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ABSTRACT: Metal-based antimicrobials have the potential to profile sustainable solutions to L
infection care and health. In this study, we report the synthesis of rGO—ZnO hybrid bybr nanestucrures ~
nanostructures by a simple co-precipitation approach with various mass ratios of GO, and ‘
their antimicrobial potential was assessed. The structural analysis confirms the presence of a
hexagonal wurtzite structure with peak shifting in hybrid nanostructures and increases in
crystallite size (11—24 nm). Raman spectra revealed GO doping in the D band (1350 cm™)
and G band (1590 cm™). Field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) were performed to investigate the surface
morphologies of the synthesized sediments, which showed a change in the morphology of
ZnO from non-uniform spherical nanoparticles to a rod-like morphology of the prepared
hybrid nanostructures. RAMAN spectra revealed that the retained functional groups on rGO om0y
planes were significant in anchoring ZnO to rGO. At lowest and maximum doses of ZnO, manostructures

substantial bactericidal zones (p < 0.05) for S. aureus (1.55 and 1.95 mm) and E. coli (1.25

and 1.70 mm) were achieved accordingly. Additionally, the inhibition regions were 2.45—3.85 mm and 3.75—6.85 mm for S. aureus
whereas (2.05—3.25 mm) and (2.95—3.90 mm) for E. coli at the lowest and maximum concentrations.
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1. INTRODUCTION activity.” Metal oxide nanoparticles, such as silver, gold,
copper, titanium oxide, and zinc oxide (ZnO), have been
reported to be the most antibacterial inorganic materials.””
ZnO is the most potential inorganic material among metal
oxides, having a diverse variety of uses: (1) as a filler and
rubber compound activators in the rubber industry, (2) as a
cream, powders, and dental pastes in the pharmaceutical and
cosmetics industries, (3) as UV radiation absorbers in the
textile sector, (4) as photoelectronic, field emitters, sensors,
UV lasers, and solar cells in the electrotechnology and
electronics sector, and (5) as a photocatalyst in photocatalysis.
Other important uses for zinc oxide include the fabrication of
zinc silicates, criminal analysis/fingerprint augmentation, and
packaging. In comparison to TiO,, ZnO has a 3.3 eV
comparable band gap energy and a modest production
cost.' !

Apart from the antibacterial properties of ZnO nanostruc-
tures, many researchers have tried to improve them by
manufacturing composites with metal oxides or doping other

Infectious diseases are emerging, and antibiotic resistance is
spreading across a variety of disease causing bacteria, posing a
severe threat to global public health. Furthermore, the
bioactivity of the produced antibiotics is of equal role in
maintaining its safe clinical application. Along with antimicro-
bial therapy, the morbidity and mortality rates associated with
bacterial infections remain high, owing in part to the bacterial
ability to acquire resistance to practically all antibiotics. To
discover and promote the next generation of antibacterial
medications or agents, new strategies are required. Nano-
medicine has recently gained popularity as a potential
antibacterial active material.' > In the current materials
science, nanotechnology is a popular research area. Nanoscale
materials (1—100 nm) can be used for a variety of novel
applications, including innovative fabric compounds, food
processing, and agricultural production, as well as advanced
pharmaceutical treatments. The characteristics and functions of
living and anthropogenic systems are defined at this level.”
Since ancient times, humans have relied on the antibacterial

properties of many metals such as Ag, Al, Cd, Cu, Ni, Zn, and Received: May 16, 2022
so forth.”® The ability of metal ions to inhibit enzymes, Accepted: July 13, 2022
facilitate the generation of reactive oxygen species causing cell Published: July 25, 2022

membrane damage, and prevent the uptake of vital microele-
ments by microbes is the foundation of metal antimicrobial
activity. Furthermore, several metals can exert direct genotoxic
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Figure 1. (a) XRD, (b) FTIR, (c) Raman spectra, and (d) zoom-in of Raman spectra of ZnO and rGO—ZnO hybrids.

ions as impurities.'”””"> ZnO limitations such as photo
deterioration under UV irradiation, electron—hole recombina-
tion, lack of visible light absorption, and aggregation are most
likely to be responsible for this improvement.'® According to
reports, graphene, a thin sheet of carbon atoms, has caught the
interest of scientists due to its unusual mechanical, electrical,
and optical capabilities. Carbon nanotubes, fullerenes, and
graphite are all made up of graphene, which may be rolled,
curled, and stacked to make carbon nanotubes, fullerenes, and
graphite.'” ™" Over the last few decades, graphene oxide
(GO), reduced graphene oxide (rGO), and graphene-based
material electrodes have been shown to be a successful
replacement to traditional mercury electrodes for heavy metal
trace detection. The reduction of graphene oxide produces the
majority of the graphene or reduced graphene oxide layer
utilized in electrochemistry, which has functional groups such
as hydroxyl and carbonyl, which are advantageous for
absorbing heavy metal ions.”” rGO in a composite structure
with different semiconductor materials is used in many
practical applications.”’ ™’ Low-dimensional semiconducting
nanostructures combined with 2D carbon-based materials form
hybrid nanostructures with interesting optoelectronic features.
The manufacturing of supercapacitors, photocatalysis, photo-
detectors, and solar cells could all benefit from the hybrid-
ization of 2D carbon-based materials with ZnO.”*™** In this
work, we used a one-pot co-precipitation method to synthesize
rGO—ZnO hybrid nanostructures and investigated their
enhanced antimicrobial activity.
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2. RESULTS AND DISCUSSION

XRD was used to characterize samples for structural and phase
composition investigation, Figure la. ZnO peaks were
observed at 260° = 31.7, 344, 36.2, 47.5, 56.5, 62.8, and
68.0° corresponding to the crystallographic planes (100),
(002), (101), (102), (110), (103), and (112), respectively.
These planes are in good agreement with (JCPDS no. 36-
1451), indicating that a hexagonal wurtzite structure has
formed.>* Furthermore, no GO- or rGO-related peaks have
been found. This is because during the fabrication of rGO—
ZnO hybrids, GO was decreased and exfoliated.>> Moreover,
upon addition of rGO, the peaks shifted to higher 260°, and
with an increasing concentration of rGO in ZnO, the intensity
of peak (101) decreases gradually. The characteristic
diffraction peak of rGO is not seen in the XRD patterns of
hybrids, which is owing to the lower content during hybrid
structure formation, and the ZnO nanoparticles prevent carbon
nanosheets from restacking.’® Using the Debye—Scherrer
formula, the crystallite size of the pure sample was found to
be 11 nm and was found to increase from 19 to 24 nm, for
increasing concentration of GO. This change is attributed to
the functional groups of GO, and chemical reduction of GO to
rGO serves as the nucleation site for the growth of ZnO
nanorods.”’

FTIR spectroscopy was used to further investigate the
functional groups of the produced materials, Figure 1b. The
Zn—O stretching mode corresponds to the peak between 600
and 400 cm™". The vibrational frequency owing to the ZnO
lattice is shown by the peak at 879 cm™'.>*™* The intense
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Figure 2. DSC/TGA curves of (a) S-1 and (b) S-2 in nitrogen.
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Figure 3. SEM of ZnO (a) and rGO—ZnO hybrids (S-1, S-2, S-3, and S-4) (b—e), respectively.

band at 3400 cm™ is due to —OH stretching;41 the O—H
stretching vibrations of the carboxylic group are reflected in the
peak at 1395 cm™.** The C=C vibrations produced by the
aromatic ring mode account for the peak at 1570 cm™.*
Raman spectroscopy was used to examine the surface
structure and disorder of the synthesized samples, as shown in
Figure lc. The peaks at 437 cm™, E,"8" (E,,) in zoom-in
Figure 1d, and 725 cm™" (LA + TO) are assigned to multi-
phonon scattering processes, and a prominent peak at 1069
cm™! is in the E,H characteristic mode of wurtzite structure of
ZnO.**~** A minor peak at 1386 cm™' occurred due to the

26717

high fluorescent background.*” Peaks at 1350 and 1590 cm™
correspond to the D and G bands, respectively. The existence
of sp> carbon is represented by the G peak, whereas the
presence of disorder in the graphene structure is shown by the
D peak. The D and G peaks indicate that the structure of rGO
is conserved in hybrids."”

The active material content of the rtGO—ZnO (S-1 and S-2)
hybrids was determined by employing thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
in a nitrogen atmosphere in a temperature range of 0—800 °C
(Figure 2). The removal of the absorbed water molecules/

https://doi.org/10.1021/acsomega.2c03049
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Figure 4. TEM of (a) ZnO and (b—d) S-2, S-3, and S-4, respectively.
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Table 1. Microbicidal Action of rGO—ZnO Hybrid Nanostructures

“inhibition zone (mm)

“inhibition zone (mm)

sample 500 ug/50 uL
ZnO 1.5§
S-1 2.45
S-2 2.90
S-3 3.35
S-4 3.85
ciprofloxacin 9.45
DIW 0 0

1000 pg/S0 puL

195
3.75
4.60
5.35
6.85
9.45

500 pug/S0 uL 1000 pg/S0 pL

125 1.70
2.05 2.95
2.75 3.10
3.25 3.55
3.65 3.90
4.25 4.25
0 0

“Inhibition regions of doped nanostructures for S. aureus. “Hybrid nanostructures areas of inhibition (mm) against E. coli.

bound OH groups from the material surface causes the initial
weight loss between room temperature and 120 °C. The
removal of carbon molecules from the graphene structure
backbone could explain the second weight reduction from 250
to 450 °C.* The loss up to 800 °C can be attributed to the
removal of the remaining carbonyl groups.””"'

FESEM was performed to analyze the microstructure and
morphology of the prepared samples, and the resulting
micrographs are shown in Figure 3. Figure 3a depicts the
SEM image of ZnO nanostructures, revealing a non-uniform
spherical particle-like morphology, and particles are agglom-
erated and no complete separation has occurred. The high
surface energy of nanoparticles could be the cause of particle
aggregation.”” Figure 3b—e shows rGO—ZnO hybrids with
different concentrations of GO (10—40 mg), respectively. In
Figure 3b, ZnO particles seem to be embedded on rGO sheets,
and few rod-like morphologies can be observed. With the
increasing concentration of GO, Figure 3c,d, the rod-like
structure seems to be improved, but at the maximum
concentration, Figure 3e, the agglomeration of the structures
occurs and the rods are aggregated. As a result, an increase in
GO concentration has a synergistic impact that regulates
dimensional ZnO production by regulating the dimensional
ZnO nanostructures from nanoparticles to nanorods.”

TEM micrographs of ZnO and rGO—ZnO hybrids are
shown in Figure 4a—d, respectively. Corresponding to the
SEM images, pristine ZnO has aggregated particles forming a

26718

cluster-like structure (Figure 4a). Addition of rGO into ZnO
showed that a needle-like morphology with increased
agglomeration of ZnO clusters was observed (Figure 4b).
Aggregation seems to increase with the increasing concen-
tration of GO into the reference sample (Figure 4c). The
maximum amount of GO in ZnO showed high aggregations
with elongated needle-/rod-like structures, Figure 4d.

The in vitro bactericidal behavior of pure and doped
materials toward pathogens was determined using the well
diffusion technique as presented in Table 1. All samples were
positive for the antibacterial action toward bacterial pathogens.
The findings indicated an additive impact between the
synthesized samples and inhibitory zones. At lowest and
maximum doses of ZnO, substantial bactericidal zones (p <
0.05) for S. aureus (1.55 and 1.95 mm) and E. coli (1.25 and
1.70 mm) were achieved, accordingly. Additionally, the
inhibition regions were 2.45—3.85 mm and 3.75—-6.85 mm
for S. aureus whereas 2.05—3.25 mm and 2.95—3.90 mm for E.
coli at lowest and maximum concentrations, correspondingly.
These findings were contrasted to those acquired with
ciprofloxacin as 9.45 and 4.25 mm for S. aureus and E. coli in
comparison to DI water 0 mm, respectively. As compared to
Gram-positive bacteria, pristine and doped specimen showed
remarkable antibacterial activity against Gram-negative bac-
teria, as Gram-positive bacteria lack an outer lipid membrane
and have a thick peptidoglycan layer instead. Additionally, it is
possible that RGO aided absorption of Zn** into microbial

https://doi.org/10.1021/acsomega.2c03049
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Table 2. Antimicrobial Activity of rGO—ZnO Hybrid Nanostructure Literature Comparison with the Current Work

materials synthesis route bacterial strains
rGO-ZnO  green Cocci and E. coli
rGO—ZnO  one-pot E. coli
rGO-ZnO  green S. aureus and E. coli
rGO—Zn0O hydrothermal K. pneumonia, B. thuringiensis, B. cereus, and P.
aeruginosa
rGO—ZnO  co-precipitation  S. aureus and E. coli

testing
method

well diffusion 10, 20 and 30 pg/mL > for G +ve 65
disc diffusion 50 mg/mL effective 66
broth dilution 2.5 mg > for G —ve 67
well diffusion 20, 30 and 50 uL > for G +ve 68

concentration remarks reference

well diffusion 0.5 and 1.0 mg/S0 uL. > for G +ve  present study

cellular membrane and increased permeation of metal ion
(Zn**) while also dislocating the bacterial membrane.””***
Table 2 shows a comparison of present work with the
literature.

Because the efficiency of nanostructures is proportional to
their size and concentration, their oxidative stress is directly
proportional to these factors.** ** Bacteria die in response of
extrusion and bulging of cytoplasmic contents due to reactive
oxygen species (ROS) enclosing their peripheral membranes.*”
When cations engage with negative constituents of microbial
cells in a significant amount, the microorganisms collapse.®”®!
When cations impair the bacterial ribosomal function and
enzymatic degradation, micropathogens are unable to
reproduce and persist.”> Apart from their tendency to interfere
with bacteria and decrease cell membrane permeability, doped
nanocomgosites have the potential to disrupt critical metabolic
activities.”> Antibiotics may be able to contend infectious
diseases by blocking enzymes necessary for bacterial survival,
which is the key virulence factor involved in the disease.’*

3. CONCLUSIONS

rGO—ZnO hybrids were synthesized successfully by the co-
precipitation method. XRD results revealed the hexagonal
structure of sediments. The peaks shifted toward higher 26°,
and the intensity of peak (101) decreased gradually with the
increasing concentration of rGO. Formation of rods with
increasing agglomeration was observed in TEM. Raman
spectra showed the characteristic peaks of ZnO at 840 and
1149 cm™’, and the presence of rGO can be confirmed by the
D and G bands around 1350 and 1590 cm™". All samples were
positive for the antibacterial action toward bacterial pathogens.
The findings indicated an additive impact between the
synthesized samples and inhibitory zones. As compared to
Gram-positive bacteria, pristine and doped specimen showed
remarkable antibacterial activity against Gram-negative bac-
teria.

4. EXPERIMENTAL SECTION

Zinc nitrate tetrahydrate (Zn (NO,),4H,0, 98%) and sodium
hydroxide (NaOH, 98%) were purchased from Sigma-Aldrich
(Germany), polyvinylpyrrolidone (PVP, Mw 40,000) from
Sigma-Aldrich (USA), acetic acid (CH;COOH, Mw 60.05)
from Panreac Quimica Sau (E.U), and graphene oxide (GO)
and used without further purification.

4.1. Synthesis of ZnO Nanostructures. The synthesis of
ZnO nanostructures is carried out by the co-precipitation
method. Zn(NO;)-4H,0 (0.5 M) was prepared in deionized
water. Colloidal solution was stirred for 30 min at 80 °C.
Subsequently, a desired amount of NaOH was added dropwise
to maintain pH ~ 11, and the formation of precipitates was
observed. The stirred solution was centrifuged several times

with DI water and ethanol, and the isolated precipitates were
dried overnight at 150 °C and ground to a fine powder.

4.2. Synthesis of rGO—ZnO Hybrid Nanostructures.
Zn(NO;)-4H,0 was stirred with 0.05% PVP in 1% acetic acid
for 30 min to form the Zn(NO,;)-4H,0-PVP complex. Various
concentrations of GO (10, 20, 30, and 40 mg) were added to
the above mixture and sonicated for 24 h. To keep the pH ~
11, NaOH was added dropwise under vigorous stirring at 80
°C. The precipitates were centrifuged twice at 7500 rpm. The
obtained product was dried overnight at 150 °C, and a fine
powder was obtained by mechanical grinding. The prepared
samples were denoted as ZnO and rGO—ZnO (S-1, S-2, S-3,
and S-4), with GO concentrations of 10, 20, 30, and 40 mg.

4.3. Bacterial Purification and ldentification. Sheep
(ovine) milk specimens showing clinical mastitis were
procured from farm lands in Punjab (Pakistan) and cultured
on 5% sheep blood agar (SBA). To recover E. coli and S.
aureus, the grown isolates were further purified using triplet
streaking on MacConkey Agar (MA) and mannitol salt agar
(MSA). To assess the morphological and biochemical features
of pure isolates, Gram staining, catalase, and coagulase test
procedures were actualized.

4.4. Antimicrobial Activity. The antimicrobial effective-
ness of the fabricated nanomaterial was tested using a well
diffusion assay with isolated E. coli and S. aureus bacteria
swabbed on MA and MSA, separately. Under a sterile
environment, wells with 6 mm diameter were shaped on the
MA and MSA plates, and various concentrations (500 and
1000 pg/0.05 mL) were poured into each well as a minimum
and maximum dosage, correspondingly, in contrast to
ciprofloxacin (S5 pg/0.05 mL) and DI water (0.05 mL). The
antibacterial effectiveness was assessed by calculating the
inhibition areas in millimeters (mm) during an overnight
incubation at 37 °C with a Vernier caliper.*®

4.5. Material Characterization. The samples were
analyzed using an X-ray diffractometer (model: PAN Analytical
Xpert-PRO) with Cu—K radiation (= 1.540) to determine the
crystal structure and phases. FTIR (Perkin Elmer spectrom-
eter) in the 4000—400 cm™"' range was employed to study the
associated functional groups. Raman spectra were measured
using a2 DXR Raman microscope (Thermo Scientific) and a
532 nm laser (6 mV). A field emission scanning electron
microscope (JSM-6460LV) and a transmission electron
microscope (TEM, JEOL JEM 2100F) were used to examine
the morphology. In an air environment, the SDT Q600 (TA
Instrument) was used to perform DSC and TGA.
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