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Abstract In the field of nanotechnology, silver nanoparticles

have been considered a promising antibacterial material for

a century. The potential applications of graphene-based

materials are increasingly recognized for their special

physico-chemical and biological properties. In particular,

graphene and graphene oxide as the foundation of

nanocomposites have garnered much interest among

researchers in many fields. In this review, we concentrate

on different aspects of silver nanoparticle composites with

graphene and graphene oxide, focusing on their synthesis

methods, special characteristics, and antibacterial properties;

we also briefly discuss limitations and future research.

Keyword: silver nanoparticles, graphene, graphene oxide,
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1. Introduction

Metal nanoparticles (MNPs) have gained interest and are a

focus in diverse areas of research, most importantly in

biological fields such as antibacterial studies [1]. Many

types of MNPs, such as copper [2], titanium [3], magnesium

[4], gold [5], zinc oxide [6], and silver have been used in

a variety of applications [7,8]. Silver nanoparticles (AgNPs),

which have unique chemical and physical properties, are of

particular interest because of their striking antimicrobial

effectiveness against bacteria, viruses, and other micro-

organisms [7]. AgNPs have high surface and catalytic

activities, and are widely used as catalysts [9]. Silver was

first recognized for its antiseptic activity, which led to

continued research into its antibacterial effects [10,11].

AgNPs are not only effective antimicrobial agents against

gram-positive and gram-negative bacteria [12], but also

have low toxicity to mammalian cells [11,13] at low

concentrations, and thus are useful in biomedical applications.

AgNPs play an important role in the development of a new

generation of antibiotics, which will help to overcome drug

resistance [11,14]. Metal nanoparticles are promising

candidates for addressing the problem of multi-drug-resistant

bacteria because microorganisms are much less likely to

develop resistance to silver than to the antibiotics now

widely used for medical, environmental, structural, electrical,

and everyday purposes [11,15].

Several reports have proposed different possible

mechanisms of silver’s antibacterial efficacy. First, Ag+ is

released by Ag nanomaterials [16,17], which can bind to

thiol groups with the help of bacterial enzymes and then

affect bacterial DNA replication [18]. Similarly, owing to

particle-specific interaction of AgNPs with bacteria, the

penetration of Ag+ into a bacterial cell causes cell death

[19,20]. Other possible antibacterial mechanisms may

include the oxidative stress generated at the surface of

AgNPs by reactive oxygen species (ROS) [21,22]. In sum,

the antibacterial mechanism of silver is not completely

understood, but it has mainly been attributed to the release

of Ag+ ions [20]. 

Upon coming into contact with oxygen, AgNPs are easily

oxidized and release Ag+ ions, which severely impairs the

stability of AgNPs and makes them a potential environmental

hazard [11,23]. AgNPs have diverse applications in the

form of wound dressings, coatings for medical devices, and

AgNP-impregnated textiles for the treatment of wounds
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and burns [24]. However, choosing a starting material is a

challenge because of the high price of silver and its

chemical properties [25,26]. These are the main limitations

to the synthesis of AgNPs and their subsequent applications.

However, such limitations do not prevent researchers from

intelligently utilizing the antibacterial activities of AgNPs

endowed with desirable parameters like size, shape, and

reactivity of AgNPs with relatively large surface areas. 

With the development of nanotechnology, another exciting

family of materials, graphite, has been discovered and used

by researchers all over the world [27]. Graphite is a

crystalline form of carbon, a semimetal, a native element

mineral, and one of the allotropes of carbon [28]. Graphite

is the most stable form of carbon under ambient conditions

[29]. Another important family member is graphene, obtained

through the mechanical exfoliation of graphite or by a

variety of other methods. While synthesizing graphene from

graphite, an intermediate product, graphene oxide (GO), was

discovered [111].

Graphene-related materials have unique thermal, electronic,

and mechanical properties, and hold great promise for

several potential applications, including as super-capacitors,

nano-electronics, conductive thin films, nano-sensors, and

nano-medicines [30]. Graphene has a large theoretical

specific surface area of 2,630 m2/g [30,31], high intrinsic

mobility of 200,000 cm2/v/sec, thermal conductivity of

~5,000/Wm/K [32], and optical transmittance of ~97.7%.

Its good electrical conductivity is useful in the development

of transparent conductive electrodes [28]. Since its discovery,

graphene has been applied in many different fields of

research [31]. In the biomedical field, functionalized

graphenes have been used for different purposes, such as

gene transfection [33,34], drug delivery [35], bio-sensing

[36], photo-thermal therapy, and tumor imaging [37].

Recently, the potential antibacterial applications of graphene

and graphene-based nano-composites have also attracted

considerable interest, although whether and how GO acts

as an antibacterial agent is still under debate [38]. However,

the antibacterial activities of individual graphene nano-

sheets or GO are limited [39]. At the same time, composite

nanomaterials have begun to be utilized as therapeutic

agents in many diseases [40]; these include polymer-coated

nanoparticles [41], diamond–carbon nano-composites [42],

composites of two or more nanomaterials [43], and

heterostructures of MNPs on graphene/GO/reduced GO

sheets [44,45]. Because of the high specific surface area

and the surface functional groups of graphene-based

materials, they are convenient foundations for MNPs [46].

The aggregation of MNPs usually inhibits their antibacterial

effects, but the aggregation can be overcome by incorporation

into graphene/GO-MNP hybrids [21]. In recent studies,

graphene-metal-NPs-based nanocomposites have been

fabricated, and most results show incredibly enhanced

antibacterial properties [47]. The large surface area of GO

and the direct growth of AgNPs on GO profoundly

strengthens the antibacterial performance of the combined

system through a synergistic effect [48] upon bacterial

contact [49]. Fig. 1 illustrates the different methods of

AgNPs-graphene composite synthesis. In this review, we

concentrate on AgNP composites with graphene and GO,

focusing on the different synthesis methods, characteristics,

and antibacterial properties of the composites. 

2. Synthesis of AgNPs

Many procedures for synthesizing metallic nanoparticles

have been reported, such as salt reduction [50], microwave

dielectric heating reduction [51], ultrasonic irradiation [52],

radiolysis, solvothermal synthesis [53], electrochemical

synthesis [54], etc. [49]. AgNPs synthesis [7] by physical

[55] and chemical methods [56] is expensive and/or uses

toxic chemicals [57] leading to pollution [58] and requiring

modification of the synthesis processes. Hence, feasible,

green methods to synthesize AgNPs [59] are attractive;

these make use of microbes and plants [60]. We will focus

on several common methods of synthesizing silver

nanoparticles: chemical reduction [56], photo-reduction

[61], laser ablation [62], irradiation, electrochemical [63],

electrolysis plating [64], and biological/green synthesis [65].

Fig. 1. Illustration of applications of Ag NPs - Graphene composites.
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2.1. Chemical reduction method

The chemical reduction method [56] involves reduction of

the ionic salt in an appropriate medium in the presence of

a surfactant using various reducing agents. The reaction

time [5], reaction temperature [66], reaction pH [17], laser

exposure [62], and electron beam strength [67] can be

controlled to produce different structures, such as spheres

[1], triangles [68], cubes [69], pentagons, and hexagons

[70]. 

Li et al. [69] added 25 mL of 1 × 10-3 M silver nitrate

(AgNO3) aqueous solution containing 0.1 mL of 1 × 10-3 M

n-dodecylthiol to equal volumes of 4 × 10-3 M NaBH4 and

2.5 × 10-4 M sodium oleate solutions with vigorous stirring

at 0oC. The resulting yellow-brown colloidal solution was

stabilized by sodium oleate. It was then continuously

stirred and warmed to room temperature. The solution was

then heated to 80oC and cooled back to room temperature.

In the process, excess NaBH4 was decomposed. The

schematic diagram for the self-assembly of AgNPs is shown

in Fig. 2A, and the cubic AgNPs are shown in Fig. 2B.

AgNO3 is the most popular metal salt precursor for the

synthesis of AgNPs, though sliver chloride (AgCl) is also

a choice. Reports on improvements in controlling the size

and structure of AgNPs suggest using stabilizing agents

[50], such as sodium dodecyl sulphate (C12H25SO4Na)

(SDS) [71] or sodium citrate [72]. Guzmán et al. used 8%

(w/w) SDS as a stabilizing agent and hydrazine hydrate

solution and sodium citrate solution (C6H5O7Na3) as

reducing agents. C6H5O7Na3 was also used as a stabilizing

agent at room temperature. The solution changed from a

transparent colorless state to pale yellow and then to pale

red when C6H5O7Na3 was used as stabilizing agent. This

change in color indicated the formation of AgNPs [50].

Different types of organic polymers [73] have been used

as dispersion agents to avoid aggregation of the Ag

nanoparticles; such polymers include Poly-vinyl-Pyrrolidone

(PVP) [74] and polyvinyl acetate (PVA) [75].

2.2. Photo-reduction method

In colloidal chemistry, the shape and morphology of

nanoparticles are equally important as their size. A number

of synthesis methods have been developed that enable

control of these factors, of which photo reduction is well-

described and effective. In 2007, Courrol et al. proposed a

method using UV, LED, Xenon, and sodium lamps for

excitation [61] to reduce the Ag salt. Separate solutions of

0.034 g AgNO3 and 0.011 g acrylic in ethanol were stirred

vigorously for 30 min. A 70W, high-pressure sodium lamp,

a 150 W xenon lamp, and an ultraviolet LED were used to

induce the reduction of Ag+ and form a colloidal suspension

of AgNPs. Second harmonic Nd:YAG coherent laser

pulses, at a wavelength of 532 nm with 15 ~ 200 mJ pulse

energy, 10 ns duration, and a repetition rate of 10 Hz, were

also employed to synthesize NPs. This method provides a

novel and easy way to prepare AgNPs of defined size and

shape using polymerizable resin, visible illumination, and

laser irradiation [61]. The absorption spectra and TEM

images of AgNPs obtained using different irradiation

sources are shown in Fig. 3. It is important to mention that

reducing agents can also act as stabilizing agents. Xu et al.

synthesized AgNPs with time-dependent UV irradiation

of [Ag(NH3)2]
+ aqueous solution using poly(N-vinyl-2-

pyrrolidone) as both a reducing and a stabilizing agent

[78]. Figs. 4A and 4B show the TEM images of silver NPs

formed with different durations of UV irradiation. Fig. 4C

demonstrates the X-ray diffraction spectra of AgNPs and

Fig. 4D shows the absorption spectra of AgNPs formed from

silver oxide given different durations of UV irradiation.

UV irradiation-based AgNP preparation is easy and

environmentally friendly. It is a simple method that allows

for easy metal complex precursor synthesis and produces

aqueous dispersions of metal nanoparticles [79].

2.3. Laser ablation method

Laser ablation has been used to prepare stable AgNPs. The

importance of such a method is that the surfactants fully

cover the nanoparticles and hence avoid direct nanoparticle

contact and subsequent aggregation [62]. Fumitaka et al.

Fig. 2. (A) The schematic diagram of the film fabrication of self-
assembled cubic Ag NPs. (B) The TEM images of (a) non-thiol
and (b) thiol-bonded Ag NPs. Reprinted with permission from
reference [69], copyright Thin Solid Films 460 (2004) 78-82.
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prepared AgNPs by laser ablation of a metal silver plate in

an aqueous solution of SDS. Briefly, the metal plate was

placed on the bottom of a glass vessel filled with 10 mL of

SDS solution. The metal plate was irradiated by the

focused output of the second harmonic (532 nm) of a

Quanta-Ray GCR-170Nd:YAG laser using a lens with a

focal length of 250 mm. The spot size of the laser beam on

the surface of the metal plate was varied in diameter by

changing the distance between the lens and the metal plate.

Upon irradiation, the solution steadily became a brownish-

yellow color. Fig. 5A shows the schematic diagram of the

experimental setup used to synthesis AgNPs via laser

ablation. The absorption spectrum (Fig. 5B) shows a peak

at 400 nm with a broad band in the UV domain, which is

Fig. 3. (A) Absorption spectra of a colloidal solution upon 2-min illumination with non-focused xenon light (XeNPs), sodium light
(NaNPs) and UV LED (390 nm) (LEDNPs) and a non-illuminated solution. (B) TEM images of silver particles obtained from: (a)
AgNO3 solution and auto-polymerizable resin in ethanol kept in the dark for 12 h followed by exposure to xenon lamp for 15 min; (b)
after photolysis of the same solution by 5 min of laser excitation with 532 nm (200 mJ, 10 Hz) laser. Reprinted with permission from
reference [61], Colloids and Surfaces A: Physicochemical and Engineering Aspects 305 (2007) 54-57.

Fig. 4. (A, B) TEM images of silver NPs at different times of UV irradiation. (C) X-ray diffraction spectra of Ag NPs. (D) Absorption
spectra of Ag NPs from silver oxide at different times of UV irradiation. Reproduced with permission from reference [78], copyright
Colloids and Surfaces A: Physicochem. Eng. Aspects 320 (2008) 222-226. 
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similar to the absorption spectra of AgNPs obtained by the

chemical reduction of Ag salts in reversed micelles [80,81].

Threshold laser power, density of NPs, and size of NPs are

proportional to laser power and inversely proportional to

SDS concentration [62].

In other works, it has been reported that AgNPs can

survive longer in anionic SDS than in cationic cetyl trimethyl

ammonium bromide (CTAB) as the static properties of the

surfactants have a significant impact on the formation of

AgNPs. This is also related to the possibility of double

layers of surfactant forming on the nanoparticles. Doubly

negatively charged –SO4
2- groups remain oriented towards

positively charged Ag, leading to interpenetration of surfactant

and stabilization of AgNPs, whereas such a phenomena is

not possible with –N(CH3)3
+ in CTAB [82]. Using the laser

ablation technique with high laser power, small laser beam

spot size, and the aid of surfactants, small AgNPs in pure

water without any chemical additives were obtained [83].

K et al. [84] reported an efficient method for the synthesis

of AgNPs in aqueous solutions of PVA at different

concentrations by the laser ablation method and compared

the sizes and properties of the NPs in PVA solutions versus

those in water alone. PVA has advantages over water in the

respect that no reducing agent is necessary in PVA and the

AgNPs are protected by PVA fractions. The average sizes

of well-dispersed spherical AgNPs in 1, 3 and 4% PVA

solutions are 6.13, 6.86 and 3.99 nm, respectively, with 4%

PVA solution yielding the minimum size. The UV-vis

absorption of the AgNPs from various solutions show that

the peak arising from the LSPR (localized surface plasmon

resonance) appears at 400 nm with a broad peak in the UV

region that can be assigned to inter-band electron transitions.

It is interesting to note that the maximum intensity of the

LSPR peak occurs in 4% PVA solution.

2.4. Irradiation method 

Microwave irradiation [11], electron irradiation, γ –irradiation

[84], sunlight irradiation, and UV irradiation have been

used to synthesize AgNPs and control their size and

structure [85]. Henglein and Giersig [86] investigated the

γ-radiolytic reduction of AgClO4 in a solvent comprised of

alcohol and water in the presence of citrate at different

concentrations (5.0 × 10-5 ~ 1.5 × 10-3 M) and the capping

effect of citrate on Ag+ ions. The mechanism of the formation

of AgNPs obtained by gamma-irradiation of AgNO3 in

aqueous solution containing 6 M propanol and PVP at

concentrations ranging from 0.2 to 5% has been reported

[87]. The AgNPs so produced have a very narrow size

distribution, 8.5 ± 1.7 nm (Fig. 6).

Bogle et al. [88] electron-irradiated a mixture of AgNO3

and PVA with 6 MeV electrons to obtain AgNPs 10 ~ 60 nm

in size for the first time. These NPs have face-centered

Fig. 5. (A) Schematic diagram of the experimental setup and (B)
absorption spectrum (UV-Vis) of Ag NPs in 0.01 M SDS solution.
Reproduced with permission from reference [62], copyright J.
Phys. Chem. B 2000, 104, 9111-9117.

Fig. 6. TEM image (A) and size distribution (B) of PVP stabilized silver NPs. Reproduced with permission from reference [87].
Copyright Journal of Colloid and Interface Science 274 (2004) 89-94.
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cubic structures and are spherical in shape, as seen on SEM

images. A rapid, simple, and environmentally friendly method

of biosynthesizing AgNPs via microwave irradiation of an

AgNO3 solution and Bacillus subtilis supernatant solution

was reported by Saifuddin et al. [11]. These NPs are of

average size (5 ~ 60 nm) and remain stable for several

months. According to the authors, this is a better protocol

for the synthesis of AgNPs than the electrochemical

method. Sunlight-irradiation-mediated synthesis of AgNPs

from a mixture of AgNO3 and citrus lemon extract at room

temperature was reported by Prathna et al. [89]. The

reaction only took 4 h to produce spherical and spheroidal

shaped NPs of sizes below 50 nm. The authors proposed a

mechanism according to the following equation:

4Ag+ + C6H5O7 + X + 2H2O → 4 Ag0 + C6H5O7H3 + H+

+ Y + O2

X and Y are the unknown compounds in lemon juice

and in the reaction mixture, respectively. The authors have

suggested that the organic compounds probably had a role

in stabilizing the AgNPs.

2.5. Biological-green synthesis method

The environmentally friendly nature of biosynthetic methods

[66,90] for the creation of AgNPs are gaining focus.

Biological templates [91] have been used to synthesize

anisotropic AgNPs by self-assembly. Over the past several

years, plants [92], algae, fungi [60], bacteria, and viruses

[55] have been used for the production of low-cost, energy-

efficient, and nontoxic NPs [59]. For example, to prepare

biomass for biosynthesis of NPs, fungus was grown

aerobically in a liquid medium containing (g/L) KH2PO4,

7.0: K2HPO4, 2.0; MgSO4·7H2O, 0.1; (NH4)2SO4, 1.0; yeast

extract, 0.6; and glucose, 10.0. The flasks were injected,

incubated on an orbital shaker at 25oC, and shaken at

150 rpm. The biomass was harvested after 72 h of growth

by passing it through a plastic sieve, followed by a thorough

washing with distilled water to remove any medium [93].

AgNPs were synthesized quickly using this biomass. The

UV–visible spectrum showed a peak at 420 nm corresponding

to the plasmon absorbance of AgNPs [93]. 

3. Synthesis of Graphene and Graphene oxide

3.1. Graphene

Motivations for graphene synthesis include its popularity,

low price, the possibility for large-scale production [96],

easy stabilization and transport, and an environmental

friendly synthesis process [97]. Various methods have been

used to make graphene, including micro-mechanical

cleavage [98], anodic bonding [99], photo-exfoliation [97],

solid phase exfoliation [100], growth on SiC [101,102],

precipitation from metal, chemical vapor deposition [103],

molecular beam epitaxy [104], and chemical synthesis

[105]. Blakely studied the thermodynamics of growth of

‘monolayer graphite’ and of ‘bilayer graphite’ on crystals

[28]; his ‘monolayer graphite’ continues to play a major

role to this day. A more recent study reported the growth

of epitaxial graphene on SiC wafers at high temperatures,

which was used to prepare wafer-size graphene sheets with

carrier mobility values of about 2,000 cm2/V/sec [106].

The direct growth of graphene on metal oxide surfaces is

an exciting challenge that could benefit the nanoelectronics

field. Several reports also include micromechanical exfoliation

[107] and lithographically patterned pillars with AFM

cantilever [108]. Though micromechanical exfoliation can

produce high-quality graphene with outstanding electrical

properties, it cannot be used for large-scale production.

Exfoliation of graphite in solvents leads to the production

of graphene oxide dispersions [109] which are then further

reduced to obtain reduced graphene oxide. Many other

substrate-free gas-phase synthesis methods for graphene

platelets and multi-layered graphene have been reported,

which made use of a microwave reactor and an arc-

discharge method, respectively [110]. 

3.2. Graphene oxide

Comprehensive reviews on the preparation of dispersions

of graphene oxide platelets and reduced graphene oxide

platelets, made from GO, have recently appeared [28].

Generally, GO synthesis can use the Brodie, Staudenmaier,

or Hummers methods. These three methods involve the

oxidation of graphite. Brodie and Staudenmaier used a

certain combination of potassium chlorate (KClO3) with

nitric acid (HNO3) to oxidize graphite, while Hummers

[111] used potassium permanganate (KMnO4) and sulfuric

acid (H2SO4) for the same purpose. Graphite salts made by

intercalating graphite with strong acids, such as H2SO4,

HNO3, or HClO4, have also been used as precursors that

are subsequently oxidized to GO [36-39].

GO is extensively used for antibacterial studies. The

polar oxygen functional groups on the surface of GO make

it hydrophilic and dispersible in water. When treated with

several reducing agents, such as hydrazine, hydroquinone,

sodium borohydride (NaBH4), and ascorbic acid, these

dispersed solutions form reduced graphene oxide. The

thorough chemistry of oxidation and reduction and the

chemical tuning of graphene oxide are rapidly evolving

areas of research. So far, the antibacterial activity of GO

has been confirmed only using scanning electron microscopy

(SEM), atomic force microscopy (AFM), and transmission

electron microscopy (TEM). This is a limitation of this

important area of research; GO should be studied on the
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molecular level as well in order to better elucidate its

antibacterial properties [36,111].

4. Synthesis of Ag-Graphene/GO Composites 

The antibacterial properties of Ag renders it useful in

treating wounds and other ailments [112]. Ag is cytotoxic

to numerous microorganisms. However, the biomedical

applications of Ag are limited as the release of the silver

ion is slow or very fast depending on the source [113].

AgNPs with high specific surface area have enhanced

antibacterial properties when compared to bulk Ag or

silver salts. Graphene-based materials also have been

shown to have strong antibacterial properties [27,114-116].

A great enhancement in antibacterial capacity is reported

when a hybrid structure of AgNPs and graphene derivatives

are used [117]. There have been outstanding developments

in synthesizing these composites using many different

methods. We will focus on some of the important ones. 

4.1. One-step synthesis of silver graphene composites

A simple method for the synthesis of water-dispersible FG/

Ag (FG = functional graphene) begins with stirring of a

well-dispersed FGO (functionalized graphene oxide) with

N-(trimethoxysilylpropyl) ethylenediaminetriacetic acid

trisodium salt (TETA) in water with AgNO3 solution at

room temperature. The reaction mixture is then heated in

an autoclave for 6 h at 140oC followed by separation of the

solid by centrifuge and drying in an oven at 80oC. This

method requires no surface modifiers or reducing agents.

Fig. 7 shows the reaction scheme [119]. The antibacterial

activities of FG/Ag formed in this manner were assessed

by testing its effects on E. coli bacteria in comparison with

those of GO and FGO. The FG/Ag composite was found

to completely inhibit bacterial growth (Fig. 8).

4.2. Modified photochemical method 

GO/Ag composites have demonstrated quite good antibacterial

properties in the short term, but their long-term stability

and antibacterial properties have not been evaluated fully

Fig. 7. Schematic diagram of the preparation of FG/Ag nanocomposite by a hydrothermal reduction route. Reproduced with permission
from reference [119]. Copyright Sensors and Actuators B 181 (2013) 885-893.
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[36,120-127]. In an attempt to synthesize potential antibacterial

GO composites with AgNPs, Jiang’s group [48] fabricated

Ag@Fe2O3-GO nanocomposites. Hydrophobic Ag@Fe2O3

NPs with 2 nm Ag cores were first synthesized according

to a published method [128]. The oil dispersion of Ag@Fe2O3

NPs was stirred with an aqueous GO solution to produce a

phase transfer reaction, followed by separation from

unreacted Ag@Fe2O3 NPs as shown in Fig. 9A. Fig. 9B

shows the Ag@Fe2O3 NPs-decorated GO sheet. 

The antibacterial effects of Ag@Fe2O3-GO composites

Fig. 9. (A) Schematic diagram of the phase transfer method of formation of Ag@Fe2O3-GO nanocomposites, (B) (a) TEM and (b)
HRTEM images of Ag@ Fe2O3-GO NCs, (c) TEM and (d) HRTEM images of Ag@ Fe2O3-GO NCs after 7days. The black scale bars in
(a) and (c) are 100 nm, and the white scale bars in (b) and (d) are 10 nm. The lattice spacing of the core Ag NPs corresponding to (111)
plane is shown in the inset in (d). Reproduced with permission from reference [48]. Copyright ACS Appl. Mater. Interfaces 2013, 5,
11307-11314.

Fig. 8. (A) (a)TEM image of functionalized GO, FESEM images of (b) functionalized graphene after reduction, (c) and (d) Ag-NPs on
FG at low and high magnifications, (B) digital photographs of E. coli colonies grown on agar plates with (a) water (control), (b) GO, (c)
FGO, and (d) FG/Ag. Reproduced with permission from reference [118]. Copyright Sensors and Actuators B 181 (2013) 885-893.
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were investigated against gram-positive B. subtilis and

gram-negative E. coli. Fig. 10 demonstrates the excellent

antibacterial properties of Ag@Fe2O3 NPs and Ag@Fe2O3-

GO composites and a comparison with Ag particles alone.

The antibacterial properties were studied after 19 days, and

it was observed that Ag@Fe2O3-GO nanocomposites are

much more stable than either AgNPs alone or Ag@ Fe2O3

NPs, which can be attributed to the interface between the

Fig. 10. Antibacterial activities against (A) E. coli and (B) B. subtilis after 18 h of incubation at 37°C with different concentrations of Ag
NPs, Ag@ Fe2O3, and Ag@ Fe2O3-GO. (C, D) After 19 days of dialysis, Ag, Ag@ Fe2O3, and Ag@ Fe2O3-GO were used again for
incubation with the bacteria strains under similar conditions. The standard deviations of the measurements are indicated by error bars (n = 3).
Reproduced with permission from reference [48]. Copyright ACS Appl. Mater. Interfaces 2013, 5, 11307-11314.

Fig. 11. Schematic diagram of a two-step route for the synthesis of the Ag-GO nanohybrid. Reproduced with permission from reference
[129]. Copyright Journal of Alloys and Compounds 615 (2014) 843-848.
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nanoparticles and GO sheets (Fig. 10).

Lan et al. [129] fabricated Ag-GO composites with a

modified photochemical method. First, Ag2O was prepared

from AgNO3 and NaOH, and then it was combined with

NH3 to give the amine complex. In the next step, oleic acid

was added to the amine complex, and the reaction was

mixed with a GO aqueous suspension and stirred for

30 min. The Ag species in the reaction mixture was then

reduced by the addition of glucose and exposure to UV

light. The AgNPs had deposited on GO sheets after 12 h of

exposure. The synthesis scheme is shown in Fig. 11. The

average size of the AgNPs on GO sheets were ~5 nm, and

there was no aggregation. What had occurred was that the

amine complex of Ag became attached to the GO sheets by

electrostatic interactions, and then it was reduced to AgNPs

by UV exposure. A TEM image (Fig. 12A) of the Ag-GO

composite shows AgNPs on both the top and bottom layers

of the sheets. The absorption intensity of the peak at 435 nm

increases gradually with an increase in Ag concentration

(Fig. 12B). The composite shows photoluminescence at

400 and 530 nm caused by the interaction between the

LSPR of AgNPs and the natural photoluminescence of GO

layers.

4.3. Electron beam irradiation method

In addition to their antibacterial applications, Ag-Graphene

composites can also be used in electronic or electrochemical

devices which require high conductivity. Jiao and Cheng’s

group [130] achieved such highly-conducting Ag-rGO

composite films in a one-step synthesis process that uses

electron beam radiation to simultaneously load AgNPs

from [Ag(NH3)2]
+ and reduce graphene oxide. The synthesis

scheme is shown in Fig. 13A. When the irradiation energy

was increased to a certain point, the size of the AgNPs

decreased, but beyond 500 KGy the size of the AgNPs

increased. The size of the AgNPs formed by this method

varies from 27.52 to 167.96 nm. The lowest resistivity of

the composite film is 0.06 Ω (Fig. 13B). The authors

suggested that this method is a simple, eco-friendly way to

yield a high number of Ag-rGO composites and can be

applied in biological fields.

4.4. Laser ablation synthesis method

In the laser ablation technique, AgNPs [83] are released to

solution from an immersed ultra-pure Ag plate; this method

requires no surface stabilizer or chemical reagent. Following

this general principle, Sadrolhesseini et al. fabricated Ag-

GO composites by immersing a pure Ag plate in GO aqueous

solution and ablating it with a Q-switched Nd:YAG laser at

room temperature for 10, 15, 30, and 60 min [131]. The

particle size varied from 6 to 38 nm. The authors [131] also

checked the thermal effusion of the composite, which is the

exchange of heat with the environment. With an increase in

the size of Ag NPs, thermal effusion increased. 

Fig. 12. (A) TEM images of (a) Ag NPs and (b-d) Ag-GO at different magnifications. (B) (a) The absorption spectra of GO, Ag NPs, and
Ag-GO and (b) the absorption spectra of Ag-GO at different Ag concentration. Reproduced with permission from reference [129].
Copyright Journal of Alloys and Compounds 615 (2014) 843-848.
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4.5. Green synthesis method

An environmentally friendly green synthesis method is

desirable to avoid contamination with hazardous materials

that causes health issues, the greenhouse effect, ozone

depletion, acid rain, etc. Scientists around the globe are

searching for new means of synthesizing MNPs. In fabricating

the heterostructures of AgNPs-GO, non-hazardous substances

like vitamin C, gelatin, and glucose are utilized as reducing

and stabilizing agents. Li’s group has used glucose as the

reducing and stabilizing agent to fabricate AgNPs/GO

composites. To a GO colloidal solution in water, glucose

was added with stirring, followed by the addition of NH3

and AgNO3 solution. Finally, the product was isolated from

the slurry by centrifugation and drying at 60oC in an oven.

The electrochemical properties of tryptophan were studied

using electrodes formed from AgNPs/GO composites. Hui

et al. [132] synthesized AgNPs-GO composites by sonicating

Fig. 13. (A) The synthesis scheme for the Ag NPs/rGO composites,
(B) sheet resistance of GO and Ag NPs/rGO composites. Reproduced
with permission from reference [130]. Copyright Applied Surface
Science 349 (2015) 570-575.

Table 1. Summary of the synthesis conditions and the corresponding sizes of Ag nanoparticles on GO

Sample no. Sample name
Experiment conditions Ag particle size 

(nm)AgNO3 (mol/L) GO (mg) Vitamin C (mmol/L) Ultrasonic time (min)

1 Ag-NPs-GO 0.6-30 0.6 20 5 30 20 ~ 120

2 Ag-NPs-GO 0.2-30 0.2 20 5 30 13 ~ 100

3 Ag-NPs-GO 0.1-30 0.1 20 5 30 45 ~ 55

4 Ag-NPs-GO 0.1-20 0.1 20 5 20 17 ~ 50

5 Ag-NPs-GO 0.1-10 0.1 20 5 10 35

6 Ag-NPs-GO 0.1-5 0.1 20 5 5 20 ~ 25

7 Ag-NPs-GO 0.1-1 0.1 20 5 1 15

Reproduced with permission from reference [132]. Copyright Acta Materialia 64 (2014) 326-332.

Fig. 14. TEM images of the Ag NPs on GO: (a) Ag NPs obtained
from 0.6 M AgNO3, (b) Ag NPs obtained from 0.2 M AgNO3, (c)
Ag NPs obtained from 0.1 M AgNO3, (d) TEM images of the GO
sheets, (e) HRTEM image of Ag NPs obtained with 0.2 M AgNO3,
and (f) SAED image of the Ag NPs obtained with 0.2 M AgNO3.
Reproduced with permission from reference [132]. Copyright Acta
Materialia 64 (2014) 326-332.
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silver nitrate, GO solution, and vitamin C in an ultra-

sonication reaction at room temperature using different

AgNO3 concentrations and different sonication times [132].

Table 1 shows the size of the AgNPs under the different

synthesis conditions. The particle size increases with increased

AgNO3 concentration and increased sonication time. However,

with increased sonication time, the AgNPs are distributed

more uniformly on the GO sheets, which can be attributed

to Ostwald’s ripening phenomenon. Fig. 14 shows TEM

and HRTEM images of the AgNPs-GO composites.

Rapid thermal treatment to obtain pristine AgNPs/rGO

composites has been reported by Zainy et al. [133]. The

authors ground silver acetate and dry GO powder together

into a fine powder, which they rapidly heated at 1,000oC

for 20 sec in a preheated furnace in an ambient environment.

No surfactant or stabilizer was used in the process. FESEM

and TEM images show AgNPs 16.9 ± 3.5 nm in size

uniformly distributed on the rGO surface (Fig. 15). 

Zhang et al. reported the green synthesis of GO/Ag

nanoprisms and their antibacterial efficacy [68]. Solutions

of gelatin and AgNO3 were stirred for 12 h to obtain Ag

nanoprisms, then a dispersion of graphene oxide was added

to the reaction mixture. The reaction mixture was then

stirred for 12 h at room temperature, centrifuged, and dried

at 60oC overnight. The reaction scheme is shown in

Fig. 16A. TEM images of GO, GO-Ag nanoprisms, and

silver nanoprisms are shown in Fig. 16B.

The abilities of of GO and GO/Ag to inhibit the growth

of E. coli were investigated; the results are shown in

Fig. 15. (A) FESEM, (B) TEM images of rGO/Ag composite.
Reproduced with permission from reference [133]. Copyright
Materials Letters 89 (2012) 180-183.

Fig. 16. (A) The schematics of the formation mechanism of silver nanoprisms decorated GO sheets. (B) The TEM of GO (a), GO-Ag
nanoprism (b), and Ag nanoprisms (c). Reproduced with permission from reference [68]. Copyright Journal of Inorganic Biochemistry
105 (2011) 1181-1186.
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Table 2. The results clearly indicate that GO/Ag has a very

strong antibacterial effect. At a concentration of 10 ppm,

GO/Ag inhibited the growth of E. coli by 99.9%; the effect

decreased when the concentration of GO/Ag was decreased.

It is expected that this green approach to synthesizing

AgNPs-GO/rGO/FG/FGO hybrids will lead to the development

of a broad new class of MNPs-GO composites with excellent

properties for many technological applications.

4.6. Linking polymer method

The linking polymer method involves the formation of

metalloid polymer hybrid (MPH) nanoparticles bound to

GO. Veerapandian et al. [134] reported an MPH, Ag@SiO2,

12.5 ± 2 nm in size, which was coated with PEG and

further silanized with 3-aminopropyl-triethoxysilane and

then functionalized on GO (FGO) by covalent bonding.

Fig. 17 shows the schematic illustration of fabrication of an

FGO-based glucose biosensor and TEM images of GO,

MPH, and FGO. The electrochemical properties and the

amperometric glucose-sensing capability of FGO were also

studied. The results suggest that FGO can be used for

clinical biosensing applications. 

Veerapandian and Neethirajan [135] synthesized GO

decorated with Ag-Ru-chitosan hybrid nanoparticles (HNPs)

and evaluated its immunosensing properties. First,

Ag@[Ru(bpy)3]2+/chitosan HNPs were synthesized by a

published method [136]. In the next step, the HNPs and an

aqueous GO dispersion were stirred for 12 h, followed by

isolation of the HNP-functionalized GO by centrifugation.

The HNPs had an average size of 54 nm. To study the

immunosensing properties of HNPs, first, an HNPs-Au

electrode was fabricated. The HNPs-Au electrode was

modified by treatment with glutaraldehyde in PBS (phosphate-

buffered saline) in order to form an aldehyde layer on the

Table 2. Growth inhibition rates of GO/Ag against Escherechia
Coli

Growth inhibition rates (%)

Concentrations 1 ppm 5 ppm 10 ppm

GO/Ag 73.1 85 99.9

GO 25.3 32 38

Reproduced with permission from reference [68]. Copyright Journal of
Inorganic Biochemistry 105 (2011) 1181-1186.

Fig. 17. (A) Schematic illustration of fabrication of FGO based glucose biosensor. (B) (a) HR-TEM image of nanosheets of GO, (b)
MPHs, and (c) nanosheets of FGO. Reproduced with permission from reference [134]. Copyright Materials Research Bulletin 49 (2014)
593-600.
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surface. The modified HNPs-Au electrode was immersed

in anti-Lm (Lm = L. monocytogenes) solution to couple the

aldehyde with anti-Lm. Excess antibody was removed by

washing with PBS. The HNPs-Au/anti-Lm electrode was

used to sense Lm bacteria in PBS and milk at various

concentrations. Characterization shows a linear relationship

between current change and Lm concentration. The presence

of the bacteria Pa (P. aeruginosa) produced no response.

Thus the HNPs-Au/anti-Lm immunosensor accurately

detected the common food pathogen Lm. 

Another heterostructure of AgNPs modified by poly

(diallyldimethylammonium chloride, PDDA) and functionalized

GO was reported by Wu et al. [137]. PDDA serves as an

adhesive. The gram-negative bacteria Escherichia coli along

with Gram-positive bacteria Bacillus cereus were chosen to

investigate the antibacterial properties of the heterostructure.

The antibacterial properties of the heterostructure were

superior to those of AgNPs because of a synergistic effect

between the different components of the heterostructure.

Thus, the polymer linking method can produce three-

dimensional heterostructural GO nanosheets decorated

with multi-functional NPs with good electrochemical and

biocompatible properties for biological applications.

5. Conclusion 

This review represents a snapshot of the current state of

AgNPs, GO, and AgNPs-Graphene/GO in antibacterial

research. The synthesis methods we discussed give a clear

indication of the importance of these amazing nanomaterials

and their further development. For better bio-compatibility

and lower toxicity, it will be necessary to clarify the

mechanism behind antibacterial activity, which will require

molecular-level studies. The high stability of the AgNPs-

Graphene/GO nanostructures is responsible for their profound

and long-term antibacterial activity. Novel synthesis

methods for both graphene and silver nanoparticles will

play a major role in future uses of these nano-composite

materials. 
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