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Abstract: Nanobiotechnology has offered great attention in drug delivery and the development
of various medicines used to treat microorganism infections. The present investigation deals
with antimycobacterial activity, in-vitro hemolysis assay, and antioxidant activity of nickel oxide
nanoparticles (NiO NPs). NiO NPs, with controlled size and shape, prepared by a simple and
inexpensive successive ionic layer adsorption and reaction (SILAR) method was scanned using
field emission scanning electron microscopy (FE-SEM) and high-resolution transmission electron
microscopy (HR-TEM) digital images for surface morphology confirmation. Spherical irregular
island-type NPs of about 24 nm diameter are obtained. The X-ray diffraction pattern demonstrates
the synthesis of polycrystalline and cubic in phase NiO NPs. The Raman spectrum has revealed the
presence of two vibration bands cantered at 550 and 1095 cm™! for one photon longitudinal optical,
and two longitudinal optical modes, respectively. The as-prepared NiO NPs endow 10 pg/mL against
Mycobacterium tuberculosis (M. tuberculosis, MTCC-300) and 10 pg/mL against Mycobacterium phlei
(M. phlei, MTCC-1723) inhibitory concentrations. The hemolytic activity of NiO NPs has also been
explored. The antioxidant result demonstrates 63.44% for NiO NPs over 88.23% for standard, i.e.,
di(phenyl)-(2, 4, 6-trinitrophenyl) viminoazaniun antioxidant. Taken together, NiO NPs act as a
potential candidate against mycobacteria.

Keywords: NiO NPs; antimycobacterial; antioxidant; cytotoxicity properties; SILAR method

1. Introduction

The flexible ability of material science and nanotechnology to arrange nanostructures of controlled
size and shape is likely to lead to the expansion of new drugs [1]. Thereby, the synthesis of novel
nanoparticles (NPs) of metal oxides/chalcogenides/halides etc., has received a huge attention on account
of their inimitable physical, chemical, and efficient biological properties [2—4]. The physicochemical
properties of NPs can be tuned through dropping or varying sizes, mostly when the manipulations
are done at the atomic level. This enables us to use nano-sized metals and metal oxides of zinc,
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silver, copper, nickel, gold, cobalt, iron titanium and iron, etc., in biomedical applications. The
bactericidal activity of these materials is mainly depending on their concentration in the growth/synthesis
medium [5]. It is recognized that the NPs of metals and metal oxides adduce sufficient potential in
the context of combating bacteria. Versatile nickel oxide (NiO) has been envisaged in gas sensing [6],
photovoltaic [7], catalysis activity [8], light-emitting diode [9], and supercapacitor [10], etc., applications.
Several chemical and physical methods, including magnetron sputtering [11], wet chemical bath
deposition [12], electrochemical deposition [13], and sol-gel [14], etc., are being considered for the
synthesis of NiO nanomaterials with various phase structures and surface morphologies. Moreover, NiO
possesses outstanding bio-medical properties, and its non-hazardous nature has engrossed investigations
on other plausible nano-bio-technology device applications [15]. All the above-reported synthesis
processes are either complicated, time-consuming, costly, or tedious, with a large number of hazardous
byproducts toxic byproducts. The SILAR chemical synthesis method has received remarkable attention
due to its simplicity, inexpensive, high loading rate, and uniqueness in synthesizing nanostructures of
controlled shapes/sizes [16].

Patients who are infected with multidrug-resistant (MDR) tuberculosis, are practically incurable
by standard first-line treatment. Moreover, lengthily drug-resistant tuberculosis (XDR-TB) is also
a big challenge to global tuberculosis control organization. Both issues posed a serious health
threat for human health. M. tuberculosis is a gram-positive microorganism, Ref. [17] and M. phlei
belongs to the mycobacteriaceae and saprophytic species. It is ubiquitous and existing in soil, dust,
and water [18]. Among the most common oxides, NiO can be useful in an antibacterial and anticancer
agent. Recently, NiO NPs have attracted increasing attention owing to the potential capacity to
penetrate several human and animal cell systems [19]. Mariam et al. used Ni and NiO NPs to study
the cytotoxic effect against human colon adenocarcinoma (HT-29) cells [20]. Ada et al., investigated the
cytotoxicity and apoptotic effects of NiO NPs on the human cervix [21]. Ramasami et al., investigated
antimicrobial activity against the two bacterial (Bacillus cereus and Klebsiella aerogenes) strains and
one fungal (Candida albicas) treated with NiO NPs [22]. Talebian et al., reported antibacterial activity
against two common foodborne pathogenic bacteria Staphylococcus aureus and Escherichia coli using
NiO NPs [23]. Umaralikhan et al., performed antibacterial studies against a set of (gram-positive)
Staphylococcus aureus and (gram-negative) Escherichia coli bacterial strains where 60 °C temperature
treated NiO NPs possessed higher antibacterial effect as compared to the room-temperature treated
NiO NPs [24]. Research on an antibacterial activity using mesoporous NiO NPs as antimycobacterial
agent is still at the initial stage.

In the present study, we present on the synthesis of NiO NPs using a simple, eco-friendly,
and cost-effective SILAR chemical method. Furthermore, the antimycobacterial activity of NiO NPs
was assessed and their potential application in two mycobacterial species viz., M. tuberculosis and
M. phlei. was also tested. The hemolysis assay was performed to examine the biocompatibility of
NiO NPs as a potential candidate. The hemolytic activities of NiO NPs as compared to Rifampicin
were measured at various concentrations. The hemolytic activity was depending upon the material
concentration used. The as-synthesized NiO NPs have endowed lesser toxicity to RBCs as well as
to other body parts. The antioxidant activity was examined by free radical scavenging assay with
different concentrations of NiO NPs using the 1,1-diphenylpicrylhydrazyl (DPPH) method.

2. Materials and Methods

2.1. Materials

All the chemicals and reagents were analytical grade used as received. Nickel (II) chloride
hexahydrate (99.9%, NiCl,-6H;0), and ammonia solution (28-30%, NH4OH) were used to synthesizing
NiO NPs. The ultrasonically cleaned glass substrate was used as a supporting medium for the forming
of nickel hydroxide by the SILAR method.
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2.2. Formulation of NiO NPs

Briefly, one cycle for the synthesis of nickel hydroxide on substrate surface was a combination of
two half-cycles; the first half cycle was an immersion of vertical plunging of the cleaned glass substrate
into the freshly prepared 0.1 M NiCl,-6H,O as a source of nickel wherein ammonia solution was
added for pH ~ 12, so that nickel species (Ni**) can adsorb on the glass substrate. When the ammonia
solution was added into the nickel chloride solution, the ionic product of nickel hydroxide exceeds the
solubility product and the solution can be changed into turbid which is associated to the formation of
nickel hydroxide. We believed that, at higher pH, solution attains super-saturation thereby, ions find
considerably high energy and fast rate of reaction by losing OH™ ions [25],

NiCl, + 2NH4OH — Ni(OH), + 2NH; + 2CI- 1)

with an excess amount of ammonia solution, Ni?* ion forms a complex structure with coordination
number four as shown in the following reaction:

Ni(OH), + 4NH; — Ni(NH;)" + 2H,0 + 2H" )

In the second half, the same glass substrate was engrossed in hot water containing about 90 °C
temperature as a source of OH™ ions for 20 s to form a nickel hydroxide (Ni(OH),) film layer. When the
glass substrate was immersed into the above solution, the force of attraction between nickel complex
ions and substrate leads to adsorb on the substrate surface eventually by forming an adherent film of
Ni(OH), as follows:

Ni(NH;)2* + 20H™ — Ni(OH), ®3)

Ni(OH), 3 NiO @)

In this way, one SILAR cycle of nickel hydroxide was completed. This process was repeated thirty
times to get a consistent, well-adherent, and fairly thick film of nickel hydroxide. After completion of
the reaction, a greenish precipitate of nickel hydroxide was formed on a glass substrate, which was
air calcinated at 300 °C for 2 h in a local home-made muffle furnace for obtaining black-colored
phase pure NiO NPs film. NiO NPs were scratched from the glass substrate by means of through the
knife of well and clean edge and powder of NiO NPs so obtained was employed for physical and
biogenic measurements.

2.3. Characterization Techniques

The surface morphology of the NiO NPs was confirmed with FE-SEM (Nova 200, FEI, Waltham,
MA, USA) digital images. The HR-TEM image was recorded using an FEI TECNAI G2 20 STWIN
instrument. The X-ray diffraction (XRD) spectrum was used to investigate the crystal phase (XRD-6000,
Shimadzu, Kyoto, Japan) with Cu-Ke radiation (A = 1.5418 A) operating at 40 kV and 60 mA.
The presence of Niand O surface elements was identified through energy-dispersive X-ray spectroscopy
(EDX) analysis. The phase purity was confirmed by the Raman microscopy (Renishaw, Gloucestershire,
UK) and the laser beam of A = 532 nm was focused using a lens to produce a spot on the surface of NiO
NPs. Moreover, the surface area and pore-size distribution studies were performed on Belsorp II, BET,
Japan Inc. instruments.

2.4. Antimycobacterial Activity

The mycobacterium strains; M. tuberculosis and M. phlei were procured from Gene Bank Institute
of Microbial Technology, Chandigarh, India. These organisms were grown on the Lowenstein Jensen
medium. The sensitivity strain of M. tuberculosis and M. phlei were calculated towards the as-synthesized
NiO NPs by applying agar cup diffusion methods. A sterile cork borer, having a diameter of 7 mm,
was used to bore holes into seeding plates containing solidified nutrient agar. The as-synthesized NiO
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NPs (1 mg/mL) were prepared in dimethyl sulfoxide (DMSO), diluted further to make a concentration
range of 2-50 ug/mL, and added to the well to evaluate the antimicrobial study. The samples were
incorporated into a well-labeled seeding plate through a sterile pipette. The test was carried out
using two parallel experimental conditions and their experiments were kept in the refrigerator for
pre-diffusion of samples and incubated at 37 °C for 48 h. The growth inhibition activity of the test
organism was shown after 48 h incubation, and the diameter of the inhibition zone was measured.
The antimycobacterial activity of standard Rifampicin anti-tuberculosis (TB) drug was also measured
simultaneously for comparison. The growth inhibition activity test was performed in Microwell 96-Well
Sterile microplates (Thermo Scientific, Waltham, MA, USA) by dispensing into 200 uL. comprising
100 puL of standardized suspension of M. tuberculosis and M. phlei (1 x 100° cells/mL) and 100 uL of
different NiO NPs concentrations incubated up to 48 h at 37 °C. The inhibitory effect of NiO NPs
on the formation of mycobacteria growth was monitored. The minimum inhibitory concentration
of Rifampicin was also measured for comparative study. The minimum inhibitory concentration
was defined at a minimum concentration of the samples which, in fact, inhibited the growth of
test microorganisms.

2.5. Hemolytic Assays

The outside cell study (hemolytic assay) activity of chemically synthesized NiO NPs was tested
through blood cells. The blood sample was taken and stored in tubes containing ethylenediamine
tetraacetic acid (EDTA) as an anti-coagulant. The blood sample was centrifuged at 634x g at 20 °C
on centrifuge (Heraeus Megafuge 40, Thermo Fisher Scientific Inc., Waltham, MA, USA) for 10 min.
After centrifugation, the sample was washed three times with phosphate buffer saline (PBS). Also, PBS
has added additionally to the pellet to give way a 10% (v/v) erythrocytes/PBS suspension. The pellet
was further diluted to 10-fold with phosphate buffer. The as-prepared suspension (100 pL) was taken
into the Eppendorf tube and added to different concentrations of the test sample (100 puL) in the
sillar buffer. The tubes containing samples were incubated at room-temperature for 1 h and further
centrifuged for 10 min. Finally, supernatant (150 uL) was taken and transferred to a microtiter plate to
evaluate the absorbance wavelength at 450 nm. The Triton-X 100 (1% v/v) was used as a total hemolytic
agent (positive control). The total hemolysis in percentage was calculated using Equation (5) as follows:

A®0 of test compound treated sample — A* buffer treated sample

A*0 of % Triton-X 100 treated sample — A* buffer treated sample

% Haemolysis = x100 (5)

2.6. Antioxidant Activity

The antioxidant activity of NiO NPs was confirmed using the DPPH method, as reported
previously [26]. For this as-prepared stock solution (1 mg/mL) was diluted to various concentrations
ie,2,4,6,8,and 10 pg/mL in methanol. Separately DPPH solution (0.3 mM) was prepared and 1 mL
was added to 3 mL of NiO NPs solution. The tube was kept aside at room-temperature for 30 min for the
completion of the reaction process. The L-ascorbic acid was the standard that has antioxidant properties
due to the presence of the ester group which produces the substrates by protecting double bonds and
scavenging oxygen [27]. It has lowered the oxidation state of numerous metals. The absorbance of each
sample was observed at 517 nm wavelength using an ultraviolet-visible (UV-Vis) spectrophotometer (S)
(Shimadzu, Kyoto, Japan). The scavenging activity (%) was measured using the equation as follows:

A control — A sample
A control x 100

Percentage scavenging activity (SA) = x 100. (6)
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3. Results and Discussion

3.1. Structure, Morphology, and Porosity Measurements

The crystal structure and phase of the NiO NPs were confirmed from the XRD pattern presented
in Figure 1a wherein, the characteristic the XRD peaks of the NiO at 37.28°, 43.31°, 62.54°, and 75.46°
for (111), (200), (220), and (311) planes, respectively were noted. The obtained XRD pattern was
polycrystalline in nature, and all optimized peaks were exactly matched with JCPDS file no. 47-1049 for
the cubic phase of NiO [28]. The average crystallite size estimated from full-width half maxima of X-ray
diffraction peak using the Debye-Scherrer equation for (111) peak was about 38 nm [29]. The surface
appearance of NiO was analyzed by FE-SEM images as displayed in Figure 1b. The surface of the
FE-SEM image demonstrated irregular islands. Each island was composed of several different-shaped
NPs. These islands were well-separated from one another with air-voids, loosely connected and piled
up over one another that made it difficult to measure their exact dimensions. Raman shift spectrum of
NiO NPs as displayed in Figure 1c demonstrated two vibration bands centered at 550 and 1095 cm™?,
which are attributed to the one phonon longitudinal optical and two longitudinal optical modes of
Ni-O oscillation, respectively [30]. The surface area of NiO NPs evaluated by N, adsorption-desorption
hysteresis curves as shown in Figure 1d confirmed 57.84 m?-g~! surface area. Barrett-Joyner-Halenda
(BJH) method was used to estimate the 50.56 nm pore-size of NiO NPs. Such higher surface area with
more active sites will be useful for easy processing which may enhance the interaction between the
surface of NiO NPs and cell walls of microorganisms for higher inhibition [31].
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Figure 1. (a) XRD pattern, (b) FE-SEM image, (c) Raman spectrum, and (d) N, adsorption-desorption
plots (with pore-size distribution as inset) of NiO NPs.

3.2. Crystallite Size Analysis

The HR-TEM image of the as-prepared NiO NPs displayed fine and regular lattice fringe spacing’s
over the high-resolution scanned area (Figure 2a,b). The distance between the adjacent lattice spacing
was measured from the HR-TEM analysis was 0.24 nm, well-indexed with the d-spacing of the (111)
crystallographic plane of NiO, and was consistent with X-ray diffraction results [32]. The sharp
continuous rings for (111), (200), (220), and (311) diffractions were observed in the selected area
energy diffraction (SAED) pattern which were in accord to the polycrystalline nature of the NiO NPs
(Figure 2c¢) [33]. The HR-TEM appended EDX analysis confirmed the existence of uniformly distributed
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both Ni and O elements, confirming the formation of NiO. The Cu peaks were additionally showed up
because of the copper grid substrate utilized while scanning (Figure 2d).
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Figure 2. (a,b) HR-TEM, (c) SAED, and (d) EDX of NiO NPs.
3.3. Antimycobacterial Activity

Table 1 summarized the antimycobacterial activities of NiO NPs, where the sensitivity of
mycobacterial strains was tested. NiO NPs demonstrate minimum inhibitory concentration at
1.11 + 0.10 for M. tuberculosis and 1.31 + 0.06 for M. phlei. Based on several research reports,
two mechanisms of action for antimycobacterial activity were proposed [34]. The increased review
of system (ROS) level was achieved in the interaction between metallic NPs and the bacteria. As the
NPs are attached to the bacterial surfaces, they can accumulate, either in the cytoplasm to disrupt the
cellular function or by disorganizing the membrane [2,35]. The maximum activity was achieved at a
concentration of 10 ug/mL NiO NPs against M. tuberculosis and 10 pg/mL against M. phlei from the
tested concentration. The smaller size and higher surface area of NiO NPs could produce a good activity
against the tested organisms. The mycobacterial growth decreased at the tested NPs concentration.
The bacterial growth slowed down and prohibited the growth of microorganisms. The better activity
was achieved by the NiO NPs by inhibiting the growth of an organism and with the enhancement of
the membrane permeability, leading to disruption of the membrane [36]. Rifampicin is a very powerful
anti-TB drug, which acts by inhibiting the early stage also to decrease the percentage of persistent
TB cases [37]. This result was in comparison with the standard Rifampicin (10 pg/mL) against both
the organisms depicted high activity. The zone of inhibition of tested NiO NPs showed comparable
results with standard Rifampicin (Figure 3a—c). Figure 3d exhibited the zone of inhibition of common
solvent DMSO, which was used to prepare all the specimens to check the antimycobacterial activity.
Individual result was the mean of three independent experiments and minimum inhibitory activity
was calculated using micro dilution assay.
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Table 1. Minimum inhibitory concentration activity of NiO NPs against M. tuberculosis and M. phlei.

Minimum Inhibitory Concentration (ug/mL)

Sr. No. Material
M. tuberculosis M. phlei
1 NiO NPs 1.11+0.10* 1.31 £ 0.06 *
2 Rifampicin 0.9 +0.06 1.8 +0.06

*p > 0.05 as compared to standard drug.

— |
Rifampicin

~
L

d) I NiO NPs
B Rifampicin

~
—
1

~
L

Zone of Inhibition (mm)
-
-

04
M. tuberculosis M. phlei

Figure 3. Antimycobacterial activity by using agar plates (a) M. tuberculosis, (b) M. phlei, (c) DMSO,
and (d) comparative bar graph.

3.4. Hemolysis Assay

Hemolysis is typically related to the release of hemoglobin into the plasma due to the damage of
the erythrocyte membrane. The in-vitro hemolytic assay is a conceivable screening tool for gauging
in-vivo toxicity to host cells [38]. Here, the hemolysis activity was performed against NiO NPs where
not any significant toxicity to erythrocytes was confirmed at the lowest growth inhibitory concentration
(1-10 pg/mL various concentrations of NiO NPs). The hemolytic activity of the NiO NPs demonstrated
lesser activity with respect to standard Rifampicin which was the function of the material concentration
used. In the present study, as-synthesized NiO NPs endowed lesser toxicity to RBCs as well as to
other body parts. Whereas, profound effects on dimorphism, adhesion, and biofilm formation by
M. tuberculosis as well as M. phlei (Figure 4) were noted. There was a significant difference in the
hemolysis was achieved with the tested NiO NPs than standard Rifampicin at 10 pg/mL.
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Figure 4. Hemolytic activity of NiO NPs as compared to Rifampicin (Mean + SD; n = 3).

3.5. Antioxidant Activity

8of 11

The antioxidant activity of as-synthesized NiO NPs was obtained by the DPPH method and
the results were compared with the standard (ascorbic acid). DPPH method works on the principle
of accepting hydrogen or electrons. The low ICsg indicates a strong DPPH scavenging activity
whereas, the high ICs( gives poor DPPH scavenging activity [39]. Table 2 depicts the effect of different
concentrations of NiO NPs on DPPH radical antioxidant activity where the as-synthesized NiO NPs
were free radical scavengers. The DPPH activity of the NiO NPs and standard was found to be
concentration-dependent. At concentrations of 2-10 ug/mL, NiO NPs demonstrated the scavenging
activity of a scavenging activity ranging from 8.89% to 63.44%. The antioxidant activity was lower
than that of standard ascorbic acid at the same concentration. However, for NiO NPs, the values of the
percent inhibition recorded indicated an antioxidant activity potential of the NiO NPs (Figure 5)

Table 2. Comparative antioxidant activity of NiO NPs and standard L-ascorbic acid (Mean + SD; n = 3).

Absorbance at 517

No Comp- Absorb- ) (ug/ml) 4 (ug/mD) 6 (ug/ml) 8 (ug/mD) 10
pg/m pg/m pg/m ug/m (ug/mL)
1 Control (Abs. Control) 082+0.04 082+0.04 082+004 082+0.04 0.82+0.04
by NGO NPs (Abs Sample) %  0.82+0.03 0.63+0.05 054+0.04 043+0.04 0.32+0.04
SA 8.89 19.29 29.78 47.48 63.44
3 Standard (Abs Sample) %  0.74+0.03 0.64+0.05 054+004 043+0.04 0.22+0.04
SA 15.71 39.41 53.21 67.23 88.23
100
B NiO NPs
- Standerd
g7
= T
=
=
= 50-
4t
=
B
254

2 4

Concentration (ng/ml)

6 8

10

Figure 5. Antioxidant activity of NiO NPs compared to L-ascorbic acid as standard (Mean + SD; n = 3).
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4. Conclusions

In summary, cubic NiO NPs, synthesized using the SILAR method, were envisaged in
antimycobacterial, hemolysis and antioxidant activates. The surface morphology of NiO, confirmed
from the FE-SEM and HR-TEM images was consisting of about 24 nm spherical irregular.
The as-obtained NiO NPs, were polycrystalline, cubic in phase, and mesoporous in character.
Raman spectrum identified two vibration bands centered at 550 and 1095 cm™! for one photon
longitudinal optical and two longitudinal optical modes, respectively. The surface chemical
analysis confirmed a uniform distribution of Ni and O elements within the scanning surface area.
The absence of any impurity peaks was suggesting the formation of phase pure and defect-free NiO.
Excellent antimycobacterial, as well as antioxidant properties of NiO NPs were evidenced when used
in biogenic applications. An antimycobacterial examination of both strains was performed against NiO
NPs that showed greater antioxidant activity. Hemolytic assay study (cytotoxic study another name
hemolytic assay) illustrated 99.9% inhibition in the growth of the cell, needed further optimization,
for developing anti-TB agents in the future.
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