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a b s t r a c t

A new methodology for the fabrication of bienzymatic amperometric glucose biosensor based on the
use of an organic–inorganic hybrid is presented. The fabrication involves a self-assembly directed one-
pot electrochemical process. Bi-enzymes, horseradish peroxidase (HRP) and glucose oxidase (GOx) are
immobilized into the porous and electroactive silica–polyaniline hybrid composite through electrochem-
ical polymerization of N[3-(trimethoxysilyl)propyl]aniline in the presence of enzymes. The modified
eywords:
rganic–inorganic hybrids
i-enzymatic biosensor
irect electron transfer
mperometric glucose biosensor

electrode is designated as PTMSPA/HRP-GOx. The direct electron transfer of HRP is achieved at the mod-
ified electrode. Also, the electrode exhibits excellent bio-electro-catalytic activity for the reduction of
hydrogen peroxide. The response current at PTMSPA/HRP-GOx modified electrode revealed a good lin-
ear relationship with concentration of glucose range between 1 and 20 mM with a response time of 7 s.
Thus, the modified electrode shows the combined advantages of polyaniline and silica networks through
synergistic influence from the individual components. The PTMSPA assembly has shown the potential
for a third generation amperometric biosensor.
. Introduction

The quantification of glucose is one of the most popular and
ell-known biosensor applications (Wang, 2008; Santhosh et

l., 2009a,b; Manesh et al., 2008a). Electrochemical biosensors
ave gained increasing interest due to their intrinsic sensitivity.
esearch activities on glucose oxidase (GOx) based amperometric
ensors attract continuous interest owing to their importance in
he field of glucose monitoring and quantification (Wang, 2008).
he detection of glucose in such sensors is often based on electro-
hemical oxidation of hydrogen peroxide (H2O2), product of the
nzymatic reaction. However, the main drawback in this approach
s the high over-potential required for the oxidation of H2O2. At
his high potential, endogenous or exogenous compound such as
ric acid, ascorbic acid and acetaminophen commonly present
n biological samples can be electrochemically oxidized leading
o a high level of interference for the quantification of the ana-
yte (Santhosh et al., 2006a). To overcome these problems, several
pproaches have been proposed. One promising method to sup-
ress the interference and improve the sensitivity of the sensors

∗ Corresponding author. Tel.: +82 53 950 5901; fax: +82 53 952 8104.
E-mail addresses: algopal 99@yahoo.com (A.I. Gopalan), kplee@knu.ac.kr

K.-P. Lee).

956-5663/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2009.11.015
© 2009 Elsevier B.V. All rights reserved.

involves the use bi-enzymes—oxidase and peroxidase. In these bi-
enzymes based biosensors, GOx acts as the source of substrate
for the second enzyme horseradish peroxidase (HRP), producing
H2O2 from oxidation of glucose in presence of oxygen. In these sys-
tems, the H2O2 produced by GOx is reduced by HRP. The enzyme
and the analyte are electrically connected to the electrode by
a freely diffusing mediator (Matsumoto et al., 2002) or directly
attached at the electrode surface (Dai et al., 2008). Cascade schemes,
where an enzyme is catalytically linked to another enzyme can
produce signal amplification and therefore increase biosensor effi-
ciency.

Generally, the bi-enzymes based electrodes have been fabri-
cated by entrapping the enzymes within a polymer layer (De
Benedetto et al., 1996). Besides the polymer layer, several other
matrices, such as hydrogels, resins, layered double hydroxides, and
so on have been used for the immobilization of enzymes. The vari-
ous factors such as biocompatibility, electro-catalytic performance
and loading capability of the matrix are to be considered and opti-
mized (McMahon et al., 2006).

Mesoporous silica-based materials are well suitable for enzyme
immobilization due to their large surface area, biocompatibility and

adaptable surface immobilization mechanism (Wang, 1999; Wu et
al., 2007). Silica matrices are highly porous with additional fea-
tures such as physical rigidity, chemical and biological inertness.
Moreover, their particle size and morphology could be controlled
by the method of preparation. Sol–gel methods have been proved

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
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o be an effective way to immobilize biomolecules (Coradin and
ivage, 2007; Takahashi et al., 2001). Also, sol–gel network induces
tabilizing properties to the enzymes from the high viscosity and
estricted mobility inside the matrix. The stabilization process
s mediated through conformational flexibility limitation for the
rotein within the rigid framework as well the generation of a pro-
ective microenvironment (Zheng and Brennan, 1998). Enzymes
ave been successfully encapsulated into sol–gel matrices by phys-

cal adsorption (Lei et al., 2002), covalent binding (DeLouise and
iller, 2004) and reverse micelle techniques (Schuleit and Luisi,

001).
In recent years, silica-based organic hybrid materials gain inter-

st as a matrix for enzyme immobilization owing to the synergy
esulting from the combination in one material of the intrin-
ic properties of the two components (Walcarius, 2001). These
aterials were prepared by co-condensation reactions of organic

ilanes (MacLachlan et al., 2000) or post-grafting of functional
olecules onto the surface of silica (Moller and Bein, 1998) or non-

ovalent interactions (Lim and Stein, 1999). Generally, preparation
f silica-conducting polymer hybrids involves initial modifica-
ion of silica walls with organic functional molecules to obtain
he precursor. In the subsequent step, the functional groups in
he modified silica are used to nucleate the conducting polymer
hains within the channels (pore) of mesoporous silica (Lee et al.,
005).

In most of these reports on sol–gel electrodes, the activ-
ty/sensitivity was tapered, due to phase separation, cracking
nd low adhesion to the electrode surface (Narang et al.,
994). Hence, it becomes highly demanding to develop new
abrication protocol for imparting the over all performance of bi-
nzyme electrodes. We present here a one-pot electrochemical
ethodology for the fabrication of bi-enzymes based biosen-

or and minimizes the tediousness in the multi-step procedures
Dong et al., 2009; Alvaro et al., 2002). The work involves
he fabrication of a new amperometric enzyme electrode for
he detection of glucose through immobilization of bi-enzymes
HRP and GOx) in a poly(N[3-(trimethoxysilyl)propyl]aniline)
PTMSPA) matrix. Mesoporous silica-organic hybrids are well
uitable to entrap enzymes. However, there is mismatching
etween the pore diameters in the silica pores and size of
nzyme molecules. Generally, the pore diameter of silica is com-
arable or far smaller than the size of the enzyme molecules
Hecht et al., 1993; Ispas et al., 2009; Kim et al., 2006).
nzyme entrapment was limited in mesoporous silica due to
he small pore size and/or repulsive interaction between the
egative charges on the surfaces of silica and the enzyme
olecules. Herein, we have chosen ‘ship-in-bottle’ approach to

oad the enzyme molecules (HRP and GOx) within PTMSPA
atrix.
Electrochemical polymerization of (N[3-(trimethoxysilyl)

ropyl]aniline) (TMSPA) was performed in the presence of the
nzymes (HRP and GOx) to result PTMSPA/HRP-GOx composite.
n this one-pot fabrication, the enzymes are in situ entrapped
nto the sol–gel PTMSPA matrix. The advantage of having PANI for
he development of biosensor lies in its usefulness as an enzyme
ntrapment matrix, coupled with its physicochemical transducer
haracteristics to convert a biochemical signal into an electrical
ignal resulting into signal amplification and elimination of elec-
rode fouling (Lee et al., 2009; Santhosh et al., 2006b). Moreover,
ue to the ability of PANI to bind biomolecules, the two enzymes
ecame electrostatically or hydrophobically adsorbed on the

lectrode surface and because of the nature of this immobilization;
t was assumed that the distribution of the enzyme molecules
ver the surface was equal. In the present investigation, the use
f PTMSPA/HRP-GOx modified electrode as glucose biosensor has
een demonstrated.
electronics 25 (2010) 1579–1586

2. Experimental

2.1. Reagents used

N[3-(Trimethoxysilyl)propyl]aniline (TMSPA), �-naphthalene
sulfonic acid (�-NSA), hydrogen peroxide, d-(+)-glucose,
horseradish peroxidase (HRP) (E.C 1.11.1.7, ≥250 U mg−1, from
Horseradish), glucose oxidase (GOx) (EC 1.1.3.4, 256 U mg−1, from
Aspergillus niger), dopamine, uric acid and ascorbic acid were of
analytical grades from Sigma and used as received. Double-distilled
water was used throughout the experiments. Aqueous solutions of
the analytes were prepared in 0.1 M phosphate buffer saline (PBS;
pH 7) afresh at the time of experiments.

2.2. Electrochemical measurements

Electrochemical measurements were performed by using
EG&G PAR 283 Potentiostat/Galvanostat with Frequency Response
Analyzer 1025. Ag/AgCl (diameter: 4 mm) and platinum wire
(diameter: 0.25 mm) were used as reference and counter elec-
trodes, respectively. Indium-doped tin oxide (ITO)-coated glass
plate of 1 cm2 (1 cm × 1 cm) area and platinum disc (2 mm diame-
ter) were used for making the sensor electrodes. Before performing
each of the experiment, the ITO plate was rinsed with acetone and
washed with distilled water.

2.3. Fabrication of PTMSPA/HRP-GOx modified electrode

Electrochemical polymerization of TMSPA and simultaneous
enzymes immobilization were performed (in a 2 mL cell) by the
application of a fixed potential (potentiostatic) +1.0 V for 10 min.
Typically, a solution of TMSPA (50 mM) in �-NSA (1 M) contain-
ing HRP and GOx was electropolymerized by applying a constant
potential of +1.0 V to fabricate the PTMSPA/HRP-GOx modified elec-
trode. Electrodes were fabricated with solutions containing the two
enzymes of different mass ratios (1:9 to 9:1) with a total con-
centration of 10 mg mL−1. Cyclic voltammetry and hydrodynamic
voltammetry experiments were performed with 1.5 mL PBS (in a
2 mL cell).

In a similar condition, electropolymerization of TMSPA was per-
formed in the presence of HRP (without GOx) and the PTMSPA/HRP
modified electrode was fabricated.

2.4. Characterization

The morphology of the modified electrode was examined by
field emission scanning electron microscopy; (FESEM, Hitach-530)
and high resolution transmission electron microscopy (HRTEM,
Jeol JEM-ARM1300S, Japan). Nitrogen adsorption–desorption
isotherms (Brunauer–Emmett–Teller) measurements were carried
out using a Quantachrome Autosorb-1 with nitrogen as adsorbate
at 77 K. The samples were degassed for 2 h in a vacuum before
measurement.

3. Results and discussion

3.1. Fabrication of modified electrode

The fabrication of the biosensor involves electrodeposition of
sol–gel TMSPA with simultaneous co-immobilization of HRP and
GOx (Scheme 1). In the electrodeposition process, the application

of +1.0 V (vs. Ag/AgCl) in the 1 M �-NSA solution containing 50 mM
TMSPA results in the oxidation of –NH2 group in TMSPA and initi-
ates the polymerization of aniline units. Meanwhile, the sequential
processes, such as hydrolysis of –OCH3 group, condensation of –OH
and polycondensation occur to result sol–gel PTMSPA. The sol–gel
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cheme 1. One-pot electrochemical fabrication of PTMSPA/HRP-GOx modified
lectrode.

rocess is accompanied by the encapsulation of the two enzymes,
RP and GOx.

The mechanism for the formation of PTMSPA is detailed. The
lectrolyte, �-NSA with its amphiphillic character forms spher-
cal micelles in aqueous solution. The electrostatic interactions
etween the –NH2 group in TMSPA and –SO3

− group in �-NSA
nduces self-assembly of TMSPA molecule in the spherical micelles
nvironment. The self-assembled TMSPA/�-NSA structure was
ubjected to electropolymerization by the application of +1.0 V.
s a result, spherical particles of PTMSPA are formed, in which
ilica network generates pore structure for PTMSPA. The porous
ature of PTMSPA was further evident by N2 adsorption and des-
rption measurement (discussed later). It should be noted that
he bi-enzymes, HRP and GOx were concurrently immobilized into
he silica–polyaniline hybrid composite during the electrochemical
rocess. PTMSPA has the silicate network as well as the cova-

ently linked PANI chains within silica framework. This one-pot
ethodology used for the fabrication of PTMSPA/HRP-GOx mod-

fied electrode avoids the tediousness in the multi-step procedures
hat are generally reported (Dong et al., 2009; Luo et al., 2007).

.2. Characterization

.2.1. Morphology
The morphology of the PTMSPA was studied using field emis-

ion scanning electron microscopy, FESEM (Fig. 1). The particles are
pherical and stacked on top of each other. The particle diameters
re in the range from 0.5 to 3.0 �m. The average diameter of the par-
icle is estimated to be ∼1 �m. An amorphous region is observed
through HRTEM-figure not shown) at PTMSPA, which is due to
he existence of amorphous PANI within the pores of silica. Also,

RTEM image shows the presence of well-defined, uniform and
rdered nanometer scale pores similar to MCM-41 (Mobile Crys-
alline Material-41) type porous channel structure of nanospheres
Zhou, 2000). Thus, the FESEM images reveal the presence of both
ilica network and PANI chains in PTMSPA matrix.

Fig. 1. FESEM image of PTMSPA/HRP-GOx modified electrode.
lectronics 25 (2010) 1579–1586 1581

3.2.2. Electrochemical impedance spectroscopy (EIS)
EIS was performed to characterize the interfacial properties of

the modified surfaces (Santhosh et al., 2006b). Fig. S1 (see Sup-
plemental information) shows the impedance spectra recorded
at various electrodes (ITO, ITO/PTMSPA, ITO/PTMSPA/HRP and
ITO/PTMSPA/HRP-GOx) in the solution containing K3Fe(CN)6 and
K4Fe(CN)6 (1 mM each) and 0.1 M KCl. One could observe dis-
tinct differences in the impedance spectra. ITO exhibits virtually
straight line, a typical characteristic of a diffusion limiting step of
the electrochemical process, however, an increase in the Rct (charge
transfer resistance) was observed when ITO was modified with
PTMSPA matrix. Both interfaces, PTMSPA/HRP and PTMSPA/HRP-
GOx show impedance characteristics with a semicircle at higher
frequency corresponding to the charge transfer and a linear part
due to diffusion limiting step. Rct was found to be higher for
PTMSPA/HRP-GOx as compared to PTMSPA. The enzymes are
expected to block the electron transfer of the redox probe at the
PTMSPA modified electrode. Such an increase in the Rct signifies
the incorporation of the biomolecules into PTMSPA matrix.

3.2.3. N2 adsorption/desorption isotherms
The N2 adsorption–desorption isotherms were measured at

PTMSPA and PTMSPA/HRP-GOx in order to corroborate the success-
ful immobilization of enzymes during the electrochemical process.
The N2 adsorption–desorption isotherm of PTMSPA (prepared
without enzymes) shows a typical reversible type IV adsorption
(as defined by IUPAC). PTMSPA exhibits H1 type narrow hystere-
sis loop with a change in adsorption around P/P0 = 0.20 that are
characteristics of materials having uniform pores with open cylin-
drical geometry (Kruk et al., 2000). PTMSPA has a pore diameter
of 2.4 nm, a pore volume of 16.1 × 10−3 cm3 g−1 and a surface area
of 40.0 m2 g−1 (determined from BET isotherm and BJH method).
The pore size (2.4 nm) and wider wall thickness (6.11 nm) indicate
that the PANI chains are formed within the silica pores. On the
other hand, after the immobilization of enzymes, PTMSPA/HRP-
GOx exhibited H1 type narrow hysteresis loop and have lesser
surface area (21.8 m2 g−1). The decrease in the surface area of
PTMSPA/HRP-GOx signifies that enzymes (HRP and GOx) were in
situ entrapped/immobilized into PTMSPA matrix during the elec-
trochemical polymerization (Dai et al., 2008).

Prior to the assessment of influence of spatial arrangement
of the two enzymes (HRP and GOx) on the performances of the
modified electrode for glucose detection, we performed several
experiments to characterize the electrochemical response of mono-
enzyme modified electrode (containing only HRP) towards the
detection of H2O2. The experimental conditions for the fabrica-
tion and performance of the modified electrode were thoroughly
investigated. Elaborate optimization experiments were done with
PTMSPA/HRP modified electrode. These studies have been per-
formed keeping into consideration that the ultimate performances
of the PTMSPA/HRP-GOx modified electrode towards electrochem-
ical detection of glucose would depend on the sensitivity of
electrochemical detection of H2O2 at PTMSPA/HRP assembly.

3.3. Electrochemical characteristics of PTMSPA/HRP modified
electrode

3.3.1. Cyclic voltammetric studies
The electrochemical characteristics of the PTMSPA/HRP modi-

fied electrode were investigated by cyclic voltammetry. Fig. 2(ii)
shows the cyclic voltammogram recorded at PTMSPA/HRP modi-

fied electrode in PBS (1.5 mL) at a scan rate of 10 mV s−1. In this
potential region, the PTMSPA/HRP modified electrode displays a
pair of well-defined peaks at −152 mV (Ec

p) and −107 mV (Ea
p) that

correspond to the redox peaks of the redox reaction of the active
site (HRP-Fe3+/2+) (Tong et al., 2007). The CV of PTMSPA elec-
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ig. 2. Cyclic voltammograms of (i) PTMSPA and (ii) PTMSPA/HRP modified elec-
rodes in PBS (pH 7); CVs of different concentration of H2O2 at PTMSPA/HRP modified
lectrode in PBS; (iii)–(vi) 0.2–0.8 mM H2O2; scan rate: 10 mV s−1.

rode (without HRP) in PBS did not show any redox peak in this
otential region (Fig. 2(i)). Thus, it is apparent that PTMSPA/HRP
ould facilitate direct electron transfer (DET) between HRP and the
lectrode (Wang et al., 2009). The silica environment surface pro-
ides biocompatibility and favorable microenvironment for HRP
o preserve the native structure and exchange electrons directly
ith the electrode. The anodic and cathodic peak current values
ere found to show linearity with the scan rates between 10

nd 150 mV s−1. Also, Ec
p and Ea

p values were shifted to the neg-
tive and positive directions, respectively, while increasing the
can rates (Fig. S2 (see Supplemental information)). These results
emonstrate that DET of HRP at PTMSPA/HRP modified electrode

s a surface-confined and quasi-reversible process. The DET at
TMSPA/HRP modified electrode is prominent as compared to HRP-
hitosan (Huang et al., 2002) and HRP-gluten (Liu and Hu, 2003)
odified electrodes. The lower peak separation signifies that HRP
olecules have performed orientation in PTMSPA environment to
ake effective DET from the active site to the electrode.
Voltammograms were then recorded to realize the bio-

lectrochemical catalytic reduction of H2O2 at PTMSPA/HRP
odified electrode. The electrochemical behavior of various elec-

rodes (Pt, ITO, PTMSPA and PTMSPA/HRP) for the reduction of
.5 mM H2O2 in PBS was compared and presented (Fig. S3 (see Sup-
lemental information)). PTMSPA/HRP modified electrode shows
n enhanced current response as compared to the aforementioned
lectrodes. The current response of PTMSPA/HRP modified elec-
rode is approximately 10 times higher than PTMSPA electrode.
V recorded at PTMSPA/HRP modified electrode in presence of
2O2 (0.2 mM) in PBS is shown in Fig. 2(iii). A significant increase

n the cathodic peak current (at −150 mV) with almost complete
isappearance of oxidation peak current was observed. The result

s in accordance to a typical bio-electrochemical catalytic reduc-
ion process of H2O2. The peak current at −150 mV was found to
ncrease linearly with increase in H2O2 concentration between 0.2
nd 0.8 mM (Fig. 2B(iii–vi)).

.3.2. Hydrodynamic amperogram
The most appropriate working potential suited for the bio-

lectrochemical catalytic reduction of H2O2 at the PTMSPA/HRP
odified electrode was further ascertained by hydrodynamic
easurements. Dynamic current responses for the successive addi-

ion of 100 �M H2O2 at PTMSPA/HRP modified electrode in PBS

1.5 mL) were recorded under various potentials between −200
nd +50 mV (by 50 mV increments) (Fig. 3). The response cur-
ent was negligible at +50 and 0 mV. However, an increase in
athodic current was noticed from −50 to −200 mV. A highest cur-
ent response was observed at −150 mV. It can be seen that, the
Fig. 3. Hydrodynamic amperometric responses of PTMSPA/HRP modified electrode
to the successive addition of 100 �M H2O2 at various applied potentials (−200 to
+50 mV vs. Ag/AgCl) in PBS at a rotation rate of 1700 rpm.

amperometric response currents decreased at the working poten-
tial beyond −150 mV. Interestingly, no apparent reduction current
was observed between −200 and +50 mV for PTMSPA electrode
(in the absence of HRP). Hence, a working potential of −150 mV
vs. Ag/AgCl was chosen for subsequent investigations to achieve
high sensitivity and also to minimize possible interferences in the
biosensing of H2O2 (Lei and Deng, 1996).

3.3.3. Optimization of experimental variables
3.3.3.1. Influence of pH. The influence of pH on the current response
for the detection of 0.5 mM H2O2 at the PTMSPA/HRP modified
electrode was studied in the pH between 5 and 9, Fig. S4 (see Sup-
plemental information). The current value reaches its maximum
at pH 7. This indicates that the PTMSPA matrix did not alter the
optimum pH for redox activity of the immobilized HRP.

3.3.3.2. Effect of film thickness on enzyme loading. The thickness
of PTMSPA film was varied and their influence on the loading of
HRP was followed. The film thickness was determined from the
anodic charge, which was involved in the first anodic scan of the
cyclic voltammogram run in 0.5 M H2SO4 solution (Santhosh et
al., 2007). The amount of immobilized HRP was estimated through
UV–vis spectroscopy (Santhosh et al., 2009b). Fig. S4 (see Supple-
mental information) shows the influence of film thickness on the
loading of HRP into the PTMSPA matrix. A gradual increase in HRP
loading with increase in thickness (up to 4 �m) of PTMSPA film was
witnessed. Thereafter, increase in the thickness of PTMSPA does not
have any significant influence on the loading of HRP. Hence, film
thickness of about 4 �m was selected for further studies.

3.3.3.3. Effect of HRP loading. The PTMSPA/HRP modified elec-
trode loaded with different amount of HRP was tested for the
electrochemical detection of 0.5 mM H2O2 (Fig. S4 (see Supplemen-
tal information)). A steady increase in the current response was
noticed for an increase of HRP loading (up to 65%; w:v, based on the
wt% of HRP loaded to the volume of electrolyte used in the prepara-
tion of PTMSPA/HRP modified electrode). Beyond this, the current
did not change much. Hence, a loading of 65% HRP was chosen for
the fabrication of the modified electrodes.
3.3.3.4. Influence of temperature. The effect of temperature on the
current response for 0.5 mM H2O2 at PTMSPA/HRP modified elec-
trode was investigated in the temperature range of 280–350 K.
The current response showed an increasing trend up to 320 K and
decreased thereafter (Fig. S4 (see Supplemental information)). The
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ig. 4. (A) Amperometric i–t responses of PTMSPA/HRP modified electrode to the su

ecrease in current response at the elevated temperatures may
e due to the denaturation of HRP. The dependence of current
esponse on temperature (280–325 K) is evaluated through the
rrhenius relationship,

(T) = I0 exp
(−Ea

RT

)

here I(T) represents the current value at a specified
emperature T, I0 is proportional factor, R is gas constant, T is
emperature in Kelvin, and Ea is the energy of activation. Ea for
he overall electrochemical process of enzymatic detection of
2O2 at PTMSPA/HRP modified electrode was determined from

he slope of the plot, ln I vs. 1/T as 2.52 kJ mol−1. Previously, for the
nzymatic detection of H2O2, much higher Ea values (14.84 and
1.9 kJ mol1) has been reported for HRP immobilized in a hydrogel
nd chitosan/silica hybrid film electrodes, respectively (Sun et al.,
007a; Tan et al., 2005). The lower value of Ea, as noticed in the
resent study, signifies an efficient enzyme activity of the modified
urface leading to fast enzymatic reaction. Though the current
esponse at PTMSPA/HRP modified electrode is maximum at
20 K, by considering the convenience of the practical application,
easurements were performed at 298 K.

.3.4. Amperometric studies
Under the chosen (optimum) conditions, the amperometric

esponses of PTMSPA/HRP modified electrode (at −150 mV vs.
g/AgCl) for successive addition of 1.0 �M H2O2 were recorded in a

tirred PBS (1.5 mL) (Fig. 4A). The PTMSPA/HRP modified electrode
esponds effectively to the addition of H2O2 through current sig-
als within 2 s. The calibration curve showing the current response

or various concentration of H2O2 is presented in Fig. 4B. A linear
ncrease in current signals between 1.0 and 25 �M H2O2 can be

ig. 5. (A) Amperograms obtained at PTMSPA/HRP modified electrode in the absence and
BS, E = −150 mV vs. Ag/AgCl; (B) calibration curve.
ive addition of 1 �M H2O2 at the potential of −150 mV in PBS; (B) calibration curve.

seen (Fig. 4B), which has a sensitivity of 1.7 mA M−1 (R2: 0.9983).
Successive addition of 10 �M H2O2 (n = 5) showed a relative stan-
dard deviation (R.S.D.) of 2.16% signifying the good reproducibility
at the modified electrode under this hydrodynamic condition.

Fixed potential amperometry was also performed at
PTMSPA/HRP modified electrode for a series of H2O2 solu-
tions over the range 0.05–0.5 mM in the quiescent PBS (Fig. 5A).
Current measurements were made after 30 s and the correspond-
ing calibration plot is shown in Fig. 5B. The response current
shows a good linear relationship with the concentration of H2O2
over 0.05–0.5 mM with the sensitivity of 0.84 mA M−1 (R2: 0.9875)
(Fig. 5B). A plateau in current response was observed for H2O2
concentration beyond 0.5 mM. This signifies the operation of the
Michaelis–Menten kinetic mechanism for the enzyme-catalyzed
process.

3.4. PTMSPA/HRP-GOx as a glucose sensor

Results from the electrochemical studies at PTMSPA/HRP mod-
ified electrode clearly demonstrated that the electrode can be
used as an electron transducer for the quantitative determina-
tion of H2O2. Hence, we have fabricated a glucose biosensor
with co-immobilization of GOx (and HRP) in the PTMSPA matrix.
The working principle of PTMSPA/HRP-GOx modified electrode
towards detection of glucose is depicted in Scheme 2. Glucose is
transferred from bulk solution to the PTMSPA/HRP-GOx modified
electrode through diffusion and GOx in the presence of the natural
co-substrate O2, converts glucose to gluconic acid and O2 to H2O2.

The H2O2 thus produced from the enzymatic reaction serves as sub-
strate for HRP and the oxidized state of HRP is in turn recycled at the
electrode surface. PTMSPA serves as an electron transducer. Thus,
the amount of glucose is quantitatively estimated at PTMSPA/HRP-
GOx modified electrode.

presence of various concentration of H2O2 between 0.05 and 0.55 mM in quiescent
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Scheme 2. Bio-electro-catalytic reaction catalyzed by GOx and HR

.4.1. Electrochemical characteristics of PTMSPA/HRP-GOx
odified electrode

PTMSPA/HRP-GOx modified electrodes were fabricated with
ifferent ratios of loading of HRP and GOx and tested for
heir activity towards 7.5 mM glucose in PBS. The experimen-
al results show that the modified electrode with equal molar
atios of the two enzymes yields the optimal sensor response.
urther, the electrochemical response of PTMSPA/HRP-GOx mod-
fied electrode towards 7.5 mM glucose was evaluated and
ompared with ITO/TMSPA/HRP-GOx, ITO/silica/HRP-GOx and
TO/silica–graphite/HRP-GOx in PBS. The details regarding the fab-
ication process and voltammetric response of the aforementioned
lectrodes are presented in Fig. S5 (see Supplemental information).

TMSPA/HRP-GOx did not show any significant current response
or 7.5 mM glucose in PBS. Also, no obvious electrochemical
esponse was observed for the entire scan range at silica/HRP-
Ox modified electrode. Hence graphite particles (∼40 �m) were
ispersed into the silica matrix to achieve an efficient electrical
ommunication between electrode and the enzymes (Guerente
t al., 1997) and the electroactivity towards glucose was stud-
ed. The incorporation of finite graphite particles into silica matrix

rovides adequate communication and facilitates DET to the elec-
rode. A broad peak around −100 mV (vs. Ag/AgCl) was observed at
ilica–graphite/HRP-GOx. However, the peak current is much lower
han the current observed at PTMSPA/HRP-GOx modified electrode
0. 48 �A vs. 1.0 �A). The enhanced response of PTMSPA/HRP-GOx

ig. 6. (A) Amperometric i–t responses of PTMSPA/HRP-GOx modified electrode to the suc
urve (C) Lineweaver–Burk plot.
the detection of glucose at PTMSPA/HRP-GOx modified electrode.

modified electrode compared with silica–graphite/HRP-GOx is due
to the presence of covalently linked PANI chains and the close prox-
imity between enzymes and PANI chains which is achieved during
their simultaneous immobilization process. These results exempli-
fied the effectiveness of the PTMSPA/HRP-GOx modified electrode
towards the detection of glucose and reveal the advantage of utiliz-
ing the one-pot electrochemical process for the fabrication of the
modified electrode.

3.4.2. Amperometric response
In order to demonstrate the functioning of PTMSPA/HRP-GOx

modified electrode as glucose biosensor, amperometric mea-
surements were made by recording the Faradaic current as
the glucose concentration was varied (Fig. 6A). The electrode
was kept at −150 mV in PBS and the response current was
monitored amperometrically during the successive additions of
1 mM glucose in stirred PBS. Upon each addition of glucose
into PBS, the response current increased sharply and reaches a
stable value. At PTMSPA/HRP-GOx modified electrode, response
time required for reaching 90% steady-state current is ∼7 s. The
response time is much lower than reported for the electrode fab-

ricated with GOx immobilization in silica-based matrixes (Tan
et al., 2005; Wang et al., 1997). The enhanced amperometric
response time observed here is attributed to the faster diffusion
of glucose into the three-dimensional porous inorganic–organic
hybrid film.

cessive addition of 1 mM glucose at the potential of −150 mV in PBS; (B) calibration
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Table 1
Comparison of the performance of different bi-enzymatic (HRP-GOx) glucose biosensors.

Bi-enzymatic (HRP-GOx) electrodes Linear rage of detection Detection limit (�M) Sensitivity (mA M−1) References

Polypyrrole 1000.0 �M to 8.0 mM – 0.17 De Benedetto et al. (1996)
Sol–gel/graphite 50.0 �M to 5.0 mM – 2.95 Guerente et al. (1997)
Polypyrrole/sol–gel/graphite/ferrocenecarboxylic acid 80.0 �M to 1.3 mM 10.0 1.11 Tian and Zhu (2002)
SWNT/polypyrrole 30.0 �M to 2.43 mM 30.0 7.0 Zhu et al. (2007)
Au nanoparticles/thionine 1000.0 �M to 3.0 mM 35.0 3.8 Sun et al. (2007b)
SBA-15 (mesoporous silica) 3.0 �M to 34 mM 0.27 90.0 Dai et al. (2008)
Ag nanoparticles/CNT/chitosan 0.5 �M to 0.05 mM 0.1 135.9 Lin et al. (2009)
Concanavalin A/chitosan 1.0 �M to 0.22 mM 0.67 1.18 Li et al. (2009)
MWNT/polyaniline 50.0 �M to 12.0 mM 20.0 0.94 Sheng and Zheng (2009)
PTMSPA 1000.0 �M to 20.0 mM 100.0 0.16 Present work

Table 2
Detection of glucose at PTMSPA/HRP-GOx modified electrode in human serum samples.

Samples Detected before spike Spiked (mM) Detected after spike

Reference methoda (mM) at PTMSPA/HRP-GOx (mM) Reference methoda (mM) at PTMSPA/HRP-GOx (mM)

Human serum 1 9.22 9.28 (R.S.D. = 1.3) 1 10.21 10.26 (R.S.D = 0.8)
Human serum 2 7.02 6.98 (R.S.D. = 3.5) 3 10.02 9.95 (R.S.D = 1.54)
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Human serum 3 4.75 4.78 (R.S.D. = 2.7)

uman serum 1: as received. Human serum 2: 25% diluted using PBS. Human serum
a UV-Visible spectroscopy, R.S.D. was calculated for the three replicates.

The PTMSPA/HRP-GOx modified electrode shows linearity for
he current response to the glucose concentration in the range
etween 1 and 20 mM with a sensitivity of 0.16 mA M−1 (R2:
.9973) (Fig. 6B). The higher sensitivity is due to the low diffusional
esistance of porous silica structure to glucose and high electronic
onductivity of PANI within the silica pores. As a result, a very
ow mass transport barrier has been resulted. KM at PTMSPA/HRP-
Ox modified electrode was deduced as 5.76 mM using the slope
nd intercept values from Lineweaver–Burk plot (Fig. 6C) (Manesh
t al., 2008b). The KM value is lower than observed at HRP-GOx
ayered assembly (9 mM) (Ferri et al., 2001). PTMSPA/HRP-GOx

odified electrode shows a detection limit of 0.1 mM for glucose
at signal-to-noise ratio of 3). The performance (in terms of linear
etection range, LOD and sensitivity) of PTMSPA/HRP-GOx modi-
ed electrode as a glucose sensor is compared with earlier reported
i-enzymatic glucose sensors and is presented in Table 1.

.4.3. Interference study
Discrimination of interfering species having electroactivities

imilar to the target analyte is one of the most important ana-
ytical aspects for an amperometric biosensor. Dopamine (DA),
ric acid (UA) and ascorbic acid (AA) are the most common inter-
ering electroactive species during the amperometric detection
f glucose. In the present investigation, they were checked indi-
idually for their electroactivity at PTMSPA/HRP-GOx modified
lectrode by varying the potentials between −150 and +150 mV in
BS (Fig. S6 (see Supplemental information)). A well-defined cur-
ent response (∼0.23 �A) was observed for glucose at −150 mV (vs.
g/AgCl), whereas, no significant current responses were observed

or the other interfering species (DA, UA and AA) at −150 mV.
n the other hand, at a higher potential, for instance at +150 mV,

hese electroactive species show augmented current response than
lucose (Santhosh et al., 2009a). Thus, at a potential of −150 mV,
lectrochemical detection of glucose is free from other interference
ubstances, indicating high selectivity towards glucose.

.4.4. Sensor reproducibility and stability

The reproducibility and stability are the two important param-

ters for the evaluation of biosensor to be applied for analytical
urposes. The detection reproducibility of PTMSPA/HRP-GOx mod-

fied electrode in the online assay for 5 mM glucose was measured.
igh reproducibility of the amperometric response (R.S.D. of
5 9.76 9.74 (R.S.D = 1.1)

0% diluted using PBS.

3.8%) was observed for 10 repetitive injections of 5 mM glu-
cose in PBS. The stability of the PTMSPA/HRP-GOx modified
electrode was evaluated by recording the response current for
5 mM glucose over 50 days (Fig. S7 (see Supplemental infor-
mation)). The electrode was stored in PBS at 4 ◦C when it was
not in use. A constant current response was noticed for first
10 days. After 15 days, the current response of PTMSPA/HRP-
GOx modified electrode decreased to 95.3%. After 50 days,
the bio-electrode retained about 55% of its original current
response.

3.4.5. Real sample analysis
The applicability of the PTMSPA/HRP-GOx modified electrode

in practical purpose was assessed by determination of glucose
concentration in human serum sample under the optimized con-
ditions. Serum sample was diluted to known concentrations using
PBS and was analyzed without any pretreatment. Table 2 presents
the results for the detection of glucose in serum samples. The
results are satisfactory and agree with value determined by a spec-
trophotometric method (Manesh et al., 2007). This shows that
PTMSPA/HRP-GOx modified electrode is selective and sensitive
towards the quantification of glucose in real samples.

4. Conclusions

We have successfully fabricated a bi-enzymatic (HRP and
GOx) biosensor based on porous, periodic and electroactive
silica–polyaniline hybrid material through a one-pot electrochem-
ical method. The PTMSPA/HRP-GOx modified electrode exhibited
excellent sensitivity and high selectivity for glucose and has ade-
quate practical viability for real sample analysis. The methodology
adopted in the present investigation can be conveniently extended
to fabricate other bi-enzymatic biosensors.
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