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bstract

Poly(ethylene glycol) methyl ether methacrylate (PEGMEM) microparticles were synthesized and glucose oxidase (GOx) was immobilized
ithin the microparticles. An amperometric biosensor was fabricated using the microparticles with GOx as biological component. The enzyme

mmobilization method was optimized by investigating the influence of monomer concentration and cross-linker content used in the preparation
f the microparticles in the response of the biosensor. The best analytical results were obtained with the microparticles prepared with 0.21 M
EGMEM and 0.74% cross-linking. Furthermore, we have investigated the influence on the biosensor behaviour of parameters such as working
otential, pH, temperature and enzymatic load. In addition, analytical properties such as sensitivity, linear range, response time and detection limit

ere determined. The biosensor was used to determine glucose in human serum samples and to avoid common interferents present in human serum

uch as uric and ascorbic acids. A Nafion layer was deposited on the electrode surface with satisfactory results. The useful lifetime of the biosensor
as at least 520 days.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Glucose biosensors have attracted great interest because of
he increasing incidence of diabetes in the population of devel-
ped countries [1,2]. The performance of a biosensor depends
n the materials and fabrication techniques. The use of bio-
ompatible materials will allow the monitorization in vivo of
he different compounds such as glucose or cholesterol. Future
rogress and development in biosensor design will inevitably
ocus upon the technology of new materials that promise to
olve the biocompatibility problems. Materials with hydrogel-

ike properties are generally biocompatibility due to their high
ater content [3] and can be used to immobilize enzymes such

s GOx. The immobilization of enzymes with complete reten-

∗ Corresponding author. Tel.: +34 91 394 1756; fax: +34 91 394 1754.
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ion of its biological activity in matrices with good diffusion
roperties for substrates is a decisive factor for the develop-
ent of biosensors. Various methods for enzyme immobilization

ave been reported, such as covalent binding [4,5], entrapment
n a suitable matrix [6,7], adsorption onto insoluble materi-
ls [8], conjugation [9], ionic–covalent hybridization [10,11],
tc.

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

After the pioneer work in the 1960s [18], the use of methacry-
ate hydrogels in biomedical applications has made remarkable

rogress in the field of biosensors, drug delivery systems, contact
enses and synthetic membranes [7,11,19–23].

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

mailto:bealopru@farm.ucm.es
dx.doi.org/10.1016/j.talanta.2008.01.030
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Scheme 1. Structure of PEGMEM.

roperties because it is a non-cytotoxic, monofunctional and
iocompatible polymer [24–26].

In this work we have prepared biocompatible microparticles
f p-PEGMEM and we have used them as a new system of
mmobilization of GOx for application as biological component
f an amperometric glucose sensor. The biosensor was opti-
ized by studying the influence on the biosensor response of

arameters used in microgel synthesis such as monomer concen-
ration and cross-linking content as well as working conditions
uch as working potential, pH of the medium, temperature, and
nzymatic load.

. Experimental

.1. Chemicals

PEGMEM, GOx (425 IU/mL) from Aspergillus niger,
+glucose, ascorbic acid, uric acid and Nafion 5 wt.%
ere purchased from Sigma (St. Louis, MO, USA). N,N′-
ethylenebisacrylamide (BIS) from Aldrich (St. Louis,
O, USA), ammonium persulfate, N,N,N′,N′-tetramethyl-

thylendiamine (TEMED) and the surfactant Span 80 from
luka (Buchs, Switzerland). Acetate/phosphate buffer solutions
ere prepared from stock solutions of sodium dihydrogen phos-
hate and sodium acetate (Panreac). The dialysis membrane
12,000–14,000 MWCO) was purchased from Spectrum Medi-
al Industries. All reagents were used as received and the water
as Milli Q quality (Millipore, Milford, MA, USA).

.2. Apparatus and measurements

The microgel particles were examined using scanning
lectron microscopy (SEM) in a JEOL JSM-6400 micro-
cope operating at an acceleration voltage of 20 kV and
000 magnification. The grid with the microparticles was dried,
nd replicas were produced by shadowing with gold deposited
ith a Balzers Sputter Coater (SCD-004). Particle size measure-
ents in the range 2–150 �m were performed with a Galai-Cis-1

article analyzer system. The instrument consists of a laser-

ased analyzer which evaluates the particle diameter from
he time it takes to cross a laser beam and a video-based
nalyser shows the shape of the microparticle. Amperomet-
ic measurements at constant potential were carried out at a

v
o
o
4
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etrohm Polarecord potentiostat, Model E-506. The pH of the
uffer solution was adjusted using a Metler Toledo MP-230
H-meter. Electrochemical measurements were performed in
.05 M acetate/0.05 M phosphate buffer, in a three-electrode cell
ith a platinum electrode as working electrode, a SCE reference

lectrode and a platinum counter electrode.

.3. Emulsion preparation

p-PEGMEM microgels with varying amounts of BIS were
repared using the concentrated emulsion polymerization
ethod [27]. The immobilization of GOx was carried out

y adding the enzyme (425 IU/mL) in the aqueous phase
f the concentrated emulsion. The amount of cross-linking
(%) = nBIS/(nBIS + nmonomer) where nBIS and nmonomer are the
umber of moles of BIS and monomer, respectively was varied
etween 0.34% and 5.82%. Since the time of synthesis is about
.5 h, the temperature was controlled and kept below 25 ◦C to
reserve the enzyme properties.

.4. Overall reaction of the glucose biosensor

The electrode surface (diameter 3 mm) was polished with
.05 �m alumina slurry paste. After polishing, any residual
brasive particles were removed ultrasonically in ethanol and
ubsequently in distilled water. An exactly weighed amount
f microgel particles was placed on the electrode surface and
xed with a dialysis membrane. The resulting electrode was
ashed with phosphate buffer and overoxidized at +0.6 V ver-

us SCE until the background current decreased to a constant
evel.

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

. Results and discussion

.1. Characterization of the microparticles

Fig. 1 shows a micrograph of p-PEGMEM microparticles
ith entrapped GOx prepared with η = 0.74%. The microgels

re spherical and polydisperse.
As Fig. 2 shows, the concentrated emulsion polymerization

ethod produces microparticles with entrapped GOx whose
iameters lie between 2 and 12 �m. The average size is 5.2 �m

ery close to the average size 5 �m of the microparticles with-
ut GOx and cross-linking η = 0.74%. As Fig. 2 illustrates, 50%
f the microparticles present a size comprised between 2 and
�m.
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ig. 1. SEM micrograph of freeze-dried p-PEGMEM microparticles with
ntrapped GOx.

.2. Optimization of the synthesis method

.2.1. Monomer concentration
The steady-state response curves, obtained at the platinum

lectrode with p-PEGMEM microparticles synthesized at pH
.5, η = 0.74%, containing 425 IU/mL of GOx and different pro-
ortions of monomer in the aqueous phase (0.10, 0.21, 0.83 and
.17 M) are illustrated in Fig. 3a. The maximum current response
as found when the monomer concentration was 0.21 M. A

urther increase in the monomer concentration decreases the
urrent response and we attribute this behaviour to a higher dif-
usional barrier that hinders the motion of the substrate towards
he enzyme catalytic site as well as the diffusion of the prod-
ct of the enzymatic reaction towards the electrode. Decreasing
he monomer concentration at 0.10 M also results in a decrease
f the response, due to the loss of immobilized enzyme when
mall amount of monomer is used. The enzymatic activity
bserved in the supernatant liquid obtained after the synthesis of
he microparticles when the monomer concentration is 0.10 M
eems to support this interpretation.
.2.2. Effect of the cross-linking contents
In order to find the optimum pore size of the polymer matrix,

iosensors based on microparticles with different amount of

a
s
f
d

ig. 3. Response of the glucose biosensor to different monomer concentrations (a) an
hosphate buffer, pH 6.5, potential of +0.6 V vs. SCE and 25 ◦C.
ig. 2. Size distribution of the p-PEGMEM microparticles with entrapped GOx,
n phosphate buffer pH 6.5 and 25 ◦C.

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

The optimum response occurs in microgels with η = 0.74%.
icroparticles prepared with lower fractions of cross-linking

resent a pore size too large to efficiently retain the enzyme

s it was confirmed by the enzymatic activity measured in the
upernatant. The decrease of the response when the cross-linking
raction is higher than 0.74% is attributed to a higher substrate
iffusional barrier imposed by the cross-linking. Accordingly

d to different cross-linking (b), by calibration plot for glucose in stirred 0.1 M
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ig. 4. Effect of working temperature (a) and Arrhenius plot (b) for GOx imm
xperimental conditions: 0.1 M phosphate buffer, pH 6.5 and +0.6 V vs. SCE.

icroparticles with cross-linking 0.74% and monomer con-
entration 0.21 M were selected for subsequent measurements
erformed in this work.

.3. Optimization of the biosensor response

.3.1. Working potential
The dependency of the biosensor response (steady-state cur-

ent at the electrode) on the applied potential was investigated
n 0.1 M phosphate buffer solution, pH 6.5 containing 0.25 mM
lucose. The response of the enzyme electrode increased with
he applied potential up to a value of +0.60 V versus SCE and
evels off after this value. The operating potential of +0.60 V
ersus SCE was used in all subsequent measurements.

.3.2. Temperature
The effect of temperature on the biosensor response at 30 mM

lucose was studied in the interval 0–60 ◦C performing all mea-
urements under oxygen saturation condition and keeping the
H constant at 6.5.

As it can be seen in Fig. 4a, the optimum temperature for
nzymatic activity is between 35 and 45 ◦C. The temperature of
aximum activity of the free enzyme is 30 ◦C [28]. It seems that

he immobilizing support slightly protects the enzyme. Although
e have checked that the highest enzyme activity takes place
etween 35 and 45 ◦C, we wanted to verify that to these temper-
tures the enzyme was staying stable. To probe this, the kinetics

f degradation to different temperatures that suffers the biosen-
ors with 30 mM of glucose was studied, keeping constant the
emperature for 1 h, verifying the intensity on time 0 and on
0 min (Table 1). When the temperature was overcoming 30 ◦C,

3

3

able 1
inetics of degradation of enzyme entrapped in microparticles with 0.74% cross-link

emperature (◦C) Current, t = 0 s (nA)

5 120
0 145
5 175
0 205

xperimental conditions: 0.1 M phosphate buffer, pH 6.5 and +0.6 V vs. SCE.
ed in p-PEGMEM η = 0.74%, on the biosensor response to 30 mM of glucose.

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

The temperature of 30 ◦C was chosen as working temperature
o all further experiments.

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

As we reported in previous articles, the temperature at which
he slope changes is related with the volume phase transition
f the microgel around the enzyme [30–32]. At a temperature
igher than the temperature of the volume phase transition, the
icrogel is swollen, the enzyme is surrounded by water and its

ctivation energy comes closer to that of the enzyme in solu-
ion. However, in the shrunk phase the amount of water retained
nside the hydrogel decreases, hindering access of the substrate
o the enzyme and the enzyme–substrate union so the activation
nergy is increased. These results, as the ones obtained in pre-
ious works [30–32], seem to indicate that the changes in the
rrhenius plots are not due to changes in enzyme, but to the
edium around it.
.3.3. pH
The influence of pH on the glucose biosensor response to

0 mM glucose was checked in 0.05 M acetate/0.05 M phosphate

ing

Current, t = 60 s (nA) Percentage of degradation

120 0.00
145 0.00
150 14.29
165 19.51
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uffer solutions from pH 4.0 to 8.0 at 25 ◦C. The optimal pH was
ound to be 6.5 coincident with the optimum pH reported to the
ree enzyme, which indicates that the catalytic function of the
Ox does not seem to be affected by the immobilization process
roposed in this work.

.3.4. Loading
The glucose levels of diabetic patients are higher than 5 mM,

herefore, we have extended the calibration range of the biosen-
or studying the effect of enzymatic load on the biosensor
esponse. Based on previous works [31] we have chosen an
nzymatic load of 425 IU/mL and we tested two methods of
odifying the amount of enzyme in the surface of the electrode:

arying the amount of microparticles placed on electrode sur-
ace, and changing the amount of enzyme immobilized within
he microgel.

The linear range reaches to 8.0 × 10−3 M when the amount
f GOx in aqueous phase goes from 255 to 765 IU/mL and is
lightly increased when the microparticles placed on the elec-
rode surface from 1 up to 3 mg. In both cases the sensitivity is
ncreased when the amount of GOx in aqueous phase goes from
55 to 765 IU/mL and when the microparticles placed on the
lectrode surface from 1 up to 3 mg. In base of the above results
e have selected for later experiments 3 mg of microparticles

oaded with 765 IU/mL GOx. Table 2 shows the analytical prop-
rties of the biosensor prepared with p-PEGMEM microgels as
function of the amount of microparticles placed on electrode

urface and the enzyme immobilized into the microgel.
Under all the optimal experimental conditions (0.74% cross-

inking, potential +0.6 V, pH 6.5 and 30 ◦C), we realized a
alibration curve in which the glucose biosensor presented a
ensitivity of 17.78 mA M−1 cm−2, a maximum current den-
ity of 148.57 �A cm−2, a linear range between 2.0 × 10−6

nd 7.6 × 10−3 M and a detection limit of 1 �M. When com-
aring the results obtained with the proposed biosensors and
hat previously reported using a similar immobilization sys-
em (polymeric microparticles), an improvement is observed
n the analytical properties as sensitivity, that was found to be
7.78 mA M−1 cm−2, and the maximum current density which

ncreases from 114.3 to 148.57 �A cm−2 [30,31]. Also when this
evice was compared with others using different immobiliza-
ion system as layer-by-layer self-assembly films or deposition
n the electrode surface [33–36], it appears that the stability,

w

m
w

able 2
nalytical properties of the p-PEGMEM biosensors as a function of the quantity of m
icroparticles

nzyme load Jmax (�A cm−2)

uantity of microparticles
n the biosensors (mg)

Quantity of enzyme in the
microparticles (IU/mL)

425 62.58
425 77.71
425 83.49
255 54.36
765 148.57

a Points of linear range in calibration curve.
ta 75 (2008) 1151–1157 1155

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

.4. Interference study

It is required that the enzymatic electrode operates at a
otential of +0.6 V versus SCE for producing the oxidation of
ydrogen peroxide. At this high potential, the H2O2 detection
ay be disturbed by the presence of interfering species such as

ric acid (UA) and ascorbic acid (AA) when physiological sam-
les are analyzed because these acids present a negative charge
t the working pH (6.0–7.0). The interferences caused by elec-
roactive molecules were reduced by the use of Nafion layer
ver the electrode surface. Nafion is a negatively charged poly-
lectrolyte whose effect on the negatively charged substrates is
oticeable.

A layer of Nafion (50 �L) was applied on the electrode sur-
ace. The layer was dried in air for 15 min and, the electrode
ith Nafion film was kept at 80 ◦C for 45 min. Then micropar-

icles of p-PEGMEM were placed over the Nafion film and
ubsequently covered with the dialysis membrane. For biosen-
or prepared without Nafion (GOx-biosensor), the interfering
ignals of 0.25 mM uric acid and ascorbic acid are significant
Fig. 5). On the contrary, when the GOx-Nafion-biosensor was
sed, the signals arising from interferents disappeared. However,
urrent due to 0.25 mM of glucose was near constant, vary-
ng from 150 nm in the biosensor without Nafion to 145 nm in
iosensor with Nafion.

.5. Human serum sample analysis

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

ere used as reference method.
The result showed a good correlation with the reference

ethods, especially in the case of the biosensor prepared
ith Nafion. Measurements of glucose in serum samples

icroparticles placed on electrode surface and the enzyme immobilized into the

Sensitivity (mA M−1 cm−2) Linear range (M) R2 (n)a

4.09 1.0 × 10−5 to 1.0 × 10−2 0.9949 (15)
6.63 1.1 × 10−5 to 4.0 × 10−3 0.9944 (12)
6.78 1.0 × 10−5 to 4.0 × 10−3 0.9963 (12)
6.13 1.0 × 10−5 to 3.0 × 10−3 0.9962 (11)

17.78 2.0 × 10−6 to 7.6 × 10−3 0.9985 (15)
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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)
reference method

Glucosea (mg/dL)
GOx-biosensor

R.S.D.
(%)

GOx-biosensor
deviationsb (%)

Glucosea (mg/dL)
GOx-Nafion-biosensor

R.S.D.
(%)

GOx-Nafion-biosensor
deviationsb (%)

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 +1.0 115 ± 1 1.8 −0.8
5 89 93 ± 1 2.0 +4.5 88 ± 1 1.3 −1.3

a Average of the three measurements.
b Deviation between the reference method and the biosensor results.
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ig. 5. GOx-biosensor response to 0.25 mM glucose, ascorbic and uric acids (a).
Ox-Nafion-biosensor response to 0.25 mM glucose, ascorbic and uric acids (b).

btained with GOx-Nafion-biosensor were similar with to
hose of the reference method, and differences between them
ever 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
hose obtained by the reference methods that confirm that the

erum samples have interferences. The GOx-Nafion-biosensor
ave values −0.1/−1.3% smaller than those obtained by
he reference methods, possibly because the layer of Nafion
revents the step of the whole glucose. The recoveries obtained

3

b

able 4
ecovery studies using both glucose oxidase biosensorsa

ample Glucose added (mg/dL) GOx-biosensor

Glucose founda (mg/dL)

70 70 ± 1
70 70 ± 1
70 70 ± 1
70 70 ± 1
70 70 ± 1

a Average of the three measurements.
ig. 6. Storage stability profiles for p-PEGMEM biosensor. The biosensor was
tored frozen in phosphate buffer at −4 ◦C when not in use.

ith both biosensors are between about 94.8 and 101.5%
Table 4).

.6. Stability

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

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

GOx-Nafion-biosensor

Recovery (%) Glucose founda (mg/dL) Recovery (%)

100.2 71 ± 2 101.2
100.1 71 ± 2 101.5

97.5 70 ± 2 100.0
94.8 70 ± 2 99.6
99.3 70 ± 1 100.0
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olution. For the repeatability, 10 successive measurements of
.25 mM glucose solution were performed. The relative standard
eviation (R.S.D.) was 5.7%. The reproducibility of the analyt-
cal response obtained for three different electrodes when 5 mM
f glucose was added (three measurements with each biosensor),
btained a R.S.D. of 0.88%.

. Conclusions

Microparticles based on p-PEGMEM are presented as inter-
sting matrix for GOx immobilization. We have demonstrated
ts application as enzyme immobilization support for an amper-
metric glucose biosensor. The optimal conditions of the
ynthesis medium were initiator’s concentration of 10.96 mM,
onomer concentration of 208.25 mM and 0.738% cross-

inking content. Furthermore, the response of the biosensor was
ptimized for glucose detection. The optimal conditions of the
iosensor response were: pH 6.5, 30 ◦C, 3 mg and 765 IU/mL.
or eliminating the interferences caused by species with neg-
tive net charge, we have utilized a Nafion layer covering the
lectrode surface. The biosensor has been successfully applied
o the determination of glucose in serum samples. The biosensor

aintains 85% of the initial response 15 months later of the first
se.

cknowledgements

The authors acknowledge financial support from the Span-
sh Science and Education Ministry (MAT2006-13646-C03-01)
rom the CAM-UCM Program for “Consolidation of Research
roups” no. 950247 and no. 911033. We also thank M.E.
il-Alegre (Department of Pharmacy and Pharmaceutical Tech-
ology, UCM) and A. Rodriguez (Electron Microscopy Centre,
CM) for valuable technical and professional assistance.

eferences

[1] B.D. Malhotra, A. Chaubey, Sens. Actuators B 91 (2003) 117.
[2] S. Chinnayelka, M.J. McShane, Biomacromolecules 5 (2004)

1657.
[3] V. Kudela, Encyclopaedia of Polymer Science and Engineering, vol. 7,
Wiley, New York, 1987, p.783.
[4] L. Doretti, D. Ferrara, S. Lora, G. Palma, Biotechnol. Appl. Biochem. 29

(1999) 67.
[5] S.H. Kim, S. Kim, V.K. Yadavalli, M.V. Pishko, Anal. Chem. 77 (2005)

6828.

[

[
[

ta 75 (2008) 1151–1157 1157

[6] S. Brahim, D. Narinesingh, A. Guiseppi-Elie, Anal. Chim. Acta 448 (2001)
27.

[7] S. Brahim, D. Narinesingh, A. Guiseppi-Elie, Biosens. Bioelectron. 17
(2002) 53.
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