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Abstract

A highly selective, fast and stable biosensor for determination of glucose in soluble coffee has been developed. The biosensor electrode
consist of a thin film of ferric hexacyanoferrate (Prussian Blue or PB) electrodeposited on the glassy carbon electrode (GCE) (to provide a
catalytic surface for the detection of hydrogen peroxiglagose oxidasanmobilized on top of the electrode and a Nafigmolymer layer.

The stability of the PB film and the biosensor was evaluated by injecting standard-solutjoi (390, and 0.5 mM glucose) during4hina
flow-injection system with the electrodes polarized-&0 mV versus Ag/AgCI. The system is able to handle about 60 samples per hour and

is very stable and suitable for industrial control. Determination of glucose in the range 2.5 and 15% (w/v) in phosphate buffer with precision
(r.s.d.<1.5%) has been achieved and is in agreement with the conventional procedures. Linear calibration in the range of 0.15 and 2.50 mM
with detection limits of ca. 0.03 mM has been obtained. The morphology of the erglysse oxidasen the modified electrode has been
analyzed by scanning electron microscopy (SEM) measurements.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction versatility, simplicity and suitability for large-scale analyses
[12-15].

The glucose content is a very important parameterinfood  The uses of biosensors are increasing in several appli-
industry for evaluating the quality of commercial instant cof- cations[12—21], and the reason for that is the fact that its
fee[1]. It indicates the degree of maturiff] and can assess presents high easy fabrication procedure, low cost and porta-
the commercial value of the produ&,3]. Among glucose  bility [12—21]. One of the main factors contributed for biosen-
determinations, are widely used several chromatographicsor development was the use of the electrochemical cata-
procedures (anion-exchange chromatograjghycapillary lysts (mediators) such as ferrocdhéd,22], ferrocene deriva-
zone electrophoresifs], paper chromatography6] and tives [14,22], meldola blug14,22], methylene greef23],
liquid chromatographyB,6]) normally with electrochemical  bienzyme system§4,25] or transition metal hexacyano-
detection. Alternatively, the use of Fehling’s reagi@jtand ferrates[26—29]. This last one attracted widespread atten-
enzyme electrod¢7] can be used but when a fast deter- tion due to its characteristics to form well-defined electroac-
mination is needed, procedures involving flow systems aretive films on electrode$28,29]. One example is the PB,
preferable[8]. For industrial control, the use of automated Fe[Fe(CN)]-nH20 — a classical mixed-valence compound
methods is desirable and the flow injection analysis (FIA) which present the reduced form (Prussian White) with cat-
is worthwhile[9—11]. For that purpose, the combination of alytic activity for the reduction of hydrogen peroxide even
the FIA system with biosensors became attractive due to itsin the presence of molecular oxyggi/—31]. This mixed

valence compound seems to be suitable mediator for the de-
* Corresponding author. Tel.: +55 8121268440; fax: +55 8121268442,  Velopment of biosensors based on oxidases for analytical ap-
E-mail addressilmattos@ufpe.br (I.L. de Mattos). plications[32—-38].
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The improvement of the procedure used for enzymatic was putinto a 500-mL conical flask, diluted with 200 mL
immobilization has resulted in the development of biosen- of water and add of 30 mL of sulfuric acid 25%; titration
sors more robust, selective and with great operational stabil- with potassium permanganate solution 0.02 M until the
ity [12—-15,21,36]. Among this strategies, the use of poly- color changes to pink;

meric membrane Nafi¢hhas became very attractive due (iii) Calculation of the precise content of the hydrogen con-
to its negative charge, since foreign species such as ascor-  centration: consumption of potassium permanganate

bic acid, paracetamol, uric acid, etc. are readily repelled (mL) x 34.02=content of hydrogen peroxide, in
[33-35,37,38]. The number of potential foreign species mgL~1. The stock solution precisely determined ac-
is then restricted by molecular size, permeation and/or cording to the above procedyi®9] can be used to pre-
(bio)chemical reaction. As consequence analytical sensitivity pare further working concentrations by dilution with wa-
and system versatility are obtainf88-35,37,38]. ter. The stock solution and any further working solutions
The main objective of the present work was to de- can be used for one day when stored in a refrigerator.

velop a simple, fast, and low-cost automated procedure | uti left § h bi
for glucose determination in instant soluble coffee using  ClUcOSe solution (1 M) was left for 24 h (ambient temper-

PB/Gox—Nafio® modified electrode ature) for mutarotational equilibrium.
' Working standards of y0, (50 M) and glucose (within

0.10 and 2.50 mM) were freshly prepared by dilution of the
stock standard solutions with reagent R

Instant coffee samples were provided by local stores. Be-
fore introduction into the flow-injection system, 2.0 mg of
the sample was diluted (200 or 500-fold, w/v) with water and

All solutions used were prepared with analytical-grade ?2;2;?(';1“% was diluted (50-fold, v/v) with reagery Before

chemicals such as hydrogen peroxide, potassium hexacyano-
ferrate, ferric chloride, ammonium hydroxide, potassium
chloride, hydrochloric acid, glucose, arabinose, galactose,

mannose, fructose, etc. ) )
Solution of Nafio® (5%, wiv, in 90% alcohol solu- Measurements were carried out employing an electro-

tion), ethanol an@lucose oxidaséype VII-S with activity chemical system from Autolab (PGSTATS3O, Germany) con-
50,000 Umg! from Aspergillus niger) were obtained from nected with a PC computer. The electrochemical cell was
Aldrich and Sigma, respectively. composed of three electrodes (all from Bioanalytical Systems
The solutions used for deposition and activation of the PB NC-» BAS, USA): working (glass carbon with inner diameter
film onto the glassy carbon electrode were prepared by mix- 21d 1ength as 3mm and 7.5cm), reference (Ag/AGCI; 3M
ing: 2.0 MM of KsFe(CNJ;, 2.0mM of FeC}, 0.1 M of KCI NacCl with length 7.5 cm) and counter (platinum wire with

and 0.1 M of HCI (solution defined as reagen)f0.1 M of 6-cm length and gold connector).

KCland 0.1 M of HCI (as reagentdRand 0.25 M of KPOy _ Expe_riments with flow injection analysis (FIA) were rea_ll-
plus 0.13 M of KHPOy (as reagent B. ized using a programmable system from Ismatec (Zurich,

The Nafiorf solution was diluted to 1% (v/v) with ethanol ~ SWitzerland) composed of two peristaltic pumps (fix and

and the pH of the solution was adjusted to 5.5 by adding a Vaiable), injection valves, tubing (0.7 mm, i.d., wall thick-
concentrated solution of NJMDH. The enzymatic solution ness<0.2 mm)_’ wall-jet” electrochemical cell (Fig. 1) and
was prepared dissolving 1.0 mg of sotjtlicose oxidasén other accessories.
1 ml of distilled/deionized water.
The stock standard solution in hydrogen peroxide was 2.3. Procedure
stored in refrigerator. Potassium permanganate solution
(0.02 M) and sulfuric acid (25%) were used for preparation ~ The electrochemical cell was filled with a 1.0 M 280,
and calculation of a standard solution for hydrogen peroxide. solution, and the glassy carbon electrode was submitted to
The procedure for standardized was: 250 cycles (from 200 to 900 mV versus Ag/AgCI) with scan
rate =1 Vs 1. After that, the working electrode was manually
(i) Preparation of the stock solution of approximately polishedwith alumina (AlOs, 1 and 0.3.m, Nuclear/Brazil)
1000 mg L=1: 10 mL of H,O, (30%) was diluted into  until the formation of a mirror surface and then left in sonica-
100-mL volumetric flask and make up to the mark with tion for 5 min (in a 1:1 mixture of water/alcohol) to eliminate
water; 30 mL of this solution was diluted with 2000 mL  micro particles of alumina adsorbed on the electrode surface.
of water and the stock solution prepared in this manner Unless mentioned, the scan rate involved in cyclic voltam-
has a concentration of around 1000 mgfLhydrogen metry in all experiments was fixed as 50 mis
peroxide; The Prussian Blue films were deposited onto the carbon
(i) Precise assay of the standard solution for hydrogen per- electrode using the procedure developed by Mattos @4|.
oxide: 50.0 mL of the stock solution (ca. 1000 mgl) with slight modification. Shortly the process consisted of:

2. Experimental

2.1. Reagents, standards and samples

2.2. Instruments and apparatus
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Fig. 1. Amperometric cell. (A) Frontal view, (B) top view of the open cell, (C) lateral view; (a and b) inlet and outlet of the carrier stream, (c and d) counter
and reference electrodes. The working electrode is placed perpendicular to inlet, i.e. wall-jet configuration.

(i) Production of the film (in reagent 4} fixation of the (i) Conditioning the modified electrode (in reagenf) R
potential in 400 mV versus Ag/AgCl during 60 s. After- the dried PB modified electrode was submitted to po-
wards, the system was left in standby condition for 30 s tential =—50 mV versus Ag/AgCI for 600 s; after that,
and started the scan rate (one cycle) between 350 and it was started the scan rate (25 cycles) between 350 and
—50mV versus Ag/AgCI (Fig. 2a); —50mV versus Ag/AgCl;

(i) Activation of the film (in reagent R): variation of the (i) Enzymatic deposition: two drops (within 5 and Q)
potential (50 cycles) between 350 ar&0 mV versus of the enzymatic solution was deposited onto the modi-
Ag/AgCI (Fig. 2b); fied electrode (the enzyme layer was maintained at am-

(i) Drying of the film — after washing with water, the mod- bient temperature for drying);
ified electrode was left for 1h under controlled temper- (iii) Covering with polymeric membrane — over the enzyme
ature (100C). layer was deposited two drops (5-1D0) of the Nafiorf

solution (diluted and neutralized to pH 5.5). The mor-
phology of theglucose oxidasémmobilized onto the
modified PB glassy carbon electrode is showeeiin 3.

In the end of the third step, the material obtained was
glassy carbon electrode modified with PB. Before prepara-
tion of the biosensor, the film was evaluated (concerning op-
erational stability) by a flow injection system with successive ~ The drying step was accomplished by leaving the electrode
injections (10QuL) of hydrogen peroxide standard solution at room temperature for few hours. Thereafter, the biosensor
(50 M diluted in reagent B). was placed in contact (around 15 min) with reageptt®

The preparation of the biosensor consisted of: achieve equilibrium of the layers. The FIA system (initially
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Fig. 2. Cyclic voltammograms of the PB modified glassy carbon electrode.
(a) electrochemical deposition (iR (b) activation of the film (in R), (c)
reduction of hydrogen peroxide (1.0 mM inRScan rate =50 m & The
potential scan was initiated at 350 mV vs. Ag/AgCI.

used for evaluation of the PB film) was employed to verify the

towards the detector with fixed applied potential at work-
ing electrode =50 mV versus Ag/AgCI. The passage of the
sample through the cell (Fig. 1) produced a transient signal
with a peak current proportional to the glucose content in the
sample. Precision was expressed as relative standard devia-
tion calculated after successive measurements.

3. Results and discussion

The steps realized for the film preparation were of great
importance to improve the stability of the films. In fact, the
performance of the amperometric sensor increased by about
25% compared with the one without these steps; moreover, it
important to explain that any trace of fat or alumina adsorbed
onto surface electrode before the deposition step decreases or
eliminated the possibility to create a stable film of Prussian
Blue.

Another aspect of great importan¢&l], refers to the
pH value of the solutions employed for deposition and ac-
tivation steps; note that alkaline medium cause the destruc-
tion of the PB film because it diminish the Fe(GR)
concentration necessary to form, together with3'Fe
ions, Fa[Fe(CNX]-nH,0: Fe(CN}*~ +20H" — Fe(OH)
+6CN~; 2Fe(OHY + H,O +1/2 @ — 2Fe(OH}.

3.1. Electrode optimization and electrochemical
activation

Fig. 2 shows the behavior of the cyclic voltammograms

performance of the biosensor; in this case, a standard glucos@f PB film onto the glassy carbon electrode after the deposi-

solution (0.6 MM in R) was used.
2.4. The flow-injection system

The sample was injected into the FIA system by
a 100uL sampling loop and pushed by its carrier
stream (0.25 M KHPO, +0.13 M KoHPO, — reagent R) at
0.8 mLmin L. This flowed through a 25cm coiled reactor

23A

aZ@RkU 272E3 =458-24 MED-EMN

1a

tion (a) and activation of the film (b). The time for deposition
was fixed as 60s, because above this value (verified until
180 s), there was an increment of the capacitive current and
the peak potential (Af) values were higher than 90 mV ver-
sus Ag/AgCI. Also, it is possible to note that after activation
step, the film presented a great improvement in electroactiv-
ity: the cathodic and anodic current peaks increased to ca. 180
and 50% (Table 1). The PB modified electrode presented fast
response (AE=50 mV), good definitions of the reduced and
oxidized forms and value &° =142 mV very similar to that
found in the literaturd26,27]; these peaks were attributed
to the reversible redox interconversion of Prussian Blue and
Prussian White or the oxidized and reduced forms, respec-
tively.

Also, Fig. 2 shows that in the presence of hydrogen per-
oxide (c) there was a variation of the PB film electroactivity,
demonstrating its capacity forJd@, reduction (se@able 1).

As presented earlier, the reduced form of PB has a catalytic
effect for electroreduction of hydrogen peroxide even in the
presence of molecular oxygf?6,27]. Hence, since the prod-
uct of the biosensor based on oxidase is hydrogen peroxide,
the PB film can be interpreted as an “artificial” peroxidase

Fig. 3. Scanning micrograph of the PB film in presence of glucose oxidase [27,30]. Consequently, the applicability of the amperometric

immobilized in Nafiof?.

sensor and/or biosensor can be improved.
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Table 1
Electrochemical parameters of the cyclic voltammograms of the modified
glassy carbon electrode
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Table 2
Concentration of glucose in percent (w/v) as determined in instant coffee
samples by the proposed and reference metptitls

Condition Epc (MV) Ipc (nA) Epa (MV) Ipa (LA) Samplé Glucose percent (w/v)
Deposition 123 91.5 147.4 126 Present methdd Reference meth&d
Activation 110 256 161 189
HoOp (LOMM) 112 287.6 162 113.6 L 14.97+0.22 15.13+0.16
2 7.13+0.09 7.21+£0.10
3 5174+0.06 5.19+0.07
) ] 4 5.74+0.07 5.53+0.07
3.2. Performance of the biosensor in FIA system 5 237+40.03 2514+0.03

2 Samples 2-5, dilution: 1/250 (v/v); sample 1, dilution: 1/500.

The long-term stability of the system and biosensor was b analysis realized in duplicate.

evaluated by injecting standard solution (8@ H205 in R3)

during working periods (Fig. 4); no significant baseline drift 5 1 504 The accuracy was assessed by running five already

was noted, which confirms the stability of the Prussian Blue analyzed sampldg0], and only slight differences in results
film. Slight variation in the height signal, after 30 min, was \yere found by different methods (Table 2).

due to instability of the hydrogen peroxide solution; in fact, Pure soluble coffee is characterized by low free sugar

after changing for new prepared solution, the signal was re-3_7] The concentration of sugars such as arabinose, galac-

covered. Finally, note that the profile of the first signal (1, {5se mannose or fructose related to glucose concentration is,

Fig. 4) is very regular and confirm the good performance of ; {he maximum, in the proportion of 5{20]. So the con-

the system; this test was done by changing the speed of th&enration of glucose was fixed as 0.6mM and the foreign

recorder paper.. _ S _ species (separately) were fixed as 3.0 mM. The effect of these
After being dimensioned, the flow-injection analysis was gpecies on the glucose signal was not verified. Moreover, the

applied to glucose analysis. Before start the registration of |, of applied potentidt = —50 mV versus Ag/AgC! (low

the standard-solution signal, it is recommended to allowed
the system to run (without injection) to get the hydrodynamic
equilibrium. 1t is easily verified by baseline stabilization.

electrode potential — fixed to minimize or eliminate the dis-
charge of interfering speci¢33]) associated with polymeric
membrane based on Nafrfnegatively charged polyelec-

Calibration equation was attained by least-squares regresyy|yte[33]) also contributed to diminish drastically eventual

sion: y=1.12693 +25.13441x, wherg is the cathodic
current in nA andk is the concentration of glucose in mM.
Forn=5 (0.15; 0.30; 0.60; 1.20 and 2.50 mM), the typical
correlation coefficient was 0.99898. Using the proposed

system about 60 samples can be run per hour. The sampling
rate can be improved by reducing the available mean time

for glucose reaction. This aspect is particularly attractive
for analyses where sensitivity and selectivity are not critical.
Considering the low cost of the proposed system, it is
suitable for large-scale analysis and/or quality control. For
a typical sample with glucose contents of 5.74% (w/v), the

relative standard deviation of eleven results was estimated

(MR A

T T T T T T T T
0 5 10 15 20 25 30 35
t/ min

R I ‘
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Fig. 4. Performance of the biosensor. Injection of 0of standard so-
lution (50..M H20- in R3). (1) The first signal of the standard solution,
recorded in higher speed (than the others signals, in the sequence) to sho
the profile of the FIA-signal. Analytical frequency =60 sample$.hAp-

plied potential =50 mV vs. Ag/AgClI.

effect of foreign specied4,37].

3.3. Scanning electron micrograph (SEM)

The surface of the PB—glucose oxidasel Nafioff mod-
ified electrode was examined using scanning electron mi-
croscopy (SEM). On the left side of tikég. 3, it is possible

to note that the enzyme is well-fixed by Naffynthis re-
sult corroborate with the long-term stability of the biosensor
shown inFig. 4. In fact, after 4 h working period, small vari-
ations in current was observed (<5%, not shown). The small
square inFig. 3 shows a region between enzymes and was
selected to show the polymeric membrane covering PB film
(right side).

4. Conclusion

Simplicity of the set-up for its implementation, high se-
lectivity and stability, and a high sampling rate make the
system PB/Gox—Nafidhmodified electrode an efficient tool
for performing automated analysis in a simple, fast and low-
cost way. This is an attractive method for the routine mea-
surements of glucose present in instant coffee. Replacing the
recorder for a computer to access the results directly will im-

Jprove the versatility of the proposal. Moreover, the proposed

method can be well-adjusted for other kind of samples which
may be considered as an alternative (or complementary) to
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the chromatographic analysis usually required for industrial [10] P.B. Stockwell, J. Autom. Chem. 12 (1990) 95.

quality control.
Concerning the biosensors, there are (in principle)
no limits of using other oxidases for PB/Nafion glassy

carbon, Au, Pt, screen-printed electrodes, etc. for different

applications. Considering, for example, a complex matrix

such as product/fermentation, industrial waste, etc., the
integration in the analytical system of biosensors with [14]J- Wang,
non-chromatographic continuous separation techniques suc
as pervaporation and/or concentric tubing approach make in-

[11] M. Trojanowicz, Flow Injection Analysis: Instrumentation and Ap-
plications, Book News, Inc, Portland, 2000.

[12] L. Gorton, E. Céregi, E. Dominguez, J. Engns, G. dnsson-
Pettersson, G. Marko-Varga, B. Persson, Anal. Chim. Acta 250
(1991) 203.

[13] R.D. Schmid (Ed.), Flow Injection Analysis (FIA) Based on En-
zymes or Antibodies, VCH, New York, 1991.

Analytical Electrochemistry, VCH, New York, 1994.

|[|15] J.M. Calatayud, Flow Injection Analysis of Pharmaceuticals:

Automation in & Francis, London,

1996.

the Laboratory, Taylor

teresting choices for improve various preliminary operations [16] A. Pizzariello, M. Stredangk S. Stredansk S. Miertus, Talanta 54

of the analytical process. It represents an efficient tool to

perform automated analysis improving analytical sensitivity
and system versatility. Experiments are in progress.
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