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Polyaniline (PANI)/glycidyl ether of bisphenol A (SU-8) composite film is elaborated in order to detect
ammonia gas. These composite films are characterized by ultraviolet-visible (UV-vis) spectroscopy,
Fourier transformed infrared (FTIR) spectroscopy and scanning electron microscopy (SEM). The sensitivity
to ammonia is measured by optical absorption changes. The ammonia sensing properties of PANI/SU-8
composite films are studied, and then are compared to pure PANI films elaborated by chemical way. Exper-

imental results show that the PANI/SU-8 optical sensor has simultaneously a rapid response to ammonia
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gas and regenerates easily, that is advantageous compared to pure PANI films.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electroconducting polymeric materials are of great interest for
a large number of applications [1-3] due to their easy processing
and relatively low cost compared to other materials such as inor-
ganic ones. They can be used as promising materials for different
types of chemical sensors (with electrical, optical or piezoelectrical
transductions) because of their sensitivity at room temperature and
their selectivity for specific chemical agents. The sensing ability of
electroconducting polymers is based on modulation of their dop-
ing level during redox or acid-base interactions with some gases.
This effect results in an immediate alteration of the conductivity
and the optical absorbance.

Polyaniline (PANI) is one of the most promising conducting
polymers because of its easy synthesis either through chemi-
cal or electrochemical methods and its selectivity to ammonia
[4-6]. PANI shows electrical and optical property variations, when
it is in contact with oxidant-reductor chemicals. In particular,
the interaction between the conductive form of PANI - emeral-
dine salt (ES) - and the ammonia gas results in a decrease of
the polaron density inside the band gap of the polymer accord-
ing to the mechanism proposed in Fig. 1 [6-8]. Indeed, a lot of

* Corresponding author. Tel.: +33 2 43 83 39 82; fax: +33 2 43 83 35 58.
E-mail address: Dominique.Debarnot@univ-lemans.fr (D. Debarnot).

0039-9140/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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articles describe electrical and optical sensors for NH3 detection
with PANI as sensitive layer [3,7-21]. Nonetheless, the poor solu-
bility and mechanical properties of PANI imply difficulties in its
practical use. In order to overcome these disadvantages, several
methods have been developed [22-33]. One of them consists to
elaborate conductive polymer composites. PANI/polymer compos-
ite has attracted considerable attention because even at very low
PANI concentration, conducting composites with good mechani-
cal properties and chemical stability can be obtained [29-31]. PANI
composite can be prepared by chemical or electrochemical poly-
merization of aniline in a solution of the polymeric matrix. PANI
can also be mixed with other polymers in the melt state. Different
polymers can be used, such as polymethyl methacrylate (PMMA)
[25,29,30], polyvinyl chloride [30], polystyrene [32], and epoxy
resin [33]. For gas detection application, to our knowledge, only one
study presents optical sensors based on PANI composite coatings
using PMMA as matrix [25]. These gas sensors show slow recov-
ery time and regeneration difficulty. On the other hand, the lack of
description of optical gas sensors based on the polyaniline compos-
ite gives us the opportunity to develop a new optical sensor which
will present simultaneously high sensitivity, fast optical response
and short recovery time. To improve the characteristics of PANI
sensors, we explored an epoxy resin as polymer matrix to elabo-
rate conducting PANI composite. The epoxy-based polymer, which
commercial name is SU-8, widely used as negative photoresist
has also been studied for micro-electro-optical-mechanical sys-
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Fig. 1. Mechanism of the interaction of NH3 with polyemeraldine salt. In this study, A~ is Cl~.

tem (MEOMS) applications [34-37]. It is thermally stable, has good
mechanical properties and good control of the film thickness [36].
The PANI/SU-8 composite films were characterized by UV-vis, FTIR
spectroscopies and SEM. The performances of this PANI composite
film as ammonia optical sensor have been evaluated by absorption
spectroscopy and compared to pure PANI film.

2. Experimental
2.1. Reagents and materials

Aniline (99.8%, Aldrich), ammonium persulfate ((NH4),S;0g,
Aldrich), hydrochloric acid 37% (HCI, Aldrich), and hydroxide
ammonium (NH4OH, Aldrich) were used as the monomer, the
oxidant, the dopant and the de-dopant, respectively. N-methyl-2-
pyrrolidone (NMP, Aldrich) was used as solvent of PANI. Epoxy resin
(glycidyl ether of bisphenol A (SU-8 2002), MicroChem, USA) was
used as received as the polymer matrix.

2.2. Preparation of PANI/epoxy resin (SU-8) composites

PANI was prepared according to the method described by Ste-
jskaletal.[38]. 1 mL of aniline monomer was dissolved in 100 mL of
1M HCl aqueous solution. A solution of 0.56 g (NH4),S,0g in 10 mL
of 1 M HCl aqueous solution was added into the monomer solution
under continuous stirring. The reaction mixture was then stirred
continuously at room temperature for 1 h. The dark green precipi-
tate was collected by filtration under reduced pressure. The product
was then treated with 1 M HCl aqueous solution containing 1 mL of
aniline for 1 h and then dried under vacuum at room temperature
to finally obtain the powder of doped polyaniline. In order to obtain
the emeraldine base form (PANI-EB), the final powder was treated
with 0.1 M NH4OH for 2 h. After filtering and drying under vacuum
for 48 h, the blue powder of the EB form was obtained.

The PANI-EB (0.6 g) was dissolved in 20 mL of NMP solvent to
form PANI-EB solution with concentration of 3 or 10 wt.%. Depend-
ing on the desired concentration of PANI-EB in the matrix of epoxy
resin, certain amount of epoxy resin was mixed with the PANI-EB
solution under stirring for 24 h at room temperature. The concen-
tration of PANI-EB (in weight percent in the composite) was defined
as the ratio of the weight of PANI-EB to the total weight of PANI-EB
and epoxy resin matrix (SU-8) in the solution. The resulting solu-
tion was spin-coated onto cleaned glass substrate to form film of
PANI-EB/epoxy resin (SU-8). The thickness of the film was about
1 pm.

In order to obtain the PANI-ES/epoxy resin (PANI/SU-8) conduct-
ing films, the PANI-EB/SU-8 films were exposed to an atmosphere
of saturated HCI (37%) vapor for 1 min. After few seconds of HCI
exposure, the color of the film changed from blue to green due to
the doping process.

2.3. Preparation of pure polyaniline films

PANI films were prepared following the method described
in [39,40] with a slight modification. 1 mL of aniline monomer
was added drop wise into 100mL of 1M HCI aqueous solution
under stirring at room temperature. Then, cleaned glass substrate
was immersed in the monomer solution. After the yellow drops
of aniline dissolved completely in the acidic solution, 5mL of
0.1 M (NHg4)2S,0g aqueous solution was added into the monomer
solution to initiate the polymerization of the aniline monomer.
Polymerization began immediately with an evident color alteration
after 3-5 min, indicating polymer formation. The thickness of the
green film deposited onto glass substrate depends on polymeriza-
tion time and varied between 50 and 130 nm. The PANI-coated glass
substrate was then thoroughly washed with 0.1 M HCl aqueous
solution, and immersed into another aniline solution (1 mL aniline
dissolved in 100 mL of 1 M HCI) for 30 min. This step is necessary
to completely convert the polypernigraniline form into the polye-
meraldine salt (conducting form). Finally, the thin film was dried
in air at room temperature.

2.4. Absorption spectra measurements and sensing system

The optical sensor consisted of PANI or PANI composite gas sens-
ing film deposited onto glass substrate as described above, and
placed into the measuring chamber.

The optical ammonia gas sensing system is shown in Fig. 2.
It consists of a Carry 100 spectrophotometer in which the sealed
measuring chamber has been inserted, a gas dilution system
with flowmeters and a computer for data collection and analy-
sis. The light source was a tungsten halogen lamp powered with
a 12V dc. The monochromator allowed selecting the working
wavelength. The photodetector was used for signal detection. The
spectrometer system was connected at a Compaq Progsignia 320
desktop computer. Windows-based Carry software was used for
data acquisition and analysis. At the beginning of the experiment,
the zero point of spectrometer was carried out without the PANI
Sensor.

Nitrogen gas (99.99%, Air Liquide) was used as dilution gas.
The flows of ammonia and nitrogen gases were precisely con-
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Fig. 2. Experimental set-up of ammonia gas sensing based on absorption variation measurement.

trolled by two flowmeters, which were plugged in a mass flow
controller (MFC). A stream of nitrogen gas containing ammonia was
passed through the polyaniline gas sensor and spectroscopic mea-
surements were performed. The concentration of NH3 gas in the
measuring chamber was varied by mixing different flows of NH;
gas and 500 sccm of N, gas. The concentration of NH; (ppm) was
defined as the ratio of the flow rate of NH3 gas to the total flow rate
of NH3 and N, gases. In this work, the ammonia concentration var-
ied between 92 and 4618 ppm. The ammonia concentrations lower
than 92 ppm were not measured due to experimental set-up limita-
tion. After inserting the PANI sensor inside the measuring chamber,
a certain amount of dried ammonia gas, diluted in nitrogen gas, was
introduced into the measuring chamber. The interaction between
NH3 gas and the PANI film leads to optical absorbance variation of
PANI. When the optical absorbance variation tends to a constant
value depending on time, the NH3 gas introduction was turned off
and stream of pure N, gas was passed through the sensor to purge
completely the NH3 molecules in the measuring chamber and to
regenerate the polyaniline sensor.

Sensitivity (S) was calculated as (A —Ag)/Ag ratio, where Ay is
the initial optical absorbance of the sensor under N, and A the
absorbance of the sensor when exposed to ammonia gas. The wave-
length of the light source used in the experiment was fixed at
632 nm. All experiments were performed at room temperature.

Finally, a pure spin-coated SU-8 film (1 pwm of thickness) was
placed in the measuring chamber. The injection of NH3 into the
chamber did not lead to any change of the optical absorption, indi-
cating that there is no interaction between NH3 gas and the epoxy
resin.

2.5. Thickness measurement

The thickness of pure polyaniline and polyaniline composite has
been measured thanks to a Veeco profilometer (Dektak 8 model).

The thickness values are the average of at least five measurements
taken at different locations of the polymer film.

2.6. FTIR analysis

FTIR measurements were performed on a Briiker IFS 66 spec-
trometer in transmission mode using a DTGS detector over the
range 400-4000 cm~! with a 2cm™! resolution averaged over 200
scans. All spectra were baseline-corrected. For FTIR analyses, poly-
mer film was deposited directly onto KBr pellet.

2.7. Scanning electron microscopy (SEM)

The morphology of pure PANI and PANI composite films was
observed using a JEOL microscope (JSM-5400) operating with an
electron voltage of 5-20 kV. Each sample was fixed on the sample
holder and a thin gold layer was deposited onto its surface in order
to improve image resolution.

3. Results
3.1. Characterization of PANI/SU-8 films

3.1.1. Physico-chemical characterizations

The UV-vis spectra of pure epoxy resin (SU-8) film, PANI-
EB/SU-8 (with PANI concentrations of 3 and 10 wt.%) and PANI-ES
10 wt.%/SU-8 composites are shown in Fig. 3. The UV-vis spec-
trum of SU-8 film shows only two absorption bands around 280
and 310 nm corresponding, respectively, to the absorption of the
C=C groups and to the m-m* transition of the benzene cycles. The
spectrum shows also that the SU-8 film is totally transparent in
the region of 350-900 nm. However, the UV-vis spectra of PANI-
EB/SU-8 composite films show two new absorption bands due to
PANI emeraldine base form [21,25]. The first absorption band with
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Fig. 3. UV-vis spectra of epoxy resin (SU-8), PANI-EB/SU-8 and PANI-ES 10 wt.%/SU-
8 composite films.

maximum at ca. 325 nm is associated to w—* transition of the con-
jugated ring systems and the second band (at 640 nm) is assigned
to the quinoid excitonic transition. The intensity of these absorp-
tion bands increases with increasing the concentration of PANI-EB
in the epoxy resin matrix from 3 to 10 wt.%. The absorption peak of
the resin at 310 nm is probably masked by the absorption band of
the PANI.

The doping of PANI-EB is necessary to obtain the conducting
form of PANI (PANI-ES) containing cation-radicals NH** (polarons).
Indeed, polarons constitute the adsorption sites for NHs3. The
UV-vis spectrum of PANI-ES/SU-8 film (Fig. 3) shows an absorption
band at 325 nm associated to w—7* transition of the conjugated ring
system and two new absorption bands at ~410 nm and between
820 and 900 nm, assigned to polaron band transition [25,41]. The
appearance of these bands is the proof that the doping process was
efficient.

The FTIR spectra of pure SU-8 epoxy resin, PANI doped with
HCI (PANI-ES), and PANI-ES/SU-8 composite are shown in Fig. 4.
In Fig. 4(a), the broad bands at ca. 2800-3000, 3100 and 3490 cm !
represent aliphatic C—H stretching, aromatic C—H stretching and
O—H vibrations, respectively. The presence of peaks at 915 and
832cm! can be assigned to the epoxide and phenyl ring modes,

1310

]

Q

=

© s

£ g ]

E "3 (b)
c

e

h

4000 3500 3000 2500 2000 1

Wavenumber (cr)

Fig. 4. FTIR spectra of SU-8 (a), PANI-ES (b) and PANI-ES/SU-8 composite films (c).

respectively. Besides, the SU-8 polymer shows C=C aromatic ring
stretch at 1606 and 1504 cm™~!, the stretch modes of C—O groups
at 1249cm1, and of C—C groups at 1033cm~!. The peaks at
1120-1190cm™! can be attributed to the phenyl in-plane bending
modes. These results are in accordance with other investigations
[42-44]. All characteristic bands of PANI-ES form of polyaniline
(Fig. 4(b)) were observed at: 3452, 1660, 1610, 1493, 1310, 1145
and 820cm~!. They are assigned to its main characteristic bonds
of, respectively, N—H stretching, quinoid ring stretching, benzenoid
ring stretching, C—N stretching, C—H aromatic in-plane and out-
plane bending [7,45-53]. The FTIR spectrum of PANI-ES composite
film, presented in Fig. 4(c), shows the disappearance of the infrared
absorption peak of the epoxide ring mode at 915 cm~!. The disap-
pearance of this peak can be explained by reaction between PANI
and SU-8 matrix. On the other hand, the spectrum clearly shows the
presence of N—H stretching band at 3434 cm~! of PANL The other
peaks of PANI are probably masked by the SU-8 epoxy resin bands.
Indeed, all characteristic bands (except that of epoxy band) of SU-8
matrix were observed.

3.1.2. Morphology of PANI/SU-8 film

The SEM images of pure PANI film and PANI/epoxy resin com-
posite film are shown in Fig. 5. These pictures clearly show that the
pure PANI and PANI composite films have different surface mor-
phologies. The pure PANI film appears to be dense (Fig. 5(a and b)),
only small PANI clusters can be seen at the surface. The size of these
clusters depends on the deposition time. It was found that for low
deposition time, the film surface is smoother. Indeed, the surface
of PANI deposited during 9 min (Fig. 5(a)) is smoother than that of
PANI deposited during 13 min (Fig. 5(b)). Previous studies on the
deposition time have shown the same results [20]. Fig. 5(c) and (d)
shows the PANI/SU-8 surface morphology with a magnification of
600 and 3000, respectively. The PANI/SU-8 composite film shows
a granular surface morphology with grain size of about 2 pum in
diameter. The SEM images also show that the PANI/SU-8 composite
seems to be a porous structure, suitable for gas detection.

3.2. Sensing properties

3.2.1. NHj3 sensing properties of pure PANI film

The sensing properties of pure PANI sensor were studied, in
order to compare with those of PANI/SU-8 composite. Fig. 6(a)
shows the optical response at 632 nm of the pure PANI film exposed
to different concentrations of ammonia from 92 to 4618 ppm. When
the absorbance variation due to the interaction of NH; molecules
with PANI film tends to a constant value with time, the NH3 gas
is turned off, then starts the regeneration of PANI film in nitro-
gen stream at room temperature. The absorbance of the sensor is
found to increase when exposed to ammonia gas. When the equi-
librium between the adsorbed ammonia at the PANI surface and gas
phase is obtained, no more variation of the absorbance is observed.
Finally, when the injection of ammonia is turned off, the ammonia
molecule desorption begins to restore the equilibrium of the con-
centrations and as a result, the absorbance of the sensor decreases.
The regeneration of the sensor corresponding to NH3 desorption
is slowly reversible. The slow reversibility is more evident when
the sensor is exposed to the first NH3 concentration. Indeed, after
exposition to 92 ppm of NH3, the absorbance decreases of about 60%
after 15 min of regeneration whereas after exposition to 4618 ppm,
the regeneration decreases of about 75% after 15 min in nitrogen
stream. The same behavior has been observed for a PANI thin
film optical sensor [25]. In the literature, in order to completely
regenerate the sensor, a thermal method was proposed [3]. But, as
reported in [10], the sensitivity of PANI decreases as a consequence
of elevating temperature. The PANI can also be fully regenerated by
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Fig. 5. SEM illustrations of surface morphologies of PANI deposited during 9 min (a), 13 min (b), and (c and d) PANI-ES (3 wt.%)/SU-8 composite.

treating with a dilute hydrochloric acid solution at room tempera-
ture [9].

On the other hand, the response time of the sensor (calculated
at 90% of the absorbance variation) is around 1 min at 4618 ppm.
Moreover, this sensor has a detection limit lower than 92 ppm,
which is the experimental limit due to the dilution system.

0,40 4
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Fig. 6. Optical absorbance variations of sensors exposed to different concentra-
tions of NHs (a) pure PANI; film thickness: 200 nm, (b) PANI/SU-8 composite; PANI
concentration: 3 wt.%, film thickness: 1 um and (c) PANI/SU-8 composite; PANI con-
centration: 10 wt.%, film thickness: 1 wm.

In Fig. 7, the sensitivity of the sensor as a function of ammonia
concentration is illustrated. The sensitivity increases with increas-
ing ammonia concentration and approaches a plateau value at high
concentrations. The non-linear behavior of the response to ammo-
nia gas was also observed for several PANI ammonia sensors [9,25].
This behavior can be explained by the gas diffusion phenomenon
in the material.

Since the absorbance variation is controlled by the ammonia
diffusion into the film, the relationship between absorbance and
ammonia concentration (N) can be expressed by the following
equation [9]:

A=Apexp[(aN)] (1)

154 a
124 4
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et
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=
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Fig. 7. Sensor sensitivity as a function of ammonia concentration.
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where, A is the absorbance at ammonia concentration equals to N,
Ap is the initial absorbance at N=0ppm, « and y are constants.

Then, the calibration curve, corresponding to login(A/Ag) in
function of log N, is linear between 463 and 4618 ppm of NH3 with
a linear regression coefficient of 0.99.

3.2.2. NH3 sensing properties of PANI/SU-8 film

Fig. 6(b) and (c) illustrates the optical response of PANI/SU-8
films, either with 3 or 10 wt.% of PANI, respectively, exposed to dif-
ferent concentrations of NH3 (92-4618 ppm). These sensors show
a rapid and complete desorption of the NH3 molecules from the
PANI/SU-8 composite whatever the ammonia gas concentration is.
However, the recovery time seems to increase with the increase
of ammonia concentration. For example, the recovery times of the
PANI 3 wt.%/SU-8 sensor are about 2 and 17 min after exposition to
92 and 4618 ppm of NH3, respectively. Moreover, the recovery time
increases with the increase of PANI concentration in the polymer
matrix. Indeed, the recovery time of the PANI 10 wt.%/SU-8 sensor
is about 25 min after exposition to 4618 ppm of NH3.

Concerning the response time, the response to ammonia gas is
fast. The response time increases with the content of PANI in SU-
8 matrix. For example, at 4618 ppm, the PANI 3 wt.%/SU-8 sensor
has a response time of 1 min and the PANI 10 wt.%/SU-8 sensor a
response time of 3 min. On the other hand, the detection limit of
these sensors is also lower than 92 ppm.

In Fig. 7 the sensitivity of the sensor as a function of ammonia
concentration is also given for 3 and 10 wt.% PANI concentrations,
respectively. The sensitivity of PANI/SU-8 sensors increases with
increasing the NH3 concentration as in the case of pure PANI sensor.
The sensitivity approaches a plateau value at high concentrations.
The non-linear behavior sensing response with ammonia gas was
also observed for these sensors. Moreover, the sensitivity increases
with increasing PANI concentration in the matrix. Indeed, the sen-
sitivity of PANI 10wt.%/SU-8 is 1.5 and 6% at 92 and 4618 ppm,
respectively, while PANI 3 wt.%/SU-8 sensor has a sensitivity of 0.8
and 5% after exposition to 92 and 4618 ppm, respectively.

The repeatability of the PANI/SU-8 sensor responses is shown in
Fig. 8. The sensor presents a good repeatability and reversibility, fast
response to the ammonia gas and fast regeneration time at room
temperature. These results show that SU-8 epoxy resin is suitable
as polymer matrix for polyaniline composite gas sensors.

The calibration curve, calculated from Eq. (1) for PANI 3 wt.%/SU-
8 sensor, presents a linear range from 92 to 4618 ppm of NH3 with
a linear regression coefficient of 0.99.
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Fig. 8. Repeatability of the PANI/SU-8 composite sensor response. (PANI concentra-
tion: 3wt.%, film thickness: 1 wm).

Finally, the selectivity of the sensor was studied with different
gases (acetone, ethanol, methanol and HCl). The sensor has shown
very small absorbance changes when exposed to these different
gases. Then, the sensor sensitivity to these gases is negligible com-
pared to that of NHs.

4. Discussion

The results can be summarized as follows: (1) the PANI/SU-8
composite is sensitive to ammonia, (2) pure epoxy resin (SU-8) film
is not sensitive to ammonia, (3) the sensor based on PANI/SU-8 is
rapidly and totally regenerated at room temperature, (4) the sen-
sor based on pure polyaniline has a long regeneration time, (5) the
response times of the PANI 3 wt.%/SU-8 sensor and the pure PANI
sensor are in the same range, (6) the sensitivity of the pure PANI sen-
sor is better than that of the PANI/SU-8 sensor and (7) the response
of the sensors is logarithmic linear with ammonia concentration.

In order to compare the performances of the different sensors
developed in this work, we have presented their figures of merit,
which present the sensitivity of the sensor as a function of the
response time or total regeneration time (recovery time) (Fig. 9).
The metrological parameters (sensitivity, response time, regener-
ation time) of the sensors are determined for different ammonia
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Fig. 9. Figures of merit for the different optical ammonia sensors.
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concentrations and different polyaniline concentrations inside the
polymer matrix. The dash line in the inset of Fig. 9(b) indicates that
the regeneration time of the sensor is higher than 30 min.

The optical sensor based on pure PANI sensitive layer is simulta-
neous very sensitive to ammonia gas and has a fast response time
(Fig. 9(a)), but its total regeneration time is higher than 30 min
whatever NH3 concentration is (Fig. 9(b)). The lower sensitivity of
PANI/SU-8 films, compared to pure PANI films, can be due to the
low concentration of adsorption sites (polarons) in the composite.
In addition, the pure PANI film was deposited onto the two faces
of the substrate, explaining also the higher sensitivity of pure PANI
sensor. However, the better response time of PANI/SU-8 is as low
as the better response time of pure PANI film. In addition, the NH;
desorption from the PANI/SU-8 composite is faster than from pure
PANI film (Fig. 9(b)). Moreover, the PANI/SU-8 sensor is simultane-
ous sensitive to the ammonia gas and fast regenerated in nitrogen
gas at room temperature compared with pure PANI sensors. The
increase in the sensitivity of the sensors seems to increase the total
regeneration time. Indeed, the total regeneration time of the pure
PANI layer (i.e. the most sensitive to ammonia gas) is higher than
the total regeneration time of the PANI/SU-8 composite. The sen-
sitivity of the sensor is the direct result of absorbed NH3 molecule
quantity by the sensitive layer. Thus, the capacity for absorption
with respect to the NH3 molecules increases the sensitivity of the
layer, then increasing the necessary time to the desorption of the
adsorbed species.

The sensing differences between pure PANI and PANI/SU-8
sensitive materials may also result from differences in their mor-
phologies, which is supported by examination of SEM images
(Fig. 5). For pure polyaniline films, the SEM images (Fig. 5(a) and
(b)) show a very dense and smooth surface on which there are some
granules. The SEM images of PANI 3 wt.%/SU-8 surfaces (Fig. 5(c)
and (d)) show a uniform granular morphology (grain size of about
2 pm in diameter) and then a porous structure. The granular and
porous structure of PANI/SU-8 composite seems to contribute to
the short response time, short recovery time and good reversibil-
ity of PANI/epoxy resin sensor. The gas diffusion occurs more easily
in porous structures, and the reaction between gas molecules and
polarons occurs then easily. Moreover, in the PANI/SU-8 structure,
the insulating host polymer leads to a lower quantity of absorbed
ammonia than for pure PANI leading then to faster recovery of
ammonia gas from the sensor. We also think that the better charac-
teristics of PANI/SU-8 composite films as NH3 detecting elements
are attributed to their higher chemical stability compared to pure
PANI films.

5. Conclusion

In this study, the optical ammonia gas sensor based on
PANI/epoxy resin (SU-8) composite film was prepared by a solu-
tion casting method. The composite film has been characterized
by UV-vis spectroscopy, FTIR and SEM measurements. The SEM
images have shown that PANI/SU-8 film has a granular morphology
and a porous structure. The film presents significant absorbance
variations upon exposure to ammonia gas at room temperature.
It was found that this sensor is sensitive, stable, fast in response
and easy to regenerate at room temperature. The sensitivity of the
composite sensor increases with increasing the PANI content. Then,
SU-8 epoxy resin is suitable as a polymer matrix for polyaniline-
based composite gas sensors. A very low concentration of PANI in
the SU-8 matrix can render the composite sensitive to low ammonia
gas concentration. The advantages of this composite sensor com-
pared to the pure PANI sensor are its fast regeneration associated
with improved mechanical properties and chemical stability.
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A rapid and straightforward continuous solid-phase extraction system has been developed for in
situ derivatization and pre-concentration of carbonyl compounds in aqueous samples. Initially 2,4-
dinitrophenylhydrazine, the derivatizing agent, was adsorbed on a C;g mini-column and then 15-ml of
sample were continuously aspirated into the flow system, where the derivatization and pre-concentration
of the analytes (low-molecular mass aldehydes) were performed simultaneously. Following elution, 20 .
of the extract were injected into a LC-DAD system, in which hydrazones were successfully separated in
12 min on a RP-Cqg column using a linear gradient mobile phase of acetonitrile-water of 60-100% ace-
tonitrile for 8 min, flowing at 0.5 ml/min. The whole analytical process can be accomplished within ca.
35 min. Under optimum conditions, limits of detection were obtained between 0.3 and 1.0 g/l and RSDs
(inter-day precision) from 1.2 to 4.6%. Finally, some applications on water samples are presented with
recoveries ranged from 95.8 to 99.4%.
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1. Introduction

Carbonyl compounds are acknowledged to be harmful organic
pollutants that exist naturally in the atmosphere as a result of differ-
ent phenomena such as photochemical oxidation of hydrocarbons,
combustion of fossil fuels by motor vehicles and industrial activ-
ities, among others [1-3]. Many works have been carried out for
the determination of carbonyl compounds in gaseous (air) samples
by chromatographic techniques [4-12]; on the contrary, interest
in the analysis of carbonyl compounds in water samples as pol-
lutants has increased significantly in recent years because human
beings are every day more exposed to contaminated waters. The
dissolution of carbonyl compounds in ground waters after their
deposition from the atmosphere by the rain and the formation of
low-molecular mass aldehydes in drinking waters as disinfection
by-products (DBPs) [13-16] are two currently significant contam-
ination sources. Because of the impact on human health and the
environmental importance of these compounds, simple, rapid and

* Corresponding author. Tel.: +34 957 212099.
E-mail address: qalsirom@uco.es (M. Silva).

0039-9140/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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sensitive analytical methods are required for their routine determi-
nation.

The direct determination of carbonyl compounds in aqueous
matrices is complicated because of their high polarity, reactivity
and volatility which impose the need for their derivatization
prior their detection by chromatographic techniques. A variety
of derivatizing reagents have been used for this purpose, being
hydrazine-based reagents the most widespread choice [17]. Thus,
the most frequently used method for the determination of car-
bonyl compounds in aqueous samples involves derivatization
with an acidic solution of 2,4-dinitrophenylhydrazine (DNPH) to
form the corresponding hydrazones followed by LC separation
and ultraviolet (UV) detection [18-22] or mass spectrometry (MS)
[12,15,23-25]. A typical procedure, as the one recommended by the
EPA Method 8315A [22], involves the batch DNPH derivatization
of the carbonyl compounds (at least 1h at room temperature is
recommended for aldehydes), the extraction of the hydrazones
by solid-phase extraction (SPE) with C;g cartridges, the elution
with acetonitrile (ca. 10ml) and the chromatographic analysis
[22,24]. In some cases, to increase the pre-concentration factor,
the eluate is evaporated to dryness and the residue dissolved
in an acetonitrile:water mixture [24]. These methods provide
good results and are relatively easy to carry out, but they involve
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an extensive work-up, consume materials, and solvents for the
derivatization and the subsequent isolation of the hydrazones
formed by using SPE. In these methods there are mainly two
shortcomings, namely: low selectivity since other hydrophobic
compounds of water could be also retained on Cyg and the excess of
DNPH interferes with the adsorption of the hydrazones (recoveries
were not always high). In order to improve the DNPH-procedures
a recent approach for the determination of aldehydes has been
reported based on the combination of derivatization and polymer
monolith microextraction (PMME) [26,27]. Two methodologies
have been developed, the first based on DNPH derivatization
before PMME has been proposed for the LC determination of
some low-molecular mass aldehydes in saliva samples [26] and
the second related to the in situ derivatization on the monolith
has been applied to the determination of hexanal and heptanal
in plasma [27]. Although the PMME technique reduces drastically
the consumption of solvents and reagents, it has two significant
drawbacks: the polymer monolith is not commercial and therefore
it must be synthesized in the laboratory and the method has been
only applied to sample volume of 1ml because it uses a syringe
infusion pump for delivering the sample solution. Despite the
widespread use of solid-phase microextraction (SPME) for the
analysis of organic compounds from aqueous samples, to our
knowledge no reference has been found for the determination of
carbonyl compounds by SPME using DNPH as derivatizing reagent.
The restricted use of DNPH can be ascribed to its long reaction
time and strongly acidic pH condition for the in fibre derivatization
and the thermal decomposition of DNPH-carbonyl compounds.
In this context, SPME is usually used in conjunction to GC for
the determination of carbonyl compounds after their deriva-
tization with 0-(2,3,4,5,6-penta-fluorobenzyl)-hydroxylamine
[28-33].

The aim of this study is to develop a rapid and sensitive method
for the simultaneous DNPH-derivatization and pre-concentration
of carbonyl compounds in aqueous samples by using a straight-
forward continuous SPE system. A Cig mini-column impregnated
with DNPH and inserted in a simple flow manifold is used for in
situ derivatization and pre-concentration of low-molecular mass
(C1-Cg) aldehydes, which have been selected as model analytes.
This new approach is expected to be a better alternative to the
reported DNPH methods for the determination of carbonyl com-
pounds in aqueous samples, which require batch derivatization
of the analytes and SPE extraction and pre-concentration of the
DNPH-derivatives on Cyg cartridges. In fact, lower consumption of
solvents as well as reagents and shorter analysis time with high
sensitivity (pre-concentration factors up to 150) can be achieved
by using the proposed method. Moreover, LC with UV detection
was used in this work for the separation and determination of
the DNPH-derivatives, but also it can be extrapolated to other
chromatographic alternatives such as LC-MS and other carbonyl
compounds.

2. Experimental
2.1. Standards and reagents

All chemicals and solvents used were of analytical-reagent
and chromatographic grade, respectively, and milli-Q water was
used throughout. Formaldehyde (37% (w/v) solution in water),
acetaldehyde (>99.5% purity) and hexanal (>98% purity) were
purchased from Sigma (Sigma-Aldrich Quimica, Madrid, Spain),
whereas propanal (>96% purity), butanal (>99% purity) and pen-
tanal (>97% purity), were acquired from Fluka (Sigma-Aldrich
Quimica). Standard solutions containing 1000 p.g/ml of each alde-
hyde were prepared in chromatographic grade methanol (Romil

Chemicals, Cambridge, UK), and then stored at 4 °C in a refrigerator.
Stock working mixture solutions were made by appropriate dilu-
tion of the corresponding standard solutions with milli-Q water.
A 6.0 x 102 mol/l DNPH (>99% purity, Fluka) stock solution was
made by dissolving 594.4 mg of the derivatizing reagent in 50 ml of
concentrated hydrochloric acid:water:acetonitrile solution (2:5:1)
which was then stored in a freezer. A 1.5 x 10-3 mol/I (0.3 mg/ml)
DNPH solution was prepared by appropriate dilution of the stock
solution with milli-Q water. Silica RP sorbent with octadecyl func-
tional groups (Cyg, particle size 50 um) was purchased from Sigma.
Other solvents and chemicals were purchased from Romil Chemi-
cals and Merck, respectively.

2.2. Apparatus

The LC system consisted of a Microsorb-MV 100-5 Cig
150 mm x 4.6 mm (5 um) column (Varian, Palo Alto, CA, USA), a
Varian 230 multisolvent pump, a Rheodyne Model 7215 injector
(Cotati, CA, USA) fitted with a 20-pl injection loop and a Varian
335 PDA detector. Hydrazones were chromatographically separated
by using a linear gradient mobile phase of acetonitrile-water of
60-100% acetonitrile circulated at 0.5 ml/min for 0-8 min, with
the detection wavelength set at 360 nm. Under these conditions,
all hydrazones were eluted within about 12 min. Retention times,
peak heights and peak areas were provided by a 6.41 Varian
Star Chromatography Workstation interfaced to a PC compatible
computer.

SPE manifolds consisted of a Gilson Minipuls-3 peristaltic pump
(Middleton, WI, USA) fitted with poly(vinyl chloride) tubes, two
Rheodyne 5041 injection valves (Cotati, CA, USA), PTFE tubing of
0.5mm L.D. for coils and laboratory-made mini-columns packed
with 100 mg Cqg sorbent material (Sigma). The mini-columns were
made from PTFE capillaries of 3 mm LD. and their ends capped by
fitting 30 mm x 0.5 mm LD. PTFE tubing into a 10 mm x 1 mm LD.
PTFE tube, which facilitated insertion into the continuous system.
The mini-column was sealed at both ends with small plugs of glass
wool to prevent material losses.

2.3. Derivatization/pre-concentration SPE procedures

Schematic diagrams of the SPE manifolds used for derivatiza-
tion and pre-concentration of carbonyl compounds are depicted
in Fig. 1. In both SPE systems, sorbent mini-columns were initially
treated with acetonitrile (1.0ml at 0.5 ml/min) and with milli-Q
water (1.0ml at 0.5 ml/min); after each working day, they were
flushed with acetonitrile and milli-Q water in a similar way.

2.3.1. Method A: SPE in situ derivatization/pre-concentration

After conditioning, the SPE mini-column was loaded with 2.0 ml
ofa 1.5 x 10-3 mol/l DNPH solution (0.6 mg of DNPH) at 0.5 ml/min.
Then a volume of 15 ml of standard solution or drinking water sam-
ple with a concentration between 1.0 and 200 pg/l of aldehyde
adjusted at pH ca. 3.0 with diluted hydrochloric acid was continu-
ously introduced into the system at 1.0 ml/min. It is noteworthy that
the sample was placed in a 15 ml PTFE vial that was tightly sealed
and immersed in an ice bath in order to prevent possible evap-
oration loses. The aldehydes were in situ derivatized with DNPH
on the C;g mini-column (100 mg), located in the loop of 1V{, the
sample matrix being sent to waste. Simultaneously, the loop of
IV, was filled with the eluent (acetonitrile). Prior to elution, by
switching IV4, residual aqueous solution inside the column and the
connectors were flushed by passing an air stream through the car-
rier line of IV, at 0.5 ml/min for 2 min. In the elution step, IV, was
switched and 100 .l of the eluent were injected into an air stream
and passed through the column to elute the hydrazones. The extract
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Fig. 1. Continuous-flow manifolds used for derivatization and pre-concentration (solid lines) and elution (dashed lines) of carbonyl compounds with DNPH. (A) SPE in situ
derivatization/pre-concentration and (B) continuous derivatization and SPE pre-concentration. IV, injection valve; SV, selection valve; P, peristaltic pump; W, waste; LC, liquid

chromatograph with DAD detection.

was collected in an Eppendorf vial and 20-p.1 aliquot injected into
the LC.

2.3.2. Method B: Continuous derivatization and SPE
pre-concentration

Volumes of 15 ml of standard water samples containing between
7.5 and 1500 ng of low-molecular mass aldehydes adjusted at pH 2.0
with diluted hydrochloric acid were fed into the system and merged
with the derivatizing reagent (1.5 x 10~3 mol/l DNPH). Hydrazones
were formed in the reaction coil (120cm long) and retained on
the SPE mini-column (100 mg of Cqg) located in the loop of the
pre-concentration valve (IVy) while the sample matrix was sent to
waste. After pre-concentration, an air stream was passed through
the mini-column at 0.5 ml/min for 2 min in order to remove residual
aqueous phase from the mini-column and connections. Simulta-
neously, the loop of the elution valve (IV,) was filled with 100 .l
of acetonitrile (eluent). In the elution step, IV, was switched and
100 pl of the eluent were injected into an air stream and passed
through the mini-column to elute the hydrazones, and the extract
was collected in an Eppendorf vial and finally 20-pl of the extract
was injected into the LC.

3. Results and discussion

The aim of this work is to develop a continuous SPE system
for the in situ derivatization/pre-concentration of carbonyl com-
pounds by using DNPH as derivatizing agent (see Fig. 1A); however,
it can be of interest to compare its features with those provided
by a conventional flow manifold based on the continuous deriva-
tization of analytes before SPE pre-concentration (see Fig. 1B),
because excess of DNPH and reaction time are higher than in the
in situ procedure. Formaldehyde, acetaldehyde, propanal, butanal,
pentanal and hexanal were the carbonyl compounds selected for
testing these approaches. A Cyg mini-column was used because, as
stated above, this sorbent has been widely used in the reported
methods for the pre-concentration of the hydrazones after deriva-
tization of the aldehydes with DNPH; the retained hydrazones
were eluted with 100 pl of acetonitrile. These SPE systems were
assembled in order to obtain highly sensitive, accurate and repro-
ducible results, with minimum sample handling and maximum
throughput.

3.1. Development of the SPE systems

The sample pH is an important variable because it can influence
both the derivatization of the aldehydes with DNPH and the inter-
action of the hydrazones with the Cyg sorbent. Its influence on both
methods was examined by using 10 ml volumes of a mixture of stan-
dard solutions of aldehydes that were adjusted to pH values from
ca. 1.0 to 6.0 with hydrochloric acid. As can be seen in Fig. 2A and
B, the dependencies found were different; thus, for in situ derivati-
zation (Method A, Fig. 2A) a maximum was observed at pH ca. 3.0
for all aldehydes, whereas for continuous derivatization (Method
B, Fig. 2B), the analytical signal was practically independent on the
pH over the range studied (a slight increase was detected at pH
smaller than 3.0). This difference can be ascribed to the fact that
the DNPH solution was prepared in a hydrochloric acid medium,
which provided a pH value of ca. 1.0 (see Section 2.1). As con-
sequence, in the Method B variations of the sample pH over the
range assayed do not significantly affect the pH of the mixture of
the sample and DNPH solutions in the reaction coil, whereas in
the in situ derivatization approach (Method A) the effect of this
variable is more pronounced since the derivatization pH is closely
related to that of the sample solution because DNPH was previ-
ously loaded on the SPE mini-column. In both cases, the decrease
in the analytical signal at higher pH values can be ascribed to the
full deprotonation of the hydrazine group of the DNPH (pK, =2.2)
which probably hinders acid catalyzed derivatization of aldehy-
des to form the corresponding hydrazones. From these results a
sample pH value of 3.0 and 2.0 was selected as optimal for Meth-
ods A and B, respectively, which were adjusted with hydrochloric
acid.

The effect of DNPH is another significant variable to be studied in
both approaches. In Method A, initial experiments were conducted
to establish the influence of the volume of the DNPH solution and
its flow rate by always loading a fixed amount of the derivatizing
agent. Experimental results lead us to conclude that optimal con-
ditions consisted of passing 2.0 ml of the DNPH solution through
the SPE mini-column at a rate of 0.5 ml/min, resulting in the load-
ing time of 4 min. In these conditions, the amount of DNPH was
studied in the range of 0.2-0.8 mg. As it can be seen in Fig. 2C, max-
imum analytical signals were obtained for DNPH amounts of ca.
0.6 mg for all aldehydes and afterwards they remained practically
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constant. This amount of DNPH was selected as optimal, which pro-
vided a DNPH to aldehydes molar ratio higher than 350 (concretely
from ca. 350 to 1200 for formaldehyde to hexanal, respectively),
which is sufficient for their quantitative derivatization. This excess
of DNPH is higher than the one used in other reported applica-
tions of the DNPH method for aqueous samples, but based on the
batch derivatization of carbonyl compounds [23]. This higher excess
of DNPH and the inherent kinetic character of the proposed con-
tinuous flow method are probably the causes for the decrease in
the derivatization time, without detriment in the analytical sen-
sitivity, compared to the reported batch derivatization methods
[15,22-25].

In Method B, the concentration of DNPH and its flow rate
were studied over the range 0.1-0.4mg/ml and 0.1-1.0 ml/min,
respectively. As can be seen in Fig. 2D, the signal increased when
the concentration of DNPH increased to ca. 0.3 mg/ml and then
decreased slightly; this concentration was selected as optimal.
Regarding DNPH flow rate, the maximum analytical signal was
achieved at values over 0.2 ml/min, and so 0.5 ml/min was chosen as
optimum for further experiments. In these selected experimental
conditions, and for a sample volume of 10 ml, the Method B con-
sumes 1.5 mg of DNPH per sample whereas the Method A requires
only 0.6 mg of DNPH per analysis. The decrease in the analytical
signal at DNPH concentrations higher than optimal in Method B
can be ascribed to the possible interference of excess DNPH on
the adsorption of hydrazones, which was practically negligible in
Method A because DNPH had been previously adsorbed on the SPE
mini-column.

From the results in Fig. 2, it is clear that Method B provides
a slightly higher sensitivity for the determination of the low-
molecular mass aldehydes, which can be ascribed to both kinetic
and thermodynamic aspects. In fact, Method B was more sensitive
due to its higher derivatization time and excess of DNPH because
in Method A only 60% of the DNPH loaded on the SPE mini-column
is adsorbed for the further derivatization of aldehydes. In this con-
text, the length of the reaction coil was also optimized in Method
B; the range studied was between 50 and 150 cm, and the signal
remained constant above 120 cm (selected value).

Organic solvents of variable polarity (methanol, acetonitrile and
2-propanol) were tested as eluents. Thus, after derivatization and
pre-concentration of the aldehydes, the hydrazones retained were
eluted with 150 pl of each solvent (propelled by an air stream as
depicted in Fig. 1) and then analysed in the chromatograph. Ace-
tonitrile was found to be the best eluent; the analytical signals
were 1.6 or 5.6 times higher than those obtained with methanol
and 2-propanol, respectively. The effect of the eluent volume was
studied between 50 and 200 pl by using loops of variable length
in the injection valve (IV; in Fig. 1). Obviously, as the volume elu-
ent increased, desorption was more efficient (but hydrazones were
also more diluted). An injected volume of 100 .l was chosen as
optimal as a compromise between these opposing effects. A sec-
ond injection with the same eluent volume revealed the absence
of carry-over; thus, complete elution of hydrazones was obtained
with one injection of 100 wl of acetonitrile.

The influence of the flow-rate of the air stream (the carrier of
the eluent volume) was examined between 0.5 and 2.0 ml/min. No
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significant effect was observed, so 0.5 ml/min was selected for fur-
ther experiments. Other SPE variables studied were the amount
of Cqg sorbent and the sample and eluent flow-rates, which were
examined over the range 50-200 mg and 0.5-2.0 ml/min, respec-
tively. Based on the results obtained, the following conditions were
selected: sorbent amount: 100 mg; sample flow rate = 1.0 ml/min;
eluent flow rate = 0.5 ml/min.

Finally, the maximum sample volume that the SPE system could
handle to achieve low limits of detection (LODs) for the aldehydes
was determined. For this purpose, variable volumes (5-20 ml) of
aqueous standards containing the same amount of each compound
were adjusted to the working pH and propelled to the continuous
SPE system at a flow-rate of 1.0 ml/min. Based on the results, loss
of efficiency for the derivatization and pre-concentration of alde-
hydes was not observed up to 15 ml, although in Method A, a slight
decrease in the chromatographic signals, about 15%, was observed
with respect to those achieved for 10 ml. In any case, a sample vol-
ume of 15 ml was selected for further experiments, which provided
a pre-concentration factor of 150 for aldehydes that allows their
detection in water samples below g/l levels.

3.2. Chromatographic determination of aldehydes and
application to water samples

Under optimum conditions, analytical curves were obtained for
both methods using 15-ml of aqueous samples containing variable
amounts of aldehydes and by plotting peak height against ana-
lyte concentration. Table 1 gives the equations for the standard
curves and other analytical figures of merit such as LODs, defined as
the minimum analyte concentration providing a chromatographic
signal three times higher than peak-to-peak noise, the precision
expressed as the relative standard derivation (RSD) and obtained by
analyzing six samples per run of 15-ml of aqueous samples spiked
with 10 pg/l of each aldehyde on three different days (inter-day pre-
cision), n=18. As can be seen, Method B is slightly more sensitive
although less precise due to the possible interference caused by the
excess DNPH on the adsorption of hydrazones. From these results,
Method A was finally selected because it offers higher robustness
and the sufficient sensitivity for the determination of these car-
bonyl compounds in aqueous samples.

At this point, it may be interesting to compare the analytical
features of the approach proposed for the simultaneous in situ
DNPH derivatization/pre-concentration of carbonyl compounds,
concretely low-molecular mass aldehydes, from aqueous samples
with recent reported alternatives and also its significance on the
sensitivity achieved by the subsequent chromatographic method.

In general, current methods are related to the pre-concentration
of the corresponding DNPH-derivatives on a Cqg sorbent by using
classical SPE cartridges [22,23], on a Cyg mini-column installed at
the sample injection LC valve instead of a sample loop [18], and on
a polymer monolith such as it is done in the PMME technique [26]
after batch derivatization; in all cases, higher derivatization times
than in the in situ derivatization approach proposed in this work
are required (at least 1 h). The only reference on the simultaneous
in situ derivatization/pre-concentration of aldehydes with DNPH
from aqueous samples has been recently reported by Feng and co-
workers [27], which is based on the PMME technique. Although in
this case the derivatization times are similar, the PMME method
requires the previous synthesis of the polymer monolith and many
steps to perform the whole analytical process, which affect the
precision of the method, RSD ca. 7%. The approach proposed in
this work provides higher pre-concentration factor than the PMME
one, 150 versus 20, and therefore the ensuing LC-DAD method
has a similar sensitivity to other reported alternatives even based
on MS detection [15,23-25]. By comparing with the EPA Method
8315A [22], which also uses DAD as detection system, the pro-
posed method provides better sensitivity for the determination
of the aldehydes studied in this work: LODs ranged from 0.3 to
1.0 g/l were achieved by the proposed method whereas for the
EPA Method 8315A they ranged from 6.2 to 43.7 pg/l. The LODs
achieved at the sub-g/l level are suitable for the determination of
the aldehydes in water samples, as is the case of DBPs in drinking
waters, in which their typical levels ranged from 5 to 20 g/l [16].
With respect to the selectivity, the inherent kinetic character of
the proposed continuous flow method and the use of a high molar
ratio of DNPH to carbonyl compounds can provide an increase in
the selectivity when compared to the methods based on the batch
derivatization [15,22-25].

In order to evaluate the usefulness of the method developed, it
was applied to the determination of low-molecular mass aldehydes
in waters, such as drinking, mineral and stream water samples. First,
non-spiked 15.0 ml aliquots of the water samples were analysed
and only acetaldehyde was detected in the stream water sample at
a concentration of 3.3 + 0.1 pg/l. Moreover, in order to assess pos-
sible matrix effects, concentrations of aldehydes between 5 and
20 g/l were spiked in all samples and the corresponding percent-
ages of recovery determined. No matrix effect was observed in the
determination of these aldehydes in this kind of water samples:
the percentages of recovery ranged from 95.8 to 99.4%. Last, Fig. 3
shows the chromatograms obtained in the analysis of the stream
water sample as well as the one obtained from a negative drinking
water spiked with 10 g/l of each aldehyde.

Table 1

Characteristic parameters of the calibration graphs and analytical figures of merit for the determination of low-molecular mass aldehydes.

Aldehyde Linear range? (u.g/l) Regression equation® r LOD (g/l) RSD (%)

Method A
Formaldehyde 3.5-200 H=29+0.3+(136+0.04) x C 0.9979 1.0 4.6
Acetaldehyde 1.0-200 H=15+04+(3.53+£0.03)xC 0.9993 0.3 1.5
Propanal 1.0-200 H=1940.6+(4.22+0.05)xC 0.9991 0.3 1.2
Butanal 2.0-200 H=174+0.4+(1.95+0.02) x C 0.9990 0.6 2.7
Pentanal 3.5-200 H=1940.6+(1.48+£0.01) x C 0.9992 1.0 31
Hexanal 3.5-200 H=2.4+09+(1174+0.02) x C 0.9985 1.0 4.2

Method B
Formaldehyde 2.0-100 H=-0.5+41+(2.8+0.2)xC 0.9945 0.6 12.5
Acetaldehyde 0.5-100 H=2.7+09+(75+0.1)xC 0.9989 0.1 8.8
Propanal 0.5-100 H=-23+37+(83+04)xC 0.9976 0.1 8.4
Butanal 1.0-100 H=-0.5+33+(46+0.2)xC 0.9984 0.3 11.6
Pentanal 1.5-100 H=52+23+(33£01)xC 0.9985 0.4 10.1
Hexanal 2.5-100 H=24+59+(1.8+0.1)xC 0.9924 0.7 16.5

2 Sample volume, 15 ml.
b H, peak height (in mV); C, analyte concentration (in wg/1).
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other conditions see Section 2.
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High-performance liquid chromatography (HPLC) with tris(2,2’-bipyridyl)ruthenium(Il) chemilumines-
cence detection methodology is reported for the determination of the atypical antipsychotic drug
quetiapine and the observation of its major active and inactive metabolites in human urine and serum.
The method uses a monolithic chromatographic column allowing high flow rates of 3 mLmin~! enabling
rapid quantification. Flow injection analysis (FIA) with tris(2,2’-bipyridyl)ruthenium(II) chemilumines-
cence detection and HPLC time of flight mass spectrometry (TOF-MS) were used for the determination of

g?evtvizgsn:e quetiapine in a pharmaceutical preparation to establish its suitability as a calibration standard. The limit
Metabolites of detection achieved with FIA was 2 x 10~ molL~! in simple aqueous solution. The limits of detection
Serum achieved with HPLC were 7 x 10~8 and 2 x 101 mol L-! in urine and serum, respectively. The calibration

Urine range for FIA was between 5 x 102 and 1 x 10~¢ mol L-!. The calibration ranges for HPLC were between

Tris(2,2'-bipyridyl)ruthenium(II) 1x1077-1x 10" and 1 x 1078-1 x 10~*molL~! in urine and serum, respectively. The quetiapine con-

chemiluminescence centrations in patient samples were found to be 3 x 10~ mol L-! in urine and 7 x 10~7 mol L~! in serum.

Monolithic HPLC Without the need for preconcentration, the HPLC detection limits compared favourably with those in
previously published methodologies. The metabolites were identified using HPLC-TOF-MS.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction range of analytes has been well documented [13,14]. To the best

of our knowledge, this paper presents for the first time the direct

Quetiapine (see Fig. 1) is a relatively new atypical antipsychotic
drug with a dibenzoethiazepine structure similar to clozapine
[1]. The escalation in administration of quetiapine has led to an
increased demand for therapeutic drug monitoring and metabolic
investigations [2-4]. There have been reported advantages of
therapeutic monitoring to avoid intoxication, non-response or
non-compliance [2,4-6]. Quetiapine has been determined using
a variety of techniques [1,3,4,6-10] and these have been sum-
marised in Table 1. Several metabolites [1] (see Fig. 1) have also
been identified certain in biological samples. However, many of
these approaches lacked the necessary sensitivity for the deter-
mination of the quetiapine in human serum and or urine without
preconcentration or analyte spiking [3,5-12].The analytical utility
of tris(2,2’-bipyridyl)ruthenium(Il) chemiluminescence detection
in conjunction with high-performance liquid chromatography
(HPLC), flow analysis and capillary electrophoresis for an extensive

* Corresponding author. Tel.: +61 3 5227 1409.
E-mail address: barnie@deakin.edu.au (N.W. Barnett).

0039-9140/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2008.10.023

determination of quetiapine in human body fluids using monolithic
column HPLC with tris(2,2’-bipyridyl)ruthenium(Il) chemilumi-
nescence detection. Furthermore, three metabolites of quetiapine
were also detected with this instrumentation and their identity
confirmed using electrospray ionisation time of flight mass spec-
trometry (ESI-TOF-MS).

2. Experimental
2.1. Instrumentation

2.1.1. FIA

The flow injection analysis manifold used is described in Fig. 2.
The instrument consisted of a Gilson Miniplus 3 peristaltic pump
from John Morris Scientific (Balwyn, Vic., Australia), bridged PVC
tubing and 0.8 mm i.d. PTFE manifold tubing from DKSH (Cabool-
ture, QlId., Australia) and a Valco six-port injection valve from
SGE (Ringwood, Vic., Australia) with a 50 uL sample loop. The
tris(2,2’-bipyridyl)ruthenium(II) solution was oxidised with lead
dioxide to generate the reagent, which was injected manually into
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Fig. 1. The structures of quetiapine and three metabolites [1].

Table 1

Previous work on quetiapine.

Technique Linear calibration range (M) LOD (M) Reference
HPLC-electrochemical detection-preconcentration 2.8x107°-5.7x 1077 ns [12]
HPLC-UV-solid phase extraction 4.5 x1079-4.5 x 107 1.7 x 102 [4]
HPLC-UV-solid phase extraction 5.0x10719-5,6 x 10! 1.0 x 1010 [9]
Capillary zone electrophoresis-UV 5.6 x 1076-5.6 x 10~> 1.7 x 1077 [14]
HPLC-MS/ESI-solid phase extraction 11x108-22x 103 3.4x10°10 [13]
Voltammetry 40x106-2.0x 104 40x10°8 [16]
HPLC-UV-solid phase extraction 2.8x10°7-45x 1077 9.0x 10710 [5]
HPLC-UV 2.2x108-4.1x 1077 ns [3]
HPLC-MS/MS-solid phase extraction 11 x102-43 x 107 33x10°10 [7]
HPLC-MS/MS 56 x 10-11-5.6 x 10~2 11 x 1012 [17]
HPLC-UV-solid phase extraction 1.6 x 10-7-8.4 x 10~7 5.6 x 10-10 [11]

ns = not stated.

a0.05 M H,S0y4 carrier stream. This was then merged with the sam-
ple stream at a 0.8 i.d. T-piece, immediately prior to entering a
coiled PFTE flow-cell positioned flush against an Electron Tubes
Model 9828SB photomultiplier tube (PMT) purchased from ETP
(Ermington, NSW, Australia) at a total flow rate of 2.8 mLmin~1.
The PMT was operated at 1000V provided by an Electron Tubes
Model PM20D power supply and Electron Tubes Model C611 volt-
age divider from ETP. The flow-cell and PMT were enclosed in a
light-tight housing. The output from the PMT was converted by
a Thorn-EMI Model A1 transimpedance amplifier purchased from
ETP, recorded with a Type 3066 chart recorder from Yokogawa
Hokushin Electric (Tokyo, Japan) and peak height was measured
manually.

2.1.2. HPLC
The HPLC instrumentation consisted of a Hewlett-Packard 1100
series liquid chromatograph equipped with a quaternary pump, sol-

Sample
(in sulphuric acid)

Sulphuric acid carrier = Lo &
/ v \

Tris(2,2’-bipyridyl) GL'—? waste
ruthenium(ll) = O G/

Fig. 2. Schematic of the FIA manifold used in this study (P=pump, V=injection
valve, D =detector).

vent degasser, diode-array detector (DAD) and autosampler from
Agilent Technologies (Forest Hill, Vic., Australia). The HPLC was
fitted with a Chromolith Performance RP-18e 100 mm x 4.6 mm
column, a 5mm monolithic guard column from Merck (Kilsyth,
Vic., Australia). The chemiluminescence detector (as described
above for FIA) was configured by replacing the carrier line
in the 0.8 mm i.d. T-piece with the outlet line from the DAD
(254 nm). Thus the column eluent traveled sequentially through
both detectors, before merging with the chemiluminescence
reagent which was propelled at a flow rate of 3mLmin~'. Con-
trol of the HPLC pump, DAD, and data acquisition from the
chemiluminescence detector was achieved using Hewlett Packard
Chemstation Software (Agilent Technologies). Urine samples and
serum samples were analysed by injecting 20 and 100 L, respec-
tively, and separated at a flow rate of 3mLmin~!. Solvent
composition of 15% methanol in an aqueous solution of triflu-
oroacetic acid (0.1%, v/v) was increased to 35% methanol over
7min which was then raised to 100% methanol for a further
3 min.

2.1.3. Mass spectrometry

A 6210 MSDTOF mass spectrometer Agilent Technologies (Forest
Hill, Vic., Australia) was used to identify the primary metabo-
lites. The instrument was operated under the following conditions:
drying gas, nitrogen (7 mLmin~1, 350°C); nebuliser gas, nitrogen
(16 psi); capillary voltage, 4.0kV; vaporizer temperature, 350°C;
and cone voltage, 60 V. Solvent composition of 15% (v/v) methanol
in an aqueous solution of trifluoroacetic acid (0.1%, v/v) was
increased to 35% (v/v) methanol over 21 min which was then
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Table 2

Analytical figures of merit for quetiapine using FIA and HPLC with tris(2,2’-bipyridyl)ruthenium(Il) chemiluminescence detection, where y is equal to the logarithm of the
peak height for FIA and peak area for HPLC, and x is equal to the logarithm of the molarity of the quetiapine.

Instrumental method Injection volume (L) Calibration function

Calibration range (mol L) LOD (molL-1) R? RSD (%)

FIA 50 y=6x10'"%+6793
HPLC 20 y=6x10°x+8867
HPLC 100 y=4x10'"%+30641

2x10°1
7 x10-8
2 x10-10

5x1079-1x 1076
1x1077-1x 104
1x10°8-1x104

0.99894 2.02
0.99923 2.07
0.99741 2.07

raised to 100% (v/v) methanol for a further 9 min at a flow rate
of TmLmin~1.

2.2. Reagents

All solutions were prepared with deionised water (Millipore,
MilliQ Water System, USA). HPLC-grade acetonitrile and methanol
were obtained from BDH (Poole, UK). All mobile phases and samples
were filtered through a 0.45 wm nylon membrane filter. Solutions
of tris(2,2’-bipyridyl)ruthenium(IIl) (1 x 10-3 M, Strem, USA) were
prepared in 0.05M sulfuric acid. Stock solutions of quetiapine
(1 x 10-3 M) were prepared by dissolving the appropriate amount
of crushed Seroquel® (Astra Zeneca) tablets in 0.05 M sulfuric acid
prior to ultrasonication for 30 min.

2.3. Patient samples

All patient data was removed prior to analysis and storage to
comply with the privacy legislation for this pilot study. Blood and
urine samples were collected in the morning by a medical profes-
sional approximately 12 h after last intake of Seroquel® (50 mg).
The blood was collected in a vacutainer without an anticoagu-
lant and then left to clot for 30 min at room temperature before
being centrifuged at 2500 rpm for 15 min and the resultant serum
collected. The serum and urine samples were stored at —80°C,
prior to thawing for analysis. Samples were vortexed for 30s and
then centrifuged for 5 min before filtering through a 0.45 p.m nylon
membrane filter. Control urine samples were provided by a healthy
volunteer and subjected to the same protocol.

3. Results and discussion
3.1. Analysis of Seroquel®

Due to the unavailability of an analytical standard for que-
tiapine, the pharmaceutical Seroquel® was used based on the
dosage declared by the manufacturer. This approach was previ-
ously employed by Davies et al. [9] and Pucci et al. [15] Standard
solutions of Seroquel® were made up as described in Section 2.2.
Subsequently, FIA with tris(2,2’bipyridyl)ruthenium(Il) chemilu-
minescence was used to obtain preliminary calibration functions
and analytical figures of merit for quetiapine (see Table 2).

When analysed with HPLC, coupled to the same chemilumines-
cence detection system as used for FIA, the standard solutions of
Seroquel® exhibited a single chromatographic peak at 5.80 min.
This was later identified by HPLC-ESI-TOF-MS to be that of quetiap-
ine. Thus clearly demonstrating that neither the FIA nor the HPLC
with tris(2,2’bipyridyl)ruthenium(Il) chemiluminescence detec-
tion recorded a measurable response from the presence of any
excipients in the pharmaceutical preparation. Accordingly, this FIA
methodology with its low limits of detection and rapid sample
throughput offers superior analytical performance for the quality
assurance of Seroquel® formulations compared with earlier studies
[15,16].
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Fig. 3. Chromatogram of control and patient urine samples. The identified compo-
nents are 1, O-dealkylated quetiapine; 2, N-alkylated quetiapine; 3, quetiapine; and
4, quetiapine sulfoxide.

3.2. Urine and serum analyses

Using the HPLC parameters described in Section 2.1.2 and
similar standard solutions as those for FIA, calibration functions
for quetiapine were obtained using two injection volumes and
the resultant analytical figures of merit are shown in Table 2.
These results revealed an extended calibration range compared to
other methodologies reported for this analyte [4-6,8-10]. While
the limits of detection achieved using HPLC were inferior com-
pared to that attained with FIA, this was to be expected as the
solvent mixtures, particularly the presence of methanol, do not
provide an optimal chemical environment for the generation of
tris(2,2’bipyridyl)ruthenium(Il) chemiluminescence [13,14]. While
the detectability was adequate for the direct determination queti-
apine in the two body fluids, the relative instability of the samples
(at room temperature) and lack of analytical standards precluded
the optimisation of the separation and as shown in Figs. 3 and 4 it
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Fig. 4. Chromatogram of patient serum with identified components: 1, N-alkylated
quetiapine; 2, quetiapine; 3, quetiapine sulfoxide.
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is only good enough to estimate the quetiapine concentration and
observe the presence of its metabolites.

The patients’ urine sample was analysed using the above condi-
tions with 20 pL injection volume and compared with a control.
The resulting chromatograms in Fig. 3 show that the chemilu-
minescence detection afforded analytically useful responses for
quetiapine and its metabolites [3,8,17,18], the identity of three
of which was later confirmed by HPLC-ESI-TOF-MS. The reten-
tion time for quetiapine was established (5.80 min) by spiking
both urine samples and its concentration was determined to be
3 x 106 M using an external calibration. Similar methodology was
applied to a serum sample with a 100 pL injection volume (see
Fig. 3)and the quetiapine concentration was found tobe 7 x 10~7 M.
It should also be noted that the serum sample was collected from a
patient who had ingested only 50 mg of Seroquel®, which was con-
sidered to be a relatively low dose given that the therapeutic range
is between 150 and 750 mg/day [2,9,10,15,19-21].

The considerable differences in analyte concentrations found in
the urine and serum samples is consistent with quetiapine hav-
ing a biological half-life of approximately 5-8 h due to extensive
metabolisation after oral administration and excretion through
urine and faeces [4,15,20,22]. The bioavailability of quetiapine is
driven by the liver through sulfoxidation forming the major but
inactive sulfoxide metabolite, and via lesser metabolic pathways,
N- and O-dealkylation metabolites [22]. Furthermore, the extent
and rate of quetiapine metabolisation can vary greatly between
individuals, due to patient compliance and the activities of drug
metabolising enzymes [4].

The use of the monolithic column negated the need for exten-
sive sample preparation due to its bimodal pore design, making it
resistant to blocking [26]. The monoliths also permitted the use
of relatively high-flow rates (3mLmin~1) at low back-pressures,
which afforded compatibility with the kinetics of the chemilu-
minescence detection and enabled rapid separation. The minimal
sample preparation removed the need to match extraction and
preconcentration solvents with HPLC gradients, which is often a
problem with such sample pretreatment protocols [3].

4. Conclusion

Monolithic HPLC separations with tris(2,2’-bipyridyl)
ruthenium(Il) chemiluminescence detection were used for
the estimation of quetiapine concentrations and the observation
of its major metabolites (confirmed with mass spectrometry)
in human urine and serum. The samples required only minimal
sample preparation and no preconcentration step and the limits
of detection were comparable to mass spectrometry (see Table 1).
Given the availability of a complete set of analytical standards

and access to suitable patient samples, our preliminary evaluation
of this technology could be refined and validated. This approach
could be utilised for the rapid monitoring of quetiapine and its
active and inactive metabolites thus facilitating a dose correction
to be made on an individual patient basis. Such corrections are
commonly required in order to account for the interactions of
other drugs that may increase [23,24] or decrease [12,25] the
metabolism of quetiapine.

The FIA methodology has the potential to be utilised for quality
assurance of Seroquel® formulations.
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ABSTRACT

Wavelength interrogation surface plasmon resonance (SPR) spectroscopy using a dove prism combines a
simple and inexpensive optical design with high-resolution refractive index monitoring and biosensing. A
BK7 dove prism inverts an optical image with a total internal reflection angle of 72.8°, an angle active in SPR.
Hence, a unique system can accomplish SPR biosensing using wavelength interrogation and also perform
SPR imaging. This optical configuration advantageously uses a single axis optical path between each opti-
cal component, simplifying the optical design of SPR instruments without compromise of the analytical
performance. Fluidics were also incorporated to the instrument design for efficient sample delivery. The
SPR instrument is characterized in terms of refractive index (RI) sensitivity, RI resolution, reproducibility,
and application for monitoring low concentration biological events. Data analysis methodologies are com-
pared for improved resolution of the measured response. Raw data analyzed using a minimum hunting
procedure results in RI resolution in the 106 range, while pre-treating data with singular value decompo-
sitionimproves the resolution by one order of magnitude. Depending on the spectrophotometer employed,
the RIrange accessible can be easily tuned; examples with a 550-850 nm and a 550-1100 nm spectropho-
tometers are shown and results respectively in RI ranges of 1.32-1.39 RIU and 1.32-1.42 RIU. Monitoring
of WM concentration of B-lactamase is performed using the wavelength interrogation configuration of the
biosensor. Finally, a SPR image of a surface with a water droplet (volume = 500 nL) was obtained using the
dove prism SPR with a band pass filter and a CCD camera. SPR using a dove prism configuration combines
advantages of portable SPR instruments, SPR imagers and research-grade SPR instruments in a unique

platform.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Surface plasmon resonance (SPR) sensing has become a widely
utilized technique for the measurement of biomolecular interac-
tions [1,2], quantification of proteins [3,4], and measurements of
DNA [5]. Excellent reviews of the instrumentation [6], the technique
[7] and recent advances in SPR spectroscopy [8] provide a general
overview of SPR-based sensors. Briefly, the SPR phenomenon relies
on the optical excitation of a charge-density oscillation existing at
the interface of a thin metallic film and a dielectric. To achieve res-
onance conditions, the light must be in total internal reflection at
a wavelength - angle couple matching the wavevector of the sur-
face plasmon (SP). Therefore, multiple optical configurations can
possibly excite the SP. The Kretschmann configuration of a SPR
instrument couples light using attenuated total reflection (ATR) at a
glass|Au interface. The most popular configuration uses monochro-
matic light to interrogate the angle in resonance with the SP [7].
Many commercially successful instruments are based on this opti-

* Corresponding author. Tel.: +1 514 343 7342; fax: +1 514 343 7586.
E-mail address: jf. masson@umontreal.ca (J.-F. Masson).

0039-9140/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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cal configuration. Thus, in spite of the popularity of these types of
SPR instruments, there is still a necessity to develop a SPR instru-
ment combining high resolution of the SPR response, such as in
the angular interrogation configuration, with the advantages of an
inexpensive [9,10] and portable instrument [11,12]. Hence, a versa-
tile and cost-effective technology could be implemented in many
laboratories and yet, achieve low detection limits SPR sensing.
SPR instruments based on different configurations have been
investigated as alternatives for the angle interrogation configu-
ration. Among them, a SPR instrument using fiber optics as the
sensing element is a cost-effective alternative to research-grade
instrument, they are portable [13] and can be adapted to vari-
ous applications such as salinity sensor [14], biosensor for wound
healing [15], biosensor for cardiac markers [16,17] and biosensor
for staphylococcal enterotoxin B [18]. Sensitivity of fiber optic SPR
can be improved using near infrared excitation of a micro-prism
located at the tip of the fiber optic [19]. However, the resolution
achieved with this technique is limited by the numerical aperture
(NA) of the optical fiber required to perform SPR on a fiber optic.
A large numerical aperture (NA=0.39) fiber is necessary to prop-
agate the SPR-active angle — wavelength couples. However, due to
a large number of angle — wavelength couples propagating in the
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fiber optics and entering in resonance with the SPR surface, the
SPR spectrum broadens resulting in a limited resolution with this
configuration. To minimize this effect, low numerical aperture fiber
optic (NA=0.12) can be modified with a micro-prism at the distal
end to improve the SPR spectrum [20] and increase the accessible
range of refractive index of the sensor [21]. Using this configuration,
the resolution is limited to approx. 1.4 x 106 RIU. Further decrease
of the numerical aperture of the fiber optic is necessary to achieve a
resolution similar to the angle interrogation configuration (approx.
5 x 10~7 RIU). However, current manufacturing techniques do not
allow such low numerical aperture.

An alternative to the angle interrogation SPR or using opti-
cal fiber uses a multi-wavelength excitation. This configuration
combines elements of the angle interrogation SPR and fiber optic
SPR instrument. In a multi-wavelength excitation scheme, colli-
mated white light from an excitation optical fiber is reflected at
a single angle and is analyzed with a spectrophotometer using
a collection optical fiber [22,23]. Among other factors, the SPR
resolution with multi-wavelength SPR is mainly limited, by the
width of the SPR band. In addition, the spectral range of the spec-
trophotometer, which is a function of the grating density, will
delimit the working range in refractive index of the SPR sensor.
The recent advent of miniature spectrophotometer with a narrow
spectral range and high-density diode arrays potentially enables
the measurement of the refractive index with high resolution with
a small footprint SPR instrument. These spectrophotometers allow
the acquisition of a large number of data points around the SPR
band, contributing to reduce the noise of the measurement and
thereby improving the resolution of the SPR measurement. In
the case of the angle interrogation configuration, the resolution
depends on scanning the incident angle (slow measurement and
complex mechanical setup) or by focusing the incident light beam
at the glass|Au interface onto a linear array photodiode (precise
alignment and lengthy optical path for high resolution). Hence,
the angle interrogation configuration is not suitable for portabil-
ity and for an inexpensive design of the SPR instrument. A current
drawback limiting the use of multi-wavelength SPR instrument
is the precise alignment of the optics at the angle of excitation
[23] or the manufacture of a small sensing element [22]. The
use of a dove prism is advantageous to circumvent these draw-
backs. The dove prism inverts the image of a collimated light
beam impinging parallel to the long edge of the dove prism.
The total internal reflection angle of propagation in a BK7 dove
prism is 72.8°, which is active in SPR with an excitation wave-
length between 600 nm and 1000 nm depending on the refractive
index of the solution. Hence, a single axis optical path is required
to construct the SPR imaging instrument, greatly simplifying the
optical setup without loss of spatial or optical resolution. The sens-
ing element is simply composed of a glass slide coated with Au,
onto which fluidics can be mounted for efficient sample deliv-
ery. This configuration combines the advantages of a portable,
inexpensive SPR instrument with the high-resolution advantage of
biosensing with the angle interrogation configuration SPR instru-
ment.

Increasingly, the need of multiplex arrays is arising for
simultaneous multi-analyte detection. Spatially resolved SPR mea-
surements provide a technology for monitoring local changes
of refractive index on a surface [24,25]. Thus, the detection of
biomolecular interactions for multiple systems/replicates is pos-
sible on a spatially resolved sensing array [26]. SPR imaging,
also called SPR microscopy, has been applied for high-throughput
analyses of biomolecular binding event [1]. The SPR imaging
methodology has been recently optimized with the improvement
of the resolution [27], optical coupling [28] and protein array for-
mation [29]. However, no SPR measurement possesses the dual

capability of measuring the conventional SPR response and the
SPR image of a surface. The use of a dove prism SPR configuration
can perform both conventional and SPR imaging techniques with a
unique instrumental template.

Here, a SPR instrument is demonstrated based on the optical
setup using a dove prism coupled with fiber optics and a miniature
spectrophotometer. Although the dove prism SPR configuration is
suitable for the development of a portable SPR instrument, this
article presents the characterization in a laboratory of a SPR instru-
ments based on this configuration. Characterization of the dynamic
range, the sensitivity, refractive index resolution, the reproducibil-
ity and biosensing for 3-lactamase are reported in this article.
Among the multiple data analysis strategies previously developed
toimprove resolution of the SPR signal [30-33], the minimum hunt-
ing (polynomial fit) and the algorithm (a — b)/(a + b) are investigated
to maximize resolution of the SPR response. Spectral denoising
is also performed using singular value decomposition (SVD) of
the spectra to improve the signal to noise ratio and increase the
resolution of the measured SPR response. Two configurations are
presented: (1) using a collection fiber optic with a miniature spec-
trophotometer for multi-wavelength SPR and (2) using a bandpass
filter and an imaging camera to perform SPR imaging. An image of
water droplets on a Au surface of the SPR sensor demonstrates the
SPR imaging configuration.

2. Experimental
2.1. SPR sensor

Glass slides of 3” x 1” were cleaned using piranha solution (70%
H,S04:30% H,0,) at 80°C for 90 min. Caution, piranha solution is
highly corrosive! The glass slides were then thoroughly rinsed with
18 M2 water. Thereafter, the glass slides were further cleaned in
an ultrasound bath with a 5:1:1 solution of H,0:H,0,:NH40H for
60 min. The glass slides were thoroughly rinsed with 18 M2 water
and stored in 18 M2 water until use. The slides were air-dried
undisturbed prior to metallization. Then, a 5-nm-thick adhesion
layer of Cr followed with a 48 nm Au film were deposited to man-
ufacture the SPR sensor.

2.2. SPRinstrument

The SPR instrument was constructed based on a combination of
wavelength interrogation fiber optic SPR and total internal reflec-
tion in a dove prism (Fig. 1). The broadband light from a halogen
lamp was focused in a 200-pwm-diameter fiber optic (excitation
fiber optic). Light exiting the excitation fiber optic is collimated
to a diameter of about 3 mm using a SMA collimating lens, passed
through a sheet polarizer, the dove prism (BK7) with the SPR sen-
sor contacted using refractive index matching oil (RI=1.5150), and
collected with another fiber optic (200-wm diameter) using an
inverted SMA collimating lens. All these optical components were
aligned in a single optical axis. The light exiting the collection
fiber entered a miniature spectrophotometer. Depending on the RI
range desired, a short-range spectrophotometer (550-850 nm) cov-
ers from 1.33 RIU to 1.39 RIU or a longer spectral range was obtained
from a 550 nm to 1100 nm spectrophotometer which covers from
1.33 RIU to 1.42 RIU. If the imaging configuration was used, the col-
lection fiber optic was removed and replaced with a band pass filter
(6204 10 nm). The collimated light exiting the band pass filter was
analyzed using a CCD camera (Andor technology). A 50:50 beam
splitter can be mounted between the dove prism and the band
pass filter for wavelength interrogation and imaging on a single
platform.
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Fig. 1. Schematic representation of a SPR instrument using a dove prism. A single axis optical path between the excitation fiber and the collection fiber results in a small-

footprint instrument.

A fluidic cell and syringe pump were constructed in-house. The
fluidic cell made of Teflon has a spade-shaped channel of 0.5-mm
deep. The housing was designed to hold the dove prism, the SPR
sensor and the fluidic cell in close contact. The dual channel syringe
pump was designed for sample flow rates between 8.3 wLs~! and
108 wLs~1. A flow rate of 16 wLs~1 was typically used.

2.3. Calibration of the SPR sensor

Sucrose solutions with concentrations ranging from 0% w/w to
50% w/w were prepared in water to cover between 1.33 RIU and
1.42 RIU. Thereafter, the solutions were successively exposed to the
SPR sensors using the syringe pump and the flow cell. Data analysis
was performed using two methodologies: minimum hunting [31]
and a (a—b)/(a+b) algorithm around the minimum reflectance of
the SPR spectrum [33]. SVD of the SPR spectra and reconstruction
of the SPR spectra using the first three components was performed
to optimize signal to noise. With both data analysis methodologies,
an ordinary linear least squares (OLLSs) regression model was used
to calibrate the SPR sensor.

2.4. Detection of B-lactamase

A monolayer of the N-hydroxysuccinimide ester of the 16-
mercaptohexadecanoic acid (NHS-MHA) was formed by contact of
the bare Au surface with a 5mM solution of NHS-MHA overnight.
NHS-MHA was prepared according a previously published proce-
dure [16]. Following a thorough rinse of the NHS-MHA monolayer
with ethanol and thereafter with PBS, the sensor was reacted with
anti-3-lactamase (QED Bioscience Inc.) prepared at 37 wg/mL in
refrigerated PBS pH 7.4. The reaction was carried overnight in a
4°C environment to minimize antibody degradation. Thereafter,
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the samples were rinsed with PBS and reacted for 10 minina 1M
aqueous solution of ethanolamine hydrochloride adjusted at a pH
of 8.5 with 10 M NaOH. The slides were stored in PBS at 4 °C for at
least 60 min prior to use.

A solution at 700nM of (3-lactamase was prepared in PBS at
4°C by the dilution of a stock solution. This solution was kept at
4 °C until 20 min prior to use, which was then equilibrated at room
temperature for the analyses. These following measurements were
performed without the use of a flow cell. A sensor with the (3-
lactamase specific monolayer was mounted on the SPR instrument
and room temperature PBS was placed on the sensor for 10 min,
in order to stabilize the sensor. A spectral reference (s-polarized
light) was acquired immediately before the real-time measure-
ment started. PBS was measured for 5 min to acquire the baseline
response and was thereafter replaced with the 3-lactamase solu-
tion for 20 min. Finally, the sensor was placed again in PBS for
5 min verifying the reversibility of the binding between the anti-
-lactamase and (3-lactamase.

3. Results and discussion
3.1. SPR based on a dove prism

A SPR instrument using a dove prism allows a compact and a
single axis optical path between an excitation fiber optic and a col-
lection fiber optic (Fig. 1). With collimated incident light impinging
on the prism, a single angle of 72.8° propagates in total internal
reflection through a BK7 prism. At this angle, the surface plas-
mon on a 48-nm Au film is excited at a wavelength of approx.
610nm with aqueous solutions (Fig. 2). With this experimen-
tal configuration, the instrument must combine multi-wavelength
excitation with a spectrophotometer to observe the SPR spectrum.

600 700 800

A(nm)

900 1000

Fig. 2. SPR spectra are shown for the sucrose solutions with refractive index varying between 1.33 RIU and 1.36 RIU (short spectral range configuration of spectrophotometer)
on the left and between 1.33 RIU and 1.42 RIU in the long spectral range configuration of spectrophotometer.
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To accomplish this, fiber optic for light delivery and a miniature
spectrophotometer result in a small footprint instrument, of 17 cm
length x 6.5 cm width x 17 cm height for the optical components.
The SPR instrument consists of a broadband halogen light source,
an excitation fiber (vis-NIR fiber optic of 200 um diameter) with a
collimating lens terminating the fiber, a polarizer, a dove prism, and
acollection fiber identical to the excitation fiber. The active SPR area
on the sensor is <1 cm?2, which can be tunable with the presence of
an iris between the excitation fiber and the prism. The collected
light is analyzed with a miniature spectrophotometer, the wave-
length ranges from 550 nm to 850 nm for a short range of accessible
refractive index (1.32-1.39 RIU) or with a wavelength range from
550 nm to 1100 nm, for a broader range of refractive index acces-
sible to the SPR sensor (1.32-1.42 RIU). The multi-wavelength SPR
instruments have the advantage of simultaneous acquisition of a
complete wavelength scan of the SPR spectrum, allowing for fast
acquisition of the SPR spectra. The data reported here are acquired
atarate of 50 Hz, the accumulation of 50 spectra composed one data
point (1s time resolution). In comparison, an instrument interro-
gating the SPR angle by moving the excitation beam cannot achieve
such temporal resolution. Otherwise, focusing a beam on the SPR
prism requires a lengthy optical path to achieve optimal spectral
resolution. Hence, using the dove prism configuration, it is possible
to achieve a compact design without compromising the spectral
and temporal resolution. The alignment of the optical components
is also much simpler compared to a SPR instrument interrogating
multiple angles simultaneously. The dove prism simply requires the
alignment of the optical components in a single axis, while light
must be focused with a precise set of angles with a SPR instrument
using the angle interrogation configuration.

A tunable spectral range is beneficial for different applications.
Some applications require high-spectral resolution for monitor-
ing the SPR response of low concentration of an analyte with
high resolution (i.e. biosensor for a low protein concentration),
while other application require a large spectral range to monitor
changes in refractive index from bulk composition of the solution.
With a multi-wavelength SPR configuration, the spectral range of
the SPR instrument depends on the grating utilized in the spec-
trophotometer. Hence, a grating with a higher groove density will
result in a larger spectral resolution, but a smaller refractive index
range accessible to the instrument. In a first configuration pre-
sented here, a spectrophotometer with a spectral range between
550 nm and 850 nm analyzes the light exiting the SPR instrument.
This spectrophotometer results in a refractive index range of the
SPR instrument between 1.33 RIU and 1.39 RIU (Fig. 2), which
is adequate for most applications with aqueous solutions, such
as biosensing. The noise observed on the spectra at wavelengths
>750 nm is due to the use of a narrow spectral range LED, emitting
between 550 nm and 700 nm. A high power LED (Philips lumiled)
is advantageous, resulting in short integration time (20 ms) for a
single acquisition, such that multiple acquisitions are accumulated
to compose a single spectrum with a reduced noise on the signal.
Hence, kinetic data can be obtained at a fast acquisition rate, with
a low noise on the measured spectra. In another configuration pre-
sented here, the SPR spectra are shown using a spectrophotometer
sensitive between 550 nm and 1100 nm (Fig. 2). This longer spectral
range is accessible using a halogen lamp and it results in mea-
surable SPR response for solutions comprised between 1.33 RIU
and 1.42 RIU. Thus, the range of refractive index accessible to the
SPR instrument is tunable with different spectrophotometers. This
instrumental configuration results in a single template applicable
to different experiments.

The SPR sensor is calibrated to determine the sensitivity for
refractive index within the biological realm of refractive indices.
The measurement of the SPR response from solutions of varying

refractive index calibrates the SPR sensor for bulk refractive index
changes. Fig. 2 shows the SPR spectra for both spectrophotometer
configurations with sucrose solutions of increasing concentration,
thus of increasing refractive index. A refractometer with an accu-
racy of 1 x 10> RIU accurately measures the refractive index of
the sucrose solutions. Sucrose solutions are an appropriate model
for refractive index calibration, as sucrose does not interact with
the Au surface of SPR sensors [31]. Hence, the response measured
with the SPR sensor results uniquely from the refractive index of
bulk solution and no contribution is observed from the accumula-
tion of molecules at the surface. Thereby, the sensitivity with the
SPR using the dove prism was measured at 1765 4 100 nm/RIU. A
calibration curve for SPR sensors is non-linear for large refractive
index changes, as the refractive index sensitivity increases for solu-
tions of higher refractive index. Therefore, the sensitivity reported
here, is only valid for the biologically relevant range of refractive
indices between 1.33 RIU and 1.35 RIU. The error reported here is for
two standard deviations on the regression, calculated using OLLSs
regression.

3.2. Data analysis methodologies

SPR sensors respond to refractive index with a shift of the wave-
length at which the SPR phenomena occur. Therefore, the data
processing methodology used for the determination of the refrac-
tive index change must be accurate and sensitive to small changes
of spectral position, rather than the intensity as in most spectro-
scopic applications. Moreover, the noise of the measured response
must also be minimized. It is common to use a minimum finding
algorithm by mathematically fitting a second-order polynomial to
the SPR spectra and determining the minimum from the zero of
the derivative of the second-order polynomial (Fig. 3). Otherwise,
an algorithm calculating the difference between the intensity of
the branches around a set wavelength (A,), divided by the sum
of the intensity for both branches results in a measurement of
the position of the SPR response (Fig. 3). Hence, the algorithm
(a—Db)/(a+Db), where a is the sum of the branch for A <X,, while
b is the sum of the branch for A > A, is sensitive to minute changes
of the position of the SPR response. The dynamic range of the algo-
rithm is limited to a SPR shift of less than the width of the peak at
half height. Otherwise, the algorithm becomes insensitive to fur-
ther displacement of the SPR peak. This algorithm is applied to

(a-b)/a+b) 4

Ao

F 3
Y

SVD

Wavelength

Fig. 3. Data analysis of SPR spectra using minimum hunting (Aspr) and with the
(a—Db)/(a+Db) algorithm. Singular value decomposition (SVD) and reconstitution
with the first few components containing the chemical information is used to reduce
the noise on the spectra.
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accurately measure the topography with an atomic force micro-
scope. In order to decrease the noise on the SPR spectra, a singular
value decomposition of the SPR spectra into its principal compo-
nents, followed by the reconstitution of the spectrum with the first
three components containing the chemical information reduces
the noise. In this case, the reconstitution of the SPR spectra with
the first three principal components results in no loss of chemical
information.

A flow cell was designed to deliver the samples to the SPR sen-
sor using a syringe pump. The syringe pump has variable flow
rate between 0.5 mL/min (8.3 pL/s) to 6.5 mL/min (108 pL/s). The
results presented thereafter were obtained at 16 pL/s. To measure
the reproducibility of the SPR measurement, the SPR sensor is con-
secutively exposed for 5 min to 18 M2 water and then for another
5min to PBS, for a total of four cycles (Fig. 4). The SPR response
is reproducible at a wavelength shift of 2.47040.011 nm between
PBS (RI=1.33498 at 20.00°C) and water (RI=1.33316 at 20.00°C)
using the minimum hunting data analysis. Singular value decompo-
sition of the raw SPR spectra and reconstituting of the SPR spectra
with the first three components results in a wavelength shift of
2.482 +£0.021 nm. The errors reported are for two standard devia-
tions on the mean SPR response. Thus, it is observed that denoising
SPR spectra with singular value decomposition and reconstituting
with the first three components do not alter the SPR response.
Using the algorithm (a — b)/(a+b) and singular value decomposi-
tion denoising yields a response of 0.0257 4 0.0002 (unitless). The
reproducibility of the flow cell is better than 1% variation (n=4)
with each data analysis methodologies.

A significant decrease of the noise on the SPR response is
observed from denoising the raw SPR spectra with singular value
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Table 1
Comparison of data analysis methodologies for flow cell stability and (3-lactamase
biosensing.

Minimum hunting (a—Db)/(a+Db)

Refractive index resolution

Raw data 3 x 10~ RIU 9 x 10~7 RIU

SVD 1x 10-% RIU 1.5 x 107 RIU
B-Lactamase response (700 nM)

Raw data 0.17 £0.03 nm 6.4+0.8 x 10~*
SVD 0.127 £ 0.005 nm 4.05+0.15 x 104

decomposition. A further decrease of the noise observed on the SPR
spectrais observed for data processing using the (a — b)/(a+b) algo-
rithm. The continuous measurement of the SPR response for a water
sample with the flow cell is used to calculate the resolution for each
data analysis methodologies (Table 1). Two standard deviations on
the mean measurement of the SPR response during a 2-min expo-
sure to water at a flow rate of 16 pL/s and dividing this value by
the sensitivity calculates the resolution. Using minimum hunting
without singular value decomposition, the resolution on the refrac-
tive index measured is 3 x 10~6 RIU. Singular value decomposition
denoising the raw spectrum improves the resolution to 1 x 10-6
RIU. Therefore, an improvement by a factor of 3 of the resolution is
observed for denoising the data using singular value decomposition
with minimum hunting. In comparison, the algorithm (a — b)/(a +b)
significantly improves the resolution compared to the minimum
hunting algorithm. A resolution of 9 x 10~7 RIUand 1.5 x 10~7 RIU is
respectively observed for data processing using (a — b)/(a+b) with-
out denoising and with singular value decomposition denoising.
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Fig. 4. Repeated measurement of phosphate saline buffer (PBS, 1.33498 RIU) and water (1.33287 RIU): (A) raw data processed with minimum hunting procedure, (B) singular
value decomposition of the SPR spectra followed by the minimum hunting procedure, (C) singular value decomposition followed by the (a — b)/(a+b) algorithm, and (D)
calibration curve for sucrose solutions (RI ranges between 1.333 RIU and 1.334 RIU), data processed using singular value decomposition followed by the (a — b)/(a + b) algorithm.
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Therefore, a greater improvement is observed by denoising the data
prior to processing with (a—b)/(a+b) than with denoising prior
to the minimum hunting algorithm. This greater improvement on
the resolution observed for denoising (a — b)/(a+b) may be due to
the methodology of data processing. The main factor limiting the
resolution for the minimum hunting procedure is the accuracy of
the polynomial fit of the SPR minimum. The random noise on the
SPR spectra does not alter significantly the shape of the spectra.
Thus, the fit of the second-order polynomial for minimum hunt-
ing is only slightly improved by denoising. For the (a—b)/(a+b)
algorithm, the resolution is mainly limited by the random noise
on the measurement. In this case, the reduction of the noise from
random fluctuations on the spectrum significantly impacts the res-
olution of the SPR response. This results in a greater reduction of the
noise and it improves significantly the resolution of the SPR instru-
ment. The resolution in the 10~7 RIU range reported here rivals
with the best SPR instruments and is adequate for high-resolution
SPR biosensing. The resolution were respectively reported for angu-
lar interrogation SPR at 5 x 107 RIU [7], at 1.4 x 10~8 RIU for fiber
optic SPR [13], at approx. 10> RIU for wavelength interrogation
SPR[7,22], and at 5 x 10~ RIU for intensity measurement SPR (SPR
imaging) [7]. The significantly improved resolution obtained with
the dove prism SPR instrument compared to other wavelength
interrogation instrument is due to the data processing methodol-
ogy and to a single angle excitation of the SPR phenomena. Some
wavelength interrogation techniques do not impinge the SPR sen-
sor at a unique angle. This results in a broader SPR spectrum and
it decreases the resolution of other multi-wavelength SPR instru-
ments.
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To exhibit the potential to measure solutions with a small
refractive index difference, a calibration curve was constructed for
sucrose solutions with a refractive index between 1.333 and 1.334
(Fig. 4). Therefore, the difference in refractive index between each
sucrose solutions is <2 x 10~ RIU. As observed, the signal to noise
ratio on the SPR response does not approach the limit of detec-
tion. The SPR signal measured with (a —b)/(a+b) shows a linear
response to refractive index, due to the short range of the calibra-
tion curve. The non-linearity of the SPR calibration is significant for
refractive index calibration spanning over differences of >0.02 RIU.
The sensitivity to refractive index was measured at 12.5 RIU~T with
the (a— b)/(a+b) algorithm. The response measured with this data
processing algorithm is unitless.

3.3. B-Lactamase biosensing

The SPR instrument was characterized for biosensing with a
model biological system. Abioassay for 3-lactamase was performed
with the immobilization of anti-B-lactamase on a monolayer
of N-hydroxysuccinimide ester of NHS-MHA. Immobilization of
antibodies to a NHS-MHA monolayer has been demonstrated to
maximize sensitivity in a direct bioassay format [34]. 3-Lactamase
is an appropriate biological model system due to its role in the
resistance to traditional antibiotics,a commonly occurring problem
in patients. The presence of [3-lactamase is one of the most com-
mon factors in antibiotic resistance [35]. However, the detection
technique for antibiotics resistance still relies on standard microbi-
ological methodologies, increasing the time required to perform
the assay and the throughput of the assay for antibiotics resis-

(B)631.2 T T T T T T - T
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Fig.5. Measurement of 3-lactamase in PBS at uM levels using the dove prism SPR: (A) minimum hunting algorithm (relative error = 21%), (B) minimum hunting algorithm with
singular value decomposition (relative error=3.9%) and (C) (a — b)/(a+b) algorithm (relative error=13%) and (D) (a — b)/(a+b) algorithm with singular value decomposition

(relative error=3.7%).
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Fig. 6. (A) SPR image of a water droplet on a Au film and (B) total internal reflection image of a water droplet on a glass slide.

tance. Hence, detection of 3-lactamase using SPR biosensors would
offer improved methodology to quantify [3-lactamase compared to
actual detection techniques [36].

The detection of 3-lactamase was performed in a PBS solution at
M concentration (Fig. 5). 3-Lactamase was measured without the
flow cell, in a diffusion limited regime. Each methodology investi-
gated was used to process data in a comparative study. A significant
improvement of the noise level is observed in the response of the
[3-lactamase biosensor depending of the data analysis methodol-
ogy. The binding event of 3-lactamase is visually indistinguishable
from background noise using the minimum hunting procedure.
The change of the SPR response between the PBS measured after
B-lactamase binding and from the baseline prior to binding of
3-lactamase is 0.17 +0.03 nm. The error represents two standard
deviations on the mean and a relative error of 21%. Denoising data
with singular value decomposition significantly improves the sig-
nal to noise ratio. The 3-lactamase binding curve is clearly observed
following denoising of the SPR spectra analyzed with minimum
hunting. The change of the SPR response is then 0.127 +0.005 nm,
resulting in a significantly reduced relative error at 3.9%. The algo-
rithm (a —b)/(a+b) reduces the noise level on the binding curve
of B-lactamase compared to the minimum hunting procedure. The
response measured is 6.4 + 0.8 x 10~# (unitless) with (a — b)/(a +b).
Hence, the relative error is 13%, significantly reduced compared to
the minimum hunting procedure. However, this is still too large
to observe the binding curve for 3-lactamase. Denoising the data
with singular value decomposition and analysis with (a — b)/(a+b)
reduces the noise to a level equivalent to minimum hunting. The
response measured for B-lactamase binding is 4.05 +0.15 x 10~*
(unitless). Hence, denoising the SPR spectra also improves the sig-
nal to noise of the binding curve with (a — b)/(a+b) and result in a
relative error of 3.7%. Measurement of a dynamic process results
in a similar relative error between minimum hunting and the
(a—b)/(a+Db) algorithms. Therefore, it is noted that SVD accounts
for the majority of the %R.S.D. improvement for the binding curve
of B-lactamase.

3.4. SPRimaging

SPR imaging increases in popularity due to the multiplex array
format allowing for the analysis of multiple molecules simultane-
ously in a single sample. The SPR instrument based on the dove
prism can be readily modified to an imaging configuration with
the replacement of the collection fiber - spectrophotometer with
a bandpass filter and an imaging camera. Thus, a 620+ 10nm
bandpass filter was mounted between the dove prism and an imag-
ing CCD camera. The collimated light entering the dove prism is
inverted through the prism with retention of spatial information.
Hence, an image of the SPR surface can be obtained with this con-

figuration of the instrument. As an example, the SPR image of an
individual water droplet on the Au surface of the SPR sensor was
acquired with this configuration of the SPR instrument (Fig. 6). The
image represents an area of approx. 1cm?2. The spatial resolution
of the image could be improved using telescopic lenses on the col-
lection side to magnify the image on the surface. The absorbance
measured for the droplet is 0.12 with SPR imaging. Absorption by
water would not account for the feature observed on the SPR image,
as confirmed by the absence of an image of a water droplet acquired
in identical conditions on a glass slide. Denoising the raw data with
singular value decomposition can significantly reduce the noise on
the SPR image. In this case, the reconstitution of the SPR image
required the use of the first five components to avoid loss of chem-
ical information. With typical SPR spectra (Figs. 2 and 3), the first
three components adequately reconstitute the spectra without loss
of chemical information. However, a SPR image requires a larger
number of components to adequately reconstitute the image.

4. Conclusions

A versatile SPR instrument was designed to perform biosensing
with the wavelength interrogation and imaging configurations. The
SPR instrument combines low cost and off-the-shelf optical compo-
nents with high resolution of the measured response. Depending on
the data analysis methodology employed to process raw SPR spec-
tra, the resolution varies between 3 x 10~% RIU and 1.5 x 10~7 RIU.
Fitting a second-order polynomial to the SPR spectra results in a
resolution lower than using the (a — b)/(a +b) algorithm. Denoising
the data with singular value decomposition and reconstitution with
the components containing the chemical information improves
the resolution by approx. one order of magnitude. Therefore, the
combination of (a—b)/(a+b) and denoising with singular value
decomposition increases the resolution. Depending on the spec-
trophotometer employed, the refractive index accessible ranges
from 1.33 RIU to 1.39 RIU with a 550-850 nm spectrophotometer
and from 1.33 RIU to 1.42 RIU with a 550-1100 nm spectrophotome-
ter. The measurement of repeated injection of PBS is demonstrated
with a custom-built flow cell resulting in a reproducibility of
the measurement of <1% with the dove prism SPR instrument. A
B-lactamase sensor was constructed with anti-3-lactamase immo-
bilized on a NHS-MHA monolayer. Detection of a WM concentration
of 3-lactamase was performed in saline solution. Finally, the SPR
instrument was modified to measure the SPR image of water
droplets. It could be ultimately envisioned to locate a beam splitter
between the dove prism and collection optics to select on a sin-
gle platform either the conventional SPR spectroscopy or the SPR
imager. Hence, the SPR instrument has the versatility of accom-
plishing traditional and imaging SPR measurements with high
resolution using a single instrumental template.
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A laser-induced fluorescence (LIF) system was optimized using a solution of Micrococcus luteus in
ethanol/water 50% (v/v) to obtain spectra in the gas phase of 46 bioaerosols. Experimental designs such
as Plackett-Burman and factorial design were applied. The fluorescence spectra were treated chemomet-
rically by principal component analysis, linear discriminant analysis and hierarchical cluster analysis to
classify the microorganisms according to family, morphology and gram. The best results were obtained
using LDA. The method was applied to air samples and the LIF results allowed to characterize bioaerosols
reliability. The robustness of the technique was demonstrated by the identification of many bacteria.
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1. Introduction

The increasing importance of aerosols, taking into consideration
both environmental processes and the use of aerosol technologies,
has generated great interest in aerosol characterization [1]. Dif-
ferent classical techniques have been applied successfully to the
chemical characterization of aerosols [2-5]. The simple presence of
fluorescence can be used to differentiate between biological and
non-biological particles and individual particle spectra can give
information more detail [6]. LIF was described in a previous paper
for obtaining bacteria spectra in the liquid phase and a small bac-
teria fluorescence spectra collection was presented [7].

Other attractive laser techniques for on-line and in situ detection
of aerosols have been developed: matrix-assisted laser des-
orption/ionization (MALDI) for individual airborne biomolecule
containing particles detected and characterized in real-time
[8]; time of flight mass spectrometry (MALDI TOF-MS) [9-10];
laser imaging detection and ranging (LIDAR) [11]; laser-induced
breakdown spectrometry (LIBS) [12-14], including a comparison
between LIBS and TOF-MS [15] (flow cytometry (FCM) [16,17] and
surface-enhanced Raman spectroscopy (SERS) [18]).

Applications in the detection of pathogens in hospitals [19], in
the degradation of biological weapon agents in the environment
and in bioterrorism response are other important applications of
bioaerosol analysis [20].
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Real-time continuous monitoring of airborne microorganisms
is becoming increasingly important. Evaluation using ultraviolet
aerodynamic particle sizer spectrometers (UV-APS), sometimes
called fluorescent aerodynamic particle sizer (FLAPS) for real-
time continuous monitoring of bioaerosols, was applied in two
types of aerosols: bacterial (e.g. Bacillus subtilis spores or vegeta-
tive cells, and Pseudomonas fluorescens); non-bacterial (e.g. NaCl,
latex, peptone water, and nutrient agar/broth) [21]. Counting effi-
ciency of the fluorescent particles was shown to depend on particle
concentration with the upper limit of detection of the UV-APS
[22] approximately 6 x 107 particles/m3. UV-APS was used to mea-
sure size distribution and concentration of biological and total
particles inside the swine housing and at several outdoor loca-
tions [23]. In this line, simultaneous light scattering and intrinsic
fluorescence measurements for bioaerosol detection enabled a
substantially enhanced view of the discrimination of biological
aerosols [24]. Ho et al. [25] showed that FLAPS technology permits
measurement of fluorescence signals from single particles in an
aerosol.

These references show the need for suitable methodology for
classifying bioaerosols. The experimental designs applied in this
study were the Plackett-Burman design and the 2¥ factorial design
using central composite design. The chemometric techniques used
for the classification of data were principal component analysis, lin-
ear discriminant analysis and hierarchical cluster analysis [26,27].

In this study, we optimized the measurement system, using the
experimental design, first the Plackett-Burman design and then
factorial analysis. Once the system had been optimized, several
bacteria fluorescence spectra were obtained, such as Escherichia
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coli, Lactobacillus hilgardii, Micrococcus luteus, Staphylococcus epi-
dermidis, etc.

2. Experimental
2.1. Materials

The experimental setup (except the bioaerosol generator) devel-
oped for this study is schematically shown in a previous paper
(71

2.2. Instrumentation

Excimer laser A =351 nm (Lambda-Physik, Model Compex201),
Coherent Lambda Physik GmbH, Hans-Bockler-StraBe 12, D-37079
Gottingen, Germany. Dye laser A =569-608 nm (Lambda-Physik,
Model ScanMate2). Aerosol generator, Topas Aerosol generator
ATM225, Topas GmbH, Wilischstr. 1, D-01279 Dresden, Germany.
Monochromator, Bentham Instruments, Mod. TM300, 3 gratings:
2400lines/mm, 1200 lines/mm, 600 lines/mm, Bentham Instru-
ments Ltd., 2 Boulton Road, Reading, Berkshire RG2 ONH, UK.
CCD detector, Andor Technologies DV401-UV. MARCONI CCD30-11
256 x 1024 pixels 26 um? 7 Millennium Way, Springvale Busi-
ness Park, Belfast BT12 7AL, Northern Ireland. Luminometer
from PerkinElmer Model LS50. Dekati Impactor (Dekati Ltd., Fin-
land).

2.3. Laser spectroscopy material

Frequency doubler (Lambda-Physik), SHG-Crystal BBOI
(295-220nm), Coherent Lambda Physik GmbH, Hans-Bockler-
Strafle 12, D-37079 Gottingen, Germany. Two mirrors to collect
disperse fluorescent radiation. Newport, reference 10D10AL.2, 1791
Deere Avenue, Irvine, CA 92606, USA. Lens to focalize fluorescent
radiation before monochromator, Newport, reference SBX022. Two
microscope lens to focalize answer signal, 3.2%/0.06 co/—A and
10%/0.20 oo/—A, Carl Zeiss Jena GmbH, Carl-Zeiss-Promenade 10,
07745 Jena. Cut-off filters, reference 35-5321-000, Coherent and
reference 117303 Schott glass.

2.4. Chemicals

Dye, Rodamina 6G, Radiant Dyes Laser Accessories GMBH,
Friedrichstrasse 58, 42929 Wermelskirchen, Germany. Ethanol,
methanol and cetone, Panreac, Barcelona, Spain. Ultrapure water
from Milli-Q, Millipore, Bedford, USA.

2.5. Biologicals

Bacteria from Spanish Collection of Types Cultures (CECT) and
Area of Biochemistry and Molecular Biology of University of La
Rioja, Spain. Acetobacter pasterianus, C-658, 1S-289; B. subtilis, var.
Niger, CECT-38, C-262, C263; Enterococcus avium, Z-382; Enterococ-
cus faecalis, Z-363, Z-397; Enterococcus faecium, Z-2, Z-187, Z-229,
Z-357, Z-415; Enterococcus hirae, Z-314, Z-331, Z-362; E. coli Co-15,
Co-32, C-408; Gluconobacter oxydens, C-657, 1-40; L. hilgardii, J-81;
Lactobacillus fermentum, C-533; Lactobacillus plantarum,]-21,]-34, J-
39,]-61,]-63,]-71,]-73; Lactococcus lactis, C-144, C-534; Leuconostoc
mesenteroides, ]-47; M. luteus, C-157; Oenococcus oeni, I1S-18; Pedio-
coccus acidilactici, 1S-111; Pediococcus pentosaceus, C-711, J-27, R-7;
Staphylococcus aureus, Sa-2,Sa-28; S. epidermidis, Sa-46, Sa-41, Sa-8;
Staphylococcus simulans, Sa-17.

2.6. Softwares

CCD software: Andor Technology, named Andor MCD, vers. 2.62
12C, 7 Millennium Way, Springvale Business Park, Belfast, BT12
7AL, Northern Ireland. ORIGIN 6.0, OriginLab Corporation, One
Roundhouse Plaza, Suite 303, Northampton, MA 01060, USA. STAT-
GRAPHICS, version Plus 4.0; Manugistics, Inc., Rockville, MA, USA.
SPSS 12.0, SPSS Inc., Chicago, IL, USA.

2.7. Samples

The air samples were obtained from the Chemistry Building
of the University of La Rioja using a Dekati impactor with Petri
dishes containing Brain Heart Infusion broth (BHI); seven sam-
ples were taken using this system and three samples by natural
impact. All samples were incubated for 24 h, then 26 colonies were
selected and carried to ethanol/water solution (50%) using a steril-
ized platinum handle. Finally, these solutions were analyzed by the
proposed method.

2.8. Procedure

The experimental procedure to obtain the fluorescence spectra
of bioaerosols in the gas phase was as follows. M. luteus culture
from M. luteus C-157 bacterium was used. The bacterium was cul-
tured in agar-TSI for 24h in a 37°C oven, and then solved in a
50% (v/v) ethanol-water mixture. The solution was about 9 x 108
colony-forming units per millilitre (cfu/mL) and was used to cali-
brate the system. The solution was placed in an aerosol generator
working at 300 L/h, previously prepared with 50% ethanol-water
solution, and when the laser system was OK, aerosol generator was
switched on.

A laser excimer was used at approximately 24 mJ, with a 10 Hz
reprate; laser radiation across the dye laser and frequency doubler
(dye was Rhodamine 6G) and final laser radiation were 290 nm,
10Hz and 300 pJ/pulse. This radiation strikes the bacterial aerosol
and fluorescence radiation is collected with a lens and across two
filters (—295 nm and +540 nm), it crosses a monochromator with
a 600lines/mm grating, and is measured with a CCD at 10°C.
CCD software was used to measure this fluorescence with 300
accumulations at 0.5s per accumulation. The results were saved
using the CCD software and the spectra treated with Origin soft-
ware.

3. Results and discussion
3.1. Previous studies

In a previous study [7], the spectra of certain bacteria were
obtained in liquid phase using LIF. However, when working with
bioaerosols instead of liquid samples, the measurement system
had to be redesigned and different variables considered. In this
case, the selected variables were: type of solvent, bacteria concen-
tration (cfu/mL), aerosol volume, monochromator slit, number of
accumulations, exposure time, CCD temperature, laser energy, laser
frequency, filters, mirrors and lens.

Bearing in mind this prior experience and the consulted bib-
liography, the above-mentioned variables were defined before
proceeding with chemometric optimization.

The tested solvents were water, water—-ethanol (50%),
water-methanol (50%) and acetone. No signal was obtained
with water and acetone; however similar results were obtained
with the two mixtures, so water-ethanol (50%) was selected. The
concentration of bacteria corresponded to McFarland patterns,
between 2 and 5. The flow of aerosol was limited to between
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Table 1

Variables used for the chemometric study.

1 2 3 4 5 6 7 8 9 10
Bacteria Bac Morphology Family/order Gram 1 2 3 4 331.824nm
Bacillus subtilis CECT38 BS bacillus Spore-type bacillus + 1 1 1 1 8165.177
B. subtilis C262 BS bacillus Spore-type bacillus + 1 1 1 1 2987.659
B. subtilis C263 BS bacillus Spore-type bacillus + 1 1 1 1 4362.283
Enterococcus faecalis Z397 EF coccus Enterococcus + 2 2 2 1 6017.780
Enterococcus faecium Z415 EFA coccus Enterococcus + 3 2 2 1 6784.515
E. faecium Z187 EFA coccus Enterococcus + 3 2 2 1 3273.992
E. faecium 72 EFA coccus Enterococcus + 3 2 2 1 2158.737
E. faecium Z229 EFA coccus Enterococcus + 3 2 2 1 9416.179
Escherichia coli Co15 EC bacillus Enterobacteria - 4 1 4 2 4967.539
Lactobacillus hilgardii 81 LH bacillus Lactic bacteria iz 5 1 4 1 7536.789
Lactobacillus plantarum J39 LP bacillus Lactic bacteria + 6 1 4 1 5755.976
L. plantarum J21 LP bacillus Lactic bacteria + 6 1 4 1 5432.108
L. plantarum J61 LP bacillus Lactic bacteria iz 6 1 4 1 1375.808
L. plantarum 63 LP bacillus Lactic bacteria + 6 1 4 1 715.056
Lactococcus lactis C144 LL bacillus Lactic bacteria + 7 1 4 1 5560.184
Leuconostoc mesenteroides J47 LM coccus Lactic bacteria + 8 2 4 1 4661.333
Micrococcus luteus C157 ML coccus Staphylococcus + 9 2 5 1 4242.548
Oenococcus oeni I1S18 00 coccusbacillus Lactic bacteria + 10 3 4 1 4009.219
Pediococcus pentosaceus R7 PP coccus Lactic bacteria + 11 2 4 1 5852.257
Staphylococcus epidermidis Sa41 SE coccus Staphylococcus + 12 2 5 1 3504.366
Enterococcus hirae Z314 EH coccus Enterococcus + 15 2 2 1 3885.559
E. hirae Z331 EH coccus Enterococcus + 15 2 2 1 6925.606
Acetobacter pasterianus 1S289 AP bacillus Acetic bacteria - 13 1 6 2 5383.991
A. pasterianus C658 AP bacillus Acetic bacteria - 13 1 6 2 947.844
Enterococcus avium Z382 EA coccus Enterococcus + 14 2 2 1 4556.340
E. coli Co15 EC bacillus Enterobacteria - 4 1 3 2 5145.026
E. coli Co32 EC bacillus Enterobacteria - 4 1 3 2 3775.709
E. coli C408 EC bacillus Enterobacteria - 4 1 3 2 5725.794
E. faecalis Z363 EF coccus Enterococcus + 2 2 2 1 12285.43
E. faecium Z357 EFA coccus Enterococcus + 3 2 2 1 3768.973
E. hirae Z362 EH coccus Enterococcus + 15 2 2 1 6499.992
Gluconobacter oxydens 140 GO bacillus Acetic bacteria - 16 1 6 2 6255.509
G. oxydens C657 GO bacillus Acetic bacteria - 16 1 6 2 599.447
Staphylococcus aureus Sa28 SA coccus Staphylococcus + 17 2 5 1 2920.472
S. aureus Sa2 SA coccus Staphylococcus + 17 2 5 1 2415.954
S. epidermidis Sa46 SE coccus Staphylococcus g3 12 2 5 1 3096.449
S. epidermidis Sa8 SE coccus Staphylococcus + 12 2 5 1 1446.684
Staphylococcus simulans Sa17 SS coccus Staphylococcus + 18 2 5 1 1187.259
Pediococcus acidilactici 1IS111 PA coccus Lactic bacteria + 20 2 4 1 1495.380
P. pentosaceus ]27 PP coccus Lactic bacteria + 11 2 4 1 2029.947
L. plantarum ]34 LP bacillus Lactic bacteria + 6 1 4 1 1784.243
Lactobacillus fermentum C533 LF bacillus Lactic bacteria + 19 1 4 1 2112.879
L. lactis C534 LL bacillus Lactic bacteria + 7 1 4 1 1924.685
P. pentosaceus C711 PP coccus Lactic bacteria + 11 2 4 1 2893.541
L. plantarum J71 LP bacillus Lactic bacteria + 6 1 4 1 3529.694
L. plantarum J73 LP bacillus Lactic bacteria + 6 1 4 1 7270.688

200 and 300L/h, the maximum permitted by the equipment. The
monochromator slit was adjusted to between 0.85 and 1 cm. The
larger the number of accumulations, better the spectrum, although
this increased analysis time and therefore 200 and 300 accu-
mulations were selected. Exposure time referred to the time the
CCD was gathering data and was limited to between 0.1 and 0.5s.
Contradictory results seemed to be obtained when studying CCD
temperature, since a better spectrum was obtained at 10°C than
at a lower temperature. The temperature interval was between
—10°C and 10°C. The energy and frequency of the excimer laser
was modified between 24 and 40 mJ, and between 1 and 10 Hz,
respectively. The filters (two cut-off filters, +540 and —295 nm),
mirrors and lens variables referred to the presence or absence of
these optical elements for gathering fluorescent radiation.

3.2. Optimization

To optimize all the variables mentioned previously, a chemo-
metric study was performed to consider the possible interactions
between variables. The Statgraphics program was used. The
Plackett-Burman experiment was designed first and its variables

and levels are as follow: filters (0 and 2), mirrors (0 and 2), lens
(Newport and microscope), laser energy (24 and 40 mJ), frequency
(1 and 10Hz), aerosol flow (200 and 300 L/h), CCD tempera-
ture (—10°C and 10°C), number of accumulations (200 and 300),
exposition time (0.1 and 0.3 s), slit (0.85 and 1cm) and bacteria
concentration (McFarland 2 and 5).

Four responses were used to design the experiments: Resp 1
(area) corresponded to the fluorescence spectrum area calculated
using the Origin program; Resp 2 (number of peaks) was the num-
ber of peaks in the fluorescence spectrum; Resp 3 (quality of peaks),
the degree of definition of the peaks, scored between 1 and 10,
according to our personal appreciation; and Resp 4 (overall qual-
ity) corresponded to spectrum quality, also scored between 1 and
10.

The results showed that the most significant variables were:
CCD temperature, number of accumulations, exposure time and
slit opening. Next, a factorial 24 design was selected with a cen-
tral point and two replicas, giving a total of 51 experiments, which
were performed at random.

After optimization, a dessicator coupled to the aerosol gen-
erator was purchased, which eliminated 60% of the solvent. The
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Fig. 1. Projections of the objects on the plot defined by two principal components: (a) PC1 vs PC3 according to bacteria name, (b) PC1 vs PC4 according to morphology, (c)

PC1 vs PC2 according to order and (d) PC3 vs PC4 according to gram.

fluorescence spectra improved, despite having to work at 240L/h
instead of 300.

The final optimization results are: two cut-off filters (+540 and
—295nm), no mirrors, a Newport lens, 100 pJ/pulse as laser final
energy, 10Hz, 300L/h as flow aerosol, 10°C as CCD temperature,
300 accumulations, 0.5s as exposition time and 0.85cm as slit
monochromator.

3.3. Bioaerosol fluorescence spectra

The optimized system was used to obtain the fluorescence spec-
tra of the different standard bioaerosols. In all cases, a blank and
three replicates of each bioaerosol were performed: A. pasterianus,
C-658, 1S-289; B. subtilis, var. Niger, CECT-38, C-262, C263; E. avium,
Z-382; E. faecalis, Z-363, Z-397; E. faecium, Z-2, Z-187, Z-229, Z-357,
Z-415; E. hirae, Z- 314, Z-331, Z-362; E. coli Co-15, Co-32, C-408; G.

oxydens, C-657, 1-40; L. hilgardii, ]-81; L. fermentum, C-533; L. plan-
tarum, J-21, J-34, J-39, J-61, J-63, ]J-71, J-73; L. lactis, C-144, C-534;
L. mesenteroides, ]-47; M. luteus, C-157; O. oeni, IS-18; P. acidilac-
tici, IS-111; P. pentosaceus, C-711, J-27, R-7; S. aureus, Sa-2, Sa-28; S.
epidermidis, Sa-46, Sa-41, Sa-8; S. simulans, Sa-17.

The data obtained were exported to Origin, where they were
adapted for comparison purposes, before being introduced in the
SPSS program together with the known information for the bacte-
ria. Table 1 shows the variables used. Column 1: name; column 2:
initials; column 3: morphology; column 4: order or family; column
5: gram; columns 6-9: numerical encoding of the information in
columns 2-5; columns 10-462: intensity of fluorescence at each
wavelength.

The aim was to determine whether these bacteria could be clas-
sified by Name, Morphology, Family or Gram using their respective
fluorescence spectra.
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Fig. 2. Plot of the samples on the plane defined by the two first canonical discrimi-
nant functions according to the name of the bacteria.

3.4. Chemometric tools

After introducing the data from the above-mentioned table in
the SPSS program, three chemometric tools were tested: principal
component analysis (PCA), hierarchical cluster analysis (HCA) and
linear discriminant analysis (LDA).

3.4.1. Principal component analysis

PCA was employed with each classification, i.e. name, mor-
phology, family and gram parameter of the bacteria. During the
analysis, four principal components were obtained (they accounted
for 98.417% of the variance). The other components were not con-
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Fig. 3. Plot of the samples on the plane defined by the two first canonical discrimi-
nant functions according to morphology.
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Fig. 4. Plot of the samples on the plane defined by the two first canonical discrimi-
nant functions according to family.

sidered. The scores were calculated from the principal components
equations obtained.

All the possible graphic representations were made among the
different components for all the classification parameters. Fig. 1
shows some examples of the projections of the objects of the plane
defined by several pairs of principal components: (1a) name of
the bacteria; (1b) morphology of the bacteria; (1c¢) family of the
bacteria; (1d) gram.

As can be observed, the classification was incorrect because the
points on the graphs were not grouped according to the encoded
values, but rather mixed with one another. Therefore, the PCA can-
not be used to classify these bacteria by name, morphology, family
or gram.

3.4.2. Hierarchical cluster analysis

A hierarchical cluster analysis was performed in order to deter-
mine whether the objects of the data set could be divided in two
groups. Based on the obtained results, the classification was incor-
rect in all cases. Therefore, HCA demonstrates that the selected
variables have not sufficient explanatory power to differentiate the
samples.

3.4.3. Linear discriminant analysis

As it is known, this technique is a widespread parametric
method was objects are classified into either of a number of defined
classes. The corresponding discriminant functions were calculated
and, in all cases, the graphical representation of the samples in the
plane defined by the first two discriminant function was drawn.

Fig. 2 shows the classification according to the Name of the bac-
teria. Bacterium 14 - E. avium - was eliminated. Although there was
a certain degree of grouping, it can be seen that the classification
was not altogether correct.

Fig. 3 shows the classification according to morphology. Clearly,
three differentiated groups were formed; hence, the classification
was correct.

Fig. 4 shows the classification by family. Six well-differentiated
groups were observed, indicating that this technique was appro-
priate for classifying the bacteria according to their family.

As regards the classification of bacteria by gram, no graph can
be shown because there was only one discriminant function. The
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classification results were as follow: of the 46 samples studied, 38
were classified as gram + and 8 as gram —, coinciding 100% with
the true identity.

The conclusion that can be drawn from the results obtained
by LDA is that a correct classification of bacteria was obtained by
morphology, family and gram, but not by name.

3.5. Air samples

Air samples were taken at 10 locations in the Chemistry Build-
ing of the University of La Rioja. The samples were obtained by
either natural impact or instrumental impact (Dekati Impactor)
on Petri dishes with BHI as culture medium. Three samples were
obtained by natural impact (3h, 4h and 24 h) and seven samples
using the impactor (30 min or 1 h). Once the samples had been gath-
ered, these dishes were cultured for 24 h and then 26 colonies were
selected in total (one was discarded because it was a yeast). These
colonies were isolated, cultured once again, and finally analyzed
using bioaerosol generation-LIF.

The fluorescence spectra intensity values were introduced in the
SPSS-LDA and very good results were obtained. When classifying
by morphology, the program achieved a 100% classification in 23
of the 25 samples; it classified one sample as bacillus (94.76%) and
another as coccus (77.57%). By family, the program classified cor-
rectly 22 of the 25 samples; in one case, it classified one sample as
acetic bacterium (79.25%) and as lactic bacterium (20.75%); in other
case, identified the sample as Staphylococcus (98.86%) and another
sample as spore-type bacillus (78.51%), as Staphylococcus (16.92%)
and as lactic bacteria (4.57%). Finally, as regards the classification by
gram, the classification was correct in all cases except one, which
the program classified as gram (95.97%).

To conclude we may say that the proposed model (bioaerosol
fluorescence spectra by LIF and LDA) is very adequate for deter-
mining the form, family and gram of bacteria in airborne samples.
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ARTICLE INFO ABSTRACT

Article history:

In this paper, we describe a validation procedure for chemical fractionation analysis of elements (Al, As, Ba,
Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, S, Sb, Si, Sr, Ti and V) and soluble ions (Cl-, NO3~, SO42~, Na*, NH,*,
Mg?2*, Ca®*) in suspended particulate matter (PM). The procedure applies three distinct measurement
techniques (XRF, IC and ICP-OES) to the analysis of individual samples. The techniques used generate
different outputs at different stages in the procedure. This makes it possible to identify the contributions
of specific parameters to measurement uncertainty. On this basis, we propose a scheme for controlling
the analytical quality of data from individual samples in which inter-technique comparisons is used in
the same way many analytical methods use surrogates. We apply this scheme to about 310 samples of
PM;o and PM, 5 identifying and assessing the main factors contributing to measurement uncertainty. This
procedure successfully resolved a number of difficulties frequently encountered during the analysis of
PM, including lack of appropriate reference materials and the low reliability of alternative techniques of
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1. Introduction

To evaluate and reduce the health and environmental effects of
suspended particulate matter (PM), it is vitally important to know
its chemical composition and the way it varies in time and in space.
To achieve this, we need providing data which is as reliable and
complete as possible. However, the analytical techniques most fre-
quently used to monitor PM require expensive and time-consuming
procedures to collect, process and analyze samples. There is thus a
strongly felt need for novel analytical methods that can provide as
much detail on the chemical composition of individual samples as
possible, while at the same time guaranteeing high quality results.

In recent years, there has been much interest in chemical frac-
tionation analysis, a technique in which a sequence of solvent
extractions is used to identify the elements present in the sample
[1-6]. Chemical fractionation is already widely used in the analysis
of soil and sediments and is potentially an effective way of deter-
mining the detailed chemical composition of PM - thereby helping
to identify individual sources of emission [7-9]. Data quality is thus

* Corresponding author. Tel.: +39 0649913742; fax: +39 064451751.
E-mail address: silvia.canepari@uniromal.it (S. Canepari).
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of vital importance—especially if we use the data for testing provi-
sional models or for source apportionment [10-12]. However, the
procedures applied during successive phases of leaching involve
significant manipulation of samples and this can affect the reli-
ability of the results [13,14]. It should be added that in the case
of PM it is usual to have only a single, very small sample (of the
order of 1 mg of dust). Furthermore, it is often impossible to repeat
the analysis and in many cases sample concentrations are close
to the quantification limits. To make matters worse, commercial
reference materials differ in significant ways from field samples
[15,16], making it impossible to rigorously assess the quality of
analytical results. The typical chemical matrix for PM is strongly
inhomogeneous. As a result, it is not possible to reproduce the full
range of possible reactions within the sample and with the filtration
membrane. This means that frequently used quality control tech-
niques such as testing the percentage of added surrogate material
recovered from different phases are inappropriate for this kind of
analysis.

In previous work [ 15-17] we optimized and validated a chemical
fractionation procedure for the identification of elements present in
samples of PM. This method analyzes individual samples with suc-
cessive solvent extractions. This makes it possible to successfully
measure the soluble ionic fraction and the majority of elements



1822 S. Canepari et al. / Talanta 77 (2009) 1821-1829

present in the sample. The application of this procedure proved
to be a valuable approach to achieve meaningful characterization
of the elemental composition of individual samples. A very signi-
ficative enhancement of the selectivity towards different emission
sources is obtained when chemical fractionated data are consid-
ered instead of total element content [18-20], particularly useful
to identify the contribution of the natural events (i.e. sea salt and
mineral dust events) to urban PM concentration [20] and of re-
suspended road dust—one of the main factors underlying increased
concentrations of elements in urban areas [18,19].

However the results for Al, Cr and Si - important for the
assessment of natural contributions to PM - were not sufficiently
accurate. Recently [21] we have examined the possibility of avoid-
ing this difficulty through a non-destructive analysis with XRF,
before the solvent extraction stage. In the work reported here, we
validate a complete three-step analytical procedure using certified
reference materials and pairs of equivalent field samples. We go on
to describe the design and application of a procedure for the analy-
sis of samples of PM, 5 and PMg. The scheme uses inter-technique
comparisons to identify the main sources of measurement uncer-
tainty and to ensure the quality of data for each individual sample.

2. Experimental
2.1. Reagents

Our experiments used the following reagents: de-ionized H,O
(MilliQ), HNO3 (65%, RPE, Carlo Erba, Rome, Italy), H,O, (30%,
Suprapur, Pa Merck), glacial CH3COOH (Carlo Erba), CH3COOK (Pa
Sigma), lon Chromatography (IC) and Inductively Coupled Plasma
(ICP) standards (Pa Merck).

2.2. Sampling procedure

The samples used for the validation of the procedure came from
the Montelibretti monitoring station, located 30 km NE of Rome, on
the outskirts of the city. Each samples was collected over 48 h, in
the period between September and October 2005.

Twin filters were collected using the HYDRA Dual Sampler (FAI
Instruments, Fontenuova - Rome, Italy), an automatic system for
sequential sampling with two independent channels. The instru-
ment was configured with a single PM, 5 head, compliant with the
EN 12341 standard. Incoming air, with a flow rate of 2.3 m3/h, was
divided between the two channels, thus creating two equivalent
samples. Filtering was carried out by using 47 mm Teflon® filter-
ing membranes (Teflon, Pall Life Sciences, Mi, Italy) with 1 wm pore
size.

Inter-technique comparisons were based on 310 samples of
PM;o and PM; s, collected in the period January-March, 2005, in
the framework of the “Fine Particles” project, funded by the Lazio
regional government. The samples came from the traffic station of
Montezemolo, sited in the center of the city of Rome and from the
urban background station of Villa Ada, sited inside a park, about
200 m from the nearest street. The choice of these sites guaranteed
a good level of data variability—essential for the correct estima-
tion of confidence intervals. The amount of collected sample ranged
from 0.53 to 4.87 mg, with a mean value of 2.05 mg. Filtered sam-
ples were conserved in Analyslide Petri dishes (Pall Life Sciences,
Mi, Italy) at 5°C. All analyses were performed within 30 days of
sample collection.

2.3. Analytical procedure

The analytical procedure is summarized in Fig. 1. Below
we provide additional details on the individual steps in the

process—necessary for a full understanding of the results described
later in this paper.

2.3.1. XRF analysis

We used XRF to measure the total content of Al, Ca, Cr, Cu, Fe, K,
Mg, Mn, Na, S, Si, Zn and Clin our samples (output 1). Sampled filters
were placed in steel sample holders. All analyses were performed
using ED-XRF mod. X-Lab 2000 (Spectro, Robecco sul Naviglio - Mi,
Italy).

For XRF calibration, the data from the original factory calibra-
tion were for some elements (Mn, Cu, Zn, K, Cr) one order of
magnitude higher than the concentrations in real PM samples.
For this reason it was necessary to include additional low con-
centration data. Since reference materials on this matrix are not
available, a practical possibility is to create an operative database
for XRF calibration determining the elements by using a different,
reliable analytical technique, such as ICP. Twenty environmen-
tal PM;o and PM, 5 samples collected on a Teflon® matrix, were
selected and added to the original calibration database. In order
to obtain a complete digestion of Al and Si, these samples were
mineralized using HF, applying the procedure described in Bet-
tinelli et al. [22]. In spite of the small differences observed in the
XRF response when moving from PM;g to PM; 5 and from traffic to
rural samples, the results of this calibration were satisfactory, with
Pearson coefficients ranging from 0.999 (Si, Zn, Mg) to 0.994 (Al,
S).

2.3.2. Ultrasound-assisted extraction

Before extraction, the poly-methylpentene ring supporting the
Teflon® filters was removed using a stainless steel scalpel (Swann-
Morton, Sheffield, UK). The filters were placed in polyethylene
tubes. 5.0mL of 0.01M CH3COOH/CH3COOK buffer at pH 4.5
(extracting solution) were added to each tube. The tubes were
then exposed to ultrasonic irradiation (28/34 kHz, 80/180 W) for
15min. A home-made rotating device guaranteed that all sam-
ples were exposed to the same dose of ultrasound. 1.0 mL of the
solution extracted in this way was subjected to chromatographic
analysis for non-volatile, soluble anions and cations (outputs 2 and
3).

2.3.3. IC analysis

The 1mL portion of extract solution was diluted with ultra-
pure H;O, creating 5mL of final solution. For anion analysis, the
final solution was further diluted to a ratio of 1:10; cation anal-
ysis used a dilution ratio of 1:20. Where required for effective IC
detection within the range of linear calibration (0.01-15 mg/L for
anions; 0.01-10 mg/L for cations, 0.005-0.75 mg/L for NH4*) higher
dilution ratios were also used. For cations we performed a five-
point matrix-matched calibration on a weekly basis; for anions, a
one-point calibration every day.

Cations (Na*, Ca2*, Mg2* and NH4* - output 1) were determined
using a DX-100 Dionex with a Dionex ION PAC CS12A-4 mm col-
umn, a ION PAC CG12A-4 mm pre-column, a CSRS-ULTRA-4 mm
suppressor and a 25uL loop. As an eluent, we used 20 mM
methanesulphonic acid (CH403S) (isocratic) introduced at a rate
of 1.2 mL/min.

Anions (NO3~, SO42~, ClI~ - output 2) were determined using a
DX-100 Dionex with a Dionex AS14-4 mm column, an AG14-4 mm
pre-column, an ASRS-ULTRA 4 mm suppressor and a 25 p.Lloop. The
eluent was 2.7 mM Na,CO3/1.0 mM NaHCOj (isocratic) introduced
at a rate of 1.2 mL/min.

2.3.4. Filtration A
The remaining (4 mL) extract was filtered on a cellulose nitrate
filter (Millipore, 0.45 pm pore size, previously washed with 20 mL
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Fig. 1. The analytical procedure: a block diagram.

of extracting solution) and filled up to 10 mL with de-ionized water.
The filtered solution was analyzed using ICP-OES (output 4). The
residual solid was acid digested.

2.3.5. Microwave-assisted acid digestion and Filtration B

The residual solid on the sample filters was transferred to PTFE
vessels. Four milliliters of 65% HNO3 and 2 mL of 30% H,0, were
added to each vessel. The vessels were placed in a microwave (MW)
oven (Milestone Ethos Touch Control with HPR 1000/6S rotor) and
digested using a two-step temperature-time program. In the first
step, the temperature was linearly increased to 180°Cin 8 min with
a maximum power of 650 W. In the second step, the temperature
was kept at 180 °C for 15 min. The solutions obtained were filtered
on Millipore nitrate cellulose (NC) filters, previously treated with
HNO3 10% (w/w) for 24 h, and filled with ultrapure H,0 to 10 mL.
The mineralized residue fraction was analyzed using ICP-OES (out-
put 5). The choice of digestion conditions and the procedures for
cleaning the vessels are described elsewhere [15,16]. Note that the
acid digestion with HNO3/H,0-, which allows a good recovery of
most elements [15], leads to incomplete recovery for some ele-
ments, such as Al and Si and Cr. However, the choice of this mixture,
used also in the reference method EN 14902 (2005) [23] was made
as the repeatability of results and the limits of detection of most ele-
ments are better with this mixture than the ones obtained when
HF was added [17].

2.3.6. ICP-OES analysis

In this step, we determined As, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Na,
Ni, Pb, S, Sb, Si, Sr, Ti, and V in the extract fractions (output 4) and As,
Ba, Cd, Cu, Fe, Mg, Mn, Ni, Pb, S, Sb, Sr, Ti, V in the mineralized resid-
ual fractions (output 5). Na is completely soluble in the extractant
solution and Ca, Cr and Si were not determined in the mineralized
residual fraction because of the poor quality of analytical results.
However, Ca, Cr and Si total content were determined by XRF, so that

the solubility distribution of these elements can be obtained by dif-
ference. The analysis was performed with a simultaneous ICP-OES
analyzer (Axial Varian ICP/VISTA MPX) with an ultrasonic nebulizer
(U 5000 AT*, Cetac Technologies Inc.). The operating parameters
have already been described elsewhere [15]. Standard solutions
for daily six-point calibration were matrix-matched by prepara-
tion in 0.01 M CH3COOH/CH;COOK solution (pH 4.5) or HNO3 10%
(w/w).To control nebulizer efficiency, an internal standard (yttrium
100 p.g/L - wavelength 371.030 nm) was used.

2.4. Control charts

Instrument drift and calibration errors were monitored using
appropriate control charts.

For the IC and ICP analyses, we prepared four standard matrix-
matched 1 L solutions which were used respectively for the analysis
of cations, anions, and elements in both the extracted and the
mineralized residual fraction. For each parameter, we used 20
repeated measures to estimate mean values (m) and standard devi-
ations from the mean (s). The solutions were then divided into
10 mL aliquots, and stored at —18°C. Every 10 samples, we ana-
lyzed one of the stored aliquots. We then plotted the results for
each parameter on our control charts, using a range of m 4 3 s. Per-
centage coefficients of variation (CV%) lay in the range 1-3% for
the ICP-OES analyses and 0.5-2% for the IC analyses. To obtain
percentage coefficients of variation for the XRF analysis, we took
20 readings for NIST 2783 Standard Reference Material, remov-
ing the filter and returning it to the sample holder after each
reading. This procedure yielded CV%s in the range of 2-10%.
The same reference material was used for the control charts.
In this case, we took one measurement every 20 samples. To
check for drift in the source, we analyzed the capsule of source
material once every 100 samples, using a multi-channel analyzer
(MCA).



Table 1

Validation parameters of the analytical procedure (Range = range of variability of measured amount in the set of sample equivalent pairs; R% = recovery percentage from NIST 2783 reference material; r,¢ = relative repeatability of
the set of sample pairs A and B; R? = Pearson coefficient of the linear regression A vs. B; LOQ = limit of quantification; n° = number of valid pairs (>LOQ); S range = range of variability of elemental solubility (S = Mex/(Mext + Myes)*100,
Mexe and My are respectively the mean values of the amounts (ng) measured in the two members of each pair in output 4 and output 5).

Me Range (ng) XRF output 1 IC anions output 2 IC cations output 3 ICP-OES extract output 4 ICP-OES min residual output 5 ICP-OES total output (4+5)
R% el (1°) R L0Q(ng) I (7°) RZ LOQ(ng) Iyel R? LOQ (ng) e (°)  R2 LOQ(ng) Ty (n°) R2 LOQ (ng) Il (n°)  R2 S range (%)

Al 1632-24513 75+2 2.6(20) 0.996 1170 - - - - - - - - - - - - - - -

As nd - 264 - - - - - - - - - - 10.5 (18) 0.953 52.1 19.4 (15) 0.854 60.4 9.5(14) 0.948 49.0-100.0

Ba 81-1434 - - - - - - - - - - 5.4(20) 0.999 15.5 6.9 (20) 0.987 36.7 3.1(20) 0.999 50.7-77.7

Ca 9253-88159 133+2 3.8(20) 0.996 1180 - - - 5.4 (20) 0.887 530 6.8(20) 0.984 656 - - - - - -

Cd 6-29 - - - - - - - - - - 8.1(18) 0.972 5.11 8.3(16) 0.952 5.45 5.7(16) 0.986 61.4-76.6

Cr nd-743 132+6 45(18) 0.997 117 - - - - - - 7.5(14) 0.978 45.6 - - - - - -

Cu 344-1655 122+10 6.9(16) 0.975 580 - - - - - - 6.3(20) 0.990 11.0 9.2 (20) 0.989 55.3 5.2(20) 0.993 17.5-37.5

Fe 3554-19256 75+2 9.7 (20) 0.987 450 - - - - - - 8.9(17) 0.961 1145 9.8(20) 0.951 2090 8.1(17) 0.962 9.0-22.6

K 3342-63645 103+2 3.6(20) 0.995 760 - - - - - - - - - - - - - - -

Mg 1304-8076 107+4  4.1(20) 0.995 1570 - - - 3.8(20) 0.992 212 4.4(20) 0.994 478 8.0(19) 0.921 932 7.8(19) 0.939 35.1-88.8

Mn 59-529 87+3 5.5(20) 0.980 58 - - - - - - 6.6 (20) 0.997 16.7 5.8 (20) 0.991 34.6 6.0 (20) 0.996 38.4-68.8

Na 5245-51004 128+7 4.8(20) 0.995 1330 - - - 7.9 (20) 0.981 111 10.1 (20) 0.916 313 - - - - - -

Ni nd-438 = - = = = = = = = = 9.5(17) 0.932 26.0 10.7 (16) 0.963 105 8.5(15) 0.972 7.1-34.1

Pb 159-1697 - - - - - - - - - - 5.9 (20) 0.997 48.8 8.4(19) 0.972 84.2 6.5(19) 0.985 20.9-40.1

S 13913-97876 124+5 3.5(20) 0.998 540 2.8(20) 0.996 101 - - - 4.7 (20) 0.994 541 8.8(20) 0.910 1339 4.0(20) 0.995 85.0-95.3

Sb 77-520 - - - - - - - - - - 6.5(20) 0.989 23.7 8.6(19) 0.991 36.1 7.0(19) 0.989 52.9-76.4

Si 1637-13252 121+£2 4.2(20) 0.994 880 - - - - - - 11.3(20) 0.912 24.0 - - - - - -

St 21-270 = = = = = = = = = = 7.2(20) 0.985 7.53 9.4(14) 0.958 244 7.8(14) 0972 53.3-889

Ti nd-371 - - - - - - - - - - 9.9 (20) 0.943 3.02 8.6 (16) 0.965 117 8.7 (16) 0.962 0.5-3.1

\% 13-87 - - - - - - - - - - 5.8 (20) 0.991 4.71 7.3 (20) 0.986 5.88 6.3(20) 0.992 18.5-59.7

Zn 733-5607 102+4 8.5(20) 0.995 290 - - - - - - - - - - - - - - -

Cl 517-243758 n. certif. 5.8 (18) 0.991 810 4.1(20) 0.982 51 - - - - - - - - - - - -

NOs~ 95213-773846 - - - 29(20) 0.984 152 - -
NH;*  6547-233296 - - - - = = = 2.7 (20) 0.983 100 = = = = = = = = =

sl

6281-1281 (600¢) 22 viupjpL /v 33 Lpdoun) 'S
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3. Results and discussion
3.1. Validation of the analytical procedure

Given the lack of appropriate reference materials, it is very
difficult to validate analytical methods for PM. No commercially
available CRM was suitable for the application of our complete pro-
cedure. As a result, it was difficult to compare calculated recovery
and repeatability values for CRMs with those from real samples. As
far as concerns the IC analysis (outputs 2 and 3) and the ICP-OES
analysis (outputs 4 and 5), we have reported recovery values for
reference material (NIST 1648) elsewhere [15,16]. For the XRF anal-
ysis (output 1), we compared recovery values with those for NIST
2783 Standard Reference Material. This material consists of urban
particulate collected on a polycarbonate filter and certified for Al,
Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, Ti, V, Zn. Reference values are also
available for S and Si.

In the majority of cases, percentage recovery values (R% in
Table 1) were significantly different from 100%. This was presum-
ably due mostly to XRF calibration, which constitutes one of the
weaker steps in the overall PM chemical characterization proce-
dure. In order to obtain reliable results for PM samples, in fact, XRF
calibration must be carried out on the same filter material used
for PM sampling, that is, in our case, on Teflon® filters (see Section
2.3.1). An unpleasant consequence of this procedure is the defective
percentage recovery values of NIST Reference Material.

Limits of quantification (LOQ) were calculated using the IUPAC
procedure. XRF values were computed using the relation:

10 x 4/Background x C;
N;

L0Q =

where C; represents sample concentration (near LOD) and N; is the
net pulse count.

For all other analytes we chose the highest value between the
instrumental LOQs, calculated using the regression curve, and the
LOQs calculated from values for blanks [24,25]. These last were
obtained by applying the complete analytical procedure to 10
blank filters. LOQ was calculated applying the expression LOQ =
my, + 10s,, where m, and s, represent respectively the mean value
for blanks and its standard deviation. We used instrumental LOQ
value only for As, the sole element for which this procedure yielded
higher value than that obtained with blanks.

To assess the repeatability of the complete method, we applied
the procedure defined in UNI EN14902 [23], using 20 pairs of equiv-
alentreal samples, analyzed in random order. Relative repeatability,
Trel, Of the set of filters pairs A and B, was calculated as follows:

Z (miA — miB)? r
= rre1=):<><100

where m;y and m;g are the masses of the analita measured on the ith
pair of filters A and B. To confirm, the repeatability of our method,
we also calculated coefficient of linear regression (R2) between
results from the A and the B filters. This procedure enabled us to
assess the robustness of our results with respect to the environmen-
tal variability of real samples. Values below the LOQ were excluded
from the calculation. Table 1, summarizes the results.

Table 1 shows that for most of the analytes, repeatability val-
ues were satisfactory, also considering the high environmental
variability of their concentrations. In agreement to this, Pearson
coefficients are in most cases of the order of 0.99 and always higher
than 0.9, with the sole exception of As in the mineralized residual
fraction (0.854). In general, as expected, repeatability was worse
when amounts of analyte in samples were close to the LOQ.

20
X— Z ( A+sz
40

Calculations of repeatability for XRF measures on pairs of real
samples gave values comparable to those for CRM and are, in most
cases (Al, Ca, Cr, K, Mg, Na, S, Si), lower than 5%. This suggests that
the repeatability of the sampling procedure plays a negligible role.

In the ICP analysis, 1, values are higher than XRF ones, accord-
ing to the longer sample manipulation. Anyway, they are lower
than 10% for all the measured analytes, with the exception of As
in both output 4 and 5 (respectively 10.5% and 19.4%), for Na and
Si in output 4 (respectively 10.1% and 11.3%) and for Ni in output 5
(10.7%). We also calculated the repeatability of total concentration,
computed by summing the amount of analyte in the extracted frac-
tions (output 4) to the amount in mineralized residues (output 5).
Despite to the uncertainty propagation, repeatability of the total
concentrations are better than those of the extracted and miner-
alized residual fractions, with r,e values ranging from 3.1% (Ba) to
9.5% (As) and R? ranging from 0.939 (Mg) to 0.999 (Ba). This result
suggests that sample handling only has a small effect on repeata-
bility but that efficiency of extraction plays a non-negligible role.
With our current experimental method, the extraction takes place
in an ultrasonic bath with no temperature control. This makes it
one of the most delicate phases in the sequential extraction pro-
cess [26] and suggests that better standardization will be needed
in the future.

In the described procedure, several parameters can be measured
by more than one analytical technique. This made it possible to
make inter-technique comparisons. In particular it was possible
to determine the total content of Mg, Mn, S, Fe and Cu both with
XRF (output 1) or by summing the results for the extracted and
the residual fraction with ICP-OES (output 4 +output 5). Similarly,
concentrations of several ions (S042-, Mg2*, Ca%*, Na*) could be
determined both with IC (outputs 2 and 3) and with ICP-OES (out-
put 4). Finally, given that Na and Cl, are present almost exclusively
in the form of ions in soluble chemical species, XRF results for these
elements could be compared directly with results for the extracted
fraction (output 2 for Na and output 3 for Cl).

3.2. Identification and assessment of operational contributions to
repeatability

Individual contributions to measurement uncertainties, are
directly correlated with the analytical techniques on which the
measurements are based (XRF, IC - anions, IC - cations, ICP-OES),
the way these techniques are applied and the various operations
involved in sample preparation (ultrasound extraction, filtration,
dilutions, digestion with acids) [27]. Uncertainties due to instru-
ments - such as those determined by calibration and drift - can
be easily controlled using internal standards and control charts.
However, the fact that we cannot apply the complete method to cer-
tified materials makes it very hard to determine the contribution
of sample handling and other operational details to measurement
uncertainties. One possibility is to use inter-technique comparisons
for this purpose. As can be seen in Fig. 2, different operations affect
different steps in the analytical procedure with different effects
on the outputs from measurement instruments. Each output can
be considered as a kind of “sample” taken while the analytical
procedure is still in progress. Once we have measurements for a
single analyte from at least two different technique, we can use
it as tracer for operational contributes to uncertainty introduced
during the application of the analytical procedure. For example: (i)
we can use the comparison between output 3 and output 4 to iso-
late the separate contributions of Filtration A and sample dilution
prior to the IC analysis; (ii) the only factors affecting the compar-
ison between output 1 and output 2 are filter handling and the
operations required for ultrasound extraction; (iii) the comparison
between output 1 and the sum of outputs 4 and 5 reflects the com-
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plete set of factors affecting measurement uncertainty. In sum, we
can use inter-technique comparisons in the same way many analyt-
ical methods use surrogates. The technique provides us with a way
of routinely identifying, assessing and monitoring different factors
contributing to measurement uncertainty.

For each tracer, we began by calculating the coefficient of linear
regression between the data from the techniques we were com-
paring (Table 2). Values for the Pearson coefficient (R?) were >0.99
for all comparisons with the exception of the ICP-XRF comparison
for Fe (R*=) and Mg (R%=) and of the IC-XRF comparison for Na
(R?2=0.976) and Cl (R? =0.989). Regarding Fe and Mg, this result is
probably due to the lower repeatability of XRF (Fe) and ICP (Mg and
Fe) measurements with respect to the other tracers one (see . in
Table 1). For Naand Cl, it is very likely that the observed discrepancy
was due to sample contamination in the first part of the proce-

Table 2

dure (before Filtration A), as suggested also by the high R? value
(0.996) obtained when Na is used for IC-ICP comparison. It should
also be observed that in all comparisons involving XRF, the slope
and intercept of the regression line deviated significantly from the-
oretical expected values. This is more evidence of the critical role
of calibration in the XRF technique.

In any case, inter-technique comparisons are only possible when
instrumental repeatability is high enough to ensure the compari-
son will be sensitive to operational errors. This makes it necessary
to identify mean relative deviations for all possible inter-technique
comparisons and to define optimal conditions of use for each tracer.
For the purposes of this assessment, we decided to transform the
values from inter-technique comparisons so as to make them inde-
pendent of systematic differences in the calibration of different
instruments. For this correction, we used the linear regression val-

Threshold values (QL), number of valid data (N°), mean percentage deviations (6%) and linear regression parameters for inter-technique comparisons with different candidate
tracers. Range in the last column is referred to the environmental variability of the whole set of samples (310).

N° QL (png) 8% R? Slope Intercept (ug) Range (ng)

ICP (output 4 +output 5) vs. XRF (output 1)

Cu 226 14 7.1 0.994 1.118 -0.33 0.6-7.1

Mn 261 0.16 6.2 0.996 0.852 0.03 0.1-2.7

S 310 - 4.9 0.998 1.178 0.08 10-122

Fe 156 28 12.1 0.938 0.865 0.04 3.0-77

Mg 174 2.9 10.4 0.956 1.192 0.06 0.7-11
IC cations (output 2) vs. ICP (output 4)

Na* 290 5.2 5.1 0.996 0.961 0.44 4.3-65

Mg?* 255 1.0 5.5 0.997 0.974 -0.07 0.6-9.8

Ca* 263 11 4.0 0.996 1.05 0.78 7.1-92
IC anions (output 3) vs. ICP (output 4)

S04%~ 310 - 2.8 0.997 0.985 0.23 23-306
XRF (output 1) vs. IC cations (output 2)

Na 263 5.1 10.2 0.976 1.254 -1.1 4.3-65
XRF (output 1) vs. IC anions (output 3)

Cl 275 4.0 8.6 0.989 0.88 -1.2 3.3-86




S. Canepari et al. / Talanta 77 (2009) 1821-1829

1827

80
8000
56000 y=1,118x - 3321
f=2 -
680 fesernernnannrs s ns e B S0 R2 =0,994
. & 4000
* =
... . 0 T T T |
20 D 2000 4000 6000 8000
1 * e o o T Cu XRF (ng)
. 0 ot +% & ”* . .
-»

(XRF-ICP) %

A s o e o e 5 i i £ o S 5 S S S
*
- B L e o e T et L ot T e RSO o)
-80 : ; a . . ; g
0 1000 2000 3000 4000 5000 6000 7000 8000
Cu ICP (ng)

Fig. 3. Percentage deviations (8;%) between measurements of Cu with XRF (output 1) and ICP (output 4 + output 5).

ues reported in Table 2 and recalculated the values obtained from
one of the two techniques so as to obtain a regression equation with
intercept of zero and slope of 1.

For each sample, and for each pair of techniques, we went on to
calculate percentage deviations §;%, using the expression:

8i% = (m?yA — min)/(m;’A + m,;B) x 200

where m;’ A Is the corrected mass of tracer measured in the ith sam-
ple, using technique A, and m; g is the mass of tracer measured with
technique B.

Given we had no way of artificially creating samples with
different concentrations of tracer, we applied inter-technique com-
parisons to 310 real samples of PMyg (196 samples) and PM, 5 (114
samples), collected from different sites. We found, as expected, that
for nearly all tracers, the 6;% values were higher when the amount
of tracer in the sample was relatively small (see Fig. 3). The only
exceptions were cases where the amount of tracer was significantly
higher than the LOQ for both of the techniques in the compari-
son. This finding enabled us to determine a threshold value (QL
in Table 2), above which §;%s were independent of the amount of
tracer and normally distributed. To confirm this finding, we used
the Dixon and Grubbs outlier tests to detect and discard anomalous
data, and applied the Shapiro-Wilk test for normality [28].

Table 2 provides mean §;%s (6%) for each tracer and for each
inter-technique comparison and shows the considered number of
samples (N°), where the amount of tracer was higher than QL. Val-
ues of 6%, N° and QL for Fe and Mg confirm that measurements
of this two elements are not sufficiently reliable to be used as
quality tracers. On the contrary, it can be seen that the quantity
of S collected on filters was always much higher than QL. As a
result, S is a very effective tracer, both in the ICP-XRF compari-
son (total S content), and in the comparison between IC (anions)
and ICP (SO42~ soluble ion). All the other elements are mainly
present in coarse particulate [29-31]. As a result, the amount of
these elements in samples of PM; 5 is often below QL. By contrast,
the amounts present in PMyg is high enough to allow completely
reliable comparisons.

To gain more detailed insights into the way different steps in
the analysis contribute to measurement uncertainty, we examined
correlations between comparison results for different tracers. The
approach used is depicted in Fig. 4. This shows percentage deviation

values for a small set of data. We observe that in the XRF-ICP com-
parisons the patterns of §;% for Cu, Mn and S are practically identical
(Fig. 4c). This suggests the presence of one (or more) predominant
sources of measurement uncertainty with the same effect on all
three tracers. It should be noted that the ICP values used in the cal-
culation represent the sum of the extracted and residue fractions
(outputs 4+5), and that while S is present mainly in the extracted
fraction, Cu and Mn are present in both (see the last column of
Table 1). Some sources of uncertainty such as microwave acid diges-
tion only affect the residue fraction (output 5) (Fig. 2). On the other
hand, filtration of the extract fraction (Filtration A) obviously has
different effects on the extract and residue fractions. In brief, these
sources of uncertainty have different effects on the deviations in
our tracers and cannot be the main factors determining the trends
we observed.

The other inter-technique comparisons provide us with addi-
tional information. In particular the deviations in the comparison
between XRF (output 1) and IC (anions) (output 3) (Fig. 4d) are very
similar to those we observe for Cu, Mn and S in Fig. 4a. By contrast,
the deviations measured in the comparisons between IC (outputs
2 and 3) and ICP (output 4) (Fig. 4a and b) are smaller and display
very different trends. It thus appears that the main factors affect-
ing measurement uncertainty exert their effects in the initial stages
of the analytical procedure. Between XRF analysis and Ultrasound-
Assisted Extraction the sample filter is taken out of the XRF sample
holder and the polymethylpentene ring is manually removed with
a scalpel. Although these operations are performed with great care,
they can still lead to loss of sample material. What is more, valida-
tion with certified materials cannot control for these losses. The
NIST 2783 used for validation of the XRF analysis comes on filters
with no supporting ring, and is not suitable for the destructive anal-
yses we use in the later stages of our procedure. The NIST 1648
used to validate our extraction methods does not come on a filter.
We observe that the Teflon® filters used in our study are one of the
most popular choices for this kind of work—mainly because ana-
lytical values for blank filters of this kind are especially low. The
fact that the error we found is due to an unavoidable loss of sample
material, casts doubt on the accuracy of other kinds of destructive
analysis that use the same kind of filter. We note that similar prob-
lems may arise during the division of filter samples into portions—a
procedure often applied during the chemical characterization of
PM.
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Fig. 4. Patterns of selected tracer percentage deviation values.

3.3. Process control

Procedures based on inter-technique comparisons, such as the
scheme we have just described, can also be used to identify the role
of operational errors in routine applications. They thus provide an
effective form of process control. To apply them in this way, all we
need to do is define the confidence intervals for inter-technique
deviations (in our case +6% and +2 §%, for the §% values shown in
Table 2). We then select those values where deviations are indepen-
dent of tracer quantities (value >QL), and plot them on the control
chart. Where errors are detected, we can use the scheme proposed
earlier to identify the nature of the error.

It is obvious that, in some cases, the identification of spe-
cific operational errors, affecting all measurements from a specific
instrument, would allow us to recover data which would otherwise
be lost.

4. Conclusions

We validated and applied to real PM;g and PM, 5 samples a
procedure for a meaningful inorganic characterization (inorganic
ions, crystal, major and trace elements, elemental solubility) on
a single filter. The procedure avails of XRF, IC and ICP measure-
ments and some parameters can be analyzed by more than one of
these techniques. This allowed us to propose a scheme for analyt-
ical quality control based on inter-techniques comparison. Some
analytes (Cu, Mn and S total concentration; CaZ*, Mg2*, Na*, CI-,
NO3~ and SO42- soluble ions) were selected as “quality tracers”
and the scheme described in this paper allowed us to use them for
the identification and evaluation of some operative contributions
to uncertainty in PM composition measurements. The relevance
of the contributions can be traced on individual samples. These
contributions could have hardly been detected with the conven-
tional tools for data quality control, as they refer to phases of the
procedure which are not applicable to reference materials. In par-

ticular, it has been shown that handlings of the sampled filters, such
as removal of the supporting ring or division into portions, may
give operational contributions to uncertainty higher than those
related to solvent extraction and acid digestion treatment. Other
critical aspects of the procedure, which should be subjected to fur-
ther optimization in the future, are extraction efficiency and XRF
calibration.

It is worth noting that this scheme for uncertainty sources trace-
ability can be applied to any analytical procedure involving the
use of more multi-parametric techniques, provided that some of
the analytes are measured by more techniques, at different steps
of the procedure. These requirements are quite common in ele-
mental chemical fractionation procedures applied to PM, where the
joined use of non-destructive and destructive techniques allows a
beneficial increase in the number of analyzed parameters.
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Nanocrystalline Sr,FeMoOg (SFMO) belonging to the group of double perovskite oxides, was prepared
by the sol-gel citrate method. The structural and microstructural characterization has been carried out
with the help of X-ray diffraction (XRD) and transmission electron microscopy (TEM), respectively. XRD of
Sr,Fe;_xNixMoOg (SFNMO) shows the formation of solid solution with average grain size of about 40 nm.
A comparative study of gas sensing behaviour of Sr,FeMoOg and Sr,Fe;_xNixMoOg with reducing gases
like hydrogen sulfide (H,S), liquid petroleum gas (LPG), hydrogen (H;), ethanol (C;Hs0H) and carbon
monoxide (CO) were also discussed. The sensitivity is calculated by measuring the change the resistance
of the sensor material in the presence of gas. Among the different composition of x (x=0.2, 0.3, 0.4, 0.5),
Sr,FegsNig4MoOg (x=0.4) shows better response to H,S gas at 260 °C. Incorporation of palladium (Pd)
improves the gas response, selectivity, response time and reduced the operating temperature from 260
to 220°C for H,S gas.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Gases are the key measurands in many industrial or domestic
activities. In the last decade, the specific demand for gas detection
and monitoring has emerged particularly as the awareness of the
need to protect the environment has grown.

Hydrogen sulfide (H;S) is one of the typical bad smelling odors
which is frequently generated from sewage, a dump or the human
mouth. H,S is a colorless toxic, flammable and bad smelling gas.
With these properties, H,S has become a recent target of rather
extensive research on solid-state sensors.

One of the most interesting and sensitive sensors studied is the
semiconductor metal oxide gas sensor. Recently, some composite
oxides such as spinel AB, 04 [1] and perovskite ABO3 [2] were found
to be more attractive for their better selectivity and/or sensitivity to
H,S gas. In particular, the perovskite structure was established to be
a promising material in detecting reducing gases. It is well known
that a number of perovskite oxides (ABO3) were used as gas sensor
materials because of their stability in thermal and chemical atmo-
spheres. So over the last decade, the perovskite oxide materials have
created and promoted interest in gas sensors.

Modified Sr;FexNi;_xMoOg a well-known member of the double
perovskite family of oxides, has been studied due to its important

* Corresponding author.
E-mail addresses: cgnroa@yahoo.com, nano.d@rediffmail.com (G.N. Chaudhari).

0039-9140/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2008.10.001

properties like crystalline structure, transport and magnetic prop-
erties [3]. Similarly Sr,FeMoOg (SFMO) has been studied due to its
magnetic properties [4]. Although much progress has been made
on applications related to other areas for SFMO. As per our knowl-
edge, the gas sensing properties of SFMO have not been explored
for any gas.

In this paper, we report for the first time H,S gas sensing phe-
nomena observed in SFMO thick film prepared by sol-gel citrate
method. The sensitivity of the SFMO based sensor to H,S has been
studied by measuring the resistance of the sensor material in air
and then in H,S environment. It has been observed that there
is an increase in gas response when exposed to H,S than other
reducing gases like liquid petroleum gas (LPG), hydrogen (H;), car-
bon monoxide (CO) and ethanol (C;Hs0H). We have also tried
to improve the response to H,S gas by modifying the surface of
SroFeMoOg with SryFeq_,NixMoOg (SFNMO). The effect of partially
substituted Ni2* ions for Fe3*sites of SFMO on gas response is also
described. This sensor material is often modified by additive or
dopant—e.g. noble metal such as Pd in order to improve the per-
formance.

2. Experimental

Nanocrystalline SFNMO powder was synthesized by using
sol-gel citrate method. The stoichiometric ratio of Ni(NO3)3-6H,0,
Fe(NO3)3-9H,0, Sr(NOs3);, (NH4)sMo7024-4H,0 and citric acid
monohydrate [CgHgO7-H,0] were weighed and dissolved in ethy-
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Fig. 1. Flowchart of synthesized SFNMO powder.

lene glycol at 80 °C. A transparent solution was obtained after 2 h.
This solution was then heated at 130°C for 12 h in a pressure vessel
to form the gel precursor. The prepared product was subjected to
3 h heat treatment at 350 °C in a muffle furnace and then milled to
a fine powder. The obtained powder was then calcined at 650°C
for 6 h. Fig. 1 shows the flowchart of synthesized nanocrystalline
powder.

Incorporation of palladium (Pd) in the SFNMO was performed
by the impregnation technique as follows:

Aqueous solution of PdCl, was impregnated followed by drying
over night at 110°C in an oven followed by calcination at 600°C
for 2 h. Subsequently, the above compound was ground into a fine
powder and mixed with 2% polyvinyl alcohol (PVA) as a binder and
5% ethanol as a solvent to obtain a paste. The resulting paste was
coated onto the alumina tube substrates provided with platinum
wire electrodes for electrical contacts. After coating, the element
was sintered at 700 °C for 2 h in a vertical furnace.

The gas sensitivity (S) was defined as: S=(Ra —Rg)/Ra= AR/R;;
where, R, and Ry are the resistance of sensor in air and the test gas,
respectively. The sensor was examined under different reducing
gases such as H,S, LPG, H,, CO and ethanol whose concentration
was fixed at 1000 ppm in air.

The crystal structure of the film was determined by X-ray
diffraction (XRD) using a Siemens D5000 diffractometer with
monochromatic CuKa radiation. The surface morphology of the
synthesized powder was observed through a Hitachi-800 transmis-
sion electron microscope (TEM). The crystallite sizes of powders
were calculated according to Scherrer’s equation,

n
" Bcosd

where, k is 0.9, A is X-ray wavelength, 8 is full width at half-
maximum in radians and 6 is the diffraction peak position.

3. Results and discussion

The resulting SFNMO, annealed at 650 °C for 6 h, was examined
by powder X-ray diffraction analysis in Fig. 2. Results agree very well
with the XRD pattern reported in the literature [4]. The XRD pat-
tern shows double perovskite with tetragonal structure. The SFNMO
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Fig. 2. XRD pattern of SFNMO, calcined at 650 °C for 6 h.
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Fig. 3. TEM image of SFNMO, calcined at 650°C.

had an average crystallite size of 40 nm calculated using Scherrer’s
equation applied to the XRD data. It should be noted that no nickel
containing phase was detected due to formation of solid solution.

Fig. 3 shows the powder distribution obtained from TEM image.
It can be seen that the particles have nanometer-scale morphology
at a relatively low calcination temperature and are well dispersed
from each other. The particle size is estimated to be between 35
and 45 nm for SENMO.

When the material is exposed to reducing gases, the changes in
resistance for the semiconductor-based sensors is mainly caused
by the reaction between the reducing gases and the bound oxy-
gen species adsorbed on the surface of the semiconductor, which
changed with the operating temperature [5]. The gas response
which is thermally activated depends on the operating temperature
is presented in Fig. 4 which shows the response of SFMO sensor to
H,S, LPG, Hy, CO and ethanol. The gas response was measured as a
function of operating temperature. SFMO senses all reducing gases
but the response for H,S gas at 310 °C is 0.45, which is much higher
as compared to other reducing gases.

The gas sensing mechanism belongs to the surface-controlled
type. The gas sensitivity is a function of grain size, surface state, oxy-
gen adsorption and lattice defects. Normally, the smaller the grain
size is, the higher is its gas sensing property [6]. Besides, in order to
improve selectivity for particular application, surface modification
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Fig. 4. Response as a function of operating temperature for undoped SFMO for H,S,
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(A)0.2,(B) 0.3, (C) 0.4 and (D) 0.5.

by proper choice of additives or dopants to the base materials are
often used. The doping is generally based on the selection of most
effective catalysts, which modulate specific chemical reaction on
the semiconductor sensor surface.

The gas response of the SrpFe;_yNixMoOg was markedly
promoted by partial replacement of Fe ion by Ni ion. Fig. 5
shows the response as a function of operating temperature for
SryFe;_xNixMoOg with different amount of ‘x’ (x=0.2, 0.3, 0.4 and
0.5). The response to H,S gas improves with increasing amount of
Ni. The best response, in case of SryFeg gNig 4MoOg (x =0.4) may be
because of more available sites for the oxygen to be adsorbed and
in turn to oxidize the test gas. The decrease in response may be
due to the insufficient number of sites available on the surface. The
partial replacement results in a decrease of grain size and hence
in an increase of surface area. Since small grains have relatively
large grain boundary areas, the adsorption of H,S molecules is rel-
atively high. Fig. 6 shows the gas response of SFNMO as a function
of different reducing gases. It is seen that sensor responds with
very high sensitivity selectively to H,S compared to the other test
gases. Figure indicates the high response of SFNMO sensor to H;,S
gas as compared to LPG, H,, CO and ethanol at an operating temper-
ature of 260 °C. Ni incorporation results in a decrease in operating
temperature by 50°C. The lower operating temperature is prob-
ably due to its larger surface area and high surface activity, which
results in stronger interaction between the test gases and the mate-

Operating Temp. 260°C
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<]
o
3
S 0.4

0.2

0 - | [ | N @

H2S LPG H2 co
Different reducing gases
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Fig. 6. Response of SFNMO versus different reducing gases at an operating temper-
ature 260°C.
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Fig. 7. Effect of Pd doping on SFNMO on the response to H,S gas.

rial surface. Compared with SFMO, SFNMO showed better response
to H,S. The reason may be that the partial replacement of Fe ions
by Ni ions is advantageous to adsorption and oxidization for H,S.
It is evident from the figure that the sensor was highly selective to
H,S gas against CO, LPG, H, and ethanol gases. The high selectivity
to H,S gas can be attributed to the surface modification by Ni over
SrzFeo.GNiOAMOOsﬁlm.

Noble metal such as Pd was added to SFNMO to improve the
response and reduced the operating temperature. Fig. 7 shows the
response of 0.5wt% Pd doped SFNMO as a function of operating
temperature for H,S gas. We observed that sensor reaches its max-
imum value of response at 220°C. The reduction in temperature,
i.e. from 260 to 220°C is considered to be very beneficial from the
sensor point of view.

In general, the response of gas sensor increases as the concentra-
tion of sensing gas is increased. Fig. 8 shows response as a function
of amount of gas (in ppm) for 0.5 wt% Pd doped SFNMO, at an oper-
ating temperature 220 °C. Figure shows that response of 0.5 wt% Pd
doped SFNMO sensor exhibits good dependence on H;,S concentra-
tion up to about 100 ppm and further reaches to saturation level.
As seen from figure, the response initially increased slowly with
increasing concentration and then linearly as the gas concentration
increased.
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Fig. 8. Variationinresponse for SFNMO gas sensor as a function of gas concentration
for H,S in ppm.
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Fig. 9. Response characteristics of SFNMO at 220°C.

The response and recovery times were used to characterize the
sensor performance. The response time defines the time taken for
the sensor to reach 90% of the saturation value after contact the
test gas with the surface of the sensor; the recovery time is the
time of the resistance recovery to the initial level after the removal
of the test gas from the environment. Fig. 9 shows the response and
recovery time for H,S gas at an operating temperature of 220°C.
The response and recovery levels were attained at ~20 and ~45s,
respectively, for 0.5 wt% Pd doped SFNMO.

4. Gas sensing mechanism

It is well known that the sensing mechanism of the oxide mate-
rials is surface controlled in which the grain size, surface states
and oxygen adsorption play an important role [7]. The larger sur-
face area generally provides more adsorption-desorption sites and
thus the higher sensitivity. The H,S sensing mechanism is based on
the change in resistance of SFNMO thick film, which is controlled
by H,S vapor species and the amount of the chemisorbed oxy-
gen on the surface. It is known that atmospheric oxygen molecules
are adsorbed on the surface of semiconductor oxides in the form
of 0=, O~ or 02~. The SFNMO film interacts with oxygen by
transferring the electrons from the conduction band to adsorbed
oxygen atoms. The reaction may be explained by the following
reactions:

0y(gas) + e — Oy(ads)”

0O,(ads)” +e — 20(ads)~

When reducing gas molecules like H,S reacts with negatively
charged oxygen adsorbates, the trapped electrons are given back to
the conduction band of SFNMO. The reaction of H,S gas may takes
place by following way:

H,S + 30(ads)” — SO, + H;0 + 3e~(conductionband)

The energy released during decomposition of adsorbed H,S
molecules would be sufficient for electrons to jump up into the
conduction band of SFNMO. An increase in operating temperature
surely increases the thermal energy so as to stimulate the oxidation
of H,S. The reducing gas donates electrons to SFNMO, which results
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increase in the electron concentration of the film. As a consequence,
change in the resistance of SFNMO film is observed. This is the rea-
son why the gas response increases with operating temperature.
However, the response decreases at higher operating temperatures,
as the oxygen adsorbates are desorbed from the surface of the sen-
sor [8].

5. Conclusion

Double perovskite SryFeq gNig4MoOg with tetragonal structure
was prepared by sol-gel citrate method. Sr;Feq gNig 4MoOg shows
response and selectivity for H,S gas at an operating temperature of
260°C. XRD of SryFeg gNig 4M00Og calcined at 650 °C for 6 h showed
good crystalline quality and TEM was utilized to observe the
microstructure of the particles with a grain size of about 35-45 nm.
Incorporation of 0.5 wt% Pd in Sr,Feg gNig 4MoOg improves the gas
response, response time and reduced the operating temperature
for H,S gas.
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The mechanism of interaction of lipoic acid-palladium complex (LAPd) with double-stranded DNA
(dsDNA), as well as the adsorption process and the redox behaviour of LAPd, of its ligand lipoic acid (LA),
and of the LAPd-containing dietary supplement, Poly-MVA™, were studied using atomic force microscopy
(AFM) and voltammetry at highly oriented pyrolytic graphite (HOPG) and glassy carbon electrodes. In the
presence of small concentrations of LAPd molecules, the dsDNA molecules appeared less knotted and
bended, and more extended on the HOPG surface, when compared with the dsDNA molecules adsorbed

ﬁeg;,g;dcsiii from the same dsDNA solution concentration. The voltammetric results demonstrated the interaction of
™ Wi idati

Lipoic acid-palladium complex !Joth LAPd and Poly—MVA with quNA, but no oxidative damage caused to dsDNA was de.tectec'L AFM

Poly-MVA™ images revealed different adsorption patterns and degree of surface coverage and correlation with the

Voltammetry structure, the concentration of the solution, the applied potential, and the voltammetric behaviour of the
AFM LA, LAPd and Poly-MVA™ was observed. The application of a negative potential caused the dissociation
of the LAPd complex and Pd(0) nanoparticle deposition, whereas the application of a positive potential
induced the oxidation of the LAPd complex and the formation of a mixed layer of LA and palladium oxides.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The lipoic acid-palladium complex (LAPd) was originally
designed as a non-toxic chemotherapeutic agent, in a prescrip-
tion version called DNA Reductase, and consists of a palladium
bonded to both end-groups of a lipoic acid (LA), the two sulfurs
of the thiolane ring and the carboxyl of the pentanoic chainina 1:1
ratio, Scheme 1 [1,2]. This arrangement is unique in that it allows
the molecule to be both water and lipid soluble. The presence of
the free radical scavenger, LA [3,4], and the addition of an alter-
native energy source, palladium [2,5,6], led to consider that LAPd
can be used in the treatment of various cancers [2,7,8].

The LA, ligand in the LAPd complex, is a well established
antioxidant that may act as a buffer in cancer therapy [9] where
the drugs used are known promoters of oxidative stress, or in
therapy of diseases associated with oxidative stress [10-13], either
directly as a free radical scavenger [14-16] or indirectly due to its
synergistic action with other antioxidants [17].

The LAPd-containing liquid dietary supplement, Poly-MVA™,
is based on a LAPd polymer that exists as a trimer of lipoic
acid-palladium complex joined to thiamine [1]. Besides the LAPd

* Corresponding author. Tel.: +351 239 835295; fax: +351 239 835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).

0039-9140/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2008.10.046

core unit, Poly-MVA™ also contains free LA [18], minerals (molyb-
denum, rhodium, ruthenium), vitamins (B1, B2, B12) and amino
acids (N-acetyl cysteine and formyl methionine). LAPd in Poly-
MVA™ was shown to regulate ischemic cell death and may be
a potent neuroprotective agent for victims of transient ischemic
attack, cardiac arrest, anesthetic accidents, or drowning [19].
Toxicological studies showed no accumulation in or damage to any
tissues, and the median lethal dose, LDsg, in mice is greater than
5000mgkg~! (the highest dosage tested) [19-21]. The Ames test
confirmed that the complex is free of mutagenicity [22].

Voltammetric methods have been used for the characterization
of LA and palladium(Il) containing solutions, at a glassy carbon
electrode (GCE) [18,23]. The same methods were employed for
the determination LA in two dietary supplements, Poly-MVA™
and Solgar Alpha-Lipoic Acid [18]. Atomic force microscopy (AFM)
was used to investigate the surface topography of highly oriented
pyrolytic graphite (HOPG) electrodes modified with electrode-
posited palladium nanoparticles and nanowires [23].

In the present paper, the mechanism of interaction of LAPd
with double-stranded DNA (dsDNA) was studied voltammetrically
and morphologically evaluated by magnetic AC mode (MAC Mode)
AFM. For this purpose, a systematic study of the adsorption pro-
cess and the redox behaviour of LAPd, of the ligand LA and of the
LAPd-containing Poly-MVA™ was carried out at two carbon elec-
trodes, HOPG and GCE. The results revealed important correlations
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Scheme 1. Proposed structure of LAPd.

between the different adsorption patterns, conformational changes
and the voltammetric behaviour of LAPd and dsDNA upon interac-
tion.

2. Experimental
2.1. Materials and reagents

Solutions of 10 mM LAPd and 13 mg mL~! Poly-MVA™ (of pro-
prietary blend as marketed, containing 40 mM LAPd) were from
Garnett McKeen Laboratory, Inc. and were used without further
purification. Solutions of different concentrations of either LAPd
or Poly-MVA™ were freshly prepared before each experiment
by dilution of the appropriate quantity in supporting electrolyte.
DL-a-lipoic acid (LA) was purchased from Sigma-Aldrich. A stock
solution of 100 mM LA was prepared in ethanol/water 1:1 and kept
at 4°C. Calf thymus dsDNA and all the other reagents were Merck
analytical grade. A stock solution of 300 pug mL~! dsDNA was pre-
pared in deionized water and kept at 4°C.

The solutions were then diluted to the desired concentration
by mixing buffer supporting electrolyte. All solutions were pre-
pared using analytical grade reagents and purified water from
a Millipore Milli-Q system (conductivity <0.1 pScm~1). The sup-
porting electrolyte solutions were 0.1 M acetate buffer pH 4.5 and
0.1 M phosphate buffer pH 7.0. Nitrogen saturated solutions were
obtained by bubbling high purity N, for a minimum of 10 min
through the solution and a continuous flow of pure gas was main-
tained over the solution during the voltammetric experiments.

Microvolumes were measured using EP-10 and EP-100 Plus
Motorized Microliter Pippettes (Rainin Instrument Co. Inc.,
Woburn, USA). The pH measurements were carried out with
a Crison micropH 2001 pH-meter with an Ingold combined
glass electrode. All experiments were done at room temperature
(25+£1°Q).

2.2. Atomic force microscopy

HOPG grade ZYB of 15 mm x 15 mm x 2 mm dimensions, from
Advanced Ceramics Co., was used as a substrate in the AFM study.
The HOPG was freshly cleaved with adhesive tape prior to each
experiment and imaged by MAC Mode AFM in order to establish its
cleanliness.

AFM was performed with a PicoSPM controlled by a MAC Mode
module and interfaced with a PicoScan controller from Agilent
Technologies, Tempe, AZ (formally Molecular Imaging). A CS AFM
S scanner, with a scan range 6 pm in x-y and 2 pm in z, and silicon
type Il MAClevers of 225 um length, 2.8 Nm~! spring constants,
60-90 kHz resonant frequencies in air, from Agilent Technologies,
were used. All images (256 samples line~! x 256 lines) were topo-
graphical and were taken in air at room temperature, by MAC
Mode, with scan rates of 0.8-2.0liness~!. When necessary, the

AFM images were processed by flattening in order to remove the
background slope and the contrast and brightness were adjusted.

Section analyses were performed with PicoScan software ver-
sion 5.3.1, Agilent Technologies and with Origin version 6.0 from
Microcal Software, Inc., USA. The mean values of the heights and
standard deviations were calculated with Origin version 6.0 from
Microcal Software, Inc., USA.

2.3. Voltammetric parameters and electrochemical cells

The voltammetric experiments were performed using an Auto-
lab running with GPES 4.9 software, Eco-Chemie, Utrecht, The
Netherlands. Cyclic voltammograms (CVs) were recorded at scan
rate of 50mVs~1. The differential pulse voltammetry (DPV) con-
ditions were: pulse amplitude 50 mV, pulse width 70ms, step
potential 2 mV and scan rate of 5mVs~!. Measurements were car-
ried out in a 0.5 mL one-compartment electrochemical cell using a
glassy carbon electrode (GCE) (d=1.5 mm), with a Pt wire counter
electrode, and a Ag/AgCl (3 M KCl) electrode as reference.

The GCE was polished using diamond spray (particle size
1 wm) before every electrochemical experiment. After polishing,
the electrode was rinsed thoroughly with Milli-Q water then it
was sonicated for 1min in an ultrasound bath and again rinsed
with water. After this mechanical treatment, the GCE was placed in
buffer electrolyte and various CVs were recorded at V=100mVs~!
until a steady state baseline voltammogram was obtained. This
procedure ensured very reproducible experimental results.

Electrochemical deposition of LAPd on the HOPG electrode
surface was performed in a one-compartment Teflon cell of
approximately 12.5 mm internal diameter, holding the HOPG work-
ing electrode on the bottom of the cell. The Pt wire counter and
the Ag/AgCl reference electrodes were placed in the cell dipping
approximately 5 mm into the solution.

2.4. Sample preparation

The adsorption of LA, LAPd and Poly-MVA™ onto HOPG and
GCE and the dsDNA interaction with LAPd and Poly-MVA™ were
studied by MAC mode AFM in air and voltammetric methods, using
the procedures described below. For all modified HOPG and GCEs
the excess of solution was removed with Millipore Milli-Q water
and the electrodes dried in a sterile atmosphere prior to AFM and
voltammetric measurements.

2.4.1. Procedure 1 - LA, LAPd, Poly-MVA™ and control dsDNA
modified HOPG

The spontaneous adsorption of control dsDNA, from 5 g mL~!
or 10 wg mL~! dsDNA, and different concentrations of LA, LAPd and
Poly-MVA™ solutions was performed depositing 200 L samples
of the desired solutions onto freshly cleaved HOPG surfaces and
incubating for 3 min.

2.4.2. Procedure 2 - electrodeposited LAPd modified HOPG

The electrodeposition of LAPd was performed from concentra-
tions of 0.1 mM LAPd in 0.1 M phosphate buffer solutions pH 7.0, by
applying —1.0V or +1.2V vs. Ag/AgCl (3 M KCl), during 30 min.

2.4.3. Procedure 3 - electrodeposited LAPd and Poly-MVA™
modified GCE

The electrodeposition was performed from 1mM LAPd or
1.3mgmL-! Poly-MVA™ (containing 4mM LAPd) in 0.1 M phos-
phate buffer pH 7.0, by continuous cycling (10 CVs) or by applying
one of the potentials: —1.00V or +1.20V vs. Ag/AgCl (3M KCl),
during 30 min.



0. Corduneanu et al. / Talanta 77 (2009) 1843-1853 1845

2.4.4. Procedure 4 - layer by layer dsDNA-LAPd modified HOPG

A volume of 200 pL from a 5uM LAPd in 0.1 M phosphate
buffer solution pH 7.0 was deposited for 3 min on a control dsDNA-
modified HOPG electrode, Procedure 1 (5 ugmL~! dsDNA).

2.4.5. Procedure 5 - layer by layer LAPd—dsDNA modified HOPG

Avolume of 200 pL froma 5 wgmL~! dsDNA in 0.1 M phosphate
buffer solution pH 7.0 was deposited for 3 min on a LAPd-modified
HOPG electrode obtained using either 1 uM or 0.1 wM LAPd solu-
tions, Procedure 1.

2.4.6. Procedure 6 — dsDNA-LAPd and dsDNA-Poly-MVA™
modified HOPG

For the preparation of dsDNA-LAPd modified HOPG, 5 ug mL~!
dsDNA were incubated with 5puM LAPd or 0.1 M LAPd, in
0.1M phosphate buffer pH 7.0, at room temperature, during
24h. For the preparation of dsDNA-Poly-MVA™ modified HOPG,
10 wgmL~! dsDNA were incubated with 3.3 wgmL~! Poly-MVA™
(containing 10 wM LAPd), in 0.1 M phosphate buffer pH 7.0, at room
temperature, during 24 h. In order to prepare the dsDNA-LAPd
and dsDNA-Poly-MVA™ modified HOPG, 200 L samples of the
respective incubated solution were placed onto the freshly cleaved
HOPG for 3 min.

2.4.7. Procedure 7 — control dsDNA, dsDNA-LAPd and
dsDNA-Poly-MVA™ modified GCE

The control dsDNA modified GCE was obtained by depositing
a volume of 5pL of 50 ugmL-! dsDNA in 0.1 M acetate buffer
solution pH 4.5 onto the GCE for 10 min. The dsDNA-LAPd and
dsDNA-Poly-MVA™ modified GCE were obtained by incubating
the control dsDNA modified GCE for 3, 5 and 10 min with 1.0 mM
LAPd or 1.3 mgmL~! Poly-MVA™ (containing 4 mM LAPd) in 0.1 M
phosphate buffer pH 7.0.

2.4.8. Procedure 8 — control dsDNA and dsDNA-LAPd modified
GCE

The control dsDNA modified GCE was prepared from a
30 wgmL~! dsDNA in 0.1 M acetate buffer solution pH 4.5. The
dsDNA-LAPd modified GCE was prepared from an incubated
solution containing 30 ugmL~! dsDNA and 1mM LAPd in 0.1 M
phosphate buffer pH 7.0 at room temperature, during 48 h. The con-
trol dsDNA modified GCE and the dsDNA-LAPd modified GCE were
prepared depositing 3 drops of 5L each on the GCE and dried
under a flow of pure N5 gas. The modified GCE was then placed in
the electrochemical cell where the voltammograms were always
recorded in 0.1 M acetate buffer pH 4.5.

3. Results and discussion

The adsorption process and the redox behaviour of LA, LAPd and
Poly-MVA™ were studied first using AFM and voltammetry and the
results obtained are essential to explain the lipoic acid-palladium
complex interactions with dsDNA. The investigation of the interac-
tion of dsDNA with LAPd and Poly-MVA™ will be based on different
morphological and voltammetric modifications.

3.1. Adsorption process and redox behaviour of LA, LAPd and
Poly-MVA™

3.1.1. AFM characterization of adsorbed LA, LAPd and Poly-MVA™
The adsorption process of the LA, LAPd and Poly-MVA™,
was first investigated by AFM, using the procedures from Sec-
tion 2.4. As described below, the topographical images clearly
showed the capacity of LA, LAPd and Poly-MVA™ to interact
and adsorb spontaneously on carbon electrode surfaces, forming

different morphological films depending on solution concentra-
tion.

In all the AFM experiments the HOPG was used as working elec-
trode, as its atomically flat terraces permit the correct evaluation
of the morphological features of the adsorbed molecules and films.
As a comparison, the GC surface has a root-mean-square (r.m.s.)
roughness of 2.10 nm while the HOPG surface has ar.m.s. roughness
of less than 0.06 nm, for a 1000 nm x 1000 nm surface area. Fur-
thermore, the experiments using GCE and HOPG electrodes showed
similar electrochemical behaviour.

3.1.1.1. Spontaneous adsorption of LA onto HOPG. The LA molecule
is the ligand in the LAPd complex and has a disulfide-containing
base, a short alkyl chain with four CH, units, and a carboxyl
termination [18]. The spontaneous adsorption of LA onto HOPG
(Fig. 1A-D) was performed using the Procedure 1. AFM images in
air of the LA modified HOPG, obtained from a solution of 400 pM
LA, showed an approximately 0.5 nm height thin LA film (Fig. 1A)
that corresponds to a monolayer formed by hydrophobic interac-
tions between LA alkyl chains and the hydrophobic HOPG surface.
Also the LA molecules have the tendency to form 0.8-5.0 nm height
spherical aggregates which are uniformly distributed within the LA
monolayer.

Using a higher concentration of 40 mM LA, two morphologi-
cally different LA layers were observed (Fig. 1B), with 1.5+ 0.2 nm
difference in height between the layers. The internal structure
of those two LA layers was revealed in the higher magnification
AFM images presented in Fig. 1C and D, which have the scan cen-
tres marked as white crosses in Fig. 1B. The first layer (Fig. 1C)
was a thin multilayer of LA molecules, which covered completely
the HOPG electrode, showed no pores and with large spherical
aggregates of 1.0-6.0 nm height embedded into its structure. The
second LA layer (Fig. 1D) was a thick and smooth multilayer,
with only a few narrow indentations, of 0.8-1.8 nm depth, that
were not sufficiently deep to reach the HOPG substrate under-
neath.

3.1.1.2. Spontaneous adsorption of LAPd onto HOPG. The LAPd
modified HOPG electrode was obtained by spontaneous adsorp-
tion during 3 min, from different concentrations of LAPd, using the
method described in Procedure 1. AFM images of the LAPd mod-
ified HOPG obtained from a low concentration of 0.1 WM LAPd
solution showed large aggregates of 0.9 0.2 nm height (Fig. 2A).
LAPd presents a large three-dimensional structure, with the pal-
ladium in the centre of the complex, covalently coordinated with
both oxygens of the LA carbonyl and one or more sulphur atoms
(Scheme 1)[2]. The approximately 0.9 nm height of the LAPd aggre-
gates is related with the deposition of a monolayer of molecules on
the HOPG surface.

AFM images of adsorption from a 1 wM LAPd solution (Fig. 2B)
showed looped filaments of 1.4 £ 0.1 nm height, as a result of the
aggregation of the small LAPd molecules, and large portions of
uncovered HOPG. AFM images of adsorption from a 10 wM LAPd
solution (Fig. 2C) and 50 wuM LAPd solutions (data not shown)
showed similar results: a less compact LAPd film with larger pores
of 1.6+ 0.3nm depth. The height of the LAPd films constantly
increased with increasing the LAPd solution concentration, due
to the formation of LAPd multilayers. Inside the LAPd film small
aggregated molecules were observed.

AFM images of the LAPd modified HOPG obtained froma 100 uM
LAPd solution (Fig. 2D) showed the formation of a thick uniform
film, covering the electrode completely. Small indentations into the
LAPd film were observed with the measured depth 0.7 £ 0.1 nm, not
sufficiently deep to reach the HOPG. AFM images of LAPd modified
HOPG surfaces obtained by spontaneous adsorption during 30 min
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Fig. 1. AFM images of LA modified HOPG (Procedure 1) from: (A) 400 uM and (B-D) 40 mM LA. (C and D) higher magnification images with the scan centres marked as white
crosses in image (B). (E) CVs and (F) DPVs in 100 uM LA in 0.1 M phosphate buffer pH 7.0, (e e ¢) first and (mmsm ) 2nd scan. See Section 2 for details.

from the same solution concentration also led to a complete cover-
age of the HOPG.

3.1.1.3. Adsorption of LAPd under an applied potential. Electrode-
posited LAPd modified HOPG surfaces were achieved by applying
the potentials of —1.0V or +1.2V, during 30 min, in 0.1 mM LAPd,
as described in Procedure 2. Negative and positive applied poten-
tials have different effect on the adsorption and electrochemical
behaviour of LAPd molecules onto HOPG (Fig. 3A and B).

AFM images of LAPd electrodeposited on HOPG at Egep, =—1.00V
showed small nanoparticles, with irregular shape and dimensions
of approximately 3-7 height, randomly dispersed into a com-

plex, 1.4+ 0.2 nm height, two-dimensional network spread over the
HOPG terraces (Fig. 3A).

AFM studies performed in palladium(Il) containing solutions
demonstrated that at Eqep=-1.00V, Pd(0) nanoparticles and
nanowires were electrodeposited on the surface of HOPG [23].
Therefore, the application of a high negative potential caused the
dissociation of the LAPd complex and Pd(0) deposition as nanopar-
ticles, that were embedded into the observed network film formed
by a mixture of LA and LAPd molecules (Fig. 3A). The network has
many pores, the dark regions in the image, leading to exposed
HOPG surface at the bottom of the pores and presents a minor
surface coverage when compared with the LAPd multilayer films
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Fig. 2. (A-D) AFM images of LAPd modified HOPG (Procedure 1) from: (A) 0.1 wM, (B) 1 wM, (C) 10 wM and (D) 100 wM LAPd. (E, F) CVs in: (E) 1 mM LAPd in 0.1 M phosphate
buffer pH 7.0, (e @ #) 1st and (—) 10th scan, (F) 0.1 M acetate buffer pH 4.5 (Procedure 3) after 10 CV scans in 1 mM LAPd, (e e @) 15t and (mmmmm ) 3rd scan. See Section 2 for details.

spontaneously adsorbed onto HOPG from the same solution con-
centration.

AFM images of LAPd electrodeposited at Egep, =+1.2V showed a
two-dimensional film (Fig. 3B) with a very compact morphology
formed by small densely packed globular aggregates. The film
presents both narrow pores as well as large ones that revealed
uncovered HOPG, allowing the measurement of the film thickness
of 2.7 +£0.3 nm. The application of a positive potential induced the
oxidation of the LAPd complex and the formation of a mixed mul-
tilayer of palladium oxides, LA and LAPd onto HOPG.

3.1.1.4. Spontaneous adsorption of Poly-MVA™ onto HOPG. The Poly-
MVA™ modified HOPG was achieved by spontaneous adsorption

during 3 min as described in Procedure 1. AFM images of adsorption
from 3.3 wgmL~! Poly-MVA™ (containing 10 uM LAPd) showed
only a few molecules on the HOPG surface, assembled as small
spherical 1.2 + 0.3 nm height aggregates (Fig. 4A). For higher con-
centrations of 33 g mL~! Poly-MVA™ (containing 100 .M LAPd),
a uniform but incomplete film was observed, with the molecules
forming thick globular filaments of 1.6 + 0.4 nm height (Fig. 4B).

3.1.1.5. Comparison between LA, LAPd and Poly-MVA™ spontaneous
adsorption. The topography of the LAPd modified HOPG suggests
that LAPd adsorbs strongly onto HOPG surface even at a very low
concentration of 0.1 WM LAPd (Fig. 2A), when compared with LA
molecules that only form incomplete monolayer films at 400 .M
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Fig. 3. (A and B) AFM images of electrodeposited LAPd modified HOPG (Procedure 2) from 100 wM LAPd: (A) —1.0V and (B) +1.2V. (C, D) CVs in 0.1 M acetate buffer pH 4.5
(Procedure 3) after 30 min electrodeposition in 1 mM LAPd: (C)-1.00V, (D) +1.20V, (e e ¢) 15t and (mmmmm ) 2nd scan. See Section 2 for details.

LA (Fig. 1A). The LAPd greater adsorption onto HOPG is due
to the presence of palladium into the LA structure (Scheme 1),
which facilitates the interaction with the HOPG substrate. Indeed,
complementary AFM studies showed that palladium(Il) presents
spontaneous adsorption onto the HOPG electrode from either
PdSO4 or PdCl;, solutions.

In the case of Poly-MVA™ modified HOPG, and for the cor-
responding concentration of LAPd in solution (10 M or 100 pM
LAPd), a decreased surface coverage was observed (Fig. 4A and B), in
comparison with the LAPd modified HOPG (Fig. 2C and D). The Poly-
MVA™ active ingredient is a LAPd polymer that exists as a trimer
of LAPd joined to thiamine [1,2]. Consequently, in Poly-MVA™,
palladium is more hidden into the complex polymeric structure,
decreasing the possibility of direct LAPd interaction with the car-
bon electrode surface, which explains the lower adsorption of the
Poly-MVAT™,

3.1.2. Voltammetric characterization of LAPd and Poly-MVA™
3.1.2.1. Redox behaviour of LA, LAPd and Poly-MVA™. The redox
behaviour of LA was investigated by CV and DPV at GCE in 100 .M
LA in 0.1 M phosphate buffer pH 7.0, and one anodic irreversible
peak occurred at Ep, =+0.80V (Fig. 1E and F) that was identified as
the a-lipoic acid oxidation to -lipoic acid [18].

Next, the voltammetric behaviour of LAPd at GCE was inves-
tigated by CV in 1mM LAPd in 0.1 M phosphate buffer pH 7.0,
N, saturated solution (Fig. 2) starting scanning at E;=0.00V, in

the positive direction, between the potential limits of E; =+1.40V
and E, = -1.00V. Upon extensive cycling in the solution, an anodic
peak at Epa =+1.20V and a cathodic peak at Epc =—0.40V (Fig. 2E)
appeared. After 10 CV scans, the GCE was rinsed and transferred to
0.1 M acetate buffer pH 4.5 only. The voltammogram showed clearly
a more complex redox behaviour at this pH (Fig. 2F) in agreement
with the electrochemical behaviour of electrodeposited palladium
nanostructures onto GCE [23].

The voltammetric behaviour of Poly-MVA™ at GCE was studied
by CV in 1.3mgmL-! of Poly-MVA™ (containing 4 mM LAPd) in
0.1 M phosphate buffer pH 7.0. The CV experiments showed three
oxidation peaks in the first scan (data not shown), which did not
increase upon continuous cycling (10 CV scans) in the same solu-
tion. When the GCE was transferred to 0.1 M acetate buffer pH 4.5,
the voltammogram showed in the first CV scan only one oxidation
peak. Using DPV, scanning from E;=0.0V to E; =+1.40V, a better
assessment of the oxidation processes of Poly-MVA™ and the com-
parison with the LAPd oxidation results (Fig. 5) was possible.

The DPVrecorded in 1 mM LAPd in 0.1 M phosphate buffer pH 7.0
solution showed a well defined oxidation peak, Ep, =+1.11V, while
in the case of 1.3 mg mL~1Poly-MVA™ (4 mM LAPd) in 0.1 M phos-
phate buffer pH 7.0 solution, similarly to the CVs three oxidation
peaks occurred at Ep, =+0.57V, +0.85V and +1.30V (Fig. 5A).

After 3min spontaneous adsorption directly from the stock
solutions of LAPd (10 mM), Poly-MVA™ (13 mg mL-!, containing
40 mM LAPd), and 1 mM PdCl, on GCE surface, the electrode was
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Fig. 4. (A, B, E, F) AFM images of (A and B) Poly-MVA™ modified HOPG (Procedure 1) from: (A) 3.3 pgmL-! and (B) 33 pg mL-! Poly-MVA™, (E) control dsDNA modified
HOPG (Procedure 1) from 10 g mL~' dsDNA and (F) dsDNA-Poly-MVA™ modified HOPG (Procedure 6). (C and D) CVs in 0.1 M acetate buffer pH 4.5 (Procedure 3) after 30 min
electrodeposition in 1.3 mg mL-! Poly-MVA™: (C) —1.00V and (D) +1.20V, (e e e) 1st and (e ) 3rd scan. See Section 2 for details.

transferred to 0.1 M acetate buffer pH 4.5 and DPVs (Fig. 5B) were
recorded. The palladium characteristic voltammetric behaviour
[23], seen in the voltammograms of Fig. 2E, was also observed
after transferring the GCE to buffer (Figs. 2F and 5B). The voltam-
metry of the LAPd complex at the GCE and the AFM results are
in agreement with the proposed LAPd structure (Scheme 1) that
palladium incorporated into LA facilitates the interaction with the
carbon substrates. The results obtained by DPV after spontaneous
adsorption from either PdCl, or the LAPd solution (Fig. 5B) show
the characteristic peak for palladium oxide formation during the
voltammetric scan, Ep; =+1.15V in 0.1 M acetate buffer pH 4.5.

In the case of Poly-MVA™., the results showed that while
three successive oxidation processes occur when the voltam-
mogram was recorded in the Poly-MVA™ containing solution
(Fig. 5A), when the GCE was transferred to buffer an oxidation
peak occurring at Ep; =+1.10V appeared, which is not related with
the palladium oxide formation. The anodic peak at Epa=+0.85V
corresponds to the free LA present in Poly-MVA™, confirmed
by standard addition of LA [18]. The differences in the oxida-
tion potential between the standard LA (Fig. 1E and F) and LA
in Poly-MVA™ (Fig. 5A) are small and due to a matrix effect.
The oxidation processes at Ep, =+0.57 V is related to the oxidation
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of other components present in the complex matrix of the Poly-
MVA™,

3.1.2.2. Electrodeposition of LAPd and Poly-MVA™., Electrodeposi-
tion of LAPd and Poly-MVA™ on GCE was carried out by applying
the potentials Egep=—1.0V or Egep=+1.2V, during 30 min, Proce-
dure 3,in 1 mM LAPd or 1.3 mg mL~! Poly-MVA™ (containing 4 mM
LAPd) in 0.1 M phosphate buffer pH 7.0.

A very complex redox behaviour, with various charge trans-
fer reactions occurring at positive and negative potentials was
observed in the CVs recorded in buffer (Fig. 3C) after electrode-
position at Egep=—10V in a TmM LAPd solution. The shape
of the voltammetric wave changed upon cycling, in the sub-
sequent scans a large anodic peak at E,=+0.06V and, after
reversing the scan direction, a sharp cathodic peak at Ep; =+0.05V,
were found. After electrodeposition at Egep =+1.20V from 1 mM
LAPd solution, the CVs obtained in 0.1 M acetate buffer pH
4.5 showed only small reduction peaks, at Ep.=+0.06V and
Epc=-0.30V, which improved slightly in the subsequent scans
(Fig. 3D).

(A

0.2 0.4 0.6 0.8 1.0 1.2 1.4
EIV vs. Ag/AgCI

(B)

50 nA

0.2 0.4 0.6 0.8 1.0 1.2 1.4
EIV vs. Ag/AgCI

Fig. 5. DPVs in: (A) (wmmm ) 1mM LAPd and (= === ) 1.3mgmL-! Poly-MVA™
(4mM LAPd) in 0.1 M phosphate buffer pH 7.0. (B) 0.1 M acetate buffer pH 4.5 after
3 min spontaneous adsorption from: (mmssss ) 10mM LAPd, (= == = ) 13mgmL-!
Poly-MVA™ (40 mM LAPd) and (e e ¢) 1 mM PdCl,. See Section 2 for details.

Voltammetric studies performed in palladium containing solu-
tions [23] showed that palladium is electrodeposited on GCE as
Pd(0), after applying a negative potential, or palladium oxides,
after applying a positive potential. Applying the potential of
Egep =—1.00V ensured that more palladium could be removed from
the LAPd complex and deposited at GCE as Pd(0), than in the case
of continuous cycling (Fig. 5A and B) the voltammograms showing
the characteristic palladium electrochemical behaviour [23], i.e.
oxide formation and their reduction at positive potentials and
hydrogen incorporation at negative potentials (Fig. 3C). Electrode-
position at Ege, =+1.20V was also performed in order to confirm
that palladium could be removed from the LAPd complex and
deposited as palladium oxides. The peaks obtained in buffer only,
although smaller than in the case of Egep, =—1.00V electrodeposi-
tion, improved in the subsequent recorded scans, corresponding
to reduction of the palladium oxides deposited on GCE to Pd(0)
(Fig. 3D).

Whereas after the electrodeposition performed in the solution
of 1.3mgmL~! Poly-MVA™ at Eg,=—1.00V, the CVs showed in
buffer an oxidation peak, Epa =+1.37V (Fig. 4C) after electrodepo-
sition at Egep, =+1.20V from the same the Poly-MVAT™ solution no
peaks were observed (Fig. 4D). This means that the voltammetric
behaviour of Poly-MVA™ (Fig. 6) cannot be associated with the
known electrochemistry of palladium (Fig. 3C and D); although a
charge transfer reaction was observed in the first voltammogram,
no other peaks could be detected in the following scans.

3.2. Interaction of dsDNA with LAPd and Poly-MVA™

3.2.1. AFM characterization of dsSDNA-LAPd and
dsDNA-Poly-MVA™ interaction

The mechanism of interaction of LAPd and Poly-MVA™ with
dsDNA was investigated and characterized by AFM. The films on
HOPG were prepared depositing layer by layer dsDNA-LAPd (Pro-
cedure 4) and LAPd-dsDNA (Procedure 5), and from incubated
solutions of dsDNA-LAPd and dsDNA-Poly-MVA™ (Procedure 6).

In order to have the dsDNA control adsorption pattern, AFM
was employed to study spontaneous adsorption of dsDNA from
solutions of 5pgmL~! and 10ugmL-! dsDNA, as described in
Procedure 1. The AFM topographical images in air of the dsDNA film
obtained from 5 ugmL~! dsDNA showed coiled dsDNA molecules
of 1.5+£0.6nm height (Fig. 6A), while from 10 ugmL-! dsDNA
showed a thin network of 1.1 £ 0.2 nm height (Fig. 4E).

The layer by layer dsDNA-LAPd modified HOPG, Procedure 4
(Fig. 6B), was obtained by LAPd spontaneous adsorption from a
solution of 5uM LAPd onto the control dsDNA modified HOPG
obtained from 5 pg mL~! dsDNA (Fig. 6A). The AFM images showed
small aggregates of molecules, as well as looped filaments with por-
tions of linear dsDNA. The measured thickness of the dsDNA-LAPd
film was of 1.3 + 0.4 nm.

The layer by layer LAPd-dsDNA modified HOPG surfaces, Pro-
cedure 5 (Fig. 6C and D), were obtained by dsDNA spontaneous
adsorption from a solution of 5 wgmL~! dsDNA onto a LAPd mod-
ified HOPG prepared from LAPd solutions of 0.1 wM (Fig. 2A) or
1M (Fig. 2B). The AFM images of the LAPd-dsDNA modified
HOPG (0.1 wM LAPd) (Fig. 6C) showed a loosely packed film of
1.6 £ 0.3 nm height and spherical aggregates, up to 5nm height,
adsorbed on the HOPG areas uncovered by the LAPd-dsDNA. The
AFM images of the LAPd-dsDNA modified HOPG (1 wM LAPd)
(Fig. 6D) showed a non-compact, granular film of 1.440.2 nm
height, and unknotted extended dsDNA molecules could be imaged
inside the LAPd-dsDNA film. The measured thickness of the layer by
layer dsDNA-LAPd and LAPd-dsDNA films presented heights con-
sistent with both the height of the coiled dsDNA molecules and
LAPd films, leading to inconclusive results concerning the LAPd
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Fig. 6. AFM images of: (A) control dsDNA modified HOPG (Procedure 1) from 5 pugmL~' dsDNA, (B) dsDNA-LAPd modified HOPG (Procedure 4). (C and D) LAPd-dsDNA
modified HOPG (Procedure 5): (C) 0.1 wM and (D) 1.0 wM LAPd. (E and F) dsDNA-LAPd modified HOPG (Procedure 6): (E) 0.1 wM and (F) 5.0 wM LAPd. See Section 2 for details.

interaction with dsDNA. Therefore the LAPd interaction with dsDNA
in solution was also AFM morphologically evaluated.

The HOPG electrode was modified by a dsDNA-LAPd film
obtained by spontaneous adsorption during 3 min from incubated
solutions of 5ugmL-1 dsDNA with 0.1 wM or 5uM LAPd, as
described in the Procedure 6. AFM images of dsDNA-LAPd modi-
fied HOPG, from 0.1 wM LAPd, showed the HOPG surface covered
by small aggregates, a few twisted molecules, as well as a high num-
ber of unknotted extended dsDNA molecules of 1.2 + 0.2 nm height
(Fig. 6E). Using 5 wM LAPd, the AFM images showed the formation
of a network with thick filaments of 1.7 & 0.2 nm height, and a num-
ber of dsDNA molecules arranged near the step edges of the HOPG
were also observed inside the network film (Fig. 6F).

In conclusion, in the presence of lower concentration of LAPd
the dsDNA molecules appeared less tangled and bended, and more
extended on the HOPG surface (Fig. 6B-F), when compared with
the dsDNA molecules adsorbed from the control dsDNA solution of
the same concentration (Fig. 6A).

For the AFM morphological evaluation of the Poly-MVA™ inter-
action with dsDNA in solution, the HOPG electrode was modified
by a dsDNA-Poly-MVA™ film obtained by spontaneous adsorption
during 3 min from incubated solutions of 10 wg mL~! dsDNA with
3.3 wgmL~! Poly-MVA™ (containing 10 WM LAPd), as described
in the Procedure 6. AFM images showed a layer formed by tight
loops and areas of the HOPG that were not covered at all (Fig. 4F).
The dsDNA-Poly-MVA™ film was composed by aggregates of
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Fig.7. DPVsin 0.1 M acetate buffer pH4.5: (A-B) Procedure 7: (mmmmm ) control dsDNA
modified GCE, (A) dsDNA-LAPd modified GCE and (B) dsDNA-Poly-MVA™ modified
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2nd and (e e ¢) 3rd scan. See Section 2 for details.

molecules of 1.8 £ 0.3 nm height, larger than the expected height
of the dsDNA, which suggest a complex interaction of the dsDNA
with the various molecules existent in the Poly-MVA™ solution.

3.2.2. Voltammetric characterization of dsDNA-LAPd and
dsDNA-Poly-MVA™ interaction

The dsDNA interaction with LAPd and Poly-MVA™ was studied
in order to investigate the palladium complex action in inducing

double helix deconformation, hydrogen bonding cleavage and/or
oxidative damage to DNA bases. The interaction was followed by
DPV, and the observed changes of the purine bases’ oxidation peak
currents, desoxyguanosine (dGuo), Epa =+1.03 V, and desoxyadeno-
sine (dAdo), Epa =+1.30V, were compared with the results obtained
for a dsDNA control solution. The occurrence of the guanine or/and
adenine oxidation product peaks, the biomarkers 8-oxoguanine
and 2,8-dihydroxyadenine, at Ep; ~+0.45V in 0.1 M acetate buffer
pH 4.5, is an indication of oxidative damage caused to DNA
[24,25].

The GCE was modified with a thin-layer of dsDNA, Procedure
7, and then incubated for different periods of time with either
1 mM LAPd or 1.3 mg mL~! Poly-MVA™ (4 mM LAPd)in 0.1 M phos-
phate buffer pH 7.0. The DPV recorded in 0.1 M acetate buffer pH
4.5 showed changes in the peak currents corresponding to the
oxidation of dGuo and dAdo, respectively, when compared with
the results obtained for the dsDNA control solution (Fig. 7). How-
ever, other oxidation processes were also detected, the peak at
Epa=+1.18 Vin the case of dsDNA-LAPd incubation (Fig. 7A) and oxi-
dation peaks at Epy =+0.55V, Epy =+0.80V and Ep, =+1.27V in the
case of dsDNA-Poly-MVA™ incubation (Fig. 7B) and all increased
with increasing incubation times.

In another experiment, the interaction of LAPd with dsDNA
was studied at GCE after 48 h incubation time, Procedure 8. The
DPVs recorded in acetate buffer showed very small dGuo and dAdo
peak currents, compared with the dsDNA control solution, and a
large oxidation peak which rapidly increases in the following DPV
scans, Ep, =+1.18V, corresponding to the joint deposition of palla-
dium oxides that hinders the DNA oxidation processes (Fig. 7C).
The voltammetric results led to the conclusion that modification of
the dsDNA structure occurs upon interaction with LAPd, recognized
through the decrease of the dGuo and dAdo oxidation peaks (Fig. 7A
and C). Moreover, no oxidative damage to dsDNA was detected, as
no oxidation peaks corresponding to DNA oxidative damage were
noted in the DPVs recorded either after short (10 min) or long (48 h)
incubation times.

The interaction of dsDNA with Poly-MVA™ (Fig. 7B) was found
to be difficult to assess when compared to the interaction of
dsDNA with LAPd, due to the other redox active compounds exis-
tent in the Poly-MVA™ matrix. However, as no oxidation peaks of
8-oxoguanine or 2,8-dihydroxiadenine were observed in the DPV
scans, it was concluded that there was no oxidative damage caused
to dsDNA by Poly-MVATM,

4. Conclusions

The interaction of dsDNA with LAPd and Poly-MVA™ was
studied at room temperature, using AFM and voltammetry, show-
ing that the interaction with either caused no oxidative damage to
dsDNA. The interaction of dsDNA with low concentrations of the
LAPd complex lead to less knotted and bended, and more extended
dsDNA molecules on the HOPG surface, when compared with con-
trol dsDNA adsorbed on the HOPG.

The adsorption process and the redox behaviour of LA, LAPd
and Poly-MVAT™ presents characteristic adsorption patterns and
degree of HOPG surface coverage, depending on the chemical struc-
tures, the dimensions, the solution concentration and the applied
potential. The LAPd molecules interact and adsorb strongly on
HOPG, in comparison with LA, probably due to the incorporation of
palladium into the ligand structure.

By applying high negative or high positive potentials, the
stability of both the LAPd complex and the LAPd-containing Poly-
MVA™ solution was tested. The voltammetric and AFM results
show that while in the case of LAPd complex palladium removal is
still possible, in the Poly-MVA™ solution the same is not achieved,
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most likely due to palladium being sequestered within the LAPd
polymer joined to thiamine.
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This paper demonstrates that a combined thermal and electrochemical conditioning step can greatly
minimize electrode blocking. We detected 50 ppm dopamine after a blocking step in 1000 ppm gelatine
solution. Only a treatment of the electrode at —1.5V and 61.5°C can reveal the voltammetric dopamine
signals to 82%. The increase of the peak separation of the cyclic voltammograms obtained in 50 ppm

dopamine is limited to 14%, whereas negative polarization (—1.5 V) alone leads to a 31% increase compared
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to 109% upon thermal and 105% without any conditioning. The positive effects can be addressed to an
enforced reductive degradation and accelerated removal of the blocking agents. Also the formation of
hydrogen bubbles might play a significant role. Thermo-electrochemical treatment holds great promise
for electrochemical sensors and detectors which are applied for long-term monitoring of samples that
contain blocking matrices.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

So called “electrode fouling” is a major hindrance for the prac-
tical application of electrochemical sensors at remote or hidden
places. Such blocking of the electrode surface can occur in different
ways. Real samples often come with a complex matrix that already
contains blocking substances. The latter can also be produced by
the electrode process itself such as oxidation of the analyte or cer-
tain matrix components. Such build-up of an inhibition layer often
leads to severe suppressions and distortions of the current signals,
along with irreproducible data.

One approach to minimize fouling is the use of alternate elec-
trode materials like carbon nanotubes [1-3], anodically pretreated
carbon fiber microelectrodes [4] or boron-doped diamond, which
combine attractive electrochemical properties (stability and sen-
sitivity) [5,6] and high resistance to deactivation via fouling [7]
or dissolved oxygen [8]. Glassy carbon electrodes modified with
single and multiwall carbon nanotubes show a decrease in the over-
voltage for NADH detection along with minimal surface fouling
during amperometric detection [2,9]. A chemical reversibility of
the NADH oxidation reaction was achieved by modification of the
electrode surface with poly(1,2-diaminobenzene) conducting nan-
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otube coatings [10]. Baranski applied a hot micro-disk electrode
for the determination of aniline, which is known to produce foul-
ing effects and proposed to use electrode heating for cleaning [11].
In 2005 we proposed to heat the electrode during the voltammetric
and amperometric detection of NADH in order to prevent electrode
blocking due to oxidation products of the analyte [12]. Electrically
heated electrodes have been successfully applied for the analysis
of a variety of substances including dissolved oxygen [13] heavy
metals [14,15], nucleic acids, carbon hydrates [16,17], and organic
compounds [18,19]. Chen et al. reported about electroluminescence
measurements at directly heated wire [20-22] and carbon paste
electrodes [23-25]. Another interesting approach of Chen et al. is
directly heated graphite electrodes and their application for the
determination of trace riboflavin [26,27]. The temperature rise can
also be achieved by means of microwaves [28-31]. Electrochem-
istry at elevated temperature has been reviewed [32,33].

Here, we present an effective pretreatment procedure which
allows to measure trace amounts of dopamine following a blocking
by high level of surface-active materials. High gelatin concentra-
tions are used to illustrate the efficiency of pretreatment process.

2. Experimental
2.1. Reagents

All solutions were prepared using deionized water (PURELAB
system, R>18.2 M2 cm). Square wave voltammetric and cyclic
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voltammetric measurements were carried out in 100 mM phos-
phate buffer solution containing 50 ppm of dopamine vs. an
Ag/AgCl (3M KCl) reference electrode from CH Instruments Inc.
(Austin, TX, USA) and a platinum counter electrode at a con-
stant 24°C bulk solution temperature. Dopamine hydrochloride,
gelatin, potassium ferrocyanide, potassium ferricyanide and potas-
sium chloride were purchased from Sigma-Aldrich (St. Louis, MO,
USA). A pH 7.04 phosphate buffer (PB) was prepared using sodium
phosphate (dibasic and monobasic), purchased from EMD (Gibb-
stown, NJ, USA). NaOH was used to adjust the buffer pH. Stock
solutions of dopamine (1 x 10% pg/ml) and gelatin (1 x 103 pg/ml)
in buffer were prepared daily.

2.2. Construction of the electrode

The used platinum wire electrode consisted of two 5-mm long
pieces of platinum wires (50 wm in diameter) which were sol-
dered carefully to both sides of a double printed circuit board
(20mm x 20 mm) which had a gap of 10 mm x 5 mm between the
two copper contacts. Before the measurements the soldering con-
tacts and the copper input leads were isolated using a mixture of
paraffin/polyethylene and cleaned by glowing in air by applying a
current. The construction of the used electrode has been described
in detail previously [15].

2.3. Apparatus and procedures

2.3.1. Square wave voltammetry and cyclic voltammetry

All square wave voltammetric and cyclic voltammetric mea-
surements were carried out with a PalmSens potentiostat (Ivium
Technologies, Eindhoven, The Netherlands). These measurements
were performed using a three-electrode measuring system con-
taining a platinum wire electrode as working electrode (described
above), a platinum wire as counter electrode and an Ag/AgCl (3M
KCl) reference electrode (CH Instruments Inc., Austin, TX, USA). In
case of the cyclic voltammetry the measurements were started at
—0.2V with a step potential of 5mV, and the second vertex poten-
tial was 0.5V, the scan rate was 100 mV/s. Always the fifth scan was
considered and is shown in Figs. 1 and 2(B).

The square wave voltammetry measurements were performed
from +0 to +0.8 V with a step potential of 1 mV and pulses of 25 mV
at 10 Hz.

2.3.2. Temperature calibration

We performed a temperature calibration using 1 mM equimolar
ferro-/ferrycyanide in 20 mM potassium chloride by open circuit
potentiometry with a p-Autolab (Ecochemie, Utrecht, and The
Netherlands). In these measurements we applied an alternating
heating current with a frequency of 100 kHz which was delivered
by a heating system that has been described previously [34,35].
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Using the well known temperature coefficient for this redox couple
(=156 mV/K) it is possible to calculate the electrode temperature
from the measured potentials for each applied current. This proce-
dure has also been described in more detail previously [13,14].

2.3.3. Passivation/cleaning and measuring procedure

To induce passivation of the electrode with gelatin, the electrode
was dipped into a quiescent phosphate buffer solution 0.1 M (pH
7.04) containing 1000 ppm gelatin. After 5 min the electrode was
removed, rinsed carefully with water and dipped into a phosphate
buffer solution containing 50 ppm dopamine for the voltammetric
measurements. To clean the electrode thermally (60s at 61.5°C),
electrochemically (60 s, potential: —1.5V), or electrochemically and
thermally (60 s, potential: —1.5V at 61.5°C), a 60 s conditioning step
has been performed immediately before the measurement.

3. Results and discussion

Fig. 1 displays the effect of three different conditioning proce-
dures upon the cyclic voltammograms for 50 ppm dopamine. In all
cases we initially performed a measurement on the clean electrode,
followed by dipping it in a 1000 ppm gelatin solution for 5 min and
repeating the voltammetric scan. In Fig. 1A we applied no clean-
ing step after the gelatin passivation. Fig. 1B depicts the cleaning
effect of electrochemical conditioning at —1.5V for 60s. Although
the original response could not be obtained, the dopamine signal is
considerably better than without any conditioning. Thermal condi-
tioning yields noimprovement after the passivation (Fig. 1C). On the
contrary, the signal of dopamine seemed even worse than without
any cleaning. Only a combined thermo-electrochemical condition
step of —1.5V and 61.5 °C for 60 s leads to almost complete recover-
ing of the dopamine signal as has been demonstrated in Fig. 1D.
The improved resistance for fouling (vs. electrochemical activa-
tion alone) is more profound for a series of prolonged runs and
exposures to gelatin (see additional data below).

Fig. 2 exhibits square wave and cyclic voltammetric curves of
a series of repetitive cycles involving measurements of 50 ppm
dopamine, a 5min dipping in a 1000 ppm gelatin solution, and 60 s
thermo-electrochemical conditioning steps at —1.5V and 61.5°C.
Three cycles after 1, 4, and 7 cycles are displayed. The results of
the full series of 12 cycles using thermal, electrochemical, and
thermo-electrochemical cleaning procedures are depicted in Fig. 3.
This series demonstrates the applicability of the new thermo-
electrochemical cleaning procedure for long-term measurements.
Only a combined 60s conditioning at —1.5V and 61.5°C leads to
a stable signal even after 12 repetitive passivation/cleaning cycles
(Fig. 3d). Electrochemical conditioning alone is not sufficient for
long-term measurements. Although after a few cycles a significant
recovering of the dopamine signal is still observed (refer also to
Fig. 1), a dramatic current suppression is observed after the fourth

il(a) (B)

© (D)

[m

a0 0 E/V

Fig. 1. Effect of different treatments: cyclic voltammetric response for 50 ppm dopamine in 100 mM phosphate buffer (pH 7.04) for a freshly cleaned platinum electrode
(dotted line in all graphs). Before each of the other measurements the electrodes was dipped into a 1000 ppm gelatin solution for 5 min, rinsed and then dipped back in PB
containing 50 ppm dopamine. Solid lines present the signal without any pretreatment (A), after an electrochemical pretreatment (60 s, potential: —1.5V) (B), after a thermal
pretreatment (60s, at 61.5°C) (C) and after a combination (thermal and electrochemical) pretreatment (60, potential: —1.5V at 61.5°C) (D).
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Fig. 2. Square wave voltammetry (A) and cyclic voltammetry (B) passivation and activation part of a series of 12 repetitive measurements (Ref. to Fig. 3). Out of these series
the first (a1, by), fourth (a3, b2) and seventh (as, b3) measurements are presented. Between each measurement the electrode was dipped in 1000 ppm gelatin solution for
about 5 min, rinsed and then dipped back in PBS containing 50 ppm dopamine. Measurements (b, ) have been conducted without any pretreatment. Measurements (a,) have
been conducted after the electrode was electrochemically and thermally pretreated (60s at —1.5 and 61.5°C).

cycle (Fig. 3b). Interestingly, the performance of a thermal treat-
ment without polarization (Fig. 3c) is even slightly worse compared
to measurements without any intermediate activation (Fig. 3a).
We observed a virulent gas bubble formation during the nega-
tive polarization (—1.5V). These bubbles have been much smaller,
if the electrode was simultaneously heated to 61.5 °C. At room tem-
perature, the bubbles tended to grow and to stick on the electrode
for a long time. We suppose the following effects of polarization
and heating. The strongly negative potential together with the
formed hydrogen in statu nascendi leads at first to reductive degra-
dation of blocking substances at the electrode surface. Secondly,
the formed hydrogen bubbles loosen blocking films and particles
mechanically as they are formed beneath. Thirdly, the elevated tem-
perature accelerates degradation reactions at the low potential and
due to the formed hydrogen in statu nascendi. Fourthly, the micro-
stirring effect around the heated electrode causes a strong mass
transport and hence, removal of the potentially passivating com-
pounds. Fifthly, adsorption of any compound at a solid surface is
diminished with increasing temperature. The finding that only a
combined thermo-electrochemical treatment yields a long-term
anti-blocking effect means that reduction at negative potentials

i, pA 5
A g4 ad
2 °o—e \A"\A/‘_‘\A.._A/
-
.
] \.
1 . 0—0\.’.—0—. b
£ S e i et M
L] L)
0 5 10

Measurement number

Fig. 3. Stability plots from 12 repetitive SWV measurements for 50 ppm dopamine
in 100 mM phosphate buffer solution. Between each measurement the electrode was
dipped in 1000 ppm gelatin solution for about 5 min, rinsed and then dipped back
in PBS containing 50 ppm dopamine. Some measurements were taken out without
any pretreatment (a), after electrochemical pretreatment (60 s, potential —1.5 V) (b),
after thermal pretreatment (60s, at 61.5°C) (c) and after combined thermal and
electrochemical pretreatment (60 s, potential: —1.5V at 61.5°C) (d).

Table 1

Anodic (E;p) and cathodic (Ecp) cyclic voltammetric peak potentials, and peak sep-
aration AE, observed in a 0.1 M phosphate buffer (pH 7.04) containing 50 ppm
dopamine depending upon their respective conditioning parameters (all potentials
were measured vs. Ag/AgCl (3 M KCl) reference electrode).

Electrode treatment Eap Eep AEp

Freshly glowed electrode 0.259 0.084 0.175

Passivation in 1000 ppm gelatine without 0.389 0.029 0.360
conditioning

Passivation and thermal conditioning at 61.5°C 0.394 0.029 0.365
for 60's

Passivation and electrochemical conditioning 0.294 0.064 0.230
at —1.5V for 60s

Passivation and thermal-electrochemical 0.279 0.079 0.200

conditioning at 61.5°C and —1.5V for 60's

plays a crucial role and is dramatically enhanced by means of elec-
trode heating (Fig. 3).

The positive effect of the new cleaning procedure is further-
more confirmed by the peak potentials of the cyclic voltammetric
dopamine signals. Table 1 shows peak potentials and peak
separations at the different cleaning conditions. Whereas the
thermo-electrochemical treatment leads to a peak separation that
is only slightly increased (by 25mV), the electrochemical con-
ditioning shows considerably higher increase in peak separation
(55mV) and hence, irreversibility due to the blocking gelatin film.
The peak separations increase observed upon thermal (190 mV) or
without any conditioning (185 mV) are dramatically worse.

4. Conclusions

The blocking effect of a 1000 ppm gelatin matrix component
during the determination of 50 ppm dopamine can be dramati-
cally reduced by means of a combined thermal and electrochemical
conditioning step by means of a directly heated platinum wire elec-
trode. The voltammetric dopamine signal can be maintained at ca.
82% of the initial value. A conventional electrochemical treatment
alone yields only a limited cleaning effect for a few repetitive mea-
surements. In long repetitive scan series the signal drops to ca. 39%.
The blocking effect of 1000 ppm gelatin causes an immediate signal
drop down to 29% of the initial value. Besides the peak currents also
the peak separations can widely be stabilized by the new thermo-
electrochemical conditioning; however, also the electrochemical
conditioning preserves a relatively low peak separation.
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The positive effects can be addressed to an enforced reductive
degradation and accelerated removal of the blocking agents. Also
the formation of hydrogen bubbles might play a significant role.

Thermo-electrochemical treatment holds great promise for
unmodified electrochemical sensors and detectors which are
applied for long-term monitoring of samples that contain block-
ing matrices. The improved resistance to surfactant interferences
thus makes the new protocol very attractive for many direct elec-
troanalytical applications in harsh environments, and obviates the
need for protective membranes.
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results were evaluated in terms of errors in a set of samples not included in the modelling process. The
best results were obtained with the SPA-LDA method, which correctly classified all samples in terms of
type and conservation state.
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1. Introduction

The authenticity and conservation state of edible vegetable oils
is a very important issue, due to consumer health and economic
reasons. In fact, beneficial and adverse properties for human health
depend on the oil type and may be influenced by inadequate stor-
age or expiration of shelf life. Moreover, the retail price varies
according to the costs of raw material, processing, refining, bottling,
transportation and storage. As a result, more expensive products
may become the target of counterfeiting or adulterations with oils
having less commercial value [1]. In this context, analytical method-
ologies are of value to assess compliance with respect to the oil type
and expiry date stated in the product label.

Several instrumental techniques may be employed for veg-
etable oil analysis, such as near [2-6] and mid-infrared [7-10]
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spectrometry, chromatography [11], fluorescence [12-14] and
chemiluminescence [15,16]. Electroanalytical methods could be
used as an alternative. Nevertheless, such an approach has been
used mostly for determination of physical properties, such as acid
value [17], or specific chemical components, such as tocopherol
[18-20], tert-butylhydroquinone [21], terf-butylhydroxyanisole
and tert-butylhydroxytoluene [22], rather than direct authentica-
tion of oil type and conservation state.

The present paper proposes an electroanalytical methodology
for classification of edible vegetable oils with respect to type
and conservation state. For this purpose, an extraction procedure
with ethanol is employed and square wave voltammetry (SWV)
is applied to the extracts. SWV has the advantage of providing
large sensitivity with high scanning speed and small capacitive cur-
rent [23]. Due to the complex nature of a vegetable oil matrix, the
resulting voltammograms are formed by the overlapping of several
analytical peaks. Therefore, multivariate chemometric methods
are used for the classification task. The proposed methodology is
applied to adata set with the four types of edible vegetable oils most
commercialized in Brazil, namely canola, sunflower, corn and soy-
bean. According to resolution n°. 482, RDC 292/99 from National
Agency of Sanitary Vigilance (ANVISA) [24], these oils have sub-
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tle differences in average chemical composition, except for canola,
which has a marked distinction in terms of brassicasterol, oleic and
linoleic acid contents. As a result, authentication may be a challeng-
ing task, especially with respect to the distinction between soybean,
corn and sunflower oil types. Therefore, the development of a sim-
ple and non-expensive analytical procedure for this purpose would
be of value. In addition, samples with and without expired shelf life
are employed to assess the efficiency of the proposed methodology
to monitor the conservation state of the oil.

2. Experimental
2.1. Samples

One hundred and fourteen samples of canola, sunflower, corn
and soybean oil from different lots and manufacturers were
employed. Forty-eight of these samples (canola:13, sunflower:14,
corn:14 and soybean:7) had been stored in the original commercial
flask without strict environmental control for 12-18 months past
the expiry date. Henceforth, these will be termed “expired” sam-
ples. For the classification study, the expired samples were gathered
into a single group. As a result, five classes will be considered
(canola, sunflower, corn, soybean and expired).

2.2. Apparatus

The measurements were carried out with a potentio-
stat/galvanostat pAutoLab® Type II (Eco Chemie) coupled to a
polarographic module 663 VA Stand® (Metrohm) fitted with a
Ag/AgCI-KCl (3.0 mol L-1) reference electrode and a platinum wire
as counter electrode. In order to optimize the experimental condi-
tions, tests were carried out with platinum and gold disk electrodes
(Pt-DE and Au-DE, both with 2.0 mm diameter), two different sup-
port electrolytes (NaOH and CH3COOH, both 0.1 molL-!) and both
cathodic and anodic scanning directions.

2.3. Analytical procedure

De-ionised water purified with a Milli-Q Plus system (Millipore)
and high purity reagents were used throughout the analytical pro-
cedure. No deaeration procedure was necessary.

2.3.1. Extraction

The extraction procedure was adapted from the AOCS (American
Oil Chemists’ Society) method CA 5a-40 for quantification of free
fatty acids in refined vegetable oils. An aliquot of each oil sample
was mixed with ethanol under agitation. Four different oil/ethanol
proportions (1:4, 1:2, 1:1 and 1:1/2 v/v) were tested. The resulting
mixture was maintained at rest for approximately 30 min. A 10 pL
aliquot of the alcoholic phase was then mixed in the electrochem-
ical cell with 10 mL of the support electrolyte and agitated during
60 s. The mixture becomes slightly turbid, which may be caused by
the formation of an emulsion.

2.3.2. Electrochemical cleaning of the working electrode

Preliminary investigations revealed that eliminating the oxygen
dissolved in the medium was not necessary. In fact, the voltam-
mogram profile was not significantly altered by the presence or
absence of oxygen. A similar result was obtained elsewhere [25].

Prior to the acquisition of each voltammogram, the working
electrode was subjected to an electrochemical cleaning procedure
comprising two steps [25,26]. Initially, the electrode was kept at
an anodic potential (AP) during a time t, to remove contaminants
adsorbed in its surface. The electrode was then kept at a cathodic
potential (CP) during a time tc to remove the oxidized layer formed

in the first step. The values of AP, ta, CP and tc were optimized
according to a 24 central composite design.

The response for each experiment in the design was the signal-
to-noise ratio evaluated in terms of Taguchi’s Z-parameter [27] as
follows. Each voltammogram was registered in triplicate. The mean
voltammogram I, and the variance profile sﬁ were then calculated
according to the following equations:

Nrep
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2 - 2
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%= 7 2= (2)

where nrep =3 is the number of replicates for each experiment and
lifis k™ measured current value for the ith replicate voltammogram.
Taguchi’s Z-parameter was then calculated as:

np 712
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where n, is the number of scanned potential values in the voltam-
mogram.

This optimization procedure was carried out by using the alco-
holic extract of a soybean oil sample and NaOH 0.1 molL-! as
support electrolyte.

2.3.3. SWV parameters

The alcoholic extract of a soybean oil sample in NaOH 0.1 mol L~!
was again employed for optimization of the SWV parameters. After
addition of the extract, an equilibrium time of 10s and a poten-
tial scan window from —0.9 to 0.6 V were used. The frequency (f),
step height (AEs) and pulse height (AEs, ) were optimized accord-
ing to a 23 composite central design. For this purpose, Taguchi’s
Z-parameter was employed, as described above.

2.3.4. Chemometrics procedures

The samples were divided into training, test and validation
sets by applying the classic Kennard-Stone (KS) uniform sampling
algorithm [28] to the voltammograms. Each class was treated sepa-
rately, as previously described [29]. The number of samples in each
set is presented in Table 1.

As previously described [29], the training and test samples were
used in the modelling procedures (including Successive Projections
Algorithm (SPA) variable selection for Linear Discriminant Analy-
sis (LDA) and determination of principal components in SIMCA)
whereas the validation samples were only used in the final evalu-
ation and comparison of the classification models.

The experimental designs were elaborated by using Statistica®
6.0. Principal Component Analysis (PCA) and Soft Indepen-
dent Modelling of Class Analogy (SIMCA) were carried out in
Unscrambler® 9.7 (CAMO S.A.). The KS and SPA-LDA algorithms
were coded in Matlab® 6.5.

Table 1
Number of training, test and validation samples in each class.
Class Set
Training Test Validation
Canola 9 3 3
Sunflower 10 3 3
Corn 10 3 4
Soybean 10 4 4
Expired 20 10 18
Total 59 23 32
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Fig. 1. Voltammogram profiles of a soybean oil sample obtained for scan in the anodic (dashed line) and cathodic (solid line) directions, employing (a) Au-DE and NaOH, (b)

Au-DE and CH3COOH, (c) Pt-DE and NaOH and (d) Pt-DE and CH3COOH.

3. Results and discussion
3.1. Choice of oil/ethanol proportion in the extraction procedure

This study was carried out with a Pt-DE working electrode,
0.1molL-! NaOH support electrolyte and anodic scan direc-
tion. The SWV parameters were set to f=20Hz, AEs=5mV and
AEsw =25mV. Moreover, the following values were employed in
the electrochemical cleaning of the working electrode: AP=0.7V,
ta=3s, CP=—0.9V and tc=3s. These values were chosen on the
basis of reference [26].

Four oil/ethanol proportions were tested (1:4, 1:2, 1:1 and 1:%2
v/v). The proportion 1:1 was chosen as compromise between larger
current values and richer information in the voltammogram profile.
This proportion will be employed henceforth.

3.2. Choice of support electrolyte, working electrode, scan
direction, and potential scan window

Fig. 1 presents the voltammograms of a soybean oil sample
obtained with Pt-DE and Au-DE electrodes, NaOH and CH3COOH
(both 0.1 molL~1) support electrolytes and cathodic/anodic scan-
ning directions. The parameters for SWV and electrochemical
cleaning of the working electrode were the same as those employed
in the previous section. The voltammograms in Fig. 1 were obtained
after subtraction of the blank signal corresponding to the support
electrolyte with a 10 L aliquote of ethanol (same volume of the
alcoholic extract of the sample). This subtraction was carried out
to emphasize the voltammetric profile of the compounds extracted
from the oil sample.

As can be seen, the voltammogram registered in NaOH
0.1 molL-1 with Pt-DE in the cathodic scan (Fig. 1c, solid line)
displays a good compromise between large current values and
richness of features. Arguably, the response obtained with NaOH is
better because this support electrolyte facilitates the electrochem-
ical cleaning of Pt-DE in pulsed techniques, as previously described
[30]. Therefore, the Pt-DE electrode with NaOH 0.1 mol L-! support
electrolyte and cathodic scan will be employed henceforth. Since
the voltammogram obtained under these conditions has very

small current values for potentials larger than 0.3V, the potential
scan window will be restricted to the range 0.3V to —0.9V.

3.3. Optimization of the electrochemical cleaning of the working
electrode

Table 2 presents the results of the 2# central composite design
employed to optimize the AP, ta, CP and t¢ parameters. The values
for the axial points in the design were chosen in view of the limits

Table 2
24 central composite design employed to optimize the electrochemical cleaning of
the working electrode. The response values correspond to Taguchi’s Z-parameter.

Experiment AP (V) ta(s) CP(V) tc(s) Response(Z)
1 0.5 1 -1.1 1 6752
2 0.9 1 -1.1 1 7574
3 0.5 5 -1.1 1 7505
4 0.9 5 -1.1 1 7897
5 0.5 1 -0.7 1 5709
6 0.9 1 -0.7 1 6062
7 0.5 5 -0.7 1 5752
Cubic 8 0.9 5 -0.7 1 6485
Design © 0.5 1 -1.1 5 7003
10 0.9 1 -1.1 5 6973
11 0.5 5 -1.1 5 7084
12 0.9 5 -1.1 5 7163
13 0.5 1 -0.7 5 6081
14 0.9 1 -0.7 5 6374
15 0.5 5 -0.7 5 7842
16 0.9 5 -0.7 5 7312
17 0.4 3 -0.9 3 6791
18 1.0 3 -0.9 3 7053
19 0.7 0 -0.9 3 6621
Axial 20 0.7 6 -0.9 3 6837
Points 21 0.7 3 -1.2 3 8068
22 0.7 3 -0.6 3 6407
23 0.7 3 -0.9 0 6181
24 0.7 3 -0.9 6 6839
25 0.7 3 -0.9 3 6786
Central Points 26 0.7 3 -09 3 6847
27 0.7 3 -0.9 3 6636

The bold values correspond to the best experimental conditions.
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Table 3
23 central composite design employed to optimize the SWV parameters. The
response values correspond to Taguchi's Z-parameter.

Experiment  f(Hz) AEs(mV) AEs, (mV) Response(Z)
1 20 2.0 25.0 17290.8
2 50 2.0 25.0 16527.4
3 20 5.0 25.0 6953.8
Cubic 4 50 5.0 25.0 7641.4
Design 5 20 2.0 50.0 18074.4
6 50 2.0 50.0 16160.1
7 20 5.0 50.0 6330.1
8 50 5.0 50.0 7359.1
9 10 3.0 37.5 8900.2
10 60 3.0 37.5 10493.1
Axial 1 35 1.0 375 32715.6
Points 12 35 6.0 375 6050.4
13 35 3.0 16.6 10122.3
14 35 3.0 58.4 10552.3
15 35 3.0 37.5 10720.4
Central Points 16 35 3.0 37.5 10676.4
17 35 3.0 375 10176.6

The bold values correspond to the best experimental conditions.

for the region of investigation. In fact, the resulting voltammograms
did not display noticeable changes for t, or tc larger than 6 s. More-
over, potentials larger than 1.000V or smaller than —1.200V could
cause the formation of an excess of platinum oxide and/or hydrogen
liberation, which would impair the precision of the analysis.

As can be seen in Table 2, the best experimental conditions,
which correspond to the largest value of Z (8068 for experiment
21)are AP=0.7V, tp=3s,CP=—-12V and tc=3s.

3.4. Optimization of SWV parameters

Table 3 presents the results of the 23 central composite design
employed to optimize the f, AEs and AE,, parameters. The values
for the axial points in the design were limited by the scan rate (prod-
uctof fand AE;). Scan rates larger than 360 mV s~ compromise the
voltammogram profiles.

As can be seen in Table 3, the best experimental conditions,
which correspond to the largest value of Z (32715.6 for experiment
11) are f=35Hz, AE;=1.0mV and AEgy =37.5mV.

3.5. Selection of the working range in the voltammogram

Fig. 2 shows the voltammograms for the 114 oil samples acquired
under the optimized experimental conditions described above.
Each voltammogram in Fig. 2 was obtained after subtraction of
the blank signal corresponding to the support electrolyte alone

920
80+
70+

Current (pA)
s

T

-1.0 -08 -06 -04 -02 0.0 02 04
Potential (V)
Fig. 2. Voltammograms of the 114 samples, comprising (a) non-expired and (b)

expired oils. The working range for chemometric treatment was taken to the left
of the dashed vertical line.

(0.1molL-! NaOH). This modification in the blank signal acqui-
sition was adopted to simplify the analytical procedure and thus
avoid the propagation of volumetric errors associated to the addi-
tion of the 10 pL aliquot of ethanol. As can be seen, the current
intensities for potentials larger than OV are very small. Therefore,
the working range for the chemometric treatment was restricted
to cathodic potential values to the left of the vertical dashed line in
Fig. 2. This range contains relevant potential values for determina-
tion of fatty acids, as described elsewhere [31,32]. After exclusion
of the anodic potential values, the resulting voltammograms com-
prised 800 variables (potentials).

A reproducibility study was conducted by repeating 20 times
the analysis of the same oil sample. The standard deviation of the
current ranged from 0.04 pA to 1.1 pA over the entire voltammo-
gram, which is considerably smaller than the current values seen
in Fig. 2.

The separation between expired and non-expired oil samples
is apparent around the —0.7V potential in the voltammograms
presented in Fig. 2. This finding demonstrates that the proposed
methodology is valid for monitoring the conservation state of the
sample. However, the separation between the oil types (canola,
sunflower, corn and soybean) is not clear by visual inspection,
which motivates the use of multivariate chemometric techniques.

3.6. Principal Component Analysis (PCA)

Fig. 3 presents the PC2 x PC1 score plot resulting from the appli-
cation of PCA to the sample voltammograms. Fig. 3a reveals a
clear distinction between expired and non-expired samples, which
is in agreement with the separation observed in the voltammo-
grams (Fig. 2). As regards the non-expired samples, the canola
type is clearly discriminated from the others, as can be seen in
Fig. 3b. On the other hand, there is substantial overlapping among
the other types, especially between sunflower and soybean. These
findings can be explained on the basis of the average chemical
composition of the oils [24]. In fact, the correlation of content val-
ues between canola and any of the other types is smaller than
0.77. On the other hand, high correlation values are observed
between the composition of corn and sunflower (0.96), corn and
soybean (0.98) and especially sunflower and soybean (0.99). These
results are in agreement with other works, which employed more
sophisticated instrumental techniques, such as electrospray ioniza-
tion mass spectrometry [33], and near-infrared (NIR), mid-infrared
(MIR) and Raman spectrometry [34].

As shown in Fig. 3¢, there is no clear distinction between the oil
types for the expired samples. This gathering of expired samples in
a single group may be ascribed to the process of oxidative rancid-
ity [35]. In this process, free radicals break fatty acid chains, which
leads to the formation of several products, such as lipoperoxides,
aldehydes, alcohols, ketones, volatile compounds, epoxide com-
pounds and polymers. Since the oil types under study are similar in
terms of fatty acid composition, the products of oxidative rancidity
tend to be the same. Therefore, the expired samples will be treated
as a single group for the classification study presented below.

3.7. SIMCA classification

ASIMCA model was built for each of the five oil classes, according
to the default settings of the Unscrambler software. Table 4 presents
the classification results obtained by applying the SIMCA models to
the test set for four different significance levels of the F-test (1%, 5%,
10% and 25%). It is worth noting that SIMCA errors can be of two
types: I (object not included in its own class) and Il (object included
in a wrong class). Both error types are reported in Table 4. For exam-



1664 FEF. Gambarra-Neto et al. / Talanta 77 (2009) 1660-1666

x 10 @ T T
o
4t ]
o
L . ]
+
~ 2} ]
S ¥
it | o % © +j— ]
8 %o O@OO v++ﬂ
& ; m
ot Ogé@g’o@ R ]
%o 4 ++ +
o + + 4
i oélg _ ## 1
O© - W
-2l 0 Expired samples o 1
+ Non-expired samples
-4 2 0 2
X
PC1 (98%)
x 1073
3.0 T T .
()
A
o9 ©
A O 0
Q
Do 0
1.5t N )
&
~~
X
2
I3\ A . hd
 oof ad 4 o i . ]
A B U ¢ ¢ o
A e * ¢
S I
o
-1.5f @ 1
-1.0 -0.5 0.0 0.5 4
PC1 (87%) x 10
x 107 © ) ) ) ’ )
3.0f o 1
a
_ 1.5} o a o e 1
X o
o) 5 O a
DA
O ® 4
A . " A s
0.0 ] . V 3N
e © A
[ Q>: o A
<& AA
° o ®? A
-1.5}¢ e ©® -
-2 -1.5 -1 -0.5 0 0.5 1
PC1 (94%) x 10"

Fig. 3. PC2 x PC1 score plot for (a) the overall data set, (b) the non-expired samples
and (c) the expired samples (¢: canola; a: sunflower; @®: corn; (J: soybean). The
percent variance explained by each PC is indicated in parenthesis.

ple, the canola model presents one type I error (canola sample not
included in the canola class) regardless of the significance level of
the F-test. On the other hand, the sunflower model presents three
type Il errors (soybean sample included in the sunflower class) for
significance levels of 1%, 5%, and 10% and two type II errors for a
significance level of 25%.

The type-II errors indicated in Table 4 corroborate the findings
of the PCA study. In fact, regardless of the significance level for the
F-test, expired samples were not included in any of the non-expired
models and non-expired samples were not included in the expired
model. Similarly, canola samples were not included in the other
models and other oil types were not included in the canola model.
These results are in agreement with the clear separation between
expired and canola samples from the remaining classes, as shown
in Fig. 3a-b. The largest number of errors in Table 4 correspond to
the inclusion of soybean samples in the sunflower model and vice-
versa. Again, this finding agrees with the large overlapping between
these classes (Fig. 3b) and the high correlation between their aver-
age chemical composition, as discussed above. In this context, it is
worth noting that the oil type displaying the largest composition
correlation with corn is soybean. As a result, the only type-II error
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Fig. 4. (a) Graph of the cost function value versus the number of selected potentials
in SPA-LDA. The optimum number of potentials corresponds to the pointindicated by
an arrow. (b) Voltammogram of an oil sample illustrating the potentials selected by
SPA-LDA (—0.1208, —0.1732, —0.2917, —0.4274, —0.5043, —0.6293, —0.7361, —0.7884,
—0.8557 and —0.8995 V).
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Table 4

Number of classification errors of the SIMCA models in the vegetable oil validation set for 1%, 5%, 10%, and 25% significance levels for the F-test.

Model Canola (6/97.9%) Sunflower (4/99.1%)

Corn (3/96.1%)

Soybean (4/97.9%) Expired (3/97.8%)

Level (%) 1 5 10 25 1 5 10 25 1

10 25 1 5 10 25 1 5 10 25

Canola 1 1 1 1 - - - - -
Sunflower - - - - - - - - -
Corn - - - - - - - - -
Soybean - - - - 3 3 3 2 1
Expired - - - - - - - - -

The number of principal components/explained variance employed in each SIMCA model is indicated in parenthesis.

involving corn was the inclusion of a soybean sample in the corn
model.

As regards type-I errors, the most noticeable finding in Table 4
concerns the five expired samples not included in their own model.
These errors may be ascribed to the large dispersion of this class,
which comprises expired oils of four types (Fig. 3c).

3.8. SPA-LDA classification

Fig. 4a presents the cost function of SPA-LDA versus the number
of selected potentials. This cost function corresponds to the aver-

8( . . . ;
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Fig. 5. (a) DF2 x DF1 score plot for the overall data set of 114 oil samples. (b)
DF3 x DF2 score plot for the non-expired samples. (¢: canola; a : sunflower; ®:
corn; OJ: soybean and O: expired).

age risk of misclassification of samples in the test set [29]. As can
be seen, the curve exhibits a minimum point at 10 selected poten-
tials, which are indicated in Fig. 4b. These potentials correspond
to informative regions associated to peaks, valleys and half-wave
points.

An LDA model generates a number of discriminant functions
equal to the number of classes under consideration minus one [36].
Therefore, in the present study, four discriminant functions (DF1,
DF2, DF3 and DF4) are generated for the five classes (canola, sun-
flower, corn, soybean and expired). Fig. 5 presents the resulting
DF2 x DF1 and DF3 x DF2 score plots for the data set. As expected,
the expired class is plainly discriminated from the remaining sam-
ples along the DF1 direction (Fig. 5a). The four non-expired classes
are separated by DF2 and DF3, as shown in Fig. 5b. As can be
seen in the DF3 x DF2 plot, the canola class is clearly separated
from the others. The closest approximation between classes is
found between soybean and sunflower, followed by soybean and
corn. This finding is in agreement with the discussion concerning
the PCA results and chemical composition correlation in Section
3.6.

In contrast to SIMCA, the SPA-LDA model classified all samples
in the validation set correctly (i.e., no type-I or type-II errors were
obtained). This result can be explained in light of the better separa-
tion of the non-expired classes observed in Fig. 5b, as compared to
the PCA score plot in Fig. 3b. Therefore, it may be concluded that the
variable selection process was valuable for the classification task,
as an alternative to the use of the entire working range of potentials
(0 to —0.900V).

4. Conclusions

This paper proposed a simple and non-expensive method-
ology for classification of edible vegetable oils with respect to
type (canola, sunflower, corn and soybean) and conservation state
(expired and non-expired shelf life). The proposed methodol-
ogy employs an extraction procedure followed by square wave
voltammetry and chemometric classification methods. The best
experimental conditions obtained as the result of an optimization
study were the following: (1) extraction with ethanol in the pro-
portion 1:1 (v/v); (2) use of a platinum disk as working electrode;
(3) use of 0.1 molL~! NaOH as support electrolyte; (4) potential
scan started in the cathodic direction; (5) electrochemical cleaning
of the working electrode with an anodic potential of 0.7V during
3 s followed by a cathodic potential of —1.2V during 3s; (6) SWV
with frequency of 35Hz, step height of 1.0mV and pulse height
of 37.5mV; (7) potential scan window from 0.3 to —0.900V; (8)
working range from 0 to —0.900V.

APCA study applied to the voltammograms in the working range
of potentials revealed that the expired oils are plainly separated
from the non-expired ones. This finding demonstrates that the pro-
posed methodology is valid for monitoring the conservation state
of the sample. However, overlapping was observed between some
classes of non-expired oils, especially soybean and sunflower. Such
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an overlapping resulted in classification errors when SIMCA mod-
els were applied to the set of validation samples. This problem was
circumvented by using 10 potentials selected by the SPA-LDA tech-
nique, which resulted in the correct classification of all validation
samples.

These results suggest that the proposed methodology is a
promising alternative for inspection of authenticity and conser-
vation state of edible vegetable oils. Future works could use a
flow-batch system [37] to automate the procedures and increase
the analytical frequency. Moreover, an investigation concerning the
analysis of simulated adulterations of oil samples could be carried
out.
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Water-soluble CdTe quantum dots (QDs) with five sizes (2.25, 2.50, 2.77, 3.12, and 3.26 nm) were synthe-
sized with the hydrothermal method. The electrochemiluminescence (ECL) of CdTe QDs was investigated
in detail in air-saturated solution without adding foreign oxidant. It was found that the ECL of CdTe QDs
displayed a size-dependent property. With the increasing in the particle size of the CdTe QDs, the ECL
intensity was gradually increased, in addition, both ECL peak potentials and ECL onset potentials of CdTe

QDs were shifted positively. Influences of some factors on the ECL intensity were investigated. Under the
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optimal conditions, the ECL intensity had a linear relationship with the concentration of L-cysteine (L-Cys)

CdTe in the range from 1.3 x 1076 to 3.5 x 10-> molL~! (R? 0.996) with a detection limit of 8.7 x 10~ mol L~!

Quantum dots
Size-dependent effect
Electrochemiluminescence
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(S/N =3).The proposed method was applied to the determination of L-Cys in real samples with satisfactory
results. Compared with previous reports, it has better selectivity for the determination of L-Cys.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemiluminescence (ECL)is a special form of chemilumi-
nescence (CL). It has become an important and valuable detection
method in analytical chemistry because of its low cost, wide range
of analyte, excellent selectivity and high sensitivity [1-3]. Many
chemiluminescent reagents were applied in ECL reactions, such as
luminol and ruthenium complex, etc. [4-6]. Since they have been
extensively studied, it is necessary to look into new luminescent
reagents and develop new ECL systems.

Among the miscellaneous functional nanomaterials, quantum
dots (QDs) are of considerable interest owing to their variety of
superior optical and electrical properties. Recently, some scientists
became aware of the potential application of QDs in ECL field. The
ECL of Si QDs was first observed by Bard and co-workers in 2002
[7], whichintroduced a new type of luminescent reagent to ECL sys-
tems and opened a new field of ECL studies. Subsequently, the ECL
analytical techniques coupled with QDs have been rapidly devel-
oped [8-27]. However, these researches were mostly carried out
in organic media [7-9,10-12], or by modifying them to electrodes
[13-16] in the presence of foreign strong oxidants which are indis-
pensable for the accomplishment of such work. Actually, ECL of QDs

* Corresponding author. Tel.: +86 27 87288246; fax: +86 27 87288246.
E-mail address: hyhan@mail.hzau.edu.cn (H. Han).

0039-9140/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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in aqueous solution has a wider potential as a sensor in biological
analysis.

Our previous works have first reported the ECL of QDs dis-
persed in aqueous solution with bare electrode [17,27]. It was
demonstrated that water-soluble QDs were promising lumines-
cent materials used in ECL system, which avoided complicated
modifying electrode or using toxic organic solution. Generally, the
foreign strong oxidants are indispensable for the ECL of QDs, but
we recently found that the ECL of QDs can be conducted in air-
saturated solution without adding any foreign oxidants. Thus, the
ECL systems of QDs were simplified, which was undoubtedly of
great importance for expanding potential analytical applications of
ECL of QDs. Nevertheless, very few reports have been published
on size-dependent ECL properties of QDs, though the unique size-
dependent properties of QDs have been the subject of considerable
interest [28,29]. Therefore, the goal of our present study is to make
an in-depth research on the size-dependent ECL behavior of CdTe
QDs.

In this paper, the ECL of CdTe QDs with different sizes were
conducted in air-saturated solution without adding any additional
oxidants at bare glassy carbon (GC) electrode, which simplified
the operating processes of our ECL study. Furthermore, the size-
dependent ECL properties of CdTe QDs were investigated in detail.
Based on the annihilation of ECL emission from CdTe QDs by
L-cysteine (L-Cys), a novel method for the high selectivity determi-
nation of L-Cys was developed under the optimal conditions. Our
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work would expand the potential applications of QDs in the field of
ECL.

2. Experimental
2.1. Apparatus

ECL studies were performed using a Model MPI-B from ECL
Analyzer Systems (Xi’An Remex Electronic Science & Technology
Co. Ltd., Xi’An, China). The voltage of the photo multiplier tube
(PMT) was biased at 800V during the whole processes. A conven-
tional three-electrode system was used for the electrolytic system,
a glassy carbon electrode was used as the working electrode, a
platinum wire as the counter electrode, and an Ag/AgCl (saturated
KCI) electrode as the reference electrode. The ultraviolet-visible
(UV-vis) absorption spectra were performed on a Thermo Nicolet
Corporation Model evolution 300 spectrophotometer coupled with
a 1.00cm quartz cell. The photoluminescence (PL) spectra were
acquired with a PerkinElmer Model LS-55 luminescence spectrom-
eter equipped with a 20 kW xenon discharge lamp as a light source.
The Fourier transform infrared (FT-IR) spectra were performed
on a Thermo Nicolet Corporation Model avatar 330 spectrometer.
The high-resolution transmission electron microscopy (HRTEM)
image of the CdTe QDs was acquired on a JEM2010FEF HRTEM

(Japan).
2.2. Reagents

CdCl,-2.5H,0 (99.0%), Tellurium powder (99.99%) and NaBH,4
(96%) were obtained from Tianjin Chemical Reagent Plant (Tian-
jin, China). Thioglycolic acid (TGA) and Na,TeO3 were obtained
from Sinopharm Chemical Reagent Co., Ltd. A 0.1 molL~! phos-
phate buffer solution (PBS, pH 7.1) was used throughout this work.
L-Cysteine (L-Cys), L-glycine (L-Gly), L-proline (L-Pro), L-glutamic (L-
Glu), L-leucine (L-Leu), L-alanine (L-Ala), L-lysine (L-Lys), L-threnine
(L-Thr), L-glutamine (L-Gin), L-aspartic acid (L-Asp), L-isoleucine (L-
Ile), L-serine (L-Ser), L-valine (L-Val) and L-asparagine (L-Asn), etc.
were purchased from Shanghai Boao Biotechnology Co, Ltd. (Shang-
hai, China). Fresh L-Cys solutions were prepared every day. Human
serum was provided from a healthy volunteer. The stock solutions
0f 0.1 mol L~! other common amino acids were prepared and stored
in a refrigerator. All other reagents were of analytical reagent grade
and used as purchased without further purification. Milli-Q (Milli-
pore) water was used throughout.

2.3. Preparation of CdTe QDs

Water-soluble CdTe QDs were synthesized according to the
hydrothermal method with slight modifications [30]. Briefly, 10 mL
0f0.01 mol L-1 CdCl, and 38 mL of ultrapure water were transferred
to a small flask. This solution was mixed with 10 L of TGA and kept
bubbling with highly pure N,. 1.0 mol L~! NaOH was added to adjust
its pH to 11.0, and this mixture became clear. Then 55.5 mg Tri-
sodium citrate and 2.0 mL of 0.01 molL~! Na,TeO3 were injected
into this mixture respectively. Finally, 3.0 mg NaBH, was added
at N, atmosphere. After mixing, about 25 mL of this mixture was
transferred to a reaction kettle and kept heated at 180 °C for 60 min,
and then water-soluble CdTe QDs could be obtained. By controlling
the heating time, different sizes of CdTe QDs were attained. The
resulting products were precipitated by acetone and superfluous
TGA and Cd?* were removed with centrifugation at 1086 (xg) for
5 min. The resultant precipitate was redispersed in water, reprecip-
itated by a copious amount of acetone more than two times, and
then kept under dark for further use.

2.4. Sample preparation

For preparation of serum, 10 mL of human blood was taken
and collected in a sample tube. The serum of blood was sep-
arated after putting the sample in an incubator at 37°C for
30min for removing red cell. The above serum layer was cen-
trifuged at 1100 (xg) for 6min to precipitate proteins. The
resulting human serum solution was then stored at —70°C until
used.

2.5. Standard procedures for the ECL detection

ECL measurements were carried out in a 0.1 molL~1 PBS solu-
tion (pH 7.1) in the presence 0f 4.0 x 10~7 mol L~! CdTe QDs solution
using a conventional three electrode cell mentioned above. The
applied working potential ranged from 0 to —2.3 V, and a cycle scan
rate was 0.34Vs~1. A high voltage power supply applied 800V to
the PMT, and ECL signals were recorded by a Model MPI-B ECL ana-
lyzer. Each data point was an average of five measurements. The
different concentrations of standard L-Cys solutions were injected
in the ECL cell to obtain the calibration curve. Similarly, sample solu-
tions were injected in the ECL cell to detect the L-Cys concentrations
in sample.

3. Results and discussion
3.1. Characterization of water-soluble CdTe QDs

As shown in Fig. 1(A), the prepared CdTe QDs were charac-
terized by UV-vis and the PL spectra. The particle sizes of CdTe
QDs were 2.25, 2.50, 2.77, 3.12, and 3.26 nm, respectively, which
were calculated in virtue of the following empirical equation
[31]:

D = (9.8127 x 1077)A3 — (1.7147 x 10~3)A2 + 1.0064) — 194.84

In the above equation, D (nm) is the diameter of a given QDs, and A
(nm) is the wavelength of the first excitonic absorption peak of the
UV-vis absorption spectra. It can be seen that the UV-vis absorp-
tion peaks and the PL peaks shifted to longer wavelengths with the
increasing QD sizes as a consequence of the well-known quantum
size effect. The quantum yield (QY) of the prepared CdTe QDs was
obtained in comparison to the PL emission of Rhodamine 6G (QY
95%) [32]. The result supported that the PL QYs of CdTe QDs were
5.5%, 8.5%, 16.0%, 23.6% and 21.4%, respectively.

The CdTe QDs was also studied carefully by HRTEM image
(Fig. 1(B)). The morphology and size of CdTe QDs could be observed
clearly. The average size of studied CdTe QDs was about 3.16 nm, and
considered close to the value of 3.12 nm resulting from the empir-
ical formula which seems to be convenient to calculate the size of
CdTe QDs.

The FT-IR spectra were used to character the structure of the pre-
pared CdTe QDs. From Fig. 1(C), TGA showed a peak at 2566 cm™!
for stretch vibration of the S-H bond, which diminished in the spec-
trum of CdTe QDs. Therefore, it could be concluded that the S-Cd
bonds were formatted between TGA and CdTe core. The asymmet-
ric vibration of the carboxyl group in TGA shifted from 1720 to
1551 cm~!, and the symmetric vibration of the carboxyl anion at
1387 cm~! appeared in the spectrum of CdTe QDs, implying that
the COOH in TGA turned to its anion. As a result, the structure of
the prepared CdTe QDs could be identified as a cadmium-rich CdTe
core covered with excess TGA2~ anions, which was similar to the
structure of CdSe QDs [33].
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Fig. 1. (A) PL and UV-vis absorption spectra of CdTe QD solution with different sizes
of CdTe QDs. (B) The HRTEM image of CdTe QDs, (C) FT-IR spectra of CdTe QDs (a)
and TGA (b).

3.2. Size-dependent ECL behavior of CdTe QDs

The size-dependent ECL behavior of CdTe QDs was investi-
gated in air-saturated solution. It was found that the ECL intensity
gradually increased while the particle size of CdTe QDs increased,
indicating that ECL intensity of CdTe QDs has a size-dependent
effect (Fig. 2(A)). Here, the concentrations of CdTe QDs were fixed in
all our experiments (4.0 x 10~7 molL~1). According to ECL energy
match theory [34], the ECL intensity depends on both the quan-
tum efficiency of producing excited-state QDs and the luminescent
quantum efficiency of excited-state QDs. The quantum efficiency
of producing excited-state QDs enhanced with the increasing sizes
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Fig. 2. (A) ECL curves of CdTe QD solution with different sizes. (B) Effects of
potential and ECL intensity in CdTe QD solution with different sizes (conditions:
4.0x10"molL-! CdTe QD solution with different sizes; scan rate: 0.34Vs~1;
0.1 mol L' pH 7.1 PBS; PMT voltage: 800V).

of QDs, which was probably resulted from the generated energy
of ECL reaction matching degree with the chemical energy for
formation of excited state of CdTe QDs [28,29]. It is known that
energy band gap of QDs decreased with the increment in particle
size [31]. In this case, the increment in ECL intensity was possibly
acctributed to chemical energy, generated during the ECL reaction
of CdTe QDs, more matched the smaller energy band gap of the
studied five sizes QDs. The more chemical energy matched the exci-
tation energy need, the stronger the ECL intensity and efficiency.
Moreover, the luminescent quantum efficiency of excited-state QDs
increased with the increasing QDs sizes, because the confinement
energy of excited-state QDs shifted to low energy with the increas-
ing sizes of QDs. In addition, the luminescent quantum efficiency
of excited-state QDs was inversely proportional to the confinement
energy [35]. As a result, both the quantum efficiency of produc-
ing excited-state QDs and the luminescent quantum efficiency of
excited-state QDs increased with increment in sizes, which finally
resulted in that the ECL intensity of CdTe QDs increased with the
particle sizes.

The relationships of ECL peak potentials and ECL onset poten-
tials with the sizes of QDs were illuminated in Fig. 2(B). Both the
ECL peak potentials and ECL onset potentials shifted positively with
the increasing size or the decreasing band gap of the QDs, indicating
that the injection of electrons to the surface of smaller QDs should
be more difficult. It has been indicated that the energy band gap
of QDs decreased with the increment in particle sizes. The energy
levels of QDs move to low energies when the size of QDs increases,
since the top of the valence band is shifted toward higher energies
and the bottom of the conduction band is moved to lower ener-
gies with increasing particle size. This means that the smaller QDs
need more energy for injection of electrons to the surface of QDs.
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A similar relationship between the band gap of CdTe QDs and their
electrochemical behaviors also was observed [28]. Given the fact
that the CdTe QDs larger than 4 nm might be unstable, and it was
difficult to obtain the large QDs of high quality. Therefore, CdTe
QDs of 3.12 nm were chosen to conduct the following experiments.
This work possibly provided a promising principle for improving
the efficiency of QDs ECL by optimizing the sizes of QDs and the
fast preferences of the ECL systems.

The ECL and cyclic voltammetry (CV) curves of the air-saturated
blank PBS solution were also observed (not shown). No light emis-
sion and current peak were detected. Under the same conditions,
the obvious light emission was observed in the CdTe QDs solution.
The same experiment was done in the air-saturated blank PBS solu-
tion using the GC electrode which has done continuous CVs for 300
cycles in CdTe QDs solution. Similar results were obtained. It means
that there nearly was no absorption on the surface of the electrode,
or the working electrode was not easily contaminated by CdTe QDs
solution in the process of ECL. Therefore, CdTe QDs can be studied
as an excellent illuminant in the field of ECL.

3.3. Conditions optimization

The ECL of CdTe QDs was conducted in air-saturated solution
without adding any additional oxidants. Therefore, the effect of
dissolved oxygen on ECL intensity was investigated. As shown in
Fig. 3(A), when dissolved oxygen was removed from the solution
by bubbling high-purity N,, the light emission intensity of ECL
decreased dramatically, indicating that dissolved oxygen was an
important coreactant for producing ECL of CdTe in the QDs solu-
tion. It was very interesting for producing the ECL emission without
adding any foreign oxidants, and the operating processes of ECL
were simplified. To acquire both simple process and high ECL inten-
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Fig. 3. (A) Effects of dissolved oxygen (a) N,-saturated CdTe QD solution
(4.0 x 10-7 mol L-1); (b) air-saturated CdTe QD solution (4.0 x 10-7 molL~") and (B)
other coreactants (c) CdCly; (d) TGA; (e) TGA + CdCl, (f-h) ECL curves. (Conditions:
scan rate: 0.34Vs~'; 0.1 mol L~! pH 7.1 PBS; PMT voltage: 800V.)

sity, air-saturated CdTe QDs solution was recommended in our
experiments.

The contrast experiments were also conducted to examine the
influence of coexisting substances (e.g., free CdCl, and TGA) on ECL
of CdTe QDs (Fig. 3(B)). The concentrations of CdCl, and TGA solu-
tion were in agreement with their concentrations in un-pured CdTe
QDs solution. With the same electrochemical parameters, the ECL
behaviors of CdCl, and TGA solution were studied. Fig. 3(B) (curves
d and g) depicted the ECL behaviors of pure TGA in PBS solution,
and showed that no ECL signals and current peaks were observed.
However, a pair of peak current appeared in pure CdCl, solution
(curve c), and the ECL signal (curve f) was also quite weak. When
TGA solution was added into the CdCl, solution, reduction peak
current was decreased evidently (curve e), and the ECL signal was
not observed. Therefore, the free CdCl, and TGA only affected elec-
trochemical behaviors of CdTe QDs (CV curves), but effect on ECL
emission was not obvious.

The effect of concentrations of CdTe QDs was studied (Fig. 4(A)).
When the concentrations of CdTe QDs were augmented, the
formed individual CdTe QDs species were increased in the scanning
process, which resulted in the enhancement of the ECL inten-
sity. When the concentration of the CdTe QDs solution exceeded
4.0 x 10~ mol L1, the ECL intensity decreased, indicating that the
excessive CdTe QDs could inhibit the generation of excited-state
CdTe QDs, which was due to an effect called self-absorption in
higher concentration [36].

The CdTe QDs was added to the PBS solution and incubated about
5, 10, 15, 20, 25 and 30 min. Then the effect of incubation time
on the ECL of CdTe QDs was investigated (Fig. 4(B)). It was found
that there was no obvious effect of incubation time on the ECL of
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Fig. 4. (A) Effects of concentration of CdTe QDs (conditions: scan rate: 0.34Vs™';
0.1 molL~" pH 7.1 PBS; PMT voltage: 800V) and (B) incubation time. (conditions:
4.0 x 1077 mol L~! CdTe QD solution; 0.1 mol L~ pH 7.1 PBS; PMT voltage: 800 V).
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CdTe QDs in a certain time range, indicating the better stability of
ECL.

The scan rate could also affect on the ECL intensity (Fig. 5). With
the increasing scan rate, the ECL intensity increased and tended to
a constant value at the scan rate of 0.34Vs~!, indicating the ECL
intensity reached the saturation point. Therefore, the scan rate of
0.34Vs~1 was chosen for the following studies. We also found that
the cathode peak current was linear with the square root of the scan
rate during CV as shown in Fig. 5 (inset), which indicated that this
electrochemical reaction was an irreversible diffusion-controlled
electrode process.

The studied potential windows were selected as —1.9 to 0, —2.0
to 0, —2.1to 0, —2.3 to 0 and —2.5 to 0V, respectively. It was found
that the ECL intensities were enhanced, but the ECL signals reached
amaximum at a potential window of —2.3 to 0 V. That might be due
to the fact that the CdTe QDs in the ECL processes with a high excited
electrochemical potential window were unstable. Thus, to achieve
the optimum intensity and stability, a potential window of —2.3 to
0V was selected for the following ECL experiment.

3.4. The quenching effects of L-Cys on the ECL intensity
The quenching effects of L-Cys on the ECL intensity was studied

and shown in Fig. 6. Upon addition of L-Cys to the PBS containing
4.0 x 10~ molL~! CdTe QDs, the ECL intensity decreased greatly
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Fig. 6. The quenching effect of L-Cys at 0 (a), 0.65 (b), 1.3 (c), 2.0 (d), and
2.8 x 10~ molL-! (e) on the ECL intensity of CdTe QDs. Inset: linear calibration
plot for L-Cys (conditions: 4.0 x 10~7 mol L-! CdTe QD solution, scan rate: 0.34Vs~1;
0.1 mol L' pH 7.1 PBS, PMT voltage: 800 V).

with an increase in the concentration of L-Cys. The L-Cys was
responsible for the quenching effect according to the following
reaction:

2RsH2M2%RssR

According to the above reaction, if L-Cys was added to the sys-
tem, it would react with the dissolved oxygen or its intermediate
species produced in the processes of QD ECL, which resulted in
decreasing the ECL intensity. Meanwhile, it confirms the above
results about the role of dissolved oxygen. Here, although the sta-
bilizer TGA was also a thiol compound, FT-IR spectrum (Fig. 1(C))
indicated that the ECL emission was quenched by the L-Cys. The
structure of CdTe QDs indicated only S-Cd bond without an SH
group present in the QDs. Thus, it did not quench the ECL emission
and interfere with the detection of L-Cys. Therefore, our present
study aims to develop a finer method for the detection of L-Cys
based on our above discussion.

3.5. Application to detection of L-Cys

L-Cys is a naturally occurring amino acid with a thiol group,
which plays an important role in several biological processes. L-Cys
is involved in a variety of key cellular functions including protein
synthesis, detoxicfication, and metabolism, and its insufficiency
may cause many diseases. Due to the struc