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ABSTRACT: Methicillin-resistant Staphylococcus aureus (MRSA) causes life-threatening infections. Zinc oxide is well known as an
effective antibacterial drug against many bacterial strains. We investigated the performance of zinc oxide nanorods synthesized by
Albmiun as a biotemplate as an antibacterial drug in this study; the fabrication of zinc oxide nanorods was synthesized by sol−gel
methods. We performed physicochemical characterization of zinc oxide nanorods by physiochemical techniques such as FTIR
spectroscopy, X-ray diffraction, and TEM and investigation of their antimicrobial toxicity efficiency by MIC, ATPase activity assay,
anti-biofilm activity, and kill time assays, as well as the mecA, mecR1, blaR1, blaZ, and biofilm genes (ica A, ica D, and fnb A) by
using a quantitative RT-PCR assay and the penicillin-binding protein 2a (PBP2a) level of MRSA by using a Western blot. The data
confirmed the fabrication of rod-shaped zinc oxide nanorods with a diameter in the range of 50 nm, which emphasized the formation
of zinc oxide nanoparticles with regular shapes. The results show that zinc oxide nanorods inhibited methicillin-resistant S. aureus
effectively. The MIC value was 23 μg/mL. The time kill of ZnO-NRs against MRSA was achieved after 2 h of incubation at 4MIC
(92 μg/mL) and after 3 h of incubation at 2MIC (46 μg/mL), respectively. The lowest concentration of zinc oxide nanorods with
over 75% biofilm killing in all strains tested was 32 μg/mL. Also, we examined the influence of the zinc oxide nanorods on MRSA by
analyzing mecA, mecR1, blaR1, and blaZ by using a quantitative RT-PCR assay. The data obtained revealed that the presence of 2×
MIC (46 μg/mL) of ZnO-NRs reduced the transcriptional levels of blaZ, blaR1, mecA, and mecR1 by 3.4-fold, 3.6-fold, 4-fold, and
3.8-fold, respectively. Furthermore, the gene expression of biofilm encoding genes (ica A, ica B, ica D, and fnb A) was tested using
quantitative real-time reverse transcriptase-polymerase chain reaction (rt-PCR). The results showed that the presence of 2× MIC
(46 μg/mL) of ZnO-NRs reduced the transcriptional levels of ica A, ica B, ica D, and fnb A. Also, the PBP2a level was markedly
reduced after treatment with ZnO-NRs.

■ INTRODUCTION
MRSA is a clinical pathogen that causes infections ranging
from minor skin infections to life-threatening bacteremia.
Currently, the major infections are resistant to most of the
antibiotics due to the formation of biofilms.1 MRSA is the
main pathogen that is isolated from surgical site infections.
Many antibiotics fail to treat MRSA due to the formation of
biofilms, which may lead to an increase in antibiotic
resistance.2 The formation of a slime on the synthesis surface
is caused by some bacterial strains forming an adhesion
biofilm.3 Nanotechnology is a novel technological approach
that involves controlling and manipulating materials in the
present. Currently, nanotechnology has a central role in
nanomedicine because nanostructures of different shapes have

enhanced physicochemical and biological properties as well as
functionalities.4,5

Furthermore, nanomedicine has become a vertiginous and
stimulating growth area for a larger number of applications.5,6

One-dimensional (1D) metal oxide nanostructures have been
the focus of research in modern nanotechnology. There has
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been immense interest in synthesis and application.12 One-
dimensional nanostructures such as nanorods, nanowires,
nanofibers, nanobelts, and nanotubes have been a hot spot
of research because of their potential technological applica-
tions.7,8 Zinc oxide nanoparticles have a wide range of
applications in the fabrication of cosmetic products such as
sunblock lotion for UV protection. Because of their
biocompatibility, zinc oxide nanoparticles have been approved
by the Food and Drug Administration (FDA, USA).9,10 The
antimicrobial properties of zinc oxide nanoparticles depend
upon liberated ROS.11 Zinc oxide nanoparticles have better
activity against pathogens as antibacterial agents, with relative
safety for use in the medical field. The chemical method is
thought to be an efficient way to synthesize ZnO-NPs with
various chemicals, such as NaOH, but it may lead to the use of
toxic chemical species as impurities in nanoparticles, which has
harmed biological applications.12 Another approach is the
ecofriendly and rapid preparation of metal oxide nanomaterials
like SiO2-NPs and ZnO-NPs using natural products.13

Additionally, other biological compounds, such as albumin
and egg shell, were used to fabricate ZnO-NPs by the addition
of zinc acetate to the medium in the presence of a
biotemplate.14 Staphylococcus aureus can form a biofilm that
is encoded by ica. ADBC genes activate the synthesis of
polysaccharide intracellular adhesion (PIA). PBP2 plays an
important role in the survival and growth of S. aureus.15 During
this study, we used sol−gel techniques to prepare green zinc
oxide nanorods using an albumin egg shell as a green
biotemplate, and we characterized the zinc oxide nanorods
using physiochemical methods. Then, we tested the anti-
bacterial activity of ZnO-NRs, which target MRSA through
ADBC genes and PBP2a protein.

■ MATERIALS AND METHODS
Chemicals. Zinc acetate hydrate [Zn (CH3COO)2·2H2O]

was purchased from Oxford (India). Albumin egg shells were
supplied from LOBA Chemical Co. (Mumbai, India). All
solutions were prepared using ultrapure distilled water.
Synthesis of ZnO Nanorods. According to Hassan et al.,3

in brief, 1.1 g of zinc acetate was added in 10 mL of ultrapure
water (18 M) including 2 g of albumin and stir for 30 min until
a white precipitation was formed. The white precipitation was
then heated for 30 min at 70 °C before being calcined in an
oven at 500 °C for 6 h, gradually annealing and characterizing.
Zinc Oxide Nanorod (ZnO NR) Characterization. The

prepared ZnO-NRs were characterized by Fourier transform-
infrared (FTIR) spectroscopy using Nicolet 6700 (Thermo
scientific Inc., USA). X-ray diffraction (XRD) was used to
elucidate the crystalline nature using a D8 Advance X-ray
Diffractometer (Bruker, Germany). The size and morphology
of ZnO-NRs were elucidated by using high-resolution
transmission electron microscopy (HRTEM; JSM-2100F,
JEOL Inc., Tokyo, Japan) at an accelerating voltage of 15
and 200 kV, respectively.
Measurement of Zn(II) Released from ZnO Nano-

spheres. According to Hassan et al. (2021), the final
concentration of free zinc ions from suspended ZnO-NRs
was measured using inductively coupled plasma atomic
emission spectroscopy, with the following procedure: a stock
solution of suspended ZnO-NRs (100 μg/mL) was diluted in
PBS to a final volume of 15 mL. After that, all samples were
incubated at 37 °C in a humidified atmosphere (with 5% CO2)
for various time intervals (0, 3, 6, 18, and 24 h), followed by

centrifugation at 10,000g for 20 min and collection of a
supernatant into a test tube containing 0.5 mL of conc. HNO3.
After adding up to 50 mL of water, the zinc ions were
measured using an ICP-AES (Perkin-Elmer, USA).

In Vitro Susceptibility Test. Minimum Inhibitory
Concentration Assay. The standard broth microdilution
method was applied to measure the minimum inhibitory
concentration (MIC) of ZnO-NRs according to CLSI
(2012).18 In a 96-well microtiter plate, the bacterial inoculums
were adjusted to 106 CFU/mL. The CLSI (2012)18 standard
broth microdilution method was used to determine the MIC of
ZnO-NRs. In a 96-well microtiter plate, the bacterial
inoculums were adjusted to 106 CFU/mL. Then, a 100 mL
stock solution of ZnO-NRs (0.50−5000 μg/mL) was
sonicated and inoculated with 100 μL of bacterial suspension
of MRSA ATCC 33591 with a turbidity equivalent to 0.5
McFarland in the tubes, beginning from column 12 to column
3. Column 12 included the highest concentration of ZnO-NRs,
while column 3 contained the lowest concentration. Column 1
included medium only, which served as a negative control.
Then, a resazurin solution was added to all wells and incubated
for 24 h at 37 °C. If the color changes from blue or purple to
pink or colorless, it refers to bacterial growth.
Time-Kill Assay. The standard killing kinetic assay was

applied according to Zhang et al. (2018).18 The bacterial
inoculums were adjusted in a 96-well microtiter plate to 106

CFU/mL. Then, ZnO-NRs were diluted with MHB media,
including bacterial inoculums, to produce the following
concentrations (0× MIC, 1× MIC, 2× MIC, and 4× MIC)
for MRSA in a total final volume of 1 mL. The cultures were
then incubated at 37 °C with 150 rpm agitation for 48 h. Then,
the cultures were loaded onto MHA plates at different time
intervals (0, 1, 2, 3, and 4 h). The number of colonies on the
MHA plates was measured in CFU/mL after incubation for 24
h.
ATPase Activity Assay. The antibacterial activity of ZnO-

NRs against S. aureus and MRSA was examined in the
existence of the ATPase inhibitor DCCD to evaluate whether
the testing material was associated with membrane function.
The assay depends on the quantity of inorganic phosphate (Pi)
released after adding 3 mM ATP to the membrane.19 The
method to determine Pi was described by Tausski and Shorr.20

The bacterial strains were cultivated in the existence of ZnO-
NRs (15 μg/mL). For DCCD studies, membrane vesicles were
incubated with 0.3 mM DCCD for 10 min.
Anti-Biofilm Activity of ZnO-NPs. The anti-biofilm activity

of ZnO-NRs was described by Kaul et al. (2022).1 MRSA was
diluted in a nutrient broth in a 1:100 ratio, and 100 μL of the
diluted inoculum was incubated at 37 °C for 24 h on a rotating
platform at 70 rpm. This was followed by washing with sterile
0.9% w/v saline to remove any planktonic bacteria. Biofilms
were treated with serial dilutions of ZnO-NRs with various
concentrations ranging from 1 to 128 μg/mL and further
incubated at 37 °C on a rotating platform for 24 h. The
bacterial viability was determined by the AlamarBlue cell
viability assay after washing to discard all the testing
materials.22 Following that, 100 mL of a 10% v/v AlamarBlue
(Thermo Fisher, MA, United States) solution in a nutrient
broth (Thermo Fisher) was added to each well, which was
then incubated at 37 °C on a rotating platform in a dark room
for up to 5 h. Then, the fluorescence was measured by using a
multi-scan plate reader (Thermo Fisher Scientific, USA) at
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λexcitation/λemission = 530/590 nm. The biofilm inhibition percent
was evaluated according to the following equation

= ×
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% inhibition of biofilm 1 100treatment blank

untreated blank

(1)

The antibiofilm activity of the different concentrations of
ZnO-NR treatments was measured as the biofilm inhibition
percentage, where Itreatment is the intensity of treated biofilms,
Iuntreated represents the intensity of untreated biofilms, and Iblank
represents the blank intensity of the 10% v/v of the
AlamarBlue solution.22

Reactive Oxygen Species. The reactive oxygen species
(ROS) was generated by zinc oxide nanorods, which activated
oxidative stress, leading to the death of the bacteria. The
quantities of ROS associated with ZnO-NRs were evaluated via
the detection of DCF fluorescence. The suspension of MRSA
was inoculated in the zinc oxide nanorod (5, 10, and 25 μg/L)
medium. After 12 h, the cells were collected and washed
several times with PBS buffer. DCFH2-DA and non-treated
fresh medium were added at a volume ratio of 1:2000 and
incubated at 30 °C for 30 min. Then, the cells were collected
by centrifugation, washed, and resuspended. The cells were
immediately analyzed by flow cytometry (BD FASCCalibur-
USA).18

Reverse Transcription-PCR. MRSA was grown in ZnO-
NRs at different concentrations (1× MIC, 2× MIC, and 4×
MIC) of ZnO-NRs for 30 min, while the negative control was
grown without ZnO-NRs. The total RNA was prepared
according to the manufacturer’s procedure using a specific
RNA extraction kit (Qiagen, Valencia, CA, USA). Then, the
concentration of RNA was quantified by measuring A260 on a
NanoDrop spectrophotometer (BioTek, Winooski, VT, USA).
To create the RNA template for RT-PCR, we reverse-
transcribed the RNA into cDNA using a cDNA synthesis kit
(Qiagen, Valencia, CA, USA). The list of primer pairs that
were used for the RT-qPCR is displayed in Table 1 and was
designed using the NCBI primer design platform. The PCR
process was then started with 10 μL of 2-SYBR premix (Life
Technologies, Carlsbad, CA, USA), 2 μL of sample cDNA, 1

μL of each primer (10 μM), and 20 μL of deionized water. The
PCR was run with the Step One Plus real-time PCR system
(Applied Biosystems, USA).18

Western Blot Analysis. MRSA was grown in ZnO-NRs at
different concentrations (1/8 percent MIC, 1/4 MIC, and 1/2
MIC) for 30 min, while the negative control was grown
without ZnO-NRs. The collected bacterial proteins were
extracted and suspended in an extraction kit (iNtRON
iotechnology), including Tris-HCI (pH 7.5). According to
the manufacturer’s procedure, we used a Bio-Rad protein assay
reagent (Bio-Rad Laboratories, Hercules, CA, USA) to elute
the protein concentrations. As a result, the supernatant was
collected, and aliquots of protein in equal amounts were placed
in new tubes. SDS-PAGE was used to separate proteins, which
were then transferred onto nitrocellulose membranes (Milli-
pore, MA, USA) for 3 h at 250 mA at 4 °C using the Bio-Rad
electroblotting system (Bio-Rad Mini Trans-Blot Electro-
phoretic Transfer Cell). We used 5% skim milk in Tris-
buffered saline with Tween-20 buffer to block the membrane.
After blocking, the membranes were probed with monoclonal
mouse anti-PBP2a primary antibody and GPDH (diluted
1:1000, Bio-Rad, USA) and re-probed with an anti-mouse IgG
secondary antibody (diluted 1:2000, Enzo Life Sciences, Ann
Arbor, MI, USA). Then, the membranes were treated with
ECL PrimeWestern Blotting Detection Reagent (Invitrogen,
USA), and the bands were visualized with an Image Quant
LAS-4000 mini chemical luminescent imager (GE Healthcare
Life Sciences).23

Statistical Analysis. In this work, the experiments were
carried out in triplicate as independent experiments, and the
mean and standard deviation of the independent triplicate
experiments were calculated. Two sample comparisons of
means were carried out using Student’s t-test analysis. All
analyses were conducted using SPSS 17.0 software (SPSS Inc.,
Chicago, IL, USA). A statistically significant difference was
defined as P < 0.05.

■ RESULTS
Zinc Oxide Nanoparticle Characterization. The FTIR

spectra of prepared ZnO-NRs was a result of thermal
treatment of ZnO-NRs at 300 °C for 5 h. As shown in Figure
1, there was a broad band at 3604 cm−1 that was assigned to
the OH group of the water molecule on the surface of ZnO-
NRs. The band at 1601 cm−1 was also caused by the OH bend,
which was assigned to ZnO. A strong band at 456 cm−1 was
related to Zn−O.

XRD patterns of ZnO-NRs are shown in Figure 2. Peaks at 2
θ = 31.746, 34.395, 36.226, 47.526, 56.549, 62.832, 67.893,
and 69.028 were assigned to (100), (002), (101), (110),
(103), (200), (112), and (201) of ZnO nanoparticles. All of
the peaks agreed with a hexagon Wurtzite structure (Zincite,
JCPDS no.: 89-0510). No characteristic peaks of any
impurities were detected, referring to the high quality of
ZnO-NRs.

The morphology and shape of ZnO-NRs were elucidated
using TEM. As shown in Figure 3, the TEM image illustrated
the rod, and its size was estimated at 50 nm and length at 200
nm, which emphasized the formation of ZnO-NRs with regular
shapes as displayed in Figure 3.
Measurement of Zn(II) Released from ZnO Nano-

spheres. The measurement of Zn2+ ions liberated in the
supernatant of the dispersed ZnO nanospheres (100 mg/mL)
was carried out by ICP-AES. The quantitative amount of free

Table 1. Primers Used in Quantitative RT-PCR (qRT-PCR)

primer sequence (5′-3′)
16S RNA F:ACTCCTACGGGAGGCAGCAG

R:ATTACCGCGGCTGCTGG
mecA F:CAATGCCAAAATCTCAGGTAAAGTG

R:AACCATCGTTACGGATTGCTTC
mecR1 F:GTGCTCGTCTCCACGTTAATTCCA

R:GACTAACCGAAGAAGTCGTGTCAG
blaR1 F:CACTATTCTCAGAATGACTTGGT

R:GACTAACCGAAGAAGTCGTGTCAG
blaZ F:GCTTTAAAAGAACTTATTGAGGCTTC

R:CCACCGATYTCKTTTATAATTT
icaA F: ACA CTT GCT GGC GCA GTC AA

R: TCT GGA ACC AAC ATC CAA CA
icaB F: AGA ATC GTG AAG TAT AGA AAATT

R: TCT AAT CTT TTT CAT GGA ATC CGT
icaD F: ATG GTC AAG CCC AGA CAG AG

R: AGT ATT TTC AAT GTT TAA AGCAA
fnbA F: CAT AAA TTG GGA GCA GCA TCA

R: ATC AGC AGC TGA ATT CCC ATT
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Zn2+ varied over time intervals. The result, as shown in Figure
4, was that the liberated zinc ions were 27, 18, 10, 7.2, 3.4, and
1.1 ppm after 24, 18, 12, 6, 3, and 1 h, respectively.
Antibacterial Activity. The growth kinetic study of MRSA

was carried out in the presence of zinc oxide nanorods. These
studies were determined by the MIC of silver nanoparticles.
They are presented in summary in Table 2 and are for MRSA.
All the tested materials possessed antimicrobial activity, which
is capable of inhibiting the growth kinetics of the bacterial

strains. The zinc oxide nanorods had the highest effective
inhibition activity against MRSA.
Time-Kill Assay. The antibacterial activity of ZnO-NRs

was effective against MRSA, which decreased the number of
CFU/mL by 3 log units (99%) as Figure 5 shows. As shown in
Figure 5, the time kill of ZnO-NRs against MRSA was achieved
after 2 h of incubation at 4× MIC (92 μg/mL) and after 3 h of
incubation at 2× MIC (46 μg/mL), respectively. This suggests
that ZnO-NRs are effective against the MRSA bacteria strain.
ATPase Activity Assay. Figure 6 displays the activity of

ZnO-NRs to reduce the ATP levels by disrupting the
electrochemical proton gradient, which refers to the effect of
the membrane-permeabilizing agent as well as the ATPase
inhibitor on the growth of MRSA. Also, TX-100 is able to
increase the permeability of the outer membrane. The viability
of the bacterial strains under the combination of 30 μg/mL
ZnO-NRs and 0.4 mM DCCD was reduced by 33.3 for MRSA.
As compared with the OD 600 value of 30 μg/mL ZnO-NRs
alone, the value of OD 600 of the suspension including 30 μg/
mL ZnO-NRs with 0.00001% TX-100 was reduced by 50% for
MRSA. Finally, ZnO-NRs are a great bactericide for MRSA
because they are able to affect the ATPase. Also, ATPase

Figure 1. FTIR image of zinc oxide nanorods.

Figure 2. XRD image of zinc oxide nanorods.

Figure 3. TEM image of zinc oxide nanorods.

Figure 4. Released Zn2+ ions from ZnO nanospheres by ICP-AES.

Table 2. Diameter MIC Value (μg/mL) for Zinc Oxide
Nanorods

test material MIC (μg/mL)

MRSA ATCC 33591 23 ± 1.09
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activity was changed in the absence of an inhibitor such as
DCCD, an H+-translocator.
Effect of Different ZnO-NR Concentrations on MRSA

Biofilms. MRSA biofilms were exposed to combined treat-
ments of ZnO-NRs (1 to 128 μg/mL). In Figure 7, the MRSA
biofilm killing of different ZnO-NRs was compared to the non-
treatment. Overall, treatment with ZnO-NR concentrations

below 8 μg/mL resulted in low antibiofilm activity against
MRSA with less than 26% biofilm killing; the highest biofilm
killing was 87 and 100%, p ≤ 0.001 with 64 and 128 μg/mL
ZnO-NRs for MRSA, respectively. The minimal concentrations
of ZnO-NRs that resulted in more than 75% biofilm killing
were 32 μg/mL ZnO-NRs (76% biofilm killing, p ≤ 0.001).
Complementing the results obtained against planktonic MRSA,

Figure 5. Time-kill assay of zinc oxide nanorods against MRSA.

Figure 6. ATPase assay of zinc oxide nanorods against MRSA.

Figure 7. Anti-biofilm assay of zinc oxide nanorods against MRSA.
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low antibiofilm activity was observed when ZnO-NR
concentrations exceeded 16 μg/mL concentrations, suggesting
the importance of a zinc oxide nanorods. The lowest

concentration of zinc oxide nanorods with over 75% biofilm
killing in all strains tested was 32 μg/mL. This concentration
was also effective against MRSA ATCC 33591 biofilms.

Figure 8. ROS of zinc oxide nanorods.

Figure 9. Rt-PCR of mecA, mecR1, blaR1, and blaZ level after treatment with ZnO-NRs.

Figure 10. rt-PCR of biofilm genes (ica A, ica D, and fnb A) level after treatment with ZnO-NRs.
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Reactive Oxygen Species. ROS values increased as the
concentrations of ZnO-NRs increased, as shown in Figure 8:
ROS changed from 3.5, 4, and 3.2 at concentrations of 5 μg/
mL (3, 6, and 12 h, respectively) to 4, 5.4, and 3.2 (3, 6, and 12
h, respectively) at concentrations of 25 μg/mL. The results
elucidated a ZnO-NR dose-dependent increase in ROS
generation in MRSA cells.16,17,21,24

ZnO-NRs Repress the Transcription of MecA, BlaZ,
BlaR1, and MecR1 in MRSA. The transcriptional levels of
blaZ, blaR1, mecA, and mecR1 were inhibited in MRSA upon
treatment with 4× MIC (92 μg/mL) concentrations of ZnO-
NRs, and the transcription of four genes was affected by the
treatment with graded multi-inhibitory concentrations as
Figure 9 shows. In the presence of 2× MIC (46 μg/mL) of
ZnO-NRs, the transcriptional levels of blaZ, blaR1, mecA, and
mecR1 were reduced by 3.4-fold, 3.6-fold, 4-fold, and 3.8-fold,
respectively.

Furthermore, gene expression of biofilms encoding genes
(ica A, ica B, ica D, and fnb A) was tested using quantitative
real-time reverse transcriptase-polymerase chain reaction (rt-
PCR). The results showed that due to the presence of 2× MIC
(46 μg/mL) of ZnO-NRs, the transcriptional levels of ica A,
ica B, ica D, and fnb A were reduced as showed in Figure 10.
Expression of PBP2a in MSRA. PBP2a expression levels

under treatment with ZnO-NRs are shown in Figure 11.

Control (Lane 1), 1× MIC ZnO-NRs (Lane 2), 2× MICs
(Lane 3), and 4× MIC ZnO-NRs (Lane 4) were used in the
experiments. The control was not treated with ZnO-NRs. As
shown in the figure, the protein level was reduced as ZnO-NRs
were added at the concentrations specified, especially with 4×
MIC ZnO-NRs (92 μg/mL). The PBP2a level was reduced
markedly. The data indicated that the addition of ZnO-NRs
reduced the PBP2a level in a dose-dependent manner.

■ DISCUSSION
The presence of MRSA represents nosocomial pathogens that
may cause various clinical problems involving soft tissue
infections, pneumonia, bacteremia, and catheter-related
infections.25 It represents a global challenge for scientists.
Hence, research is ongoing to find new approaches for treating
MRSA. Because MRSA is resistant to the majority of
antibiotics, only a few drugs are available to patients.
Methicillin-resistant S. aureus is resistant to all β-lactam
antibiotics due to the expression of the mecA gene, which
activates the encoding progression of the penicillin-binding
protein 2a (PBP2a).26,27 Currently, scientists are focusing on
the development of multidrug resistance (MDR) in S. aureus
strains. Interestingly, the formation of biofilms is a major issue
because it contributes to restricting the activity of the
antibiotic. It forms in S. aureus when encoded by the (ica)
ADBC genes, which mediate the synthesis of polysaccharide
intracellular adhesion (PIA).28 Nowadays, nanomedicine has a
central role in medical science applications. Over the past two

decades, various metal nanoparticles have had many
applications in biomedical fields such as diagnostic and
therapeutic fields, anticancer therapy,29 and antimicrobial
therapy.30 Zinc oxide’s classification as an FDA-approved
material depends on its properties, such as stability, safety, and
intrinsic potential to neutralize UV radiation. Also, zinc oxide
is used as a broad-spectrum antimicrobial.31 The metal oxide
nanostructure has been the focus of research in modern
nanotechnology. One-dimensional nanostructures, including
nanorods, nanowires, and nanotubes, have been the focus of
research because of their potential technological applications.
ZnO nanorods have a higher surface area than ZnO
nanoparticles.5 In our work, we synthesized zinc oxide
nanorods using modified sol−gel by applying albumin egg
shells. The explanation for the nanorod structure’s formation is
the accumulation of zinc ions on the surface of albumin. Then,
the calcination process occurs by thermal treatment at elevated
temperatures.14 Then, we characterized the white precipitation
using many techniques, such as FTIR, XRD, and TEM. The
data obtained confirmed the formation of zinc oxide nanorods
with a diameter of 50 nm and a length of 200 nm.
Furthermore, we use MIC, ATPase activity assays, anti-biofilm
activity, and kill-time assays to investigate the antimicrobial
toxicity efficiency of zinc oxide nanorods. The results showed
that zinc oxide nanorods had effective inhibitory activity
against MRSA. The MIC value was 23 μg/mL. The time kill of
ZnO-NRs against MRSA was achieved after 2 h of incubation
at 4× MIC (92 μg/mL) and after 3 h of incubation at 2× MIC
(46 μg/mL), respectively. The lowest concentration of zinc
oxide nanorods with over 75% biofilm killing in all strains
tested was 32 μg/mL. Also, we examined the influence of the
zinc oxide nanorods on MRSA by analyzing mecA, mecR1,
blaR1, and blaZ by using a quantitative RT-PCR assay. The
data obtained revealed that the presence of 2× MIC (46 μg/
mL) of ZnO-NRs reduced the transcriptional levels of blaZ,
blaR1, mecA, and mecR1 by 3.4-fold, 3.6-fold, 4-fold, and 3.8-
fold, respectively. Furthermore, gene expression of biofilm
encoding genes (ica A, ica B, ica D, and fnb A) was tested
using quantitative real-time reverse transcriptase-polymerase
chain reaction (rt-PCR). The results showed that the presence
of 2× MIC (46 μg/mL) of ZnO-NRs reduced the transcrip-
tional levels of ica A, ica B, ica D, and fnb A. Also, the PBP2a
level was markedly reduced, as Figure 11 shows. Interestingly,
after penetrating the bacterial cell wall, zinc oxide nanorods
activated the formation of free radicals, inducing the generation
of ROS, which leads to spontaneous cell death (apoptosis).
Also, liberated zinc ions inside the cytoplasm can generate
oxidative stress, causing dispersion in membrane morphology
and changing cellular architecture and intracellular biological
processes, leading to cell death.32 Finally, this study
demonstrated that zinc oxide nanorods have potent anti-
bacterial activity against MRSA.

■ CONCLUSIONS
The existence of MRSA, considered a global pathogen, may
cause various clinical problems. In our work, we prepared zinc
oxide nanorods using modified sol−gel by applying albumin
egg shell. The formation of nanorod structures occurs by the
accumulation of zinc ions on the surface of albumin, followed
by thermal treatment to remove water and reshape the final
structure. Many techniques were used to characterize zinc
oxide nanorods, including FTIR spectroscopy, XRD, and
TEM. The data obtained confirmed the formation of zinc

Figure 11. Western blot of penicillin-binding protein 2a (PBP2a)
level of MRSA after treatment with ZnO-NRs.
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oxide nanorods with a size of 50 nm and a length of 200 nm.
Also, we investigated the antimicrobial toxicity efficiency of
zinc oxide nanorods by MIC, ATPase activity assay, anti-
biofilm activity, and kill-time assays. In addition, we analyzed
the mecA, mecR1, blaR1, blaZ, and biofilm genes (ica A, ica D,
and fnb A) by using a quantitative RT-PCR assay and test
transcription gene and the penicillin-binding protein 2a
(PBP2a) level of MRSA using a Western blot. The data
confirmed the fabrication of rod-shaped zinc oxide nanorods
with a diameter in the range of 80 nm, which emphasized the
formation of zinc oxide nanoparticles with regular shapes. The
data show that zinc oxide nanorods have high antimicrobial
activity against MRSA. The MIC of ZnO-NRs significantly
reduced biofilm formation rates and the expression levels of
biofilm genes (ica A, ica D, and fnb A). Furthermore, the
results revealed that mecA, mecR1, blaR1, blaZ, and
transcription genes, as well as the penicillin-binding protein
2a (PBP2a) level of MRSA, were significantly inhibited after
being treated with ZnO-NRs.
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