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.cA B S T R A C T

In order to improve the stability and decrease the cytotoxicity of silver nanoparticle (AgNP),

a polyethyleneimine-modified reduced graphene oxide (PEI-rGO) was used as the substrate

of AgNPs, and a PEI-rGO–AgNP hybrid was prepared by anchoring the AgNPs on the reduced

graphene oxide surface. Such a hybrid showed substantially higher antibacterial activity

than polyvinyl pyrrolidone (PVP)-stabilized AgNP, and the AgNPs on PEI-rGO were more sta-

ble than the AgNPs on PVP, resulting in long-term antibacterial effects. The hybrid showed

excellent water-solubility and lower cytotoxicity, suggesting the great potential application

as a sprayable graphene-based antibacterial solution.

� 2012 Published by Elsevier Ltd.
s

www.1. Introduction

Silver nanoparticle (AgNP) is well known to be antiseptic to a

spectrum of bacteria, and has been increasingly used for their

antibacterial properties in detergents, plastics, food storage

containers, antiseptic sprays, catheters, bandages and tex-

tiles [1,2]. There is a general agreement that the biological ac-

tion of AgNP, especially pronounced against microorganisms,

is derived from the dissolved silver cation (Ag+) and its soluble

complexes [3]. The function of AgNP in these ion-based toxic-

ity pathways is (i) to generate a sustained flux of Ag+ from an

inventory of AgNP bound on substrates or imbedded in matri-

ces or (ii) to transport active Ag+ to sensitive biological targets

on cell membranes or within cells following particle attach-

ment or endocytosis, respectively [4]. On the other hand,

AgNP and released Ag+ have shown cytotoxicity [5]. Some
hed by Elsevier Ltd.

.
).
works showed that AgNP was more toxic than Ag+ [6,7], while

others showed the opposite conclusion [8]. Although results

from recent studies appear ambiguous, both of the AgNP

and released Ag+ show serious cytotoxicity [5–8]. What is

more, practical application of AgNP is often hampered by

the aggregation and loss of antibacterial activity [9]. As these

facts directly determine the applications of AgNP, and also

influence the toxicity of AgNP in humans, it is highly

important to control the release of Ag+ from AgNP and to

increase the stability of AgNP. To address these problem,

organic [10–16] and inorganic [17] substances have been

employed to stabilize AgNP or to control the release of Ag+,

and these strategies can partly enhance the antibacterial

activity and stability of AgNP.

Graphene is a single-atom-thick two-dimensional gra-

phitic carbon material [18]. This extremely thin nanomaterial
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possesses extraordinary thermal, mechanical, and electrical

properties [19], and holds great promises in potential applica-

tions, such as nanoelectronics, conductive thin films, sup-

ercapacitors, nanosensors and nanomedine [18,20]. Recently,

research attention has been drawn towards the antibacterial

activity of graphene and its hybrid materials [21–23]. It was re-

ported that reduced graphene oxide (rGO) exhibited strong

antibacterial activity [22,24]. The antibacterial activity of

rGO was attributed to membrane stress induced by sharp

edges of graphene nanosheets, which may result in physical

damages on cell membranes, leading to the loss of bacterial

membrane integrity and the leakage of RNA [24]. In our previ-

ous study, we reported a rGO based antibacterial hybrid

combing the advantages of rGO and organic antibacterial

agent, displaying excellent antibacterial activity, specific-tar-

geting capability, water-solubility, and mild cytotoxicity [23].

Here, we report the synthesis of a water-soluble polyethyl-

eneimine-rGO–AgNP (PEI-rGO–AgNP) hybrid and demonstrate

the excellent stability, long-term antibacterial effect and mild

cytotoxicity of this novel nanostructure. The specific benefits

of this novel hybrid include (i) dose control to achieve desired

antibacterial effects; (ii) dose limitation to avoid eukaryotic

toxicity; (iii) control of product lifetime, before dissolution

and diffusion end antibacterial activity; (iv) own higher anti-

bacterial activity; (v) sprayable antibacterial solutions.
m
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2. Experimental

2.1. Materials

Polyethyleneimine (PEI) with a molecular weight of 25,000 was

purchased from Sigma and used directly. Polyvinyl pyrroli-

done (PVP) with a molecular weight of 58,000 was purchased

from Jkchemical and used directly. 1-Ethyl-3-(3-dimethylami-

nopropyl) carbodiimide hydrochloride (EDCÆHCl) and N-hy-

droxy-succinimide (NHS) were purchased from Sigma–

Aldrich and used without further purification. Silver nitrate

and graphite powders (spectral pure) were purchased from

Sinopharm Chemical Reagent Co., Ltd., and were used as re-

ceived. Mueller–Hinton broth and nutrient agar culture med-

ium were supplied by Huankai Microorganism Co., Ltd.

(Guangzhou, China); Escherichia coli (E. coli) ATCC 8099 and

Staphylococcus aureus (S. aureus) ATCC 6538 were supplied by

Guangdong Institute of Microbiology (Guangzhou, China).

Thiazolyl blue tetrazolium bromide (MTT) substance was pur-

chased from Sigma–Aldrich (Shanghai, China). Human naso-

pharyngeal carcinoma CNE1 (CNE1) cells were supplied by

Xiangya School of Medicine, Central South University. All

other reagents and solvents were obtained from commercial

suppliers. All aqueous solutions were prepared with ultrapure

water (>18 MX) from a Milli-Q Plus system (Millipore).
2.2. Preparation of PEI-rGO–AgNP

Graphene oxide (GO) was prepared by oxidizing natural

graphite powder based on a modified Hummers method as

originally presented by Kovtyukhova et al. [25,26]. 10 mL of

as-prepared GO supernatant (20 mg/mL) was distributed in

40 mL of ultrapure water to obtain a homogeneous, stable dis-
.co
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persion with the aid of ultrasonication in a water bath (KQ218,

60 W), then, 100 mL PEI solution (20 mg/mL), 400 mg EDCÆHCl

and 240 mg NHS was added, and the pH value of the mixture

was adjusted to 6–7. After reaction for 24 h at room tempera-

ture, 100 mg silver nitrate was added to the GO dispersion.

After 2 h ultrasonication, 4 mL hydrazine monohydrate

(50 wt% in water) was added under stiring, and reduced at

30 �C for 0.5 h. After that, 40 mL hydrazine monohydrate

(50 wt% in water) was added and reduced at 85 �C for 48 h; a

homogeneous green–black dispersion was obtained. The

resulting solution was then filtered through a polycarbonate

membrane (0.22 lm pore size) and repeatedly washed by

ultrapure water. The collected PEI-rGO–AgNP hybrid was

redistributed in ultrapure water by ultrasonication in a water

bath (KQ218, 60 W) for 15 min. PVP-stabilized AgNP (PVP–

AgNP) was prepared by reducing silver nitrate with glucose

in the presence of PVP according to Wang et al. [27].

2.3. General characterization

Zeta potential measurements were performed using a Zeta-

sizer nano ZS (Malvern Instruments) and all the aqueous

samples were diluted to 0.05 mg/mL before measurements.

X-ray Photoelectron Spectroscopy (XPS) profiles were re-

corded by an ESCALAB 250 X-ray Photoelectron Spectroscopy

(Thermo-VG Scientific). Transmission Electron Microscopy

(TEM) images were observed by using a JEOL JEM-2100F trans-

mission electron microscope. UV/Vis spectra were recorded

by a Hitachi 330 UV–vis spectrophotometer. Atomic Force

Microscopy (AFM) images were observed by a Benyuan

CSPM5500 atomic force microscope on a flat mica substrate.

Fourier Transform Infrared Spectroscopy (FTIR) spectra were

obtained on a Nicolet 6700 spectrometer. X-ray Diffraction

(XRD) patterns were taken by a Rigaku D/max 2500v/pc X-

ray diffractometer using Cu Ka radiation (Ka = 0.15405 nm) at

a scanning rate of 10.0�/min, using a voltage of 40 kV and a

current of 200 mA.

2.4. Antibacterial test

The new prepared samples were dispensed into 10 mL of a

sterile 0.8 wt% saline water containing about 106 cfu/mL of

E. coli or S. aureus, and then shaken at 37 �C. After 6 h contact,

0.1 mL of the suspension was taken out from the test tube and

diluted to a certain volume (to ensure the bacterial colonies

grown could be counted easily and correctly) by 10-fold dilu-

tion. The diluted solution was plated on Luria Bertani broth

agar plates in triplicate and incubated at 37 ± 1 �C for 24 h.

The killing rate (g) is relative to the viable bacteria counts as

follows: g=(Y�X)/Y · 100%, where Y is the number of microor-

ganism colonies on the control tube (a sterile 0.8 wt% saline

water without sample) and X is the number of microorganism

colonies on the samples. The test was repeated three times.

2.5. Release property

Release property of PEI-rGO–AgNP was tested by dialysis

experiments [3]. Dialysis experiments were carried out in

dialysis tubes (Spectra/Por Biotech; cellulose ester; MWCO

100,000) filled with 5 mL solution or dispersion and immersed

zhk
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within 500 mL of ultrapure water. The dialysis was carried out

under slow stirring with a magnetic stirrer at 35 �C. The

concentration of Ag+ was measured by an Optima 2000DV

Inductively Coupled Plasma optical emission spectrometer

(ICP).
www.sp
mFig. 1 – The synthesis of a water-soluble PEI-rGO–AgNP hybrid: s

step 2, the amidation reaction between carboxylic groups of GO

ultrasonic treatment of PEI-GO in the presence of silver nitrate pr

of GO and silver nitrate with hydrazine monohydrate produces

Fig. 2 – (A) Tapping-mode AFM image of PEI-rGO on a clean mica

blue line. (B) Tapping-mode AFM image of PEI-rGO–AgNP on a c

indicated by a blue line. (C) TEM images of PEI-rGO–AgNP. (D) HR

of the references to color in this figure legend, the reader is refe
2.6. Cytotoxicity assay

Cytotoxicity of PEI-rGO–AgNP was tested by using the MTT as-

say based on the cellular uptake of MTT and its subsequent

reduction in the mitochondria of living cells to dark blue
.co
m
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tep 1, oxidative treatment of graphite yields single-layer GO;

and amine group of PEI to synthesize PEI-GO; step 3, the

oduces a PEI-GO/Ag+ mixture; step 4, the chemical reduction

a water-soluble PEI-rGO–AgNP dispersion.

surface and cross-sectional profile of PEI-rGO indicated by a

lean mica surface and cross-sectional profile of AgNP

TEM images of AgNP with fringe spacing. (For interpretation

rred to the web version of this article.)
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MTT formazan crystals [28]. CNE1 cells were seeded on 96-

well plates (1.5–2 · 104 cells/well) in corresponding medium.

Then, the cells were treated with the AgNP, PEI modified

rGO (PEI-rGO) or PEI-rGO–AgNP for 24 h. After that, MTT

(5 mg/mL in PBS) was added to each well and incubated for

additional 4 h (37 �C, 5% CO2). The cells were then lyzed in di-

methyl aminoxide (150 lL/well) and the plates were allowed

to stay in the incubator (37 �C, 5% CO2) to dissolve the purple

formazan crystals. The color intensity reflecting cell viability

was read at 570 nm using a Model-550 Enzyme-linked immu-

nosorbent microplate (Bio-Rad, USA), and the morphologic

changes of CNE1 cells were photographed by a IX-70 Olympus

inverted phase contrast microscope. All the experiments were

repeated four times. Statistical analysis was performed using

Statistical Product and Service Solutions software (SPSS) sta-

tistical software (SPSS 11.0, United States). The differences

between the groups were assessed using the analysis of vari-

ance test. The results were considered statistically significant

when the P value was <0.05 or <0.01.
m
omFig. 3 – FTIR spectra of (A) GO, (B) PEI and (C) PEI-rGO–AgNP.

Fig. 4 – XPS profiles of PEI-rGO–AgNP.
www.sp
3. Results and discussion

3.1. Formation mechanism and water-solubility of PEI-
rGO–AgNP

We have prepared the PEI-rGO–AgNP hybrid by a four-step

approach as illustrated in Fig. 1. Under the present experi-

mental conditions, only GO is suitable for the preparation of

PEI-rGO–AgNP hybrid. The nucleation of AgNP at GO surfaces

should be mainly governed by the presence of oxygen groups

at GO which contribute to an overall negatively charged sur-

face, and the overall negatively charged functional groups

are responsible for a previous attachment of the free Ag+ in

solution because of electrostatic interactions. Afterward, the

addition of the reducing agent to the precursor solution pro-

motes the subsequent reduction of GO and Ag+, enabling

the growth of AgNP at the rGO surface [29]. The dark-blue

and homogeneous dispersion (Fig. 1) with concentration up

to 1.4 mg/mL was found to remain stable without visible pre-

cipitate for more than 3 months.

The thickness of the PEI-GO is ca. 0.6 nm by AFM (Fig. 2A),

which is greater than that of single-layer graphene

(0.334 nm). The increase in thickness may be attributed to

the modified of PEI on the rGO surface. To examine this

hypothesis, FTIR of GO, PEI and PEI-rGO are detected. As is

observed from FTIR spectrum of GO (Fig. 3), the very broad,

intensive peak appeared at 3430 cm�1 is assigned to O–H

stretching band, which might originate from water adsorbed

inside GO. Peaks at 1726, 1622, 1385 and 1052 cm�1 corre-

spond to C@O, C–OH, C@C, and C–O–C vibration frequency,

respectively. These new peaks suggest that graphite have

been oxidized to GO [30,31]. The spectrum of PEI-rGO shows

obviously all the PEI absorption features, and the peak at

1668 cm�1 is attributed to the O@C–NH stretch. This result

confirms that rGO has been covalently modified by PEI suc-

cessfully. The dispersion of the AgNP on the 2D sheet of

PEI-rGO can be visualized in the AFM image in Fig. 2B. The

AFM analysis confirms the ability to attain a uniform

distribution of 5–15 nm diameters AgNPs anchored on the
.cPEI-rGO nanosheets. The corrugated nature of the PEI-rGO

sheets is evident by this analysis.

The TEM micrograph in Fig. 2C further depicts a represen-

tative image of PEI-rGO–AgNP. The thin structure of the PEI-

rGO–AgNP hybrid and poriferous surface are confirmed. Anal-

ysis of the image shows a homogeneous distribution of parti-

cles on the surface of the PEI-rGO with particle sizes roughly

in the range of 5–15 nm. The measured fringe lattice of AgNP

(Fig. 2D) is found to be 0.235 nm which corresponds to the

(111) crystal plane of AgNP. Meanwhile, Fig. 4 shows the

XPS spectra of the PEI-rGO–AgNP hybrid. The binding energies

of 368.8 eV and 374.8 eV were attributed to Ag 3d5/2 and Ag

3d3/2, respectively. The 6.0 eV slitting of the 3d doublet of Ag

indicates the formation of metallic Ag on the surface of PEI-

rGO [32]. What is more, the binding energy of 399.1 eV is

attributed to N 1s of PEI, which corresponds to the nitrogen

atom in the amino groups of PEI of the PEI-rGO–AgNP.
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Fig. 5 – XRD patterns of (A) graphite; (B) GO; (C) rGO; (D) PEI-

rGO; (E) PEI-rGO–AgNP.

Fig. 6 – Data collected for the dissolution of AgNO3, PVP–

AgNP and PEI-rGO–AgNP at 35 �C.

Fig. 7 – Stability comparison of PEI-rGO–AgNP and PVP–

AgNP. The absorption spectra of PVP–AgNP (A) and PEI-rGO–

AgNP (B) with a surface plasmon resonance band: black line,

new synthesis; red line, stored in dark; green line, stored in

light. Inset: digital images of the sample under different

conditions. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version

of this article.)
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The XRD patterns give the same result. XRD patterns of

graphite, GO, rGO, PEI-rGO and PEI-rGO–AgNP were shown

in Fig. 5. The low XRD signal-to-noise ratios of GO, rGO and

PEI-rGO were attributed to the poor crystallinity of the sam-

ples. For graphite, the sharp and intensive peak at 2h = 26.4�
indicated a highly organized crystal structure with the (002)

interlayer spacing of 0.337 nm. For GO, the peak at 2h = 26.4�
cannot be observed, and a new peak centered at 2h = 9.3�, cor-

responding to the (002) interlayer spacing of 0.950 nm, which

might be due to high degree of exfoliation and disordered

structure of GO. For rGO, the peak at 2h = 24.8�, represented

the (002) interlayer spacing of 0.359 nm. This value was

slightly larger than that of graphite, which was mainly due

to the residual functional groups that may existed between

the rGO layers. For PEI-rGO, the diffraction peak shifted even

further to 2h = 22.9�, indicating the (002) interlayer spacing of

0.388 nm. This could be explained by the slight broadening of

(002) interlayer spacing due to the disturbance of PEI mole-

cules. For PEI-rGO–AgNP, the diffraction peak shifted even fur-

ther to 2h = 18.2�, indicating the (002) interlayer spacing of

0.487 nm, this can be explained by the slight broadening of

(002) interlayer spacing due to the disturbance of PEI and

AgNP. Moreover, the sharp and intensive peak at 2h = 38.3�
(111) and 2h = 44.2� (200) indicated a highly organized crystal

structure of AgNPs.

Then, we display the excellent water-solubility of the

PEI-rGO–AgNP hybrid. The PEI-rGO–AgNP dispersion showed

Tyndall effect (Fig. 1), and a negative Zeta potential of

�46.7 mV is found about PEI-rGO–AgNP hybrid in aqueous

solution at a concentration around 0.10 mg/mL (pH 7.0, pre-

pared by diluting the purified PEI-rGO–AgNP hybrid in ultra-

pure water). According to the definition of colloid stability
with Zeta potential by the ASTM (American Society for Test-

ing and Materials) Standard D4187-82 [33], the PEI-rGO–AgNP

dispersion in the aqueous solution has ‘‘good stability’’ with
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Table 1 – The antibacterial activity of the new prepared samples.

Strains Samples AgNPs
concentrations

(mg/L)

PEI-rGO
concentrations

(mg/L)

The viable colonies
of bacteria after contact

6.0 h (cfu/mL)

Killing rate

E. coli Blank sample 0 0 1.37 · 106 No effect
PEI-rGO 0 95.8 1.37 · 106 No effect
PEI-rGO 0 958 1.14 � 1.19 · 106 14.8 ± 1.7

PVP-AgNP 4.2 0 1.48 � 1.62 · 105 86.4 ± 0.6
PEI-rGO–AgNP 4.2 95.8 7.95 � 9.32 · 104 93.7 ± 0.5

S. aureus Blank sample 0 0 1.41 · 106 No effect
PEI-rGO 0 95.8 1.41 · 106 No effect
PEI-rGO 0 958 1.11 � 1.13 · 106 20.5 ± 0.9

PVP-AgNP 4.2 0 1.23 � 1.82 · 105 89.2 ± 2.1
PEI-rGO–AgNP 4.2 95.8 4.23 � 6.77 · 104 96.1 ± 0.9

Fig. 8 – Cytotoxicity of PVP–AgNP, PEI-rGO and PEI-rGO–

AgNP on CNE1 cells.
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Zeta potential values between ±40 and ±60 mV. ICP analysis

provides quantitative evidence for the presence of 4.2 mg Ag

element L�1 in 0.10 mg/mL PEI-rGO–AgNP dispersion, which

means the AgNPs content in PEI-rGO–AgNP is 4.2 wt%.

3.2. The release property and stability of PEI-rGO–AgNP

According to the previous experiments results, it can be safely

assumed that the detected amounts of silver from dialysis

experiments are due to only Ag+ and not AgNPs [3]. As it is

obvious from Fig. 6, the diffusion of Ag+ out of the dialysis

tube is very fast and practically completed after a few hours.

For PEI-rGO–AgNP and PVP-AgNP, the diffusion of Ag+ out of

the dialysis tube was slow, after 20 days, nearly 72.5% and

90.7% Ag+ out of the dialysis, respectively. As the PEI-rGO–

AgNP shows lower release speed than PVP-AgNP, we would

expect the PEI-rGO–AgNP hybrid shows long-term antibacte-

rial effect than that of PVP-AgNP. The majority of Ag+ comes

from oxidation of the zerovalent AgNPs, typically by reaction

with dissolved O2 and mediated by protons and other compo-

nents in the surrounding fluid phase [Eqs. (1) and (2)] [34].

AgNPsþO2!AgNPs � � �O2!
Hþ

Agþ þ reactive oxygen intermediates ð1Þ

reactive oxygen intermediatesþAgNPs!HþAgþ þH2O ð2Þ

Methods that disrupt oxidation pathways are promising

routs to slow the release of Ag+ from AgNP surfaces. Many

AgNPs formulations use macromolecular coatings, such as

dextran [11], starch [12], gum arabic [13], or synthetic poly-

mers [14], which can block oxygen access [15]. We observe

here that rGO can more efficient to delay and extend Ag+ re-

lease from AgNPs than PVP.

We also find that the PEI-rGO–AgNP hybrid is more stable

than PVP-AgNP. PVP-AgNP are easily aggregated in air, which

usually leads to significant reduction of antibacterial activity

[35,36]. Corresponding UV–vis spectra show that the absorp-

tion peak at 408 nm (PVP-AgNP) shifts to 419 nm with a large

decrease in intensity, suggesting aggregation of AgNPs

(Fig. 7A) [37,38]. In comparison, the UV–vis spectra of the

PEI-rGO–AgNP change little when stored either in dark or light

for 7 days (Fig. 7B). Therefore, the PEI-rGO–AgNP is much

more stable and resistant to aggregation than PVP-AgNP.

The high stability of AgNPs at the surface of the rGO anchors

the AgNPs to the surface and prevented their aggregation.
.co
m

.cSince the nanoparticle suspensions will be exposed to envi-

ronmental conditions different from a research lab setting,

many factors, including light, temperature, salinity, etc., are

suspected to affect the stability of the nanoparticle. So, the

high stability of PEI-rGO–AgNP is very important for the use

of the antibacterial material in environmental conditions. Gi-

ven the release property and aggregation states of PVP-AgNP,

we conclude that the long-term antibacterial activity and

high stability of the PEI-rGO–AgNP hybrid is responsible for

their practical application.

3.3. The antibacterial activity of PEI-rGO–AgNP

Table 1 shows the antibacterial activity of PEI-rGO, PVP-AgNP

and PEI-rGO–AgNP after 6 h contact with bacterial. Under low-

er concentration (95.8 mg/L), PEI-rGO shows no antibacterial

activity, because the viable colonies of E. coli or S. aureus re-

main essentially unchanged, while the concentration of PEI-

rGO reach to 958 mg/L, the killing rate against E. coli and S.

aureus is 14.8% and 20.5%, respectively. It is shown that the

antibacterial activity is enhanced when AgNPs are deposited

on the PEI-rGO surface, but it does not mean that the antibac-

terial activity was simple the adding of the antibacterial activ-

ity of PEI-rGO and AgNPs. However, the PEI-rGO–AgNP hybrid
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Fig. 9 – Morphologic changes of CNE1 cells in control group and experimental groups. (A) In the control group, the CNE1 cells

had good shape, presented long fusiform or polygon. The presence of round dividing cells showed their vigorous growth. (B)

The CNE1 cells shape became irregular when the concentration of PEI-rGO was set at 500 lg/mL after 24 h. (C) The CNE1 cells

shape became more irregular, and the shapes of majority of the cells were injured, when the concentration of PEI-rGO–AgNP

hybrid was set at 500 lg/mL after 24 h. (D) The number of CNE1 cells decreased significantly, and the shapes of majority of the

cells were seriously injured, when the concentration of PVP–AgNP was set at 500 lg/mL after 24 h.
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shows obvious higher antibacterial effect than PVP-AgNP. We

suggesting the ‘‘blade like edges’’ of PEI-rGO–AgNP can dam-

age the bacterial cell [23], which will made the Ag+ more

quickly and conveniently to react with cytoplasmic constitu-

ents, and eventually kill the bacteria. So, the PEI-rGO–AgNP

hybrid combines the advantages of both graphene and Ag+

on antibacterial activity, rendering the Ag+ more efficient

act with bacterial, and the use of AgNP will be more efficient.

What is more, compared to Gram-positive species (S. aureus),

Gram-negative strain (E. coli) has an outer membrane outside

the peptidoglycan layer, which is composed mainly of lipo-

polysaccharides and phospholipids. The outer membrane

takes a significant role to protect the bacteria cell from attack

by foreign compounds. So, all samples show lower antibacte-

rial activity towards E. coli [39,40].

3.4. The cytotoxicity of PEI-rGO–AgNP

We also carry out cytotoxicity test on the as-synthesized PVP-

AgNP, PEI-rGO and PEI-rGO–AgNP. The MTT assays show

(Fig. 8) that PEI-rGO (25 lg/mL) exhibits a slight cytotoxicity

(�12%) to CNE1 within 24 h incubation. For PVP-AgNP, the cell

viability of CNE1 is reduced to 47% and 27% with PVP-AgNP of

25 and 100 lg/mL. However, the cell viability of CNE1 is in-

creased to 72% and 48% with PEI-rGO–AgNP of 25 and

100 lg/mL, respectively. Therefore, the cytotoxicity of PEI-

rGO–AgNP is slightly lower than PVP-AgNP, the result is in

accordance with the result of inverted phase contrast micro-

scope measurements (Fig. 9). Such difference in cytotoxicity
might arise from the different functional groups and the dif-

ferent surface charges of PVP-AgNP and PEI-rGO–AgNP sur-

faces [22]. Comparing with other report [41], we conclude

that PEI-rGO–AgNP hybrid is relatively biocompatible nanom-

aterials with mild cytotoxicity.
4. Conclusions

We described a PEI-rGO–AgNP hybrid which was prepared by

using PEI-rGO as the substrate of AgNPs. Firstly, the PEI-

rGO–AgNP hybrid showed excellent water-solubility. With

negative Zeta potential of 46.7 mV, the PEI-rGO–AgNP disper-

sion was found to remain stable for more than 3 months

without visible precipitate. The solubility of PEI-rGO–AgNP

could reach up to 1.4 mg/mL, and the AgNPs content in PEI-

rGO–AgNP was 4.2 wt%. Secondly, the PEI-rGO–AgNP showed

excellent stability. The high stability of AgNPs at the surface

of the rGO anchored the AgNPs to the surface and prevented

their aggregation. Thirdly, the PEI-rGO–AgNP hybrid showed

long-term antibacterial effect. The rGO could more efficient

to delay and extend Ag+ release from AgNP than PVP, and

the PEI-rGO–AgNP showed long-term antibacterial effect than

that of PVP-AgNP. The PEI-rGO–AgNP showed obvious higher

antibacterial effect than PVP-AgNP, suggesting the ‘‘blade like

edges’’ of PEI-rGO–AgNP could damage the bacterial cell

which would make the Ag+ more quickly and conveniently

to react with cytoplasmic constituents, and eventually kill

the bacteria. Fourthly, the PEI-rGO–AgNP hybrid was relatively
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biocompatible nanomaterials with mild cytotoxicity. Given

these advantages, we expect that the PEI-rGO–AgNP hybrid

is a promising graphene-based antibacterial material for envi-

ronmental application.
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