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ABSTRACT

Zinc oxide nanoparticle (ZnO NP) has become a popular choice in nanomedicine and in the treatment of infections.
The present study investigated the sensitivity of Profeus vulgaris to ZnO NPs. The bacteriostatic and
bactericidal effects on P. vulgaris were determined by using turbidity and colony count methods. The oxidative
stress induced by the treatment of ZnO NPs was evaluated by investigating the level of intracellular reactive oxygen
species (ROS) along with lipid peroxidation (LP) analysis. The results showed the highest bacterial growth inhibition
of 76.21+1.91 and 87.49+3.29% determined using the turbidity and colony count methods, respectively. The
highest oxidative stress effects were observed in P. vulgaris exposed to 100 pg/mL of ZnO NPs for 24 h as shown
by 510.90+108.53% increase in ROS production and 328.77+44.36% increase in LP level. The Fourier transform
infrared spectroscopy (FTIR) spectrum illustrated the possible involvement of functional groups such as amine,
alkane, acid and alkene from the bacterial cell wall in allowing the surface attachment of nanoparticles on the bacterial
cells. Hence, the present study clearly demonstrated the sensitivity of P. vulgaris to ZnO NPs.
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ABSTRAK

Nanozarah zink oksida (ZnO NP) telah menjadi pilihan popular dalam nanoperubatan serta dalam rawatan jangkitan.
Kajian ini meneliti kesensitifan Proteus vulgaris terhadap ZnO NP. Kesan bakteriostatik dan bakterisid P. vulgaris
ditentukan dengan menggunakan kaedah kekeruhan dan penghitungan koloni. Tekanan oksidatif yang disebabkan
oleh rawatan ZnO NP dinilai dengan menentukan tahap spesies oksigen reaktif (ROS) intrasel bersama dengan
analisis peroksidasi lipid (LP). Hasil menunjukkan perencatan pertumbuhan bakteria tertinggi iaitu 76.21+1.91 dan
87.49+3.29% masing-masing ditentukan menggunakan kaedah kekeruhan dan penghitungan koloni. Kesan tekanan
oksidatif tertinggi diperhatikan pada P. vulgaris yang terdedah kepada 100 pg/mL ZnO NP selama 24 jam seperti
yang ditunjukkan oleh peningkatan pengeluaran ROS sebanyak 510.90+108.53% dan peningkatan tahap LP sebanyak
328.77+44.36%. Spektrum transformasi Fourier inframerah (FTIR) menunjukkan kemungkinan penglibatan
kumpulan berfungsi seperti amina, alkana, asid dan alkena daripada dinding sel bakteria yang membolehkan pelekatan
permukaan nanozarah pada sel bakteria. Oleh itu, kajian ini menunjukkan dengan jelas kesensitifan P. vulgaris terhadap
ZnO NP.

Kata kunci: Kesensitifan; nanozarah zink oksida; Proteus vulgaris; sifat antibakteria; tekanan oksidatif

INTRODUCTION of therapeutic substances (Kumar & Anthony 2016).

Metal nanoparticles (MNPs) are one of the most studied Zinc oxide nanoparticle (ZnO NP) is a popular choice for
nanomaterials in biomedical research as the transporter  therapeutic applications due to its effective antibacterial
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and anticancer properties (Djearamane et al. 2019;
Elshama et al. 2018). Although there are many other
MNPs like titanium dioxide (TiO,), silver (Ag) and
copper (II) oxide (CuO) currently available in the industry
with reported antibacterial, antifungal and anticancer
properties, ZnO NP is preferred due to its low toxicity
level, higher sensitivity and cheaper cost (Mishra et al.
2017).

ZnO NPs are reported to be the least toxic to human
cells as these particles do not cause any disruption to
human deoxyribonucleic acid (DNA) but are harmful to
bacterial cells (Sirelkhatim et al. 2015). The non-toxic
property of ZnO NP is one of the key reasons for its
extensive usage in biomedicine as well as in commercial
products like skin care products. ZnO NP is also claimed
to be compatible to human skin, hence it is accepted to
be used in skin care products, clothes and materials that
can come in touch with human skin (Mirzaei & Darroudi
2017). In biomedicine, ZnO NP is widely used in treating
cancer and inflammation, and is also a suitable agent
for healing wounds (Mishra et al. 2017).

In the present study, the sensitivity of Gram-
negative bacterium P. vulgaris to ZnO NPs was studied
through investigating the growth inhibition and
oxidative stress effects of ZnO NP on P. vulgaris.

MATERIALS AND METHODS

SEM-EDX OF ZINC OXIDE NANOPARTICLES

The ZnO nanopowder (particle size < 100 nm) was
purchased from Sigma-Aldrich. The shape and size of the
particle were studied by scanning electron microscope
(SEM) while the composition of nanopowder was
confirmed by energy dispersive X-ray (EDX) using SEM-
EDX analyser (6701F -JSM, JOEL, Japan).

TREATMENT OF BACTERIAL CULTURE WITH NPs

Several colonies of P. vulgaris from the pure culture
were inoculated into 50 mL tube containing nutrient
broth (NB). Then, the tube containing the bacterial
suspension was incubated using a shaking incubator
maintained at 37 °C. The bacterial suspension at 5 h of
subculture (mid-exponential phase), with OD of 0.05 at
600 nm, was exposed to 10, 50, and 100 pg/mL of ZnO
NPs. A negative control was prepared with bacterial
suspension without addition of ZnO NPs and a positive
control was prepared by adding 10 pg/mL tetracycline
in bacterial suspension. All the tests and controls were
prepared in triplicates and incubated for 24 h at 37 °C
in a shaking incubator.

GROWTH INHIBITORY TEST
TURBIDITY METHOD

The bacterial suspension treated with ZnO NPs and
controls were measured at 24 h for the turbidity by
UV-VIS spectrophotometer (Biochrom, Libra S4, UK)
at OD, . In order to avoid the interference of ZnO NPs,
OD,, of NB with each concentration of ZnO NPs was
determined and subtracted from the test reading. The
percentage of inhibition on bacterial growth by the
effects of ZnO NPs was calculated using (1) (Liang et
al. 2020).

Percentage of inhibition in bacterial growth =
©)

ODeoo in negative control - ODeoo in treatment % 100

ODsoo in negative control

COLONY COUNT METHOD

The bacterial suspension treated with ZnO NPs was
streaked on Luria Bertani (LB) agar after 24 h treatment
along with the negative control which contained
bacterial suspension only and the positive control which
contained bacterial suspension treated with 10 pg/mL
tetracycline using streak plate method. The colonies were
counted after being incubated at 37 °C for 24 h. The
percentage of decrease in number of bacterial colonies
was calculated using (2).

Bacterial growth inhibition (%) =

2
x 100

No. of colony in negative control - No. of colony in treatment
No. of colony in negative control

DETERMINATION OF ROS AND LP
ESTIMATION OF INTRACELLULAR ROS LEVEL

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) is a
non-fluorescent and cell-permeable probe that gives
high fluorescent when undergoing oxidation in the
presence of esterase or reactive oxygen species (ROS)
(Reiniers et al. 2017). The ZnO NP-treated bacterial
suspensions incubated at 37 °C after 24 h were washed
twice to remove the unbound NPs using 1X phosphate
buffered saline (PBS) by centrifuging at 6,000 x g for
10 min. Then, the bacterial suspension was incubated
with DCFH-DA (0.1 mM) in the dark at 37 °C for 30
min. After incubation, the unreacted dye was removed
from the reaction by washing with 1X PBS at 6,000 x g
for 10 min. About 100 uL of DCFH-DA-treated samples
were transferred to a 96-well plate and the fluorescence
intensity was measured using the microtiter plate reader



(BMG labtech, FLUOstar Omega, Germany) at 490/520
nm as the excitation/emission filter (Djearamane et al.
2020; Liang et al. 2020). A positive control was prepared
by treating bacterial suspension with 5% hydrogen
peroxide (H,0,) for 20 min. The percentage of increase
in intracellular ROS was calculated by comparing
with the negative control that did not contain ZnO NPs
using (3).

Percentage of increase in intracellular ROS =

3
ROS in treatment - ROSin control )
x 100

ROS in control

MEASUREMENT OF LIPID PEROXIDATION

BODIPY is a fluorophore that is lipid specific. It
detects lipid peroxidation on living cells and forms
fluorescence that can be detected at wavelength
490/520 nm (Drummen et al. 2002). The ZnO NP- treated
bacterial suspensions after incubation at 37 °C for 24 h
were washed twice to remove the unbound NPs using
1X PBS by centrifuging at 6,000 x g for 10 min. After
each wash, the supernatant was discarded. Then, the
bacterial suspension was incubated with BODIPY (0.2
mM) in the dark at 37 °C for 30 min. After incubation,
the unreacted dye was removed from the reaction by
washing with 1X PBS and centrifuging at 6,000 g for
10 min. The supernatant was discarded, the pellet was
then resuspended with 100 pL of 1X PBS and transferred
to a 96-well plate to measure the fluorescence intensity
using the microtiter plate reader (BMG labtech, FLUOstar
Omega, Germany) at 490/520 nm as the excitation/
emission filter (Drummen et al. 2002). The positive
control contained the bacterial suspension treated with
5% H,0, for 20 min. The percentage of increase in lipid
peroxidation (LP) was estimated with respect to the
negative control that was devoid of NPs using (4).

Percentage increase in LP =
4)
LP in treatment — LP in control
LP in control

x 100

BINDING OF NPS ON BACTERIAL SURFACE
The Fourier transform infrared spectroscopy (FTIR)
spectrum was used to identify the functional groups
which were responsible for surface attachment of ZnO
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NPs on the bacterial cell wall. Dried bacterial sample
was ground with potassium bromide (KBr) salts to make
homogenised soft powder. The homogenised sample was
then added into a sterile mould cast and secured onto a
manual hydraulic press at 4000 psi to form a KBr pellet.
The FTIR (Perkin-Elmer, Spectrum RX1, United States
of America, USA) was used to analyse the KBr pellet
and generate the FTIR spectrum from 4000 to 400 cm!
(Liang et al. 2020).

ANALYSIS FOR STATISTICAL SIGNIFICANCE

All assays were carried out in triplicates and the results
are shown in mean + standard deviation. SPSS version
16 was used to perform one-way analysis of variance
(ANOVA) for analysing the statistical significance on the
variances induced by ZnO NPs. The significant difference
was accepted at p < 0.05.

RESULTS AND DISCUSSION

SEM-EDX OF NANO-ZINC OXIDE PARTICLES

The shape, size, and morphology of ZnO NPs powder
observed under SEM were as shown in Figure 1(A).
With the aid of SEM, ZnO NPs appeared in clusters
and circular in shape with mixtures of rods. The size
of the ZnO NPs ranged between 46.7 and 56.4 nm, with
an average size of 51.8 nm. Similar shape, size, and
morphology of ZnO NPs were reported by Liang et al.
(2020). EDX analysis (Figure 1(B)) demonstrated the
presence of zinc along with oxygen in the nanopowder
studied. The carbon appeared in the EDX spectrum may
be due to the use of carbon tape for SEM-EDX sample
preparation (Varadavenkatesan et al. 2019).

GROWTH PATTERN OF BACTERIA

The growth curve of P. vulgaris was as shown in Figure
2. Based on the growth curve, the exponential phase
of P. vulgaris started at 2 h and lasted until 8 h and
the mid-exponential phase was identified at 5 h. The
growth of P. vulgaris declined from 24 to 48 h. An
earlier study by Ranjbar-Omid et al. (2015) reported
the existence of the exponential phase until 10 h and the
decline phase from 12 to 18 h on P. mirabilis grown in
Muller- Hinton broth.
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FIGURE 1. Scanning Electron Microscope image (A) and Energy Dispersive
X-ray analysis (B) of zinc oxide nanopowder.
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FIGURE 2. Growth curve of P. vulgaris in nutrient broth at 37 °C

GROWTH INHIBITORY TEST

The bacterial growth became increasingly inhibited as
the concentration of ZnO NPs increased as determined
using the turbidity method (Figure 3). The results showed
a significant difference (p <0.05) in the growth inhibition
of P. vulgaris exposed to 50 and 100 pg/mL of ZnO
NPs for 24 h compared to the negative control, with

the resultant values of 67.07+4.45 and 76.21+1.91%,
respectively. However, there was no significant difference
(p > 0.05) in growth inhibition reported at 10 pg/mL
of ZnO NPs with respect to negative control with the
resultant value of 1.66+0.66 % at 24 h, while the positive
control showed 91.15+10.06% growth inhibition. The
bacterial colonies grown on LB agar were as shown in
Figure 4 and the percentage of growth inhibition of P.



vulgaris for colony count method was as presented in
Figure 5. Similar to turbidity method, the colony count
results reported a significant decrease (p < 0.05) in
bacterial growth upon exposure to 50 and 100 pg/mL of
ZnO NPs for 24 h compared to the negative control, with
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the resultant values of 80.94+3.38 and 87.49+3.29%,
respectively. However, no significant difference (p >
0.05) was reported at 10 pg/mL compared to negative
control with the resultant value of 3.61+1.20% of growth
inhibition. The positive control showed 100 = 0 % growth
inhibition.
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FIGURE 3. Percentage of growth inhibition in P. vulgaris upon exposure to ZnO NPs for
24 h in nutrient broth by turbidity method. *indicates p < 0.05 between the control and the
tested concentrations of ZnO NPs. Tetracycline was used as the positive control

FIGURE 4. Bacterial colonies on LB agar for negative control (N), positive control (P) and
bacterial cells exposed to 10 ug/mL (A), 50 pg/mL (B) and 100 pg/mL (C) of ZnO NPs for 24 h
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FIGURE 5. Percentage of decrease in number of bacterial colony upon exposure
to ZnO NPs for 24 h in LB agar. *indicates p < 0.05 between control and tested
concentrations of ZnO NPs. Tetracycline was used as the positive control

Similar to the results in the present study, a study by
Sirelkhatim et al. (2015) which tested on Staphylococcus
aureus and Escherichia coli showed an increase in
antibacterial activity as the concentration of ZnO NPs
increased from 6 to 7 mM with reported values of 10.0
and 5.0% viable cells at 6 and 7 mM of ZnO NPs for 8
h. Akbar et al. (2019) investigated the bactericidal effect
of ZnO NPs using kill-time analysis and reported that
the bacteria Salmonella typhimurium and S. aureus
treated with ZnO NPs (1.3 mM) exhibited a considerable
reduction in viable cells from 7.97 log,, CFU/mL to
1.825 log , CFU/mL for S. typhimurium and 3 log,,
CFU/mL for S. aureus at 4 h. In addition, the study
also demonstrated a complete growth inhibition for S.
typhimurium at 8 h and S. aureus at 12 h. Furthermore,
the size dependent growth inhibitory effect of ZnO NPs
with the particle size ranging from 12 to 88 nm on S.
aureus was demonstrated by Raghupathi et al. (2011)
by turbidity method. Their findings showed that the
bacterial growth inhibition was indirectly proportional
to the particle size with the smallest size of NPs causing
the highest growth inhibition.

Besides, the earlier study showed that the
antibacterial properties of NPs were influenced by the
size and concentration of NPs (Khezerlou et al. 2018)

and the treatment time with bacteria (Mirzaei & Darroudi
2017). They also proposed three possible mechanisms
responsible for the bacterial growth inhibition which
were the production of high level of ROS due to the
interaction of NPs on bacterial surface, damage to the
bacterial cell wall by the accumulation of NPs on
bacterial surface (Raghupathi et al. 2011), and liberation
of zinc ions into the surrounding medium containing
ZnO NPs and causing enzyme disruption and defective
protein metabolism (Sirelkhatim et al. 2015).

DETERMINATION OF ROS AND LP

The DCFH-DA assay was used to determine the amount
of ROS produced in bacterial cells upon treatment with
ZnO NPs for 24 h. The fluorescence of DCF increased
as the concentration of ZnO NPs increased. In Figure 6,
the results showed a significant (p < 0.05) increase in
intracellular ROS production for treatment with 50 and
100 pg/mL of ZnO NPs at 24 h compared to the negative
control, with the reported values of 388.67+£26.07 and
510.90+108.53%, respectively. However, no significant
(p > 0.05) difference in ROS production was reported
at 10 pg/mL of ZnO NPs compared to negative control
with the resultant value of 36.90+6.10%. The positive
control for bacterial suspension treated with 5% of
H,O, showed 1055.48+133.82% increase in ROS



production. Furthermore, the BODIPY assay was used to
demonstrate the lipid peroxidation induced by ZnO NPs
in bacterial cells. The percentage of increase in lipid
peroxidation on P. vulgaris followed a similar trend
with ROS production. The results presented in Figure 7
demonstrated that the fluorescent intensity of BODIPY
increased as the concentration of ZnO NPs increased
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and showed a significant difference (p < 0.05) in lipid
peroxidation on bacterial cells exposed to 50 and 100
pg/mL of ZnO NPs for 24 h compared to the negative
control, with the resultant values of 135.344+21.72 and
328.77+44.36%, respectively. However, there was no
significant (p > 0.05) difference showed at 10 pg/mL of
ZnO NPs compared to negative control with the reported
value of 20.69+7.47%. The positive control showed
577.33+49.22% increase in LP level.
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FIGURE 6. Percentage increase in ROS production in P. vulgaris upon exposure
to ZnO NPs for 24 h in nutrient broth by DCFH-DA assay. *indicates p < 0.05
between control and tested concentrations of ZnO NPs, and 5% hydrogen
peroxide was used as the positive control
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FIGURE 7. Percentage increase in lipid peroxidation in P. vulgaris upon
exposure to ZnO NPs for 24 h in nutrient broth using BODIPY assay. *indicates
p <0.05 between control and tested concentrations of ZnO NPs, and 5%
hydrogen peroxide was used as the positive control
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It was clearly evident from the results of the present
study that the increase in the levels of ROS and LP
resulted in the greater bacterial growth inhibition as the
concentration of ZnO NPs increased. The interaction of
ZnO NPs on bacteria can cause oxidative stress on the
bacterial membrane by releasing high amount of ROS
and result in killing the bacteria (Gupta et al. 2019).
The ROS which include peroxide, hydrogen peroxide,
hydroxyl and super oxides are the substances damaging
the membrane integrity (Manyasree et al. 2018). Dutta et
al. (2012) illustrated the role of ROS and LP in bacterial
growth inhibition using bare ZnO NPs (35 mg/100 mL
media) and thioglycerol (TG) capped ZnO NPs (55
mg/100 mL broth) against E. coli in the presence of
histidine which worked as an antioxidant to scavenge
ROS to confirm the ROS-mediated antibacterial effect
of ZnO NPs. The inhibition of bacterial growth was
reduced as the concentration of histidine was increased
from 15 mg to 45 mg/100 mL culture medium for both
ZnO NPs and TG capped ZnO NP-treated suspensions
with the corresponding decrease in ROS formation and
malondialdehyde (MDA) equivalents. It was shown
from the study that ZnO NPs caused oxidative stress
to bacterial cell by inducing excess ROS production
which in turn resulted in membrane lipid peroxidation
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and growth inhibition. Kumar et al. (2011) reported 21
and 32% increase in ROS production with 25.8 and 49%
increase in LP when E. coli was treated for 60 min with
8 and 80 pg/mL of ZnO NPs, respectively. Similar results
were reported for Streptococcus pyogenes when treated
with different concentrations of ZnO NPs for 24 h, where
dose-dependent ROS and LP production were observed
with the corresponding bacterial growth inhibition
(Liang et al. 2020).

The lipid peroxidation happens when cells undergo
unmanageable stress condition where the hydrogen from
the lipid layer is taken away due to initiation of ROS
production and then converted to a fatty acid radical
ion. This becomes a threat to the permeability of cell
and causes loss in membrane integrity, membrane
selectivity and fluidity (von Moos & Slaveykova 2014).
The critical mechanisms involved in the antibacterial
activity of NPs are the membrane protrusion and
leakage due to LP and resulting in the leakage of
intracellular organelles and eventually cell death
(Agarwal et al. 2018).

BINDING OF NPS ON BACTERIAL SURFACE

The functional groups that were responsible for binding
ZnO NPs on the bacterial cell surface were identified
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using FTIR as shown in Figure 8. The functional groups
were identified from FTIR spectrum by comparing the
peaks shifted between the control and the bacterial
suspension exposed to 100 pg/mL of ZnO NPs for 24 h.
The peak from 2930 to 2961 cm™! corresponded to alkane
with C-H stretching (Silverstein et al. 1981), amine
with N-H bending at 1618 cm™! (University of Colorado
2011a), acid with C-O stretching at 1299 cm™! (Silverstein
et al. 1981), and alkene with =C-H bending at 870 cm’!
(University of Colorado 2011Db).

Formation of peak shifts in the treated sample
indicated that the structure of the P. vulgaris membrane
was altered due to the binding of ZnO NPs, hence the new
functional groups like amine and alkene were detected
in FTIR spectrum. Besides the formation of new peaks
in the treated P. vulgaris, some functional groups were
missing when compared to the control spectrum. The
peaks missing at 2930-2961 and 1299 cm™! were from
the alkane and acid group, respectively (Silverstein et al.
1981). The FTIR spectrum for U. lactuca-fabricated ZnO
NPs showed a broad absorption band at 3418 cm™' that
possibly assigned to H bond in alcohol and the peaks at
1634.00 and 620.93 cm™ probably due to ZnO stretching
and deformation vibration (Iswarya et al. 2018).

CONCLUSIONS

The present study demonstrated the sensitivity of P.
vulgaris to ZnO NPs treatment and showed a dose-
dependent increase in bacterial growth inhibition with
increasing concentrations of ZnO NPs. The treatment of
ZnO NPs resulted in a significant antibacterial activity on
P vulgaris through both bacteriostatic and bactericidal
effects. The results also showed the induction of
oxidative stress in bacterial cells by ZnO NPs as evident
from the dose-dependant increase in ROS and LP.
Furthermore, the results also demonstrated the possible
involvement of the functional groups such as amine, acid,
alkane and alkene groups from the bacterial cell wall
in bindingZnO NPs to the bacterial surface. Overall, the
present study illustrated the sensitivity of P. vulgaris to
ZnO NPs treatment.
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