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Abstract

Graphene has been widely used to reinforce various hydrogels while there is no report
on the composite hydrogels of bacterial cellulose (BC) and graphene. In this work, a
graphene/BC (GE/BC) nanocomposite hydrogel was prepared by in situ biosynthesis.
The morphology and structure of the obtained GE/BC nanocomposite were
characterized by SEM, TEM, XRD, and Raman. Results showed that the presence of
graphene in the culture medium of BC changed the crystalline structure of BC while
the in situ biosynthesis process had no influence on the structure of graphene. It was
found that graphene nanoplates were uniformly dispersed in the three-dimensional
(3D) BC matrix and tightly bound by BC nanofibers. This unique 3D structure will

impart the GE/BC nanocomposite excellent mechanical, electrical, and biological
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properties.
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Polymer nanocomposites reinforced with nanosized carbonaceous fillers, in particular,
carbon nanotube (CNT) and graphene have been extensively studied.'* Compared
with CNTs which may cause toxic reactions,” graphene is believed to raise fewer
toxicity concerns® and a study carried out by Rafiee et al. confirmed that graphene
significantly out-performed CNTs as a reinforced additive.” Therefore, polymer
composites reinforced with graphene have attracted tremendous interest in recent
years. Numerous polymers such as poly (vinyl alcohol),** chitosan,'’
polyacrylamide,'' epoxy,'? poly (sodium acrylate),"? and nanocellulose'* have been
used to form nanocomposites with graphene and its derivatives.

A recent study reported the preparation of a nanocomposite based on a graphene
derivative (graphene oxide) and bacterial cellulose (BC) by a mechanical mixing
method."” Though the method is simple, the obtained nanocomposite has broken the
intrinsically three-dimensional (3D) structure of BC, which is believed to be the most
striking features distinguishing BC from other natural polymers. BC, a nanofibrous
cellulosic material produced by the bacteria, Acetobacter xylinum (A. xylinum), has
been suggested to be suitable as a tissue engineering scaffold due to its 3D structure,
high biocompatibility, sufficient mechanical strength, good stability, interconnected

pores and tunable pore structure.'®"

Therefore, exploring a new method that can
ensure the uniform distribution of graphene in the BC matrix while retaining the
advantageous 3D structure of BC is of vital importance for the development of a new

tissue engineering scaffold. Herein we developed a one-pot in situ biosynthesis

approach for the fabrication of graphene/BC (abbreviated as GE/BC hereinafter)



RSC Advances Page 4 of 17

nanocomposite. It is assumed that the in Situ biosynthesized GE/BC nanocomposite
would show high mechanical properties, improved electrical conductivity and
possible enhanced biological behavior as compared to the pristine BC.

The aim of the present study was to prepare the GE/BC nanocomposite and to
evaluate its morphology and structure. The influence of graphene on the mechanical
and electrical properties and cell compatibility of BC hydrogels will be addressed in
another article.

Commercially available aqueous dispersion of graphene with a concentration of
0.2 mg/ml was purchased from Nanjing XFNANO Materials Technology Co. Ltd.,
China. According to the supplier, the graphene nanoplates had an average diameter of
several microns. Reagents for BC production included yeast extract, tryptone,
disodium phosphate (Na,HPO,), and acetic acid. All reagents were used without
further purification.

In this work, the bacterial strain, Acetobacter xylinum X-2, was used to produce
BC and GE/BC hydrogels. Prior to incubation, the culture medium was sterilized at
121 °C in autoclave for 30 min. The medium for the pristine BC was composed of
2.5% (w/v) glucose, 0.75% (w/v) yeast extract, 1% (w/v) tryptone, and 1% (w/v)
Na,HPOj,, and the pH was adjusted to 4. 5 by acetic acid. To prepare GE/BC
nanocomposite hydrogel, a graphene-dispersed culture medium was first prepared.
The schematic diagram of the synthesis of GE/BC nanocomposite hydrogel is
illustrated in Fig. 1. In a typical process, 20 mL graphene suspension (0.2 mg/ml) was

added to 200 mL culture medium followed by intense stirring for 60 min. The seed
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broth (2 ml) was inoculated into a 500 ml Erlenmeyer flask containing 200 ml of the
graphene-dispersed medium. The flasks were incubated under static condition at 30
°C for 10 days. For comparison purpose, the pristine BC was prepared under the same
conditions for 10 days. The harvested GE/BC and BC pellicles were purified and
cleansed following the procedures described previously.?

The morphology of BC and GE/BC samples freeze-dried for 24 h was observed
using a field emission scanning electron microscope (FE-SEM, Nano 430, FEI, USA)
and transmission electron microscope (TEM, Philips Tecnai G2 F20) operating at 200
kV. The Raman spectra of pristine graphene and freeze-dried GE/BC were recorded
using a Jobin Yvon HR-800 spectrometer with an excitation wavelength of 633 nm.
The crystalline structure of BC and GE/BC was studied using a Rigaku D/max 2,500
X-ray diffractometer with a thin film attachment. Cu-Ka radiation was utilized (A =
0.154 nm) and the samples were scanned from 5 to 30 ° with a scan speed of 2 °/min.
The crystallinity index (CI) was calculated by Segal’s method.'

The FESEM images of BC and GE/BC samples are shown in Fig. 2. It was
clearly seen from Fig. 2a that the pristine BC had a typical 3D network structure and
interconnected pores. The images of GE/BC nanocomposite shown in Fig. 2b-d
revealed that the 3D network structure remained unchanged and the spaces among BC
nanofibers were still open after incorporating graphene nanoplates. Importantly,
graphene nanoplates were evenly distributed within the BC matrix. As can be seen
from Fig. 2¢ and d, graphene nanoplates appeared to be bound by BC nanofibers in a

spider web-like manner. The formation of this strongly bonded structure is probably
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due to the entrapment of graphene nanoplates by BC nanofibers during the BC
growing process. The formation of this unique structure is also illustrated in Fig. 1.
This special structure is obviously beneficial to obtaining improved mechanical
properties. SEM observation demonstrated that in situ biosynthesis was a facile and
effective method to prepare GE/BC nanocomposite.

In order to further characterize the structure of graphene nanoplates in the GE/BC
nanocomposite, TEM was used to investigate the morphology (Fig. 3). Fig. 3a showed
that BC and graphene nanoplates were closely entangled, consistent with SEM
findings. As shown in Fig. 3b, the graphene crystal lattices could be seen clearly in
the HRTEM image, indicating that graphene could maintain its perfect crystal
structure after the biosynthesis process.

XRD results (Fig. 4) show that three peaks in the BC spectrum, corresponding to

(1 iO), (110), and (200) planes, respectively were identified to cellulose 1.”* The peak
sharpness indicated that the BC was semi-crystalline.”> The spectrum of graphene
showed a straight line without apparent diffraction peak at 20 = 13.7 °, consistent with
previous report by Zhang et al,** which was an indication of single-layer graphene.”
As expected, no obvious diffraction peaks for graphene could be observed in the
GE/BC nanocomposite spectrum, which may be due to the single-layered graphene in
the composite and the low amount of graphene nanoplates in the GE/BC
nanocomposite. Furthermore, it was shown that adding graphene in the culture
medium significantly reduced the crystallinity of BC from 89 to 81%. The change of

crystillinity caused by addition of foreign substances was previously reported in the



Page 7 of 17

RSC Advances

15,26

literature. It was believed that adding foreign supplement changed the viscosity of

26,27 mpos . 1
»“" This disturbance

culture medium and thus disturbed the movement of bacteria.
might impede the crystallization process of nascent nanofibril, resulting in a lower
crystallinity. Even though further studies are needed to clarify the exact mechanisms
on the influence of GE on the crystallinity, the XRD results clearly suggested that the
addition of graphene influenced the crystal structure of BC.

Raman spectroscopy has been one of the most widely used techniques to
characterize the structural and electronic conjugation of graphene materials.”* ** Fig. 5
shows the Raman spectra of GE/BC and the pristine graphene. The spectra showed
two distinguished D band and G band, which corresponded to the A;, breathing mode
and in-plane E,, vibrational mode, respectively. Moreover, other two weak peaks
were also observed, which were due to the 2D and S3 bands ***°. Notably, the peak
intensity ratio, Ip/Ig, which is an indication of the defect population and is
proportional to size of crystalline domains,’®*' did not show significant difference
(In/Ig = 1.1) between the pristine graphene and GE/BC, indicating that the structure of
graphene did not change after in situ biosynthesis.

In conclusion, a novel GE/BC nanocomposite hydrogel has been prepared by
simply adding graphene suspension into the culture medium of BC. The addition of
graphene reduced the crystallinity of BC while the structure of graphene remained
unchanged after in situ biosynthesis. The graphene nanoplates were well-dispersed

throughout the BC matrix and a well-bound and entangled network structure of

GE/BC was formed. This structure was presumed to endow BC with excellent



RSC Advances Page 8 of 17

mechanical properties and electrical performance. Although characterizations of

mechanical, electrical, and biological properties are still in progress, we believe that

the GE/BC nanocomposite described herein shows promise as a tissue engineering
scaffold.

We thank the National Natural Science Foundation of China (Grant Nos.
51172158 and 81200663) and the Science and Technology Support Program of
Tianjin (Grant No. 11ZCKFSY01700) for the financial grants.
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Figure captions

Fig. 1 Biosynthesis scheme depicting the synthesis of in situ formation of GE/BC
nanocomposite hydrogel.

Fig. 2 SEM micrographs (a-d) TEM image (e), and HRTEM image (f) of GE/BC
nanocomposite.

Fig. 3 Mechanism showing the formation of GE/BC nanocomposite with spider
web-like microstructure.

Fig. 4 XRD patterns of pristine BC, graphene, and GE/BC nanocomposite.

Fig. 5 Raman spectra of GE/BC nanocomposite and pristine graphene.
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Fig. 2.
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Fig. 3.
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