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ABSTRACT: In this study, glucose oxidase (GOx) immobilization onto ten different types of carbon modified GCEs and its
direct electron transfer (DET) were investigated. A maximum amount of GOx immobilization (I'e,) of 2.9 nM/cm® was
achieved on the pristine multiwalled carbon nanotubes (PMWCNT) with high stability. Furthermore, the coefficient value for
electron transfer (0.5) and the rate constant of 3.16 s~' were measured from scan rate studies on PMWCNT/GOx. The derived
electro-analytical parameters were superior in PMWCNT system than those of several CNT based nanocomposite materials
published in the literature. The PMWCNT/GOx displayed a standard potential (E”’) of —444 mV with perfect redox peaks, and
appreciable peak separation (AE,) value of 22 mV in neutral electrolyte medium was noted. Glucose quantification was made
using the mediator, ferrocene monocarboxylic acid (FMCA), and quantification was done with dissolved oxygen (O,) reduction
caused by the glucose oxidase-mediated enzymatic catalysis of glucose. Sensor calibration results revealed a broad range from
0.2 to 5.8 mM with a lower limit of determination found to be 45 uM for glucose. A strong affinity between PMWCNT/GOx
and glucose was assessed with Michaelis—Menten constant (2.24 mM). The proposed biosensor had excellent sensitivity and
remained unaffected by the presence of other electroactive groups. This work demonstrates that pristine MWCNT can be used
directly as an immobilization matrix for biosensing applications without cumbersome electrode preparation steps and the

introduction of dopants.
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1. INTRODUCTION

A flavin enzyme of glucose oxidase (GOx) with a mass value of
150—180 kDa remains among the extensively employed
biomolecule to monitor the progression of diabetes in patients
with dysregulated glucose levels. The immobilization of GOx is
essential for fabricating biosensors, clinical devices, and
bioreactors. Several strategies like cross-linking, physical
adsorption, and covalent entrapment have been employed for
the immobilization of GOx. Flavin adenine dinucleotide
(FAD) is interiorly embedded in the protein folds of GOx."”
As a result, DET (direct electron transfer) of GOx is not
possible on solid electrodes due to the weak electrical wirin§
between the FAD moiety and the bare substrate surfaces.”
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There have been numerous efforts made to advance DET
between the FAD of GOx and the substrate using a plethora of
materials including metal oxides, polymers, quantum dots,
mesoporous silica, metal nanoparticles, and carbon-based
materials such as CNTs and greéphene—based nanocomposites
for the GOx immobilization.” Among these, CNT-based
materials are capable of creating molecular wiring with GOx
that can reduce the electron tunnelling distance, thereby
promoting DET. This might be due to the ability of the
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nanotubes with a diameter around 1 nm to enter the protein
folds and get closer to the redox moiety of the enzyme.” A
mixture consisting of CNT, GOx, and ethanol—water was
coated on glassy carbon electrode for glucose sensing, which
exhibited reasonable performance over GOx modified
electrode indicating the advantage of CNT incorporation on
the working electrode.’

Several reports are available on CNT-based electrode
materials where the nanotubes have been dispersed in various
matrix materials. Different es of matrixes such as the
polycation polyethylenimine,” surfactants 3-aminopropyl-
triethoxysilane,'® and cetyltrimethylammonium bromide
(CTAB),"'""* the ionic liquid alkylated imidazolium acetate,"®
and biopolymers cellulose, gelatin, and chitosan have been
investigated for GOx entrapment.'”'> Both single and
multiwalled CNTs have been employed as the dispersed
phase in these matrices. Majority of the reports have employed
multiwalled CNTs owing to their ease of synthesis and low
cost. The SWCNT-coated electrode was used for mixtures of
GOx and horseradish peroxidase enzyme on a pyrrole film for
glucose detection.'® Similarly, poly-L-lysine on SWCNT-coated
pyrolytic graphite electrode was explored for glucose biosensor
applications."” Other studies have employed nitrogen and
boron doped MWCNT modified electrode'®'” and Ag
nanoparticle incorporated polydopamine decorated CNT
electrode® for GOx immobilization.

Surface functionalized CNTs offer a better reactive surface
for retention of the enzymes, and several studies have focused
on CNT functionalization strategies for enzyme immobiliza-
tion. Acid-treated functionalized MWCNT?" further modified
with polypyrrole22 and the cross-linking agent, namely
alkylated carbodiimide,” poly(vinyl alcohol), and pyrrole
based compounds have also been exploited for GOx
immobilization.'””* In an interesting variation, electrospun
Au fibers were deposited on an electrode modified with
carboxylated MWCNT thorough electrophoretic deposition,
which was employed for GOx DET studies.”®> Metal nano-
particle-decorated CNT based electrodes have also been
investigated for enzyme immobilization. Polymeric materials
such as PDDA (polydiallyldimethylammonium chloride)
served as a capping agent for Au and Pt nanoparticle-decorated
CNTs*® that enabled the nanocomposite to retain its
nanodimensions. Other composite matrices such as
MWCNTSs-Au nanorods incorporated composite membrane,”’
MWCNT-alumina-coated silica (ACS), and Pt nanoparticle-
linked MWCNT-ACS*®*’ carbon-paste electrode modified
using PDDA capped Pt nanoparticles incorporated in a CTAB
matrix containing MWCNT,” etc., have been developed for
GOx immobilization. Recently, graphene-based materials have
garnered attention for sensing applications due to their
biocompatibility and conducting nature. Chen et al., reported
few CNT-graphene based composite materials, such as GO-
MWCNT hybrid, electrochemically reduced rGO-MWCNT,
and Au nanoparticle-decorated graphene-CNT hybrid.”*~*
Other graphene-based composites that have been reported in
the literature for GOx immobilization include a graphene-CNT
hybrid film grown by 3D seamless chemical vapor deposition,33
PDDA-capped Au nanoparticles incorporated on function-
alized graphene-MWCNT nanocomposite,”* a 3D graphene
layer as a platform for GOx-MWCNT composite immobiliza-
tion,”> and rGO-CNTs-carbon fiber felt-based electrode.*
Although these CNTSs based electrode materials have shown
reasonable sensitivity, they suffer from some several drawbacks
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such as cumbersome methodology to fabricate the electrode
film and requirement of expensive chemicals, surfactants, ionic
liquids, and polymers as well as Pd, Pt, Au, and Ag metal
nanoparticles that require extensive procedures made to
activate modified electrode. The above-mentioned matrices
have exhibited a surface coverage value in the range of 0.001 to
3.8 nM cm™? and direct electron transfer behavior. However,
effective GOx immobilization in a time-efficient approach still
remains a challenge. The present work attempts to address this
problem and explores the possibility of employing pristine
MWCNT as a dynamic host matrix for GOx immobilization.

Pristine MWCNT contains about 2—5% of carbonaceous
and iron impurities that may have a crucial play in altering the
belongings of pristine MWCNT. In a seminal work, Compton
et al. have investigated the electrocatalytic effect of pristine
MWCNT with hydrazine,”” glucose,” and hydrogen per-
oxide,” which were attributed to the residual metallic
impurities within CNTs. Later, Pumera et al.**~* extensively
investigated and proved that the nanographitic and metallic
impurities in CNTs have an intense effect on the electro-
chemistry of CNTs, which proves that the contaminants within
the CNTs overlook their electrochemistry rather than the bare
CNTs. This aspect was further substantiated by the work of
Senthil Kumar et al.*” where a bipyridyl immobilized
MWCNT was developed for electrochemical biosensing of
the purine bases in DNA. The iron impurities present in the
MWCNT formed a Fe-bipyridyl complex that was responsible
for the detection. Another related study employed chitosan
conjugated MWCNTSs containing iron contaminants that
contributed to the peroxidase-like catalytic activity toward
H,0, sensing.48 In the context of protein-based sensing, there
has been only one report on the use of MWCNT containing
iron and graphitic impurities*’ for the electric wiring of the
metalloprotein, that is, hemoglobin and its application toward
H,O, biosensor. Hence, the present study aims to employ
prisine MWCNT (PMWCNT) as an active host matrix for
glucose oxidase entrapment for glucose detection. The time-
efficient electrode preparation was made without the use of any
surfactants, linkers, functionalization, or composite/hybrid
materials. For comparison of the immobilization efficiency as
well as sensing performance, GOx was immobilized onto
another nine different carbons, and their surface coverage and
redox behaviors were compared with PMWCNT, a facet that
remains hitherto unexplored. The results of the study could
open up new vistas to DET with redox active enzymes/
metalloproteins employing a carbon-enzyme modified surface.

2. EXPERIMENTAL SECTION

2.1. Materials. MWCNT and Nafion (5%) were obtained from
Sigma-Aldrich, USA. Further dilution of the as-received 5% Nafion
was made with ethanol for the electrodes fabrication. Analytical grade
reagents were used as-received for the entire experiments. Aspergillus
niger based GOx (100 U/mg solid) was procured from HiMedia,
India. Using Na,HPO, and NaH,PO, salts, 0.1 M phosphate buffer
electrolyte solution (PBS) was prepared with pH 7. Prior to
performing the entire electrochemical measurements, the PBS
electrolyte was purged with N, gas for about 15 min for
deoxygenation. All electrochemical analysis was carried out with
CHI 440B workstation (CH Instruments, USA). An electrochemical
cell comprising GCE (0.07 cm*) modified with the sensing element
was employed to quantify the analyte and hence became the working
electrode. Besides, Ag/AgCl (saturated) reference and Pt ring counter
electrodes were employed for the present study. Morphology and
elemental analysis of the PMWCNT and PMWCNT/GOx were
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Figure 1. Cyclic voltammetry response of GOx immobilized (A) AC, (B) CB, (C) CNF, (D) GO, (E) GNP, (F) GMC, (G) FMWCNT, (H)
SWCNT, (I) purified MWCNT, (J) PMWCNT. (K) Stability CVs at GOx*PMWCNT in PBS PH7 at 50 mV s™". (L) Bar diagram between
different carbons modified GCEs and surface coverage value (I).

measured using scanning electron microscopy (FESEM) (JSM 6701F,
JEOL, Japan) and energy dispersive analysis of X-ray (EDAX, INCA

CENTA-X3, Oxford Instruments, UK) respectively.

2.2. Preparation of GOx Immobilized Electrodes. Purified and
functionalized MWCNT's were prepared by following methodologies,
that is, 0.2 g of PMWCNTSs mixed with 6 M (purification) and 15 M
HNO; (functionalization) were refluxed for a half day at 140 °C in an
oil bath. The residue was filtered and washed with H,O repeatedly
until neutralization of supernatant solution and then dehydrated at 80

°C using hot air oven. All other carbons like single-walled (SWCNT),
activated carbon (AC), graphene oxide (GO), graphite nanopowder

(GNP) carbon nanofiber (CNF), and graphitized mesoporous carbon
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(GMC) were procured from Sigma-Aldrich, USA and used as-
procured without further modification. Carbon black (N330 grade)
was received as a gift sample (Phillips tire industry. Kochi, India). For
the electrode preparation, carbon samples were prepared by blending
1 mg of different carbon material with 0.5 mL of ethanol by sonication
for 1S min. The carbon dispersion (5 pL) was coated onto the GCE
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Table 1. Literature Comparison of Glucose Sensor Data with PMWCNT/GOx"

S. no. modified electrodes E” (V) AE, (mV) T (nM/cm?) ”[S\e/frl:ll;/l[‘;lgnz linear range (mM) LOD (uM) ref
1 PyBA/MWCNT/GOx —0.438 27 1.15 0.5-3.5 2
2 GOD/MWCNT/TP -0.4 42 9
3 APTES/MWCNT/GOx -0.45 35 S 10
4 CNT/GOx/GCE —0.490 38 0.102 3.40 11
S Cellulose-MWCNT/Gox/GCE —-0.371 29 6.57 0.5-1.0 12
6 GOx/MWCNT/CTAB —0.46 32 53.5 13
7 GOD/MWCNT-ACS —0.466 44 0.127 0.1-0.8 17.5 14
8 GCNT/GOx/GAD —-0.4 47 3.88 2.47 6.3—-20 15
9 MWCNT/GOD/AuNRs/Au —0.384 38 0.07 38.2 0.28—5.88 0.2 16
10 Au/SWCNT/GOD/HRP/PPy 7.01 0.005—-1 17
11 PLL-SWCNT/GOx/GCE -0.5 19 18
12 CNX-MWCNT/Gox/GCE —0.459 27 0.752 13 0.02—1 100 19
13 BCNT/GOx/GCE —-0.477 26 1.94 111.51 0.05-3 100 20
14 Nf/GOD/Ag-Pdop@MWCNT/GCE —-0.48 28 3.1 0.05—-1.1 17 21
15 PPY-Nf/MWCNT/CH-GOx -0.25 136 2860.3 0.01—4.7 S 23
16 GOx/CNT/DHP/GCE —-0.418 0.020—-15 9 24
17 PVA-MWCNT/GOx/GCE —0.402 48 3.98 8670 0.1-20 150 25
18 CMWCNT-GOx/Gold fibres 0.001 0.47 1-30 4 26
19 CNT-PDDA-PtNPs/CPE -0.37 24.7 0.1-3 15 27
20 HPt-CNTs/GOD/GCE —-0.44 0.0012—-8.4 0.4 29
21 MWCNT-GO hybrid/GOx/GCE —-0.420 36 0.266 0.05—-23.2 28 30
22 ERGO/MWCNT/GOx-Nf —0.421 26 0.358 1.908 0.1-6.5 4.7 31
23 GR-MWCNT/AuNPs/GOx —-0.40 36 0.238 0.01-5.2 950 32
24 G-CNT/GOx —0.459 19.31 0.02—-8 33
25 PDDA/AuNPs/GCNT/GOD —-0.454 37 0.222 29.72 0.05-2.1 4.8 34
26 3DG-MWCNT-GOD/GCE —-0.410 40 49.58 0.1-16 1000 36
27 PMWCNT/GOx —0.444 22 2.90 6600 0.2-5.8 45 this work

“MWCNT = Multiwalled carbon nanotubes, GOD/GOx = glucose oxidase, GCE = glassy carbon electrode, SWNT = single walled nanotubes,
APTES = 3-aminopropyl triethoxysilane, Nf = nafion, PLL = poly lysine, TP = Toray carbon paper, GCNT = gelatin multiwalled carbon nanotubes,
GAD = gluteraldehyde, HPt = hollow platnium, DHP = dihexadecyl phosphate film, Pdop = poly dopamine, ACS = alumina coated silica, PDDA =

poly(diallyl-ammonium chloride, CH-GOx = chitosan glucose oxidase, PVA = poly vinyl alcohol, PyBA = 4(pyrrole 1-yl) benzoic acid, HRP
horse radish peroxidase, ERGO = electrochemically reduced graphene oxide, GR = graphene, AuNPs = gold nanoparticles, Au = gold, AgNPs

silver nanoparticles, BCNT = boron doped nanotubes.

working area and subjected for aeration at ambient conditions. The
carbon sample-modified GCEs were subjected to recordings in the
potential range from —0.8 to —0.2 V in pH 7 PBS purged with N,
using cyclic voltammetry. GOx dispersion was prepared by mixing 10
mg of GOx in 0.1% Nafion-ethanol (1 mL) and stored in the icebox
for further experimental usage. Nafion was used as a dispersant for
GOx to form a uniform film on the carbon modified surfaces, which
are also expected to inhibit the leakage of GOx from the PMWCNT
and thus to improve the stability of PMWCNT/GOx.

3. RESULTS AND DISCUSSION

3.1. DET Behavior of GOx Immobilized Different
Carbon Samples. Different types of carbon (AC, CB, CNF,
GMC, GO, GNP, SWCNT, fMWCNT, and PMWCNT)-
modified GCEs were used for the GOx immobilization
followed by cyclic voltammetry analysis at 50 mV s™" for the
DET measurements. Figure 1A shows that the GOx/AC
exhibits a redox peak with a AE, value of 39 mV as a result of
the FAD/FADH, redox center present in GOx and the E” was
found to be —0.436 V for the system. Interestingly, GOx/CB/
GCE shows a reversible DET behavior at an E = —0.440 V
with a AE, of 21 mV indicating an efficient redox response
with a favorable electron transfer (Figure 1B). The —OH and
—COOH functional groups along with the negligible metal
impurities present on the spherical carbon nanoparticles
contribute to the effective redox response of GOx/CB
modified electrode.’® Recently, Senthil Kumar et al. employed
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the same grade of CB for eflicient entrapment of organic redox
mediators like quinoid of curcumin, sesamol, and Coomassie
brilliant blue dye for electrochemical sensing applications and
reported similar response toward the analyte.”’ > The GOx
immobilized CNF show a feeble reversible redox peak at
—0.445 V with a AE, value of 38 mV (Figure 1C). The GOx
immobilized GO modified electrodes show an irreversible
nonfaradaic response (Figure 1D). This response is on
expected lines as the nonconducting GO might not efficiently
mediate the electron transfer between the substrate and
enzymes. In contrast, both the GOx immobilized GNP and
GMC modified electrodes (Figure 1E,F) exhibit a reversible
redox response due to the graphitic disorders and their
porosity. However, they displayed poor peak current stability
and hence may not be suitable for enzyme immobilization.
As claimed earlier, to increase the DET of GOx, function-
alized MWCNT electrodes and its further modifications by
carboxylation, polymers, cross-linking agents, surfactants, and
metal nanoparticles have been explored.'”™* In the present
study, GOx immobilized fMWCNT showed a redox peak
current with a large background signal and low peak current
magnitudes (Figure 1G). Meanwhile, the pristine SWCNT-
GOx (Figure 1H) electrode was also checked for the suitability
of enzyme immobilization. Interestingly, unlike the other types
of carbons, SWCNT-GOx system shows an appreciable redox
peak at an E” of —0.417 V with a AE, of 30 mV. Extended
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Figure 2. FESEM images of the (A) pristine MWNCT and (B) GOx immobilized pristine MWCNT. EDX results of (C) PMWCNT and (D)

PMWCNT/GOx.

experiments with purified MWCNT-GOx modifier (Figure 11)
also yielded good redox behavior with E” = —0.440 and AE, =
33 mV, but the stability of the electrode film was poor. Finally,
the GOx entrapped PMWCNT modified electrode was
subjected to CV analysis (Figure 1J). The CV response
shows well-defined direct electrochemistry with a redox
behavior at E” = —0.440 V and a relatively low AE, value of
22 mV. The stability of the GOx/PMWCNT/GCE is
investigated by performing SO consecutive CVs at SO mV s~
(PBS pH 7) (Figure 1K). It was estimated that 99.2% of redox
peak current magnitude (cathodic current and anodic current)
of the initial cycle was observed in the 50th cycle, which
inferred that the GOx/PMWCNT was extremely stable and
GOx was firmly attached to the PMWCNT. The surface
entrapment of GOx on various carbons was calculated from the
following eq 1:*’

I' = Q/nFA (1)
Where Q represents the charge of anodic peak integration, n
refers to electrons that participated in the electrochemical
reaction, F is the Faraday’s constant (96480 C/mol), and A
(0.071 cm?) is the geometric area of the working surface. The
surface excess values (mol cm™2) of GOx immobilized on
different carbons are sequenced as PMWCNT (2.9 X 107%) >
SWCNT (1.5 x 10™°) > GMC (1.0 x 10™°) > CB (0.93 X
107%) > £ MWCNT (0.92 X 107°) > pMWCNT > (0.88 X
10™%) > AC (0.81 X 107°) > CNF (0.71 X 10~°) > GNP (0.14
x 107°) > GO (nil response). The bar chart for different
carbons and their surface excess (I') values is shown in Figure
1L. Among the GOx immobilized carbon electrodes studied,
the maximum GOx surface excess value (I' = 2.9 nM cm™2)
was achieved for the PMWCNT modified electrode, which
provided a large surface area and suitable biocompatible
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environment for the GOx retention. Table 1 lists the
parameters reported in the literature for CNT based GOx
immobilized electrodes. It is seen that only the report on GOx
immobilization on gelatin-MWCNT through glutaraldehyde
cross-linking by Chen et al."’ exhibited a surface coverage
value of 3.88 nM/cm? that is slightly larger than the present
GOx immobilized PMWCNT. However, the AEP value of 47
mV is higher than that of the present work indicating that the
former system has slower electron transfer. The obtained AE,
and surface coverage values in the present study for GOx-
PMWCNT combine are superior to that of other CNT based
electrode materials reported in the literature.

The enhanced reversible redox response of the GOx
entrapped PMWCNT might be due to the following
phenomena mentioned in the literature. The plausible reason
behind improved DET is the trace metal impurities (Fe, Co,
and Ni), negligible metal oxide, and carbonaceous (amorphous
and graphitic carbons) species encapsulated into PMWCNT.
These impurities may play a role in mediating good
interactions with GOx, which, in turn, facilitate effective
DET, improved O, reduction behavior and glucose oxidation
in the presence of a mediator. FESEM images of the
PMWCNT (Figure 2A) reveal that the average nanotube
diameter was found to be 50 nm, while after immobilization of
GOx the nanotube morphology remained intact albeit with an
increased diameter of 80 nm (Figure 2B). The EDX results of
PMWCNT show the presence of elements C and O and metals
such as Fe, Co, and Nij, indicating the occurrence of a trace
level of metal impurities in the PMWCNT (Figure 2C).
Likewise, the EDX spectrum of PMWCNT/GOx also exhibits
the aforementioned elements along with N indicating the GOx
immobilization on PMWCNT (Figure 2D).
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Figure 3. CVs of various scan rate (A) 10—100 mV s and (B) 100—1000 mV s~' at PMWCNT/GOx in pH 7 PBS. Inset of A: Plot of anodic (i,,)
and cathodic peak current (ipc) versus scan rate. Inset B: Plot of E, and E, versus log of scan rate. (C) Effect of solution pH (2—10) on the CV
response of PMWCNT/GOx at a fixed scan rate of 50 mV s™". (D) Plot of E” versus pH.

3.2. Scan Rate and pH Effect on PMWCNT/GOx
Modified the Electrode. Figure 3A and B show CVs of
the PMWCNT/GOx in the deoxygenated electrolyte (pH 7)
at different sweep cycling. Both i, and i, increments were
observed with progressive increase in the scan rates for GOx
redox peaks. Peak separation (AE,) values were also increased
in the sweep ranges of 10 to 1000 mV s, indicating a
pseudoreversibility, arising due to internal resistance between
the interface and electrodes.”** The ip, and i, are observed as
the same magnitude at all the scan rates. The ratio of i,/i,.
close to unity suggests that the PMWCNT/GOx involves the
surface-controlled process. A linear relationship is observed
between E,,, and E, and log v (Figure 3B, inset). The slopes of
anodic (2.303RT/(1—a)nF) and cathodic (—2.303RT/
(1—a)nF) peak potentials were calculated from the linear
plot. Charge transfer coefficient estimated for an electro-
chemical surface adsorption controlled phenomena using
Laviron equation (eq 2):”!

@)

where k, is the slope value of E,,, versus log v (0.217), and k. is
the slope value of E,. versus log v (0.212), and « is the
coefficient of electron transfer, which is 0.5. The obvious rate
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constant (k) for electron transfer can be acquired using eq
3:*'where n is 2, R, T, and F are their standard values, while

RT

nFv

o (1—o) nFAE,
23RT

log k, = xlog (1—) + (1—)log o — log 3

AE, is the separation between anodic and cathodic potential
(0.131 V) at 0.1 V s™". The calculated k, value of 3.16 s™* for
the PMWCNT/GOx is larger than that reported for PVA-
MWCNT (1.58 s71),** GOx-CTAB-CNT (1.14 s!),"* GOx-
MWCNT-alumina-coated silica (2.10 s7!),> GOx-Nf-
MWCNT (1.53 s7!),'" GOx-B-MWCNT (1.56 s7!),'® and
several other GOx immobilized electrodes, which are tabulated
in Table 1.

The influence of electrolyte pH on DET of PMWCNT/
GOx was investigated. Figure 3C displays the CVs at 50 mV
s~ obtained from the PMWCNT/GOx at various pH values
between pH 2 and pH 10. Formal potential of the GOy redox
response shifts toward the negative direction with increasing
pH. The slope of E” versus pH (Figure 3D) was found to be
—53.0 mV/pH (R* = 0.99), which matched with the
theoretical value of —59.0 mV/pH (Nernstian slope),
suggesting that two protons and electrons were contributed
during the electrochemical response of FAD/FADH, as
described in eq 4:*°
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Figure 4. (A) CVs of PMWCNT/GOx @N, saturated and PMWCNT/GOx @O, saturated in PBS. (B) CVs of PMWCNT/GOx with different
concentrations of glucose (1-3 mM). (C) CVs of GOx/PMWCNT in PBS containing 2 mM of FMCA mediator and difference concentrations of
glucose. (D) Amperometric i—t response of PMWCNT/GOx modified GCE upon sequential additions of 0.2 mM glucose in PBS (pH 7)
containing 2 mM FMCA at 0.35 V. Inset, interference effect. (E) Plot of calibration between glucose concentration and steady state current. (F)

Michaelis menton plot.

GOx — FAD + 2e — 42H" « GOx — FADH, (4)

3.3. Electrochemical Quantification of Glucose via O,
Reduction and with Mediator Assistance. DET-based
glucose sensing was checked by monitoring the dissolved O,
reduction with the enzyme-based reaction as shown in the egs
4 and 5."® From Figure 4A, characteristic reversible peaks were
obtained in both aerated (O,) and deaerated (N,) saturated
PBS at 20 mV s™'. However, the ip. of the PMWCNT/GOx in
dissolved oxygen-containing PBS was larger than that found in
a N, environment, and the corresponding oxidation peak
current was lower. This result proves that catalytic dissolved
O, reduction happens at the PMWCNT/GOx modified
electrode as described in eq 5:°'

1746

GOx — FADH, + O, — GOx — FAD + H,0, (s)

CVs of PMWCNT/GOx in dioxygen saturated PBS with
four glucose concentrations, that is, 1 to 4 mM, are presented
in Figure 4B. The i, attributed to the dissolved O, reduction
was observed to correlate well with the increasing glucose
concentrations. The serial decrement in the i, proves the
efficient O, reduction at PMWCNT/GOx. Thus, PMWCNT/
GOx showed enhanced catalytic response toward the indirect
glucose determination, that is, O, consumption. DET on
glucose oxidase-immobilized CNTs and various forms of
graphene is still not convincing. This is because GOx redox
peaks are usually observed on CNTs and graphene because of
adsorbed flavin and not due to FAD/FADH, within the
protein folds. Also, literature reports provide supporting
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Scheme 1. (A) Bare GCE, (B) PMWCNT Modified GCE, (C) GOx Entrapped PMWCNT/GCE Preparation and Its

Bioelectrocatalysis Pathway for Glucose Analysis
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Figure S. (A) Amperometric i—t response of PMWCNT/GOx modified GCE upon human serum samples spiking with sequential additions of 20
UM glucose in PBS (pH 7) containing 2 mM FMCA at 0.35 V. (B) Calibration plot between steady state current versus glucose concentration.

evidence that adsorbed FAD or contaminations present in
commercially available GOx exhibit a vital role in DET-based
glucose sensing applications.”*

Figure 4C displays the CVs of PMWCNT/GOx in pH 7
electrolyte solution having various glucose concentrations (1—
3 mM) in the presence of FMCA. A redox response recorded
at +0.37 V is a resultant of the FMCA mediator. Linear
increments of iy, and a sequential decrease in i, due to FMCA
were observed with increasing concentrations of glucose. This
result proves that the PMWCNT/GOx is a promising
candidate to catalyze the glucose reduction with the aid of a
mediator. This is depicted by Scheme 1.7

3.4. Amperometric Determination of Glucose on
PMWCNT/GOx. Chronoamperometry, being one of the
most widely used techniques for evaluating glucose sensors,
has been employed to study the bioelectrocatalytic behavior of
PMWCNT/GOx with the aid of FMCA. Figure 4D shows the
well-behaved amperometric response obtained at PMWCNT/
GOx-modified GCE at a potential (E,,,) of 0.35 V and a
stirred condition in deaerated PBS (pH 73. The amperometric
steady state current increased linearly with increasing of
glucose levels. The linear calibration was obtained between 0.2
mM and 5.8 mM of glucose with the regression coefhicient
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close to unity (R* = 0.98) (Figure 4E). The detection limits
(LOD) for the linear segments were estimated using eq 6:"°

LOD = 3§,/m (6)

where S, is derived from the five repeated blank signals current
values resulting standard deviation, m is the slope of the
sensor, and the LOD was found to be 45 yM. The sensitivity of
the PMWCNT/GOx is 6.6 mA/mM/cm? The apparent
Michaelis Menton constant (K*P,,) was derived from the

Lineweaver—Burk equation (eq 7):**
11 Ky
s Ly LG @)
where L stands for the current response of glucose, I, is the

catalytic current of glucose oxidation, and C represents the
glucose concentration. The derived K*Py; of 2.24 mM proves
the high affinity enzyme—substrate kinetics and identical
sharing of the GOx on the surface for glucose oxidation via
DET (Figure 4F). The lower Ky, value indicates that the GOx
entrapped pristine CNT networks possess a higher enzyme
activity for glucose oxidation with FMCA as a mediator. Table
1 shows a compilation of glucose biosensor data based on GOx
immobilized MWCNT composites. It may be noted that many
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of these sensors have the limit of detection in the higher range
of glucose concentration, whereas in the present work, a very
low LOD has been achieved. Further PMWCNT/GOx has
shown a very impressive current sensitivity as well. The
plausible explanation for this interesting bioelectrocatalytic
behavior of the PMWCNT/GOx can be due to the metal
impurities that provide a large number of active sites to entrap
GOx without compromising its enzymatic activity.

3.5. Selectivity Study and Recovery Test. Selectivity of
the PMWCNT/GOx electrode for the glucose sensing was
assessed with possible interference from molecules like
dopamine, NADH, epinephrine, ascorbic acid, and uric acid,
which are commonly encountered in serum samples. These
samples were diluted 100 times prior to measurements, and the
corresponding data are shown in the inset of Figure 4D. The
presence of these interferents did not affect the electrode
performance, which indicated that the PMWCNT/GOx can
serve as a good interface for the selective sensing of glucose.

To prove the real applicability of the assembled biosensor in
clinical analysis, human serum samples (with 10-fold dilution)
were collected and employed for detection of glucose levels
using the PMWCNT/GOx modified electrode. The precision
of sensor was determined by standard protocol, and the
respective amp i—t results are shown in Figure SA and B. Five
different glucose concentrations were spiked in the serum
sample, and the recovery was calculated between 88 and 98%
(n = 3), showing an excellent precision in the given samples.
Table 2 shows the recovery data from which it can be inferred
that the PMWCNT@GOx is a reliable sensor for serum
sample analysis.

Table 2. Recovery Data for Human Serum Samples on
PMWCNT/GOx

S. no. added (uM) found (M) recovery (%) RSD (%)
1 20 17.60 87.9 5.44
2 40 39.51 98.7 2.50
3 60 59.84 99.7 3.96
4 80 75.14 93.9 4.68
S 100 98.15 98.1 2.55

3.6. Repeatability, Reproducibility, and Stability. The
current sensitivity was measured for N, purged PBS containing
0.1 mM glucose at PMWCNT/GOx modified electrode for
five recordings under optimized amperometric i—t conditions
for reproducibility. Additionally, the current response in
dioxygen purged PBS containing 0.1 mM of glucose was
analyzed using five different modified electrodes for repeat-
ability. The RSD values of 3.12% and 1.8% show appreciable
reproducibility and repeatability respectively at PMWCNT/
GOx. Furthermore, PMWCNT/GOx was performed with one-
month storage in the refrigerator for stability assessment. The
fabricated system retained 94.3% of its original response
suggesting excellent storage stability of the fabricated
biosensor.

4. CONCLUDING REMARKS

Pristine MWCNT is found to be a suitable biocompatible
electrode material for the effective GOx immobilization.
PMWCNT avoids extensive preparation procedures and
time-consuming chemical treatments with surfactant, linkers,
and polymers. Nanographite, metal, and metal oxide impurities
in the PMWCNT assisted the strong interaction between the
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GOx and PMWCNT. Here we investigated several nano-
carbons for enzyme immobilization. Surface coverage and DET
behavior of the PMWCNT/GOx is several-fold higher than the
other carbon structures as well as other CNT based hybrids
published in the literature. The simple biosensor constructed
in a time-efficient approach was used for glucose detection by
O, consumption and with FMCA as a redox mediator.
Chronoamperometric data provide an excellent linear range,
low detection limit, and good substrate and enzymatic activity
with good selectivity and rapid response of 3 s. This has the
potential to be explored further for enzyme immobilization
applications including biosensing of clinically and industrially
relevant materials.
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