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Abstract

Biosensor efficiency is highly dependent on the effective integration of biological entities with
materials and sensing technology, besides the enzyme loading capacity of the material.
Variability in critical parameters governing biosensor efficiency poses difficulty in the fair
evaluation of reported literature related to diverse methods and materials for enzyme
immobilization. Recent advances in nanotechnology have led to a comparison of traditional
materials with nanomaterials for the immobilization of biocatalysts. The present study shows
that enzyme immobilization is optimum in covalently bound enzyme, while the 3-D
conformation of the enzyme is preserved through optimum curvature of nanoparticles. Further,
the shape and approachability of nanostructures to the enzyme active center facilitate faster
electron transfer for efficient electrochemical biosensing. The Gox-AuNPs modeified gold
electrode showed 1.7 times higher current response and greater senstivity 22.42 pA mM-' cm?
than Gox-Fe3O4NPs with senstivity 14.3 pA mM! cm™ . After 60 days of storage at 25 °C the
Gox-AuNPs retained 73% of its initial response whereas Gox- Fe;OsNPs retained 56%,
indicating improved storage and enzymatic stability.
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1. Introduction

Biosensor research has progressed significantly since the development of the first enzymebased
sensing system in 1962, by Clark and Lyons. They sandwiched a thin layer of glucose oxidase
(GOx) enzyme between a semipermeable dialysis membrane [1]. Since then, the fabrication of
an enzymatic biosensor has been the topic of significant research. The choice of support matrix
and the immobilization method depend on the intended application, thereby influencing the
sensitivity, specificity, and response time, overall affecting the efficiency of the enzymatic
biosensor [2].

Enzymes are sensitive to changes in pH, temperature, and other environmental conditions.
Different methods of enzyme immobilization on solid support matrices include adsorption,
cross-linking or covalent bonding, matrix entrapment, and membrane encapsulation [3]. The
selection of materials and methods can affect functional characteristics, such as enzyme
stability, catalytic activity, minimum leaching, binding, and loading capacity. Incorporation of
certain selective membranes like cellulose acetate, polyvinylpyrrolidone (PVP) polymer [4],
nafion membrane [5], and Poly-m-phenylenediamine (PPD) [6] was used to reduce the
interference from other species, but an increase in response time was recorded due to the
delayed diffusion rate [7]. In recent years, alternative support matrices, including polymeric
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material and nanoparticle-integrated substrates, have been investigated to improve the
efficiency of enzymatic biosensors. Varieties of support matrices are used for enzyme
immobilization, which essentially depends on the type and catalytic property of the enzyme.
Broadly, support material can be classified into organic type (Biopolymers, synthetic polymers,
organic nanoparticles) and inorganic type (inorganic polymers, metal nanoparticles like gold,
copper, zinc, and magnetic nanoparticles) [8]. Replacing membranes with nanomaterials such
as gold, nickel, magnetic nanoparticles, silica nanoparticles, etc., has revolutionized biosensor
research by dropping the response time to seconds and increasing the sensitivity range [9].

Ge et al. immobilized gold nanoparticles (GNP-Gox) on a modified interdigitated electrode
(IDE) for the detection of glucose using glucose oxidase enzyme, which was compared with
graphene (graphene-Glucose oxidase enzyme). A two-fold increase in the limit of detection
(LOD) was observed from 0.06 to 0.03 mg/mL for GNP-Gox [10]. Recent study published by
Gigli et. al. developed interference-free biosensor for the detection of catecholamine using
tyrosinase enzyme immobilized using chitosan with the sensitivity of 0.583 pA pM ™' cm™2 and
0.17 uM limit of detection with fast response time [11]. Electrospun nanofiber (diameter of 280
nm)of polypyrrole-chitosan due to porous and large surface area was used for the detection
acetylcholine offering LOD of 5 pM and a reliable performance of over 30 days [12].
Poly(Nphenylglycine), a biocompatible polymer was used to construct a flexible wearable
continuous glucose monitoring (CGM) system including diffusion-limiting membrane
polyurethane.

PPG/Gox film was crossliked with glutaraldehyde, offering sensitivity of
12.69 pA mM'-cm 2 and an excellent linear range of 1-30 mM with 30 days stability [13].
Direct conjugation of the enzyme onto the magnetic nanoparticles, owing to their unique
characteristics such as superparamagnetic, high surface-to-volume ratio, low toxicity, and ease
in the separation process, justifies their frequent use in an enzymatic biosensor. The governing
factors for the versatility of the nanoparticle are the shape, size, pH, temperature, and strength
of the nanomaterials, in addition to other physical and chemical properties [14].

Here, we present a comparative analysis of enzyme immobilization using different support
matrices and nanoparticles with a suitable immobilization technique. As a model system for
the comparative analysis of enzymatic biosensor fabrication, we have used glucose oxidase
(GOx) enzyme.

Table 1: Development of enzymatic biosensors with various membranes and nanostructures

Type of support for Sensitivity |Detection| Linear |Response| Storage Refer

Immobilization (MAmM™' | limit range |time (sec)| Stability | ence
cm?) (M) | (mM)
Polypyrrole Datanot |Data not 1-10 20-40 30% [15]
reported |reported decrease in
20 days
Cellulose acetate Datanot |Data not 27 100 6 days [16]

reported |reported

Polysiloxanes 0.012 0.06 0-18 60 51 days [17]
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Eggshell membrane NA 0.1 0.5-10 120 2 months [18]
Polypyrrole 0.58 0.068 | 1-20 4 50 days [19]
crosslinked chitosan

Chitosan-entrapped 56.12 4.1 0.25-3 | Datanot| Data not [20]

mesoporous carbon reported | reported

nanocomposite
Chitosan 9.17 77.0 0.1-5 2 8 days [21]

TiO2 5.46 Datanot | 0.3- 1.5 | Datanot | 30 days [22]

nanoparticlemo| reported reported

dified CNT
Gold nanoparticle 6.1 15 0.02-14 7 4 days [23]

glycerol-3-phosphate 121.45 0.002 |0.001 - 60 Datanot | 210 days [24]

oxidase and glycerol reported
kinase on GO-NP
modified pencil
graphite(PG) electrode.
Porous poly] 6.82 0.5 0.005-3 30 5 weeks [25]
(acrylonitrile-coacrylic
acid)
Gold nanorods with| 8.4 20 0.03 -2.2| Data not 20% [26]
cellulose acetate reported | decrease in
composite film 30 days.
Magnetic Ni 6.92 73 Data Data 15 days [27]
nanoparticles (GOx- not not (72 %)
NiNP/N) reporte | reporte
d d
Nafion membrane with 167 17 0.01- Data 120 days [28]
multi-walled 3.5 not
carbon nanotubes reporte
d
Polyacrylic acid (PAA) 34 10 0.01-5 Data 14 days [29]
with GoxCNT not
film reporte
d
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MXene polynanogel 4898 3.1 0.03— | Data Data not [30]
16.5 not reported
reporte
d

2. Materials and methods

2.1 Nanoparticles Synthesis

Nanoparticles of gold and magnetite were synthesized using the chemical methods given
below.

2.1.1 Magnetite Nanoparticles Synthesis

Zhu’s co-precipitation method was used for the synthesis of magnetite nanoparticles with
ferrous and ferric salts under an alkaline environment [31]. The reaction mechanism of
magnetite nanoparticle synthesis is discussed below.

dsprotonation
Fe’* + H,0 —————— Fe(OH)¥™™ ©

24 deprotonation Y
Fe** + H,0 —— > Fe(OH);
¥ Y
oxidation
o—~ /dehyd i
Fe(OH)¥™ + Fe(OH)>™> —2""""% Fe 0,
®)

2.1.2 Gold nanoparticles Synthesis

Synthesis of gold nanoparticles was done as reported in our previous work [32]. The underlying
reaction mechanism of gold nanoparticle synthesis is discussed below.

0O O O

" ” Oxidation
(OCCH,),C(OH)CO- ———>  (‘OCCH,1C=0 +CO,+H*+2e

Reduction
AuClz+2e —— AuCl+ 2CI-
AuCl — 2Au’ + AuCl;

2.2 Enzyme Immobilization

Glucose oxidase (GOx) was immobilized on different platforms using covalent, electrostatic,
entrapment and crosslinking methods.
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2.2.1 Immobilization of glucose oxidase on AuNPs by electrostatic interaction

Scheme 1 shows the methodology of gold nanoparticles synthesis and modifications thereof to
ensure electrostatic binding of enzyme. The gold nanoparticles stabilized with citrate (AuNPs)
were dispersed in a solution of poly diallyl dimethyl ammonium chloride (PDADMAC). To
achieve the uniform functionalization, 3mL fresh solution of the AuNPs (10 pmol/ml) was
stirred with 1 mL PDADMAC in 3mL water for 2 h. The polyelectrolyte modified AuNPs were
then centrifuged and 20U of Glucose oxidase (GOx) was added to the pellet. Mixture was
centrifuged at 12000 rpm at 4°C for 20 minutes to separate free enzyme (GOx) from the
immobilized (GOx-AuNPs).

L]
b +
 ARYTS
+ J s S0
="'+ e
JoSs GOx A\ 3 s -4~ i 3
e L s
- - i ? + T - + “ § ‘\s\‘
& : N
— T = — X E—— +_-‘_ i " — oo TNy ‘5
9" - 2 F=O- ¢+ % - » *
HAuCl, 2 i b, r'4 AT X e
(Water) Citrate Stabilized PDADMAC J PR oxt P
b P
4 * + + +
57 ¢ ] +8
3

Scheme 1: Schematic illustration of gold nanoparticles synthesis and functionalization for
electrostatic immobilization of enzyme.

2.2.2 Immobilization of Glucose oxidase on nanoparticles by covalent interaction (Fe3;O4 and Au
NPs)

Immobilization of enzyme onto magnetite and gold nanoparticles is shown in Scheme 2(a-b) .
The FesOsNPs were coated with 3-aminopropyltriethoxysilane (3-APTES), while that of
AuNPs underwent modification with 3-aminopropanethiol (3-APT) [33]. Subsequently, 4ml of
glutaraldehyde solution (10% glutaraldehyde) was added to the NPs suspension and stirred
continuously for 1 h. To the pellet, 20U of Glucose oxidase (GOx) was added, and the mixture
was incubated overnight with constant stirring at 4 °C. The GOx-NPs complex thus obtained
was resuspended and stored in 1 ml phosphate buffer solution (PBS), pH 6.5, at 4 °C.
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Scheme 2: Schematic representation of covalent immobilization strategy of enzyme onto a)
Magnetite nanoparticles and b) Gold nanoparticles

2.2.3 Physical adsorption of GOx on PVDF and NC membranes

10 ul of GOx solution (20U/10 pl) was immobilized onto a 2 cm? piece of Polyvinylidene
Fluoride (PVDF) and nitrocellulose (NC) membranes (0.45 um), slowly allowing each drop to
dry before adding the next drop. The membrane was air-dried at room temperature for 1-2
hours and stored at 4 °C for further use(as shown in Scheme 3).

Adsorption

’ Dropwise addition of enzyme

And drying

I Membrane | p—

Enzyme solution

Scheme 3: Schematic representation of physical adsorption of enzyme onto PVDF or NC
membrane.

2.2.4 Entrapment of GOX in calcium alginate beads

Buftfer solution containing 20 units of GOx was mixed well with 3% Na-alginate solution. This
was followed by dropwise addition of the same in a 0.2M CaClz solution with the help of a
syringe kept just above the surface of the calcium chloride solution to ensure sphericity of the
beads. The spherical beads of enzyme entrapped in calcium alginate gel were left undisturbed
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for 2 hours for hardening (see Scheme 4). Afterwards, the excess calcium chloride solution was
decanted off and replaced by autoclaved milliQ water and stored at 4 °C till further use.

[ S
1 Biomolecules entrapped in
il calcium alginate beads

!

Sodium alginate solution
with enzyme

Calcium chloride - ,_' -
solution *

Scheme 4: Entrapment of enzyme through calcium alginate beads formation.
2.2.5 Entrapment of GOx in polyacrylamide gel

For the entrapment of 20 U of GOx, 15 % of polyacrylamide gel was prepared by 7.5 g of
acrylamide, 0.5 g of bisacrylamide, 50 mg of APS along with 20 U of enzyme was added to 25
ml of 0.1 M of phosphate buffer (pH 6.8) with 50 ul of TEMED gently poured into petri dish and
left to polymerize at room temperature for 1 hour. After this the gel was crushed into pieces and
resuspended in phosphate buffer [34].

2.3 Estimation of GOx immobilization efficiency, activity and leaching

After GOx immobilization on different matrices, phosphate buffer (pH 6.5) was used to wash
the support matrices. The washout buffer solution was collected in a tube, and the amount of
free enzyme was estimated. In the case of entrapment methods, i.e., the calcium alginate beads
were cut open and resuspended in phosphate buffer, while in the case of polyacrylamide gel,
the pieces were crushed and resuspended in phosphate buffer, followed by enzyme activity
analysis. Here, the amount of enzyme per bead (or gel piece) was calculated based on the total
number of beads or gel pieces formed. The percentage immobilization of the enzyme was
calculated

Total GOx activity — GOx activity in supernatant
X

— 100
Total GOx activity

09Immobilization =

2.3.1 Activity analysis of free and immobilized enzyme

Enzyme activity was assayed using dinitrosalicylic acid (DNS) colorimetric method [35] for
temperatures ranging from 25°C - 65°C. The expected reaction and byproducts are mentioned
below;

3—D—Glucose + Glucose oxidase—FAD — 3—D—Gluconolactone + Glucose oxidase—FADH,
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Glucose oxidase-FADH,+0, — Glucose oxidase—FAD +H,0,

B—D—Glucose + 3,5—dinitrosalicylic acid - 3—amino, 5—nitrosalicylic acid + Gluconic acid
2.3.2 Enzyme Leakage

The stability of immobilized enzyme in terms of percentage loss or leakage of

GOx activity, ,, — GOx activity,, 4,
GOx activity, 4,

Percentage leakage of GOx=

enzyme was assessed by comparing the immobilized enzyme activity at 0 hours and after 72
hours. During the 72-hour storage time, the immobilized enzyme was washed thrice daily with
phosphate buffer, pH 6.5.

2.4 Biosensor Fabrication

The biosensors were fabricated following the procedure described in our previous work [36].
Briefly, the working area of the gold screen-printed electrode (SPE) was activated using 10 pl
of 3 APT (10mM). On to this, further modification was done using 10 pl of glutaraldehyde
(2.5%), following by the addition of amino functionalized NPs (10pmol/ml) and allowed it to
dry for 2 hrs [37]. Finally, 20U of Glucose oxidase was layered on the nanoparticles modified
electrode surface. The fabricated biosensor was rinsed with water, dried and stored in PBS (pH
6.5) at 4°C for further use. Cyclic voltammetry (CV) and impedance (EIS) were subsequently
used after each surface modification. The morphology of synthesized NPs was examined using
a transmission electron microscope (JEOL 2100F). Ultraviolet and visible (UV-Vis) absorption
spectra of NPs dispersion were recorded on an ND 1000 UV-Vis Spectrophotometer
(Nanodrop technologies) operated at 12 V.

3. Results and Discussion

Parameters known to influence the activity of immobilized enzymes were examined,
specifically, the matrix and method of immobilization. Traditional support materials for
immobilization of enzymes, like membranes/thin film (PVDF and NC) and polymeric
encapsulation (Na-alginate beads and polyacrylamide gel), were compared with nanoparticles
(gold and magnetite). The synthesized nanoparticles (Au and FesOsNPs) were characterized
physically and chemically, followed by activity analysis of covalently and electrostatically
immobilized enzyme (GOx) onto these nanoparticles.

3.1 Characterization of Nanoparticles for Immobilization

The characterization of gold nanoparticles (AuNPs) and magnetite nanoparticles (Fe3;O4NPs)
was done using UV-Visible spectroscopy and transmission electron microscopy (TEM), as
shown in Figure 1. Gold nanoparticles show a characteristic absorption peak at 523 nm (Figure
1A) while magnetite nanoparticles (Figure 1B) show an absorption maximum at 400 nm. The
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shift in the absorption peak wavelength, in comparison to bulk particles, gives a qualitative

idea of the size of the synthesized particles.
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Figure 1: UV visible absorption spectrum and corresponding TEM images of (A)

citratestabilized AuNPs and (B) Fe3O4NPs

Absorption maxima correlate with the energy difference (AE) or the band gap of the material
under study. AE for any material can be calculated from the following equation

AE =

nh?

~ 8ml?

(1)

Where 1 corresponds to the size of the particles, Planck’s constant (h), mass of the particle (m),

and principal quantum number (n) .

hc

E = —
)
3)

Where c is the velocity of light and the wavelength of light absorbed (A). Smaller is the size of
the particle larger the band gap or AE, and hence smaller would be the wavelength of

absorption.
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The band gap for bulk magnetite is 0.14 eV [38], while gold, being a metal, has overlapping
valence and conduction band or in other words, no band gap. Substituting the value of the
absorption wavelength of gold and magnetite particles, i.e., 523 nm and 400 nm, respectively,

Eac= 1239.4/523 =236 eV )

Emagnetite =1239.4/400 =3.09 eV (5)

Since the energy band gap of the synthesized materials (both gold and magnetite particles) is
larger than that of the corresponding bulk materials, the synthesized particles are of much
smaller dimensions, probably with structures of nanoscale dimensions. The distribution in
morphology and size of these nanoparticles was further confirmed by transmission electron
microscopy. TEM micrograph shows a narrow size distribution of the NPs, with Fe;O4 NPs
having an approx. diameter ~70 nm, while AuNPs are of ~20 nm in diameter.

3.2 Optimization of parameters for GOx Activity Analysis

Structural or conformational changes due to immobilization of the enzyme lead to a reduction
in its catalytic activity. The optimum temperature and pH for enzymatic activity were evaluated
using different temperatures and pH levels by observing the rate of conversion of glucose. The
amount of glucose left in the sample is estimated using the DNS assay. The standard curve for
glucose oxidase enzyme at 37°C and pH 5.0, displayed linear response over glucose oxidase
enzyme concentration ranging from 0 — 50 mU (R>=0.994). Figure 2A shows relative activity
of free enzyme GOx in phosphate buffer for pH value ranging from 5.0 to 9.0 at 37°C. GOx
shows optimum activity at pH 6.5 and more than 80% of the enzyme activity is retained for pH
ranging between 5.0 and 8.0 while above pH 8.0 activity reduces drastically with only 40%
activity remaining at pH 8.5.

g e, 100 _®.

80 L4

60 60

40 L4

20 4 \ 20 4

0 T L§ T T T 0 T T T T T
5 6 7 s ° 20 30 10 50 60

Relative Activity (%)
Relative Activity (%)

pH Tempera(ure(oc)

Figure 2: Relative activity of free GOx in solution with variation in (A) pH and (B)
Temperature

Moreover, enzyme activity at physiological pH (i.e.7.0) is 98% of that at optimum pH (pH 6.5).
Thermal stability analysis done over a temperature range of 25°C to 60°C (Figure 2B) showed
40°C to be the optimum temperature.

10



BIO Web of Conferences 233, 03004 (2026) https://doi.org/10.1051/bioconf/202623303004
ICABB 2026

3.3 GOx Immobilization Efficiency

The efficiency of immobilization of the enzyme was estimated for different methods and
matrices, as shown in Figure 3. As seen from the bar diagram, physical adsorption methods
showed poor immobilization in comparison to other methods. The enhanced percentage of
covalent as well as electrostatic immobilization on nanoparticles could be attributed to the
highly reactive nature of nanoparticles because of high surface energy.

Il %> Enzyme Leaching
I % Immobilization

AuNP electrostatic
Magnetite NP
AuNP

PVDF membrane
NC membrane
Polyacry lamide gel

Ca. Alginate

T T T T T
0 20 40 60 80 100

% Percentage Immobilization
Figure 3: Comparative analysis of conventional matrices with nanomaterials for GOx
immobilization in terms of immobilization and leakage percentage, respectively
Moreover, the nanoparticles not just have high surface energy, rather high surface area as well
leading to high enzyme loading capacity.
Percentage loss or leakage of enzyme observed in Figure4 could be attributed to weak Van der
Waals forces in case of physical adsorption in comparison to electrostatic interaction of enzyme
with nanoparticles. Covalent bonding being strongest results in minimum leakage of enzyme
(~2%). In case of entrapment methods enzyme leakage can be minimized by decreasing the
pore size of beads and membranes or increasing the glutaraldehyde concentration in case of
surface immobilization, however, this would lead to diffusional limitation and loss of enzyme
activity. A balance between percentage immobilization, leakage of enzyme and effect of
immobilization on activity of enzyme is the deciding factor while choosing a particular method
and matrix for immobilization.
In general, if the application is of single time usage (use and throw biosensors) then electrostatic
immobilization on nanoparticles could be the method of choice while for long term usage
applications covalent immobilization of enzyme onto nanoparticles would be the preferred
method.

3.4 Activity Analysis of Free and Immobilized Enzyme

Figure 4 shows variation of glucose concentration with time for free enzyme and GOx
immobilized onto different matrices at optimum temperature (40°C). The rate of change in
glucose concentration over time is generally lower for the immobilized enzyme than for the
free enzyme, indicating decreased enzymatic activity in the immobilized state compared to the
free solution. Rate of conversion of glucose in case of electrostatic immobilization of GOx

11
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onto gold nanoparticles is close to that of free enzyme. The probable reasons for the observed
difference in activity of GOx in each case are explained below.

N free enzyme

I NCM

I PVDF

o1 I Polyacrylaminde

| Ca alginate

I AuNP electrostatic
Au amino Np

I Magnetic np

100

504

Relative Glucose Concentration (%)

T T T gz

1 2 3 4 5 6
Time {(minutes)

Figure 4: Variation of glucose concentration with time for free GOx in solution and GOx
immobilized onto various matrices measured at 40°C.
3.5 Adsorption of enzyme on membranes

The increased activity on NCM as compared to PVDF as observed from Figure 4 could be
attributed to the nitro groups present on the NC membrane that results in activity enhancement
on immobilization [39]. Moreover, NC membrane being hydrophilic in nature results in charge
— charge interaction and weak secondary Van der Waals interactions with the enzyme that will
not cause much damage to the structure of the enzyme as compared to the strong hydrophobic
interactions in case of PVDF membrane that results in decreased enzymatic activity.

3.6 Entrapment of enzyme

It is observed that polyacrylamide gel entrapped enzyme showed larger activity than calcium
alginate beads (see Figure 4). This could be attributed to the fact that polyacrylamide gel is
non-ionic in nature and hence the enzyme properties would be minimally affected. However,
in case of calcium alginate gel, the positively charged divalent calcium ions crosslinking the
negatively charged gluconic acid residues of alginate polymer, might affect the GOx enzyme
properties whose active centre is negatively charged [40]. In addition to the above, the nonionic
character of polyacrylamide gel will not have much effect on diffusion of charged substrates
and products, when used in an industry for production or for biosensor [41].

3.7 Electrostatic and covalent immobilization of enzyme onto nanoparticles

As shown in Figure 4, the covalent immobilization of the enzyme onto amino-functionalized
AuNPs resulted in slightly lower activity compared to electrostatic immobilization on
citratestabilized AuNPs of the same dimensions. This could be attributed to the stronger
covalent bonds that might deform the structure of the enzyme and hence a reduced activity.
However, the reduction in activity was less because of the amino functionalization of the NPs.
Moreover, in case of covalent immobilization — GOx immobilized onto AuNPs showed higher
activity than on FesO4NPs. This could be explained based on curvature of the nanoparticles
depending on their size and adaptability (retention of conformation) of the enzyme on

12
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immobilization. Synthesized Fe;O4NPs are of larger size (~70 nm) while AuNPs are of much
smaller size (~20 nm) which is more suitable for immobilization of GOx enzyme (size ~5-6
nm). It was observed from the study that the interaction between the nanoparticle and protein
is highly dependent on the size of the nanoparticle.

3.8 Thermal stability analysis

Thermal stability of immobilized enzyme was studied over a temperature range of 25°C - 65°C
at pH 6.5 for each of the support matrix and method. Figure 5 (A, B) shows the relative activity
(relative to maximum activity at optimum temperature) of free and immobilized GOx onto
conventional and nanomaterials, respectively. As seen from
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Figure 5: Thermal stability analysis of GOx immobilized onto (A) conventional matrices, (B)
Thermal stability analysis of GOx immobilized on the nanomaterials.

Figure 2B, maximum activity of the immobilized GOx is at 40°C except in case of entrapment
of GOx in polyacrylamide gel and calcium alginate beads where optimum temperature was
lower i.e. 37°C and 25°C respectively. Generally, at temperatures greater than optimum
temperatures, the immobilized enzyme’s activity evaluated to be less than that of the free
enzyme but in the case of covalent immobilization onto nanoparticles an enhanced thermal
stability of the enzyme was observed. This could be attributed to small size and appropriate
curvature of the NPs [42], [43]. However, in case of electrostatic immobilization of GOx onto
nanoparticles at higher temperatures activity was lower than free enzyme. This suggests that
curvature and size of nanoparticles alone is not responsible for enhanced stability rather
cumulative effect of covalent linkage in addition to these factors accounts for the observed
trend. This is further corroborated by an exhaustive study on gold nanoparticles functionalized
with different amino acids by You et al., 2005 It was shown that both hydrophobic interactions
as well as the electrostatic interaction between the functionalized gold nanoparticles and
proteins are responsible for stability of protein-nanoparticle complex. It was further observed
that hydrophobicity binding affinity with nanoparticles and a slower rate of denaturation of
proteins.

Comparison of results for immobilization efficacy, leaching of enzyme, enzyme activity and
thermal stability, indicates that the nanoparticles served as better platform for immobilization
as compared to traditional methods including membrane or gel entrapment. Hence, further

13
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analysis of biosensing efficiency was done only for covalently immobilized GOx onto gold
and magnetite nanoparticles.

3.9 Biosensor Sensing Efficiency Analysis

GOx-AuNPs and GOx-Fe304NPs conjugates were drop-casted on modified gold electrode for
efficient detection.

3.10 Voltammetric Response

The voltammetry response of enzymatic biosensor fabricated using GOx immobilized onto
Fe304NPs-gold electrode and onto AuNPs-gold electrode are shown in Figure 6 (A-C). Figure
6A represents the characteristic response of bare electrode (curve a), Fe3O4NPs (curve b) and
AuNPs (curve c) modified electrodes in phosphate buffer (pH 7.4) at a scan rate of 100mV/s.
Bare gold
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Figure 6: (A) Cyclic voltammetry (CV) of the bare electrode (curve a),Fe;O4 NPs with
functionalized gold electrode (curve b), and the Au NPs functionalized gold electrode (curve
c)in phosphate buffer solution at scan rate of 100 mV/s. (B) GOx-Fe3Os NPs gold electrode
and (C) GOx-Au NPs gold electrode at different scan rates and (D) EIS spectra of bare gold
electrode (curve a), FesO4NPs functionalized gold electrode (curve b), GOx-Fe;O4NPs-gold
electrode (curve c¢), AuNPs modified gold electrode (curve d), and the GOx-AuNPs-gold
electrode (curve e) in solution containing 1 mM K3[Fe(CN)s] phosphate buffer.

electrode shows a prominent reduction peak at a potential of 0.31 V however no visible
oxidation peak is observed. Furthermore, modification of gold electrode surface with AuNPs
is marked by a negative shift of 0.03V, at a reduction peak potential of 0.28 V with 2.6 times
enhancement in peak current. A well-defined oxidation peak is observed at 0.042V.
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However, Fe;O4 NPs modified electrodes show a much lower background current that is even
less than bare gold electrode with a reduction peak at 0.49 V and peak current 3.2 times less
than AuNPs modified electrode. This reduction is due to difference in material characteristics
of gold and magnetite and is indicative of semiconductor type behaviour of magnetite
nanoparticles. Figure 6B and 6C represent the change in behaviour after immobilization of
GOx onto Fe304sNPs and AuNPs modified electrode surfaces at scan rates of 20-100mV/s as
shown by curve a-e respectively. Approximately two-fold reduction in current response
pertaining to the insulator type behaviour of the GOx enzyme was observed. Reduction and
oxidation peaks of glucose oxidase enzyme are observed at 0.24V and -0.219V respectively
for Fes04NPs modified electrode. The peak-to-peak potential separation ( Ep) was 0.229V at a
formal potential (E°) of 0.015V. However, in case of GOx-AuNPs modified electrodes the
redox peak potential of GOx is observed at 0.284V and 0.223V as seen in Figure 6C. The redox
reaction of GOx (a two-electron transfer process) on the AuNP-modified electrode exhibits a

Ep 0f 0.031 V, indicating a reversible process. In contrast, the Fe304NP-modified electrode
demonstrates a Ep 0f 0.229 V, indicating quasi-reversible behavior. Moreover, the peak current
is much higher and comparatively sharper peaks are observed in case of GOx-AuNPs modified
electrodes as compared to GOx-Fe3;04NPs modified electrodes.

3.11 EIS Studies

The electron transfer kinetics of the redox probe is colled by the electron transfer resistance
(Ret) at the electrode interface. Rt as calculated from Figure 7D shows that the resistance to
electron transfer was lowered when a bare electrode (Ret : 63Q curve a) was modified with
AuNP (Ret : 18Q, curve b) whereas the Ret value increased to 30 Q after immobilization of GOx
on the surface of the modified electrode (curve c). The above results suggest that the gold
nanoparticles are acting as nanoelectrodes and are helping in promoting the electron shuttling
between the electrode surface and redox centre of enzyme whereas after modification of bare
electrode surface with Fe3OsNPs the resistance to electron flow (Ret : 115 Q curve d) was even
greater than bare electrode due to the semiconductor character. Rt value was further increased
to 140 Q after immobilization of GOx (curve e) [44]. The increased Re after GOx
immobilization in both cases (curve ¢ and curve e) confirms the successful immobilization of
GOx to the electrode acting as a barrier for the electron transfer.

3.12 Current Response

Current response for the fabricated biosensors as a function of glucose concentration at an
applied voltage of 0.33V is shown in Figure 7A. The biosensor prepared by immobilization of
GOx onto the FesO4NPs modified gold electrode showed 1.7 times lower current response in
comparison to GOx-AuNPs-gold electrode. This could be attributed to the higher impedance
of Fe304NPs as compared to AuNPs as discussed above. The calibration plot (Figure 7A)
showed a linear behaviour over 1 M to 7mM glucose concentration for GOx-AuNPs-gold
biosensor whereas 5 M to SmM for GOx-Fe3O4NPs-gold biosensor beyond which nonlinearity
set-in (Figure 7B).
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Figure 7: Amperometric response of (A) GOx-Fe;OsNPs-gold electrode and (B)
GOxAuNPsgold electrode, to different concentrations of glucose at 0.35V in pH 7.4 phosphate

buffer solution

3.13 Sensitivity and Stability

Sensitivity for the GOx-AuNPs-gold electrode is 22.42 pA mM-' cm™ as compared to 14.3 pA
mM! cm? GOx-FesO4NPs-gold electrode [33]. The observed increase in sensitivity and
current response is likely due to the biocompatibility of the amino-functionalized AuNPs,
alongside their improved conductivity and lower impedance. The biocompatibility was
calculated with respect to Km that is used to measure the enzyme-substrate kinetics. Km for
Fe3;04NPs modified electrode was found to be 6.54 mM and 3.8 mM for AuNPs modified
electrode. Figure 8 shows storage stability of biosensor measured as the current response at
25°C for 1.0 mM glucose for a period of two months. After 60 days, the response current was
found to be 73% with GOxAuNPs-gold and 56 % with GOx-Fe;OsNPs-gold biosensor. Long
term stability and lower Km-hence enhanced enzymatic activity, could be attributed to excellent
microenvironment provided by the nanoparticles' surface, resulting in reduced leakage and

denaturation of the immobilized enzyme.
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Figure 8: Storage stability of the fabricated enzymatic biosensor

Response time recorded as 4 sec and 8§ sec for GOx-AuNPs-gold and GOx-FesOsNPs-gold
electrodes, respectively. The low response time of the biosensors as compared to few minutes
for membrane or gel-based biosensors, confirms good electro-catalytic property of the
nanoparticle-based biosensor. A decrease in diffusional limitation was observed due when the
size of nanoparticles were reduces resulted in rapid electron transfer between the electrode
surface and the active site of immobilized enzyme.

4. Conclusion

Industrial applications exploiting catalytic capabilities of enzymes are highly dependent on
method and matrix for immobilization. With ever increasing industrial needs, the research
publications improvising the method of immobilization or designing newer matrices are also
increasing dramatically. However, no comparative study presenting the efficiency of these
immobilization techniques and matrices have been reported till date. Our comparative analysis
of various immobilization methods revealed that while electrostatic immobilization minimizes
enzyme denaturation, covalent attachment to the nanoparticle surface provides the storage and
operational stability required for industrial biosensors. Moreover, covalent immobilization
onto suitably functionalized nanoparticles, depending on properties of the chosen enzyme in
general and specially that of active site residues, results in optimum immobilization and
maximization of catalytic activity. In other words, synergistic effect of appropriate
functionalization and size of nanoparticles promotes thermal stability as well as operational
stability and high sensitivity of the biosensor. Nonetheless, the electrostatic or covalent method
of immobilization remains a commercial decision.
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