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generated at nickel oxide
nanoparticle interface results in bacterial
membrane damage leading to cell death†

Nibedita Behera,‡a Manoranjan Arakha, ‡b Mamali Priyadarshinee,a

Biraja S. Pattanayak,a Siba Soren,a Suman Jha c and Bairagi C. Mallick *a

Metal oxide nanoparticles (NPs) have shown enhanced antibacterial effects against many bacteria. Thus,

understanding the potential antibacterial effects of nickel oxide nanoparticles (NiO NPs) against Gram-

positive and Gram-negative pathogenic bacteria is an urgent need to enable the exploration of NiO NP

use in biomedical sciences. To this end, NiO NPs were synthesized by microwave assisted hydrothermal

synthesis method. The synthesized NPs were characterized by X-ray diffraction (XRD) and Fourier

Transfer Infrared (FT-IR) and UV-visible spectroscopy. The morphological features of the synthesized

NiO NPs were analysed using Transmission Electron Microscopy (TEM) and FE-SEM analysis. The

antibacterial activity of NiO NP was explored using different antimicrobial and biophysical studies. The

obtained data reveals that the NiO NP has stronger antibacterial activity against Gram-positive bacteria

compared to Gram-negative bacteria. The mechanism behind the antibacterial activity of the NiO NP

was explored by evaluating the amount of ROS generation at the NiO NP interface. The effect of ROS

generation on the bacterial membrane was evaluated by BacLight assay and morphological analysis of

the bacterial membrane using FE-SEM. The data altogether suggested that the oxidative stress generated

at the NiO NP interface resulted in membrane damage leading to bacterial cell death.
Introduction

Increasing pathogenic resistance has become a serious threat to
medical science in the treatment of several human diseases.1

More than 70% of the bacterial infections are now resistant to
conventional/traditional antibiotics that are used to treat the
infection.2–4 Hence, the bacterial resistance towards traditional
or conventional antibiotics is increasing in an alarming rate,
and this has become a major global health concern in the
current era.5–8 It is now important to check the development of
such new resistant strains by alternative antibiotic approaches.
Many research groups have recently observed that metal oxide
nanoparticles (NPs) have shown better antimicrobial activity
against a wide range of bacterial strains.9,10 Thus, these nano-
particles could be adopted as potential antimicrobial
agents.11–17 These NPs have drawn more attention as new
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generation antimicrobial agents, as they are less likely to
develop resistance compared to the traditional or conventional
antibiotics against different bacteria.18 Additionally, metal
oxide nanoparticles shape, size, morphology and physico-
chemical characteristics are also important, and have shown
greater impacts and effects on the antimicrobial activity against
many microbes.19–22 In this context, Arakha et al. have investi-
gated the effects of different physico-chemical parameters of
nanoparticles such as size, shape, band gap energy, crystal-
linity, interfacial potential, and functional groups at bio-nano
interface on antimicrobial activity and cytotoxicity of nano-
particles.10,23–25 Additionally, Venkatesan et al. have investigated
that porous chitosan–alginate–AgNPs composite can be used in
antimicrobial ltration and cancer treatment.26

The size of NPs in the nano range helps the nanoparticles to
have high surface area to volume ratio, hence possess high free
energy content.24 The NPs maintain the stability by reducing
free energy upon interaction with different interactomes inside
the colloidal solution/biological milieu.24 Nanoparticle-induced
oxidative stress has increased the membrane lipid peroxidation
and challenged the antioxidant defence system in some
bacteria. This can also be explained by decrease in intracellular
glutathione (GSH) or alternatives responsible for cell viability
and retardation of bacterial growth in bacteria.27 Over and
above, nanoparticle induced oxidative stress could be an
advantage for their use as antimicrobial agents. Recently, many
This journal is © The Royal Society of Chemistry 2019
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such reports have mentioned and justied the exciting appli-
cations of nanoparticles. To mention a few such as Ag NP, ZnO
NP, Fe2O3 NP, MgO NP and NiO NP have shown different
antimicrobial activities against Gram-positive and Gram-
negative bacteria.28–32

Nickel oxide nanoparticle (NiO NP) has drawn various
applications both in material science and biomedical
sciences.33,34 The present study investigates the potential anti-
microbial activity of NiO NP against Gram-positive bacteria
Bacillus subtilis (B. subtilis) and Gram-negative bacteria Escher-
ichia coli (E. coli) to correlate and improve its biomedical
applications. In this context, our investigation has explored how
the reactive oxygen species generated at nickel oxide nano-
particle interface put stress on bacterial membrane deter-
mining the antibacterial activity of nickel oxide nanoparticles.
Although, antimicrobial activity along with mechanism for
various nanoparticles is well established, however to the best of
our knowledge, oxidative and membrane stress mediated anti-
microbial activity of NiO NP has not been reported till date
completely. To this end, we have used different biophysical and
microscopic techniques to explore the effectiveness of nickel
oxide nanoparticles against Gram-positive and Gram-negative
bacteria. The ndings of the study explored the underlying
mechanism of bacterial cell non-viability, i.e. predominantly
through ROS-mediated pathway. This work is specic on its way
to address the effectiveness of NiO NP and accordingly it could
be adopted as an alternative antimicrobial agent for future use.
Materials and methods

Nickel chloride hexahydrate, nutrient broth and tannic acid
were purchased from Himedia, India. Urea was purchased from
Sigma-Aldrich, USA. Glutaraldehyde was purchased from
Merck, India, and 20,70-dichlorodihydrouorescein diacetate
(DCHF-DA) was purchased from Cayman Chemicals, USA. All
mentioned chemicals were of analytical grade and used without
further purication.
Synthesis NiO NP

Nickel oxide nanoparticle (NiO NP) was synthesized from nickel
chloride hexahydrate (NiCl2$6H2O) and urea (NH2CONH2) by
microwave assisted hydrothermal synthesis method, following
the previous protocol with somemodications.35 In brief, nickel
chloride hexahydrate (107 mg) and urea (81 mg) were dissolved
in 30 mL of deionized water with continuous stirring for 30
minutes at room temperature for complete homogenization.
The mixture was then transferred into a Teon-lined autoclave
vessel, and subjected to microwave irradiation using a Sineo,
MDS-6, China, microwave synthesizer for 25 minutes at 180 �C.
The microwave-mediated product was then cool down to room
temperature and the green coloured precipitate of nickel
hydroxide Ni(OH)2 was separated out from the solution by
centrifugation at 6000 rpm for 30 minutes. The precipitate was
then rinsed thoroughly with deionized water followed by
ethanol wash, and dried at 100 �C in a hot air oven prior to
calcination at 450 �C for 5 hours to obtain the desired NiO NP.
This journal is © The Royal Society of Chemistry 2019
Characterizations of synthesized NiO NP

Powder X-ray diffraction (XRD) study was conducted using an
Ultima IV diffractometer (Rigaku, Tokyo, Japan), using Cu-Ka
radiation (l ¼ 1.5405 Å) at 20 kV as the X-ray source. The 2q
scans were recorded at room temperature ranging from 10 to 90
degree in a continuous scan mode.

The FT-IR spectrum of synthesized NiO NP was obtained
using an Attenuated Total Reection Fourier Transfer Infrared
(ATR-FTIR) spectrometer (Alpha ATR-FTIR, Bruker, Germany) in
the range of 400 to 4000 cm�1 on diamond crystal. All the
measurements were performed at room temperature with trip-
licate scanning. The data was processed using the OPUS Viewer
soware.

Field Emission Scanning Electron Microscope (FE-SEM)
measurements of synthesized NiO NP was performed using
a Nova Nano-SEM 450, FEI Netherland at an acceleration
voltage of 10 kV. The High-Resolution Transmission Electron
Microscopy (HR-TEM) measurement was also performed using
a FEI Tecnai F20 transmission electron microscope operating at
an accelerating voltage of 200 kV.

The elemental composition of prepared NiO NP was identi-
ed by Energy Dispersive X-ray (EDX) analysis. The surface
potential value and the average size of the NiO NP was identied
by Zeta analyzer (Malvern Zetasizer, Nano ZS90, Netherland).
Spectrophotometric measurement was performed using
a Carry-100 UV-Visible spectrophotometer (Agilent Technolo-
gies Pvt. Ltd., USA) at wavelength 200–800 nm.
Effects of NiO NP interface on antibacterial activity

Initially, the antimicrobial activity of NiO NP against Bacillus
subtilis and Escherichia coli bacteria was studied by growth
kinetics in the absence and presence of NiO NP. The NiO NP
stock solutions were prepared by dispersing NiO NP in sterilized
nutrient broth solution followed by sonication for 15 minutes
and sterilized using UV-radiation for 30 minutes. For evaluation
of antimicrobial activity, different concentrations of NiO NP
were added to bacterial culture at mid log phase of growth
kinetics in a 96-well cell culture plate. The reaction mixture
without NiO NP was taken as control, and the growth kinetic
was observed by measuring the optical density (OD) at 600 nm,
using a microplate reader (Synergy H1 Hybrid Reader, BioTek,
USA) at regular time intervals. Approximately in the mid-log
phase of bacterial growth, NiO NP solutions of different reac-
tion concentrations (25, 50, 100, 250 and 500 mg mL�1) were
added to the respective wells and the data collection started
with a dead time of 10 minutes.
Reactive oxygen species (ROS) detection

To explore the mechanism behind the antibacterial activity of
NiO NP, ROS generation at NiO NP interface was estimated
using 2,7-dichlorodihydrouorescein diacetate (DCFH-DA) dye.
The DCFH-DA is a peroxynitrite dye with excitation and emis-
sion maxima at 503 nm and 523 nm respectively. This dye can
detect the presence of both nitric oxide and hydrogen peroxide
inside and outside the cells.36,37 Both B. subtilis and E. coli cells
RSC Adv., 2019, 9, 24888–24894 | 24889
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added with 200 mM DCFH-DA were seeded in a 96-well cell
culture plate at 37 �C, and then different concentrations (25,
250, 500 mg mL�1) of NiO NP were added at the mid log phase of
growth kinetics. The uorescence emission was measured at
523 nm with an excitation at 503 nm using a micro-plate reader
(Synergy H1 Hybrid Reader, Biotek, USA). The variations in ROS
production was examined by comparing the uorescence
intensities with positive control.
Detection of oxidative stress mediated membrane damaged of
bacteria

To explore the impact of oxidative stress generated at NiO NP
interface on membrane of bacteria, we have taken the help of
BacLight uorescence assay which differentiate the dead
bacterial cells resulted frommembrane damage.10 The bacterial
samples were prepared using the protocol adopted by Arakha
et al.10,24 using bacterial viability kit (L7007, Molecular Probes,
Invitrogen, USA) and examined using uorescence microscope
(Olympus IX71, Germany) with a 20� objective lens.

To support the ndings obtained from BacLight uores-
cence assay, we have analyzed the bacterial membrane using
Field Emission Scanning Electron Microscope (FE-SEM), which
visualises the morphological variation of bacterial membrane
upon NiO NP treatment. The sample for FE-SEM analysis was
prepared following the protocol adopted by Arakha et al.24
Results
Characterization of synthesized NiO NP nanoparticles

Initially, the synthesis of NiO NP was conrmed using X-ray
diffraction spectroscope. The X-ray diffraction (XRD) spectra
with no additional peaks for any impurities in Fig. 1(a) indicates
the crystalline nature of the synthesize NiO NP. The intense
diffraction peaks at different 2q, i.e. angle values of 37, 43, 63, 75
and 79 correspond to different crystal planes such as (111),
(200), (220), (311) and (222) respectively.
Fig. 1 Characterization of synthesized NiO NP. (a) XRD pattern, (b) FE-
SEM images of synthesized NiO NP, (c) EDX analysis and (d) TEM
images of NiO NP.

24890 | RSC Adv., 2019, 9, 24888–24894
These diffraction peaks are in good agreements with the
reported diffraction patterns of NiO NP.2 Further, the average
crystallite of NiO NP was calculated to be 22.8 nm using the
Scherer's equation:

Particle size ¼ Kl/b cos q

where, K (¼0.9) represents proportionality coefficient (shape
factor), l (¼1.540 � 10�10 m) wavelength of X-ray, b is the full-
width at half-maxima of diffraction peak (in radians) and q is
the Bragg's angle. The band gap energy of the NiO NP was
determined to be 3.71 eV by using the equation, Ebg ¼ 1240/l
(eV),10 where Ebg and l stands for band gap energy (eV) and the
wavelength (nm) respectively.

The FE-SEM image in Fig. 1(b) shows the surfacemorphology
features of the synthesized NiO NP. As shown in the gure, most
of the synthesized NiO NPs are spherical in shape along with
some rod. The size of the particles varies from 40–100 nm. The
EDX spectrum in Fig. 1(c) reveals the elemental composition of
the synthesized NiO NP. The presence of nickel and oxygen
signals in the prepared NiO NP of 77.65% and 22.35%,
respectively conrmed the synthesis of NiO NP. The TEM image
in Fig. 1(d) shows that NiO NPs are spherical and rod shape with
diameter in the range of 10–80 nm.

The FT-IR spectrum of NiO NP in Fig. 2(a) shows two distinct
strong characteristics bands at 1529 cm�1 and 1664 cm�1

indicating N–H bending and C]O stretching vibrations,
respectively. The absorption peaks below 800 cm�1 provides
important information about internal metal–oxygen bond
vibrations.38 The band near 542 cm�1 identies the presence of
internal nickel–oxygen bond. As the sample was thoroughly
washed with deionized water, there were no additional peaks
indicating the absence of impurities.

Fig. 2(b), displays the averaged hydrodynamic size of
synthesized nickel oxide nanoparticles determined in the
deionized water by dynamic light scattering (DLS) was found to
be 296 nm. Further, the zeta potential of NiO NP in deionized
water in Fig. 2(c) has negative surface potential of �25 mV. The
Fig. 2 FT-IR spectra (a), DLS analysis (b), zeta potential measurements
(c) and UV-visible absorption spectrum (d) of synthesized NiO NP.

This journal is © The Royal Society of Chemistry 2019
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prepared NiO NP gives a characteristic absorption peak at
334 nm (Fig. 2(d)) using a Carry-100 UV-visible spectropho-
tometer scanned in the wavelength range of 200–800 nm at
room temperature.
Fig. 4 ROS detection of (a) B. subtilis and (b) E. coli in the presence of
different concentrations of NiO NP at room temperature.
Effect of the NiO NP interfaces on bacterial cell viability

To study the effect of NiO NP interface on bacterial cell viability,
the growth kinetic experiments were carried out. In Fig. 3(a), the
lower concentrations of NiO NP do not show any signicant
inhibition against B. subtilis, whereas higher concentrations
above 100 mg mL�1 to 250 mg mL�1 shows signicant inhibition
effects and at 500 mg mL�1 the growth kinetic of B. subtilis was
completely suppressed. Whereas in the case of E. coli, we did
not observe any signicant growth inhibition in the presence of
NiO NP, except at 500 mg mL�1 as shown in Fig. 3(b). Thus, the
data revealed that NiO NP has strong antimicrobial propensity
against studies B. subtilis bacterial strains compared to E. coli.

It is known that the production of reactive oxygen species
(ROS) is responsible for the lipid, protein and DNA damages
and resulted increasing non-viable bacterial population.39 The
change in ROS production in the presence of NiO NP was
observed using DCFH-DA uorescence dye. In Fig. 4(a) and (b),
it is evident that at higher concentration of NiO NP, i.e. from 250
mg mL�1 to 500 mg mL�1 the production of ROS in the case of B.
subtilis was enhanced by ve-fold compared to control, whereas
in the case of E. coli, it increased by 5% only. The results ob-
tained from growth kinetic study and ROS detection indicates
strong antimicrobial activity of NiO NP against Gram-positive
bacteria compare to Gram-negative bacteria.40,41

The LIVE/DEAD BacLight uorescence assay was used
further to distinguish and to quantify the viable and non-viable
cells resulted from the membrane damage due to oxidative
stress at NiO NP interface. When NiONP was interacted with the
bacterial strains, some of cells with integral membrane remain
viable, upon treatment give green uorescence as they are
stained by membrane permeable Syto9 dye, whereas non-viable
bacteria cells with ruptured/damaged membrane give red uo-
rescence as they are strained by propidium iodide (PI). In
Fig. 5(a-i) and (b-i), the untreated B. subtilis and E. coli cells
exhibited green uorescence indicating the presence of 100%
viable cells. Whereas, in presence of 25 mg mL�1 of NiO NP in
Fig. 5(a-ii) and (b-ii), the fraction of red cells for B. subtilis was
52% and 6% for E. coli. At highest concentrations of NiO NP
(500 mg mL�1) the fraction of red cells increases to 81% for B.
Fig. 3 Growth kinetics of (a) B. subtilis and (b) E. coli in the absence
and presence of different concentrations of NiO NP.

This journal is © The Royal Society of Chemistry 2019
subtilis and there was no signicant difference in the percent-
ages of red cells at this concentration for E. coli [Fig. 5(a-iii) and
(b-iii)]. The percentage of live and dead cells of B. subtilis and E.
coli in presence of the NiO NP was estimated by statistical data
analysis and presented in Fig. 6(a) and (b), which conrmed the
strong antimicrobial activity of NiO NP against B. subtilis and
compare to E. coli.

To collect strong evidence about oxidative stress mediated
bacterial cell membrane damage, we have visualised the
morphology of B. subtilis cells using FE-SEM upon NiO NP
treatment (Fig. 7). The NiO NP upon interaction with bacterial
cells resulted in ROS formation at the interface. Thus, the
generated ROS put stress on the bacterial membrane resulting
in bacterial membrane damage. Hence, the FE-SEM image of
NiO NP treated bacterial cells show abnormal textures like
membrane rupture, membrane damage (Fig. 7(b)) compared to
control (Fig. 7(a)). We did the statistics of intact membrane
bacteria by taking total 50 cells from 5–7 different FE-SEM
micrographs. In control, we found approximately 80% cells
with intact membrane, whereas in NiO NP treated cells, we
found approximately 10% cells with intact membrane,
demonstrating the membrane damaging/antibacterial activity
of NiO NP. The ruptured cells no longer remain intact and oen
found in aggregates or clumps. The results obtained from FE-
SEM analysis are in good agreement with the results obtained
from BacLight uorescence assay conrming that the oxidative
Fig. 5 Fluorescence microscopic images of B. subtilis (a-i) control, (a-
ii) 25 mg mL�1 (a-iii) 500 mg mL�1 of NiO NP and E. coli (b-i) control, (b-
ii) 25 mg mL�1, and (b-iii) 500 mg mL�1 of NiO NP.

RSC Adv., 2019, 9, 24888–24894 | 24891
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Fig. 6 Percentage of live and dead cells in the presence of NiO NP, (a)
B. subtilis and (b) E. coli.

Fig. 7 FE-SEM analysis of NiO NP treated B. subtilis. (a) Control
(without NiO NP treatment), and (b) showing membrane damage in
NiO NP treated cells.
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stress generated at the NiO NP interface resulted in bacterial
membrane damage leading to bacterial cell death.

Discussion

The use of metal oxide NP in medical applications remains
a challenge. However, advances in nanoparticle research have
addresses many such applications and improved conditions for
their use in medicine. Recent studies have revealed that nano-
particles being smaller in size display greater antimicrobial
activity against many infectious microorganisms.42 NiO NPs
having advanced physico-chemical properties such as electron
transfer capability, high chemical stability, super capacitance
properties, electro catalysis have drawn the attention of various
research groups for different biomedical applications.2 In this
context, various research groups have suggested NiO NP as
prospective antimicrobial agent and antitumor agent.2

However, the exact mechanism behind antimicrobial activity of
NiO NP has not been explored till yet. Although various mech-
anisms of antimicrobial activity such as generation of ROS,
release of metal ions, cell wall damage and dissemination of cell
envelop have been reported for various metal oxide NPs against
various Gram-positive and Gram-negative bacteria,43–45 but still
the mechanism remains unexplored and need extensive evalu-
ation for safe use of nanoparticles as modern antimicrobial
agents. Here, we have tried to explore the mechanism to
understand the antimicrobial activity of NiO NP against Gram-
positive (B. subtilis) and Gram-negative (E. coli) bacteria using
different antimicrobial and biophysical techniques. From
24892 | RSC Adv., 2019, 9, 24888–24894
various antimicrobial and biophysical studies, our investigation
intended to explore the role of oxidative stress generated at NiO
NP interface resulting in membrane damage leading to bacte-
rial cell death. For the same, we have synthesized small size and
stable NiO NP with negative surface potential to explore its
antimicrobial activity against selective Gram-positive and Gram-
negative bacteria. In the case of Gram-negative bacteria, the
presence of additional negatively charged lipopolysaccharides
(LPS) makes the surface potential more negative compare to the
Gram-positive bacteria.43 It is reported that the interaction
between NPs and bacteria membrane is primarily due to the
electrostatic interactions at the nanoparticle bacteria inter-
face.24 In this context, many research groups have reported that
the electrostatic interaction between the bacterial membrane
and different chemical entity is mediated by bacterial
membrane surface charge neutralization.10,46,47 The surface
charge neutralization is a common biological phenomenon
which is attributed in balancing the interaction between posi-
tively charged fractions of nanoparticles with negatively
charged fractions like phosphates and carboxylates present in
LPS of bacteria, altering the membrane permeability, leading to
antimicrobial activity.46,47 Here, we observed that synthesized
NiO NP with negative surface potential of �25 mV showed
stronger antimicrobial propensity towards the partially less
negative surface potential of Gram-positive bacteria (B. subtilis)
which might be due to stronger electrostatic interactions
between two entities. The above ndings are supported by the
results obtained by Khashan et al.48 where they have investi-
gated that NiO NP has signicant antimicrobial activity against
wide range of Gram positive bacteria in comparison to Gram
negative bacteria. In addition, in our study, we have explored
the mechanism behind the antimicrobial activity of NiO NP
using different antimicrobial and biophysical experiment. At
very low NP concentrations, the interaction was very week as no
such specic changes in the growth kinetic were observed. We
further observed that the growth kinetic of B. subtilis was
strongly inhibited in the presence of higher concentrations of
NiO NP than in case E. coli. The Gram-positive bacteria, B.
subtilis possess a partially less negative surface potential, thus
have strong surface interactions with negative potential NiO NP
compared to the negative surface potential Gram-negative E.
coli bacteria. The nding from the growth kinetic studies was
also validated from ROS detection and backlight assay.

Although many research groups are trying to nd out the
mechanism behind the antimicrobial activity of different
nanoparticles, still it is a matter of intensive research, since
exploration of this concept is important to increase the appli-
cation domain of nanoparticles as modern antibiotics. In this
context, many research groups claim that liberation of metal
ions from metal oxide nanoparticles to be one of the mecha-
nisms for antimicrobial activity.10,29 We have also investigated
the effect of nickel ions on growth of bacteria to explore the
antimicrobial activity of nickel ions (Fig. S1, ESI†). The experi-
ment indicated that with increasing nickel ions concentration
in growth medium, the growth of both bacteria (B. subtilis and
E. coli) increases, and the observed results are in accordance
with the ndings obtained by Mulrooney et al.49 The nickel is an
This journal is © The Royal Society of Chemistry 2019
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essential nutrient for some microorganisms which is taken up
by ATP-binding cassette-type transport systems or nickel-
specic permeases.49

The generated ROS put oxidative stress on the bacterial
membrane causing bacterial membrane damage leading to
bacterial cell death which was conrmed from BacLight uo-
rescence assay and FE-SEM analysis. The Fig. 4(a) and (b) clearly
indicates that reactive oxygen species (ROS) also produced in
the absence of NiO NP, i.e. in control culture, since the dye is
showing increasing quantum yield with bacterial growth (black
line, control). The produced ROS in non-stress condition is
countered by different ROS scavenging enzymes present in
bacteria. However, in presence of 250 and 500 mg mL�1 of NiO
NP, the ROS production enhanced ve folds, which is likely
beyond the capacity of ROS scavenging system of the bacteria.
The production of ROS in the presence of NiO NP on the
interface of B. subtilismainly results in non-viability of bacterial
populations. The ROS production in the case of B. subtilis is
signicantly high which caused the cell membrane damage.

The effect of oxidative stress generated at NiO NP interface
on bacterial cell membrane was explored using BacLight uo-
rescence assay. The bacterial membrane potential facilitates the
interaction of NiO NP on bacterial membrane resulting in
generation of ROS leading to bacterial cell membrane damage.
This hypothesis is highly supported by the results obtained
from BacLight assay and FE-SEM analysis. This observation
rationalized that NiO NP shows greater antimicrobial activity
towards B. subtilis than E. coli in a concentration dependence
manner.

Exploring the physico-chemical phenomena occurring at
bio-nano interface, resulted due to interaction of nanomaterials
with biological entity inside the biological milieu, is a key
challenge to understand the antimicrobial, cytotoxic, cyto-
compatibility propensities of nanomaterial for their safe use.
Hence, this manuscript intends to explore the antimicrobial
activity of NiO NP and its underlying mechanism by under-
standing the physico-chemical phenomena occurring at
bacteria-NiO NP interface. Initial ndings from growth kinetic
analysis suggested that NiO NPs have signicant antimicrobial
activity against Gram-positive bacteria in comparison to Gram-
negative bacteria. However, the evaluation of ROS at interface
suggested that the generated ROS at NiO NP interface put stress
on bacterial membrane leading to membrane damage as sug-
gested by LIVE/DEAD BacLight bacterial viability assay, SEM
analysis, resulting in non-viable bacterial cells. Hence, the
oxidative stress generated at NiO NP interface is the principal
mechanism behind the antimicrobial activity of NiO NP.

Conclusions

Findings from the above study concluded that ROS generation
at the NiO NP interface play important role in determining the
antibacterial activity of NiO NP. NiO NPs were successfully
synthesized using microwave assisted hydrothermal synthesis
method and were characterized using different biophysical
techniques. The growth kinetics study initially conrmed the
strong antibacterial activity of NiO NP against Gram-positive
This journal is © The Royal Society of Chemistry 2019
bacteria compared to Gram-negative bacteria. The mechanism
behind this antibacterial activity was explored using ROS
detection study and BacLight assay, which clearly demonstrated
that, the ROS generated at NiO NP interface put oxidative stress
on bacterial cell membrane followed by membrane damage
leading to bacterial cell death.
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