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Abstract

Graphene oxide contains polyaromatic structure and a variety of oxygen functional groups, which can
form 7-type metal ion-aromatic or metal ion-oxygen interaction with transition metals, thusitisa
promising dispersant and carrier for silver nanoparticles (AgNPs). Herein, silver nanoparticles/
reduced graphene oxide (AgNPs/rGO) was fabricated with scalable synthesis method without
additional dispersing agent. The mass percent of AgNPs loading on rGO could be adjusted according
to the requirement of applications from 1 ~ 67% of the total weight of AgNPs/rGO with the sizes of
AgNPs 10 ~ 30 nm. AgNPs/rGO exhibited excellent antibacterial activity towards both gram-positive
S. aureus and gram-negative E. coli. In addition, AgNPs/rGO could be easily dispersed in liquid
silicone rubber, and when the rubber solidified and formed a three-dimensional structure, AgNPs/
rGO-silicone rubber has both effective antibacterial property and very low effusion of AgNPs. This
composite has potential to be used as a material of bacteriostasis bottles and wound dressings.

1. Introduction

Silver nanoparticles (AgNPs) have played an important role as an excellent bactericide for its advantages of
outstanding, broad and durable antibacterial activity [1]. [t has been found that the biological activity is related to
silver particle size, the smaller the particle size, the more efficient the antibacterial activity [1, 2]. However, with
decreasing of silver particle sizes, the surface energy increases and the particles tend to aggregate, thus support
materials or surfactants are usually used to maintain the stability.

The traditional carriers of AgNPs are inorganic carriers and organic polymers. The inorganic materials
include carbon materials [3, 4], silicon oxide [5, 6], and metallic oxides [7], etc, and AgNPs are attached to the
carriers mainly through ion exchange or physical adsorption. The organic polymers are usually polyvinyl alcohol
[8], chitosan [9] and cellulose [ 10, 11], etc, and the interactions between the AgNPs and the carriers are usually
charge transfer, electrostatic interaction and hydrogen bond. For conventional carriers, the mass percent of
AgNPsloaded is usually between 1% ~ 20% [4, 5,7, 11, 12], and the low AgNPs loading results in reduced
antibacterial property. Further, the effusion of AgNPs in solutions augments when the load of AgNPs increases
[3, 10-12], which decreases the durability, as well as increases the safety hazard when AgNPs composites are used
as an antibacterial active component of food packaging, tableware and wound dressing etc.

Graphene oxide (GO) is a two-dimensional material with a variety of oxygen functional groups [13] and
large surface areas [14], and can be used as an excellent carrier for metal nanoparticles [15-20]. Xu et al [21]
prepared AgNPs/rGO nanocomposite by using rGO as a carrier and reducing agent and poly(sodium
4-styrenesulfonate) (PSS) as a dispersant, and found that AgNPs/rGO displayed significantly better antibacterial
property than that of the pure AgNPs. Mohamed and coworkers [22] synthesized AgNPs/rGO nanocomposite
in a two-step method: the first was to reduce AgNPs on GO sheets, and remove the excess of silver ions in

© 2020 The Author(s). Published by IOP Publishing Ltd
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suspension; the second was to deoxidize GO by using potamogeton pectinatus (Po) plant extract to prepare
AgNPs/rGO nanocomposite. Ashkarran et al [23] fabricated different sizes and shapes of AgNPs, and decorated
them on amine functionalized rGO sheets, and then investigated their antibacterial properties.

So far, although there are some reports on the fabrication of AgNPs/rGO, few synthetic methods are fully
utilized the molecular structure of GO to prepare AgNPs/rGO composite. GO contains polyaromatic structure
and a variety of oxygen functional groups as hydroxyl, carbonyl, and carboxyl in alkaline condition. The
carboxyl anion may not only absorb silver ions by electrostatic interaction, but also make the GO sheets further
apart by charge repulsion, which allows the silver ions to enter and attach to the nanosheets of GO by 7-type
silver ion-aromatic [24-26], silver ion-oxygen [27] interaction. Thus GO might be an excellent dispersant for
silver ions. What’s more, when GO and silver ions are reduced, the layer structure of rGO and the electron
transfer between AgNPs and aromatic rings of rGO may restrict the migration of AgNPs [16], which can prolong
the antibacterial durability of the AgNPs/rGO composite and reduce the safety hazard when AgNPs/rGO is
used as an antibacterial activity component of food packaging, tableware and wound dressing, etc.

In the present work, we took full advantage of the structural characteristics of GO and fabricated
AgNPs/rGO by using GO as the dispersant of silver ions and rGO as the carrier of AgNPs. This preparation
method might reduce the cost of AgNPs/rGO and was feasible for large-scale production. It was observed that
AgNPs/rGO exhibited excellent antibacterial activity towards both gram-positive Staphylococcus aureus
(S. aureus) and gram-negative Escherichia coli (E. coli). In addition, rGO molecules contains polar groups of
hydroxyl and carboxyl and non-polar groups of aromatic rings and may interact with polymer molecules, thus
AgNPs/rGO tends to disperse evenly in polymers. For instance, a stable antibacterial composite was prepared
by dispersing AgNPs/rGO in liquid silica rubber (LSR), and when the LSR solidified and formed a three-
dimensional structure, AgNPs/rGO-silicon rubber (AgNPs/rGO-SR) has both effective antibacterial property
and low effusion of AgNPs. This composite has potential to be used as a material of bacteriostasis bottles.

2. Methods

2.1. Materials

Silver nitrate (AgNO3), sodium borohydride (NaBH,) and potassium iodide (KI) were purchased from Aladdin,
and sodium hydroxide (NaOH) and ammonium hydroxide (NH;.H,0) were obtained from Beijing Chemical
Company, and all the reagents are analytically pure. GO powder, 1-5 layers, with sheets diameter of 1-5 sm, and
thickness of 1.0—1.8 nm was bought from Suzhou Carbon Rich Graphene Company. The Gram-negative
bacteria (E. coli), and Gram-positive bacteria (S. aureus), donated by Prof. Luhua Lai from Peking University,
China, were purchased from China General Microbiological Culture Collection Center. The optical density
(OD) values of the bacterial suspensions were regulated on a Jasco V-550 spectrometer at 600 nm.

2.2. Characterization

The particle size distribution of GO was evaluated by particle size analyzer (Microtrac Inc., America). The
morphology and microscopic structure of AgNPs/rGO were studied by scanning electron microscope (SEM)
(Thermo Fisher Scientific, America) operated at an accelerating voltage of 5 kV and specific surface area pore size
distribution (BET) (MicrotracBEL Inc., Japan), respectively. The chemical composition analysis of GO and
AgNPs/rGO prepared at 60 °C, 80 °Cand 100 °C were carried out with a monochromatic Al/AgKa x-ray source
operating at 15 kV and 10 mA. The Raman spectra of GO and AgNPs/rGO fabricated at 100 °C were conducted
by using a LabRAM HR Evolution spectrometer (HORIBA Scientific, Japan). The effusion of silver from
AgNPs/rGO-SR was determined by inductively coupled plasma emission mass spectrometer (PerkinElmer, German).

2.3.Preparation of the AgNPs/rGO

100 mg of GO was dispersed in 100 ml H,O and adjusted the pH to 9 with sodium hydroxide, and then the
mixture was sonicated for 1 h. 200 mg of AgNO; was added to a certain amount of water, and NH;.H,O was
dropped in until the solution was transparent. Then, the silver ammonia solution ([Ag(NH3),]") was added to
the GO solution and heated at certain temperatures in an oil bath after fully mixing. Next, sodium borohydride
solution was dropped in and stirred for another 4 h. When the reaction mixture was cooled to room
temperature, the AgNPs/rGO nanocomposite was obtained by vacuum filtration and washed by DI water
thoroughly. The as-received AgNPs/rGO was dried in a vacuum oven at 40 °C for 10 h.

2.4. Preparation of silicon rubber (SR) membrane

Theliquid rubber solution (liquid silicon rubber A: liquid silicon rubber B = 10 g: 10 g) was stirred for 10 min at
room temperature, followed by degassing in a vacuum oven until the bubbles completely disappeared. Then, the
mixture was coated with a coating machine and solidified for 30 min at 90 °C.
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2.5. Preparation of AgNPs/rGO-SR membrane

A mixture of 10 g of liquid silicon rubber A, 10 g ofliquid silicon rubber B, and 80 mg of AgNPs/rGO was stirred
for 10 min, and then, the mixture had been vacuumed at room temperature until the bubbles completely
disappeared. Next, the mixture was coated with a coating machine and solidified for 30 min at 90 °C.

2.6. Antibacterial activity experiments

1 ml of E. coli (or S. aureus) stored in the refrigerator at —80 °C was added to 50 ml LB medium, and was
incubated to logarithmic growth with constant shaking of 120 rpm at 37 °C. The OD value of the bacterial
suspension was adjusted to 1.0. A certain amount of antibacterial samples were weighed and added into 150 ml
LB medium, and then added 1 ml the bacterial solution (The concentration of bacteria was 10" CFU ml™"). The
mixtures were incubated at 37 °C in an incubator shaker, and the growth of bacteria was detected by measuring
the optical density at OD 600 at regular intervals. Each experiment was implemented in 2 replicates.

2.7. Antibacterial activity of AgNPs/rGO-SR and bacteriostasis bottles

SR, AgNPs/rGO-SR and bacteriostasis bottles were cut into (50 £ 2) mm X (50 £ 2) mm squares, and
polyethylene terephthalate (PET) was cutinto (40 + 2)mm X (40 & 2) mm squares, and all the samples were
disinfected with 75% alcohol. Firstly, SR, AgNPs/rGO-SR and bacteriostasis bottle squares were placed into
separate sterile petri dishes with the test surface uppermost. Secondly, 0.3 ml of E. coli or S. aureus (10> ~

10* CFU ml ") was pipetted onto the samples, and PET squares were covered on the test inoculums and gently
pressed down so that the test inoculum could spread to the edges. Thirdly, the petri dishes containing the
inoculated samples were incubated at a temperature of (35 £ 1) °C and a relative humidity of not less than 90%
for (24 + 1) hours. Fourthly, the test specimens were put into sterile bags, and 10 ml LB cultures were added
respectively, after thorough mixing, 1 mlliquid was pipetted and 10-fold serial dilutions was performed. Fifthly,
100 il the dilutions was taken and evenly coated on the LB solid medium in the petri dishes which were
incubated at 37 °C for 18 ~ 24 h. The dishes with the number of colonies containing 30 to 300 colonies were
counted after incubation. Each experiment was implemented in 2 replicates.

2.8. The effusion of silver from AgNPs/rGO-SR

The effusion of silver from the AgNPs/rGO-SR was carried out as follows: 12 g of the AgNPs/rGO-SR was
immersed statically in 100 ml ultrapure water at 20 °C over a period time of 7 days or at 80 °C for 2 h in dark
place. The concentration of silver in soak solutions was measured by inductively coupled plasma mass
spectrometer (NexION 350, PerkinElmer). Each experiment was implemented in 2 replicates.

3. Results and discussion

3.1. Preparation and characterization of the AgNPs/rGO

The schematic diagram of AgNPs/rGO preparation was shown in figure 1(a). GO contains polyaromatic
structure and a variety of oxygen functional groups as epoxy, hydroxyl, carbonyl, and carboxyl. The epoxy
groups of GO change into phenolic hydroxyl groups by ring opening reaction in alkaline condition [28].
Furthermore, the carboxyl groups ionize H* under alkaline conditions, making GO negatively charged, which
may increase the spaces of the nanosheets by charge repulsion and be more favorable for [Ag(NH;),] "
intercalation and attaching to the GO nanosheets. In our experiments, AgNO; was prepared as [Ag(NH3),] ",
and then added to GO solution. AgNOj is acidic, and the pH of GO solution will be continuous decrease if
AgNOj is added. When the solution becomes acidic, GO is no longer negatively charged, and the spacing of the
nanosheets may decrease, which may be difficult for Ag" to enter into the GO lamellar. [Ag(NH3),]" is alkaline,
and its addition will not decrease the pH of GO solution, nor will it reduce the GO lamellar spacing. The

pH value of the GO solution was adjusted to 9 ~ 10, [Ag (NH3),]* was added and mixed thoroughly. The
[Ag(NHs),]* might intercalate into the graphene layers and be absorbed on the nanosheets tightly, and silver
iodide precipitation was hardly observed in a few minutes after adding iodide ions on the condition that the
initial weight ratio of AgNOj3 to GO was no more than 2:1 (figure S1 is available online at stacks.iop.org/
NANOX/1/010041/mmedia). The main forces between [Ag(NHs),] " and GO may be 7 type silver ion-
aromatic [24-26], and silver ion-oxygen [27] interaction, since part of the 7 electrons in polyaromatic structure
and hydroxyl enter into the empty electron orbits of the silver ions. In addition, electrostatic interaction between
carboxyl anion of GO and the [Ag(NH3),]" may be another force to absorb the [Ag(NH3),]" on the edges of the
GO sheets. [Ag(NH5),] " was reduced to AgNPs after adding NaBH, and might attach to rGO nanosheets from
electron transfer. The work function of graphene (4.8 ev) was higher than that of silver (4.2 ev), thus, part of the
electron of AgNPs transfered to rGO to form AgNPs/rGO heterostructures [29]. Therefore, GO could be used as
apromising dispersant and carrier for AgNPs.
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Figure 1. (a). Schematic diagram of AgNPs/rGO preparation. (b). The particle sizes distribution of GO after ultrasound in alkaline
condition.

Figure 1(b) shows that GO used in our works possessed two kinds of sheets: small sheets with diameters
under 400 nm and large sheets with dimensions within 5 m, which was not completely consistent with the
manufacturer’s description. It is may be due to that small pieces of GO might be separated from large GO pieces
during ultrasound in alkaline condition [30].

AgNPs/rGO with different mass ratios of silver nitrate and GO were synthesized and the SEM images were
shown in figure 2. GO (figure 2(a)) had alaminate structure with wrinkled morphology, and as for AgNPs/rGO,
there were lots of spherical AgNPs on rGO sheets (figures 2(b)—(d)). The AgNPs decorated on rGO sheets were
10-30 nm when the mass ratio of AgNO; to GO were 1:1 and 2:1. As the concentration of AgNO; increasing,
more AgNPs precipitated on rGO sheets. When the mass ratio of AgNO; to GO was 4:1, the AgNPs on the rGO
sheets aggregated to form large particles. Hence, AgNPs/rGO composite with small particle sizes and high
AgNPsloading was obtained when the mass ratio of silver nitrate to GO was 2:1. This was not in accordance with
the results of Yang groups that when the mass ratio of AgNO; to GO was more than 1:1, the sizes of AgNPs
increased remarkably [20]. The reason may be that the addition of [Ag(NH3),]" will not continuously reduce the
pH of GO solution and decrease the spacing between GO nanosheets compared with AgNO3, thus, the loaded
capacity of GO on [Ag(NH3),]" may be higher than that on Ag*. Correspondingly, AgNPs/rGO with small
AgNPs particle sizes and higher loading capacity can be prepared. It is reported that the size and the loading of
AgNPs are the two important factors for antibacterial property [21]. AgNPs/rGO might have excellent
antibacterial activity when AgNPs had small sizes and were highly loaded. The antibacterial property of
AgNPs/rGO with different mass ratio of silver nitrate and GO was presented in figure S2. AgNPs/rGO with
the mass ratio of 2:1 had the optimal antibacterial activity which was chosen as optimized ratio to conduct
following experiments.

To investigate the real mass percentage of AgNPs, the AgNPs,/rGO was calcined with muffle at 800 °C for 2 h
in air. The rGO was oxidized and evaporated, while the AgNPs was reserved. The percentage of AgNPs in the
AgNPs/rGO was about 67% as shown in table 1, which was much higher than that of AgNPs loading on the
traditional carriers [4, 10, 11].

The characteristics of AgNPs/rGO prepared at different temperatures were investigated by XPS and BET
illustrated in figure 3. Figure 3(a) demonstrates the surface composition and energy distribution of the GO and
AgNPs/rGO. The binding energy peaks at 368.2 evand 374.2 ev were corresponding to Ag3ds , and Ag3d; »,
respectively, manifesting the formation of AgNPs on rGO [16]. Further, the C1s of GO exhibited the binding
energy peak at 286.9 ev, whereas the Cls binding energy peak of AgNPs/rGO was at 284.5 ev (figure 3(b)),
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Figure 2. SEM images of (a) GO; (b)—(d) AgNPs/rGO with the initial weight ratio of AgNO; to GO being 1:1, 2:1 and 4:1, respectively.
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Figure 3. (a) XPS profiles of GO and AgNPs/rGO; (b) Cls profiles of GO and AgNPs/rGO; (c) XPS patterns of Ag peaks of AgNPs/
rGO; (d) Adsorption and desorption curves of AgNPs/rGO prepared at 60 °C, 80 °C, 100 °C; (e) Differential pore volume distribution
versus the pore radius of AgNPs/rGO prepared at 60 °C, 80 °C, 100 °C.

Table 1. The mass percentage of AgNPs in AgNPs/rGO.

Mass of AgNPs/ Mass of Percent of
rGO (mg) AgNPs (mg) AgNPs (%)
124.39 + 0.05 84.45 + 0.05 67.89 + 0.10
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Figure 4. (a) The XPS profiles of C1s of GO; (b) XPS profiles of Cls of AgNPs/rGO prepared at 100 °C; (c) The Raman spectra of GO,
rGO and AgNPs/rGO.

indicating that part of the electrons of AgNPs transfered to the aromatic carbon of rGO, which increased the
shielding effect of the carbon atoms and made the nucleus less attractive to the carbon electrons [31]. The
electron transfer between AgNPs and aromatic carbon of rGO allowed AgNPs attached stably to the rGO sheets.
In addition, the binding energy of Ag3ds, and Ag3d; , of AgNPs/rGO prepared at 100 °C was higher than that
of AgNPs/rGO prepared at 60 °C and 80 °C (figure 3(c)), demonstrating that electrons interaction between
AgNPs and rGO of AgNPs/rGO reduced at 100 °C was stronger, that is to say, the AgNPs and rGO bound more
tightly when fabricated at 100 °C.

The particle sizes of AgNPs prepared at 60 °C, 80 °C and 100 °C were compared by measuring the specific
surface areas and pore diameter based on the geometric relationship between pore sizes and particle sizes. When
particles are piled together, pores are bound to form between them, and the size of the pores might be
proportional to that of the particles [32]. It was seen from the figure 3(d) that the adsorption-desorption curve
had the characteristics of class IV adsorption lines, and the specific surface areas of AgNPs/rGO prepared at
100 °C, 80 °C and 60 °C were 126.8 m* g ', 116.4m> g~ ' and 85.5m* g~ !, respectively. The single molecular
layer adsorption (P/P, < 0.1) capacity of AgNPs/rGO prepared at 100 °C and 80 °C were higher than that
of the one fabricated at 60 °C, indicating the AgNPs/rGO reduced at higher temperature possessed more
micropores. Capillary condensation occurred when the relative pressure reached 0.45, indicating that lots of
mesopores existed in AgNPs/rGO. The pore volumes of AgNPs/rGO fabricated at 100°C, 80 °C and 60 °C
were0.2183cm> g ',0.1945 cm’ g ' and 0.1483 cm’ g~ ', respectively, and the number of micropores and
mesopores in AgNPs/rGO fabricated at 100 °C was higher than that of the one prepared at 80 °C and 60 °C
(figure 3(e)). From the above discussion, it could be speculated that AgNPs/rGO prepared at 100 °C possessed
higher proportion of small sizes of AgNPs, due to the higher reaction temperature might produce more silver
nanocrystalline nuclei in a short time and the AgNPs absorb on the rGO sheets with less adequate growth.

The reduction degree of oxygen-containing groups and defect information of rGO in AgNPs/rGO reduced
at 100 °C was investigated by XPS and Raman spectroscopy. Figures 4(a), (b) showed the C1s XPS spectra of GO
and AgNPs/rGO, respectively. The Cls peaks of C-C/C=C, C-OH/C-0O-Cand O-C=0/C=0 of GO were
observed at 284.4 eV, 286.4 eV and 287.7 eV, respectively, and the intensity of the peak of C—OH/C-O-C was
higher than that of C-C/C=C, demonstrating a large number of oxygen-containing groups existed on the
surface of GO nanosheets. As for C1s XPS spectra of AgNPs/rGO, the intensity of the peak of C-C/C=C
increased obviously, whereas the one at 286.4 eV (C—OH) decreased sharply, which suggested that most oxygen-
containing groups were reduced and part of C=C were recovered.

The Raman spectra of GO, rGO and AgNPs/rGO given in figure 4(c) exhibit two characteristic peaks,
namely D- and G-band peaks at ~1324 cm ™' and ~1591 cm ™', which demonstrate the lattice defects and edge
properties, and the sp” state of carbon, respectively. In this work, the intensity ratios of I,/ I for GO, rGO and
AgNPs/rGO were 1.22, 1.50, and 1.37, indicating that the defects increased when GO was reduced. Itis worth
noting that the I /I of AgNPs/rGO was lower than that of rGO, which might be due to AgNPs could partly
repair the defects of rGO [33].

3.2. The antibacterial activity of the AgNPs/rGO

The antibacterial property of AgNPs/rGO against S. aureus and E. coli was investigated in comparison to that of
GO and AgNPs. The particle sizes of AgNPs were 10 ~ 50 nm, and the diameters of AgNPs attached to rGO
sheets were 10 ~ 30 nm. Some literatures reported that GO had effective antibacterial properties [ 14, 34], and
the mechanism might be that the amphiphilic structure of GO might induce bacterial membranes to aggregate
or the sharp edge of GO might cut through bacterial membranes and lead to the missing of intracellular content
[35-37]. However, some paper argued that the purified GO did not have antibacterial activity [38], and GO with
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Figure 5. Bacterial growth curves of GO, AgNPs and AgNPs/rGO prepared at 60 °C, 80 °C and 100 °C against S. aureus and E. coli
bacteria (a), (c). The determination of the minimum inhibitory concentration of AgNPs/rGO fabricated at 100 °C (b), (d). The
concentration of GO is 200 ppm.

soluble acidic impurities showed antibacterial property [39]. In our experiments, GO hardly possessed
antibacterial activity at the concentration of 200 ppm (figure 5).

It was shown from figure 5(a) that when the concentration of AgNPs and AgNPs/rGO in the culture
medium was 40 ppm, the OD value of S. aureus kept going up as the incubation time increasing, indicating that
all the samples could not completely inhibit the growth of S. aureus. Further, S. aureus with culture medium
containing AgNPs/rGO fabricated at 100 °C grew more slowly, demonstrating that AgNPs/rGO prepared at
100 °Chad the best antibacterial effect. Figure 5(c) showed that AgNPs and AgNPs/rGO prepared at different
temperatures were effective in inhibiting the growth of E. coli when the incubation time was less than 300 min.
However, after overnight, E. coli with culture medium containing AgNPs and AgNPs/rGO fabricated at 60 °C
and 80 °C had grown well while the one with culture medium containing AgNPs/rGO reduced at 100 °C was
completely inhibited. The results indicated that the minimum inhibitory concentration (MIC) of AgNPs/rGO
prepared at 100 °C against E. coli was less than 20 ppm while the MIC of AgNPs with the diameters between
10 ~ 50 nm and AgNPs/rGO fabricated at 60 °C and 80 °C against E. coli was more than 20 ppm. Figures 5(b),
(d) showed that the MIC of AgNPs/rGO reduced at 100 °C against S. aureus and E. coli was 70 ppm and 12 ppm,
respectively. It can be seen from table 2 that the MIC of AgNPs/rGO against E. coli in our work is lower than that
of the other samples except AgNPs with triangular shape in previous studies, demonstrating that AgNPs /rGO
prepared can be used as efficient antibacterial material. The AgNPs with triangular shape have better
antibacterial property than the one with spherical shape, but the preparation method was complex [23, 40].
Further, the antibacterial activity of AgNPs with spherical particles was lower than that of AgNPs/rGO,
suggesting that AgNPs and rGO might have synergistic antibacterial effect.

3.3. Preparation and characterization of the AgNPs/rGO-SR

Figure 6 shows the SEM images of the quick-frozen brittle sections of SR and AgNPs/rGO-Sr The SR section was
composed of irregular flake aggregates with different sizes (A, B), whereas the AgNPs/rGO-SR section was
evenly distributed with AgNPs and no aggregation was observed. Liquid silicone rubber molecules have a linear
chain structure and prone to form flake aggregates from intermolecular and intramolecular interactions. After
curing, the flake aggregates are connected by covalent bonds to form a three-dimensional network structure.
rGO contains polar groups of hydroxyl and carboxyl and non-polar groups of aromatic rings. When AgNPs/
rGO was added in the liquid silicon rubber, the hydroxyl and carboxyl groups in rGO might form hydrogen
bonds with the oxygen [45] in -Si-O- main chains, and non-polar groups of aromatic rings might interact with
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Figure 6. (a) The SEM images of frozen fractural section of SR and the proposed molecular structure based on SEM (the third); (b) The
SEM images of frozen fractural section of AgNPs/rGO-SR and the proposed molecular structure based on SEM (the third).

Table 2. Comparative the antibacterial activity of AgNPs and AgNPs/rGO in our experiments and documents.

Antibacterial Diameter of MIC Concentration of
Samples AgNPs (nm) (mgl™) Name of Bacteria Bacteria (CFU ml™") Documents
AgNPs/rGO 10-30 12 E. coli 107 In this work
70 S. aureus
AgNPs/rGO <40 12.5 E. coli 107 Mater. Chem., 2011 [21]
AgNPs/rGO 11-20 100 E. coli 107 RSCAdv.,2015[22]
AgNPs/rGO 10 20 E. coli 107 Small, 2013 [20]
rGO/MSN/Ag 10 50 E. coli 107 Nanotech., 2018 [41]
6.25 P.putida
12.5 Rhodococcus
GO-PEG-Ag 7.06 + 2.54 2 E. coli 10° ACS Applied Materials
& Interfaces,
2017 [38]
5 S. aureus
7.32 + 2.55 3 E. coli
7 S. aureus
AgNPs(spherical) 39 >100 E. coli 107 Appl. environ microb
2007 [42]
AgNPs(triangular) 40 10
AgNPs 4-24 >100 E. coli 107 J Colloid Interface.
2004 [43]
AgNPs 6.5-43.8 12.5 Proteus vulgaris 10° Mol. Pharm., 2009 [44]
12.5 Pseudomonas
aeruginosa
12.5 Salmonella abony

methyl and methylene [46—48]. Thus AgNPs/rGO could easily disperse in liquid silicone rubber and prevent
silicone rubber molecules accumulating. The silicon rubber molecules were crosslinked in a network structure,
with the AgNPs/rGO wrapped in it after curing.

3.4. The antibacterial property of the AgNPs/rGO-SR

The antibacterial property of SR, AgNPs/rGO-SR and bacteriostasis bottles against S. aureus and E. coli was
measured by colony count method. The mass ratio of AgNPs/rGO to silicone rubber was 0.004 to 1, and the
bacteriostasis bottles of AgNPs were commercially available. It could be seen from figure 7 that the silicon rubber
had no antibacterial activity, but the AgNPs/rGO-SR and the bacteriostasis bottles had effective antibacterial
property. The killing efficiency of bacteriostasis bottles against S. aureus and E. coliwas 50% =+ 3% and

70% = 5% respectively, and the cell death of AgNPs/rGO-SR reached to 95% =+ 3% and 98% =+ 5%
respectively. Encouragingly, AgNPs/rGO-SR has more effective bacteriostasis than that of the commercial
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Figure 7. Images of antibacterial effect of SR, AgNPs/rGO-SR and bacteriostasis bottles.

Table 3. The effusion of silver in AgNPs/rGO-SR composite.

Effusion Content of AgNPs in Relative standard Concentration of silver in water Effusion
condition composite (%) deviation (%) (mgl™' x 1077 percentage (%)
7d,20°C 0.28 56.9 1.086 0.023

2 h,80°C) 0.28 20.8 1.269 0.026

antibacterial milk bottles, which indicate that milk bottles might have more antibacterial efficiency ifadds
AgNPs/rGO to silicone rubber.

3.5. The effusion of the silver from AgNPs/rGO-SR

The effusion of silver from bacteriostatic composite not only decreases the durability, but also increases the
safety hazard when the composites are used as materials of tableware, food packaging and wound dressing etc.
The effusion of silver from AgNPs/rGO-SR in water was listed in table 3. The concentrations of silver in water
were 1.086 x 10> mgl 'and 1.269 x 10> mgl~', when AgNPs/rGO-SR was immersed in water for 7 days at
20 °Cand 2 h at 80 °C, respectively, which were far less than the national standard (GB5749-2006) for drinking
water that the concentration of silver must not exceed 0.05 mg 1~". The effusion percentages of silver in the two
soaking methods were 0.023% and 0.026%, respectively, much lower than that reported in the literatures we
found: When AgNPs were added to bacterial cellulose or carbon fiber as a wound dressing or fabric, the
dissolution percentage of silver exceeded 20% [3, 10, 12]. The low effusion of silver in AgNPs/rGO-SR might
ensure its antibacterial durability and safety. As can be seen from the above discussion, AgNPs/rGO-SR might be
used as a material for bacteriostatic bottles.

4. Conclusions

The AgNPs/rGO composite was fabricated in this study by using GO as a carrier and dispersant since GO had
polyaromatic structure and oxygen-containing functional groups. AgNPs were evenly distributed on rGO sheets
with particle sizes of about 10 ~ 30 nm. The mass percent of AgNPs loading on rGO could be adjusted from

1 ~ 67% according to the requirement of applications, whereas the synthesis of AgNPs on rGO in previous
papers generally only used rGO as a carrier, and the adjustable mass percent range of AgNPs loading on rGO was
much lower than that of ours [15, 16, 49]. Some of the outermost electrons of the AgNPs might enter into the
delocalized electrons domains of the rGO, forming coordination bonds that enabled the AgNPs to adhere tightly
to the rGO sheets. AgNPs/rGO prepared at 100 °C had the optimal bacteriostatic activity. The MIC of AgNPs/
rGO fabricated at 100 °C on E. coliwas 12 mg 1~ ' and the MIC of the one on S. aureus was 70 mgl~'. AgNPs/
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rGO could disperse evenly in the silicone rubber and the AgNPs/rGO-SR also had effective antibacterial
properties. The concentration of silver effusion from the AgNPs/rGO-SR in water was about 0.001 mg1~",
which was satisfied the requirement of the national standard (GB5749-2006) for drinking water. The excellent
antibacterial property and low silver diffusion make AgNPs/rGO as a promising antimicrobial agent for wound
dressings, bacteriostatic bottles and food packaging materials. Further, with small particle sizes and high loading
capacity of AgNPs, AgNPs/rGO might have broad application prospect in the field of catalysis.
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