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Preparation and analysis on graphene oxide-silver/graphene
oxide/chitosan composite antibacterial dressing
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Abstract: Graphene oxide was prepared by the modified
Hummers method and ultrasonic peeling method. Ammoniacal
silver solution and green glucose were added to the fresh
achieved graphene oxide suspension to prepare graphene oxide-
( GO-Ag ) nanoparticles. The prepared GO-Ag
nanoparticles were incorporated into chitosan and graphene
oxide to prepare graphene oxide-silver/graphene oxide/
chitosan ( GO-Ag/GO/CS) composites.
properties of GO-Ag/GO/CS composite were investigated by
SEM, XRD, TG, tensile test and antibacterial test. SEM and
XRD analysis indicate that GO-Ag is successfully compounded
with graphene oxide and chitosan mixture. Tensile test show
that the incorporation of graphene oxide into chitosan matrix
can effectively improve the tensile strength of GO-Ag/GO/CS
composite,  especially the strength.
Thermogravimetric analysis indicate that the incorporation of
graphene oxide has a slight effect on the thermal stability of
CS. The results of antibacterial test illustrate that when the
addition of GO-Ag particles is 5.0 mg, the bacteriostatic rate
of GO-Ag/GO/CS against S. aureus and E. coli can reach 98.
40% and 100% , respectively, showing excellent bacteriostatic
effect.
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he skin acts as a natural barrier of the human body
T preventing microbial invasion and playing an impor-
tant role in maintaining the stability of the internal envi-
ronment. If the skin is damaged, a large number of dena-
tured and necrotic tissues as well as effusion of plasma-
like components will seep out of the wounds, and patho-
gens such as S. aureus and E. coli are prone to multiply in
wounds, causing wound infection and making it difficult
to be healed. In some cases for patients with extensive
skin trauma, pathogenic bacteria may enter the body cau-
sing serious infections like sepsis, meningitis or bactere-
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mia, with life-threatening potentialm. Therefore, to con-
struct an ideal antibacterial wound dressing without drug-
resistance and reduce serious infection caused by wound
pathogens, has become a crucial research direction in the
field of trauma treatment.

In order to prevent wound infection, much effort has
been made to add antibacterial substances to wound dress-
ings. Due to the wide application of various antibacterial
drugs, the bacterium has developed new drug-resistant
bacterial strains. The noble metal antibacterial agent such
as silver nanoparticle is widely favored due to their lack
of drug resistance' ™. However,
problems needed to be solved when transferring silver
nanoparticles to biological media, for silver nanoparticles
tend to aggregate to minimize their surface energy in the
process of preparation, leading to reduce the antibacterial
efficiency'. In this regard, a practical method is to an-
chor them on support matrix, which can not only improve

there are still some

the stability, but also enhance their antibacterial proper-
ties”. Such a suitable material is graphene oxide ( GO),
which is usually a single or multi-layer graphite oxide ex-
foliated from graphite'”. Graphene oxide with a trans-
verse size of micrometer can be used as an effective tem-
plate for anchoring silver nanoparticles, avoiding the ag-
glomeration of silver nanoparticles during the synthesis
process'”™
strated that graphene oxide-silver ( GO-Ag) composites
have better antibacterial properties than silver nanoparti-
cles”*™ | Therefore, GO-Ag can be used as an outstand-
ing nano-antibacterial agent to improve the antibacterial
property of medical dressings.

Among various medical dressing materials, chitosan

. In recent years, many studies have demon-

based biological dressings have been one of the most
widely studied and applied. Chitosan is a natural cationic
polysaccharide generated by the deacetylation of chitin

. . . 11
which is abundant in nature'""

, and mostly comes from
bacteria, fungi and the shells of shrimp and crab'”. Chi-
tosan has great advantages in air permeability which can
activate macrophages and promote wound healing'"*'. Ch-
itosan also has good biocompatibility and biodegradabili-
ty, antibacterial, anti-inflammatory, anti-acid, anti-ul-
cer, anticoagulant properties'”".
can be used to make various forms of wound dressings
such as membranes, coatings, hydrogels, fibers, pow-
ders, and nanoparticles. It has broad application pros-

Moreover, chitosan
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. . . e . . 15
pects in medical dressings and artificial skin""”'.

Taking into account the properties of the above dis-
cussed materials, the present study is combining the ad-
vantages of GO-Ag particles and chitosan to prepare gra-
phene oxide-silver/graphene oxide/chitosan ( GO-Ag/
GO/CS) composite dressing. The physicochemical and
antibacterial properties of GO-Ag/GO/CS composites
were investigated, with the expectation that GO-Ag/GO/
CS composite may have a good prospect to be used as an-
tibacterial medical dressing for skin tissue engineering.

1 Materials and Methods
1.1 Materials

Graphite powder (99. 9% ), chitosan ( degree of
deacetylation is 80% to 95% ) and silver nitrate( AgNO,)
were purchased from China National Pharmaceutical
Group Co., Ltd. (Sinopharm); Potassium permanganate
(KMnO, ), sodium nitrate ( NaNO, ), sulfuric acid
(95% ), hydrogen peroxide (30% ), hydrochloric acid
(37% ), barium chloride (BaCl,), anhydrous dimethyl
sulfoxide (DMSO), aqueous ammonia and glucose were
obtained from local manufacturers. All reagents used in
this research were analytical grade.

1.2 Preparation of graphene oxide

Graphene oxide was prepared by modified Hummers
method""”'.
115 mL sulfuric acid uniformly in ice water bath (no
more than 5 C), then 2.5 g sodium nitrate and 15 g
KMnO, were added gradually to the mixture. After stir-

Firstly, 5 g graphite powder was mixed with

ring for 2 h, the ice water bath was replaced by warm wa-
ter bath with the temperature maintained at 35 ‘C for 30
min. In the next step, 230 mL of distilled water was add-
ed into the beaker under rapid stirring, and the reaction
temperature was maintained at 90 C, the stirring time
was kept for 30 min. After diluting the reaction solution
to 600 mL with distilled water, a certain amount of hy-
drogen peroxide (3% to 5% ) was added until the suspen-
sion was golden yellow. Then, the solution was washed
with 5% hydrochloric acid and distilled water repeatedly
and centrifuged until the graphite oxide aqueous disper-
sion was neutral and no white precipitate was formed by
BaCl, detection. Finally, the prepared graphite oxide was
exfoliated by ultrasonic vibration at the frequency of 60
kHz for 1 h to obtain graphene oxide suspension.

1.3 Preparation of graphene oxide-silver nanoparti-
cles

Silver ammonia solution was prepared as follows: 2. 04
g silver nitrate was dissolved in suitable distilled water to
prepare 100 mL solution (0. 12 mol/L). Then, 10 mL
silver nitrate solution (0. 12 mol/L) was taken into a test
tube, 2.5% ammonia water was added drop by drop with
shaking the test tube until the initial precipitate just disap-

peared completely, and then silver ammonia solution was
obtained. In the next step, graphene oxide suspension
containing 204 mg of graphene oxide was put into a beak-
er, and distilled water was added to dilute it to 100 mL.
Then, the fresh silver ammonia solution was added into
graphene oxide suspension and stirring for 30 min at 50
C. And next, 1 g glucose (dissolved in 50 mL distilled
water) was added into the mixture and the mixture was
heated to 90 C with stirring for 1 h. After cooling, it
was centrifuged, washed and filtered with ethanol and
distilled water for several times to obtain graphene oxide-
silver nanoparticles, and then the obtained graphene ox-
ide-silver nanoparticles were freeze-dried for later use.

1.4 Preparation of graphene oxide-silver/graphene

oxide/ chitosan composites

A certain amount of graphene oxide suspension ( the
mass ratio of graphene oxide to chitosan is 0: 100, 2:
100, 4:100, 6:100 and 8: 100, respectively) was added
into a beaker, distilled water was added to dilute it to 100
mL, 2 mL glacial acetic acid was added to the beaker be-
fore 3 g chitosan was added into it, and then the mixture
was stirred at high speed for 0.5 h. Afterwards, 3.0 mg
GO-Ag was added into the mixture, stirred at high speed
for 0.5 h until a homogenous solution was obtained, and
next, the mixture was left at room temperature for 2 h
without being disturbed before being casted onto a plate
mould at room temperature for 2 h. Subsequently, the
mould was put into an oven at 40 C for 24 h. Finally,
the film was fully washed with deionized water and dried
at room temperature to obtain graphene oxide-silver/gra-
phene oxide/chitosan composite ( GO-Ag/GO/CS). The
obtained composite film was labeled as GO-Ag3/GO/CS
and the GO-Ag/GO/CS composite films with different
GO-Ag content (4.0, 5.0 and 6. 0 mg) were prepared
using the same procedure and labeled as GO-Agd/GO/
CS, GO-Ag5/GO/CS, GO-Ag6/GO/CS, respectively.

1.5 Characterization

UV-visible spectra were recorded in the range between
200 and 800 nm using ultraviolet spectrograph ( UV-
2550, Japan). The graphene oxide suspension and GO-
Ag suspension were diluted 10 times to record the UV-
visible spectra. The morphology of the prepared samples
was investigate by scanning electron microscope (JEOL
6700, Japan) and the energy-dispersive spectrum ( EDS)
was performed by the EDS system ( Bruker 60, Germa-
ny) to analyze the element presence of the samples. XRD
measurements were performed using an X-ray diffractor
(PW3040/60, Netherlands) with Cu Ko radiation (A =
0. 154 nm) operating at 40 kV and 40 mA. Tensile tests
were carried out on dumbbell-shaped samples cut from the
center of the films using a punch. The tensile strengths of
GO-Ag/GO/CS composite films were measured by an



418

Liu Haohuai, He Zhizhou, Wang Yufei, and Peng Lingxi

electronic universal testing instrument ( UT4304, China)
at a cross-head speed of 50 mm/min according to GB/T
1040.3—2006. The thermal stability of GO-Ag/GO/CS
composites was carried out on a thermogravimetric analy-
zer (TGA4000, USA). The measurements were carried
out in a nitrogen atmosphere from 30 to 550 C at a heat-
ing rate 10 C/min.

The swelling behaviors of CS and GO-Ag/GO/CS
composite films were evaluated at room temperature using
a conventional gravimetric analysis method. Dry CS and
GO-Ag/GO/CS samples in a diameter of 20 mm were
weighted and immersed in distilled water for predeter-
mined time intervals. At each time point, the wet weights
of the samples were recorded after removing excessive
surface water with filter paper. The swelling degree was
calculated as

S_lOO(W@ﬁ-WQW)
B w

dry

(1)

where W, are the weights of dry samples and

swollen samples. All data points were the means of five

and W,

wet

different measurements.
1.6 Cytotoxicity test

1.6.1 Cell culture

In vitro cytotoxicity of GO/CS and GO-Ag/GO/CS
composites with different GO-Ag contents (0, 3.0, 4.0,
5.0 and 6. 0 mg) were evaluated using MTT assay by
culturing with mouse fibroblasts NIH-3T3 cells. Each
slice specimen, 15. 0 mm in diameter, was washed 5
times with deionized water under ultrasonic vibration,
following sterilization by steam for 20 min at 121 C and
136 kPa pressure. The specimens were then placed in 24-
well cell culture plates ( Corning, USA) with 1 mL of
fresh medium in each well for 1 h, and NIH-3T3 cells
cultured in media for 3 d were seeded on the top of pre-
wetted specimens (2 x 10* cells/ specimen) with 1 mL
culture medium into each well. The specimens were left
undisturbed in a humidified incubator at 37 C with 95%
air and 5% CO, for 1, 3, 5 and 7 d. The media was
changed every two days. The morphologies of NIH-3T3
cells cultured with GO-Ag/GO/CS composites were ob-
served by optical microscope.
1.6.2 MTT assay

After culturing for 24, 48, and 72 h, the supernatant
medium was removed, and the samples were transferred
to new wells of 24-well plates. Then, 40 pL/well of
MTT solution and additional 1 mL culture medium was
added into each sample, the cells were incubated at 37 C
for 4 h to allow the formation of formazan crystal. After
the incubation, supernatant medium was removed, 450
pL dimethyl sulfoxide (DMSO) was added to each well
to dissolve the formazan crystals with shaking. After sha-
king for 5 min, the solution of each sample was removed

out for assay in a 96-well plate. The optical density
(OD) was read on Wallac victor 1420 multilabel counter
(PerkinElmer, USA) using a test wavelength of 490 nm.
The results from four individual experiments were aver-
aged. The relative growth rate R of cells was obtained by
dividing the OD value of the experimental group by the
OD value of the blank group. Cytotoxicity was evaluated
based on the relative growth rate of cells, when R =
100%, the cytotoxicity level is evaluated as level 0.
When R, is within the range of 75% to 99%, the cyto-
toxicity level is evaluated as level [, Both level 0 and
level [ are non-cytotoxic levels, which satisfy the safety
standards of biomaterials.

1.7 Antibacterial activity test

Each disc specimen with 6. 0 mm in diameter was put
into glass tube filled with 2 mL bacterial suspension (1 x
10° CFU/mL) and incubated in a shaking incubator at 37
C for 24 h. After incubation, 200 pL of bacterial sus-
pension was taken out from the culture medium and dilu-
ted by appropriate times, afterwards, 100 pL of bacteria
suspension was collected and smeared on agar plate uni-
formly, then the agar plate was turned over and incubated
at 37 C for 24 h. Following incubation, the numbers of
bacterial colonies on the agar plate were counted, the re-
sults from three individual experiments were averaged.
The bacteria suspension without samples treated with the
same procedure was used as the control group, and the
bacteriostatic rate R was calculated as

R=" "N 100 2
=N X ) (2)

c

where N, is the number of bacterial colonies in the control
group, CFU/mL; N, is the number of bacterial colonies
in the experimental group, CFU/mL.

1.8 Statistical analysis

All the data were given as means =+ standard devia-
tions. Statistical difference was analyzed using one-way
analysis of variance (ANOVA) on GraphPad InStat 3. 05
(GraphPad Software, USA). A value of p <0.05 was

considered to be statistically significant.

2 Results and Discussion

2.1 UV spectra

Fig. 1 shows the UV-visible spectra of the dispersions
of GO and GO-Ag. It can be seen from GO spectra that
GO exhibits two characteristic peaks which are similar to
those already reported in Ref. [2]. The absorption peak at
230 nm is assigned to the characteristic absorption peak of
carbon skeleton on GO, and the shoulder absorption peak
at 300 nm is the characteristic absorption peak of C =0
group on GO. After adding silver nitrate and Ag particles
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300 230 curred, which can be assigned to the surface plasmon res-
25 _l;(\GO :gg N onance ( SPR) absorption band of Ag nanoparticles, sug-

22§‘ ~A8 gesting the formation of Ag nanoparticles. In addition,
: the characteristic absorption peak (228 nm) of carbon
skeleton on GO still exists, which indicates that the for-
mation of Ag nanoparticles does not change the structure
of GO matrix.

2.2 Morphology analysis

200 360 4(I)O 560 6(I)O 760 8(I)O . .
Wavelength/nm The morphology of GO obtained by TEM was shown in

Fig.2(a). It was observed that GO with a layered struc-
ture has many silk-like wrinkles on the surface, which is
generated, the shoulder absorption peak of GO dispersion  the characteristic morphology of GO. Fig.2(b) showed
at 300 nm disappeared, and a new peak at 396 nm oc- the morphology of the synthesized GO-Ag composite. It

Fig.1 UV spectra
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Fig.2 Morphology images. (a) TEM of GO; (b) SEM of GO-Ag (20 000 x ); (c) CS membrane at low magnification (200 x ); (d) CS
membrane at high magnification (1 000 x); (e) GO-Ag/GO/CS membrane at low magnification (200 x); (f) GO-Ag/GO/CS membrane at high
magnification (1 000 x); (g) GO-Ag at high magnification (30 000 x ); (h) EDS spectra of GO-Ag; (i) GO-Ag/GO/CS membrane at high magni-
fication (100 000 x ); (j) EDS spectra of GO-Ag/GO/CS
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can be seen that the wrinkles still appear on the graphene
sheets, and many spherical silver nanoparticles with a size
of 20-30 nm are distributed on the graphene oxide surface
without agglomeration. Because there are many functional
groups on the base and edge of graphene oxide, which
can act as nucleation sites of silver nanoparticles, so sil-
ver ions are anchored stably onto graphene oxide surface
in the process of gradual reduction'®,
the agglomeration of the formed silver nanoparticles

limit the free release of silver nanoparticles from the ma-
(17

which can avoid

" and

trix
2(h), it revealed the existence of carbon, nitrogen, oxy-
gen and Ag elements in the GO-Ag composite. Carbon,
nitrogen and oxygen came from GO, while Ag was attrib-
uted to the presence of Ag nanoparticles. The experimen-
tal results of Ref. [5] showed that when the mass ratio of

. The EDS spectrum of GO-Ag was shown in Fig.

GO to silver nitrate is 1:
are distributed uniformly and densely, without agglomera-
tion phenomenon. Tang et al. ""*" and Dat et al. "' showed
that when the mass ratio of GO to silver nitrate is 1: 1,
the GO-Ag nanoparticles have the strongest antibacterial
ability to S. aureus and E. coli, so the mass ratio of gra-

1, the prepared silver particles

phene oxide to silver nitrate used to prepare GO-Ag is al-
so 1:1 in this experiment.

Figs. 2(c) to (f) show the SEM photographs of pure
CS and GO-Ag/GO/CS membranes. It can be seen that
the pure CS membrane (see Figs.2(c) and (d)) shows a
small porous and smooth surface phase, while the GO-
Ag/GO/CS composite membrane ( see Figs. 2 (e) and
(f)) exhibits a small irregular pores and rough surface
phase. The pores and roughness on the membrane surface
are essential for cells adhesion and crawl. At higher mag-
nification (see Fig.2(i)) of GO-Ag/GO/CS membrane,
the Ag nanoparticles are observed in the CS matrix, and
the EDS spectra shown in Fig. 2(j) revealed the existence
of carbon, nitrogen, oxygen and Ag elements in the GO-
Ag/GO/CS composite. Carbon,
came from GO and CS, while Ag element was derived
from Ag nanoparticles in the composite.

nitrogen and oxygen

2.3 XRD patterns

Fig. 3 shows the XRD patterns of GO, GO-Ag, CS,
GO-Ag/GO/CS composite and GO/CS composite. In the
GO pattern, the obvious diffraction peak at 20 = 11. 7°
appears, while in GO-Ag pattern, the diffraction peak at
20 =11.7° disappears, which indicates that graphene ox-
ide is partially reduced to graphene by the reaction of re-
ducing agent glucose. In GO-Ag pattern, the characteris-
tic peaks at the diffraction angles of 38.0°, 44.2°, 64.3°
and 77. 2° are attributed to the planes (111), (200),
(220) and (311) of crystal structure of Ag nanoparticles,
which indicates that silver ions are reduced simultaneously
by glucose, and GO-Ag nanoparticles are prepared. It
can be seen from CS pattern that CS shows two character-

istic peaks at 20 =10.3° and 20 =20.3°, while the char-
acteristic peaks in GO/CS pattern at 20 = 10.3° and 26 =
20.3° are weakened, which may be attributed to the in-
terface interaction between graphene oxide and chitosan
reducing the crystallization degree of CS. In the GO-Ag/
GO/CS pattern, the characteristic peaks of CS matrix at
20 =10.3° and 20 =20. 3° still exist, and the characteris-
tic peaks of Ag (111), (200), (220) and (311) appear
at the same time, which indicates that GO-Ag is success-
fully compounded with graphene oxide and chitosan, and
the structure of GO-Ag does not change after being com-
pounded with chitosan and graphene oxide.

Intensity

(111) GO-Ag/GO/CS
(20005 x5
Gl 6o

10 20 30 40 50 60 70 80 90
20/(°)

Fig.3 XRD patterns

2.4 Tensile properties

In this experiment, the effect of GO content on the ten-
sile strength of GO-Ag/GO/CS composites were investi-
gated by keeping GO-Ag content unchanged (4.0 mg)
and changing GO content from O to 8% . The GO-Ag/
GO/CS composite with GO contents of 2%, 4%, 6%
and 8% were defined as GO-Ag/GO2/CS, GO-Ag/
GO4/CS, GO-Ag/GO6/CS and GO-Ag/GO8/CS. Fig.
4 shows the dry-state and wet-state tensile strength of GO-
Ag/GO/CS composites with GO content increasing. It
can be seen from Fig. 4 that in the range of GO content of
this study, with the increase of GO content, the dry-state
and wet-state tensile strengths of composites have been
greatly improved compared with the dry-state and wet-
state tensile strength of chitosan matrix.
hand, it can be attributed to the nano-scale effect of GO;
on the other hand, it can be attributed to the strong hy-
drogen bonding between the hydroxyl, carboxyl groups
on the surface of GO and the hydroxyl groups on the sur-
face of chitosan, which enhances the interfacial bonding
strength of GO-Ag/GO/CS. When the content of GO is
lower, the molecular chains of the composites are pulled
apart under the action of external force, and the GO
sheets play a reinforcing role in dispersing stress, trans-
ferring and dissipating energy. Therefore, with the in-
crease of GO content, the dry-state and wet-state tensile
strength of the composites increase synchronously. When
the content of GO is 4% , the dry-state and wet-state ten-

On the one



Preparation and analysis on graphene oxide-silver/graphene oxide/chitosan composite antibacterial dressing 421

sile strength of the composites synchronously arrive at the
maximum( 127. 6 and 15. 4 MPa, respectively). Com-
pared with the dry-state tensile strength (74.3 MPa) and
wet-state tensile strength (4.9 MPa) of chitosan matrix,
the dry-state and wet-state tensile strengths of the com-
posites are increased by 71.7% and 214.3% , respective-
ly. It can be seen that the addition of GO can effectively
improve the tensile strength of chitosan matrix, especially
the wet-state tensile strength. It is more necessary to im-
prove the wet-state tensile strength of chitosan composite
for chitosan is a poor water resistant material. However,
when the content of GO is too high, agglomeration of GO
will weaken the nano-scale effect and can be the centre of
stress convergence when under tensile stress, so the ten-
sile strength of the composite decreases with the increase
of GO. But the decline is relatively slow, when the con-
tent of GO is 8%, there is no significant difference (p >
0.05) in dry-state tensile strength compared to the com-
posite with a content of 6% GO.

150
& 120f .
% 90
Ey I —+—Dry state
5t T Wet state
@ B R
) AT .
£ 10} B
=

»
O 1 1 1 1 1 ]

GO content/%

Fig. 4 Effects of GO content on tensile strength of GO-Ag/
GO/CS composites

2.5 Thermogravimetric analysis

The thermal degradation of CS and GO-Ag/GO/CS
composites with various GO contents were studied by
thermo-gravimetric analysis and the results were shown in
Fig.5. As for the pure GO, the initial weight loss in first
decomposition stage from 50 to 100 C is attributed to the
elimination of free water from samples. The main decom-
position region for pure GO is from 130 to 250 C, in
which the oxygenated functionalities presented on GO lay-
er have decomposed. It can be seen from the TG curve
that the thermal decomposition trend of GO-Ag/GO/CS
composite is similar to that of pure chitosan, which is di-
vided into two stages: the first decomposition stage is 60
to 130 C in which free water is removed from the sam-
ples, and the second decomposition stage is 200 to 340 C
in which the chitosan matrix begins to decompose as well
as the decomposition of oxygenated functionalities on GO
layer. From each TG and DTG curves, the following data
are taken into account: 1) T,,, the temperature at which
20% of weight loss occurs has been taken as the tempera-
ture deviating from the thermogravimetric curve platform

by the degradation of matrix; 2) T,,, the temperature at
which 50% weight loss occurs; 3) T, ., the temperature
is defined as the highest maximum of the DTG curve.
The parameters determined from thermogravimetric analy-
sis are presented in Table 1. It can be seen that the ther-
mal stability of the GO-Ag/GO/CS composites has been
improved slightly compared to the pure CS. This slight
increase indicates the positive effect of GO on the thermal
stability of GO-Ag/GO/CS composites, which has also
been confirmed by Khan et al'®. They ascribed the im-
provement of thermal stability to the strong interfacial in-
teraction between GO and chitosan matrix. However, the
thermal stability of those composites does not increase
continuously with increasing loading levels of GO. When
the content of GO is higher than 4% , the thermal stability
of those composites presents a slightly decrease which
may be attributed to the agglomeration of GO will weaken
the interfacial interaction between GO and chitosan ma-
trix. The high-temperature resistance of GO-Ag/GO/CS
composite recommends them for high-temperature sterili-
zation processes, which is the most common method for

100
= 80
2
b 60
2| e Cs
40+ GO-Ag/GO2/CS T
GO-Ag/GO4/CS
20l - GO-AZ/GOG/CS
- GO-Ag/GO8/CS
0 50 150 250 350 450 550
Temperature/C
(a)
o
-2
E 4
g
8 -6
6 -8} v T CS
E 3 GO-Ag/GO2/CS

i -—-GO-Ag/GO4/CS
- GO-Ag/GO6/CS
0 GO-Ag/GOS8/CS

50 150 250 350 450 550
Wavelength/nm
(b)
Fig.5 TG and DTG curves for pure GO and GO-Ag/GO/CS
composite films with various GO loadings. (a) TG curves; (b)
DTG curves

Table 1 Thermal degradation parameters of CS and GO-Ag/

GO/CS composites T
Specimens To% Tso% T nax
GO 165.45 371.16 215.20
CS 247.22 307.67 279.57
GO-Ag/GO2/CS 248.73 311.28 279.56
GO-Ag/G0O4/CS 269.57 341.61 298.02
GO-Ag/GO6/CS 261.36 341.46 289.74
GO-Ag/GO8/CS 258.73 338.61 288.96
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hospital sterilization due to their low cost and minimal en-
vironmental impact.
2.6 Swelling measurements

Studying swelling behavior is important because it can
predict how much the film will swell when in contact with
biological fluids, and prevent large expansion of the film
as well as avoid possible compression of the wounds. The
swelling degree of CS and GO-Ag/GO/CS composite
films were shown in Fig. 6. The water uptake process of
samples in distilled water is a dynamic equilibrium
process, the swelling degree is initially higher and then
gradually increasing slowly, after 1 h, the water uptake
performance reaches equilibrium. It was found that the
presence of GO in GO-Ag/GO/CS composite tends to re-
duce the swelling behavior. This is mainly because GO is
less hydrophilic than CS. CS has a large number of polar
groups such as amino and hydroxyl groups, which are
easy to interact with water molecules in the form of hy-
drogen bonds or network water retention, allowing the
molecular chain gradually expand to absorb water. When
the GO content is low, it has less hindrance and restric-
tion on the mobility of CS chains, at this time, GO itself
also absorbs a certain amount of water. Therefore, the
water uptake performance of GO-Ag/GO/CS composite
is not significantly different from that of pure CS (p >
0.05). as the GO content continues to in-
crease, the strong interaction between GO and CS matrix
tends to hinder and limit the binding of amino and hy-
droxyl groups with water molecules. At this time, there
are more cross-linking points, resulting in smaller micro-
pores in the network structure, which is not conducive to
the penetration of water. Therefore, the blocking effect
of GO dominates, causing the swelling degree of GO-Ag/
GO/CS composite begin to decrease, which may be ben-
eficial for GO-Ag/GO/CS composites to maintain their
integrity for a longer period of time in comparison with
pure CS.

However,

(b)

(9)

(h)

100 -
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& 60F !
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Fig.6 Swelling degree of CS and GO-Ag/GO/CS composites
over time

2.7 Cytotoxicity test

According to above-mentioned analysis results, the ten-
sile strength of GO-Ag/GO/CS composites reaches the
maximum when the GO content is 4%, so in this experi-
ment we kept GO content at 4%, and changed GO-Ag
content from 0 to 6.0 mg to investigate the effect of GO-
Ag addition on the cytotoxicity and antibacterial activity
of GO-Ag/GO/CS composites.

Fig. 7 shows the cell morphologies of mouse fibroblasts
NIH-3T3 cells cultured with the GO-Ag/GO/CS compos-
ites for 3 and 5 d. It can be seen from Fig. 7 that the
number of cells increases with the extension of culture
time. After 3 d of culture, the cells of all groups attached
to the wall and sprawled out with a fusiform and polygon
shape. Cell growth statuses of GO/CS, GO-Ag3/GO/
CS, GO-Ag4/GO/CS and GO-Ag5/GO/CS are similar,
without cell senescence and abnormal division phenome-
non, but there were some dead cells appeared around the
GO-Ag6/GO/CS group. After 5 d of culture, the cells of
all groups had proliferated to a level of dense distribution,
and the cells grew vigorously, aggregated with each other
to form a confluent layer. However, the number of dead
cells in GO-Ag6/GO/CS group increased slightly. The
co-culture of cells and materials experiments indicate that

30 um

(d)

(i)

Fig.7 Light microscopic images of NIH-3T3 cells cultured with GO-Ag/GO/CS composites. (a) GO/CS (3 d); (b) GO-Ag3/GO/
CS (3 d); (c) GO-Agd/GO/CS (3 d) ; (d) GO-Ag5/GO/CS (3 d); (e) GO-Ag6/GO/CS (3 d); (f) GO/CS (5 d); (g) GO-Ag3/GO/CS (5
d); (h) GO-Agd/GO/CS (5 d) ; (i) GO-Ag5/GO/CS (5 d); (j) GO-Ag6/GO/CS (5 d)



Preparation and analysis on graphene oxide-silver/graphene oxide/chitosan composite antibacterial dressing

423

GO/CS, GO-Ag3/GO/CS, GO-Agd/GO/CS and GO-
Ag5/GO/CS composite had no cytotoxicity, only GO-
Ag6/GO/CS had a little cytotoxicity.

MTT assay was used to compare the relative growth
rate G and cytotoxicity of mouse fibroblasts NIH-3T3 on
different composites. The cells inoculated on the blank
culture plate were used as the control. Cell viability and
relative growth rate in each group evaluated after 24, 48
and 72 h incubation were shown in Fig. 8 and Table 2. As
shown in Fig. 8, GO/CS, GO-Ag3/GO/CS, GO-Ag4/
GO/CS and GO-Ag5/GO/CS are found to have no sig-
nificant difference in cell proliferation (p >0.05) com-
pared with the cells on blank control. Only GO-Ag6/
GO/CS group has significant difference in cell prolifera-
tion (p <0.05) compared with the cells on the blank con-
trol group. It can be seen from Table 3, when the addi-
tion of GO-Ag is 3.0-5. 0 mg, the relative growth rates
of cells at 24, 48 and 72 h are all greater than 90%,
while, when the addition of GO-Ag is 6.0 mg, the rela-

tive growth rates at 24, 48 and 72 h were 84% , 81% and
78% , respectively, although it showed an obvious de-
cline, the corresponding cytotoxicity levels are still all
level [, which satisfy the safety standards of biomateri-
als and can be used for further experimental study.

Control
r S9GO/CS

@ GO-Ag3/GO/CS

=GO0-Agd/GO/CS
80 | mm GO-Ag5/GO/CS
R GO-AgG/GO/Q§

60} N

10

S

2 *

Absorbance/%

. A
Time/d
Fig.8 MTT assay of NIH-3T3 proliferation on different GO-

Ag/GO/CS composite films at different culture time (“p >
0.05, ""p <0.05)

Table 2 Relative growth rate and cytotoxicity levels of cells with different culture time in different GO-Ag/GO/CS composite groups

. 24 h 48 h 72 h
Specimens — — —
R/ % Cytotoxicity level R/ % Cytotoxicity level R/ % Cytotoxicity level
Control 100 0 100 0 100 0
GO/CS 102 0 101 0 101 0
GO-Ag/GO3/CS 99 I 98 1 97 I
GO-Ag/GO4/CS 95 I 94 I 93 I
GO-Ag/GO5/CS 92 I 91 I 90 I
GO-Ag/GO6/CS 84 I 81 1 78 I

Table 3 Bacteriostatic rate of different GO-Ag/GO/CS com-

posite groups against S. aureus and E. coli %
Specimens S. aureus E. coli
Blank control 0 0
GO-Ag3/GO/CS 62.05+0.04"" 76.11 £0.05 "~
GO-Ag4/GO/CS 88.60 £0.03 " 94.54 +0.03 "
GO-Ag5/GO/CS 98.40 £0.01** 100 **
GO-Ag6/GO/CS 99.74 +0.01 """ 100

Note: “* p <0.05.

2.8 Antibacterial activity

It is widely believed that bacteria can colonize on both
biological and abiotic surfaces. In the early stages of
chronic wound formation, Gram-positive bacteria, espe-
cially S. aureus, accounts for the majority. Then Gram-
negative bacteria, such as E. coli and Pseudomonas, ap-
pear and tend to invade the deeper skin, causing serious
21 S0, in this experiment, Gram-positive
bacteria S. aureus and Gram-negative bacteria E. coli were

tissue injury’

chosen as the test bacteria to evaluate the antibacterial
effect of GO-Ag/GO/CS composite dressing. The pho-
tography representations of antibacterial effects of GO-
Ag/GO/CS composite against S. aureus and E. coli are
shown in Fig. 9 and the bacteriostatic rate of GO-Ag/GO/
CS composite are shown in Table 3. It can be seen from

Fig.9 and Table 3 that the bacteriostatic rate against S.
aureus of GO-Ag3/GO/CS is only 62.05% , while that
of GO-Ag4/GO/CS is 88. 60% , when the addition of
GO-Ag particles is 5.0 mg, its bacteriostatic rate against
When the addition of GO-
Ag particles increases to 6. 0 mg, the bacteriostatic rate
against S. aureus can reach 99.74% . As can be shown,
GO-Ag/GO/CS composites have higher antibacterial ac-
tivity against E. coli than against S. aureus, when the ad-
dition of GO-Ag particles is 3. 0 mg, the bacteriostatic
rate against E. coli is 76.11% , when the addition of GO-
Ag particles increase to 4.0, 5.0 and 6.0 mg, the bacte-
riostatic rate against E. coli reaches 94.54% , 100% and
100% , respectively. It can be concluded that the bacteri-
ostatic rate of GO-Ag/GO/CS composite against S. au-
reus and E. coli both increase with the increase of GO-Ag
addition, and the antibacterial effect against E. coli bacte-

S. aureus can reach 98.40% .

ria is more active than S. aureus bacteria. On the one
hand, positively charged Ag” ions can be firmly attached
to the cell membrane surface of negatively charged E. coli
by electrostatic attraction, resulting in reproductive dys-
function and rapid death of E. coli bacteria™™ . On the
other hand, Gram-positive bacteria piles up many pepti-
doglycan in the cell walls™”, making it more difficult for
Ag " ions to destroy the bacterial cell membrane of S. aureus
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Fig.9 Photographic representations of antibacterial activity of GO-Ag/GO/CS composites against S. aureus and E. coli. (a) Con-
trol against S. aureus; (b) GO-Ag3/GO/CS against S. aureus ; (c) GO-Agd/GO/CS against S. aureus; (d) GO-Ag5/GO/CS against S. aureus;
(e) GO-Ag6/GO/CS against S. aureus; (f) Control against E. coli; (g) GO-Ag3/GO/CS against E. coli ; (h) GO-Agd/GO/CS against E. coli;

(1) GO-Ag5/GO/CS against E. coli; (j) GO-Ag6/GO/CS against E. coli

compared to E. coli. Therefore, the antibacterial effect of
GO-Ag/GO/CS composite on E. coli was more obvious
than that of S. aureus.

From the results of cytotoxicity test and antibacterial
test, it can be seen that the cytotoxicity levels of all exper-
imental groups of composite dressing are level [ . When
the addition of GO-Ag particles is 5.0 or 6. 0 mg, the
bacteriostatic rate against S. aureus and E. coli are higher
than 98% , showing excellent bacteriostatic effect, but
considering the relative growth rate of cells and bacterio-
static effect, the appropriate addition of GO-Ag particles
is 5.0 mg in GO-Ag/GO/CS composite. Combined with
the results of tensile test and thermal degradation test, it
can be concluded that GO-Ag/GO/CS composite contai-
ning 4% GO and 5 mg GO-Ag is recommended for future
experimental studies.

3 Conclusions

1) GO-Ag nanoparticles were successfully prepared by
loading silver nanoparticles on graphene oxide with glucose
as a green reducing agent. The achieved GO-Ag nanoparti-
cles were successfully incorporated into graphene oxide and
chitosan mixture to prepare GO-Ag/GO/CS composites.

2) The results were very promising in terms of impro-
ving the tensile strength of chitosan-based dressing by the
addition of GO. Thermogravimetric analysis indicates that
the addition of GO has a slight effect on the thermal sta-
bility of CS.

3) The antibacterial test showed that the added GO-Ag
played an important role in improving the antibacterial
activity of the CS-based dressing. When the addition of
GO-Ag particles is 5. 0 mg, the bacteriostatic rate
against S. aureus and E. coli of GO-Ag/GO/CS com-
posite are higher than 98% , showing excellent bacterio-
static effect, which is recommended for future experi-
mental study.
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