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Abstract

Poly(ethylene glycol) methyl ether methacrylate (PEGMEM) microparticles were synthesized and glucose oxidase (GOx) was immobilized
within the microparticles. An amperometric biosensor was fabricated using the microparticles with GOx as biological component. The enzyme
immobilization method was optimized by investigating the influence of monomer concentration and cross-linker content used in the preparation
of the microparticles in the response of the biosensor. The best analytical results were obtained with the microparticles prepared with 0.21 M
PEGMEM and 0.74% cross-linking. Furthermore, we have investigated the influence on the biosensor behaviour of parameters such as working
potential, pH, temperature and enzymatic load. In addition, analytical properties such as sensitivity, linear range, response time and detection limit
were determined. The biosensor was used to determine glucose in human serum samples and to avoid common interferents present in human serum
such as uric and ascorbic acids. A Nafion layer was deposited on the electrode surface with satisfactory results. The useful lifetime of the biosensor

was at least 520 days.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Glucose biosensors have attracted great interest because of
the increasing incidence of diabetes in the population of devel-
oped countries [1,2]. The performance of a biosensor depends
on the materials and fabrication techniques. The use of bio-
compatible materials will allow the monitorization in vivo of
the different compounds such as glucose or cholesterol. Future
progress and development in biosensor design will inevitably
focus upon the technology of new materials that promise to
solve the biocompatibility problems. Materials with hydrogel-
like properties are generally biocompatibility due to their high
water content [3] and can be used to immobilize enzymes such
as GOx. The immobilization of enzymes with complete reten-
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tion of its biological activity in matrices with good diffusion
properties for substrates is a decisive factor for the develop-
ment of biosensors. Various methods for enzyme immobilization
have been reported, such as covalent binding [4,5], entrapment
in a suitable matrix [6,7], adsorption onto insoluble materi-
als [8], conjugation [9], ionic—covalent hybridization [10,11],
etc.

Besides, GOx (EC 1.1.3.4) is a very robust enzyme that is
often used as model for testing and developing new immobiliza-
tion systems such as polymer films, polymer gels, conducting
polymers, and methacrylate-based polymers that have been
assayed for developing glucose biosensors [12—17].

After the pioneer work in the 1960s [18], the use of methacry-
late hydrogels in biomedical applications has made remarkable
progress in the field of biosensors, drug delivery systems, contact
lenses and synthetic membranes [7,11,19-23].

PEGMEM (see Scheme 1) has been copolymerized with dif-
ferent cross-linkers to form comb-like copolymers with hydrogel
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Scheme 1. Structure of PEGMEM.

properties because it is a non-cytotoxic, monofunctional and
biocompatible polymer [24-26].

In this work we have prepared biocompatible microparticles
of p-PEGMEM and we have used them as a new system of
immobilization of GOx for application as biological component
of an amperometric glucose sensor. The biosensor was opti-
mized by studying the influence on the biosensor response of
parameters used in microgel synthesis such as monomer concen-
tration and cross-linking content as well as working conditions
such as working potential, pH of the medium, temperature, and
enzymatic load.

2. Experimental
2.1. Chemicals

PEGMEM, GOx (425IU/mL) from Aspergillus niger,
D+glucose, ascorbic acid, uric acid and Nafion 5wt.%
were purchased from Sigma (St. Louis, MO, USA). N,N'-
Methylenebisacrylamide (BIS) from Aldrich (St. Louis,
MO, USA), ammonium persulfate, N,N,N',N -tetramethyl-
ethylendiamine (TEMED) and the surfactant Span 80 from
Fluka (Buchs, Switzerland). Acetate/phosphate buffer solutions
were prepared from stock solutions of sodium dihydrogen phos-
phate and sodium acetate (Panreac). The dialysis membrane
(12,000-14,000 MWCO) was purchased from Spectrum Medi-
cal Industries. All reagents were used as received and the water
was Milli Q quality (Millipore, Milford, MA, USA).

2.2. Apparatus and measurements

The microgel particles were examined using scanning
electron microscopy (SEM) in a JEOL JSM-6400 micro-
scope operating at an acceleration voltage of 20kV and
5000 magnification. The grid with the microparticles was dried,
and replicas were produced by shadowing with gold deposited
with a Balzers Sputter Coater (SCD-004). Particle size measure-
ments in the range 2—150 wm were performed with a Galai-Cis-1
particle analyzer system. The instrument consists of a laser-
based analyzer which evaluates the particle diameter from
the time it takes to cross a laser beam and a video-based
analyser shows the shape of the microparticle. Amperomet-
ric measurements at constant potential were carried out at a

Metrohm Polarecord potentiostat, Model E-506. The pH of the
buffer solution was adjusted using a Metler Toledo MP-230
pH-meter. Electrochemical measurements were performed in
0.05 M acetate/0.05 M phosphate buffer, in a three-electrode cell
with a platinum electrode as working electrode, a SCE reference
electrode and a platinum counter electrode.

2.3. Emulsion preparation

p-PEGMEM microgels with varying amounts of BIS were
prepared using the concentrated emulsion polymerization
method [27]. The immobilization of GOx was carried out
by adding the enzyme (4251U/mL) in the aqueous phase
of the concentrated emulsion. The amount of cross-linking
1 (%) = ng1s/(nBI1S + Rmonomer) Where npis and fmonomer are the
number of moles of BIS and monomer, respectively was varied
between 0.34% and 5.82%. Since the time of synthesis is about
1.5h, the temperature was controlled and kept below 25 °C to
preserve the enzyme properties.

2.4. Overall reaction of the glucose biosensor

The electrode surface (diameter 3 mm) was polished with
0.05 pm alumina slurry paste. After polishing, any residual
abrasive particles were removed ultrasonically in ethanol and
subsequently in distilled water. An exactly weighed amount
of microgel particles was placed on the electrode surface and
fixed with a dialysis membrane. The resulting electrode was
washed with phosphate buffer and overoxidized at +0.6 V ver-
sus SCE until the background current decreased to a constant
level.

The biosensor response is based on an indirect measurement
that correlates the amount of glucose with the concentration
of hydrogen peroxide. Because the redox centres in GOx are
insulated within the enzyme molecule, direct electron transport
to the surface of the electrode does not occur to any measurable
degree. GOx is first reduced by the substrate glucose and then
reoxidized by oxygen. Oxygen behaves as electron acceptor for
reduced GOx leading to the formation of hydrogen peroxide
that is oxidized at the electrode and results in the current that is
detected by amperometry.

3. Results and discussion
3.1. Characterization of the microparticles

Fig. 1 shows a micrograph of p-PEGMEM microparticles
with entrapped GOx prepared with 7=0.74%. The microgels
are spherical and polydisperse.

As Fig. 2 shows, the concentrated emulsion polymerization
method produces microparticles with entrapped GOx whose
diameters lie between 2 and 12 pm. The average size is 5.2 um
very close to the average size 5 wm of the microparticles with-
out GOx and cross-linking 17 =0.74%. As Fig. 2 illustrates, 50%
of the microparticles present a size comprised between 2 and
4 pm.
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Fig. 1. SEM micrograph of freeze-dried p-PEGMEM microparticles with
entrapped GOX.

3.2. Optimization of the synthesis method

3.2.1. Monomer concentration

The steady-state response curves, obtained at the platinum
electrode with p-PEGMEM microparticles synthesized at pH
6.5, 11=0.74%, containing 425 IU/mL of GOx and different pro-
portions of monomer in the aqueous phase (0.10, 0.21, 0.83 and
1.17 M) are illustrated in Fig. 3a. The maximum current response
was found when the monomer concentration was 0.21 M. A
further increase in the monomer concentration decreases the
current response and we attribute this behaviour to a higher dif-
fusional barrier that hinders the motion of the substrate towards
the enzyme catalytic site as well as the diffusion of the prod-
uct of the enzymatic reaction towards the electrode. Decreasing
the monomer concentration at 0.10 M also results in a decrease
of the response, due to the loss of immobilized enzyme when
small amount of monomer is used. The enzymatic activity
observed in the supernatant liquid obtained after the synthesis of
the microparticles when the monomer concentration is 0.10 M
seems to support this interpretation.

3.2.2. Effect of the cross-linking contents
In order to find the optimum pore size of the polymer matrix,
biosensors based on microparticles with different amount of
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Fig. 2. Size distribution of the p-PEGMEM microparticles with entrapped GOx,
in phosphate buffer pH 6.5 and 25 °C.

cross-linking (1) were prepared. Fig. 3b shows the calibration
curves of the biosensor response versus glucose concentration
for microparticles with cross-linking between 0.34% and 5.82%.
The monomer concentration selected to obtain these curves was
0.21 M, and the amount of GOx 425 IU/mL.

The optimum response occurs in microgels with n=0.74%.
Microparticles prepared with lower fractions of cross-linking
present a pore size too large to efficiently retain the enzyme
as it was confirmed by the enzymatic activity measured in the
supernatant. The decrease of the response when the cross-linking
fraction is higher than 0.74% is attributed to a higher substrate
diffusional barrier imposed by the cross-linking. Accordingly
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Fig. 3. Response of the glucose biosensor to different monomer concentrations (a) and to different cross-linking (b), by calibration plot for glucose in stirred 0.1 M

phosphate buffer, pH 6.5, potential of +0.6 V vs. SCE and 25 °C.
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Fig. 4. Effect of working temperature (a) and Arrhenius plot (b) for GOx immobilized in p-PEGMEM 1 =0.74%, on the biosensor response to 30 mM of glucose.

Experimental conditions: 0.1 M phosphate buffer, pH 6.5 and +0.6 V vs. SCE.

microparticles with cross-linking 0.74% and monomer con-
centration 0.21 M were selected for subsequent measurements
performed in this work.

3.3. Optimization of the biosensor response

3.3.1. Working potential

The dependency of the biosensor response (steady-state cur-
rent at the electrode) on the applied potential was investigated
in 0.1 M phosphate buffer solution, pH 6.5 containing 0.25 mM
glucose. The response of the enzyme electrode increased with
the applied potential up to a value of +0.60 V versus SCE and
levels off after this value. The operating potential of +0.60 V
versus SCE was used in all subsequent measurements.

3.3.2. Temperature

The effect of temperature on the biosensor response at 30 mM
glucose was studied in the interval 0-60 °C performing all mea-
surements under oxygen saturation condition and keeping the
pH constant at 6.5.

As it can be seen in Fig. 4a, the optimum temperature for
enzymatic activity is between 35 and 45 °C. The temperature of
maximum activity of the free enzyme is 30 °C [28]. It seems that
the immobilizing support slightly protects the enzyme. Although
we have checked that the highest enzyme activity takes place
between 35 and 45 °C, we wanted to verify that to these temper-
atures the enzyme was staying stable. To probe this, the kinetics
of degradation to different temperatures that suffers the biosen-
sors with 30 mM of glucose was studied, keeping constant the
temperature for 1h, verifying the intensity on time O and on
60 min (Table 1). When the temperature was overcoming 30 °C,

Table 1

a decrease of the activity with time was observed, due to the
enzyme denaturation.

The temperature of 30 °C was chosen as working temperature
to all further experiments.

As Fig. 4b also illustrates, the Arrhenius plot for GOx immo-
bilized in p-PEGMEM microparticles with n=0.74% presents
two regions. The activation energies were calculated from the
slopes and were found to be 15.43 and 48.58 kJ/mol, respec-
tively. The activation energy observed in the low temperature
region is significantly higher than the one reported for the free
enzyme, which was found to be 14.6 kJ/mol [29]. The activation
energies values reported by Rubio Retama et al. [30] when GOx
was immobilized in polyacrylamide were found to be 26.60 and
50.46 kJ/mol, quite similar than we observed.

As we reported in previous articles, the temperature at which
the slope changes is related with the volume phase transition
of the microgel around the enzyme [30-32]. At a temperature
higher than the temperature of the volume phase transition, the
microgel is swollen, the enzyme is surrounded by water and its
activation energy comes closer to that of the enzyme in solu-
tion. However, in the shrunk phase the amount of water retained
inside the hydrogel decreases, hindering access of the substrate
to the enzyme and the enzyme—substrate union so the activation
energy is increased. These results, as the ones obtained in pre-
vious works [30-32], seem to indicate that the changes in the
Arrhenius plots are not due to changes in enzyme, but to the
medium around it.

3.3.3. pH
The influence of pH on the glucose biosensor response to
30 mM glucose was checked in 0.05 M acetate/0.05 M phosphate

Kinetics of degradation of enzyme entrapped in microparticles with 0.74% cross-linking

Temperature (°C) Current, r=0s (nA)

Current, =605 (nA) Percentage of degradation

25 120
30 145
35 175
40 205

120 0.00
145 0.00
150 14.29
165 19.51

Experimental conditions: 0.1 M phosphate buffer, pH 6.5 and +0.6 V vs. SCE.



J.P. Hervds Pérez et al. / Talanta 75 (2008) 1151-1157 1155

buffer solutions from pH 4.0 to 8.0 at 25 °C. The optimal pH was
found to be 6.5 coincident with the optimum pH reported to the
free enzyme, which indicates that the catalytic function of the
GOx does not seem to be affected by the immobilization process
proposed in this work.

3.3.4. Loading

The glucose levels of diabetic patients are higher than 5 mM,
therefore, we have extended the calibration range of the biosen-
sor studying the effect of enzymatic load on the biosensor
response. Based on previous works [31] we have chosen an
enzymatic load of 4251U/mL and we tested two methods of
modifying the amount of enzyme in the surface of the electrode:
varying the amount of microparticles placed on electrode sur-
face, and changing the amount of enzyme immobilized within
the microgel.

The linear range reaches to 8.0 x 1073 M when the amount
of GOx in aqueous phase goes from 255 to 765 IU/mL and is
slightly increased when the microparticles placed on the elec-
trode surface from 1 up to 3 mg. In both cases the sensitivity is
increased when the amount of GOx in aqueous phase goes from
255 to 765 IU/mL and when the microparticles placed on the
electrode surface from 1 up to 3 mg. In base of the above results
we have selected for later experiments 3 mg of microparticles
loaded with 765 IU/mL GOx. Table 2 shows the analytical prop-
erties of the biosensor prepared with p-PEGMEM microgels as
a function of the amount of microparticles placed on electrode
surface and the enzyme immobilized into the microgel.

Under all the optimal experimental conditions (0.74% cross-
linking, potential +0.6 V, pH 6.5 and 30°C), we realized a
calibration curve in which the glucose biosensor presented a
sensitivity of 17.78 mA M~lcm™2, a maximum current den-
sity of 148.57 pAcm™2, a linear range between 2.0 x 107°
and 7.6 x 1073 M and a detection limit of 1 uM. When com-
paring the results obtained with the proposed biosensors and
that previously reported using a similar immobilization sys-
tem (polymeric microparticles), an improvement is observed
in the analytical properties as sensitivity, that was found to be
17.78 mAM~! cm~2, and the maximum current density which
increases from 114.3to0 148.57 pA cm~2[30,31]. Also when this
device was compared with others using different immobiliza-
tion system as layer-by-layer self-assembly films or deposition
on the electrode surface [33-36], it appears that the stability,

the detection limit and the linear range improved significantly.
The detection limit decreased up to 10 times versus the reported
devices, the linear range increased at least one order of mag-
nitude and the stability changed from 30 and 150 days in the
best of the case (microparticles) to 520 days observed with this
biosensor.

3.4. Interference study

It is required that the enzymatic electrode operates at a
potential of +0.6 V versus SCE for producing the oxidation of
hydrogen peroxide. At this high potential, the H,O» detection
may be disturbed by the presence of interfering species such as
uric acid (UA) and ascorbic acid (AA) when physiological sam-
ples are analyzed because these acids present a negative charge
at the working pH (6.0-7.0). The interferences caused by elec-
troactive molecules were reduced by the use of Nafion layer
over the electrode surface. Nafion is a negatively charged poly-
electrolyte whose effect on the negatively charged substrates is
noticeable.

A layer of Nafion (50 L) was applied on the electrode sur-
face. The layer was dried in air for 15 min and, the electrode
with Nafion film was kept at 80 °C for 45 min. Then micropar-
ticles of p-PEGMEM were placed over the Nafion film and
subsequently covered with the dialysis membrane. For biosen-
sor prepared without Nafion (GOx-biosensor), the interfering
signals of 0.25 mM uric acid and ascorbic acid are significant
(Fig. 5). On the contrary, when the GOx-Nafion-biosensor was
used, the signals arising from interferents disappeared. However,
current due to 0.25mM of glucose was near constant, vary-
ing from 150 nm in the biosensor without Nafion to 145 nm in
biosensor with Nafion.

3.5. Human serum sample analysis

The glucose concentration of five serum pools were ana-
lyzed by the GOx-biosensor and GOx-Nafion-biosensor. The
glucose of these serums is analyzed also by the spectrophoto-
metric method of hexokinase described by Young [37], which
were used as reference method.

The result showed a good correlation with the reference
methods, especially in the case of the biosensor prepared
with Nafion. Measurements of glucose in serum samples

Table 2

Analytical properties of the p-PEGMEM biosensors as a function of the quantity of microparticles placed on electrode surface and the enzyme immobilized into the
microparticles

Enzyme load Jimax (WA cm—?) Sensitivity (mAM~! cm~2) Linear range (M) R? (n)*
Quantity of microparticles Quantity of enzyme in the

in the biosensors (mg) microparticles (IU/mL)

1 425 62.58 4.09 1.0x 1050 1.0x 1072 0.9949 (15)
2 425 77.71 6.63 1.1x 1075 t04.0 x 1073 0.9944 (12)
3 425 83.49 6.78 1.0x 1075 04.0x 107> 0.9963 (12)
3 255 54.36 6.13 1.0x 10753 t03.0 x 1073 0.9962 (11)
3 765 148.57 17.78 20x1070t07.6 x 1073 0.9985 (15)

2 Points of linear range in calibration curve.
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Table 3

Quantitative results obtained from the analysis of the serum by the spectrophotometric method (reference), GOx-biosensor and GOx-Nafion-biosensor

Sample Glucose (mg/dL) Glucose® (mg/dL) R.S.D. GOx-biosensor Glucose® (mg/dL) R.S.D. GOx-Nafion-biosensor
reference method GOx-biosensor (%) deviations® (%) GOx-Nafion-biosensor (%) deviations® (%)
1 81 83 + 1 1.7 +2.0 81 + 1 1.3 —0.1
2 89 93 +2 2.3 +4.3 89 +£2 2.2 —-0.2
3 176 179 £ 1 1.2 +1.5 174 £1 1.9 —1.1
4 116 117 £ 1 1.2 +1.0 1151 1.8 —-0.8
5 89 93 +1 2.0 +4.5 88 + 1 1.3 —-1.3
% Average of the three measurements.
b Deviation between the reference method and the biosensor results.
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Fig. 6. Storage stability profiles for p-PEGMEM biosensor. The biosensor was
0.25 mM . stored frozen in phosphate buffer at —4 °C when not in use.
ascorbic acid
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P—— with both biosensors are between about 94.8 and 101.5%
.25 m

glucose\

Fig. 5. GOx-biosensor response to 0.25 mM glucose, ascorbic and uric acids (a).
GOx-Nafion-biosensor response to 0.25 mM glucose, ascorbic and uric acids (b).

obtained with GOx-Nafion-biosensor were similar with to
those of the reference method, and differences between them
never overcame 1.3% and with good precision (R.S.D. <2.3%)
(Table 3). The GOx-biosensor gave values 1.0-4.5% higher than
those obtained by the reference methods that confirm that the
serum samples have interferences. The GOx-Nafion-biosensor
gave values —0.1/—1.3% smaller than those obtained by
the reference methods, possibly because the layer of Nafion
prevents the step of the whole glucose. The recoveries obtained

Table 4
Recovery studies using both glucose oxidase biosensors®

(Table 4).
3.6. Stability

To characterize the electrode stability, they were stored in a
frozen phosphate buffer solution pH 6.0 and, periodically, the
response of the biosensor to 0.25 mM glucose solution, at poten-
tial +0.6 V versus SCE, 30 °C was measured. We have found that
biosensor exhibits an 85% of the initial signal after 520 days.
This study is still on course (Fig. 6).

3.7. Analytical properties

The repeatability and reproducibility of glucose biosensors
based on p-PEGMEM microparticles were evaluated in buffer

Sample Glucose added (mg/dL) GOx-biosensor GOx-Nafion-biosensor
Glucose found® (mg/dL) Recovery (%) Glucose found® (mg/dL) Recovery (%)
1 70 70 £ 1 100.2 71+£2 101.2
2 70 70 £ 1 100.1 71 +£2 101.5
3 70 70 £ 1 97.5 70 £ 2 100.0
4 70 70 £ 1 94.8 70 £ 2 99.6
5 70 70 £ 1 99.3 70 £ 1 100.0

2 Average of the three measurements.
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solution. For the repeatability, 10 successive measurements of
0.25 mM glucose solution were performed. The relative standard
deviation (R.S.D.) was 5.7%. The reproducibility of the analyt-
ical response obtained for three different electrodes when 5 mM
of glucose was added (three measurements with each biosensor),
obtained a R.S.D. of 0.88%.

4. Conclusions

Microparticles based on p-PEGMEM are presented as inter-
esting matrix for GOx immobilization. We have demonstrated
its application as enzyme immobilization support for an amper-
ometric glucose biosensor. The optimal conditions of the
synthesis medium were initiator’s concentration of 10.96 mM,
monomer concentration of 208.25mM and 0.738% cross-
linking content. Furthermore, the response of the biosensor was
optimized for glucose detection. The optimal conditions of the
biosensor response were: pH 6.5, 30 °C, 3 mg and 765 IU/mL.
For eliminating the interferences caused by species with neg-
ative net charge, we have utilized a Nafion layer covering the
electrode surface. The biosensor has been successfully applied
to the determination of glucose in serum samples. The biosensor
maintains 85% of the initial response 15 months later of the first
use.
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