages. The most reliable approach evaluating the
accuracy of an analytical method requires analysis of certified
reference materials with chemical composition and analyte con-
centration, which match those of the samples under investiga-
tion. To the best of our knowledge, there are no any commercially
available juices or soft drink reference materials with certified
Al content. Hence, spike recovery test was performed by spiking
juice and soft drink samples prior to the ultrasonic-assisted and
conventional wet acid digestions. Such spiking was performed
in triplicate at three concentration levels 2, 4 and 8 g ml~!,
respectively, and in this experiment we make the volume up to
25 ml in volumetric flasks and were analysed by ETAAS. Aver-
age recovery of Al spikes from juices and soft drink matrixes
were shown in Table 5.

3. Results and discussion

Five factors were selected to be examined. The factors and
their levels, low (—) and high (+), are described in Table 3.
Two factors are related to the acid solution composition, M1
and M2 which are (HNO3-H2S04-H>0,) and (HNO3-H;,05),
respectively. Other factors correspond to the preintensification
time treated samples with acid mixture M1, M2 and keep at
room temperature (without ultrasonic stirring), temperature of
Ultrasonic bath and the exposure time to ultrasound, which are
symbolized by P, t and T, respectively. The sample volume kept
constant for all experiment 0.5 ml. The ultrasound energy was
fixed at a frequency of 35 kHz for all experiments. The effect
of changing a factor from a low level to a high level value was
examined on a selected response such as percentage recovery
according to the following equation:

[]pseudo digestion

recovery = x 100

[lconventional digestion

where [UDM | pseudo-digestion, the metal concentration obtained
after the ultrasonic-assisted digestion procedure (each experi-
ment 1-16 in Table 3) and [CDM ]conventional digestion 1S the metal
concentration found after an conventional acid digestion by heat-
ing on electric hot plate. A recovery close to (98-99%) would
show quantitative of Al obtained by proposed method. Both Al,
concentrations after ultrasonic-assisted acid digestion and con-
ventional wet acid digestion procedures were measured using
the standard addition technique.

3.1. Effects of variables

3.1.1. Influence of acid solvent composition

From the results of the Plackett—-Burman design (Table 3), it
is clearly seen that acid mixture ‘M1’ (HNO3-H>SO4-H,0»)
provide a significantly higher recoveries of Al. Acid volume
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required for 0.5 ml of sample was 3 ml for both acid mixture
for maximum recovery of Al. The second acid mixture M2
(HNO3-H0,) appears to be insignificant for the acid diges-
tion of Al under study. The presence of high amount of sugar in
soft drinks and juices, was oxidized by H,SO4 more efficiently
as compared to M2 acid mixture. The triplicate analytical results
obtained for each experiments are shown in Table 3.

It can be noted that with minimum volume (—) of acid mixture
M1 have 62.3%, although the other variables (sonication time
and temperature) have optimum values, while maximum acid
volume (+) with maximum values of two variables (7T) and (7),
the extraction efficiency was found 99.3%.

3.1.2. Influence of the preintensification time

The samples after treated with of different mixture and vol-
ume of acid in flasks containing 0.5 ml samples and keep at room
temperature for different time intervals in range of 2—10 min, to
avoid effervesces produced due to high sugar content of soft
drink and juices. Although the recovery of Al was not sig-
nificantly effected due to preintensification (without ultrasonic
stirring).

3.1.3. Influence of temperature

The increase in the water bath temperature showed a highly
significant effect on the recovery of Al. Therefore, the temper-
ature of the ultrasonic water bath was significant for the acid
digestion of aluminum. The effects of temperature of ultrasonic
bath in the range of 40-80 °C, the maximum recovery of Al was
observed at 80 °C.

3.1.4. Influence of intensification time

Intensification time is in the range of 5-20 min, however, it
can be seen in Table 3 that the maximum recoveries of Al were
achieved after 20 min at temperature 80 °C of ultrasonic bath.
The recovery of Al using ultrasonic-assisted pseudo-digestion
required maximum 20 min to reach the same recoveries of Al
by CDM. There was no significant difference between 20 and
30min sonication period for Al at 0.05 probability but was
20 min. The results show that 20 min exposure time was enough
for maximum recovery of Al from the studied samples.

In conclusion, three factors, acid mixture (M1), intensifica-
tion time (¢) and temperature of ultrasonic water bath (7)), were
the most significant variables for the recovery of Al in samples
studied.

3.2. Final optimization by central composite design

Having screened out the variables that did not have a signifi-
cant effect on the response, the remaining three factors were opti-
mized to provide the maximum Al recovery. A central 2 + star
orthogonal composite design with six degrees of freedom and
involving 16 experiments was performed, optimizing the vari-
ables acid mixture HNO3-H;SO4—H;0;, (M1), intensification
time (), and temperature of the ultrasonic water bath (7).

The experimental field definition for this design is given
in Table 4, also showed the central composite design matrices
together with the response obtained for Al. Fig. 1a and b shows

Table 4
Central 23 + star central composite design (n = 16) for the set of (M1), (£) and
(7) in Al

Run A M1) B (1) C(T) %Recovery
1 Ko! Ko? Ko® 63.3
2 - - - 24.6
3 + - - 31.2
4 — + - 35.9
5 + + + 99.3
6 — - + 55.3
7 + — + 71.3
8 - + + 62.3
9 - - - 24.3
10 —a? Ko? Ko? 28.1
11 +aP Ko? Ko® 42.8
12 Ko! —af Ko? 51.3
13 Ko! +ad Ko? 78.9
14 Ko! Ko? —a® 26.2
15 Ko! Ko? +a° 94.8
16 Ko! Ko? Ko? 60.2

Factors: 3, replicates: 1, design: 8, runs: 16, center points (total): 23, Ko1 =2.0ml,
Ko? =12.5min, Ko> =60°, —a* =0.2ml, +a® =4 ml, —a® =
—a®=30°C, +a®=90°C.

7 min, +a% =25 min,

the estimated response surface for each pair variables, acid mix-
ture (M1/t), (M1/T) to obtained the maximum %recovery of Al.
It can be seen from figure that the %recovery of Al is increased
when the temperature of ultrasonic bath is higher, achieving the

100
= 901
= g0
(o]
> 701 ' "
(0]
> 60 1 /
Q
S 501
) ] /177 .t
o 40 /"
R 30 "%‘5"""

] -.....__,."‘ 90

5 @
15 40 of
30 Q

(a) Intensification time 2> <&

1001
901
80
70
60
50
40
301
20

% Recovery of Al

—
(=)
~

3
Acid mixture <&

Fig. 1. a Estimated response surface from the central composite design
%recovery of Al/intensification time #/temperature. Graph 1b: estimated
response surface from the central composite design %recovery of Al/acid mix-
ture/temperature.
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Table 5

Comparison of digestion methods for %recovery of Al from soft drink and juice samples (ugml™!) (d.f. =4), fo =2.7764

Frooto (orange juice)

7-up (soft drink)

CDM, x£S.D. RSD, % UDM, x+S.D. RSD, % Lexp CDM, x£S.D. RSD, % UDM, x£S.D. RSD, % lexp
352+ 021 6.0 3.46 £ 0.20 5.8 0.63 45+£0.23 5.1 44 £0.21 4.8 0.83
3.53 £0.20 5.7 3.48 £ 0.25 7.2 0.72 4.52 £ 025 5.5 445 £0.19 43 0.51
3.54 £ 0.24 6.8 3.49 £ 0.27 7.7 0.71 4.55 £ 0.27 59 4.6 £0.23 5.0 0.19
3.56 = 0.19 5.3 35+021 6.0 0.71 4.51 £0.28 6.2 447 £0.25 5.6 0.75
3.51 £0.23 6.6 3.47 +£0.22 6.3 0.25 4.59 £0.23 5.0 45+£0.24 53 0.69

CDM: conventional acid digestion method, UDM: ultrasonic-assisted acid digestion method.

optimum value of Al in soft drinks. The maximum tempera-
ture of ultrasonic bath is 90 °C, while maximum recovery was
achieved at 80 °C, there is no any significant effect on %recovery
of Al to ranging the temperature up to 90 °C.

It can be observed that the effect of acid mixture M1’
(HNO3-H;S04-H;05) (variable A) and intensification time (f)
shows low recovery of Al, but both of these two variables (A
and B) have positive correlation with temperature (7) to release
maximum recovery of Al 98.7%. In the case of high level (+) for
factor A (M1), E (T), and low level of factors (—) (D) showed
low recovery of Al, i.e., 71.3%, so the exposure time to ultra-
sonic stirring was also a significant factor. These effects show
p-value less than 0.05, indicating that they are statistically sig-
nificant at a 95.0% confidence level. Hence, the effects of these
factors were studied more carefully.

At higher acid mixture (M1) volume + a® (4.0 ml) and inten-
sification time 12.5 min at the temperature of ultrasonic water
bath (ko®) 60 °C, the recovery of Al was obtained 42.8%, while
at M1 2.0ml (ko') and ¢ values (ko?) 12.5min at maximum
temperature (+af) 90 °C, the considerable recovery 94.8% was
obtained.

For maximum recovery of Al the maximum temperature
of ultrasonic bath 80 °C, intensification time 20 min and acid
mixture M1’ (HNO3-H;SO4—H;0,) was required. So the inter-
actions of these variables were remarkable.

3.3. Accuracy

The precision of the proposed ultrasound-assisted pseudo-
digestion process and ETAAS determination was evaluated
through the analysis of five replicates of soft drink (7-up)
and juice sample (Frooto), which were subjected to the CDM
and UDM procedures under optimum conditions for each case
according to Table 5. The relative standard deviations were found
for CDM and UDM in the range of (5.0-6.8) and (4.3-7.7)%,
respectively, which are acceptable range for this kind of
studies.

3.4. Analytical application

The optimized values for the different variables (Table 2)
were applied to the analysis of soft drink and juice samples, with
and without Al spikes. Three replicate of 0.5 ml degassed soft
drink and juice samples was used for analysis and there were
spikes with 2-8 wgml~!. The results are showed in (Table 6)

Table 6
The results for tests of addition/recovery for Al determination in soft drink and
juice samples (N=3)

Added (ugml~!) Al founda (pgml~')

xCDM Recovery x UDM Recovery
of Al (%) of Al (%)
Juice (Frooto)
0 3.53 £0.12 - 348 £0.13 -
2 5514 £0.2 99.7 544 £0.14  99.3
4 75+024 99.6 739 £0.19 98.8
8 11.56 £ 0.21 100.3 11.32 £ 0.23  98.6
(Soft drink 7-up)
0 6.52 £ 0.2 - 447 +£0.16 -
2 8.518 £ 0.33 99.8 6.4 +023 989
4 12.51 £ 046  99.7 835+ 0.28 985
8 652+ 0.2 99.8 12.28 £ 0.45 98.5

Confidence limit, 95%. Average values =+ standard deviation (N =3).

including the recovery data for added Al. The remaining all
soft drink and juices samples were analysed by the optimized
ultrasonic-assisted digestion.

3.5. Evaluation of soft drink and juice samples for Al

Analytical results obtained by proposed method correspond-
ing to the soft drink and juice samples analysed are shown in
Table 7. Aluminum can be taken into the body from food, both as
naturally occurring aluminum and as additives, and transfer of

Table 7
Determination of aluminum in juice and soft drink sample using ultrasonic-
assisted pseudo-digestion method (g ml~")

S. No. Juice Mean £+ S.D. Soft drink Mean £ S.D.
samples (pgml™h) samples (ngml™h
1 Nestle 39 £0.13 Apple 6.0 £ 1.68
sidra
2 Twist 5.8 +£0.49 Miranda 6.6 £ 1.25
3 Fruity fun 3.6 &+ 0.69 Dew 4.6 £0.68
4 Lemon 3.1 £ 0.40 Fanta 5.6 £ 1.15
barley
5 Maza 49 £+ 1.42 Pakola 6.4 + 091
6 Shezan 39 +£0.5 7-up 4.4 £+ 0.56
7 Frooto 347 £ 0.90 Slice 12.0 £ 1.15
8 Frost 2.8 £ 0.89 Pepsi 6.8 £ 1.11
9 Classic 8.2 + 2.12
10 Poly 2.15 £ 0.41
(N=45).
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Table 8
Daily intake of aluminum by consumption of soft drinks and juices (mg of Al
based on 250 ml juices/person/day) WHO values for drinking water 0.2 g m1~!

Sample name Daily intake of Sample name Daily intake of
Al/person/day Al/person/day
(pgml™") (pgml™")

Nestle 1.0 Apple sidra 1.55

Twist 1.5 Miranda 1.675

Fruity fun 0.93 Dew 1.175

Lemon barley 0.8 Fanta 1.425

Maza 1.25 Pakola 1.625

Shezan 1.0 7-up 1.125

Frooto 0.88 Slice 3.1

Frost 0.73 Pepsi 1.725

Classic 2.1

Poly 0.55

aluminum from cooking implements and containers (including
aluminum drink cans), aluminum in water, aerosols and dusts
[26]. It is notable that aluminum accumulates with age in lung,
bone and brain tissue, and this has lead in part to the controversy
about aluminum and a possible association with Alzheimer’s dis-
ease. When aluminum accumulates acutely in tissues such as the
brain, it has the potential to cause serious adverse neurological
effects [27].

Many studies have identified high levels of aluminum in
the contents of some aluminum canned drinks and juices [28].
Commercially available soft drinks and juices are widely used
in all cities of Pakistan especially in summer season as the
reliable source for drinking. Based on investigation as cited
above, the Al concentration in the different brands of soft drinks
and juices from the local market of Pakistan, analysed during
the present study were found in the range of (4.4-12.0) and
(2.15-8.2) mg -1, respectively (Table 7). It was noted that all
of the juice and soft drink samples tested have an Al concen-
tration, above the WHQ’s limit for the maximum total con-
tent of Al in drinking water (0.2mgl~!, Recommendations
of WHO, 1998) [29]. The separate standard values for soft
drinks and juices have not been available, so in the litera-
ture people have compared them with normal drinking water
standard [30,31]. All the samples show higher values than the
legal recommended value indicating that soft drinks and juices
producing companies are using alum for the purification of
their raw water than using standard water purification methods.
The dietary intake of Al via drinking of these soft drinks and
juices were estimated on the consumption of 250 ml/person/day
(Table 8).

4. Conclusion

Application of factorial designs allowed the development
of analytical procedure for the determination of aluminum by
ETAAS, based on Ultrasonic-assisted pseudo-digestion (UDM),
using a smaller number of experiments. The method described
offers a rapid, easy and efficient sample preparation method
for direct determination of aluminum samples by ETAAS. All

parameters studied (sonication time, sample volume, acid mix-
tures and temperature) influence the pseudo-digestion efficiency.
The use of the Ultrasonic-assisted pseudo-digestion method
allowed the leaching of the target analyte in a shorter time than
required by the conventional wet acid digestion. The UDM is a
rapid, inexpensive, easy, reproducible and selective technique
for the total determination of aluminum samples, which are
important in monitoring environmental pollution.

Itis evident from the present studies that the level of Alin soft
drinks and juices were above the permissible values by WHO
for drinking water.
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Abstract

Individual compounds were isolated from a laboratory mixture of capsaicinoids by a multi-stage approach. First, the capsaicinoids were
fractionated into capsaicins and non-capsaicins by argentation solid phase extraction (SPE) on a silver-charged propyl sulfonate resin. Second,
compounds in each fraction were isolated by semi-preparative liquid chromatography on a C;, phase in aqueous methanol. Third, the individual
components of the original mixture were concentrated by reversed phased (C,3) SPE. The structure of each purified compound was confirmed by '*C
NMR spectrometry and spectral comparison to known standards, purchased or synthesized locally. The chemical shifts of 15 capsaicinoid standards
were measured on a 600 MHz instrument, and their assignments to particular carbons were made by reference to Distortionless Enhancement by
Polarization Transfer (DEPT) NMR experiments and NMR spectral prediction software.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Capsaicinoids are N-vanillylacylamides (Fig. 1), the spicy
agents in chili peppers, and have been the focus of many analyt-
ical, biochemical, and metabolic studies over the years. Nearly
all of the analytical studies [1] have been limited to just three of
the more than 20 members of the natural capsaicinoids family
due to the lack of readily available standards. Only 6-ene-8-
methyl capsaicin (6,8-C), 8-methyl dihydrocapsaicin (8-DC),
and N-vanillylnonanamide (NVN) are commercially available
in pure form. To expand our knowledge of the capsaicinoids,
especially toward the minor (low abundance) components, addi-
tional standards are needed. They must be either synthesized in
the laboratory or isolated from natural sources. We present steps
toward the latter goal, the isolation of individual compounds
from the fruit of chili pepper.

A natural or synthetic mixture of capsaicinoids can be sep-
arated by reversed phase liquid chromatography [1]. However,
direct preparative liquid chromatographic separation of the cap-
saicinoids is impossible due to sets of capsaicinoids with inad-

* Corresponding author. Tel.: +1 440 775 8305; fax: +1 440 775 6682.
E-mail address: robert.q.thompson@oberlin.edu (R.Q. Thompson).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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equate resolution. The presence of 6,8-C, the most abundant
capsaicinoid in nature, makes it difficult to isolate 7-methyl
nordihydrocapsaicin (7-NDC) and NVN on alkyl or phenyl
stationary phases. Likewise, the homocapsaicin isomers (6,8-
HC and 6,9-HC) and N-vanillyldecanamide (NVD) are poorly
resolved.

We have taken the following multi-step approach to isolate
individual capsaicinoids. First, the capsaicinoids are fraction-
ated into capsaicins, those compounds with a double bond
in the acyl chain, and non-capsaicins, those compounds with
only single bonds in the acyl chain (including the dihydro-
capsaicins and the N-vanillylacylamides). The fractionation can
be accomplished by taking advantage of the strong interaction
between silver ion and alkenes [2]. Argentation chromatog-
raphy is well known and has been reviewed [3]. Argentation
solid phase extraction (SPE) of lipids and fatty acids has been
described by Christie and co-workers [4,5] and is extended
here to the capsaicinoids. A propyl sulfonate or propylbenzene
sulfonate resin is treated with excess silver ion to prepare a sil-
ver SPE cartridge. After loading the capsaicinoids, moderately
polar solvents wash the non-capsaicins from the column. The
interactions between the capsaicins and the silver-charged resin
are disrupted by acetonitrile, so the capsaicins are eluted with
acetonitrile.
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Fig. 1. Capsaicinoid numbering system with the example of 7-ene-9-methyl homocapsaicin. The vanillylamine carbons are indicated with a “V”, while the carboxylic

acid or acyl chain carbons are labeled with an “A” or no letter at all.
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Fig. 2. Scheme for the isolation of individual capsaicinoids from a mixture.

With the two classes of capsaicinoids separated, preparative
liquid chromatography (prepLC) of each fraction can proceed
with effectiveness and good resolution. A C3¢ phase in aqueous
methanol provides the best resolution [1]. Next, the liquids col-
lected by prepLC are passed through a C;g SPE column and are
eluted in a smaller volume of pure methanol. The methanol is
easily evaporated to yield recovered solids, and the final result
is isolated capsaicinoids with high purity. A flow chart of the
method is given in Fig. 2. Literature reports of the solid phase
extraction of capsaicinoids number about twenty and include
SPE with a Cg resin [6], SPE with a mixed polarity resin [7],
and solid phase microextraction [8], but not argentation SPE.

2. Experimental
2.1. Caution
The pure capsaicinoids and concentrated extracts of chili pep-

pers are very strong irritants and must be used with care. They
can cause burning, pain, coughing, and lachrymation upon skin

exposure and inhalation. Use gloves and a mask when handling
these solids or their concentrated solutions.

2.2. Materials and methods

Pure solids of 15 capsaicinoid compounds were obtained.
Pure white powders of 6-ene-8-methyl capsaicin (6,8-C),
8-methyl dihydrocapsaicin (8-DC), and N-vanillylnonanamide
(NVN) were obtained commercially (U.S. Pharmacopeia and
Sigma—Aldrich). Pure standards of 4-ene-6-methyl norcapsaicin
(4,6-NC), 4-ene-7-methyl norcapsaicin (4,7-NC), 5-ene-7-
methyl norcapsaicin (5,7-NC), 5-ene-7-methyl capsaicin
(5,7-C), 5-ene-8-methyl capsaicin (5,8-C), 6-ene-8-methyl
homocapsaicin  (6,8-HC), 6-ene-9-methyl homocapsaicin
(6,9-HC), 7-ene-9-methyl homocapsaicin (7,9-HC), 7-methyl
nordihydrocapsaicin (7-NDC), and 9-methyl homodihy-
drocapsaicin (9-HDC) were obtained from Dr. Kazuhiko
Orito at Hokkaido University in Japan. N-vanillyloctanamide
(NVO) and N-vanillyldecanamide (NVD) were synthesized
as described in earlier work [1]. The purity of each standard
was >98% as measured by UV absorbance spectrophotometry,
LC-UYV, and LC-MS [1]. A mixture of capsaicinoids, a purified,
solid extract of chili pepper, was purchased (Sigma—Aldrich;
#360376) for use in development of the isolation methods. The
mixture contained mostly 6,8-C (about 60 wt.%) and 8-DC
(about 30%). All of the compounds with double bonds along the
acyl chain were in the trans or E form, unless otherwise noted.

Solid phase extraction (SPE) cartridges (Restek Corp.) of
three chemistries — C1g (500 mg, 3 mL), propyl sulfonate strong
cation exchanger (SCX; 500 mg, 3 mL), and propylbenzene sul-
fonate SCX (500 mg, 6 mL) — were used. Solvents for SPE
(acetonitrile, ethyl acetate, methanol, water) were HPLC-grade
or better. A vacuum manifold station (Restek) connected to a
house vacuum system made it convenient to handle the SPE
cartridges and eluates.

The SCX resins, after conditioning with methanol (10 mL
at S5mL/min), were charged with silver by exposure to a
concentrated aqueous solution (up to 0.1 M) of silver nitrate
(ACS grade). The 25 mL silver solution was passed through
the column at 5SmL/min and was followed by a 5mL water
wash. The amount of silver adsorbed on the SCX resins was
determined by measurement of the excess silver (what passed
through the cartridge) using flame atomic absorption spec-
trophotometry (Perkin-Elmer 1100B; Ag—Au hollow cathode
lamp at 328.1 nm).

HPLC-grade solvents were used to prepare the mobile
phases and capsaicinoid stock solutions. Water was purified
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to 18 MQ2 cm by a bench-top water purifier. The mobile phase
composition for the analysis of the SPE eluates and for semi-
preparative liquid chromatography was 35 vol.% water:65 vol.%
methanol, and the flow rate of mobile phase was 1.0 mL/min.
The chromatography column (YMC Carotenoid; from Waters
Corp.) was of dimensions 250 mm x 4.6 mm and packed with
5 pm silica coated with a Cszp phase. An Agilent 1100 liquid
chromatograph, equipped with an autosampler and diode array
detector, was used to separate the capsaicinoids. The capsaici-
noids were detected at 280 nm, a wavelength at which the molar
absorptivities of the compounds are identical [9].

Solubility tests were made in the following manner. Ten
milliliters of solvent were added to varying amounts (0.2—10 mg)
of the capsaicinoids mixture; the mixture was stirred at moder-
ate speed with a stir bar for 15 min; the solution was filtered
(0.45 pm) until no solid particles remained and finally the clear
solution was injected into the liquid chromatograph. The mass of
capsaicinoids injected, assuming complete solubility, was kept
constant by varying the injection volume. For example, 5 uL
of the 2 mg solution was injected, but only 1 uL of the 10 mg
solution was injected. Chromatographic peak areas reached rel-
atively constant values (called standard peak areas) when the
concentration of capsaicinoids was below the practical solubil-
ity limit. The fractional solubility was determined by the ratio of
the peak areas of 6,8-C and 8-DC to their standard peak areas.

Proton, carbon-13, and Distortionless Enhancement by Polar-
ization Transfer (DEPT) NMR spectra were collected on a
custom-assembled system consisting of a 14.1 T, 54 mm bore
magnet (600.377 MHz for 'H; 150.987 MHz for '>C; Magnex
Scientific), a 39-channel room-temperature shim system (Res-
onance Research), a three-channel console (TecMag), and a
5 mm double-resonance broadband probe (Nalorac-Varian). A
test solution of each standard was prepared by dissolving 3 mg
of solid in 0.6 mL of chloroform-D (99.8%; Cambridge Isotopes
Laboratories), containing 0.05% (v/v) tetramethylsilane (TMS)
as areference signal (0.0 ppm). A single scan of the proton spec-
trum was used to “shim” the magnet; this procedure enabled
more definitive '3C and DEPT spectra to be collected. The '3C
and DEPT spectra were an ensemble average of 4096 scans.

3. Results and discussion
3.1. Solubility of capsaicinoids in aqueous methanol

For the separation by reversed phase solid phase extrac-
tion (Cig SPE) and by reversed phase liquid chromatography
(RPLC), samples were prepared in aqueous methanol. The
hydrophobic nature of the capsaicinoids raised the question of
the solubility of larger amounts of the compounds in such a
polar solvent, so tests were performed to determine the practical
solubility of the capsaicinoids mixture in aqueous methanol. In
75:25 water:methanol all of the 0.2 mg sample dissolved, but
only about 80% of the 0.6 mg sample dissolved. Based on these
and other results, the practical solubility of the capsaicinoids in
25 vol.% methanol was estimated to be 0.5 mg per 10mL. In
50:50 water:methanol all of the 5 mg sample dissolved, but only
about 80% of the 10 mg sample dissolved. The practical solu-

bility was estimated to be 8 mg per 10 mL. It is clear that the
percentage of methanol in the sample solvent cannot be much
less than 50 vol.% for the isolation of larger amounts of capsai-
cinoids. Certainly 25 vol.% methanol is insufficient.

3.2. Argentation solid phase extraction: preparation of
cartridges

A strong cation exchange (SCX) resin, either propyl-SO3~
or benzyl-SO3 ™~ with a nominal 2 x 10~% mol charged sites per
gram, was treated with silver nitrate to create a silver-ion SPE
resin. The actual amount of silver loaded was determined by
difference: the amount of silver applied to the cartridge minus
the amount that emerged from the cartridge. The procedures
were given in Section 2.

The concentration of silver applied to the cartridge was var-
ied from 0.1 to 1 mmol silver nitrate per 25 mL of water. The
resulting silver content of the cartridge increased up to a limit
of 0.11 mmol in the 500 mg, 3 mL propyl cartridge and up to a
limit of about 0.2 mmol in the 500 mg, 6 mL benzyl cartridge
(see Table 1). Any amount of added silver nitrate greater than
~1.5 times the maximum silver loading appeared to fully charge
the cartridge with silver.

3.3. Argentation SPE: procedure

Our goal was to separate the capsaicins and non-capsaicins
(dihydrocapsaicins and N-vanillylacylamides) by argentation
SPE. We achieved this goal with the following approach. The
sample (a natural mixture of capsaicinoids) was dissolved in
a less polar solvent (e.g. ethyl acetate), rather than a more
polar solvent (e.g. acetonitrile), to allow full complexation
between the silver ion in the stationary phase and the alkene
moiety of the capsaicins. After loading the capsaicinoids in less

Table 1
Results for the silver charging of SCX resins

mmol Ag* applied® Absorbance ratio® mmol Ag* loaded®

Propyl-SCX resin

0.095 0.169 0.08¢
0.207 0.434 0.12
0.303 0.645 0.11
0.408 0.715 0.12
0.522 0.781 0.11
1.03 0.890 0.11
Benzyl-SCX resin
0.117 0.254 0.09
0.216 0.352 0.14
0311 0.413 0.18
0.389 0.539 0.18
0.513 0.628 0.19
1.05 0.757 0.25

2 Amount of silver nitrate dissolved in 25 mL of water and applied to 500 mg
of SCX resin.

b Ratio of the atomic absorbance of a solution derived from the cartridge
eluates (sample plus wash) to the atomic absorbance of a solution derived from
the silver nitrate solution applied to the cartridge.

¢ mmol Ag* loaded =mmol Ag* applied(1 — absorbance ratio).

d Uncertainties in the mmol Ag loaded values are 4-0.01 mmol
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polar solvent, successive washes of less polar solvent followed
by more polar solvent removed first the non-capsaicins and
then the more strongly bound capsaicins. The success of the
separation was measured by the fraction of 8-DC (representing
the non-capsaicins) in the sample and first less polar wash and
the fraction of 6,8-C (representing the capsaicins) in the more
polar eluates. The argentation SPE procedure for the fraction-
ation is given in Table 2. The literature in the area of normal
phase liquid chromatography of lipids using silver columns
mentioned that strongly bound lipids could be displaced from
the stationary phase by solvents containing small amounts
(as low as 0.025 vol.%) of acetonitrile [10,11]. Consequently,
we were careful to rinse any remaining acetonitrile from the
cartridges before reuse.

3.4. Argentation SPE: separation variables

Three variables were investigated for their effect on the frac-
tionation: SCX resin type (propyl or benzyl), amount of silver
used to charge the resin, and amount of sample (capsaicinoids
mixture) loaded. Each variable was investigated separately,

Table 3

Table 2
Procedure for Argentation SPE using a silver-charged SCX resin

Step Solvent Volume Maximum flow
(mL) rate (mL/min)
Condition Methanol 5 5
Ethyl acetate 5 5
Load sample Ethy acetate (sample) 5 2
(non-capsaicins)
Wash Ethyl acetate (EA1) 2 2

(non-capsaicins)
Elution (to waste) Ethyl acetate (EA2)
Ethyl acetate (EA3)

2
2
Ethyl acetate (EA4) 2
2
2

Acetonitrile (AN1)
Acetonitrile (AN2)

Elution (capsaicins)

[N ST SR S BN S ]

though the three were found to interact. Data for 6,8-C and 8-
DC are shown in Table 3. Acceptable fractionation was defined
as >80% recovery of the compounds at >90% purity with the
material contained in two or fewer SPE eluates, and is indicated
by a gray background in the cells of Table 3.

Fractionation of capsaicins (6,8-C) and non-capsaicins (8-DC) under various conditions

mmol Ag* applied Compound Percentage of compound found
Fraction 1 (sample, EA1) Fraction 2 (EA2-EA4) Fraction 3 (AN1, AN2)
Propyl SCX
0.5 mg Sample
0.25 8-DC 934 7 0
6,8-C 9 27 64
0.50 8-DC 85 13 2
6,8-C 2 4 94
1.00 8-DC 83 14 3
6,8-C 2 5 93
3 mg Sample
0.25 8-DC 99 1 0
6,8-C 98 1 1
0.50 8-DC 96 3 1
6,8-C 68 20 12
1.00 8-DC 90 9 1
6,8-C 4 33 63
5mg Sample
1.00 8-DC 94 5 1
6,8-C 26 40 34
Benzyl SCX
1 mg Sample
1.00 8-DC 50 46 4
6,8-C 0 1 99
3 mg Sample
0.25 8-DC 53 44 3
6,8-C 2 3 95
0.50 8-DC 55 39 6
6,8-C 0 3 97
1.00 8-DC 73 19 6
6,8-C 3 5 92
5mg Sample
1.00 8-DC 97 1 2
6,8-C 96 2

2 Relative uncertainties in the percentage values are about +10%, e.g. 93 + 9% found.
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Up to 5mg of the capsaicinoids mixture were separated on
the 500mg propyl-SCX resin. Acceptable fractionation was
found with the lower amounts of sample, although in the case
of 0.25 mmol applied silver the separation was not very good.
The effectiveness of the separation improved in all cases as the
amount of silver nitrate applied increased. This was disturb-
ing since the silver analysis showed that the amount of silver
taken up by the resin was constant (all exchange sites filled). So
the total amount of silver in the resin was not a good predic-
tor of the separation effectiveness; indeed, the amount of excess
applied silver was a better predictor. One possible explanation
is that two sites for silver exist—one with a low formation con-
stant, preferred at higher silver concentrations, that displays a
strong interaction with the capsaicins and a second with a high
formation constant, preferred at all silver concentrations, that
displays a weaker interaction with the capsaicins. Experiments
are in progress to test this hypothesis. In any case, the propyl-
SCX cartridge appeared to have a capacity of about 2 mg for the
fractionation of the capsaicinoids.

At the higher amounts of capsaicinoids the separation under
all conditions was poor, particularly in the case of the benzyl-
SCX resin. In all cases the benzyl-SCX resin, compared to
the propyl resin, demonstrated stronger binding of the non-
capsaicins, with those compounds spilling over into the second
to fourth ethyl acetate eluates. Presumably the reason for this is
-7 interactions between the solutes and the benzyl moiety of
the resin. The fractionations were not fully acceptable as defined
(the required fractional recovery of the non-capsaicins was not
met). However, if one considers the material in the sample elu-
ate plus eluates EA1-EA3 then the separations were acceptable,
even up to a sample size approaching 4 mg. So, the benzyl form
had a higher sample capacity than the propyl form, but produced
the non-capsaicins in a larger volume of solvent, requiring more
extensive solvent evaporation and time to recover the solids.

3.5. Reversed phase solid phase extraction

With the required use of 50 vol.% methanol as the sample
solvent, there was concern that the capsaicinoids would not be
retained on a reversed phase (Cyg) resin. The concern proved
unfounded. The reversed phase SPE procedure is shown in
Table 4 and was used to isolate the capsaicinoids (2-8 mg) from
a 10 mL sample in 50:50 water:methanol. No capsaicinoids were

Table 4
Procedure for reversed phase SPE using a Cig resin

Step Solvent Volume Maximum flow
(mL) rate (mL/min)
Condition Methanol 10 5
Water 5 5
Load Aqueous methanol 10 2
‘Wash Water 2 2
Elution 50:50 Water:methanol 2 2
Methanol 2 2
Methanol 2 2

Table 5
Composition of the mixture of capsaicinoids
Peak number Abbreviated Capsaicinoid Mass
name (mg)
1 NVO N-vanillyl octanamide 2222
2 4,7-NC 4-ene-7-methyl norcapsaicin 1.93
3 7-NDC 7-methyl nordihydrocapsaicin 2.19
4 6,8-C 6-ene-8-methyl capsaicin 4.47
5 NVN N-vanillylnonanamide 2.65
6 5,8-C 5-ene-8-methyl capsaicin 3.66
7 8-DC 8-methyl dihydrocapsaicin 4.07
8 6,8-HC 6-ene-8-methyl capsaicin 2.52
9 NVD N-vanillyldecanamide 2.17
10 9-HDC 9-methyl homodihydrocapsaicin 3.37

2 Uncertainties in the mass values are +0.02 mg.

found in the sample, wash, or 50:50 water:methanol elution, and
more than 95% of the capsaicinoids were recovered by the first
2 mL elution with pure methanol. A 500 mg cartridge could sepa-
rate at least 10 mg of capsaicinoids in 20 mL aqueous methanol
without any breakthrough (losses during the loading or wash
steps).

3.6. Fractionation of a laboratory mixture of capsaicinoids

A mixture of ten capsaicinoids, four capsaicins and six non-
capsaicins, was created to challenge the separation scheme.
The compounds, in roughly equal amounts (see Table 5), were
dissolved in 25 mL ethyl acetate to give a 1.2 mg/mL total cap-
saicinoids solution.

Separation of the mixture on a C3(p phase was most efficient
(see Fig. 3), but the coelution of several pairs of compounds
demonstrated that direct preparative liquid chromatographic iso-
lation of the compounds was impossible. Two-milliliter aliquots
of the mixture were loaded onto each of 12 silver-charged
(1 mmol silver nitrate per 500 mg resin), propyl-SCX resins, and
the SPE process (Table 2) was carried out on each to produce
volumes of ethyl acetate, containing the non-capsaicins, and of
acetonitrile, containing the capsaicins. The SPE fractionation

[e)]
.

Absorbance (mAU)
S

N

0 1‘0 ZlO 3IO
Time (min)
Fig. 3. Chromatogram of the laboratory mixture of capsaicinoids. YMC-Pack

Carotenoid column (C3p phase) of 4.6 mm x 250 mm packed with 5 wm parti-
cles. Mobile phase (35:65 water:methanol) pumped at 1.0 mL/min.
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Sample eluate

EA1 eluate

EAZ eluate

EA3 eluate

Absorbance

EA4 eluate
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“ “ “ “ AN1 eluate
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. LAA A A A
10 20
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Fig. 4. Chromatograms of a set of eluates from the argentation SPE of the
laboratory mixture. EA stands for ethyl acetate eluate, and AN stands for ace-
tonitrile eluate. YMC-Pack Carotenoid column (C3g phase) of 4.6 mm x 250 mm
packed with 5 pm particles. Mobile phase (35:65 water:methanol) pumped at
1.0 mL/min.

was very effective (see chromatograms of each eluate in Fig. 4),
leading to high purity and high recovery, as described earlier.
The combined ethyl acetate eluates (sample plus EA1) and the
combined acetonitrile eluates (AN1 plus AN2) were separately
evaporated to dryness under nitrogen with heating to 55 °C. The
residue of each fraction was redissolved in 5 mL of 40 vol.%
water:60 vol.% methanol.

The components of each fraction were isolated by semi-
preparative liquid chromatography. Since a4.6 mm x 25 cm col-
umn was used rather than a larger preparative column, the mass
of capsaicinoids that could be injected while maintaining accept-
able resolution was quite limited. Experiments revealed that up
to a total mass of capsaicinoids of 0.3 mg could be injected.
Representative separations are given in Fig. SA and B. The
components of the non-capsaicins fraction were fairly easily
collected within volumes defined by peak start and stop times.
The least resolved peak pair 3,5 showed minimally acceptable
separation only on the C3( phase; this component pair could not
be as cleanly separated on C;g, Cg, or phenyl columns [1]. All
of the capsaicins were nearly baseline-resolved, with the peak
pair 4,6 most difficult to isolate at high purity. Again, the sepa-
ration was best on C3g compared to the more common nonpolar
phases. Based on the chromatographic peak areas, the recoveries
of the individual compounds ranged from 18% (8-HDC) to 70%
(4,7-NC) with a median value of 45%. With five major steps in
the procedure, a 90% recovery at each step would yield a 60%
overall value; so our measured values were quite reasonable.

Each of the 10 aqueous methanol solutions (~20mL) con-
taining an isolated capsaicinoid was diluted in an equal volume
of water and then loaded onto a conditioned Cig SPE car-
tridge (3 mL, 500 mg). After washing the cartridge with 50:50
water:methanol, a single 5 mL aliquot of pure methanol eluted
essentially all of the analyte. The methanol was evaporated to
yield the solid material. The isolated compounds at this point
could undergo analysis for purity and for chemical identification.
Liquid chromatographic analysis of one of the isolated capsai-
cinoids, 6-ene-8-methyl homocapsaicin, under several mobile
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Fig. 5. Chromatograms of the fractions from argentation SPE. Part A, ethyl
acetate/non-capsaicins fraction; Part B, acetonitrile/capsaicins fraction. The key
to the peak numbers may be found in Table 5. About 0.3 mg total mass in
100 pL of solvent injected in each case. YMC-Pack Carotenoid column (Czg
phase) of 4.6 mm x 250 mm packed with 5 pum particles. Mobile phase (35:65
water:methanol) pumped at 1.0 mL/min.

phase conditions and at several absorption wavelengths revealed
very high purity (>98%), based on relative peak areas and the
assumption of similar molar absorptivities for all components
(analyte and any impurities).

3.7. 13C NMR spectrometry

To conclusively identify the isolated material (as well as to
identify any impurities) '3C nuclear magnetic resonance spec-
trometry (NMR) was performed. The 'C NMR chemical shifts
for 15 pure capsaicinoids are listed in Table 6. The purity of
the standards was checked by differential scanning calorimetry,
ultraviolet spectrophotometry, liquid chromatography, and mass
spectrometry as described earlier [1]. The peak assignments
were made with the assistance of experimental DEPT spectra
and NMR spectral prediction software (ChemDraw Ultra; Cam-
bridgeSoft).

Examination of the chemical shifts for the set of standards
revealed several trends that could assist in identifications of
unknown capsaicinoids isolated in the future. First, all of the
chemical shifts associated with the carbons in the vanillylamine
portion of the molecule and the first two carbons along the acyl
chain for each capsaicinoid were identical (within 0.4 ppm).
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Table 6
13C chemical shifts (ppm) for the capsaicinoid standards and the isolated compound®
V2 V4 Vo6 \'%i \%
All 130.4 110.7 145.1 146.7 114.4 120.8 43.6 56.0
Al A2 A3 A4 A5 A6 A7 A8 A9 Al10 ACH3
4,6-NC 172.3 36.8 29.7 126.5 137.9 383 28.7 11.7 20.2
4,7-NC 173.0 36.8 28.7 129.3 130.8 419 28.3 222 222
5,77-NC 172.7 36.1 25.5 31.9 125.9 138.8 31.0 22.6 22.6
5,7-C 173.0 36.1 25.6 32.0 127.3 137.5 384 29.8 11.8 20.4
5,8-C 172.7 36.1 25.6 32.0 130.2 130.4 42.0 28.4 22.3 22.3
6,8-C 172.9 36.7 25.3 29.3 322 126.3 138.1 31.0 22.7 22.7
6,8-HC 172.7 36.7 25.3 29.3 323 127.9 136.7 38.4 29.8 11.8 20.4
6,9-HC 172.7 36.7 25.3 29.3 323 129.6 130.8 42.0 28.4 22.3 22.3
7,9-HC 173.0 36.8 25.7 28.8 29.4 324 126.8 137.8 31.0 22.7 227
7-NDC 172.8 36.9 25.8 29.6 27.1 38.8 27.9 22.6 22.6
8-DC 173.1 36.8 25.8 29.4 29.6 27.2 39.0 279 22.6 22.6
9-HDC 172.9 36.9 25.8 29.3 29.4 29.8 27.3 39.0 28.0 22.6 22.6
NVO 172.8 36.9 25.8 29.0 29.2 31.7 22.6 14.0
NVN 172.8 36.9 25.8 29.2 29.3 29.3 31.8 22.6 14.1
NVD 172.8 36.9 25.8 29.3 29.4 29.5 29.4 319 22.7 14.1
Compound #8 172.7 36.8 253 29.4 324 128.0 136.9 384 29.9 11.9 20.5

Refer to Fig. 1 for the carbon assignments (V1-V8 and A1-ACH3).
# Uncertainties in the chemical shifts are £0.2 ppm.

Thus, these signals indicated a member of the capsaicinoids, but
had no value for distinguishing individual capsaicinoids. Sec-
ond, the shift of the terminal carbon along the acyl chain and the
methyl sidegroup, if any, revealed the capsaicinoid type. A shift
of 14.1 ppm indicated an N-vanillylacylamide, while a shift of
about 20.5 or 22.5 ppm indicated a capsaicin or dihydrocapaicin.
In addition, a signal at 11.8 ppm indicated that the methyl group
was two carbons from the terminal acyl carbon. Third, in the
capsaicins group, if the ene and methyl were separated widely,
e.g. 4,7-NC, then the chemical shifts for the alkene carbons were
within a ppm or two. A closer spacing, e.g. 6,8-C, resulted in
shifts that were about 10 ppm different. The difference became
slightly larger as the ene and methyl moved out along the chain,
but slightly smaller as the entire chain lengthened. In conclusion,
13C NMR spectra provided the means to determine the length of
the acyl chain, the capsaicinoid type, and the relative positions
of the ene and methyl moieties.

As far as we know, this is the first report of the 13C NMR
data for such an extensive list of capsaicinoids. A paper on the
synthesis of some capsaicinoids and related compounds from
1988 provided confirmation of some of the NMR data [12]. The
authors did not provide any carbon assignments, but the values
of chemical shift for all of the carbons in 6,8-C and in 8-DC
corresponded exactly (within +0.2 ppm) to those reported here.
The signals from four other compounds (5,7-NC; 7,9-HC; 7-
NDC; 9-HDC) did not match quite as well. It should be noted
that the 1988 data did not show constant ppm values for the
vanillylamine carbons across the set of compounds, as was the
outcome in our study. This suggests that the earlier data were
somewhat flawed due to instrumental limitations or experimen-
tal conditions.

Table 6 also lists the chemical shifts associated with the iso-
lated 6,8-HC (chromatographic peak #8). The correspondence
of 16 values was nearly perfect (within £0.2 ppm). Three weak

lines from the reference spectrum (associated with three of the
vanillyl ring carbons) did not appear in the sample spectrum,
and two sample signals at 51.0 and 136.1 ppm were unique. The
former is not surprising considering the noise in the sample spec-
trum (less concentrated sample compared to the standards), and
the latter must be due to a small amount of impurity or instrumen-
tal noise. In any case, the isolated material was clearly 6,8-HC.
In a similar fashion the other compounds could be conclusively
identified.

4. Conclusions

The fractionation of a 30 mg mixture of capsaicinoids into
capsaicins and non-capsaicins by argentation solid phase extrac-
tion was accomplished. The sets of compounds were then sepa-
rated into individual members by semi-preparative chromatog-
raphy through use of the uncommon C3 stationary phase and
an aqueous methanol mobile phase. Finally, the isolated com-
pounds were captured on a Cyg solid phase extraction cartridge
for elution with methanol and quick solvent evaporation. Pure
solids, whose purities were measured by liquid chromatographic
analysis and whose identities were confirmed by '3C NMR, were
the ultimate product of the project. Work is in progress to extend
the study to larger amounts of capsaicinoid mixtures and to the
extraction of capsaicinoids from chili pepper fruit.
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Abstract

In this work, a new kinetic method was proposed for quantification phenoxyl radicals generated in enzyme reaction. Instead of direct detecting
the spectral signals of phenoxyl radicals, a molecular probe, the reduced form of nicotinamide adenine dinucleotide (NADH), was employed to
indicate the formation of phenoxyl free radicals. It was found that the reactions of NADH and phenoxyl radicals are very fast, but can be followed
by using stopped-flow fast scanning spectrophotometric technique. The initial rate of accelerated-oxidation of NADH represents the reactivity of
phenoxyl free radical, which is proportional in a certain range to the initial concentration of the parent chlorophenols of the radicals. With this
method, the phenoxyl radicals generated in oxidation reaction of chlorophenols (2-CP; 4-CP; 2,4-DCP; 2,4,6-TCP and 2,3.4,6-Tetra-CP) with
hydrogen peroxide, catalyzed by horseradish peroxidase, were investigated. The method is highly sensitive. Phenoxyl radicals generated from
as low as 1 x 1078 M 2,4-DCP, for example, can be readily detected with the proposed method. The results show that the reactivity of various
phenoxyl radicals are in the following order: 2,4-DCP >4-CP>2-CP >2,4,6-TCP > 2,3,4,6-Tetra-CP. A mechanism is proposed to explain the
possible pathway of the probe reaction. The feasibility of this method was assessed by the determination of enzymatic generation of phenoxyl

radicals in lake water samples.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Phenoxyl radicals; Quantification; Kinetic analysis; Stopped-flow spectrophotometry

1. Introduction

Free radical reactions participate in the normal operation of
a wide spectrum of biological events. For example, the cat-
alytic action of many cellular enzymes and electron transfer
processes, such as the mitochondrial respiratory chain, involves
one-electron transfers, which yield free radical intermediates
[1-3]. The pathogenesis of many disease states also involves in
vivo generation of free radicals. Those reactive chemicals can
take part in unnecessary chemical reactions that can damage
the cell components, including DNA, protein, and lipids [4-7].
Quantification of free radical formation is thus critical for eval-
uation and interpretation of many radical-mediated biological
processes. Numerous studies have been devoted to the deter-
mination of free radicals, but the most of the reports have been
focused on oxygen-centered free radicals, the so-called “reactive

* Corresponding authors. Tel.: +86 27 68764184; fax: +86 27 68754067.
E-mail addresses: xujingwh@163.com (J. Xu), cai_lin@whu.edu.cn
(R. Cai).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.055

oxygen species” (ROS) [8-11]. Relatively less importance has
been fastened on other organic free radicals such as phenoxyl
radicals, which in fact may be the primary radicals derived from
the metabolism of organic pollutants in vivo [12-14]. Unfor-
tunately, there has been no standard procedure that could be
used to sensitively and reliably quantify free radicals due to
their short life time and weak spectra information. The most
direct measurement is the electron spin resonance (ESR) spin
trapping technique, in which nitrone compounds (spin traps)
react with free radicals to form spin adducts that can be detected
with ESR [15-17]. Although changes in ESR signal intensity
reflect the process of free radical generation and decay, the
application of the ESR spin trapping protocol has been lim-
ited in biological systems due to at least two facts: first, the
extremely low concentration of the organic radicals can not pro-
duce adequate spin adducts to be detected by ESR; second, some
of spin adducts can easily turn to ESR-silent products by redox
reaction, especially in the biological fluid [17]. Therefore, it
is significant to seek for some more sensitive methods for the
determination of organic radicals in biological system. As the
majority of free radicals do not display sufficient spectroscopic



324 J. Xu et al. / Talanta 70 (2006) 323-329

or electroanalytical properties for their direct determination, it is
necessary to use indirect chemical methods. The most common
indirect measurements for free radical intermediates are based
on using molecular probes to compete with radical decay reac-
tion, thus forming stable products to produce detection signals
[18-22].

Peroxidases such as horseradish peroxidase (HRP) is heme-
protein having an iron—porphyrin as the active site, which
catalyze the double one-electron-oxidation of substrates with
hydrogen peroxide, liberating two molecules of water. The reac-
tion mechanism seems to be already established [23-25]:

Per’t +H>O, — Col + H,O
Col + AHy — Coll + AH®

Coll + AH, — Per’™ + AH® + H,0

The native HRP (Per’*) is first oxidized by peroxide to com-
pound I (Co I), after which compound I abstracts one electron
from a substrate molecule (AH,) to form compound II (Co
II) and generates a radical (AH®). Subsequently, compound II
oxidizes a second substrate molecule, releasing another radi-
cal and returning the enzyme to its native state [26-31]. The
substrates can be chlorophenols, for example, thus give free phe-
noxy radicals. Using a molecular probe in situ to scavenge the
phenoxyl radicals and monitoring kinetic process of the probe
reaction, a kinetic method for quantification of free radicals
can be developed. On basis of our experiences in research-
ing free radical intermediates in enzymatic reactions utilizing
kinetic analysis [32,33], we consider this kind of method might
also be an interesting and qualified approach for phenoxyl
radicals.

Owing to the rapid reaction rate of free radicals, it is difficult
to trace the dynamic process of their formation and decay by
conventional kinetic methods. Stopped-flow kinetic analysis has
the unique characteristic to inspect the transient system of in
situ, on line and real time and can be a powerful technique for
investigating dynamic process of rapid reaction [23,34,35]. The
stopped-flow fast scanning spectrophotometric technique was
employed here to monitor the transient kinetics for phenoxyl
free radical reaction.

In the present work, the oxidation of chlorophenols (CPs)
with H,O,, catalyzed by HRP, was served as the model reac-
tion for generating phenoxyl radicals, and nicotinamide adenine
dinucleotide (NADH), an important biological molecule that
participates in many metabolic processes [36-38], as the scav-
enger (the probe reagent). The phenoxyl radicals are scavenged
in situ by NADH as soon as they were generated and, as a result,
oxidation of NADH is remarkably accelerated. Therefore, the
information of phenoxyl radicals can be obtained by monitor-
ing the probe reaction, non-enzymatic oxidation of NADH with
phenoxylradicals. The presented work reports unambiguous evi-
dences that the accelerating effect on the oxidation of NADH
stems neither from chlorophenols nor from the final products of
the reaction, but from the free radical intermediates generated
during the enzyme reaction. The reactivity of phenoxyl radi-
cals can be defined as the initial rate of accelerated oxidation

of NADH, which is in a certain range proportional to the initial
concentration of the parent chlorophenols. With this method, the
phenoxyl radicals generated in oxidation reaction of chlorophe-
nols (2-CP; 4-CP; 2,4-DCP; 2,4,6-TCP and 2,3,4,6-Tetra-CP)
with hydrogen peroxide, catalyzed by horseradish peroxidase,
were investigated. The feasibility of this method was assessed by
the determination of enzymatic generation of phenoxyl radicals
in lake water samples.

2. Experimental
2.1. Reagents

Horseradish peroxidase (RZ>3.0) was purchased from
Dongfeng Reagent Co., Shanghai, China, a stock solution of
2.27 x 107> M was prepared by dissolving 0.0100g HRP in
10.00 mL water; hydrogen peroxide solution was prepared by
diluting 0.10 ml of 30% H»O, (standardized by titration with
KMnOQy standard solution) to 100 ml. NADH, disodium salt was
purchased from Roche (purity >97%), the solution was made in
the concentration of 1.42 x 1073 M with KH,PO4—Na,HPO,
buffer (PB) daily. Chlorophenols were obtained from Merck.
Stock solutions for 1.00 x 107>M 2-chlorophenol (2-CP),
4-chlorophenol (4-CP), 2,4-dichlorophenol (2,4-DCP), 2.,4,6-
trichlorophenol (2,4,6-TCP) and 2,3,4,6-tetrachlorophenol
(2,3,4,6-TeCP) were prepared by dissolving in double distilled
water. 0.10 M KH,PO4—Na;HPO4 buffer solutions with vary-
ing pH values were prepared. All other chemicals used were of
analytical reagent grade. Distilled, deionized water was used
throughout. All stock solutions were stored in a refrigerator
(4 °C) and diluted appropriately with KH, PO4—Nay HPO4 buffer
before use.

2.2. Apparatus

Transient kinetics was monitored with an SX18MV-R
stopped-flow spectrophotometer equipped with a high-intensity
xenon arc lamp (Applied Photophysics, UK). Time-resolved
UV-vis spectra were recorded with the same sample-handling
unit equipped with a PD-1 photodiode array spectrophotometer
(Applied Photophysics, UK). Mass spectrometry analysis was
executed with a Finnigan Trace mass spectrometer (Thermo
Electron Co., USA). Temperature was controlled with a Shi-
madzu TB-85 thermostat bath. For pH measurement, a TOA
Electronics Model PHS-3C precision pH meter (Shanghai,
China) was used.

2.3. Stopped-flow kinetic analysis

Time-resolved spectra were recorded using the photodiode
array rapid-scan mode. The spectra resolution was around 1 nm
with a mixing time of 1.5ms. The time courses of the reac-
tions were followed at 340 nm (absorbance of NADH) in the
monochromatic mode and 1000 data points per trace were
acquired. The initial reaction rate (denoted as dA/dr) was cal-
culated using the data collected in the first 2.0s of the reac-
tion from such kinetic curves (A ~ ). The length of the light
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path was 1cm for both types of measurements. Temperature
was controlled constant at 25+ 0.2°C. In a typical experi-
ment, one syringe contained 1.14 x 107°M HRP in buffer
solution, and the other contained mixture of 5.00 x 10~°M
H,0,, 1.00 x 10~*M NADH and CPs of various concentra-
tions in buffer solution. All data were determined from averages
of five individual traces and concentrations after mixing were
stated.

2.4. Mass spectrometry

The reaction products were analyzed by mass spectrome-
try. Aliquots of reaction mixtures containing 1.14 x 107°M
HRP, 1.00x107*M H,0,, 1.00x 107*M NADH and
1.00 x 107*M 2,4-DCP in buffer solution, were injected
directly into the mass spectrometer after 1 min incubation. The
settings of the mass spectrometer were as follows: ion source
temperature 200 °C, electron energy 70eV, detector voltage
350V, scan range 40-600 amu.

2.5. Sampling procedure

Lake water samples were collected in 0.5-L acid-washed
reagent bottles with Teflon-lined caps. Prior to sample col-
lection, glassware was washed overnight in 10% HNOs3 and
then copiously rinsed with water and sample. After collection,
samples were filtered through 0.22-pm Nylon 66 filters and
stored at 4 °C until analyzed. Immediately prior to determina-
tion, the pH of the water samples was adjusted to pH ~7.4
by adding 10% (v/v) of 1.0M, pH 7.4 KH;PO4—Nay;HPO4
buffer.

3. Results and discussion
3.1. Dynamic spectra and kinetic study of reaction systems

Time-resolved UV-vis spectra of the reaction system both in
the absence and in the presence of 2,4-DCP (all the CPs investi-
gated here have similar effects on NADH oxidation, so 2,4-DCP
is chosen as representative of CPs for terseness in the follow-
ing discussion) are depicted in Fig. la and b, respectively. It
can be seen that NADH react rather slowly with H>O; in the
designated condition (Fig. 1a). When trace amount of 2,4-DCP
(5.00 x 10~7 M) was introduced to the reaction system, oxida-
tion of NADH was accelerated markedly. The absorbance of
NADH at 340 nm disappeared rapidly within 1 s (Fig. 1b). So the
phenoxyl radical reaction was studied by measuring the decreas-
ing absorbance of NADH at 340 nm to obtain the initial reaction
rate.

Time dependence of the reaction monitored at 340 nm in
various 2,4-DCP concentration also exhibited its accelerating
effect on NADH oxidation in a concentration-dependent manner
(Fig. 2). The initial reaction rate increased linearly with 2,4-DCP
concentration and that is the case for other chlorophenols inves-
tigated here. Consequently, a kinetic spectrophotometric method
for the determination of phenoxyl radicals was realized by mea-
suring the initial rate of NADH oxidation.
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Fig. 1. Dynamic transformation of absorption spectra recorded upon mixing
of 1.14 x 107 M HRP and (a) 0, (b) 5.00 x 10~7 M DCP with 1.00 x 10~ M
NADH and 5.00 x 107*M H,0, in pH 7.4 PB, 25°C. The spectrum 1 was
recorded 0.019 s after mixing, and spectrum 2-10 at: (a) 0.838, 1.658, 2.477,
3.296,4.115,4.934,5.754,6.573,7.392 s, (b) 0.224, 0.429, 0.634, 0.838, 1.043,
1.248, 1.453, 1.658, 1.862s, respectively. The arrows show the direction of
absorbance change with time.

3.2. Possible mechanism of the reaction

To exclude whether the accelerating effect stems from final
products of 2,4-DCP in the reaction, two set of contrastive exper-
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Fig. 2. Time dependence of the reaction in various DCP concentrations. The
reaction mixtures contain 0, 10, 20, 30, 50, 80, 150, 200 w1 1.00 x 10~4 M DCP
from curve a to h, other conditions are as depicted in Section 2.
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Fig. 3. Comparison of the kinetic curves of NADH oxidation in the presence of
(a) final products, (c) free radical intermediates of 2,4-DCP in enzyme reaction.
Curve (b) is the blank reaction of NADH oxidation. The reaction conditions are
depicted in Section 2.

iments were conducted and compared with the blank reaction
(oxidation of NADH without 2,4-DCP). In the first case, HRP,
2,4-DCP and H,O; were premixed and incubated at 25 °C for
30min to complete the reaction, afterwards, the mixture was
rapidly mixed with NADH and time courses were followed at
340nm. The contrastive one was carried out according to the
procedure described in Section 2. As is shown in Fig. 3, the final
products of 2,4-DCP show no accelerating effect on NADH oxi-
dation, whose time course (curve a) is even slower than that of the
blank reaction (curve b). These results strongly indicate a mech-
anism involving a role for transient phenoxyl radical formed in
the investigated system, and neither 2,4-DCP nor its final prod-
ucts who accelerate the oxidation of NADH.

In order to clarify its mechanism, the reaction was
investigated by mass spectrometry (Fig. 4). In the mass
spectrum of the reaction mixture containing 1.14 x 107°M
HRP, 1.00x107*M H,0,, 1.00x 107*M NADH and
1.00 x 1074 M 2,4-DCP, the strongest peaks, with a relative
abundance of nearly 100%, shows the characteristic pattern of
a molecular ion containing two chlorine atoms (161 m/z, under
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Fig. 4. Mass spectrum of the reaction mixture containing 1.14 x 10~ M HRP,
1.00 x 10~* M H,03, 1.00 x 10~* M NADH and 1.00 x 10~* M 2,4-DCP after
60-s incubation.
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Fig. 5. Schematic illustration of the possible pathway of accelerating effect of
CPs on NADH oxidation.

negative ionization). Ithas been assigned to 2,4-DCP (Mr = 162);
the assignment of the second group, falling at 283-289 m/z, is not
straightforward. Furthermore, peaks at m/z ratios corresponding
to dimer products of 2,4-DCP could not be detected. In this
experiment no evidence shows formation of any kind of dimers
of 2,4-DCP (321, 323, 325, 327, 329 m/z) as were observed in
oxidation of 2,4-DCP catalyzed by HRP without NADH [29].
Thus, the MS experiments rule out any depletion of CPs during
the reaction.

According to the bibliography [26—30] and our own obser-
vations, the possible pathway of accelerating effect of CPs on
NADH oxidation was postulated as is demonstrated in Fig. 5.
HREP first catalyzes CPs to generate phenoxyl radicals (CP*®),
then NADH reacts with the phenoxyl radical to form NAD®.
This process results in the accelerated-oxidation of NADH and
returning phenoxyl radical to its initial chlorophenol state in a
catalytic cycle. Hence the concentration of chlorophenol keeps
constant until NADH is depleted. The dash-arrow shows the
reaction pathway without NADH.

3.3. Optimization of determination conditions

The optimal condition is on the basis of obtaining maximum
possible sensitivity, and at the same time, minimizing the blank
reaction rate. The variables of determination were optimized
in both systems, i.e. NADH oxidation in the presence of CPs
(referred as “accelerated reaction”) and in the absence of CPs
(referred as “blank reaction”).

The pH dependence of the systems was investigated over the
range form pH 5.59 to 8.04 using Na,HPO4—KH;PO, buffer
solution, which is shown in Fig. 6a. It can be seen that the ini-
tial reaction rate decreases with increasing pH in both systems.
Although the reaction rate is higher in lower pH in both systems,
the blank is too high when pH < 7.4, which will be detrimental to
the determination. Considering the potential application to the
biological system, hence the Na,HPO4—KH,PO4 buffer with pH
7.40 was chosen in the subsequent experiments.

Like most work concerning enzymatic reactions, the concen-
tration of the catalyst is always an important factor influencing
the performance of the method and is essential to decide its
appropriate amount. In our experiment, the reactions cannot
take place at all in the absence of HRP, and the initial reac-
tion rate increases with HRP concentration till 2.27 x 10~ M,
as is shown in Fig. 6b. With HRP concentration higher than
1.14 x 107 M the initial rates of phenoxyl radical generation do
not increase very much, but difference between the accelerated
reaction and the blank decreases. Besides, the reproducibility of
the signal becomes poor with even higher HRP. Considering the
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Table 1
Analytical figures of merit for the determination of phenoxyl free radicals of various chlorophenols
Chlorophenols Linear range Detection Slope (x 107s7 MY Intercept ) Correlation R.S.D.2 (%)
(x1077 M) limit (M) coefficient
0-CP 0.333-16.7 3% 1078 4.30E—4 £ 1.29E-5 1.58E—3 £ 5.50E—5 0.9975b 3.9
p-CP 0.167-8.33 7% 107° 1.21E—-3 £+ 5.01E-5 5.22E—3 4+ 4.14E—4 0.9987° 3.8
2,4-DCP 0.0833-16.7 3x 1077 1.27E—-3 + 8.59E-5 2.38E—3 + 1.07E—4 0.9995P 2.5
2,4,6-TCP 33.3-333 4% 1077 7.87E—5 + 8.13E—7 429E—3 + 1.43E—4 0.9997* 2.3
2,3,4,6-TeCP 66.7-667 1x10°° 2.94E—5 £ 6.09E—7 2.11E-3 4+ 2.01E—4 0.9987* 34
4 p=9.
b n=13.

sensitivity as well as the reproducibility, 1.14 x 10~ M of HRP
was recommended in the following determination.

The influence of NADH concentration on the initial rate in
the two systems was also studied in this work. It is shown in
Fig. 6c that difference of the initial rates between the accelerated
reaction and that of the blank reaches to the maximum at about
1.00 x 10~* M of NADH concentration, which was then used
during the subsequent experiments.

The concentration of substrate in enzymatic reactions is
always a very important factor for the system. Too low concen-
tration of substrate will unavoidably cause signal loss because
of the incompleteness of reactions. Meanwhile, improperly
high concentration of substrate will be extremely detrimen-
tal to the catalyst and also contribute to the blank. The ini-
tial rate increases with the rising H>O, concentration up to

Table 2
Tolerance (molar ratio of foreign substances to 2,4-DCP) of the method to some
foreign substances

Foreign substances Tolerance
Thiamine, tocopherol 10
Ascorbic acid, tyrosine 5
Glycin, glutamine, phenylalanine, tryptophan 400
Bovine serum albumin 20
Na*, K*, Ca®*, Mg?* 1000
Cu?*, Fe?*, Fe*, Mn?* 4
SOD (U/ml) 1
DMSO, CH3;0H 500
Glutathione 1.5
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Table 3

Determination of generation of phenoxyl radical in lake water samples (express as concentration of 2,4-DCP equivalent)

Sample Found in sample® (x 1078 M) Added (x 1078 M) Found? (x 108 M) Recovery (%) R.S.D. (%)
1 522 +£0.23 5.00 9.60 £ 0.32 94 33

2 8.14 £ 0.18 5.00 13.5 £ 0.62 103 4.6

3 9.65 £ 0.21 10.0 19.8 £ 0.55 101 29

4 12.7 £ 0.38 50.0 559 +£24 89 43

5 8.98 £ 0.35 100 98.8 + 3.8 91 3.8

2 Values are means & S.D. from five individual determinations.

5.00 x 10~° M, above which it has little effect on the accelerated
reaction while the initial rate of the blank reaction keeps rising.
Moreover, HRP will be inactivated at too high H»O» concentra-
tion [29]. S05.00 x 10~% M H,0, was used in the recommended
procedure.

3.4. Analytical performances of the method

Table 1 summarizes the figures of merit of the calibration
graphs for phenoxyl radicals obtained from the above mentioned
determination procedure. The calibration graphs are based on
initial rate of the probe reaction plotted in function of chlorophe-
nol concentration. The detection limit was calculated according
to the three Sp/m criterion, in which ‘m’ is the slope of the range
of the linearity used and “Sy’ the standard deviation (n=11) of
the blank. The relative standard deviations (R.S.D.) in Table 1 are
for nine replicate determinations of 1.00 x 10~7M o-CP, p-CP,
2,4-DCP and 1.00 x 1073 M 2,4,6-TCP, 2.,3,4,6-TeCP, respec-
tively.

The results show excellent sensitivity as well as good repro-
ducibility of this method. Phenoxyl radicals generated from
2.4-DCP as low as 1.00 x 1078 M, for example, can be read-
ily detected with the proposed method. It may be considered
acceptable that apply this method for determination of phenoxyl
radicals generated in enzyme reactions. The slopes of the cal-
ibration graphs in Table 1 represent the reactivity of various
phenoxyl radicals, which are in following order: 2,4-DCP > 4-
CP>2-CP>2,4,6-TCP>2,3,4,6-Tetra-CP. These results indi-
cate that the reactivity of phenoxyl free radicals is dependent
on the structure of their parent molecules.

3.5. Interference

Interferences from some amino acids, metal ions and other
bioactive molecules normally seen in biological samples, as
well as several specific scavengers of O2*~ and HO® such as
superoxide dismutase (SOD) and dimethylsulfoxide (DMSO)
are considered. 2,4-DCP was chosen as the representative of
chlorophenols to conduct the interference experiment. With
concentration of 2,4-DCP fixed at 5.00 x 107 M, the foreign
substances under study are added into the system with differ-
ent concentrations. Their influences on the determination are
presented as tolerance (molar ratio of foreign species to 2,4-
DCP), which means the added intruder has lead to a variation
of the initial reaction rate with less than 5%. Results in Table 2
show a fairly satisfactory selectivity of the method. It was noted

that some metal ions such as Mn?* tremendously enhances the
extent of the reaction, but has little effect on the initial reaction
rate in given concentration. DMSO (0.10 M), a specific scav-
enger for *OH, was introduced into the system, and the initial
rate of the reaction was found to be almost unchanged, indicat-
ing that *OH does not contribute to the accelerated oxidation of
NADH. When SOD (3 UmL™1), a specific scavenger for 0,°~,
was added to the reaction systems, the initial rates of the reac-
tions changed synchronously to the same extent (decreased by
12.5%) in both the accelerated reaction and the blank, prov-
ing that O,°*~ does not mediate the accelerated-oxidation of
NADH. On the contrary, glutathione, a non-specific free radical
scavenger, has intensive effect on the system and inhibits the
reaction by 50% at concentration of 3.50 x 1070 M.

3.6. Analytical application

The feasibility of this method was assessed by the deter-
mination of enzymatic generation of phenoxyl radicals in five
lake water samples. In actual sample analysis, water sample
took the placed of CPs in the standard procedure. Results were
expressed as concentration of 2,4-DCP equivalent. The val-
ues of the samples determined by this method ranged from
5.22 x 1078 to 1.27 x 10~7 M, as is shown in Table 3. Percent-
age recoveries were measured after adding different amounts of
2,4-DCP into the samples, which were from 89% to 103%, indi-
cating that the lake water matrix did not significantly affect the
determination.

4. Conclusion

A new kinetic method using stopped-flow spectrophotom-
etry was proposed for detecting phenoxyl radicals generated
in enzyme reaction. The accelerated-oxidation of NADH with
phenoxyl radicals was observed and employed as the probing
reaction to indicate the generation of phenoxyl free radicals.
The information of phenoxyl radicals was obtained by monitor-
ing the kinetic process of probing reaction. Possible pathway of
the reaction is recommended. The proposed method is simple
and sensitive, and shows promising to be applied to biological
as well as environmental monitoring. Since peroxidase is ubig-
uitous in living body, the enzymatic reaction might probably be
one pathway of CPs injury to cells or organism, especially in
the mitochondrial respiratory chain in which NADH is abun-
dant and plays a key roll. The mechanism of cytotoxicity of
chlorophenols leaves open to further research.
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Abstract

Based on the multidomain structure of Pseudomonas aeruginosa exotoxin A, a fusion protein termed rPEA has been constructed, which is
expected to serve as a gene carrier in vitro. The expression and purification of rPEA are described. The basal properties of rPEA as a gene carrier
are evaluated by investigating its interaction with plasmid DNA and mimic biomembrane by surface plasmon resonance (SPR) and electrochemical
methods. rPEA is proved to be able to bind with plasmid DNA with high affinity. It can also interact with lipid membrane and increase permeability
of the membrane, so the probe molecules can easily reach the gold surface and exhibit the electrochemical response.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, native peptides and proteins with amphipathic
sequences which play an important role in many lipid
membrane-reorganizing processes like fusion or disruption have
been applied to construct fusion proteins for intracellular deliv-
ery of drugs, including oligonucleotides, peptides, or plasmid
DNA [1]. One class of the membrane-active peptides is exo-
toxins and other bacterial proteins. The activity of these toxins
depends on an efficient delivery mechanism of their toxic domain
to the cytosol. One of such toxin is Pseudomonas aeruginosa
exotoxin A (PEA), which is one of the major virulence factors of
P. aeruginosa. The toxin is a single-chain polypeptide contain-
ing 613 amino acids and is arranged in several domains [2-5]:
domain Ia (aa 1-252) exerts the cell binding function (amino-
terminal domain); domain II (aa 253-364) mediates membrane
translocation; domain Ib (aa 365-404) of unknown function and

* Corresponding author. Fax: +86 4315689711.
E-mail address: xryang @ciac.jl.cn (X. Yang).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.056

domain III (aa 405-613) carries the mono-ADP-ribosyl trans-
ferase activity (carboxy-terminal domain). The toxin enters the
cell by receptor-mediated endocytosis and internalizes by endo-
somes. Depending on endosomal acidification as a trigger, a
conformational change within the translocation domain of the
toxin and insertion into the vesicular membranes occur. Finally,
the enzymatically active toxin fragment will be delivered into
the cytosol of target cell, where it inhibits the eukaryotic pro-
tein synthesis by catalyzing the transfer of ADP-ribosyl moiety
of NAD* onto elongation factor 2 [6]. Based on the multido-
main structure and the endosome escape property of such toxins,
fusion proteins have been engineered to be used to transport
heterologous protein domains into cells by modifying the enzy-
matic domain [7,8], or used as immunotoxin by replacing the
cell recognition domain with antibodies or natural ligands [9],
or facilitated target cell-specific gene delivery by changing both
the cell recognition domain and the enzymatic domain [10,11].
Alternatively, we propose to utilize the toxin to construct a
fusion protein as a gene carrier that can be widely used in
vitro. The fusion protein consists of three functional domains:
(1) the cell-binding domain of exotoxin A confers binding to
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its receptor; (2) the translocation domain of exotoxin A facili-
tates endosome escape; and (3) histone H3 enables high-affinity
binding to plasmid DNA. Because the receptor of PEA is a2-
macroglobulin receptor/low density lipoprotein receptor-related
protein (a2-MR/LRP), which is found in many tissues and cells
and is expressed in high levels in fibroblasts and hepatocytes
[12], this fusion protein, which named rPEA, is expected to be
useful in mediating the gene delivery for varieties of cells in
vitro.

The traditional route for the identification of a fusion pro-
tein as a gene carrier is electrophoretic mobility shift assays
and cell transfection experiments. However, for the preliminary
screening, these approaches are laborious and time consum-
ing. Here our main goal is to investigate some properties of
the fusion protein that are considered important in respect of
their potential use in a DNA delivery system. For a gene car-
rier, a basal requirement is the high affinity with plasmid DNA,
so we firstly investigated the DNA binding property of rPEA.
Surface plasmon resonance (SPR) is a powerful technique to
monitor the interactions of biomolecules in real time without
labeling. It has been widely used for measuring the reaction
kinetics and affinity constants for a variety of biological systems
including DNA-protein, antibody—antigen, enzyme—substrate,
receptor-ligand, etc. [13—16]. SPR biosensor was used to
investigate the DNA binding property of rPEA in the present
paper.

The second basal requirement for a gene carrier is the capac-
ity of translocating the biomembrane of cells’ components. As
rPEA would enter the cells by receptor-mediated endocytosis
and internalize by endosomes, so the penetration of rPEA to
the membrane of endosome is what we care about. Because of
the complexity of the native biomembranes, many kinds of sim-
plified models of biomembranes have been applied to mimic
the structures and properties of native biomembranes. One of
the extensively studied model biomembrane is hybrid bilayer
membrane (HBM). It represents a means of stabilizing a lipid
bilayer while preserving its dynamic nature and provides a way
of organizing membrane proteins in a native membrane-like
environment [17]. Combined with electrochemical methods, it
has been used as model biomembrane to investigate the perme-
ation mechanism of some biomolecules [18—-20]. In this case,
we constructed the HBM on the gold electrode and the interac-
tion of rPEA with the model biomembrane was investigated by
electrochemical methods.

2. Experimental
2.1. Materials

Escherichia coli strain BL21 (DE3 plys) cells and pET-28a
vector were obtained from Novagen. HiTrap™ chelating
HP was obtain from Amersham Biosciences. Isopropyl (-D-
thiogalactopyranoside (IPTG), laurouyl sarcosine (SKL) and
phenylmethanesulfonyl fluoride (PMSF) were purchased from
Sigma. Goat polyclonal antibody to Histone H3 was purchased
from Abcam. Plasmid DNA was PVAX1, preserved by our lab-
oratory. Sensor chip C1 and hepes buffer saline solution (HBS)

(pH 7.4, consisting of 10mM 4-[2-hydroxyethyl]piperazine-
1-ethane-sulfonic acid, 150mM sodium chloride, 3.4 mM
EDTA, 0.005% (v/v) surfactant P-20) were obtained from
Pharmacia Biosensor AB. Poly (ethylenimine) (PEI) (average
MW =6 x 10*, 50 wt.%, Sigma) was used without further
purification. Hexanethiol was obtained from ACROS. 1,2-
Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) was
purchased from Sigma. All other reagents and solvents were of
analytical reagent grade. Ultrapure water was prepared with a
Quartz distillatory below boiling point and then purified with a
Milli-Q ultrapure water system.

2.2. Expression and purification of fusion proteins

The gene fragment of human histone H3 was inserted
between the gene fragments encoding amino acids 1-364 and
604—613 of PEA. The ligated fragment was cloned into prokary-
otic expression vector pET-28a directly, getting the recombinant
vector pET-28a-PEA-H3. BL21 (DE3 plys) carrying plasmid
pET-28a-PEA-H3 were grown at 37 °C in LB medium contain-
ing 50 pg/ml of kanamycin to ODs550=0.6. Protein expression
was induced with 0.5 mM IPTG at 37 °C for 180 min. Cells were
harvested by centrifugation. Pellet was resuspended in 50 mM
Tris—HCI, pH 8.0, containing 5% glycerol, 50 mM NacCl, 0.5 mM
EDTA, 1 mM mercaptoethanol and 0.3 mM phenylmethylsul-
fonyl fluoride.

The cells were lysed by ultrasonication. Cell lysates were
centrifugated at 13,000 rpm for 10 min. The inclusion bodies
were washed with 0.2% deoxycholic acid twice and were lysed
with 0.3% SKL overnight. The samples were loaded onto a
Ni?*-saturated HiTrap™ chelating HP column under the con-
ditions of 50 mM Tris—HCI, pH 8.0, 500 mM NaCl, 0.3% SKL.
Unbound proteins were removed by washing the column with
equilibration buffer containing 100 mM imidazole. Bound pro-
teins were eluted by increasing the imidazole concentration of
the buffer to 500 mM. The obtained target proteins were diluted
in 50 mM Tris—HCI, pH 8.0, containing 150 mM NaCl, 0.5 mM
EDTA, 1 mM mercaptoethanol and dialysised in the same solu-
tion contained different concentrations of SKL (0.2, 0.15, 0.08,
0.05, 0.03, 0.02%) for 2 h each at 10 °C. The samples were con-
centrated with Amicon Ultra-4 Centrifugal Filter Devices. The
concentrated samples were assayed by SDS-PAGE and western
blotting with the polyclonal antibody to Histone H3. The concen-
tration of the fusion protein was determined by UV-vis spectra
measured on a Carry 500 Scan UV-vis-NIR Spectrophotometer
(Varian, USA).

2.3. Surface plasmon resonance measurement

The SPR-based biosensor BIAcore 1000 (Pharmacia Biosen-
sor AB, Uppsala, Sweden) was used to perform affinity exper-
iment. The apparatus consists of a processing unit with liquid
handling and optical system, a PC running BIAcore 1000 con-
trol software (version 2.1) for operating the instrument. BIA
evaluation software (version 3.0) was used for data analysis.

Sensor chip C1 was inserted into the BIAcore. HBS buffer
was used continuously with a flow rate of 5 pwl/min, and 25 °C
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was chosen for the whole process. The flow rate of 5 wl/min
was maintained unless otherwise stated. Plasmid PVAX1 was
selected as the immobilized ligand in the assay. The immobi-
lization procedure was as follows: the sensor was first equi-
librated with HBS buffer (10 mM, pH 7.4) until the baseline
was stable. An aqueous solution of PEI (1 mg/ml, 10 pl) was
injected. When the response signal was stable again, plasmid
DNA (0.2 mg/ml, 10 w1, diluted in water) was injected. Then the
system was programmed to run at a high flow rate (100 wl/min)
for 5 min to avoid clogging by accumulation of polyelectrolyte
and DNA.

The DNA-modified surface was used to determine the kinetic
constants of the interaction between rPEA and plasmid DNA.
rPEA was diluted in different concentrations with HBS buffer
and flowed over the DNA immobilized surface. After each mea-
surement, the surface was regenerated with 1.5M NaCl and
thoroughly rinsed with running buffer before injecting the next
protein dilution.

2.4. Mimic biomembrane construction

The lipid vesicles were prepared according to the following
procedure [21]: a solution of DMPC in chloroform was placed
in a glass flask, and the solvent was evaporated under a stream of
nitrogen, leaving a film of dried lipid in the vessel. The sample
was then placed in a vacuum desiccator overnight to remove
residual chloroform. The lipids were resuspended by vortexing
in 0.01 M citrate buffer (pH 5.0, containing 0.1 M NaCl) to give a
final concentration of 0.5 mg/ml. Sonicated unilamellar vesicles
were produced from the suspension by sonication to clarity (ca.
2h).

Prior to the formation of hybrid lipid membranes, a gold
electrode was polished carefully with alumina slurries (1, 0.3,
0.05 nM) and washed ultrasonically with double distilled water.
Then it was electrochemically cleaned in 1 M H;SO4 by cyclic
potential scanning between —0.2 and 1.55V until a standard
cyclic voltammogram was obtained. Subsequently, the gold
electrode was rinsed with copious amounts of double distilled
water and absolute ethanol in turn.

After the electrode was cleaned, it was dried with high-purity
nitrogen stream. Then it was immersed into a solution of 1 mM
hexanethiol in absolute ethanol for 24 h. Subsequently, the elec-
trode was rinsed with absolute ethanol and water to remove
nonchemisorbed species. After the electrochemical character-
ization of the self-assembled hexanethiol, the gold electrode
was immersed into a solution of phospholipid vesicles. After
the formation of HBM, the gold electrode was transferred into
solutions of rPEA.

2.5. Electrochemical measurements

A conventional three-electrode electrochemical system was
used for the electrochemical measurements. The gold elec-
trode was used as working electrode, an Ag/AgCl (saturated
KCI) was used as reference electrode, and a Pt plate (area,
2cm x 1cm) was used as counter eletrode. An Autolab PG
30 electrochemical analyzer system (Eco Chemie BB, Nether-

lands) supplied with a FRA 2 module for impedance mea-
surements, a SCAN-GEN scan generator, and GPES/FRA 4.9
software, were used for the electrochemical measurements. The
electrochemical measurements were performed in the pres-
ence of SmM Kj3[Fe(CN)gl/K4[Fe(CN)g] (1:1) mixture as a
redox probe in 0.01 M citrate buffer (pH 5.0, containing 0.1 M
NaCl). The impedance spectra were measured in the frequency
range from 100 mHz to 100 kHz in a potential of 0.23 V versus
Ag/AgCl (saturated KCl), with a root mean square amplitude
of 5mV. The frequency interval was divided into 60 logarith-
mically equidistant measure points. The electrical parameters
of the system were fitted with a software package embed-
ded in FRA 4.9. All measurements were carried out at room
temperature.

3. Results and discussion
3.1. Production of the fusion protein

Residues 365-603 from PEA were replaced by the sequence
encoding histone H3, and assembled into a single open reading
frame in the bacterial expression vector pET-28a. The last amino
acids (604—613) of PEA were remained, including the sequence
REDLK that was required for the efficient delivery of the toxin
to the cytosol [22]. The recombinant vector pET-28a-PEA-H3
encoded the target protein rPEA under the control of the IPTG
inducible T7 promoter. rPEA also contained a cluster of six
histidine residues allowing purification by Ni2* affinity column.
After transformation of BL21 E. coli strain, inclusion bodies
were obtained by ultrasonication and then resolved by SKL.
The target protein was purified through Ni%* saturated chelating
column and was refolded by dialysis in the gradually decreased
concentration of SKL. Fig. 1 showed the typical result of the
purification (>85%) that a prominent protein band migrated with
the expected size of the fusion protein (57 kDa). The protein
was detected as a single band after western blotting with the
polyclonal antibody to histone H3.

kDa

94
67 —

43 —

30 —

21

10

Fig. 1. SDS-polyacrylamide gel electrophoresis analysis of the rPEA protein
purified from bacterial lysates. Lane 1, western blotting of the target protein
with polyclonal antibody to Histone H3; lane 2, refolded and concentrated target
protein; lane 3, the inclusion bodies resolved by SKL; lane 4, inclusion bodies
after ultrasonication; M, molecular weight standards; lane 5, the protein of whole
positive bacteria; and lane 6, the protein of whole negative bacteria.
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Fig. 2. Representative overlaid sensorgrams illustrating the binding of 20 pl
rPEA (2.0 pg/ml) on plasmid DNA- and PEI-modified surface. The flow rate was
5 pl/min and HBS buffer was flowed over the chip surface after each injection.

3.2. Interaction with plasmid DNA investigated by SPR

During real-time SPR measurement, one reagent is immobi-
lized on the surface of the sensor chip, while the other reagent
flows over the sensor surface and reacts with the immobilized
one. In our work, to remain the integrated bioactivity of the
rPEA, the plasmid DNA was immobilized on the sensor chip.

Usually, the linear DNA can be immobilized using
streptavidin—biotin coupling method, but for plasmid DNA, this
method is unsuitable. So we first modified the C1 chip with
a positive charged polyelectrolyte PEI by electrostatic adsorp-
tion, then the plasmid DNA was immobilized by the electrostatic
interaction with PEL. Immobilization levels of PEI and plasmid
DNA were approximately 2500 and 3000 resonance units (RU),
respectively. Under these conditions, the immobilization of plas-
mid DNA was reproducible with a relative standard deviation
(RSD) of 3.5% (n=3).

The immobilized surface was used to perform kinetic assay
of rPEA with plasmid DNA. To eliminate the effect of the bulk
refractive index, rPEA was diluted with HBS buffer (10 mM,
pH 7.4). We firstly investigated the nonspecific adsorption of
rPEA to the PEI-modified surface. One concentration of rPEA
(2.0 pg/ml, 20 pl) was flowed over the PEI-modified surface, the
result was compared with that obtained with the plasmid DNA-
modified surface. As seen from Fig. 2, in the control curve with
the PEI surface, the rPEA application led to an initial increase
of 50 RU followed by a decrease after rinsing. This was due to a
weak adsorption of the sample solution. However, the nonspe-
cific adsorption was so small compared with the enhancement

1200
1000
800 -
o 7.5ug /mi
o
& 600
5 4.0ug/ml
Q .0ug/m
i
& 400+
2.0ug/ml
200 - kg
0.5ug /ml
0 4
x T X T y T
0 200 400 600
Time/s

Fig. 3. Representative overlaid sensorgrams illustrating the real-time interaction
of 20 w1l rPEA at different concentrations (0.5, 2.0, 4.0, 7.5 pg/ml) with plasmid
DNA. The flow rate was 5 wl/min and HBS buffer was flowed over the chip
surface after each injection.

value of rPEA with plasmid DNA, it was neglected during the
following experiments.

Fig. 3 was the representative overlaid sensorgrams illustrat-
ing the real-time interaction of plasmid DNA with 20 w1 rPEA
in HBS buffer at different concentrations. From the sensor-
grams, the association and dissociation events could be directly
observed. Different concentrations (0.5, 2.0, 4.0, 7.5 p.g/ml) of
rPEA were separately injected over the sensor surface and the
amounts of bound rPEA were directly proportional to the pro-
tein concentration. The association and dissociation data were
evaluated with BIA evaluation software (version 3.0). The data
were analyzed with a simple 1:1 Langmuir model. The kinetic
constants were given in Table 1. From the SPR study, we could
conclude that rPEA has a high affinity for the plasmid DNA.
The affinity constant of rPEA for the plasmid DNA was compa-
rable with other gene carriers, such as functionalized carbon
nanotubes (f-CNTs), poly (L-lysine), etc. [23,24]. Moreover,
after internalization by target cells it might dissociate from the
complex sufficiently. This would be desirable for the gene car-
riers.

3.3. Interaction with mimic biomembrane investigated by
electrochemical methods

Cyclic voltammetry has been widely applied to character-
ize self-assembled layers on solid support surfaces [25-27]. In
our experiment, a thin film of hexanethiol was firstly formed
on the bare gold electrode, then the lipid layer were formed

Table 1

Kinetic parameters of the interaction of rPEA with plasmid DNA obtained with 1:1 Langmuir model (n=3)

Kinetic parameters ky (1/Ms) kq (1/s) Ka (1/M) Kp (M)
rPEA-plasmid DNA 2.61(£0.21)x 10* 5.2(£0.33)x 1074 5.02(£0.50)x 10’ 1.99 (£0.14)x 1078
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Fig. 4. Cyclic voltammogram recorded in 5mM Kj3[Fe(CN)g]/K4[Fe(CN)g]
solution containing 0.1 M NaCl (pH=5.0) at: (a) bare gold electrode; (b)
hexanethiol-modified electrode; (¢) DMPC-coated electrode; and (d) DMPC-
coated electrode in the presence of rPEA (4 p.g/ml). Scan rate, 100mV s~

on the top of the thiol layer. Fig. 4 showed CV curves of the
[Fe(CN)]g* "3~ redox in 0.01 M citrate buffer (pH 5.0, contain-
ing 0.1 M NaCl) on a gold electrode with different modification.
After the formation of thiol layer on the gold electrode (Fig. 4b),
a decrease of peak current and an increase in peak-to-peak
separation between the anodic and cathodic waves were found
compared with the bare gold electrode (Fig. 4a). When the thiol-
modified electrode was coated with lipid membranes (Fig. 4c),
a further decrease in peak current was observed and there were
no obviously reversible redox peak pairs, which indicated the
interfacial electron-transfer between the redox probe and the
gold surface was mostly blocked and the lipid layer had been
formed on the thiol-modified gold electrode. However, when
the lipid-coated gold electrode was transferred to the solution
of rPEA (4 pg/ml) for 30 min, which was diluted by 0.01 M cit-
rate buffer (pH 5.0, containing 0.1 M NaCl). The amperometric
response of [Fe(CN)g]*~>~ was distinctly enhanced as if the
mimic biomembrane were leaking (Fig. 4d). These results indi-
cated that rPEA could bind to the HBM, insert at least partly
into the HBM or disrupt the integrality of the HBM. The perme-
ability of the membrane could be greatly enhanced, so the probe
molecules could reach the gold surface easily.

Impedance spectroscopy is another effective technique for
probing the interfacial properties of modified electrodes [28,29].
Fig. 5A illustrated the results of impedance spectroscopy on a
bare electrode (curve a) and a hexanethiol modified electrode
(curve b) and the lipid-coated electrode before (curve c) and
after the interaction with rPEA (curve d) in the presence of 5 mM
[Fe(CN)]6* 3. The detailed information of the impedance
spectroscopy can be obtained by a simple model of a parallel
resistor/capacitor in series with a solution resistor (Fig. 5B). In
alkanethiol/lipid bilayer systems, the lipid monolayer specific
capacitance (Cp.pL) can be calculated from the specific capaci-
tance of the bilayer and the specific capacitance of the underlying

SAM. Their relationship can be expressed by the equation [17]:

—_c-!

-1 _ 1
Cm—PL =C m-—monolayer

m—bilayer
From the equation and the impedance spectroscopy, we obtained
the value of Cyy.pr as 0.85 wF/cm?”. Considering the lipid mem-
brane as a plate condenser, the relationship between the capac-
itance value and the thickness of the lipid membrane can be
expressed by Cp.pL = gok/d, where g is the permittivity of free
space (g9 =8.85 x 10~ Fem™1), and « the dielectric constant
of the lipid (x =2.7) [17]. We calculated that the d-value of the
lipid membrane was approximately 2.8 nm, which is about the
thickness of the DMPC monolayer (2.4 nm) [30,31]. Hence, it
could be concluded that the HBM was successfully formed on
the gold electrode. Comparing the ac impedance spectra of the
lipid membrane before (Fig. 5A, curve c) and after the interac-
tion with rPEA (Fig. 5A, curve d), a considerable decrease was
observed in the charge-transfer resistance. From the result of fit-
ting, the value of Ry, was obtained: In the absence of rPEA, the
R was about 204.7 k€2, while in the presence of rPEA, Ry, was
down to 122.5 k2. The impedance spectroscopy also proved that
rPEA could insert at least partly into the HBM or lead to some
defect or lesion in the membrane, resulting in the increased per-
meability of the membrane. This result was agreed with that of
cyclic voltammograms.
The incorporation of native PEA into phospholipid planar
bilayers or lipid vesicle and the formation of pores permeable
to electrolytes are well documented [2,6,32-34]. The stimulus
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Fig.5. (A) Complex plane impedance plots in 5 mM K3 [Fe(CN)g /K4 [Fe(CN)g]
solution containing 0.1 M NaCl (pH=5.0) at: (a) bare gold electrode; (b)
hexanethiol-modified electrode; (c) DMPC-coated electrode; and (d) DMPC-
coated electrode in the presence of rPEA (4 pg/ml). The potential was 0.23 V
vs. Ag/AgCI/KCl and (B) equivalent circuit model used to fit the impedance
data.
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Fig. 6. Ry, values of the lipid-coated electrode after the interaction with 4 pg/ml
rPEA at different pH. The potential was 0.23 V vs. Ag/AgCl/KCl.

for toxin translocation is believed to be acidification of the ionic
solution, which leads to protein structure changes within the
toxin. In this paper, effect of pH on the penetration of rPEA to
the HBM was also investigated. Fig. 6 showed the Ry, values
of the lipid-coated electrode after the interaction with 4 pg/ml
rPEA at different pH. At lower pH values, a greater decrease
of Ry was observed, which indicated that the penetration of
rPEA to the HBM was dependent on the acidic environment.
The result also suggested that the bacterial translocation domain
in the rPEA functioned in a fashion very similar to the native
toxin. Further identification of rPEA as a gene carrier in vitro is
under investigation.

In summary, a fusion protein was designed for gene delivery
in vitro, the whole chain from production of the fusion protein
to first functional characterizations by SPR and electrochemi-
cal methods was described. We proved that the fusion protein
could bind with plasmid DNA with high affinity and it could
interact with lipid membrane directly and increase permeabil-
ity of biomembrane. The methods we used provide a quickly
and efficiently means to determine whether the fusion protein is
worthy of further investigation. These techniques will especially
be powerful when it is used for screening a series of substrates
before setting out a large scale of cell transfection experiments.
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Abstract

Several curve resolution methods were compared in their performance of identification and quantification of overlapping peaks. These resolution
methods are heuristic evolving latent projections (HELP), sub-window factor analysis (SFA), and orthogonal projection resolution (OPR). In this
paper, HELP, SFA and OPR with the rank map produced by evolving factor analysis (EFA) or fixed size moving window-evolving factor analysis
(FSMW-EFA) were applied to the simulated and experimental data. The resolved results were compared qualitatively and quantitatively. In addition,
the further comparison was carried out with the results obtained from multivariate curve resolution-alternate least square (MCR-ALS) by using

the initial estimates provided by EFA.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Capillary electrophoresis-diode array detector (CE-DAD); Hyphenated instruments; Chemometric resolution methods; Heuristic evolving latent projec-
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1. Introduction

In recent years, hyphenated instruments, such as gas
chromatography-mass spectrometry (GC-MS), high perfor-
mance capillary electrophoresis-diode array detector (HPCE-
DAD), high performance liquid chromatography-diode array
detector (HPLC-DAD), have become routine means for qual-
itative and quantitative analysis. However, it is sometimes time-
consuming for tedious procedures of searching optimal sepa-
ration conditions. Moreover, when physical separation of some
complex systems, such as chiral compounds and isomeric com-
pounds, can often not completely accomplished because of very
similar physical and chemical properties, the qualitative and
quantitative analyzes are difficult for poorly resolved peaks.
Fortunately, combination of hyphenated instruments with some
chemometric resolution methods has been widely applied to the
analysis of complex systems [1-4].

Capillary electrophoresis (CE) is a relatively new analysis
and separation technique. Due to its speed of analysis, high effi-
ciency, low solvent and sample consumption, CE has gained

* Corresponding author. Tel.: +86 29 88302942; fax: +86 29 88303488.
E-mail address: huali@nwu.edu.cn (H. Li).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.062

popularity and becomes a powerful analysis and separation tech-
nique to liquid chromatography (LC) separation. Recently, it
has often been used for the qualitative and quantitative analysis
of natural and biologic samples. However, it is also difficult
to analyze each component of complex system qualitatively
and quantitatively in CE because of above-mentioned practi-
cal problems in analysis process. Hence, combination of CE
with some correlative chemometrics methods is necessary and
its applications on some practical problems have been pub-
lished in some papers [5-10]. Li et al. [5] and Zhang and Li
[6] applied MCR-ALS method to the resolution of overlapping
peaks and the quantification of each analyte in CE. Dohnal et al.
[7,8] analyzed chiral compounds from unresolved peaks of CE
quantitatively by using multivariate calibration with experimen-
tal design (ED) and artificial neural networks (ANN). Sentellas
and Saurina reviewed the application of chemometrics in CE,
in which the methods for data analysis [9] and optimization
[10] were introduced. As a result, CE coupled with chemo-
metric methods enhances its ability of separation and analysis
tremendously. Some of these chemometrics methods are evolv-
ing factor analysis (EFA) [11,12], heuristic evolving latent pro-
jections (HELP) [13,14], windows factor analysis (WFA) [15],
sub-window factor analysis (SFA) [16,17], orthogonal projec-
tion resolution (OPR) [18], iterative target transformation factor
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analysis (ITTFA) [19], multivariate curve resolution with alter-
nating least square (MCR-ALS) [20,21].

The above-mentioned methods can be roughly divided into
iterative or non-iterative ones. Examples of iterative resolution
methods are ITTFA and ALS. These methods are automatic
and convenient to use, but sometimes have convergent problems
[22]. Moreover, the corresponding extra information is needed
for these methods such as non-negativity and unimodality con-
straints. Non-iterative methods such as EFA, HELP, WFA, OPR
and SFA are evolutionary methods. The characteristic of this
kind of resolution methods is their use of informative “win-
dows”. These methods are efficient, but usually require an expe-
rienced user.

Some papers have been published on the comparison of some
curve resolution methods. Keller et al. [23] used HELP and
fixed size moving window-evolving factor analysis (FSMW-
EFA) to investigate their performance for peak purity control
in LC-DAD. Both methods’ performance in detecting a small
amount of a spectrally similar impurity is identical, although
they are subject to artifacts caused by instrumental and exper-
imental problems. Grung and Kvalheim [24] used EFA, HELP
and OPA to test their ability to deal with partial selectivity on
simulated data. Ratios between true and predicted concentration
were calculated to evaluate the performance of three methods.
HELP proved to be a far better method than both EFA and OPA.
Cuesta Sanchez et al. [25] used OPA, EFA and WFA to test
their performance on three- and five-component mixtures of
pesticides. Similarity and dissimilarity between the individual
calculated and reference spectra were used as performance cri-
terion. EFA and WFA produced better results than OPA once
the concentration windows had been optimized. EFA was less
than sensitive to the choice of the concentration window and
gave slightly better results than WFA. van Zomeren et al. [26]
applied HELP, EFA, ITTFA, and ALS with either random or
iterative key-set factor analysis (IKSFA) initialization to resolve
real and simulated data. Five curve resolution methods were
compared systematically in their performance of identification
and quantification of impurities in drug impurity profiling. For
simulated data, ALS with IKSFA initialization and HELP per-
formed better than ITTFA and EFA, which performed better than
ALS with random initialization. For real data, comparison of the
methods provided similar results.

Although these methods have been applied to solve some
practical problems successfully and their limits have been inves-
tigated on simulated and/or experimental data, it is difficult to
determine which method is most suitable under certain con-
ditions [26]. Here, we will focus on the performance of three
non-iterative methods for the progress of multivariate resolution
methods developed in recent years is mainly traced to these kinds
of methods [27]. HELP, SFA and OPR are all non-iterative meth-
ods using informative “windows” to resolve bilinear data matrix
into electrophoretic profiles (C) and spectra (S). Thus, correct
estimate of the informative “windows” based on the local rank
map is crucial to obtain correct resolution results for these meth-
ods. To our knowledge, there are several kinds of chemometric
methods which can obtain the local rank map of overlapping
peak such as EFA, FSMW-EFA [28], eigenstructure-tracking

analysis (ETA) [29], latent projective graphs (LPG) [13], needle
plot (NP) [30], window target-testing factor analysis (WTTFA)
[31] and sub-window comparison (ESC) [32]. In these methods,
EFA and FSMW-EFA have more extensive applications than
other methods to some extent.

In this paper, we will try to investigate the performance of
combination of the above three non-iterative resolution methods
(HELP, SFA and OPR) with two rank map estimation methods
(EFA and FSMW-EFA) about the identification and quantifi-
cation of overlapping peaks. These methods can be expressed
simply as HELP-FSM, SFA-FSM, OPR-FSM, HELP-EFA,
SFA-EFA and OPR-EFA, respectively (FSM denotes FSMW-
EFA method). All resolution methods will be applied to the
simulated and experimental data, respectively. The resolved
results will be compared qualitatively and quantitatively. In
addition, the further comparison will be carried out with the
results obtained by MCR-ALS using the initial estimates pro-
vided by EFA (this method is expressed simply as ALS-EFA)
[33-35].

2. Theory

A data represented by X, x , obtained from CE-DAD is a
bilinear matrix. According to the Lambert—Beer law, it can be
expressed simply as follows:

Xuxn = CST+E )]

where X, «, denotes an absorbance matrix of order (m x n)
expressing n electrophoretic profiles of m migration time points
measured at n different wavelength points (Eq. (1)). C and S
are the pure electrophoretic matrix and the pure spectral matrix,
respectively. T is the transform of matrix S. E represents the
noise.

All curve resolution methods have the same goal. They try to
decompose the bilinear data matrix into electrophoretic profile
(C) and spectra (8S). In this paper, data matrices (X) are expected
to contain electrophoretic profiles in the columns and spectra in
the rows.

For the sake of brevity, only concise theoretical explanation of
each resolution method is showed here, while detail description
can be found in elsewhere.

2.1. Heuristic evolving latent projections (HELP)

HELP was proposed by Kvalheim and Liang [13]. The promi-
nent feature of this method is its emphasis on not only zero
concentration information but selective information. The so-
called selective information is in essence the pure component
information. In generally, it is not difficult to obtain such infor-
mation in the migration time direction because of the strong
separation ability of CE. A thorough description of the theory
of the method is given in [13], and has not been repeated here
for the sake of brevity. The following procedures are carried out
for each data.

(1) Detection and removing of background [13].
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(2) Obtain the zero concentration information and selective
information of target analysis component with the help of
rank map produced by FSMWEFA or EFA.

(3) Calculate the transform vector to obtain the pure spectra and
electrophoretic profile by using full rank resolution tech-
nique with the help of zero concentration information and
selective information.

(4) Once the spectral and electrophoretic profiles of the first
component are obtained, a component tripping procedure is
used and procedure (3) and (4) are repeated to resolve next
component.

(5) Decompose the whole matrix into electrophoretic and spec-
tra profiles by repeating procedures (2)—(4).

(6) Confirm the reliability and quality of the resolved results.

2.2. Sub-window factor analysis

SFA is introduced by Manne et al. [16] as a solution to the
problem of directly extracting component spectra from overlap-
ping peaks. The theory of sub-window factor analysis is given
in [16,17]. In this paper, we shall illustrate this procedure in the
geometrical point of view. The following procedures are carried
out for each data.

(1) Define two different sub-windows containing one and only
one common component by using rank map produced by
FSMW-EFA or EFA.

(2) Obtain two orthogonal basis E =[ey, €2, . . ., e], and F =[f],
f2s ..., fu] by singular value decomposition applied to above
two sub-windows, respectively. So, the pure spectra S con-
tained by above two sub-windows can be expressed by
following equation:

S=Ea=Fb ()

Here, a and b are the coefficients of S when expanded in
the bases [e1, e2, . . ., ey ] and [f1, f2, . - ., fu], respectively. In
practice, Fa and Fb are not identical.

(3) Construct a target function (Eq. (3)) and calculate its min-
imum to obtain vectors a and b. Calculate the pure spectra
S by Eq. (2).

N =||Ea— Fb||> =a'E'Ea+ b F'Fb—2a'E'Fb*> (3)

(4) Obtain pure spectra of other components by repeating pro-
cedure (2)—(4).
(5) Obtain electrophoretic profiles by using the Eq. (4).

C =XxSsTs)” )
2.3. Orthogonal projection resolution

There are two versions of orthogonal projection methods.
One developed by Cuesta Sanchez et al. [36,37] is an iterative
method and is an extension of an OPR technique used for detec-
tion of peak purity. The other described here is proposed by
Liang and Kvalheim whose idea of using projection matrices to
resolve the chromatographic profiles is based on Lorber’s work

on defining the net analytical signal (NAS) [38]. This method
is identical to WFA developed by Malinowski, which has been
proved by Xu and Liang [39]. The procedures can briefly be
described as follows:

(1) Obtain a sub-matrix A containing all the analytes except
the target analyte i in the studied region by using rank map
produced by FSWEFA or EFA.

(2) Decompose A by SVD to obtain a matrix V(r) containing
the first r orthogonal loading vector in which r is the number
of principle factors.

(3) Construct an orthogonal projection matrix (1 — V(@r)V()D).
Obtaining A; by the following equation:

A =Ad - V@A)V = CSid - V)V )

Here, I is an M x M identity matrix.

(4) By taking the norm of each column in A; a normalized elec-
trophoretic profile of analyte i is found.

(5) Each component’s electrophoretic profile present is
obtained by carrying out procedure (1)—(3) repeatedly.

(6) Calculating the spectra by Eq. (6).

sT = (cTo) 'c™x (6)

Note the electrophoretic profiles used for concentration esti-
mation purposes can be produced by normalized spectra and

Eq. (4).
2.4. ALS

ALS, also known as alternating regression (AR), is an itera-
tive method. The original version of ALS starts the iterations
with randomly estimation for the pure spectra or concentra-
tion. This version has been further developed and modified to be
much more versatile [40]. The method present in this work was
developed by Tauler et al. [20,21], sometimes called multivariate
curve resolution-alternating least squares (MCR-ALS).

In present work, MCR-ALS decomposed a matrix once,
i.e. one-order MCR-ALS. This method used initial estimates
obtained by EFA. From the results of EFA analysis, an elec-
trophoretic elution profile can be obtained. This electrophoretic
profile is used as the initial values of C in a constrained alternat-
ing least-squares (ALS) optimization procedure. Subsequently,
Spectra are estimated by using regression on data matrix and ini-
tial electrophoretic profiles. Then, electrophoretic profiles and
spectra are found iteratively by using above two equations (4)
and (6). The iterative process is stopped whenever the maximum
number of iterations is reached or the relative difference in the
SSR (sum of squares of the residuals) between two successive
iterations is lower than a pre-defined threshold. When the iter-
ative process is stopped, electrophoretic profiles (C) and pure
spectra (S) are stable, and the data matrix is decomposed.

During the ALS optimization process, the corresponding
extra constraints are needed. Possible constraints are (i) elec-
trophoretic profiles are constrained to have only one maximum,
i.e. unimodality; (ii) electrophoretic profiles and spectra are con-
strained to have only positive values, i.e. non-negativity; (iii)



H. Li et al. / Talanta 70 (2006) 336—-343 339

selectivity; (iv) local rank and so on. Here, we used only first
and second constraints for the sake of simpleness. The extensive
details about ALS can be seen in [40].

3. Experimental
3.1. Reagents and solutions

The analytes were some samples of dinitro-toluene (DNT)
isomeric compounds. All solutions were prepared with twice
distilled water. The background electrolyte solution consisted
of 5 mM sodium tetraborate aqueous solution + 100 mM sodium
dodecyl sulfate (SDS) and was adjusted at pH 9. The selected
analytes were 2,5-DNT and 3,5-DNT. Stock solutions for both
DNT isomeric compounds were prepared in a methyl alcohol:
water =3:2 (v/v) solutions. The compositions of all mixtures
were described in Table 1.

3.2. Instrument

A P/ACE Beckman capillary electrophoresis system with
diode-array detector (DAD) (Beckman, Palo Alto, CA, USA)
was used. Fused-silica capillaries (Reafine Chromatography,
Yongnian, Hebei, China) of 75 pm i.d. with an effective length
of 50 cm and a total length of 57 cm were used. Spectra were
acquired in the range of 195-395 nm at regular steps of 0.25s
during the electrophoresis process. Forty-two working wave-
lengths with a step of 5nm were chosen for analysis, which
allowed us to define all absorption bands of spectra of isomeric
compounds. The data obtained were processed with a compatible
computer by using Beckman P/ACE station software (Version
2.0).

3.3. Capillary electrophoresis procedure

Before every day experiment, the capillary was rinsed with
water for 2min, 1 M HCI for 5min, 0.1 M NaOH for 10 min
and background electrolyte solution for 5 min. Between runs,
the capillary was rinsed with water for 2 min and background

Table 1
Composition of the two-component mixture solutions analyzed

Mixture 2,5-DNT Cirye (x 10~ mol/L) 3,5-DNT Cirye (x 10~* mol/L)
Ml 2.11 0.91
M2 0.84 2.29
M3 422 0.91
M4 0.84 4.57
M5 2.11 2.29
M6 2.11 2.29
M7 2.11 2.29
M8 2.11 2.29
M9 2.11 2.29
MI10 2.11 2.29
Mi1 2.11 2.29
MI12 2.11 2.29
MI3 2.11 2.29
Ml14 2.11 2.29

Ciree denotes the true concentration.

electrolyte solution for 5 min. Sample injection was by pressure
for 5s. DNT isomeric compounds were separated at 15kV for
18 min. The capillary was thermostated at 25 °C.

3.4. Software

All calculations were performed on a Pentium IV 3.0 GHz
processor computer. All programs of the chemometric resolution
methods were coded in MATLAB (Version 6.5, The Mathworks,
Natick, MA, USA) for windows.

3.5. Data-sets

Experimental data were obtained by analyzing a number of
samples using the CE-DAD system described above. The com-
plete separation for DNT isomeric compounds had been done
by using micellar electrokinetic chromatography (MEKC) [41].
In this paper, a MEKC separation condition was used with-
out optimization in order to obtain overlapping peaks and the
corresponding data matrices were analyzed by the above curve
resolution methods. Different concentration ratios between the
2,5-DNT and 3,5-DNT were used to obtain overlapping peaks
of different degree (from data M1 to M5). In order to test preci-
sion of resolved results derived from different curve resolution
methods, samples were analyzed nine times repeatedly under
the same as fifth experimental condition (from data M6 to M 14).
Therefore, a total of 14 data matrices were obtained (Table 1).

Several data containing two analytes with a varying degree of
complexity were simulated. Electrophoretic profiles and spec-
tra were produced as combinations of Gaussian peaks by means
of MATLAB 6.5. Figs. 1 and 2 illustrated the profiles used in
the simulations. Bilinear matrices for the analytes were pro-
duced as the outer products of the electrophoretic and spectral
profiles. Every electropherogram or spectra was simulated with
three parameters, i.e. peak height, peak position and variance.
Nine data (from D1 to D9) were simulated according to a L9 (34)
orthogonal design. Four factors were thought to influence the
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Fig. 1. Simulated overlapping peaks of CE of varying complexity (a) D3; (b)
D6; (¢) DO.
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Fig. 2. Simulated spectra of different correlation coefficients between two com-
ponents (a) 0.8456; (b) 0.9284; (c) 0.9919.

complexity of systems, i.e. (i) ratio of peak height with three dif-
ferent levels 5, 1.6667, and 1; (ii) ratio of peak position between
two components with three different levels 1.4286, 1.25, and
1.1111; (iii) noise level; (iv) spectral similarity with three differ-
ent levels 0.9919, 0.9284, and 0.8456. Noise was homoscedas-
tic noise, which was added with a variance of 0.0008, 0.001,
and 0.0015 to the data sets. Each data set had dimensions
100 x 60.

4. Results and discussion

During the calculation, the rank map produced by EFA seems
more intuitionist than the one produced by FSWM-EFA for
overlapping peaks. Moreover, FSMW-EFA has a problem that a
correct choice of the size of the window is troublesome, although
it can dramatically reduce calculation time than EFA for large
data matrices because the method analyzes the data in a fix-
sized window and moves the window in migration time direction
instead of analyzing the data matrix in a stepwise way in EFA.
Whether three non-iterative resolution methods with the rank
map produced by EFA will improve their performance than those
with the rank map produced by FSMW-EFA or not is also a pur-
pose of present work.

The estimation of the number of chemical components is cru-
cial to resolution of two-way data, which is the first step during
resolution process. Without a correct estimation of the num-
ber of chemical components in the system, correct resolution
seems impossible. Here, both simulated and experimental data
are two-component systems. The determination of the number
of chemical components is not discussed in subsequent subsec-
tions.

To evaluate the methods’ performance, correlation coeffi-
cients are calculated by comparing the known spectrum of pure
analytes with the resolved ones obtained by using different res-
olution methods from the cosine of the angle between these two

vectors:

cos o = Vinown * Veal 7)
[ Vknownl| - 11 Vealll

where || Vinown || denotes the norm of the known spectrum of pure

analyte and || Va1 || denotes the norm of the resolved spectra. The

value of cos « equal to one means a total agreement; deviation

from one shows the level of dissimilarity [5].

Next, the quantitative analyzes are carried out with the over-
all volume integration method [42—44]. True and calculated
concentrations of simulated data are obtained by using simu-
lated and resolved electropherogram and spectra, respectively.
Moreover, the relative error (%) between calculated and true
concentration are calculated which can be used as a performance
criteria quantitatively.

4.1. Case I for simulated data

Correlation coefficients between the pure and resolved spec-
tra are obtained by several kinds of methods applied to the sim-
ulated data. One correlation coefficient obtained by HELP-FSM
method is lower than 0.99, while two obtained by other methods
are lower than 0.99. By comparing the average of correlation
coefficients, it seems that HELP-FSM works better than other
methods slightly. However, it is difficult to determine which
method performs better than others because of similar results
obtained by all methods. Moreover, although some correlation
coefficients are higher than 0.99, the corresponding resolved
results are unreasonable which can be confirmed by plotting the
resolved and true electropherogram or spectra in the same plot
and subsequent quantitative analysis. The possible reason is that
two simulated spectra are very similar. So, the main comparison
is carried out by following quantitative analysis.

Only the quantitative results of analyte 1 are shown in Table 2
in the interest of brevity as similar quantitative results are
obtained by several resolution methods on analyte 2, and dis-
cussion of resolved results is detailed mainly on analyte 1. By
comparing the average of relative error of calculated concen-
tration obtained by each resolution method on analyte 1 and
its standard deviation, HELP-FSM performs much better than
other methods. Three non-iterative methods with the rank map
produced by EFA do not perform better than those with the rank
map produced by FSMW-EFA, although a fortunate choice of
the size of the window and reasonable determination of selective
information are exhausted for FSMW-EFA. This can be resulted
from the difference between EFA and FSMW-EFA method. The
noise level can be reasonably estimated for FSMW-EFA and it
can provide more reliable and precision information than EFA
since it is a local principal component analysis method.

Ratios of peak position between two simulated components
of data D3, D6 and D9 are all 1.111. They are more compli-
cated systems than other systems because two simulated elec-
trophoretic profiles are overlapped strongly in these systems (see
Fig. 1a). Reasonable resolution is completed by using HELP-
FSM method for D9, although other methods provide inaccurate
results. There are three possible reasons. Firstly, HELP method
uses fully not only zero concentration information but selective



Table 2

True and calculated concentration of simulated data for analyte 1 for seven methods

SFA-FSM E (%) SFA-EFA E (%) OPR-FSM E (%) OPR-EFA E (%) ALS-EFA E (%)
Ceal Ceal Ceal Ceal Ceal

E (%)

HELP-EFA

Ceal

E (%)

HELP-FSM

Ceal

Ctrue

Data

0.21

208.17

—0.32
—3.35
—27.29
—0.40
—4.07
—30.65
—0.42
—2.42
—29.93

207.07

—0.33
-3.15
—17.96
—0.03
—3.08
—30.20
—0.03
—1.59
—27.31

207.05
202.9

—0.74
—5.49
—83.24
—-1.73
—4.77
—30.68
—1.23
—8.19
—24.07

206.21

—0.85
—7.82
—35.42
—0.78
—3.58
—49.84
—1.86
—11.57

—29.01

205.98

—0.42
—4.11

206.86
200.9

—0.17
—2.89

3.61

207.74  207.39

D1

—4.60
—34.24
—1.30
—4.64
—31.44

—0.81
—6.42
—30.27

199.88

202.49

198.01

193.12

209.51 203.46

D2
D3

128.67

142.27

160.51

32.786
192.62

126.35

—29.91
0.345
—4.21

137.15

202.72

195.66

193.46

195.23

195.95

194.48

196.69

—1.13
—2.75
14.44
0.55

1.

196.01 193.78

D4
D5

198.39

199.57

201.64

198.12

200.59

199.29

202.32

208.04

143.57

145.23

146.17

145.17

105.04

—31.99
—0.40
—3.13

142.41

209.41 239.65

D6
D7

208.07

208.87

209.69

207.18

205.86

208.92

21091

209.76

183.27

191.11

192.72
151

179.79

173.18

189.72

96

195.84  199.68

D8

144.84
14.67
12.66

145.55
13.82
10.98

157.72
17.79

26.75

147.47
15.64

18

—29.01

147.47
11.50
14.20

431

216.68
3.53
4.32

207.72

D9

12.37
9.29

E‘dVC

Ega
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Cirye denotes true concentration; Cey denotes the calculated concentration; E (%) represents relative error in percent. E,y. denotes average of absolute value of relative error; Egq expresses standard deviation of

absolute value of relative error.

information. Secondly, FSMW-EFA has some advantages over
EFA. Thirdly, it is possible to be resolved reasonably for D9
because its similarity between two simulated spectra is 0.8456,
which is the lowest among all systems. All of methods do not pro-
vide reasonable resolution results for data D3 and D6 in which
two simulated electrophoretic profiles are overlapped strongly
and similarity between two simulated spectra is very high. For
system D3, especially, similarity between two simulated spectra
is the highest among all systems as well as ratio of peak posi-
tion is the lowest, and none of methods provides accurate results.
Moreover, OPR-FSM works better than ALS-EFA, which works
better than SFA-FSM for these data. The results obtained by
ALS-EFA are similar to ones obtained by HELP-FSM method
for slightly overlapping systems such as D1, D4 and D7.

In addition, by analyzing the results of orthogonal experi-
ment, ratio of peak position between two electrophoretic pro-
files is an important factor, which influences the complexity of
systems and the performance of all method heavily. Secondly,
similarity of spectra is also an important factor to a correct res-
olution. None of methods can provide reasonable results for
those systems in which ratio of peak position between two elec-
trophoretic profiles are very low and similarity of spectra are
very high. Of course, several factors are found to be unable to
alone say anything conclusively about the performance of dif-
ferent resolution methods.

4.2. Case Il for experimental data

Standard solutions of 2,5-DNT and 3,5-DNT are analyzed
according to above experimental conditions. Their pure spec-
tra are extracted from the obtained data matrices at their peak
maxima. Reasonable resolution is possible because of large
difference of spectra. Resolved results are obtained from the
produced data by HPCE-DAD with different chemometrics res-
olution methods.

In this paper, we investigate the performance of several meth-
ods applied to the overlapping peaks. We extract a sub-matrices
from every run which only contains the overlapping peak of
2.5-DNT and 3,5-DNT (see Fig. 3a). From Fig. 3a, the electro-
pherogram produced by CE-DAD is influenced by background
and noise heavily. So, two pre-treatments are used to all matri-
ces. One is the detection and removing of background, the other
is wavelet denoising [45]. It can be seen that influences on raw
data are deduced obviously after using two pre-treatments (see
Fig. 3b).

Similar to simulated systems, evaluation of performance of all
methods is carried out mainly by their relative error of calculated
concentration because correlation coefficients obtained by these
methods are similar to each other by comparing the average of
correlation coefficients.

Likewise, discussion of quantitative results is detailed mainly
on analyte 2,5-DNT for concision. The quantitative results of
2,5-DNT are shown in Table 3. As a whole, all of methods pro-
vide reasonable resolution results for these experimental data
and HELP-FSM performs better than other methods slightly
according to the average of relative error of all calculated con-
centration and its standard deviation. Similar to the comparison
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Table 3

True and calculated concentration (x 10~% mol/L) of experimental data for 2,5-DNT for seven methods

E (%)

ALS-EFA
Ccal

OPR-EFA E (%)
Cca]

E (%) SFA-EFA E (%) OPR-FSM E (%)
Cca] Ccal

SFA-FSM

Ccal

E(%)

HELP-EFA

Ccal

HELP-FSM E (%)

Cirue

Data

Ccal

—1.68
—4.37
—7.67

2.07
0.80
3.90
0.94
223
2.12
2.04
2.01
2.02
1.96
1.94
1.96
2.23
1.96

—5.94

1.98
0.84
3.94
0.68
1.97
2.14
1.92
1.98
1.98
2.01
2.06
1.94
2.01
1.99

—4.96
—1.92
—1.06
—12.95

2.01
0.82
4.18
0.73
1.93
2.24
222
1.94
1.95
2.14
2.09
1.94
1.98
1.93

—4.52

2.01
0.86
4.04
0.75
2.08
2.11

—5.46
-3.17
—-3.31

—14.33

1.99
0.81
4.08
0.72
2.25
2.21
2.13
1.99
2.07
2.06
2.05
2.16
2.09
2.02

—4.71

2.01
0.87
4.11
0.78
2.03

2.11

4.55
—0.84
—1.24
—2.65
—2.73

2.01
0.83
4.17
0.82
2.05
2.15
2.01
2.02
2.02
2.01
2.02
2.04
2.05
2.05

2.11

M1

0.47
—6.55
—18.67
—6.78

1.89
—4.12
—10.88
—1.31
—0.08
—4.61
—6.89
—7.09
—6.13
—4.63
—5.49
—3.06
—4.62

4.15
—-2.59
—7.58
-3.59
—0.07
—6.81
—4.91
—2.40
—4.85
—5.31
—5.95
—7.40
—6.28

0.84
422
0.84

2.11
2.11

M2

M3

11.64
573
0.39

-3.19
—4.72
—4.37
—7.08
—7.94
—7.24

M4

—8.52

6.40
4.71
0.99
—=5.77
—1.87
—2.28
—2.83
2.32
—0.82
—3.93

M5

1.29
—9.13
—6.19
—6.14
—5.17
—2.45
—8.08
—4.67
—5.84

6.11

1.86
—4.98
—4.12
—4.17
—4.61
—4.41
—-3.37
—2.93
—2.66

M6

5.33
—8.25
—7.63

2.01
1.96
1.96
1.98
2.01
1.99
2.05
2.01

1.97
2.01
2.06
2.01
2.00
1.98
1.95
1.98

2.11
2.11

M7

M8

2.11
2.11

M9

1.26
—1.13
—8.17
—6.25
—8.48

MI10

2.11

MI11

2.11

MI12

5.76
—7.15

2.11

MI13

2.11

Ml14

0.110

0.0625
0.9990
6.24
4.32

0.125
0.9989
5.86
3.53

0.0499
0.9993
4.67
2.70

0.083

0.047
0.994
4.76
2.10

0.041

R.S.D.
Reg
Eave
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0.9962
5.64
2.85

0.9966
4.16
3.40

0.9997
3.22

1.31

Ega

R.S.D. denotes the relative standard deviation of calculated concentration obtained on 10 experimental data (from M5 to M14). Reg denotes the regression coefficients of calculated concentration obtained on five

mixtures (from M1 to MS5); Eaye and Egq denote the average and standard deviation of relative error obtained on 14 experimental data (from M1 to M14), respectively.
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Fig. 3. The electropherograms of overlapped peaks of isomeric compounds of
DNT (a) before two pre-treatments; (b) after two pre-treatments.

results of simulated data, all non-iterative methods using the
rank map produced by FSMW-EFA perform better than those
using the rank map produced by EFA for these data.

For mixtures containing different concentration ratios
between the 2,5-DNT and 3,5-DNT (from M1 to M5), regres-
sion coefficients of calculated concentration obtained by all of
methods are calculated. It suggests that HELP-FSM performs
better than other methods. Example for mixtures M3 and M4,
resolution difficulty is generated because of strongly overlap-
ping peaks resulted from large concentration ratios between two
DNT isomeric compounds and HELP-FSM give much better
results than other methods.

In order to test the stability of performance of all resolu-
tion methods, mixtures containing same concentration ratios
between the 2,5-DNT and 3,5-DNT (from M5 to M14) are ana-
lyzed and the relative standard deviation (R.S.D.) of calculated
concentration obtained by each method on each analyte is calcu-
lated. It shows that HELP-FSM is a robust method. Interestingly,
OPR-FSM performs better than SFA-FSM for simulated data,
while the opposite is true for experimental data. The possible rea-
son is that the heteroscedastic noise is present in experimental
data while homoscedatic noise is present in simulated data, and
OPR-FSM is more sensitive to the influence of heteroscedastic
noise and background than SFA-FSM which can be confirmed
by R.S.D. of calculated concentrations on 10 times repeated
runs.

5. Conclusion

Both for experimental and simulated data, HELP-FSM per-
forms better than other methods and HELP, OPR and SFA with
the rank map produced by FSMW-EFA perform better than those
with the rank map produced by EFA, respectively. Similar to
HELP-FSM method, ALS-EFA works well for slightly over-
lapped peaks, while non-iterative methods work better than it
for overlapping peaks strongly. So, when the clusters are slightly
overlapped, ALS-EFA method is preferred because it is auto-
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matic and convenient to use and it can converge quickly in
order to economize the resolution time enormously. However,
the manual non-iterative method is preferred when the clusters
are heavily overlapped. At the same time, correct migration win-
dow identification is crucial to a correct resolution.
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Abstract

This paper presents two methodologies for monitoring the service condition of diesel-engine lubricating oils on the basis of infrared spectra.
In the first approach, oils samples are discriminated into three groups, each one associated to a given wear stage. An algorithm is proposed to
select spectral variables with good discriminant power and small collinearity for the purpose of discriminant analysis classification. As a result, a
classification accuracy of 93% was obtained both in the middle (MIR) and near-infrared (NIR) ranges. The second approach employs multivariate
calibration methods to predict the viscosity of the lubricant. In this case, the use of absorbance measurements in the NIR spectral range was not
successful, because of experimental difficulties associated to the presence of particulate matter. Such a problem was circumvented by the use of
attenuated total reflectance (ATR) measurements in the MIR spectral range, in which an RMSEP of 3.8 ¢St and a relative average error of 3.2%

were attained.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Viscosity; Lubricating oil; Infrared spectroscopy; Multivariate calibration; Discriminant analysis; SPA

1. Introduction

Lubricants play a key role in extending the working life of
rotating machines. In order to maintain a proper lubrication, it is
important not only to use oils with suitable properties but also to
monitor their state of degradation in a periodic manner. In fact,
contaminations may compromise the lubricating capability of
an oil, which increases the wear of the machine components, as
well as the risk of mechanical collapse.

The tests currently employed to assess lubricant properties
are time-consuming and require specific equipments for the
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determination of each parameter of interest (for instance, kine-
matic viscosity and flash point) [1,2]. In this context, the use
of spectroscopy in conjunction with multivariate calibration
techniques has been proposed as a multi-parametric alterna-
tive to the present methods. In particular, middle (MIR) and
near (NIR) infrared spectroscopy offers several advantages for
this type of application, such as high sample throughput, non-
destructiveness and low cost [3]. Moreover, compact instruments
in the MIR and NIR ranges can be realized for field use.
Muchresearch has been conducted on the analysis of oil prod-
ucts by IR spectroscopy, for both classification and calibration
purposes [3—5]. As regards lubricants, Lima et al. [6] studied the
correlation between NIR spectra and the carcinogenic potential
of basic oils employing principal component regression (PCR).
Sastry et al. [7] used MIR spectroscopy and partial least squares
regression (PLS) to determine the chemical composition (paraf-
fins, isoparaffins, naftenes, aromatics and heteroaromatics) and
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its influence on the physico-chemical properties (viscosity and
viscosity index) in lubricants of mineral basis. MIR [8—11] and
NIR [12] spectroscopy have been employed for the prediction
of contaminants, degradation products and additives employing
PCR, PLS and interval-PLS. The potentiality of MIR spec-
troscopy for the prediction of viscosity in lubricating oils for
locomotives [10] and diesel engines [13] was assessed in a small-
size set of samples (20 and 40 samples, respectively) by PCR
and interval-PLS.

This paper proposes two strategies for monitoring the con-
dition of lubricating oils being used in diesel engines by means
of near and middle infrared spectroscopy. The first strategy is a
qualitative approach formulated in the context of pattern classi-
fication. In this case, the samples are categorized in three classes
according to their stage of use (short, medium, and long-term
use) and classification is performed by discriminant analysis. In
order to circumvent ill-conditioning problems, the dimension-
ality of the problem is reduced by using a variable selection
algorithm. This algorithm is aimed at maximizing the discrim-
inability of the spectral variables included in the model while
avoiding multicollinearity problems. For comparison, a conven-
tional KNN (K-nearest neighbours) classifier is also employed.

The second strategy is a quantitative approach that employs
IR spectroscopy and multivariate calibration techniques in order
to predict viscosity, which is the main control parameter for
lubricants in service. In this case, MLR (multiple linear regres-
sion), PCR, and PLS techniques are employed in the calibration.
The effect of different pre-processing procedures, as well as the
utility of variable selection, is assessed by means of a factorial
design study.

2. Background and theory

2.1. Qualitative analysis: Classification with respect to the
stage of use

The classification method adopted in this work is based on the
classic discriminant analysis technique, which assumes that the
objects follow a gaussian distribution within each class. Under
this assumption, the probability density function p;(x) for the
objects x=[x] x3 ... xalt belonging to the jth class is of the
form:

1 1
Pj(X) = —————=06xp [—(X —u) = x =)
/ emidez) L2 T '

ey

where w; (d x 1) and X; (d x d) are the mean vector and the
covariance matrix, respectively, which can be estimated from a
set of training objects of known classification [14,15]. Variable
x; corresponds to the absorbance measured at the ith wavelength
monitored by the spectrometer. Henceforth, with a slight abuse
of language, the terms variable/wavelength and object/spectrum
will be used with the same meaning.

In a problem involving C classes with equal a priori prob-
abilities, the classification of a given object x is performed
by calculating p;(x), j=1, 2, ..., C and by taking class j for

which p;(x) is maximum. Such a classification rule is known as
quadratic discriminant analysis (QDA) [15] because the deci-
sion boundaries defined by p;1(x) =pj2(x), j1 #j2, are quadratic
surfaces.

Simpler boundaries can be realized by adopting the regular-
ization hypothesis that the covariance matrices are equal, that is
Y| =X, =---= X = X. In this case, the decision surfaces
are hyperplanes and the resulting classification rule is known as
linear discriminant analysis (LDA) [15].

Both QDA and LDA usually benefit from a convenient selec-
tion of spectral variables [16]. In fact, if the number of variables
employed in the classification model is large as compared to
the number of training objects, the decision boundaries may be
subject to overfitting and the resulting classifier is likely to have
a poor generalization ability. Such a problem is aggravated in
the presence of significant collinearity between the classification
variables [17]. In the present work, a stepwise selection algo-
rithm that takes into account both the discriminant power of each
variable and the collinearity between variables is proposed.

2.2. Proposed variable selection algorithm for qualitative
analysis

The proposed algorithm evaluates the individual value of each
spectral variable according to its discriminability (as defined in
Appendix A) with respect to the classes under consideration.
At each step, the variable x; with the largest discriminability D;
is selected, a leave-one-out cross-validation procedure is per-
formed [14], and the number of errors is noted. Before the next
step, the variables that are highly correlated with those already
selected are discarded in order to avoid collinearity problems.
The algorithm stops when no more variables are available. The
set of variables that resulted in the smallest number of cross-
validation errors is then presented to the analyst. Such a selection
strategy can be summarized as follows.

Let A and B be the index sets for the variables already selected
and those still available, respectively. Moreover let L be a cor-
relation threshold (0 < L < 1) established by the analyst. In what
follows, N is a counter that indicates the number of variables
already selected.

Step 0 (initialization). A={}, B={1,...,d}, N=0.
Step 1.
Step 2.
Step 3.

Step 4. Perform a leave-one-out cross-validation procedure
using the variables with indexes in A. Let ECV(XN) be the number
of resulting cross-validation errors.

Calculate D; for 1 <i<d.
i* = argmax D;, i € B.

Move i* from Bto A. Let N=N+ 1.

Step 5. Calculate the coefficient of multiple correlation r; of
each variable x; with index in B with respect to the variables
with indexes in A.

Step 6. Exclude from B the indexes of variables with coefficient
of multiple correlation larger than L.

Step 7. If B# {}, return to Step 2.
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Step 8. The optimum number n” of variables is obtained from
the minimum of ECV(n), n=1, ..., N. The selected variables
correspond to the first 7~ indexes in A.

Remark 1. The coefficient of multiple correlation employed
in Step 5 is defined, for each variable x;, as:
o (%)

ri = @)

"7 o)

where o(.) denotes the standard deviation calculated in the train-
ing set and X; is an estimate of x; obtained by multiple linear
regression from the variables already selected. If 7; is close to
one, it can be concluded that the inclusion of x; does not bring
additional information into the classification model, because the
values of x; can be predicted from the variables already selected.

Remark 2. If there are several values of n associated to the
minimum number of cross-validation errors ECV(n), the small-
estn is chosen in Step 8. Such a choice is based on the Parsimony
Principle [14], which states that, given classification models with
similar prediction ability, the simplest one (smallest number of
variables) should be favoured.

Remark 3. The selection procedure is performed both for LDA
and QDA. If an LDA and a QDA model lead to the same number
of cross-validation errors, the model with the smallest number of
variables is favoured, as discussed above. If both models have the
same number of variables, LDA is favoured because it employs
simpler decision surfaces.

2.3. Quantitative analysis: multivariate regression for
viscosity prediction

The multivariate regression methods most frequently used
in infrared spectroscopy are multiple linear regression (MLR),
principal component regression (PCR) and partial least squares
(PLS). PCR uses principal components provided by principal
component analysis (PCA) to perform regression. PCA finds
directions of greatest variability by considering spectral infor-
mation, whereas PLS uses both spectral and target-property
information. PCR and PLS have the ability to overcome prob-
lems common to IR data, such as collinearity, band overlap
and interactions. MLR is the simplest quantitative multivariate
analysis method, yielding models which are simpler and easier
to interpret than PCR and PLS, since these calibration tech-
niques perform regression on latent variables, which may not
be amenable to a straightforward physical interpretation. On the
other hand, MLR is more sensitive to collinearity problems, and
usually requires a judicious choice of spectral variables.

Selecting from the full spectrum the wavelengths that result
in the maximum accuracy for regression models is still a chal-
lenging task. Several approaches have been proposed to select
optimal sets of variables for multivariate calibration, such as the
use of mutual information [18], simulated annealing [19,20],
genetic algorithms [21-23], artificial noise introduction in PLS
modelling [24], hybrid linear analysis [25], cyclic subspace
regression [26], iterative predictor weighting PLS [27], and dis-
criminant PLS [28]. Among these different variable selection

strategies, genetic algorithms (GAs) have become very pop-
ular owing to their simplicity and flexibility. GAs are guided
random search techniques inspired on natural selection mecha-
nisms, which explore the solution space in an efficient manner
and are suitable for parallel processing implementations.

A recently proposed wavelength selection strategy for MLR
calibration, the successive projections algorithm (SPA), was
specifically designed to remove collinearity from the data set
in order to improve numerical conditioning and reduce noise
propagation [29,30]. SPA has been successfully employed for
variable selection in UV-vis [29], ICP-OES [30] and NIR [31]
spectrometry. In all those applications, SPA led to MLR models
with better predictive ability than PLS or PCR models employ-
ing the full spectrum. Moreover, the results reported in Refs.
[30,31] provided evidence that SPA yields MLR models with
better prediction performance than a genetic algorithm.

SPA works on the basis of a calibration (cal) and a valida-
tion (val) sets, consisting of instrumental response data (X) and
parameter values measured by a reference method (y). The main
operations in SPA consist of algebraic manipulations carried out
on matrix Xy (Kc x J), whose rows and columns correspond
to Kc calibration samples and J spectral variables, respectively.
Starting from a column x (which is associated to the initial vari-
able of the selection), SPA determines which of the remaining
columns has the largest projection on the subspace S orthogonal
to Xg. This column, denoted by x;, can be regarded as the one
that contains the largest amount of information not included in
Xo. At the next iteration, SPA restricts the analysis to subspace
So, taking x; as the new reference column, and proceeds with
the steps described above. Thus, the selection criterion in SPA
favours the minimization of collinearity between the variables.
Moreover, no more than Kc variables can be selected in this
manner. In fact, after each projection operation, the dimension
of the column space of Xy is reduced by one (that is, one degree
of freedom is removed). Thus, after Kc projection operations all
the column vectors of X, will have been projected onto the
origin of the space, that is, X, Will have become a null matrix.

The determination of the best initial variable (column of X,;)
and the optimum number N of variables is carried out as follows.
If N is fixed, J subsets of N variables can be selected, using each
of the J available variables as a starting point for SPA. For each of
those variable subsets, an MLR model is calibrated and the root-
mean-square error of prediction in the validation set (RMSEV)
is calculated as

Kv
1
— k _ ~k)2
RMSEV = Ky kg_l(yv %) 3

where y¥ and y’; are the reference and predicted values of the
parameter of interest in the kth validation sample and Kv is
the number of validation samples. The smallest RMSEV thus
obtained is denoted by RMSEV"(N), where the star is used to
indicate the best result for subsets of N variables. By repeat-
ing this procedure for N=1, 2, ..., Kc (note that N cannot
be larger than Kc, as explained above) the optimum N can
be obtained from the minimum of the RMSEV™(N) curve. To
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Table 1

Partitioning of the samples in training and test sets

Set Class Total
1 2 3

Training 20 39 26 85

Test 9 10 10 29

save computational time, the analyst may interrupt the proce-
dure before N reaches Kc if the reduction in RMSEV™(N) after
a corner point is minor or if the curve starts to increase after a
local minimum point.

3. Experimental

A set of 114 samples of lubricating oil (TURBO 15W40,
Petrobras) for diesel engines in different stages of use was
employed in this work. The samples were collected from an
urban transportation company that operates in the city of Recife,
Brazil.

Used lubricating oils for diesel engines display a very dark
colour and a substantial amount of particulated matter, which
prevents direct determinations in the NIR range. Attempts at
minimizing this problem by means of centrifugation and filtra-
tion were unsuccessful. Attempts at reducing the optical path
length were also unsuccessful. The samples were then diluted
with toluene at the proportion of 1:5 (v/v). In order to inspect
the spectra with minimum solvent influence, representative sam-
ples were also diluted in carbon tetrachloride. However, such an
option would not be practical for routine use, because of its
toxicity.

The NIR spectra were acquired in the 3996-14,000 cm™!
range (714-2500nm) with an ABB Bomem MB 160D spec-
trophotometer fitted with a Hellma transflectance probe. A spec-
tral resolution of 8 cm ™! and an optical path length of 2 mm were
employed. The reference spectra were obtained with toluene or
tetrachloride, according to the solvent used for dilution of the
sample.

In the middle infrared, the spectra were acquired in the
650-4000 cm ™! range (2500-14,000 nm) with an FT-IR Perkin
Elmer Spectrum GX spectrophotometer fitted with an ATR
probe. A spectral resolution of 8cm™! was employed and air
was used as reference.

All acquisitions, both in the NIR and MIR range, were carried
out at room temperature (25 + 1 °C).

3.1. Qualitative analysis

For classification purposes, the oil samples were grouped
in three classes according to their stage of use: class 1 (short-
term use—Iless than 5000 km), class 2 (medium-term use—from
5000 to 20,000km) and class 3 (long-term use—more than
20,000 km). The samples were divided in training and test sets
as shown in Table 1.

Classification was performed both with original and deriva-
tive spectra. The derivative spectra were obtained after smooth-

ing by a Savitzky—Golay filter with a second-order polynomial
and a 5-point window. Moreover, a preliminary elimination of
variables with low signal-to-noise ratio was carried out by dis-
carding the variables for which the maximum signal intensity
over all derivative spectra did not exceed 10% of the maxi-
mum signal intensity in the entire data set. Furthermore, in
the NIR derivative spectra, the spectral range closer to visible
(10,130-14,000 cm_l) was discarded because of the high level
of noise caused by scattering.

3.2. Quantitative analysis

Determinations of kinematic viscosity at 40 °C were carried
out according to the ASTM D445 method [2]. Two out of the 114
oil samples were deemed outliers because of abnormal viscosity
values, which were ascribed to errors in the viscosity determi-
nation procedures.

The remaining 112 samples were divided into calibration,
validation, and prediction sets with 64, 25, and 23 samples,
respectively. The validation set was employed for the selection
of PLS/PCR factors by external validation, and for the selection
of wavelengths in SPA and GA. The prediction set was used for
the final assessment and comparison of the models. The adopted
figure of merit was the root-mean-square error in the prediction
set (RMSEP).

The GA employed standard binary chromosomes with length
equal to the number of wavelengths in the spectrum (a “1”
gene indicates a selected wavelength) [22]. The fitness of each
individual was taken as the inverse of the RMSEV (Eq. (3)) cal-
culated by using the wavelengths coded in the chromosome. The
probability of a given individual being selected for the mating
pool was proportional to its fitness (roulette method). One-
point crossover and mutation operators were employed with
probabilities of 60 and 10%, respectively. Population size was
kept constant, each generation being completely replaced by its
descendants. The GA was carried out for 150 generations with
80 chromosomes each. Moreover, the algorithm was repeated
20 times, starting from different random initial populations. The
best solution resulting from the 20 realizations of the GA was
adopted.

A 23 factorial design was employed to assess the influence
of pre-processing and variable selection procedures in the pre-
dictive ability of the resulting model. The factors under con-
sideration were spectrum differentiation, smoothing (5-point
Savitsky—Golay with second-order polynomial) and variable
selection. For PLS and PCR, the low and high design levels
for variable selection were no selection at all (i.e., use of full
spectrum) and GA selection, respectively. For MLR, the low
and high levels were SPA and GA selections, respectively.

4. Results and discussion

Fig. 1a presents spectra of toluene-diluted lubricating oils in
three different stages of use. It is worth noting that the absorption
of toluene, used as reference, is stronger than that of the oil,
and therefore negative peaks are observed in the spectra. For
comparison, Fig. 1b depicts the spectra of the same samples
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Fig. 1. Typical NIR spectra of (a) toluene-diluted and (b) carbon tetrachloride-
diluted lubricating oils in different stages of use. The markers indicate the three
wavelengths selected for qualitative analysis by QDA after pre-processing.

diluted with carbon tetrachloride, in which positive absorption
bands appear, since carbon tetrachloride does not absorb in this
region. As can be seen in both Fig. 1a and b, a positive baseline
shift is associated with an increasing wear of the lubricant. Such
a finding may be ascribed to the panchromatic absorption of
particulate matter [32]. A related effect, also described in Ref.
[32], consists of a decrease in the size of the absorption bands
in Fig. 1b.

The spectra of the same lubricating oils in the MIR range
are displayed in Fig. 2. By comparing Figs. 1 and 2, it can be
seen that in the MIR range the peaks are narrower and more
intense and that the baseline shift caused by particulate matter is
less noticeable than in the NIR spectra. The region between
3000 and 4000 nm comprises low-intensity bands associated
to the ring deformation of C-H in the aromatic ring super-
imposed to the high-intensity bands of ring deformations of
CH3—, CH;,— groups. The bands close to 6500 nm are distinctive
of aromatic groups present in the samples. Bands of symmet-
ric angular deformation of CHy— groups, including CH,—S
bonds, are found in the region near 7500 nm. The bands ascribed
to ring vibration of C—C bonds are weak and appear in the
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Fig. 2. Typical MIR spectra of lubricating oils in different stages of use. The

markers indicate the two wavelengths selected for qualitative analysis by QDA.

Table 2
Number of classification errors in the MIR data set

Original Pre-processed
DA 2 (QDA, 2 wavelengths) 12 (LDA, 4 wavelengths)
KNN 6(k=28) 14(k=1)

For DA, the discriminant type (QDA or LDA) and the number of wavelengths
are indicated, whereas for KNN, the number k of nearest neighbours is given.

region between 8300 and 12,500 nm. Finally, the region between
12,500 and 15,000 nm encompasses the absorption of several
functional groups, including polynuclear aromatics, other aro-
matic groups and alkenes.

4.1. Qualitative analysis

Table 2 presents the classification results for DA and KNN in
the MIR range. As can be seen, the best result was obtained with
QDA by employing two wavelengths without pre-processing. In
this case, only 2 out of 29 test objects were incorrectly classified,
leading to a classification accuracy of 93%. The errors consisted
of a class 2 and a class 3 objects included in classes 1 and 2,
respectively. It is worth noting that, if the pre-processing is car-
ried out, the number of errors increases both for DA and KNN.
It could be argued that, in the MIR range, baseline information,
which is removed by the derivative procedure, is important to
discriminate the classes.

Table 3 presents the classification results in the NIR range. In
this case, the best results for DA and KNN were obtained after
the pre-processing procedures, unlike in the MIR range. It could
be argued that baseline fluctuations in the NIR spectra cause
a large within-class variability compared to the between-class

Table 3
Classification results for the NIR data set

Original Pre-processed
DA 8 (LDA, 1 wavelength) 2 (QDA, 3 wavelengths)
KNN 7(k=13) 5(k=9)

For DA, the discriminant type (quadratic or linear) and the number of wave-
lengths are indicated, whereas for KNN, the number k of nearest neighbours is
given.
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variability, which should be removed to improve the separation
between the classes. The best result was obtained with QDA,
as in the MIR data set, by employing three wavelengths. Again,
only 2 out of 29 test objects were incorrectly classified (two class
3 objects included in class 2).

4.2. Quantitative analysis

The prediction results for kinematic viscosity at 40°C
employing NIR spectra and PLS, PCR, or MLR models were
not satisfactory. Nonlinear calibration attempts using neural net-
works [33-35] were also unsuccessful. It could be argued that
the radiation scattering and absorption by particulate matter, or
possibly the sample dilution in toluene, may have masked the
spectral features related to viscosity.

The prediction results obtained with MIR spectra and
PCR/PLS models are shown in Table 4. On the overall, the PLS
model predictions were more accurate when compared to PCR.
Therefore, the discussion will be henceforth restricted to the PLS
results.

A Pareto diagram for the effects calculated from Table 4 (PLS
calibration) is presented in Fig. 3a. It is worth noting that the
effects of interaction between factors are considerable. In order
to obtain a better interpretation of the effects, a cube represen-
tation for the factorial design is presented in Fig. 3b.

An inspection of Fig. 3b reveals that a change from the low
to the high level of the factors leads to an RMSEP increase in
most cases. An exception that should be pointed out is the use
of derivative and variable selection, in which case an RMSEP
reduction of 4.4 cSt is observed when smoothing is not per-
formed. The best result (smallest RMSEP) is obtained by using
low levels for the three factors (4.2 cSt). Such a finding is in
line with the conclusions of the classification study, in which
the best results for the MIR data were also obtained without
pre-processing.

Table 4
Factorial design matrix and PLS/PCR results for the MIR prediction of 40 °C
kinematic viscosity

Factors Levels
— +
Derivative No Yes
Smoothing No Yes
Variable selection by GA No Yes
Trial Factors RMSEP (cSt)
1 2 3 PLS PCR
1 - — — 4.2 (5) 4.7 (6)
2 + — — 5.6 (5) 6.7 (8)
3 - + — 4.3(5) 4.8 (6)
4 + + — 4.8 (6) 6.4 (9)
5 - - + 4.9 (7) 4.4 )
6 + - + 8.9 (4) 10.3 (5)
7 - + + 5.6 (7) 5.7 (10)
8 + + + 4.5 (6) 4.6 (9)

The number of latent variables employed in each model is shown in parenthesis.
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Fig. 3. (a) Pareto effect diagram for PLS results in the 23 factorial design:
RMSEP values for the MIR prediction of 40 °C kinematic viscosity. (b) Cube
representation for the 23 factorial design involving derivative (D), smoothing
(S), and variable selection (VS) on the PLS results. The effects are expressed in
terms of RMSEP values for the MIR prediction of 40 °C kinematic viscosity.

For the best settings of the PLS calibration, the graph of
predicted versus observed values for the prediction samples is
presented in Fig. 4.

Table 5 presents the factorial design performed for MLR cal-
ibration. The only difference from the design in Table 4 consists
of the levels for the third factor. In this case, the selection of vari-
ables was carried out either by SPA (low level) or by GA (high
level). It is worth noting that MLR cannot be directly applied
to the full spectrum without variable selection because of ill-
conditioning problems.
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Fig. 4. PLS-MIR (without pre-processing) predictions of 40 °C kinematic vis-
cosity versus reference values. A straight line was drawn to indicate the bisectrice
of the quadrant.
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Table 5
Factorial design matrix and MLR results for the MIR prediction of 40 °C kine-
matic viscosity

Factors Levels
— +
Derivative No Yes
Smoothing No Yes
Variable selection SPA GA
Trial Factors RMSEP (cSt)
1 2 3

1 — - — 5.1 (24)

2 + - — 7.6 (7)

3 — + - 3.8 (28)

4 + + — 5.9 (18)

5 - - + 4.9 (25)

6 + - + 5.4 (25)

7 - + + 5.0 (25)

8 + + + 6.1 (24)

The number of wavelengths employed in each model is shown in parenthesis.

A Pareto diagram and a cube representation for the effects cal-
culated from Table 5 (MLR calibration) are presented in Fig. 5a
and b, respectively. As in the PLS case, the effects of interaction
between factors are substantial.

On average, the use of derivative increases the RMSEP by
1.6 cSt. Such an effect is more prominent when variable selection
is performed by SPA (2.3 ¢St average increase in RMSEP). It

Derivative
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1156
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Smoothing
Selection
12+3 |
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(a) Effect Estimate
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Fig. 5. (a) Pareto effect diagram for MLR results in the 2 factorial design:
RMSEP values for the MIR prediction of 40 °C kinematic viscosity. (b) Cube
representation for the 23 factorial design involving derivative (D), smoothing
(S), and variable selection (VS) on the MLR results. The effects are expressed
in terms of RMSEP values for the MIR prediction of 40 °C kinematic viscosity.
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Fig. 6. Wavelengths selected by SPA for the MIR prediction of 40 °C kinematic
viscosity.

might be argued that the SPA result is more compromised by the
use of derivative than the GA result because the SPA policy of
selecting variables which are weakly correlated may favour the
selection of noisy variables, a problem that is aggravated by the
derivative calculation. In fact, the effect of changing the variable
selection algorithm from SPA to GA decreases the RMSEP by
2.2 c¢St, when the derivative is used without smoothing, which
is the situation in which noise is maximally amplified by the
pre-processing procedures. In the opposite situation (smoothing
employed without the derivative), in which noise is maximally
attenuated, the variable selection effect is also the opposite, that
is, a 1.1 ¢St increase in the RMSEP is observed when SPA is
replaced with GA.

Fig. 6 indicates the wavelengths that led to the best MLR
result (RMSEP of 3.8 ¢St), which was obtained without deriva-
tive, with smoothing, and with SPA variable selection. Such an
outcome is slightly better than the best PLS result (RMSEP of
4.2 cSt), but the difference is not significant according to an F-
test at 95% confidence level. Neural network models were also
employed in an attempt to achieve better predictions. However,
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Fig. 7. APS-MLR (with smoothing) predictions of 40 °C kinematic viscosity
vs. reference values. A straight line was drawn to indicate the bisectrice of the
quadrant.
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the results were similar to those yielded by the linear meth-
ods under study. For the best settings of the MLR calibration,
the graph of predicted versus observed values for the prediction
samples is presented in Fig. 7.

As the ASTM D445 norm does not present the reprodutibility
for the determination of 40 °C kinematic viscosity for oils in
service, the reference method repeatability was estimated in our
laboratory. A relative standard deviation of 3.3% was obtained,
which is comparable to the relative average errors obtained with
the best PLS (3.5%) and MLR (3.2%) models.

5. Conclusions

This work presented two proposals for monitoring the ser-
vice condition of diesel-engine lubricating oils by using infrared
spectroscopy. In the first approach, the oil spectra were classified
into three groups according to the stage of use. For this purpose,
a variable selection algorithm was proposed to allow the use of
simple discriminant analysis models. In this case, a classifica-
tion accuracy of 93% was obtained both in the MIR and NIR
ranges.

The second approach employed multivariate calibration
methods to predict viscosity, which is the main control parameter
for lubricants in service. In this case, the use of the NIR range
was not successful regardless of the modelling method. Such
a problem may be ascribed to the experimental methodology
employed for spectra acquisition, which required the dilution of
the samples because of the presence of particulated matter. This
difficulty was circumvented by use of attenuated total reflectance
(ATR) measurements in the MIR spectral range, in which an
RMSEP of 3.8 cSt and a relative average error of 3.2% were
attained. Those values can be considered satisfactory for moni-
toring the condition of lubricants in service.

The proposed methodologies may lead to substantial gains
for companies that operate a large number of diesel engines,
by allowing a more efficient condition-based replacement of the
lubricating oil.
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Appendix A. Discriminability

In classification problems, the variables can be ranked on the
basis of their ability to discriminate the classes under consider-
ation. According to Duda et al. [14], the discriminability D; of
variable x; can be quantified as:

_ SBi

D; =
Swi

(A1)

where Sw; and Sg; are measures of the within-class and between-
class dispersions for variable x;, respectively. The within-class

dispersion Sy; is defined as

c
Swi = Zsij (A.2)
j=1
where s;; is the dispersion of x; in class j, calculated as
2
sij = Z [xF — m;j] (A3)

kE[j

where xf»‘ denotes the value of x; in the kth object and my; is the
mean value of x; in class j, that is:

1 k
mij = n—iji (A4)
ke 1/'
The between-class dispersion Sp; is defined as
c
Spi = an[mij — m;]? (A.5)
j=1

where m; is the average of x; over all training objects.
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Abstract

A competitive immunoassay for clenbuterol (CLB) based on capillary electrophoresis with chemiluminescence (CL) detection was established.
The method was based on the competitive reaction of horseradish peroxidase (HRP)-labeled CLB (CLB-HRP) and free CLB with anti-CLB
antiserum. The factors affecting the electrophoresis and CL detection were systematically investigated with HRP as a model sample. Under the
optimal conditions, the tracer CLB-HRP and the immunoassay complex were separated, and the linear range and the detection limit (S/N = 3) for
CLB were 5.0-40nmol 1=! and 1.2 nmol 17!, respectively. The proposed method has been applied satisfactorily in the analysis of urine sample.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Clenbuterol (4-amino-o-[(fert-butylamino)methyl]-3,5-dic-
hlorobenzyl alcohol hydrochloride, CLB), a sympathomimetic
drug with potent (3-adrenoceptor stimulating properties, can
effectively prevent and reverse bronchoconstriction and has been
used for the treatment of the pulmonary diseases in veterinary
and clinic medicine [1,2]. Inrecent years, it has been established
that a number of -agonists, including clenbuterol, may have
repartitioning effects in meat-producing animals [3]. The flow
of nutrients is apparently shifted from adipose tissue towards
muscle tissue. The result is an improved lean meat deposition
and higher production efficiency. However, the produced meat
might contain residues of agonists, which is a real public health
problem, and various intoxications have been described as being
due to the consumption of meat products containing clenbuterol
residue [4]. For reasons of public health and safety, CLB has been
prohibited from being used in cattle feed in many countries [5].
Besides, clenbuterol is also abused as a doping agent in human
athletes to improve their performance, as a result, it has been one
of the prohibited substances by the International Olympic Com-
mittees [6,7]. It is implied that development of highly specific,

* Corresponding author. Tel.: +86 27 87162672; fax: +86 27 68754067.
E-mail address: zhkhe@whu.edu.cn (Z. He).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.053

reliable and reduced-cost methodologies for rapid determination
of clenbuterol in diverse matrices is urgently needed. Various
analytical methods have been reported to detect clenbuterol
in animal tissues or urine [5,8]. The method currently used
by most laboratories is gas chromatography—mass spectrom-
etry (GC-MS). However, the derivatization step before injec-
tion is complicated and time-consuming [9]. High performance
liquid chromatography (HPLC) offers advantages over GC to
detect B-agonists. Ultraviolet (UV) detection is the most popu-
lar detection method applied in HPLC, but it is limited for the
low sensitivity [10]. HPLC-MS is a powerful analytical method
for the detection of clenbuterol, however, the complicated and
expensive instrument does not belong to the facilities of aver-
age investigator [11]. Although enzymelinked immunosorbent
assay (ELISA) technique is highly selective and sensitive, a pri-
mary drawback is the time-consuming and laborious incubation,
washing and rinsing procedures [12]. As a result, these methods
were limited to a certain extent in practice.

Capillary electrophoresis immunoassay (CEIA) combining
the effective separation power of CE and the ligand specificity
of TA has been proved to be a powerful technique for the sep-
aration and analysis of biological compounds [13]. Compared
to conventional TA, CEIA is characterized by high efficiency,
less samples, short analysis time, and easy automation. It has
been successfully applied to determine certain tumor markers,
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hormones and abuse drugs including human growth hormone
(hGH), insulin, morphine, cortisol, digoxine and so on [14-16].
Chemiluminescence (CL) is being focused on its high sensitiv-
ity, easy operation, and inexpensive apparatus and reagents [17].
It has been widely applied in flow injection, LC, IA, and CE
[18-22]. Especially, over the past decade, research in combin-
ing CE with CL detection has increased significantly [23,24].
Although CL detection method is very promising in CE-CL,
little attention has been paid to its application in CEIA. Tsuk-
agoshi et al. [25] demonstrated a CEIA experiment using mouse
IgG and horseradish peroxidase (HRP)-labeled anti-mouse IgG
antibody in a newly designed batch-type CL detection cell for
CE. Wang et al. [26] successfully detected bone morphogenic
protein-2 (BMP-2) in rat vascular smooth muscle (VSM) cells
with noncompetitive format by CEIA based on enhanced CL
detection. HRP-Ab;-mAb-BMP-2 complex and free HRP were
baseline separated and detected with the detection limits of
4.4 % 10712 mol 17! (53 zmol) for HRP and 6.2 x 102 mol1~!
(75 zmol) for BMP-2. CEIA based on CL was also successfully
applied for the determination of the tumor Ag CA125 in human
sera from health controls and patients associated with ovarian
cancer [27]. All of these previous works reveal that the CEIA-CL
method is a potential and promising analytical tool in biomedical
analysis and clinical diagnosis.

In this research, a method for the determination of CLB was
developed by CEIA with CL detection based on the competitive
reaction between HRP labeled CLB and free CLB with a limited
amount of anti-CLB antiserum. The results indicated that this
method could be applied to the determination of free CLB in
urine samples.

2. Experimental
2.1. Reagents

Luminol was obtained from the Chemistry Department of
Shaanxi Normal University (Shaanxi, China), HRP and 30%
hydrogen peroxide were purchased from Shanghai Chemi-
cals (Shanghai, China), 4-iodophenol (PIP) was from ACROS
Organics (New Jersey, USA), and clenbuterol hydrochloride
(CLB) was from Sigma (St. Louis, MO, USA). Anti-CLB anti-
serum was provided by School of Food Science and Tech-
nology of Southern Yangtze University (Wuxi, China). All
chemicals were of analytical grade or better, and ultrapure
water (18.2 M), purified on Water PRO PS system (Labconco,
Kansas City, MO, USA), was used for the preparation of all the
aqueous solutions. The electrophoresis buffer was 10 mmol 1~}
NaH;PO4—NayHPO4 buffer (pH 6.5), and the CL reaction buffer
was 10 mmol 1-! NaH,PO4—Na,HPO, buffer (pH 8.5) contain-
ing 0.5 mmol 17! luminol, 40 mmol1~! H,05 and 1.2 mmol I~
PIP. All solutions were filtered through 0.22 pum membrane fil-
ters before use.

2.2. Apparatus

The CE-CL apparatus was self-assembled in the labora-
tory and held in a light-tight box. A 50 cm capillary (Yongnian

Reafine Chromatography Ltd., Hebei, China) with 50 pm i.d.
and 375 pm o.d. used as the separation capillary was inserted
into a 10 cm capillary with 530 wm i.d. and 690 wm o.d. used as
the reaction capillary, on which a 1 cm detection window was
made by burning off the coating. Both of the capillaries were
installed in a tee, and the outlet of separation capillary was just
positioned at the detection window, in front of which a photo-
multiplier tube (PMT) (R212, Hamamatsu) was situated. The
CL reaction solution was also delivered into the tee by gravity
with a PTFE tube (0.8 mm i.d.) and flowed in a sheath profile
around the electrophoresis capillary, then reacted with analytes
out from electrophoresis capillary at the detection window. The
output from PMT was amplified and collected with N3000 chro-
matograph data system (Zhejiang University Star Information
Technology Ltd, Zhejiang, China).

2.3. CE procedure

New separation capillary was treated successively with
1.0mol 1~ NaOH, water, 1.0 mol 1-! HCI and water, and finally
balanced with electrophoresis buffer overnight. Between runs,
the capillary was flushed with electrophoresis buffer for 5 min.
The sample was introduced by electrokinetic injection with
20kV for 8, and electrophoresis separation was performed at
20kV.

2.4. Preparation of HRP-labeled CLB

CLB was labeled with HRP following the procedure
described by Degand et al. [28] with some modifications. Briefly,
the CLB solution adjusted to pH 1.5 with 1.0 mol 1~ ! HCl reacted
with NaNO, at 4 °C in the dark to form the diazo derivative of
CLB. Then the whole solution was added dropwise to a limited
HRP solution in 10 mmol 1~ phosphate buffer (pH 7.5) at 4 °C,
and the pH of the mixture was continuously adjusted to 7.5 with
0.1 mol1~! NaOH. After standing for 2 hat4 °C, the mixture was
adequately dialyzed against 0.01 mol 1! phosphate buffer until
the absorbance of CLB in the dialyzing phosphate buffer disap-
peared under the monitoring of a TU-1900 spectrophotometer
(Purkinje General Instrument, Beijing, China). The conjugate
was protected from light and stored at 4 °C until use.

2.5. IA protocol

The IA protocol was a competitive format. 20 ul of
1.0 x 1077 mol1~! CLB-HRP and 20 .l of 4.0 to 50 nmol 1!
CLB or urine samples were mixed with 10 pl anti-CLB anti-
serum in 200wl small vials and then diluted with water
(18.2M€2) to 100 pl. After incubating at 37 °C for 45 min, the
mixture was analyzed by CE as described above.

3. Results and discussion
3.1. Effect of the pH and concentration of the running buffer

The pH of the running buffer affects the efficiency and the
reproducibility of the capillary electrophoresis separation of
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Fig. 1. pH effect of the running buffer on electrophoresis separation. A fused sil-
ica capillary (50 cm length, 50 wmi.d.) was used for CEIA. A 1.0 x 108 mol 1~
HRP used as model sample was electrokinetically injected with 20kV voltage
for 85, and the separation voltage was 20kV. All curves were plotted with the
same CL intensity scale, with a horizontal offset of the baseline for clarity.

proteins. Results from Fig. 1 showed that the increase in pH
shortened the migration time of HRP because of the increase in
the electroosmotic flow. At pH 6.5, the electropherogram peak
of HRP is sharp and symmetrical, and the relative CL inten-
sity calculated by peak height is the highest. The results may be
related to that the isoelectric point of HRP is 6.5 [26]. In addi-
tion, the pH of the running buffer also affects the conformation
of antigen and antibody. Therefore, the pH of the running buffer
in the subsequent experiments was chosen to 6.5.
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The effect of the running buffer with different ionic strengths
ranging from 5.0 to 50 mmol 1! was studied. It was found that
increasing the ionic strengths of the buffer increased the migra-
tion time and the electrophoresis current. The best separation
results were achieved in 10 mmol1~! phosphate buffer.

3.2. Optimization of CL detection

The pH of the CL reaction buffer has an important effect
on the CL intensity as shown in Fig. 2A. It was found that the
CL intensity increased firstly and then decreased with the pH
increasing. The maximal intensity presented at pH 8.5, which
was similar to the situation in the conventional IA with CL detec-
tion [29]. So the following CL detections were at pH 8.5.

The influence of luminol concentration on the CL inten-
sity was investigated. The results demonstrated that the CL
intensity increased with increasing luminol concentration from
0.1 to 1.2mmol1~" (Fig. 2B). However, the background level
increased and the signal-to-noise ratio reduced at higher con-
centration of luminol, and the concentration giving the best
sensitivity was found to be 0.5 mmol 1!,

The optimization of H»O, concentration was given in
Fig. 2C. The CL intensity rapidly increased in the range
of 10-40 mmol1~! and only slight changes in CL intensity
were observed when the concentration of HyO, was higher
than 40 mmol1~!. The optimal concentration of HyO, was
40 mmol 171,

The enhancement degree of phenol derivatives as enhancers
of the chemiluminescent reaction HRP-luminol-H,O, is
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Fig. 2. Effects of pH (A), concentration of luminol (B), H,O; (C), and PIP (D) on the CL detection. Other conditions as in Fig. 1.
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Fig. 3. Electropherograms of the competitive immunoassay for CLB:
(@ 1.0x1077moll1~! CLB-HRP without antiserum, (b) mixture of
1.0 x 107" mol1~! CLB-HRP with antiserum, (c) 5.0 x 10~° mol1~! CLB
competes with 1.0 x 1077 mol1~! CLB-HRP for antiserum. Running buffer,
phosphate buffer (10 mmol -1, pH 6.5); CL solution, 0.5 mmol1~! luminol,
40 mmol 1! H,0,, and 1.2 mmol1~! PIP in phosphate buffer (pH 8.5). Other
conditions as in Fig. 1.

dependent on the enhancer concentration. PIP as presented
enhancer, its influence on the CL intensity was investigated from
0.6 to 2.0mmol 1~! (Fig. 2D). The result was that the CL inten-
sity increased until the optimal concentration 1.2 mmol1~! was
reached, and decreased above this concentration.

3.3. Competitive CEIA for CLB

According to the IA procedure mentioned above, the compet-
itive CEIA for CLB was performed under the optimal separation
and CL detection conditions. Fig. 3 shows the typical electro-
pherograms of the competitive immunoassays for CLB. The
bottom electropherogram (Fig. 3a) was obtained by injection
of tracer CLB-HRP. The central electropherogram (Fig. 3b) was
obtained from mixing of a blank CLB sample (0 mol1~!) and
tracer CLB-HRP with CLB antiserum. The tracer was com-
pletely bound to antiserum to form complex, which was detected
as a new peak later to that of tracer. When replacing the blank
sample with diluted CLB solution, CLB in the sample competes
with tracer CLB-HRP for a limited amount of antiserum, which
leads to an increase in signal for free tracer and a decrease in the
complex, as shown in the top electropherogram (Fig. 3c). The
bound complex was resolved from the free tracer, which made
the presented CEIA protocol into practice. Due to the difficulty in
detecting the slight complex peaks in higher concentration CLB
samples, the signals of the free CLB-HRP tracer were quantified
(see below).

3.4. Calibration curve and detection limit

Fig. 4 is the CEIA electropherograms with different concen-
trations of CLB in the samples. As the concentration of CLB
increased, the peak height of the immunocomplex in the electro-

70
60
" 50
40

30

CL intensity (mV)

2

: 4 e
Mf‘graﬁ()n tim 6 ) /

8
e (mi,—,) a

Fig. 4. Comparison of electropherograms of competitive CEIA from different
concentrations of CLB. The concentrations from a to e were 5.0, 8.0, 15, 25,
and 40 nmol 17!, respectively. Conditions as in Fig. 3.

pherogram decreased and disappeared in higher concentration
CLB sample while that of the tracer CLB-HRP increased propor-
tionally. The linear calibration curve was obtained by plotting
the peak height of tracer CLB-HRP against the concentration
of CLB in the range of 5.0-40nmol 1~! with a correlation coef-
ficient of 0.9987 and the limit of detection was 1.2nmol1~!
(SIN=3).

3.5. Analysis of samples

The present method was applied in experiments of simu-
lated samples with doping CLB in urine from healthy volunteer
(Fig. 5). The bottom electropherogram was obtained from a
blank urine sample, and the top one was from a urine sam-
ple doping 20nmol1~! CLB. The recoveries of the method
were from 90 to 108%, and the RSD was less than 8%
(n=95).

40

35 1

30 4
CLB-HRP

25+

20 4

15
] J } b

Complex

| a
] || FTRY R PRy WO
uwmwwmwww“ LTI P
0 ; . . : : . : . :
0 2 4 6 8 10

CL Intensity

Migration time (min)

Fig. 5. Electropherograms of urine samples: (a) blank urine sample, (b) urine
sample doping 20 nmol1~! CLB. Conditions as in Fig. 3.
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4. Conclusion

CEIA with CL detection based on a competitive format was
performed, which was successfully used for the determination of
B-agonist clenbuterol. Under the optimal conditions, the linear
range and the detection limit (S/N = 3) for CLB were 5.0-40 and
1.2 nmol 17!, respectively. The presented protocol paves another
way for the pharmacokinetics, the analysis of drug residues and
the monitor of prohibited substances.
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Abstract

A porous core electroosmosis pump was studied and improved in accordance with the electroosmosis theory. Hexamethylene tetraamine (HMTA)
was used as the additive of pump carrier solution to improve the flow rate stability and delivery efficiency. The influences of the electric field
strength, porous core dimension and acetonitrile concentration of carrier solution on the pump flow rate and output pressure were investigated in
detail. The improved electroosmosis pump can provide not only steady flow rate and large flow range, but also moderate output pressure. With
the pump carrier solution of 0.5 mmol/L HMTA and the working voltage of 4950V, the pump output pressure, flow rate and delivery efficiency
achieved 1.1 MPa, 1.3 mL/min and 3.2 mL/(min mA), respectively. The pump can be employed for mobile phase delivery in the reversed-phase

chromatographic separation of monolithic silica columns.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electroosmosis pump; Pressurization; Hexamethylene tetraamine; Reversed-phase liquid chromatography

1. Introduction

Electroosmosis is the liquid flow, in contact with a solid sur-
face, under the influence of an applied electric field [1]. In the
past decades, different electroosmosis pumps (EOPs) have been
proposed, which can be classified as capillary EOP [2,3], packed
capillary EOP [4-7] and porous core EOP [8-16].

The capillary EOP was developed by Dasgupta and Liu [2],
and applied to a microanalysis system of flow injection analysis
(FIA) and on-line electrostacking preconcentration as used in
capillary electrophoresis. The capillary EOP was also employed
in a sequential injection analysis (SIA) system that exhibited
satisfied reproducibility for chemical reactions [3]. Since the
electroosmotic flow (EOF) was generated in a capillary with the
inner diameter of tens of micrometer, the flow rate and output
pressure of the capillary EOP looked low, while its working
voltage was rather high.

Guan and co-workers fabricated a capillary EOP with three
fused-silica capillaries arranged in parallel and packed with sil-
ica particles. The packed capillary EOP could provide the flow
rate from nL/min to pL/min and the output pressure of 45 MPa
[4-7]. So the EOP possessed high output pressure, but restricted
flow rate.

* Corresponding author. Tel.: +86 551 3607072; fax: +86 551 3603388.
E-mail address: yzhe@ustc.edu.cn (Y.-Z. He).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.058

Based on the electroosmotic theory and experiments, He et al.
fabricated a porous core EOP. The EOP can provide steady flow
rate and large flow range, but low output pressure [8,9]. With the
working voltage of 500V, the flow rate and output pressure of
the pump achieved 3.0 mL/min and 0.15 MPa, respectively. The
EOP was employed in FIA, SIA and multicommutation analysis
system for the separation, preconcentration and determination of
inorganic ions [10-14], phenols [15] and trace anion surfactants
[16] in water samples.

In this paper, an improved porous core EOP with 9.0 mm
diameter and 6.0 cm length was constructed [17]. Hexamethy-
lene tetraamine (HMTA) was evaluated as the additive of pump
carrier solution to obtain stable flow rate and high delivery effi-
ciency. The influences of electric field strength, porous core
dimension and acetonitrile concentration of carrier solution on
the pump flow rate and output pressure were investigated in
detail. The proposed EOP has been employed for mobile phase
delivery in the reversed-phase chromatographic separation of
monolithic silica columns.

2. Experimental
2.1. Chemicals and solutions

All the reagents were of analytical grade. HMTA, anhydrous
sodium carbonate (Nap;CO3), hydrochloric acid (HCI), sodium
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hydroxide (NaOH), polyethylene glycol (PEG, MW 10,000),
urea, acetic acid glacial (HAc), acetonitrile, methanol, ethanol,
phenol, benzene and toluene were purchased from Chemi-
cal Reagent Co. (Shanghai, China). Tetramethyl orthosilicate
(TMOS) was obtained from Guibao Chemical Ltd. (Hangzhou,
China). Chlorodimethyloctylsilane was purchased from Alfa
Aesa (USA). Tri-distilled water was prepared by a SZ-3
distilled water system (Huxi Anal. Instr. Factory, Shanghai,
China).

The porous core regeneration solutions included 0.1 mol/L
Na,;CO3, 1.0 mol/L HCI and 0.1 mol/L NaOH. The 0.5 mmol/L
HMTA carrier solution (pH 9.5) was obtained by diluting
0.1 mol/L HMTA solution with tri-distilled water. These exper-
imental solutions were filtered with 0.22 wm PTFE membrane
before use. The 0.01 mol/L phenol and 0.01 mol/L benzene stock
solutions were prepared by dissolving phenol and benzene in
acetonitrile. The mixed analyte solution for chromatographic
separation was prepared by diluting the stock solutions with
acetonitrile further.

2.2. Instruments

DYY-12C electrophoretic power supply (Liuyi Instr. Fac-
tory, Beijing, China) provided the pump voltage from 20 to
5000V dc. SX2-2.5-10 electric resistance furnace (Experiment
Electr. Furnace Factory, Shanghai, China) was employed to pre-
pare the porous core of the pump. SHZ (II) water-jet aspirator
pump (Yingyu Yuhua Instr. Factory, Henan, China) was used
to wash and regenerate the porous core. The micrographs of
the porous core were measured by JSM-6700F field emission
scanning electron microscope (JEOL, Japan). UV9100 spec-
trophotometer (Rayleigh Anal. Instr. Corp., Beijing, China) was
employed as an UV detector measuring at 254 nm. A three-way
solenoid valve (HP161T301, NResearch Inc., USA) introduced
the analyte solution into the separation system. The output
pressure of the pump was measured by a homemade pressure
meter.

2.3. Fabricating and washing porous glass core

A 6.0 cm length and 9.0 mm diameter porous core of the EOP
was prepared by sintering boric glass powder under high tem-
perature. The scanning electron microscope (SEM) image of
the porous core showed that the macropore diameters were in
the range of 1.0-4.0 wm. The porous core was installed in a
9.1 mm i.d. boron glass tube and fixed by epoxy glue. The core
column was washed or regenerated with 0.1 mol/L. NaHCOs3,
water, 1.0 mol/L HCI, water and 0.1 mol/L NaOH in turn by the
water-jet aspirator pump, and then equilibrated by the carrier
solution for 24 h.

2.4. EOP testing system

AnEOP testing system, as shown in Fig. 1(a), consisted of one
DYY-12C electrophoresis power supply, one homemade selec-
tion valve, one liquid pressure meter and the tested porous core
EOP. The EOP included two pump chambers, two electrode

Fig. 1. Schematic diagram of EOP testing system (a) and chromatographic sep-
aration system (b). CR: carrier reservoir; PC: pump chamber; PCC: porous
core column; HV: high-voltage power supply; Pt: platinum electrode; P: lig-
uid pressure meter; V: selection valve; V;: three-way solenoid valve; S: sample
solution; MSMC: modified silica monolithic column; D: spectrophotometer; W:
waste; C: computer.

cavities with platinum electrodes and one porous core column.
Two tubular PTFE membranes (0.22 wm) were placed into the
hollow electrode cavities to isolate bubbles produced in water
electrolysis and conduct electric current. The maximal output
pressure of the EOP was measured by turning off the output
flow.

2.5. Chromatographic separation performed by EOP

The chromatographic separation was performed by the EOP,
as shown in Fig. 1(b). The separation system consisted of one
electroosmosis pump, one solenoid valve, one silica monolithic
column bonded with octylsilane, one spectrophotometer and a
personal computer.

In the separation system, the porous core EOP was employed
for mobile phase delivery. Its flow rate and flow direction could
be controlled by the pump voltage and potential polarity, respec-
tively. The injection volume of sample solution was regulated
by the aspirating flow rate of the pump and the switch time of
the valve. The silica monolithic column was prepared by sol—gel
condensation with TMOS-HAc-PEG-urea in a 10cm x 3 mm
i.d. fused-silica tube, and chlorodimethyloctylsilane toluene
solution was adopted to prepare Cg stationary phase. The poros-
ity and surface area of the silica monolithic column before mod-
ified with chlorodimethyloctylsilane were 60% and 540 m?/g,
respectively. The spectrophotometer was employed as an UV
detector measuring at 254 nm and the absorbance data were
transmitted to the computer.

3. Results and discussion

3.1. Influence factors for flow rate and output pressure of
porous core EOP

The surface of the porous core is negatively charged because
of the ionization of surface silanols. As a result, the solvated
cations are accumulated in the diffusion layer of electric double
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layer. When an external voltage is supplied, the cations, viz.,
counter ions, will migrate under both the actions of electric
field and viscous friction, and drag the carrier solution through
the porous core. Consequently, EOF can be generated in the
micro-channels of the porous core, which can be treated as large
numbers of tortuous micro-channels.

For each micro-channel of the porous core, the average EOF
rate can be written as

s;Enaz
g=—"— (1)
n

where ¢ is the average EOF rate in one micro-channel, ¢ zeta
potential, E the electric field strength, a the average radius of
micro-channels and e and »n are the dielectric constant and vis-
cosity coefficient of carrier solution, respectively.

The flow rate of the porous core EOP can be expressed as

eCEA  elVA
n nL

where Q is the flow rate of the EOP, A the effective cross-section
area of porous core, V the working voltage and L is the physical
length of porous core.

The equation indicates that the flow rate of EOP is related to
the working voltage, zeta potential, the effective cross-section
area and physical length of the porous core, the dielectric con-
stant and viscosity coefficient of the carrier solution. For the
same core material and carrier solution, large effective cross-
section area and high electric field strength will enhance the
pump flow rate.

Combining Eq. (1) with Poiseuille equation, the pressure dif-
ference between two ends of the porous core can be derived as

8eCEl
= (3)

@

P— P =

where [ is the characteristic length of the traveling flow in the
micro-channel and P; and P; are the fore and back pressure of
the porous core, respectively.

When the pump input is open and P can be supposed to be
zero, the maximal output pressure of the EOP can be expressed
as

8eCEIl
a2

“

Pmax =

It implies that the maximal output pressure of the EOP
depends on the electric field strength, the characteristic length
of the porous core, zeta potential, the average radius of micro-
channels and the dielectric constant of the carrier solution. So
high output pressure of the EOP can be obtained by using high
electric field, long porous core and small pore radius.

3.2. Effect of HMTA concentration on flow rate and
delivery efficiency

In water carrier solution, the surface of the porous core is neg-
atively charged as a result of partial silanol ionization. When a
working voltage is applied to the EOP by the electrodes, hydro-
gen and hydroxyl ions will be generated in the anode and cathode

area due to water electrolysis. Since the mobility of hydrogen
ion is much faster than that of hydroxyl one, the pH value of
the pump carrier solution and the surface charge density of the
porous core will be reduced gradually, and make the pump flow
rate decrease. To obtain a steady flow rate and high delivery
efficiency, an appropriate additive should be introduced into the
pump carrier to neutralize the hydrogen ions generated in water
electrolysis.

In this paper, HMTA was selected as the additive of the pump
carrier solution. For the organic alkali containing four amido-
cyanogens, it can effectively neutralize the hydrogen ions and
enhance the concentration of the protonized HMTA ions.

The delivery efficiency (R) of the EOP can be defined as the
ratio of pump flow rate to working current

R=- (6)
where Q is the flow rate and [ is the working current of
the EOP. The influence of HMTA concentration on the pump
flow rate and delivery efficiency was examined from 0.2 to
0.8 mmol/L. with a fixed pump voltage of 880V, as shown in
Fig. 2.

Since HMTA is an organic alkali and can neutralize hydrogen
ions, the carrier additive can effectively eliminate the influence
of hydrogen ions on the surface charge density of the porous core
during the pump operation. At the same time, the combination of
HMTA and hydrogen ion can form the counter ion accumulated
in the diffusion layer for EOF generation. In Fig. 2, the flow
rate of the EOP increases with the HMTA concentration up to
0.5 mmol/L. When the concentration is higher than 0.5 mmol/L,
the influence of the ion strength on the thickness of the diffu-
sion layer becomes significant. For zeta potential is related to
the thickness of electrical double layer, the further increase of
HMTA concentration will reduce the thickness of electrical dou-
ble layer, i.e. the zeta potential of the surface, and thus result in
the decrease of the pump flow rate. In Fig. 2, both the pump flow
rate and delivery efficiency can achieve the maximal values with
0.5 mmol/L HMTA. The relative standard deviation (R.S.D.) of
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Fig. 2. Effect of HMTA concentration on pump flow rate and delivery efficiency.
The diameter and length of the porous core are 9.0 mm and 6.2 cm, respectively.
The working voltage of the electroosmosis pump is 880 V.
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the pump flow rate is 4.3% in 4h. So 0.5 mmol/L HMTA was
selected as the pump carrier solution in this work.

3.3. Effect of electric field strength on flow rate and output
pressure of EOP

The effect of electric field strength on the flow rate and
output pressure of the EOP was examined. The experimental
results showed that the flow rate of the pump was proportional
to the electric field strength lower than 825 V/cm using a 6 cm
porous core, which was consistent with Eq. (2). It manifests
that the thermal effect of the EOP can be low enough with
the electric field strength. Although the diameter of the porous
core column in this work was smaller than those of our pre-
vious work [9] and in Zeng’s paper [18], the flow rate per
unit of electric field strength and cross-section area was higher
and achieved 2.0 x 10~3 (mL/min)/[(V/cm) cm?]. So the flow
rate of the EOP can be adjusted by the electric field strength
efficiently.

The maximal output pressure of the EOP can be measured
by a liquid pressure meter after switching off the output flow.
The experimental data indicated that a linear relation between
the maximal output pressure and the electric field strength was
obtained in the range from 100 to 825 V/cm, which was consis-
tent with Eq. (4). The maximal output pressure of the EOP can
be enhanced by increasing the applied electric field strength, but
restricted by the maximum output voltage of the electrophortic
power supply.

3.4. Effect of porous core dimensions on flow rate and
output pressure of EOP

In the experiment of the porous core length, 9.0 mm diameter
porous cores with different lengths were prepared to construct
the EOPs. The influence of core length on the flow rate and
maximal output pressure of the EOP were investigated, as shown
in Fig. 3.
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Fig. 3. Effect of porous core length on flow rate and maximal output pressure
of EOP. The diameter of the porous core is 9.0 mm, the HMTA concentration is
0.5 mmol/L and the working voltage is 4950 V.

In Fig. 3, it showed that the flow rate of the EOP decreased
with increasing the porous core length by using the pump voltage
of 4950V, which was limited by the maximum output volt-
age of the electrophoretic power supply. Since the electric field
strength is the pump voltage divided by the porous core length,
the increase of the porous core length will lead to the decrease
of the electric field strength and the pump flow rate.

It also displayed that the pump output pressure increased with
the porous core length in the range less than 6.0 cm. Among
seven porous core lengths, 3.0cm porous core gave the low-
est output pressure of 0.93 MPa, whereas 6.0 cm porous core
provided the highest pump pressure of 1.1 MPa. For the accu-
mulative effect of the electroosmotic action and the reduction
of the electric field strength, the maximal output pressure was
enhanced with the porous core length from 3.0 to 6.0 cm. The
results were consistent with those reported in refs. [7,8]. How-
ever, the maximal output pressure kept almost 1.1 MPa with the
porous core length longer than 6.0 cm, because of the limited
maximum voltage of the power supply and reduced electric field
strength. So the porous core length was selected to be 6.0 cm in
this work.

Three porous core columns with the diameters of 7.0, 8.0
and 9.0 mm were prepared to construct the EOPs in the core
diameter investigation. The experimental results showed that
the pump flow rate was dependent on the porous core diameter
and consistent with Eq. (2). So 9.0 mm diameter core was used
in the EOP construction.

The experimental results also displayed that the maximal
output pressures with different core diameters were approxi-
mately the same under the fixed electric field strength. With
the applied voltage of 5000 V, the porous core length of 6.0 cm
and diameter of 9.0 mm, the maximal flow rate and output
pressure of the porous core EOP could achieve 1.3 mL/min
and 1.1 MPa, respectively. The working current and power was
lower than 0.8 mA and 4 W, so the EOP could be operated
continuously.

3.5. Effect of acetonitrile concentration on flow rate and
output pressure of EOP

It is important that the EOP can be employed to drive the
mobile phases of organic solvent and water mixture in liquid
chromatography. Acetonitrile is the organic solvent used fre-
quently in reversed-phase liquid chromatography. Meanwhile,
acetonitrile is an effective solvent to generate electroosmotic
flow in EOP system. Other organic solvents, such as methanol,
tetrahydrofuran, acetone, were examined on their EOF rates.
It could be found that the EOF rate generated with acetonitrile
was the highest. Based on the reasons mentioned above, acetoni-
trile was adopted as the organic solvent of the mobile phase. In
this paper, the effect of acetonitrile concentration in the mobile
phase on the flow rate and the maximal output pressure was also
investigated, as shown in Fig. 4.

The electroosmotic flow rate and maximal output pressure
of the EOP are influenced by zeta potential, the dielectric con-
stant and viscosity coefficient of the carrier solution, which can
be changed by increasing the acetonitrile concentration in the
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Fig. 4. Effect of acetonitrile concentration on flow rate and maximal output
pressure. The diameter and length of the porous glass core are 9.0 mm and
6.0 cm, respectively. The HMTA concentration is 0.5 mmol/L and the working
voltage is 4950 V.

carrier solution. In Fig. 4, the pump output pressure decreased
with increasing the acetonitrile concentration, but the pump flow
rate decreased firstly and then increased with the acetonitrile
concentration.

3.6. Application of porous core EOP in chromatographic
separation

To evaluate the practical application of the EOP, the porous
core EOP was employed for the mobile phase delivery in chro-
matographic separation. The analytes of phenol and benzene
were separated by a silica monolithic column bonded with Cg.
The chromatogram driven by the porous core EOP is shown in
Fig. 5.

Fig. 5 showed that phenol and benzene could be separated
by the separation system with 35% (v/v) acetonitrile solution
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Fig. 5. Chromatogram of analyte separation by using porous core EOP. Sep-
aration conditions: Silica monolithic column polymerized in 10cm x 3.0 mm
i.d. fused-silica tube and modified with Cg; mobile phase, 35% (v/v)
acetonitrile—water solution containing 0.5 mmol/L HMTA; injection voltage and
time, 200 V and 2 s; detection wavelength, 254 nm; flow rate, 0.2 mL/min. Stan-
dard analytes: (1) 0.5 mmol/L phenol and (2) 1.0 mmol/L benzene.

containing 0.5 mmol/L. HMTA as the mobile phase. The separa-
tion efficiency was about 6000 plates/m for phenol. The peaks
of phenol and benzene were relatively broad because of the low
flow rate of the mobile phase supplied by the EOP. It may be that
the porous core possesses relatively large radius of the micro-
channels resulting from the sintering temperature. So the output
pressure of EOP and flow rate of the mobile phase could be
lowered.

The retention time of the analyte peaks in the chromatogram
could display the flow rate stability of the EOP. The R.S.D. of
retention time for phenol was 3.9% (n =4). It implies the feasibil-
ity of the EOP application in the reversed-phase chromatography
with silica monolithic columns.

4. Conclusion

In this paper, a porous core EOP was studied and improved
to provide both sufficient flow rate and output pressure for the
chromatographic separation. The effects of HMTA concentra-
tion on the flow rate and delivery efficiency of the EOP were
examined and both the optimal values can be achieved with
0.5 mmol/L HMTA. After the investigation of the influences of
the electric field strength, porous core dimension and acetoni-
trile concentration on the pump flow rate and maximal output
pressure, an improved EOP was proposed and constructed. This
pump can be used as mobile phase delivery in reversed-phase
chromatography with silica monolithic columns.

However, the gases generated in water electrolysis may be
accumulated in the hollow electrode cavities of the EOP, and
thus influence the flow rate after 4 h. The improvement on conve-
nient releasers and gas elimination is our due course. In addition,
the modification method of the stationary phases should be
improved to obtain high separation efficiency.
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Abstract

A fluorescent chemical sensor for Hg(II) using 5,10,15-tris(pentafluorophenyl)corrole (H;(tpfc)) as fluorophore is described in this paper. The
response of the sensor is based on the fluorescence quenching of Hj(tpfc) by coordination with Hg(Il). H;(tpfc) based sensor shows a linear
response towards Hg(II) in the concentration range from 1.2 x 1077 to 1.0 x 10~* M, with a working pH range from 5.0 to 8.0. The response time
for Hg(I) concentration <1.0 x 107> M is less than 5 min. The sensor shows good selectivity for Hg(IT) over alkali, and alkaline earth, and most
of transition metal cations. The effect of the composition of the sensor membrane has been studied and the experimental conditions optimized.
The corrole based sensor membrane can be easily regenerated just by washing with blank buffer solution after each measurement. The sensor has

been used for determination of Hg(II) in water samples with satisfactory results.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Corrole; Fluorescent sensor; Mercury(II) ion; Response characteristics

1. Introduction

Mercury, one of the most toxic elements in the world, rep-
resents a major toxicity to microorganisms and environment
even in low concentrations. Inorganic mercury has been reported
to produce harmful effects at 5 pg/l in a culture medium [1].
Once introduced into the marine environment, microorganisms
convert it into methylmercury, a form of mercury being even
more toxic to aquatic organisms and birds than the inorganic
mercury, which eventually reaches the top of the food chain
and accumulates in higher organisms, especially in large edi-
ble fish [2]. When consumed by humans, methylmercury trig-
gers several serious disorders including sensory, motor and
neurological damage [3]. For example, when ingested by a
pregnant woman, methylmercury readily crosses the placenta
and targets the developing fetal brain and central nervous
system, which can cause developmental delays in children

[4].
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The development of methods for the determination mer-
cury is, therefore, of significant importance for environment
and human health. Several techniques for the determination
of mercury ions in various samples have been reported over
the past few years. They include spectrophotometry [5], atomic
absorption spectrometry [6,7], inductively coupled plasma-mass
spectroscopy (ICP-MS) [8], inductively coupled plasma-atomic
emission spectrometry (ICP-AES) [9] and voltammetry [10,11].
These methods offer good limits of detection and wide linear
ranges. However, most of these techniques necessitate the use
of sophisticated and high cost apparatus and require complicated
operation. They are not suitable for on-line or field monitoring.
The past decades have seen increasing interest in development of
optical chemical sensors for Hg>* with different chemical trans-
ducers [12—-18], as such sensors can offer advantages in terms of
size, electrical safety, costs, no needing for a reference element
and the fact that it is easy to carry out long distance transmission
with the application of fiber optics. However, this type of sen-
sors for mercury reported so far generally exhibits long response
time, narrow working concentration range or moderate selectiv-
ity. New reports on fluorescence Hg?* sensors based on different
fluorophores are continually being published. It seems, however,
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H,(tpp)

H;(tpfc)

Fig. 1. Structure of Hp(tpp) and Hz(tpfc).

the scope of useful fluorophores for Hg?* remains rather limited.
Searching for new fluorophores with high selectivity towards
Hg?* as well as good photochemical property including excel-
lent photostability, large Stokes shifts and high quantum yield
is still a challenge for the analytical chemistry research efforts.
Examples of recent advances along this line have been the syn-
thesis of some new fluorophores which respond to Hg(Il) with
high selectivity [19-24]. Plaschke et al. [12], Zhang et al. [25]
and Chan et al. [26] have reported fluorescence Hg* sensors
based on porphyrin derivatives. This kind of fluorophores shows
large Stokes shifts, and exhibits highly selective, sensitive and
reversible fluorescence response towards Hg”* over other metal
ions. However, the regeneration for these porphyrins based sen-
sors is rather complex, which needs washing first with acidic
solution and then with blank buffer solution. Moreover, the flu-
orescence quantum yield of porphyrin is not high enough.
Corrole, a classical member of the porphyrinoid family,
attracted very few research interests for decades until the first
corrole synthesis started with commercially available reactants
(pyrrole and aldehyde) was reported by two independent groups
[27,28]. The stabilization of high oxidation states in transition
metals is one of the most interesting features of corroles [29].
Another feature which has previously attracted limited atten-
tion is that some of them show good photophysical properties
with strong fluorescence, large Stokes shifts and relatively long
excitation (>400 nm) and emission (>600 nm) wavelengths that
minimize the effects of the background fluorescence [30,31].
All these features make the corroles potential carriers for prepa-
ration of new optical chemical sensors. Thus, we tried to use
5,10,15-tris(pentafluorophenyl)corrole (Hs(tpfc); Fig. 1) as flu-
orophore to see whether the response characteristics of the fluo-
rescent sensor towards Hg?* could further be improved. Hz(tpfc)
shows a higher fluorescence quantum yield (¢ = 0.2) than that of
tetraphenylporphine (Ha(tpp)) (¢ =0.13) [31]. Moreover, there
is one more hydrogen atom bonded with the nitrogen of the
tetrapyrrolic nucleus in H3(tpfc) comparing to Ho (tpp) (Fig. 1).
This might cause the distortion of the corrole macrocycle to

result in increasing exposure of the pyrrole nitrogen lone pairs
to solvent and be favorable for metal ion complexation, and
therefore, decrease the response time of fluorophore towards
Hg?* [32]. Our experimental results show that the optode based
on Hj(tpfc) shows fluorescence response towards Hg?* with
slightly wider linear concentration range and obviously shorter
response time than that of porphyrin counterparts and compara-
ble selectivity over other metal ions. Different from porphyrin
based fluorescent chemical sensors which need washing first
with acidic solution and then with blank buffer solution [25,26],
corrole based sensor membrane can be easily regenerated just by
washing with blank buffer solution after each measurement. The
proposed sensor is preliminarily applied to the determination of
Hg(II) in water samples with satisfactory results.

2. Experimental
2.1. Reagents

High molecular weight poly(vinyl chloride) (PVC), di-
iso-octyl phthalate (DIOP), dibutyl-o-phthalate (DBP), dioctyl
sebacate (DOS), trifluoroacetic acid (TFA), 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) and sodium tetraphenylboron
(NaTPB) were obtained from Shanghai Chemicals (Shanghai,
China) and used as received. Hp(tpp) was synthesized by Adler’s
method [33], [tetraphenylporphinato]zinc (Zn(tpp)) was pre-
pared according to documented procedures [34] and both were
identified by 'H NMR, mass spectroscopy and UV—vis spec-
troscopy. Before being used, dichloromethane and benzaldehyde
were subjected to simple distillation from K»CO3. Pyrrole was
distilled at atmospheric pressure from CaH,. Tetrahydrofuran
(THF) was freshly distilled from sodium chips under argon with
benzophenone/ketyl as indicator. Except when specified, other
chemicals were of analytical reagent grade and used without
further purification. Twice distilled water was used throughout
all experiments.
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2.2. Synthesis of H3(tpfc)

Hj(tpfc) was synthesized by a modified procedure of litera-
ture [35]. In a 50ml flask, pentafluorobenzaldehyde (196 mg,
1.0 mmol) was dissolved in 10 ul (12 wmol) of pre-prepared
solution of TFA in CH,Cl, (1:10, v/v) and stirred at room
temperature for Smin. Then fresh distilled pyrrole (105 ul,
1.5 mmol) was quickly added while stirring. After stirring for
another 10 min at room temperature, the reaction mixture was
dissolved in CH,Cl,; (10 ml) and a solution of DDQ (273 mg,
1.2 mmol) in toluene-THF (2 ml) was added, and stirred at room
temperature for a further 5 min, then 2 g of silica was added and
the solvent evaporated. The residue retained on silica was passed
over short chromatographic column (silica, CH,Cl,:hexane,
1:2) to give crude product. Further purification by column
chromatography (silica, hexane, then CH,Cl;:hexane, 1:5) and
recrystallization from hexane afforded pure Hj(tpfc) (50 mg,
18.4%) as dark crystals. Spectroscopic and physical properties
were in agreement with those reported in the literature [27].

2.3. Apparatus

All fluorescence measurements were carried out on a
Perkin-Elmer LS55 luminescence spectrometer with excitation
slit set at Snm and emission slit at 7.5nm. A home-made
poly(tetrafluoroethylene) flow-cell described elsewhere [25] and
a bifurcated optical fiber (30 + 30 quartz fibers, diameter 6 mm
and length 1 m) were used for the Hg(Il) measurements. The
excitation light was carried to the cell through one arm of the
bifurcated optical fiber and the emission light collected through
the other. A glass plate (diameter 10 mm) covered with sens-
ing membrane was fixed on the top of the flow chamber by the
mounting screw nut with the membrane contacted with the sam-
ple solution.

The standard solution of Hg(II) was obtained by serial dilu-
tion of 1.02 x 1072M Hg(NO3); solution and buffered with
NaOAc-HOAc (pH 6.00). The pH measurements were carried
out on a Mettler-Toledo Delta 320 pH meter.

2.4. Preparation of optode membrane

The optode membrane cocktail was prepared by dissolving a
mixture of 1.5 mg of Hz(tpfc), 1.5 mg of NaTPB, 16 mg of PVC
and 31 mg of DOS in 0.5 ml of freshly distilled THF. To improve
the adhesion of the film, the glass plates (diameter 10 mm) were
first activated by treatment with concentrated HNOs3 for 12h,
followed by 3% HF, and 10% H;O; each for 30 min, and washed
with distilled water and then with ethanol. A glass plate was then
mounted on a spinning device and then rotated at a frequency
of 600 rpm. Using a syringe, 0.1 ml of the membrane cocktail
was sprayed to the center of the plate. A membrane of about
4 wm thickness was then coated on the glass slides and dried in
ambient air at room temperature for 24 h before used.

2.5. Measurement procedure

Two arms of the bifurcated optical fiber were fixed in
the detecting chamber of the spectrofluorometer to carry the

excitation and emission light. The fluorescence intensity was
measured with the maximal excitation wavelength of 420.0 nm
and at the maximal emission wavelength of 643.0nm. The
sample solution was driven through the flow-cell by a peristaltic
pump (Guokang Instruments, Zhejiang, China) at a flow rate
of 1.4mlmin—!. After each measurement, the flow-cell was
washed with a NaOAc-HOACc buffer solution (pH 6.00) until
the fluorescence intensity of the optode reached the original
blank value.

3. Results and discussion
3.1. Fluorescence quenching of optode by Hg(II)

Fig. 2 shows the fluorescence spectra of Hz(tpfc) based
optode membrane exposed to solutions containing different con-
centrations of Hg(II), which are recorded at Aex =420.0 nm and
Aem =550-750 nm. Owing to the conjugated double bond sys-
tem and the high mobility of its mw-electrons, Hz(tpfc) exhibits
fluorescence emission at 615.0 and 643.0 nm when excited by
the radiation of 420.0 nm. From Fig. 2 one can see that the fluo-
rescence intensities of the optode membrane decrease with the
increase of the concentration of Hg(Il), which constitutes the
basis for the determination of Hg(II) with the optical fiber sen-
sor proposed in this paper.

3.2. Optimization of membrane compositions

Several optode membranes were prepared using different
sensitive materials including Hj(tpfc), Ha(tpp) and Zn(tpp)
with DOS as plasticizer to study the effect of sensing materials.
The results are shown in Table 1.

From Table 1 one can see that the optode of H3(tpfc) shows
obviously better response characteristics towards Hg(II) than
that of Hy(tpp) in terms of working concentration range and
response time, while the optode based on Zn(tpp) shows no
responses towards Hg(Il). The effect of the structure of the

1000
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Fig. 2. Fluorescence emission spectra of the H3(tpfc) sensing membrane in
the presence of different concentrations of Hg(II): (1) 0M; (2) 1.2 x 1077 M;
(3) 2.1 x 1075 M; (4) 5.3 x 107 M; (5) 1.0 x 107 M; (6) 5.2 x 1074 M; (7)
1.0 x 107 M.
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Table 1

The effect of sensing materials on the response behavior of optodes

Optode Sensing Working concentration range Response
material ™) time (min)

1 Hj(tpfc) 12x1077to 1.0 x 1074 5

2 Ha(tpp) 56x107%t02.5x 1074 9

3 Zn(tpp) No response -

Membrane composition for each optode was: 3% sensing material, 3% NaTPB,
62% DOS and 32% PVC (w/w).

Table 2
The effect of plasticizers on the response behavior of optodes

Optode Plasticizer Working concentration range (M)
1 DOS 12x1077t01.0x 1074
4 DBP 20%x107%t01.5x 10~*
5 DIOP 42%x10°t01.0x 1074

Membrane composition for each optode was: 3% Hsz(tpfc), 3% NaTPB, 62%
plasticizer and 32% PVC (w/w).

sensing materials to the optode response is obvious. From Fig. 1
one can see that there is one more hydrogen atom bonded with
the nitrogen of the tetrapyrrolic nucleus in Hz(tpfc) comparing
to Ha(tpp). On one hand, this kind of structure might cause
the distortion of the corrole macrocycle, which is thought to
result in increasing exposure of the pyrrole nitrogen lone pairs
to solvent and be favorable for metal ion complexation and
therefore, decrease the response time of fluorophore towards
Hg?* [32]; on the other hand, among the three hydrogen atoms,
there is one which is easier to be deprotonated than other two
hydrogen atoms on Hz(tpfc), leading to negatively charged form
[Ha(tpfc)] ™, and facilitating the coordination with positively
charged metal ions compared to H» (tpp). Zn(tpp) has a central
coordinating metal Zn that hinders the coordination of the
Hg(II), which results in its inert response towards Hg(II).

Optodes with different plasticizers, DIOP, DBP and DOS
were also prepared using Hz(tpfc) as the sensing membrane
component. The results are shown in Table 2. Similar to the
porphyrin based optode [25], the Hz(tpfc) based optode with
DOS as the plasticizer gave the best response for Hg(II).

In the experiment, we also find that, with the addition of mod-
erate amount of lipophilic ion, sodium tetraphenylborate, the
response characteristics of the optode membrane are improved.
The results are shown in Table 3.

From Table 3 one can see that the response concentration
range of the optode membrane becomes wider and response
time shorter as the amount of NaTPB in the optode membrane
increases, which might be caused by the increasing hydrophilic-

Table 3
The effect of NaTPB on the response behavior of optodes

Optode  Content of Working concentration range Response time
NaTPB (%) ™M) (min)

6 0 51x107%t022x 107* 12

7 2 1.0x 1070 to 1.2 x 10~ 6

1 3 12x 1077 to 1.0 x 107* 5

8 4 1.6x 1070 to 1.5 x 10~ 5

750

700 4

650 A

600 +

Fluorescence intensity

550

500

pH

Fig. 3. Effect of pH on the determination of Hg** with proposed optode (the
concentration of Hg2+ was fixed at 1.0 x 1075 M, error bars were calculated
with n=5).

ity owing to the addition of NaTPB. This seems favorable for
the Hg(Il) approaching the solution/membrane interface and
undergoing the reversible coordination/dissociation processes.
However, the response concentration range of the optode mem-
brane becomes narrower when the content of NaTPB is larger
than 3%, which results in decreasing basic fluorescence intensity
of the optode membrane. The experimental results show that the
optode membrane composition consisting of 3% Hz(tpfc), 3%
NaTPB, 62% DOS and 32% PVC (w/w) could provide the best
response for Hg(II), which is chosen for further experiments.

3.3. Effect of pH

The fluorescence intensity versus pH plot for the Hz(tpfc)
optode shown in Fig. 3 was obtained by adjusting the solution
pH with hydrochloric acid and sodium hydroxide and fixing the
Hg(II) concentration at 1.0 x 1073 M. In the alkaline condition,
the high concentration of Hg(II) might cause precipitation of
HgO. The experiment of the effect of pH on the response of
the optode was carried out at a pH range from 3.0 to 9.0. It can
be seen that, in the section of lower pH value, the fluorescence
intensity of the optode decreased with decreasing pH value. This
phenomenon might be caused by extraction of H* from aqueous
solution into the optode membrane at high acidity, which caused
the protonation of the nitrogen atom on H3(tpfc) and decreased
the mobility of its m-electrons. In the section of higher pH value,
the increase of fluorescence intensity of the optode seems to be
caused by the deprotonation of the nitrogen atom of tetrapyrrolic
nucleus and formation of negatively charged [Ha(tpfc)]™ [30].
Moreover, the partial precipitation of Hg(II) to HgO under strong
basic condition might decrease the actual concentration of Hg(II)
in the sample solution, which might also cause the increase of
fluorescence intensity of the optode under basic condition. From
Fig. 3 one can see that in a range of pH from 5.0 to 8.0, acidity
does not affect the determination of Hg(Il) with the proposed
optode. In subsequent experiments, a pH 6.00 NaOAc-HOAc
buffer solution was used.
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Fig. 4. Plot of log(AF/F) as a function of the log[Hg2+] (Fo and F denote the
fluorescence intensities of the optode membrane in the absence and presence of
Hg(II), respectively; error bars were calculated with n=>5).

3.4. Response characteristics of the optode

The response curve of Hs(tpfc) based optode is shown in
Fig. 4. In the Hg(Il) concentration range of 1.2 x 10~ to
1.0 x 10~ M, the response of the sensor coincides with mod-
ified Stern—Volmer equation [25,36] with log(AF/F) showing
linear relationship with log[Hg?*]. With the Hg(I) concen-
tration lower than 1.2 x 1077 M, the response of the sensor
follows the standard Stern—Volmer equation with AF/F show-
ing linear relationship with [Hg>*]. With the Hg(II) concen-
tration larger than 1.0 x 10™* M, there are no linear response
characteristics observed, a stable complex between corrole
and Hg(II) is expected to be formed. The regeneration of the
optode became difficult when the Hg(II) concentration is larger
than 1.0 x 10~* M. The response time for Hg(II) concentration
<1.0 x 107> M is less than 5min. The short-time stability of
the optode was tested by recording the fluorescence intensity of
1.0 x 107> M Hg(II) over a period of 12 h for 20 measurements.
A relative standard deviation of fluorescence reading of 1.6%
was recorded. The proposed optode can be easily regenerated
just by washing with blank buffer solution (NaOAc-HOAc, pH
6.00) after each measurement. All the regeneration process could
be finished in 2 min, which indicated that the response of mem-
brane to Hg(Il) is reversible. The fluorescence intensity of the
optode decreased 4% from the initial value after 100 measure-
ment cycles (sensing of 1.0 x 107> M Hg(II) and regeneration
with blank buffer solution). The optode could be stored in wet
conditions without obvious change of the fluorescence intensity
for at least one month, which implies that H3(tpfc) is stable in a
membrane contacting with water.

3.5. Selectivity

The interference of a number of common species for the
fluorescence determination of Hg(I) was investigated. The
experiments were carried out by fixing the concentration of
Hg(ID) at 1.0 x 107> M and then recording the change of the flu-

Table 4
Determination of Hg(Il) in tap and river water samples with Hz(tpfc) based
optode

Sample Hg?* spiked (M) Hg?* recovered (M) Recovery (%)

River water

1 0 Not detected -
2 5.0x 1077 (5.10+£0.09) x 1077 102.0
3 25%107° (2.614£0.10) x 10~¢ 104.4
4 1.0x 1072 (1.03+£0.09) x 10~ 103.0
Tap water
1 0 Not detected -
2 3.0x107° (2.9840.08) x 106 99.3
3 6.0 x 1076 (6.05+£0.06) x 1076 100.8

2 Relative standard deviations were calculated with n=35.

orescence intensity before and after adding the interferent into
the Hg(II) solution buffered with a NaOAc—-HOACc solution (pH
6.00). Experimental results show that most alkali and alkaline
earth metal cations, and some transition metal cations such as
Mn(II), Cd(Il), Zn(II) and AI(III) exiting in concentration less
than 1.0 x 10~2 M, do not show obvious interfering effect on the
Hg(II) assay. Some other transition metal cations such as Fe(Il),
Fe(III), Ni(Il), Cu(Il) and Co(II) present in concentration less
than 1.0 x 1073 M do not show obvious interfering effect on the
Hg(II) assay. However, Ag(I) exiting in the same concentration
shows slight interfering effect on the Hg(II) assay. Further
research shows that Ag(I) present in concentration less than
5.0 x 107*M can be tolerated. It causes slight interference
when its concentration is above 5.0 x 10~% M.

3.6. Preliminary analytical application

The application of the proposed method was evaluated for
determination of Hg(II) in both tap and river water samples. The
river water samples obtained from Xiang River were simply
filtrated and showed that no Hg(II) was present in them. All
the water samples were spiked with standard Hg(II) solutions at
different concentration levels and then analyzed with proposed
sensor. Results are shown in Table 4. One can see that recovery
study of spiked Hg?* determined by the H3(tpfc) based optical
fiber sensor shows satisfactory results. The present sensor seems
useful for the determination of Hg(Il) in real samples.
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Abstract

Ancient lacquer film, a Nanban lacquer film, an old lacquer-ware object imported from an Asian country, and the Baroque and Rococo lacquer
films were analyzed by pyrolysis-gas chromatography/mass spectrometry. Compared with the results of the natural lacquer film, it was revealed
that the ancient lacquer film and Nanban lacquer film were made from Rhus vernicifera, and the old lacquer-ware imported from an Asian country
was made from Melanorrhoea usitata. However, the Baroque and Rococo lacquer films obtained from the Doerner Institute in Munich, Germany
were made from natural resins. 3-Pentadecylcatechol (MW = 320) (urushiol), 3-heptadecylcatechol (MW = 348) (laccol), and 4-heptadecylcatechol
(MW =348) (thitsiol) were the main products of the pyrolysis of R. vernicifera, Rhus succedanea, and M. usitata.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Lacquer is the only naturally occurring substance that is poly-
merized by an enzyme. It has been used in Asian countries for
thousands of years as a durable and beautiful coating material
[1,2]. Cultural treasures coated with lacquer have maintained
their beautiful surfaces without loss of their original beauty for
more than two thousand years [3,4]. However, it is well known
that lacquer-ware is susceptible to ultraviolet irradiation [5-7].
Exposure to ultraviolet rays will cause the lacquer coating film
to deteriorate, e.g., the film will flake off, lose its gloss, and crack
[8,9]. Due to these characteristics, protection and restoration of
lacquer-coated cultural treasures has become an important prob-
lem, and identification of the lacquer types in ancient coatings
has also become very important for conservation and restoration
studies. Therefore, an analytical method to determine the type
of lacquer film is required.

* Corresponding author. Tel.: +81 44 934 7203; fax: +81 44 934 7203.
** Corresponding author.
E-mail addresses: lurong @isc.meiji.ac.jp (R. Lu),
miya@isc.meiji.ac.jp (T. Miyakoshi).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.050

There are three kinds of lacquer trees present in the Orient:
Rhus vernicifera in China, Japan, and Korea, Rhus succedanea
in Vietnam and Taiwan, and Melanorrhoea usitata in Thailand
and Myanmar [10]. The saps of lacquer trees are composed of
phenol derivatives, water, plant gum, glycoproteins, and the lac-
case enzyme. The phenol derivative of R. vernicifera lacquer is
urushiol, of Rhus succedanea lacquer is laccol, and of M. usitata
lacquer is thitsiol. The structures of urushiol, laccol, and thitsiol
are shown in Scheme 1 [11,12].

Lacquer film is a cross-linked polymer that has been poly-
merized by laccase. Because lacquer films are insoluble in most
solvents, only a few analytical techniques, such as solid NMR,
FT-IR, and XPS, are available. However, most of these conven-
tional techniques are time-consuming, demand large amounts
of sample and frequently require several pre-treatments (such as
solid NMR) [13]; further, they cannot obtain clear results (such
as FT-IR) [14]. The pyrolysis-gas chromatography/mass spec-
trometry method is effective for analyzing lacquer film because
this method can discriminate between the pyrolysis product of
a lacquer sample and that of other natural resins [15-18].

Previously, we synthesized urushiol, laccol, and thitsiol
analogues and successfully analyzed their films by pyrolysis-
gas chromatography/mass spectrometry [19,20]. In this study,
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Scheme 1. Typical structures of urushiol, laccol, and thitsiol.

various ancient lacquer-wares were analyzed using pyrolysis-
GC/MS, and the results were compared with the characteristics
of the natural lacquer films to determine the kind of lacquer.

2. Experimental
2.1. General

The pyrolysis-gas chromatography/mass spectrometry mea-
surements were carried out using a vertical micro-furnace-
type pyrolyzer PY-2010D (Frontier Lab, Japan), an HP 6890
(Hewlett-Packard, Ltd.) gas chromatograph, and a HPG 5972A
(Hewlett-Packard, Ltd) mass spectrometer. A stainless steel cap-
illary column (0.25 mm i.d. x 30 m) coated with 0.25 mm of
Ultra Alloy PY-1 (100% methylsilicone) was used for the sep-
aration. The sample (1.0 mg) was placed in a platinum sample
cup. The cup was placed on top of the pyrolyzer at near ambient
temperature. The sample cup was introduced into the furnace at
500 °C, then the temperature program of the gas chromatograph
oven was started. The gas chromatograph oven was programmed
to provide a constant temperature increase of 20 °C per min from
40 to 280 °C, then held for 10 min at 280 °C. The flow rate of the
Helium gas was 18 ml/min. All the pyrolysis products were iden-
tified by mass spectrometry. The mass spectrometry ionization
energy was 70 eV (EI-mode).

2.2. Materials

The three kinds of lacquer saps, R. vernicifera, Rhus suc-
cedanea, and M. usitata, were treated using the traditional
Nayashi and Kurome methods as we previously reported [21]
and coated on glass plates. They were allowed to polymerize in
a humidity-controlled chamber at a relative humidity of 70-90%
at 20 °C for 12 h, and then removed from the chamber and stored
in the open air for 3 years.

The ancient lacquer film was obtained from the surface of a
wooden dish extracted from an excavation site that dates back
to the 17-18th century AD at Kinenkanmae Iseki on the Meiji
University campus in Tokyo, Japan. A Nanban lacquer film from
the 17th century AD and an old lacquer film imported from an
Asian country during the 17-18th century AD were obtained
from the surface of wooden crafts.

The Baroque and Rococo lacquer films were obtained from
the wood surfaces of the Rococo church St. Alto in Altomunster,
Munich, Germany.

3. Results and discussion

3.1. Py-GC/MS of R. vernicifera and Rhus succedanea
lacquer films

The R. vernicifera and Rhus succedanea lacquer films were
pyrolyzed at 500 °C. The total ion chromatogram (TIC) and mass
chromatogram (m/z =320) of the R. vernicifera lacquer film are
shown in Fig. 1. Peak U-1 was identified as urushiol (MW =320)
based on the mass spectrum. The urushiol monomer was found
in the pyrolysis product.

The TIC and mass chromatogram of m/z =320 and m/z =348
from the Rhus succedanea lacquer film are shown in Fig. 2.
Peak L-1 was identified as laccol (MW = 348) by the mass spec-
trum. Laccol is the typical main component in Rhus succedanea
lacquer sap.

Urushiol (MW =320) was detected in both the R. vernicifera
and Rhus succedanea lacquer films. The pyrolysis products
clearly show a good correlation with the constituents of the
respective lacquer saps. Mainly alkylcatechols and alkylphenols
were observed as the thermally decomposed components of the
terminal alkylcatechol-side chains of the lacquer films.

Based on the results obtained from these two specimens, it
was possible to differentiate between the species. The alkylcat-
echols were detected in the mass chromatogram (m/z=123) of
the R. vernicifera and Rhus succedanea lacquer films as shown
in Fig. 3. The alkylcatechols that have the longest side chains
in R. vernicifera were pentadecylcatechols; however, those in
the Rhus succedanea lacquer film were hepatadecylcatechols.
In addition, the relative intensity of 3-heptylcatechol (C7) was
the highest in the R. vernicifera lacquer film, whereas in the
Rhus succedanea lacquer film, the 3-nonylcatechol (C9) had the
highest intensity.

It has been reported that at the a- and - positions, the double
bonds of the olefines are most susceptible to thermal cleavage
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Fig. 1. Total ion chromatogram (TIC), mass chromatogram (m/z=320) and mass
spectrum (urushiol) of Rhus vernicifera lacquer film.
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main pyrolysis

1: nucleus-side chain C-O coupling polymer
2: 1-tetradecene

3: tetradecane

4: 2-heptylphenol

5: 2-methylphenol

alkylphenol with a long side chain 6

6: 3-pentadecylphenol
7: 2-pentadecylphenol

Scheme 2. Pyrolysis mechanism of urushiol polymer.

[22,23]. Therefore, as shown in Scheme 2, the highest yield of 3-
heptylcatechol (C7) and 3-nonylcatechol (C9) can be attributed
to the preferential cleavage at the a-position of the double bonds
of the nucleus-14th and 16th chain C—O couplings of the urushiol
and laccol polymers, respectively.

Alkyl phenols were detected in the mass chromatograms
(m/z=108) of the R. vernicifera and Rhus succedanea lacquer
films, as shown in Fig. 4. The alkylphenols that have the longest
side chains were the pentadecylphenols in the R. vernicifera
lacquer film and the heptadecylphenols in the Rhus succedanea
lacquer film. These are believed to be the products of pyrol-
ysis of the nucleus-side chain C-O coupling for the urushiol
and laccol polymers, respectively, because it has been inferred
that dimerization of urushiol proceeds through laccase-catalyzed
nucleus-side chain C—O coupling, as well as C—C coupling. Fur-
thermore, because the C—O coupling polymers terminate mainly

it
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Fig. 2. Total ion chromatogram (TIC), mass chromatogram (m/z=348), and
mass spectrum (laccol) of Rhus succedanea lacquer film.

with alkyl- and monoalkenylcatechols, the pentadecylphenols
and heptadecylphenols might be formed from such terminal
groups, as shown in Fig. 4. Additionally, the relative intensity
of 3-heptylphenol (C7) was the highest in the R. vernicifera
lacquer film, whereas in the Rhus succedanea lacquer film, the
3-nonylphenol (C9) had the highest intensity. As shownin Fig. 5,
the highest yield of heptylphenol (C7) and 3-nonylphenol (C9)
can be attributed to the preferential cleavage at the a-position
of the double bounds of the nucleus-14th and 16th chain C-O
coupling for the urushiol and laccol polymers, respectively.

Fragments, such as the shorter side chains of the alkylcat-
echols and alkylphenols, were produced by thermal cleavage
of the polymer at high temperatures. The relative intensity of 3-
heptylphenol (C7) was highest in the R. vernicifera lacquer film,
whereas in the Rhus succedanea lacquer film, the 3-nonylphenol
was the highest.

Japan urushiol

&t C7: 3-heptylcatechol

OH

CisHas-1

5.00 600 7.00 800 900 10.00 1100 12.00 13.00 14.00

Yietnam laccol

= C9: 3-nonylcatechol
(8]

500 600 7.00 800 900 10,00 1100 1200 13.00 14.00

Myanmar thitsiol C7: 3- and;-hepty]catechol

5.00  6.00  7.00 800 9.00 1000 11.00 12.00 13.00 14.00

Fig. 3. Mass chromatograms (m/z = 123) of lacquer films from Japan, Vietnam,
and Myanmar.
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Fig. 4. Mass chromatograms (m/z=108) of lacquer films.

3.2. Py-GC/MS analysis of M. usitata lacquer film

M. usitata is a lacquer tree that grows in Thailand and Myan-
mar. The main component of M. usitata is thitsiol, which con-
tains 3- and 4-heptadecadienylcatechols, as well as a series of
a- and B-positions.

The M. usitata lacquer film was pyrolyzed at 500 °C. Fig. 5
shows the TIC and the individual mass chromatograms at
mlz=346, 348, 310, 326, 338, and 354. Peaks 1, 2, 3, 4, 5,
and 6 of the mass chromatograms were identified as 4-hepata-
decenylcatechol (MW =346), 4-hepatadecenylcatechol (MW =
348), 3-(10-phenyldecyl)phenol (MW =310), 3-(10-phenylde-

.00 3.00 500 7.00 9001100 13.0015.0017.00 19.00 21.00

OH
ol 1 on 4

Q l OH
Cy7Hss M* 346 ‘J,k (©Hzhoph M* 326
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OH OH
OH 2 5
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Fig. 5. TIC and mass chromatograms (m/z =346, 348, 310, 326, 338, 354) of
Melanorrhoea usitata lacquer film.

cyl)catechol (MW =326), 4-(10-phenyldodecyl)phenol (MW =
338) and 4-(12-phenyldodecyl)catechol (MW =354), respec-
tively. Because the C—O coupling polymers are terminated with
4-hepatadecenylcatechol, these compounds can be formed from
such terminal groups.

As shown in Fig. 3, a pair of peaks of the 3- and
4-alkylcatechols was detected in the mass chromatograms
(m/z=123) of the M. usitata lacquer films. The relative inten-
sity of the 3- and 4-heptylcatechols (C7) was the highest in
the pyrolysis products of the Myanmar lacquer. The high-
est yields of the 3- and 4-heptylcatechols were considered
to be mainly due to cleavage at the a-position of the dou-
ble bonds of the nucleus-8th and 12th chain C=0O couplings
for the thitsiol polymers. The alkylphenols detected are likely
to be the pyrolysis products of the nucleus-side chain C-O
coupling of the thitsiol polymers. The dimerization of the lac-
quer monomers is considered to proceed through the laccase-
catalyzed nucleus-side chain C-O coupling as well as the
C—C coupling. The yields of 3-heptylphenol (C7) were high-
est, as shown in Fig. 5. The «- and B-positions of the dou-
ble bonds of the olefin are susceptible to thermal cleavage
so that these highest yields are thought to be produced pri-
marily by cleavage at the a-position of the double bonds of
thitsiol, such as the 3- and 4-(8,11-heptadecadienyl)catechols.
The existence of 3-pentadecylcatechol (MW =320) (urush-
iol), 3-heptadecyl-catechol (MW =348) (laccol), and 4-
heptadecylcatechol (MW =348) (thitsiol) in the pyrolysis prod-
ucts agrees with the characteristic components of the three
kinds of lacquer saps, as shown in Table 1. Furthermore, the
data acquired for the alkylcatechols and alkylphenols in the
pyrolysis products allow the determination of whether the lac-
quer ware is actually produced from lacquer or some other
resins.

3.3. Py-GC/MS analysis of ancient lacquer

It is sometimes extremely important to determine whether
objects that are claimed to be lacquer-ware are actually created
from lacquer sap or some other resins. Lacquer-ware can be
precisely determined by the presence of urushiol or laccol with
alkylcatechols and alkylphenols using pyrolysis-gas chromatog-
raphy/mass spectrometry.

An ancient lacquer object obtained from an archeologi-
cal site was identified using this method by comparison with

Table 1

Pyrolysis products of lacquer films

Species of Pyrolysis products

lacquer film

Monomer Alkylcatechol Alkylphenol

Rhus Urushiol 3-Heptylcatechol 3-Heptylphenol
veinicifera

Rhus Laccol 3-Nonylcatechol 3-Nonylphenol
succedanea

Melanorrhoea Thitsiol 3-Heptylcatechol, 3-Heptylphenol
usitata 4-heptylcatechol
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Fig. 6. Pyrolysis data of an ancient lacquer film excavated on the Meiji Univer-
sity campus in Tokyo, Japan.

natural lacquer films. This is a rapid technique that does not
require large amounts of sample or sample preparation. The
lacquer films were pyrolyzed at 500 °C. The TIC and mass chro-
matograms of m/z=320 of the lacquer are shown in Fig. 6.
Urushiol, 3-pentadecylcatechol (MW =320), was identified as
the monomer of the lacquer film based on the mass spec-
trum and retention time. This result was compared to those
of the three types of oriental lacquers. 3-Pentadecylcatechol
of MW =320 is the saturated urushiol component, which is
the monomer of the R. vernicifera lacquer. The monomers of
the Rhus succedanea lacquer are laccol components such as
3-pentadecylcatechol of MW =348. This was not detected in
the ancient lacquer film except for the 3-pentadecylcatechol
of MW =320. The monomer of M. usitata lacquer is thitsiol,
which has saturated and monoenyl side chains, such as 4-
hepatadecylcatechol (MW =348) and 3- and 4-(w-phenylalkyl)
phenols and catechols, and these components, except for the
3-pentadecylcatechol of MW =320, were not detected in the
ancient lacquer film.

In the TIC and mass chromatograms (m/z=108) of the Rhus
succedanea lacquer film, alkylphenols were also detected in the
old lacquer film. However, two differences were found. The
longest side chain of the alkylphenols was C17, and the rela-
tive peak intensity of the 3-nonylphenol (C9) was the highest in
this film. The TIC and mass chromatograms (m/z=108) of M.
usitata were different from those of the old lacquer film. It was

concluded that the lacquer film obtained from the archeological
site is R. vernicifera lacquer.

3.4. Py-GC/MS analysis of Nanban lacquer-ware

The Nanban lacquer ware was identified using the Py-GC/MS
method by comparison with the natural lacquer films. The
TIC and the mass chromatograms of m/z=60, m/z=123, and
m/z=108 from the pyrolysis products of the sample are shown
in Fig. 7.

The mass chromatograms of m/z =60 indicated that the Nan-
ban lacquer-ware included a drying oil [24], which was added to
retard the rate of hardening and affected the physical properties
of the film. The mass chromatograms of m/z =108 and m/z =123
of the pyrolysis products of the lacquer-ware are also shown in
Fig. 7. The greatest abundance of peaks was from 3-heptylphenol
(C7) and 3-heptylcatechol (C7), as revealed by the mass spec-
tra. It was concluded that the Nanban lacquer was made from
R. vernicifera lacquer sap. Urushiol was not detected because
the surface of the Nanban lacquer-ware was oxidized by oxygen
and light [25]. A type of wax was detected in the mass spectrum
of the TIC from the pyrolysis products. It is considered that the
wax was used to polish the surface of the lacquer-ware.

TIC
TU200 400 600 £00 10.00 12.00 1400 1600 18.00 20.00
M/z=60 CH;(CH,);,COOH
(0il)
// CH,(CH;);s COOH
f\ﬁ_k i ak
200 400 600 800 10.00 12.00 14.00 16.00 18.00 20.00
M/z=108
C7: 3-heptylphenol
Paad
200 400 600 800 1000 1200 14.00 1600 18.00 20.00
C7: 3-heptylcatechol
M/z=123
200 400 600 800 1000 1200 14.00 1600 18.00 20.00

Fig. 7. Pyrolysis data of the Nanban lacquer film.



R. Lu et al. / Talanta 70 (2006) 370-376 375

TIC
200 4.00 6.00 800 10,00 12.00 14.00 1600 18.00 20.00
C9: 3- and 4-nonylcatechol
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Fig. 8. Pyrolysis data of old lacquer-ware imported from Asia.

3.5. Py-GC/MS analysis of an old lacquer-ware imported
from an Asian country

The lacquer-ware object imported from an Asian country was
analyzed using the Py-GC/MS method and identified by com-
parison with the natural lacquer films. The TIC and mass chro-
matograms of m/z =123 and m/z = 108 for the pyrolysis products
of the sample are shown in Fig. 8. Alkylcatechols and alkylphe-
nols were detected in the mass chromatograms. The greatest
abundance of peaks was due to the 3- and 4-nonylcatechols (C9)
and 3-heptylphenol (C7), as determined from the mass spectra.
Itis concluded that the lacquer-ware was produced using M. usi-
tata lacquer sap. Thitsiol was not detected in the pyrolysis data
because the surface of the lacquer-ware was oxidized by oxygen
and the effect of light [17]. From the TIC and mass spectra of
the pyrolysis products, a type of wax was detected. The wax was
determined to be a type of bees-wax, as revealed by the mass
spectra. The bees-wax was used to protect and polish the surface
of the lacquer-ware.

3.6. Py-GC/MS analysis of baroque and rococo lacquer
films

The Baroque and Rococo lacquer films were analyzed using
the Py-GC/MS method and identified by comparison with the
natural lacquer films. The lacquer components were not detected
from the TIC on the mass chromatograms of the alkylcatechols

TIC

2.00 400 6.00 8.00 10.00 12.00 14.00 16.00
8§ o 137

18.00  20.00

7
HO

149 161

272
290300

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Fig. 9. Pyrolysis data of the Baroque and Rococo lacquer films.

of m/z =123 and alkylphenols of m/z = 108 of the pyrolysis prod-
ucts. Monoterpene components and sesqueterpene components
were detected [26] in the pyrolysis products of the lacquer ware
as shownin Fig. 9. Itis concluded that the lacquer ware was made
from natural resins. The pyrolysis products of the Baroque and
Rococo lacquer and natural resins using this method are under
further investigation.

4. Conclusion

It was concluded that 3-pentadecylcatechol (MW =320)
(urushiol), 3-heptadecylcatechol (MW =348) (laccol), and 4-
heptadecylcatechol (MW = 348) (thitsiol) are the main products
of the pyrolysis of R. vernicifera, Rhus succedanea, and M.
usitata, respectively. Compared with the results of the natural
lacquer film, the ancient lacquer film and Nanban lacquer film
were assigned to R. vernicifera, the old lacquer-ware imported
from an Asian country that was assigned to M. usitata. How-
ever, although they were also called “lacquer,” the Baroque and
Rococo lacquer films were identified as being made from a
natural resin. The pyrolysis products clearly showed a good cor-
respondence to the components of the lacquer sap. It was also
revealed that the advanced pyrolysis-gas chromatography/mass
spectrometry analytical method is useful for identifying and esti-
mating the lacquer components and the original lacquer species.
Py-GC/MS is a well-known method applied in various areas.
Due to its ease of control, speed of analysis, and good reappear-
ance, the Py-GC/MS method not only can be applied to lacquer
films, organic coatings, and other materials that cannot be dis-
solved in solvents, but also to discriminate between lacquer and
other resins for the conservation or restoration of lacquer-ware.
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Abstract

The interaction between biliverdin and bovine serum albumin (BSA) has been studied by steady fluorescence spectroscopy, synchronous
fluorescence and resonance light scanning spectra. The binding of biliverdin to BSA quenches the tryptophan residue fluorescence and the results
show that both static and dynamic quenching occur together with complex formation. The binding constant and binding sites of biliverdin to
BSA at pH 7.1 are calculated to be 3.33 x 10% L/mol and 1.54, respectively, according to the double logarithm regression curve. In addition,
the distance between the biliverdin and BSA is estimated to be 1.25 nm using Foster’s equation on the basis of the fluorescence energy transfer.
Furthermore the synchronous fluorescence spectra show that the microenvironment of the tryptophan residues has not obvious changes, which
obeys the phase distribution model. Finally, the thermodynamic data show that biliverdin molecules enter the hydrophobic cavity of BSA via

hydrophobic interaction.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Biliverdin; Bovine serum albumin; Tryptophan fluorescence quenching spectroscopy

1. Introduction

Protein plays an important role in life processes and investiga-
tion of the interaction between small molecules and protein has
been the focus of extensive research in recent years. The binding
between probes and proteins is of ever increasing importance in
the pharmaceutical industry, sensor and scientific communities.
Albumins, the most abundant protein in the plasma, are charac-
terised by a low content of tryptophan and methionine, a high
content of cysteine and preponderance of charged acidic and
basic amino acids [1-3]. Serum albumins are the major soluble
protein constituents of the circulatory system and have many
physiological functions [4]. The most important property of this
group of proteins is that they serve as a depot protein and as
a transport protein for a variety of compounds. Bovine serum

* Corresponding authors. Tel.: +86 351 7011322; fax: +86 351 7011322.
E-mail address: dc@sxu.edu.cn (C. Dong).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.052

albumin (BSA) has been one of the most extensively studied of
this group of proteins, especially of its structural homology with
human serum albumin (HSA). BSA is made up of 637 amino
acid residues, two of which are tryptophans located at positions
134 and 212 [5]. The structure of albumin at physiological pH is
predominantly a-helical (67%) with the remaining polypeptide
occurring in turns and extended or flexible regions between sub-
domains with no -sheets [6]. The BSA molecule is made up of
three homologous domains (I, II and III) which are divided into
nine loops (L1-L9) by 17 disulfide bonds. Each of the domains
can be divided into 10 helical segments, 1-6 for subdomain A
and 7-10 for subdomain B. Domains I and II and domains II
and III are connected through helical extensions of 10(I)-1(II)
and 10(I-1(III) creating the two longest helices in albumin.
Trp-134 and Trp-212 are in the first and in the second domains,
respectively.

From a biopharmaceutical point of view, one of the most
important biological functions of albumins is their ability to
carry drugs as well as endogenous and exogenous substances,
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and numerous experiments with the aim of characterizing the
binding capacity and sites of albumins have been carried out
[7,8]. Albumin has a high affinity for fatty acids, amino acids,
metals, drugs and pharmaceuticals. Albumin is also the key
carrier or reservoir of nitric oxide, which has been implicated
in a number of important physiological processes, including
neurotransmission [9]. Understanding the full implications of
the human genome project and the emerging field of proteomics
has introduced new needs to further probe millions of protein
interactions. Analysis is based on monitoring the change of a
physicochemical property of the protein—probe system upon
binding either directly (direct technique) or after separation
of the bound and free probe (indirect technique). Among the
direct techniques, fluorescence analysis is extensively used and
considered to be superior to the indirect techniques (equilibrium
and dynamic dialysis, ultrafiltration and gel filtration) because,
for example, it does not disturb the binding equilibrium
upon separation [10]. The spectral changes observed on
the binding of fluorophores with proteins are an important
tool for the investigations of the topology of binding sites,
conformational changes and characterization of substrate to
ligand binding [9]. Besides, determination of protein quantity
in biological liquids is of great importance in biology and
medicine [2] and fluorescent probes are successfully applied
for this approach including Nano-Orange [10] and Ponceau
4R [11]. In addition, the resonance scattering technique
has been widely used in the quantitative analysis of protein
[12,13].

Biliverdin is reduced to bilirubin by biliverdin reductase.
Bilirubin is a bile pigment that may have an important role
as an antioxidant. Its antioxidant potential is attributed mainly
to the scavenging of peroxyl radicals, and the major oxidation
product of bilirubin in plasma is biliverdin. A circular dichroic
electrochemical has been employed to study the interaction
between bilirubin and bovine serum albumin [14]. Bilirubin has
been used as an anti-precipitant against copper to investigate
the copper—bilirubin complex [15]. However, few studies have
dealt with the interaction between biliverdin and bovine serum
albumin, especially by fluorescence spectroscopy. Biliverdin
displays fluorescence emission with a maximum absorbance
at 457 nm on excitation at 392 nm, which enhanced with the
increasing bovine serum albumin. Critical literature survey
reveals that attempts have not been made so far to investigate
the mechanism of interaction of biliverdin with BSA and this is
the first attempt made to probe the mode of association between
biliverdin and BSA.

In this paper, the quenching of the intrinsic tryptophan flu-
orescence of BSA has been used as a tool to study the inter-
action of biliverdin with this transport protein in an attempt
to characterize the chemical associations taking place. Mean-
while, several measurements including fluorescence quenching,
absorption spectroscopy, resonance light scattering and syn-
chronous fluorescence spectra serve as aids for better under-
standing the binding mechanism including hydrophobic inter-
action and aggregation at the surface of BSA. In addition, the
conformational change of BSA is discussed on the basis of syn-
chronous fluorescence spectra.

2. Experimental
2.1. Reagents

Albumin bovine fraction V (+99%, Acros Chemical Corpo-
ration) was purchased and used as received. The stock solution
of 1 x 10~ mol/L was prepared by dissolving the solid BSA in
double distilled deionized water and stored at 0—4 °C, and diluted
to 2 x 10~° mol/L using Tris—HCI buffer (pH 7.1) when used.
The stocking solution of 1 x 10~#mol/L biliverdin (Frontier
Scientific Inc. Chemical Corporation) was prepared by directly
dissolving its crystal into 0.05 mol/L sodium hydroxide and
stored at 0—4 °C. All other reagents were of analytical purity
without further purification and prepared with doubly distilled
deionized water.

2.2. Apparatus

The absorption measurement was performed with a UV-265
double-beam spectrophotometer (Shimadzu). The fluorescence
and resonance light scattering spectra were carried out on a LS-
50B spectrofluorometer (Perkin-Elmer) equipped with a 150 W
Xenon lamp source and 1.0 cm quartz cell. The pH meter (pH-
S 2 mode) used was made in the 2nd Instrument Factory of
Shanghai, China. All experiments were carried out at 20 &= 1 °C.

2.3. Procedure

2.3.1. Fluorescence quenching measurements

The fluorescence intensities were recorded with a Perkin-
Elmer LS-50B Luminescence Spectrophotometer using 2.5 nm
excitation and 5 nm emission slit widths. To determine the linear
concentration range for protein fluorescence, a series of BSA
solutions with increasing concentrations (0-5 uM) were pre-
pared in Tris—HCI buffer (pH 7.1). The maximum excitation
wavelength (Aex) and maximum emission wavelength (A, ) for
BSA were 282 nm and 345 nm, respectively. The linear range of
BSA fluorescence was between 0 uM and 4.4 pM. Therefore,
2 uM BSA was chosen as the concentration for fluorescence
quenching experiments.

A dilution series of biliverdin (0.01-0.1 mM) were prepared
in a 0.05 mol/L sodium hydroxide solution. For each data point,
0.25 mL of the biliverdin solution was added into 3mL BSA
solution, to give a final biliverdin concentration in the range
0.001-0.015 mM. The reaction time has been investigated and
the results showed that 1 min was enough for the stabilization.
So the change in fluorescence emission intensity was measured
within 1 min of adding biliverdin to the BSA and the concen-
tration of oxygen at the experimental conditions is maintained
a constant. The addition of a constant volume of quencher
to the protein solution avoided complications due to dilution
effects within titration type experiments. Each measurement was
repeated in triplicate and the mean and standard deviation were
calculated. The fluorescence quenching data were plotted as rel-
ative fluorescence intensity against biliverdin concentration. For
the calculation of quenching constants, the data were plotted as
a Stern—Volmer plot of Fy/F against [Q] and the quenching con-
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Fig. 1. The fluorescence spectra of BSA (2 x 10~ mol/L) with the addition of biliverdin at different pH ((A) pH 4.0, (B) pH 7.1, (C) pH 10.0). The concentration

of biliverdin (a — f): O uM, 1.25 uM, 1.875 pM, 2.5 uM, 3.125 uM and 3.8 pM.

stant was calculated by linear regression. The emission spectra
of BSA were also recorded, to allow observation of any changes
in the BSA spectra because of the addition of biliverdin at the
same concentrations.

2.3.2. Resonance light scattering (RLS) and synchronous
Sfluorescence spectra spectra measurements

By scanning both the excitation and emission monochroma-
tor of a common spectrofluorometer with AX=0nm, a reso-
nance light scanning spectrum can be developed [16], which
has been proved to be able to investigate the aggregation of
small molecules and the long-range assembly of organic dyes on
biological templates [16,17]. All RLS spectra were obtained by
scanning simultaneously the excitation and emission monochro-
mator (namely AA=0nm) from 250 nm to 700 nm with slit
widths at 5 nm for the excitation and the emission.

The synchronous fluorescence spectra were obtained by scan-
ning simultaneously the excitation and emission monochroma-
tor. The synchronous fluorescence spectra only show the tyrosine
residues and the tryptophan residue of BSA when the wavelength
interval (AA) is 15 nm and 60 nm, respectively [18].

3. Results and discussion
3.1. Fluorescence quenching

The fluorescence of BSA at different pH values with the addi-
tion of biliverdin as quencher was obtained (shown in Fig. 1)
and the results showed that a gradual decrease in the fluores-
cence intensity of BSA was caused by quenching but there
was no significant emission wavelength shift with the addi-
tion of biliverdin, which indicated that the microenvironment
around tryptophan in BSA had not changed after interacting
with biliverdin.

To interpret the data from fluorescence quenching studies, it
is important to understand what kind of interaction takes place
between the fluorophore (BSA) and the quencher (biliverdin). If
it is assumed that the fluorescence quenching of BSA induced by
biliverdin are dynamic quenching process, fluorescence quench-
ing is described by the Stern—Volmer equation

Fo
& =1t kgolQ] =1+ Ksv[Q] 1

where F(y and F are the fluorescence intensities of BSA before
and after the addition of the biliverdin, respectively, kq the
bimolecular quenching constant, t¢ the lifetime of the fluo-
rophore in the absence of quencher (for BSA, the lifetime of the
fluorophore is approximately 5ns [19]), [Q] the concentration
of biliverdin and Kgy is the Stern—Volmer quenching constant.
Hence, Eq. (1) was applied to determine Ksy by linear regression
of a plot of F/F against [Q].

A linear Stern—Volmer plot is generally indicative of a single
class of fluorophores, all equally accessible to the quencher. In
many cases, the fluorophore can be quenched both by collision
and by complex formation with the same quencher. When this
is the case, the Stern—Volmer plot exhibits an upward curvature,
concave toward the y-axis at high [Q] [19], and F/F is related to
[O] by the following modified form of the Stern—Volmer equa-
tion:

F
?0 = (14 Kp[QD(I + Ksv[O]) )

where Kp and Kgy are the dynamic and static quenching con-
stants, respectively. This modified form of the Stern—Volmer
equation is second order with respect to [Q], which accounts for
the upward curvature observed at high [Q] when both static and
dynamic quenching occur.

In our research, both dynamic and static quenching were
involved, which was demonstrated by the fact that the
Stern—Volmer plot slightly deviated from linearity toward the
y-axis at high biliverdin concentrations (Fig. 2). Quenching
can also be caused by the formation of a complex between
the two compounds after returning from the excited state and
that is due to a specific interaction [20]. In the linear range
of Stern—Volmer regression curve (see Fig. 2) the average
quenching constants for biliverdin (having the lowest quench-
ing effect) at pH 4.0, 7.1 and 10.0 are calculated to be
450 x 10°M~1,2.23 x 10’ M~! and 4.58 x 10°M~!, respec-
tively; thus kq is 9.00 x 101 M~1s7!,4.46 x 10°M~! s~ and
9.16 x 10" M~ s™!, respectively. These values are 10%~10°-
fold higher than the maximum value possible for diffusion-
limited quenching in water (~10'M~!s~1), which suggests
that the quenching is not initiated by dynamic collision and
that there is a specific interaction occurring between BSA and
biliverdin.
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Fig. 2. Stern—Volmer plots describing BSA tryptophan quenching caused by
biliverdin at different pH.

3.2. Binding constants of BSA with biliverdin

For the static quenching interaction, if it is assumed that there
are similar and independent binding sites in the biomolecule, the
binding constant (K,) and the number sites (n) can be got from
the double logarithm regression curve of log(Fo—F)/F versus
log[Q] based on the following equation, which was deduced in
previous report [21]:

Fo— F

log = log Ky +n log[Q] 3)

where K, is the binding constant of biliverdin with BSA, which
can be determined by the slope of double logarithm regression
curve of log(Fo—F)/F versus log[Q] based on the Eq. (3). The
double logarithm regression curve of BSA-biliverdin was lin-
ear in the whole small molecule concentration range measured
and the binding constant K, and binding sites n of biliverdin to
BSA at pH 4.0, 7.1 and 10.0 were 7.38 x 107 L/mol and 1.46,
3.33 x 108 L/mol and 1.54, 8.79 x 107 L/mol and 1.48, respec-
tively. It is obvious that the binding constant in neutral medium
is larger than that in acidic and alkaline medium, while the
binding sites are similar at different pH. It can be deduced that
biliverdin is suitable for binding to BSA molecule in the neutral
medium.

Pyrene is an extremely sensitive fluorescence probe for the
micropolarity of organized media: the ratio of the first to the
third fluorescence vibronic band (I/IIl) of pyrene is commonly
used to probe the micropolarity of the organized media. As a
kind of protein, BSA is present in form of a monomer, dimer
and higher oligomers [22]. The values of I/IIl of pyrene were
determined with the increasing of BSA and the results showed
it decreased with the BSA concentration and finally approached
a minimum value (not shown here). In addition, the monomer
fluorescence (350—450 nm) and dimer fluorescence (450 nm) of
pyrene existed simultaneously, and it can be deduced that BSA
from Acros is a mixture of monomers and dimers. From the cal-
culated binding sites of biliverdin to BSA, it can be deduced

that in the BSA dimer there may be three binding sites for
biliverdin.

3.3. The binding interaction force between BSA and
biliverdin

The structure of a protein is usually determined by several
binding interactions, including hydrophobic and electrostatic
interactions, van der Waals forces, hydrogen bonds and cova-
lent bonds between cysteines. BSA contains two tryptophan
residues with intrinsic fluorescence; Trp-212 is located within a
hydrophobic pocket of the protein and Trp-134 is located on the
surface of the molecule. Furthermore, these residues are located
in separate domains within the BSA molecule. This is signifi-
cant because the quenching of tryptophan fluorescence does not
show a preferential site of interaction, that is, the Stern—Volmer
plot does not show deviation from linearity toward the x-axis at
high biliverdin [19]. On the contrary, after the linear part, the
Stern—Volmer plots show deviation toward the y-axis at high
biliverdin concentrations, which is an indication that both static
and dynamic quenching occur together with complex formation
as discussed earlier [19]. The observation that there was interac-
tion occurring between BSA and biliverdin and that both trypto-
phan residues were quenched with similar affinities suggests two
simultaneous modes of interaction: (i) biliverdin molecules bind
within the hydrophobic pockets of BSA and (ii) they surround
the protein molecule.

The enthalpy is often taken to be a constant when the temper-
ature of system is changed a little. The fluorescence quenching
experiments of BSA by biliverdin were carried out at 293 K,
300K and 308 K, respectively. The enthalpy and entropy were
calculated to be 37.84 J/mol and 10.42 J/mol/K based on the
Egs. (4) and (5). Obviously, both the entropy and the enthalpy
were larger than zero. So it can be concluded that the combina-
tion between BSA and biliverdin is mainly via the hydrophobic
interaction [23].

K> AH [ 1 1

In—=—|(——— @)
K R T T

AG=AH —-TAS =—RT InK 5)

Since the enhancement of RLS is always associated with the
aggregation and depends sensitively on the electronic properties
of the individual chromophores, biliverdin has three weak RLS
peaks at 313 nm, 351 nm and 459 nm. We have proved that BSA
has very weak RLS signals in this medium even if its concen-
tration reaches 1 x 10~3 mol/L. In contrast, a strong broad RLS
band in this range can be observed for the mixture of biliverdin
and BSA, indicating that the interaction between biliverdin and
BSA has occurred. Since the enhancement of RLS is always
associated with the aggregation and depends sensitively on
the electronic properties of the individual chromophores, so
it is reasonable to establish the aggregation mechanism of the
biliverdin at the surface of BSA. Patra et al. [24] investigated
the aggregation of bilirubin in the presence of BSA and defi-
nitely showed that the pigment in aqueous solution remained
as a mixture of tetramer and monomer in equilibrium. The
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Fig. 3. The synchronous fluorescence spectra of BSA varying the concentration of biliverdin ((A) Ax =15nm and (B) AX=60nm). The concentration of biliverdin
(a—h): O M, 1.25 uM, 1.875 uM, 2.5 uM, 3.125 uM, 3.8 M, 4.425 uM and 5.05 M.

aggregation mechanism of biliverdin in BSA system should be
explored further. Based on these experimental results, a con-
clusion can be drawn that the tryptophan residue quenching by
biliverdin has two simultaneous modes of interaction including
the biliverdin molecules via the hydrophobic interaction entering
the hydrophobic cavity of BSA and aggregating at its surface.

3.4. Calculating of binding location between biliverdin and
BSA

The distance between biliverdin and tryptophan residue
in protein was calculated according to Foster’s non-radiative
energy transfer theory [25]. Given the fluorescence quantum
yield of tryptophan @ is 0.118, the refractive index N of the
medium is the average value of water (equal to1.333) and K? is
2/3 for a random orientation, by measuring and calculating the
overlapping area between fluorescence emission spectra of BSA
and UV absorbance of biliverdin. We can get the critical distance
Ro=1.01 nm when energy transfer efficiency E=50%, and the
actual distance r between them is 1.25 nm. The binding distance
(r) is below 7 nm, which accord with the conditions of Foster’s
non-radiative energy transfer theory. These results indicate again
the static quenching interaction between biliverdin and BSA and
furthermore suggest that the binding reaction of biliverdin to
BSA is through energy transfer which will quench the fluores-
cence of the protein. From r=1.25nm, it can be deduced the
combination position may be located in a columnar hydropho-
bic cavity formed by the IV and dimensional structure of BSA
[26]. While r is bigger than Ry, the static quenching happened
much more possibly than non-radioactive energy transfer. So
the static quenching mechanism caused by combining of drugs
and protein is responsible mainly for the protein fluorescence
quenching process.

3.5. The binding mode between BSA and biliverdin

The interactions of small molecules such as dyes and metal
complexes with proteins are an area of considerable interest and
activity. When a small molecule binds to protein, there could be

a series of binding models: (a) Scatchard model [27], (b) phase
distribution model [28] and (c) specific binding and non-specific
binding [29].

The absorption of biliverdin at 373 nm was measured increas-
ing the BSA and the value of the absorptive coefficient difference
between free and combination ligand (A¢) was calculated to be
5020 L/(mol cm). The absorption value at 373 nm was recorded
fixing the concentration of BSA and varying the biliverdin, and
the data was dealt with according to ref. [27]. The free concen-
tration of biliverdin (Cg) was calculated on the basis of Eqs. (6)
and (7).

egCr — A
Cg=—— 6
B As (6)
Cr =Cp+Cr (7

The value of n versus n/Cr is performed and a linear paralleled
x-axis was obtained, which accords with the phase distribution
model.

3.6. Effect of biliverdin on the protein conformation

Brustein et al. [18] considered that maximum emission wave-
length (Amax) of the tryptophan residues is relative to the polar-
ity of microenvironment and the values of Amax are 331 nm,
334nm and 341 nm when the tryptophan residues located in
hydrophobic medium, exposure in water partly and completely.
The changes of maximum emission wavelength of the trypto-
phan residues will reflect the conformation changes of BSA.
From Fig. 1, it can be seen that the emission of BSA does not
shift with the increasing biliverdin. When considering the effect
of biliverdin on the fluorescence spectra of BSA, the maximal
emission wavelength of BSA does not apparently shift. This
suggests no other change in the immediate environment of the
tryptophan residues except the fact that the biliverdin are situated
at close proximity to the tryptophan residue for the quenching
effect to occur.

The observation that the protein conformation was not
affected obviously with the addition of biliverdin was also
demonstrated by synchronous fluorescence spectra. The syn-
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chronous fluorescence spectra only show the tyrosine residues
and the tryptophan residues of BSA when the wavelength inter-
val (AX)is 15 nm and 60 nm, respectively. The tyrosine residues
and the tryptophan residues of the fluorescence spectra of BSA
at various concentrations of biliverdin are shown in Fig. 3(A and
B), respectively. It can be seen that no significant shift change
on the wavelength was observed, which indicated that the inter-
action of biliverdin with BSA does not affect the conformation
of tryptophan and tyrosine micro-region.

4. Conclusions

Fluorescence method is an important tool for the investigation
of the interaction between small probe molecule and protein. The
fluorescence of BSA is mainly originated from the tryptophan
residues, which can be quenched by biliverdin, and the results
showed that both static and dynamic quenching occur together
with complex formation. BSA is present in form of a monomer,
dimer and higher oligomer. From the calculated binding sites
between BSA and biliverdin, it can be deduced that in the BSA
dimer there may be three binding sites for biliverdin. Biliverdin
can enter the hydrophobic cavity of BSA via hydrophobic inter-
action and it also aggregates on the surface of BSA, but the
microenvironment around the tryptophan residues has not obvi-
ous changes during the binding process. The binding mode of
biliverdin to BSA is according to phase distribution model. The
mechanism of the interaction between biliverdin and BSA is
regarded as essential for using as a probe of the biomolecule,
and the aggregation mechanism of biliverdin in BSA system
should be explored in the future studies. Also, the possibility of
BSA quantitative analysis using the RLS enhancement should
be pursued based on more comprehensive and in-depth investi-
gation of the basic mechanisms, on which a biosensing method
for the determination of BSA can be further studied.
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Abstract

Electrochemical behaviour of pyrantel pamoate has been studied by using different voltammetric and polarographic techniques in Britton
Robinson buffer system. Differential pulse polarographic and cyclic voltammetric methods have been developed for the determination of drug in
pharmaceutical formulation. A well-defined cathodic wave and one anodic peak were observed for the pyrantel pamoate in the entire pH range.
Number of electrons transferred in the reduction process was calculated and the reduction mechanism postulated. The results indicate that the
electrode process is reversible and diffusion controlled. The proposed method has been validated. The peak current is found to be linear over
the concentration range 4 x 10~ to 2 x 102 mol L~'. The lower detection limit (LOD) and lower limit of quantitation (LOQ) is found to be

2.45x 107 and 8 x 10~ mol L'
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Multiple helminthic infections are frequently encountered in
general population and especially in the Korean populations [1].
Rim et al. [2,3] and other workers have shown that pyrantel
pamoate [A] is very effective against A. lumbricoides, hook-
worms, 7. orientalis and E. vermicularis.

H3C\
N/j
S
AR
[A]
Pyrantel pamoate [1,4,5,6-tetrahydro-1-methyl-2-[2-(2-

thienyl) ethenyl] pyrimi-dine] [A] could be effectively used to
control serum mineral levels in children with intestinal parasitic
infection [4]. Pyrantel pamoate shows maximum activity
towards pigs as compared with its citrate form, i.e. pyrantel
citrate [5]. Another interesting aspect of pyrantel pamoate is
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the improvement in appetite and growth in helminth-infected
schoolboys 3 and 7 weeks after a single dose of pyrantel
pamoate [6].

The anthelmic action of pyrantel pamoate is due to the inhi-
bitions of neuromuscular transmissions, which paralyzes the
helminth and force it to be expelled through the feces. Also
it inhibits cholinesterases and it is poorly absorbed from gas-
trointestinal (GI) track. Side effects of pyrantel pamoate include
skin rashes, abdominal cramps, diarrhea, nausea or vomiting,
headache, dizziness, drowsiness and insomnia [7].

Pyrantel pamoate is the subject of a monograph in the
US Pharmacopoeia USP [8]. The USP [8] on the other hand
described chromatographic methods for both the drug and its
formulations. Survey of literature reveals that pyrantel pamoate
has been analyzed in bulk samples and pharmaceutical formu-
lations by spectrophotometry [9] and in dog plasma by high
performance liquid chromatography (HPLC) with a detection
limit of 15-25ngmL~" [10]. HPLC was applied to the analysis
of pyrantel pamoate in human plasma [11] using UV detec-
tor. Chromatographic methods developed for pyrantel pamoate
[9,10] demand expensive equipment and could not be available
in many laboratories.

Electrochemical methods [12,13], such as differential pulse
polarography (DPP) [14,15], anodic stripping voltammetry
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(ASV) [16,17] and differential pulse voltammetry (DPV)
[18,19] have been widely applied for the determination of phar-
maceuticals. In general these methods offer high sensitivity, low
limit of detection, easy operation and sometimes the use of sim-
ple instrumentation. The voltammetric behaviour of fenbenda-
zole a benzimidazole-carbamate compound used for combating
a broad spectrum of helmintic species in human and veterinary
[20] at glassy carbon electrode [21] has been reported to exhibit
a well-defined irreversible oxidation peak at 1.15 V versus SCE.
Potentiometric determination of pyrantel pamoate has also been
reported [22] using ion selective electrodes and detection limit
of 1-2 pg mL~! of the drug has been claimed.

A perusal of literature reveals that so far no systematic
and comprehensive electrochemical study of pyrantel pamoate
has been undertaken. In the present study, the electrochemical
behaviour of pyrantel pamoate has been studied using various
electro-analytical techniques. Voltammetric methods have been
developed for the determination of pyrantel pamoate in bulk
samples. The results obtained are promising and demonstrate
the utility of the developed method in determining the content
of active substances in pharmaceutical preparations.

2. Experimental
2.1. Reagents and materials

Pyrantel pamoate (99% purity) was obtained from IPCA,
pharmaceutical company, Ratlam, India and was used as-
received. Tablets containing pyrantel pamoate (Nemocid)
labeled 250 mg pyrantel pamoate were obtained from commer-
cial sources. KCI (1 mol L™!) solution was prepared in distilled
water and used as supporting electrolyte. A stock solution of
pyrantel pamoate (2 x 1072 mol L~!) was prepared in dimethyl
formamide (DMF). The solutions for recording voltammograms
were prepared by mixing appropriate volume of stock solution
and buffer of varying pH. Britton Robinson buffers in the pH
range 2.5-12.0 were prepared in distilled water by adding suit-
able amounts of 0.4 M NaOH solution (basic solution) to a stock
solution composed of a mixture of 2.14 mL phosphoric acid,
2.472 g boric acid and 2.3 mL of glacial acetic acid (acidic solu-
tion). Solution was stirred after mixing and left overnight to
attain equilibrium. All reagents used were Anal R grade.

2.2. Apparatus

The polarographic and differential pulse polarographic (DPP)
measurements were carried out using the ELICO CL362 Polaro-
grahic Analyser (India). The drop time of 1 s was electronically
controlled using a 663 VA Stand from the company. The polaro-
grams were recorded using a potential scan rate of 50mVs~!. A
three-electrode system composed of a dropping mercury elec-
trode (DME), saturated calomel electrode (SCE) as reference
electrode and platinum as the auxiliary electrode was used. The
solutions were purged with pure nitrogen gas for 10 min and
then polarographed at ambient temperature.

The voltammetry experiments were performed using an
EG&G Princeton Applied Research Model 273A potentio-

stat controlled by the model 270/250 Research Electrochem-
istry Software 4.30. A three-electrode system was composed
of a glassy carbon-working electrode (¢ =2 mm EG&G/PAR),
Ag/AgClreference electrode and a platinum auxiliary electrode.

To provide a reproducible active surface and improve the sen-
sitivity and resolution of the voltammetric peaks the working
electrode was polished with 0.5 wm alumina powder on a pol-
ishing cloth prior to each electrochemical measurement. Then it
was thoroughly rinsed with methanol and double distilled water
and gently dried with a tissue paper. The electrode cleaning
procedures required only 2 min. All the solutions examined by
electrochemical technique were purged for 10 min with purified
nitrogen gas after which a continuous stream of nitrogen was
passed over the solutions during the measurements. All mea-
surements were carried out at room temperature. The pH metric
measurements were made on Decible, Db-1011 digital pH meter
fitted with a glass electrode and saturated calomel electrode as
reference, which was previously standardized with buffers of
known pH in acidic and alkaline medium. Ready made pre-
coated TLC alumina plates from E Merck, Germany were used
for TLC separation and IR spectra were recorded at Shimadzu
Prestige IR 20.

2.3. Procedure

The amount of pyrantel pamoate present in each tablet was
250 mg. Excipients such as microcrystalline cellulose, hydrox-
ypropyl methylcellulose, lactose and titanium dioxide are added
to dosage forms. Ten tablets were weighted accurately and
crushed to a fine powder. The accurately weighted quantities of
these powders equivalent to 2.5 g of pyrantel pamoate were trans-
ferred to 50 mL volumetric flask. Dimethylformamide (99.5%)
40 mL was added to dissolve the active material. After sonicating
and shaking the mixture for 30 min, it was completed to volume
with the same solvent, mixed and centrifuged. An aliquot of the
supernatant liquid was then transferred into a calibrated flask
and a series of dilutions were prepared with BR buffers at pH
2-12 and mixed 1 mL KCl as supporting electrolyte having 50%
DME. The content of the drug in pharmaceutical preparations
was determined using calibration graph.

3. Results and discussion

The voltammetric behaviour of pyrantel pamoate has been
examined in the pH range 2.0-12.0 employing DC, DPV and
CV techniques. A typical differential pulse polarogram has been
depicted in Fig. 1. Pyrantel pamoate gave one well defined
cathodic peak and one anodic peak at far off positive poten-
tial in the entire buffer range studied. The influence of several
electrolytes (Phosphate & Britton—Robinson) on the analytical
signal was also studied. With the rise in pH peak potential shifted
towards more negative values indicating the participation of pro-
ton in the electrode process.

On the basis of the electrochemical reduction of pyrantel
pamoate at DME, analytical method was developed involving
DPP and DC for the determination of the drug. A linear relation
between peak current and pyrantel pamoate conc. was found in
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Current-pA
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Fig. 1. Differential pulse polarogram for 4.00 x 10~* mol L~! pyrantel pamoate
in Britton—Robinson buffer 4.6, pulse amplitude 50 mVs~".

the range 4 x 107% to 2 x 1072 mol L~!. The linear regression
equation is expressed as [i, (WA)=(5.01 x 103 +£2.0 x 1072)
C(molL™1)—15.47 £1.5 x 10~* A], where ip is peak current in
A and Cis the concentration in mol L™! with good correlation
(r*=0.9931).

The peak height increased linearly of both bulk and pharma-
ceutical formulation in pulse amplitude from 5 to 100 mV and
the peak potential shifted towards positive potential.

The reversibility of the reduction process was studied at CV,
where an anodic peak was obtained at far off positive potential in
the entire pH range studied. Cyclic voltammograms at different
concentrations of pyrantel pamoate at scan rate S0 mV s~ ! at pH
7.9 are given in Fig. 2. As the peak current ratio (ipo"/ipred) is
unity and independent of v, it indicates reversible nature of the
electrode process [23].

The study of the influence of scan rate shows that the peak
current changes linearly with scan rate. The reduction peak is
shifted to more negative potential and oxidation peak towards
positive potential with increase in scan rate. From the plot of i,
versus v'/? (where ip is the peak current and 2 is scan rate)
for oxidation linear regression equation is expressed as [ipa
(LA)=(10.94 £+ 25 uV) v2(mVs—1) + (4.2125+3 x 107* A)
ipa] with good regression (*=0.9915) and reduction
lipe(A) = —(11.195 £25 pV) 12 (mVs™!) — (0.3481 £ 3 x
10~4 A)ipc] wave between 50 and 500mV s~ with good
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Fig. 2. Cyclic voltammograms at different concentrations (1 x 107> to
5 x 1073 mol L) of pyrantel pamoate at scan rate S0mVs~!, pH 7.9.

correlation (% =0.9915), confirming the diffusion controlled
nature of the electrode process.

Further, diffusion-controlled and adsorption free nature of
the electrode process in the buffer systems studied, is evidenced
from the linear plot of ip, versus 2> (where ip, is the maximum
current in DPV, ¢ is the drop time). According to the equation
ip =4v", the x values 1 and 0.5 are expected for adsorption con-
trol and diffusion control reaction. The regression of i versus
log v'”? gave a slope value of 0.99 indicating that the reduction
current is diffusional in nature.

A comparison of limiting current at various pH indicates that
the compound is reduced in pH range 2.5-12 by consuming
identical number of electrons. The shift in E}, towards more
negative potential with pH up to 8.0 was observed and after that
there is almost consistency in peak potential. In the basic buffers
of pH>7.9, the curves are drawn out which may be due to the
non-availability of protons and are not of any use for analytical
purposes. This pH dependence of E;, till pH 8.0 suggests the
participation of proton in rate determining step.

Controlled potential coulometry was carried out for the iden-
tification of reduction products. 2.0mL of 1 x 1072 mol L~
solution of the electro-active species was placed in the cell
and the electrolysis were carried out at a potential —1.4 V (ver-
sus Ag/AgCI™) for respective compound at pH 7.0. During the
electrolysis, solution were continuously stirred and purged with
nitrogen. Cathodic peak has been attributed to the reduction of
exo-cyclic unsaturated —C=C- bond in two electron process.
Millicoulometry was employed to find out the number of elec-
trons involved in the electrode process using the method of De
Varies and Kroon [24] and was found to be two in the entire
pH range studied. Pulse polarography and CV studies in con-
junction with coulometric studies and TLC results confirm the
formation of only one product. Before and after the electrolysis
the products were analyzed by IR studies. The results indicate
that the product is a saturated product of C=C bond.

4. Reaction mechanism

On the basis of DCP, DPP, CV, Cpc, coulometry, chromato-
graphic and spectral studies following ECE type mechanism
may be postulated for the reduction of pyrantel pamoate.

o HSC\
N/j N/j
S + - S
MN +2H + 2 — MN

5. Analysis of pharmaceutical formulations

The applicability of the proposed voltammetric method for
the sample dosage form was examined by analyzing Nemocid
tablet (250 mg). The amount of the compound in the tablets was
calculated by standard addition method. The accuracy and pre-
cise results obtained for the formulation pyrantel pamoate was
found to be in good agreement with that of the declared values
of drug taken from formulations. The effect of excipients on the
voltammetric response of pyrantel pamoate was studied using
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Table 1

Statistics and performance characteristics of the analytical method from the calibration data set

Standard Tablet

I(pA) (x—x%)? EV) (x—x%)? I (nA) (x —%)? E) (x—x%)?

6.2785 0.00038 —1366 5.76 6.320 0.0003 —1371 0.16

6.2685 0.00009 —1366 5.76 6.3224 0.00007 —1372 0.36

6.2835 0.00006 —1366 5.76 6.300 0.00019 —1370 1.96

6.1637 0.009 —1372 12.96 6.2956 0.00033 —1372 0.36

6.3005 0.0017 —1372 12.96 6.332 0.00032 —1372 0.36

Zx z:(x—)‘c)2 Zx Z:(x—)‘c)2 Ex Xz(x—)'c)2 Zx z:(x—)'c)2

6.2589 0.0117 —1368.4 432 6.314 0.0094 —1371.4 32
R.S.D.=0.0086 R.S.D.=0.024 R.S.D.=0.0024 R.S.D.=0.0065

CV=0.86 CvV=0.24 Cv=0.24 CV=0.065

the above process. It was found that microcrystalline cellulose:
hydroxypropyl, methylcellulose, lactose and titanium dioxide
did not interfere with assay. Therefore, the proposed method
can be used as a selective method.

6. Calibration graph and detection limit

A linear relationship was found over the concentration range
4% 107*t02 x 1072 mol L~!. The limit of detection is given by
the expression LOD =3 S.D./m [25], where S.D. is the standard
deviation of replicate determination values and ‘m’ is the slope of
the calibration curve. Now S.D. =0.0086 and m=1.762 x 107!,
hence LOD=2.45 x 107> molL~!'. The LOQ is defined as
10S.D./m [25], and was found to be 8.17 x 105 molL~L. In
order to validate and to obtain the precision and accuracy of
the developed method, recovery studies have been carried out at
different concentration levels. The amount of pyrantel pamoate
present in corresponding solution was calculated from the cali-
bration equation. The analysis of pyrantel pamoate in its phar-
maceutical formulation exhibited the mean recovery of 100.4%
and the relative standard deviation of 0.86% indicating adequate
precision and accuracy of the proposed method. The perfor-
mance data of the proposed method have been tabulated in
Table 1. Furthermore, in an earlier spectrophotometric determi-
nation pyrantel pamoate [26] could be determined in the range
2.5-25ugmL~! but in the present developed electrochemical
method it could be estimated to a level of 1.4 pgmL~! with-
out any prior extraction process which is the essential part of
determination with other instrumental methods.

7. Conclusion

The proposed methodology provides a very sensitive and
selective method of pyrantel pamoate analysis that was devel-
oped in this work allows quantitative determination of the com-
pound in pharmaceutical dosage forms. The analytical results
obtained by DPP and CV are adequately accurate and precise
and are in good agreement with those obtained by other tech-
niques. As low as 8 x 107> mol L™! of pyrantel pamoate was
accurately measured by the proposed methods. The main advan-
tage of new method is its higher sensitivity and because of the
possibility of higher sample dilution, less influence of matrix

effects. Consequently, the proposed method has a potential of a
good analytical alternative for determining pyrantel pamoate in
pharmaceutical formulations.
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Abstract

Antioxidants are gaining tremendous interest as chemopreventive as well as chemotherapeutic agents. Ellagic acid (EA) is a plant derived
compound with very poor solubility in water and very low octanol/water partition coefficient and coenzyme Q;y (CoQo) is a highly lipophilic
compound, which is synthesized in the body and can be derived from food supplements as well. The new insights in the combination therapy
are promising a better future in many challenging diseases. Synergism is among the key advantages of combination therapy apart from decreased
intensity of unwanted effects of a compound, increased patient compliance and reduction in cost of therapy. EA and CoQ,( supplementation in
combination will be beneficial in strengthening the weakened antioxidant defense system in many diseases related to oxidative stress. Here we
report first derivative UV spectroscopic and HPLC methods for the simultaneous analysis of these two agents in pharmaceutical preparations.
Results obtained indicate that the derivative spectroscopy is as efficient as HPLC method in quantitative analysis. Retention of ellagic acid can be
increased using PEG bonded column which is poorly retained on C;g column. PEG column can be used for rapid simultaneous analysis of EA and

CoQ19, which are having diverse physicochemical properties.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Ellagic acid; Coenzyme Q1o; Derivative spectroscopy; HPLC; PEG bonded column

1. Introduction

Antioxidants are the substances which counter act free radi-
cals and prevent the damage due to oxidants by crumbling them
before they react with biological targets, preventing chain reac-
tions or preventing the activation of oxygen to highly reactive
products [1]. A hypothesis states that various common dis-
eases of modern civilization are rooted in a chronic divergence
between our ancient nutritional programming and our contem-
porary dietary input. A key disparity between dietary supply and
physiological need may be in antioxidant nutrients [2]. Adding
to this, in modern day environment people are exposed to a vari-
ety of toxins, which can be potent oxidants. If one combines the
increasing environmental pressure of oxidants with unbalanced
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E-mail addresses: mnvrkumar @niper.ac.in, mnvrkumar@yahoo.com
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contemporary food supply, the value of antioxidant supplemen-
tation becomes apparent.

Ellagic acid (EA) and coenzyme Qg (CoQjq) are among the
potential antioxidants, which can be formulated. These agents
have been proved to have potential preventive and therapeu-
tic effects in many diseases, where the oxidative stress has
been implicated, like cancer, cardiovascular diseases, neurode-
generative disorders and in aging. EA is a naturally occur-
ring polyphenolic constituent found in different fruits and
nuts, like pomegranate, red raspberry, strawberry, blueberry
and walnuts. It is the most explored phenolic acid compound,
which is known to possess a variety of pharmacological and
biological activities such as antioxidant, antimutagenic, anti-
tumor, antihyperglyceamic and antiinfective effects. Several
mechanisms are responsible for the above-mentioned effects,
like increased detoxification of pre-carcinogens and/or active
metabolism by inhibition of cytochrome P450 enzymes, stimu-
lation of glutathione-S-transferase, ability to scavenge reactive
metabolites of carcinogens. Preventing the destruction of the
p53 gene by cancer cells thus inhibiting the mutagenesis and
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ability to mask the binding sites to be occupied by the mutagen
or carcinogen by formation of adducts with DNA are among the
other mechanisms [3-5].

On the other hand CoQ is an endogenous compound found
in every cell. It is found in relatively higher concentrations in
cells with high-energy requirements such as heart, liver, mus-
cles and pancreas. It acts as a potent antioxidant by neutralizing
the cell-damaging free radicals and it helps convert food into
energy. Several studies have revealed the potentials of this com-
pound in prophylaxis and therapy of various disorders related
to oxidative stress. CoQpo deficiency has been confirmed in
patients with cardiovascular disorders and cancers. Animal stud-
ies have demonstrated that administration of CoQig reduces
tumor size and increased survival in mice exposed to chem-
ical carcinogens. In humans, high dose of CoQjp (i.e. 390 mg
per day) resulted in complete remission of metastatic breast can-
cer [6,7]. Circulating concentrations of this coenzyme decrease
with age [8]. All these reports illustrate the advantages of CoQqg
supplementation.

EA and CoQg individually are reported to be good for car-
diovascular complications and our interest is in identifying the
synergism of this combination, keeping in mind the high cost
of CoQjg. The aim of the present study was to simultaneously
analyze EA and CoQq using ultraviolet (UV) spectroscopy and
high performance liquid chromatography (HPLC). The absorp-
tion of UV radiation by CoQjo was very low when compared
with that of ellagic acid at similar concentrations, which made it
difficult for the analysis of these compounds simultaneously by
zero order UV spectroscopy, where the absorbance values were
utilized without derivatization. Derivative spectroscopy which
is popularly used for the simultaneous analysis of pharmaceuti-
cal agents [9,10] was investigated for the analysis of these two
agents. HPLC method was also developed for the simultane-
ous analysis of these agents using poly(ethylene glycol) (PEG)
bonded stationary phase column. The derivative spectroscopic
method was compared for the linearity, accuracy and precision
with the HPLC method.

2. Experimental
2.1. Chemicals

Ellagic acid (assay 95%) was purchased from Sigma, US.
Coenzyme Qjo is a gift sample from Tishcon Corporation
(Westbury, NY). The solvents used for the first derivative UV
method were of analytical grade and mobile phases used for
HPLC method development were of HPLC grade. Wherever
required water obtained from the reverse osmosis was uti-
lized. Molecular weight of EA (320.20) is low when compared
with that of CoQpq (863). Partition coefficient of ellagic acid
in octanol/pH 7 phosphate buffer is very low (0.27£0.01)
[3].

2.2. First derivative UV method

Standard stock solution of 50 p.g/ml was prepared by dissolv-
ing accurately weighed amounts of EA and CoQjg in required

EA

A
EA& CoQ,,
CoQ,,
0.00000000 /4—\ /
L™
-0.05000000
200.0 250.0 300.0 350.0 400.0 450.0 -
223.0 383.0

Fig. 1. First derivative spectra of ellagic acid, coenzyme Qo and the mixture
containing these two drugs. Zero crossing points can be seen as 223 nm for EA
and 383 nm for CoQo. At these points mixture has the same value of interested
compound for the analysis indicating least interference of the other compound.

volume of methanol first and then the volume is made up with
water such that the final solutions are of 40% methanol. Work-
ing standards were prepared using 40% methanol. UV scans
were taken using a quartz cuvette with 1 cm path length. The
solutions were scanned using double beam UV-vis spectropho-
tometer (Specord 200) from 190 to 500 nm at a speed of 50 nm/s.
Then these were subjected to derivatization using WinAspect
software to generate first derivative spectra with simultaneous
smoothing of the scans at 25 base points. The wavelengths
identified and implied for the development of this method
were 'D223 and 'D383 nm for CoQjo and EA, respectively
(Fig. 1).

2.3. HPLC method

A new HPLC method was developed for the simultane-
ous analysis of EA and CoQj¢ using Supelco Discovery® HS
PEG column, 25 cm x 4.6 mm, 5 wm (Supelco, Bellefonte, PA,
USA) maintained at 40 °C. Elution of both the compounds is
achieved using gradient mobile phase (Table 1). The mobile
phase was acetonitrile—ethanol-5 mM potassium dihydrogen
orthophosphate buffer (pH 2.5) (70:15:15, v/v/v) for 15 min
except for 2.5—-7 min where acetonitrile—ethanol (30:70, v/v) was
used instead. Standard solutions and working standards were
prepared in methanol. Analysis was performed using Waters
HPLC system (717plus auto sampler and 600 controller) with
Millenium software®?, coupled to photo diode array detector
(996). Wavelengths 254 and 275 nm were selected, respectively,
for EA and CoQ1g where they showed maximum absorbance.
Mobile phases were filtered through 0.45 wm nylon filter and
degassed using ultrasonic bath sonicator for 30 min before the
experiment.

Table 1
Mobile phase gradient for HPLC method

Time (min) Acetonitrile Buffer® Ethanol Curve type®
0 70 15 15 1
2.5 70 15 15 1
7 30 0 70 1

15 70 15 15 1

% 5mM potassium dihydrogen phosphate buffer (pH 2.5).

b As specified in Millenium software>2.
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Fig. 2. Zero order UV scans of ellagic acid, coenzyme Q10 and the mixture
containing these two drugs.

Table 2
UV method for the simultaneous analysis of EA and CoQjg
Parameters Values

Ellagic acid Coenzyme Qo
Linearity range (g/ml) 0.5-14 0.5-20
Linearity () 0.9995 0.9993
Slope 0.0014 0.0027
Intercept 0.000205 0.000236

3. Results and discussion
3.1. First derivative UV method

The solubility of EA was found very low in water and buffer
[11]. Hence, 40% methanol in water was used for preparing stan-
dard solution containing mixture of EA and CoQj¢ 50 pg/ml
each. Working standards of the mixture were prepared using
40% methanol. The zero order scan of mixture resembles the
UV-vis scan of EA because CoQjo absorption is poor when
compared with the EA absorption from 220 to 500 nm, however,
the mixture gives higher absorbance than EA alone. The absorp-
tion maxima (Apax) of CoQqg is 275 nm and EA was found to
have multiple A,y values at 254, 275 and 356 nm in 40% aque-
ous solution of methanol (Fig. 2). We found no specific peaks of
these compounds in zero order UV spectrum, which forced us to
deny zero order UV spectroscopy for the simultaneous analysis
of EA and CoQ1. Derivative spectroscopy, which is widely used
to analyze the multi component systems was an option for the
simultaneous detection of these two agents [9,10]. Other reason
for our inclination towards derivative spectroscopy is the poor
UV absorbing character of CoQpq [12].
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Fig. 3. Simultaneous analysis of EA and CoQ;¢ using HPLC method. Chro-
matograms extracted at (a) 254 nm and (b) 275 nm from PDA detector showing
elution of EA and CoQq at 3.8 and 13.4 min after 10 pL injection of mixture
containing EA and CoQjg each 10 pwg/ml.

Table 4
Analytical parameters of HPLC method for the simultaneous analysis of EA and

CoQio

Parameters Values

Ellagic acid Coenzyme Qo
Linearity range (ug/ml) 0.5-10 0.5-10
Linearity 0.9998 0.9997
Slope 148254 10985
Intercept —2502 832

At the zero crossing point the compound will have zero value
or negligible value throughout all the concentrations of the same
and the zero crossing points for EA and CoQjo were found to
be 223 and 383 nm, respectively. Consequently, the wavelengths

Table 3
Intraday and interday variability of the simultaneous UV analytical method
Concentration (p.g/ml) Intraday® Interday®
Ellagic acid Coenzyme Qo Ellagic acid Coenzyme Qo
Accuracy Precision Accuracy Precision Accuracy Precision Accuracy Precision
2 97.58 1.87 97.43 1.35 101.85 5.95 97.04 4.06
8 101.60 0.39 100.98 1.34 97.94 1.25 101.85 1.76
12 102.05 1.55 99.92 1.86 99.31 2.65 100.18 1.41

 For intraday variability triplicates were analyzed three times on a single day.

Y For interday variability triplicates of the concentrations specified were analyzed on three consecutive days.
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D223 and ' D383 nm were selected for the estimation of CoQ
and EA, respectively. The calibration curves were generated and
validated for intra and interday variability.

EA showed good linearity (correlation coefficient 1) of
0.9995 over a range of 0.5-14 pg/ml (1.56-43.72 uM), after
14 wg/ml (43.72 M) the values deviated from the trend. CoQ1¢
showed linearity of 0.9993 over the range of 0.5-20 pg/ml
(0.57-23.17 uM) (Table 2). The accuracy of the method was
determined as the percentage recovery from the known con-
centration of sample and the precision is calculated as the
percentage relative standard deviation of the samples ana-
lyzed at each concentration. These two parameters were eval-
uated for the intra as well as interday variability (Table 3).
Good accuracy and precision were established with both the
compounds.
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Fig. 4. UV spectra extracted at (a) 3.8 min and (b) 13.4 min from the PDA
detector indicate the specificity of the respective peaks and confirm the elution
of EA and CoQo, respectively.

Table 5
Validation parameters for the simultaneous analysis using HPLC

Concentration
(ug/ml)

Accuracy (as %recovered) Precision (as %R.S.D.)

Ellagic Coenzyme Ellagic Coenzyme
acid Qo acid Qio

6 100.03 105.09 1.75 2.83

4 100.16 102.38 1.28 2.09

1 99.78 98.01 3.34 5.16

3.2. HPLC method

A new HPLC method to simultaneously analyze ellagic acid
and coenzyme Q1o has been developed and validated for selec-
tivity, linearity, accuracy and precision. Ellagic acid retention on
reverse phase Cig column is very poor and PEG bonded column
was used for the analysis of ellagic acid previously [11]. CoQ1o
is a lipophilic molecule and the retention of this molecule was
found to be high and resulted in peak broadening on Cig col-
umn when the mobile phases used were polar in nature (data not
shown). Usage of PEG bonded column facilitates the elution
of CoQp relatively faster than the Cg column. Initially vari-
ous combinations of isocratic mobile phases were tried out for
the simultaneous analysis which demanded longer durations for
the analysis. Gradient system with the composition specified in
Table 1 resulted in successful elution of both compounds simul-
taneously with relative rapidity. The elution times for EA and
CoQqp were found to be 3.8 and 13.4 min, respectively (Fig. 3(a)
and (b)). The specificity of the compounds was confirmed by
observing the UV spectra of the compounds from start of the
chromatogram peak till the complete elution (Fig. 4(a) and (b)).
The linearity was good for both the compounds with 72 val-
ues of 0.9998 and 0.9997 for EA and CoQig over a range of
0.5-10 pg/ml (Table 4). The method was validated for accuracy
and precision as well (Table 5).

4. Conclusion

The developed first derivative UV and HPLC methods were
accurate and precise for the quantitative estimation of the EA
and CoQo simultaneously. Developed derivative spectroscopic
method provides rapid simultaneous analysis of EA and CoQ1¢
and is as good as HPLC method. From the results it is evident
that the PEG bonded column will be beneficial in increasing the
retention of the poorly retained compound which supports our
previous report [11]. PEG bonded phase provides hydrophilicity
to the reverse phase Cig column and thus resulted in relative
rapid elution of CoQjo which is a lipophilic compound. Thus
PEG column is a better option for the rapid simultaneous analysis
of EA having poor retention and CoQ1¢ having high retention
times.
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Abstract

In this work, a miniaturized liquid-liquid extraction system under stopped-flow manipulation mode with spectrometric detection was developed.
A Teflon AF liquid-core waveguide (LCW) capillary was used to serve as both extraction channel for organic solvent flow and adsorption detection
flow cell. Gravity induced hydrostatic pressure was used to drive the organic and aqueous phases through the extraction channels. During extraction
process, a stable organic and aqueous phase interface was formed at the outlet of the capillary, through which the analyte in the flowing aqueous
stream was extracted into the stationary organic solvent in capillary. The absorbance of the analyte extracted into the organic solvent was measured
in situ by a spectrometric detection system with light emitting diode (LED) as light source and photodiode as absorbance detector. The performance
of the system was demonstrated in the determination of sodium dodecyl sulfate (SDS) extracted as an ion pair with methylene blue into chloroform.
The precision of the measured absorbance for a 5 mgL~! SDS standard was 6.1% R.S.D. (n=5). A linear response range of 1-10mg L~!' SDS was
obtained with 5 min extraction period. The limit of detection (LOD) for SDS based on three times standard deviation of the blank response was

0.25mgL~".
© 2006 Elsevier B.V. All rights reserved.

Keywords: Microfluidic system; Liquid-liquid extraction; Stopped-flow technique; Liquid-core waveguide capillary

1. Introduction

Liquid-liquid (L-L) extraction is one of the most widely used
tools for matrix isolation and analyte enrichment in analytical
chemistry. However, the conventional L-L extraction procedure
is time-consuming, labor-intensive, requires large amounts of
toxic organic solvent, and often leads to emulsion formation and
analyte loss. In recent years, various automated and miniaturized
L-L extraction techniques, such as liquid-phase microextraction
[1-16] and microfluidic chip based microextraction [17-25],
have been developed to overcome these drawbacks. In 1996,
Liu and Dasgupta [1] reported a L-L extraction system based
on a 1.3 pL single droplet of organic solvent with an in situ
spectrometric detector. Almost at the same time, Jeannot and
Cantwell [2] reported a similar microextraction system with a
microdrop (8 L) of organic solvent suspended at the end of a
Teflon rod immersed in a stirred aqueous sample solution. There-

* Corresponding author. Tel.: +86 571 88273496; fax: +86 571 88273496.
E-mail address: fangqun@zju.edu.cn (Q. Fang).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.069

after, various L-L extraction systems based on single droplet of
organic solvent were developed to perform sample pretreatment
[3-8]. In most of these systems, L-L extraction under stopped
flow manipulation mode was performed by forming a stationary
organic solvent droplet immersed in a larger aqueous sample
solution. Droplet volumes of the organic solvents were typically
in the microlitres range and sample volumes consumed were in
the millilitres range. However, the limitation of these systems
is that the microdrops suspended on the needle or other holding
devices are sometimes dislodged by the flowing aqueous sample
during extraction process [9,15].

From 2000, Kitamori’s group has reported a series of
microfluidic chip systems performing L-L extraction based on
formation of multiple phase laminar flows in microchannels
[17-22]. More recently we reported a series of L-L extraction
chip systems based on stopped flow and trapped droplet tech-
niques [23-25]. The advantages of chip based solvent extrac-
tion systems are low consumption of sample and extractant
in nL—pLs ranges and high extraction efficiency due to the
microscale effect in microchannels. However, usually expen-
sive equipment and complicated operation were required in the
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fabrication of L-L extraction chips, which may limit their further
application in routine analysis.

In this work, a simple and robust microfluidic L-L extraction
system under a stopped-flow manipulation mode was devel-
oped based on a Teflon AF LCW capillary without requirement
for special microfabrication techniques. A stable L-L interface
between the stationary organic solvent in the capillary and flow-
ing aqueous sample was formed at the outlet of the capillary by
adjusting the liquid level in reservoirs in the system. A miniatur-
ized in situ spectrometric detector to monitor the absorbance of
analyte extracted into the organic solvent was built also based on
this capillary to achieve sensitivity comparable to other microex-
traction system [1] and conventional systems [26]. Aqueous
solutions of SDS and chloroform were used, respectively, as
samples and extractant to demonstrate the performance of the
system.

2. Experimental
2.1. Chemicals

All chemicals were of analytical-reagent grade and deionized
water was used throughout. The 100mgL~! methylene blue
(MB) solution was prepared by dissolving 10 mg of MB and
2.83 g of NaH,PO4-2H,0 in 700 wL cons. HySO4 and 25 mL
methanol, and made up to 100 mL with water. The stock solu-
tion of sodium dodecyl sulfate (SDS, 100 mg L~") was prepared
by dissolving 10mg of SDS (Sigma—Aldrich) in 100 mL of
water. The series of SDS standard solutions were prepared by
sequentially diluting the stock solution with water. The working
solution was prepared by mixing one portion of MB solution
with three portions of SDS standard solution. All the solutions
were prepared at least 24 h prior to use. Chloroform (Zhejiang
Deyer Pharmaceutical Co., Hangzhou, China) was used as the
extractant without further purification.

2.2. Apparatus

The microfluidic L-L extraction system is shown diagram-
matically in Fig. 1. A 10 mm long glass tube (0.8 mmi.d., 1.2 mm

Sample solution

Slot—

Fused silica

Solvent reservoir
capillary !

Photodiode
Optical fiber /

S

Teflpn AF Chloroform
capillary

' Glass tubé

Waste reservoir
Fig. 1. Schematic diagram of the microfluidic L-L extraction system employing
Teflon AF capillary liquid-core waveguide (not to scale).

Light-tight box

Tygon tube

0.d.) was used to supply the flowing channel for aqueous sam-
ple solution. A 6 mm long fused silica capillary (100 wm i.d.,
375 pm o.d.) serving as sampling probe was connected to the
inlet of the glass tube via a section of Tygon tubing (380 pm
i.d., 900 pm o.d.). The outlet the glass tube was connected with
a 70 mm long horizontal plastic tube (4.7 mm i.d., cut from a
commercial 1 mL disposable syringe) used as waste reservoir
viaa 10 cmlong Tygon tubing (1 mmi.d.,3mmo.d.). A 0.4 mm-
diameter hole was drilled on the sidewall of the glass tube using
a 400 pm-diameter flat-tipped emery drill. A 15 mm long Teflon
AF 2400 capillary (250 pmi.d., 500 pm o.d., Random Technolo-
gies, San Francisco, USA) was inserted through the hole 200 wm
deep into the glass tube channel. The capillary served both as
a LCW absorption detection flow-cell as well as an extraction
channel for the organic solvent. The other end of the capillary
was inserted into a perpendicular plastic tube (15 mm i.d., cut
from a commercial 10 mL disposable syringe) that served as
a reservoir for the organic solvent, positioned 500 pm from a
1 mm-diameter optical fiber inserted into the reservoir. All con-
nections in the conduit system were sealed with epoxy. The
sample vials were produced from the 0.2 mL Microtubes (Porex,
Petaluma, USA) with 1.5 mm wide, 2 mm deep slot fabricated on
the conical bottom of each tube for pass-through of the sampling
probe.

A red LED (630 nm, Hangke Electronics Co., Hangzhou,
China) was used as light source, positioned 2 mm from the
Teflon AF capillary outlet to directly illuminate the capillary out-
let through the sidewall of glass tube without further focusing.
The light transmitted out from the capillary inlet was conducted
by the optical fiber to a photodiode detector (Model OPT-301,
with integrated amplifier, Texas Instruments, Tucson, USA). The
Teflon AF capillary was masked from ambient light with black
plastic tubing. The sections of conduit in the detection system
were masked from ambient light using a light-tight box painted
black inside. LabVIEW software (National Instruments, Austin,
USA) was used to process the detection signals.

The L-L extraction system and detection system were fixed
onto a platform, keeping the glass tube in upright position and the
Teflon AF capillary in horizontal position, whereas the horizon-
tally positioned waste reservoir was fixed onto another platform
which could be perpendicularly moved to vary the position of
the waste reservoir in relation to that of L-L interface at the
outlet of the capillary.

For direct observing the stability of the L-L interface at the
outlet of Teflon AF capillary, a stereo microscope (SZ-45B3,
Sunny Instruments Co., NingBo) equipped with a CCD camera
(YH-9628, Yonghui Technology Development Co., Shenzhen)
was used.

2.3. Procedures

Before use, the conduits in the L-L extraction system were
emptied. 100 p.L blank solution and aqueous working solutions
containing the ion-pair product were pipetted into separate hor-
izontal sample vials. The L-L extraction was performed first by
inserting the sampling probe through the slot of the blank solu-
tion vial. The aqueous solution driven by gravity flowed through
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the glass tube, while the aqueous flow into the Teflon AF cap-
illary was obstructed owing to surface tension effect produced
by the hydrophobic properties of Teflon AF. Then the organic
solvent reservoir was filled with 500 L chloroform, which pro-
duced a liquid level of 3 mm relative to that of the capillary
outlet. A stable aqueous/organic phase interface was formed at
the outlet of the capillary based on surface tension by position-
ing the waste reservoir 4 mm below the capillary outlet. The L-L
extraction and analysis for sample solution was performed by
inserting the sampling probe into a sample vial instead of the
blank vial. The ion-pair product extracted into the organic phase
was in situ detected in this LCW capillary flow-cell. After one
analytical cycle, the position of the waste reservoir was low-
ered to 30 mm below the capillary outlet for 5 s to wash out the
organic solvent in the capillary, and then the waste reservoir was
restored to its original position to obtain a fresh phase interface
for the next analytical cycle.

3. Results and discussion
3.1. Design of the microfluidic L-L extraction system

In our previously reported miniaturized L-L extraction sys-
tem [23-25], a stopped-flow manipulation mode was adopted
to perform extraction in microfluidic chip with a “Y” shaped
channel, which had the advantages of high enrichment factor
and simple operation without requirement for organic/aqueous
phase separation. In this work, the L-L extraction system was
simplified by using a Teflon AF LCW capillary as a conduit to
supply the organic solvent instead of using a chip with micro-
fabricated channels, allowing the system to be built in routine
laboratories without requirement for complicated microfabrica-
tion devices and operations. Owing to the hydrophobic property
of Teflon AF, a stationary phase interface was easily formed
at the capillary channel outlet by adjusting the liquid level in
the reservoirs (See Section 3.2). In addition to serving as a
conduit for organic solvent delivery, the Teflon AF capillary
was also used as a flow-cell for the absorption detection mak-
ing use of its waveguide properties when filled with aqueous
solution. Such detection systems had been applied in long-path-
length absorption spectrometry for microfluidic chips to improve
sensitivity [27,28]. In the present system, for convenience, a
1.5cm long Teflon AF capillary was used as a detection flow
cell.

In the present L-L extraction system, hydrostatic pressure
produced from difference in liquid levels between the sam-
ple/chloroform containers and the waste reservoir was employed
to provide driving force for sample introduction and transfer
as well as washout of chloroform from the capillary. Hori-
zontal tubular sample vials and waste reservoirs were used to
maintain stable hydrostatic pressure in the extraction channels
during prolonged working periods. A slot was fabricated at
the bottom of each sample vial to facilitate sample change.
Owing to the low consumption of organic solvent (within
several hundred nanoliters, see Section 3.3) during extraction
process under the stopped-flow extraction mode, an upright
reservoir was employed for organic solvent, in which the lig-

uid level showed no observable changes during 3 h extraction
periods.

3.2. Formation of stable L—L interface

In the present microfluidic L-L extraction system, there are
four forces exerted on the L-L interface at the outlet of the
capillary (as shown in Fig. 2), including the hydrostatic pressure
fo and f, with different directions produced by the organic solvent
reservoir and sample vial, and negative pressure f,, produced
from the waste reservoir, as well as the surface tension f; of
the organic solvent at the capillary outlet. The combination of
these forces f; in the horizontal direction could be expressed
as

fc :fo+fw+fa+f8p (H

where fp is the vector force of surface tension f in the hori-
zontal direction. When f; is equal to zero, a stable stationary
phase interface can be produced at the outlet of the capillary
(as shown in Fig. 3b). If f. >0, the aqueous solution flows into
the capillary to push the organic solvent back (as shown in
Fig. 3a). If f. <0, the organic solvent overflows from the cap-
illary outlet (as shown in Fig. 3c). Therefore, in the present
system, the stability of the L-L interface is mainly governed
by the liquid levels in the sample vial, waste and solvent reser-
voir. The former two liquid levels were decided by the vertical
positions of the sample vial and waste reservoir, respectively,
while the liquid level in the organic solvent reservoir was
decided by the volume of organic solvent filled in the reser-
voir. The effects of the positions of the sample vial and waste
reservoir on the stability of L-L interface were studied with
the liquid level of solvent reservoir fixed at 3 mm above the
L-L interface. The results (Fig. 4) show that corresponding
to a defined sample vial position, a position range of approx-
imately 4 mm of the waste reservoir usually existed (the shad-
owed section shown in Fig. 4), within which a stable phase
interface could be obtained (i.e. fo =0). This is the result of
self-adjustment of the organic solvent surface tension at the
interface by changing its shape to counteract the position varia-
tion of waste reservoir within this range. With the raising of the
sample vial position (i.e. to increase f;), the position region of

Aqueous solution Teflon capillary

Teflon capillary

Fig. 2. Schematic diagram of different forces exerted on the liquid-liquid inter-
face at the outlet of the capillary.
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Fig. 3. CCD images of three typical states of the L-L interface at the outlet of
capillary under different hydrostatic pressures.

waste reservoir required for stable interface shifted down (i.e. to
increase fy,) to maintain the force equilibrium at the L-L inter-
face.

In addition to the above experiments, the effects of the lig-
uid level in the solvent reservoir and the position of the waste
reservoir on the stability of L-L interface were studied. The
results are shown in Fig. 5. Stable L-L interfaces were obtained
within a position range of ca. 6 mm (the shadowed section shown
in Fig. 5) of the waste reservoir, corresponding to a fixed lig-
uid level in the chloroform reservoir. With the raising of liquid
level in the chloroform reservoir (i.e. to increase f;), the waste
reservoir position required for stable interface shifted up (i.e.
to decrease fiy) to maintain the force equilibrium at the phase
interface.

Considering the consumption of sample and chloroform, a
relatively low position for the sample vial and the liquid level
of chloroform at 10 and 3 mm above the phase interface was

0.4+
02
0.0—-
-0.2—-
0.4
061
081

-1.01

Position of waste reservoir (cm)

-1.24

1.4

Position of sample vial (cm)

Fig. 4. Effects of positions of aqueous sample vial and waste reservoir on the
stability of L-L interface. The liquid level in the chloroform reservoir was fixed
at 3 mm above the interface. The positions of the sample vial and waste reservoir
were evaluated in relation to that of L-L interface at the capillary outlet.

chosen in the present L-L extraction system, respectively, cor-
responding to a sample flow rate of 2.0 wL min~! (70 pwms™1).
Under these conditions, an optimized position of 4 mm below
the phase interface (expressed as —4 mm in Figs. 4 and 5) for the
waste reservoir was chosen during the extraction process. This
position is at the center of the region of waste reservoir positions
that produced stable L-L interfaces.

3.3. Analytical performance

The analytical performance of the present microfluidic L-L
extraction system was demonstrated in the determination of
SDS with MB as reagent. Fig. 6 shows typical recordings of
absorbance of SmgL~! SDS during five repetitive extraction
cycles. The absorbance response increased almost linearly with

extraction time in the range of 0-5 min, beyond that the increase
of response gradually levelled off, which implies that the L-L

0.84
0.4+
0.04
-0.4 -
-0.8 1

-1.2 4

Position of waste reservoir (cm)

-1.6 T T T T T T T T 1
00 01 02 03 04 05 06 07 08

Liquid level in solvent reservoir (cm)

Fig. 5. Effects of liquid level of chloroform and position of waste reservoir
on the stability of L-L interface. The position of the sample vial was fixed at
10 mm above the interface. The liquid level of chloroform and position of waste
reservoir were evaluated in relation to that of L-L interface at the capillary outlet.
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Fig. 6. Typical recordings of absorbance of 5 mg L~! SDS during five repetitive
extraction cycles to show the repeatability of the system.

extraction nearly reached equilibrium state. An extraction time
of 5min seemed to be a good compromise between detec-
tion sensitivity and analytical throughput. The precisions of a
5mgL~! SDS standard with extraction times of 5, 10 and 15 min
were 6.1%, 3.9% and 3.8% R.S.D. (n=5), respectively (Fig. 6).
The analytical signal was found to be linearly related to the
SDS concentration in the range of 0—10 mg L™! within a 5min
extraction period: A =0.01936C — 0.00456 (r* =0.9946), where
A is the absorbance response and C is the concentration of SDS
solution in mg L~!. The limit of detection (LOD) for SDS based
on three times the standard deviation of the blank values was
0.25mgL~". The shortest total analysis time for one cycle was
5.5 min, including 5 min extraction time and 0.5 min conduit
washing and sample changing time. The consumptions of sam-
ple and organic solvent in one analytical cycle were 10 wL and
740 nL, respectively.

4. Conclusions

The present system proved to be an efficient, robust and
organic solvent-economic means for achieving L-L extraction
under stopped flow mode. The use of Teflon AF LCW capillary
significantly facilitated the construction of the L-L extraction
system and spectrometric detector in routine chemical labora-
tories. Such systems should be widely applicable for various
analytical purposes involving L-L extraction with spectromet-
ric detection. Although not pursued further in this work, the

sample consumption of the system could be further reduced by
decreasing the inner diameter of the aqueous phase channel, and
sample consumption less than 1 pL is foreseeable.
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Abstract

In this paper, our main aim is to explore the feasibility for application of luminescent CdTe quantum dots prepared in aqueous phase to live and
fixed cell imaging. The highly luminescent CdTe quantum dots (QDs) were first prepared in aqueous phase using 3-mercaptopropionic acid (MPA)
as a ligand, and then were covalently coupled to a plant lectin (UEA-1) and antibody anti-von Willebrand factors (anti-vWF) as fluorescent probes.
Two probes QD-UEA-1 and QD-anti-vWF) were able to specifically bind the corresponding cell membrane receptor and cytoplasm immunogen,
respectively. The good cell images were obtained in live cells and fixed cells using laser confocal scanning microscopy. Our preliminary results
illustrated that CdTe QDs prepared in water phase were highly luminescent, water-soluble, stable, and easily conjugated with biomolecules since
their surface were coated with MPA containing free carboxyl group. We predict that QDs prepared in water phase will probably become an attractive

alternative probe in cellular imaging and bio-labeling.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Aqueous phase; CdTe quantum dots; Cell imaging; HUVEC

1. Introduction

Semiconductor quantum dots (QDs) are nano-scale inorganic
crystals in size range of 1-10nm. Due to their quantum con-
finement of charge carriers in tiny spaces, QDs show some
unique and fascinating optical properties, such as, sharp and
symmetrical emission spectra, high quantum yield (QY), good
chemical and photo-stability and size dependent emission wave-
length turnability. When QDs are linked with bio-recognition
molecules such as proteins [1-3], peptides [4-7] and nucleic
acids [8-10], they will become promising attractive fluorescent
probes in biological and medical fields such as bioassay, cell
imaging and clinic diagnosis [9,11-17]. In 1998, two groups
first reported that QDs could be used for imaging of cells as
fluorescent probes [18,19]. Their pioneer work showed that
QDs were brighter and more stable than rhodamin 6G. These

* Corresponding author. Tel.: +86 21 54746001; fax: +86 21 54741297.
E-mail address: jicanren @sjtu.edu.cn (J. Ren).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.064

excellent optical properties of QDs have received great inter-
est in biological applications. Recently, QDs have been used
as immuno-histochemical labels in fixed cell imaging, which
mainly included the labeling of the breast cancer marker Her2
on the cell surface, staining of actin and microtubule fibers
in the cytoplasm, and detection of nuclear antigens inside the
nucleus [13]. In live cell imaging, Nie’s group first illustrated
that QDs labeled with transferrin could enter the cultured HelLa
cells by endocytosis and recognized specific antibodies or anti-
gens. Subsequently, some groups demonstrated that QDs were
successfully used for targeting or tracking some membrane or
transmembrane proteins, such as human and Drosophila sero-
tonin transporters expressed in HeLa and HEK-293 cells [20],
Glycine receptors in neurons [21], erbB/HER receptor in Chi-
nese hamster ovary cells [22].

However, the QDs widely used in the bio-labeling, such
as CdSe, CdTe nanocrystals and their core/shell alloys, are
mostly synthesized in organic phase using high boiling point
solvents such as trioctylphosphine (TOP) or trioctylphosphine
oxide (TOPO) or a mixture of TOP and TOPO [23-27]. The
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surfaces on the QDs prepared in organic phase were coated
with TOP or TOPO, which forms a hydrophobic layer. There-
fore, these QDs cannot be directly applied in bio-systems due
to their hydrophobic surfaces. Usually, they need to replace
the surface-capping molecules on nanoparticles using ligand
exchange method. The exchange process was time-consuming
and laborious, and frequently resulted in a significant decrease
in quantum yield of QDs [19,28]. Additionally, it has been
found that these hydrophilic QDs were not stable enough in
aqueous solution after ligand exchange. Some surface modi-
fication techniques have been used to improve hydrophilicity
and stability of QDs in aqueous solution. The modification
often led to significantly increasing the diameter of QDs up to
about 20-30 nm [29]. In contrast to organic synthesis, aqueous
synthesis exhibits good reproducibility, low toxicity, inexpen-
sive, and especially, the products prepared in water phase have
excellent water-solubility, stability and biological compatibility
[30]. However, QDs prepared in water phase usually possess
low QY (3-10%) and wider the full width at half maximum
(FWHM). In comparison with organic synthesis, no great atten-
tions have been paid to aqueous synthesis for long time, and
few applications were found so far. In recent years methods
of preparing luminescent QDs in aqueous phase have signif-
icantly been improved by Weller and coworkers [30], Zhang
et al. [31] and our group [32,33]. Using an autoclave with
higher reaction temperature (180 °C) [31], micro-wave reac-
tor with temperature controllable system [32], and optimization
of aqueous synthesis conditions, [33] QY of QDs were dra-
matically enhanced up to 40-67%. These results demonstrated
that aqueous synthesis method may become an attractive alter-
native to current syntheses of QDs in organic phase. To the
best of our knowledge, it is not clear whether the QDs pre-
pared in aqueous phase are able to be applied for live cell
imaging as fluorescent probes. In this work, firstly, we want
to prepare highly luminescent CdTe QDs in aqueous phase,
and then evaluate that the feasibility of application of CdTe
QDs conjugated with Ulex europaeus 1 (UEA-1) and anti-von
Willebrand factor (anti-vWF) for imaging of human umbilical
vein endothelial cells (HUVECS) using laser confocal scanning
microscopy.

2. Materials and methods
2.1. Materials

3-Mercaptopropionic acid (MPA, >99%) was product of
Fluka. NaBHs (96%), tellurium powder (99.999%, about
200 mesh) was obtained from Shanghai Reagent Com-
pany. Ulex europaeus 1 (UEA-1, gorse), anti-vWF and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) were purchased from Sigma—Aldrich. The human
umbilical vein endothelial cells (HUVECs) and cell media
were from Cascade Biologics (Portland, USA). Other chem-
icals are of analytical grade (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China; Shanghai Lingfeng Chemical
Reagent Co., Ltd., Shanghai, China; Shanghai Chemical
Reagent Co., Ltd., Shanghai, China). The ultrapure water

with 18.2 MQ/cm (Millipore Simplicity, USA) was used in all
experiments.

2.2. Syntheses of CdTe QDs

Aqueous colloidal CdTe QDs solution was prepared using the
reaction between Cd** and NaHTe solution in the presence of
MPA as a stabilizer [32]. The synthesis reaction was expressed
as following equation:

5 T g
0, 0 Ol’l'l‘ 1 o
96 °C~100°C q
Cd2+ + HTe B HO\ S S~"on
MPA aqueous solution o . "
pH=8.0 ;o P
) ;:o %

For preparation of Cd precursor solutions, a solution of CdCl,
and MPA were mixed, and adjusted to pH 8 with 1 M NaOH.
The typical molar ratio of Cd:Te:MPA was 2:1:4.8 in our exper-
iments. This solution was placed in a three-necked flask and
was deacerated with Ny bubbling for 30 min. Under vigorous
stirring, the prepared oxygen free NaHTe solution was injected.
The resulting mixture solution was heated to 99-100°C and
refluxed to different time for controlling the size of CdTe QDs.
In order to remove the excess MPA and cadmium ions, the CdTe
QDs were precipitated using the same procedure described in
the reference [34]. The CdTe QDs precipitates were rinsed with
ethanol and dried by vacuum oven.

2.3. Spectral characterization of CdTe QDs

Emission spectra were collected using a Varian Cary spec-
trometer. Absorption spectra were collected using a Lambda 20
UV-visible spectrophotometer (Perkin-Elmer).

The QY of CdTe QDs was measured according to the method
described in the references [35]. Briefly, Rhodamine 6G was
served as a reference standard (QY =95%), the absorbance for
the standard and the CdTe colloid samples at the excitation wave-
lengths and the fluorescence spectra of the same solutions were
measured, respectively. The integrated fluorescence intensity
(that is, the area of the fluorescence spectrum) from the fully
corrected fluorescence spectrum was calculated.

The areas of integrated fluorescence intensity versus
absorbance were plotted. The plot obtained should be a straight
line with a gradient M, which was used to calculate the quantum
yield according to the following equation:

o My [ nx 2 1
bx _¢SMs<ns> ()

where the subscripts ‘s’ and ‘X’ denote standard (such as rho-
damine 6G) and test samples, respectively, ¢ is the QY, and
is the refractive index of the solvent. It should be noted that the
excitation wavelength for measurements of QY was set at the
excitonic absorption peak of the CdTe nanocrystal samples in
our experiments.
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2.4. Bioconjugation of CdTe QDs

MPA-coated CdTe QDs prepared in aqueous phase were
conjugated to UEA-1 and anti-vWF using EDC as a cou-
pling reagent. Firstly, 0.25 mg/ml CdTe QDs and 2 mg/ml EDC
were reacted together for 5 min at room temperature, and then
UEA-1 (or anti-vWF) was added into the reaction solution,
further incubated for 2—4 h. Finally, the reaction was blocked
by placing the mixtures in refrigerator at 4 °C. The mix-
tures were purified using ultra-filtration membrane (NMWL
50,000, Millipore, USA) according to the instruction of the
manufacture.

Capillary electrophoresis with laser-induced fluorescence
detector (CE-LIF) was used to confirm whether QDs were
effectively conjugated with proteins. In the experiments, P/ACE-
MDQ (Beckman Coulter Inc., Fullerton, CA, USA) instrument
was used in normal polarity separation mode (anode at the injec-
tion side). The temperature of the separation capillary column
was thermostated at 25°C, and a 30cm effective separation
length capillary (40 cm total) with an i.d. of 75 pum was used
for separation.

2.5. Cell culture

HUVECs were cultivated (37°C, 5% CO) on coverslips
in HEPES media containing 2% (v/v) fetal bovine serum,
1 wg/ml hydrocortisone, 10 ng/ml human epidermal growth fac-
tor, 3 ng/ml basic fibroblast growth factor, and 10 pg/ml heparin
overnight.

2.6. Live cells treatments

When the cultured cells reached about 70% confluence, they
were gently washed twice with PBS (pH 7.4), and blocked with
1% BSA for 20-30 min. After washing with PBS, cells were
incubated with PBS containing 25 pg/ml of the conjugation
complex (QD-UEA-1) or free QD in the incubator for 2-3 h.
Finally, cells were washed three times with PBS containing 0.2%
Tween-20 for 5 min each.

2.7. Fixed cells treatments

Cells were firstly fixed with 3.7% formaldehyde for 10 min,
and then they were blocked with 1% BSA in PBS for 20-30 min.
Consequently, fixed cells were incubated with PBS containing
12.5 pg/ml of the conjugation complex (QD-anti-vWF) at room
temperature for 1-2 h. Finally, cells were washed three times
with PBS containing 0.2% Tween-20 for 5 min each. Water-
immersion objective was also used to take photos of cells in
order to keep the shape integrity of cells.

2.8. Fluorescence microscopy

Images were collected with a Zeiss LSM 510 META laser
confocal scanning microscopy with Achroplan 63X/0.95 water-
immersion objective. Cells were imaged using 543 nm He-
Ne laser excitation and a 560—615nm BP emission filter. We

observed the distribution of QD conjugates in the cells or on the
cells surface using general scanning mode.

3. Results and discussion
3.1. Preparation of water-soluble CdTe QDs

The QDs used in bio-labeling should have high QY, good
water-solubility and photo-stability. CdTe QDs were prepared
in aqueous phase using the reaction between Cd** and NaHTe
solution in the presence of MPA as a stabilizer. We systematically
optimized the aqueous phase synthesis conditions, and signifi-
cantly enhanced QY of CdTe QDs. A series of CdTe QDs with
different emission wavelength (490-600 nm) were synthesized
by controlling the reaction conditions. Fig. 1 shows the absorp-
tion and photoluminescence spectra of a typical CdTe QDs used
in cell imaging in this study. The curve (A) presents the absorp-
tion spectrum and the curve (F) expresses the emission spectrum
of QDs. The absorption spectrum indicates that CdTe QDs has a
wider range of absorption, and the excitonic absorption peak is at
530 nm. The emission spectrum displays that the emission peak
is at 560 nm, and this spectrum is characterized by good symme-
try and relatively narrow spectral width. The QY of CdTe QDs
was up to 50%. Furthermore, we observed that water-soluble
CdTe QDs solutions were stable for at least 3 months at room
temperature (about 20 °C) in the presence of MPA, which was
similar to the reports in the references [36]. These data illus-
trated that CdTe QDs prepared in aqueous phase are high QY,
water-soluble and stable, and probably are candidate fluorescent
probes in bio-labeling.

3.2. Conjugation of CdTe QDs to UEA-1

Since CdTe QDs were prepared in aqueous phase using MPA
as a stabilizer, their surface was coated with certain MPA. The
thiol group of MPA is linked to the surface of CdTe QDs by thiol
group-Cd coordination, and the functional carboxylic group is
free, which can be easily coupled to biomolecules with amine
groups, such as proteins, peptides and amino acids. EDC is a
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Fig. 1. Absorption (A) and emission spectra (F) of CdTe QDs used in the labeling
experiments.
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commonly used coupling agent that can link between amine
groups of proteins and carboxylic group of some compounds
[37,38]. In this work, EDC is chosen to conjugate proteins with
CdTe QDs.

The coupling process is expressed as the following equation:

0} e}
Protein — NH, rroi
@~ o I @A
EDC |
H

Capillary electrophoresis with LIF detector was used to con-
firm whether CdTe QDs were effectively conjugated with UEA-1
and anti-vWEFE.

Fig. 2 displays the electropherograms of the bare CdTe QDs
and their conjugates. In the electropherograms 2A, the bare CdTe
QDs displays sharp peak, and UEA-1 labeled with CdTe QDs
shows a wide peak. Furthermore, the composition of QD-UEA-
1 is markedly increased from 69 to 83% after purification using
ultra-filtration membrane according to the peak area ratio. From
Fig. 2B we can see that a majority of QDs are linked to the anti-
body anti-vWF, and the percentage of QD-anti-vWF is about
96% according to its peak area. This result shows that it is unnec-
essary to do the purification. These data demonstrated that both

(A) UEAiQD
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Fig. 2. Analysis of conjugates with QDs by capillary electrophoresis with LIF
detector. In the electropherograms (A), the bare CdTe QDs displays sharp peak,
and UEA-1 labeled with CdTe QDs shows a wide peak. Sample 1 was the
original conjugates of QDs with UEA-1, and sample 2 was from purification of
sample 1. The separation buffer was 3.13 mM Na;B4O7 solution (pH 10.2). In
the electropherograms (B), most of QDs were linked to the antibody anti-vWE.
The separation buffer was 6.25 mM Na;B40O7 solution (pH 10.1). Two samples
were both injected into the capillary using pressure at 1 psi for 5.

UEA-1 and anti-vWF were successfully linked to CdTe QDs by
reaction of the carboxylic groups on their surface with the amine
groups of the protein.

3.3. Live cell imaging

Lectins are nonimmunoglobulin glycoproteins that can rec-
ognize and bind to specific sugar moieties on the cell mem-
brane. They are involved in a variety of biological process,
such as cell-cell and host—pathogen interactions and innate
immune responses [39]. Lectins are usually derived from plants,
animals, bacteria, or viruses, with plant lectins accounting
for the majority of all lectins. Ulex europaeus 1, UEA-1, is
one kind of lectins, whose carbohydrate specificity is a-L-
fucose [40], and it has a high affinity for human vascular
endothelial cells (HUVECs) surface glycoconjugates [41]. In
this work, the water-soluble CdTe QDs conjugated-UEA-1 was
visualized by confocal microscopy to be localized to the cell
membrane.

We used confocal laser scanning fluorescent microscopy to
confirm the binding of UEA-1 in HUVECs. Fig. 3A clearly
shows the distribution and staining of QD-UEA-1 on the cell
membrane. To confirm QD-UEA-1 specifically bound on the
cell membrane, the contrast experiment was conducted using
bare CdTe QDs at the same conditions, as shown in Fig. 3B.
From Fig. 3B we observed nearly no bare QDs on the cell
membrane, but only a few QDs dispersed in the cytoplasm,
mostly in perinuclear region of the cells. This is because bare
CdTe QDs prepared in aqueous phase possess smaller size, and
easily dispersed in the cytoplasm after they entered the cell
by endocytosis. Our results demonstrated that the QD conju-
gates could be used for imaging of live cells as fluorescence
probes.

3.4. Fixed cell imaging

In this work, we want to apply QD-anti-vWF for the imaging
of the fixed cells. The endothelial marker von Willebrand factor
(vWPF) is a plasma multimeric glycoprotein, and is synthesized
exclusively in endothelial cells and stored in Weibel-Palade
bodies. The vWF performs important functions in platelet adhe-
sion, thrombosis and atherogenesis. Deficiency or dysfunction
of vVWF and maldistribution of the predominating multimeric
forms of the protein characterizes several subtypes of the
common hereditary bleeding disorder, von Willebrand Disease
(vWD) [42]. The monoclonal anti-vWF specifically reacts
with the cytoplasm of human endothelial cells from normal
blood.

Fig. 4 showed images of HUVECs using QD-anti-vWF as
a probe. We observed that QD-anti-vWF was distributed in the
cytoplasm surrounding the nuclei, and targeted in the different
parts of fixed cells. QD-anti-vWF could penetrate across the
cell membrane and disperse in cytoplasm, due to that fixed cell
membranes were demolished by formaldehyde. From Fig. 4, itis
very clear that the QD-anti-vWF conjugates mostly distributed
around the nuclei, which was similar with the reference [42]
using FITC-anti-vWEF. These data also demonstrated that CdTe
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20 pm

Fig. 3. Images of live cells membrane using QD bioconjugates. Confocal images of HUVECs stained with QD-UEA-1 (A), Confocal images of cells stained with
QDs (B) (with same concentration and incubation time). In both panels, the left row represents the phase contrast image, the central row represents the fluorescence
image, and the right row is an overlay of the left and central rows. Cells were incubated with all probes for 2-3 h. QD labeled UEA-1 were clearly visualized on the
cell surface, while few free QDs were dispersed in the cytoplasm disorderly. The scale bars are 20 pum.

20um

20um

Fig. 4. Confocal images of fixed HUVEC cells incubated with anti-vWF conjugated QD (A) and bare QDs which the concentration was same with QDs in conjugates
(B) as negative control. QD-anti-vWF was distributed in the cytoplasm, surrounding the nuclei. The scale bars are 20 wm.

QDs prepared in aqueous phase had the same imaging impact
with common organic dyes (FITC) in fixed cells.

4. Conclusions
In this work, we demonstrated that highly luminescent CdTe

QDs prepared in aqueous phase could be conveniently conju-
gated with glycoprotein and antibody, and the QDs linked with

UEA-1 or anti-vWF was successfully used for the imaging of
the live cells and fixed cells. Our results also showed that the QD
probes were able to specifically bind the corresponding cellular
membrane receptor in live cells, and dispersed in cytoplasm in
fixed cells.

Compared to the currently used QDs prepared in organic
phase, QDs prepared in water phase were low cost and water-
soluble, and easily linked with biomolecules (such as proteins
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and peptides). Our preliminary results illustrate that CdTe QDs
prepared in water phase probably will become an attractive alter-
native probes in cellular imaging and bio-labeling.
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Abstract

An easy and universal wall-jet configuration for microchip CE-ECL detection system was constructed and investigated in this work. Two
detection modes of pre-column and post-column were applied to the above system. TPA, tramadol and lidocaine were chosen as model analytes
to estimate the system in both modes. The important operational parameters such as the concentration of luminescent reagent and the distance
between the separation outlet and the working electrode were optimally obtained and compared for the first time.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Many compounds such as oxalate, amino acids, amines, phar-
maceuticals or protein can be sensitively detected via electro-
chemiluminescence (ECL) based on tris(2,2'-bipyridyl)ruthe-
nium(II) (Ru(bpy)32+) [1-5], thus meaning that this detection
strategy may have widespread application in a variety of
important areas[6—13].

Recently, some efforts have been reported to integrate cap-
illary electrophoresis (CE) with the ECL detection [14-24].
Aqueous ECL of Ru(bpy)s>* was often used to combine with
CE to detect analytes due to its convenience. The appropriate
mixing of Ru(bpy)s;>* and the separation buffer is critical in
order to achieve good separation efficiency at maintaining high
sensitivity all the while. Forbes et al. reported on-line electrogen-
erated Ru(bpy)3>* chemiluminescent detection of B-blockers
separated with CE [14]. Bobbit et al. reported in situ cell elec-
trogenerated Ru(bpy)3>*-based chemiluminescence detection in
CE [15,18]. Wang and co-workers reported a new technique
for CE directly coupled with end-column electrochemilumi-
nescence detection [19,20]. For these studies, two detection
modes, pre-column mode and post-column mode, were applied

* Corresponding author. Tel.: +86 25 83594862; fax: +86 25 83594862.
E-mail address: hychen@nju.edu.cn (H.-Y. Chen).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.063

for CE-ECL. For the pre-column mode, Ru(bpy)3* is added to
the running buffer. For the post-column mode, Ru(bpy)s** is
directly added to the cathodic cell. For common CE, the major
shortcoming of the above modes is the excessive consumption
of expensive Ru(bpy);** reagent. To develop a solid-state ECL
sensor in which Ru(bpy)32* is immobilized may offer an effec-
tive approach to resolve the above problem [25,26], however,
its stability is a severe challenge. Meanwhile, the process of
fabricating ECL sensors is tedious.

Microchip CE may offer another possibility to resolve such
a problem. For microchip CE-ECL detection system, the sepa-
ration time is much shorter than that for conventional CE-ECL,
based on this fact, a series of the influences resulted from the
variation of the experimental conditions such as the change of
EOF in pre-column mode, a dilution of Ru(bpy)ngr in post-
column mode as well as excessive consumption of Ru(bpy)s>*,
etc. should be minimized.

Up to now, reports on the microchip CE with ECL detection
are very limited [25-31]. Manz and his co-workers reported
a microfluidic system with indirect Ru(bpy)32+ ECL detec-
tion of amino acids, based on a “U”-shape floating platinum
electrode placed across the separation channel [29]. Wang and
co-workers reported an ECL detector with microchip CE, which
consisted of a poly(dimethylsiloxane) (PDMS) layer contain-
ing separation and injection channels and an electrode plate
with an ITO electrode fabricated by a photolithographic method
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[25,30,31]. However, these microchip CE-ECL detection sys-
tems were complicated and to construct these detection systems
was not only time-consuming and tedious but also need expen-
sive special instruments. It is surprising that there are few reports
on a simple, low-cost, end-column, wall-jet detector, which is
widely used in electrochemically amperometric detection, for
microchip CE-ECL.

In this work, a simple and universal wall-jet configuration for
the microchip CE combined with an end-column ECL detec-
tion system was constructed and both detection modes, i.e.
pre-column mode and post-column mode were applied to the
microchip CE-ECL system. A 400 pm diameter glassy carbon
disc electrode used as a working electrode and aligned with
the outlet of separation channel electrochemically oxidizes the
Ru(bpy)32* to the active Ru(bpy)3>* form, which then reacts
with analytes at the cathodic cell and produces light.

Since tramadol and lidocaine are often used for analgetic
and local anesthetic, respectively, and with tertiary amine struc-
tures for Ru(bpy)s;>* ECL reaction, fast analysis of tramadol and
lidocaine is of clinic importance for understanding the patient’s
medical process. Meanwhile, the Ru(bpy)3>*—TPA system has
been well studied and shown to give rise to high ECL intensity.
Therefore, TPA, tramadol and lidocaine were chosen as model
compounds to characterize this microchip CE-ECL detection
system in both modes.

2. Materials and methods
2.1. Chemicals and apparatus

All reagents used were commercially available and of analyt-
ical grade. Tripropylamine (TPA) and tris(2,2'-bipyridyl)ruthe-
nium(Il) chloride were purchased from Sigma—Aldrich (St.
Louis, MO, USA) and used as received. Tramadol and lidocaine
were obtained from Nanjing Pharmaceutical Institute (Nanjing,
China). All solutions were prepared with twice-distilled water.
The stock solutions were stored in the refrigerator (at 4 °C).
All standard solutions and phosphate buffers (PBS) were pre-
pared and filtered through a 0.22 pum membrane (Jasco, Dailian,
China) before use.

Electrochemical measurements were performed with a
three-electrode system comprising a platinum wire as auxiliary
electrode, an Ag/AgCl (sat. KCI) electrode as reference
electrode, and the glassy carbon disk electrode with a diameter
of 0.4 mm as working electrode. The electrodes were connected
to a CHI630A electrochemical workstation (Shanghai Chen-
hua Apparatus Corporation, China). All microchip CE-ECL
emission detections were obtained by a Model MPI-A CE-ECL
Analyzer Systems (Xi’an Remax Electronic High-Tech Ltd.,
Xi’an, China). The photomultiplier tube (PMT) was biased at
1000 V.

2.2. Applications of the microchip CE-ECL detection
Fig. 1 is the schematic diagram of the experimental setup and

the detector was of the wall-jet configuration. The construction
of the microchip CE-ECL platform is shown in Fig. 2. The plat-

RE GE
CE

o
&

Fig. 1. Schematic diagram of the experimental setup: (WE) working electrode,
(CE) counter electrode, (RE) reference electrode, (GE) ground electrode, (PS)
potentiostat, (HV) high voltage, (PMT) photomultiplier tube. WE was a glassy
carbon disk electrode with diameter of 0.4 mm; CE, GE were platinum wires;
RE was Ag/AgCl (sat. KCI) electrode.

form body was made of polymethyl methacrylate material. The
working electrode was aligned at the exit of the electrophoretic
separation channel. No decoupler was employed for isolating
the high separation electric field in this system. The glass chip
shown in Fig. 2 consisted of a glass plate, with a 50 mm long
separation channel and a 10 mm long injection channel (between
the sample reservoir and the sample waste reservoir). The two
channels crossed each other halfway between the sample and the
sample waste reservoir and 45 mm from the outlet to yield a sep-
aration channel with an effective length of 45 mm. The channels
were 60 pm width and 20 wm depth.

Alignment of the working electrode with the outlet of separa-
tion channel was quite important in the experiment. To accom-
plish alignment, the working electrode was aligned with the
outlet of separation channel and fixed by a precisely three-
dimensional adjustor (Shanghai Lian Yi Instrument Factory of
Optical Fiber and Laser, Shanghai, China) with the precision
of £1 wm in each direction under the microscope with ruler.
Meanwhile, the end of separation channel outlet of the glass
microchip was rubbed away to a wedge shape with the thick-

“

Fig. 2. The schematic diagram of the microchip CE-ECL platform by end-
column mode. (1) glass microchip; (2) a piece of polymethyl methacrylate; (3)
UV transparent optic glass; (4) counter electrode; (5) working electrode; (6)
three-dimensional adjustor; (7) reference electrode; (8) screws; (9) polymethyl
methacrylate body.
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ness of 500 wm. The lower layer of the cell was made of a piece
of UV transparent optic glass through which the photons were
captured by the PMT. About 300 L cathodic cell was obtained
by the aid of Teflon thin films.

2.3. Electrophoresis procedure

A four-channel programmable high-voltage power supply
(0-2000V, Remax Electronic Co. Ltd., Xi’an, China) was
applied to perform the electrokinetic sample injection and
electrophoretic separation. The separation channel was treated
before use by rinsing with 0.1 mol L~! NaOH, twice distilled
water, and 10 mmol L~! PBS each for 5 min, then 10 mmol L~!
PBS (pH 9.0) with Ru(bpy)32+ was used as running buffer.
All these were carried out with the aid of a vacuum pump. In
the experiments, external platinum wires were used to provide
electrical circuit from the high voltage to the solutions in the
reservoirs. Sample plugs were injected into the separation chan-
nel by applying a voltage of 200V between the sample and
sample waste reservoirs for 30 s with the buffer reservoir and the
detection reservoir floating. Once the injection was completed,
the high voltages of 1500, 800, 800 and 0 V were applied to the
buffer reservoir, the sample reservoir, the sample waste reservoir
and the detection reservoir for the sample separation.

3. Results and discussion
3.1. Detection potential for both modes

The detection and separation conditions can be optimized
independently. In the format of microchip CE, electrochemical
detection was easily affected by the high separation voltage. In
this case, end-column detection modes were popular to minimize
the influence of separation voltage, and the working electrode
is positioned tens of micrometers from the exit of the separa-
tion channel. This distance allows sufficient decoupling of the
working electrode and detector from the separation voltage.
However, since the separation voltage is grounded within the
detection reservoir, the remaining separation field causes poten-
tial shifts at the working electrode. Therefore, it is necessary
to perform a cyclic voltammogram for a given analyte, under
the exact separation conditions that will be employed, to deter-
mine the appropriate detection potential. Cyclic voltammogram
of Ru(bpy)3>* with separation voltage in pre-column mode was
shown in Fig. 3. And it is similar to the cyclic voltammogram in
post-column mode (not shown). The proper potential was chosen
to bias at 1.2 V (versus Ag/AgCl), near the oxidation potential of
Ru(bpy)3%*, in both pre-column mode and post-column mode.

3.2. Concentration of Ru(bpy)3°* for both modes

However, the presence of Ru(bpy)3>* in the CE electrolyte
affects the separation and various buffer components (notably
OH™) affect the CL reactions. One of the most important detec-
tion parameters is the optimum concentration of Ru(bpy)s>*
added to the CE electrolyte. The concentration of Ru(bpy)s3>*
in the electrolyte has a large impact on background CL sig-

Current / uA
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Fig. 3. Hydrodynamic cyclic voltammogram of 1.5mmol L=' Ru(bpy)32* in
10 mmol L~! PBS running buffer with separation voltage. Scan rate, 100 mV/s.
The distance between the separation channel outlet and the electrode was 30 pwm.

nal and dynamic range; a lower concentration of Ru(bpy);>*
leads to a lower background, while a high concentration of
analyte may deplete the available Ru(bpy)3>* at the outlet
end of the separation channel leading to a non-linear working
curve. Fig. 4 shows the S/N at each Ru(bpy);>* concentra-
tion for 1.0 x 10~*mol L~ TPA in pre-column mode (curve
a). 1.5mmol L~ Ru(bpy);2* gives the best S/N, and has been
used for all experiments in pre-column mode. However, in post-
column mode, Ru(bpy)s;>* was directly added in the cathodic
cell, which resulted in a dilution of Ru(bpy)32+ near the sur-
face of the working electrode by the running buffer flowed from
the microchip, higher concentration of Ru(bpy);2* should be
used. Fig. 4 (curve b) shows 5.0mmol L~! Ru(bpy)s** gives
the best S/N in the post-column mode. Therefore 5.0 mmol L~
Ru(bpy)32* has been chosen for all experiments in post-column
mode.

30

20+ /-/°\

N
/
/
/
/

o [/

0 T T T T T T T T T T T
0 2 4 6 8 10

Ru(bpy),”" mmol L

Fig. 4. Effects of concentrations of Ru(bpy)32* in the running buffer (a) and in
the cathodic cell (b) on the signal-to-noise ratio for 1.0 x 10~*molL~! TPA.
The distances between the separation channel outlet and the electrode were 30
and 120 wm in the pre-column and post-column modes, respectively.
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Fig.5. 1.0 x 10~* mol L~! TPA ECL intensity and corresponding theory plates
number (inset) in 5 mmol L~! Ru(bpy)3 2+ golution with the post-column mode.

3.3. Effect of the distance between the outlet and the
working electrode for both modes

For microchip CE-ECL detection system, the distance
between the electrode and the capillary outlet is an important
factor that influences the separation efficiency and detection
sensitivity. Generally, large distance results in analyte band dis-
persion and loss of efficiency. Fig. 5 shows the effect of the
outlet to electrode distance on the peak height and the theoretical
plate numbers for TPA in post-column mode. For the distance
smaller than 120 pm, the dispersion of CE buffer diluted the
concentration of Ru(bpy)3>* in the region of detection. For dis-
tance larger than 150 wm, a decrease of peak height of ECL
was observed. The maximum ECL intensity was obtained at a
distance of 120 wm. As a measure of separation efficiency, the
theoretical plate numbers (V) were calculated on the basis of TPA
signals for different outlet to electrode distances (the inset). The
maximum N was only 9000 obtained for the distance from 100
to 150 pm. It can be explained that too large a distance results in
a decrease of mass transport of analyte into the detection region.

For the pre-column mode, the optimum distance was greatly
different. Fig. 6 shows the effect of the distance between the
electrode and the separation channel outlet on peak height for
TPA. It can be seen that the ECL intensities were found to be
approximately independent of the positioning at the detector-to-
outlet distances between 0 and 60 pm. For distances larger than
60 wm, the ECL intensities declined rapidly with increasing dis-
tance from the outlet of separation channel. The result indicated
that the separation efficiency could be remained when the dis-
tance was less than the diameter of separation channel, which
is consistent with the results obtained with amperometric detec-
tion [32-35]. This result can offer us a convenience in adjusting
the distance between the detector and the outlet of separation
channel and decrease the errors between two operations.

3.4. Electropherograms of both modes

Fig. 7 is the electropherograms of 1.0 x 10~ mol L™ TPA,
1.0 x 10~* mol L~! tramadol and 4.0 x 10~° mol L~! lidocaine

15000 Mg
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0 v T v T g T g T \

L T 1
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Fig. 6. Effects of the distance of separation channel outlet to electrode on peak
height for 1.0 x 10~*mol L=! TPA in 10mmol L~! PBS. Separation voltage,
300 V/cm. Other conditions were the same as those in Fig. 3.

in pre-column mode and in post-column mode. In post-column
mode (a), only one peak can be obtained. TPA, tramadol and
lidocaine cannot be separated and the theoretical plate numbers
was only 9000. However, in pre-column mode, it can be seen
that TPA, tramadol and lidocaine can be separated completely
(b). And the theoretical plate numbers (N) were 91,000, 73,000
and 59,000 for TPA, tramadol and lidocaine, respectively. The
poorer separation efficiency for the post-column mode was due
to that Ru(bpy)3>*+ was directly added in the cathodic cell, which
resulted in a dilution of Ru(bpy)3>* near the surface of the work-

TPA
tramadol 5000 counts
£
C
3
]
[&]
lidocaine
b
a
T T T T T T T
50 100 150 200
Time/s

Fig. 7. Electropherograms of 1.0 x 10™* mol L~! TPA, 1.0 x 10~* mol L ™! tra-
madol and 4.0 x 10~ mol L~! lidocaine in post-column (a) and pre-column (b)
mode. Conditions: (a) 5.0 mmol L~' Ru(bpy)3%* in cathodic cell, 120 um dis-
tance between the separation channel outlet and the electrode; (b) 1.5 mmol L-!
Ru(bpy)3* in running buffer, 30 wm distance between the separation channel
outlet and the electrode.
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Fig. 8. Electropherograms of a mixture containing (a) 1.0 x 10~° mol L~! TPA,
3.0 x 107 mol L™! tramadol and 5 x 10~® mol L~! lidocaine; (b) 2 times of (a);
(c) 10 times of (a); (d) 20 times of (a). Other conditions were the same as those
in Fig. 3.

ing electrode by the running buffer flowed from the microchip,
and in order to maintain high concentration of Ru(bpy)s 2* near
the working electrode, the distance from the outlet to the working
electrode should be very large, while the large distance leads to
the low separation efficiency and low theoretical plate numbers
for the analytes diffusion.

3.5. Analytic performance in pre-column mode

Electropherograms of the mixtures of TPA, tramadol and
lidocaine with different concentrations were shown in Fig. 8.
The ECL intensities for detection of TPA, tramadol and
lidocaine as a function of concentrations were found to
be linear from 1.0 x 107 to 1.0 x 10~*molL~! for TPA,
2.0x 1070 t0 1.0 x 10~*mol L~ for tramadol, and 5.0 x 10~¢
to 1.0 x 10~*mol L~! for lidocaine with the detection limits
(S/N=3) of 5.0 x 10" molL~! for TPA, 1.0 x 10~ molL~!
for tramadol, 3.0 x 10~® mol L™! for lidocaine, respectively.

4. Conclusion

Ru(bpy);>*-based electrochemiluminescence detection cou-
pling with microchip CE in a end-column configuration was
investigated systematically. The optimal operational parameters
for two detection modes, pre-column mode and post-column
mode, for the microchip CE-ECL system were obtained and
compared. And in pre-column mode, TPA, tramadol and lido-
caine can be completely separated with high separation effi-
ciency. Pharmaceuticals such as tramadol and lidocaine can be
successfully detected by this detection system. The results in this
work are instructive to facilitate ECL detection for application

to micro total analytical system and show a good prospect for
the determination of medicines in clinical analysis.

Acknowledgements

The support of this research by the National Natural Science
Foundation of China (20475025, 90206037, 20575029) and the
Natural Science Foundation of Jiangsu (BK 2004210) is grate-
fully acknowledged.

References

[1] I. Rubinstein, A.J. Bard, Anal. Chem. 55 (1983) 1580-1582.

[2] J.B. Noffsinger, N.D. Danielson, Anal. Chem. 59 (1987) 865-868.

[3] S.N. Brune, D.R. Bobbitt, Anal. Chem. 64 (1992) 166-170.

[4] T.M. Downey, T.A. Nieman, Anal. Chem. 64 (1992) 261-268.

[5] M. Zorzi, P. Pastore, F. Magno, Anal. Chem. 72 (2000) 4934-4939.

[6] K.A. Fahnrich, M. Pravda, G.C. Guilbault, Talanta 54 (2001) 531-559.

[7] R.D. Gerardi, N.W. Barnett, S.W. Lewis, Anal. Chim. Acta 378 (1999)
1-41.

[8] A.W. Knight, Trends Anal. Chem. 18 (1999) 47-62.

[9] W.Y. Lee, Mikrochim. Acta 127 (1997) 19-39.

[10] A.W. Knight, G.M. Greenway, Analyst 119 (1994) 879-890.

[11] J.G. Velasco, Bull. Electrochim. 10 (1994) 29-38.

[12] N.N. Rozhitskii, J. Anal. Chem. 47 (1992) 1288-1301.

[13] J.G. Velasco, Electroanalysis 3 (1991) 261-271.

[14] G.A. Forbes, T.A. Nieman, J.V. Sweedler, Anal. Chim. Acta 347 (1997)
289-293.

[15] X. Wang, D.R. Bobbit, Anal. Chim. Acta 383 (1999) 213-219.

[16] X. Wang, D.R. Bobbit, Talanta 53 (2000) 337-345.

[17] H.P. Hendrickson, P. Anderson, X. Wang, Z. Pittman, D.R. Bobbitt,
Microchem. J. 65 (2000) 189-195.

[18] D.R. Bobbit, W.A. Jackson, H.P. Hendrickson, Talanta 46 (1998)
565-572.

[19] W. Cao, J. Liu, X. Yang, E. Wang, Electrophoresis 23 (2002) 3683-3691.

[20] W. Cao, J. Liu, H. Qiu, X. Yang, E. Wang, Electroanalysis 14 (2002)
1571-1576.

[21] M.-T. Chiang, M.-C. Lu, C.-W. Whang, Electrophoresis 24 (2003)
3033-3039.

[22] M.-T. Chiang, C.-W. Whang, J. Chromatogr. A 934 (2001) 59-66.

[23] X. Huang, R.N. Zare, S. Sloss, A.G. Ewing, Anal. Chem. 63 (1991)
189-192.

[24] S.-N. Ding, J.-J. Xu, H.-Y. Chen, Electrophoresis 26 (2005) 1737-1744.
[25] Y. Du, H. Wei, J. Kang, J. Yan, X.-b. Yin, X. Yang, E. Wang, Anal.
Chem. 77 (2005) 7993-7997.

[26] S.-N. Ding, J-J. Xu, W.-JL
doi:10.1016/j.talanta.2006.01.017.

[27] W. Zhan, J. Alvarez, RM. Crooks, J. Am. Chem. Soc. 124 (2002)
13265-13270.

[28] W. Zhan, J. Alvarez, R.M. Crooks, Anal. Chem. 75 (2003) 313-318.

[29] A. Arora, J.C.T. Eijkel, W.E. Morf, A. Manz, Anal. Chem. 73 (2001)
3282-3288.

[30] H. Qiu, J. Yan, X. Sun, J. Liu, W. Cao, X. Yang, E. Wang, Anal. Chem.
75 (2003) 5435-5440.

[31] X.-c. Zhao, T.-y. You, H.-b. Qiu, J. Yan, X. Yang, E. Wang, J. Chro-
matogr. B 810 (2004) 137-142.

[32] S.R. Wallenborg, K.E. Markides, L. Nyholm, Anal. Chim. Acta 344
(1997) 77-85.

[33] R.P. Baldwin, T.J. Roussel, M.M. Crain, V. Bathlagunda, D.J. Jackson, J.
Cullapalli, J.A. Conklin, R. Pai, J.F. Naber, K.M. Walsh, R.S. Keynton,
Anal. Chem. 74 (2002) 3690-3697.

[34] J. Wang, B. Tian, E. Sahlin, Anal. Chem. 71 (1999) 5436-5440.

[35] Y. Zeng, H. Chen, D.W. Pang, Z.L. Wang, J.K. Cheng, Anal. Chem. 74
(2002) 2441-2445.

Zhang, H.-Y. Chen, Talanta,



Available online at www.sciencedirect.com

-.* ScienceDirect

Talanta

ELSEVIER

Talanta 70 (2006) 408—413

www.elsevier.com/locate/talanta

Fast simultaneous spectrophotometric determination of naphazoline nitrate
and methylparaben by sequential injection chromatography

Petr Chocholous, Dalibor §atinsk}’l, Petr Solich *

Department of Analytical Chemistry, Faculty of Pharmacy, Charles University, Heyrovského 1203, Hradec Krdlové 50005, Czech Republic

Received 20 January 2006; received in revised form 23 February 2006; accepted 23 February 2006
Available online 11 April 2006

Abstract

Fast simultaneous determination of naphazoline nitrate and methylparaben in pharmaceuticals using separation method based on a novel
reversed-phase sequential injection chromatography (SIC) is described in this contribution as an alternative to classical HPLC. A Chromolith™
Flash RP-18¢ (25 mm x 4.6 mm) column (Merck®, Germany) and a FIAlab® 3000 system (USA) with a six-port selection valve and 5.0 ml syringe
pump were used for sequential injection chromatographic separations in our study. The mobile phase used was methanol/water (40:65, v/v), pH 5.2
adjusted with triethylamine 0.8 plml~! and acetic acid, at flow rate 0.9 mlmin~'. UV detection provided by DAD detector and two wavelengths
were simultaneously monitored for increasing sensitivity of determination. Detector was set up at 220 nm for naphazoline nitrate and 256 nm for
methylparaben and ethylparaben (IS). There is no necessity to use pre-adjustment of sample of nasal drops (only dilution with mobile phase) so
the time of the whole analysis is very short. The validation parameters have shown good results: linearity of determination for both components
(naphazoline nitrate and methylparaben), correlation coefficient >0.999; repeatability of determination (R.S.D.) in the range 0.5-1.6% at three
different concentration levels, detection limits 0.02 g ml~! (naphazoline nitrate) and 0.20 wg ml~! (methylparaben and ethylparaben), and recovery
from the pharmaceutical preparations in the range 100.06—102.55%. The chromatographic resolution between peaks of compounds was more than
4.0 and analysis time was less than 4 min under the optimal conditions. The advantages and drawbacks of SIC against classical HPLC are discussed

showing that SIC can be an advantageous alternative in many cases.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Sequential injection chromatography; Monolithic column; Naphazoline nitrate; Methylparaben; Spectrophotometric determination

1. Introduction

In the last few years, special attention was given to sequen-
tial injection analysis (SIA), high versatile technique based on
a programmable flow as an economical and expeditious alter-
native for the automation of analytical procedures [1]. SIA has
been proposed by Ruizicka and Marshall as an efficient tool for
automated liquid handling, especially performing of derivatisa-
tion reactions [2]. The technique is based on forward and reverse
movement of a piston of syringe pump, which together with a
multi-position selection valve enables precise sampling of chem-
icals into the system and propelling of the sequenced zones to
the reactors and detector [3]. Automation, speed of the analy-
sis and low consumption of sample and reagents are the most
important features that favour the SIA technique for application

* Corresponding author. Fax: +420 495 518 718.
E-mail address: solich@faf.cuni.cz (P. Solich).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.065

in many fields of analysis, primarily by more complicated opera-
tions such as sample pre-treatment or monitoring of long lasting
processes [4—6]. On the other side, SIA technique itself has gen-
erally one important drawback—it cannot primarily provide the
separation procedure and analysis of multi-component samples.

This weak point was solved by coupling of short monolithic
column [7] with STA manifold. The new method called sequen-
tial injection chromatography (SIC) was recently successfully
applied in the analysis of relatively simple multi-component
samples like pharmaceuticals [8—11].

The use of monolithic columns (formed from a single piece of
porous silica gel) enabling operation at high flow rates with lower
back-pressure [12]. This feature can be used for integrating these
columns into a SIA manifold and for extending the possibilities
of SIA technique (the back-pressure limit range of the syringe
pump in SIA apparatus is about 2.5 MPa).

The problem of determination of one analyte in the presence
of other compounds or complex matrix using STA method could
be solved by using selective detectors or different analytical
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tools. There can be mentioned fluorescence for determination of
complex formed between naproxen and (3-cyclodextrin in sam-
ple without any previous separation, extraction or other sample
preparation [13], chemiluminescence for monitoring of glucose
and penicillin during cultivations using specific reactions [14],
selective sensors —ion selective electrodes sensitive to penicillin-
G antibiotics for pharmaceutical products analysis [ 15], selective
extraction —anion exchange solid phase micro-column for simul-
taneous determination of benzophenone-4 and phenylbenzimi-
dazole sulphonic acid in sunscreen sprays [16], determination
of organic acids and sugars in soft drinks by Fourier transform
infrared spectroscopy [17], solid phase C18 RAM for direct
determination of furosemide in serum [ 18], liquid-liquid micro-
extraction using lab-on-valve (LOV) and a separating chamber
for determination of diphenhydramine hydrochloride in phar-
maceutical preparations and anionic surfactant in water samples
[19], reaction columns—reduction copperised cadmium column
for the determination of nitrate and nitrite in water samples
[20,21], gas-diffusion unit for determination of ammonium in
environmental samples [22], dialysis through a cellulose mem-
brane was used to enable sample dilution and matrix separation
to quantify pH, chloride and nickel in electrolytic baths [23],
LOV format for simultaneous spectrophotometric determina-
tion of copper and iron in wastewater [24], lab-on-valve system
using chelating Sepharose beads as sorbent material for the
determination of ultra-trace levels of Cd2*, Pb2* and Ni* by
electrothermal atomic absorption spectrometry [25], selective
reaction of sulphate with barium-dimethylsulphonazo(IlI) for
sulphate determination in automotive fuel ethanol [26] or use
of special mathematical models—multivariate curve resolution
with alternating least squares for simultaneous determination
of analytes in the presence of interferents without the need to
pretreat the sample [27].

Naphazoline nitrate (NN: 2-(1-naphthylmethyl)-2-imidazo-
line nitrate) depicted in Fig. 1, is an imidazolic o-
sympathomimetic drug used like relatively long-lasting action
nasal decongestive substance to threat rhinitis. Methylparaben

® j
_CH,
o O
- HNO,
" *  HO
H

Fig. 1. Structure of naphazoline nitrate (A) and methylparaben (B).

(MP: methyl p-hydroxybenzoate) depicted in Fig. 1, is effective
antibacterial and antifungal agent, which is commonly used as
preservative in foods, beverages, cosmetics and pharmaceuti-
cals.

Very recently, naphazoline salt was analysed by first-
derivative UV spectrophotometry [28] and by chemomet-
ric assisted simultaneous spectrophotometric determination
together with methyparaben, phenylephrine and diphenhy-
dramine [29]. There has been no separation method found in
the literature for simultaneous determination of NN and MP.

2. Experimental
2.1. Apparatus

2.1.1. Sequential injection system and monolithic column

A commercially available instrument FIAlab® 3000 system
(FIAlab® Instruments Inc., Bellevue, USA) with a syringe pump
(syringe reservoir 5.0ml) and a 6-port selection Cheminert®
valve (Valco Instrument Co., Houston, USA) was used. The
manifold was equipped with fiber-optic UV—vis diode array
detector USB 2000 (Ocean Optics Inc., Dunedin, USA), 10 mm
Z-flow cell (Avantes, CO, USA) and UV light source D-1000-
CE (Analytical Instrument Systems Inc., Flemington, USA).
The whole SIC system was controlled by the program FIAlab®
for Windows 5.0. Flow lines were made of 0.75 mm i.d. PTFE
tubing. Mobile phases and samples were aspirated through the
6-port multi-position valve and then delivered to the monolithic
column and to the detector. On-line sample separation was per-

DAD

V

PC

Fig. 2. Scheme of SIC set-up for determination of NN and MP. DAD, DAD detector; MC, monolithic column; MP, mobile phase; MV, 6-port multi-position valve;
SP, syringe pump; SV, solenoid valve; S1-S3, Sample 1-3; PC, computer, UV, UV lamp, W, waste, ZFC, Z-flow cell.
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formed on C-18 monolithic column Chromolith™ Flash RP-18
(25 mm x 4.6 mm) (Merck, Darmstadt, Germany) coupled with
monolithic precolumn (5 mm x 4.6 mm) (Merck). The Mono-
lithic column with precolumn was placed between the multi-
position valve and flow cell of the detector. A scheme of the
sequential injection chromatography system with the monolithic
column is depicted in Fig. 2.

2.1.2. HPLC apparatus

Preliminary experiments concerning the composition of
mobile phase for precise separation were performed on HPLC
system consisting of a pump (Ecom LCP 4100, Prague, Czech
Republic), autosampler (Waters 717, Milford, USA), UV detec-
tor (Waters 486) and data processing software CSW v. 1.7 for
Windows (Data Apex s.r.o., Prague, Czech Republic). Anal-
yses were performed on the same above-mentioned column.
Mobile phases of different composition were tested at flow rate
0.9 mlmin~! and the detector was set on 220 nm.

2.2. Reagents

Naphazoline nitrate was obtained from IVAX Pharmaceu-
ticals s.r.o. (Czech Republic, PhEur3 grade quality), methyl-
paraben was obtained from Zentiva, a.s. (Czech Repub-
lic, PhEur3 grade quality), ethylparaben was obtained from
Sigma—Aldrich (Czech Republic, PhEur3 grade quality) and
organic modifiers for mobile phase preparation were obtained
from Sigma—Aldrich. Methanol (Chromasolv, for LC) was
obtained from Sigma—Aldrich. All other used chemicals were of
analytical grade quality. Millipore Milli-Q RG (Millipore s.r.o0.,
Czech Republic) ultra pure water was used for preparing the
solutions. Mobile phases were degassed by helium before use.
Stock standard solutions were prepared in water with addition
of methanol (5%) and were stored at 5 °C for 1 month. The final
concentrations of the sample working standard solutions or ref-
erence standards for pharmaceutical preparations analysis were
prepared by diluting the stock solution in the mobile phase.

2.3. Method and sample preparation

2.3.1. Mobile phase

The optimal mobile phase for separation of NN, MP and
internal standard EP was methanol/water (40:65, v/v), pH 5.2
adjusted with triethylamine 0.8 I m1~! and acetic acid; flow rate
0.9 mlmin~" at ambient temperature. Volume of mobile phase
used for one analysis was 3.5 ml. Mobile phase was degassed
before application by means of helium.

2.3.2. Solutions and sample preparation

The tested pharmaceutical preparation was Sanorin® 0.5%¢
(IVAX, Czech Republic) containing 500 g of NN and 1000 g
of MP in 1.0 ml of nasal drops. Determination of the active sub-
stances in pharmaceutical was done by the following procedure:
1.00 ml of Sanorin® 0.5%o solution was transferred to 50.00 ml
calibrated flask; then 5.00 ml methanol and 1.00 ml of stock solu-
tion of internal standard ethylparaben was added. The sample

was homogenized and dissolved by 5 min sonication; the time
period 15 min was let for temperature stabilization, then the flask
was filled to the mark with mobile phase and mixed. The com-
parative standard solution was the same for all the analysis and
it was prepared diluting stock standard solution in 50.00 ml cal-
ibrated flask with 5.00 ml methanol and then the flask was filled
to the mark with mobile phase and mixed. The final concen-
trations of the analytes in comparative standard solution were
10 wgml~! of NN, 20 wg mI~! of MP and 20 pg ml~! of EP. A
volume of 10 1 of sample was analyzed by SIC system. Stan-
dards and samples were measured in triplicates and the mean
peak height values were used for data acquisition.

3. Results and discussion
3.1. Method development and optimization

The incorporation of monolithic columns to SIA manifold
has already been introduced in our previous works [7—11]. The
main aim of the present study was to find optimal separation
conditions of the sequential injection cycle for simple method of
determination of NN and MP, and to explore practical suitability
of this method for analysis in pharmaceutical solution. The opti-
mization of mobile phase was started with Chromolith® Flash
RP-18 column 25 mm x 4.6 mm and methanol/water (50:50,
v/v) mobile phase. The mobile phases containing methanol as
organic part have shown better separation of peaks and peak
symmetry than acetonitrile containing mobile phases and the
optimization was focused to make a proposal appropriate ratio
of methanol/water mobile phase composition. In order to achieve
a sufficient symmetry of the peaks together with a good separa-
tion of compounds and a short retention time, the optimal mobile
phase for the separation of NN, MP was founded methanol/water
(40:65, v/v), pH adjusted to 5.2 by means of triethylamine
0.8 wIml~! and acetic acid and flow rate of it 0.9 mlmin~".
Ethylparaben (EP) was chosen as a suitable internal standard.
The sample injection volume was 10 pl. The proposed system
enabled successful separation of target analytes in the time less
than 4 min and total volume of mobile phase for one analysis
was 3.5 ml. Standards and samples were measured in triplicates
and the mean peak height values were used for data acquisi-
tion. The typical sequence of particular steps of the program is
mentioned in Table 1 (action description of all parts of system).
From the UV spectra of NN and MP in mobile phase, the optimal
detection wavelength of 220 nm for NN and 256 nm for MP and
internal standard EP was chosen. Peak height evaluation was
performed using the FIAlab® software. Representative sequen-
tial injection chromatogram showing successful separation of
active substances of Sanorin® 0.5% including internal standard
is shown in Fig. 3.

3.2. Parameters of sequential injection chromatography
process

The target compounds were successfully separated using the
proposed procedure and basic chromatographic parameters were
calculated from experimental data, such as retention times, peak
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Table 1
The sequence of particular steps of the SIC control program for Sanorin® 0.5%. determination (a single cycle)
Unit Command Parameter Action
Solenoid valve Valve in Set valve position
Syringe pump Set flow rate (uls—!) 100
Syringe pump Aspirate (pl) 3500 Mobile phase aspirated
Solenoid valve Valve out Set valve position
Multi-position valve Valve port 2
Syringe pump Set flow rate (uls—!) 10
Syringe pump Aspirate (pl) 10 Sample aspirated
Multi-position valve Valve port 6
Syringe pump Set flow rate (uls™!) 15
Syringe pump Dispense (1) 1200 Elution of NN
Syringe pump Set flow rate (uls™!) 15
Syringe pump Dispense (1) 900 Elution of MP
Syringe pump Set flow rate (uls™!) 15
Syringe pump Dispense (1) 1400 Elution of EP
0.4 1 NN (concentration range 0.065, 0.13, 0.26, 0.52, 1.04, 3.13,
ey L ;;\(f)e:;?hts 6.25 and 12.50 pgml~!) and it is described by the following
- " equation: A =(0.0507 £=0.0004)c + (0.0019 £+ 0.0019) (where A
§ ;95 is the absorbance and c the analyte concentration), the cor-
g 0.2 4 _— i relation coefficient was 0.9998; for MP and EP six exper-
2 Injection ane imental points (concentration range 1.30, 2.60, 5.20, 15.63,
T " 31.25, 62.50 ugml~!) and they are described by following
i equations: MP A =(0.0142 £ 0.0002)c — (0.0179 £ 0.0058), the
0 . . ar J/k . . correlation coefficient was 0.9996; and for internal standard
( 50 100 150 200 250 300 350 EP: A=(0.0088 & 0.0002)c — (0.0157 £0.0047), the correla-
Time (sec) tion coefficient was 0.9993. The limit of detection (LOD) was

Fig. 3. SI chromatogram of the separation of active substances of Sanorin®

0.5%0 nasal drops. Mobile phase: methanol/water (40:65, v/v), pH 5.2 adjusted
with triethylamine 0.8 pl ml~! and acetic acid, flow rate 0.9 ml min~! at ambient
temperature, UV detection at 220 and 256 nm.

symmetry, number of theoretical plates and peak resolution; they
are given in Table 2.

3.3. Validation and analytical parameters of the method

The developed method was validated in order to evaluate if
adequate linearity, sensitivity, repeatability, recovery, selectiv-
ity, precision and accuracy had been achieved. Linearity was
established with a series of working solutions prepared by dilut-
ing the stock solution with mobile phase to the final concen-
trations. Each concentration was injected in triplicate and the
mean value of peak height was used for the calibration curve.
The calibration graphs involved eight experimental points for

Table 2

Characterization of SIC process
Nafazoline Methylparaben Ethylparaben
nitrate

Retention time (s) 55 83 160

Peak symmetry 2.67 1.59 1.75

Number of theoretical 848.4 1418.3 2157.3

plates
Peak resolution Ranvp =4.0 Rmpep=6.4

calculated by comparison of the three-fold variation of signal
to noise ratio (3 S/N) obtained from analysis of the standards,
and the limit of quantification (LOQ) was defined as the lowest
measured quantity above which the analyte can be quantified at
a given statistical level of (10 S/N). The system precision of the
method was determined by preparing the standards of NN, MP
and EP at three concentration levels (25, 50 and 250 times diluted
drops) and peak heights for each compound were determined
after processing each standard eight times. The method vali-
dation results obtained under the final conditions are shown in
Table 3. The method was found to fulfill common requirements
of accuracy, precision and linearity (calibration range with corre-
lation coefficient >0.999, R.S.D. for repeated standard injections
at three concentration levels (n =8) less than 1.6%). To validate
the precision of the method, a number of six different pharma-
ceutical sample solutions were used, which were prepared from
the same batch and analyzed consecutively. This approach pro-
vides a means of covering the precision of the entire method,
from sample preparation to data handling. The precision of the
method calculated as R.S.D. of six sample determination, includ-
ing sample preparation, was 1.45% for NN and 1.44% for MP.
The mean values of found amount were average 99.41% of NN
and 97.29% of MP. The accuracy of the method was carried out
measuring of the pharmaceutical samples fortified with known
quantity of the analytes (addition of 100% amount of the stan-
dards to pharmaceutical preparation). Spiked sample solutions
and un-spiked sample solutions were compared for recovery
evaluation. The method accuracy results—mean values of the
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Table 3
Analytical parameters and method validation results

Nafazoline nitrate

Methylparaben Ethylparaben

Calibration range (ugml~!) 0.065-12.50 1.30-62.50 1.30-62.50
Correlation coefficient 0.9998 0.9996 0.9993
Limit of detection (ug ml~!) 0.02 0.20 0.20
Limit of quantification (wgml~") 0.06 0.60 0.60
System precision—drops diluted 25x (%)* 1.05 1.37 1.35
System precision—drops diluted 50x (%)* 1.36 0.87 0.52
System precision—drops diluted 250x (%)* 0.84 1.58 0.76
Repeatability of Tr (%)* 0.53 1.01 0.66
Method precision (%)° 1.45 1.44
Accuracy—spike recovery (%)° 102.55 100.06

# Relative standard deviation (R.S.D.) values were calculated for repeated standard injections (n=8).

b R.S.D. for repeated injections of multiple sample preparations (n=6).

¢ Spiked sample solutions.
Table 4
Comparison of HPLC and SIC
Characteristic HPLC SIC Benefit SIC
Possibility of separation Yes Yes—simple mixtures?® No
Using of chromatographic columns Yes Only short monolithic® No
Variability of detection Yes Yes
Flow of mobile phase Continual Discontinual Yes
Direction of flow of mobile phase One way Both ways + stop flow Yes
Speed of mobile phase Constant Variable
Consumption of mobile phase High Low (discontinual flow)® Yes
Speed of the analysis Average Average
Use of reagents (reactions) Limitedd Yes Yes
Pre-treatment of sample Yes (restricted) Yes Yes
Automation of measurement High High
Robustness of measurement High Average® No
Data evaluation Sophisticated Simple No
Reproducibility High High
Cost of instrumentation High Low! Yes
Portability of analyzer No Yes® Yes

2 From two to five substances.

b At present.

¢ Mobile phase is flowing during the separation only.
4 Post-column derivatization.

¢ Sometimes problems with higher pressure in system, restriction in column lengths.

f Two to three times cheaper.
¢ Small-sized box.

recoveries were found as 102.55% for NN and 100.06% for MP.
Assay values of recoveries show that the method allows direct
determination of NN and MP in commercial dosage forms in the
presence of other adjuvants.

3.4. Determination in pharmaceutical product

The method developed has been applied to the determina-
tion of NN and MP in nasal drops Sanorin® 0.5%c. The drops
were commercially available on the Czech market. The interfer-
ence effect of adjuvants (boric acid and ethylendiamine) was not
observed. The samples were prepared by dilution 50 times with
mobile phase containing IS. For analysis, a loop of three loads of
comparative standard solution was programmed, three loads of
first sample solution and three loads of second sample solution
prepared from one pharmaceutical. The results of determination

of samples (same batch) were in the range (96.78-101.59%) for
NN and (95.37-99.26%) for MP of declared value. The proce-
dure of sample preparation was simple, fast and achieving high
precision and low sample and reagent consumption.

4. Conclusion

The proposed SIC system was proved to be a convenient and
efficient tool for the separation and determination of naphazoline
nitrate and methylparaben in pharmaceutical preparation (nasal
drops). The simultaneous analysis of both compounds has never
been described before. SIC technique shows several advantages
as short time of analysis and possibility of on-line use of reagents
in all steps of determination. The production of the waste and the
consumption of solvents are lower than in HPLC methods (due to
discontinual flow), this enable reduction of cost per analysis (at
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least twice). Easy liquid manipulation not attainable by classical
HPLC set up, dimensions of the SIC system and portability of
analyzer provides the opportunity for analysis “on field”.

On the other hand, SIC has several disadvantages like lim-
ited ability of separation due to short (only monolithic) column
and limited amount of mobile phase available for one analy-
sis due to the use of 5ml syringe pump. Also robustness of
SIC technique is not as high as in HPLC and data processing is
rather elementary (only peak height at present). A comparison
of different characteristics of HPLC and SIC together with their
advantages/disadvantages is shown in Table 4.

The coupling of the commercial monolithic column with
high separation performance at lower pressure to SIA mani-
fold allows to carry out simple separations without an expensive
instrumentation such as the HPLC. From this point of view, the
low-pressure monolithic silica columns opened a new area offer-
ing separation analysis in highly flexible sequential injection
systems. Moreover, the use of two wavelengths simultaneously
in our method provides additional increasing of sensitivity of
determination (measuring in wavelength of absorbance maxi-
mum of each compound). In summary, the SIC system can be
an important tool for the rapid separation and quantification of
several compounds in pharmaceutical analysis.
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Abstract

Supercritical CO,-based fluid is not only being considered as environmentally benign medium for photoresist (PR) removal in electronic device
manufacture, but also capable of challenging feature dimensions. Despite many attractive properties, clear supercritical CO, has little solvating
power for PR. Here, two acetate modifiers were selective to add in the CO, and evaluated individual contribution to the overall stripping rate by
factorial experiment design, which included four other factors with four level ranges for each one and concluded the best 90% extraction efficiency
would be obtained under the optimized parameters: 2.5 min static time, 35 min dynamic time, 1.25 ml ethylacetate spiked, 125 °C oven temperature
and 480 atm CO, pressure. As analyzing the variances of these contributors to this system, it disclosed that dynamics controlled the stripping
mechanism before near 35 min purging but thermodynamics took over after then; and that increasing pressure was more competent for removing
PR than increasing temperature. All supercritical extracts were from two commercial PR coated on two substrates and analyzed by UV absorption

spectrometry. Removing PR coated on silicon oxide layer was easier than that on Al-Cu alloy one.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Supercritical; Photoresist; Stripping; Factorial experiment design; Extraction; Alloy

1. Introduction

The microelectronics manufacture is the largest industry in
the world and has continued to keep pace with Moore’s law of
exponential progress for decades [1,2]. Current practices use
hazardous chemicals and enormous amounts of purified water
during successive processing steps. It is estimated that a typical
chip-fabrication plant where production of a 2 g microchip can
consume 32 kg of water, 700 g of ultra-pure gases, 1.6 kg of fossil
fuels, as well as 72 g of chemicals [3]. Besides the considera-
tion of environmental safety and healthy impact, any alternative
technologies are not just “greener” but provide valid technical
advantage that meets innovative component design. Supercriti-
cal fluid (SF) technology is not surprisingly the prior candidate
for the identification 2015 of the 2001 International Technology
Roadmap for Semiconductors.

Increasing numbers of applications and successful
commercial-scale processing involving SF with various

* Corresponding author. Tel.: +886 4 24730022; fax: +886 4 23248194.
E-mail address: cjl@csmu.edu.tw (J.-L. Chen).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.066

cosolvents have been demonstrated in a variety of fields
[4-8]. Achievable application of SF in integrated circuit
manufacturing operations, including wafer cleaning, film
deposition, photoresist (PR) developing, drying, and stripping,
were reviewed [9—11]. Traditional PR wet-stripping techniques
produce a large liquid waste stream than other steps in the IC
process and will be likely the first SF application integrated
into IC processing lines. SF remover of PR minimizes the use
of hazardous solvents and eliminates rinsing and drying steps,
thereby streamlining the manufacturing process and excluding
the need for ultra-pure deionized water, thus reducing time,
energy, and cost. Using this remover, moreover, presents the
adaptation to the smallest features less than 100 nm because SF
has zero surface tension and a gaslike viscosity. A group in Los
Alamos National Laboratory developed a series of SF cleaning
processes and carried out in collaboration with equipment
makers to found a commercial device [12-16].

A favorable PR partition trend much more toward SF than
the substrate surface indicates the high solubility of PR in SF
medium and also a great success of quantitative extraction in
a reasonable time and thereby a minimum SF consuming. The
high compressibility of SF allows the solubility and diffusivity to
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be widely varied by simple pressure control of density. Tempera-
ture must simultaneously be optimized for solvating power since
the detachment of adhesive PR solutes from matrices expands
with increase temperature. The addition of suitable cosolvent
into the SF usually lightly adjusts the polarity compatible to
PR and remarkably facilitates PR removal from wafer. All SF
parameters have to be coordinately optimized so that an extract
of the desired composition could struggle kinetically against the
binding matrices and inhabit a thermodynamically stable state
in the modified SF. Since many variables have to be consid-
ered simultaneously in the SF PR stripping, factorial designs
[17] and multilinear regression [18,19] both are formal opti-
mization methods, excluding trial-and-error, namely univariate,
procedure.

Here, we also present two factorial designs to optimize the
stripping of two commercial PR on silicon oxide and metallized
layers with two cosolvents added in SF-CO,;. Except the attempt
to raise the extraction efficiency, an understanding of the funda-
mental mechanisms responsible for processing of PR stripping
is desired.

2. Experimental
2.1. Reagents and chemicals

Dichloromethane (TCI, Tokyo, Japan), chloroform (TCI,
Tokyo, Japan), methanol (TEDIA, HPLC/Spectro grade),
ethanol (TEDIA, HPLC/Spectro grade), acetonitrile (Aldrich,
Milwaukee, WI, USA), propylene glycol monomethyl ether
acetate (PGMEA; Fluka, Switzerland), ethylacetate (EA; Merck,
Darmstadt, Germany) and CO, supercritical fluid (Scott Special-
ity Gases, 99% purity) were solvents used.

2.2. Apparatus

The ISCO SFX 220 Extraction Systems consisted of an SFX
220 Extractor, a 260 D syringe pump, and an SFX 200 Con-
troller, which controlled all pumping and extraction operations
through six motor actuated valves. The operation limits for the
system are 510 atm and 150 °C. Test tube clips were attached to
the side of the extractor, allowing analytes to be conveniently
collected in the tubes. To virtually eliminate sample plugging
of the restrictor as it was routed from the analyte outlet to the
collection vial, a restrictor temperature controller was set up for
coaxially heated capillary with fixed flow rate, 1 mI min—!. This
controller heated the entire restrictor by passing an electric cur-
rent through it for even heating. Jasco V530 spectrophotometer
was for UV absorption measurement.

2.3. Wafer sample preparation

Two types of sample with different coating PR were prepared
on the silicon wafer (200 mm diameter, 15-25 € cm, (1 0 0) face,
Taisil Electronic Material Corp., Hsinchu, Taiwan). PR-A (ZEP
520, polyhydroxystyrene derivatives, Shin-Etsu Chemical Co.
Ltd., Tokyo, Japan), 4000 A % 5% thickness, was spin-coated on
a silicon oxide layer, soft-baked at 90 °C for 30 s, and then hard-

baked at 200 °C for 120 s. The oxide layer, 2000 A =+ 4% thick-
ness, was made by plasma enhanced chemical vapor deposition
(PECVD). PR-B (YSB 663, polymethylstyrene derivatives, Nip-
pon Zeon Co. Ltd., Tokyo, Japan), 6000 A +2.3% thickness,
was spin-coated on an Al-Cu alloy layer (Al:Cu=99.5:0.5),
soft-baked at 90 °C for 30 s, and then hard-baked at 120 °C for
90 s. The alloy layer, 4000 A % 5% thickness, was made by vac-
uum sputtering. These wafers coated with PR were cut into strips
(4cm x 1 cm) to be samples.

2.4. Solubility test

A strip PR-A sample were immersed in 20 ml solvent without
stirring for 3 min. Seven solvents, including dichloromethane,
chloroform, methanol, ethanol, acetonitrile, PGMEA, and EA,
were tried. The suspended solutions were examined by spec-
trophotometer.

2.5. SF extraction (SFE)

Blank SFE test was preceded without sample inserted in
extraction vessel and cosolvent added in, but with the collec-
tion solvent ready to mix the purging SF-CO,. The collection
solvent could be PGMEA or EA.

Two sets of four-level factorial design were employed to
assess the significant five-factor (oven temperature, SF-CO;
pressure, static extraction time, dynamic elution time, and the
volume of organic modifier added directly to the solid samples)
for optimizing SFE condition. One design was for PGMEA
cosolvent added, the other for EA. The L16 orthogonal array
tables, Tables 1 and 2 coordinately instructed the following 16
experiments for PGMEA cosolvent in their individual parame-
ters, and Tables 1 and 3 for EA. For example, experiment no. 9
was assigned to the SFE parameters of 110 °C oven temperature,

Table 1
Design matrix for L16 (4°) factorial experiments and results

Run A B C D E Absorbance® Recovery (%)°
1 1 1 1 1 1 0.675 343
2 1 2 2 2 2 0.360 44.5
3 1 3 3 3 3 0.344 41.6
4 1 4 4 4 4 0.191 29.6
5 2 1 2 3 4 0.375 26.8
6 2 2 1 4 3 0.218 36.7
7 2 3 4 1 2 0.607 92.6
8 2 4 3 2 1 0.565 23.0
9 3 1 3 4 2 0.698 434

10 3 2 4 3 1 0.655 75.5

11 3 3 1 2 4 0.250 38.6

12 3 4 2 1 3 0.406 22.1

13 4 1 4 2 3 0.313 75.7

14 4 2 3 1 4 0.472 30.9

15 4 3 2 4 1 0.375 50.0

16 4 4 1 3 2 0.138 34.2

? The absorbance at 280 nm for the extract corresponding to the experimental
conditions described in Table 2.

b The PR recovery corresponding to the experimental conditions described in
Table 3.
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Table 2
Factors on L16 factorial design with PGMEA spiked and their significant contribution

A; oven temperature (°C) B; CO; pressure (atm) C; static time (min)

D; dynamic time (min)

E; spiked PGMEA (ml)

1 50 (0.392)* 500 (0.515) 15 (0.320) 25 (0.540) 0.75 (0.568)
2 80 (0.441) 400 (0.426) 10 (0.379) 20 (0.372) 0.50 (0.451)
3 110 (0.502) 300 (0.394) 5(0.520) 15 (0.378) 0.25 (0.320)
4 140 (0.325) 200 (0.325) 0(0.442) 10 (0.371) 0(0.322)
SSF® 0.0675 0.0746 0.0883 0.0831 0.1695

2 Datum in the parentheses presents the average response absorbance of individual factor.

Y The sum of squares due to a factor.

Table 3

Factors on L16 factorial design with EA spiked and their significant contribution

Aj; oven temperature (°C) B; CO; pressure (atm)

C; static time (min) D; dynamic time (min) E; spiked EA (ml)

1 95 (37.5) 500 (45.0)
2 105 (44.9) 490 (46.9)
3 115 (44.9) 480 (55.8)
4 125 (47.7) 470 (27.3)
SSFP 229.2 1709.2

7.5 (36.0) 40 (45.0) 1.50 (45.7)

5.5(35.8) 35 (45.5) 1.25 (53.7)

4.0 (34.8) 30 (44.6) 1.00 (44.0)

2.5 (68.4) 25(39.9) 0.75 31.5)
3244.0 80.7 1011.7

2 Datum in the parentheses presents the average response recovery of individual factor.

b The sum of squares due to a factor.

500 atm. CO», pressure, 5 min static time, 10 min dynamic time,
and 0.50 ml PGMEA spiked.

In order to eliminate direct contact with sample and spread
uniformly, cosolvent was spiked on the glass wool, which was
inserted at the backside of strip sample, just before starting
extraction. A collection vial containing 9 ml EA was ready for
the extracted and eluted analytes to trap in. As violent vent-
ing began, the little loss due to the evaporation was made up
to the 9 ml level, and then poured some mixtures into a UV
cell for recovery evaluation. Recovery was the mole ratio of
the SF extract in a collection vial with 9ml EA to the room
extract in a tube with 20ml EA while the former strip sam-
ple was put in a extraction vessel and the later one in an open
tube.

3. Results and discussion
3.1. PR solubility

In order to find a suitable solvent served as collectable
medium positioned in the outlet and/or modifier added in
the extraction vessel, several organic solvents were tested for
their solubility of PR-A. Among the observations on them,
dichloromethane and chloroform had very poor solubility;
methanol, ethanol, and acetonitrile medium; PGMEA and EA
well. The miscible solutions with soluble PR were examined by
UV spectrophotometer, and showed spectrum in Fig. 1, which
was free of solvent effect and indicated PGMEA was somewhat
a better solvent than EA. The dissolved PR containing photoacid
generators, which respond to trigger the solubility change of PR
polymer in the exposed regions to make it substantially different
from that in the unexposed regions, are sensitive to an appro-
priate range of wavelength; hence, the spectrometry is a direct
and convenient way to quantify the extent of PR stripped by SF

in the following sections. The 280 nm beam was chosen to be
analyzed.

PGMEA and EA were candidates for the collection solvent.
The concerned points would not only be the PR solubility,
but also the reactivity with SF-CO,, particularly its following
influence on UV absorption measurement. PGMEA, which is
originally used as a blending solvent for the PR-A manufacture,
was simply assessed by blank SFE test. The curve for PGMEA in
Fig. 2 shows a stable and slight increase in absorbance at 280 nm
as increasing the purging time had really caused the difficulty
in accurately determining the extraction efficiency. Despite the
little adverse consequence, in fact, PGMEA, which was capa-
ble of the highest solubility among all verified solvents, was the
most potential modifier to enhance the PR-A solubility upon
SF-CO» flush. Especially, while a maximal efficiency of the PR

Absorption

0
252.25 260 270 280 290 300
wavelength (nm)

Fig. 1. UV absorption spectrum of hard-baked photoresist dissolving in organic
solvent. (1) PR-A in PGMEA; (2) EA; (3) ethanol; (4) methanol; (5) acetonitrile;
(6) PR-B, YSB 663 in ethylacetate.
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Fig. 2. Effects of the supercritical CO, purging time on the 280 nm absorp-
tion and the recovery of PR-B. (¢) Blank SFE test on the collection medium,
PGMEA; (H) EA; (A) the recovery under the condition, A4B3C4D2E3, defined
in Table 3.

stripping is pursued by the IC fabrication, however PGMEA
should be seriously considered. In Fig. 2 another absorption
curve for EA exhibited the independence of purging time, so
EA would be an adequate medium to collect PR-A and free
of the spectrum interference from quantifying the PR stripping
efficiency.

3.2. Factorial experiments

According to the judgment of above solubility examination,
PGMEA and EA would be well prepared as modifiers in SF flush
but properly scavenged only by EA. Through the experiments
of factorial design, there shall be advised parameters of the opti-
mized SF conditions for the efficient PR stripping and derivative
studies of the effects of wafer matrix on the SF stripping process.

3.2.1. PGMEA modifier

On the basis of the methodical experimental plan in Table 1,
16 runs were conducted by the controllable factors defined in
reasonable values in Table 2. Still within the safe limits of pres-
sure and temperature set for the extraction vessel, the widely
extended ranges, 200-500 atm and 50-140 °C, were favorable
to obtain the adequately satisfactory SF density or dissolving
power under overall consideration, without possibly exclusive
trials. The arrangement of other parameters, such as modifier
dose, static and dynamic span, was taking both the expense of
fluids and spending time into account thus that should likewise
be rational.

The measured 280 nm absorbance of 16 extracts, based on
the L16 factorial design, was recorded in Table 1. Although
the spectrometric results for each extract could not be correctly
referred to the extraction efficiency as PGMEA would disturb
the determination of PR-A in SF, it is believed that the trivial
interference could be neglected because PGMEA was present
only with little volume addition (0-0.75 ml), which is far less
than the blank SFE test shown in Fig. 2, where PGMEA was
used as collection medium (9 ml), and thus its adverse contri-
bution to the absorbance in Table 1 would be minor. Therefore,
instead of extraction efficiency, the absolute absorbance was
assessed for the presentation of separate factors and their vari-
ances, and the assessment results were collective in Table 2.

Here, the set of variables, E1C3D1B1A3, ranking in the order of
obvious factors, was the best optimized conditions, upon which
the ideal absorbance would be 0.985, or approximately 87%
extraction efficiency. Through a proceeding examination, the
success in the factorial design was confirmed as the five exper-
imental recoveries, 85 £ 5%, under the select condition were
close to the estimated one. In comparison with the declaration
issued by Los Alamos National Laboratory [16], where used the
pre-mixed cosolvents, butylenes and propylene carbonates, and
striping an obscure source of PR in a pulsed mode, a higher pres-
sure (500 atm versus 200 atm) in our system was not only needed
to maintain a certain SF density at higher temperature (110 °C
versus 90 °C), but also might cause significant reductions in the
glass transition temperature of PR polymer [20].

By overall checking the performance of each factor in Table 2,
some clues to the stripping process could be disclosed. First
of all, the effect of cosolvent addition was the most influen-
tial in determining the stripping efficiency because its sum of
squares due to a factor (SSF) was the largest value. The sig-
nificant contribution of four levels within the cosolvent factor
showed E1 > E2 > E3 ~ E4; that is, the more volume the cosol-
vent was added, the more efficiently the PR-A was stripped.
These meant that PGMEA, at least up to 0.75 ml spiked, was
well miscible with SF-CO, and greatly facilitated PR-A removal
from wafer matrix. According to the contribution ranking on the
four levels, C3 > C4 > C2 > C1, it was found that the longer equi-
librium time before purging, at least 10 min, could not enhance
the stripping efficiency. Some unfavorable PR adsorption onto
active surface, for examples of glass wool insert and extraction
vessel wall, might happen if waiting time were too long. The
suitable static time between 0 and 10 min was fully considered
to dissolve the most amount of PR-A on wafer and deserve the
less adsorption effect. As observing the curve of level contribu-
tions of the dynamic time factor, the purging time below 25 min
seemed difficult to rid all matrices in the extraction vessel of
PR-A while the waste flow rate was set at 1.0 ml min—'. This is
only 0.64 times the extraction vessel volume. With regard to the
pressure and temperature variables, which coordinately deter-
mine the density as well as the polarity of SF-CO», the applied
pressure was more crucial than the temperature within the level
setting range in Table 2. This is also meant that the reductions in
the glass transition temperature of PR-A polymer seemed more
critical than the melt and flow of PR-A on wafer.

3.2.2. EA modifier

Although EA bore slightly poorer solubility of PR-A than
PGMEA did in the room atmosphere, its actual function as
cosolvent in SF was not definite. Taking advantage of the pri-
mary results from the factorial experiment design in Table 2, an
improved design was submitted in Table 3. The level ranges for
the factors of oven temperature, CO, pressure, and static time,
were narrowed down to closely approach the ideal parameter,
but those for dynamic time and spiked cosolvent volume were
extended.

Without the misgiving of the disturbance to the absorption at
280 nm, the recovery through the SF-CO, flush could be simply
calculated. The recoveries of 16 designed experiments guided
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by Table 3 were compiled in Table 1, and their analysis on the
significant contribution of each level as well as variances due
to a factor was all incorporated in Table 3. By evaluating the
rank in the SSF, the obvious factors were found in the order of
C4B3E3A4D2, which was the superior stripping condition and
the inferential prediction about the extraction efficiency would
be 96%. Five repeat experiments under the select condition gave
an average recovery of 90£3% and approved of the success
of the factorial experiment design. In contrast to the recovery
as using PGMEA modifier, the moderate increase (90% versus
85%) was owing to the fine tuning in the factorial levels.

By checking the action of the four levels within the static
time factor, which was the most obvious one, it was found that a
preferable equilibrium time should be achieved before 2.5 min to
lessen the PR-A adsorption. To realize the 100% stripping rate,
a detailed reform system, including pipe and extraction vessel
design, might be commended to absolutely resolve this issue. As
for the consequence of SF properties to the stripping, the two
factors, CO, pressure and oven temperature, became more deci-
sive in this condition than that in Section 3.2.1, but pressure still
had a lead over temperature. Here, the thermodynamic control
prevailed over the dynamic one and thus the dynamic time was
the least determinative factor, which contribution indeed reached
nearly maximum just after through 30 min purging, namely near
three times the extraction vessel volume. In respect of EA spiked
volume, E2 presented the modified SF with the most suitable
polarity to dissolve PR-A.

3.3. Stripping tests of PR-B on metallized wafers

With distinctive additive and surfactant, the PR-B material
coating on Al-Cu alloy layer was lightly different from that on
oxide layer. The concerned points included the adhesion energy,
reflecting light intensification, resolution lines, etching require-
ment and so on. However, the main constituent polymer for
both substrates could be the same and the stripping condition
might also be. Utilizing the optimized parameters obtained from
Section 3.2.2 study, the SF stripping for PR-B, which is also a
polystyrene derivative like PR-A, on the Al layer was attempted
to verify its potential applicability. The verification proceeded
to the correlation between the extraction efficiency and purg-
ing time, and the relative curve was incorporated in Fig. 2.
Unfortunately, only approximate 70% recovery was received
even through 45 min collection. To acquire higher rate, a new
factorial design would resolve the shortage, which apparently
originated either from the polymer additives or adhesive layers.
By the way, there was a saturate time close to 35 min, which
imply the thermodynamic controlled these proceedings.

4. Conclusions
The potential for incorporation of stripping technology in

microelectronics fabrication is high, and the presence of in-
house SF-CO; systems may stimulate adoption of other applica-

tion. Here we selected PGMEA and EA as cosolvent to enhance
the SF solubility of PR. By factorial experiment design, the
extraction efficiency best achieved 90% and revealed individual
contribution of five controllable factors. With a strip sample in
the confined extraction vessel, the equilibrium time was sug-
gested not to exceed 2.5 min for more PR dissolving in the
modified SF, which at most 1.25ml cosolvent was suggested
to add in. Dynamics controlled the stripping mechanism before
near 35 min purging but thermodynamics took over after then.
The reduction in glass transition temperature of PR polymer by
raising SF-CO; pressure seemed more critical than the increase
in oven temperature to melt the PR on wafer. The PR stripping
strategic should consider substrates as a critical point. There is
still a need of optimization and improvements in many ways,
such as extraction vessel design, built-up materials, and flow
path, to reduce the adverse effect of PR adsorption.
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Abstract

A small-sized surface plasmon resonance (SPR) sensor with a microchip flow cell has been developed for the purpose of enhancing the sensitivity
of the SPR detector for low molecular weight compounds. This portable differential SPR detector consisted of an LED, two cylindrical lenses,
a round prism, a divided mirror, a CCD, electronics, and a polydimethylsiloxane/gold microchip with two flow paths (10 mm long, 1 mm wide,
20-100 pwm deep). 3-Mercaptopropyltrimethoxysilane was used for sealing the microchip. The performance of the on-site orientated SPR detector
was estimated using sucrose and IgA. A drastic change in the SPR intensity appeared. The depth of the flow cell was in inverse proportion to the
SPR intensity. Compared to a conventional flow cell having the size of 10 mm (L) x I mm (W) x 1 mm (D), its sensitivity to 10% sucrose and
0.9 nM IgA increased about 11 and 39 times, respectively. This phenomenon seemed to be due to the increase in the substance on the SPR sensor
based on its size effect. These results showed that the application of the microchip sensor for SPR measurement has the possibility for improvement

of the SPR intensity for low molecular substances.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Microchip; Surface plasmon resonance; Onsite analysis; Portable; Immune reaction; Immunoglobulin A

1. Introduction

Environmental pollution from toxic inorganic substances,
such as mercury, cadmium, and sulfur dioxide, has almost van-
ished by the end of the 20th century in Japan. A possible solution
of that from toxic organic substances, such as agricultural chem-
icals and environmental hormones, which can seriously affect
the human body has been indicated by Carson and Colborn [1,2]
for the left 21th century. Gathering information on biological
pollution of the living body caused by toxic organic substances.
In order to quickly solve the problems, an onsite detector for
toxic low molecular organic compounds has been demanded for
a long time.

Surface plasmon resonance methodology (SPR) is useful for
protein interaction analysis because of its real time function and
no-labeling detection for immune responses [3—7]. Therefore,

* Corresponding author. Tel.: +81 426 77 2830; fax: +81 426 77 2821.
E-mail address: uchiyama-katsumi@c.metro-u.ac.jp (K. Uchiyama).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.068

it appears to be a strong candidate as an onsite instrument for
low molecular organic substances. However, a weak point of
the SPR methodology is the poor sensitivity to concentrations
of low molecular substances because of its dielectric detection
and it is a big instrument. Accordingly, the present SPR instru-
ments were generally limited to use in a laboratory and for high
polymer analysis. Up to now, SPR measurements of low molec-
ular substances have been done using the competitive method
[8]. As the competitive method involves the extra procedure
of the addition of an antibody solution, the measurement sys-
tems become more complicated. Therefore, its extra procedure
is unfavorable as an onsite analyzer. In our laboratory work,
the direct sensitivity to low molecular substances, such as 2,4-
dichlorophenol, was 0.1-1 mg/L at best. In order that the SPR
methodology be put into practice in field analysis, downsizing
of the instrument and improvement of the SPR sensitivity to low
molecular substances are indispensable [21]. The downsizing of
the SPR instruments was thought to be possible by introduc-
ing a divided mirror for constructing the differential style. Also,
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concerning the improvement of the detection limit, it was pos-
tulated that if a sample is fed to a sensing point at a faster flow
rate, the SPR intensity would be increased over our former work
[9]. Therefore, how fast the sample was supplied to the sensing
point was thought to be an important factor for improvement of
the SPR sensitivity. It is well-known that micro-fabrication of a
flow cell helps improvement of the reaction efficiency [11-17]
as the interaction between the solid-state sensing surface and
the sample is intensified. Freundlich’s equation of capillarity
[20] suggests that as the pore size of the capillary decreases, the
adsorption of a substance on the interior wall of the capillary
increases thus the improvement of the sensitivity to the SPR
signal by the SPR microchip sensor. Accordingly, if a portable
SPR detector with a microchip sensor using a micro-fabrication
technique was developed, the improvement of the SPR sensi-
tivity to low molecular organic substances would be expected
in the SPR measurement. Based on this background informa-
tion, in this study, the downsizing of the SPR instrument and the
improvement of the SPR sensitivity were mainly investigated
and compared to our former data for developing the new optic
system with the divided mirror and SPR microchip sensor for
SPR onsite analysis.

2. Experimental
2.1. Materials

All reagents used in this study were of analytical reagent
grade unless otherwise stated. Sucrose, sodium acetate, peptide
synthesis grade N-hydroxysuccinimide (NHS), perchloric acid,
and hydrofluoric acid were obtained from Wako Pure Chemical
Industries (Osaka, Japan). Acetic acid, sodium dihydrogenphos-
phate, disodium hydrogenphosphate, ammonium fluoride, di-
ammonium cerium(IV) nitrate, nitric acid, acetone, and ethanol
were purchased from Kanto Chemicals (Tokyo, Japan). 3-
Mercaptopropyltrimethoxysilane (MPTS) was obtained from
GE Toshiba Silicones (TSL8380, Tokyo, Japan). 3-Mercap-
topropionic acid was obtained from Tokyo Kasei Kogyo (Tokyo,
Japan). 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hy-
drochloride (EDC) was purchased from DOJINDO (Kumamoto,
Japan). The human IgA ELISA quantification kit was obtained
from Bethyl Laboratories, Inc. (Montgomery, TX, USA). IgG
was obtained from ICN Phrmaceuticals, Inc. (USA). For the
microchip fabrication, a mask blank plate coated with a thin
layer of 50 nm Cr/Cr, O3 (DUFR-2506 (p)-L) was obtained from
ULVAC Equipment Sales, Inc. (Tokyo, Japan). The positive
type photoresist (PMER P-RZ300), photoresist diluting solution
(PMER P-R), and developer (PMER P-1S) were purchased from
Tokyo Ohka Kogyo (Tokyo, Japan). The poly(dimethylsiloxane)
(PDMS) prepolymer (Sylgard 184) and curing agent were
received from Dow Corning (MI, USA). The cover glass
(16 mm x 16 mm) with a thin gold layer (45 nm) was obtained
from Eliotech (Tokyo, Japan). Water was purified using a Milli-Q
system (Nihon Millipore, Tokyo, Japan). All buffers were fil-
tered through a 0.45 pm membrane filter JHWPO 4700, Nihon
Millipore, Tokyo, Japan) and degassed with an aspirator before
use.

2.2. Fabrication of master glass channel template

The preparation of the master glass template was performed
using photolithography and a wet-chemical etching procedure
followed by replication. Details of this procedure were described
elsewhere [12]. Briefly, the mask blank plate (DUFR-2506 (p)-
L) was coated with a thin layer of the positive type photoresist
(40%, v/v PMER P-RZ300) using a spin coater (K-359 S-1,
Kyowa Riken, Tokyo, Japan) at 600 rpm for 2 min and baked in
an oven (ESPEC, Osaka, Japan) at 85 °C for another 15 min. A
serpentine channel design (made by Illustrator 10 and printed out
on a Kodak (Tokyo, Japan) Professional SUPRA III film) was
transferred onto the mask plate by exposure to a long wavelength
ultraviolet lamp (FLB-15, Toshiba, Japan) for about 2 min, fol-
lowed by developing in a 20% (v/v) PMER P-1S solution for
about 1 min. The template with the channel design was fur-
ther baked at 85 °C for 15 min. The Cr/Cr,O3 layer was then
removed with a mixture of 17% (w/v) diammonium cerium(I'V)
nitrate and 5% (v/v) perchloric acid solution to define the chan-
nel on the mask plate. After rinsing in 2 M HNO3 for 5 min, a
positive relief channel was obtained by etching the glass in 1 M
NH4F/1 M HF solution using an incubator (SN-M40S, NISSIN,
Tokyo, Japan) at 25 °C for 22—110 min to produce a relief chan-
nel height of about 20-100 wm. After silanizing in 5% (v/v)
trimethylchlorosilane/toluene for 24 h at room temperature, the
master glass template was kept in a clean box before use.

2.3. Fabrication of PDMS/Au/glass microchip

First, an adhesive cellulose tape was fenced around the glass
template and then four PEEK tubes (1/16 in. 0.d., ca.10 mm long)
were placed on a master glass template using water-soluble glue
to define the reservoirs. A 10:1 weight mixture of the PDMS pre-
polymer and curing agent was thoroughly mixed. The mixture
was degassed with a vacuum pump and then the mixture was
poured onto the glass template with positive relief to form the
channel. After curing at 60 °C for 60 min, the PDMS mold was
peeled off from the master glass template and then exposed to
plasmain a Sanyu Electron (Tokyo, Japan) Quick Coater SC-701
(etching mode, 3 mA for 30s). The PDMS mold was immedi-
ately immersed in a 1% MPTS, 95% ethanol, and 20 mM acetate
buffer (pH 4.5) mixture. After incubation for 60 min at room tem-
perature, the PDMS mold was rinsed with a 95% ethanol/20 mM
acetate buffer (pH 4.5) mixture and ethanol in this order. The
PDMS mold was then attached to a cover glass with a thin gold
layer and baked at 120 °C for 4 h. Finally, the four PEEK tubes
were mounted in the device for sample installation and exhaust.

2.4. Differential optical system for onsite SPR measurement

Fig. 1 shows the main optical system for the present SPR
detector. As shown in Fig. 1, the optical system used the
Kretschmann configuration. The SPR detector consisted of a
770 nm light emitting diode (LED) (Hitachi, HE7601SG), two
cylindrical lenses, a round prism (BK?7), a divided mirror, a sen-
sor, 2048 CMOS linear CCD (Sony, ILX551B), an electronic
circuit, and a power source. The size and weight of the device
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Fig. 1. Optical system for SPR microchip sensor: (1) LED light source; (2)
plain converginglens; (3) cylindar lens; (4) prism; (5) SPR microchip sensor;
(6) cylindar lens; (7) polarizer; (8) plain converging lens; (9) slit; (10) divided
mirror; (11) linear CCD.

are 160 (W) x 100 (H) x 60 (D) mm and 770 g. Incident light at
a 10° angle from the LED light source was converted into a lin-
ear wedge light by a cylindrical lens and was line-focused on the
prism on which the sample and the reference sensor-cell were
located at 0.5 mm intervals. The divided mirror is composed of
two same-sized rectangular mirrors of 15 mm X 5 mm x 5 mm.
The reflecting light of the sample and the reference from the
prism were detected on the same number of CCD elements after

adjusting the angle toward to the CCD element by the two con-
trols of the divided mirror. The resonance angles based on the
reflecting light from the sample and the reference were then
determined and the remainder of the resonance angle of the ref-
erence and the sample to time (seconds) was monitored on the
PC screen. As mentioned above, the greatest merit of the present
optical system was the capability of the differential SPR on a
single optical system by designing a divided mirror. The angu-
lar resolution of the present optic system was 0.0004°, which
was obtained from an actual measurement using PBS as a blank
[22].

2.5. SPR conditions

The conditions needed for a portable SPR detector are “sim-
ple, small, light, easy-handling, cheap, mobile, battery-driven,
and so on. Fig. 2 shows the present SPR measurement system
[18]. As shown Fig. 2, the system consists of a main body with
an LED light source, an optical system, an electronic circuit,
and a potential converter from 100 V/AC to 12 V/DC, a sensor
guide, a double syringe pump (PHD2000, Harvard Apparatus,
Holliston, MA, USA), an injector with a 300 wL loop (7725,
Rheodyne, Cotati, CA, USA), a microchip sensor, and a Win-
dow’s note type computer (Sony: PCG-9R6N) [18]. The contact
between the sensor and the prism was done using matching oil
(Type A: N, =1.5150, Cargille Laboratories, Inc., USA). Trans-
mission of the data to the computer was done through an RS232C
cable. When the measurement starts, the two SPRgrams, which
display the relationship between the SPR intensities of the reso-
nance angles of the sample and the reference, are continuously
indicated on the PC monitor of the computer every 3 s for over
24 h. Also, all differential raw data are stored in a Microsoft
Excel file. Other data processing functions such as the alarm,
calibration function, and statistics quantity are under develop-
ment. As mentioned above, the design of the divided mirror for
the differential SPR measurement was available for downsiz-
ing of the detector and data processing without a time-lag. All
experiments were done under the condition of 25 £ 1°C, PBS
running buffer, and flow rate of 20 wL/min.
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Fig. 2. Measurement system for microchip SPR sensor: (1) double syringe pump; (2) syringe; (3) sample injector; (4) microchip sensor; (5) prism 6: LED light

source; (7) divided mirror; (8) linear CCD; (9) note type computer; (10) waste.
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2.6. Immune detection

All reactions were performed using the flow system. First, a
5 mM 3-mercaptopropionic acid solution was pumped into the
microchannel via an injection valve at the flow rate of 5 pL/min
for 1h and then a 400 mM EDC/100 mM NHS solution was
introduced into the microchannel at the flow rate of 5 pL/min
for 1 h. Next, the antibody (anti-IgA) solution was pumped into
the microchannel at the flow rate of 5 pL/min for 1 h. Finally, the
antigen (IgA) solution was introduced into the microchannel at
the flow rate of 25 pL/min and the SPR response was monitored.

3. Results and discussion
3.1. SPRgrams

Fig. 3 shows the SPRgrams. A surface plasmon resonance
was confirmed from the two SPRgrams. However, the SPR
intensities of the two SPRgrams were slightly different. This
is because the mechanical contact through the light interface
(matching oil) between the sensor and the prism on the line
focus was not even. The angle at the peak bottom gives the res-
onance angle. As soon as the sample is introduced to the sensor,
its resonance angle immediately shifts to the higher side of the
angle. The difference of both resonance angles corresponds to
the concentration of organic substances.

3.2. Relationship between SPR intensity and sucrose
concentration

Fig. 4 shows the relationship between the SPR intensity
and 0-10% sucrose using the present SPR microchip sensor
at the flow rate of 20 wL/min. A good linear calibration curve
was obtained between the SPR intensity and sucrose concen-

3000
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SPR intensity
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500

” 1 1 1 1 1
64 66 68 70 72 74 76

Resonance angle (deg.)
Fig. 3. SPRgrams: (A) sample channel and (B) reference channel. Both channels

were filled with PBS (blank). Gold thickness: 45nm; glass refraction index:
1.5150; wavelength: 770 nm; temperature: room temperature.

4

Microchip sensor

SPR intensity (A 0)
2

Conventional flow cell

0 2 4 6 8 10 12
Sucrose (%)

Fig. 4. Calibration curves for sucrose with SPR microchip sensor and conven-
tional sensor: cell size, L x W x D (mm); SPR microchip sensor (10 x 1 x 0.02),
conventional flow cell (10 x 1 x 1); molecular weight of sucrose: 342

tration. The regression line was y=2.77e¢"'x+1.21e~? for
comparison with the regression line of y=2.59 ¢ 2x — 1.47 e~
using the conventional flow cell the size of which was
10mm x I mm x I mm (L x W x D), the slope of the present
sensor became greater by ca. 11 times compared with the for-
mer data as shown Fig. 4. The correlation coefficient of the
calibration curve was 0.986. For the SPR measurement, it has
been defined that the amount of the substance adsorbed on the
sensing area of 1 mm? is 1ng for the angular change of 0.1°
[19]. The detection limit of the SPR measurement depends on
the angular resolution of the instrument. The developed detector
has the angular resolution of 0.001° (angular resolution: 0.001°,
S/N =2). The sensing area of the microchip sensor was 0.1 mm?
(chanel width: 1 mm, focus width: 0.1 mm). Accordingly, the
detection limit for sucrose by the present SPR detector was
thought to be ca. 30ng if the margin should be regarded as
0.001 x 3. Based on these results, it was clarified that the inte-
gration of the microchip in the SPR measurement was useful for
increasing the SPR intensity.

3.3. Effect of channel depth on SPR intensity

To prove the sensitivity improvement mentioned above, the
effect of the chip depth on the SPR intensity was investigated
after fabricating three sensors with different depths of 0.02, 0.04,
and 0.1 mm. The evaluation was done by measuring the SPR
intensity for 10% sucrose. Fig. 5 shows the effect of the channel
depth on the SPR intensity. In there, a square is the reference
data with the conventional flow cell having a depth of 1 mm. The
SPR intensity was affected by the depth of the cell. As clarified
in Fig. 5, the SPR intensity was in reverse exponential propor-
tion to the channel depth and its regression line and coefficient
factor were y=2.81 x 101139 and R? =0.999, respectively. It
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Fig. 5. Effect of cell depth on SPR intensity.

was clear that the deeper the channel depth, the smaller the
SPR intensity. It was thought that the physical adsorption of
sucrose on the sensor efficiently occurred as the liquid flow in
a microcapillary became a laminar flow for the microchip to
the turbulent flow of the conventional flow cell. As mentioned
above, the size effect on the SPR intensity was clarified by this
investigation.

3.4. Effect of flow rate on SPR intensity

The effect of the flow rate on the differential SPR signals was
investigated for supplying the PBS buffer to the microchip sen-
sor with the depth of 0.02 mm. The SPR intensity was affected
by the flow rate. The value of the SPR intensity increased in
proportion to the flow rate of the sample over 0—100 pwL/min.
As a result, the regression line was y=7.66 e 4x —7.66. The
flow rate coefficient was 8 e~* °min/pL. This value was ca. 80
times greater compared with 1 e~ °min/pL for the convention
flow cell. This result suggested that the sucrose was efficiently
adsorbed on the sensing surface for the formation of a stable
and slow flow by the microchip channel in proportion to the
flow rate. Accordingly, the flow rate should be kept constant for
the SPR measurement.

3.5. Reproducibility by SPR microchip sensor

To prove the repeatability of the SPR microchip sensor, the
repeatability of the SPR microchip sensor was investigated by
five random sample injections (6% sucrose) under the same con-
ditions of Section 3.2. A coefficient of variation of 1.28% was
obtained from the data shown in Table 1. The value was improved
5.5 times compared with that of the conventional flow cell. This
improvement was thought to be because the SPR intensities of
the sucrose by the chip effect increased.

Table 1
Reproducibility of SPR intensity obtained by 5 runs of 6% sucrose

Run no. SPR intensity (A6)
1 1.729
2 1.757
3 1.757
4 1.744
5 1.707

3.6. Application of SPR microchip sensor to immune
detection

Immunoglobulin A (IgA) is a useful protein which pre-
vents us from being affected by disease. Especially, it is well
known as an indicator for a poor health condition and for some
infectious diseases. Therefore, it is significant diagnostically to
establish a simple onsite technology for measuring the IgA.
To prove the possibility of the SPR microchip sensor for the
immunoassay, the SPR microchip sensor was applied for the
immunoassay of IgA. After immobilizing the anti-IgA antibody
on a gold surface according to the already described proce-
dure, the SPR measurement for IgA was done using the portable
SPR detector developed for onsite SPR analysis. As shown in
Fig. 6, a good linear calibration curve with the regression line,
y=5.39e"'x+4.21 e~? was obtained between the SPR intensity
and 0-0.9nM IgA as shown Fig. 6. The slope of the calibra-
tion curve for IgA became ca. 39 times greater compared with
1.40 e 2 for the IgG using the conventional flow cell. This shows
the multiplier effect by the depth of the cell and the chemical
binding force between IgA and the anti-IgA antibody on the
solid sensor for SPR immunosensing. In our previous paper, the
order of binding constant of bisphenol-A (MW: 225) was the
same as that of IgG [10]. Molecular weight of IgG and IgA is

0.57
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0.3 1

SPR intensity (A 6)

0 & O . S
0 0.2 0.4 0.6 0.8 1.0
Immuno globulin (nM)

Fig. 6. Calibration curves for immunoglobulin A and G: (@) SPRmicrochip
sensor (IgA, molecular weight: ca. 170,000); (O) conventional flow cell (IgG,
molecular weight: ca. 150,000).
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almost equal. Therefore, sensitivity for small molecular mass
compound would be almost equal.

Asmentioned above, the SPR microchip sensor and a portable
SPR detector were developed and the basic properties were
investigated and compared with those of the conventional flow
cell. As a result, it was clarified that the SPR intensity was
enhanced by introducing the microchip as a reaction field for
the SPR detection from this investigation. It was thought that
the microchip was useful as a means to increase the SPR inten-
sity.

Why was the SPR intensity enhanced by the SPR microchip
sensor? At present, we cannot give a definite answer to this
question. However, we postulate the following five theories from
our experimental results from the SPR microchip sensor.

(1) The flow in the microchip would become laminar.

(2) The flow coefficient increases.

(3) The flow rate became excessively fast (maybe, 17 mm/s as
the calculated value at a 0.02 mm depth of the microchip)
near the sensor surface.

(4) Mass transfer would be controlled by the chemical binding
force (or the physical adsorption force) and the diffusion in
the nanoarea on the sensor during the immuno reaction.

(5) The distribution of the substance might concentrate in the
nano area on the SPR microchip sensor.

Freundlich’s equation [20] of capillarity, which Freundlich
developed from Thomson’s formula from a gas to liquid, is well
known for the solubility of a substance in a water droplet in the
field of physical chemistry. We thought that the phenomenon
from the SPR microchip sensor can be used with his equation.
His equation is as follows:

RT = C
AL N (1)
M (o pr

In the equation, R is the gas constant, T is the absolute temper-
ature, M is the molecular weight, Co/C is the relative solubility,
y is the surface tension, p is the density, and r is the radius of
the droplet of water are given. Transforming Eq. (1), Eq. (2) is
obtained:

C
?0 — 2VYM/pRT G1/r )
where e2"M/PRT s 4 constant. In Eq. (2), it is assumed that C/Cy is

the relative concentration change in the microchip sensor which
has a depth of r. Fig. 7 shows a model of the SPR enhancement
in the microchip channel if C and Cy are the original concen-
tration and the concentration in the nanoarea, respectively, near
the sensing surface based on the data obtained by this investi-
gation. As shown in Fig. 7, Eq. (2) might suggest that the lower
the depth of the microchannel, the greater the relative concen-
tration change in the microchannel. As a result, it was thought
that the SPR intensity increased. Freundlich’s equation of cap-
illarity might provide creditability for our experimental results
mentioned above.

Micro chip channel

r(0.02 mm)

- Flow

* | Nano area(100 nm)

. L, ®
P ¢ (o . .

YrYrrryYrry

Sensing surface

Fig. 7. A model of SPR enhancement on SPR micro chip sensor: (Y ) antibody;
(C) original concentration; (@) antigen; (C) concentration near sensing surface.

Table 2
Present performance obtained by portable SPR detector equipped with microchip
sensor

Item Conventional Microchip
flow cell
Repeatability for 6% 6.4 1.3
sucrose (CV%, n=5)
Drift (°/1000 s) 0.0008 0.0006
Flow coefficient 0.00001 0.0008
(°min/p.L)
Regression line for y=2.59¢ 2x y=277e¢ x
sucrose — 14772 +121e72
Correlation coefficient 0.978 0.986
(R?)
Regression line for y=1.40e2x y=539e 'x
immunoglobulin —1.86¢73 +4.21e72
(IgG) dIgA)
Correlation coefficient 0.987 1.000

)

4. Conclusions

Aiming at an SPR for on-site analysis, a portable SPR detec-
tor equipped with a microchip sensor has been developed. Its
basic properties were investigated and related to the conven-
tional data. As a result, the data shown in Table 2 were obtained
by using a microchip sensor for the SPR measurement. As clar-
ified in Table 2, the integration of the microchip sensor with the
SPR measurement was useful for the improvement of the SPR
detector’s performance. The amplification effect of the SPR sen-
sitivity would provide a high success rate for developing a highly
sensitive SPR detector for low molecular substances for onsite
use.
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Abstract

The advanced oxidation process (AOP) for the pretreatment of model palladium catalysts has been studied. Most standard metal analysis
techniques are for metal ions free of organic ligands. Spent palladium catalysts contain organic ligands that need to be removed prior to analysis.
AOQOP uses a combination of hydrogen peroxide and UV light to generate radicals that decompose such ligands, freeing up metals for further analysis.
Palladium acetate Pd(OAc),, palladium acetylacetonate Pd(acac),, and tris(dibenzylideneacetone)dipalladium (Pd,(dba);) were chosen as model
precious metal catalysts for investigation. AOP was found to decompose ligands in Pd(OAc),, Pd(acac), and give accurate Pd(Il) quantification,
while ligand decomposition and oxidation of Pd(0) to Pd(II) were demonstrated in treatments involving Pd,(dba);. The effects of solubility of the
palladium complexes, continuous addition of H,O, during AOP treatments, sample pH, concentration of H,O,, and length of UV irradiation are

reported.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Palladium; Advanced oxidation process; Catalysts; Hydrogen peroxide

1. Introduction

Organometallic complexes have gained widespread use in
catalysis over the past few decades. In particular, precious metal
complexes have been used extensively as catalysts in many
synthetic organic reactions [1-2] including industrial-scale reac-
tions. As a result, spent precious metal catalysts are often con-
tained in waste solutions from industrial-scale reactions. Before
recycling the spent catalyst solutions to collect the spent pre-
cious metals, it is often necessary to determine the amount of
precious metals in the solutions.

Metal catalysts often contain organic ligands, and standard
analyses of metals by ion selective electrodes (ISEs) and other
electrochemical techniques are, however, for metal ions free of
organic ligands [3-6]. The organic ligands usually need to be
decomposed or removed to free the metals prior to their qualita-
tive and quantitative analysis. High-temperature processes such
as graphite furnace atomic absorption spectroscopy or induc-

* Corresponding author.
E-mail address: xue@utk.edu (Z.-L. Xue).

0039-9140/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.02.067

tively coupled plasma atomic emission or mass spectrometry
may be used to directly analyze metal complexes containing
organic ligands [7-11]. These methods are usually costly and
not suitable as a metal probe. In addition to organic ligands
in precious metal catalysts, the presence of large amounts of
organic species in spent catalyst solutions also makes quantita-
tive analysis of precious metals a challenge.

Studies have been conducted to remove organic species in
spent catalyst solutions. A method involving the use of supercrit-
ical water for oxidation of organic species was reported recently
[12]. Other methods require the use of harsh acids to digest
organic species [1d,13]. Although these methods have proven
effective for the oxidation of metals as well as organic species,
more environmentally benign and cost-effective methods are
desirable.

The advanced oxidation process (AOP) has recently been
investigated to convert organic compounds to CO; and H,O.
This process utilizes a combination of HyO; and O3 or UV radi-
ation to generate highly potent hydroxyl radicals (*OH) [14]
that oxidize even relatively stable substances [15]. AOP has thus
been widely used in the decomposition of organic compounds
and contaminants in drinking water and industrial wastewater
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Scheme 1. Model Pd complexes studied in the current work: palladium(II)
acetate (a); palladium(II) acetylacetonate (b); and tris(dibenzylideneacetone)-
dipalladium(0) (c).

[14-17]. Many organic compounds have been oxidized and
thus decomposed using AOP [16—19]. Although AOP has been
used extensively for the oxidation of organic compounds, to our
knowledge, it has been rarely used in the treatment of metal
complexes.

When H>0; is UV irradiated at wavelengths A <300 nm,
homolytic splitting of the O—O bonds occurs, yielding *OH rad-
icals (Eq. (1)) [15].

H,0,-"%2°0H )

The radicals react with organic molecules to yield HO and
CO; as main products. The UV radiation either decomposes
or activates organic complexes as well, since most organic com-
pounds absorb in the UV region, making the organic compounds
more easily oxidized by *OH radicals. The reaction times of *OH
radicals with organic compounds are short, usually less than a
millisecond [15]. In addition to the formation of *OH from the
UV irradiation of H>O», these reactions yield several other reac-
tive species such as hydroperoxyl or peroxyl radicals that also
decompose organic compounds. In other words, the activation
of H,O, by UV irradiation or O3 produces several radicals, all
of which help decompose organic compounds.

We have investigated the conversion of palladium com-
plexes to aqueous Pd(II) ions by the AOP reactions. The three
complexes in Scheme 1 were chosen as models: Pd(OAc),
(a); Pd(acac), (b); and Pdy(dba); (c). These three complexes
are common catalysts in synthetic organic chemistry [1d-g].
Pdy(dba); (¢) was chosen in part to test AOP as a means by which
to oxidize Pd(0) in ¢ to Pd(II). Our studies are reported here.

2. Experimental
2.1. Reagents

The chemicals used in the current studies, including
H,0, (Fisher, 30%; Kroger brand, 3%), N,N-dimethyl-4-

nitrosoaniline (Acros, 99%), acetone (Fisher, certified ACS),
glacial acetic acid (Mallinckrodt, analytical reagent), concen-
trated hydrochloric acid (Fisher, certified ACS), concentrated
nitric acid (Fisher, certified ACS), sodium dodecyl sulfate (SDS,
Fisher, certified ACS), Triton® X-100 (Acros) [20], Pd(OAc),
(a, Strem, 98+%), Pd(acac); (b, Strem, 99%), and Pd;(dba);
(¢, Strem, 98%), and Pd atomic absorption standard solution
(Acros, 1000.6 ppm Pd), were used as received. Deionized water
(18 M€2) was used in the preparation of all aqueous solutions and
standards.

2.2. Analytical instrumentation

All UV-vis spectra were collected using a Hewlett-Packard
8452 photodiode array UV-vis spectrophotometer and a stan-
dard 1.0-cm quartz cuvette. Blank spectra of solutions contain-
ing all matrix components other than the analyte were recorded
and subtracted from all subsequent spectra.

Atomic absorption (AA) analyses were performed using a
Perkin-Elmer 5100 atomic absorption spectrophotometer using
an air/acetylene flame under standard conditions [7-9] unless
otherwise noted.

2.3. Photochemical reactor and UV lamp

The photoreactor (ca. 500 mL) used in the current studies
consists of an outer vessel containing the sample, into which
an Ace Glass quartz immersion well/water jacket housing the
UV lamp is immersed. A port was incorporated to allow the use
of a continuous addition funnel for H,O, addition during UV
irradiation. A second port allows air to enter the photoreactor.
A UV source (450-W quartz medium-pressure mercury-vapor
immersion lamp with a 5-in. arc length; Ace Glass 7825-34) was
used.

2.4. Preparation and AOP treatment of samples

The three Pd complexes a—c were found insoluble in water.
Studies were conducted to determine their solubilities in various
organic solvents by the following process. Pd complex (20 mg)
was weighed into each of several small glass vials. A minimal
volume (<1 mL) of an organic solvent was added to each vial
(one solvent per vial). The vials containing solvents with low sol-
ubilities of the Pd complex were discarded. The vials containing
the solvent in which the Pd complex was soluble were kept for
further investigation. The contents of these vials were then added
to 100 mL of deionized water to determine if phase separation
would occur. Suitable organic solvents were determined to be
those in which the Pd catalyst would readily dissolve, and would
exhibit no phase separation upon addition of water.

2.4.1. AOP treatment of palladium(Il) acetate (a)

In the preparation of a typical sample of a for AOP treat-
ment, Pd(OAc); (a, 31.7 mg) was dissolved in acetone (700 w.L).
The solution was then added to water (200 mL) in the photo-
chemical reactor. A 3:1 mixture of concentrated HCl and HNO3
was then added to adjust pH to 0.75. HyO3 (30%, 5.0 mL) was
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added to the reactor to bring the HyO; concentration to 5.0 g/L.
After shielding the photochemical reactor with aluminum foil,
the sample was UV irradiated for 4.1 h. During the UV irra-
diation, HyO» (5%, 100 mL) was added dropwise to replenish
H;0,. After UV irradiation, the volume of the contents of the
reactor was adjusted to 500 mL. Repeated Pd(H,0),,>* analyses
by the N,N-dimethyl-4-nitrosoaniline method [21] showed that
(98.5 + 1.2)% of a had been converted to aqueous Pd(H,0),,>*
ions. In a control sample of a that was not treated by AOP, only
(79.1 £ 1.2)% of a existed as Pd(H,0),2* ions. These results
indicate that AOP treatment of the Pd(OAc), is necessary for
the accurate detection and quantification of Pd(I) in a.

Total Pd analysis for samples of a which were or were not
treated by AOP were performed by AA. AA analyses of an
AOP-treated sample and its control that was not treated by AOP
detected (97 & 3) and (99 £ 3)% of palladium, respectively, in
the samples of a.

2.4.2. AOP treatment of palladium(Il) acetylacetonate (b)

Pd(acac), (b, 19.1 mg) was dissolved in glacial acetic acid
(9.00 mL). The solution was added to deionized water (250 mL)
in the photochemical reactor. A 3:1 mixture of concentrated HCI1
and HNOs3 was then added to adjust pH to 0.75. H,O; (30%,
6.3 mL) was added to the reactor to make the HyO, concen-
tration 5.0 g/L.. After shielding the photochemical reactor with
aluminum foil, the solution was UV irradiated for 4.0 h. During
the process, HyO» (5%, 100 mL) was added dropwise to replen-
ish HyO,. After UV irradiation, the volume of the contents of
the reactor was adjusted to 500 mL. Repeated Pd(H,0),,2* anal-
yses by the N,N-dimethyl-4-nitrosoaniline method showed that
(98.2+0.6)% of b had been converted to aqueous Pd(H,0),2*
ions. In a control sample of b that was not treated by AOP, only
(89.5+£1.2)% of b existed as Pd(HZO),Z2+ ions. These results
indicate that AOP treatment of the Pd(OAc); sample gives more
accurate detection and quantification of Pd in b.

AOQOP was also found necessary for the accurate quantifica-
tion of Pd in b by atomic absorption (AA). AA analyses of an
AOP-treated sample and its control that was not treated by AOP
detected (99 = 3) and (89 £ 3)% of palladium, respectively, in
the samples of b.

2.4.3. AOP treatment of
tris(dibenzylideneacetone)dipalladium(0) (c)

Pdy(dba); (e, 21.5mg) was mixed with triton X-100
(0.150 mL) in a glass vial. This mixture was then added quantita-
tively to deionized water (300 mL) in the photochemical reactor.
A 3:1 mixture of concentrated HC1 and HNO3; was then added
to adjust pH to 0.13. H,O3 (30%, 5.0 mL) was added to the reac-
tor to make the H,O; concentration 5.0 g/L. After shielding the
photochemical reactor with aluminum foil, the sample was UV
irradiated for 5.8 h. During the process, HyO; (4.7%, 125 mL)
was added dropwise to replenish HyO,. After UV irradiation,
the volume of the contents of the reactor was adjusted to 500 mL.

Pd(H,0),>* analyses by the N,N-dimethyl-4-nitrosoaniline
method showed that (90.0 £ 1.2)% of ¢ had been converted to
aqueous Pd(H,0),,2* ions. In a control sample of ¢ that was not
treated by AOP, no Pd(HzO),,2+ ions were detected by the N,N-

dimethyl-4-nitrosoaniline method. AOP treatments of Pd,(dba);3
(c) were repeated many times. However, quantitative oxidation
of ¢ was not reproducible. These results indicate that the oxida-
tion of 