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Investigation of Glucose oxidation at Gold Nanoparticles deposited at Carbon
Nanﬁttélbes modified Glassy Carbon Electrode by Theoretical and Experimental
Methods.

Abstract

In the current research work, AUNPs-CNTs nanocomposite was synthesized chemically and decoration of
AuNPs on the surface of MWCNTSs was confirmed by UV-Vis, SEM and XPS analysis. Synthesized
nanocomposite was utilized for its application towards non-enzymatic glucose sensing by modifying
glassy carbon electrode with nanocomposite employing electrochemical techniques. In addition,
theoretical calculations were performed by Density Functional Theory (DFT), employing B3YLP with basis
set 6- 311+G(d,p) in gaseous phase and LANL2DZ basis set. Both theoretical and experimental results
predicted Au-CNTs composite as a better candidate for glucose oxidation as compared to CNTs and
AuNPs alone, owing to the synergistic effect of CNTs and AuNPs. This preliminary study for predicting
possibility of glucose oxidation by different nano hybrids is not reported earlier. This study can find its
applications in glucose biosensor and food industry.
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1. Introduction

Sensors belong to a class of devices that can be used
for multiple purposes, ranging from gas molecules
detection to tracing of chemical signals in biological
systems. Generally, a sensor consists of two basic el-
ements: a sensing element, responsible for detection of
a specific analyte and a signal transducer, which gen-
erates an output in the form of a thermal, magnetic,
optical or electrical output signal. Biosensors first re-
ported in 1960 [1], vary from conventional chemical
sensors in two aspects firstly, the active sensing
element is usually biological material such as proteins
or microorganisms [2,3] and secondly the biological
processes such as oxidation of ascorbic acid, dopa-
mine, uric acid and glucose etc., are being monitored
by the sensor. Biosensors can either act as in vitro or as
in vivo detectors. Among all types of biosensors,
electrochemical biosensors are presently the most
prevalent. Carbon materials are essential constituents
in electrochemical biosensors for more than a decade.
With the discovery of Carbon nanotubes (CNTSs) in
1991, they are considered as potential materials for
sensing purpose because of availability of large length-
to diameter aspect ratio as well as capability to facil-
itate electron-transfer kinetics for several of electro-
active species. Surface modification of CNTs can be
exploited for the attachment of any specific chemical
specie to their surface, sanctioning them enhanced
solubility [4]. Moreover, chemical and mechanical
strength, field emission and electronic transport prop-
erties of CNTs make them to initiate pronounced in-
terest in imminent applications [5,6]. Based on these
properties CNTs can be used as constituents for com-
posite materials and biosensors [7—13]. Combining the
fascinating catalytic properties of gold nanoparticles
and excellent electrical, thermal and conducting
properties of CNTs composite electrode materials have
been introduced [4]. When noble metal nanoparticles
like Ag, Au are deposited on carbon nanotubes a
composite is produced which has higher available
surface of CNTs for numerous nucleation sites, eradi-
cating capping agent which is required to avoid
agglomeration of nanoparticles. Moreover, this com-
posite presents advantages like the high catalytic ac-
tivity, lifetime and easiness of storage [14—19].

Glucose is an essential component of everyday food.
It comprehensively exists in pharmaceuticals, food and
blood. Glucose is inevitable for living organisms to
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maintain their life activities. However, due to accumu-
lation of higher level of glucose in the blood stream,
diabetes is caused which is one of the lethal diseases
[20,21]. Amongst many other assays, glucose is most
frequently performed because of the massive increase in
diabetic population [22]. Consequently, developing a
sensitive, stable and selective technique for glucose
detection is extremely indispensable [23—30].

In the present work we have modified carbon
nanotubes by gold nanoparticles (GNPs) using an
ultrasonication method [31]. This is a convenient and
simple method of solubilizing and stabilizing CNTs for
further GNPs deposition. This nanocomposite was
utilized to fabricate quite stable and sensitive biosensor
for the detection of glucose. In addition to this, DFT
calculations were carried out to ascertain Au and CNTs
effect on glucose oxidation. Theoretical and experi-
mental results complemented well for gold modified
CNTs glucose biosensor.

2. Experimental
2.1. Materials

Carbon nanotubes (110 nm diameter and 10 pm
length, Sigma Aldrich), gold salt (Sigma Aldrich) and
trisodium citrate (Sigma Aldrich) were used as
received. Ultrapure water was used to prepare 1 wt%
solutions of HAuCl4 and sodium citrate.

2.2. Synthesis of Au-CNTs/nanocomposite

For synthesis purpose we used already reported
procedure to attach gold nanoparticles over carbon
nanotubes [31]. Briefly, 3 mg of multi wall carbon
nanotubes (CNTs) were added in 4 ml trisodium citrate
solution (1 wt %) followed by 5 min ultrasonication.
This will generate sodium citrate shells on the surface
of carbon nanotubes with the help of ultrasonication,
afterwards 96 ml ultrapure water was added to this
suspension [31]. This 100 ml mixture was then heated
to boiling point with constant stirring followed by the
dropwise addition of 0.5 ml of 1 wt% solution of
HAuCly. This solution was further allowed to keep
stirring and boiling for 5 min. A gradual trans-
formation of colour occurs from blackish blue to red-
dish purple, indicating formation of Au-CNTs (see
Fig. 1 inset). Modified Carbon nanotubes were then
washed with ultrapure water and separated by
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centrifugation at 6000 rpm for 5 min. For comparison
purpose spherical gold nanoparticles were also syn-
thesized by Fren's method [32]. Concisely, to a 20 ml
of a 1 mM aq.HAuCl, boiling solution, 0.5 ml of a 1%
trisodium citrate solution was added under reflux. End
point of reaction is appearance of a deep red colour. At
this moment turn off heating and let the system cool
down. This procedure has many advantages, e.g., it
utilizes low reaction temperature (100 °C), does not
require organic solvents or surfactant, as well as less
than an hour of synthesis time, as well as synthesized
nanocomposites are easier to collect from aqueous
solution.

2.3. Instrumentation

Cyclic voltammetry was carried out on an Ecoche-
mie Autolab PGSTAT-10 potentiostat/galvanostat at
room temperature. A cell equipped with three elec-
trodes i.e., modified glassy carbon, a platinum wire and
silver/silver chloride were used as working, counter
and reference electrodes respectively. For EIS mea-
surements Ecochemie Autolab PGSTAT-10 potentio-
stat/galvanostat was also used in the frequency range
of 0.1—100 kHz. A UV—Visible spectrophotometer
(UV-1601 Shimadzu spectrophotometer) with wave-
length range of 190—1100 nm was utilized to collect
spectral data. Scanning Electron Microscopy (SEM)
used was JSM 7500F with operating accelerating
voltage 1—30 KV. XPS measurements were performed
using a Scienta-Omicron XPS instrument that was
equipped with a micro-focused monochromatic Al
KAlpha X-ray source. Data acquisition for the XPS
was performed with Matrix software and data analysis
was performed with Igor Pro along with XPS fit pro-
cedures. The curve fitting of spectra was done using
Gaussian-Lorentzia line shape after performing the
Shirley background corrections.

2.4. Electrode modification

Alumina powder of different grading i.e., 0.5 pum,
0.3 um, 0.1 pum was used to polish GCE to a mirror finish
on polishing pads, followed by proper rinsing with
deionized water. Electrodes were ultrasonicated for
1 min in deionized water after utilizing each grading to
remove alumina particles. All electrodes were dried at
room temperatures. Clean and dried GCE was spotted
with 10 pL of ultrasonicated AuNPs, CNTs and Au-
CNTs aqueous solutions. The electrodes were allowed
to dry in air for 30 min. These prepared electrodes were
used for acquiring electrochemical data.

2.5. Computational details

Computational calculations for the glucose and the
two other systems namely CNTs, AuNPs and CNTs-
Au nanocomposite were carried out using Density
functional theory (DFT), which is more accurate
method as compared to other theoretical methods. The
molecular geometries of glucose and CNTs were
optimized using B3YLP with basis set 6—311 + G(d,p)
in gaseous phase. However, for the optimization of
CNTs-Au composite, DFT method using LANL2DZ
basis set was employed. GAUSSIAN 03W software
was used for all calculations.

3. Results and discussion

3.1. Characterization of CNTs and Au-CNTs
nanocomposites

3.1.1. UV-visible spectroscopic characterization

UV—vis spectra of MWCNT, AuNPs and Au-CNTs
nanocomposite are shown in Fig. . MWCNT exhibit
no specific plasmon rather a broad band, while AuNPs
and Au-CNT nanocomposite indicated an absorption
peak around 520 nm. The UV—vis spectrum of Au-
CNT nanocomposite is not broader, indicating no
aggregated lumps of gold nanoparticles over the CNTs
surface [12] (See Fig. 1).

3.1.2. Scanning Electron Microscopy (SEM) imaging

SEM was used to characterize pure CNTs and
nanocomposites (Fig. 2A—F). The SEM images 2A-B
at different magnifications show pure (CNTs),

— — Pristine CNTs
d ™, AuNPs
Au-CNTs

Absorbance

0.4 Y

T
450 600 750

Wavelength/nm

Fig. 1. UV—Visible spectra of CNTs AuNPs and Au-CNTs
nanocomposite.
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Fig. 2. SEM images of CNTs (A—B) and Au-CNTs (C—F) nanocomposites, TEM image of synthesized AuNPs (2G) and a bar graph for

AuNPs (H).

indicative of clean surface of the carbon nanotubes as
received. Further Fig. 2C—F shows nanocomposites
after decoration with gold nanoparticles. Fig. 2G shows
TEM image of synthesized AuNPs for comparison
purpose. The size distribution of gold nanoparticles is
shown in Fig. 2H, and is estimated to 25 nm + 5.

3.1.3. X-ray Photoelectron Spectroscopy (XPS)
Further confirmation of the deposition of gold
nanoparticles on the surface of CNTs and information
on chemical element states was obtained by XPS
analysis (Fig. 3). Results indicated that the nano-
composites were composed of Au, C and O. Two peaks
in XPS for Au 4f;, and Au 4fs,, at 83.4 and 87.3 eV
are depictive of two types of Au electronic states (Au™
and Auo), as shown in Fig. 3 whereas the peak Cls for
the carbon is located at 280.3 eV. In addition, a strong
peak at 530 eV is indicative of the presence of Ols.
Pristine CNTs show a strong peak of C at 248 eV from
literature [33,34] but as the CNTs get functionalized
this peak shifts towards higher energy i.e. 280—285 eV.

Also, the ratio of C to O peak intensity is high in
pristine CNTs while in our case O is showing a strong
peak indicative of well functionalized CNTs. Also
peaks for Au 4f are present in our sample which is not
shown in pristine CNTs from literature.

3.2. Glucose oxidation on Au-CNTs/GCE

Non-Enzymatic glucose sensing was performed in
the presence of AuNPs, CNTs/GCE and Au-CNTs/
GCE as working electrodes vs. Ag/AgCl as reference
and Pt as counter electrode. Supporting electrolyte i.e.,
0.1 M NaOH solution was used in the potential range
from —0.5 V to +1.0 V (see Fig. 4A) for modified
electrodes without glucose and 0—0.8 V for modified
electrodes with glucose. In the absence of glucose in
the applied potential window no significant change in
terms of oxidation or reduction current was observed
for CNTs/GCE. For AuNPs/GCE and Au-CNT/GCE
electrodes show a typical response of gold hydroxide
and gold oxide. After addition of glucose into
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Fig. 3. XPS spectra of Au-CNTs, full spectra (A),

electrochemical cell see Fig. 4B, four main peaks
observed in voltamogram by Au-CNTs nanocomposite
and AuNPs while pristine CNTs did not show any
response.

Binding Energy (eV)

while C1s(B) and Au4f(C) are fitted curves.

Detail of four peaks is that, two in the cathodic scan
(forward scan) and two in anodic scan (backward
scan). Peak I corresponds to the gold hydroxide for-
mation in the forward scan, followed by a very sharp
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Fig. 4. CV response of CNTs/GCE, AuNPs/GCE and Au-CNTs/GCE Vs. Ag/AgCl reference and platinum as counter electrode in 0.1M NaOH
solution as supporting electrolyte (A), CV response for 1 mM glucose at CNTs/GCE, AuNPs/GCE and Au-CNTs/GCE Vs. Ag/AgCl reference and
platinum as counter electrode in 0.1M NaOH solution as supporting electrolyte at a 100 mV/s (B).
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peak II that corresponds to the adsorption of glucose
onto active sites of gold nanocomposite and conversion
to gluconolactone. Peak II is basically an anodic peak
in cathodic scan. Peak III corresponds to the formation
of gluconic acid and peak IV corresponds to oxidation
of gold nanoparticles. Peak appeared at i.e. 0.23 V
potential during the anodic scan is taken as glucose
oxidation peak. This is reported to be the oxidation
peak of glucose in many literature reports [35—40].
The selection of main glucose oxidation peak is crit-
ical. As this oxidation is occurring in basic medium, it
can be ventured that AuNPs have high affinity for the
adsorption of OH™ ions, which effectively catalyze the
process of oxidation of glucose. First, the metal Au(0)
was electrochemically oxidized to strongly oxidizing
species Au(OH),q4s under the alkaline conditions, and
finally this Au(OH),qs specie catalytically oxidizes

30
* 1M NaCH
01MN3OH
20 4
]
5
o 10 4
=
c
a
=
= 0
o
-10 T T T T T
-02 00 0.2 04 0.6 0.8

Potential/V

glucose and produces gluconic aid. Stability of Au-
CNTs electrode was evaluated at ten consecutive cy-
cles and by changing NaOH concentration (see Fig. 5),
modified electrode was found stable at 0.1M NaOH
concentration.

3.2.1. Possible mechanism of glucose oxidation

Out of three modified electrodes Au-CNTs showed
higher sensitivity towards glucose detection. There-
fore, this electrode is selected for rest of electro-
chemical experiments and mechanism evaluation.
Linear range of 0.1—3 mM glucose concentration was
obtained and Limit of detection (LOD) was evaluated
for Au-CNTs/GCE electrode and found to be 0.19 uM
and sensitivity to be 2.28 pAcm ™~ *(See Fig. 6). Glucose
oxidation mechanism at gold-CNTs modified

o
&
o
]
i
m

Current/pAcm?®
[=1
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Potential /V (vs.Ag/AgCl)

Fig. 5. CV response for 1 mM glucose at modified Au-CNT/GCE at different NaOH molarities, Vs. Ag/AgCl reference and platinum as counter
electrode (A) Stability of modified Au-CNT/GCE at ten different cycles Vs. Ag/AgCl as reference and platinum as counter electrode in 0.1M

NaOH at a 100 mV/s scan rate (B).
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Fig. 6. CV response of modified Au-CNT/GCE at different concentrations of glucose (0.1—3 mM) Vs. Ag/AgCl reference and platinum as
counter electrode in 0.1M NaOH solution as supporting electrolyte at 100 mV/s scan rate (A), Linear range for glucose detection at Au-CNTs (B).


mailto:Image of Fig. 5|tif
mailto:Image of Fig. 6|tif

74 F. Saira et al. / Karbala International Journal of Modern Science 6 (2020) 69—77

electrodes is suggested to be three step processes. It
can be narrated as described in below equations.

Au + OH — — Au(OH) — (Basicmedium)Eq. 1]

Au(OH) — + Glucose — Gluconolactone + Au
+ OH—- +H + Eg. 2]

Gluconolactone — Gluconicacid (Hydrolysis)Eq 3]

The enhanced signal of glucose is because of syn-
ergistic effect of electroactive sites of AuNPs and huge
surface area of CNTs. As gold nanoparticles deposited
over CNTs surface offer active reaction sites for elec-
tro-oxidation of glucose. Therefore, excellent

conductivity of Au-CNTs nanocomposite is solely
responsible for the observed enhancement in electro-
catalytic activity of present sensor system i.e., Au-
CNTs/GCE towards glucose oxidation. This synergis-
tic effect helps in facilitated charge transfer, better
access to vigorous reaction sites and surplus electron
transfer routes offered by AuNPs uniformly deposited
on the surface of CNTs [41—47].

3.3. Computational analysis of CNTs, AuNPs and Au-
CNTs nanocomposite

The computational chemistry gives a good estimate
of oxidation and reduction characteristics of molecules.

@ Cmygen
& Carbon

' Hydrogen
S Gold

Fig. 7. Optimized structures of glucose, Au, CNTs and Au-CNTs considering B3LYP level using 6-311G(dp) basis set for glucose/CNTs and

LANL2DZ basis set of DFT method for Au-CNTs merged structures.
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In fact, the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) are
correlated with the oxidation and reduction potential of
the molecules. The more negative is the E; yno, more
easily will be the molecule reduced. In the present study,
computational calculations were performed in order to
predict the feasibility of glucose oxidation on CNTs and
CNTs-Au nanocomposite substrates using DFT. To
predict the feasibility of glucose oxidation on modified
glassy carbon electrode, the HOMO of glucose while
LUMO of the modifiers (CNTs and CNTs-Au nano-
composite) systems is considered. Nanoparticles are
typically presented by cluster model but their optimi-
zation needs super computers. Calculations were
simplified by representing gold NPs by monoatomic
gold [48] (see Table 1).

LANL2DZ basis set of DFT method is designed for
metals optimization [49—51]. The optimized structure
is presented in Fig. 7. The molecular geometries of
glucose and CNTs (represented as hexagons here for
simplicity of calculations) were optimized using
B3YLP with basis set 6—311 4+ G(d,p) in gaseous
phase. Hexagons and gold atom containing merged

Table 1

HOMO and LUMO values of Glucose, CNTs, AuNPs and Au-CNTs
using semi empirical calculations employing B3YLP with basis set
6—311 + G(d,p) in gaseous phase and LANL2DZ basis set.

Energy/Hartree Glucose CNTs Au CNTs-Au
HOMO —0.58813 —0.240872272 —0.24745949 —0.54628
LUMO —0.54836 —0.0627372768 —0.02410248 —0.54225
-E . E .
HOMOD Luno
T N
S '%5;’ i
ga ol .
‘ Glucose
T Au-CNTs
c
(W]

Au

Fig. 8. Energy level diagram of investigated systems. The energy
levels are not drawn according to scale.

system was considered as one entity for Density
functional calculations. The merged system i.e. Au-
CNTs showed more —ive value of LUMO than CNTs
and AulNPs, which shows the ease in accessibility of
molecules to accept electrons (Fig. 8). Since LUMO of
CNTs—Au composite system is more negative as
compared to CNTs, depicting a facile glucose oxida-
tion. These results complemented well with our
experimental findings (see experimental section) for
Au-CNTs hybrid.

The energy level diagram of optimized structures of
studied molecules is shown in Fig. 8. Following trend
could be observed

*ELUMo(Au — CNTS) > — ELUMO (CNTS) >
— ErLumo (AU)

4. Conclusions

A synergistic effect of AuNPs and pristine CNTs as a
sensor on the electro-oxidation of glucose is presented
here theoretically and experimentally. We modified
GCE with CNTs, AuNPs and Au-CNTs to study their
glucose oxidation performance. Pristine CNTs did not
show any response AuNPs showed some and Au-CNTs
presented prominent response towards glucose oxida-
tion. This report also presents some preliminary results
of DFT prediction of glucose oxidation by Au-CNTs
hybrids. The synergistic effect of Au-CNTs/GCE pro-
vides more active sites and higher electron transfer
chances for glucose oxidation. Both experimentally and
theoretically Au-CNTs system was found better than
CNTs and AuNPs for glucose oxidation. This study may
provide a base for predicting theoretically a better
candidate for glucose oxidation prior to experiments.
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