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Abstract

A highly-sensitive glucose biosensor amenable to ultra-miniaturisation was fabricated by immobilisation of
glucose oxidase (GOx), onto a poly(2,6-diaminopyridine)/multi-walled carbon nanotube/glassy carbon
electrode (poly(2,6-DP)/MWNT/GCE). Cyclic voltammetry was used for both the electrochemical synthesis
of poly-(2,6-DP) on the surface of a MWNT-modified GC electrode, and characterization of the polymers
deposited on the GC electrode. The synergistic effect of the high active surface area of both the conducting
polymer, i.e., poly-(2,6-DP) and MWNT gave rise to a remarkable improvement in the electrocatalytic
properties of the biosensor. The transfer coefficient (a), heterogeneous electron transfer rate constant and
Michaelis—Menten constant were calculated to be 0.6, 4 s and 0.20 mM at pH 7.4, respectively. The
GOx/poly(2,6-DP)/MWNT/GC bioelectrode exhibited two linear responses to glucose in the concentration
ranging from 0.42 pM to 8.0 mM with a correlation coefficient of 0.95, sensitivity of 52.0 pAmM 'em?,
repeatability of 1.6% and long-term stability, which could make it a promising bioelectrode for precise

detection of glucose in the biological samples.
Highlights

e A highly-sensitive glucose biosensor fabricated using a (poly(2,6-DP)/MWCNT/GCE)
electrode.
e Glucose biosensor linearly response to the glucose.
e Glucose biosensor processes nanomole detection limit.
. Ultra-miniaturised glucose sensors envisaged for glucose determination in tissue exudates
and tears.
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1. Introduction

Monitoring and control of blood glucose levels is a key strategy in diabetes management [1].
In addition, detection of glucose is important for clinical diagnostics, medical validation,
bioscience research and food analysis. Glucose concentration is mainly determined using
enzymatic or chemical receptor techniques, but these have a limited detection range, mostly
from 107-10° M [2-7]. Therefore, despite the extensive literature on the subject, there is still
a practical requirement for an ultra-sensitive, selective, rapid and inexpensive glucose sensor
with a detection limit in the micro-molar range, and which can be readily miniaturised for
applications such as in-body fluids, tissue exudates, tears, sweat, calorie-controlled foods, etc.

8, 9].

Efforts to develop and improve glucose sensors have continued for nearly five decades
following Clark and Lyons’ first report of the enzyme electrode, in 1962 [10]. One of the
most challenging aspects in the development of a highly sensitive glucose sensor is the
selection of a suitable enzyme immobilisation matrix, which can offer high mechanical
strength, excellent conductivity and antifouling properties [11-13]. Rapid advances in the
development of nano and porous materials have vastly increased electrode surface areas and,
consequently, the dynamics of interactions [14, 15]. Carbon nanotube (CNT) incorporation is
an extensively investigated modification to glucose enzyme electrodes, because of the
excellent electron transfer capabilities of CNT as well as their large surface areas.
Electropolymerisation of conducting polymers, such as polypyrrole, polyaniline,
polyacetylene, polyindole, poly thionine and polythiophene, has been studied extensively for
the development of biosensors [16-21]. These polymers offer significant advantages due to
their very good conducting and mechanical properties and good adhesion to the electrode

substrate. On the other hand, non-conducting polymers could provide very thin films, due to
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their self-limiting growth, and hence biosensors based on these can offer fast response times.
In addition, the term selectivity of non-conducting films confers improved biosensor
selectivity and anti-fouling properties. Non-conducting membranes of poly
phenylenediamines have been of particular interest because of their thin, dense films leading
to both fast response and high H,0, or O, selectivity. Jang et al. reported the
electropolymerisation  mechanism for poly(1,2-diaminobenzene) [22], and the
electropolymerised poly(1,2-diaminobenzene) film was analysed by an impedimetric
technique [23]. Also, GOx has been entrapped in a poly(1,2-diaminobenzene)film through the
polymerisation of 1,2-diaminobenzeneon platinum-coated carbon fibers [24-26].

In the present study, an electropolymerised film of 2,6-diaminopyridine,(2,6-DAP) was
prepared on the surface of a glassy carbon (GC) electrode modified with multi-walled carbon
nanotubes, (MWNT), in 0.1 M HCI in methanol, by cyclic voltammetry (CV). The
electropolymerisation of 2,6-diaminopyridine has been studied by Morea et al., in
acetonitrile solvent at a platinum electrode [27]. They described the formation of two
different films depending on the deposition potential and their results revealed an Electron
transfer, Chemical reaction, Electron transfer (ECE) mechanism operating for the formation
of the first film and provided evidence for nucleation and growth for the deposition of the
second film. In contrast to previous work [27], we report here the electropolymerisation of
2,6-diaminopyridine on the surface of a glassy carbon (GC) electrode, in 0.1 M HCI in
methanol. For the first time, we utilised the poly(2,6-DAP)/MWNT matrix to immobilise

GOx as a model enzyme.



2. Experimental

2.1. Materials

The chemicals, 2,6-diaminopyridine (Sigma, 99.5%), glucose oxidase (GOx, from
Aspergillusniger, EC 1.1.3.4. 150,000 unit/g) and glucose (Sigma, 99%)were purchased from
USA and used without further purification. The multi-walled carbon nanotubes (MWNT, 1-8
nm inner diameter 2-25 nm outer diameter, 1 pm length and BET of 285 m?/g, 99%) were
obtained from the research institute of petroleum industry, Iran. Prior to use, the MWNTs
were purified and functionalized by sonicating in a mixture of concentrated sulfuric and nitric
acids (3:1, v/v) for about 4 h, neutralized with a large amount of de-ionized water, filtered
with a Millipore membrane (pore size 0.22 um), and finally dried at 60 °C overnight. All the
supplementary chemicals were of analytical grades and solutions were prepared with 18.2
MQ deionized water. The phosphate buffer solutions (PBS) were prepared from H3POy,
KH,PO4 and K,HPO4 and adjusting the pH were regulated with 2 M HCI and 2.5 M KOH

solutions. The supporting electrolytes were used in all the experiments with 0.1 M PBS.

2.2. Apparatus

Voltammetric experiments were performed using a Metrohm Computrace voltammetric
analyser (model 757VA). A conventional three-electrode system was used with a bare or
chemically-modified GCE as working electrode, (Ag/AgCl, KCI, 3M) reference electrode
and a platinum wire counter electrode. The surface morphology of the electrodes was
examined with a Hitachi S-4800 field emission scanning electron microscope (FESEM)
operated at 20 kV. The specimens were sputter-coated with a thin layer of iridium (~5 nm)
prior to examination. A digital pH/mV meter (mode 1780 Metrohm) was applied for

preparation of the buffer solution. All experiments were performed at an ambient temperature



of 25+2°C. Solutions were purged with high purity nitrogen gas, (or air), for at least10 min

before electrochemical measurements.

2.3. Preparation of the modified electrode

The glassy carbon electrode (2 mm diameter) was carefully polished with aluminum on
polishing cloth. The electrode was placed in ethanol and subjected to vibration to remove
adsorbed particles. Then 15 cycles scans were carried out in the potential range of-2.0 to
+2.0 V vs. reference electrode in a solution of 1 M H,SO,, this process was used to remove
impurities from the electrode surface [23,24]. Finally, the electrode was thoroughly washed
with deionised water and dried for 5 min at 50°C in an oven. A 10 mg of MWNT was
dispersed in 10 mL dimethyl sulfoxide by ultrasonic agitation for about 30 min to give a black
suspension of 1 mg/mL. The MWNT-modified electrode was prepared by casting 10 uL of
the MWNT suspension on the surface of the GC electrode, which was dried in air for 4hat
40° C. When the dimethyl sulfoxide was volatilised, a MWNT film was formed. The surface

modification of the MWNT/GCE was performed in two steps:

a) The poly (2,6-DAP) films were formed on the electrode surfaces by continuous
potential cycling for 20 times between -0.3 V and1.2 V at 50 mV s™ in 0.1 M HCI
containing 4 mM 2,6-DAP with total cell volume of 10 mL.

b) In the second step, the poly(2,6-DAP) film on the GC electrode was converted to a
conducting polymer by cycling the potential scan in 0.01 M NaOH solution at the

scan rate of 50 mVs™' for ten times.

The surface area of the modified electrode, poly(2,6-DAP)/MWNT/GCE, was
1.0534+0.006 cm® whereas for MWNT/GCE was 0.821+0.005 c¢m?, which were evaluated
from cyclic voltammetry experiments. After surface modification of the GCE, the modified

electrode was rinsed with distilled water and stored in triply distilled water when not in use.
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The GOx/poly(2,6- DAP)/MWNT was prepared by dropping 5 pL of 2.5 mg/mL GOx in 0.1
M PBS of pH 5 on to the poly(2,6-DAP)/MWNT modified GCE. After drying at 4°C in a
refrigerator for 4 h, 10 puL of glutaraldehyde solution, (2.5%, w/v), was added and the
electrode dried at 4°C. Scheme 1 shows the overall fabrication of glucose biosensor from a to
f that includes a-b) treatment and casting of MWNT on a GC electrode; c) electrodeposition
of poly(2,6-DAP) on MWNT/GC electrode; d) covalent-assembly of GOx on a poly(2,6-
DAP)/MWNT/GC electrode using glutaraldehyde as linker; and e-f) amperometric glucose
biosensing via direct electron transfer mechanism from I to III. All electrodes were stored in

PBS at 4°C when not in use.

3. Results and discussion

3.1. Electrochemical study of poly(2,6-DAP): synthesis and characterisation
Prior to electropolymerisation of 2,6-DAP at the MWNT/GCE, solubility of 2,6-DAP
monomer was optimised with varying concentration of HCI ranging from 0.01 to 0.1 M. The
optimum solubility of 2,6-DAP was achieved with 0.1 M HCI in methanol. Continuous cyclic
voltammograms were recorded using GCEs dipped in a mixture containing 4 mM of 2,6-
DAP and 0.1 M HCI under deaerated condition. The effects of various factors on the
formation of poly(2,6-DAP) film on the MWNT/GCE surface, such as the amount of
monomer, scan rate, number of scans, potential window, pH and also the conditions of the
alkaline treatment, were evaluated according to the variation of the peak current of the cyclic
voltammograms (CV) obtained from the modified electrode.

Fig. 1A, displays the CV of 2,6-DAP electro-polymerisation over the range of -0.3 V
to 1.2 V at 50 mV/s for 20 cycles. The forward scan of the first cycle revealed the presence

of an irreversible oxidation and reduction peak of the monomer, (Fig. 1A, curve a, O, and R,



peaks), with peak potentials at about 1.01 and 0.78 V vs. Ag/AgCl, respectively. In the
subsequent cycles, the oxidation currents were decreased at 1.01 V with a simultaneous
appearance of a pair of redox peaks at about 300-390 mV, due to the formation of poly(2,6-
DAP) film. This clearly shows the oxidation of the monomer 2,6-DAP and the formation of
poly(2,6-DAP) film on the surface of the MWNT/GCE. The peak-to-peak separation (AE, =
Epa — Epc of the pair redox peaks at about 300-390 mV) increased with increasing number
of cycles, i.e. 90 mV in the second and 200 mV in the last cycle. This suggests that the
nonconductive polymer film was formed on the surface of the GC electrode with increasing
scan cycles. A similar peak was also seen for the electropolymerisation of o-
phenylenediamine, (0PD) [25], and 4-nitro-1,2-phenylenediamine [26]. The
electropolymerisation mechanism of 2,6-DAP monomer has been proposed in the literature
[22, 26-27].

The poly(2,6-DAP) is a non-conducting membrane and this modified electrode does
not show any electrocatalytic activity in an aqueous solution. However, several scan cycles
of the poly(2,6-DAP) film-modified GCE in an alkaline solution, (i.e., alkaline treatment),
can improve the conductivity and also the electrocatalytic activity of the modified electrode.
The cyclic voltammogram of MWNT/GCE modified with poly(2,6-DAP) film after alkaline
treatment shows two small pairs of quasi-irreversible peaks at a formal potential of about-
0.18V, (AE,= 140 mV), and -0.45 V,(AE,= 60 mV), at scan rate of 50 mV in 0.1 M PBS
pH7.4 (Fig. 1B). The good conductivity and electrocatalytic activity of the modified
electrode after an alkaline treatment may be due to the reduction of some of the C-N bonds
in the polymer and the rearrangement of the polymer. Similar behavior was also reported for
poly(0-PD) [28]. Following this alkaline treatment, the resulting conductive polymeric film
showed good conductivity in 0.1 M BPS, pH 7.4.

The effect of scan rate on the CV of the poly(2,6-DAP) electrode after alkaline



treatment, in the range of -0.7 V to 0.7 V in the 0.1 M PBS pH 7.4 was also investigated (Fig.
Sia). The anodic and cathodic peak currents were directly proportional to the scan rate in the
range below 500 mVs™ with the linear equations: Ip(uA) = 0.116 v (mVs'l) + 0.046 (n=15,
R* =0.993), I,c (uA) = -0.113 v (mVs™) + 4.055 (=15, R*> = 0.982) (Fig. Sg). The ratio of
the anodic to cathodic peak currents obtained at various scan rates was almost unity. The
formal potential E” = (Epa + Epc)/2 was independent of the potential scan rate for sweep rates
below 500 mVs™, suggesting a transfer coefficient of about o = 0.5 for this redox
reaction.

The stability of the modified electrodes without modification by GOx, and the
reproducibility of their electrochemical behavior were investigated by cyclic voltammetry
after storing them in buffer solution at pH 7.4 for up to two week and then recording the
CVs. After immersing the modified electrodes for 24 h, the currents and the potential
response remained more or less unchanged. The recorded CVs after two weeks storage under
ambient conditions were reproducible and unchanged. In addition, the stability and
reproducibility of the modified electrodes were examined by repetitive recording of the CVs
in buffer solution at pH 7.4. There was no change in the peak height and peak-to-peak

separation after 50 cycles of repetitive cycling at scan rate of 100 mVs™.

3.2. Immobilisation of enzyme and electrocatalytic activity of enzyme-modified electrode

The GOx enzyme was covalently immobilised on the poly(2,6-DAP)/MWNT/GC electrode
surface by cross-linking with glutaraldehyde. Initially, GOx was immobilised on the surface
of the poly(2,6-DAP)/MWNT/GC electrode and after drying, glutaraldehyde was added as a
linker, as described in the literature [29]. The resulting enzyme electrodes were stored at

4°C in a refrigerator (in air) when not in use.



Fig. 1B shows the CVs obtained at i) bare GC, ii) poly(2,6-DAP)/ MWNT/GC and iii)
GOx/poly(2,6-DAP)/MWNT/GC electrodes in deoxygenated PBS at the scan rate of 50 mV
s Cyclic voltammograms were recorded in the potential range of -0.7 to 0.0 V. A pair of
well-defined redox peaks was observed at GOx/poly(2,6-DAP)/MWNT modified GCE in the
same potential window. The E” associated with this redox couple is 0.44 V, which is close
to the E” of other GOx .modified electrodes reported previously [30]. The peak-to-peak
separation (AEp) is about 30 mV. This redox couple is thus consistent with previously
reported direct electron transfer of GOx at similarly modified GCE surfaces.

To indicate the effects of MWNTSs and the polymer on the responses of the sensor, the
following combination of the modified electrode were also studied (i) GOx/poly(2,6-
DAP)/GCE (ii)) GOx/MWNT/GCE. The results revealed that in both cases there were poor
linear ranges and sensitivities for glucose.

Fig. 2A shows the cyclic voltammograms of glucose oxidase/poly(2,6-DAP)/
MWNT-modified GC electrode in pH 7.4 at different scan rates ranging from 40 to 500 mVs’
! Both the anodic and cathodic peaks currents are linearly proportional to the scan rate in the
range of 10-200 mVs™, indicating a surface controlled electrode process (Fig. 2B). Moreover,
redox potentials were almost the same at the different scan rate. It is clear that GOx adsorbed
onto the surface undergoes a reversible electron transfer with the modified electrode. The
formal potential E°'=(Epa+Epc)/2 is almost independent of the potential scan rate for sweep
rates below 200 mVs™ and the peak to peak separation is about 35 mV at scan rates below
200 mVs™, suggesting facile charge transfer kinetics over this range of sweep rates. On the
other hand, it was found that at scan rates of above 200 mVs™, AE, increased with increasing
scan rate. The values of peak-to-peak potential separations are proportional to the logarithm
of the scan rate (Fig. 2C). Based on the Laviron theory, the transfer coefficient (o) and

electron transfer rate constant (K;) can be estimated by measuring the variation of peak



potential with scan rate [30]. The transfer coefficient and heterogeneous electron transfer rate
constant were approximately 0.6 and 4.0 s, respectively. This value for electron transfer rate
constant is comparable with the apparent heterogeneous electron transfer rate constant

reported previously [26,27].

3.3. Morphological characteristics of the modified electrodes

Typical SEM pictures of the poly(2,6-DAP)MWNT/GC and GOx/poly(2,6-
DAP)/MWNT/GC electrodes are shown in Fig. 3. Fig. 3A shows the porous and three-
dimensional surface of poly(2,6-DAP)/MWNT/GC electrode. The porous surface of the
poly(2,6-DAP)/MWNT/GC electrode provided a large surface-to-volume ratio, which was
able to accommodate large amounts of active GOx on the electrode. Further, this enhanced
enzyme stability and direct electron transfer between the active site of enzyme on the poly(2,6-
DAP)MWNT/GC electrode. Immobilisation of GOx on the poly(2,6-DAP)/MWNT/GC
electrode resulted in a homogeneous globular surface morphology (Fig. 3B). The uniform
globule-like bioelectrode may be formed due to a good cross-linking of GOx by

glutaraldehyde on the surface of the poly(2,6-DAP)/MWNT/GC electrode.

3.4. Effect of pH

Fig. 4 shows the effect of pH on the GOx (FAD/FADH;) redox couple at GOx/poly(2, 6-
DAP)/ MWNT-modified GC electrode in various buffer solutions (pH 2 to 10). The redox
peak current remained stable in the pH range 2 to 10. The redox couple was also
reproducible when the composite film-modified GCE was transferred from one buffer
solution to another. The influence of pH over the anodic peak potential, (Ep.), of
FAD/FADH,; redox couple at GOx/poly(2,6-DAP)/MWNT-modified GCE is shown in Fig.
4.B. From the plot of E” vs. pH, it is apparent that both Epa, Epc and Eexhibited a linear

dependence over different pHs. The correlation coefficient was 0.994 and the slope was -54
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mV/pH, which is close to the theoretical value of Nernstian equation for equal number of
proton and electron transfer process [32]. Thus the FAD/FADH, redox couple reported in
this study comprises an equal number of protons and electrons transfer processes as shown in

Scheme 1 (cf., I-I1I).

3.5. Electrocatalysis of GOx/poly(2,6-DAP)/MWNT-modified GCE towards oxygen reduction
and glucose determination

The influence of dissolved oxygen on the GOx/poly(2,6-DAP)/MWNT-modified GCE was
investigated in deoxygenated and oxygenated PBS (Fig. 5). From the results it is obvious that
the reduction peak current observed at the modified GCE in oxygenated PBS (Fig. 5SA) was
considerable. This result reveals that dissolved oxygen was reduced effectively at the
GOx/poly(2,6-DAP)/MWNT-modified GCE. Similar observations have been reported at
GOx modified electrodes [30,33]. Furthermore, the electrocatalytic response of the modified
GC electrodes towards glucose was compared under both deoxygenated and oxygenated PBS
conditions. Upon addition of glucose to air-saturated PBS, the reduction current response of
GOx/poly(2,6-DAP)/MWNT-modified GCE decreased (Fig. 5A). The decrease increased
with increasing glucose concentrations. Also the current at positive potentials (about 0.2 V
vs. Ag/AgCl) was increased with addition of glucose, whereas there was no effect in the
voltammogram of GOx/poly(2,6-DAP)/MWNT-modified GCE’s with the addition of glucose
in to the deoxygenated PBS condition. The results reveled that only some parts of the
immobilised GOx maintained its bioactivity and apparently kept its native structure on the
surface of the modified electrode after the modification. It led to work as the first generation
of glucose sensor (i.e., amperometric detection of glucose by the production of hydrogen
peroxide under oxygenated condition). FADs groups were appeared from denatured GOx on

the surface of electrode via catalysed reduction of oxygen.
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The concentration of the oxidised form of FAD on electrode surface should decrease
in the presence of substrate, glucose. Thus, the addition of glucose restrained the
electrocatalytic reaction and led to the decrease in the reduction current. Fig. 5B shows a plot
of peak current decrease versus glucose concentration. The calibration range of glucose
concentration was studied from 4.2x107 to 8 x10” M. Linear response ranges to glucose
concentration were obtained of 0.42 — 89 uM and 0.9 to 8.0 mM, with correlation coefficients
of 0.95 and a detection limit of 0.13 uM at a signal-to-noise ratio of three. The sensitivity of
GOx/Au/CPE to glucose was found to be 52.0 pA mM™ cm”. Further, Fig. 5A shows the
current at positive potentials (about 0.2 V vs. Ag/AgCl) increased on addition of glucose.
Hydrogen peroxide produced under oxygenated conditions is oxidised at these potentials
resulting in an increased anodic current. The calibration curve was linear over the
concentration range 1.66 x 10 to 8.33 x 10 M, with a correlation coefficient of 0.983. The
apparent Michaelis-Menten constant K,, of the biosensor can be calculated from the
Lineweaver — Burk equation: 1/l = (Kn/Imax)(1/Cg) + 1/Imax, Where Cg is the substrate
concentration, Iy is the steady-state current and I;,,x is the maximum current measured under
substrate saturation (i.e., not shown). From the curve of the Iss'1 Versus Cg'l, based on the
experimental data from Fig. 5B, the apparent Michaelis-Menten constant K;,, was estimated to
be 0.20 mM.

Table 1 compares the characteristics of the new glucose biosensor based on the
GOx/poly(2,6-DAP)/MWNT-modified GC electrode with those reported in the literature. It
is apparent that the present GOx/poly(2,6-DAP)/MWNT-modified GCE glucose biosensor
possesses wider range of detection, i.e. from 0.42 — 89 uM and from 0.9 to 8.0 mM, a longer

shelf life and higher sensitivity.

3.6. Reproducibility, stability and sample analysis
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Storage and operational stabilities are important considerations for an immobilised enzyme.
When the enzyme electrode was stored at 4°C, it retained 93% of its initial current response
for glucose after intermittent use over a 10 day period and in 30 successive measurements,
the response of the electrodes did not change significantly. The operational stability of the
biosensors was also examined using continuous cyclic voltammetry. When 200 continuous
cyclic scans were performed in the potential range from —0.7 to 0.0 V with a 100 mV/s scan
rate, only a 3% decrease in the response was detected, demonstrating good operational
stability. The results suggest that the use of a direct electron transfer mechanism with GOx
results in higher stability and should deliver acceptable fabrication precision. The relative SD
was £1.6% for 10 successive determination of 1.2 x 10° M of glucose and the fabrication
reproducibility of eight electrodes, made independently, showed a relative SD of £7.6% for

the current determination at a glucose concentration of 1.2 x 10™ M.

3.7. Specificity and interferences

GOx possesses high specific catalytic activity towards the glucose even in the presence of
other carbohydrates [45]. The main interferences in enzyme electrodes result from
electroactive species diffusing to the sensor surface. To evaluate the selectivity of the
GOx/poly(2,6-DAP)/MWNT-modified GCE biosensor, the effect of the presence of the
possible interfering substances like uric acid, (UA), dopamine, (DA), ascorbic acid (AA) and
also acetaminophen, on the cyclic voltammetric current of the proposed biosensor in 1 mM
glucose was investigated. A 5% error criterion was adopted. No significant interference was

observed for UA, DA and AA at concentration of 0.5 mM UA, DA and AA.

3.8. Biological samples
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Blood serum samples were collected from a nearby clinical laboratory and tested for glucose
concentration with the developed sensor. The determination of glucose was performed on the
sensor utilising the standard addition method. After the current response was determined in
5.0 ml of 0.1 M pH 7.4 PBS containing sample of 20 plL, which depended on the
concentration of glucose, four 10 puL, 20 uM glucose solutions were successively added to the
system for standard addition determination. All the concentrations of glucose in detection
solutions were in the linear response range. The glucose level was determined to be 15.86 +
0.15 mM, which was close to the value of 16.04 mM obtained by spectrophotometry,
suggesting that the proposed sensor can be used for the determination of glucose level in

biological fluids.
4. Conclusion

GOx was efficiently immobilised on a new poly(2,6-DAP)/MWNT/GC electrode Some parts
of the immobilised GOx maintained its bioactivity and apparently keeps its native structure.
The reduced form of the released FAD groups of enzyme could be oxidised by dissolved
oxygen to produce an electrocatalytic reaction, which was restrained by glucose, due to the
reaction between the oxidised form of GOx and its substrate. This novel sensor displayed
high sensitivity (52.0 pA mM' cm™) and linear ranges between 0.42 — 89 uM and 0.9 to 8.0
mM for glucose were observed. The electrode appeared to be relatively immune to
electrochemical interferences. The apparent Michaelis—Menten constant was calculated to be
0.20 mM. Given its convenient preparation, excellent properties and nanomole detection
limit, this biosensor should be particularly suitable for the new generation of ultra-
miniaturised glucose sensors envisaged for glucose determination in tissue exudates.
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Scheme 1. Schematic illustrations of fabrication, biosensing and electron transfer mechanism
of an ultra-sensitive glucose biosensor (A-F). (A-B) treatment and casting of MWNT on a GC
electrode; (C) electrodeposition of poly(2,6-DAP) on MWNT/GC electrode; (D) covalent-
immobilisation of GOx on a poly(2,6-DAP)/MWNT/GC electrode using glutaraldehyde as a
linker; and (E-F) amperometric glucose biosensing through direct electron transfer
mechanism from [ to III onto a GOx/poly(2,6-DAP)/MWNT/GC bioelectrode at

physiological pH.
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Figure 1. (A) Cyclic voltammograms recorded during growth of poly(2,6-DAP) films on

the MWNT/GC electrode in 0.1 M HCI solution containing 0.04 M of 2, 6-DAP, between -
0.3 and 1.2 V vs. Ag/AgCl, 50 mVs™' potential sweep rate; and 20 scan number; and (B)
Cyclic voltammograms for i) GCE ii) the poly(2,6-DAP) film on the MWNT/GC electrode,

and iii) GOx/poly(2,6-DAP)/MWNT/GC electrode, in 0.1 M PBS at pH 7.4, between -0.3
and 1.2 V vs. Ag/AgCl, and 50 mVs™' potential sweep rate.
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Figure 2. (A) Cyclic voltammograms of GOx/poly(2, 6-DAP)/MWNTs/GC electrode in PBS
of 7.4 pH at different scan rates ranging from 40-500 mVs™, (B) Plot of anodic and cathodic
peak current vs. scan rate, and (C) plots of peak potential separations vs. log scan rates.
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Figure 3. SEM images of the (A) poly(2,6-DAP)/MWNT/GC and (B) GOx/poly(2,6-
DAP)/MWNT/GC electrodes.
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Figure 4. (A) Cyclic voltammograms of GOx/poly(2, 6-DAP)/MWNT/GC electrode at

different pH 2, 4, 6, 8 and 10, 100 mVs™ scan rates; (B) Dependence of the oxidation peak
potentials of GOx/poly(2,6-DAP)/MWNT/GC electrode on pH in 0.1 M buffer solution at

varying pH ranging from 2 to 10.
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Figure 5. (A) Cyclic voltammograms of GOx/poly(2,6-DAP)/MWNT/GC electrode in
the 0.1 M PBS of pH 7.4 with glucose concentrations ranging from 4.16 x 10 to 8 x

10° M at 100 mVs™' scan rate; and (B) the calibration curve of cyclic voltammograms
A.
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Table 1. Comparison of electroanalytical values for glucose oxidation at various direct

electron transfer GOx modified electrodes.
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LDR, linear dynamic range; CNTs, carbon nanotubes; GCE, glassy carbon electrode; AP, acetaminophen; LA,
Lactate; Gly, Glycine; PA, Pyruvate; Ordered mesoporous carbon—Au nanoparticles (OMC-Au); GAD, glutaraldehyde;
GCNT, gelatin- multiwalled carbon Nanotub; PVA, polyvinyl alcohol; GR, graphene; PPMH, poly-1,10-
phenanthroline; PMB, poly(methylene blue).
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