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ABSTRACT: Various silver nanoparticle (AgNP)-decorated graphene oxide (GO) nanocomposites (GO−Ag) have received
increasing attention owing to their antimicrobial activity and biocompatibility; however, their aggregation in physiological
solutions and the generally complex synthesis methods warrant improvement. This study aimed to synthesize a
polyethyleneimine (PEI)-modiﬁed and AgNP-decorated GO nanocomposite (GO−PEI−Ag) through a facile approach through
microwave irradiation without any extra reductants and surfactants; its antimicrobial activity was investigated on Gram-negative/positive bacteria (including drug-resistant bacteria) and fungi. Compared with GO−Ag, GO−PEI−Ag acquired excellent stability
in physiological solutions and electropositivity, showing substantially higher antimicrobial eﬃcacy. Moreover, GO−PEI−Ag
exhibited particularly excellent long-term eﬀects, presenting no obvious decline in antimicrobial activity after 1 week storage in
physiological saline and repeated use for three times and the lasting inhibition of bacterial growth in nutrient-rich culture
medium. In contrast, GO−Ag exhibited a >60% decline in antimicrobial activity after storage. Importantly, GO−PEI−Ag
eﬀectively eliminated adhered bacteria, thereby preventing bioﬁlm formation. The primary antimicrobial mechanisms of GO−
PEI−Ag were evidenced as physical damage to the pathogen structure, causing cytoplasmic leakage. Hence, stable GO−PEI−Ag
with robust, long-term antimicrobial activity holds promise in combating public-health threats posed by drug-resistant bacteria
and bioﬁlms.
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1. INTRODUCTION
Bacterial resistance to conventional antibiotics is a serious
worldwide public health concern in the 21st century.1 The
increasing emergence of drug-resistant bacteria, especially
superbugs, compromises or even invalidates the predominant
clinically used antibiotics,2 thereby reducing treatment options.
In numerous countries, including those with advanced medical
facilities, the eﬃcacy of last-resort antibiotics has decreased in
over half the patients infected by resistant pathogens.3
Moreover, bioﬁlm formation is also responsible for the failure
of clinical antibiotic treatment.4,5 Bioﬁlms, microbial aggregates
© 2018 American Chemical Society

surrounded by an extracellular polymeric exopolysaccharide
matrix,6 are common life adaptations among most microorganisms in natural and pathological habitats; these constitute
a protective system leading to the survival of microorganisms in
hostile environments.7 Bioﬁlms signiﬁcantly enhance drug
resistance among pathogens, and bioﬁlm-related infections are
diﬃcult to cure and are characterized by high relapse rates.8
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GO/rGO-based nanocomposites with hydrophilic groups have
previously presented excellent stability and slow releasing
eﬀects of AgNP in pure water, which might result in long-term
antimicrobial eﬀects of GO/rGO−Ag in pure water. However,
antimicrobial nanocomposites should seldom be used in pure
water in practical application; hence, the stability of the
nanocomposites in physiological solutions might determine
their long-term bactericidal ability. Therefore, a more pragmatic
approach would be to evaluate the long-term performance of
nanomaterials after storage in physiological solutions for a
speciﬁed period. In our previous study, PEG was used to
functionalize GO−Ag nanocomposites, thereby improving their
stability in physiological solutions and their antimicrobial
capacity, especially long-term eﬀects upon storage.21 Meanwhile, the antimicrobial activity of nanomaterials after repeated
use and the lasting inhibition activity against bacterial growth
are also the signiﬁcant parameters to evaluate the long-term
ability. Furthermore, systematic evaluation of an antimicrobial
material in diﬀerent aspects, including ease of preparation,
stability, wide antimicrobial spectrum, and low toxicity, are
equally important for its potential applications.
The present study aimed to synthesize a cationic polymer,
branched polyethyleneimine (PEI)-functionalized and AgNPdecorated GO antimicrobial nanocomposite (GO−PEI−Ag),
with high stability in water and physiological solutions, through
a facile approach. Broad-spectrum antimicrobial activity
(including wild-type bacteria, drug-resistant bacteria, and
fungi), long-term eﬀects, and antibioﬁlm activity of the GO−
PEI−Ag nanocomposite thus synthetized were systematically
assessed, along with the underlying antimicrobial mechanism
and its mild cytotoxicity. We also analyzed the role of electrical
and structural properties and the stability of GO−PEI−Ag
nanocomposites in its antimicrobial activity. Our ﬁndings may
contribute an alternative strategy for combating infections
caused by drug-resistant pathogens and bioﬁlms.

Previous attempts in developing new antibiotics were limited in
meeting the needs of clinical treatment of infection.2 Hence,
the future of treatment of such infections warrants reconsideration; novel broad-spectrum, eﬀective, and biocompatible
antimicrobial materials or alternative treatment strategies
warrant further investigation.3
In recent years, non-antibiotic antimicrobial substances have
attracted increasing attention.2 Among them, nanomaterials are
the most promising materials for overcoming bacterial drug
resistance and for potential application because of their unique
physical and chemical characteristics and excellent antimicrobial
properties, which are rarely expressed in their bulk form.9,10
Nanomaterials based on two-dimensional (2D) atomic crystals
have received increasing attention in studies on drug delivery,
tissue modiﬁcation, biological sensors, cancer therapy, and in
treating infections.3,11 Graphene, a monoatomic layer of sp2hybridized carbon, is an ideal nanomaterial for the aforementioned applications owing to its excellent physicochemical
properties.12−14 Graphene oxide (GO), a derivative of
graphene, not only maintains a high surface-to-volume ratio
and planarity but also easily undergoes modiﬁcation and is
highly hydrophilic owing to abundance of oxygen-containing
groups such as hydroxyl, epoxy, and carboxyl groups.9,10,14,15
These suitable properties, along with eﬃcient carrying capacity
and biocompatibility,16,17 indicate promising biological applications of GO,18 including their role as an ideal nanocarrier for
transporting and protecting antimicrobial agents.19
Silver nanoparticles (AgNPs) are probably the earliest
nanomaterials used as antimicrobial agents owing to their
very eﬃcient antimicrobial activity.2,9 AgNPs have been used in
medicine and commercially to reduce inﬂammation and
infection; such applications involve bandage formulations,
catheters, air/water ﬁltration systems, and in textiles.14 AgNPs
are known to exert antimicrobial eﬀects through impairment of
bacterial cellular respiration and division, ﬁnally leading to cell
death; simultaneously, the concomitant release of Ag+ also
contributes to antimicrobial activity.9,14,20 The antimicrobial
activity of AgNPs depends on their size and stability; however,
bare AgNPs are unstable, and their aggregation greatly
decreases their antimicrobial activity.21−23 Functionalizing
AgNPs with suitable material such as polyethylene glycol
(PEG), chitosan, silicon, or graphene nanosheets not only
overcame the aforementioned limitations of AgNPs but also
improved their biocompatibility.13,19,22−25 In recent years,
numerous studies have been conducted to load AgNPs onto
GO through diﬀerent approaches to synthesize various types of
GO−Ag nanocomposites and to enhance antimicrobial activity
through synergistic eﬀects between GO and AgNPs.19
However, similar to GO, although various GO−Ag nanocomposites eﬀectively prevented AgNP aggregation and
maintained stability in pure water, the nanocomposites
themselves would aggregate in physiological solutions, thereby
probably aﬀecting their bactericidal capacity and practical
applications. Furthermore, previous methods of synthesis of
GO−Ag nanocomposites were generally complex and timeconsuming or involve the use of toxic chemical reductants or
surfactants.19,26−30 Moreover, most previous studies have
evaluated the long-term eﬀects of various AgNP-decorated
GO/reduced GO nanocomposites by focusing on the stability
of AgNP or release behavior/kinetics of Ag+ from AgNP
through dialysis experiments in pure water;26,31,32 however, the
eﬀect of the nanocomposite’s own stability in physiological
solutions on long-term bactericidal eﬀects have been neglected.

2. EXPERIMENTAL SECTION
2.1. Materials. Graphite ﬂakes (325 mesh) were purchased from
Alfa Aesar (Shanghai, China). Concentrated H2SO4 was purchased
from Merck (Darmstadt, Germany). Bare AgNPs (∼10 nm) were
provided by XFNANO, Inc. (Nanjing, China). Branched PEI (25 000
Da), N-(3-dimethylamino propyl)-N′-ethylcarbodiimide hydrochloride
(EDC·HCl), AgNO3, NaOH, NH4OH, and phosphoric acid H3PO4
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were
used as received. Ultrapure water was obtained using a Millipore
system (ZMQS50F01, Millipore, Bedford, MA, USA). Membrane
ﬁlters (100 nm) for suction ﬁltration were obtained from Millipore.
Gram-positive bacteria: reference Staphylococcus aureus
(ATCC29213) and methicillin-resistant S. aureus (MRSA). Gramnegative bacteria: reference Escherichia coli (ATCC25922), E. coli,
respectively, harboring the New Delhi metallo-β-lactamase 1 gene
(blaNDM‑1) and plasmid mediated colistin resistance gene (mcr-1),
Acinetobacter baumannii harboring blaNDM‑1, and Shigella sonnei coharboring macrolide 2-phosphotransferase gene (mph(A)) and βlactamase gene (blaCTX‑M‑14). Fungi: Aspergillus fumigatus and Candida
albicans (ATCC 10231). All the aforementioned strains were
preserved in our laboratory. Hereon, E. coli and S. aureus without
special notes refer to the reference strains.
2.2. Synthesis and Puriﬁcation of GO. GO was prepared from
natural graphite ﬂakes in accordance with a previous method.33 To
adequately purify GO samples, the original reaction solution of GO
was serially puriﬁed, including ultracentrifugation (60 000 rpm),
ultrasonication, and vacuum ﬁltration, and these steps were repeated
3−5 times until pH was ∼7, followed by 1 week dialysis in ultrapure
water. The prepared GO was lyophilized in a vacuum freeze drier (FD2, Boyikang, Beijing, China).
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to obtain a cell suspension of 1 × 107 cfu/mL. A 200 μL aliquot of
each suspension was incubated in a 96-well polyvinyl chloride
microtiter plate at 37 °C for 6 h to promote bacterial adherence to
the wall of the well. Thereafter, LB medium was replaced to eliminate
planktonic bacteria, and the GO−PEI−Ag was added to obtain a ﬁnal
concentration of 10 μg/mL. The negative control group comprised
wells containing bacteria without GO−PEI−Ag, and the blank group
comprised wells containing only uninoculated LB medium and GO−
PEI−Ag. After an additional incubation at 37 °C for 2.5 h, the plates
were washed three times with 0.9% NaCl, and each well was stained
with 200 μL of 0.1% CV for 20 min at room temperature. Thereafter,
the plates were washed three times again to eliminate excess stain, and
the residual CV was solubilized by incubating with 200 μL of 95%
ethanol for 20 min. The optical density at 550 nm (OD550) of each
well was then measured using a multimode detection platform
(Molecular Devices, SpectraMax i3x). All experiments were carried out
in triplicate.
2.9. Short-Term Antimicrobial Activity Test. Bacterial and
fungal suspensions (cell density, ∼107 cfu/mL) were inoculated with
GO−Ag and GO−PEI−Ag, respectively, in 0.9% NaCl. The ﬁnal
concentrations of the freshly prepared GO−PEI−Ag were 5 and 10
μg/mL; freshly prepared GO−Ag, 10 μg/mL. The control groups
were prepared through a similar method without antimicrobial
materials for comparison. The samples were incubated at 37 °C for
2.5 h in a shaking incubator. Thereafter, 100 μL of gradient-diluted
bacterial or fungal suspensions were spread uniformly onto LB plates
and incubated at 37 °C for 24 h (bacteria) or 48 h (fungi). The
experiments were carried out simultaneously in triplicate. The colonies
were enumerated after culture, and the reduction ratio of the colony
counts was calculated

2.3. Synthesis of GO−PEI. GO−PEI was synthesized in
accordance with previous methods34,35 with certain modiﬁcations.
Brieﬂy, 25 mg of GO power was added to 50 mL of ultrapure water
and ultrasonicated (SBL-14DT, Scientz, Ningbo, China) for 30 min to
form a GO dispersion. Thereafter, the dispersion was mixed with 10
mg/mL of PEI under ultrasonication for an additional 15 min. The pH
of the mixture was adjusted to ∼8, after which 50 and 100 mg EDC·
HCl were serially added to the solution at 30 min intervals under
continuous ultrasonication. Thereafter, the mixture was placed on a
magnetic stirrer (RCT basic, IKA) and stirred at 800 rpm for 24 h.
The GO−PEI reaction solution was puriﬁed through vacuum ﬁltration
3 times with a 100 nm ﬁlter membrane, and lyophilized in a vacuum
freeze drier.
2.4. Synthesis of GO−PEI−Ag and GO−Ag. 40 mM silver−
ammonia ([Ag(NH3)2]OH) solution was prepared in the dark by
titrating AgNO3 solution with 1 wt % NH4OH solution. Five
milligrams of GO−PEI was dissolved in 19 mL of water and sonicated
for 30 min. Thereafter, 1 mL of [Ag(NH3)2]OH solution was added
dropwise into the GO−PEI solution under ultrasonication for 10 min.
The sample was then transferred into a microwave synthesizer (SP,
CEM, Matthews, NC, USA), heated at 105 °C for 2 min, and quickly
cooled by an air cooling system to room temperature (∼25 °C).
Puriﬁcation and lyophilization of GO−PEI−Ag were performed in
accordance with the aforementioned method of GO−PEI synthesis.
The synthesis and puriﬁcation procedure of GO−Ag was similar to
those of GO−PEI−Ag.
2.5. Characterization. Sheet size and height of GO and GO−PEI
were determined using a Bruker Dimension Icon atomic force
microscope (AFM) with a ScanAsyst-Air tip. Fourier-transform
infrared (FTIR) spectra were performed using a PerkinElmer
Spectrum 100 spectrometer in the wavenumber range of 4000−800
cm−1 with a resolution of 1 cm−1. UV−vis absorption spectra were
recorded in the range of 200−600 nm using a Shimadzu UV-2550
spectrometer. X-ray diﬀraction (XRD) was conducted using a Bruker
D8 ADVANCE X-ray diﬀractometer in the range of 5° < 2θ < 80° and
with a scan rate of 2°/min. Transmission electron microscopy
(TEM)/high-resolution TEM (HRTEM) was performed on a PEI
Tecnai G2 F30 ﬁeld emission instrument with an accelerating voltage
of 300 kV. The size distribution and zeta potentials of the
nanomaterials (0.05 mg/mL of sample in water) were analyzed
using a Malvern Zetasizer Nano ZS dynamic light scattering and zeta
potential instrument. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Thermo ESCALAB 250
photoelectron spectrometer operated with a twin anode Al Kα X-ray
source (1486 eV, 300 W). Thermogravimetric analysis (TGA) was
carried out using a NETZSCH STA 449F3 thermogravimetric analyzer
with a synthetic air ﬂow rate of 100 mL/min and setting a heating rate
of 5 °C/min.
2.6. Minimal Inhibitory Concentration Assay. Minimal
inhibitory concentrations (MICs) of materials were determined
using the micro-dilution approach previously reported by Andrews36
with minor modiﬁcation. Brieﬂy, bacterial and fungal cultures (cell
density, ∼105 cfu/mL) were inoculated with a series of concentrations
of GO, bare AgNP (∼10 nm in diameter), GO−Ag, and GO−PEI−Ag
in 96-well microtiter plates and cultured at 37 °C for 24 h (bacteria) or
48 h (fungi). Each test was performed in triplicate. The lowest
concentration of material yielding no visible bacterial growth was
deﬁned as the MIC value.
2.7. Agar Diﬀusion Test. The agar diﬀusion test was performed in
accordance with a previously reported method.29 E. coli or S. aureus
(∼107 cfu/mL) suspension cultures were swabbed uniformly onto
Luria−Bertani (LB) agar plates, using sterile cotton swabs. Thereafter,
10 μL of GO−PEI−Ag (10 μg/mL) dispersion and sterile saline
solution (0.9% NaCl) were added dropwise onto the LB plates.
Thereafter, the plates were incubated at 37 °C overnight. The visible
transparent halos on the plates were considered the inhibition zones.
2.8. Antibioﬁlm Activity Test. The antibioﬁlm activity of GO−
PEI−Ag was evaluated by treating adhered bacterial cells with GO−
PEI−Ag nanocomposites, followed by evaluation through crystal violet
(CV) staining.37 Brieﬂy, bacterial cells were diluted with LB medium

(no. of colonies in the control group − no.
of colonies in the treatment group)
/no. of colonies in the control group
2.10. Long-Term Antimicrobial Activity Test. The long-term
activity of GO−PEI−Ag was evaluated from diﬀerent aspects as
follows:
2.10.1. Antimicrobial Activity of GO−PEI−Ag after Storage in
Physiological Solutions. The GO−PEI−Ag and GO−Ag nanocomposites with a concentration of 100 μg/mL were stored in 0.9%
NaCl. After 1 week storage, the nanocomposite dispersion was added
into 0.9% NaCl solution containing 107 cfu/mL of bacteria/fungi cells,
and the ﬁnal concentrations of GO−PEI−Ag were 5 and 10 μg/mL,
and the ﬁnal concentration of GO−Ag was 10 μg/mL. The control
experiments were conducted under the condition without the
nanocomposite. All the experiments were carried out in triplicate.
After incubation for 2.5 h, the gradient dilution, culturing of samples,
and calculation of reduction rate were carried out in accordance with
the method used for testing short-term activity.
2.10.2. Activity of GO−PEI−Ag after Repeated Use. For the ﬁrst
use of GO−PEI−Ag, bacterial cells with the ﬁnal concentrations of
∼107 cfu/mL of E. coli or S. aureus were added into 0.9% NaCl
solution containing 10 μg/mL GO−PEI−Ag dispersion. The control
groups without the nanocomposite but the same ﬁnal concentration of
E. coli or S. aureus were set. After incubation for 2.5 h, the gradientdiluted samples were cultured at 37 °C for 24 h, the reduction rates
were calculated. All the experiments were carried out in triplicate.
Then, the solutions of GO−PEI−Ag groups and control groups were
stored for 24 h at room temperature for the next use. For the second
use, freshly cultivated bacterial cells were added again to the solutions
of GO−PEI−Ag groups that had been used once. The new control
groups were set. After treatment for 2.5 h, the gradient dilution,
bacterial culture, and calculation of the reduction rate were carried out.
The antimicrobial experiments for the third use of GO−PEI−Ag were
performed with the same approaches.
2.10.3. Activity of GO−PEI−Ag To Inhibit Bacterial Growth for a
Certain Period. The samples containing ∼107 cfu/mL bacterial cells
and 10 μg/mL GO−PEI−Ag in LB medium were set as GO−PEI−Ag
17619
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Scheme 1. Schematic Representation of the GO−PEI−Ag Nanocomposite

Figure 1. AFM images of (a) bare GO and (b) GO−PEI.
groups; other samples only containing ∼107 cfu/mL bacterial cells
without nanocomposites in LB medium were set as control groups.
Then, all the samples were stored at room temperature. After 1 week
storage, the samples were inoculated on the LB plates for 24 h of
incubation at 37 °C. The growth of bacterial colonies in each group
was recorded.
2.11. Time-Dynamic Bactericidal Test. A time-dynamic
bactericidal test was used to determine the antimicrobial eﬀectiveness
of GO−PEI−Ag over the duration of treatment and concentration,
which was conducted in accordance with our previous method.21 E.
coli and S. aureus (107 cfu/mL) were inoculated with 2, 5, 10, and 20
μg/mL of GO−PEI−Ag. A blank control group treated with 0 μg/mL
of GO−PEI−Ag was set. Hundred microliters of bacterial suspension
was sampled every half hour from 0 to 4 h, gradient-diluted, and
cultured on LB plates to calculate the survival rate, using the method
for the short-term bactericidal activity test.
2.12. TEM Characterization of Bacterial Cells. After treatment
with 0 and 10 μg/mL of GO−PEI−Ag for 2.5 h, ultrathin sections of
E. coli and S. aureus were prepared for TEM characterization. Brieﬂy,
the bacterial cells were harvested through centrifugation and ﬁxed in
3% glutaraldehyde at 4 °C for 2 h. Thereafter, the samples were
washed twice with phosphate-buﬀered saline (PBS), postﬁxed for 1 h
with 1% osmic acid, and washed with PBS again. Thereafter, the
samples were dehydrated using alcohol grades (50, 70, 90, and 100%)
of ethanol and embedded in Epon/Araldite resin at 65 °C for 15 h.
The samples were cut into ultrathin sections and stained with 0.2%

lead citrate and 4% uranyl acetate in the dark. After drying, the
sections were observed using HITACHI H-7650 TEM.
2.13. Protein Leakage Assay. Quantitative detection of protein
leakage from bacterial and fungal cells was performed in accordance
with a previous method.21 Brieﬂy, 30 mL of E. coli, S. aureus, and C.
albicans suspensions in 0.9% NaCl were mixed with GO−PEI−Ag and
GO, and the ﬁnal cell density and concentrations of the nanomaterials
were ∼109 cfu/mL and 10 μg/mL, respectively. Control groups
comprised cells without nanomaterials. The samples were incubated at
37 °C for 2.5 h, followed by centrifugation at 10 000g at 4 °C for 10
min, and the supernatant was immediately harvested, followed by
concentration to 2 mL through vacuum lyophilization. The protein
concentration of each sample was detected using a BCA Protein Assay
Kit (cat# P0010; Beyotime, Jiangsu, China) on a Multimode detection
platform (SpectraMax i3x, Molecular Devices).
2.14. Cytotoxicity Assay. The CCK-8 assay (CK-04, Dojindo,
Japan) was used to evaluate nanocomposite cytotoxicity. HeLa cells in
Dulbecco’s modiﬁed Eagle medium with 10% fetal bovine serum were
seeded in two 96-well microtiter plates in a ﬁnal volume of 100 μL and
at a density of 105 cells per well and incubated for 24 h at 37 °C and
5% CO2. Thereafter, 10 μL of GO−PEI−Ag or GO−Ag dispersions
was added to ﬁnal concentrations of 0, 10, 20, and 50 μg/mL, and each
experiment was performed in triplicate. After further incubation for 8
and 24 h, the media were replenished, and 10 μL of CCK-8 reagent
was added in each well, followed by incubation for 1 h. Finally, the
optical density was measured at 450 nm, using a microplate reader
(SpectraMax i3x, Molecular Devices).
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Figure 2. (a) FTIR spectra of GO, GO−PEI−Ag, GO−Ag, and GO−PEI. (b) XPS survey spectra of GO, GO−PEI, and GO−PEI−Ag. (c) UV−vis
absorption spectra of GO, GO−PEI−Ag, and GO−Ag. (d) XRD patterns of GO, GO−PEI−Ag, and GO−Ag.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of GO−PEI−Ag. In
the present study, the GO−PEI−Ag nanocomposite was
prepared through a two-step process, as illustrated in Scheme
1. First, GO was modiﬁed with branched PEI based on an
amide bond between the −NH2 group of the PEI and the
−COOH group of the GO nanosheet in the presence of EDC.
Thereafter, Ag+ was reduced from the [Ag(NH3)2]OH complex
into AgNP and loaded on GO−PEI, under microwave
irradiation and without the addition of extra reductants and
surfactants.
The chemical graft of PEI onto GO was demonstrated using
AFM and FTIR. As shown in Figure 1, AFM shows that the
bare GO (Figure 1a) and GO−PEI (Figure 1b) are in a welldispersed layer. The GO nanosheet is approximately 1 nm
thick, characteristic of a fully exfoliated single layer of GO.35
However, the thickness of the GO−PEI layer (∼3 nm) is much
greater than that of GO (∼1 nm), which could be assigned to
the coverage of PEI on the surface of GO.34 FTIR results
(Figure 2a) indicate that after the graft of PEI, two new
absorption peaks are obtained at ∼2830 and 2940 cm−1 in the
FTIR spectra of GO−PEI and GO−PEI−Ag, respectively,
compared to that of GO and GO−Ag, which are assignable to
the symmetric and asymmetric stretching modes of methylene
(−CH2) groups in the PEI polymer, respectively.34 Meanwhile,
a peak at 1630 cm−1 obtained owing to the characteristic
stretching vibration of OC−NH groups was observed in
GO−PEI and GO−PEI−Ag spectra, indicating successful
covalent binding of PEI.35 Compared with GO, the CO
(1733 cm−1) vibration of −COOH decreased and was not
observed for GO−PEI, GO−PEI−Ag, and GO−Ag, probably
attributed to the bond between −NH2 of PEI and −COOH of
GO or the electrostatic interaction between AgNP and
−COOH.38

XPS spectra of the GO, GO−PEI, and GO−PEI−Ag are
shown in Figure 2b. Compared with GO, the new binding
energies of 398.2 eV observed in the spectra of GO−PEI and
GO−PEI−Ag are attributed to N 1s, corresponding to the
nitrogen atom in the amino group of the PEI, which is
concurrent with the aforementioned results of AFM and FTIR
to further suggest the successful modiﬁcation of GO with PEI.26
In addition, the spectrum of GO−PEI−Ag clearly presents the
doublet of Ag 3d. The binding energies of 368.8 and 374.8 eV
can be assigned to Ag 3d5/2 and Ag 3d3/2, respectively,
indicating that elemental Ag is present only in the metallic form
for the formation of AgNP with high purity in the GO−PEI−
Ag nanocomposite.38 The high purity of AgNP is beneﬁted
from the pressurized and closed reaction conditions, which
prevents the formation of silver oxide, a byproduct, on the
surface of AgNP by separating the reactants with air from the
external environment.39 As shown in Table 1, the atomic
Table 1. Atomic Percentage (Atomic %) of Each Element in
GO−PEI−Ag Characterized Using the XPS Survey
element

peak BE

fwhm eV

atomic %

C 1s
O 1s
Ag 3d
N 1s

284.79
531.02
366.91
398.41

3.33
2.89
1.49
1.73

66.38
14.85
3.12
15.65

composition of each element in terms of percentages (atomic
%) on the surface of the GO−PEI−Ag composite are
determined through XPS; the corresponding weight percentages (wt %) are C 1s ≈ 50.09 wt %, O 1s ≈ 14.94 wt %, Ag 3d
≈ 21.19 wt %, and N 1s ≈ 13.78 wt %. Therefore, the surface
contents of components on the surface of the GO−PEI−Ag
nanocomposite are GO ≈ 36.43 wt %, PEI ≈ 42.38 wt %, and
AgNPs ≈ 21.19 wt %. Moreover, TGA of GO, GO−PEI, and
17621
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Figure 3. (a) TEM image of the prepared GO−PEI−Ag, (b) HRTEM image of AgNP on the GO−PEI−Ag, (c) size distributions of AgNP on GO−
PEI−Ag, and (d) size distributions of GO−PEI−Ag.

0), (2 2 0), and (3 1 1) crystalline planes of AgNP, respectively,
and the d value of the (1 1 1) plane is 0.235 nm.40 The
characteristic peak at 2θ = 10.9° assigned to the (0 0 2)
crystalline plane of GO is not observed in the patterns of GO−
Ag and GO−PEI−Ag, owing to the decoration of AgNP to
prevent stacking of GO layers.29 After PEI modiﬁcation, some
noise peaks are obtained in the GO−PEI−Ag nanocomposite,
which might be explained by the noncrystalline diﬀraction or
disturbance of PEI.
The morphology and structure of the GO−PEI−Ag
nanocomposite were investigated using TEM (Figure 3).
GO−PEI−Ag presents as a monodisperse layer of GO with
irregular up-and-down crumples and decoration of sphericallike particles (Figure 3a), which are attributed to the grafted
PEI and anchored AgNPs, respectively. The AgNPs are small in
size and uniform and dense in distribution throughout the
nanocomposite surface. The HRTEM (Figure 3b) shows a
well-formed crystal structure of AgNP and distinct lattice
fringes with an interplane spacing measured as 0.235 nm
corresponding to the (1 1 1) plane,41 which is in accordance
with XRD measurements. The mean diameter of the AgNP on
GO−PEI−Ag (Figure 3c), measured on ∼2000 AgNPs in
several TEM micrographs, is quite small (5.1 ± 2.5 nm)
narrowly ranging between 3 and 7 nm. The size distribution of
the GO−PEI−Ag, determined using a nanoparticle size
analyzer, is 307.9 ± 183.1 nm on average (Figure 3d). As
shown in Figure S2, the morphology of the GO−Ag
nanocomposite is similar to that of GO−PEI−Ag, with the
AgNPs size of 4.7 nm ± 2.4 nm. However, the surface of GO−
Ag is much ﬂatter than that of GO−PEI−Ag because of the
absence of grafted PEI.
The aforementioned characterization indicates that the GO−
PEI−Ag was successfully prepared with suitable morphology
and structure, which is attributed to our improved method of
synthesis. The introduction of [Ag(NH3)2]OH instead of the

GO−PEI−Ag was performed to provide the content of
individual components throughout the GO−PEI−Ag nanocomposite. As shown in Figure S1, two obvious phases of
thermal decomposition could be observed in the curve of GO.
The ﬁrst one between about 180 and 220 °C is assigned to the
thermal decomposition of the oxygen-containing groups on the
GO nanolayers, and the second one appeared between about
400 and 500 °C could be explained by the decomposition of
the graphitic portion. Compared to the curve of GO, some
shifts of the decomposition temperature are observed in the
curves of GO−PEI and GO−PEI−Ag, which might be due to
the functionalization of GO by PEI and AgNP. For GO−PEI, a
mass loss between 230 and 540 °C might derive from the
decomposition of the grafted PEI. For GO−PEI−Ag, the
residual weight above 630 °C could be mostly attributed to the
AgNPs. According to TGA, the component contents
throughout the GO−PEI−Ag composite are GO ≈ 55 wt %,
PEI≈ 27 wt %, and AgNPs ≈ 18 wt %. The result of TGA
exhibits some diﬀerences with that of XPS, which is because
TGA provides the content of individual components of the
whole GO−PEI−Ag nanocomposite, while XPS presents the
surface properties of the nanocomposite.
UV−vis absorption spectroscopy (Figure 2c) was carried out
to characterize the GO, GO−PEI−Ag, and GO−Ag. For the
GO spectrum, two characteristic peaks are observed at ∼230
nm (sharp peak) and ∼300 nm (shoulder peak), which
respectively correspond to the electronic π−π* transitions of
aromatic C−C bonds and the n−π* transitions of CO
bonds.29 In comparison with the spectrum for GO, a new
strong peak at ∼400 nm is observed in the spectra for GO−
PEI−Ag and GO−Ag, owing to the surface plasmon resonance
of AgNP.29 As shown in Figure 2d, the XRD patterns of GO−
Ag and GO−PEI−Ag also conﬁrm the presence of AgNP,
where the four peaks are obtained at approximately 2θ = 38.2°,
44.3°, 64.5°, and 77.6° and are attributed to the (1 1 1), (2 0
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commonly used AgNO3 as the precursor of AgNP exhibited a
slow-release eﬀect of Ag+ from the [Ag(NH3)2]OH complex
compound.42 Meanwhile, microwave irradiation as the heating
source not only greatly shortens the reaction time of AgNP
formation versus hydrothermal methods but also promotes the
AgNP cores to grow synchronously owing to the uniform and
rapid heating and the high-frequency oscillation of microwaves.
The aforementioned advantages of our method facilitated
AgNP formation with suitable morphology. In previous
studies,19,26−28 additional surfactants or reductants were
required to synthesize AgNP-decorated GO nanocomposites.
The addition of extra surfactants or reductants indeed
contributed to AgNP formation (such as increasing stability,
controlling size, preventing aggregation, etc.); however, it may
introduce limitations including either toxicity or interference
factors and may decrease oxygen-containing groups on GO,
consequently aﬀecting the solubility and functionalization of
GO-based nanomaterials. We reduced the Ag+ into AgNPs by
utilizing the deprotonation of phenol groups (hydroxyl) on
GO19 without using any other surfactants or reductants, which
not only reduces the experimental interference factors but also
decreases the potential environmental and biological toxicity.
The zeta potentials of GO, GO−Ag, and GO−PEI−Ag at the
concentration of 0.05 mg/mL in water (pH 7.0) are provided in
Table 2, and the images of zeta potential distributions are

Figure 4. Samples of 100 μg/mL of (a) GO−PEI−Ag and (b) GO−
Ag in H2O, 0.9% NaCl, PBS, LB broth, and MH broth after storage for
1 week.

in physiological solutions, indicating that PEI introduction
greatly improved the stability of the GO−PEI−Ag nanocomposite. In practice, however, antimicrobial materials are
generally used in complex environments containing various
solutes (such as electrolytes and macromolecules) or in vivo in
the future, rather than in pure water. Therefore, the high
stability of GO−PEI−Ag in physiological solutions is expected
to greatly beneﬁt its future practical application and enhance its
antimicrobial ability.
3.2. Antimicrobial Activity of Nanocomposites. MIC is
an important parameter to evaluate the antimicrobial capacity
of a substance against certain pathogens. The lower the MIC,
the greater is the antimicrobial capacity.44 We performed an
MIC assay to compare the antimicrobial capacity of GO, PEI,
AgNPs (∼10 nm), GO−Ag, and GO−PEI−Ag (Table 3). As

Table 2. Zeta Potentials (mV) of GO, GO−Ag, and GO−
PEI−Aga
nanomaterial
GO
GO−Ag
GO−PEI−Ag

Table 3. MIC Values of Diﬀerent Nanomaterials against
Bacteria and Fungia

zeta potentials
−38.0 ± 5.6
−38.4 ± 9.3
45.8 ± 7.1

MIC values (μg/mL) of diﬀerent nanomaterials

Data are presented as mean ± standard deviation, obtained from
three parallel measurements.

a

shown in Figure S3. The GO (−38.0 ± 5.6 mV) and GO−Ag
(−38.4 ± 9.3 mV) present negative charges owing to the
negatively charged functional groups (such as C−O−C,
−COOH, and −OH) on the surface of GO.43 However,
GO−PEI−Ag becomes electropositive (45.8 ± 7.1 mV) after
modiﬁcation with the high cationic polymer of PEI. According
to the deﬁnition of colloid stability with the zeta potential by
the American Society for Testing and Materials (ASTM)
Standard D4187-82, the GO−PEI−Ag dispersion in the
aqueous solution has “good stability” with zeta potential values
between ±40 and ±60 mV. Moreover, the electropositivity of
GO−PEI−Ag would increase adhesion with the negatively
charged bacterial membranes, in comparison with electrostatic
repulsion between the negatively charged GO−Ag and the
bacterial membranes.
The stability of the AgNP-decorated GO nanocomposites in
physiological solutions has been assessed in only a few studies,
which is important for their practical application. We
investigated the stability of GO−PEI−Ag and GO−Ag after
storage in water, 0.9% NaCl, PBS, LB broth, and Mueller−
Hinton (MH) broth for one week. As shown in Figure 4, GO−
PEI−Ag and GO−Ag retained their stability in water after
storage, indicating high hydrophilicity in both. Moreover, GO−
PEI−Ag could still disperse well in the other four solvents
similar to that in water, in contrast with the complete
precipitation of GO−Ag. Therefore, the GO−PEI−Ag is
much more stable and resistant to aggregation than GO−Ag

pathogens

GO

PEI

AgNP

GO−Ag

GO−PEI−Ag

E. coli
S. aureus
A. baumannii
S. sonnei
A. fumigatus
C. albicans

-

-

≤32
≤32
≤32
≤32
≤64
≤32

≤3
≤7
≤3
≤3
≤9
≤10

≤2
≤3
≤1
≤2
≤5
≤4

The “-” represents the MIC values of GO and PEI are undetectable
even at the concentration up to 128 μg/mL.

a

expected, the GO−PEI−Ag nanocomposite displayed the
lowest MICs against both bacteria and fungi, among the four
types of nanomaterials used, suggesting that GO−PEI−Ag had
the strongest antimicrobial capacity. The MICs of GO were
undetectable even on using up to 128 μg/mL concentration of
GO, indicating very weak or no bactericidal ability of GO. Our
results are inconsistent with those of previous studies,
indicating that GO has potent antimicrobial eﬀects against
bacteria and fungi.10,45,46 These previous studies considered
that the sharp edges of GO nanosheets could exert physical
cutting eﬀects on bacterial cells47,48 or result in the destructive
extraction of phospholipids from the membrane,49 thereby
causing cell death. The conclusions drawn from these previous
studies were based on antimicrobial conditions that maintained
GO nanosheets in a well-dispersed form upon dispersion in
pure water;50 however, this may not occur in an actual
situation. We propose that although the well-exfoliated GO
nanosheets have sharp edges, the nanosheets are unstable and
are prone to aggregate in physiological solutions (Figure 4).
However, it was unclear whether the aggregation of GO would
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∼107 cfu/mL before treatment) in Gram-negative bacteria was
observed in the 10 μg/mL group and a >99.0% (2 log)
reduction in Gram-positive bacteria and fungi; a >99.5% (2.3
log) reduction of Gram-negative bacteria was observed in the 5
μg/mL group and an ∼90.0% (1 log) reduction of Grampositive bacteria and fungi; and the abovementioned results
presented no signiﬁcant diﬀerence between common and
resistant strains. However, regarding GO−Ag, a <93% (1.15
log) reduction in Gram-positive bacteria was observed in the 10
μg/mL group, along with a <85% (0.82 log) reduction in
Gram-positive bacteria and fungi. Overall, the short-term
bactericidal activity of GO−PEI−Ag was more potent than
that of GO−Ag; however, this diﬀerence is not as prominent as
that in their stabilities.
In contrast, the long-term antimicrobial eﬀects of the two
nanocomposites after storage were signiﬁcantly diﬀerent. As
shown in Figure 6, after storage in physiological saline for 1

obliterate the bactericidal eﬀect; hence, this topic warrants
further investigation through assessment of the interaction
between bacteria and GO, using other analytical methods such
as TEM. The much higher MIC of AgNP than that of GO−
PEI−Ag and GO−Ag can be explained by the easy aggregation
of AgNP to signiﬁcantly reduce its active surface.13,27 Moreover,
according to the aforementioned result that the MIC of GO−
PEI−Ag is less than that of GO−Ag, the bactericidal capacity of
GO−PEI−Ag was indeed enhanced by the introduction of PEI.
The result of an agar diﬀusion test visually shows the powerful
bactericidal eﬀect of GO−PEI−Ag (Figure S4), wherein GO−
PEI−Ag caused the obvious inhibition halos against both E. coli
and S. aureus.
We further performed short-term and long-term antimicrobial tests through viable counting of bacteria to evaluate the
bactericidal activity of the GO−Ag and GO−PEI−Ag. Shortterm antimicrobial activity was deﬁned as the activity of the
freshly prepared nanomaterial. The long-term activity of GO−
PEI−Ag was evaluated from diﬀerent aspects: (1) the activity of
GO−PEI−Ag after storage in physiological solutions; (2) the
activity of GO−PEI−Ag after repeated use; and (3) the lasting
activity of GO−PEI−Ag to inhibit bacterial growth. To
investigate the broad-spectrum antimicrobial property of
GO−PEI−Ag, the tested pathogens comprised Gram-positive/-negative bacteria and fungi, including common and drugresistant strains, such as MRSA, E. coli harboring blaNDM‑1, E.
coli harboring mcr-1, A. baumannii harboring blaNDM‑1, and S.
sonnei co-harboring mph(A) and blaCTX‑M‑14. These drugresistant strains are universal and representative and most of
them are multidrug-resistant, hence being called superbugs. Of
particular concern, mcr-1 has emerged as the ﬁrst transmissible
(i.e., plasmid-mediated) resistance gene to colistin, and colistin
is currently considered the last-resort antibiotic for combating
infections caused by multidrug-resistant bacteria.1,51 Moreover,
S. sonnei co-harboring mph(A) and blaCTX‑M‑14 is resistant to the
third-generation cephalosporins and azithromycin (macrolide),
and azithromycin is recommended as the ﬁrst-line antibiotic
against multidrug-resistant shigellosis spp. among children.52
The short-term antimicrobial test results are presented in
Figure 5. In accordance with the MIC assay, the two GO−
PEI−Ag groups exhibited excellent bactericidal activity against
bacteria and fungi; a 100% reduction (≥7 log reduction, which
was calculated according to the initial bacteria concentration of

Figure 6. Antimicrobial eﬀect of GO−PEI−Ag and GO−Ag after
storage expressed as the reduction percentages of bacteria and fungi
after treatment for 2.5 h. Error bars represent the standard error of
three parallel experimental data.

week, the two GO−PEI−Ag groups displayed a stable
bactericidal eﬀect. The ∼100% (7 log) reduction in Gramnegative bacteria and >95% (1.3 log) reduction in Grampositive bacteria and fungi were observed with 10 μg/mL of
GO−PEI−Ag, which were only no more than ∼4% reduction
in comparison with its short-term performance against
pathogens; the 5 μg/mL group presented a similar long-term
bactericidal eﬀect. However, the bactericidal rates of GO−Ag
decreased to ∼40% (0.22 log reduction) and ∼25% (0.12 log
reduction), respectively, against Gram-negative bacteria and
Gram-positive bacteria and fungi, which were greatly lower than
that of its short-term eﬀect. These results revealed the positive
relationship between the stability and the long-term eﬀect of
the nanocomposite. GO−PEI−Ag displayed more powerful
bactericidal activity and a more stable long-term eﬀect than
GO−Ag, probably owing to its acquired stability in dispersing
capacity in physiological solutions and electropositivity
resulting from functionalization with cationic PEI. Together
with the well-ﬁxed eﬀect of AgNP on GO, the aforementioned
properties further enhance the synergistic eﬀect among the
three constituents of GO−PEI−Ag, wherein PEI reduces
nanocomposite aggregation of GO−PEI−Ag nanomaterial to
eﬀectively capture/adsorb pathogens, increasing the contact
between AgNP and pathogens. In contrast, the GO−Ag
without PEI modiﬁcation could not eﬀectively interact with
pathogens because of its own large-scale aggregation after

Figure 5. Short-term antimicrobial eﬀect of GO−PEI−Ag and GO−
Ag expressed as the reduction percentages of bacteria and fungi after
treatment for 2.5 h. Error bars represent the standard error of three
parallel experimental data.
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pathogens and prevent microbial contamination in the long
term.
We further investigated the time-dynamic bactericidal eﬀect
of GO−PEI−Ag against E. coli and S. aureus. The survival rate
of bacteria correlated negatively with the bactericidal eﬀect and
was measured after exposure to diﬀerent concentrations of the
GO−PEI−Ag for diﬀerent durations (Figure 8). Overall, the
survival rates of the bacteria decreased with an increase in the
concentration of the GO−PEI−Ag and the exposure duration.
Moreover, a high GO−PEI−Ag concentration could beneﬁcially shorten the duration of treatment required to achieve a
certain bactericidal rate. For example, regarding the timedynamic curves of E. coli (Figure 8a), the duration to attain 90%
of the bactericidal rate in the 5 μg/mL GO−PEI−Ag group was
0.5 to 1 h, and that in 10 μg/mL and 20 μg/mL GO−PEI−Ag
groups was less than 0.5 h. The time-dynamic curves of S.
aureus (Figure 8b) presented similar results: when the
concentration of GO−PEI−Ag increased from 5 to 10 and
20 μg/mL, the required duration of treatment to achieve 90%
bactericidal rate against S. aureus decreased from ∼2.5 h to less
than 1.5 and 1 h, respectively. More detailed information is
provided in Tables S1 and S2 to compare the required time to a
certain survival rate of E. coli and S. aureus treated with GO−
PEI−Ag at diﬀerent concentrations. When the concentration of
GO−PEI−Ag was not less than 5 μg/mL, the nanocomposite
could eventually cause ∼100% reduction of E. coli within 4 h of
treatment. Within the same treatment time, the 5 μg/mL GO−
PEI−Ag group only caused ∼90% reduction of S. aureus, owing
to a thicker cell wall; however, the higher concentration groups
(10 and 20 μg/mL) still exhibited potent bactericidal
performance, causing 99.7 and ∼100% reduction of S. aureus.
Interestingly, the survival rate of E. coli or S. aureus could be
reduced in each concentration group of GO−PEI−Ag to a
corresponding stable value, which was referred to as a platform.
For example, it took 1.5 h for the survival rate of E. coli to
achieve a stable platform in the 10 μg/mL group of GO−PEI−
Ag; however, it took 2.5 h to reduce that of S. aureus to the
platform. The comparison of the time-killing curves of E. coli
and S. aureus after exposure to the same concentration of GO−
PEI−Ag indicates that the decline in the survival rate of S.
aureus usually lags that of E. coli. This diﬀerence may be
because GO−PEI−Ag can easily damage the thinner outer
membrane of E. coli, thereby leading to the relatively faster
decline in the survival rate curve, while the thicker cell wall of S.
aureus protected against the destruction of GO−PEI−Ag
delaying the curve decline. This result also suggests a
bactericidal process, wherein the well-dispersed GO−PEI−Ag

storage in physiological media and the electrostatic repulsion
toward the negatively charged pathogens. Consequently, the
short-term bactericidal ability of freshly dispersed GO−Ag was
slightly limited mainly by electrostatic repulsion, and its longterm eﬀect was greatly debilitated under the dual inﬂuence of
electrostatic repulsion and poststorage aggregation. After
exposure to the same concentration of nanomaterials, the
reduction rate of Gram-positive bacteria and fungi was generally
lower than that of Gram-negative bacteria, probably owing to
stronger physical resistance of Gram-positive bacteria and fungi
by virtue of their thicker cell walls than that of Gram-negative
bacteria.21
The long-term activity of GO−PEI−Ag after repeated use
was investigated. As seen in Figure 7, the repeatedly used GO−

Figure 7. Antimicrobial eﬀect of repeatedly used GO−PEI−Ag
expressed as the reduction percentages of bacteria after treatment for
2.5 h. Error bars represent the standard error of three parallel
experimental data.

PEI−Ag nanocomposite at the concentration of 10 μg/mL did
not present obvious decrease in antimicrobial activity, still
killing ∼100% E. coli and ∼96% S. aureus after use for three
times, which is nearly equal to its ﬁrst-time used performance
against the pathogens. In other words, GO−PEI−Ag could
eﬀectively eliminate frequent and repeated pathogenic contamination. Moreover, the long-term ability of GO−PEI−Ag to
inhibit bacterial growth was evidenced. As seen in Figure S5,
GO−PEI−Ag could eﬀectively kill bacteria and completely
inhibit bacterial growth for at least 1 week, even in a nutrientrich environment. We thereby concluded that the GO−PEI−
Ag nanocomposite had good long-term antimicrobial activity,
which was signiﬁcant for its further application to eﬀectively kill

Figure 8. Time-dynamic curves for the survival rates of (a) E. coli and (b) S. aureus treated by diﬀerent concentrations of GO−PEI−Ag. Error bars
represent the standard error of three parallel experimental data.
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integrity. For the GO groups (Figure 10b for E. coli and 10e
for S. aureus), although the bacteria were in close contact with
GO layers, they did not exhibit any pathological state, similar to
control groups, indicating no damage caused by GO on
bacteria. Moreover, the TEM images also revealed that GO lost
the monodispersed layer structure after contact with bacteria in
physiological saline and displayed a stacking eﬀect and merged
into a thicker “substrate-like” structure. This structure would
increase the thickness of edges and equivalently blunt them,
resulting in the loss of the physical cutting eﬀect and
bactericidal ability. The aforementioned TEM results of the
interaction between bacteria and GO also conﬁrm our
speculation in the MIC assay. In contrast, after treatment
with GO−PEI−Ag, bacterial cells (Figure 10c for E. coli and 10f
for S. aureus) were compactly enveloped by the “sheet-like”
GO−PEI−Ag and released AgNPs (the black dots), and the
cells were severely damaged, thereby presenting the prominent
reductions in cytoplasmic density. It observed that the GO−
PEI−Ag nanocomposite caused irreversible damage to the
bacterial structures, which might be the primary mechanism
underlying GO−PEI−Ag activity against pathogens. In
accordance with TEM images, we propose that the interaction
between GO−PEI−Ag and bacteria could be entailed as
follows: the high stability enables GO−PEI−Ag to uniformly
disperse in the electrolyte solution, thereby increasing the
chance of contact between the GO−PEI−Ag nanosheets and
bacteria. Further, the electrostatic attraction promotes the
positively charged GO−PEI−Ag nanosheets to capture/absorb
and wrap the negatively charged bacteria. Thereafter, the AgNP
and the released Ag+, together with the remaining sharp edges
of well-dispersed GO−PEI−Ag, exert physical punching or
cutting eﬀects on bacterial cells, which results in severe
destruction of the cell structure and cytoplasmic leakage and
eventual bacterial cell death.
Structural damage and cytoplasmic leakage of bacteria owing
to GO−PEI−Ag were further conﬁrmed through quantitative
detection of protein leakage, which was considered a
representative indicator of cytoplasmic leakage. For E. coli, as
shown in Figure 11a, protein leakage in the negative control
and GO groups were similar (18.7 and 19.6 μg/mL), indicating
that GO did not increase protein leakage. However, protein
leakage in the GO−PEI−Ag group increased to 117.9 μg/mL,
which was approximately >6 times that in the control and GO
groups. Similar data were observed in Figure 11b, corresponding to protein leakage of S. aureus undergoing the same
treatments as E. coli. Protein leakage of the control group was
11.6 μg/mL, which is approximately 11.1 μg/mL of the GO
group, while that of the GO−PEI−Ag group greatly increased
to 90.8 μg/mL, which is approximately 8 times that of the
control and GO groups. These results are concurrent with
those of TEM, quantitatively demonstrating that the GO−
PEI−Ag indeed caused signiﬁcant physical damage to bacterial
cell integrity, in contrast with GO, which did not cause any
signiﬁcant damage. We further performed protein leakage
detection of C. albicans to investigate the antifungal mechanism
of GO−PEI−Ag. As shown in Figure 11c, GO−PEI−Ag also
caused a signiﬁcant increase in protein leakage of C. albicans.
Therefore, the damage to cell integrity was also considered to
be the antifungal mechanism of GO−PEI−Ag.
3.4. Cytotoxicity Assay. Cytotoxicity is an important
safety parameter for the practical application of nanomaterials.
We evaluated the toxicity of GO−PEI−Ag on viability of HeLa
cells. After treatment with diﬀerent concentrations of GO−

begins to contact or capture bacteria, thereby gradually
damaging bacterial cells. The amount and the degree of the
damaged bacteria increased with an increase in the exposure
duration. Eventually, the survival curve of bacteria gradually
tended to stabilize because of reductions in the density of live
bacterial cells and the screening to the GO−PEI−Ag by dead
cells. After comprehensive consideration of the relationship
among the treatment time, nanocomposite concentration, and
the corresponding antimicrobial eﬀect, we propose that 10 μg/
mL is a suitable nanomaterial concentration and 2.5 h is a
suitable duration of treatment.
The exceptional activity of GO−PEI−Ag against planktonic
bacteria led us to investigate its application as an antibioﬁlm
agent to eliminate bacterial adhesion and prevent bioﬁlm
formation. Bacterial adhesion is the primary and the most
important stage in bioﬁlm formation.29 Thus, the elimination of
adhered bacteria at the early stage of bioﬁlm formation is an
eﬀective strategy to prevent the intractable infections caused by
bioﬁlms. In the present study, the adhered cells were exposed
to the 10 μg/mL of the GO−PEI−Ag nanocomposite for 2.5 h
after bacteria adhered to the well wall of the 96-well plate. The
antibioﬁlm activity of GO−PEI−Ag was evaluated through CV
staining, and the results were expressed as the values of OD550,
which were positively correlated with the number of adhered
cells. As shown in Figure 9, the OD550 of E. coli and S. aureus of

Figure 9. Elimination ability of GO−PEI−Ag toward the adhered cells
of E. coli and S. aureus expressed as the OD550 after treatment for 2.5 h.
The negative control groups comprised adhered bacteria exposed to 0
μg/mL of the GO−PEI−Ag, and blank groups comprised wells
containing only uninoculated LB medium and GO−PEI−Ag. **P ≤
0.01, indicating that there are signiﬁcant diﬀerences between the
negative group and the GO−PEI−Ag group or the blank group. There
is no signiﬁcant diﬀerence between the GO−PEI−Ag group and the
blank group. Error bars represent the standard error of three parallel
experiments.

the GO−PEI−Ag groups was much (respectively 10.35 and
6.55 times) less than that of the corresponding positive control
groups and almost equal to that of corresponding negative
control groups. This ﬁnding indicates that GO−PEI−Ag
exhibited potent elimination of adhered cells of both E. coli
and S. aureus, thereby suggesting that GO−PEI−Ag has potent
antibioﬁlm activity.
3.3. Antimicrobial Mechanisms of GO−PEI−Ag. TEM
was used to investigate the underlying antimicrobial mechanism
of GO−PEI−Ag and bacterial morphology after treatment with
or without nanomaterial (Figure 10). The control group for E.
coli (Figure 10a) and S. aureus (Figure 10d) presented normal
morphology, with smooth cell membranes and structural
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Figure 10. TEM images of (a−c) E. coli and (d−f) S. aureus cells. (a,d) are the blank control groups without antimicrobial materials, (b,e) are cells
treated with 10 μg/mL of GO for 2.5 h, and (c,f) are cells treated with 10 μg/mL of GO−PEI−Ag for 2.5 h.

Figure 11. Protein leakage from (a) E. coli, (b) S. aureus, and (c) C. albicans suspensions treated with 10 μg/mL of GO and GO−PEI−Ag for 2.5 h.
**P ≤ 0.01, indicating signiﬁcant diﬀerences between the GO−PEI−Ag group and the control group or the GO group. There is no signiﬁcant
diﬀerence between the control group and the GO group. Error bars represent the standard error of three parallel experiments.

PEI−Ag for 8 and 24 h, the viability of HeLa cells was
investigated using the CCK-8 assay. As shown in Figure 12, the
viabilities of cells treated with 10, 20, and 50 μg/mL of GO−
PEI−Ag were 86.1, 81.4, and 80.2%, respectively, for the 8 h
group and 80.0, 77.9, and 72.0%, respectively, for the 24 h
group. These data suggest that the combination with GO
signiﬁcantly reduced PEI cytotoxicity, and the GO−PEI−Ag

nanocomposite exhibited tolerable cytotoxicity toward HeLa
cells, even at a very high concentration of 50 μg/mL (50 times
the MIC against A. baumannii), indicating that the GO−PEI−
Ag possesses high biocompatibility and a high dose safety
threshold.

4. CONCLUSIONS
In the present study, we synthesized a stable nanocomposite of
GO−PEI−Ag, which has broad-spectrum and eﬃcient
antimicrobial capacity against fungi and drug-resistant bacteria,
which potently prevents bioﬁlm formation and has low
cytotoxicity, utilizing a facile method. With silver ammonia as
the silver source under microwave irradiation, AgNPs in small
size (approximately 5 nm) were rapidly prepared within 3 min,
uniformly distributing on the surface of PEI-functionalized GO
nanosheets and avoiding the use of reductants and surfactants.
In comparison with GO−Ag, the prepared GO−PEI−Ag
nanocomposite was successfully prevented from the aggregation in physiological solutions and converted to an electropositive state through modiﬁcation with PEI, which enhanced
its solution stability and adhesive force with the negatively
charged bacteria. Consequently, the GO−PEI−Ag nanocomposite displayed remarkable antimicrobial activity, especially the long-term eﬀect, preserving >99% eﬃciency against
Gram-negative bacteria, and >95% eﬃciency against Gram-

Figure 12. Viability of HeLa cells treated with increasing
concentrations of GO−PEI−Ag for 8 and 24 h. Error bars represent
the standard error of three parallel experiments.
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