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1 Introduction

Advanced approaches to wound healing have attracted much
attention in the last decades due to the use of novel types of
dressing that takes an active part in wound protection. The use
of bacterial cellulose (BC) is attractive for advanced wound man-
agement because of favorable characteristics of BC such as high
purity, biocompatibility, structural crystallinity, oxygen perme-
ability, high water absorption capacity and extremely hydrophilic
surface, high tensile strength, homologous structure, excellent
biodegradability, biological properties and non-toxicity. How-
ever, BC itself does not have antibacterial activity and this may
reduce its effectiveness as a treatment for wounds [1].

The deficiencies mentioned above limit the application of BC
in different fields; thus, there is a need for a synthesis of its com-
posites. Owing to its structural features, BC has shown tremen-
dous potential as a matrix in the synthesis of various composite
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Recently, bacterial cellulose (BC) based wound dressing have raised significant in-
terests in medical fields. However, to our best knowledge, it is apparent that the BC
itself has no antibacterial activity. In this study, we optimized graphene oxide-silver
(GO-Ag) nanohybrid synthesis using Response Surface Methodology and impreg-
nate it to BC and carefully investigate their antibacterial activities against both the
Gram-negative bacteria Escherichia coli and the Gram-positive bacteria Staphylococ-
cus aureus. We discover that, compared to silver nanoparticles, GO-Ag nanohybrid
with an optimal GO suspension’s pH and [A[gcTOO]ﬂ ratio is much more effective and
shows synergistically enhanced, strong antibacterial activities at rather low dose. The
GO-Ag nanohybrid is more toxic to E. coli than that to S. aureus. The antibacterial
and mechanical properties of BC/GO-Ag composite are further investigated.
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materials. BC composites have been formed using a broad range
of materials ranging from nanoparticles to polymers, many of
which have been synthesized to enhancing antibacterial proper-
ties of BC [2,3].

In general, inorganic nanomaterials play an important role
in antibacterial applications due to their large surface area and
the properties imparted by their particle shapes [4]. Metal and
metal oxide nanoparticles, well known for their highly potent
antibacterial effect, include silver (Ag), titanium oxide (TiO,),
copper oxide (CuO), and zinc oxide (ZnO). Like other poly-
meric materials, BC can be used to make composites with metals
and metallic oxides through a variety of synthetic approaches
[5,6].

A wide variety of BC composites has also been explored
as potential wound dressing materials. Several studies have
attempted to found and investigate matrices impregnated
with antibacterial active nanoparticles [7]. Numerous stud-
ies have shown that BC/Ag composite has antibacterial ac-
tivity against both Gram-positive and Gram-negative bacte-
ria [8-10]. Katepetch et al. (2013) found BC composite with ZnO
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nanoparticles has antibacterial activity against E. coli and S. au-
reus. The composite was fabricated by ultrasonic assisted in situ
precipitation of zinc oxide onto the BC surface, resulting in the
formation of nanocrystalline particles without affecting the 3D
structure of the BC substrate [11]. Recent studies report the
effectiveness of BC-based antibacterial dressings with impreg-
nated TiO, nanoparticles against some strains of Gram-positive
and Gram-negative bacteria as well as against yeast colonies. In
addition to antibacterial properties, the RBC-TiO, nanocom-
posites showed impressive cell adhesion and proliferation capa-
bilities with animal fibroblast cells without showing any toxic
effects [12]. In another major study, Shao et al. (2015) found
that BC composites with graphene oxide (GO) proved excellent
antibacterial activity against E. coli and S. aureus [13].

Graphene oxide, a two-dimensional carbon material, has
attracted a great deal of attention [14]. Apart from the lay-
ered structure with a large theoretical specific surface area, GO
nanosheets bear abundant oxygen-containing surface groups,
such as hydroxyl, epoxide, carbonyl and carboxyl groups [15].
The presence of such groups not only allows the GO sheets to be
well dispersed in water to yield a colloidally stable suspension,
but also offers potential application as nanoscale substrates for
the fabrication of flexible GO based composite materials. For
instance, GO has been employed as a support to anchor gold
nanoparticles for catalytic applications [16]. Very recently, it has
been reported that GO could inhibit the growth of E. coli. It
has also been found that graphene and GO could damage the
cell membrane by direct contact with the bacteria. This mate-
rial has been used as a promising building block for preparing
new composites. On the other hand, it is well-known that Ag-
NPs possess antimicrobial activity and have been used as biocide
agents in health, food and textile applications [17]. Accordingly,
silver nanoparticles assembled on graphene oxide sheets have
been exploited as novel antibacterial systems [18].

As mentioned above, some previous studies have reported the
synthesis of GO-Ag nanocomposite and its antibacterial activity
[18,19]. To the best of our knowledge, no previous study has
investigated effect of GO-Ag nanocomposite impregnation on
BC. In this research, synthesis process of GO-Ag nanohybrid
was optimized using Response Surface Methodology (RSM) and
impregnate on BC and investigate their antibacterial activities
and mechanical properties.

2 Materials and methods

Gluconacetobacter xylinus (strain PTCCC 1734), Escherichia coli
and Staphylococcus aureus were purchased from Microbiological
Resources Centre, Iranian Research Organization for Science and
Technology. All materials were analytical grade and used without
further purification.

2.1 Production of bacterial cellulose
The Hestrin and Schramm (HS) medium used for growing G.
xylinus contains 20 g/L glucose, 5 g/L peptone, 5 g/L yeast ex-

tract, 1.15 g/L citric acid, 2.7 g/L Na,HPO,, 10 mL ethanol . HS
medium was adjusted to pH 6.0 and autoclaved at 120°C for
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20 min. After cooling, inoculum culture was prepared by trans-
ferring G. xylinus cell suspension stored at —70°C into 100 mL
HS medium and statically cultivated at 30°C for 2 days, when
the cell number reached to 3.2 x 10° cell per mL without any
cellulose production. The statically grown culture was then in-
oculated into a HS media with 10 vol. % inoculation size and
Incubated at 30°C for 7 days to produce bacterial cellulose. After
incubation, bacterial cellulose pellicles produced on the surface
of each liquid culture medium were harvested. The residue was
then washed with abundant distilled water and purified by boil-
ing them in 1.0% NaOH for 2 h, finally thoroughly washed in
distilled water [20]. Then BC dewatered by the hot pressing de-
vice and dried at 40°C for 72 h.

2.2 Synthesis of nanoparticles

2.2.1 Synthesis of graphene oxide (GO)

Graphene oxide was synthesized from graphite powder using
modified Hummer’s method. In brief, 1 g of graphite and 0.5 g
of sodium nitrate were mixed together followed by the addition
of 23 mL of concentrated sulphuric acid under constant stirring.
After 1 h, 3 g of potassium permanganate (KMnO,) was added
gradually to the above solution while keeping the temperature
less than 20°C to prevent overheating and explosion. The mixture
was stirred at 35°C for 12 h and the resulting solution was diluted
by adding 500 mL of water under vigorous stirring. To ensure the
completion of reaction with KMnQy, the suspension was further
treated with 30% H, O, solution (5 mL). The resulting mixture
was washed with HCland H, O respectively, followed by filtration
and drying, graphene oxide sheets were thus obtained [21].

2.2.2 Synthesis and optimization of graphene
oxide-silver nanohybrid

For the preparation of GO-Ag nanohybrid, 10.0 mL of a homoge-
neous aqueous suspension containing 0.07 mg/mL of GO (with
pHs: 5.4, 7.4, 9.4) was mixed with a defined mass of AgNO; (by
fixing the amount of GO and varying the AgNO; weight, that
provided [ A[;f\%xl ratio: 0.05, 0.15 and 0.25), and this volume
was maintained under strong stirring (in dark room) for 90 min
before adding the reducing agent. After this period, an amount
of 40 mg of NaBH, for each mL of GO dispersion was added
to the system. The reaction mixture was stirred for another 30
min. For isolation of nanohybrid, the suspension centrifuged at
4000 rpm for 10 min and then the supernatant was replaced
with deionized water. This process repeated for two times [22].
In the aim of measuring amount of silver loaded on GO, Mohr’s
method was performed [23].

Optimization of GO-Ag nanohybrid formation parameters
was performed by employing the response surface methodology
(RSM). Based on the literature reviews, the significant indepen-
dent variables that affecting GO-Ag nanohybrid formation are
GO suspension’s pH and [ A[XGI\TO()]3] ratio. The silver loaded on
GO sheets was considered as the response. The central values
(zero level) chosen for experimental design were pH = 7.4 for
GO suspension and [ AL&OAS] ratio = 0.15. Table 1 shows factors
and levels used in the experimental design. Table 2 shows the
designed experiments totally.
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Table 1. Experimental range and levels of independent factors

Independent factors Levels

-1 0 +1
pH of GO suspension 5.4 7.4 9.4
g ratio 0.05 0.15 0.25

Table 2. Design of experimental process based on RSM model for
optimization of GO-Ag nanohybrid synthesis

Number Experimental design
pH % ratio

1 -1 -1
2 -1 +1
3 +1 -1
4 +1 +1
5 0 -1
6 0 +1
7 -1 0

8 +1 0
9 0 0
10 0 0
11 0 0
12 0 0
13 0 0

2.3 Impregnation of GO-Ag nanohybrid into bacterial
cellulose

According to information obtained from experimental design,
optimized GO-Ag nanohybrid at optimal conditions of pH
and [; A[;NOOL]] ratio was synthesized. To impregnate GO-Ag
nanohybrid into BC, the optimized GO-Ag nanohybrid solu-
tion sprayed on wet BC at room temperature. The resulting
composite dewatered using the heat press machine significantly

and then dried at 40°C for 3 days.

2.4 Tensile strength and elongation tests

The mechanical properties were evaluated by conducting ten-
sile strength and elongation-at-break using a Texture Analyzer
according to the ASTM standard method [24]. In these tests,
pre-conditioned BC/GO-Ag composite cut into 1.0 cm (W) X
5.0 cm (L) strips and mounted between the grips of the machine
with initial grip gap of 50 mm. Sample was uniaxially pulled un-
til breaking at a cross-head speed of 2.0 mm/min. Each test trial
consisted of five replicate measurements to obtain the average
values. The results of tensile and elongation tests were expressed
by MPa and percentage (%), respectively.

2.5 Characterization

The characterization of the prepared nanoparticles and compos-
ites were determined by UV absorption spectrum, Scanning Elec-
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tron Microscope (SEM) and Transmission Electron Microscope
(TEM) analysis. Further, characteristic was determined by X-ray
Diffraction (XRD), Raman spectra, Fourier Transform Infrared
Spectroscopy (FTIR) and Atomic force microscopy (AFM).

2.6 Evaluation of antibacterial activity

The antibacterial activity of GO and GO-Ag was evaluated by mi-
crodilution assays, as described by the Clinical and Laboratory
Standards Institute (CLSI). To determine the minimal inhibitory
concentration (MIC) E. coli and S. aureus were used as model
microorganisms. The strains were cultivated in Mueller-Hinton
broth incubated at 37°C for 24 h. The bacterial suspensions
were diluted with Mueller-Hinton broth to ODs; = 0.2 and
were distributed (100 ©L) in a 96-well plate. Each well was ex-
posed to different concentrations of GO and GO-Ag (from 1.0
to 100.0 pug/mL). The plates were incubated at 37°C, and the
bacterial growth was observed after 18 h. The test was repeated
three times. The MIC was considered as the lowest nanomaterial
concentration where no bacterial growth was visualized.

To investigate the antibacterial properties of BC/GO-Ag com-
posite, a similar procedure was followed and each well was ex-
posed to the bacteria suspension cultured on equal parts of pure
BC and BC/GO-Ag. After incubation for 20 h at 37°C, the MIC
was determined by visual examinations on the basis of the low-
est concentration of sample solution in cells with no bacterial
growth [19].

3 Results and discussion
3.1 Characterization
3.1.1 Bacterial cellulose

The results obtained from the SEM and FTIR analysis of BC
produced by G. xylinus are shown in Figs. 1 and 2, respectively.
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Figure 1. SEM micrograph of bacterial cellulose.
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As shown in Fig. 1 BC fibers are well-organized 3-D network
structures and porous with interconnecting pores. The pore size
varies in a certain range. The structures are nearly identical to
those obtained by Wen et al. [25].

Figure 2 represents the FTIR spectra of the BC. The absorption
band assigned to the hydroxyl and carboxyl groups is observed
at 3373 and 1720 cm™', respectively. Furthermore, the peaks at
1591 cm™! is derived from aromatic skeletal vibrations (C=C).
Also the carbonyl amide absorption band in 1667 cm™' may be
the result of unwashed bacteria after treating with NaOH in BC
purification process.

3.1.2  Graphene oxide

The results obtained from the preliminary analysis of GO are
shown in Figs. 3-5. As shown in Fig. 3A synthesized GO was
mostly single-layered with a topographic height of 2 nm accord-
ing to AFM characterization (Fig. 3B). Raman spectroscopy is a
nondestructive method that is widely used to obtain informa-
tion from the carbon-based nanostructures. G and D are two
main characteristic peaks in Raman spectroscopy. The peak G
represents ordered organization of carbon atoms with sp* hy-
brid arrangement, while the peak D indicates the presence of
incomplete sites on the graphene oxide (as well as functional
groups bonded to the surface). As shown in Fig. 4 peak D and G
appeared in the range of 1600 and 1300 cm™', respectively. Low
intensity of peak D compared to peak G indicates that graphene
has been generated with little defects. Graphene produced by Li
and colleagues in 2013 have peak G in 1597 cm™' and peak D
in 1358 cm™! [26]. In Ding and colleagues study, peak G and D
was in the range of 1600 and 1340 cm™', respectively [27]. SEM
and TEM micrographs in Figs. 5A and B confirmed AFM results
as single-layered GO nanoparticles.

3.1.3 Graphene oxide-silver nanohybrid
The results obtained from the UV absorption analysis of GO-Ag
nanohybrid are shown in Fig. 6. The absorption intensity of the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. FTIR spectrum of bac-
terial cellulose.
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Figure 3. (A) AFM image and (B) height profile of GO.

peak at 420 nm increases gradually with an increase in Ag NPs
concentration (Fig. 6B) that indicates higher levels of Ag NPs
loaded on GO sheets, at optimized GO-Ag nanohybrid.

The FTIR spectra of GO and GO-Ag nanohybrid are shown in
Fig. 7C. In GO, absorption peaks at 1050, 1200 and 1600 cm ™!
were attributed to the C-O stretching, C-O—C stretching and
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Figure 4. Raman spectra of GO.

C—O stretching, respectively. Oxygen related peaks demonstrated
well oxidation of graphite by oxidation agents. In Fig. 7C (b),
some peaks shifted and became lower ascribing to the reduction
of GO. Resulted peaks are similar to data of Tian et al. that
includes peaks in 1050 cm™! (C-0), 1218 cm™! (C-O-C) and
1725 cm™! (C=0) [28].

As shown in the TEM images (Figs. 7A and B), AgNPs uni-
formly distributed on the optimized GO-Ag surface in compar-
ison to non-optimized GO-Ag.

3.1.4 Bacterial cellulose/graphene oxide-silver composite
As shown in Figs. 8A and B nanoparticles impregnated in porous
fibers of cellulose and made a smaller pore size and formed
tangled and stronger structure that caused more mechanical
resistance. Figs. 8C and D represents the X-ray diffraction (XRD)
patterns of BC and BC/GO-Ag composite. As shown in Fig. 8C,
BC shows a typical diffraction peak at around 39.58° and 26.64°
which confirmed BC synthesis that with the combination of
GO and BC the peaks become weak. Figure 5D around 17°
corresponding to the GO indicates its uniform distribution on
BC matrices.
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Figure 6. The absorption spectra of GO-Ag nanohybrid (A) non-
optimized conditions (B) Optimized conditions.

3.2 Tensile strength and elongation tests

The tensile elongation values of the BC (as control) and rein-
forced BC with different weight percentage of GO-Ag nanohy-
brid (0.125, 0.25, 0.5 and 0.75) are shown in Fig. 9.

Tensile strength and Young’s module of BC/GO-Ag compos-
ite with different weight percentage of GO-Ag nanohybrid are
shown in Figs. 9F and G. Obviously, the addition of nanohy-
brid reinforced the ultimate tensile strength and increased the
Young’s Modulus. Remarkably, this improvement was achieved

Figure 5. (A) TEM and (B) SEM
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Figure 7. TEM images of GO-Ag
1 nanohybrid (A) optimized condi-
tions (B) non-optimized condi-
tions and (C) FTIR spectrum of
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at a very low nanohybrid loading (0.1-0.2 wt.%). for instance,
the incorporation of 0.2 wt.% nanohybrid increased the Young’s
Modulus 23% and TS 43% that is similar to the results of Tian
et al. (2014) [28]. The increment of tensile strength should be
attributed to the good coherence between the regenerated cel-
lulose matrix and nanohybrid fillers, and the presence of strong
interactions, which was confirmed by FTIR and XRD patterns.

3.3 Data analysis and evaluation of RSM model

The experiments were conducted based on the design matrix
under the defined conditions. Responses obtained from the ex-
perimental runs are listed in Table 3. Thirteen experiments were
conducted using the CCD method. Four experiments were re-
peated to estimate experimental errors.

The obtained responses were analyzed using response surface
methodology. The GO suspension’s pH and i Aﬁ\%}] ratio are
variable A and B, respectively. R, is the amount of silver loaded
onto the GO sheets. Table 4 shows Analysis of variance.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

composite.

According to the p-value (p < 0.05), variables A and A? are
the important and effective factors. As a result, the final equation
obtained for the R; response is as follows:

R, = 4.94 4+ 0.494 — 2.01A2

The optimum conditions for R, response surface based on
variable code was A = 0.04 and B = —0.82 that is equal to 7.48
and 0.068 for GO suspension’s pH and [ A[gGNO(l3] ratio, respectively.
Figure 10 shows a 3-D Response surfaces for the CCD. As

shown in Fig. 10, when the GO suspension’s pH have a tendency

to level 0 (pH = 7.4) and the [ A[;NO(L] ratio reduced to level —1
([7[;700]5 =0.05), the amount of R; response increases, which is

equivalent to increasing the amount of silver particles loaded on
graphene sheets.

3.4 Antibacterial assay

The antibacterial properties of GO-Ag nanohybrid were
investigated against E. coli and S. aureus. The MIC values for
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Figure 9. The tensile elongation of (A) BC, (B) BC with 0.125 wt.% nanohybrid, (C) BC with 0.25 wt.% of nanohybrid, (D) BC with 0.5 wt.%
nanohybrid and (E) BC with 0.75 wt.% nanohybrid (F) Young’s modulus and (G) Tensile strength of BC reinforced with different weight

percentage.

Table 3. Experimental design matrix and results

RUN Experimental design
pH [A[gGTOO]s] Loaded silver

1 -1 -1 3.42
2 -1 +1 4.52
3 +1 —1 1.90
4 +1 +1 3.25
5 0 -1 2.00
6 0 +1 2.51
7 -1 0 3.92
8 +1 0 4.31
9 0 0 5.27
10 0 0 5.07
11 0 0 4.97
12 0 0 5.17
13 0 0 5.00

these bacterial strains are shown in Table 5. The MIC of GO-Ag
nanohybrid for E. coli and S. aureus were 0.01 and 0.17 mg/mL,
respectively, which were lower than AgNOj; suspension MIC val-
ues and in the case of gram-negative bacteria its bactericide effect

304

Table 4. Analysis of variance for experimental responses at differ-
ent factor levels

Term Sum of Sq. Mean Sq. Fvalue p-value
A 1.46 1.46 2.28 0.105
B 0.96 0.96 1.5 0.2606
AB 0.016 0.016 0.024 0.8803
A2 10.68 10.68 16.66 0.0047
B2 0.031 0.031 0.049 0.8318
R? =0.8052

was equal to the conventional antibiotic tetracycline. Taken to-
gether, the data from previous reports and the results presented
here demonstrate that GO-Ag nanohybrid impart high bacteri-
cidal activities. Consequently, this will improve their potential
applications in the medical field.

The antibacterial properties of BC/GO-Ag composite investi-
gated by measuring OD of the bacteria cultured on pure BC and
nanocomposite. Escherichia coli shows full growth on BC, while
it was stopped at OD = 0.09 on BC/GO-Ag composite.

The antibacterial activity of Ag nanoparticles was investigated
against Gram-negative bacterial strains E. coli and P. aeruginosa

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. MIC values of the GO-Ag nanohybrid
Bacteria MIC
GO-Ag nanohybrid ~ AgNOs suspansion  Tetracycline
S. aureus  0.17 0.5 0.01
E. coli 0.01 0.09 0.01

in Das et al. study. It was observed that P. aeruginosa was more
sensitive to the Ag nanoparticles which produced maximum
growth inhibition zone. Additionally, the variation of Ag con-
centration during the synthesis of Ag nanoparticles affects bac-
terial growth [29]. In another study the antibacterial activity of
freeze-dried silver nanoparticle-impregnated bacterial cellulose
for was measured by the disc diffusion method. No inhibition
zone was observed with the pure bacterial cellulose as control
which shows the effect of Ag nanoparticles on bacteria [30].

Table 6. The result of antibacterial activity for different composites of BC

Eng. Life Sci. 2018, 18, 298-307

Figure 10. Effect of GO suspension’s pH
and [J% on loaded silver on the surface
gNOs]

of GO sheets.

— 100

AZpH

Wu et al. compared the antibacterial effect of Ag nanoparti-
cles/bacterial cellulose composite against E. coli, S. aureus and
P. aeruginosa. The results showed that the antibacterial activity
against E. coli and P. aeruginosa were lower than that against
S. aureus. This observation is due to the difference in cell walls
between Gram-positive and Gram-negative bacteria [10]. More
studies about antibacterial activity of BC in combination with
different materials is shown on Table 6.

4 Concluding remarks

The GO-Ag nanohybrid was synthesized. The effect of impor-
tant parameters including GO suspension’s pH and [ A[fNO(L] ratio
was studied. The response surface methodology was employed
to determine the most suitable processing conditions to at-
tain optimized conditions. The GO-Ag nanohybrid impreg-

nated to bacterial cellulose and its mechanical and antibacterial

Composite Bacteria Result Reference  Year
Bacterial cellulose (BC) and Escherichia coli and Staphylococcus BC-Cu-MMT composites prepared with 2 [31] 2013
montmorillonite (MMT) MMT, aureus and 4% MMT displayed clear zones of
Na-MMT, Ca-MMT and Cu-MMT inhibition against E. coli and S. aureus.
Silver nanoparticles into bacterial Escherichia coli Nearly 100% antibacterial activity [32] 2010
cellulose (BC)
Bacterial cellulose-Chitosan Escherichia coli and Staphylococcus In the antibacterial test, the addition of [33] 2013
aureus chitosan in BC showed significant growth
inhibition against Escherichia coli and
Staphylococcus aureus
BC-Ag nanocomposites Escherichia coli, Staphylococcus The experimental results showed BC-Ag [34] 2015
aureus, Bacillus subtilis and nanocomposites have excellent
Candida albicans anti-bacterial activities
BC/sodium alginate (SA)- Silver Escherichia coli, Staphylococcus aureus  The composite has excellent antibacterial [35] 2015
sulfadiazine (AgSD) composites and Candida albicans activities and good biocompatibility
SiO2 coated Cu nanoparticles Staphylococcus aureus and Escherichia ~ Excellent antibacterial activity [36] 2016
(Cu@SiO2/BC) coli
ZnO-deposited BC composites Staphylococcus aureus and Escherichia Strong antibacterial activity without a [37] 2016
coli photocatalytic reaction
Bacterial cellulose-zinc oxide Escherichia coli, Pseudomonas The composite exhibited 90, 87.4, 94.3 and [38] 2017
nanocomposites aeruginosa, Staphylococcus aureus 90.9% activity against Escherichia coli,
and Citrobacter freundii Pseudomonas aeruginosa, Staphylococcus
aureus and Citrobacter freundii,
respectively
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properties investigated. The presence of GO-Ag nanohybrid in-
creased the mechanical strength and antibacterial activity of bac-
terial cellulose. Taken together, the present study indicates that
BC impregnated with GO-Ag nanohybrid is a potential wound
dressing material. However, more work on clinical wounds of
smaller and larger animals will need to be done before its appli-

cation on to humans.

Practical application

The present work describes the synthesis processes and
characterization of a potential wound dressing material
based on graphene oxide/silver nanocomposite-coated
bacterial cellulose. The prepared nanocomposite was char-
acterized for their morphological properties, mechanical
properties and antibacterial activity. It shows very good an-
tibacterial properties and mechanical strength that made
it a good choice for medical applications and future use.
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