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Abstract: The purpose of this research was to investigate the possible antibacterial, antifungal, an-
tioxidant, and anticancer effects of nickel (Niz+)—doped hydroxyapatite (HAp) nanoparticles (NPs)
synthesized using the sol-gel approach. X-ray powder diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), Raman spectroscopy (Raman), field-emission scanning electron microscopy
(FESEM), and elemental analysis were used to characterize the Ni**-doped HApNPs. X-ray diffrac-
tion investigation showed that the nanoscale structure of Ni>*-doped HApNPs was hexagonal, with
an average crystallite size of 39.91 nm. Ni**-doped HApNPs were found to be almost spherical
in form and 40-50 nm in size, as determined by FESEM analysis. According to EDAX, the atomic
percentages of Ca, O, P, and Ni were 20.93, 65.21, 13.32, and 0.55, respectively. Ni2+—doped HApNPs
exhibited substantial antibacterial properties when tested in vitro against several pathogens, includ-
ing Escherichia coli, Shigella flexneri, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylococcus
aureus. Antibacterial activity, at 50 mg tested concentration, demonstrated superior effects on G™V¢
bacteria than G*V¢ pathogens. The antifungal activity of Oidium caricae, Aspergillus flavus, and A. niger
revealed a zone of inhibition of 23, 11, and 5 mm, respectively. These actions rely on the organism’s
cell wall structure, size, and shape. Incorporating Ni** into HApNPs allows them to function as
powerful antioxidants. Ni2*-doped HApNPs had a good cytotoxic impact against the HeLa cell line,
which improved with increasing concentration and was detected at a 68.81 pg/mL dosage. According
to the findings of this study, the Ni**-doped HApNPs are extremely promising biologically active
candidates owing to their improved functional features.

Keywords: green synthesis; bionanomaterials; hydroxyapatite; antimicrobial activity; cytotoxic effect;
HeLa cell line
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1. Introduction

Nanotechnology studies have expanded exponentially during the last three decades.
Due to their large surface area concerning their volume, nanoparticles (NPs) have found
applications across disciplines [1]. Its primary focus was on three major fields: energy,
medicine, and agriculture [2]. The size and shape of nanoparticles might vary because
they are synthesized using different methods. It works as intended in the common usages.
The necessary size regulation of nanoparticles is achieved by using anionic and cationic
surfactants [3]. In physical, chemical, and green synthesis [4,5], controlling nanoparticle
size has been accomplished in several ways.

Much attention has been paid to incorporating 3d transition metals like Fe, Mn, and Co
into HAP to increase their strength. The formation of the material and its physicochemical
characteristics are affected by the doping procedure’s annealing temperature grating. With
the metal doping procedure, HAp nanopowder with Fe- and Co-doping exhibited improved
antibacterial activity against Shigella dysenteriae, while HAp nanopowder with Mn doping
showed more significant antibacterial activity against Staphylococcus aureus. Size, shape,
stability, ion-releasing capacity, and the structure of the bacterial cell wall all play a role in
the antibacterial activity of metal-doped HAp nanopowder [5].

Several metal nanoparticles are very effective antibacterial agents [6,7]. On the other
hand, their prohibitive price prevents widespread commercial use. Therefore, it is important
to work on finding alternatives that do not rely on noble metals for their economic viability.
The inorganic mineral hydroxyapatite (HAp) is the principal structural component of teeth
and bones [8,9], which makes it an attractive candidate in the quest for novel materials. The
calcium phosphate in HAp is vitrified and ceramicist [10]. Calcium orthophosphate is a
vital calcium potential in all living things. There are more options in dentistry, bone-tissue
engineering, dental implant coating, orthopedics, and prosthetics [11,12].

For the most part, researchers have examined calcium-poor apatites, which may
include divalent ion replacements. Several biological uses [10,13] are selected for HAp
[Caj0(PO4)sOH;], including antibacterial, drug delivery, dental, and orthopedic. When
metal ions were present, the activity of Ca-HAp and its nitrate salt returned to normal.
Because of its high mechanical strength and resistance to corrosion, Ni?* is widely used
as an orthopedic implant [14]. This element is also essential for all chordate organs. Ni**
may replace Ca?" in HAp without compromising the compound’s crystalline structure.
Researchers examined how adding Ni?* to HApNPs preparation changed the final solid so-
lution. Highly crystalline Ni**-doped HApNPs may be produced by sol-gel synthesis [15]
by keeping these critical characteristics under controlled conditions. The present work
describes the sol-gel synthesis of Ni?>*-doped HApNPs. Characterization of Ni**-doped
HApNPs was performed using XRD, FTIR, Raman, FESEM, and EDAX. In addition, the
antimicrobial, antioxidant, and antitumor properties were investigated.

2. Materials and Methods
2.1. Materials

In order to create Ni2*-doped HAp nanoparticles, we mixed together Ni(NO3),.6H,0O,
Ca(NO3),.4H,0, PEG, NH3, and (NH4)2HPO,. All chemicals used in this study were
bought from Sigma-Aldrich, USA and were of reagent grade (99.9% purity). From Hi-
Media in India, we procured Luria Bertani agar, potato dextrose agar, clotrimazole, and
amikacin. Triple-distilled water was utilized in the experiments. The bacterial strains of
Shigella flexneri (MTCC 1457), Escherichia coli IMTCC 40), Pseudomonas aeruginosa (MTCC
2642), Klebsiella pneumoniae (MTCC 432), and Staphylococcus aureus (MTCC 1935), as well as
the fungal strains of Oidium caricae, Aspergillus flavus, and A. niger, were all obtained from
KRIND Institute of Research and Development, Trichy, Tamil Nadu, India.

2.2. Preparation of PEG-Assisted Ni**doped HAp

Synthesis of PEG-assisted Ni?*-doped HApNPs included employing double-distilled
water, ammonia solution, di-ammonium hydrogen phosphate, nickel nitrate, and calcium
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nitrate. Calcium nitrate, at 0.9 M, and nickel nitrate, at 0.1 M, were each diluted in 50 mL
of distilled water and stirred with a magnetic stirrer for 30 min. In 50 mL of sterile water,
0.1 M PEG surfactant was combined with 0.1 M calcium and 0.1 M nickel solutions. A
0.6 M concentration of Di-ammonium hydrogen phosphate was achieved by dissolving
the compound in the earlier solution. We slowly added the ammonia solution to the first
combination, reaching a pH of 10. After draining in a hot air oven, the product was calcined
for 2 h at 500 °C.

2.3. Antimicrobial Activity

Synthesized Ni?*-doped HApNPs at a concentration of 50 g were tested for their
antibacterial efficacy against five bacterial and three fungal strains [16]. Luria Bertani
medium (pH 7.4) for bacteria and potato dextrose medium (pH 7.4) for fungi were used to
incubate the test organisms at 37 °C for 18 to 24 h. Wells were drilled into the exterior of
the sterile gel made of agar. Afterward, the triplicate plates were protected against bacteria
and fungus. The five most frequent bacteria that cause infections are Staphylococcus flexneri
(MTCC 1457), Escherichia coli (MTCC 40), Pseudomonas aeruginosa (MTCC 2642), Klebsiella
pneumoniae (MTCC 432), and Staphylococcus aureus (MTCC 1935). Oidium caricae, Aspergillus
flavus, and A. niger were used in tests to determine the antifungal activity. Positive control
for bacteria and fungi was 30 g of amikacin and 10 g of clotrimazole, while DMSO served
as a negative control.

2.4. Antioxidant Activity

Ni?*-doped HApNPs’ antioxidant ability was evaluated using DPPH and radical
scavenging, as described by Brand-Williams et al. [17]. Hydrogen donation or free radical
scavenging capacity of Ni>*-doped HApNPs formed the basis for their antioxidant action.
Scavenging of the products was also quantified with the use of the following equation:

(Abs control — Abs sample)

(Abs control) x 100

DPPH scavenging activity (%) =

2.5. Anticancer Activity

Ni%*-doped HApNPs were investigated for cytotoxicity against HeLa cells using a
MTT assay. The HeLa cells came from the National Centre for Cell Sciences (NCCS) in
Pune, India. In a humidified incubator (5% CO,, 37 °C; Galaxy® 170 Eppendorf, Germany),
tissues were principally grown in a 25 cm? tissue culture flask (DMEM in Himedia). The
cell viability was examined visually using an inverted phase-contrast microscope.

3. Results and Discussion
3.1. XRD Analysis

Ni?*-doped HApNPs exhibit a crystalline phase in the form of hexagonal HApNPs
with well-defined diffraction peaks in the conventional X-ray diffraction (XRD) pattern
(JCPDS: 09-0432), as shown in Figure 1. Hexagonal HApNPs doped with Ni?* have been
shown to have a P63/m space group. At 20 = 26.61°,27.93°, 28.87°, 31.21°, 32.58°, 34.50°,
40.59°, 47.16°, and 53.15°, diffraction peaks were seen that corresponded to the (002), (102),
(210), (211), (300), (202), (221), (312), and (004) planes, respectively. Significantly, the crystal
system is unaffected by the PEG surfactant.

The absence of a secondary phase for a nickel or any other impurity demonstrates that
nickel ions have efficiently replaced calcium ions without modifying the crystal structure
of HApNPs. The results of this study are in close accord with those of the previous
studies [18-23]. When Ni?* ions were replaced for specific Ca®* sites, however, the dopant
was substantially absorbed into the HApNDPs lattice, as shown by a slight change in 26
and distortion in the lattice cell properties. Using the more distinct diffraction peaks at the
(102), (211), and (202) planes, we were able to calculate that the crystallite size is around
39.91 nm. Nevertheless, research shows that when Mg is replaced with Ca in stoichiometric



Fermentation 2022, 8, 677

4 of 14

HApNPs, the lattice parameters decrease, and the peaks shift toward the lower diffraction
angle [24,25]. Adsorption of the remaining Mg prevented additional grain formation onto
the surface of the HApNPs, despite the HAp-Mg complex constantly producing random
grains [26].

—— Ni** doped HApNPs
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Figure 1. XRD analysis of Ni?*-doped HApNPs calcined at 500 °C.

3.2. FTIR Analysis

Figure 2 depicts the FTIR spectrum of Ni**-doped HApNPs. Frequencies of 558 cm !
and 608 cm~! were assigned as the O-P-O bending mode. The 1040-1140 cm~! range
contains bands with a high intensity that have been assigned to the v3 asymmetric stretch-
ing mode of O-P-O. The presence of v3 carbonate ions (CO372) from the environment
during sample preparation has been connected to the weak bands identified at 1460 cm™1.
However, the band at 1634 cm ! is easily explained due to the lattice’s two H,O, H-O-H
bending modes. It has been determined that the OH stretching contributes mild intensity
to the appearance of two bands in the HApNPs, one wide at 3452 cm~! and the other
sharp at 3575 cm~!. Water in the lattice, rather than absorbed water, is responsible for
the persistence of the OH bands even at elevated temperatures. After all, at temperatures
over 100 °C, absorbed moisture is evaporated. XRD analyses corroborate these results,
suggesting that Ni>* ions are present in the HAp structure.

Similar FTIR investigations showed that hydroxyl and phosphate functional groups
were present in HAp and Mg-HAp, as indicated by the presence of characteristic sharp
lines at 1026 cm~! and 1032 cm™!, respectively, and also showed that the phosphate
groups stretched in a certain way [9]. According to an ongoing investigation, FTIR analysis
confirms the presence of the PO,>~ group in HAp, with peaks for HAp ranging from
1749 to 1736 cm ™. In contrast, Mg-HAp formed a covalent bond with the absorbed water
molecule [27]. In addition, the small peak at 969 cm~! indicates symmetric stretching
vibrations, which are often linked to a P-O mode [28]. The O-H bond is responsible for
weak peaks at 3571 cm ™! for HAp and 3554 cm ! for Mg-HAp. HAp and Mg-HAp exhibit
a sizable stretching band around 1367 cm ™! [29], which may be traced back to the carbonate
group. Most of this peak is due to the O-H stretching vibration in HAp.
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Figure 2. FTIR spectrum of Ni?*-doped HApNPs calcined at 500 °C.

3.3. Raman Spectrum Analysis

Figure 3 illustrates the Raman spectrum of Ni?*-doped HApNPs. Raman spectra of
Ni?*-doped HApNPs revealed vibrational bands related to phosphate group stretching and
twisting modes. Most significantly, at 961 cm~!, the symmetric stretching way of PO,3~
(v1)—one can always recognize this peak as belonging to HApNPs. The low-intensity band
at 363, 407, and 480 cm ! is responsible for the bending behavior of PO43’ (v2symmetric).
In this investigation, a band at 614 cm™1, estimated at around 591 cm~!, matches the
irregular bending style of PO4>~ (v2). It has been determined that the band saw at 1043
and 1163 cm~! in the Raman spectra of Ni**-doped HApNP:s is due to mild PO4>~ (v3)
stretching. There is strong agreement between our findings and the previously published
values [5].
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Figure 3. Raman spectrum of Ni**-doped HApNPs calcined at 500 °C.
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3.4. FESEM Analysis

The morphology of the Ni>*-doped HApNPs was studied by utilizing FESEM. FESEM
images of Ni**-doped HApNPs are shown in Figure 4a b at different magnifications. The
particles have a spherical form and exhibit intense aggregation; their average size is 45 nm,
and their length is 40-50 nm. The size-variant spherical and near-spherical shape was
observed in Ni**-doped HApNPs. Agglomerated spherical NPs of about 50 nm in size
resulted from an initial pH held constant at 10. The Ni?*-doped HApNPs in the FESEM fit
the XRD pattern nicely. This work shows that doping nano-hydroxyapatites with Ni** does
not significantly alter their crystal structure but substantially reduces their crystallinity [30].

HV g
/ .00 kV|40 000 x

01 I L i — ) R
PM|10.00 kV|80 000 x|[ETD|9.1mm|3.0 lov [ |

Figure 4. FESEM images of Ni2+—doped HAPpNPs (a) 40,000 %, (b) 80,000x.
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3.5. EDAX Analysis

The EDAX spectrum (Figure 5) reveals the stoichiometric occupancy of Ca, O, Ni,
and P, proving the synthesis of Ni**-doped HApNPs and ensuring that the models are in
accordance with the HApNPs’ fundamental ingredients and stoichiometry. The existence of
P, O, Ca, and Ni may also be confirmed. The EDAX spectrum did not show any secondary
phase or contamination signals. This sample elemental analysis confirmed the presence of
Ca, O, P, and Niin Ni2+-doped HApNPs.

10— CBS/eV _
i Ca 2093
a
| (o] 65.21
] P 13.32
6] Ni 0.55
Ni
4D Ca Ni
5
0- — } Tt Tt e B L e e e o e e B N
2 4 6 8 10 iz 14 16 18 20

=

Figure 5. EDAX spectrum of Ni?*-doped HApNPs calcined at 500 °C.

3.6. PL Analysis

The PL emission spectra of Ni?*-doped HApNPs synthesized through sol-gel syn-
thesis are shown in Figure 6. The PL emission peaks of Ni?*-doped HApNPs are located
between 340 and 600 nm. Emission peaks were measured at 360, 376, 410, 494, 505, 520,
535, 572, 581, and 594 nm for the Ni**-doped HApNPs. Current research indicates that
HAp and MOFE: HAp nanorods (NRs) have similar PL, with a wide visible emission band
of about 310 nm. When UV light was applied to HApNPs, holes formed in the material
that UV-induced trapholes might exploit, and both band gaps (5.2 and 5.5 eV) were also
preserved [10].

5004 8
2 400-
-
=
2
& 300-
=
(2]

s
£ 200-
100
0

L) L) L) ) L)
350 400 450 500 550 600
Wavelength (nm)

Figure 6. PL emission spectrum of Ni**-doped HApNPs calcined at 500 °C.
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3.7. Antimicrobial Activity
3.7.1. Antibacterial Activity

Figure 7 shows the zone of the inhibitory effect of the five most prevalent pathogenic
microorganisms. Furthermore, the optimal concentration was 50 g. Ni**-doped HApNPs
were discovered to exhibit a maximum inhibition zone against E. coli of around 22 mm,
demonstrating potent antibacterial action. The zone of inhibition shown by P. aeruginosa
was rather large, measuring about 19 mm. The growth inhibitory impact of bacteria was
modest against S. flexneri and K. pneumoniae. Minimal inhibitory zones were seen for
S. aureus (Table 1). The finding demonstrates the high antibacterial activity of the produced
Ni?*-doped HApNPs. Similarly, a recent study [31] reported that Ni**-doped HApNPs
showed remarkable antibacterial action against E. coli and S. aureus.

Figure 7. Cont.
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Figure 7. Antibacterial activity of Ni**-doped HApNPs treated against (a) S. flexneri, (b) E. coli,
(c) P. aeruginosa, (d) K. pneumoniae and (e) S. aureus. C-Negative control (DMSO), Std.-Positive control
(Amikacin), 7- Ni**-doped HApNPs.

Table 1. Zone of inhibition of Ni**-doped HApNPs against bacterial pathogens.

Zone of Inhibition (mm)

Samples Shigella Escherichia Pseudomonas Klebsiella Staphylococcus Negative
flexneri coli aeruginosa pneumonia aureus Control
Ni%* -HApNPs 11 22 19 13 4 NZ
Amikacin 20 25 28 24 26 Nz

Positive control: Amikacin (30 ug), Negative control: DMSO, NZ- No Zone.

Bacterial inactivation is facilitated by ions in the NPs reacting with SH groups (pro-
teins) [32]. They found a zone of restriction opposed to GV¢ (14.9 0.97 mm) and G*V¢
(9.0 2.56 mm) bacteria, demonstrating that HApNPs’ antimicrobial function can protect
microorganisms [33]. Figure 8 depicts the mechanisms that contribute to the antibacterial
effects of NPs. Possible mechanisms for the antibacterial effects of metal NPs include the
absorption of free metal ions, which interfere with DNA replication, direct damage to cell
membranes, reactive oxygen species (ROS), and the creation of ATP [34]. Well-diffusion
pattern studies were used to investigate the antibacterial activity of AgNPs. In terms of
maximal role containment, Acinetobacter baumannii (31 mm), Staphylococcus aureus (26 mm),
and Bacillus subtilis (19 mm) were all successful [35]. The AgNPs were studied for their
potential to inhibit DNA replication by interfering with bacterial membrane permeability
processes [36].
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Ni2* -HApNPs
&) @ Electrostatic interaction Loss of cell membrane integrity

©e®

Mesosomal oxidative stress Electrolyte leakage

Figure 8. Illustration of the possible mechanism by which Ni?*-doped HApNPs exert their
antibacterial effects.

3.7.2. Antifungal Activity

Synthesized Ni?*-doped HApNPs revealed antifungal activity with an inhibitory zone
opposite that of A. flavus, O. caricae, and A. niger (Figure 9; Table 2). However, clotrimazole,
a persistent antibiotic, had the greatest activity across all species tested. The antifungal
activity also exhibited structure, with the highest activity at 50 g. The maximum inhibitory
zone for Ni**-doped HApNPs was observed at a distance of 23 mm from O. caricae. The
zone of inhibition for A. flavus’s growth was modest at 11 mm. A. niger exhibited a minimal
inhibitory zone. Ni?*-doped HApNPs were successfully produced, and the results verified
their potent antifungal properties. Ag-HApNPs displayed antibacterial activity against
O. caricae, A. niger, and A. flavus, with the zone of inhibition values of 27, 23, and 25 mm,
respectively, as reported in our earlier studies [23].

Figure 9. Antifungal activity of Ni?*-doped HApNPs treated against (a) O. caricae, (b) A. niger and
(c) A. flavus.

Table 2. Antifungal activity of Ni?*-doped HApNPs treated against fungal pathogens.

Zone of Inhibition (mm)

Samples Oidium Aspergillus Aspergillus Negative
caricae niger flavus Control
Ni?*-HApNPs 23 5 11 NZ
Clotrimazole 29 21 25 Nz

Positive control: Clotrimazole (10 ug), Negative control: DMSO, NZ—No Zone.
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3.8. Antioxidant Activity

Ni?*-doped HApNPs antioxidant activity was tested using diphenyl phosphate (DPPH),
and the results revealed that the free radical scavenging function of the HApNPs increased
with increasing concentration (Figure 10). Ni?*-doped HApNPs demonstrated superior
scavenging performance. In contrast, standard Rutin only managed 60% efficiency over
the whole concentration range (100 to 400 ug/mL). Thus, Niz+—doped HApNPs are the
best option due to their superior antioxidant process. Studies using a similar design have
connected the formulation’s 1,1’-diphenyl-2-picrylhydrazyl and hydrogen peroxide scav-
enging capabilities to stable ascorbic acid, with the increased activity mainly related to the
presence of phenols and flavonoids [37,38].

90 1
80 1
70 A
60 1

50 A

® Rutin
B Ni-HApNPs

40 4

30 4

20 1

DPPH Scavenging activity (%)

10 1

100 200 300 400

Concentration (pg/ml)

Figure 10. Antioxidant activity of Ni**doped HApNPs. Different letters above each column indicate
significant differences (ANOVA, Tukey’s HSD test, p < 0.05).

3.9. Anticancer Activity

The effect of Ni**-doped HApNPs on the growth and viability of HeLa cell lines was
evaluated using the MTT assay (Figure 11; Table 3). Different concentrations of Ni**-doped
HApNPs were investigated for this test to find an effective dose. When tested against
HeLa cell lines, the Ni?*-doped HApNPs sample significantly increased cytotoxicity. Size
and cell type have a role in determining the cytotoxicity caused by NPs. At 100 ug/mL,
Ni2?*-doped HAp had a cell viability of 32.19%, whereas Ni**-doped HApNPs had viability
between 52.12 and 92.5% at 50, 70, and 6.25 ug/mL. Cell death occurred at a rate of 30%,
even at a concentration of 100 pug/mL. In contrast to HeLa cell lines, the synthesized
Ni?*-doped HApNPs exhibited cytotoxicity as measured by the MTT assay, with an ICs
value of 68.82 pg/mL. Comparatively, silver nanoparticles (AgNPs) were shown to have
strong anticancer activity against the breast cancer cell line MCF 7 [35]. CaO NPs exhibited
apoptotic characteristics, including cell shrinkage and condensed and fragmented nuclei, in
contrast to the cell proliferation structures of A549 cells observed in the previous research
article [39].
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(f)

Figure 11. Anticancer activity of Niz+d0ped HApNPs. (a) control, (b) 6.25 ug/mL, (c) 12.5 ug/mL,
(d) 25 pg/mL, (e) 50 ug/mL, (f) 100 pg/mL.

Table 3. Anticancer activity of Ni**-doped HApNPs tested on HeLa cells.

Cell Viability (%) Ic
Sample 6.25 125 25 50 100 ug/mlL
pug/mL pug/mL pug/mL pug/mL pug/mL
NiZ+_
HApNPs 92.55 81.99 73.40 52.12 32.97 68.817

4. Conclusions

The sol-gel method was used to synthesize Ni**-doped HApNPs. Ni**-doped HAp-
NPs are shown to be nanocrystalline, as evidenced by their XRD pattern. Typically, a
crystallite is about 39.91 nm in size. Functional groups like O-H and O-P-O are confirmed
by FTIR and Raman spectroscopy. The EDAX confirmed Ni?* ion doping in the HAp struc-
ture, and the FESEM examination showed the particles to be spherical or nearly spherical
in shape. The sample shows significant agglomeration when Ni?* ions are substituted for
other cations. Ni**-doped HApNPs were shown to be very effective against various bacte-
ria when tested using the disc diffusion technique, including S. flexneri, E. coli, P. aeruginosa,
K. pneumoniae, and S. aureus. High levels of antifungal, antioxidant, and anticancer activity
are seen in HApNPs doped with Ni?*. As a result, the Ni**-doped HApNPs have potential
in the biomedical sector for implantation in orthopedics and surgical procedures.
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