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Nickel oxide nanoparticles (NiO NPs) were prepared by a chemical reduction method. The physical and
morphological observations of NiO NPs were assessed by powder X-ray diffraction, thermogravimetric analysis,
Fourier transform infrared spectroscopy, and UV-vis diffuse reflectance spectroscopy, scanning electron mi-
croscopy and transmission electron microscopy. Furthermore, the in vitro inhibition studies of violacein degra-
dation in Chromobacterium violaceum ATCC 12472 and biofilm eradication in P. aeruginosa were detected at 50
pg/mL and 60 pg/mL, respectively. In addition, the biofilm inhibition was confirmed by ring biofilm degradation
and time-kill variation assays. The live/dead cell variations, biofilm architecture damage and cell wall modifi-

cations of NiO NPs were investigated using confocal laser scanning microscope and SEM. In addition, NiO NPs
were found to act as anti-biofilm agent against P. aeruginosa. Finally the in-vivo toxicity of NiO NPs was inves-
tigated against Artemia franciscana, suggesting low toxicity.

1. Introduction

Biofilms are complex enclosed microbial populations that adhere
onto surfaces or interfaces. Biofilms have been identified as being
involved in almost all human infections due to multi-drug-resistant
(MDR) pathogens [1]. Biofilms are made up of many extracellular
polymeric substances including complex polysaccharides, lipids and
extracellular DNA [2]. The pathogenicity of biofilm producing bacteria
is potentially effective against the human immune system. These bac-
teria can colonize the surface of medical implants and surgical in-
struments, as well as living tissues in lungs, wounds and bones due to the
expression of polysaccharide matrices and phagocytosis-resistant genes
of the cells [3]. The gene expression characteristic of bacteria within a
biofilm are > 1000 fold more resistant to antibiotics when compared to
their planktonic counterparts [4]. Among important virulence factors,
quorum sensing (QS) is involved in cell-to-cell communication that is
produced during biofilm formation. ~300 genes are responsible for the
QS regulation of P. aeruginosa, which is controlled by acylhomoserine
lactones (AHL) [5]. QS may assist cell wall receptors during adherence
and absorption activities [6]. Effective QS inhibitors can reduce the

virulence of P. aeruginosa pathogenicity, and attenuate its pathogenesis,
allowing the host immune system to manage infection. There is, how-
ever, an urgent need for new antimicrobial treatments as pathogenicity
and virulence factors mediates immune responses.

Nowadays, numerous metal and metal oxide nanoparticles (NPs) can
be synthesized. Metal oxide NPs have a widespread applications in
various fields including sensor, electrochemical, food, anti-bacterial,
anti-fungal and anti-cancer to cite a few only [7,8]. Metal oxide NPs
possesses a wide range of potential applications owing to their attractive
electrical, mechanical, optical, chemical properties [9]. Metal oxide NPs
considerably differ in numerous features and properties from their bulk
materials due to their size, shape, and high specific surface area as well
as good electrical and magnetic properties [10]. Among metal oxide
NPs, nickel oxide (NiO) NPs have been gaining more attention due to
their multifunctional and tunable nature. NiO NPs are a p-type semi-
conductor, with a direct band gap value of 3.7-40 eV [11]. NiO NPs have
been reported to possess excellent potential for use in biomedical
application, more particularly for anti-biofilm application against
various multi-drug resistant bacteria [12].

NiO NPs can be synthesized using different physical and chemical
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methods; namely co-precipitation, chemical reduction, solvothermal,
sol-gel and electro-deposition [13]. Among them, the chemical reduc-
tion method is unique since it is a simple and cost effective method for
the synthesis of pure NiO NPs and these have been reported to possess
high specific surface area at low temperature [14]. By choosing an
appropriate precursor, surfactant and calcining method, NiO NPs with
narrow size range and morphology can be obtained. Limited reports,
however, are currently available for the synthesis of NiO NPs and their
related toxicity and anti-biofilm activity. As a result, this study focuses
on the synthesis and characterization of NiO NPs and their subsequent
evaluation against biofilm forming P. aeruginosa through standard in
vitro experiments and in-vivo toxicity.

2. Materials and methods
2.1. Synthesis of NiO NPs

Nickel chloride hexahydrate (NiCly-6H20) (1.43 g) was dissolved in
absolute ethanol and subsequently added to a flask containing 6.73 mL
of 5 M hydrazine monohydrate solution. The pH of the mixture was
adjusted between 8.0 and 12.0 using 1 N of potassium hydroxide. The
mixture was continuously stirred for 2 h at 37 °C. The resulting product
was subsequently washed using doubly distilled water to remove reac-
tion residues, followed by washing with acetone. At the end of the
process, dark green solid particles were obtained and dried in convec-
tion oven at 70 °C for 24 h. The nickel hydroxide solid particles were
then converted to NiO NPs by thermal decomposition at 300 °C for 2 h
[15].

2.2. Characterization of NiO NPs

UV-vis diffuse reflectance spectroscopy (DRS) absorption spectra of
NiO NPs were monitored at 37 °C in the wavelength range of 200—800
nm using a UV-vis spectrophotometer (Shimadzu UV-2500, Japan)
equipped with a diffuse reflectance accessory. The synthesized NiO NPs
were characterized by Fourier transform infrared (FTIR) spectroscopy in
the wavenumber range of 4000—400 cm™! using a Nicolet FTIR
(NEXUS-870, USA) spectrometer. Powder X-ray diffraction (XRD) pat-
terns of NiO NPs were recorded in the diffraction angle 20 range of
10—80° using a Rigaku D/max-RA X-ray diffractometer equipped with a
Cu-Ko radiation (A =1.54178 }D\). Thermogravimetric (TGA) traces of
NiO NPs were recorded using a TGA-7 Perkin-Elmer thermogravimetric
analyzer under air atmospheric condition at a heating rate of 20 °C/min
from 30 °C up to 800 °C. The composition and surface morphology of the
samples were assessed using a scanning electron microscope (SEM,
Hitachi S-4800, Japan) coupled with energy-dispersive X-ray spectros-
copy (EDX). The structure, size and morphology of the synthesized
materials were studied by transmission electron microscopy (Hitachi
JEM-2100, Japan).

2.3. In-vitro inhibition studies

2.3.1. Antibacterial activity

The antibacterial effect of NiO NPs against biofilm producing
P. aeruginosa was quantified by using agar well diffusion method [24].
Briefly, log phase cultures of biofilm producing P. aeruginosa were
spread onto Mueller-Hinton agar (MHA) plates and wells were subse-
quently cut using gel puncture. Afterwards, different concentrations (5,
10, 15, 20, 25, 30, 35, 40, 45 and 50 pL) of NiO NPs were added sepa-
rately into the wells. Distilled water and ceftazidime acted as negative
and positive controls, respectively. After 24 h of incubation at 37 °C, the
zones of inhibition around the wells were measured.

2.3.2. Violacein pigment degradation assay
The effect of NiO NPs on the violacein pigment degradation of
Chromobacterium violaceum ATCC 12472 was studied by tube
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inoculation method [4]. Briefly, log phase cultures of C. violaceum ATCC
12472 were added to various concentrations (0, 10, 20, 30, 40, 50, 60,
70, 80, 90 and 100 pg/mL) of NiO NPs individually into 50 mL test tube.
A C. violaceum-containing tube (without addition of NiO NPs) acted as
control. All the tubes were incubated at 37 °C for 24 h. If the NiO NPs
effectively stopped the violacein pigment degradation after 24 h expo-
sure in the QS system, this means that the purple colored pigment was
modified, which can be noticed visibly in the test tube. Decrease in the
intensity of the purple color is indicated that the N-acyl-L-homoserine
lactones (AHL) was degraded. No change in the intensity of the purple
color wass indicative of non-QS inhibition in the QS system of the test
tube.

2.3.3. Quantification of violacein inhibition

Similarly, the effect of the NiO NPs on the QS system was further
confirmed by carrying out quantitative measurement of violacein inhi-
bition using C. violaceum ATCC 12472 [5]. Briefly, a 24 h incubated
C. violaceum ATCC 12472 culture was inoculated into a Luria-Bertani
(LB) broth containing test tube and different concentrations (0, 10, 20,
30, 40, 50, 60, 70, 80, 90 and 100 pg/mL) of NiO NPs were added
individually into test tubes. The different concentrations of NiO NPs
treated or untreated non-violacein producing C. violaceum CV026 was
used as a positive control. After 24 h, 1 mL of each culture tube was
collected and centrifuged at 10,000 rpm for 15 min, allowing the vio-
lacein to precipitate. After precipitation, the pellet was collected and
solubilized in 1 mL of dimethyl sulfoxide (DMSO) and vortexed vigor-
ously to solubilize completely the violacein. The solubilized samples
were centrifuged again to remove the cells and the extracted violacein
pigment was subsequently quantified using UV-vis spectrophotometer
by measuring the optical density (OD) of control and test samples at a
wavelength of 570 nm. The percentage of violacein inhibition was
estimated using the formula

Percentage of inhibition = [(Control OD 570 nm — Test OD 570 nm)/Control
OD 570 nm] x 100 (€]

2.3.4. Attenuation of violacein inhibition

The QS inhibition ability of NiO NPs was further validated through
enzyme treatment or heat loss attenuation method as reported before by
Rajivgandhi et al. [16]. 100 pL of NiO NPs was treated with proteinase K
at 95 °C in a hot air oven to suppress their inhibition ability. Tubes
without attenuated NiO NPs treated C. violaceum ATCC 12472 acted as
positive control. After 5 h, all the attenuated and non-attenuated NiO
NPs were inoculated into the C. violaceum ATCC 12472 containing test
tube. All the tubes were subsequently incubated at 37 °C for 6, 12 and 24
h. After incubation, all the test tubes were analyzed for detection of
violacein in C. violaceum ATCC 12472. The non-attenuated NiO NPs
treated C. violaceum ATCC 12472 showed a change in the intensity of the
purple color that originate from the pigment. Attenuated NiO NPs
treated C. violaceum ATCC 12472 exhibited an unchanged intensity of
the purple color, which indicated that the NiO NPs had anti-QS activity
due to the AHL degradation. The percentages of the attenuated and
non-attenuated NiO NPs treated C. violaceum ATCC 12472 were calcu-
lated to quantify the anti-QS activity of NiO NPs. OD values of control
and test samples were determined by UV-vis spectrophotometry and the
percentages were calculated using formula (1).

2.3.5. Biofilm inhibition assay

The disruption of biofilm using NiO NPs against P. aeruginosa was
studied by 24 well polystyrene plate method [2]. Briefly, P. aeruginosa
culture in addition of various concentrations (10—150 pg/mL) of NiO
NPs were taken together in tryptic soy broth (TSB) at 37 °C for 24 h. The
wells without addition of the NiO NPs acted as control. After washing
with PBS, the sample was stained with 500 pL of 0.4 % crystal violet
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Fig. 1. Powder X-ray diffraction pattern (a), Fourier transform infrared spectrum (b), thermogravimetric analysis trace (c) and UV-vis diffuse reflectance spectrum

(d) for NiO NPs.

(CV) solution for 30 min. The wells were subsequently rinsed twice with
deionized water and allowed to air-dry. Finally, 1 mL of absolute ethanol
was added into each well and the OD value was measured by UV-vis
spectrophotometry at 570 nm. The experiment was performed in trip-
licate. The percentage of biofilm inhibition, equivalent to the biofilm
inhibition concentration (BIC), was estimated using formula (1).

2.3.6. Ring biofilm inhibition assay

The disruption of biofilm formation was qualitatively analyzed by
using ring biofilm assay based on the modified method of Kannappan
et al. [3]. Briefly, 10 mL of stalled culture was added into the freshly
prepared TSB tube supplemented with 1% of sucrose. BIC of NiO NPs
was also added to the same well at 37 °C for 24 h. Tubes without
addition of NiO NPs acted as control. After incubation, the tubes were
stained with 0.4 % crystal violet solution and observed for the formation
of a ring in the control tube as well as the potential degradation of the
ring in treated tube.

2.3.7. Time variation killing assay

The different time intervals of NiO NPs against P. aeruginosa were
determined by time-kill assay [26]. The log phase culture of
P. aeruginosa was grown in LB broth and incubated at 37 °C for 24 h.
After incubation, the cells were centrifuged and Rosewell Park Memorial
Institute (RPMI) 1640 medium (1 x 10° cells/mL) was subsequently
added. Then, the cells were incubated with various concentrations of
NiO NPs at 200 rpm. The appropriate number of samples was collected
from the incubated culture at respective time intervals of 0, 3, 6, 12, 18
and 24 h. All the collected samples were serially diluted, and the cell
suspensions were platted on MHA at 37 °C for 24 h. After incubation, the

growing colonies of the MHA plates were counted and calculated.

2.3.8. Live/dead cell images

1 mL of P. aeruginosa culture was transferred to a 6-well plate with a
sterile cover slip (13 mm) along with BIC of NiO NPs. and culture
without the addition of NiO NPs, acting as control, were maintained at
37 °C for 24 h. After incubation, the cover slips were taken out and
washed twice with 3 mL of 0.9 % saline solution. Both cover slips were
subsequently stained with 1.5 mL of 0.8 pM SYTO9 green fluorescent
dye and 10 pM propidium iodide (PI) red fluorescent dye of live/dead
staining kit (Live/dead ® BacLight™Bacterial Viability, ThermoFischer
Scientific), and viewed by confocal laser scanning microcopy (CLSM,
LSM 710, Carl Zeiss, Jena, Germany) for detection of live/dead cells
using excitation/emission OD in the wavelength range of 480—600 nm
[27].

2.3.9. Confocal laser scanning microscope (CLSM)

Log phase cultures of P. aeruginosa were inoculated into fresh ster-
ilized TSB with or without addition of BIC of NiO NPs at 37 °C for 24 h.
The untreated bacterial culture with TSB acted as control. After incu-
bation, the cells were separated by centrifugation at 5000 rpm for 30
min and the separated cells were washed twice in PBS solution. After
washing, the cells were stained with a 20 pL of mixed acridine orange/
ethidium bromide dye in 10 mL of PBS at pH = 7.4 for 15 min under dark
condition. The cells were rinsed with fresh PBS and stained cells were
subsequently transferred onto a glass slide and subsequently viewed by
using CLSM (Carl Zeiss, Jena, Germany) equipped with an argon laser
having a wavelength of 488 nm, a 500-640 nm band pass emission filter
and a x100 objective lens [28].
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Fig. 2. High and low magnification scanning electron microscopy (a, b) and transmission electron microscopy (c, d) micrographs for NiO NPs, respectively. Energy

dispersive X-ray spectrum (e) of NiO NPs.

2.3.10. Scanning electron microscope (SEM)

The morphological variation of P. aeruginosa at BIC of NiO NPs
treated slide was observed by using SEM [29]. The cover slip of biofilm
inhibition assay was subsequently washed with 10 mM sodium phos-
phate buffer (pH 7.4). The cells were then fixed with an equal volume of
4% glutaraldehyde for 4 h at 37 °C followed by washing twice in the PBS
solution. The fixed cells were vacuum filtered using 0.1 mm thick pol-
ycarbonate membrane filters and dehydrated in ethanol-graded series
(10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 %). The cover slip was then
dried and mounted onto an aluminium specimen support and coated
with 15 nm thickness of gold-palladium metal (60:40 alloy). Finally, the
sample was observed at an accelerating voltage of 20 kV (VEGA3 TES-
CAN, Brno, Czech Republic).

2.3.11. In-vivo toxicity analysis

The in-vivo toxicity of synthesized NiO NPs was assessed against
Artemia franciscana (A. franciscana) following the method of Mishra et al.
[30]. Briefly, the nauplii were hatched in 1 L glass tank and stocked at a
concentration of 1 g/L cystein in filtered and sterilized marine water
with 35 % salinity, pH = 8-8.2 and essential aeration for 24 h. After
incubation for hatching, the aeration was stopped and the nauplii were
caught using light emission and subsequently used for toxicity identifi-
cation. Various concentrations of 10, 20, 30, 40, 50, 60, 70, 80, 90 and
100 pg/mL of NiO NPs were prepared from 1 mg/mL stock solution and
exposed to 50 mL of sterile marine water containing a number of ten
A. franciscana in a beaker with proper growth conditions (pH, salinity,
temperature, etc.). Sample toxicity was determined based on the rate of
nauplii death, which was classified by the absence of swimming activity
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Fig. 3. Zones of inhibition for NiO NPs at various concentrations by agar well diffusion method (a) and the measurement of zone values obtained at 10, 25 and 50 pg/

mL NiO NPs concentration (b).

in the experimental samples. The results were interpreted based on the
rules and regulations of the Food and Drug Administration (FDA) and
the following toxicity scale was used; 10 pg/mL concentrations were
classified as nontoxic; 50 pg/mL were classified as moderately toxic and
above 60 pg/mL concentration were considered as toxic. In addition,
morphological alteration of A. franciscana lungs upon NiO NPs treat-
ment was observed by using inverted light microscopy (Micros, Austria).
The percentage of mortality and the median lethal dose (LDsg) for the
tested concentration of NiO NPs was determined using a probit analysis
and survival rate.

3. Results and discussion
3.1. Characterization of NiO NPs

The phase composition, purity and crystalline structure of the syn-
thesized NiO NPs were assessed by powder XRD analysis (Fig. 1a). A
typical powder XRD pattern for NiO NPs is reported in Fig. 1a and dis-
plays diffraction peaks located at diffraction angle 20 positions of
~37.1°, 43.3°, 62.8°, 75.2° and 79.2°, corresponding to (111), (200),
(220), (311), and (222) diffraction planes, respectively. The powder
XRD diffraction peaks suggested a high crystallinity with a face-centered
cubic arrangement of NiO. All the diffraction peaks were found to match
with JCBDS Card file No: 47-1049 [14]. Fig. 1a suggests that relatively
small NiO particles were synthesized due to the relatively wide width of
the diffraction peaks. Additionally, no additional peaks were detected
that could potentially correspond to impurities that possess crystalline
or semi-crystalline structure, including Ni(OH),. As a result, unreduced
Ni(OH), was not identified after carrying out the synthesis process,
which suggests that highly pure NiO NPs were successfully formed.

FTIR spectroscopy is a relevant characterization technique for
demonstrating the potential presence of potential functional groups at
the surface of the synthesized NiO NPs. Fig. 1b displays a typical FTIR
spectrum for NiO NPs. Absorption bands can be observed at wave-
number positions of ~1978, 992, 912, 854 and 592 cm~ . The FTIR
bands located at wavenumber positions of ~1978 and 992 cm ™! were
found to correspond to the vibrational motions of C—=C—C and
CO—O0—CO moieties, respectively. The absorption bands located at
~912 and 854 cm ™! were found to correspond to C=C and 0—C=0
symmetric and asymmetric stretching vibrations, respectively. The ab-
sorption band located at a wavenumber position of ~592 ¢cm™! corre-
sponds to the vibrational motions of Ni—O bonds, suggesting the
successful formation of NiO NPs that possess organic functional groups
at their surface.

TGA was used to examine the thermal stability of the synthesized

NiO NPs. The TGA curve of NiO NPs is shown in Fig. 1c. Three weight
losses were found to occur at temperatures of ~107 °C (I), 385 °C (II)
and 680 °C (III). The first weight loss that occurred at ~107 °C can be
attributed to the evaporation of water molecules. The second weight loss
that occurred at ~385 °C may be attributed to the following degradation
reaction (Ni(OH); — NiO + H»0) [22]. The third weight loss was
observed at ~680 °C, which may be associated to the loss of more tightly
bounded water molecules. The thermal weight loss percentage of the
NiO NPs was found to be ~0.86 %, ~2.44 %, and ~3.16 % at temper-
atures of ~109 °C, 385 °C, and 680 °C, respectively. The total per-
centage weight loss of NiO NPs was 6.61 %. Therefore, the synthesized
NiO NPs possess, as expected, high thermal stability.

The optical properties of the synthesized NiO NPs were examined by
UV-vis diffuse reflectance spectroscopy (UV-DRS) and a typical spec-
trum is reported (Fig. 1d.). An absorption peak can be observed at a
wavelength of ~262 nm, which represents the photoreaction of the NiO
NPs in the UV light range. Similar absorption peak positioned in the UV
range have been reported previously for NiO NPs [23].

The morphology of NiO NPs was imaged using SEM, and the
resulting images are shown in Fig. 2a, b. From these images, the
morphology of NiO NPs is hard to define and unclear. One can observe,
however, some agglomerated structures (Fig. 2a) that are actually
formed by small particles (Fig. 2b). This might be due to the synthesis
process and the consequences of calcification temperatures. The
response time and temperature are two vital factors influencing the
shape of the NPs. The same accumulation of the NPs was not found for
NiO NPs submitted to a temperature of 300 °C for 2 h.

Due to the poor information provided by SEM analysis, the structural
morphology and size of the synthesized NiO NPs was observed by TEM
analysis (Fig. 2c¢, d). The TEM images of NiO NPs show a rod-like
morphology with a width size of ~3 nm. The monodispersed size of
the NiO NPs (Fig. 2d) could be visibly identified, which might be due to
the thermal calcinations of Ni at 300 °C, which is adequate for accu-
mulation due to the high surface energy of the NPs. The elemental
configuration of NiO NPs was determined using EDX spectroscopy. The
characteristic EDX spectrum for NiO NPs is shown in Fig. 2e. The EDX
spectrum of NiO NPs allowed the qualitative and quantitative analysis of
the composition of NiO NPs. NiO NPs had atomic percentages of 53.25 %
for Ni and 46.75 % for O, and atomic weights of 77.11 % for Ni and
20.84 % for O (Fig. 2e). The synthesized NiO NPs did not include any
elements other than Ni and O. As a result, relatively pure NiO NPs were
successfully synthesized using this simple method.
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3.2. In-vitro inhibition study

3.2.1. Antibacterial activity

After 24 h incubation, the wells of MHA plates exhibited 20 mm zone
of inhibition at a concentration of 50 pg/mL. The control well containing
distilled water did not show any zone of inhibition and the positive
control of ceftazidime showed a 6 mm zone of inhibition. Interestingly, 7
and 12 mm zone of inhibition were observed at 10 and 25 pg/mL con-
centrations of NiO NPs, respectively. This result implies that the anti-
bacterial effect of NiO NPs started being efficient at relatively low
concentrations (Fig. 3 a, b). When the cells were exposed to higher
concentrations, all the three lag, log or exponential and stationary
phases were restricted in terms of the growth of bacterial colonies.
Therefore, the result clearly suggests that the NiO NPs possess antibac-
terial property against biofilm forming P. aeruginosa at increasing con-
centrations. Recently, Suresh et al. reported that NiO NPs have similar
growth inhibition effect against MRSA, P. aeruginosa, and E. coli [24].
Recently, NiO NPs were found to exhibit 11 and 12 mm inhibition zones
against E. coli and K. pneumoniae, respectively, at 50 pg/mL concentra-
tion [14]. Helan et al. [15] reported that the more lipopolysaccharide
produced E. coli and S. aureus was inhibited by NiO NPs, and the bacteria
E.coli exhibited 11 mm zone of inhibition. In addition, the NiO NPs
inhibit the bacteria in a concentration dependent manner, and possess
the potential ability to permeate into the cell wall of bacteria. NiO NPs
were found to damage the cytoplasmic layers and other inner cellular
components, causing cell death.

The action mechanism of NiO NPs against gram-negative bacteria
(GNB) was recently reported by Khawlah et al. [25]. When the NiO NPs
attach to the surface of GNB, the permeability and intracellular damage
was enhanced, modifying the transport mechanism through cytoplasmic
leakages in the inside of the cells. It was assumed that the GNB cell wall
could be easily degraded by the small size of the NiO NPs, leading them
inside the cells and causing cell death due to the enzyme deactivation
and H,05 production [26]. Our result agrees with those of Yung et al.
[27], suggesting that after the entry of nanoparticles into the cell wall,
the sulphur and phosphorous compounds including proteins and DNA
collapsed. The anti-bacterial efficiency originated from the NiO NPs by
binding to the GNB surface, stimulating the respiration process and
leading to enzyme degradation [28]. Therefore, the result suggests that
the NiO NPs possess excellent antibacterial activity against biofilm
forming P. aeruginosa.

3.2.2. Violacein pigment degradation assay
The inhibition of violet pigmentation C. violaceum ATCC 12472
treated with NiO NPs confirmed that the NiO NPs have QS inhibition

ability. The result reported in Fig. 4, indicates that 50 pg/mL of NiO NPs
clearly stops the violacein production in C. violaceum ATCC 12472
without affecting the bacterial growth when compared to the control.
After 24 h incubation, the complete and partial degradation of violacein
pigment was observed at 50 pg/mL and 10 pg/mL treated tubes (Fig. 4d,
e). In contrast, no pigment degradation was observed for the control
tube (Fig. 4c). These results are more evident than those previously re-
ported [29,30], including some others, which reported that NiO NPs did
not improve QS inhibition at 50 pg/mL, with violacein inhibition equal
to 0%. Therefore, the present result indicated that the NiO NPs can
disrupt QS components including AHL-dependent QS communication
systems. The results of this study confirmed the potential advantages of
the NiO NPs, due to their low turbidity, high solubility and high stability
over other conventional NPs [5,31].

3.2.3. Quantification of violacein inhibition

The degradation of violacein in the NiO NPs treated C. violaceum
ATCC 12472 was monitored quantitatively by UV-vis spectrophotom-
etry. After centrifugation as well as 12 and 24 h incubation, the
extracted violacein pigment was found to be 92 % at 50 pg/mL. How-
ever, the addition of NiO NPs with C6-HSL to C. violaceum CV026
resulted in 90 % violacein inhibition at 60 pg/mL. The test samples were
analyzed to quantify the potential disruption of the AHL-dependent QS
communication systems and calculate the amount of inhibition in the
violacein pigment production based on the purple color variation
(Fig. 4a, b). The differences between C. violaceum ATCC 12472 and the
positive control of C6-HSL supplemented C. violaceum CV026 were sig-
nificant when compared with control C. violaceum CV026 (without
addition of C6-HSL). This also suggested that both the strains signifi-
cantly lost the violacein pigment upon increasing concentration. Similar
result was obtained by Akyuz et al. [32], where a significant reduction in
violacein pigment accompanied by turbid purple color in NiO NPs
treated C. violaceum ATCC 12472 was detected for NiO NPs at 100
pg/mL. In addition, our result suggests that the NiO NPs have inhibition
ability in violacein production of up to 90 %, which indicates that NiO
NPs possess a strong and long-term QS inhibition ability at a relatively
low concentration of 50 pg/mL. This is lower than previously reported
NiO NP results [33,34]. Previously, Rajivgandhi et al. [16] reported that
the QS effectively regulated the violacein pigmentation and biofilm
formation due to the AHL communication system. Therefore, the results
indicate the potential of synthesized NiO NPs as novel QS-based anti-
bacterial material and suitable alternative over conventional antibac-
terial agents.
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3.2.4. Attenuation of violacein inhibition

The anti-QS effect of NiO NPs was further validated by following the
attenuation process of violacein inhibition and the results are shown in
Fig. 5. After 5 h exposure to proteinase K and NiO NPs previously
exposed to a temperature of 95 °C, C. violaceum ATCC 12472 did not
show any changes in cell density when compared with that of positive
control (Fig. 5a, b). At all the tested concentrations, the attenuated NiO
NPs lost their QS inhibition ability against C. violaceum ATCC 12472 and
exhibited similar OD values as the control. This is possibly due to the
continuous communication and persistence of pathogenicity in the
tested broth culture. This result made clear that the NiO NPs did not
have a bactericidal effect against C. violaceum ATCC 12472. Further-
more, the loss of native QS inhibition effects in the presence of pro-
teinase K and heat treated NiO NPs was observed with no depolarization
and inhibition or cell biomass in the QS positive isolates. However, both
the attenuated experimental results confirmed that the tested samples
lost their QS inhibition level and experienced QS activity. This provides
further evidence that the unmodified NiO NPs have QS inhibition ability
(Fig. 5g). In addition, the absence of QS inhibition and inactivation of
AHLs production upon applying heat treatment provides evidence of
possible enzymatic activity for NiO NPs. This result is roughly agrees
with previous reports by Rajkumari et al. [35] and Alipour et al. [36],
who modified complex molecules of NiO NPs against C. violaceum ATCC
12472 resulting in higher QS inhibition at 70 pg/mL and 100 pg/mL.
Therefore, it was found that the NiO NPs possess anti-QS activity against

MDR bacteria due to possible enzymatic inhibition activity [37]. In
addition, NiO NPs may participate in AHL modification as well as bio-
film inhibition process.

3.2.5. Inhibition of biofilm formation

The concentration dependent biofilm inhibition abilities of NiO NPs
was observed against strong biofilm producing P. aeruginosa (Fig. 6a).
After 24 h treatment, 94 % of biofilm inhibition against P. aeruginosa at
60 pg/mL of NiO NPs was observed compared to the control. This result
indicates that the NiO NPs possess inhibition ability upon increasing NiO
NPs’ concentration. Therefore, 60 pg/mL of NiO NPs was fixed as the
biofilm inhibition concentration (BIC) for the P. aeruginosa strain.
Recently, in our previous report of NiO NPs and ZnO nanosheet, it was
found that biofilm formation was inhibited at 100 pg/mL concentration
against ciproflaxacin resistant E. coli and P. mirabilis [38]. This result
suggested that the colonization and cell bundles of biofilm architecture
in P. aeruginosa totally collapsed due to NiO NPs treatment.
Argueta-Figueroaa et al. [39] reported that the maximum biofilm
disruption against strong biofilm forming MRSA was 77 % at 500 pg/mL.
As reported by Soumyadipta et al. [40] NiO NPs inhibited the ESBL
produced biofilm, forming uropathogens at highest concentration.
Finally, our result suggests that the NiO NPs enhances the biofilm in-
hibition without affecting the growth of the bacteria, which may alter
the various signaling mechanisms in biofilm formation.
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Table 1
Comparative investigations of anti-biofilm activity of NiO NPs against various bacterial strains reported in previous studies.
Sample Test Organisms ZOI (mm) Concentration (pg/ MIC (pg/ MBC (pg/ Time Interval References
mL) mL) mL) (h)
NiO NPs P. aeruginosa and B. subtilis 18 and 21 8 8 16 24 [40]
n-NiO NPs S. aureus and P. aeruginosa 6 and 18 100 60 and 80 60 and 80 24 [24]
Nickel Hydroxide nanoparticles E.coli 5 80 80 80 24 [28]
NPs
NiO NPs E. coli and K. pneumoniae 15 50 50 50 24 [14]
NiO NPs B. subtilis, S. aureus and E. coli 10, 10 and 90 120 120 24 [39]
19
NiO NPs P. aeruginosa and B. subtilis 18 50 8 and 32 8 and 32 24 [41]
NiO NPs E. coli, K. pneumonia and 4,7 and 4 100 100 100 24 [28]
P. typhus
NiO NPs S. aureus and E. faecalis 10 10 10 10 24 [40]
NiO NPs CR P. aeruginosa 20 50 60 60 24 Present
Study

50 pm

Fig. 7. Live/dead cell variation at biofilm inhibitory concentration for NiO NPs treated with CR P. aeruginosa in the control exhibited a green color (a). The cell
density identification (b), phase contrast variation (c), treated image from confocal laser scanning microscopy (d), and phase contrast (d) were observed. The anti-
biofilm effect of the untreated control P. aeruginosa as 2D and 3D images (e, f) and treated with NiO NPs as 2D and 3D images (g, h) as observed by confocal laser

scanning microscopy.

3.2.6. Ring biofilm inhibition assay

After 24 h incubation, the rigidity of the P. aeruginosa biofilm
degraded in the NiO NPs treated tube when compared to the control.
Furthermore, the visualization of ring formation in the treated or un-
treated test tubes confirmed that the NiO NPs have anti-biofilm effect
(Insert Fig. 6). The ring biofilm inhibition assay mostly correlated with
TCP assay, and evidenced that the BIC level of NiO NPs as an effective
concentration against P. aeruginosa. A similar result was reported by
Kannappan et al. [3], where biofilm ring formation was degraded at

increasing dose.

3.2.7. Time kill variation assay

The anti-biofilm effect of NiO NPs was further validated, and the
result of time-kill assay revealed that the NiO NPs have excellent inhi-
bition effects at various time intervals. At the BIC, the NiO NPs exerted
remarkably rapid killing effects against P. aeruginosa after 3 h and
eventually killed the cells at the limit of detection. After 6 h incubation,
the bacterial culture reached log phase, followed by the decline phase
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Fig. 8. Morphological damage of the biofilm-forming untreated P. aeruginosa (a), and NiO NP-treated P. aeruginosa (b, c) as observed by scanning elec-

tron microscopy..

and finally reached the death phase at 12 h. After 24 h, the entire biofilm
formation was eradicated at the BIC of NiO NPs. This result showed a
rapid rate of killing and excellent efficacy of NiO NPs against
P. aeruginosa upon increasing concentrations (Fig. 6b). The enhanced
killing rate and efficacy might be influenced by interaction of the NiO
NPs compared to the control. The cell suppression in the exponential
phase of the CR P. aeruginosa suggests a bacteriostatic effect of NiO NPs.
Recent studies of concentration- and time-dependent biofilm inhibition
are presented in Table 1.

3.2.8. Live/dead cells images

The live and dead cell variations of NiO NPs treated or untreated
P. aeruginosa are depicted in Fig. 7. The results clearly reveal that the
treated cover slip images show low adherence at desired BIC (Fig. 7a, b).
Similar cell densities were also reduced as compared with untreated
control cells (Fig. 7a—c), indicating the inhibitory effect of NiO NPs
treated P. aeruginosa cells associated with a greater number of bacterial
death. The number of cell death was significantly higher for BIC treated
cells when compared to the untreated control cells. In addition, the
changes in the confluent layer with loosely packed death cells on the
cover slips were detected in treated cells [41]. In the mechanistic
approach, the SYTO9 stain was used to bind into the total nucleic acid
content inside the cells. The dead cells were identified by pink color, and
live cells were identified with a green color. Propidium iodide (PI) dye
was unable to penetrate the cytoplasmic membranes of healthy cells and
produced a red color in dead cells [42]. In our study, the inhibition effect
at 60 pg/mL is a two-fold improvement compared to previous reports
[14,43].

3.2.9. Confocal laser scanning microscope

The damaged architecture and surface topography of NiO NPs (BIC)
treated P. aeruginosa was clearly observed using CLSM. The images are
presented in Fig. 7. After treatment with 60 pg/mL of BIC, the test and
control samples were stained with AO for live and dead cells identifi-
cation. Highly dispersed, drastically disturbed colonies were observed in
the treated cell sample (Fig. 7d). In contrast, the smooth membrane
morphology, depicting well-integrated structures were observed in the
control strain sample (Fig. 7e). At BIC, NiO NPs were strongly attached
onto the surface of the P. aeruginosa compared to the control and a green
color was observed in the CLSM images. Therefore, the results confirmed
that the NiO NPs strongly enhanced the anti-biofilm effect against
P. aeruginosa. The 3D image (Fig. 7f) of the treated cells confirmed that
the strong attachment of NiO NPs onto the P. aeruginosa surface totally
mismatched the biofilm architecture arrangement due to the lower rate
of cellular aggregation. The loss of cellular adherence during the treat-
ment of NiO NPs was considered as a significant factor for higher rate of
biofilm disintegration when compared to the control (Fig. 7h). A recent
study by Maruthupandy et al. [18] found that AO stain is an excellent
dye for the detection of intense biofilm-forming cells in CLSM. The
strong attachment of NiO NPs onto the biofilm-forming bacterial surface
was used to identify the damaged biofilm morphology in 3D using CLSM
[441.

3.2.10. Scanning electron microscope

The control and test SEM images are reported in Fig. 8. After dehy-
dration, an irregular surface, membrane collapse, the formation of
rumples and the loss of membrane integrity were observed in treated
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Fig. 9. Evaluation of the toxicity effect of NiO NPs against A. franciscana based on the mortality, internal damage (a), and differentiation of the mortality rate due to
the increasing concentrations of NiO NPs at 12 h (b) and 24 h (c) time intervals.

cells of P. aeruginosa (Fig. 8a, b). Smooth membrane and swarming
morphology of untreated control cells were observed in Fig. 8c. The
bacterial attachment totally collapsed and some cellular components
leakages were observed in the treated P. aeruginosa. The observed SEM
result proved that the treated cells were affected with continuous cell
death upon addition of NiO NPs. A previous study by Krishna Kumar
et al. [45] found that NPs are a new weapon for inhibiting
biofilm-forming cell multiplication. The NP derived material stops the
exopolysaccharide production by targeting cell walls with modification
or folic acid and altering metabolic pathways, including protein or DNA
replication [46]. Our results are in agreement with earlier studies [11,
47] that determined that the anti-biofilm metabolites of nanoparticles
are effective against biofilm-forming uropathogens in a
concentration-dependent manner. Therefore, the SEM results suggest
that NiO NPs enhance effectively the anti-biofilm ability against
P. aeruginosa.

The attachment of the NiO NPs onto the surface of P. aeruginosa
bacterial cells has shown to strongly disrupt the integrity of the bacterial
membrane, thus making cells prone to cellular leakage and subsequent
cell death [48]. The dispersed NiO NPs influenced bacterial growth by
targeting cell walls damage or folic acid and altering metabolic path-
ways, including protein or DNA replication [49]. The obtained results
demonstrated that NiO NPs have strong anti-biofilm activity towards
selected P. aeruginosa bacterial strains.

3.2.11. In-vivo toxicity assessment

The toxicity assay of NiO NPs against A. franciscana revealed that
their lethal doses or a lethal concentration for nauplii (LD50 or LC50)
was 75 pg/mL at 12 h interval. The mortality rate was reported based on

10

the concentration of NiO NPs. As a result, a minimum mortality of 15 %
was observed at 10 pg/mL concentration and a maximum mortality of
50 % was observed at 75 pg/mL after 12 h. Additionally, 23 % of
mortality was recorded at a concentration of 10 pg/mL and 100 % of
mortality was recorded at a concentration of 80 pg/mL after 24 h. The
regression values varied in nauplii and adult due to the concentration of
the NiO NPs (R> = 0.959 and 0.955) over a 12 and 24 h period,
respectively (Fig. 9b, c). Furthermore, the mortality of the NiO NPs
treated A. franciscana was of 90 % inhibition at 75 pg/mL when
compared to the untreated control. In addition, the internal damage of
the NiO NPs treated A. franciscana adults’ lungs showed damaged
morphology when compared with control (Fig. 9a). The resulting mi-
croscopy images also confirmed that NiO NPs possess relatively high
toxicity against A. franciscana nauplii.

4. Conclusion

This study introduces a novel method for synthesizing rod-shaped
NiO NPs as evidenced by transmission electron microscopy. In addi-
tion, the thermal stability of the synthesized NiO NPs was studied, along
with other attractive features. The excellent antibacterial, anti-QS, and
anti-biofilm properties of the NiO NPs were confirmed by performing
various in vitro experiments. The anti-biofilm mechanism of the NiO NPs
was identified and found to relate to structural damage and extracellular
shape modification as evidenced by using confocal laser scanning and
scanning electron microscopies. Furthermore, the in vivo toxicity eval-
uation of the NiO NPs against A. franciscana indicated that they possess
relatively high toxicity. As a result, this form of NiO NPs possesses
excellent potential to fight against P. aeruginosa in applications where its
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biofilm formation still remains a challenge.
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