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Abstract
Background: Treatment of multidrug-resistant (MDR) bacterial infection is a great challenge in public
health. Herein, we provide a solution to this problem with the use of graphene oxide-silver (GO-Ag)
nanocomposites as anti-bacterial agent.

Methods: Following established protocols, silver nanoparticles were grown on graphene oxide sheets.
Then, a series of in-vitro studies were conducted to validate the antibacterial e�ciency of the GO-Ag
nanocomposites against clinical MDR Escherichia coli (E. coli) strains. Firstly, minimum inhibitory
concentrations (MICs) of different antimicrobials were tested against MDR E. Coli strains. Then, bacteria
viability assessments were conducted with different nanomaterials in Luria-Bertani (LB) broth.
Afterwards, photothermal irradiation was conducted on MDR E. coli with lower GO-Ag concentration. At
last, �uorescent imaging and morphology characterization using scanning electron microscope (SEM)
were done to �nd the possible cause of antibacterial effect.

Results: GO-Ag nanocomposites showed the highest antibacterial e�ciency among tested antimicrobials.
Synergetic antibacterial effect was observed in GO-Ag nanocomposites treated group. The remained
bacteria viabilities were 4.4% and 4.1% respectively for different bacteria strains with GO-Ag
concentration at 14.0 µg mL-1. In addition, GO-Ag nanocomposites have strong absorption in the near-
infrared �eld and can convert the electromagnetic energy to heat. With the use of this photothermal
effect, effective sterilization could be achieved using GO-Ag nanocomposites concentration as low as 7.0
µg mL-1. Fluorescent imaging and morphology characterization were used to analyze bacteria living
status, which uncovered that bacteria integrity was disrupted after GO-Ag nanocomposites treatment.

Conclusions: GO-Ag nanocomposites are proved to be e�cient antibacterial agent against multi-drug
resistant E. coli. Their strong antibacterial effect arises from inherent antibacterial property and
photothermal effect that provides aid for bacteria killing.

Background
Antibiotics have been widely used for over 70 years in different �elds such as medicines, agriculture and
environment [1]. However, bacteria have developed resistance to antibiotics through acquired resistance
genes or intrinsic antibiotic resistance capability [2], which leads to the wide existence of resistant
bacteria, including multidrug-resistant (MDR) bacteria, extensively drug-resistant (XDR) bacteria and
pandrug-resistant (PDR) bacteria [3]. In diagnosis practice, antibiotic resistance is a nonnegligible
concern for clinical physicians to treat infections such as postoperative infections, ear, nose and throat
(ENT) infections, and urinary tract infections. Antibiotic resistance makes antibiotic selection a great
challenge as more and more MDR bacteria were found in patients [4–6]. Among all the infections
encountered in hospital, urinary tract infections is one of the most common infections,in which case E.
coli is found to be the major cause [7]. Moreover, spreading of certain type of antibiotics resistant E. coli
may become potential cause for epidemic disease [8]. Several scienti�c reports have indicated that
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antibiotic resistant E. coli bacteria are found in soil, water, foods and animals [9–15]. Due to the wide
spread of antibiotic resistance bacteria and less e�ciency of conventional antibiotics, alternatives are
needed to deal with antibiotic-resistant bacteria.

Nanotechnology offers a new way to overcome healthcare challenges bring by antibiotic resistance
bacteria, as the nanoscale antimicrobial agents has huge surface to volume ratio, and the size is
comparable to the pathogenic microbes, allowing it penetrate into or contact with pathogenic microbes in
e�cient way [16]. Most of effective antimicrobials are metallic-based nanomaterials such as ZnO, TiO2,
silver and gold nanoparticles [17–20]. Among different nanomaterials, silver-based nanomaterials are the
most popular antibacterial agent [21, 22]. Silver nanoparticles (AgNPs) are effective against Gram-
negative bacteria, Gram-positive bacteria, as well as MDR bacteria, while the antibacterial mechanism is
still not clear though several hypotheses were propounded [23–26]. Graphene, a single layer of carbon
atoms nanomaterial, has a unique set of physical, chemical and electronic properties [27–29], which
enable it as novel agents for biomedical applications. Graphene-based nanomaterials are used as novel
antimicrobial agents against broad-spectrum microbes via physical destruction of cell membrane and
chemical damage bring by reactive oxygen species [30, 31]. However, there are debates on antibacterial
activity of graphene and graphene oxide as several papers claimed little antibacterial activity of graphene
oxide [32, 33]. Furthermore, graphene can be served as carrier for antibiotics delivery [34], and
photothermal sensitizers in combination with near-infrared laser light for powerful photothermal killing of
bacteria [35, 36].

GO-Ag nanocomposites are widely reported to be e�cient antimicrobial agent to different kinds of
microbes, including standard bacteria, fungus, resistance bacteria [37–42]. It shows better antibacterial
e�ciency in comparison with silver nanoparticles, because GO sheet provides anchor platform to make
AgNPs well dispersed and large contact surface between bacteria and AgNPs [40, 43]. However, most of
the studied bacteria were model bacteria instead of clinical isolated bacteria, especially MDR bacteria
encountered in clinical practice. Furthermore, photothermal property of GO can be utilized for combined
therapy to improve antibacterial e�ciency, as well as to reduce risk of potential anti-nanomaterial
resistance as silver resistance bacteria were reported [44, 45].

In order to �nd a way to address resistance problem of MDR bacteria encountered in clinical practice,
photothermal-assistant anti-MDR E. coli bacteria study is conducted using synthesized GO-Ag
nanocomposites. To achieve reliable antibacterial e�ciency, we break study into 4 steps. 1st step is to
verify the existence of synergistic effect of GO-Ag nanocomposite in comparison with AgNPs. MIC of
AgNPs, GO-Ag, and some antibiotics are utilized to evaluate the antibacterial e�ciency according to
standard protocol. 2nd step is to �nd possible cause for improved antibacterial e�ciency of GO-Ag, and to
clarify the debates on GO antibacterial activity. Antibacterial e�ciency of GO, AgNPs, GO-Ag, mixture of
GO and AgNPs are studied simultaneously using MTT assay. In the 3rd step, in vitro photothermal-
assistant treatment of MDR bacteria is conducted with energy from near-infrared laser light to kill MDR
bacteria in more e�cient way. Finally, characterization of GO-Ag treated bacteria is performed using
confocal microscopy and SEM to indicate resulting damage after treatment.
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Methods

Chemicals
AgNO3, sodium citrate, expandable graphite �akes, sodium chloride, H2SO4, KMnO4, 30% H2O2, HCl, NaOH
are chemicals used for nanomaterials synthesis. Antibiotics including amplicillin, tetracyline,
streptomycin, chloramphenicol are used for MIC testing. Tryptone, yeast extract, agar, dimethyl sulfoxide
(DMSO), thiazolyl blue tetrazolium bromide (MTT) are used for bacteria culture and cell viability assay.
All the reagents are purchased from Sigma-Aldrich.

Bacteria Strain
2 MDR E. coli strains are isolated from urine samples in clinical lab. These two bacteria are named MDR–
1 and MDR–2 respectively, and their antibiotic susceptibility were tested in clinical lab. MDR–1 is
resistant to penicillin (ampicillin, AMP), tetracyline (tetracyline, TET), quinolone (nalidixic acid, NAL), and
aminoglycoside (streptomycin, STR). MDR–2 is resistant to penicillin (ampicillin, AMP), tetracyline
(tetracyline, TET), quinolone (nalidixic acid, NAL), aminoglycosides (spectinomycin, SPE; gentamicin,
GEN), chloramphenicol (chloramphenicol, CHL).

Preparation and characterization of GO, AgNPs and GO-Ag
AgNPs were synthesized according to previous reported method [46]. 18 mg silver nitrate was added into
100 mL distilled (DI) water, and the solution was heated in oil bath until boiling. Afterwards, 20 mg
sodium citrate in 2 mL DI water were added to boiled silver nitrate solution slowly. Then solution was kept
boiling for 1 hour. Cooling down the synthesized AgNPs solution at room temperature and took some
sample for following characterization. Graphene oxide sheets were prepared using a modi�ed Hummer
method [47, 48]. Silver nanoparticles were deposited on GO sheets by using sodium citrate to reduce
silver nitrate in GO aqueous solution. Brie�y, 6 mg GO and 18 mg AgNO3 were dissolved in 100 mL DI
water under stirring in oil bath, and the solution was brought to boiling, then 1% sodium citrate aqueous
solution (2 mL) was added slowly. The solution was kept boiling for 1 hour to produce GO-Ag
nanocomposites. Then, the product was washed with DI water three times.

The content of silver in AgNPs and GO-Ag nanocomposites were measured using inductively coupled
plasma atomic emission spectroscopy (ICP-AES). Concentrations of GO and GO-Ag were measured using
spectrometer and weighing method after lyophilization. Absorption spectrum of GO, AgNP and GO-Ag
were recorded using spectrophotometer. GO and GO-Ag were also characterized by transmission electron
microscopy (TEM; Tecnai G20 F20, FEI).

Photothermal heating curves were recorded by infrared thermal camera. AgNP, GO and GO-Ag were added
into LB broth with volume ratio of 1:9, and �nal concentrations of them were 4 µg mL–1, 3 µg mL–1 and 7
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µg mL–1 respectively. 1 mL LB broth contained different nanomaterial as well as DI water as control were
added into 24-well plate, solution was irradiated continuously by NIR laser light (808 nm, 1.5 W cm–2) for
7 minutes at room temperature.

MIC determination of antibacterial agents against MDR E.
coli
According to a reported protocol [49], agar dilution method was used for MIC determination. At �rst, LB
agar contained different concentrations of antimicrobials were prepared, and then 2 µL bacteria (10, 000
CFU) were dropped on surface of the agar. The inoculum was allowed to be absorbed into the agar for 0.5
hour before 16 hours incubation in 37 oC incubator. Susceptibility of 2 MDR bacteria strains to a serial
concentration of antibacterial agents were tested at least three times. Tested materials were GO-Ag,
AgNPs, AMP, TET, STR and CHL, corresponding concentrations were 0, 2, 4, 8, 16, 32, 64, 128, 256, 512 µg
mL–1.

In vitro antibacterial assessment of different antibacterial
agents
Single colony on agar plate was transferred to fresh LB broth, and then cultured for 12 to16 hours in 37
oC shaker at speed of 250 rotations per minute. The cultured bacteria were collected, and supernatant
was removed after centrifugation. Bacteria pellet was resuspended in 4.5 mL fresh LB broth to a �nal
concentration of 107–108 CFU mL–1

. Then, 0.5 mL nanomaterials of different concentrations were added
into broth and mixed well. The broth was then incubated with nanomaterials at 37℃ for 3 hours before
viability assessment. Tested antibacterial agents included GO, AgNPs, GO-Ag, GO+AgNPs (mixture of GO
and AgNPs), corresponding components concentrations of GO were 1.5 µg mL–1, 3 µg mL–1, 6 µg mL–1,
and silver were 2 µg mL–1, 4 µg mL–1, 8 µg mL–1. 3 replicate samples were tested for each treated group.

Similar with reported protocol evaluated interaction between biomaterial and cell [50], MTT assay was
used to evaluate bacterial viability after antimicrobial agents incubation. 0.1 mL bacteria culture was
transferred into 96 well plate, and then mixed well with 20 µL 5 mg/mL MTT solution for 16 hours’ culture
in 37 ℃ incubator. After centrifugation for 5 minutes at 2000 RPM, supernatant was removed from
microplate and replaced with 120 µL DMSO in each well, then microplate was shaked for 10 minutes to
dissolve precipitants. At last, recording OD570 with microplate reader (Bio-Rad). All the samples were
replicated for 3 times.

In vitro photothermal treatment of MDR–2 E. coli
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Overnight cultured MDR–2 bacteria were collected and resuspended in fresh LB broth to a �nal
concentration of 107–108 CFU mL–1. Then, 10% volume of nanocomposites (GO, GO-Ag) or water
(control) was added into LB broth, �nal concentration of GO and GO-Ag were 3 µg mL–1 and 7 µg mL–1.
The broth was shaked at 37 oC for 1 hour before laser irradiation. 1 mL bacteria culture was transferred
into one well of 24-well plate, 808 nm laser light was used to irradiate the broth. Irradiation lasted for 7
minutes at different energy density, including 0, 1.0, 1.5 and 2.0 W cm–2. Temperature during laser
irradiation was indicated by thermal camera. After irradiation, the mixture was cultured for 6 hours before
bacteria viability assessment. Viability assessment was conducted by spread plate method and MTT
assay.

Fluorescent imaging of treated MDR–2 E. coli
With or without photothermal irradiation (1.5 W cm–2, 7 minutes) and 7 µg mL–1 GO-Ag treatment, MDR–
2 E. coli were cultured for 6 hours before collection. Collected bacteria cells were washed and stained with
4’–6-diamidino–2-phenylindole (DAPI) and propidium iodide (PI) according to reported protocol [51].
Bacteria were washed in 10 mM MgSO4 at pH 6.5 after centrifugation and then stained with PI (5 µg mL–

1) and DAPI (5 µg mL–1) for 30 minutes in dark. After dried in air, the samples were observed under
confocal microscope (Leica TCS SP5 II).

Morphology characterization of MDR–2 E. coli
MDR–2 E. coli treated with or without 14 µg mL–1 GO-Ag were cultured in LB broth for 3 hours, and then
bacteria were collected and washed three times with PBS buffer. After �xed with 2.5% glutaraldehyde
solution, the cells were dehydrated by sequential treatment of 50%, 70%, 90% and 100% ethanol for 15
minutes. With gold sputter-coating, bacteria were imaged with scanning electron microscope (SEM,
Quanta 200FEG, FEI).

Results

Antibacterial agents’ characterization
In this study, GO, AgNP and GO-Ag were synthesized to investigate their antibacterial e�ciency. Following
reported protocol, GO sheets were prepared at �rst. As Figure 1a showed, thin GO sheet was synthesized
successfully. Afterwards, AgNPs were grown on GO sheets by in situ reducing silver nitrate solution on
surface of GO sheet. The synthesized GO-Ag nanocomposite was con�rmed by observed absorption
band around 440 nm (Figure 1c) and TEM image (Figure 1b).

NIR photothermal heating curve of GO-Ag, GO, AgNP and LB broth were recorded by thermal camera. In
Figure 1d, GO-Ag showed better photothermal e�ciency than AgNP and GO. Temperature increasement of
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control, AgNP, GO and GO-Ag were 13.6 ℃, 12 ℃, 18.9 ℃ and 24.6 ℃ after 7 minutes irradiation.

MIC comparison testing using agar dilution method
MIC is de�ned as the lowest concentration of an antimicrobial that inhibits visible growth of a
microorganism after overnight incubation. MIC of AgNP, GO-Ag and three types of antibiotics (penicillin,
tetracyline and aminoglycoside) against 2 clinical MDR bacteria strains were tested by agar dilution
method. Test results showed that these 2 bacteria were resistant to AMP, TET and STR or CHL. MIC
values of all the typical antibiotics were ≥ 256 µg mL–1. While for the nanomaterial-based antibacterial
agents, the dose was much lower. As shown in Table 1, MIC of GO-Ag and AgNPs were 4 µg mL–1 and 32
µg mL–1 respectively. Compared with AgNP, a widely used antimicrobial agent, GO-Ag showed much
higher antibacterial e�ciency against 2 clinical MDR E. coli stains. Growth of MDR–1 and MDR–2
bacteria on LB agar could be inhibited with 4 µg mL–1 GO-Ag. No visual colony was observed on surface
of agar even 10, 000 CFU bacteria were cultured on agar media overnight.

Synergetic antibacterial effect veri�cation of GO-Ag
In order to �nd why GO-Ag nanocomposites showed higher antibacterial e�ciency than AgNPs, we
decomposed GO-Ag nanocomposites and measured the ratio of GO and Ag by ICP and weighing method.
Results showed content of GO and AgNP were 57% and 43% respectively in GO-Ag nanocomposite.
Afterwards, antibacterial e�ciency of GO-Ag, AgNP, GO, and mixture of GO and AgNP (denoted as
GO+AgNP) were studied in LB broth. Three concentrations nanomaterials were tested, corresponding
concentrations of AgNP were 2, 4, 8 µg mL–1, and GO were 1.5, 3, 6 µg mL–1. Incubation time of 3 hours
was selected as bacteria was in the middle of log phase, which made it easy to discriminate minor
difference between treated and control groups.

MTT assay results in Figure 2 indicated that GO-Ag owning the highest antibacterial e�ciency among
tested nanomaterials. As concentration increased, GO-Ag showed e�cient antibacterial effect against 2
MDR E. coli. Remained viabilities of MDR–1 and MDR–2 were 77.1%, 52.2%, 4.4% and 88.9%, 66.8%,
4.1% respectively, corresponding to increasing concentrations of 3.5 µg mL–1, 7 µg mL–1, 14 µg mL–1.
While there was no obvious decrease trend of remained bacteria viability with increased concentration of
GO or AgNP. In AgNP treated group, the remained viability of MDR–1 and MDR–2 were in the range of
81.8%–99.1%, when AgNP concentration ranged from 2 µg mL–1 to 8 µg mL–1. In GO treated group, the
remained viability of MDR–1 and MDR–2 were in the ranges of 87.7% to 95.1% and 99.3% to 105.9%,
when GO concentrations increased from 1.5 µg mL–1 to 6 µg mL–1. Compared with GO-Ag
nanocomposite, GO+AgNP mixture did not show observable viability decrease trend with increasing
mixture concentration. The above results demonstrated that higher antibacterial e�ciency of GO-Ag
nanocomposites arose from synergetic effect of GO and AgNPs when the two materials are combined as
composite. Moreover, 2 MDR E. coli bacteria showed similar response to different nanomaterial. A minor
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difference was that MDR–2 bacteria was less susceptible to GO-Ag at lower concentrations (3.5 µg mL–1,
7 µg mL–1), when compared with MDR–1 bacteria.

In vitro photothermal-assisted treatment of MDR–2
As a matter of fact, GO-Ag owned property of converting electromagnetic energy to heat, which might
elevate its antibacterial e�ciency. As shown in Figure 1d, GO-Ag nanocomposites converted
electromagnetic energy to heat more e�ciently than GO sheets and AgNPs. Temperature increment of
GO-Ag nanocomposites group was approximately 25 ℃ after 7 minutes irradiation.

Photothermal treatment of MDR–2 E. coli using GO-Ag nanocomposites was conducted. MDR–2 was
selected as it was non-susceptible to more antibiotics and less susceptible to GO-Ag at lower
concentrations. 107–108 CFU mL–1 bacteria were cultured with 7 µg mL–1 GO-Ag nanocomposites or 3
µg mL–1 GO in LB broth for 1 hour. Afterwards, 808 nm NIR laser irradiation was exerted continuously on
bacteria culture for 7 minutes, as illustrated in Figure 3a. At last, the bacteria culture was collected for cell
viability assessment using MTT assay and spread plate method. Data obtained from two methods were
consistent with each other, as shown in Figure 3b and Figure 3c. In this study, incubation time of 6 hours
was used because bacteria in control group was in plateau phase. As a result, we could �gure out
whether bacteria growth was stopped completely after photothermal treatment. In control group without
antibacterial agents, different power density laser irradiation, ranging from 1.0 to 2.0 W cm–2, had no
observable inhibitory effect against MDR–2 E. coli. Compared with GO sheets, GO-Ag was more e�cient
to resist the growth of bacteria. Bacteria viability was 3.0% in GO-Ag treated group with 1.5 W cm–2 power
density exerted, while 94.7% in GO sheets treated group under the same condition. When power density
was increased to 2 W cm–2, MDR–2 E. coli could be killed completely in GO-Ag treated group. However,
without photothermal treatment in GO-Ag group, the remained viability was 69%. Thus, e�cient
antibacterial effect could be achieved with use of GO-Ag at lower concentrations when photothermal
treatment was exerted simultaneously.

Characterization of GO-Ag treated MDR bacteria
The above results demonstrated that GO-Ag nanocomposites were highly effective antibacterial agent,
but whether bacteria growth was inhibited temporarily or permanently remained unclear. Fluorescent
imaging was used to distinguish living and non-living bacteria (red color in Figure 4). Photothermal
irradiation and GO-Ag treatment were 2 variants that in�uence bacteria viability. Fluorescent imaging was
conducted to observe changes of bacteria living status that induced by 2 variants. As shown in Figure 4,
4 groups of bacteria were imaged under confocal microscope. In the two control groups without GO-Ag
nanocomposites addition (GO-Ag –), the number of dead cells was very less as they were in log-phase,
and the laser irradiation did not induce bacteria death. In contrast, the group with GO-Ag nanocomposites
addition and without laser irradiation (GO-Ag +, laser -), almost all the bacteria were dead. Moreover,
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antibacterial e�ciency of GO-Ag was enhanced when laser irradiation and GO-Ag treatment were
combined. In the group with GO-Ag nanocomposites addition and laser irradiation (GO-Ag +, laser +),
fewer cells could be found in the visual in comparison with group without laser irradiation (GO-Ag +, laser
-). Results indicated that both GO-Ag treatment and photothermal treatment could result in non-living
bacteria.

Furthermore, morphology of MDR–2 bacteria were characterized using SEM after treatment with 14 µg
mL–1 GO-Ag nanocomposites. As shown by arrows in Figure 5, some pits were found on the surface of
cell wall, which meant cell walls were disrupted after GO-Ag nanocomposites treatment. While in the
control group, cell wall was smooth and no cell integrity disruption was observed.

Discussion
It was reported GO-Ag could not only inhibit growth of non-susceptible bacteria, including Gram-positive
S. aureus and Gram-negative E. coli [38, 52], but also inhibit growth of Methicillin-resistant S. aureus [39]
and fugus like Candida albicans and Candida tropical [42]. In this work, clinical isolated MDR E. coli were
selected as samples to test the antibacterial e�ciency of GO-Ag nanocomposites in-vitro. It was proved
GO-Ag nanocomposites was effective against MDR E. coli, which broaden its antimicrobial spectrum.
Moreover, the most important advance was photothermal treatment was combined for the �rst time in
GO-Ag antibacterial applications.

GO-Ag nanocomposites showed antibacterial effect in both liquid and solid medium (Table 1, Figure 2).
As MIC results showed, 4 µg mL–1 GO-Ag could completely inhibit growth of 104 CFU bacteria on agar
plate. In broth, ratio of survival bacteria was < 5% when 14 µg mL–1 GO-Ag was added into 107–108

CFU/mL bacteria culture. AgNPs also showed antibacterial effect, but e�ciency was not so obvious. MIC
of AgNP was 32 µg mL–1 on agar medium. While 8 µg mL–1 AgNP addition in broth had minor
antibacterial effect to 2 MDR bacteria. GO treated bacteria, showed no viability decrease trend with
increased concentration from 1.5 µg mL–1 to 6 µg mL–1, though several published papers reported that
GO was an antimicrobial agent. The different antibacterial property of GO might come from difference of
material preparation method, dose, material size, culturing condition and sample handling method [53–
58].

Higher antibacterial e�ciency of GO-Ag nanocomposites can be explained by that: AgNPs were well
distributed on GO sheets, which provided large contact area between bacteria and AgNPs. Compared with
GO, AgNPs and mixture of GO and AgNPs, GO-Ag nanocomposite treated group achieved better
antibacterial result at same concentration of Ag or GO, which disclosed existence of synergetic effect that
arose from combining GO and AgNPs as composite. And this synergetic effect was consistent with
previous reported works [38, 39].

Compared with other reported GO-Ag related antimicrobial applications, photothermal therapy was
combined in this study for the �rst time. An important bene�t was that GO-Ag dose could be cut down,
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which was an advantage for biomedical applications. 7 µg mL–1 GO-Ag could completely killed bacteria
in photothermal combined therapy, while 14 µg mL–1 GO-Ag could not completely inhibited MDR bacteria
growth. Photothermal-assistant therapy could greatly enhance antibacterial e�ciency as GO-Ag
possessed advantages of AgNP and GO. AgNP inhibited bacteria growth, while GO sheets absorbed the
NIR light and generated heat to help killing bacteria. Another advantage of photothermal therapy was that
it could kill MDR bacteria even if bacteria were resistant to GO-Ag. Thus, photothermal-assistant therapy
with GO-Ag provides an alternative strategy to solve problems bring by drug-resistant bacteria.

In order to better understand interaction between GO-Ag nanocomposites and bacteria, �uorescent
images (Figure 4) and SEM images of treated E. coli were analyzed (Figure 5). Fluorescent imaging was
used to distinguish living and dead bacteria using optimized PI staining process for bacteria [51]. DAPI
was used to stain DNA-containing bacteria regardless of their physiological status, while PI was used to
stain membrane-compromised bacteria [59–61]. In �uorescent images, red-light �uorescence emitted
from GO-Ag and photothermal treated groups, demonstrated that both GO-Ag nanocomposites and
photothermal treatment could damage bacteria integrity. Morphology characterization con�rmed that cell
integrity was disrupted by GO-Ag nanocomposites, which was consistent with published results[38, 39]
[52].

This study provided a facial method to synthesize GO-Ag nanocomposite, which possessed synergetic
antibacterial property as well as photothermal property. It provided double insurance to combat
traditional antibiotics resistant bacteria, and achieved consensus enhanced antibacterial e�ciency to
pathogens. Given the excellent antibacterial performance of GO-Ag nanocomposites to widely distributed
MDR E. coli bacteria, it will be a useful antimicrobial in the future medical applications. For example, GO-
Ag nanocomposites can be coated onto consumables such as bandage, gauze and woundplast, or
surgical devices such as lancet, surgical scissors and surgical suture that have chances to contact with
infection bacteria.

Conclusions
Compared with widely used AgNP, GO-Ag nanocomposite showed much better antibacterial e�ciency to
clinical isolated MDR E. coli. Moreover, photothermal treatment could be combined to further lowering
dose to 7 µg mL–1 to completely kill MDR E. coli. Fluorescent imaging and morphology characterization
disclosed that bacteria integrity was damaged after treatment with GO-Ag. Given the excellent
antibacterial performance of GO-Ag nanocomposites against widely distributed MDR E. coli bacteria, it
could be useful antibacterial consumables in the future medical applications.
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GO, graphene oxide; AgNPs, silver nanoparticles; GO-Ag, graphene oxide-silver nanoparticles
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infrared; ICP-AES, inductively coupled plasma atomic emission spectroscopy;
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  GO-Ag (µg mL-1) AgNP
(µg mL-1)

AMP
(µg mL-1)

STR/CHL
(µg mL-1)

TET
(µg mL-1)

MDR-1* 4 32 >512 >512 (Str) 256

MDR-2* 4 32 >512 >512 (Chl) 512

*MDR-1 and MDR-2 were two isolates of MDR E. coli from clinical samples. MDR-1 was resistant to amplicillin

(AMP), tetracyline (TET), nalidixic acid (NAL) and streptomycin (STR), MDR-2 was resistant to ampicillin

(AMP), tetracyline (TET), nalidixic acid (NAL) and chloramphenicol (CHL), spectinomycin (SPE) and gentamicin

(GEN).

Figures

Figure 1

Characterization of synthesized nanomaterials. (a) TEM image of graphene oxide (GO). (b) TEM image of
graphene oxide-silver (GO-Ag) nanocomposites. (c) Absorption spectrum of GO, AgNP and GO-Ag. (d)
Photothermal heating curves of AgNP, GO, GO-Ag and LB broth (control) under 808 nm laser irradiation,
the concentrations of AgNP, GO, GO-Ag were 4 µg mL-1, 3 µg mL-1, 7 µg mL-1 respectively.
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Figure 2

MDR E. coli viability assessment by MTT assay. (a) MDR-1 E. coli viability and (b) MDR-2 E. coli viability
after treatment with GO, AgNP, GO-Ag, mixture of GO and AgNP at different �nal concentrations in LB
liquid broth. Symbol +, ++, +++ represent different concentrations for different nanomaterial groups. GO
(+, 1.5 µg mL-1; ++, 3 µg mL-1; +++, 6 µg mL-1), AgNP (+, 2 µg mL-1; ++, 4 µg mL-1; +++, 8 µg mL-1),
GO+AgNP mixture (+, 1.5 µg mL-1 GO and 2 µg mL-1 AgNP; ++, 3 µg mL-1 GO and 4 µg mL-1 AgNP; +++, 6
µg mL-1 GO and 8 µg mL-1 AgNP), GO-Ag (+, 3.5 µg mL-1; ++, 7 µg mL-1; +++, 14 µg mL-1). Error bars
represent standard deviations.

Figure 3

In vitro photothermal treatment of MDR-2 E. coli. (a) Illustration of photothermal treatment of bacteria in
LB broth. (b) Bacteria viability results using MTT assay after photothermal treatment at different power
density for 7 minutes. (c) Photos of bacteria colonies on LB agar plates after photothermal treatment at
different power density for 7 minutes. Error bars represent standard deviations (n ≥ 3).
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Figure 4

Fluorescent imaging of MDR-2 E. coli with and without photothermal-assisted treatment. DAPI and PI
were used to stain the nuclei acid of bacteria. The difference is DAPI stains all the bacteria while PI can
only stain the non-living bacteria. DAPI stained bacteria emit blue �uorescent light while PI stained
bacteria emit red �uorescent light. Symbol “Laser +” and “Laser -” denote with and without photothermal
treatment respectively, “GO-Ag +” and “GO-Ag -” denote with and without GO-Ag nanocomposites
treatment respectively. Power density was 1.5 W cm-2 and GO-Ag concentration was 7 µg mL-1. Scale bar
is 5 µm.
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Figure 5

SEM images of MDR-2 E. coli. (a) SEM image of control group without GO-Ag treatment. (b) SEM images
of bacteria treated with 14 µg mL-1 GO-Ag. Arrows show disrupted cell wall. Scale bar is 1 µm.


