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Herein, we report a novel high sensitivity enzymatic template free glucose biosensor in which
enzymes have been immobilized via crosslinking over electropolymerized Polypyrrole nanofiber
array (PNA). The nanostructured PPy film was electropolymerized over a Pt-coated glass sub-
strate by the potentiostatic deposition method. Further, the enzyme (GOx) was immobilized over the
as-prepared PNA electrode utilizing physical adsorption and crosslinking immobilization method,
and the fabricated biosensors were analyzed using amperometric transduction method. The perfor-
mance of both the types of the biosensor was compared, and further investigations demonstrated
the improvement in glucose biosensor response for the electrode utilizing crosslinked GOx. The
response time of the prepared biosensor was significantly improved for crosslinked GOx along
with nearly six times augmentation in the sensitivity for the same. Among two types of biosensors,
the crosslinked electrode based biosensor has shown a high sensitivity of 25.9 mA-cm−2-M−1 and
an improved response time of ∼30 s with a reasonable linear range of 0.1–2.6 mM which has
been reported for the first time via template free electrochemical synthesis approach. The observed
results have shown the significant effect of the enzyme immobilization technique on the performance
of electrochemical enzymatic glucose biosensor.

Keywords: Template-Free Method, Polypyrrole Nanofiber Array, Cross-Linking, Physical
Adsorption.

1. INTRODUCTION
With the increasing demand for glucose biosensors in the
food processing industry, clinical diagnostics, and physi-
ological tests, extensive research has been performed for
the development of enzymatic biosensor.1–3 Though non-
enzymatic biosensors have also widely been explored for
glucose detection however they exhibit poor selectivity
towards analyte molecule due to the presence of inter-
mediate oxidizable species.1 In this regard, enzyme-based
glucose biosensors have been proved to be encouraging
for glucose detection due to their excellent selectivity and
sensitivity. In particular, glucose oxidase (GOx) has been
used as a model enzyme for selective glucose determina-
tion. It is one of the most widely explored enzymes due to
its high catalytic activity and stability.4 The efficiency and
sensitivity of these biosensors can be increased by utilizing
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nanostructured materials as support matrix having a high
surface to volume ratio allowing higher enzyme loading.
The immobilization, i.e. attachment of enzymes to the

support matrix is one of the vital steps for fabrica-
tion of an enzymatic biosensor. The critical requirement
for enzyme immobilization is the support matrix which
should provide a biocompatible environment and ensure
the proper binding of the enzyme so that it should not
leach out. The support matrix having a high surface to vol-
ume ratio which provides a microenvironment to enzymes
should ensure the stability of enzymes after immobiliza-
tion and enable electron transfer between enzyme and
electrode surface.5 In this respect, the nanostructures of
various conducting polymers (CPs) viz. Polyaniline, Poly-
thiophene, Polypyrrole etc. have been widely accepted
as a viable support matrix which can provide higher
immobilization sites resulting in higher enzyme loading
which in turn leads into higher sensitivity, lower Limit of
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detection (LOD) and shorter response time of enzymatic
glucose biosensors.5–8 Among several CPs, Polypyrrole
is one of the most widely explored polymers for glu-
cose detection due to its excellent electronic conductiv-
ity, biocompatibility, and environmental stability.6�9 The
inherent biocompatible property of PPy provides a suit-
able environment to the enzymes. In addition to this,
PPy having low oxidation potential can be easily poly-
merized by electro-oxidation method (simple, economi-
cal) in both aqueous and non-aqueous solutions.8�10 The
most developed nanostructure of PPy reported are nano-
tubes, nanowire, nanofibers etc.11�12 Among these espe-
cially, PPy nanofibers have gained considerable interest
and can be synthesized via electrospinning and electro-
chemical method.13�14 Synthesis of PPy nanofibers via
electrospinning technique requires the addition of carrier
molecules to improve the polymer solution processability
which affects the mechanical strength, conductivity, and
morphology of grown nanofibers. In addition to this, it has
been a challenge to grow defect-free nanofibers with uni-
form diameters.11�15 Cetin and camurlu8 fabricated the PPy
nanofibers by chemical vapor polymerization of pyrrole on
FeCl3 containing electrospun polyacrylonitrile nanofiber
mats. The grown nanofibers average diameter was in the
range of 330 to 455 nm. Tavakkol et al.15 reported the fab-
rication of Polypyrrole/Poly(vinyl pyrrolidone) nanofibers
via electrospinning of pyrrole solution followed by oxi-
dation and discussed the difficulties associated with the
electrospinning of PPy due to its low viscosity and solubil-
ity. However, PPy nanofibers via electrochemical template-
free method can be obtained by simply applying a low
oxidation potential to the electrode dipped into an elec-
trolyte solution containing Py monomer. Additionally, the
diameter of synthesized nanofibers has been reported to be
controlled by means of applied potential, polymerization
time, dopant concentration etc.16

In the present work, we have utilized a simple, sin-
gle step, economical, and scalable method for fabrica-
tion of PPy nanofibers as an electroactive support matrix
for enzymes immobilization. The immobilization of these
enzymes onto the support matrix can be performed via
various well-known techniques such as physical adsorp-
tion, crosslinking, covalent binding, and co-entrapment.17

In the case of physical adsorption, enzymes are bind to
the electrode surface via electrostatic forces between the
enzyme and supporting electrode surface. The enzymes
are loosely adhered to the electrode surface and can leach
out from the matrix due to weak electrostatic forces
involved in physical adsorption method. However, immo-
bilization by covalent binding involves modification of
support matrix surface by means of a reactive group for
attachment of enzymes which provides an efficient bind-
ing between enzyme and support matrix material. Another
way of immobilization is co-entrapment in which enzymes
are mixed with the monomer solution and gets attached to

the polymer during polymerization. However, this method
requires a huge amount of enzyme for efficient enzyme
loading over the support matrix and is also very sensi-
tive to pH of the monomer solution. One of the major
drawbacks of this method is that during polymerization
the enzymes get buried deep within the polymer matrix
causing a reduced response time of the fabricated biosen-
sor due to the delayed interaction between enzyme and
substrate molecule.17–20 Additionally, crosslinking immobi-
lization of the enzyme to the support environment utilizing
a crosslinking agent (glutaraldehyde) has been considered
a feasible method due to its simplicity and higher enzyme
loading.21 Recently Wang et al.,3 Elkaoutit et al.,5 Palod
and Singh,11 Colak et al.19 have utilized the crosslinking
immobilization of GOx and shown the significant influence
of this method on the performance of glucose biosensor.
Here, in this work for the first time, we have utilized

Polypyrrole nanofibers (electrochemically synthesized via
template-free method) as a support matrix to immobilize
GOx via crosslinker Glutaraldehyde. In this report, we
have utilized physical adsorption and crosslinking immo-
bilization method, and a comparative study of enzyme
immobilization techniques on the performance of glu-
cose biosensor has been demonstrated. A stable and bio-
compatible support matrix of PPy nanofibers for GOx
immobilization (microenvironment for enzyme immobi-
lization) has been fabricated using a simple and cost-
effective method, i.e. electrochemical deposition method.
The enzyme (GOx) immobilization over the PPy nano-
fibers was performed utilizing physical adsorption and
crosslinking immobilization method with the aim of
achieving better biosensor performance. The immobiliza-
tion via crosslinking has been optimized to load Bovine
serum albumin (BSA), glutaraldehyde, and subsequently
GOx onto the support matrix. Further, the two types
of fabricated biosensors were analyzed using ampero-
metric detection method and the immobilization meth-
ods have shown the significant impact on the biosensor
performance.

2. EXPERIMENTAL DETAILS
2.1. Chemicals
Pyrrole monomer (C4H5N), Lithium perchlorate (LiClO4�,
Sodium phosphate monobasic (NaH2PO4�, Sodium
phosphate dibasic (Na2HPO4�, Potassium ferricyanide/
ferrocyanide [Fe(CN)6]

3−/4−, D-�+�-glucose, L-ascorbic
acid, Uric acid, Glucose oxidase (GOx) with specific
activity of 166 U/mg (specified by manufacturer) from
Aspergillus niger (E. C. 1.1.3.4), Bovine serum albumin
(BSA) and Glutaraldehyde were obtained from Sigma-
Aldrich. All the chemicals used were of analytical grade.
All aqueous solutions were prepared using Deionized
water (DI) of 18 M� resistivity. 0.1 M Phosphate buffer
solution (PBS) with pH 6.8 was prepared using NaH2PO4,
Na2HPO4 and deionized (DI) water. 1M glucose stock
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solution was prepared in DI and kept for mutarotation
(24 hr) to establish the equilibrium between � and �

anomers.

2.2. Preparation of PNA Electrode and
Characterization

Primarily, the glass substrates (1 cm×1 cm) were cleaned
by ultrasonication in acetone, isopropanol for 10 min fol-
lowed by DI water for 5 min. Finally, the ultrasonically
cleaned glass substrates were treated by Radio Corpora-
tion of America (RCA) clean-1 process for the hydrophilic
glass surface. Further, Pt (50 nm) with an intermediate
layer of chromium (5 nm) (to improve the adhesion of
Pt on glass) was deposited over the cleaned glass sub-
strates using dc magnetron sputtering at a base pressure
of 1×10−6 mbar and a working pressure of 3 mTorr.22

The continuous flow of Ar gas was maintained at 10
standard cubic centimeter per minute (sccm) during Pt
deposition. Furthermore, Polypyrrole was deposited over
the Pt-coated glass substrate using electropolymerization
method. For electropolymerization, Pyrrole (Py) was dis-
tilled at 130� C, and the electrolyte solution of 0.1 M Py,
1–70 mM LiClO4 with 0.1 M PBS (pH 6.8) was pre-
pared as reported in our previous work.23 According to
the optimized growth conditions the best performing elec-
trode corresponding to 70 mM LiClO4 concentration has
been taken for further improvement in the biosensor per-
formance. The schematic illustration of biosensor fab-
rication has been represented in Figure 1. Briefly, the
electrochemical deposition of Polypyrrole was carried out
using electrochemical workstation Autolab PGSTAT302N
having three-electrode cell configuration. The cell con-
sisted of electrolyte solution of 0.1 M Py monomer,
70 mM LiClO4 in 0.1 PBS (pH-6.8) where platinum coated
glass substrate, Ag/AgCl electrode, and platinum foil have
been utilized as working, reference, and counter electrode
respectively. A constant potential (0.85 V) was applied to
the working electrode for 3600 s to obtain PNA over a
Pt-coated glass substrate. The morphology of electrosyn-
thesized Polypyrrole was determined using Field Emis-
sion Scanning Electron Microscopy (FESEM, Carl Zeiss
SUPRA55). Further, Glucose oxidase (GOx) was immobi-
lized over the fabricated Glass/Cr-Pt/PNA electrode using

Figure 1. Schematic illustration of biosensor fabrication via electrochemical polymerization method.

physical adsorption and crosslinking immobilization tech-
nique. The immobilization of GOx was confirmed by
Fourier Transform Infra-red Spectroscopy (FTIR) and
Electrochemical Impedance Spectroscopy (EIS) for both
types of electrodes. The amount of GOx loaded onto
the electrode for both the cases was determined using
Fluorescence spectra obtained from FluoroMax-4p spec-
trofluorometer from Horiba Jobin Yvon (Model: FM-100).
Furthermore, the as-fabricated biosensors were character-
ized using cyclic voltammetry and amperometric method.
All the current measurements were executed using electro-
chemical workstation Autolab PGSTAT302N.

2.3. Modification of PNA Electrode with GOx
and Its Quantification

The immobilization of GOx (specific activity of 166 U/mg)
onto the fabricated electrode was performed using physi-
cal adsorption and crosslinking immobilization techniques.
Firstly, GOx was physically adsorbed onto the prepared
electrode (area= 0�15 cm2�. This is the simplest method of
enzyme immobilization in which enzyme binds to the elec-
trode surface via electrostatic interaction utilizing the pos-
itive charge on PPy. In physical adsorption process, GOx
aliquot (10 	L) from a stock solution of 10 mg/mL pre-
pared in 0.1 M PBS was dropped onto the fabricated PNA
electrode and was kept in an incubator at 4� C temper-
ature. However, for crosslinking immobilization method,
GOx was crosslinked over the PNA electrode surface via
glutaraldehyde, which has been used as a crosslinker.
A mixture of 10 mg/mL bovine serum albumin (BSA)
(acting as a stabilizer for GOx)11 and 20 	L glutaralde-
hyde (crosslinking agent) was prepared in 1 mL PBS, and
10 	L aliquot of this mixture solution was drop cast over
the as-prepared electrode. After drying the electrode at
room temperature, 10 	L aliquots of GOx was immobi-
lized over it and kept in an incubator at 4� C temperature.
Both the types of electrodes were washed into PBS to
remove loosely adhered GOx molecules. Further, this PBS
solution was utilized for the estimation of GOx molecules
attached to both electrode surfaces.
Each GOx molecule has an aromatic residue named

tryptophan, which shows an intrinsic fluorescence in GOx.
Therefore, when the solution having GOx molecule is
excited at 280 nm, it contributes to fluorescence emission
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at 330 nm. The intensity of fluorescence emission at
330 nm is directly related to GOx concentration in the
solution.24 Henceforth the optical characteristic of the GOx
molecule has been utilized to evaluate the amount of
enzyme loaded over the PNA support matrix. A linear cal-
ibration curve corresponding to the known amount of GOx
in 0.1 M PBS and its fluorescence intensity was obtained.
Further, fluorescence intensity was measured for PBS con-
taining unadhered GOx molecules for both the electrodes.
Finally, the amount of unadhered GOx was estimated by
using the calibration curve and the fluorescence inten-
sity corresponding to unadhered GOx molecules. Thus the
amount of enzyme immobilized over each electrode was
determined by taking the difference of the known amount
of enzyme immobilized (100 	g) and the calculated unad-
hered enzymes.

2.4. Amperometric Detection of Glucose
Amperometric detection of glucose was carried out in a
three electrode electrochemical cell using both the types of
electrodes as the working electrode. All the current mea-
surements were performed at a constant potential of 0.7 V
applied to the working electrode immersed in continuously
stirred 0.1 M PBS (pH 6.8). Successively glucose aliquots
were injected into the electrolyte solution after the steady-
state current value was reached. When glucose is added
into the electrolyte solution, GOx attached to PNA elec-
trode catalyzes the oxidation of glucose into gluconic acid,
and GOx itself gets reduced in the redox reaction. After
that, reduced GOx, i.e., GOx(red) gets oxidized back into
its original form by oxygen present in solution releasing
H2O2 as a byproduct. The produced H2O2 decomposes
into electrons and ions with the application of a potential,
which provides a measure of glucose added to the solution.
The mechanism of glucose detection has been presented
in Eqs. (1)–(3).

C6H12O6+GOx(oxd)+H2O→ C6H12O7+GOx(red) (1)

GOx(red)+O2 → GOx(oxd)+H2O2 (2)

H2O2
0�7 V−−→ 2H++2e−+O2 (3)

Thus as indicated in Eqs. (1)–(3), with the addition of
glucose current increases due to the generation of elec-
trons. Current responses were recorded for both types of
as prepared electrodes with successive addition of glucose.
The calibration curve was obtained using the steady-state
current density values corresponding to each glucose con-
centration. All figure of merits of biosensor viz. sensitivity,
linear range, and response time were calculated by cali-
bration plot.

3. RESULTS AND DISCUSSION
3.1. Morphological Characterization
The morphology of as-prepared PNA electrode synthe-
sized at a potential of 0.85 V in an electrolyte solution

of 0.1 M Py, 70 mM LiCO4, and 0.1 M PBS was deter-
mined using FESEM. Figures 2(a), (b) shows the top view
FESEM image and the diameter distribution of PNA elec-
trode respectively. The inset shows the magnified view of
the grown nanofibers of PNA electrode synthesized in an
electrolyte solution of 0.1 M Py, 70 mM LiClO4 and 0.1 M
PBS at 0.85 V potential. As evident from the FESEM
images that high-density uniform nanofibers growth have
been observed over a large area for the optimized growth
conditions. The synthesized nanofibers were longer as
compared to the diameter which shows higher aspect ratio
of the obtained nanofibers, as clear from Figure 2(a). The
nanofibrous growth with improved aspect ratio ensures less
hindered charge transport, high specific surface area and
thus higher enzyme loading which directly influences the
biosensor figure of merits.25 Figure 2(b) shows the his-
togram plot of diameter distribution of grown nanofibers.
The diameter distribution of nanofibers was obtained from
FESEM images by randomly selecting 30 nanofibers using
“imtool” of MATLAB, and it was estimated to be in a
range of 150–200 nm. The FESEM image clearly shows
the porous and homogeneously distributed nanofibers mor-
phology having a high surface area which is beneficial for
higher enzyme loading.

3.2. Enzyme Immobilization and Quantification
Enzyme (GOx) is a protein which comprises a number
of amino acids. These amino acids have been reported to
be arranged into helices, turns, and sheets which account
for the complex structures and activity of enzymes.4 The
structure and activity of GOx are very much sensitive
to the microenvironment of the GOx. Thus, the struc-
tural analysis of GOx was performed using FTIR spec-
troscopy after the immobilization of GOx. FTIR study
has been utilized to analyze the effect of immobilization
methods on the conformational changes in the structure of
GOx. FTIR of PNA, native GOx and immobilized GOx
was performed to confirm the immobilization of GOx.
The changes in the structure of GOx after immobiliza-
tion onto PNA electrode was studied with respect to FTIR
of native GOx. In FTIR spectra of protein, the amide
group, amide I (1700–1600 cm−1� and amide II (1600–
1500 cm−1� have been observed to be very much sen-
sitive to protein conformation.11 Figure 3(a) shows the
FTIR spectra of as-prepared PNA. The spectra of PNA
showed the significant peaks at 3571 cm−1 and 3428 cm−1

which can be attributed to amine N–H stretching, peaks
at 1627 cm−1 and 1449 cm−1 indicates C C and C–C
stretching respectively. In addition, peak at 1074 cm−1

assigned to N–H and C–H aromatic in-plane bending. Fur-
thermore, peaks at 705 cm−1 and 613 cm−1 corresponded
to C–H and C–C out of plane deformation in hetero-
cyclic aromatic rings of polymeric conjugation in PPy
which was in good agreement with the literature.21�26 The
FTIR spectra of native GOx and immobilized GOx via
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Figure 2. (a) FESEM image of PNA prepared in an electrolyte solution of 0.1 M Py, 70 mM LiClO4 into 0.1 M PBS (pH-6.8) at a potential of
0.85 V versus Ag/AgCl. The inset shows the magnified view of the same (b) Diameter distribution of randomly selected nanofibers from FESEM
image.

physical adsorption and cross-linking has been shown in
Figure 3(b). The FTIR spectra for native GOx has shown
two characteristics amide bands: amide I and amide II
centered at around 1645 cm−1 and 1543 cm−1 respec-
tively. The amide I band at 1654 cm−1 corresponds to
–C O stretching vibration while amide II at 1543 cm−1

relates to N–H in-plane bending.21 Figure 3(b) shows that
for both the type of immobilization methods the absorp-
tion bands (amide I and amide II) have been found at
the same peaks as that of native GOx which confirm the
proper immobilization of GOx with its retained activity.
Additionally, the cross-linking immobilization has shown
higher intensity in FTIR spectra as compared to phys-
ical adsorption which has demonstrated higher enzyme
loading for crosslinked GOx. Further to obtain quan-
titative information of secondary structure elements of
the GOx, amide I peak was analyzed. Deconvolution of
amide I band ranging from 1600–1700 cm−1 was per-
formed using Voigt function. The peak positions in spec-
tra were determined using minima of second derivative
spectra of amide I region. Deconvoluted peaks in amide
I spectra of native, physically adsorbed and crosslinked
GOx were fitted to a cumulative peak obtained same
as original spectra for all. The deconvoluted spectra of
native, physically adsorbed, and crosslinked GOx has been
shown in Figures 4(a)–(c). The bands at 1650–1660 cm−1,

Figure 3. FTIR spectra of (a) as-prepared PNA electrode (b) Native GOx, Physically adsorbed and crosslinked GOx.

1620–1640 cm−1, and 1660–1685 cm−1 have been desig-
nated to �-helix, �-sheets, and �-turns respectively. More-
over, the bands at 1610–1620 cm−1 and 1685–1695 cm−1

have been assigned to antiparallel �-sheets and bands at
1640–1650 cm−1 were referred to random coils present in
GOx structure.27 The percent of the individual secondary
element was determined by dividing the area of each band
to the total area of amide I. The reckoned secondary struc-
ture elements of GOx in different microenvironments have
been presented in Figure 4(d). The secondary structure
conformation of native GOx has shown ∼28% �-helix,
∼33% �-sheets, ∼35% �-turns, and ∼4% antiparallel
�-sheets. However, after physical adsorption of GOx, �-
helix and �-sheets were reduced to ∼24% and ∼23%
respectively. There was no significant change in �-turns
(∼34%). Additionally, the antiparallel �-sheets were found
to increase up to ∼19% for physically adsorbed GOx. The
crosslinking immobilization of GOx has revealed ∼23%
�-helix, ∼23% �-sheets, ∼30% �-turns, ∼4% antiparallel
�-sheets, and ∼20% random coils. The obtained percent
changes in the secondary structure elements �-helix and
�-sheet were related to the GOx’s activity. With physical
adsorption and crosslinking immobilization of GOx, con-
formational changes in the secondary structure of GOx has
been found to vary as compared to native GOx. Regardless
of the changes in the percentage of secondary structure
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Figure 4. Deconvolution of amide I spectra of (a) Native (b) Physically adsorbed, and (c) crosslinked GOx (d) Relative amount of secondary structure
elements of GOx for all different microenvironments (Native, Physically adsorbed, and crosslinked GOx) calculated from deconvolution of amide I
spectra.

elements after immobilization of GOx, the presence of
�-helix and �-sheets defines the retained activity of GOx.
Further, the immobilization of GOx was confirmed by

EIS which was related to the impedance changes on sur-
face modification of PNA with GOx. EIS was performed
in 0.1 M PBS with pH-6.8 consisting of 5 mM redox
couple, i.e., K3Fe(CN)6 and K4Fe(CN)6. A small ac input
signal of 10 mV amplitude with frequency varying from
100 kHz to 0.1 Hz was applied to the electrode for record-
ing impedance spectra. The obtained impedance spectra
of bare Pt and modified electrodes have been shown in
Figure 5. The impedance spectra presented in Nyquist
plot consist of a semicircle part at the higher frequency
and a linear part in the lower frequency region. The
observed Nyquist plots for all the electrodes were related
to the interfacial behavior of each electrode. The semicir-
cle region and the linear region correspond to the electron
transfer limited processes and diffusion limiting processes
respectively. The semicircle diameter represents the elec-
tron transfer resistance experienced by redox couple at
the electrode and electrolyte interface which relates to
the conductivity of the modified electrode.26 The obtained
impedance spectra for each modified electrode was fitted
to an equivalent electrical circuit of R(Q(Rs(Q(RctW))))
using ZSimpWin 3.2 impedance software. Where Rct

defines the charge transfer resistance value. As shown

in Figure 5 upon immobilization of GOx, the semicir-
cle diameter has been found to increase for both the
immobilization processes as compared to PNA electrode.
The increment in the Rct value from 350 � to 1201 �

and 1918 � was obtained after the modification of PNA
electrode for physically adsorbed and crosslinked GOx
respectively. The decrease in the conductivity of physically
adsorbed and crosslinked GOx electrode as compared to

Figure 5. Nyquist plot of Bare Pt, PNA, physically adsorbed and
crosslinked GOx over PNA.
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PNA after immobilization of GOx was due to the non-
conductive behavior of GOx.28 The observed increment in
charge transfer resistance after the immobilization of GOx
onto PNA electrode confirms the immobilization of GOx
for both the type of immobilization methods.29

Furthermore, for both the type of immobilization, the
amount of enzyme loaded over PNA electrode was cal-
culated by Fluorescence utilizing the optical property of
Tryptophan present in GOx.11 In case of physical adsorp-
tion, the GOx binds to PPy via electrostatic interaction
between polycationic PPy and GOx while in crosslink-
ing method GOx binds to the surface of PPy via a cova-
lent bond between an amino group of enzyme and PNA
via the crosslinker glutaraldehyde. When GOx is immobi-
lized onto functionalized PPy support matrix, one aldehyde
group of glutaraldehyde reacts with the primary amino
group of GOx and the other aldehyde group of crosslinker
binds with the amino group of BSA and PPy support
matrix.3�34

The as-fabricated PNA electrode has high-density nano-
fibers having a higher surface area which can provide
higher enzyme loading. The loading mainly depends on
the surface area and the method of enzyme immobiliza-
tion. The amount of GOx loaded over PNA was found
∼559 	g-cm−2 and ∼642 	g-cm−2 for physical adsorp-
tion and crosslinking immobilization respectively which
depicts that the crosslinking immobilization has facili-
tated higher enzyme loading which was in good agreement
with the observations of FTIR spectra. The higher enzyme
loading is a prerequisite for improved sensitivity of the
biosensor.

3.3. Cyclic Voltammetry Analysis
To study the catalytic activity of GOx towards glucose
oxidation, cyclic voltammetry of both the as-prepared
biosensors was performed in 0.1 M PBS (pH-6.8) with-
out stirring. Figure 6(a) shows the cyclic voltammogram
of the crosslinked electrode, where the potential applied
to the working electrode was swept from 0 to 0.7 V at
a scan rate of 100 mV/s. The CV shows the electrode

Figure 6. Cyclic voltammogram of (a) PNA with crosslinked GOx (b) Comparison of physically adsorbed GOx and crosslinked GOx onto PNA with
the injection of 3 mM glucose recorded in 0.1 M PBS at a scan rate of 100 mV/s.

behavior without glucose and with the subsequent addi-
tion of glucose. With the injection of glucose to the
electrolyte solution, a sharp increase in the anodic cur-
rent was observed as compared to the current obtained
without glucose, validating the activity of GOx immo-
bilized onto PNA. The crosslinked PNA electrode has
shown the current increment up to 3 mM glucose con-
centration. The observed current rise suggests the glucose
oxidation catalyzed by GOx. Figure 6(b) represents the
comparison between CV responses of physical adsorp-
tion and crosslinked GOx based electrodes with the addi-
tion of 3 mM glucose concentration. As evident from
Figure 6(b) the oxidation current values has been sig-
nificantly enhanced for crosslinked GOx as compared to
physically adsorbed GOx. The observed current increment
for crosslinked GOx based electrode was correlated with
higher enzyme loading in case of crosslinking immobiliza-
tion as compared to physical adsorption which was evident
from enzyme loading estimation. Further to confirm the
observed results amperometric detection of glucose was
carried out for both the types of electrodes.

3.4. Amperometric Detection of Glucose
The as-fabricated two types of biosensors were ana-
lyzed using amperometric detection method. Amperomet-
ric response of both the biosensors prepared by using
physical adsorption and crosslinking immobilization meth-
ods have been presented in Figure 7(a). The current
response of the fabricated biosensors showed an instan-
taneous increment in the current upon injection of glu-
cose representing the rate of oxidation of glucose. The
immediate rise in the current indicates toward the retained
catalytic activity of the enzyme, after immobilization on
PNA electrode as also visible from CV. In case of physical
adsorption firstly 0.1 mM glucose was injected with the
successive addition of 0.25 mM, 0.5 mM, and 1 mM glu-
cose at every 70 s showing the corresponding rise in the
current density and a step-like response has been obtained
as evident from Figure 7(a). Additionally, the ampero-
metric response of crosslinked GOx over PNA has also
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Figure 7. (a) Amperometric responses (b) Calibration curves of biosensors fabricated utilizing Physical adsorption and crosslinking immobilization
of GOx.

shown the step-like response with the successive addition
of 0.1 mM glucose followed by 0.25 mM glucose at every
50 s. The calibration plots of both the biosensors were
obtained from the corresponding amperometric responses,
and the performance of both the biosensors was compared
as shown in Figure 7(b). The calibration curves of both
the biosensors follow the enzyme kinetics. For physical
adsorption, initially at the lower concentrations of glucose
up to 4.6 mM, the current density has increased linearly.
Further increase in the glucose concentration has led to sat-
uration in the current density. The linear range corresponds
to the fact that active sites of the enzyme are still avail-
able for the redox reaction. However, the saturation region
observed at the higher concentration of glucose represents
that all the active sites of the enzymes have been occu-
pied by the glucose molecules. After the saturation region,
no further increment in the current was observed with the
addition of glucose. The sensitivity of the obtained biosen-
sors was defined as the slope of the calibration curve for
linear range, and the calculated value of sensitivity was
observed as 4.34 mA-cm−2-M−1 with a linear range of
0.1–4.6 mM for physically adsorbed GOx based biosensor.
However, the improved sensitivity of 25.9 mA-cm−2-M−1

was obtained by incorporating the crosslinked GOx as
noticeable from Figure 7(b). The linear range of detec-
tion for crosslinked GOx based electrode was estimated
to be 0.1–2.6 mM. In addition to sensitivity and linear
range of detection, the response time for each biosensor
was defined as the time taken to reach 90% of the steady
state current value which was calculated to be approxi-
mately 45 s and 30 s for the biosensors prepared by physi-
cal adsorption and crosslinking immobilization techniques
respectively. The observed improvement in the perfor-
mance of crosslinked GOx based biosensor was ascribed
to increased enzyme loading due to cross-linking immobi-
lization of GOx. Cross-linking technique incorporates the
higher amount of enzyme over the support matrix due to
the covalent bond formation with a cross-linker. A com-
parison of all figure of merits of both the prepared biosen-
sors has been illustrated in Table I. Furthermore, Table II

shows the comparison of all figure of merits of the best
performing biosensor with some previously reported work
where different PPy nanostructures have been employed as
a support matrix for GOx immobilization.
The immobilization methods have shown significant

influence on the sensitivity and linear range of operation of
the glucose biosensor. With the crosslinked GOx the sen-
sitivity of the glucose biosensor was improved drastically.
Although, the linear range of the presented glucose biosen-
sor with crosslinking was observed to be narrower. Thus,
the measurement of glucose in the human blood sample
using proposed biosensor can be performed by the dilution
of the blood sample. Moreover, the crosslinked GOx based
glucose biosensor with the linear range of 0.1–2.6 mM
can find application for noninvasive glucose detection in
human body fluids such as sweat and saliva.32�33

3.5. Interference Effect Study, Reproducibility, and
Real Blood Sample Analysis

In addition to glucose, human blood and serum contain
several other electroactive species viz. uric acid, ascorbic
acid, etc. which also gets easily oxidized at 0.7 V poten-
tial. Thus these electroactive species may also interfere
with the biosensor response during glucose detection.31

Hence, it is required to define the anti-interference capa-
bility of the biosensor for obtaining a practical glucose
biosensor. Here, the effect of interfering species; ascor-
bic acid (0.1 mM) and uric acid (0.4 mM) was examined
on the performance of as-prepared glucose biosensor. To
study the influence of interferents’ initially 0.25 mM glu-
cose was introduced into the cell and allowed to reach
a steady state. Afterwards, sequentially 0.1 mM ascorbic

Table I. Comparison of prepared electrodes using physical adsorption
and crosslinking immobilization of GOx.

Sensitivity Linear range Response
Electrode (mA-cm−2-M−1) (mM) time (s)

Physical adsorption of GOx 4.34 0.1–4.6 ∼45
Crosslinked GOx 25.9 0.1–2.6 ∼30
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Table II. Comparison of the proposed biosensor performance with
some recently reported work.

Linear
S. Sensitivity range Response
No. Electrode (mA-cm−2-M−1) (mM) time (s) Ref.

1 Glass/Cr-Pt/PNA/GOx 25.9 0.1–2.6 ∼30 This
work

2 Pt/PPy-PVS/GOx — 0.05–1 200 [19]
3 Glass/Au/PPy/GOx 1.9 0.125–11.25 30–35 [13]
4 Pt/PPy/GOx 0.22 0–10 15 [30]

acid and 0.4 mM uric acid was injected into the electrolyte
solution. Figure 8 shows the interference effect on sens-
ing response of crosslinked immobilized GOx onto PNA
electrode. The current response shows the similar behav-
ior of biosensor, and an increase of 0.36% and 3.7% in
the current density corresponding to ascorbic acid and uric
acid respectively was observed. Figure 8 presents that, the
biosensor has shown a very less current rise as compared
to glucose which specifies the anti-interference capability
of biosensor owing to the high specificity and selectivity
of enzymes towards glucose.

Moreover, the reproducibility of the as-fabricated
crosslinked GOx based biosensor was determined. The
amperometric responses of three similarly prepared
biosensors were compared, and a relative standard devia-
tion of 6.6% was obtained which was found to be in an
acceptable range. Furthermore, to check the reliability of
as-fabricated biosensor for practical application real whole
blood sample was taken. The freshly taken whole blood
sample was injected into the electrochemical cell consist-
ing of PBS, and the current rise was observed relating to
the glucose concentration which was compared with the
glucose concentration measured by standard GOD-POD
colorimetric assay23 and was observed to be 5.5 mM. The
estimated value of glucose concentration by as-fabricated
biosensor was 5.1 mM with a deviation of 7.2% which was
in good agreement with the glucose concentration mea-
sured by standard glucose assay.

Figure 8. Interference effect of ascorbic acid and uric acid on the per-
formance of crosslinked GOx biosensor.

4. CONCLUSION
In summary, an enzymatic glucose biosensor based on Ppy
nanofibers has been fabricated successfully. The PNA elec-
trode has been employed as a support matrix for GOx
immobilization. The immobilization matrix, i.e., PNA
electrode has provided a biocompatible environment to
GOx. The immobilization of GOx has been performed
via physical adsorption, and crosslinking method and the
performance of both types of biosensor has been eval-
uated and compared. The incorporation of crosslinked
GOx via glutaraldehyde (cross-linker) has resulted in six
times enhancement in the sensitivity along with improved
response time. The biosensor has shown the sensitivity of
4.34 mA-cm−2-M−1 with a linear range of 0.1- 4.6 mM
and response time of 45 s for physically adsorbed GOx
while 25.9 mA-cm−2-M−1 with a linear range and response
time of 0.1–2.6 mM and ∼30 s respectively for crosslinked
GOx. The biosensor fabricated with the crosslinked GOx
has shown the increased enzyme loading as compared to
physically adsorbed GOx leading to an enhanced sensitiv-
ity of the prepared biosensor. The observed results have
shown that the selection of immobilization technique plays
a significant role in the performance of biosensors as it
directly affects the enzyme loading which is one of the
vital aspects that is responsible for the improvement in
biosensors performance.
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