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ABSTRACT: We report a novel approach for the synthesis of silver nanoparticles (NPs) o o mo of of of

o o [

stabilized on polymer-wrapped carbon nanotubes (Ag@polymer/CNTs) for the non-enzymatic N watr

glucose sensing and antibacterial activity applications. Poly(styrene-alt-maleic anhydride) (PSM)
was functionalized with amino furan to obtain furan-modified poly(styrene-alt-maleic anhydride)
(PSMF), which was later grafted onto the surface of CNTs by Diels—Alder “click” reaction to
afford a polymer/CNTs hybrid material. The photo-deposition technique was applied to =
immobilized small-sized (~10 nm) AgNPs on the surface of the polymer/CNTs hybrid material "\
using visible light irradiation. The resulting material, Ag@polymer/CNTs, showed promising
electrocatalytic activity for the non-enzymatic glucose sensing and antibacterial activity in vitro
assays toward Escherichia coli, Staphylococcus aureus, and Bacillus cereus bacteria strains. Covalent-
bonded polymer layer-bearing carboxylic pendent groups to the CNTs might be playing a pivot
role in not only stabilizing AgNPs but also facile electron-transfer reaction, thus demonstrating

better activity.

1. INTRODUCTION

Metal nanoparticles (NPs) have received a great deal of
attention owing to their great applications in various fields
including solar cells,' > optical devices,”* and catalysis."*
Among them, silver nanoparticles (AgNPs) have been gaining
more consideration and becoming one of the potential
candidates in not only catalysis (thermal-, electro-, and
photo-) but also antimicrobial therapy.”~'*> However, one of
the major drawbacks for wide applicability of AgNPs is their
tendency to agglomerate and thus form larger particles owing
high surface energy."> To overcome this problem, various
techniques have been proposed to control the size and
stabilization of NPs during the formation process, such as inert
gas condensation and cocondensation'* and use of surfac-
tants,'> protecting agents,'®'” polymeric ligands,'®'® and
biological templates.””*" Importantly, the activity of the
resulting material depends on the size of the NPs as well as
their preparation techniques.”””>* Deposition of NPs onto a
solid support is one of the important and mostly used
strategies. There are various nanomaterials (organic and
inorganic) that have been used as supports for the deposition
of AgNPs. Carbon-based materials have been attractive owin%
to various unique physical and electronic properties.”>”>
Among them, carbon nanotubes (CNTs) have emerged as
promising materials during the past decades due to the
exceptional properties such as a huge specific surface area,
electrical conductivity, and thermal stability in comparison to
traditional nanomaterials.>'”** However, the bare CNTs suffer
from less functionality and thus poor dispersibility in the
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reaction medium. Therefore, the surface of CNTs needs to be
modified with functional groups to improve the dispersibility
and provide the better stabilization for metal NPs.>>** In this
case, the surface treatment processes by radiation and chemical
oxidation using strong acids and oxidants have been mostly
explored as effective strateﬁies to improve the dispersion as
well as boost binding sites.>* 7 However, these methods could
disintegrate the nanotubes and generate defects in the graphitic
structure, leading to a diminution in nature and properties.*®
Additionally, these methods created a large amount of highly
acidic waste effluents.>” Therefore, it is desirable to design a
greener procedure for CNTs functionalization. Covalent
functionalization of carbon nanomaterials including CNTs is
one of the effective routes to generate the various types of
organic functionalities on their surface using different types of
organic moieties and polymers.””~** Application of organic
polymers to prepare the functionalized nanomaterials is a
widely used strategy. In fact, organic polymers not only
stabilize and control the morphology of metal AgNPs but also
integrate their own properties, which makes resulting hybrid
materials a good fit for unique applications.””™* The
deposition of AgNPs onto organic polymer-functionalized
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Scheme 1. Stepwise Preparation of Ag@polymer/CNTs Hybrid Materials
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Figure 1. FTIR spectra (a), Raman spectra (b), XRD pattern (c), UV—vis spectra (d), and XPS spectra of Ag@polymer/CNTs: wide scan (e) and

high resolution for Ag 3d (f).

CNTs has been widely explored for various applications such
as nanocatalysts,% sensors,‘w’48 supercapacitive electrodes,49
and antimicrobial applications.’® Poly(propylene imine) and
polyaniline noncovalent functionalized CNTs were explored
for stabilizing AgNPs.”"*” Chitosan and pramipexole cova-
lently bonded CNT's were used to prepare AgNPs for catalytic
reduction of 4-nitrophenol and antibacterial activity.’*>**
However, these studies were carried out by using a harsh
surface treatment of CNTs and reducing agents such as
sodium borohydride, trisodium citrate, and dextrose. There-
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fore, the covalent functionalization of CNTs using organic
polymers and subsequent deposition of AgNPs under mild and
environmentally friendly conditions excluding the use of
harmful chemicals seems to be more appropriate in terms of

sustainability.
In this work, we have synthesized AgNPs-deposited

polymer-wrapped CNTs by a facile green approach involving
“click” chemistry and photochemistry, which exhibited
interesting electrochemical and antibacterial activities.
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Figure 2. EDX analysis (a,b); SEM images (c,d); TEM images (e,f) of pure CNTs and Ag@polymer/CNTs with the size distribution graph

(inset).

2. RESULTS AND DISCUSSION

The synthesis of the hybrid material involves three steps: (i)
functionalization of poly(styrene-alt-maleic anhydride) (PSM)
with furfural amine, (ii) grafting of PSMF-COOH (where
PSMF is furan-modified PSM) to the CNTs, and (iii) photo-
deposition of AgNPs. For the synthesis of Ag@polymer/
CNTs, first, copolymers of PSM were functionalized with furan
rings, followed by the covalent bonding to the surface of CNT's
by Diels—Alder “click” chemistry in a non-catalytic aqueous
solution at 60 °C under ultrasonication power. The polymer-
wrapped CNT's were then used as a support material to deposit
AgNPs by applying visible light irradiation without using any
external reducing agents. The detailed synthesis process is
shown in Scheme 1.

The synthesized material was subjected to the detailed
characterization techniques such as Fourier transform infrared
(FTIR) spectroscopy, X-ray diffraction (XRD), thermogravi-
metric analysis, scanning electron microscopy (SEM), energy-
dispersive X-ray (EDX), X-ray photoelectron spectroscopy
(XPS), UV—vis, transmission electron microscopy (TEM), and
Raman spectroscopies. FTIR analysis showed the characteristic
IR bands for the functional groups in CNTs and composites.
As shown in Figure 1la, the typical peaks at 3429 and 1633
cm™ for CNTs were related to O—H vibration of adsorbed
moisture, while the peaks at 2916, 2846, and 1556 cm™! were
attributed to the C—H stretch modes and C=C bending,
respectively. The absorption band at 1556 cm™" was ascribed
C=C vibrations of the graphitic structure. The FTIR
spectrum of PSMF presented peaks for the ring-opened cyclic
anhydride at 1716 and 1650 cm™" and furfuryl at 595 and 752
cm™!. The corresponding peaks of the polymer/CNTs
composite were similarly matched with those of pristine
PSMF, implying the successful functionalization onto CNTs.
In the spectrum of Ag@polymer/CNTs, the intensities of

respective absorption bands remarkably decreased in compar-
ison to those of polymer/CNTs. This result could be due to
the interactions between the polymer/CNTs composite and
AgNPs. In fact, a sharp peak was observed at 1381 cm™" due to
O—H deformations of carboxylic acid due to electrostatic
attraction with AgNPs. This result suggested that carboxylic
groups might be playing an important role in stabilization of
AgNPs on the surface of the polymer/CNTs material. Raman
analysis is one of the most powerful methods to verify the
happening of Diels—Alder “click” reaction on the surface of
CNTs. As shown in Figure 1b, the intensities of peaks at 1352
cm™! (D band) and 1580 cm™ (G band) were used to evaluate
the degree of defects and crystallinity of graphitic materials.
After CNTs functionalization with PSMF, the intensity ratio
(Ip/Ig) increased from 0.71 to 0.92. This result could be
explained by the fact that there is transition of sp> carbon into
sp> carbon during the formation of covalent linkages between
the furfuryl moieties of PSMF and C=C bonds on the surface
of CNTs. In order to confirm the incorporation of AgNPs onto
the surface of polymer/CNTs, samples were characterized by
XRD (Figure 1c). The XRD pattern of the CNTs exhibited
typical peaks at 2-theta values of 25.78 and 42.91°,
corresponding to the (002) and (100) planes, respectively.
After modifying with PSMF, the peaks of polymer/CNTs
appeared at 2-theta of 25.82 and 42.71° indicating that the
graphitic structures of CNTs are still preserved. However, a
broad hump near the 22° angle is the indication of polymer
wrapping around the CNTs.>> The presence of AgNPs in the
Ag@polymer/CNTSs composite was proved by the presence of
sharp peaks at 38.16, 44.34, 64.47, and 77.41°, which are
attributed to the (111), (200), (220), and (311) planes of face-
centered cubic AgNPs, respectively. Moreover, the average
particle size of AgNPs was calculated to be ~12.25 nm using
Scherrer equation. UV—vis spectroscopy was employed as a
common method to endorse the existing AgNPs. Obviously,
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Figure 3. CV curves in 0.1 M KOH solution of bare GCE, polymer/CNTs, and Ag@polymer/CNTs in 1.0 mM glucose, scan rate S0 mV/s (a);
Ag@polymer/CNTs in 1.0 mM glucose solution at different scan rates (b); Ag@polymer/CNTs in the range of 0—5.0 mM glucose, scan rate: 50
mV s~ (c); Ag@polymer/CNTs after 100 cycles in 1.0 mM glucose, scan rate: 50 mV s~ (d); amperometric response upon successive addition of
glucose (0.5—7.0 mM) at +0.37 V applied potential (e); and linear relation of current with glucose concentration (f).

polymer/CNTs did not display any peak in the wavelength
range of 400—450 nm, whereas Ag@polymer/CNTs showed a
broad peak at 430 nm (Figure 1d). The appearance of this
absorption peak is due to the surface plasmon resonance effect
of metallic silver of a nanosize. The chemical composition of
Ag@polymer/CNTs was characterized by XPS analysis. As
shown in Figure le, wide-scan XPS spectra for Ag@polymer/
CNTs presented the main peaks at binding energies of 532.96,
401.96, 368.96, and 284.96 eV, corresponding to O 1s, N 1s,
Ag 3d, and C Is, respectively. The full scan demonstrated the
presence of silver element in the Ag@polymer/CNTs
composite. Additionally, the high-resolution scan of the Ag
3d peak showed two peaks centered at binding energies of
366.25 and 373.48 eV, implying to Ag 3d;,, and Ag 3d;,,,
respectively (Figure 1f). The position of doublet peaks is
attributed to the formation of metallic silver, which further
indicated that silver successfully stabilized on the polymer/
CNTs exists in the zero-oxidation state.

The presence of PSMF and AgNPs in the Ag@polymer/
CNTs composite was analyzed by using EDX spectroscopy. As
shown in Figure 2ab, the EDX spectrum of pure CNTs
showed carbon (C) as a primary element, whereas that of Ag@
polymer/CNTs exhibited the peaks of carbon (C), oxygen
(0), nitrogen (N), and silver (Ag), confirming the integration
of PSMF polymer and AgNPs onto the CNTs. Moreover, we
have used PSM polymers of different molecular weights (M, ~
8,600, 18,900, and 29,000 g/mol). The EDX results confirmed
that the use of high-molecular weight PSM polymer resulted in
higher loading of AgNPs (Figure S1). These results are
important in terms of controlling the loading of AgNPs, which
is desirable for the catalysis/electrocatalysis applications. The
morphological characteristics of the CNTs and Ag@polymer/
CNTs materials are observed by SEM and TEM analysis, and
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the images are shown in Figure 2. The SEM images of pristine
CNTs and Ag@polymer/CNTs were clearly different due to
the coated polymer layers and AgNPs on the surface (Figure
2¢,d). The spherical shape of AgNPs with the size of S—10 nm
can be clearly seen in TEM images, confirming that the
surfaces of polymer-wrapped nanotubes were successfully
decorated with AgNPs (Figure 2f) as compared with the
clean surface of CNTs (Figure 2e). In addition, the size
distribution graph for AgNPs was drawn from different TEM
images (Figure 2f inset). The average diameter of AgNPs was
calculated to be about 9.73 nm, which is in relative agreement
with the XRD data. These results confirmed the successful
synthesis of Ag@polymer/CNTs.

The electrocatalytic activity of Ag@polymer/CNTs was
tested for the non-enzymatic glucose sensing application. The
electrochemical tests of the samples were conducted in an
alkaline medium under described conditions, and cyclic
voltammetry (CV) results are depicted in Figure 3. It is
observed that the CV curves of bare glass carbon electrode
(GCE) and polymer/CNTs did not show a redox character in
the potential range from —0.5 to 0.7 V under electrochemical
circumstances, whereas the Ag@polymer/CNTs presented the
highest current density (mA cm™") in the presence of 1.0 mM
glucose (Figure 3a). Moreover, electrochemical response
toward glucose oxidation on Ag@polymer/CNTs electrode
was observed at various scan rates (10—100 mV s™'), as shown
in Figure 3b. The intensity of the anodic peak was consistently
increased with applied scan rates and shifted toward a positive
voltage, implying that the first step of the §lucose oxidation is a
diffusion-controlled irreversible process.”® Additionally, the
current signals increased when the glucose concentration
ranged from 0 to 5.0 mM (Figure 3c), indicating high
sensitivity toward higher concentrations, which is obvious. The
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Figure 4. Inhibitory zone pattern of Ag@polymer/CNTs toward E. coli (a), S. aureus (b), and B. cereus (c).

current density of Ag@polymer/CNTs was found to be 5.53
mA cm ™ for 1.0 mM glucose, and the highest current signal
was 7.64 mA cm 2 for 5.0 mM glucose, recorded at a scan rate
of S0 mV s". In order to compare the electrocatalytic ability of
the synthesized Ag@polymer/CNTs, we have summarized
several related studies in Table SI. Although experimental
conditions are different from previous reports, it would give a
concise idea about the performances of other metal NPs/
CNTs-based electrodes. As evidenced from the table, the
current density of our material is comparable with (or even
better than) those of the previously reported values. The
enhanced catalytic ability of the Ag@polymer/CNTs could be
due its higher dispersion in the reaction medium because of
the presence of many carboxyl groups on the side chain of the
polymer. Moreover, smaller-sized (5—10 nm) AgNPs might
also be playing an important role in improving the electro-
catalytic activity by facile electron transfer. Stability of
materials is one of the most important parameters for assessing
the efficiency of an electrochemical process. Therefore, Ag@
polymer/CNTs electrode was tested under continuous
potential cycling, and the results are shown in Figure 3d.
After 100 cycles, the CV curve remained in the initial shape
with a slight decrease in current density, thus illustrating a
stable nature of the electrocatalyst for the development of an
amperometric biosensor. In order to understand the
amperometric sensing behavior, chronoamperometry was
performed upon successive addition of glucose from 0.5 to
7.0 mM (Figure 3e). The current signal increased continuously
with higher concentrations of glucose, and the curve shifted
from the left to right side during the tested time. The linear
regression equation is found to be in the range of 0.5—4.5 mM,
corresponding to a correlation coefficient (R?) of 0.9887
(Figure 3f). The limit of detection and limit of quantification
were calculated to be 0.375 and 1.139 mM, respectively.
Furthermore, one of the most important advantages of
nanostructured silver materials is its antibacterial properties.
Therefore, the antibacterial activity of Ag@polymer/CNTs
was evaluated by an agar disk diffusion test. Figure 4 displays
the zone of inhibition toward Gram-positive Staphylococcus
aureus and Gram-negative Escherichia coli and Bacillus cereus.
The inhibitory zones of streptomycin-resistant strains were
found to be clear and wide for E. coli, S. aureus, and B. cereus.
With treatment with Ag@polymer/CNTs, the average
diameter value of the inhibitory zone was narrowed for E.
coli (8.2 + 0.5) mm, S. aureus (9.3 + 0.5) mm, and B. cereus
(10 + 0.3) mm. These results illustrated that Ag@polymer/

CNTs possess effective antibacterial properties under tested
concentrations toward E. coli, S. aureus, and B. cereus. We have
also compared the antibacterial activities of our material with
those of other materials reported in related papers as shown in
Table S2. Although the inhibition zones toward E. coli and S.
aureus are comparable with other silver/ CNTs-based materials,
the true comparison of the materials is not possible because of
different synthesis processes, loading amounts, and material
types. However, comparison can be made based on the ease of
the catalyst synthesis process and its broad applicability for a
quick understating to the readers. The facile synthesis process
of Ag@polymer/CNTs excluding the need of any harmful
reagent and its applicability toward E. coli, S. aureus, and B.
cereus bacteria indicate that it could be a better antibacterial
material.””*®

3. CONCLUSIONS

Ag@polymer/CNTs hybrid composites were successfully
synthesized and tested for the electrocatalytic and antibacterial
activities. FTIR and Raman analyses confirmed the covalent
bonding of PSMF onto the surface of CNTs by Diels—Alder
“click” reaction, while XRD, XPS, SEM—EDX, TEM, and UV—
vis spectroscopy illustrated the incorporation of AgNPs onto
the polymer/CNTs composites. The well-synthesized Ag@
polymer/CNTs presented high electrocatalytic activity for the
non-enzymatic glucose detection. Moreover, Ag@polymer/
CNTs material exhibited effective antibacterial performances
against E. coli, S. aureus, and B. cereus. The presence of small-
sized (~10 nm) AgNPs and carboxylic pendent groups on the
side chain of the polymer might be playing a key role in
enhancing catalytic activity of the material.

4. EXPERIMENTAL SECTION

4.1. Materials. CNTs (10—15 nm diameter, 10—20 um
length) were purchased from Hanwha Nanotech (Korea).
PSM was synthesized according to our previous work.” Silver
nitrate (AgNO;, >99.8%) was purchased from Merck
(Germany). Antibacterial activities of Ag@polymer/CNTs
materials were investigated using three strains of bacteria,
namely, Gram-positive S. aureus, B. cereus, and Gram-negative
E. coli. The other chemicals and solvents were used as received.

4.2. Characterizations. FTIR spectra were examined using
a Bruker Tensor 27 (Germany) spectrometer in the 4000—500
cm™! region taking 32 scans at a resolution of 4 cm™. The
samples were mixed with spectroscopic grade KBr using a
mortar and compressed into pellets. XRD of materials was
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recorded using a Shimadzu 6100 X-ray diffractometer (Japan)
using Cu Ka radiation (A = 1.5406 A) at a voltage of 40 kV, a
current of 30 mA, a scanning speed of 3.0°/min, and a step size
of 0.02° in the 2-theta range of 10—80°. Raman spectroscopy
was performed using a LabRAM spectrometer (HORIBA Jobin
Yvon, Edison, NJ) with 785 nm diode laser. The morphologies
of samples were observed with SEM connected with an EDX
spectrometer (Hitachi JEOL-JSM-6700F system, Japan). TEM
images were obtained with a JEOL JEM-2010 (JEOL, Japan)
transmission electron microscope operated at 200 kV. Powder
samples were dispersed in ethanol and ultra-sonicated for S
min. One drop of this solution was placed on a copper grid
with holey carbon film. The chemical states of samples were
investigated using XPS (Thermo VG Multilab 2000) with
monochromic Al Ka (1486.6 eV) as the X-ray source. The
binding energies were calibrated with respect to the carbon 1s
peak at 284.6 eV. UV—vis spectra of solutions were
characterized over the wavelength range of 200—800 nm
using a UV—vis spectrophotometer (METASH, China).

4.3. Preparation of PSMF. 1.0 g (4.8 mmol) of PSM and
0.24 g (2.4 mmol) of furfuryl amine were added to 7.0 mL of
N,N’-dimethylformamide. The solution was purged with
nitrogen for 30 min and then placed on a preheated oil bath
at 60 °C for 3 h. After reaction, synthesized PSMF product was
collected by precipitation in 1 M HCI (250 mL) solution and
dried at 40 °C under vacuum until constant weight.

4.4. Preparation of Ag@polymer/CNTs. First, polymer/
CNTs was prepared by adding CNTs (50 mg) to a
homogeneous mixture of PSMF (200 mg), KOH (100 mg),
and deionized water (200 mL). The resulting mixture was
placed in an ultrasonication bath for 4 h at 60 °C to carry out
Diels—Alder “click” reaction. The covalently bonded PSMF-
wrapped CNT's was separated by centrifuge and washed with 1
M HCI (200 mL), deionized water (200 mL), and methanol
(200 mL) and finally dried in vacuo at 40 °C. For the synthesis
of Ag@polymer/CNTs, polymer/CNTs (20 mg) was
dispersed in N,N’-dimethylformamide (15 mL), and 0.1 M
AgNO; (10 mL) was then slowly added under continuous
stirring. The mixture was then exposed to visible light
irradiation (400—800 nm) for 2 h. The product was
centrifuged and washed with deionized water and ethanol
and then dried under vacuum at 40 °C.

4.5. Electrochemical Activity of Ag@polymer/CNTs
for Glucose Sensing. For electrochemical measurements, the
Ag@polymer/CNTs-based electrodes were investigated under
ambient conditions using a potentiostat—galvanostat (VSP,
BioLogic-Science Instruments, France) with and without
glucose in alkaline media. A conventional three-electrode
system was used with platinum wire and Ag/AgCl (3 M NaCl)
corresponding to the counter and reference electrodes,
respectively.

For the electrode preparation, Ag@polymer/CNTs was
dispersed in ethanol (10 mg/mL) following sonication for 30
min. Then, 20 yL of the above mixture was dropped on a GCE
and dried at room temperature, resulting in a uniform layer of
Ag@polymer/CNTs with an active area of 7.07 mm”. Finally,
10 uL of Nafion-117 binder solution (~5% in a mixture of
lower aliphatic alcohols and water) was dropped on the surface
of Ag@polymer/CNTs-coated GCE.

4.6. Antibacterial Activity. The antibacterial activity of
Ag@polymer/CNTs material was studied by the agar disk
diffusion method.®” Bacterial suspensions (10° cfu mL™") were
swabbed evenly onto agar plates by using a sterile cotton swab.

After drying the surfaces of the plates, SO uL of Ag@polymer/
CNTs (1.5 mg mL™") along with 50 uL of streptomycin (0.1
mg mL™") as a reference in dimethyl sulfoxide was placed on
the agar plates. Plates were then incubated under anaerobic
conditions at 37 °C, and inhibition zone diameters were
measured after 24 h.
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