Facile synthesis of silver-modified functionalised graphene oxide nanocomposite

with enhanced antibacterial property
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Silver nanoparticles (Ag NPs)-modified poly(diallyldimethylammonium chloride) (PDDA) functionalised graphene oxide (GO)
nanocomposite was synthesised via a simple electrostatic attract assembly and used as an antibacterial material. The synthesised
nanocomposite was characterised by UV—vis spectra, X-ray diffraction and transmission electron microscopy. The antibacterial properties
of the nanocomposite were investigated against Gram-negative bacteria Escherichia coli and Gram-positive bacteria Bacillus cereus.
The results showed that the nanocomposite displayed excellent antibacterial properties in comparison with Ag NPs, which is attributed to
the synergistic effect of Ag NPs and the PDDA-GO sheets. Thus, the as-prepared nanocomposite in this study may be used as an

effective antibacterial material.

1. Introduction: In recent years, nanosized metal particles as novel
antimicrobial agents have been seen as promising candidates for
application [1, 2]. In particular, silver nanoparticles (Ag NPs)
show the most effective inhibitory and bactericidal properties and
low cytotoxicity to human cells. Ag NPs themselves can directly
damage the cytomembrane of bacteria, leading to impacts on
permeability, and eventually result in cell death [3]. Nevertheless,
the antibacterial activity of Ag NPs might be lost because of the
existence of oxidation and aggregation. Therefore, to address
these problems, a large number of materials have been employed
as support materials to enhance the antibacterial activity and
stability of Ag NPs [4-6].

Graphene, a monolayer of carbon atoms closely packed into
honeycomb two-dimensional carbon material, has attracted great
attention from both the experimental and the theoretical science
communities [7]. At present, research attention has been drawn
towards the antibacterial activity of graphene and its composite
materials. Recent research reported that the graphene and graphene
oxide (GO) suspensions could inhibit the growth of Escherichia
coli (E. coli) bacteria but with a minimal cytotoxicity [8]. Ma
et al. [9] reported that silver-modified GO nanosheets exhibited su-
perior antibacterial activity towards E. coli because of the synergis-
tic effect of GO and silver NPs. Therefore Ag—GO nanocomposites
are supposed to be effective antibacterial materials, which possess
the specific properties of both Ag NPs and GO, displaying excellent
antibacterial properties.

A linear positively charged polyelectrolyte, poly(diallyldimethy-
lammonium chloride) (PDDA) has been found to be an effective ma-
terial to non-covalently functionalise graphene sheets through n—r
interaction and electrostatic interaction. In addition, both E. coli
and Bacillus cereus (B. cereus) cells were negatively charged
under experimental conditions [9, 10]. Thus, the PDDA-GO
might have stronger adsorption properties because of the positively
charged capping polymers, and the bacterial cells could be adsorbed
onto the nanocomposite surface, which increases the contact
between the bacteria and the as-synthesised nanocomposite.

In this Letter, we report a facile method for the synthesis of
Ag-PDDA-GO nanocomposite via electrostatic attract assembly.
It is worth highlighting that our method can successfully anchor
highly dispersed Ag NPs on GO sheets in the water system.
Moreover, highly dispersed Ag NPs on GO supports with larger
surface areas have advantages in antibacterial property. In addition,
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the antibacterial property of the Ag-PDDA-GO nanocomposite
was then tested in detail against the Gram-negative bacteria
E. coli and Gram-positive bacteria B. cereus. The bacteria were cul-
tured both in bacterial growth medium and on agar plates.
Experimental results showed that the Ag-PDDA-GO nanocompo-
sites displayed excellent antibacterial properties. Therefore the
nanocomposites have great potential as antibacterial materials.

2. Experimental

2.1. Materials: Graphite flake (nature, — 325 mesh) was purchased
from Alfa Aesar (Beijing, China). PDDA (MW =200 000-350 000)
was from Sigma. Silver nitrate (AgNO3z) was obtained from the
Tianjin Chemical Reagent Co. Ltd (China). Sodium borohydride
(NaBHy) and trisodium citrate dihydrate (C¢HsNa;O;,-2H,0) were
from the Tianjin Guangfu Chemical Reagent Co. Ltd (China). All
chemicals used for culturing of microorganisms were purchased
from Beijing Shuangxuan Microbe Culture Medium Products
Factory (China). All other reagents and solvents were of analytical
grade and used without further purification. All chemicals were
prepared with deionised water purified via Milli-Q unit.

2.2. Synthesis of the Ag-PDDA-GO nanocomposite: The
citrate-stabilised Ag NPs were prepared according to a previously
reported method [11]. Briefly, 50 ml AgNO; (0.02125 g) solution
was mixed with 50 ml trisodium citrate (0.03676 g) solution
under stirring. Then 0.5 ml of freshly prepared 0.2 M NaBH, was
added dropwise into the above aqueous solution under vigorous
stirring. The colour of the reaction mixture turns into yellow.
After 30 min of stirring, the resulting silver solution was left
undisturbed overnight.

GO was synthesised from natural graphite by using a modified
Hummers and Offeman [12] method. In a typical procedure for
the preparation of PDDA-GO, 100 ml yellow—brown dispersion
of GO (0.5 mg/ml) was prepared by ultrasonication for 2 h, fol-
lowed by centrifugation to remove any unexfoliated GO.
Subsequently, the homogeneous GO dispersion was mixed with
2.5 ml PDDA solution (20%) and stirred for 30 min. The resulting
composite was separated by centrifugation and further washed with
water.

Ag NPs (5 mg) dispersed in deionised water (10 ml) was added
into a 20 ml PDDA-GO water solution (0.5 mg/ml). After ultraso-
nication for 30 min, the mixture was kept stirred for 12 h at room
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temperature. Then the product was collected by centrifuge and
washed with deionised water repeatedly.

2.3. Antibacterial test: Before each experiment, all glass apparatus
and solutions used in the experiments were autoclaved at 121°C
for 20 min to ensure sterility. Gram-negative bacterial strain,
E. coli (ATCC 25922, supplied by the Guangzhou industry
microbe test centre) and Gram-positive bacterial strain, B. cereus
(WJ1, our lab) were chosen as the experimental strain for
antibacterial activity experiments. E. coli was cultivated in Luria-
Bertani medium and B. cereus was grown in nutrient broth at
37°C for 24h with gentle shaking to obtain the exponential
growth phase. Then ~ 107 cfu/ml bacteria cells were grown in
50 ml liquid medium supplemented with 0, 5, 10, 20 and 50 pg/
ml of Ag NPs and Ag—-PDDA-GO nanocomposite, and 0, 10, 20,
50 and 100 ug/ml of PDDA-GO, respectively. Growth rates and
bacterial concentrations were determined by measuring the optical
density at 600 nm (ODgg) using a UV—vis spectrophotometer
based on the turbidity of the cell suspension every 2 h. To study
further the antibacterial effect, £. coli and B. cereus cells were
spread onto agar plates with bacterial suspensions and 50 pg/ml
of Ag-PDDA-GO. The morphological changes of E. coli and
B. cereus were investigated by scanning electron microscopy (SEM).

2.4. Characterisation techniques: UV—vis spectra were acquired
with a uv-2102 (unico) UV-vis spectrometer (Shanghai, China).
X-ray powder diffraction (XRD) patterns were recorded at room
temperature, by D/max-2400 (Rigaku, Japan) using Cu-Ka
radiation (A=0.15418 nm) and a 26 scan rate of 10°/min. The
diffraction patterns were taken over the 26 range from 5° to 80°.
Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were carried out by a FEI Tecnai G* F30
instrument (USA) with an accelerating voltage of 200 kV. The
powders were dispersed in deionised water before TEM
characterisation. Field-emission SEM (FESEM) was performed
on a Kevex JSM-6701 (Tokyo, Japan), operating at an
accelerating voltage and applied current of 15kV and 10 mA,
respectively. The powders were coated with thin layers of gold
before FESEM characterisation.

3. Results and discussion: The Ag-PDDA-GO nanocomposite
was prepared by a simple procedure for assembly of the
citrate-stabilised Ag NPs on the surface of PDDA-GO. The main
steps are schematically illustrated in Fig. 1. The first step was the
functionalisation of GO by PDDA. GO is the original basic
material for the preparation of individual graphene sheets with
abundant oxygen-containing surface functionalities, such as
hydroxyl, carbonyl, carboxyl and epoxide groups. These groups
allow GO sheets to have high water solubility and are negatively
charged. Owing to the non-covalent adsorption of positively
charged PDDA, the PDDA-GO was also positively charged. The
citrate-stabilised Ag NPs were negatively charged and therefore
electrostatically attracted to the surface of positively charged
PDDA-GO. The large PDDA-GO sheets can act as an excellent
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Ag-PDDA-GO
Figure 1 [lllustration of synthesis procedure of Ag—PDDA-GO
nanocomposite
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support and stabiliser for the Ag NPs, avoiding nanoparticle
aggregation.

Fig. 24 shows the UV-vis spectra of PDDA-GO, Ag NPs
and Ag-PDDA-GO nanocomposite. The PDDA-GO dispersion
(curve a) shows a strong absorption peak at 231 nm which referred
to the n—m* transition of aromatic C = C bond and a shoulder peak at
300 nm which is attribute to the n—* transition of the C =0 bond.
The as-prepared citrate-stabilised Ag NPs (curve b) display an ab-
sorption band at about 388 nm, which is the characteristic absorp-
tion band of Ag NPs caused by surface plasmon resonance. After
the Ag NPs were deposited, the spectrum of the Ag-PDDA-GO
nanocomposite (curve ¢) showed the characteristic peak of Ag
NPs at 390 nm, which indicated the efficient adsorption of Ag
NPs onto the PDDA-GO sheets surface.

Fig. 2B shows the XRD patterns of PDDA-GO and Ag-PDDA-
GO nanocomposite. PDDA-GO (curve a) shows a strong peak
centred at 20=10.6°, corresponding to the (002) plane of GO.
The diffraction peak at around 43° is associated with the (100)
plane of the hexagonal structure of carbon. In curve b, the diffrac-
tion peaks at about 38.0°, 44.3°, 64.4° and 77.5° are in good agree-
ment with the (111), (200), (220) and (311) crystallographic planes
of face-centred cubic Ag NPs (JCPDS No. 87-0597), respectively.
In addition, the characteristic peak of GO also appeared at about
10.6°. Therefore the as-synthesised Ag—PDDA—GO nanocomposite
presents all diffraction peaks of the Ag NPs combined with GO.
These results indicate that the Ag NPs are well loaded on the
PDDA-GO sheets and the loading of Ag NPs does not affect the
GO sheets packing from the layered structure during the experimen-
tal process.

The TEM image (Fig. 2C) shows that the wrinkled surface of the
PDDA-GO has been decorated with Ag NPs and almost no Ag NPs
are found outside of the PDDA-GO sheets, indicating a strong
interaction between PDDA—-GO substrate and the Ag NPs. Some
NPs are slightly aggregated because of the loading degree close
to saturation. Furthermore, owing to the large special surface
areas of PDDA-GO sheets, the Ag NPs could be deposited on
both sides of these sheets. Obviously, the Ag NPs of several nano-
metres diameter are loaded onto the surface of the PDDA-GO
sheets. Some larger Ag NPs have a size of ~40nm, and the
size of the smaller ones was in the range of 4-25nm with a
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Figure 2 UV-vis spectra; TEM image of Ag—PDDA-GO,; HRTEM image of
single Ag NP on PDDA-GO sheet

A UV-vis spectra (a) PDDA-GO, (b) Ag NPs and (c) Ag-PDDA-GO

B XRD (a) PDDA-GO and (b) Ag-PDDA-GO

C TEM image of Ag—-PDDA-GO. Inset: selected area electron diffraction
pattern of Ag NPs

D HRTEM image of single Ag NP on PDDA-GO sheet
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mean diameter of 8 nm. In addition, the selected area electron dif-
fraction pattern of Ag NPs supported the formation of polycrystal-
line Ag NPs. The measured lattice-fringe spacing of the Ag NPs in
the HRTEM image (Fig. 2D) is found to be 0.239 nm, which cor-
responds to the (111) crystal plane of Ag NPs [13].

The antibacterial activity of the Ag—PDDA-GO nanocomposite
was evaluated by using Gram-negative bacteria E. coli and
Gram-positive bacteria B. cereus as the bacterium model. The bac-
terial inhibition growth curve was used to investigate the bacterial
growth kinetics and evaluate the antibacterial properties of the
Ag-PDDA-GO nanocomposite. The bacterial growth was moni-
tored by measuring the optical density at 600 nm (ODggg) based
on the turbidity of the cell suspension. In Fig. 3, ~ 107 cfu/ml
E. coli and B. cereus cells were grown in 50 ml liquid medium sup-
plemented with certain concentration of PDDA-GO, Ag NPs and
Ag-PDDA-GO nanocomposite. It can be seen in Figs. 3a and d
that both E. coli and B. cereus have a robust growth of bacteria
and no considerable antibacterial activity was observed for
PDDA-GO, which confirms that PDDA-GO sheets have low tox-
icity to bacteria. Figs. 3b and e show that pure Ag NPs have effect-
ive antibacterial activity. One can clearly see that 87% of E. coli and
89% of B. cereus cells have been killed at the Ag NPs concentration
of 20 ug/ml, and inhibited completely at the concentration of 50 pg/
ml. Although, in comparison with the antibacterial behaviour of
pure Ag NPs, the Ag-PDDA-GO nanocomposite illustrate the
higher disinfection rate (Figs. 3¢ and f). The growth of bacteria
was completely inhibited with Ag-PDDA-GO nanocomposite
above a concentration of 20 ug/ml. These results obtained further
confirmed that Ag—-PDDA-GO composites have enhanced antibac-
terial activity compared with PDDA-GO and pure Ag NPs, which
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Figure 3 Normalised bacterial growth curves for different materials

E. coli

a PDDA-GO

b Ag NPs

¢ Ag-PDDA-GO
B. cereus

d PDDA-GO,

e Ag NPs

f Ag-PDDA-GO
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Figure 4 Photographs of bacterial colonies formed by E. coli and B. cereus
E. coli

a In the absence of Ag~PDDA-GO (control experiment) and treated with
50 ug/ml Ag-PDDA-GO for

b 5 min

¢ 10 min

B. cereus

d In the absence of Ag-PDDA-GO (control experiment) and treated with
50 ug/ml Ag—PDDA-GO for

e 5 min

710 min

is attributed to the synergistic antibacterial effect of Ag NPs and the
PDDA-GO sheets. Ag NPs can interact with the sulphur-containing
proteins of cell walls and phosphorus-containing compounds in
cytoplasm and affect the function of cell respiration and cell divi-
sion, resulting in the death of the bacteria [14]. On the other
hand, the PDDA-GO has stronger adsorption properties because
of the positively charged capping polymers, and the negatively
charged bacterial cells could be adsorbed onto the nanocomposite
surface, which increases the contact between the bacteria and the
nanocomposite. In addition, pure Ag NPs might show lower anti-
bacterial activity because of the aggregation during the antibacterial
process, leading to the reduction of active specific surface area of
Ag NPs. However, PDDA-GO was employed as support material
to load Ag NPs to avoid aggregation, enhancing the stability of
Ag NPs. Thus, the as-synthesised nanocomposite is effective anti-
bacterial material, and the greater antibacterial property is attributed
to the synergistic effect of Ag NPs and the PDDA-GO sheets.

The antibacterial effect was further confirmed by spreading
E. coli and B. cereus cells onto agar plates with bacterial suspen-
sions and 50 ug/ml of Ag-PDDA-GO nanocomposite. As can be
seen from Fig. 4, the nanocomposite exhibited a very high antibac-
terial activity in a slurry system to both E. coli and B. cereus, with
few colonies being able to form on the agar plate following a
contact time of 5 min (Figs. 45 and e) compared with the blank
sample (Figs. 4a and d), and no more cells were viable after
10 min (Figs. 4c and f).

The SEM was used to investigate the morphology of treated
E. coli and B. cereus cells after disinfection. Fig. 5 reveals that

Figure 5 SEM images of E. coli and B. cereus after being treated with
Ag—PDDA-GO

a E. coli

b B. cereus
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the Ag-PDDA-GO nanocomposite could obviously adsorb on the
surface of the bacteria cells. Some research has also reported that
GO sheets show high non-specific binding capability to microbes.
Therefore the bacteria were wrapped by the Ag—PDDA—-GO nano-
composite, which probably facilitated the direct contact of Ag NPs
with the cell membranes. Then, Ag NPs can damage the cell wall
when in contact with the bacteria. Eventually the bacteria can be
destroyed into pieces. It can be clearly seen from Fig. 5b that the
cell walls of the bacteria have been damaged significantly. The
intact surfaces of the rod-like-shaped bacteria cells have been
destroyed.

4. Conclusions: In this work, Ag-PDDA—-GO nanocomposite was
synthesised via a simple electrostatic attract assembly. The
nanocomposite was characterised by UV—vis, XRD and TEM,
which indicated that Ag NPs are loaded successfully on the
surface of PDDA-GO. The nanocomposite display remarkably
enhanced antibacterial capability towards E. coli and B. cereus,
which is attributed to the synergistic antibacterial effect of
stronger adsorption properties of positively charged PDDA-GO
and the bactericidal property of Ag NPs. Therefore, the
as-prepared nanocomposite in this study makes it reasonable to
be used as an effective antibacterial material.
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