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Abstract Surface modification of cotton fabrics using
graphene oxide (GO) nanostructures was reported. Scan-
ning electron microscopic (SEM) investigations revealed
that the GO nanostructure was coated onto the cotton
fabric. The molecular level interaction between the
graphene oxide and the cotton fabric is studied in detail
using the Fourier transform infra-red (FTIR) spectra.
Thermogravimetric analysis (TGA) showed that GO loaded
cotton fabrics have enhanced thermal stability compared to
the bare cotton fabrics. The photocatalytic activity of the
GO-coated cotton fabrics was investigated by measuring
the photoreduction of resazurin (RZ) into resorufin (RF)
under UV light irradiation. The antibacterial activity was
evaluated against both Gram-negative and Gram-positive
bacteria and the results indicated that the GO-coated cotton
fabrics are more toxic towards the Gram-positive ones. Our
results provide a way to develop graphene oxide-based
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devices for the biomedical applications for improving
health care.
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Introduction

Textiles can provide suitable substrates for the growth of
micro-organisms (Dastjerdi and Montazer 2010). The
major problem in health care especially in hospitals is the
transmission of bacteria and pathogens from the patients to
the workers and viceversa through the textiles used by
them. The increasing concern towards health care has been
a motivating factor for the production of antimicrobial
textiles towards its direct applications in the environment
safety and human health care applications (Vigo 1981).
Antimicrobial properties into the textiles can be developed
by introducing antimicrobial material into the textiles
through surface modification process. Several antimicro-
bial agents which can effectively destroy the microbial
growth are available. In these aspects, the use of com-
mercial antimicrobial agents for the modification of textiles
has been limited due to their toxicity, need of complex post
treatment processes, environmental pollution, and multi-
drug-resistance (MDR) property of bacteria (French 2005;
Sreeprasad et al. 2011). To overcome the MDR effect of
bacteria, several researches have been attempted in the
recent decades. Nanoparticles (1-100 nm) are increasingly
used for biomedical applications due to their ability to
sense and detect pathogens (Reddy et al. 2007). The
advantage of nanoparticles for antibacterial activity is that
it overcomes the MDR of bacteria. Inorganic nanoparticles
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such as Ag, Au, TiO,, ZnO exhibited antibacterial activity
towards several multidrug resistant bacteria (Kumar et al.
2008; Karthikeyan et al. 2009). The applications of
nanomaterials in medicine and development of health care
products are termed as “nanomedicine” which is a vast
growing research for ensuring safety life.

In this scenario, the use of inorganic nanoparticles
possessing antibacterial activity for the surface modifica-
tion of textile becomes a suitable alternative for fabrication
of antimicrobial textiles with multifunctional properties
(Fu et al. 2005). The nanoparticles such as Ag, ZnO, TiO,
have been effectively reinforced to the textiles by several
surface modification process such as dip coating, sono-
chemical method, sol-gel method, chemical reduction
method, using polymeric nanocomposites, pad-dry-cure
method, sputtering of nanoparticles using plasma poly-
merization, etc., (Mahltig et al. 2005; Hegemann et al.
2007). The significant advantages of using nanoparticles
for the preparation of antimicrobial textiles are not only
limited to the antibacterial property, but also significantly
improve the thermal stability of the textile fabric, devel-
oping photocatalytic property in the textiles which can
avoid the growth of organic contaminants in textiles lead-
ing to the self-cleaning property (Tsai et al. 2010).

Recently, the antibacterial activity of graphene oxide
nanosheets was reported (Hu et al. 2010; Akhavan and
Ghaderi 2010). Even though graphene has a wide range of
applications in semiconductor industry, the biological
applications of graphene are limited when compared to
graphene oxide. This is because of the chemical structure
and properties of GO such as intrinsic luminescence,
hydrophilicity, tunable band gap, biocompatibility, and
photocatalytic activity which makes them a suitable can-
didate for biological and biomedical applications (Shukla
and Saxena 2011; Joung et al. 2010; Karthikeyan et al.
2011). In this paper, we report the surface modifications of
cotton fabrics using GO by a facile method and evaluated
their potential antibacterial activity against both Gram-
negative and Gram-positive bacteria using modified Ho-
henstein test. The photocatalytic activity of the GO-coated
cotton fabrics is also evaluated by the reduction of Resa-
zurin (RF) into Resorufin (RZ).

Experimental procedure
Synthesis of graphene oxide nanostructures

GO nanostructures are synthesized according to the mod-
ified Hummer’s method (Karthikeyan et al. 2011). Briefly,
the expandable graphite powders (2 g) were stirred in 98%
H,SO,4 (35 ml) for 2 h. KMnO, (6 g) was gradually added
to the above solution while keeping the temperature less
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than 20°C. The mixture was then stirred at 35°C for 2 h.
The resulting solution was diluted by adding 90 mL of
water under vigorous stirring and a dark brown suspension
was obtained. The suspension was further treated by adding
30% H,0, solution (10 mL) and 150 mL of distilled water.
The resulting graphite oxide suspension was washed by
repeated centrifugation, first with 5% HCI aqueous solution
and then with distilled water until the pH of the solution
becomes neutral. The GO nanostructures were obtained by
adding 160 mL of water to the resulting precipitate and
sonicated well to attain a uniform suspension of GO.

Surface modification process of cotton fabrics
using GO nanostructures

The surface modification of cotton fabrics by GO nano-
structures was achieved using a facile approach comprising
of dip coating via stirring. Briefly, the cotton fabric
(3 x 4 cm dimension) was immersed into the solution
containing (0.25 g of GO in water) and allowed to vigorous
stirring at 300 rpm for 24 h. After that, the GO-coated
fabric was taken from the solution and washed thrice with
deionized water for the removal of residual GO on the
surface. The resulting fabric was allowed to dry at 35°C for
1 day in a vacuum desiccator. The amount of GO-coated
onto the fabric was calculated by weight method by
employing the formula given below:

Amount of GO loaded into the fabric = W, — W, (1)

where W, is the final weight of GO-coated cotton fabrics,
W, is the initial weight of the cotton fabrics.

Characterization techniques

The UV-vis spectroscopy was performed using Hewlett
Packard HP-8453 spectrophotometer. The presence of
functional groups in GO, cotton fabrics and GO-coated
cotton fabrics was confirmed through the Fourier transform
infra-red (FTIR) spectroscopy (Model: Bruker IFS 66/S).
The surface morphology of the GO nanostructures and GO-
coated cotton fabrics were observed using scanning elec-
tron microscope (FE-SEM (JSM-6700F, JEOL Ltd). The
thermal properties of the bare cotton fabric and GO-coated
cotton fabrics were measured on Perkin Elmer instrument.

Photocatalytic activity of GO-coated cotton fabrics

The photocatalytic activity of GO-coated cotton fabrics
was evaluated by measuring the photoreduction of RZ as a
function of irradiation time under UV light (350 nm). RZ is
a redox indicator used in various biological assays
(Premanathan et al. 2011). It is a phenoxazin-3-one dye,
blue in color, having intense absorption at 600 nm and a
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weak absorption at 380 nm. These bands are assigned to
the m—n* transition of the phenoxazin-3-one and n—m*
transition of the N-oxide. It can be reduced into RF which
has maximum absorption at 572 nm (Porcal et al. 2009).
The photocatalysis experiment was carried out in glass
reactors containing 10 mL of RZ aqueous solution at a
concentration of 1.5 pg/mL in the presence of GO-coated
cotton fabrics. The photocatalytic reaction is monitored by
the color change from blue into pink followed by the
absorption spectra measured at regular time intervals.

Growth of bacterial strains

In this study, the antibacterial activity of the GO-coated
cotton fabrics was studied against one Gram-positive
(Streptococcus iniae) and Gram-negative bacteria (Esche-
richia coli DH5a). E. coli DH5o is obtained from the
Department of Marine Life Sciences, Jeju National Uni-
versity, Republic of Korea. S. iniae was gifted by professor
Sung-Ju Jung, Department of Aqualife Medicine, Chonnam
National University, Republic of Korea. E. coli cells were
grown on LB agar plates (lysogeny broth containing 1.5%
agar), whereas S. iniae was grown in BHI medium sup-
plemented with 1% NaCl (BHIS) plates, respectively. Petri
plates were incubated at species-specific temperatures
(37°C: E. coli; 30°C: S. iniae) for 18-24 h. Single colonies
were inoculated into respective media (5 mL) and cultured
overnight at species-specific temperatures. This culture was
seeded in a final volume of 50 mL to further grow the
bacteria. When optical density (ODggo) reached 0.6, cells
were harvested by centrifugation at 3,500 rpm for 30 min
at 4°C. The harvested cells were washed twice with saline
solution (0.9% NaCl) to remove the residual media com-
ponents and then resuspended with saline. Finally, the cells
were spectrophotometrically (Bio-Rad, USA) quantified.

Antibacterial property of GO-coated cotton fabrics

The modified Hohenstein method was adopted to evaluate
the antibacterial activity of GO-coated fabrics against both
Gram-positive (S. iniae) and Gram-negative (E. coli DH5x)
models (Vaideki et al. 2007). Bacterial strains were
resuspended in saline solution with a final bacterial cell
concentration of ~ 107 cells/mL. Cotton fabrics specimens
were added into the tube and ensured it was fully immersed
in inoculums. The mixture was then incubated in a shaking
incubator at 200 rpm at species-specific temperatures for
24 h. A blank was arranged for each strain without adding
the coated fabrics specimen and just before taking the
inoculums for plating, coated cotton fabrics were added in
such a way to acquire the data at ‘zero contact time’. The
reduction in the bacterial concentration incubated with the
specimens in different standard time intervals of 6, 12 and

24 h was measured. The anti-bacterial potential of the GO
particle-coated cotton fabrics was determined by compar-
ing the reduction in viable bacterial population of the
coated fabric specimen to that of control sample and
expressed as a percentage reduction in standard time
intervals. The inoculum was serially diluted up to 10* cells/
mL and uniformly spread on respective media plates at
different cell concentrations (with blanks). Plates were
incubated for overnight at species-specific temperatures.
The colony forming units (CFU) were counted from a
series with optimum cell population. Evaluation was car-
ried out on the basis of a modified method of Hohenstein
test and the percentage reduction was calculated using the
following formula (Vaideki et al. 2007):

R=((B—A)/B)"100 2)

where R is percentage reduction, A is the number of bac-
teria recovered from the broth inoculated with GO-coated
cotton fabric specimen and B is the number of bacteria
recovered from the broth inoculated with control fabrics
(pure cotton fabrics) specimen after the desired contact
period (6, 12 and 24 h) immediately after inoculation.

Results and discussions
Characterization of graphene oxide nanostructures

GO nanostructures are synthesized using harsh oxidation
according to the modified Hummer’s method. The char-
acterization of GO nanostructures including the XRD,
photoluminescence spectra, transmission electron micro-
scope (TEM) is discussed in detail in our previous report
(Karthikeyan et al. 2011). Figure la shows the UV-vis
spectroscopy of GO nanostructures with maximum
absorption peak at 227 nm which was attributed to the
n—n* transitions of the aromatic C—C bonds (Karthikeyan
et al. 2011). The band gap energy calculated from the UV—
vis absorption spectra is 3.26 eV which lies in the UV
range. The presence of oxygenated functional groups in
GO nanostructures is confirmed using FTIR spectroscopy
as shown in Fig. 1b. The FTIR spectrum of GO illustrates
the presence of C=0 (1,728 cm_l), C-OH (1,413 cm_l),
C-0O-C (1,250 cm_l), and C-O (1,050 cm_l) (Du et al.
2010). The peak at 1,600 cm™! arises due to the C—C
vibrations from the graphitic domains (Si and Samulski
2008). All these functional groups present in GO make
them hydrophilic nature while the graphene and graphite
are hydrophobic in nature. The surface morphology of GO
nanostructures is studied using the SEM by placing a drop
of GO dispersion into a glass substrate. The SEM image of
GO nanostructure is shown in Fig. 2 representing the sheet-
like morphology. It also resembles that some of the
v
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Fig. 1 a UV-vis spectrum of GO nanostructures and b FTIR spectra of GO nanostructures

Fig. 2 SEM observations of GO nanostructure
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particles look aggregated. The aggregation behavior in GO
is usual due to the strong interaction between oxygenated
functional groups in the multilayered GO .

Characterization of GO-coated cotton fabrics

The GO nanostructures are coated onto the cotton fabrics
using dip coating process. GO is an attractive material with
exceptional properties such as its high stability in aqueous
solution, highly electronegative, molecular level dispersion
in water etc., allows it to adhere on the surface cotton
fabrics very rapidly. The amount of GO coated onto the
fabrics is calculated as 0.025 g using the weight method
using Eq. (1). The photographic image of GO-coated cot-
ton fabrics is shown in Fig. 3a. The white color of the
control fabric changed into blackish brown color after GO
coating confirms that GO is uniformly coated on the

50kvV  X1,700 10um WD 7.1mm

Fig. 3 a Photography of bare cotton fabric and GO-coated cotton fabric and b SEM observations of GO-coated cotton fabric
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Fig. 4 FTIR spectra of pure cotton fabric and GO-coated cotton
fabric

fabrics. Figure 3b shows the scanning electron microscopic
(SEM) image of the GO-coated cotton fabrics. It clearly
reveals the presence of GO nanosheets coated on the sur-
face of the cotton fabrics.

The mechanism of the adhesion of GO into the fabric is
described as follows: GO has various functional groups
such as carboxyl, carbonyl and hydroxyl, epoxyl groups
make them hydrophilic nature (Karthikeyan et al. 2011; Si
and Samulski 2008). The hydrophilicity of GO allows them
to be readily soluble in water at molecular levels with high
surface capacity for adsorption which results in adhering
strongly onto the surface of cotton fabrics during the
reaction time. This strong adhesion of GO into the surface
of the fabric is confirmed from FTIR spectroscopy of
control and GO-treated fabrics as shown in Fig. 4. The
FTIR spectra of untreated fabrics exhibit the vibrational
modes of C=O stretching, C-O stretching and O-H
deformation mode in the region of 1,200 to 1,700 cm ™!
(Vaideki et al. 2007). The presence of the trace amount of
HO-C=0 shows peak in the 2,800 cm ™' region. The FTIR
spectra of GO-coated fabric show significant changes
compared to the free cotton fabric. The FTIR of GO-coated
textile fabrics shows the presence of C—C stretching mode
at 1,600 cm™" proves that the GO material is coated onto
the fabrics. The usual carboxyl peak at 1,651 cm™" in the
cotton fabric is shifted towards the higher wavenumber at
1,671 cm™ " after GO is coated. And also the appearance of
new peak at 2,300 cm™' is due to the O-H stretching
modes of vibration which formed as a result of binding of
O-H group present in the GO with the cotton fabric. These
changes occurred ensure that GO is coated onto the cotton
fabrics successfully.
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Fig. 5 UV-vis spectra of pure cotton fabric and GO-coated cotton
fabric

The UV-vis spectrum of the pure cotton fabrics and the
GO-coated cotton fabrics is shown in Fig. 5. As compared
to the pure cotton fabrics, the absorbance of UV light
(200-400 nm) is significantly increased in the spectrum of
GO-coated cotton fabrics which is due to the good UV
absorbance property of GO.

Multifunctional properties of GO-coated cotton fabrics
Thermal stability of GO-coated cotton fabrics

The thermal stability of the control fabric and the GO-
coated fabric is examined using thermogravimetric analysis
(TGA) and is shown in Fig. 6. TGA of control fabric
exhibited a minor weight loss at 132.27°C is probably due
to the removal of moisture content. The onset of melting
peak arises gradually from 200°C. After 250°C, the major
decomposition of the control peak starts and it reaches the
peak melting point at 365.32°C. In the TGA of GO-coated
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Fig. 6 TGA curve of bare cotton fabric and GO-coated cotton fabric
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fabrics, the small transition at 153.45°C is due to the
removal of moisture content. The onset of the melting peak
arises at 330°C and the corresponding peak melting tran-
sition is observed at 391.55°C. The transition of GO which
usually occurs around 200°C is not observed in the TGA
curve of GO-coated cotton fabrics due to the lower weight
fraction of GO present in the cotton surface. The increase
in the peak melting point is about 36°C signifies the strong
molecular level interaction between the GO and the fabric
which is obvious from the result of FTIR and also due to
the C—C skeleton in the GO nanostructures.

Photocatalytic activity of GO-coated cotton fabrics

The photocatalytic activity of GO nanostructures was dis-
cussed recently in our previous report (Karthikeyan et al.
2011). The photocatalytic activity of the prepared GO-
cotton fabrics was studied by the reduction experiments
using RZ dye as a model compound. Figure 7 shows
spectroscopic changes occurred during the photoreduction
in RZ into RF in the presence of GO-coated cotton fabrics
under UV irradiation at regular time intervals. It clearly
shows that upon regular time intervals of UV irradiation,
the intensity of the RZ (absorption peak at 600 nm)
decreased steadily. Simultaneously, another peak at
572 nm starts arising after UV exposure which corresponds
to the formation of RF by the reduction of RZ catalyzed by
GO-coated cotton fabrics. In the control experiments, there
is no reduction in RZ that takes place in the conditions,
viz., (a) RZ without any fabric in the presence of UV
irradiation (b) RZ with bare-coated fabrics in the presence
of visible light and (c) RZ with GO-coated fabrics in the
presence of visible light. These observations confirmed that
the reduction of RZ into RF occurs only in the presence of
GO-coated cotton fabrics under UV irradiation.

0 min RZ
5 min RF l

10 min
20 min
30 min
40 min |

Quenching of
N-O bond

|

Intensity (a.u.)

T T v T . T Lz
300 400 500 600 700
Absorbance (nm)
Fig. 7 Photocatalytic activity of GO-coated cotton fabric showing

the time-dependent photoreduction of RZ into RF by the quenching of
N-O bond in RZ under UV irradiation
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The reduction of RZ into RF in the presence of UV
irradiation catalyzed by GO-coated cotton fabrics can be
explained as follows: When UV- light of energy (3.54 eV)
which is significantly greater than the energy gap of GO
(3.26 eV as seen in UV spectra of GO) is irradiated on the
GO-coated cotton fabrics, electrons and hole pairs will be
produced on the surface of GO. This photoexcited electron
generated from the GO-cotton surface reduces the RZ
molecule (blue) into RF molecule (pink) by destabilizing the
N-O bond in the RZ molecule. This is supported well with
the time-dependent UV—vis spectra shown in Fig. 7 show-
ing the quenching of peak at 380 nm with increase in time.

Antibacterial activity of GO-coated cotton fabrics

The antibacterial activity of GO-coated cotton fabric was
examined against Gram-negative bacteria (E. coli DHS50)
and Gram-positive bacteria (S. iniae) and results are shown
in Fig. 8. The quantitative bacterial reduction test was
performed using modified Hohenstein method for the
antibacterial efficacy of the GO modified cotton fabrics
(Vaideki et al. 2007).

The experimental results revealed the time-dependent
reduction of bacterial growth when exposed to GO-coated
fabrics. The percentage reduction of Gram-negative bac-
teria and Gram-positive bacteria after 6, 12, 24 h exposure
with GO-coated cotton fabrics is 46, 62, 74% and 68, 86,
100%, respectively. It shows that GO-coated cotton fabrics
are more effective towards the Gram-positive bacteria than
the Gram-negative bacteria. Since the GO-coated fabric is
more sensitive towards Gram-positive bacteria, to verify
the nature of its toxicity towards bacterial species we also
examined the antibacterial activity of GO nanostructures
towards the same species and found that the GO is more
toxic to Gram-positive ones. This is in agreement with the
previous studies on the antibacterial activity of GO nano-
structures (Akhavan and Ghaderi 2010). The differential
toxicity of the GO-coated cotton fabrics may be due to
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many factors such as the primary difference between the
Gram-negative and Gram-positive bacteria with respect to
the nature of their cell wall (Applerot et al. 2011). In
addition to this, the Gram-negative bacteria possess an
additional outer membrane comprising of lipopolysaccha-
ride which protects the peptidoglycan layer from chemical
attacks (Eaton et al. 2008).

The antibacterial mechanism of the GO-coated cotton
fabrics may be either due to the direct contact mechanism
or oxidative stress which have been observed in the cyto-
toxic effects of carbon nanomaterials such as CNTs,
graphene oxide, graphene, etc., (Manna et al. 2005; Liao
et al. 2011). The former is due to the chemical composition
of GO which contains several oxygenated functional
groups such as carbonyl, carboxyl and epoxyl groups on
their surfaces which makes them negatively charged, and
easily bind to the bacterial cell walls and damage them.
The latter is due to the reactive oxygen species produced by
GO which can also contributes to the antibacterial activity
of the GO-coated cotton fabrics.

Conclusions

In summary, GO nanostructures were successfully coated
onto the cotton fabrics using a facile method. SEM
observations reveals the presence of GO in the surface of
the cotton fabrics. The FTIR analysis confirmed the
molecular level interaction between the cotton fabrics and
GO nanostructures. The results of TGA analysis showed
that GO-coated cotton fabrics possess enhanced thermal
stability compared to the bare cotton fabrics. Moreover, the
GO-coated cotton fabrics showed photocatalytic activity by
the reduction of RZ into RF under UV irradiation. The
antibacterial activity of the GO-coated fabric shows better
toxicity towards Gram-positive bacteria than the Gram-
negative ones. Hence our efforts in this research level may
find more practical applications of developing graphene
oxide based antimicrobial coating for improving human
health care.
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