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and sonophotocatalytic degradation of dyes under visible-light irradiation
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ABSTRACT

The present work highlights the synthesis of graphene oxide (GO) modified polythiophene (PTh) for
its application as an antibacterial agent as well as a visible light active photocatalyst. PTh was
synthesized via the interfacial polymerization method using FeCl; as initiator and then formulated
as nanohybrids by mixing it in different weight ratios with graphene oxide (GO) i.e., 1wt.%,3wt.%
and 5wt. %. PTh and GO/PTh nanohybrids were characterized using FTIR, UV-visible, X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM) techniques.
The polymerization of PTh as well as modification of PTh with GO was confirmed by IR studies,
while the shifting of electronic transitions of PTH upon modification with GO were confirmed by
the UV-visible studies. The degradation of dyes, Alizarin Yellow (AY), Basic Blue (BB) and Congo Red
(CR) was carried out via sonophotocatalysis under visible light using PTh and GO/PTh as catalysts
for a period of 60min. The GO/PTh revealed higher degradation efficiency as compared to PTh. To
evaluate its effectiveness as an antibacterial agent against Bacillus subtilis, disk diffusion inhibitory
assay was carried out under dark and light conditions. The results showed that PTh and GO/PTh
nanohybrids had bactericidal properties, regardless of light exposure. The results of the minimal
inhibitory concentration (MIC) assay indicated the nanohybrid of 3-GO/PTh had the lowest MIC,
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followed by 1-GO/PTh and 5-GO/PTh.

1. Introduction

Conducting polymers (CPs) such as polyaniline (PANI)!,
polypyrrole  (Ppy)?,  polythiophene ~ (PTh)B),  poly
(o-phenylenediamine)  (POPD)!,  poly(1-naphthylamine)
(PNA)B! etc. have been extensively investigated for their
potential application in the field of photocatalysisl®, fuel
cells”], light emitting diodes®!, biosensors!”! and bioimag-
ing!°12l. Among these, PTh has received exceptional recog-
nition due to its ease of processability and remarkable redox
activity!> 4. Recently, graphene oxide (GO) has generated
immense interest among researchers due to the emergence
of new era of carbon-filled nanocomposites exhibiting supe-
rior mechanical, structural and thermal properties. GO is
synthesized from low-cost graphite and serves as an attrac-
tive filler for the production of polymer nanocomposites.
Nanocomposites based on conducting polymers with GO are
widely reported due to their excellent synergistic properties
and wide application in various devices!!* 1],

It has been reported that GO and polyvinylpyrrolidone
(PVP) composites revealed high electrocatalytic activity
toward the reduction of O, and H,0O, and were proposed as

highly sensitive biosensor!!”). GO has also been investigated
to improve photovoltaic performance when incorporated
with poly-3-hexathiophene (P3HT)!'8]. Hence, the advantage
of GO over other organic—nanocarbon hybrids is that the
composition can be altered to produce desirable optoelec-
tronic properties. Lately, a reduced graphene oxide/polythio-
phene (RGO/Pth) aerogel was developed by Lu et al.'! and
it was established that the m - m effect between Pth and
graphene resulted in uniform dispersion of Pth on graphene.
Su et al.? designed polythiophene/reduced graphene oxide
based on (Au, Ag or Pt) ternary nanocomposites for their
application as ammonia gas sensors and Au/PTh/rGO ter-
nary nanocomposite film had the highest response compared
to other ternary nanocomposite films at room temperature.
Mobin et al.?!! also developed ternary nanocomposites of
polythiophene (PTh)-TiO,-reduced graphene oxide (rGO)
by chemical oxidative polymerization which were utilized for
corrosion protective coatings.

Although there are many studies on bulk composites
involving GO in the mixtures, scarce studies focus on the
variation in the optoelectronic properties of CPs when
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modified with GO for their potential application in photo-
catalysis. Due to the synergistic combination of the
electro-activities of GO and PTh, the charge transfer from
valence band (VB) to conduction band (CB) in the CP is
expected to improve, and a reduction in the optical bandgap
is anticipated as well. The present work therefore reports the
modification of PTh with GO in different weight loadings,
and were characterized using FTIR, UV-visible, X-ray dif-
fraction and scanning electron microscopy (SEM) tech-
niques. Their catalytic efficiency against the degradation of
Alizarin yellow (AY), Basic Blue (BB) and Congo Red (CR)
under sono-photocatalytic conditions were explored; and
their antibacterial activity against Bacillus subtilis were also
investigated under dark and light conditions.

2. Experimental

Thiophene (Fisher Scientific), anhydrous ferric chloride
(FeCl,) (Fisher Scientific), deionized water, n-hexane
(n-C¢H,,) (Fisher Scientific), Alizarin Yellow (AY) (Fisher
Scientific), Basic Blue (BB) (Fisher Scientific), and Congo
Red (CR) (Fisher Scientific) were used as received.

2.1. Synthesis of PTh

Thiophene (0.4ml) was dispersed in n-hexane in a 150ml
conical flask and stirred for 30 minutes on a magnetic stirrer
at 20°C. Anhydrous ferric chloride (2.4g) was taken in a
100ml beaker and dissolved in deionized water (20ml) The
ferric chloride solution was then added to the thiophene
solution dropwise over a period of 30min and stirred for
24h at 20°C. The mixture changed from a burnt orange
color liquid to a thick dark brown precipitate. The precipi-
tates were centrifuged and placed in the oven at 90°C
for 72h.

2.2. Preparations of GO modified PTh

GO was prepared by Hummer’s method as per reported
studies??. The nanohybrids of GO with PTh were formu-
lated using 1wt.%, 3wt.% and 5wt% of GO with PTh. The
mixture was dispersed in deionized water and subjected to
sonication for 2h at 25°C. The nanohybrids were then cen-
trifuged and dried in an oven for 72h to ensure the com-
plete removal of water and were designated as 1-GO/PTh,
3-GO/PTh and 5-GO/PTh according to the loading of GO
in the nanohybrid.

2.3. Sono-photocatalytic degradation studies

A 100-ppm stock solution of dyes Alizarin Yellow (AY),
Basic Blue (BB), and Congo Red (CR)) was prepared and
diluted to 50ppm. Approximately 50mg of the PTh and
nanohybrid was added to 150mL of 50ppm solution and
kept in darkness for ~1h to establish equilibrium. The deg-
radation was carried out on an ultrasonic bath under visible
light for a period of 60min. Aliquots of the degraded

sample were taken at 10min interval and were centrifuged
at a high speed (5000rpm) using a centrifuge machine
(REMI, Model R8C) to determine the concentration of
degraded dye monitored using a UV-vis spectrophotometer
model VWR, Model UV-3100PC.

2.4. Evaluation of antibacterial activity: Bacterial culture
and cell preparation

Overnight freshly grown B. subtilis cells in Luria-Bertani
(LB) broth were harvested by centrifugation and then washed
twice with PBS. The cells were re-suspended in PBS, and
further dilutions with desired cell concentrations were pre-
pared for experimental uses. The actual cell concentrations
in the samples were determined using the traditional surface
plating method, in which the cell samples were 1/10 serial
diluted in PBS, and aliquots of 100uL of appropriate dilu-
tions were plated on LB agar plates. The colonies were
counted after incubation at 37°C for 18-24h, and calculated
into colony forming unit (CFU) per mL for the cell concen-
tration in each sample.

2.5. Minimum inhibitory concentration (MIC) assay

MIC is commonly used to evaluate the potency of an anti-
microbial material in terms of the concentration at which it
inhibits the growth of ~1x10° challenge microorganisms
during 18 - 20h incubation period at 35+2°C. In this study,
the MIC assay was performed using the standard 2-fold
dilution method in a 96-well plate. Briefly, B. subtills cells
prepared as above was diluted to the concentration of
~1x10° CFU/mL in LB broth. Aliquots of 135uL/well B.
subtills and 15uL/well of the PTh or GO/PTh nanohybrids
in 2-fold dilutions at concentrations ranging from 0.125ug/
mL to 32pug/mL were added to the wells. Samples of B. sub-
tills cells with 15uL/well 10% DMSO, or LB broth, as well
as the samples without cells were used as various controls.
All samples were duplicated. The plate was placed on
an Orbital shaker (BT Lab Systems, St. Louis, MO) with
shaking at 330rpm for 1h. The plate was then incubated
at 37°C in the incubator for overnight (~24h). The optical
density at 595nm (OD595) values of the samples were mea-
sured before the treatment and after overnight incubation
using the Max M5 spectrophotometer (Molecular Devices,
LLC, Sunnyvale, CA). The changes in OD595 values were
used to determine the growths of the cells. The MICs of the
nanohybrids were the minimum concentration of the nano-
hybrids that showed no bacterial growth, e.g. no change in
OD595, after 24h incubation compared to the OD measured
before the treatment.

2.6. Disk diffusion inhibitory zone test

B. subtills cells were spread on a LB agar petri dish plate. Six
blank disks were evenly distributed around the plate in 6
evenly divided sections onto the B. subtills plate. Aliquots of
20puL of each nanohybrid sample at the concentration of
50 pg/mL, and 20pL 10% DMSO as the control, were added



INTERNATIONAL JOURNAL OF POLYMERIC MATERIALS AND POLYMERIC BIOMATERIALS . 3

onto each disk. The plate was duplicated. Then, one plate
with lid was exposed under the household daylight LED
bulb by CREE (omnidirectional 815 lumens) placed at
~10cm above the surface of the plate for 1h, and the other
duplicated plate was covered in aluminum foil as the dark
control. After 1h treatment, the plates were incubated at
37°C overnight. The diameter of the inhibition zone around
each disk was then measured and compared to indicate the
inhibitory effect on the growth of Bacillus subtilis among the
different samples.

2.7. Bactericidal dose response curves of nanohybrids

The nanohybrids samples were further assessed for their
bactericidal effect on B. subtilis by examining the
dose-dependent curves of each GO/PTh nanohybrids. B.
subtilis samples containing ~10° to 107 CFU/mL were mixed
with nanohybrid samples at 1:1 (v/v) in the wells of a
96-well plate with the final concentrations of the nanohy-
brids ranging from 0.5 to 6 pg/mL, with appropriate controls
of samples without nanohybrids, all samples were prepared
in duplicates. the plate was placed on the Orbital shaker with
shaking at 330rpm, with exposure to visible light from the
LED bulb for 1h. After treatment, each sample was 1/10
serially diluted with PBS, appropriate dilutions were surface
plated on LB agar plates. The colonies were counted after
incubation at 37°C for 18-24h, and calculated into colony
forming unit (CFU) per mL for the viable cell number in
each sample. The viable cells reduction for a given sample
was calculated as the difference between the logarithmic via-
ble cell number of the control and that of the sample at a
given concentration.

2.8. Scanning electron microscopic (SEM) imaging of
nanohybrids-treated cells

SEM imaging of nanohybrids-treated cells were performed at
the Microscopy Services Laboratory, Department of Pathology
and Laboratory Medicine, at University of North Carolina at
Chapel Hill (UNC-CH). To prepare the treated bacterial
samples for SEM imaging, B. subtilis cells in exponential
stage were collected, washed with PBS, and resuspended in
PBS (at OD595nm~0.42). Equal volume of B. subtilis cells
and 2pg/mL nanohybrids in 10% DMSO were added to
duplicate wells of a 6-well plate with a total volume of 3mL/
well and the final concentration of nanohybrids at 1pg/mL.
The plate was placed on the Orbital shaker with shaking at
330rpm and exposed under a commercial 8 W daylight LED
lamp (CREE, omnidirectional 815 lumens) for 1h. After the
treatment, the duplicate samples were collected, centrifuged
at 9000 rpm (12,156 x g) for 2min and 5000rpm (3,752 x g)
for 5min to pellet the cells (Beckman Coulter Avanti J-26
XP centrifuge with the JLA 16.250 rotor), followed by wash-
ing with PBS. Then, the sample was transferred to a 1.5mL
centrifuge tube, followed by centrifugation (the Eppendorf
5424 microcentrifuge) at 1000rpm (94 x g) for 10min to
concentrate the cell into a pellet, removal of supernatant,
and adding 1mL fixative solution of 2.5% glutaraldehyde in

0.1 sodium cacodylate, pH7.4. The fixed samples were stored
in refrigerator overnight or until further use for imaging.
The fixed bacterial samples were plated on 12mm round
glass coverslips and allowed to adhere at 4°C overnight.
Coverslips were washed three times with 0.15M sodium
phosphate buffer then incubated with 1% buffered osmium
tetroxide for 30 minutes at room temperature. Coverslips were
then washed three times in deionized water and dehydrated
through an ascending series of ethanol (30%, 50%, 75%,
100%, 100% 100%). Coverslips were transferred in 100% eth-
anol to a Samdri-795 critical point dryer and dried using lig-
uid carbon dioxide as the transitional solvent (Tousimis
Research Corporation, Rockville, MD). Once dry, coverslips
were mounted on 13mm diameter aluminum stubs using car-
bon adhesive tabs and sputter coated with 5nm of a 60:40
gold/palladium alloy using a Cressington 208HR Sputter
Coater (Ted Pella Inc, Redding CA). Images were obtained
using a Zeiss Supra 25 FESEM operating at 5kV using an SE2
detector, 20um aperture, and approximate working distances
of 5 to 8mm (Carl Zeiss Microscopy, LLC, Peabody, MA).

3. Characterization
3.1. Spectral studies

FT-IR spectra of PTh and GO were taken on the FT-IR
spectrophotometer (Agilent Cary 630), in the solid form.
Ultraviolet-visible light (UV-vis) spectra were taken on an
UV-vis spectrophotometer (VWR, Model UV-3100PC) using
the dyes as the solvent. The peak parameters were analyzed
using a UV-vis analyst software.

3.2. XRD studies

XRD patterns of the nanocomposites were recorded on a
powder diffractometer (Philips, Model PW 3710) (using a
Ni filtered Cu Ka radiation). Peak parameters were analyzed
using Origin 6.1 software.

3.3. SEM-EDS analysis

SEM micrographs (TEM) were obtained using a Morgagni
Model 268-D (FEIL, USA).

3.4. XPS studies

X-ray photoelectron spectroscopy (XPS) spectra were col-
lected using a Physical Electronics Versa Probe II instrument
equipped with a monochromatic Al Ka X-ray source
(hv=1,486.7eV) and a concentric hemispherical analyzer.
Charge neutralization was performed using both low energy
electrons (<5eV) and argon ions.

4. Results and discussion
4.1. IR analysis

The IR spectrum of PTh (given in supporting information
as Figure Sl(a-d)) exhibited peak at 3230cm™' due to the
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presence of entrapped water. The peaks at 1806cm™ and

1675cm™" was attributed to the C=C stretching vibration of
conjugated alkenes group present in PTh. The peak at
1353cm™ was attributed to the C-H bending vibration in
PTh, whereas the peaks at 1172cm™ was assigned to the
C-S-C stretching vibrations!?* 2. The addition of GO
revealed a major reduction in the peak intensities of
1675cm™ and 1172cm™  suggesting intense interaction
between the O of GO and the C=C of PTh. The reduction
in the intensities of these peaks was found to be more pro-
nounced with the increase in the loading of GO that con-
firmed synergistic interaction between PTh and GO.

4.2. UV analysis

The UV-visible spectrum of pure PTh, Figure 1, showed
peaks at 400nm related to n-m* transition. Upon modifica-
tion with 1wt.% GO, a shift in the peak position of PTh
was noticed from 400nm to 425nm*3. The UV spectrum of
3-GO/PTh revealed peaks at 340nm and 465nm. The peak
at 350nm was related to the presence of GO in the nanohy-
brid. Similarly, 5-GO/PTh revealed intense peaks at 350 nm
and 465nm due to the presence of higher concentration of
GO in PTh.

The PTh polaronic peak was notice to shift to 465nm
upon modification with GO. Interestingly, the electronic
transitions were found to show a major change upon modi-
fication with GO suggesting the overlap of the orbitals
between GO and PTh and the formation of nanohybrid. The
band gap was computed to be 2.63eV for PTh, 2.54eV for
1-GO/PTh, 2.3eV for 3-GO/PTh and 2.1eV for 5-GO/PTh.

4.3. SEM-EDS analysis

The SEM of PTh, Figure 2(a), exhibited a fine fibrous mor-
phology, in which the particles were deeply embedded in
one another and formed a porous structure. The SEM image
of 1-GO/PTh, Figure 2(b), showed granular morphology

2i0- ——PTh
— 1-GO/PTh
—3-GO/PTh
—— 5-GO/PTh
1.5
(0]
o
C
@
Ke)
5 1.0
[}
e}
<
0.5
0.0 T T T T T T
300 350 400 450 500 550 600

Wavelength (nm)

Figure 1. UV-visible spectra of PTh and GO/PTh nanohybrids.

with intense bright clusters formed at the surface. The SEM
image of 3-GO/PTh, Figure 1(c), revealed an increase in the
size of the granular clusters upon increase in the loading of
GO in PTh. Similarly, 5-GO/PTh, Figure 1(d), exhibited for-
mation of a flaky morphology with granular agglomerates.

The SEM studies clearly reflected the variation in the
morphology upon loading of GO in the nanohybrid. The
EDS spectra of PTh and GO modified PTh (given in sup-
porting information as Figures S2(a-d) and S3(a-e)), con-
firmed the elemental composition of PTh and its doping
with Cl ions via the initiator (FeCl,) used in polymerization.
The existence of O on the surface of PTh in GO modified
PTh confirmed the encapsulation of PTh by GO.

4.4. XRD analysis

The XRD of PTh, (given in supporting information as Figure
S4) revealed peaks at 260=32°, 33°34.5° 38° and 46° with
maximum intensity observed at 20=32°. The presence of
sharp and intense peaks revealed a highly ordered and crys-
talline structure of PTh?> 4. The peaks showed no changes
upon modification with GO suggesting encapsulation of the
polymer with GO.

4.5. XPS analysis

To gain a better understanding of the interactions between
PTh and GO we measured the XPS spectrum as shown in
Figure 3(a-e) Apart from the presence of C 1s and O Is
signals, in PTh, Figure 3(a) typical S 2s, and Cl 2p peaks
can be observed as well, indicating the PTh had been doped
with the chloride ions. The XPS survey spectrum of 5-GP/
PTh, Figure 3(b), showed peaks corresponding to O 1s indi-
cating the presence of GO. The Figure 3(c) shows the
high-resolution C 1s signal can be deconvoluted to give six
peaks at 282.29eV, 282.62¢V, 283.6¢V, 286.5¢V, 287.1eV and
287.16eV, corresponding to carbon atoms in different func-
tional groups, C=C, C=0, C-S and C-C. The high-resolution
spectrum of C 1s for 5-GO/PTh, Figure 3(d), showed decon-
voluted peaks at 281.8eV, 282.4eV, 283.7eV, 283.76¢V,
286.81eV and 286.88¢V, corresponding to carbon atoms of
C=C, C=0, C-S and C-C. In the O 1s spectrum, peaks
were noticed at 527.64eV, 528.27eV, 529eV, 533.13eV,
532.76¢eV, 533.61eV and 536.65eV, which were attributed to
$=0, S-0/C-O and C-O-C=0 respectively®> 2. The peaks
confirmed the interaction of GO with PTh.

4.6. Sono-photocatalytic degradation studies

Degradation of AY, BB and CR dyes was performed via son-
ication under visible light for a period of 60min (given in
supporting information as Figures S5, S6 and S7(a-d)). In
presence of 50mg of pristine PTh, 20 % degradation of AY
was noticed, while BB and CR dyes showed 30% and 40 %
degradation respectively, Figures 4(a-c) and 5. In presence of
1-GO/PTh, the degradation was increased to 45% for AY,
40% for BB and 60% for CR. However, using 3-GO/PTh, the
degradation was increased to 70% for AY, 65% for BB and
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Figure 2. SEM Of (a) PTh, (b) 1-GO/PTh, (c) 3-GO/PTh, (d) 5-GO/PTh.

72% for CR while using 5-GO/PTh, the degradation for AY
was noticed to be 80%, for BB it was noticed to be 85%
while for CR, it was computed to be 95%. The degradation
was noticed to increase with increase in the loading of GO
in the nanohybrids.

4.7. Disk diffusion inhibitory effect with and without
light exposure

The disk inhibition test using 20 uL of 50 ug/mL each GO/
PTh, and PTh, in 10% DMSO showed that all the GO/PTh
nanohybrids and PTh exhibited significant inhibitory effect
on the growth of B. subtilis cells (Figure 6). Among the
GO/PTh nanohybrids, the 3% GO/PTh nanohybrids showed
the most effective inhibition but was similar to that of PTh
without GO doping, followed by the 1% GO/PTh and 5%
GO/PTh which showed similar inhibitory effects (Figure
6). It is noted that the inhibitory effects by these nanohy-
brids were the same with and without light exposure, indi-
cating there is no photoactivation needed for the
nanohybrids or PTh to exhibit their antibacterial effects.
Also interesting is the doping of GO in PTh did not
enhance the antibacterial activity, rather reduced its anti-
bacterial activity by 1% and 5% doping, but 3% doping of
GO kept its antibacterial activity the same as non-doped
PTh. The data clearly shows that the antibacterial activity

is due to the presence of PTh and GO. However, the activ-
ity shown by 3% GO/PTh may be presumably due to the
differences in the encapsulation of PTh by GO. The SEM
of 3% GO/PTh shows that the surface has higher PTh par-
ticles and GO seems to be embedded within PTh. Therefore,
this hybrid shows higher antibacterial activity as compared
to the other nanohybrids as they have GO to be present on
the surface which prevent PTh from interacting with the
bacteria. Hence, it can be concluded that the morphology
of PTh, its encapsulation with GO and the surface struc-
ture of the nanohybrids are the factors that govern the
antibacterial activity.

4.7. MIC and bactericidal dose-dependent curves of the
nanohybrids

The MIC assay was used to evaluate the potency of these
nanohybrids in terms of the minimal concentration at which
it inhibits the growth of ~ 1x10° B. subtilis. The standard
2-fold micro dilution method was used to test the nanohy-
brids in the concentration range of 0.125ug/mL to 32ug/mL
of each sample to determine the MICs. The results of MIC
assay indicated that PTh and 3% GO/PTh had a MIC of
2ug/mL, while 1% and 5% GO/PTh had a MIC of 4ug/mL,
which were consistent with the order of the inhibitory effects
obtained in the disk diffusion inhibitory test.
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Further, we examined the bactericidal effect of these
nanohybrids against B. subtilis with 1h treatment time by
examining the dose-dependent curves of each GO/PTh
nanohybrids in the concentration range of 0.5 to 4 pg/mL
(Figure 7a). As shown in the figure, upon 1h treatment to

the B. subtilis samples containing ~10% to 107 CFU/mL,
3%GO/PTh and PTh showed a very sharp reduction of
viable cell number upon the treatment, and completely
killed all the cells in the samples by 1ug/mL. However, 1
% and 5% GO/PTh showed a much slower rate of killing
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the cells, and needed higher concentration up to 3 and
4pg/mL to completely kill the cells in the samples, respec-
tively. Again, the relative bactericidal efficiencies of the
PTh and GO/PTh nanohybrids showed in the dose-
dependent manner were generally consistent with the
above MIC and the disk diffusion inhibitory test. Figure
7b and 7c show the representative images of control
B. subtilis cells and the cells after PTh treatment, which
confirmed the damaged and dead cells in the treated sam-
ples. In summary, the results from multiple tests on the
antibacterial function of PTh and GO/PTh nanohybrids
consistently indicated that PTh has excellent antibacterial
function with or with light activation, the GO/PTh nano-
hybrids also have considerably effective antibacterial func-
tion, however, the doping of GO is not necessarily to
improve the antibacterial function, on the contrast, inap-
propriate ratio of GO doping may reduce the antibacterial
activity. The observation suggests that the antibacterial
mechanisms of PTh and GO/PTh might be different from
their photocatalytic activity to degrade dyes.
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5. Conclusion

Photocatalytic degradation of Alizarin, Yellow, Congo Red
and Basic Blue dyes was carried out using PTh and graphene
oxide modified PTh. The dyes showed the highest degrada-
tion using 5-GO/PTh as a photocatalyst. The methodology
adopted in this study demonstrates the efficiency of GO in
sensitizing PTh for rapid degradation of pollutants. Future
research is needed for the development of more efficient cat-
alysts, which are of low cost and can be regenerated easily.
The mechanism of degradation and catalyst regeneration
studies are under investigation in our laboratory and will be
published soon. On the antibacterial function, the results
from the disk diffusion test, the MIC test, and the bacteri-
cidal effect test, are consistently indicated that PTh itself
exhibited highly effective antibacterial function, light activa-
tion is not necessary. The doping of GO did not enhance
the antibacterial function of the nanohybrids, rather the
high and low doping of GO (1% or 5%) could reduce the
antibacterial function.
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