Chemistry
Europe

European Chemical
Societies Publishing

Research Article

54 Analytical Science Advances doi.org/10.1002/ansa.202100041

Received: 28 July 2021
Revised: 10 November 2021

Accepted: 15 November 2021

Synthesis, characterization, and comparative assessment of
antimicrobial properties and cytotoxicity of graphene-, silver-,
and zinc-based nanomaterials

OindrilaHossain® | Ehsanur Rahman® | Hridoy Roy® | Md.Shafiul Azam? |

Shoeb Ahmed?

1 Department of Chemical Engineering,
Bangladesh University of Engineering and
Technology, Dhaka, Bangladesh

2 Department of Chemistry, Bangladesh
University of Engineering and Technology,
Dhaka, Bangladesh

Correspondence

Shoeb Ahmed, Department of Chemical Engi-
neering, Bangladesh University of Engineering
and Technology, Dhaka, Bangladesh.

Email: shoebahmed@che.buet.ac.bd

Abstract

Zinc oxide (ZnO) and graphene oxide (GO) nanoparticles, silver/zinc zeolite (Ag/Zn-Ze),
and graphene oxide-silver (GO-Ag) nanocomposites were synthesized and character-
ized with X-ray powder Diffraction, Field Emission Scanning Electron Microscope and
Fourier Transform-Infrared Spectroscopy. The antibacterial efficacy of these nanopar-
ticles was evaluated against E. coli. by shake flask method and plate culture method
for different concentrations. For 10° cells/mL initial bacterial concentration, mini-
mum inhibitory concentration (MIC) were <160, <320, <320, and >1280 ug/mL, and
antibacterial concentration at which 50% cells are inhibited (ICs,) were 47, 90, 78,
and 250 ug/mL for Ag/Zn-Ze, GO, GO-Ag, and ZnO, respectively. Therefore, the shake
flask method showed that for all nanoparticle concentrations, Ag/Zn-Ze, and GO-Ag
exhibited greater inhibition efficacy, which was also highly dependent on initial bac-
terial concentration. However, in case of the plate culture method, similar range of
inhibition capacity was found for Ag/Zn-Ze, GO-Ag, and ZnO, whereas GO showed
lower potency to inhibit E. coli. In addition, GO-Ag nanocomposite exhibited more effi-
cacy than Ag/Zn-Ze when the antibacterial surface was prepared with those. However,
Ag/Zn-Ze showed no toxicity on Vero cells, whereas GO-Ag exhibited severe toxicity at
higher concentrations. This study establishes GO-Ag and Ag/Zn-Ze as potent antimi-
crobial agents; however, their application dosage should carefully be chosen based on

cytotoxic effects of GO-Ag in case of any possible physiological interaction.
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1 | INTRODUCTION

Microorganisms like pathogenic bacteria, protozoan parasites, and
fungi are known to trigger many infectious diseases. The emergence
of infectious diseases is increasing rapidly, and they are becoming drug
resistant.! Some of the present developing infections are not new, and
they were reported to be fatal before. Though there is increased knowl-
edge of microbial pathogenesis and application of modern therapeu-
tics, the morbidity and mortality associated with the microbial infec-
tions remain high.2 It is estimated that approximately 48 million cases
of pathogenic diseases occurred in the United States in 2010.% There-
fore, it is crucial to keep the pathogenic microbial contamination under
control. To control emerging and re-emerging bacterial diseases, new
antimicrobial agents are needed to discover from natural and inorganic
substances.

Generally, antibacterial agents can be of two types, organic and
inorganic antibacterial agents. Organic antibacterial materials are
often less stable, particularly at high temperatures and/or pres-
sures compared to inorganic antibacterial agents.* Consequently, inor-
ganic single and composite materials have attracted lots of atten-
tion over the past decade due to their ability to withstand harsh pro-
cess conditions.””? These antimicrobial agents are believed to cause
the disruption of bacterial membranes and the hindrance of biofilm
formation.©

Because of the resistance problem, a renewed effort is to be made
to seek antibacterial agents effective against pathogenic bacteria resis-
tant to current antibacterials.! Hence, it is important to discover newer
strategies and identify novel antimicrobial agents from natural and
inorganic substances to develop next-generation solutions to manage
microbial infections. Silver and copper, the two most widely used ele-
ments, had been used for this purpose since ancient times prior to
the current applications as chemotherapeutics in modern health care
systems.11 In recent times, with the advancements in nanoscience
and nanotechnology, nanosized inorganic and organic particles have
captured the attention of researchers. These nanosized materials
are being used in increasing applications as amendments in indus-
trial, medicine and therapeutics, synthetic textiles, and food packaging
products.'?

Some of the inorganic antibacterial materials, in particular, some
single nanoparticles such as TiO,, ZnO, SnO,, MgO, CaO, Mn30y,
Fe304, Ag, Au, GO have been suggested to have antimicrobial
properties.*13-17 Composites from two or more of such particles might
also be promising in case of possible synergistic effect.’® Though
there are many studies on nanomaterials, the majority of them only
investigated whether the material works as an antibacterial agent
or not.171920 However, it is also necessary to investigate their cyto-
toxicity, which is a prerequisite for using these materials in real life.
Also, utilizing these nanomaterials to prepare the antibacterial surface
and evaluation of their antimicrobial efficacy are crucial as typically,
these materials will not be used in powdered form for real-life applica-
tions. To better understand these aspects, this study has been designed
where an intensive experimental study has been conducted to develop
a bridge between the existing research findings and current needs.

Here, ZnO, GO GO-Ag, and Ag/Zn-Ze have been selected and their
antimicrobial efficacies were evaluated against E.Coli in terms of Mini-
mum Bactericidal Concentration (MBC), Minimum Inhibitory Concen-
tration (MIC), and Half Maximal Inhibitory Concentration (ICsq) values.
Two nanomaterials were further studied to prepare antibacterial sur-
faces. Also, the cytotoxicity of these two materials is studied as higher
cytotoxicity could limit their applications. The nontoxic antibacterial
agents can be used as adrug in the future to control microbial diseases.
Here, ZnO and GO were selected as they are among the most studied
nanomaterials. Au was excluded because of its high price. Ag and TiO,
were not chosen for this research because of their higher cytotoxic
effect.1321 GO-Ag was selected to achieve a synergistic effect. More-
over, Ag/Zn-Ze was selected because it is expected to give a synergis-
tic effect, and the material is cheaper than GO-Ag. As the antibacte-
rial activities of these nanomaterials are reported previously, our goal
is to push forward the efforts for using these materials for practical
applications. To accomplish our goal, two nanomaterials among these
four were considered to prepare and evaluate the antibacterial sur-

faces based on their antibacterial activities.

2 | METHODOLOGY

2.1 | Preparation of nanoparticles

211 | ZnO

The ZnO nanoparticles were prepared by the precipitation method
using zinc nitrate and sodium hydroxide as precursors and soluble
starch as a stabilizing agent.?2 Note that 0.3 g of starch, dissolved in
100 mL of distilled water, was mixed with 10 mL 0.1 M zinc nitrate. The
solution was stirred for 2 h until the complete dissolution occurred.
10 mL 0.2 M sodium hydroxide solution was added drop by drop to
the above mixture, and the mixing was allowed to proceed for 2 h
afterward. The reacted solution was allowed to settle down for 24
h. The bottom solution was centrifuged to obtain the precipitate. In
order to remove the byproducts and excessive starch bound to the
nanoparticles, the precipitate was washed with ethanol repeatedly.
The powder of the ZnO nanoparticles was obtained after drying at
100°C for 2 h.

2.1.2 | Ag/Zn loaded zeolite

The antibacterial modified zeolite was prepared according to the
method described earlier by Hacer Dogan et al.2® Briefly, 50 g of zeolite
clinoptilolite powder was oven-dried at 105°C for 1 h, and mixed with
50 g of distilled water. To adjust the pH between mild acidic to neutral
region (=5to7),95mL0.5 N nitric acid solution was added to the solu-
tion. Then, the prepared slurry of zeolite clinoptilolite was put into con-
tact with 0.1 M zinc nitrate and 0.4 M silver nitrate solutions. The lig-
uid/solid ratio of the solution was kept as 5:1 (w/w), and the slurry was
stirred at 50°C for 5 h to achieve significant ion exchange. The slurry
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was washed several times with distilled water by centrifugation, dried
at 110°C for 5 h, and crushed into powder form.23

213 | GO

Oxidized graphene powders were synthesized according to the modi-
fied Hummers method.2* Two grams of graphite was put into an 80°C
solution of concentrated H,SO4 (12 mL) and HNO3 (8 mL). The mixture
was kept at 80°C for 8 h using an oil-bath. After cooling to room tem-
perature, the mixture was diluted with 0.5 L of de-ionized (DI) water
and left overnight. The mixture was filtered and washed with DI water
using a vacuum pump filtration system to remove the residual acid. The
product was dried under ambient conditions overnight. Pre-oxidized
graphite powder (1 g), NaNO3 (1.03 g), and concentrated H,SO4 (62 g)
were placed in a flask, and 4.5 g of KMnO4 was slowly added under
stirring at 20°C for 2 h. After further vigorous stirring for 2 days at
room temperature, the reaction was terminated by adding DI water
(140 mL) and 30% H, O, solution (2.5 mL). The mixture was filtered and
washed by repeated centrifugation and filtration using 1 M HCI and
DI water. The obtained mixture was dialyzed through semipermeable
membranes for one week to remove the remaining metal species and
was dried at 50°C to obtain the final product.

2.1.4 | GO-Ag nanocomposites

GO-Ag composite was prepared by the reduction of AgNO3 using
sodium borohydride in the presence of GO dispersion. As synthesized
3 mg GO powder was initially dispersed in 100 mL of distilled water,
then 60 mg of AgNOj salt was added into the dispersion. The disper-
sion was then boiled, followed by rapid addition of 22 mg of sodium
borohydride, and it was further boiled for 2 h. Finally, the GO—-Ag
nanohybrids were centrifuged at 20000 rpm for 20 min, washed sev-
eral times with distilled water to remove unreacted reagents, and dried
at 50°C under vacuum for 12 h.2°

2.2 |
agents

Characterization techniques of antibacterial

FTIR spectra of ZnO, Ag/Zn loaded zeolite, GO, and GO-Ag were
recorded in the range of 4000-400 cm~? in transmission mode using an
FTIR-8400 (Shimadzu, Japan). Before analysis, the samples were son-
icated in water, oven-dried, and then mixed with crushed KBr pow-
der (spectral grade, Sigma-Aldrich, Germany) and pressed to form pel-
lets for the analysis. Morphological images of the prepared materi-
als were recorded using a field emission scanning electron microscope
(FESEM), JSM-7600F (JEOL, Japan) at a 10.0 kV operating voltage.
A drop of a dilute aqueous suspension of the samples was taken in
a glass plate and vacuum dried, and the surface was coated with a
thin layer of gold. X-ray diffraction (XRD) patterns of the oven-dried
samples were recorded using an X-ray diffractometer (RIGAKU Ultima

IV, X-ray Diffractometer, Japan), with a Cu X-ray source (wavelength:
Kal = 1.540598 A and Ka2 = 1.544426 A) in the 10 to 50° 26 range.
Before analysis, the samples were sonicated in water and oven-dried
for 24 hat 50°C.

2.3 | Determination of antimicrobial activity

Antimicrobial activity of ZnO, Ag/Zn loaded zeolite, GO, and GO-Ag
was evaluated against E. coli by both the shake flask method and zone
of inhibition method. Anindividual colony of E. coli was picked up from a
previously prepared culture plate and was aseptically transferred into
50 mL of sterile nutrient broth inside biosafety hood (LabTech, Korea).
The solution was incubated, and the number of cells was determined
based on optical density at 600 nm (OD,q0). The microorganisms (107
and 10° cells/mL) were incubated with seven different concentrations
of ZnO nanoparticles, Ag/Zn Zeolite nanocomposites, GO nanoparti-
cles, and GO-Ag nanocomposites in nutrient broth at 200 rpm (Shaker:
Phoenix Instrument, Germany) and 37°C for 3 h. Negative control was
also prepared without any antimicrobial agents. After incubation, the
optical density (ODgqg) of the cell solutions was measured in a spec-
trophotometer (Hach DR6000, USA). The loss of cell viability (%) was
determined based on the number of cells grown in the negative control.

Microorganisms were streaked over the surface of the MHAB cul-
ture plate, where antibacterial agents (50-100 ulL) were poured into
the artificially created wells. The plates were incubated at 37°C for 18-
24 h, and the antibacterial activity was measured based on the thick-
ness of the inhibition zone.

To evaluate the antibacterial property of a surface coated with the
antibacterial nanocomposites, small pieces of filter paper were incu-
bated overnight in the antibacterial nanoparticle solution in a shaker
incubator. The nanoparticle-coated paper was dried and was used to
cover the conical flasks filled with nutrient broth solution. The broth-
containing flasks were kept outside of the biosafety hood for 24 h

before measuring ODgqq.

2.4 | Cytotoxicity test of antibacterial agents

Vero cells (15 x 10% cells per mL) were seeded into 96-well plate and
incubated at 37°C, 5% CO, for 24 h. Growth media was replaced with
80 uL fresh media (DMEM) as well as 20 uL of solution of antibacterial
agents. Then cytotoxicity was examined after 24 hours using CellTiter
96 Non-Radioactive Cell Proliferation Assay kit (Promega, USA).

3 | RESULTS AND DISCUSSION

3.1 |
agents

Characterization of prepared antibacterial

FTIR spectrum (shown in Figure 1) revealed the characteristic bonds of
the prepared composites. The successful oxidation of graphene sheets
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FIGURE 1 FTIR spectra of GO, GO-Ag, ZnO, Ag-Zn/Zeolite

can be confirmed by the peak at 1081 cm™2, which attributes to the
stretching of the C-O bond of GO samples.26 Also, the peaks near 1621,
1731, and broad 3300-3500 cm™? confirm the presence of C=C,C =0,
and O-H bonds, respectively.?” All the characteristic peaks of GO are
found in GO-Ag nanocomposite, but the decrease in the intensity of
C-O, C =0, and O-H bonds happened due to the incorporation of Ag
nanoparticles and partial reduction of GO sheets.2®2? The absorption

peak at 3400 cm™! of the ZnO sample is assigned to the stretching
of O-H bonds of ZnOH, while the peaks at 1023 and 2933 cm™?! cor-
respond to the C-O and C-H vibrations of the residual starch sample,
respectively.3? In the spectrum of Ag/Zn-Zeolite, the peaks between
461-969 cm™! are assigned to the vibrations of Si-O, while Al-O bond
is confirmed by the peak at 676 cm~1.31 Also, the peaks at 1634 and
3453 cm™1 appear due to the O-H bonds of adsorbed moisture.3?

To explore the morphology and composition of the antibacterial
nanomaterials, FESEM and EDS studies have been done. The results
from these characterization techniques are portrayed in Figure 2. The
FESEM image of ZnO nanoparticles confirmed that the particles are
rod-shaped and highly agglomerated (Figure 2a). 13.27% carbon in the
EDS result of ZnO nanoparticles indicates the presence of unwashed
starch. As seen from the FESEM image of Ag/Zn-Ze nanocomposites
(Figure 2b), the particles are rod-shaped, and the diameters of the rods
are around 80-100 nm. It is well known that GO is often in the form
of exfoliated sheet.’2 FESEM image of GO nanoparticles (Figure 2c)
exhibited similar morphology. Figure 2d shows that the spherical Ag
particles are embedded on the GO sheet where the diameter of the Ag
particles is around 20-60 nm. Also, the EDS result confirms the exis-
tence of Ag nanoparticles on the GO surface.

Figure 3 illustrates the findings from XRD, which have been done
to get an idea about the crystalline structures of the nanomateri-
als. The ZnO nanoparticles were observed to be crystalline, and a
similar type of peak was found in the literature.??2 The XRD peaks
are broad due to the nano-size effect. The average crystallite size of
prepared ZnO nanoparticles was calculated using Scherrer’s relation

FIGURE 2 FESEM images of (a) ZnO (b) Ag-Zn/Zeolite (c) GO, and (d) GO-Ag. The inset tables represent the atomic compositions of the

corresponding materials
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FIGURE 3 XRD imaging of ZnO nanoparticles, Ag/Zn-Ze
nanocomposites, GO nanoparticles and GO-Ag nanocomposites

is about 20.77 nm. As seen from the XRD pattern, Ag/Zn-Ze composite
was highly crystalline, and the average crystallite size of Ag/Zn-Ze
nanocomposites was found to be 18 nm. The XRD pattern of GO
nanoparticles shows a diffraction peak at 26 = 9.4% which confirms
the formation of graphene oxide.®® The corresponding interlayer
spacing is measured as 0.93 nm via Bragg’s equation, and it was similar
to previous studies.?® The interlayer spacing of GO is usually higher
than graphite and is caused by loosely stacked GO.2* The presence of
many oxygen-based groups makes the interlayer spacing big.>> The
complete disappearance of the graphitic peak at 26 = 34° ensures
that the product is completely oxidized. The average crystal size of GO
nanoparticles was 14 nm. The XRD curve of GO-Ag nanocomposites
showed characteristic peaks at 26 values of about 37.5°, 44°, and
64.1°. These values are related to the planes (11 1),(200),and (22 0)
of silver crystal structure. The formation of silver crystal nanoparticles
on the surface of GO sheet has been confirmed by these peaks.2> The

average crystal size of GO-Ag nanocomposites was 25 nm.

a 10% cells/ml
100 ——7Zn0
80 —-Ag/Zn-Ze
60 -=-GO
—+-GO-Ag

N
o

0 500
Concentration of Nanoparticles, pg/ml

Number of Cells (million/ml)
S
o

3.2 | Antibacterial activity test
The antibacterial properties of ZnO, Ag/Zn-Ze, GO, and GO-Ag were

assessed through two different methods.

3.2.1 | Shake flask method

Using shake flask technique, OD¢qq values, number of viable cells, per-
centage of viable cells, and percentage removal of cells were obtained
for studied antibacterial agents for 3 hrs incubation period. For two
initial bacterial concentrations (10° and 107 cells/mL), optical density
at 600 nm, ODg¢gq values were taken at different concentrations of
antibacterial compounds. The number of viable cells is proportional to
the values of ODg¢gg. As expected, for each case, after a three hours
incubation period, the number of cells was greater for higher initial
concentration of bacteria (107 cells/mL) compared to those for lower
initial concentration of bacteria (10° cells/mL) (Figure 4). Similar phe-
nomena were observed when percentage of viable cells were plotted
(Figure 5).

viability
In the case of both bacterial concentrations, percentage removal
increased with the increasing concentrations of ZnO nanoparticles
(Figure 5a,b). For ZnO concentration of 20-80 ug/mL, no inhibition
was exhibited. Table S1 shows the details of average ODggg values,
average number of viable cells per mL, percentage of viable cells, and
percentage removal of cells in the presence of ZnO nanoparticles.
Here, the effectiveness was only marginally higher for lower initial
cell concentration. 95% and 85% bacteria removal were achieved for
lower and higher initial cell concentrations, respectively. However,
1280 ug/mL ZnO was unable to remove the bacteria completely
even for lower initial cell concentration. Several previous studies of
antibacterial efficiency of ZnO against E. coli bacteria have also shown
that ZnO rarely removed bacteria cells completely.3¢

Table S2 shows the details of average ODgqq values, average num-
ber of viable cells per mL, percentage of viable cells, and percentage
removal of cells in the presence of Ag/Zn-Ze nanocomposite. From Fig-
ure 5a, b, it was found that the trend of cell viability was similar to ZnO

nanoparticles for both initial bacterial concentrations; however, the

107 cells/ml
1000 ——Zn0
E
E 800 —-Ag/Zn-Ze
E 600 "GO
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FIGURE 4 Number of E. coli. cells in different concentration of antibacterial agents (a) initial bacterial concentration 10° cells/mL (b) initial
bacterial concentration 107 cells/mL. Error bars indicate the standard error of three or more independent experiments
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FIGURE 5 Percentage of viable E. coli cells for different concentration of antibacterial agents (a) initial bacterial concentration 10° cells/mL (b)

initial bacterial concentration 107 cells/mL. Error bars indicate the standard error of three or more independent experiments

values reached zero for a significantly lower concentration of Ag/Zn-
Ze compared to ZnO, indicating its more potent antibacterial efficacy.
E. coliwas removed entirely at 160 ug/mL and 320 ug/mL in case of low
and high initial cell concentrations, respectively.

As seen from Figures 4 and 5, GO was also able to remove all the
bacterial cells for both initial concentration scenarios. Cells were com-
pletely removed at 320 ug/mL and 1280 ug/mL in case of low and high
initial cell concentrations, respectively. GO-Ag proved to be very effec-
tive in removing E. coli bacteria (Figures 4 and 5). Even at low con-
centrations (320 ug/mL) of GO-Ag, almost complete removal of bacte-
ria was achieved when the initial cell concentration was higher. This is
consistent with the previous study of antibacterial efficiency of GO-Ag
and GO against E. coli bacteria.®” Table S3 and S4 show the details of
average ODgqg values, average number of viable cells per mL, percent-
age of viable cells, and percentage removal of cells for GO and GO-Ag

nanocomposite, respectively.

MICand ICsg
Half-maximal inhibitory concentration (ICsq) was calculated from Fig-
ure 5. The effect of ZnO is also found from Figure 5 as 250 ug/mL and
785 ug/mL for low and high initial cell concentration scenarios, respec-
tively. The effect of initial cell concentration on the effectiveness of
the antibacterial compounds is discernable from the result. MIC for
ZnO was higher than 1280 ug/mL for both cell concentrations. It has
been reported that the MIC for ZnO can be up to 3100 ug /mL for E.
coli.38 Consistent with this study, the efficacy of ZnO nanoparticles was
found to be dependent on the initial bacterial concentration as with the
increase of initial bacterial concentration, it cannot prohibit the growth
of E. coli. completely.3¢

As discussed before, Ag/Zn-Ze was very effective and was able to
remove cells completely at a relatively low concentration. MIC was
found to be 160 ug/mL and 320 ug/mL for low and high initial cell
concentrations, respectively. Accordingly, ICsq values were also signif-
icantly low (47 ug/mL and 83 ug/mL for low and high initial cell concen-
tration scenario, respectively).

Previous studies of antibacterial efficiency of GO against E. coli bac-
teria indicated that GO could fully remove bacteria.®® MIC was found

to be 320 ug/mL and 1280 ug/mL for low and high initial cell con-
centrations, respectively. ICsq values were 90 ug/mL and 370 ug/mL
for low and high initial cell concentrations, respectively (Figure 5).
GO-Ag exhibited potent inhibition as the ICsq values were 78 ug/mL
and 113 ug/mL for low and high initial cell concentrations, respec-
tively (Figure 5). MIC for both cases was 320 ug/mL, which is consis-
tent with the previous report that GO-Ag might removes cells com-
pletely at 100-1000 ug/mL concentration depending on initial bacte-
rial concentration.3337 Although both Ag/Zn-Ze and GO-Ag exhibited
the same antibacterial efficacy in complete cell removal, Ag/Zn-Ze was
found to be more effective in ICsq.

Comparison of antibacterial agents

Table S5 shows the percentage of viable cells of E. coli. bacteria after
3 hrs of incubation with different antibacterial agents at different con-
centrations in case of 10° cells/mL initial cell concentration. The activ-
ity of Ag/Zn-Ze was better than the other three agents as it fully inhib-
ited the growth of bacteria at 160 ug/mL concentration, whereas these
values are 320 ug/mL and 320 ug/mL for GO and GO-Ag, respectively.
ZnO was not able to inhibit completely at 1280 ug/mL concentration.
Table S6 presents similar data for the high initial cell concentration (107
cells/mL). Here, the activity of Ag/Zn-Ze and GO-Ag was better than
the other two agents. At higher initial cell concentration, the activity of
ZnO was found low.

As seen from Figure 6, at lower concentration antibacterial com-
pounds such as 20 ug/mL, the activities of all compounds were more
or less the same for higher initial bacterial concentration. At lower
initial bacterial concentration Ag/Zn-Ze performed better than other
compounds. At higher bacterial concentration GO-Ag showed greater
inhibitory capacity than ZnO and GO. Tang et al. and Chandraker
et al. studied the effect of GO-Ag nanoparticles on various bacte-
ria and found that GO-Ag has a tremendous effect on inhibiting E.
coli growth.3740 However, Ag/Zn-Ze exhibited the best performance
among studied antibacterial compounds. At intermediate concentra-
tions (80 and 160 ug/mL), the antibacterial performances of ZnO, GO,
GO-Ag, and Ag/Zn-Ze were found in ascending order (Ag/Zn-Ze best).
In addition, at 160 ug/mL concentration of Ag/Zn-Ze nanocomposite
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was able to remove 100% bacteria at lower initial bacterial concentra-
tion. Past studies show that for E. coli, the MICs of Ag and Zn-loaded
zeolite are 32-64 ug/mL and 512-2048 ug/mL, respectively.*! As it
is known that composites have a synergistic effect in killing microor-
ganisms, the prepared Ag/Zn-Ze nanocomposites exhibited noticeable
antibacterial activities at a lower concentration than Ag-Ze and Zn-Ze
both nanoparticles.

When the concentrations of antibacterial compounds are higher,
ZnO fails to perform as good as the other compounds. Ag/Zn-Ze and
GO-Ag exhibited better efficacy around the range of 320 to 640 ug/mL.
Overall, Ag/Zn-Ze exhibited noticeably higher antibacterial efficacy
compared to other compounds. In addition, from these findings, a clear
dependence of the antibacterial efficacy on the initial bacterial con-
centration was clearly established. Figure 7 presents the summarized
results of MIC and ICsxp.

3.2.2 | Antimicrobial assay in plate culture

Table 1 and Figure S1 show the inhibition zone of ZnO nanoparticles,
Ag/Zn-Ze nanocomposites, and GO-Ag nanocomposites. These nano-
materials showed quite good in zone of inhibition method. However,

GO nanoparticles showed poor performance in plate culture. The rea-

TABLE 1 Determination of inhibition capacity of ZnO, Ag/Zn-Ze,
GO, and GO-Ag
Average
Mound Inhibition Inhibition
diameter, diameter, thickness,
Antibacterial agents’name  mm mm mm
ZnO nanoparticles 6.8 11 2.1+ 0.06
Ag/Zn-Ze nanocomposites 8.4 13 2.3+ 0.03
GO nanoparticles 5.3 7.5 1.1+ 0.06
GO-Ag nanocomposites 8.0 12.4 2.2+0.10

son is that GO does not diffuse through agar medium; as a result, its
interaction with bacteria was less than other agents.

In the case of ZnO nanoparticles, it has been reported that they
exhibited inhibition zone thickness of 3 mm*? at 1 mg/mL concen-
tration and the inhibition zone thickness found from experiments
was similar. However, no such study has been reported for Ag/Zn-Ze
nanocomposites. The inhibition zone thicknesses of GO nanoparticles
and GO-Ag nanocomposites were also reported to be 2 mm and 3 mm,
respectively.®”

3.3 | Antibacterial surface preparation

Based on the antibacterial efficacy test, Ag/Zn-Ze nanocomposites and
GO-Ag nanocomposites were chosen for antibacterial surface prepa-
ration. These composites resisted the entrance of bacteria through the
filter paper. Ag/Zn-Ze nanocomposites prevented around 50% of bac-
teria from entering the nutrient broth solution with respect to control.
At this test, GO-Ag nanocomposites showed 97% prevention capacity
with respect to control. The results of this experiment are presented in
Table 2. The better performance of GO-Ag over Ag/Zn-Ze might be the
higher binding of GO-Ag nanocomposites with filter paper during the
physisorption process. At the time of experimenting, it was observed
that the control solution was more turbid than the other two solu-

tions whose openings were covered by antibacterial agent coated filter

paper.
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TABLE 2 Bacterial prevention capacity of filter paper treated with
Ag/Zn-Ze and GO-Ag nanocomposites

Prevention capacity (%)
50+ 11

97+3

Antibacterial agents
Ag/Zn-Ze nanocomposites

GO-Ag nanocomposites

3.4 | Cytotoxicity test

With the advance of medical science, nanomaterials are being used as
anovel delivery system for proteins, DNA, RNA, and drugs.*> However,
different studies have proposed the working mechanism of antibacte-
rial nanoparticles, by damaging the cell wall and hence destroying the
cell’s integrity.*4~47 This leads to the critical question about the tox-
icity of the nanoparticles towards mammalian cells. As nanoparticles
are more toxic than large particles, knowing the toxicity before any
potential application is extremely important. To assess the cytotoxi-
city of two nanocomposites, i.e., Ag/Zn-Ze and GO-Ag nanocompos-
ites (which have performed better in antibacterial test), Vero, a healthy
mammalian cell line was incubated in the presence of different con-
centrations of Ag/Zn-Ze and GO-Ag nanocomposites. Then cytotoxic-
ity was measured after 24 h of incubation. Figure 8a indicates the high-
est number of viable cells for control, and it was also observed that a
more significant number of viable cells was found for Ag/Zn-Ze than
GO-Ag for each concentration. This indicates that Ag/Zn-Ze nanocom-
posites possess negligible cytotoxicity on Vero cells up to 500 ug/mL,
whereas GO-Ag started to show its cytotoxicity from the beginning,
and the percentage of viable cells gradually decreased with the incre-
ment of dosage.

From previous studies, it has been found that Ag/Zn-Ze nanocom-
posite has a cytotoxicity effect at 1000 ug/mL concentration on A549
alveolar adenocarcinoma cells.*® As here, different type of cell line
was used, the concentration of antibacterial compounds might be dif-
ferent to exhibit similar cytotoxicity. GO-Ag nanocomposite has been
reported to have a cytotoxicity effect at a lower concentration of
5 ug/mL.47

Figure 8b and 8c compare the percentage of viable mammalian
cells and viable bacterial cells incubated with different concentrations
of Ag/Zn-Ze and GO-Ag nanocomposites, respectively. A plain solid
line from Figure 8b confirms the mammalian nontoxicity behavior of
Ag/Zn-Ze nanocomposites, maintaining a high antibacterial property
against Escherichia coli (E. coli.). On the contrary, for GO-Ag nanocom-
posites (Figure 8c) exhibited gradual downward curves for Vero cells
and E. coli. cells with the increment of its concentration, which indicates
the cytotoxic behavior of GO-Ag. However, IC5q for GO-Agis 78 ug/mL,
and the toxicity is not significant at that concentration. Furthermore, if
this antibacterial compound is used externally, the cytotoxicity effect
might be insignificant.

It is reported that nanoparticle cytotoxicity is heavily dependent
on its shape and size.°® Here, the spherical nanomaterials of sizes
18 and 25 nm have been studied. Previous studies showed that

gold nanoparticles of 6 nm diameter are more toxic than 10 nm
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FIGURE 8 Observation of cytotoxicity of Ag/Zn-Ze and GO-Ag
nanocomposites on mammalian cells (Vero cells) (a) Percentage of
viable cells after incubation of 24 hrs with different concentrations of
Ag/Zn-Ze and GO-Ag nanocomposites; (b-c) comparison of survival of
mammalian cells (Vero) and bacterial cells (E. coli.) with different
concentrations of Ag/Zn-Ze nanocomposites and GO-Ag
nanocomposites. Error bars indicate the standard errors of multiple
independent experiments

or larger nanoparticles.>* Zhao et al. showed that needle and plate-
shaped nanoparticles have higher toxicity than spherical and rod-
shaped nanoparticles.>? Considering the fact that these nanoparticles
are larger than the reported size and possess negligible toxicity, they

can be a potential candidate for in-vivo activity.
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