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ARTICLE INFO ABSTRACT

Keywords: The advancement of novel nanobiomaterials holds significant importance in the fields of drug delivery and
Magnes{“m doped hydroxyapatite environmental remediation. Hydroxyapatite, which falls under the category of bioceramic materials, has
Curcumin demonstrated efficacy as a bone graft material. The substitution of cations in hydroxyapatite has been found to

Anticancer activity

enhance its biological properties, making it a promising material for various biomedical applications. In this
Antimicrobial activity 8 prop: 4 12 g PP.

study, the synthesis of Mg?* substituted hydroxyapatite nanostructures was conducted through the sol-gel
method employing different surfactants, namely polyethylene glycol and cetyltrimethylammonium bromide.
The resulting nanoparticles were subjected to analysis to evaluate their structural, morphological, and optical
characteristics. The antimicrobial and antioxidant behavior of the Mg?* doped hydroxyapatite nanoparticles
were also studied. The XRD analysis showed a hexagonal crystal structure for Mg doped hydroxyapatite
nanostructures for all samples. The Raman and FTIR results also confirmed the successful substitution of divalent
cation Mg?" in hydroxyapatite. EDAX results exhibited the qualitative elemental composition and stoichiometric
nature of synthesized hydroxyapatite. The optical study showed higher transmission in the visible region for the
Mg?* doped hydroxyapatite prepared using various surfactants. The microbial restriction efficacy of Mg?" doped
hydroxyapatite prepared using various surfactants was examined against human pathogenic bacterias Shigella
flexneri (MTCC-2197), Escherichia coli (MTCC-4213), Pseudomonas aeruginosa (MTCC-3131), Klebseilla pneumoniae
(MTCC-1214), and Staphylococcus aureus (MTCC-3123). The hydroxyapatite nano biomaterial doped with Mg?*
demonstrates remarkable antibacterial, antifungal, and antioxidant properties. The HeLa cell lines exhibited
significant cytotoxicity when exposed to magnesium ion-doped hydroxyapatite nanoparticles.

1. Introduction releasing medications, enhancing treatment efficacy and minimizing
side effects. Nano-based imaging tools enable highly sensitive di-

Nanotechnology presents vast potential in revolutionizing biomed- agnostics for early disease detection, fostering improved healthcare
ical applications due to its minute scale and diverse capabilities. At the outcomes. The development of nanobiosensors facilitates real-time
nanoscale, materials exhibit unique properties that can be tailored for monitoring of biomarkers, aiding in disease management and person-
targeted drug delivery systems. Nanoparticles offer precise control in alized medicine. Nanomaterials serve as scaffolds for tissue engineering,
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fostering regenerative therapies for damaged tissues or organs. Nano-
structured coatings on medical devices prevent infections and improve
biocompatibility, enhancing their functionality. The versatility of
nanotechnology allows for the creation of advanced biomaterials with
improved mechanical and biological properties. Research in nano-
medicine continues to explore novel applications, holding promise for
groundbreaking solutions in healthcare. The integration of nanotech-
nology in biomedical realms holds the potential to revolutionize diag-
nosis, treatment, and overall patient care [22,23,27,51].

Nanoscale biomaterial is the topic of interest in the latest biomedical
research in which bioceramic material was explored for biomedical
applications due to their unique physical, mechanical and biological
properties [46]. In the last fifty years, there has been a revolution in the
use of bioceramics to improve human well-being. Hydroxyapatite (HAp)
based bioceramic materials have excellent biocompatibility and osteo-
conductivity. HAp nanoparticles have suitable stoichiometry with
human bones [1]; hence, they can be used for bone implantation and
regeneration [2]. Crystallinity and crystal size are two parameters that
determine the solubility of HAp for biological applications. However,
the capacity to generate new bone tissue is limited [42], and HAp has
poor mechanical strength in wet conditions [30]. This phenomenon can
be controlled or improved by incorporating foreign elements in HAp
[46]. Hence, analysing the ionic substitution in the HAp lattice is
necessary for effective usage in biological applications.

Cations such as Sr2*, Ag™, Zn?t, Mg?*, ce®t, Gd3*, Y3+, and La®*
can be substituted into the hydroxyapatite lattice to improve their
properties [14,24,43]. Among the various cations, Mg2+ incorporated
HAp is expected to show excellent biological properties [48]. Bone
fragility is decreased because of Mg?"’s indirect effect on mineral
metabolism. Moreover, Mg?* reduces human exposure to potential
osteoporosis risk factors [31]. Mgt speeds up the development of new
blood vessels by stimulating the endothelium to produce nitric oxide and
migrate and expand [11]. Bone mineral density drops in rats fed
Mg-deficient diets, whereas greater levels of this mineral were linked to
healthier bones [11]. Furthermore, the utilization of specific substitu-
tional components in an individual’s skeletal structure is influenced by
various factors, including dietary habits, age, and gender [15].

Using the precipitation technique, Nagyné-Kovacs et al. [37] re-
ported that Mg-substituted HAp samples with 2 and 4 mol% of Mg/(Ca
+ Mg). The crystal size and lattice properties were both lowered by Mg
insertion as the Mg level rose. In addition, it was observed that the in-
clusion of Mg-HAp strains exhibited a more pronounced inhibitory
impact on both Gram-negative and Gram-positive bacteria than pure
HAp strains [37]. According to another study, it was observed that
subjecting human bone to incineration at a temperature of 900 °C
resulted in an augmentation of crystal dimensions by several microns,
accompanied by alterations in their morphology [33]. As a result, the
annealing process confounds any attempt at objectively assessing the
impact of the Mg addition. Importantly, the antimicrobial and antioxi-
dant properties of Mg-doped HAp nanoparticles have received little
attention. The current research focuses on the possible antimicrobial and
antioxidant properties of Mg-doped HAp nanoparticles.

There are several methods employed in the production of mono-
valent and divalent doped hydroxyapatite (HAp), including microwave
hydrothermal synthesis, co-precipitation, sol-gel method, solid-state
reaction, and reversed microemulsion technique [46]. The Mg2+
doped HAp nanoparticles’ morphology can be controlled using the
low-cost, simple sol-gel approach. The selection of an appropriate sta-
bilizing agent is paramount in synthesizing magnesium-doped hy-
droxyapatite (HAp). The different stabilizing agent has different effect
on the Mg?" doped HAp and should not have a toxic effect. The stabi-
lizers such as ethylene diammine tetra acetic acid (EDTA), cetyl-
trimethylammonium bromide (CTAB), carboxy methyl cellulose and
polyethylene glycol (PEG 400) were used for the preparation of Mg?*
doped HAp [49]. Recently, the utilization of green stabilizers has gained
much importance due to their eco-friendly nature, higher
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biodegradability, and lower toxicity [7]. The utilization of extract
derived from medicinal herbs with a long-standing history of traditional
use can be employed as a stabilizing agent in the production of nano-
particles [5]. Utilizing these botanical specimens can potentially
enhance the biological characteristics of the magnesium-doped hy-
droxyapatite nanoparticles [25]. This motivates us to study the effect of
chemical and green stabilizers of Mg?* doped HAp nanoparticles.

Curcumin is a polyphenolic chemical derived from the rhizome of
Curcuma longa. Curcumin has diverse effects including the ability to
promote wound healing, as well as possessing antibacterial, antioxidant,
and anti-inflammatory activities. Additionally, it has anti-cancer capa-
bilities [45]. Nevertheless, the pharmaceutical and food sectors
encounter challenges in harnessing the potential of curcumin owing to
its volatility, prominent hydrophobic characteristics, and restricted ca-
pacity to be absorbed orally [44]. Tackling these problems is a pressing
need in order to fully harness the promise of curcumin in many
applications.

In this present study, an attempt was made to synthesize divalent
cation (Mg?") doped HAp nanoparticles with or without chemical sur-
factants (PEG/CTAB) and with green capping agent (curcumin extract)
through sol-gel technique and to study its antimicrobial, antioxidant,
anticancer and toxicity properties.

2. Materials and methods
2.1. Materials

All of the chemicals used were of analytical quality and were ac-
quired from SRL chemicals in India. These included di-ammonium
hydrogen phosphate ((NH4)oHPO,), calcium nitrate (Ca(NO3)y-4H20),
CTAB, PEG 400, and ammonia. Curcumin (Art No.820354) was obtained
from Merck, India. During all of the experiments, double-distilled water
was used as the solvent.

2.2. Preparation of divalent (Mg?") doped hydroxyapatite NPs

The synthesis procedure was conducted in accordance with the
methodology outlined by Sebastiammal et al. [46], with slight adjust-
ments made. Separately, 50 mL of deionized water was combined with
about 0.9 M of calcium nitrate and 0.1 M of cationic solution containing
magnesium nitrate [48], and the mixtures were agitated using a mag-
netic stirrer for 30 min. Additionally, a solution containing approxi-
mately 0.6 M of di-ammonium hydrogen phosphate was combined with
the previously prepared solution. Later, dropwise addition of ammonia
was included until it reached pH 10. The acquired reaction mixture was
allowed to dry in a hot air oven and calcined at 500 °C for 2 h. Thus,
prepared dried cake was powdered to obtain Mg?*doped Hydroxyapa-
tite (Mg?*-HAp). To prepare Mg?* doped HAp-PEG, Mg?t doped
HAp-CTAB and Mg+ doped HAp curcumin extract, about 0.1 M of CTAB
or PEG was dissolved in deionized water and curcumin extract (50 mL)
was included with 0.9 M of calcium and 0.1 M of cationic solution
magnesium solution. Later, the consecutive procedures were performed
as Mg?* doped hydroxyapatite was prepared to obtain prepared NPs.

2.3. Characterizations of Mg®>*doped HAp NPs

The crystallographic structural analysis was performed utilizing an
XPERT-PRO powder diffractometer and monochromatic CuK (A
=1.5406) radiation, covering the 20 range from 20° to 80° Additionally,
a Fourier transform infrared (FTIR) spectrometer (Make: Bruker IFS48)
analyzed the functional groups present in the synthesized compounds.
The morphology and size of Mg doped HAp NPs were investigated by a
QUANTA 250 FEG field emission scanning electron microscopy
(FESEM). Energy-dispersive X-ray spectroscopy (EDAX) was used to
analyze the elemental components. Further, the Transmission Electron
Microscope (TEM) Model JOEL, No. 1200 EX was employed to analyze



S. Sebastiammal et al.

the microstructure of the synthesized compound. Subsequently, a UV
and photoluminescence spectrophotometer was employed to investigate
the optical and photoluminescence characteristics.

2.4. Toxicity assay of Mg®*doped HAp NPs

Toxicity assay of the different Mg?" doped HAp samples from spe-
cific compounds was performed using the well diffusion method and the
toxic substances were tested. The mineral salt medium was prepared
with 15 % NaCl and sterilized. The Mg?" doped HAp samples were
placed on the surface of the agar plate using aseptic cotton swabs. The
Mg doped HAp NPs antibiotic disc was placed above the surface and
incubated at 37 °C for 24 h. The plates were observed after incubation
and the results were analyzed.

2.5. Antimicrobial activity of synthesized Mg?*doped HAp NPs

Antibacterial activity of Mg doped HAp NPs were assessed using
the agar-well diffusion technique [38,40] against Escherichia coli
(MTCC-4213), Shigella flexneri (MTCC-2197), Pseudomonas aeruginosa
(MTCC-3131), Klebseilla pneumoniae (MTCC-1214) and Staphylococcus
aureus (MTCC-3123). Initially, the prepared mueller hinton agar plates
were inoculated with 100 pL of 10° CFU suspension of bacterial species.
Later, aseptically wells with uniform diameter were created and about
50 ulL of 40 mg/mL of synthesized Mg?* doped HAp NPs were poured
into these wells. After incubation at 37 °C for 24 h, the zone of inhibition
was determined and subsequently expressed as the average values. The
same methodology was employed to assess the antifungal activity
against Aspergillus niger, Odium caricae and Aspergillus flavus with about
10° spores / mL was used as inoculum and the incubation period was 94
h [13,53].

2.6. Antioxidant activity of synthesized Mg?*doped HAp NPs

The DPPH (2, 2-diphenyl-2-picrylhydrazyl hydrate) assay was
employed with slight modifications to evaluate the antioxidant or
scavenging activity of the synthesized Mg?"-doped hydroxyapatite
nanoparticles (HAp NPs) [4]. Here, 3.96 mg of DPPH was dissolved in
20 mL of methanol and 2.05 mL of DPPH solution was mixed with 1 mL
of the sample solution. Rutin was explored as a standard. The absor-
bance at a wavelength of 517 nm was determined using UV-visible
spectroscopy. The following Eq. (1) was used to determine the scav-
enging activity [13,53].

DPPH scavenging activity (%) = Abs (control) — Abs (sample)/Abs (control)
x 100 (@)

2.7. Cytotoxic activity of synthesized Mg?*doped HAp NPs

MTT (3-(4, 5-dimethylthiazolyl-2)—2, 5-diphenyltetrazolium bro-
mide) cell viability assay was performed to determine the anti-
proliferation activity of synthesized Mg?*doped HAp NPs against HeLa
cell line [8]. The particular cell line was acquired from the National
Centre for Cell Sciences (NCCS), Pune, India. Sub-culturing was per-
formed using DMEM high glucose media. The cell density was main-
tained at a level of 20,000 cells per well. The negative control consisted
of tumor cells and tumor cells without the test drug. The cancer cells
were subjected to a concentration of 12.5 ug/mL of a standard drug,
serving as a positive control. Various concentrations of Mg?*doped HAp
NPs (ranging from 6.25 to 100 pg) were dispensed into individual wells.
After a 24-hour incubation period at a temperature of 37 °C, the cells’
viability was evaluated by directly observing their vitality using an
inverted phase-contrast microscope.
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2.8. Analytical statistics

The examination of size variations within FESEM images of pure
Mg?" doped HAp, Mg?" doped HAp-PEG, Mg?t doped HAp-CTAB, and
Mg?* doped HAp-extract involved the use of the Student’s t-test. Anal-
ysis was conducted using the statistical software Minitab 14.

3. Results and discussion
3.1. XRD analysis

The X-ray diffraction (XRD) technique was employed to analyze the
crystalline structure of hydroxyapatite nanoparticles (HAp NPs) doped
with magnesium ions (Mg>"). Fig. 1 (a-d) displays the X-ray diffraction
(XRD) pattern of hydroxyapatite nanoparticles (HAp NPs) doped with
divalent magnesium ions (Mg?"), both with and without the presence of
surfactants. Fig. 1(a) represents the hexagonal HAp crystallization into a
phase with diffraction peaks of Mg?*doped HAp that follows the typical
HAp pattern (JCPDS: 09-0432). The significant diffraction peaks
observed at 20 = 25.89, 28.05, 31.15, 32.89, 34.62, 35.68, 42.03, 44.90,
47.28, 48.24, 53.39 and 59.96 are assigned to (002), (102), (211), (300),
(202), (301), (311), (400), (312), (320), (004) and (420) planes,
respectively. The observed planes align with the anticipated arrange-
ment of HAp, which is characterized by a hexagonal structure and is
classified under the P63/m space group (JCPDS No: 09-0432). No
additional impurity peaks were detected, suggesting that the Mg?"
doped HAp is in a single phase under the current experimental param-
eters. Magnesium and other contaminants have no secondary phase,
which demonstrates that without altering HAp’s crystal structure,
magnesium ions have effectively replaced calcium ions. This finding is in
strong agreement with the earlier study of Hongquan et al., [17].
Nevertheless, when some Ca?" sites were replaced by Mg?*ions, lattice
cell characteristics showed deformation and a minor shift in 2 0, which
indicates that the dopant was significantly incorporated into the HAp
lattice. The observed diffraction peaks for Mg?"doped HAp are sharp
and well-resolved, indicating that the synthesized Mg?*doped HAp is
well crystallized. Some peak reflections show a slight shift compared
with pure HAp (JCPDS: 09-0432) and it might be due to changes in
lattice parameters caused by the decreased ionic radius of Mg>* (0.72 A)
replacing Ca2* (0.99 A) or may be due to the residual stress and defect. A
similar outcome demonstrating the ionic alterations in HAp was re-
ported [28].

The XRD pattern of Mngr doped HAp with PEG & CTAB are repre-
sented in Fig. 1 (b-c), respectively. The observed peaks closely resemble
those of pure Mg?t doped HAp, suggesting that the surfactant does not
affect the crystal structure. The XRD pattern of Mg?*doped HAp pre-
pared with curcumin extract (Fig. 1(d)) also shows a similar diffraction
profile observed for Mg?" doped HAp without surfactant; however, the
intensity gets reduced. The Debye-Scherrer equation [39] diameter
measurements for pure Mg?" doped HAp, Mg?" doped HAp-PEG, Mg?*
doped HAp-CTAB and Mg?* doped HAp-extract were determined to be
105 + 6 nm, 84 + 4 nm, 91 + 7 nm, and 79 + 6 nm, respectively.

Unit cell software was used to determine the lattice parameter
values, which are shown in Table 1. The synthesized Mg?" doped HAp’s
cell volume and lattice constants was found to be in good agreement
with the standard data (JCPDS Card No: 09-0432) ¢ = 6.884 /o\, a=
9.418 A, and V = 528.80A3. It is clear that the lattice properties of the
Mg?* doped HAp samples have good consistency with standard data and
all of the parameters are in perfect agreement with the earlier reports [6,
9,19,29]. Due to being sharper and more isolated from others, the
diffraction peaks at (002), (211), and (300) planes were selected to
calculate the crystallite size of Mg?™ doped HAp, as shown in Table 1.
Based on the strain value, when compared to Mg>"doped HAp and
Mg?*doped HAp-Extract nanopowder which is evident for the decrease
in crystallite size [3].
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Fig. 1. XRD spectrum of Mg?" doped HAp NPs calcined at 500 °C. (a) Mg>" HAp, (b) Mg*" HAp-PEG, (c) Mg?" HAp-CTAB and (d) Mg?" HAp- curcumin

(JCPDS: 09-0432).

Table 1
Calculated values of Mg>" doped HAp NPs calcined at 500 °C.

Lattice cell Parameters (A) Unit Cell Volume (A)3

Samples Crystallite Size (nm) ~ Dislocation density (5) x 10'° (lines/m?)  Strain (¢) x 103

a c
Mg2+ HAp 51 0.3982 0.0394 9.3842 6.8402 521.6803
Mg2+ HAp-PEG 42 0.5650 0.0473 9.4379 6.8588 529.1035
Mg?" HAp-CTAB 37 0.7966 0.0551 9.5037 6.8706 529.5673
Mg2+ HAp-curcumin extract 56 0.3163 0.0353 9.4170 6.8701 527.6231

3.2. FTIR spectroscopy

The synthesized HApNPs were subjected to FTIR analysis in order to
determine their functional groups, identify any unknown species, and
analyze their vibrational modes. The FTIR spectrum of HAp NPs doped
with Mg?* displays a range of bands that can be attributed to distinct
vibrational modes (Fig. 2a-d). The spectra include samples with and
without the presence of polyethylene glycol (PEG) and cetyl-
trimethylammonium bromide (CTAB), as well as curcumin extract. The
assignments of the observed bands can be located in Table 2.

Fig 2(a) represents FTIR spectrum of pure Mg?" doped HAp and the

peaks at 556 cm ! and 604 cm ™! were caused by PO3 ’s v4 bending
vibrations. The peak at 924 cm ™! was caused by due to PO ’s sym-
metric stretching mode. Similarly, peaks at 1027 cm ™! and 1073 cm™!
were due to the asymmetric stretching mode of PO3 . The functional
group of CO3~ can be observed at 1382 cm ™! and may be due to contact
between atmospheric carbon dioxide and the HAp precursor solution.
The peaks at 3434 cm ™' and 1641 cm ™! represent the stretching mode of
OH™ and bending mode of water molecules, respectively. The occur-
rence of both hydroxyl and phosphate vibrational modes confirmed HAp
formation. The OH- bands appear even at higher temperatures because
they seem to be due to the presence of water in the lattice, not the
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Fig. 2. FTIR band assignments of Mg®* doped HAp NPs calcined at 500 °C. (a) Mg>" HAp, (b) Mg>" HAp-PEG, (c) Mg?" HAp-CTAB and (d) Mg?* HAp- curcumin.

absorbed water, because absorbed water gets removed around 100 °C.
Fig. 2 (b-¢) represents the FTIR spectrum of Mg?*doped HAp pre-
pared with PEG and CTAB, respectively. When compared with pure
Mg%*doped HAp, preparation with PEG and CTAB exhibited similar
profiles. However, few peaks are found at 2947 cm™* for Mg?*doped
HAp-PEG and 2942 cm™! for Mg?*doped HAp-CTAB and these peaks are
due to the presence of v (C—H) stretching. It confirmed that the organic
surfactant was not thoroughly washed from the acquired samples [32].
Similarly, Fig. 2(d) represents the FTIR spectrum of Mg?" doped HAp
synthesized with curcumin extract. The absorption band detected at
1382 cm™ ! was due to the presence of v3 carbonate ions (CO%’), which
might be originated from the atmosphere during the preparation of
samples. The absence of any alterations or emergence of additional
peaks (bands) does not provide evidence of the molecular structural
integrity of curcumin in the stable prepared NPs [36]. The characteristic
vibration bands related to phosphate, hydroxyl, and observed water
were present in the FTIR spectra of Mg?"doped HAp samples. Some of
the peak positions have shifted slightly compared to Mg?* doped HAp,
which is probably due to the interaction of surfactants PEG, CTAB, and

curcumin extract. Both XRD and FTIR spectra analysis confirmed the
synthesis of Mg?" doped HAp.

3.3. Raman spectroscopy

In contrast to X-ray powder diffraction, Raman spectroscopy is much
more sensitive to the existence of secondary phases. The synthesized
Mg?* doped HAp phase was analyzed by using Raman spectroscopy. At
room temperature, all materials’ Raman spectra originate in the
400-1500 cm-1 range. Fig. 3 (a-d) illustrates the Raman spectrum of the
synthesized Mg?* doped HAp NPs, both with and without surfactants.
The corresponding band positions and their respective frequency as-
signments can be found in Table 3.

Fig. 3(a) represents the Raman spectrum of pure Mg?" doped HAp
NPs. The bending and stretching modes of the phosphate group were
contributed from the observed vibrational bands. The asymmetric
bending mode of PO} was detected at 574cm™'. The symmetric
stretching (v7) and bending (v3) modes of PO%’ were confirmed at 969
em ™! and 420 ecm™}, respectively. The asymmetric stretching (v) and
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Table 2

FTIR band assignments of Mg?" doped HAp NPs calcined at 500 °C.
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symmetric stretching (v;) modes of PO%’ were found at 1100 cm ™! and
936 cm?, respectively [12]. The Raman spectrum of Mg?* doped HAp
prepared with PEG/CTAB surfactant is given in Fig. 3 (b & c¢), which is
similar to Mg?* doped HAp prepared without surfactant, but the peaks
are shifted towards the lower region as given in Table 3. Fig. 3(d) rep-
resents the Raman spectra of Mg®" doped HAp synthesized with

Table 3
Raman band assignments of Mg>" doped HAp NPs calcined at 500 °C.
Mg Mg doped Mg doped Mg doped Band Assignment
doped HAp-PEG HAp-CTAB HAp-Extract
Hap
420 392 394 430 Symmetric bending
mode of PO3 (1)
574 559 545 590 Asymmetric bending
mode of PO3~ (v4)
640 630 613 - Asymmetric bending
mode of PO3™ (v4)
936 921 910 - Symmetric stretching
of PO3 (v1)
969 961 958 961 Symmetric stretching
of POF (v1)
1100 1091 1079 1075 Asymmetric stretching

of PO3 (v3)

(d)

Mg doped Mg doped Mg doped Mg doped Band Assignment
HAp HAp-PEG HAp-CTAB HAp-Extract
556 554 556 565 Asymmetric bending
of PO3™ (vVa)
604 608 609 603 Asymmetric bending
of PO}~ (v4)
924 921 924 - Symmetric stretching
of PO3 (v1)
1027 1030 1027 1033 Asymmetric
stretching of POS (v'3)
1073 1081 - 1083 Asymmetric
stretching of POS (v'5)
1382 1381 - 1382 Carbonate ions
(CO37) (va)
1641 1643 1638 1639 Symmetric bending
mode of HyO (v3)
- 2947 2942 — (C—H) stretching
mode (v)
3434 3439 3437 3436 O-H stretching mode
- - - 3575 Symmetric stretching
of HyO (v1)
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Fig. 3. Raman spectra of Mg?" doped HAp NPs calcined at 500 °C. (a) pure Mg>" HAp, (b) Mg*" HAp-PEG, (c) Mg? HAp-CTAB and (d) Mg>* HAp curcumin.



S. Sebastiammal et al.

curcumin extract, and significantly, when compared with pure extract,
extract preparation intensity was reduced. Therefore, the synthesis of
HAp, as indicated by the XRD and FTIR methods, was validated through
Raman analysis, confirming its structural characteristics.

3.4. Energy dispersive X-ray analysis

The synthesized Mg?" doped HAp NPs are quantitatively analyzed
for their elements using the EDAX spectra. Fig. 4 (a-d) represents the
EDAX spectra of Mg?" doped HAp NPs and their elemental composition
are given in Table 4. The synthesis of Mg?" doped HAp NPs was
confirmed by the presence of P, Ca, Mg and O in the stoichiometric ratio
in the EDAX spectra. No further secondary phase or impurity signal was
seen in the EDAX spectra. This indicates that the processed samples are
free of any contaminants. Due to equipment constraints, H could not be
identified in the current study’s EDAX spectra since it has an atomic
number lower than five [50].

3.5. Field emission scanning electron microscopy

The FESEM images depict the NPs’ shape and size distribution of the
synthesized compounds. The FESEM micrograph verified the nano-
metric size of the particles. Fig. 5 (a-d) represents the FESEM micro-
graphs of prepared Mg?* doped HAp with or without surfactant. Fig. 5
(a) showed the images of pure Mg doped HAp as cube-shaped particles
with 105 + 8 nm of mean diameter. The obtained nanocubes were
slightly agglomerated and the distribution was not uniform. The FESEM
images of Mg?* doped HAp-PEG are represented in Fig. 5(b). The find-
ings indicated that nanocubes exhibited a high level of density and a
uniform arrangement. The Mg?" doped HAp-PEG showed excellent
dispersibility and uniformity in terms of size, with a mean diameter of
approximately 85 + 4 nm. This observation indicated that the addition
of PEG resulted in a reduction in the size of the nanocubes obtained.
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Table 4
Elemental compositions of Mg?" doped HAp NPs calcined at 500 °C.
Samples Calcium Oxygen Phosphate Magnesium
(Atomic%) (Atomic%) (Atomic%) (Atomic%)
Mg HAp 9.94 79.32 9.49 1.24
Mg HAp- 164 73.63 9.86 0.87
PEG
Mg HAp- 22.82 61.52 14.43 1.24
CTAB
Mg HAp- 28.59 59.08 10.35 1.98
Extract

Fig. 5 (c-d) shows slightly agglomerated and highly agglomerated
spheres of Mg?" doped HAp prepared with CTAB as surfactant and
curcumin extract assisted, respectively. When CTAB is used as a sur-
factant, the obtained spheres are evenly distributed and uniform in size.
The mean diameter of Mg?" doped HAp-CTAB were approximately 95
+ 4 nm. But, the curcumin-assisted Mg?* doped HAp shows highly
agglomerated and disoriented spheres with a mean diameter of 78 + 5
nm.

Approximately 100 particles from each of the four FESEM images
were randomly chosen for statistical analysis based on their significance
level. The three population means of distinct pure Mg?* doped HAp,
Mg2+ doped HAp-PEG, Mg2+ doped HAp-CTAB and Mg2+ doped HAp-
extract were constructed with a 95 % confidence level, and they were
primarily within the range of (— 2.277, 2.227), (—0.889, 0.889) and
(—0.558, 0.558), respectively. According to the statistical analysis, there
was no significant difference in the size of Mg?* doped HAp caused by
the alteration procedure. Importantly, values obtained from XRD image
analysis were in agreement with the distribution of size analysis from
FESEM image measurements of the particles overall mean diameter.
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o
i . ‘!' — T T T T L T T
2 4 1] g 1:}. 12 14 15 13 2
1(d)
Ca 28.59
o) 59.08
P 10.35
. Mg 1.98

db o

Fig. 4. EDAX spectra of Mg?" doped HAp NPs calcined at 500 °C. (a) pure Mg?" HAp, (b) Mg?" HAp-PEG, (c) Mg HAp-CTAB and (d) Mg>* HAp curcumin.
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Fig. 5. FE-SEM images of Mg?* doped HAp NPs with a magnification at 500 nm. (a) pure Mg?" doped HAp, (b) Mg?* doped HAp-PEG, (c) Mg?* doped HAp-CTAB

and (d) Mngr doped HAp-curcumin.
3.6. Transmission electron microscope

TEM pictures were captured for a more thorough structural investi-
gation of Mg?t doped HAp. Fig. 6 (a-f) shows a schematic representation
of pure Mg?" doped HAp NPs at various magnifications. About 116 nm
of diameter cubic-shaped NPs with a uniform microstructure was
observed. The hexagonal phase of Mg?" doped HAp was detected
together with the well-defined and clear diffraction rings. According to
the strength of the diffraction rings, the particles were well-crystalline

and had a restricted size range. The presence of an SAED pattern
exhibiting distinct circular rings that correspond to the observed
diffraction peaks of hexagonal HAp provides evidence for the crystalline
nature of magnesium-doped HAp.

3.7. UV-DRS analysis

UV-DRS spectroscopy examined the optical characteristics of Mg2+
doped HAp NPs. The absorbance and reflectance spectra are presented in

Fig. 6. TEM images for Mg2+ doped HAp NPs calcined at 500 °C with a magnification at (a) 200 nm, (b) 100 nm, (c¢) 100 nm, (d) 50 nm, (d) 20 nm and (f)

SAED pattern.
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Fig. 7. (a) Absorption spectra (b) Reflectance spectra of Mg>" doped HAp.

Fig. 7 (a-b). The UV-DRS spectra for Mg?" doped HAp NPs are shown in
Fig. 10(a), and they exhibit bandgap-related absorption in the low
wavelength (UV) region between 350 and 400 nm. Due to larger crys-
tallite size, pure Mg?* doped HAp and curcumin extract exhibited op-
tical absorption peaks in the 300-400 nm range compared to other
samples.

According to the KM plot and shown in Fig. 8 (a-d), the optical band
gap (Eg) of the Mg?" doped HAp NPs was estimated. The modified
Kubelka-Munk function [F(R) hv]2 vs photon energy (hv) graph’s linear
section is extrapolated to get the bandgap energy of the samples. The
band values of Mg doped HAp, Mg?* doped HAp-CTAB, Mg?* doped
HAp-PEG, and Mg2" doped HAp-Extract were found to be 3.4 eV, 3.18
eV, 4.07 eV, and 3.39 eV respectively. These samples have an estimated
bandgap that is somewhat less (5 eV) than the bulk HAp sample. Due to
the smaller crystallite size, it was observed that Mg?" doped HAp-CTAB
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and Mg?" doped HAp-Extract have lower bandgap values than Mg?*
doped HAp-PEG and pure Mg?* doped HAp.

Due to the surfactants’ ability to cause the development of inter-
mediate surface defect states in the bandgap area, the optical band gap
increased in HAp-PEG with Mg?* doped [18]. Compared to pure HAp,
lower band gap values were reported in the Mg?" doped HAp-CTAB
sample. According to density functional theory, the band gap value of
HAp has been calculated to be between 23 and 40 eV, while actual band
gap values have been reported to vary between 3.45 and 5.78 eV [26].

3.8. Photoluminescence analysis
The photoluminescence spectra of Mg?" doped HAp NPs that were

prepared were recorded in Fig. 9 (a-d) at ambient temperature. The
same excitation wavelength of 320 nm was utilized for all the samples.
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. 8. KM plot for Mg*" doped HAp NPs calcined at 500 °C. (a) Mg>" HAp, (b) Mg?* HAp-PEG, (c) Mg?"HAp-CTAB and (d) Mg?" HAp curcumin.
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Fig. 9. Photoluminescence spectra for Mngr doped HAp NPs with an excitation wavelength of 320 nm (a) Mger HAp, (b) Mger HAp-PEG, (c) Mg”HAp-CTAB and (d)

Mg?* HAp curcumin.

The emission peaks of Mg?" doped HAp NPs range from a minimum
wavelength of 350 nm to a maximum wavelength of 550 nm. The
samples Mg?" doped HAp, Mg?* doped HAp-CTAB, and Mg?" doped
HAp-Extract exhibit emission peaks at wavelengths of 360 nm, 376 nm,
410 nm, 494 nm, 505 nm, 520 nm, and 545 nm. For Mg2+ doped HAp-
PEG, identical emission peaks were observed; however, a peak at 505
nm was disappearing. Four distinct and powerful emission bands
comprised the PL emission. Blue emission at around 410 nm and UV
radiation at about 360 nm were recorded. Surface defects cause the high
blue emission peaks in the visible spectrum that occur at approximately
494 nm and 520 nm. The bandgap fluctuation recorded in UV-DRS
showed that the Mg2?" doped HAp considerably increases the intensity
of the emission peak [35].

3.9. Toxicity assay of Mg?*doped HAp NPs

A toxicity assay was carried out for the synthesized Mg?* doped HAp
NPs prepared with or without surfactant for various concentrations such
as 50 pl (c1), 75 ul (c2), and 100 pl (c3) are given in Fig. 10. It is observed
from the Fig. 10, no zone of inhibition was recorded for all the prepared
samples, revealing the non-toxic nature of Mg?" doped HAp. Due to its
non-toxic and eco-friendly nature, it can be used as biomaterials for the
remediation of human pathogens and cancer cells.

3.10. Antibacterial activity of Mg+ doped HAp NPs

Mg?* doped HAp NPs have unique characteristics that prompted the
investigation of their biological functions. The well diffusion assay

Fig. 10. Toxicity assay of Mg*" doped HAp NPs calcined at 500 °C. (a) Mg>*
doped HAp, (b) Mg*" doped HAp-PEG, (c) Mg?" doped HAp-CTAB and (d)
Mg*" doped HAp- curcumin.
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technique was used to test in-vitro the antibacterial activity of all syn-
thesized particles. All Mg?* doped HAp NPs were tested for their ability
to inhibit the growth of human pathogens. Microorganisms such as
E. coli (MTCC-4213), Shigella flexneri (MTCC-2197), Pseudomonas aeru-
ginosa (MTCC-3131), Klebseilla pneumoniae (MTCC-1214) and Staphylo-
coccus aureus (MTCC-3123) were used in this study. The measurement of
the sample’s ability to inhibit a specific microorganism is determined by
its zone of inhibition. This refers to the area where bacterial growth is

Surfaces and Interfaces 44 (2024) 103779

prevented due to the sample’s bacteriostatic properties.

Five different bacterial strains’ zones of inhibition were measured,
and the results are shown in Fig. 11. Inhibition zone sizes are shown in
Fig. 12. At a concentration of 50 pg, all the samples were at their most
effective. Inhibition zones were largest against Shigella flexneri when
using Mg?" doped HAp with PEG surfactant (Mgl) was used. CTAB-
assisted Mg doped HAp (Mg2) NPs showed a minimal zone of inhi-
bition about 15 mm against Shigella flexneri, whereas pure Mg?* doped

Shigella flexneri

(b) P

Staphylococcus aureus

Fig. 11. Mg>*-doped HAp NPs’ antibacterial activity against selective microorganism (a) Mg HAp, (b) Mg HAp-PEG, (c) Mg HAp-CTAB and (d) Mg HAp- curcumin.
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Fig. 12. Antibacterial activity of Mg?" doped HAp NPs treated against bacterial pathogens.

HAp NPs (Mg2) and with curcumin extract (Mg, Mg3) showed a
considerable growth-inhibitory impact.

The measured zone of inhibition for E. coli is 14, 23, 20, and 19 mm,
while for Klebsiella pneumoniae it is 18, 24, 22, and 13 mm for the Mg,
Mgl, Mg2, and Mg3 samples, respectively. The utilization of Mg?*
doped HAp-PEG (referred to as Mgl) has demonstrated a significant
inhibitory effect on bacterial growth, particularly for bacterial patho-
gens such as E. coli and K. pneumoniae.

The antibacterial activity of Mg?* doped HAp against Pseudomonas
aeruginosa is 18, 16, 19, 21 mm for Mg, Mgl, Mg2, and Mg3 samples,
respectively. However, Mg?" doped HAp with curcumin assisted (Mg3)
demonstrated a maximal zone of inhibition close to the standard Ami-
kacin, at around 21 mm. This finding further proves that Mg2+ doped
HAp (curcumin) synthesized in the green has potent antibacterial action
against Pseudomonas aeruginosa.

The strain of Staphylococcus aureus showed a zone of inhibition of 23,
3, 20, 23 mm for Mg, Mgl, Mg2, and Mg3 samples, respectively. Simi-
larly, pure Mg?* doped HAp (Mg) and Mg?* doped HAp with curcumin
extract (Mg3) showed identical and extreme zone of inhibition around
23 mm. An inhibition zone of about 20 mm was recorded with Mg?*-
doped HAp with CTAB (Mg2), whereas Mg?"-doped HAp with PEG
(Mg1) exhibited very little inhibitory potential. CTAB is a promising
antimicrobial agent often used for disinfection and sanitation purposes.
This chemical is deemed to be reasonably safe and is cost-effective for
the purpose of sterilizing rooms. The ongoing epidemic has created a
pressing need and high demand for medicines targeting novel and/or
overlooked disease-causing chemicals. CTAB is a prominent chemical
used for extracting nucleic acid from bacteria, fungi, plants, viruses, and
pneumonia-causing pathogens. It has antiviral characteristics in this
context. This chemical has also been discovered to enhance cell lysis by
damaging the membrane of the viral particle [34]. These properties of
CTAB have inspired to develop Mg2+ doped HAp incorporated with
CTAB. Therefore, the prospective applications of MgZ" doped HAp NPs
in the biomedical sector are expanded due to their high antibacterial
activity. Additionally, the beneficial effect of PEG in increasing its
antibacterial activity is due to the adverse influence of PEG on the fabric
surface, which disrupts the equilibrium of the cell membrane in bacteria.
This disruption results in a combination of hydrophobic and hydrophilic
properties, ultimately leading to the drying out of the microbes [20].

Bacterial species are often anticipated to have localized interactions
with nanoscale particles of Mg?* doped HAp and are capable of strongly
adhering to the extensive surface of the coatings. This close contact
might enhance the antibacterial effect of synthesized Mg?* doped HAp
NPs [41]. Recently, zinc and gallium-doped HAPs NPs exhibited anti

12

bacterial activity against Staphylococcus aureus and E. coli [47]. The
bactericidal activity can potentially be considerably influenced by the
concentration of nanopowders, in addition to ion doping and bacteria
strains. Hence, further research is required to study the interaction of
various concentrations of synthesized Mg?" doped HAp NPs.

3.11. Antifungal activity of Mg? doped HAp NPs

Fig. 13 represents the results of antifungal activity analysis of Mg2+
doped HAp NPs against the pathogenic fungi Aspergillus niger, Odium
caricae and Aspergillus flavus. Fig. 14 both shows the measurement of the
zone of inhibition. The acquired antifungal activity was compared with
the standard antibiotic of Clotrimazole. It was found that samples of
(Mg, Mgl, Mg2, and Mg3) exhibited moderate and least activity at the
concentration of 20, 30, and 40 pg. However, the concentration at 50 pg
showed the highest antifungal activity.

The zone of inhibition of 26, 21, 21, and 22 mm against Odium
caricae demonstrated the antifungal activity of Mg, Mgl, Mg2, and Mg3
samples. The pure Mg>" doped HAp (Mg) had the greatest antifungal
efficacy of the four samples; however, Mg?" doped HAp with curcumin
extract (Mg3) showed a modest zone of inhibition. An equal and mini-
mal zone of inhibition was found for Mgl and Mg2 samples with 21 mm
of zone of inhibition.

For A. niger, the zone of inhibition for the Mg, Mgl, Mg2, and Mg3
samples were 24, 19, 26, and 23 mm, respectively. Mg2+doped HAp NPs
synthesized with CTAB surfactant (Mg2) showed a significant inhibitory
effect. The maximum antifungal activity against A.niger was recorded for
Mg doped HAp with CTAB and compared to the common antibiotic
clotrimazole, which is an exciting outcome from the -current
investigation.

The maximum zone of inhibition for Mg?* doped HAp without sur-
factant (Mg) was about 24 mm and similarly, Mg?* doped HAp with
extract (Mg3) showed a moderate value with 23 mm zone of inhibition.
Conversely, the Mgl sample exhibited less activity with a 19 mm zone of
inhibition.

For the Mg, Mgl, Mg2, and Mg3 samples, the zones of inhibition
against A. flavus were determined to be 23, 9, 20, and 19 mm, respec-
tively. Interestingly, samples of Mg and Mg2 exhibited around 23 mm
and 20 mm zone of inhibition against A. flavus. Samples of Mg3 and Mgl
exhibited about 19 mm and 9 mm zone of inhibition. Thus, Mg and Mg2
exhibited the maximum antifungal activity and have stronger antifungal
activities.

The antifungal activity of synthesized Mg?* doped HAp NPs might be
due the interaction with the fungal cell membrane. This interaction
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Aspergillus flavus

Fig. 13. Antifungal activity of Mg®*doped HAp NPs treated against selected fungi (a) Mg>" HAp, (b) Mg>" HAp-PEG, (c) Mg®" HAp-CTAB and (d) Mg?* HAp-
curcumin. (a) Mg HAp, (b) Mg HAp-PEG, (c) Mg HAp-CTAB and (d) Mg HAp-Extract.
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Fig. 14. Antifungal activity of Mg®"doped HAp NPs treated against fungal pathogens.
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results in structural damage to the membrane and ultimately leads to the
death of the cell [21]. Recently, cerium-doped hydroxyapatite exhibited
antifungal activity against Candida albicans [21]. Similarly,
Europium-doped hydroxyapatite showed antifungal activity against
Candida albicans [10]. Consequently, the findings indicated that the
creation of innovative Mg?" doped HAp NPs has the potential to produce
very effective antifungal agents.

3.12. Antioxidant activity of synthesized Mg?*doped HAp NPs

The DPPH analysis revealed that Mg?+ doped HAp nanoparticles had
increased free radical scavenging activity. The concentrations were
varied from 100 to 400 pg/mL. The graph in Fig. 15 shows that the
samples’ free radical scavenging effectiveness improves as their con-
centration increases. Notably, curcumin extract of Mg?" doped HAp in
all doses demonstrated the best scavenging efficiency, whereas con-
ventional Rutin only displayed 60 % scavenging activity at all tested
concentrations (100-400 ug/mL). Thus, it can be predicted that Mg2+
doped HAp nanoparticles containing curcumin extract have strong
antioxidant activity, which may defend the human body from dangerous
illnesses.

3.13. Cytotoxic activity of synthesized Mg”>" doped HAp NPs

Using the MTT assay, the cytotoxic impact of Mg2+ doped HAp was
assessed on the grown HelLa cell line, and the anticancer pictures are
shown in Fig. 16. It was also tested with or without surfactants as well as
with curcumin extract assisted Mg?* doped HAp. The concentrations of
Mgt doped HAp nanoparticles, which are shown in Fig. 17, affected the
viability of the cells. All Mg?t doped HAp samples exhibited high
cytotoxicity against the selected cell lines. The size of the nanoparticles
and the kind of cell determine whether Mg2+ doped HAp nanoparticles
are cytotoxic. For the higher concentration of 100 pg/mL of HAp
without surfactant, the cell viability was reported to be 18.82 %, but for
Mg?" doped HAp at 50 pg/mL, 25 ug/mL, 12.5 ug/mL, and 6.25 pg/mL,
it was 41.17 %, 63.52 %, 82.35 %, and 91.76 %, respectively. The
synthesized Mg2+ doped HAp nanoparticles had to be present in at least
100 pg/mL concentrations to kill 30 % of the cells. Hydroxyapatite has
been used for hip, bone, and dental replacements. HAp has several
exceptional characteristics, such as increased osteoconductivity and
osteoinduction upon implantation in the human body [52]. The

Surfaces and Interfaces 44 (2024) 103779

synthesized Mg?* doped HAp exhibited cytotoxic activity, possibly
attributed to its capacity to induce apoptosis in HeLa cells. This
apoptotic effect seems to be influenced by the concentration of Mg?*
doped HAp [52]. Subsequently, the composite of Mg?" doped HAp
nanoparticles can serve as a viable material for targeted therapy of
tumor cells.

Mg+ doped HAp with surfactant PEG has shown the cell viability as
31.18 %, 50.53 %, 74.19 %, 82.79 % and 94.62 %, respectively, for the
concentrations 100 pg/mL, 50 pg/mL, 25 pg/mL, 12.5 pg/mL and 6.25
pg/mL. When used against HeLa cell lines, Mg doped HAp with CTAB
and curcumin extract aided Mg?* doped HAp showing a comparable
impact on cell survival. The dose required to reduce the development of
tumour cells in culture by 50 % from that of untreated cells is known as
the half-maximal inhibitory concentration (ICso) [16]. With ICs values
of 44.309 pg/mL, 58.326 ug/mL, 63.788 ug/mL, and 74.895 pg/mL,
respectively, against HeLa cell lines, all the synthesized Mg?* doped
HAp samples (Mg, Mg1l, Mg2, Mg3) exhibited cytotoxic activity.

4. Conclusion

The Mg?" doped HAp, Mg?" doped HAp-PEG, Mg?" doped HAp-
CTAB, and Mg?" doped HAp curcumin were all prepared using the
sol-gel method. Subsequent characterization of the synthesized nano-
particles was conducted. The transmission electron microscopy images
provided evidence of the presence of cubic-shaped particles in the
magnesium-doped hydroxyapatite nanoparticles. The EDAX spectrum
exhibited a stoichiometric nature for all samples, with no additional
indications of impurities detected. Curcumin was successfully incorpo-
rated with prepared Mg?" doped HAp and showed highly agglomerated
and disoriented spheres with a 75-80 nm diameter. Further, among the
NPs, Mg?" doped HAp curcumin had improved antibacterial and anti-
oxidant activity, which ensures significant potential for utilization in the
biomedical domain. The HAp samples doped with Mg?* exhibited
notable cytotoxicity against HeLa cell lines. Additional in vivo experi-
ments will be conducted using a suitable animal model. The results of
this work suggest that using various surfactants in the production of
Mg?* doped HAp nanoparticles renders these particles appropriate for
biomedical applications.
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Fig. 15. Antioxidant Activity of Mg?" doped HAp NPs calcined at 500 °C. (a) Mg>* HAp, (b) Mg>* HAp-PEG, (c) Mg?" HAp-CTAB and (d) Mg>* HAp- curcumin.
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Fig. 16. Anticancerous activity of Mger doped HAp NPs calcined at 500 °C, (a) Control, (b) 6.25 pg/ml, (c) 12.5 pg/ml, (d) 25 pg/ml, (e) 50 pg/ml, (f) 100 pg/ml,
scale bar: 100 pm.
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