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Background: Zinc oxide nanoparticle (ZnO NP) was investigated to find out the next generation nano
antibiotics that can be developed from them to counter pathogenic microorganisms responsible for
multi-drug resistance. It has been seen that they have unique physicochemical properties that can be uti-
lized against toxicological and biological properties of microorganisms.
Methods: Application of well diffusion and the procedure of micro broth dilution utilizing Alamar blue
were done to evaluate the inhibition zone, minimum bactericidal concentration (MBC), and the minimum
inhibitory concentration (MIC). Also, the antibacterial effectiveness of ZnO NP that constitutes the genesis
of biofilms was analyzed by crystal violet formation assay. Inhibition of bacteria was ascertained through
the percentage of inhibition of bacterial colonies upon treating with ZnO NP.
Results: In this study, we scrutinized the efficacy of ZnO NP on Gram-negative as well as Gram positive
infectious strains. Ultimate inferences demonstrated the consequences that ZnO NP possessed statisti-
cally significant antibacterial efficacy with the significant inhibitory zone (16–21 mm), minimum inhibi-
tory concentration (15.625–125 lg/ml) and minimum bactericidal concentration (62.5–250 lg/ml).
Quantitative estimation of biofilms formed by Streptococcus pyogenes, Salmonella and Klebsiella pneumo-
niae at MIC � 2 of ZnO NP showed 2.3, 2.83 and 2.72-fold decrease, respectively.
Conclusions: The results imply that ZnO NP can be utilized as substitute antibacterial agents especially
against Gram positive bacterial isolates, which can help develop various antibiotic agents in the clinical
setup.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Zinc oxide nanoparticle (ZnO NP) is renowned for its antimicro-
bial properties and demonstrated the highest toxicity against a
wide range of microorganisms (Hu et al., 2009). ZnO NP is found
to be more efficient as antimicrobials than the powder form
(Tayel et al., 2011). ZnO produces a noteworthy antimicrobial
effect when the particle’s size is shortened to the span of nanome-
ter, enabling these particles to interact and infiltrate to the interior
of the cell and eventually demonstrate a noticeable bactericidal
effect (Seil and Webster, 2012). It is a proven fact from scanning
electron microscope (SEM) as well as transmission electron micro-
scope (TEM) pictures of the microbial cells that nanoparticles con-
stituting of zinc oxide disrupt the membrane of microbial cell
leading to intracellular accumulation and interaction with biomo-
lecules in the cytoplasm causing cell apoptosis (Siddiqi et al.,
2018).

It has been observed that 90% of bacterial species disappeared
after exposure to ZnO NP (Siddiqi et al., 2018). Also, research have
suggested that ZnO NP was responsible for 100% impediment of
bacterial growth at a concentration of between 3 mM and
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10 mM (Brayner et al., 2006). ZnO NP has demonstrated effective-
ness versus different microorganisms including both bacteria and
fungi such as Bacillus species, Staphylococcus aureus, Pseudomonas
aeruginosa, Escherichia coli, Pseudomonas vulgaris, Klebsiella
pneumoniae, as well as Aspergillus niger and Candida albicans
(Siddiqi et al., 2018).

In a study by Nicolle, 2008, when six various nanoparticles were
analyzed, it was seen that nanoparticles of ZnO NP having compar-
atively smaller particle size displayed a broader span of antibacte-
rial outcomes on different types of Gram-positive bacteria, i.e.,
Staphylococcus epidermidis, Enterococcus faecalis, Staphylococcus
aureus, Streptococcus pyogenes, Bacillus subtilis, including Gram-
negative types such as E.coli (Jones et al., 2008). Also, it was seen
that Gram-positive isolates were more vulnerable to ZnO when
contrasted with different Gram-negative isolates (Tayel et al.,
2011). In an investigation, Roselli et al., have found that zinc oxide
may protect intestinal cells from enterotoxigenic Escherichia coli
due to antibacterial activity and obstruct the adhesion and inter-
nalization of bacteria (Roselli et al., 2003).

ZnO NP has been suggested as an alternative to antibiotics as it
is harmless to normal body cells even at the maximum amount of
100 lg/ml (Siddiqi et al., 2018). Growth-inhibiting dose containing
15 lg/ml of zinc oxide has demonstrated antibacterial action ver-
sus both Gram-positive and Gram-negative isolates, specifically
E. coli, Salmonella typhimurium, and Staphylococcus aureus.
Antibacterial activity at a dose as little as 5 lg/ml has been
observed against Klebsiella pneumoniae (Brayner et al., 2006;
Stoimenov et al., 2002). Due to the antibacterial property of zinc,
it could be effectively used in the products like lotions, cream,
toothpastes and ointments (Almoudi et al., 2018). Antibacterial
properties of ZnO NP are for the most part due to the disruption
of membrane or intracellular reactive oxygen species which are
induced in bacterial cell (Jones et al., 2008).

In the current era of global human health threats due to the
emergence of microbial antibiotic resistance, emergence of new
bacterial strains, and lack of vaccines, there is a dire requirement
for introducing novel antimicrobial agents that can control multi-
drug resistant pathogenic microbes. Zinc oxide nanoparticles prop-
erty of antimicrobial action has received tremendous attention in
the whole world due to its remarkable antimicrobial properties.
Therefore, it was of considerable importance to scrutinize the role
of ZnO NP, emphasizing its antimicrobial toxicity against well-
known human pathogens encompassing both Gram negative and
Gram-positive pathogenic bacterial isolates.
2. Materials and methods

2.1. Nanoparticle suspension preparation

ZnO NP (constituting < 100 nm) were procured from the Sigma
Chemical Co. Ltd. company (St. Louis, MO, USA) and preparation of
the main stock was achieved by suspension of 500 lg in 1 ml of
DMSO. Sonication of the stock was carried out (Sonics Vibra cell;
Sonics & Material, Newtown, CT, USA) at 40 �C for a period 10 min.
2.2. Strains of bacteria and growth conditions

Gram-negative and Gram-positive bacterial isolates consist of
Pseudomonas aeruginosa, Salmonella, Klebsiella pneumonia, Escheri-
chia coli, Streptococcus pyogenes, Staphylococcus saprophyticus, Ente-
rococcus faecalis, Staphylococcus aureus, respectively were utilized
in this study. Muller Hinton (MH) broth was used for the promising
growth of these pathogenic strains.
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2.3. Evaluation of antibacterial vulnerability by the well diffusion
method

For evaluation of the tested bacteria for testing vulnerability to
the ZnO NP, growth of the bacterial isolates till the logarithmic
phase, i.e., O.D.610 of 0.4–0.6, was done in MH broth. Further dilu-
tion of the tested strains were done in MH broth till a theoretic O.
D.610 of 0.01. In order to find out the antibacterial effectiveness of
the compound ZnO NP, the application of the agar well diffusion
process was continued (Arora et al., 2021). 6 mm diameter wells
in the nutrient agar were achieved by sterile syringe cap and lawn
culture were ultimately done on the agar utilizing the sterile cot-
ton swab of the diluted culture. Subsequently, DMSO and 20 ll
of ZnO NP (500 lg/ml) were put in the wells of the petridish and
were subjected to further aerobic incubation for 24 h at a temper-
ature of 37 �C. Estimation of the zone of inhibition (ZOI) of the bac-
terial growth along with the well was considered in millimeters.
The actual ZOI was confirmed by subtracting the average ZOI by
ZnO NP from the average ZOI by the DMSO.
2.4. MIC & MBC ascertainment

The minimum inhibitory concentration (MIC) as well as mini-
mum bactericidal concentration (MBC) of ZnO NP were ascer-
tained. Amounts of the ZnO NP utilized for MBCs and MICs on
the bacterial isolates were treated with 2-fold dilution of ZnO NP
spanning from 500 lg/ml to 7.812 lg/ml. In order to find out the
MIC, the bacterial isolates were developed to the logarithmic phase
(0.4–0.6 at O.D.610) followed by subjected to more dilution in MH
broth to a hypothetical level O.D.610 of 0.01. Subsequently, 180 ll
culture containing all bacterial strains was put inside the polystyr-
ene sterile flat-bottom wells of 96-well plates. The wells were fur-
ther subjected with 20 ll of 2-fold dilution of ZnO NP. The wells
loaded with 20 ll of DMSO was deliberated as control. Further
incubation of the plates was done aerobically for almost 24 h at
37 �C (Ahmad et al., 2020). Then 20 ll of alamar blue dye (Thermo
Fisher, USA) was put into each particular well after subjecting to an
incubation period of 24 h, and after each hour, the development of
pink color was checked. The lowest concentration of the NP in a
particular well where the color was unchanged was considered
as MIC.

For finding out the MBC of ZnO NP of the bacteria isolates, 10 ll
of culture was taken out from the wells containing unchanged
color of the Alamar blue, was again sub-cultured on nutrient agar
and further aerobically incubated for 24 h at a temperature of
37 �C. Afterwards, the least concentration of the ZnO NP where
the bacterial growth was not found, was taken as MBC for the
examined strains.
2.5. Growth inhibition test

In order to find the bactericidal actions of ZnO NP, colony count
method was done. An approximate 5 ll of ZnO NP (at MBC concen-
tration), which was treated with suspension of bacteria for 1 day,
were plated on nutrient agar utilizing the spread plate method
and the negative control. After a period of 24 h of incubation, the
plates were checked to find out the inhibition of growth of the bac-
terial cells through the process of colony counting. Determination
of the percentage lost in viable bacterial cells was done by compar-
ing with the control utilizing the given equation:

I% ¼ ðlC� lTÞ=lC� 100

where I% = percentage inhibition of bacterial growth; lC = mean
value of O.D.610 in control, lT = mean value of O.D.610 in treatment.
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2.6. Antibiofilm effect of ZnO NP

The performance of the biofilm formation containing the bacte-
rial isolates was done as per a earlier study with slight alterations
(Zhang et al., 2014). In brief, 180 ll of the fresh suspension of bac-
teria (O.D.610 = 1.0) was added to polystyrene 96-well microtiter
plates and 20 ll of varying concentrations of ZnO NP (MIC � 1,
MIC � 0.5, MIC � 2) was added in 96 wells plate and incubation
of the suspension was undertaken for a period of 24 hrs at temper-
ature of 30 �C without any shaking in order to form the biofilm.
Bacterial cells, which remained untreated and were utilized in
every investigations set, were considered as negative control. After
24 hrs of incubation, the addition of crystal violet was undertaken
into these wells for the purpose of staining. Absorbance was mea-
sured at 488 nm and repetition of each particular experiment was
done for 3 times.
2.7. Performance of time killing kinetic assay

To find out the efficacy of ZnO NP on the tested bacterial cells,
180 ll bacterial culture (O.D.610 of 0.01) was exposed with 20 ll
of ZnO NP (MIC� 0.5, MIC � 1, MIC � 2). The culture wells contain-
ing 20 ll of DMSO was taken as the control. Afterwards, incubation
of the plates were done aerobically at a temperature of 37 �C and
measurement of optical density (OD) was taken at 610 nm contin-
uously every 2 h in FLUOstar Omega plate reader (BMG Labtech,
Allmendgrun, Ortenberg, Germany). Mean of OD was further plot-
ted versus the time to find out the efficacy.
2.8. Statistical analysis

All investigations were done thrice and the final results were
taken as the mean ± SD. Graphpad prism software – 6.0 (La Jolla,
USA), was utilized to do the statistical procedures. Disparity
between two groups were scrutinized by the two-tailed Student’s
t test and the value of p < 0.05 was taken as statistically
noteworthy.
3. Results

3.1. Antibacterial properties of ZnO NP

In order to find out the antibacterial efficacy of ZnO NP, clini-
cally prepared isolates of Gram negative and Gram positive bacte-
rial such as Pseudomonas aeruginosa, Salmonella, Klebsiella
pneumoniae, Escherichia coli, Staphylococcus aureus, Enterococcus
faecalis, Staphylococcus saprophyticus and Streptococcus pyogenes,
respectively were treated. Susceptibility studies were done which
showed that ZnO NP has prominent antibacterial efficacy to Gram
positive isolates than Gram negative (Fig. 1A). Greater than 8 mm
zone dimensions was considered as noteworthy when concerning
sensitivity of the various strains of bacteria to ZnO NP investigated.
ZOI to Gram negative bacteria ranged from 16 to 18 mm in diam-
eter while 18 to 21 mm in diameter was found against Gram pos-
itive bacteria. Distinctive amounts of ZnO NP was utilized to treat
all the strains of bacteria to decide the MBC and MIC.

In order to investigate the MIC as well as MBC, the selected bac-
terial isolates were exposed with the aforementioned volume of
ZnO NP, which was ensued by period of incubation of 24 h. The
persistence of color of alamar blue was considered the least con-
centration of the ZnO NP and considered as MIC. It is apparent from
Fig. 1 that entire bacterial isolates were notably susceptible to the
compound ZnO NP. Inhibition of bacterial growth was achieved at
MIC ranging from 15.625 to 125 lg/ml and MBC ranging from 62.5
3

to 250 lg/ml. The above results were achieved with subsequent
higher inhibition zones ranging from 16 to 21 mm (Fig. 1B).

3.2. ZnO NP inhibits the viability of bacterial cells

Determination of the growth repressive properties of ZnO NP on
the tested strains of bacteria were done by counting the bacterial
colony after treating with NP. The consequences of colony count
on tested bacterial strains showed depletion in colony numbers
at the MBC concentration of ZnO NP (Fig. 2A & B). The colony count
results depicted a notable (p < 0.0001) disparity in growth inhibi-
tion of all the tested strains of bacteria for the said concentrations
of ZnO NP when compared to the negative control. Our study
demonstrated the highest growth inhibition against S. saprophyti-
cus (Fig. 2B) and the lowest growth inhibition against P. aeruginosa
(Fig. 2A). The inhibition of bacterial growth was ranged from 97%
to 82%. It can be concluded that the growth inhibitions demon-
strated by ZnO NP showed that it possessed a strong antibacterial
activity.

3.3. ZnO NP inhibits bacterial biofilm formation

We attempted to explore how ZnO NP could affect the biofilm
formation of the tested Gram negative and Gram positive bacteria
such as Pseudomonas aeruginosa, Salmonella, Klebsiella pneumoniae,
Escherichia coli Staphylococcus aureus, Enterococcus faecalis, Staphy-
lococcus saprophyticus and Streptococcus pyogenes, respectively. It
was interesting to note that biofilm formation was affected entire
tested strains of bacteria after subsequent treatment with different
amounts of ZnO NP for a period of 24 h (Fig. 3A & B). The bacterial
strains were incubated at 37 �C with MIC � 0.5, MIC� 1, MIC � 2 of
ZnO NP for 24 h. The strains of bacteria which did not have any
concentration of NP were taken as control. Moreover, the ZnO
NP’s inhibition of biofilm formation rate was established on the
amount and the treatment time.

Inhibition of biofilm formation was found significant against all
the tested bacteria but it was drastically reduced against S. pyoge-
nes, Salmonella and K. pneumoniae in the wells treated with MIC� 2
of ZnO NP. Quantitative estimation of biofilms formed by S. pyoge-
nes, Salmonella and K. pneumoniae at MIC � 2 of NP showed 2.3,
2.83 and 2.72-fold decrease, respectively, that of the biofilm
formed in absence of NP (control) (Fig. 3A & B). These inferences
indicated that ZnO NP inhibited the formation of the biofilm by
all the tested bacteria.

3.4. Bacterial growth repression

Real time investigation was executed on the efficacy of ZnO NP
on the growth of bacteria at different timings. In order to find out
the time killing kinetic, treatment of 180 ll of bacterial culture
(0.01 at OD610) was done with an amount of 20 ll of ZnO NP at
MIC � 0.5, MIC � 1 and MIC � 2 concentration. Bacterial growth
was monitored at the period intervals of 2 h (Fig. 4). It was seen
that the growth of the bacterial isolates were depleted after treat-
ment of ZnO NP at different concentration. The dose-dependent
bacteria-killing effect of NP on the aforementioned bacteria was
seen by the time-killing kinetics. Therefore, the consequences of
our data noticeably demonstrate strong antibacterial activity of
NP against the tested bacterial isolates.
4. Discussion

Nanoparticle research has seen a surge in attention in the last
decade because of their outstanding catalytic and antibacterial
properties (Trivedi et al., 2022; Oves et al., 2022). ZnO NP are



Fig. 1A. Effect of ZnO NP against Gram negative and Gram positive bacterial strains. Formation of zone of inhibition (A) Pseudomonas aeruginosa (B) Escherichia coli (C)
Klebsiella pneumoniae (D) Salmonella (E) Staphylococcus aureus (F) Staphylococcus saprophyticus (G) Streptococcus pyogenes and (H) Enterococcus faecalis.

Fig. 1B. Effect of ZnO NP against Gram negative and Gram positive bacterial strains. MIC and MBC values of ZnO NP against Pseudomonas aeruginosa, Escherichia coli, Klebsiella
pneumoniae, Salmonella, Staphylococcus aureus, Staphylococcus saprophyticus, Streptococcus pyogenes and Enterococcus faecalis.
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widely employed in commercial applications. In this research, the
antibacterial efficacy of ZnO NP was studied on the Gram-negative
type and Gram-positive infectious bacterial isolates. The MBC and
MIC consequences of ZnO NP established that Pseudomonas aerug-
inosa, Salmonella, Klebsiella pneumoniae, Staphylococcus saprophyti-
cus, Staphylococcus aureus, Escherichia coli, Enterococcus faecalis and
4

Streptococcus pyogenes growth was depleted with the elevated
amount of nanoparticles MIC ranged from 15.625 to 125 lg/ml
and MBC ranged from 62.5 to 250 lg/ml as shown in Fig. 1. We
observed that Gram-positive (S. aureus, S. pyogenes, S. saprophyticus
and E. faecalis) bacterial isolates are more vulnerable to ZnO NP
when compared to Gram negative (K. pneumoniae, E. coli,



Fig. 2. Percentage of growth inhibition formed by ZnO NP. The bacterial colony image (A) without any treatment (B) with ZnO NP at MBC concentration and (2C) Percentage
of growth inhibition by ZnO NP at MBC concentration for 24 h at 37 �C. (a) Pseudomonas aeruginosa (b) Escherichia coli (c) Klebsiella pneumoniae (d) Salmonella (e)
Staphylococcus aureus (f) Staphylococcus saprophyticus (g) Streptococcus pyogenes and (h) Enterococcus faecalis. Results are displayed from the three independent tests using
means ± SD.

Fig. 3. ZnO NP reduces the biofilm formation. (3A) Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, Salmonella (3B) Staphylococcus aureus, Staphylococcus
saprophyticus, Streptococcus pyogenes, Enterococcus faecalis were treated with different concentrations (MIC � 0.5, MIC � 1 and MIC � 2) of ZnO NP under biofilm developing
circumstances for 24 hrs. Results are displayed from the three independent tests using means ± SD.
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Salmonella and P. aeruginosa) bacterial strains. Our findings are
more in line with a study where it was found that as the amount
of ZnO NP increases, the effect on Gram-positive bacterial strains
becomes more prominent (Xie et al., 2011). Escherichia coli, Pseu-
domonas aeruginosa, Salmonella, Klebsiella pneumoniae, Staphylococ-
cus saprophyticus, Staphylococcus aureus, Enterococcus faecalis and
Streptococcus pyogenes strains were shown to be the most sensitive
to ZnO NP based on the MIC and MBC results. This effect may be
due to the Zinc ions well known effect at large concentration are
known to have a deleterious impact on a variety of bacterial pro-
cesses, including acid tolerance, transmembrane proton transloca-
5

tion and glycolysis, all of which can lengthen the bacterial lag
phase (Applerot et al., 2009; Wahab et al., 2010; Jiang et al.,
2009). Previous research have established that the liberation of
H2O2 could be one of the plausible mechanisms for bactericidal
action of ZnO NP (Yamamoto et al., 2004). Nevertheless, additional
researches are needed to investigate the precise mechanism of the
antibacterial efficacy of ZnO NP.

The emergence of drug resistance in S. saprophyticus and P.
aeruginosa will lead to high morbidity and mortality. Therefore, it
is necessary to develop alternative molecules against them. The
turbidity of the bacterial culture was measured, and the bacterial



Fig. 4. Effect of ZnO NP on bacterial growth kinetics. Representative bacterial strains of (4 A) a; Pseudomonas aeruginosa, b; Escherichia coli, c; Klebsiella pneumoniae, d;
Salmonella (4B) a; Staphylococcus aureus, b; Staphylococcus saprophyticus, c; Streptococcus pyogenes, d; Enterococcus faecalis were treated with different concentrations
(MIC � 0.5, MIC � 1 and MIC � 2) of ZnO NP. Growth cycle of untreated organisms served as growth control. Optical density at 610 nmwas measured at regular time intervals
of 2 h. Results are presented from three independent experiments using means ± SD.
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colony were counted after treating all tested pathogens with ZnO
NP (Fig. 2). The turbidity approach indicates that ZnO NP have a
high toxicity and probable bacteriostatic impact on S. saprophyticus
and lowest bacteriostatic effect against P. aeruginosa, based on the
percentage of bacterial growth inhibition. Furthermore, Fig. 2
depicts that ZnO NP inhibits the growth of S. saprophyticus and
results have validated that ZnO NP is better to inhibit bacterial
cells. Results of MBC advocates that ZnO NP are much more effica-
cious against the S. saprophyticus and P. aeruginosa as per the
results shown in Fig. 2.

The production of bacterial biofilms is a big problem in both the
industrial and medicinal fields. Biofilm formation in implants such
as catheters, alternatively food or dairy equipment pipes, industrial
equipment or air ducts might trigger a cascade complication.
Microbes use a variety of strategies to become resistant to antibi-
otics, including biofilm formation. Biofilm creation makes diseases
more difficult to treat and is a primary contributor to disease-
related infections, inadequate food safety and public health issues
(Bjarnsholt, 2013; Ahmad et al., 2021). The hunt for novel anti-
biofilm chemicals could lead to new ways for preventing infections
and issues caused by biofilm formation. Many biogenic nanoparti-
cles, such as gold and silver, have been shown to successfully check
various stages of bacterial biofilms in the recent past (Rajput and
Bankar, 2017; Namasivayam and Roy, 2013; Khan et al., 2022).
We investigated the ability of the studied bacterial strains to gen-
erate biofilms as well as the efficay of ZnO NP on biofilm formation
shown in Fig. 3. ZnO NP was discovered to efficiently suppress
Escherichia coli, Pseudomonas aeruginosa, Salmonella, Klebsiella
pneumoniae, Staphylococcus saprophyticus, Staphylococcus aureus,
Enterococcus faecalis and Streptococcus pyogenes growth and biofilm
formation. Overall, our findings imply that ZnO NPmay reduce bio-
film formation and development as it showed 2.3, 2.83 and 2.72-
fold biofilm inhibition against S. pneumoniae Salmonella, and K.
pneumonia respectively. As a result, such nanoparticles might be
considered a potential active ingredient in various upcoming com-
mercial formulations aimed at effectively preventing and control-
ling the ever-increasing threat of biofilms in the future.

The growth of strains Pseudomonas aeruginosa, Staphylococcus
saprophyticus, Salmonella, Staphylococcus aureus, Enterococcus fae-
calis, Escherichia coli, Klebsiella pneumoniae, and Streptococcus pyo-
genes were examined in the absence and presence of ZnO NP.
Treated bacterial culture growth curves experience a depletion
6

when compared to the untreated bacteria with time. The examina-
tion predicts that the ZnO NP have activity versus bacterial growth
(Fig. 4). The growth curves in Fig. 4 indicates that ZnO NP has
growth inhibiting property of bacterial strains concerning the
concentrations.

5. Conclusions

The study results exhibited the dose dependent growth inhibi-
tion of ZnO NP on pathogenic bacterial isolates and diminished
their pathogenicity. These findings support that ZnO NP might be
the source of effective compound to be utilized for the treatment
of the infections caused by these pathogenic microbes, which
might draw these nanoparticles to the successive stage of drug
development. Though, it is essential to assess the potential toxicity,
pharmacokinetic properties, and their side effects. The study
results suggest the potential of ZnO NP to be used as an antibacte-
rial agent and might be recommended for biomedical and pharma-
ceutical applications.
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