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Applying a nanocomposite to increase the conductivity of an electrode can facilitate electrochemical analysis. In
this regard, multi-walled carbon nanotubes (MWCNTs) evenly dispersed in hydrophilic solution can play an
important role in electrochemical bio-sensing due to their unique properties, such as their high electrical con-
ductivity and ability to conjugate with hydrophilic enzymes. Herein, we report the simple ultrasonic synthesis of
a highly dispersible, enzyme-binding nanocomposite, poly(acrylamide)-co-poly(vinyl imidazole) (7:1 mol ratio)-
MWCNTs (PAA-PVI@MWCNTs). This material, having a zeta potential of 36.6 + 0.53 mV, was applied as a film

to an electrode surface and stably bound with glucose oxidase to transfer an electron between the enzyme and
electrode in the presence of glucose. The PAA-PVI@MWCNTs composite, which was readily dispersed in deio-
nized water, can be used as a biocompatible material for applications such as bio-sensing, point-of-care testing
(POCT), and other health care functions.

1. Introduction

Electrochemical biosensors recognize electrical signals generated
through biological reactions between an analyte and electrode, and
have been exploited for both quantitative and qualitative analyses. The
materials and components of the electrode are very important for
measuring biological analytes [1,2], and many highly sensitive and
reproducible materials have been investigated [3-6]. The carbon allo-
tropes, encompassing fullerenes, CNTs and graphene, having remark-
able properties has been studying due to their extraordinary structure
and rigorous surface dimensionality [7-9]. Multi-walled carbon nano-
tubes (MWCNTs), with their excellent electrical conductivity, high
surface area, good corrosion resistance, and unique chemical, physical,
and mechanical properties, have been applied in electrochemical bio-
sensing materials due to their controllable properties with various
biomolecule. However, MWCNTs are difficult to use directly for bio-
logical systems because of their hydrophobicity and insolubility
[6,10,11]. Therefore, many researchers have developed MWCNTs dis-
persion methods, having biocompatibility and high dispersion, using
chemical and physical functionalization [12-16].

One typical chemical functionalization method uses nitric or sul-
furic acid to introduce carboxylic acid groups onto the MWCNTs, which
modifies the sp? surface of the MWCNTS to an sp> hybridized structure.
Although chemically functionalized MWCNTs are more hydrophilic
because of their surface carboxylic acids [17-19], their electrical con-
ductivity is reduced due to the destruction of their sp> structure (xt
electrons). Further disadvantages of this approach are the requirements
for extreme sonication, the environmentally unfriendly use of strong
acids, and a complex washing step to remove residual acid from the
product [20]. In another chemical MWCNTs functionalization method,
non-ionic, anionic, and cationic surfactants having both hydrophilic
and hydrophobic structural components have been employed [21-23].
However, these reagents can alter the properties of the MWCNTs and
the residual surfactant can be difficult to remove. Physical functiona-
lization methods have also been developed, as exemplified by the
wrapping of the MWCNTs surface with polymers such as poly(pheny-
lene vinylene) [24] or polystyrene [25]. Polymer chains that contain
aromatic rings can be wrapped onto MWCNTs through van der Waals
interactions and si-it stacking [24-26]. However, MWCNTs composites
with polymers having only aromatic rings cannot be dispersed in
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aqueous solution. So, MWCNTSs dispersions prepared with hydrophilic
polymers such as poly(acrylamide)-co-poly(sodium methacrylate) [27],
poly(methacrylic acid-co-acrylamide) [28], poly(acrylamide) [29], and
poly(N,N-dimethylacrylamide) [30] have been developed, affording
inexpensive and soluble materials for engineering applications. The
hydrophilic polymer, poly(acrylamide)-co-poly(vinylimidazole) (PAA-
PVI), has been studied as an electrochemical biosensor material due to
its water-soluble nature [31-35].

The ultrasound as a green, inexpensive, express, and convenient
technology have widely used for the homogeneous dispersion of
MWCNTs with polymer. When an ultrasonic wave, which have cycles of
compression and expansion, passes through a liquid, compression cy-
cles exert a positive pressure on the liquid, pushing the molecules to-
gether; expansion cycles exert a negative pressure, pulling the mole-
cules away from one another. A sound wave of sufficient intensity can
create cavities in the liquid during the negative pressure. These cavities
grow and enlarge over many cycles. At the end of the cavitation cycle;
the collapse of microbubbles produces transient micro hot spots with
temperature and pressure that are much upper than that of the sur-
rounding liquid. Also, these irradiations provide the necessary thermal
energy to react and increase the collision frequency of nanofiller and
polymer matrix to form new intermolecular H-bonding between the
MWCNTs and the polymer. Therefore, to achieve a very high homo-
geneous dispersed MWCNTs with polymer, an ultrasonic method is
suitable [36,37].

Sensing systems to detect glucose have been classified into three
generations. First-generation glucose sensors measure production of the
hydrogen peroxide by glucose oxidase from oxygen, hydrogen, and
glucose. Second-generation glucose sensors use a mediator which
transfers an electron faster than oxygen from an enzyme to the elec-
trode. Finally, third-generation glucose sensors detect the electron from
glucose directly without a mediator (i.e., the enzyme is “wired” to the
electrode). Glucose oxidase (GOx) is commonly used to detect glucose
directly, and has been wired onto electrodes through metal nano-
particles, conducting polymers, and carbon-based materials (graphene,
single-walled CNTs (SWCNTs), and MWCNTs) [38-41]. The co-factor
redox peak for the electrode-wired GOx is around —0.332V (versus
Ag/AgCl reference) [42]. To directly detect glucose, therefore, it would
be desirable to use water-soluble MWCNTs to adsorb the enzyme co-
factor on the sensor electrode.

In this work, we synthesized hydrophilic PAA-PVI@MWCNTs via
simple ultrasonic method. The physicochemical, morphological, and
electrochemical characteristics of PAA-PVI and its MWCNTSs composite
were investigated. Finally, adsorption of the GOx enzyme onto a pre-
pared PAA-PVI@MWCNTs/indium tin oxide (ITO) electrode was eval-
uated, and the resultant biosensor was examined for the determination
of glucose and as a high electron-transfer material.

2. Experimental
2.1. Materials

Multi-walled carbon nanotubes (Model MR99, > 99 wt%, 5-15 nm
diameter, ~ 20 pm length) were purchased from Carbon Nano-material
Technology Co. (Pohang, Korea). Acrylamide, 1-vinylimidazole,
N,N,N’,N’-tetramethylethylenediamine, poly(ethylene glycol) digly-
cidyl ether (PEGDGE), and ammonium persulfate were purchased from
Sigma-Aldrich Co. (Milwaukee, WI, USA). Glucose oxidase (GOx;
219 U/mg) from Aspergillus Niger was purchased from Amano Enzyme
Inc. (Japan). Phosphate-buffered saline (PBS, 4.3mM NaH,PO,,
15.1 mM Na,HPO,, and 140 mM NaCl) and all other solutions were
prepared using deionized Milli-Q (DI) water (Millipore, Japan). A
Powersonic 510 ultrasonic bath (Hwashin Tech, Korea) was used for the
ultrasonic synthesis of PAA-PVI@MWCNTs.
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2.2. Preparation of PAA-PVI (7:1) and PAA-PVI@QMWCNTs

The hydrophilic PAA-PVI (7:1) polymer was synthesized by minor
modification of the reported method [43]. Acrylamide (4.967 g,
0.07 mol) and 1-vinylimidazole (0.905 mL, 0.01 mol) were dissolved in
DI water (150 mL) in a 250 mL beaker with vigorous stirring. A mixed
solution of ammonium persulfate (0.2g) and N,N,N’,N’-tetra-
methylethylenediamine (0.21 mL) in DI water (30 mL) was added
dropwise over 30 min to the monomer solution in the beaker at 40 °C
with vigorous stirring. Then, the solution was added dropwise into
acetone (500 mL) to precipitate the synthesized polymer. The hydro-
philic PAA-PVI polymer was vacuum dried for 1day in a desiccator
after filtration. The white powder was assessed by Fourier transform
infrared spectroscopy (FT-IR; Frontier & Spotlight 400, PerkinElmer,
USA). PAA-PVI (1.667 mg) was completely dissolved in DI water
(5mL). Then, the MWCNTs (5 mg) were added, and the mixture was
sonicated at 40 kHz and 50 °C for 2h. Herein, the ultrasonic method
was provide for interaction between the MWCNTs and PAA-PVI
polymer. The ultrasonic method have been lead to achieve a very high
homogeneity and obtain clear solution. The PAA-PVI@MWCNTSs dis-
persion was characterized in terms of its physicochemical, morpholo-
gical, and electrochemical properties (Scheme 1).

2.3. Characterization of PAA-PVI and PAA-PVI@QMWCNTs

The physicochemical and morphological properties of the MWCNTs,
acrylamide, 1-vinylimidazole, PAA-PVI (7:1), and PAA-PVI@MWCNTs
composite were examined by zeta potential analysis (SZ-100 nano-
particle analyzer, Horiba, Japan), FT-IR (PerkinElmer), raman spec-
troscopy (LabRAM HR Evolution, Horiba, Paris, France), X-ray photo-
electron spectroscopy (XPS, SPECS, Berlin, Germany),
thermogravimetric analysis (TGA, Rigaku, Japan), high-resolution
transmission electron microscopy (HR-TEM, JEOL, Japan), and elec-
trochemical analysis (CHI 660B workstation, CH Instruments, Austin,
TX, USA).

2.4. Fabrication of enzyme electrode

Indium tin oxide (ITO) electrodes were cleaned by immersion in
piranha solution (H,0,:H,SO4 = 3:1, v/v) for 5mins. The ITO elec-
trodes sonicated for 5mins in DI water and dried completely under a
stream of nitrogen gas at room temperature. Prepared PAA-PVI@
MWCNTs (40 uL, 1 mg/mL in DI water) was cast onto a cleaned ITO
electrode and then dried for 12 h at room temperature. The 40 puL mixed
solutions of GOx (40 mg/mL in PBS, volume, ratio 4) and PEGDGE
(10 mg/mL in DW, volume, ratio 1) were loaded onto the PAA-PVI@
MWCNTSs/ITO electrode, and then dried for 12 h at room temperature.
The fabricated GOx/PAA-PVI@MWCNTSs/ITO electrode was stored at
4°C in the refrigerator before use in the determination of glucose as a
third-generation biosensor material.

2.5. Biosensing apparatus and electrodes

A GOx/PAA-PVI@MWCNTSs/ITO electrode (6.0 mm diameter) was
used as the working electrode, and a micro Ag/AgCl (3.0 M KCl,
Cypress, Lawrence, KS, USA) scrolled with a 0.5 mm diameter platinum
wire was used as the reference and counter electrode, respectively.
Electrochemical impedance spectroscopy (EIS) measurements of the
modified electrodes were collected in 0.5M KCl (pH = 7.4) solution
containing 2.0 mM K3[Fe(CN)¢]/K4[Fe(CN)g] at 0.266 V (vs. Ag/AgCD).
The amplitude was 5mV and the frequency range was 1-10,000 Hz.
The electrical glucose responses in the GOx/PAA-PVI@MWCNTs/ITO
electrode were measured by cyclic voltammetry (CV) under oxygen-
saturated conditions. CV experiments were performed to investigate the
electron-transfer rate constant and the response to different glucose
concentrations (0, 1, 5, 8, 10 and 20 mM). The glucose concentration
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curve results were collected at —0.408 V vs. Ag/AgCl.

3. Results and discussion
3.1. Chemical properties of PAA-PVI

The structure of the co-polymerized acrylamide and 1-vinylimida-
zole was assessed by FT-IR (Fig. 1). The FT-IR spectrum of PAA-PVI
(line) shows the disappearance of specific peaks due to the vinyl and
acrylate groups in 1-vinylimidazole (dash) and acrylamide (dot), such
as the weak = CH, antisymmetric stretch at 3102cm™%,
medium = CH, rocking band at 1051 cm ™!, and strong = CH, wag at
962 cm ™. These results confirm successful co-polymerization to PAA-
PVI [44-47].

3.2. Physicochemical and morphological characterization of PAA-PVI@
MWCNTs

Fig. 2a presents a photograph of the highly dispersed state of the
PAA-PVI composited with MWCNTs in DI water after centrifuging for
1h at 13,000 rpm. The morphology of the composite was observed by
HR-TEM (Fig. 2b), which reveals a uniform PAA-PVI polymer layer with
a thickness of 3.08 nm on the MWCNTs surface. The FT-IR spectra for
PAA-PVI@MWCNTs (line), PAA-PVI (dash), and the MWCNTs (dot) are
shown in Fig. 2c. In the spectrum of PAA-PVI@MWCNTSs, the imidazole
ring stretching and NH bending bands at 1450 and 1500 cm™?, re-
spectively, are decreased compared to the pristine PAA-PVI. These re-
sults suggest that the imidazole and amide moieties of the PAA-PVI
have stacked with the MWCNTs through cationic st-;t interactions, si-
milarly to the previously published catecholamine effect [48]. The TGA
results for PAA-PVI@MWCNTs (line), PAA-PVI (dash), and MWCNTs
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Scheme 1. Schematic of (A) synthesized PAA-PVI polymer
and (B) PAA-PVI composited with MWCNTs.
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Fig. 1. FT-IR spectra of PAA-PVI polymer (line), 1-vinylimidazole (dash), and acrylamide
(dot).

(dot) in Fig. 2d reveal a major mass loss of the MWCNTs indicated over
the temperature range of 600-800 °C. And the PAA-PVI polymer de-
composed at the range of 200-400 °C. However, the polymer (line) in
PAA-PVI@MWCNTSs decomposed slowly (500-700°C) than original
PAA-PVI (dash). The result shown that the PAA-PVI polymer well
composited in MWCNTs. Zeta potential measurements numerically
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Fig. 2. (a) Photograph of PAA-PVI@MWCNTs after centrifuging. (b) HR-TEM image, (c) FT-IR spectra, (d) TGA traces, and (e) zeta potential measurements of the composite and its

components.

indicate the dispersion state of a solution. Previous studies showed that
the zeta potential for poly(ethyleneimine), which has a terminal amine
functional group, was positive, and that for sodium dodecyl sulfate
(SDS), which has a terminal acrylic acid functional group, was negative.
Also, an increasing SDS content (with its negative terminal functional
groups) showed increasing zeta potential values [49-51]. The average
zeta potential of the prepared PAA-PVI@MWCNTs (7:1 mol ratio) is
36.6 = 0.53mV (Fig. 2e), and its positive value may be attributed to
the positive amide functional groups of the PAA-PVI. The zeta poten-
tials for MWCNTSs composites prepared using different PAA-PVI ratios
are shown in Fig. S1 and Table S1. And qualitative data of PAA-PVI
composited MWCNTSs are shown in Fig. S2.

In order to raman spectroscopy, the typical MWCNTs has observed
D band and G band around at 1350 cm ™! and 1583 cm ™! respectively
[52]. The D band and G band of our MWCNTSs (dot) show the bands at
1350.68 cm ™! and 1583.13 cm ™~ 'in Fig. 3. And the synthesized PAA-
PVI polymer (dash) show the bands of 1622.91 cm~'. The D band and
G band of PAA-PVI@MWCNTs (line) showed the peaks of
1352.39 cm ™! and 1591.43 cm ~ ! respectively. This result suggest that
PAA-PVI polymer coated well onto the surface of MWCNTs. Also, the
ratio of D band and G band is important for checking defect of MWCNTs
[53]. As shown MWCNTs (dot) and PAA-PVI@MWCNTs (line) of Fig. 3,
there is no defect despite the use of ultrasonic wave.

The XPS spectra of PAA-PVI@MWCNTs, PAA-PVI, and MWCNTs
were shown in Fig. 4. The XPS spectra at sp> hybridized carbon (C=C)
of MWCNTSs is generally known to have the binding energy as 284.6 eV
[54]. The XPS data of our MWCNTs (dot) showed 284.59 eV as C=C
binding energy. And the main C=C peak of PAA-PVI@MWCNTs (line)
was shifted to 283.85 eV. The result data suggest that PAA-PVI polymer
effected to C=C binding energy by composited onto surface of
MWCNTs [55].
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Fig. 3. Raman spectra of MWCNTs (dot), PAA-PVI (dash), and PAA-PVI@MWCNTs (line).

3.3. Electrochemical characterization of modified electrodes

The interface properties of the modified electrodes were studied by
EIS and CV (Fig. 5). In a Nyquist plot of EIS data, the semicircular part
at higher frequencies corresponds to an electron-transfer-limited pro-
cess, and the linear part at lower frequencies corresponds to a diffusion-
controlled process. The semicircle diameter indicates the electron-
transfer resistance (Re) [56]. The impedance spectra of the bare ITO,
PAA-PVI/ITO, MWCNTs/ITO, and PAA-PVI@MWCNTs/ITO electrodes
were investigated in 0.5M KCI (pH = 7.4) solution containing 2.0 mM
K3[Fe(CN)g¢1/K4[Fe(CN)g]. As shown in Fig. 5a, the Re, of PAA-PVI/ITO
(b, black square) dramatically increases over that of bare ITO (a, white
inverted triangle), from 211 to 675%, and the R, of PAA-PVI@
MWCNTs/ITO (d, white triangle) slowly declines from that of
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Fig. 4. XPS spectra of MWCNTs (dot), PAA-PVI (dash), and PAA-PVI@MWCNTs (line) in
C 1s region.

MWCNTSs/ITO (c, black circle) (from 98.7 to 59.3 Q). Thus, while films
of the PAA-PVI polymer increase R.; on the ITO surface, the PAA-PVI@
MWCNTs composite film can more promote electron transfer at the
surface of the ITO electrode than MWCNTs. The CV results in Fig. S3
support the EIS data.

These electrodes were also used to evaluate the redox potential of
GOx. The redox potential of the GOx co-factor is observed in the GOx-
modified PAA-PVI@MWCNTs/ITO electrode (dash dot) only (Fig. 5b),
which verifies that hydrophilic PAA-PVI@MWCNTs can be wired with
GOx to transfer electrons from the redox co-factor of the enzyme to the
surface of the ITO electrode. The other modified electrodes [GOx/ITO
(line), GOx/PAA-PVI/ITO (dash), and GOx/MWCNTs/ITO (dot)] ex-
hibit no redox peak for the enzyme. Fig. 6a shows the CVs of the GOx/
PAA-PVI@MWCNTSs/ITO electrode at pH 7.4 for different scan rates.
The peak currents during both oxidation and reduction are linearly
proportional to the scan rate in the range of 0.05-2 V/s. The electron-
transfer rate constant (kg) for the GOx/PAA-PVI@MWCNTs/ITO elec-
trode was calculated from the dependence of the peak-to-peak separa-
tion (AEp) at different scan rates using the Laviron equation (Fig. 6b)
[57]. A charge transfer coefficient (a) of 0.48 and ks of 8.195/s are
obtained. This ks value is much larger than values obtained for other
polymer—-MWCNTs composites [58,59]. Therefore, the PAA-PVI
polymer-based MWCNTs can provide a good environment for the GOx
co-factor and facilitate the electron-transfer reaction. This may be a
result of the wiring between the GOx co-factor and the MWCNTs by the
hydrophilic PAA-PVI polymer.
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3.4. Application of GOx/PAA-PVI@QMWCNTs/ITO for direct glucose
sensing

The CV technique was used to measure various concentrations of
glucose. Fig. 7a presents the sensor responses to different concentra-
tions of glucose under oxygen-saturated conditions. The data were
collected at —0.408 V vs. Ag/AgCl. The cathodic peak of GOx increases
with successive increases in the glucose concentration (0, 1, 5, 8, 10 and
20 mM). As shown in Fig. 7b, the reduction peak current decreases with
increasing glucose concentration. The amount of glucose is determined
by monitoring the decrease in the reduction peak current on the GOx/
PAA-PVI@MWCNTSs/ITO electrode. The linearity range is from 0O to
10 mM of glucose with a correlation coefficient of 0.971. The limit of
detection (LOD) is 0.4 mM, with a relative standard deviation (RSD) of
3.88% (N = 4, where N denotes the number of different electrodes
used). Therefore, the PAA-PVI/ MWCNTs-based electrode with GOx can
be used for the determination of glucose. These results indicate that
PAA-PVI@MWCNTs can be used as a biomaterial in biosensor appli-
cations.

4. Conclusions

We prepared and characterized a PAA-PVI@MWCNTSs composite by
the simple, safe, and rapid sonication of PAA-PVI with MWCNTs,
avoiding the problems of other hazardous functionalization methods
involving strong acids. The synthesized PAA-PVI serves to form a well-
dispersed MWCNTSs suspension as well as immobilize the GOx enzyme.
After its adsorption onto an ITO substrate and wiring with GOx, we
investigated the newly fabricated biosensor’s ability to detect glucose
using the direct electron-transfer reaction of the GOx co-factor at the
GOx/PAA-PVI@MWCNTSs/ITO electrode. Glucose was satisfactorily
detected by the GOx/PAA-PVI@MWCNTs/ITO electrode, displaying a
linear response in the range of 0-10 mM glucose with an LOD of 0.4 mM
and an RSD of 3.88%. The simple ultrasonic synthesis method devel-
oped here to disperse the MWCNTSs may offer a new approach for de-
veloping novel types of highly sensitive electrochemical biosensors.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the

online version, at http://dx.doi.org/10.1016/j.ultsonch.2017.11.024.
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