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Abstract: Nanorod and nanosphere hydroxyapatite (HAP)
particles were synthesized by the sol-gel hydrothermal
method. The size of the synthesized HAP nanoparticles was
controlled using cetyltrimethylammonium bromide (CTAB)
as a templating agent with molar concentrations (HAP + 0.01
M CTAB, HAP + 0.03 M CTAB, and HAP + 0.1 M CTAB). The
purity, size, shape, and elemental composition of HAP were
determined using powder X-ray diffraction (XRD), Fourier
transform infrared spectroscopy, field emission scanning
electron microscopy, and transmission electron microscopy,
which enabled us to determine the nanostructure formation.
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Further, Brunauer-Emmett-Teller analysis of the samples
proves the size of the pores to be 7-10 nm. Thus, by altering
the concentration of CTAB, HAP nanorods were induced
along the c-axis. The zeta potential values of -34.7 and
-28.7mV confirmed the stability of pure HAP and HAP +
0.01 M CTAB. Further, the biological activities of the HAP
nanoparticles were determined. In the anti-microbial activity
test, an increase in the inhibition with an increase in the
concentration of pure HAP to 01 M CTAB + HAP was
observed against S. aureus, S. pyrogens, B. subtilis, E. aerogens,
K. pneumoniae, and P. vulgaris. About 76% of antioxidant
activity was obtained from the experiments. The drug-
release behavior of doxorubicin-loaded pure HAP and
CTAB-coated HAP also indicates that the % of drug delivery
depends on the pores, which further depends on the CTAB
concentration. The cytotoxic assay also revealed potential
inhibitory effects against human cancer cell lines (MCF-7),
with 65% cell viability recorded at a concentration of 500 pg/ml.
These findings indicate that the pore size and shape of HAP
play significant roles in their biological activities.

Keywords: hydroxyapatite, CTAB, nitrogen adsorption, bac-
tericidal, anti-oxidant, drug delivery

1 Introduction

The study of living tissues and the development of life is
one of the most important and complementary compo-
nents of research. According to reports, millions of people
experience bone defects caused by trauma, tumors, and
sometimes fatal bone-related diseases [1]. Autografts and
allografts have been developed to resolve these issues.
Despite the advantages of such grafts, their disadvantages
include a shortage of donors and morbidity. Allography
results in an immune response, infections, and incompat-
ibility [2]. Biomaterials play a vital role in these conditions
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[3]. Bones are well-arrayed, naturally occurring nanocrystal-
line rods with lengths of 25-30 nm. It also contains collagen
fibrils [4,5]. A scaffold is ideal if it mimics the replaced tissue,
works in a 3D template, and supports the growth of cells that
are attached naturally and function as their body part [6,7].
Hydroxyapatite (HAP) is a fascinating biomaterial for repla-
cing hard tissues [8,9]. The synthetic component of the bone
matrix shares chemical similarities with HAP (Ca;o(PO,4)s(OH)).
In addition, it is highly biocompatible with animal bones [10].
Artificial bones [11], dental [12], ocular implants, tissue engi-
neering (scaffold matrix), and coating agents (biomedical
implants) are applications of HAP [13]. HAP is a promising
candidate as a delivery vehicle for proteins and drugs [8].
However, owing to the inferior mechanical properties of
lab-grown HAP, its use is restricted to powders, non-load-
bearing implants, and coatings [9].

Medical implants and injection devices often cause
bone repair failure. One solution could be a composite mate-
rial based on HAP with antibacterial properties [10,11].
Nanoparticle composites inhibit pathogenic bacteria, and a
combination of HAP and the antibiotic cetyltrimethylammo-
nium bromide (CTAB) extends antibacterial effectiveness
from 2 to 4 days in human plasma [12]. The use of HAP as
an alternative to antibiotics is promising because of the
rising antibiotic resistance. HAP also has excellent biocom-
patibility and osteoconductivity, as confirmed by its in vitro
properties [13,14].

Furthermore, bone damage and the formation of reac-
tive oxygen species (ROSs) through chain reactions are
crucial factors to consider [15]. ROSs alter the long-term
integrity of bones/implants, mediate the death of osteo-
blasts, and stimulate osteoclastogenesis and bone resorption
[16,17]. ROSs cause cell proliferation to stop, cell growth and/
or development to slow, and increase cell death via the
activation of numerous signaling pathways. ROS generation
in illnesses and aging overcomes the body’s antioxidant
mechanisms for antioxidants (resulting in oxidative stress)
[18]. Transplanted tissues can be contaminated by oxidative
stress after transplantation due to disease, injury, and age
[19,20]. Animals were exposed to free radicals both in vitro
and in vivo, which accelerated bone resorption. Therefore,
the inclusion of antioxidants such as ascorbic acid and vita-
mins is required. They can help accelerate the healing of
bone fractures/implants (remove ROSs) and, therefore, pro-
tect against osteoporosis [21]. HAP reduced ROS levels and
showed enhanced activity because of its large surface area
and mechanical properties. HAP is the primary chemical
constituent of the bone tissue [22,23]. It has been widely
considered for drug delivery activities owing to its good
biocompatibility, biodegradability, bioresorbability, osteo-
genesis, and low solubility. Replacement of different types
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of ions is required to modify the solubility of HAP [24,25].
Because HAP dissolution is pH-sensitive, drugs can be deliv-
ered to specific cancerous zones. Furthermore, recent studies
have demonstrated that HAP particles have anticancer char-
acteristics [26,27]. The antibiotics required for bone-replace-
ment zones are well carried by HAP. Drugs may be loaded
into HAP either in situ or ex situ [28]. HAP nanoparticles
have frequently been employed as templates or scaffolds
because of their superior bioactivity, biodegradability, and
osteoconductivity.

Advancements in biomaterials have significantly impacted
the fields of regenerative medicine and tissue engineering.
Among the various materials, HAP and calcium titanate
apatite (CTAP) have garnered considerable attention due
to their promising properties for bone regeneration and
implant applications.

HAP, a naturally occurring form of calcium apatite, is
known for its excellent biocompatibility and osteoconduc-
tive properties. Studies have consistently demonstrated
HAP’s efficacy in promoting bone growth and integration
with surrounding tissues. For instance, Li et al. explored
the use of HAP coatings on titanium implants, showing
enhanced osseointegration and improved mechanical sta-
bility in preclinical models [1]. Similarly, Zhang et al. inves-
tigated HAP-based scaffolds for bone tissue engineering
and reported superior cellular proliferation and minerali-
zation compared with non-coated scaffolds [2].

In contrast, CTAP is a new material with a structure
that combines the beneficial properties of both calcium
titanate and HAP. Patel et al. demonstrated that CTAP exhi-
bits unique bioactivity and mechanical strength character-
istics, making it a viable alternative to HAP. Their study
found that CTAP not only supported better cell attachment
and proliferation but also showed improved mechanical
performance in comparison to traditional HAP materials
[3]. Moreover, Sun et al. reported that CTAP scaffolds have
enhanced osteogenic potential and better structural inte-
gration with bone compared to conventional HAP scaf-
folds, suggesting CTAP’s potential for more demanding
orthopedic applications [4]. Additionally, comparative stu-
dies have highlighted the distinct advantages of CTAP over
HAP in certain contexts. For example, Zhou et al. investi-
gated the long-term stability and bioactivity of CTAP versus
HAP in a rabbit femur model. Their findings indicated that
while both materials supported bone healing, CTAP exhib-
ited superior resistance to dissolution and degradation,
leading to more durable bone-implant interfaces [5].

Here, we describe the methods used to synthesize HAP
nanorods at a reaction temperature of 160°C for 20 h by
appropriately regulating the additive concentration and pH.
The crystalline structure, form, size, and growth mechanism
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of HAP are briefly discussed. Further, antimicrobial, antiox-
idant, and drug delivery studies were carried out using the
synthesized HAP. To the best of our knowledge, no studies
have been reported on the sol-gel mediated hydrothermal
synthesis of pure and template-assisted HAP.

2 Materials and methods

Calcium nitrate tetrahydrate (Ca(NOs),4H,0) and diammonium
hydrogen phosphate (DHP) ((NH,),HPO,), CTAB, ammonia
solution, 2,2-diphenyl-1-picrylhydrazyl (DPPH), MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide),
fetal bovine serum, Muller-Hinton (MH) agar, methanol,
phosphate buffer solution, and doxorubicin (DOX) were pur-
chased from Avra Synthesis Pvt. Ltd. and used without
further purification. A magnetic stirrer, hot air oven, auto-
clave, UV-visible spectrophotometer, laminar air flow, CO,
incubator, incubator, and rotary shaker were used for deter-
mining the biological activities.

2.1 Synthesis and characterization of HAP
nanoparticles

The HAP nanostructures were synthesized using a sol-gel-
mediated hydrothermal method assisted by a surfactant
CTAB. Ca(NO5),-4H,0 and (NH,),HPO, (DHP) were dissolved
separately in double-distilled Millipore water to maintain a
stoichiometric ratio (Ca/P) of 1:67. The phosphate-containing
solution was added to 0.01, 0.03, and 0.1 mol of CTAB as a
template. The Ca(NOs),4H,0 and (NH4),-HPO, + CTAB mix-
ture was stirred for 2h at 70°C. Then, (DHP + CTAB) was
added to Ca(NOs),4H,0 slowly and stirred continuously till
a gel was formed. The resulting white gel was transferred to
an autoclave made of stainless steel. The hot air oven was
maintained at 160°C in a hot air oven for 20 h. The precipi-
tate was obtained and centrifuged for 15 min at 10,000 rpm.
The sediment was completely cleaned with acetone and
water. To maintain the pH of the mixture at 11, ammonia
solution was added continuously. The precipitate was then
calcined for 5 h at 600°C after being air dried at 80°C.
X-ray diffraction (XRD) with Cu Ka radiation at a wave-
length of 1.5405 A, a voltage of 40 kV, and a current of 30 mA
was used to analyze the crystalline structure. The scan rate
was 0.05°/min over the range of 26 = 5°-90° (XRD D8 Advance
BRUKER). A Fourier transform infrared (FTIR) spectrophot-
ometer (Shimadzu 43000, Shimadzu, Japan) was used to per-
form the functional group analysis utilizing the KBr disk
method. The wavelength was chosen to be 4,000-400 cm™
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with a resolution of 2 cm™. Field emission scanning electron
microscopy (FESEM) images were recorded using a Zeiss FE-
SEM SUPRA 55 instrument. The voltage was maintained at 5
kV. The dynamics of HAP were ascertained, and the zeta
potential was calculated using an SZ100 particle size analyzer
(Horiba Scientific SZ-100).

2.2 Antimicrobial activity

The well diffusion method was used to examine the anti-
bacterial efficacy of synthetically produced pure HAP, 0.01
M CTAB + HAP, 0.03 M CTAB + HAP, and 0.1 M CTAB + HAP
against Gram-positive (B. subtilis and S. aureus) and
Gram-negative (K. pneumoniae and E. coli) strains of bac-
teria. Bacterial cultures were isolated and identified in
the Department of Microbiology at the Saveetha Institute
of Medical and Technical Sciences in Chennai. Using steri-
lized cotton swabs, different bacterial strains were dis-
persed in MH agar. A cork borer was used to drill the wells,
and a 30 yg/ml sample was added. Chloramphenicol served
as a positive control. The inhibited zone (mm) was measured
following a 24-h incubation period at 37°C [29].

2.3 Antioxidant activity

The antioxidant activity of HAP was assessed using a DPPH
(2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay. Pure
HAP, HAP + 0.01M CTAB, HAP + 0.03M CTAB, and HAP + 0.1M
CTAB at concentrations of 10-50 pg/ml were mixed with
500 ul of 0.01 mM DPPH solution and diluted to 3ml with
methanol. The mixture was thoroughly mixed and left in
the dark for 30 min. The absorbance of the solution was mea-
sured using a UV-visible spectrophotometer calibrated to
517 nm, with ascorbic acid as the standard. The percentage
of activity related to radical scavenging (RSA) was calculated
using the following formula (equation (1)) [30]:

% RSA Y4 Absorbance of blank
/Absorbance of sample Absorbance of blank x 100.

()]

2.4 Drug delivery

In an ethanol solution, 20 mg of pure HAP, HAP + 0.01 M
CTAB, HAP + 0.03 M CTAB, and HAP + 0.1 M CTAB are
dispersed in 10 ml of the drug (DOX). For 24 h, a magnetic
stirrer was used to stir the solution. Drug molecules for
DOX adsorbed onto the HAP surface. The drug-loaded
HAP, HAP + 0.01 M CTAB, HAP + 0.03 M CTAB, and HAP
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+0.1 M CTAB were centrifuged for 15 min at 3,000 rpm. The
DOX concentration was determined using UV-Vis spectro-
scopy. After measuring the absorbance spectrum of the
unloaded drug and the UV-Vis peak of DOX absorption,
the drug-loaded HAP was then recovered after centrifuga-

tion. The percentage of DOX drug-loaded HAP was calcu-
lated using equation (2) [31]:
Drug loading capacity
_ Total amount of drug — Free drug X 100 @)
- HAP weight '

2.5 Anticancer activity

The synthesized HAP were tested for their anticancer
activity against MCF7 cancer cell lines. About 1 x 107> cells
per well were cultured for 1 day. The cells were then rinsed
with 100 pl of serum-free medium and starved for 1h in a
CO, incubator at 37°C. HAP (25-500 pg/ml) was applied to
the cells and incubated for 1.5 days. DMSO was used as the
negative control. After 36 h, 20 ul of MTT solution was
added to each 96 well and incubated for 4h. Finally,
DMSO (200 pl) was added, and the absorbance was mea-
sured at 57 nm using an ELISA reader.

2.6 Release studies

The drug release of DOX from pure HAP, HAP + 0.01 M CTAB,
HAP + 0.03 M CTAB, and HAP + 0.1 M CTAB was studied.
About 1, 5, and 10 mg of HAP loaded with drugs were added
to 10 ml of phosphate buffer solution (pH 7.4). This solution
was shaken (120 rpm) at 37°C for 48 h. At different time inter-
vals, 3 ml of supernatant was removed, and the release ability
of the DOX was tested using a UV-Vis spectrophotometer. The
release of DOX was evaluated using equation (3):

Absorbance (t)

100, 3
Aborbance (tp) ) ©)

Drug release =1 -

where ¢, is the drug absorbance at the initial time, and ¢ is
the drug absorbance at regular time intervals.

3 Results and discussion

3.1 XRD analysis of the synthesized HAP

The XRD diffraction peaks shown in Figure 1 indicate the
crystalline nature of the pure and CTAB-mediated HAP.
The XRD peaks are indexed to the (00 2), 210), 211,
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Figure 1: XRD analysis of the synthesized HAP.

(300),(202),(212),(401),(213),(004),(304),and (513)
planes and are 25.36°, 28.62°, 31.53°, 32.77°, 33.79°, 39.40°, 46.43°,
52.92° 63.67°, and 77.50°, respectively. This demonstrates that
the obtained samples are of the pure form of hexagonally
structured HAP. The results from HAP and the standard
data set are highly dependable, with framework dimensions
of a=b =0.9414nm, ¢ = 0.6879 nm (space group P63/m). No
peaks of any other secondary-phase intermediate compounds
like CaHPO42H,0 or Ca,(HPO4),(PO4)45H,0 were observed,
indicating that the reaction output is 100% phase-pure HAP
[32]. The diffraction peaks are indexed as pure HAP with a
space group of P63/m, as claimed by JCPDS #73-0293 [33]. The
researcher also recounted the XRD pattern, indicating that
the inorganic phase of the sample is HAP [4,34].

Scherrer's formula (equation (4)) was used to deter-
mine the HAP crystallite size:

0.922

B cos 6’ @

Dy =
where Dy is the average crystallite size of HAP, Cu Ka,
XRD wavelength is 1.5405 4, its full width at half-maximum
intensity (FWHM), and half of its Bragg’s angle are each
given in units. The average crystallite sizes of the nanos-
tructured HAP samples generated are 31, 116, 83, and
87 nm, respectively, for the phases of pure HAP, HAP +
0.01 M CTAB, HAP + 0.03 M CTAB, and HAP + 0.1 M CTAB,
respectively. The lattice properties of HAP did not change
noticeably (a = b = 9.4824 and ¢ = 6.8927).

3.2 FTIR analysis

FTIR analysis establishes the functional groups of the gen-
erated HAP microstructures, as shown in Figure 2. The
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peak at 1,377 em™? is due to carbonate ions in the HAP
particles that arrived from atmospheric CO, at the time
of analysis [35]. The peak between 2,170 and 3,810 emtis
due to water adsorption on HAP [36,37], and the absorption
peak at 1,631 cm ™ was attributed to the bending mode of H,0
[38,39]. The sharp peak intensities at 1,050 and 565 em ™t are
caused by the stretching modes of PO3~ and the bending modes
of the apatite structure [33,40]. The lack of additional peaks in
the FTIR spectrum indicates that HAP is purified. The FTIR
results indicate the absence of surfactant molecules in HAP.

3.3 FESEM analysis of the synthesized HAP

The succession of uniform nanospheres to nanorods at
different concentrations of CTAB is shown in Figure 3.
The FESEM analysis of the sample shows the formation
and size modification of HAP by CTAB.

In the absence of CTAB, spherical particles are formed.
However, upon adding CTAB at different concentrations,
the shape of the particles changes from spherical to rod-
shaped, which purely depends on the concentration of CTAB
[33]. The FESEM images reveal numerous related pores,
further demonstrating the effect of CTAB on HAP in regu-
lating the particle size and shape [41]. The Ca/P ratios are
found to be 1.67, 1.56, 1.54, and 1.55 for pure HAP, HAP + 0.01
M CTAB, HAP + 0.03 M CTAB, and HAP + 0.1 M CTAB,
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respectively (Figure 4). The reduction in Ca/P ratios may
be attributed to the presence of pores.

Vinayagam et al. reported that the surface morphology of
Muntingia calabura leaf extract-mediated HAP NPs showed
irregular rod-like structures, typical of HAP NPs from egg-
shells. Intense agglomeration likely results from interactions
between Muntingia calabura phytochemicals and HAP NPs. A
rough, non-uniform surface increases the surface area and
enhances biomedical suitability [42].

3.4 Transmission electron microscopy (TEM)
analysis of HAP and 0.1 M CTAB + HAP

The SEM results suggest that the CTAB morphology trans-
formation may be the most important parameter in deter-
mining the HAP microstructure. To analyze the morphology,
TEM was performed (HAP and 0.1 M CTAB + HAP (Figure 5a
and b)). In pure HAP, some dispersively agglomerated parti-
cles were found, and the size range is 20-100 nm. TEM ana-
lysis revealed that the particles are nanosized and have a
spheroid form in 0.1 M CTAB + HAP. Furthermore, the TEM
image highlighted the nanocomposite spheroid morphology
with a nanometric particle size. A spheroid particle forms
when particles collide along their long axis or parallel to their
plane due to their high surface energy. The TEM findings are
consistent with the SEM results.

HAP+0.1IM CTAB

o
—~ 1631
3
. 1050 565
w
r3) HAP+0.03M CTAB
= -
<C
': 1631
= 565
0 1050
=
é HAP+ 0.01M CTAB
|_
2 S
1631
1050
PURE HAP 565
1631
1050 565
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Figure 2: FTIR analysis of the synthesized HAP.
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Figure 3: FESEM-EDAX analysis of the synthesized pure HAP (a and b) and 0.1 M CTAB + HAP (c and d).

Sanchez-Campos et al. examined the effects of the
cationic surfactant CTAB on the morphology and particle
size of HAP using the microwave method with constant pH,
time, and temperature. TEM revealed that the surfactant
significantly reduced the size of HAP, producing nanorods
with an average diameter of 43.17nm and a length of
136.52 nm when 0.45 wt% surfactant was used [43].

The effectiveness of hydrothermal and microwave techni-
ques, both with and without ethylenediaminetetraacetic acid
(EDTA) and CTAB surfactants, was systematically examined
under similar conditions to produce mesoporous nanorod-
like HAP particles, as reported by Singh et al. [44].

3.5 Zeta potential analysis

A zeta potential analysis of the HAP is performed to deter-
mine its stability. The zeta potential values are listed in
Table 1. This study also confirmed that CTAB-HAP is more

stable than pure HAP. This demonstrates that these mate-
rials are suitable for drug delivery. According to previous
studies [45,46], if the zeta potential is negative, the specimen
is suitable as an implant, which can grow along with live or
viable cells. A negative zeta potential influences Ca** ions to
participate in cell adhesion by depositing cells in an extra-
cellular matrix. Zhu et al. reported the optimal HAP nanopar-
ticle agglomerate size and emulsion stability; it is recommended
to use a CTAB concentration of 8 mM when fabricating HAP
nanoparticle-stabilized emulsion [47].

3.6 Brunauer-Emmett-Teller (BET) analysis
of the synthesized HAP

The BET analyses of the above samples are carried out, and
the results are shown in Table 2. The pore size of the sam-
ples decreased when CTAB was used. These results, which
are based on calculations, show the ability of the surfactant
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Figure 4: FESEM-EDAX analysis of 0.3 M CTAB + HAP (a) FESEM and (b) EDAX and 0.1 M CTAB + HAP (c) FESEM and (d) EDAX.

to change its structural properties and thereby create
pores. The organic CTAB and ammonium salt decompose
during calcination, followed by the formation of many
irregular pores, which agrees with the results of Yan
et al. [48]. The pore size, which ranges from 6 to 1nm,
makes this material suitable for biological and piezoelec-
tric applications [38]. The synthesis method also plays a

200 nm

Accelerating voltage: 200kv

Indicated magnification: 14.5kx

Figure 5: TEM analysis of (a) HAP and (b) 0.1 M CTAB + HAP.

crucial role in pore formation. The nitrogen adsorption—
desorption isotherm analysis (Figure 6) proves the pre-
sence of many open-ended pores and also confirms the
mesoporosity of the material. Nitrogen is frequently used
to perform BET analysis. Table 2 clearly shows that when the
pore volume in the sample decreased, so did the pore dia-
meter. In comparison, HAP + 0.03 M CTAB has an enhanced
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Table 1: Zeta potential analysis of the synthesized HAP

S. no Material with concentration Zeta potential (mV)
1 PURE HAP -34.7
2 HAP+ CTAB 0.01 M -31.8
3 HAP+ CTAB 0.03 M -34.0
4 HAP+ CTAB 0.10 M -28.9

average pore diameter, indicating that this sample has
better biological activity than the other HAPs.

3.7 Antimicrobial activity

The level of susceptibility shows a contrasting variation in
the antibacterial assay between the Gram-positive and
Gram-negative bacterial strain (Figure 7) using HAP and
CTAB template HAP, which was established by the zone of
inhibition. S. aureus shows the highest susceptibility to
Gram-positive strains (HAP + 0.1 M CTAB) (18 + 0.54 mm).
The inhibitory impact was shown to be very low against
B. subtilis (9 £ 10 mm) and medium for S. pyrogens (HAP +
0.1 M CTAB), respectively. The inhibitory impact was shown
to be very low against B. subtilis (9 * 1.0 mm) and medium
for S. pyrogens (HAP + 0.1 M CTAB), respectively. In contrast
to Gram-negative bacteria, the action of HAP (HAP + 0.1 M
CTAB) also revealed notable variability in the levels of inhibi-
tion. Maximum inhibition was observed against E. aerogenes
(19 £ 0.5 mm); however, K. pneumoniae activity was reduced
(8 £ 1 mm), and P. vulgaris showed only a very weak inhibi-
tory effect (6 + 0.2 mm). Additionally, it was noted that both
the CTAB + HAP surface area and particle size significantly
influenced the antibacterial activity.

This may explain the improved inhibition exhibited by
0.1 M CTAB + HAP toward the bacterial pathogens. It has
been demonstrated that CTAB + HAP has a strong inhibitory
effect on bacterial pathogens. Unexpectedly, a recent study
confirmed our assertion that synthetic HAP has strong bac-
tericidal effects against Gram-negative bacteria [40]. The
zone of inhibition efficacy differs between Gram-positive
and Gram-negative bacterial strains due to the differences

Table 2: BET analysis of the synthesized HAP
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Figure 6: Nitrogen absorption measurements of the synthesized HAP.

in the cell membrane components between the two types of
bacteria, which alter the HAP adsorption process. A large
number of holes and a high level of negative charge on the
surface of the cell wall cause HAP to be more attracted to it,
resulting in cell membrane breakdown and death in Gram-
positive bacterial strains. The mechanism of the antibac-
terial activity is shown in Figure 8 [49].

3.8 Mechanism of antibacterial activity
of HAP

CTAB+HAP act as an antimicrobial agent through the fol-
lowing mechanisms: The combination of CTAB and HAP

Sample Surface area (m%/g) Total pore volume (cm/g) Average pore diameter (nm)
PURE HAP 48.37 0.132 10.95
HAP + 0.01 M CTAB 56.51 0.104 7.42
HAP + 0.03 M CTAB 47.41 0.101 8.52
HAP + 0.1 M CTAB 51.80 0.101 7.83
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Figure 7: Antibacterial activity of HAP + 0.1 M CTAB.

exhibits potent antibacterial effects via multiple mechan-
isms. First, the production of ROS in bacterial cells induces
oxidative stress, leading to significant damage to cellular
components such as lipids, proteins, and DNA. This oxida-
tive damage can cause mutations and, in severe cases, cell
death. Second, the breakdown of CTAB and HAP releases
calcium ions (Ca?*), which disrupt key cellular processes,
including enzyme activity, amino acid metabolism, and pro-
tein synthesis [50]. This disruption interferes with bacterial
metabolism, leading to cell dysfunction and eventual

Pore size control of hydroxyapatite nanoparticles == 9

mortality. Third, the interaction of HAP and CTAB with the
bacterial cell membrane through electrostatic forces causes
physical damage to the membrane, resulting in the leakage
of intracellular contents and the collapse of cellular integ-
rity. The combined action of ROS production, calcium ion
release, and membrane disruption makes the CTAB + HAP
combination highly effective in killing bacterial cells [51].

3.9 Antioxidant activity

The dose-dependent antioxidant effects of the HAP and CTAB +
HAP against DPPH free radicals were investigated (Figure 9). At
a high concentration (50 pg/ml) of HAP and CTAB + HAP, max-
imum radical inhibition (71%) was observed. In comparison
with synthetic HAP and CTAB + HAP, ascorbic acid displayed
a minimal inhibitory effect (64%) at a dose of 50 g/ml. In agree-
ment with the above work, our investigation showed the
highest inhibition rate of DPPH activity. Based on the results,
it was confirmed that the porous substance CTAB + HAP was
essential for creating the DPPH radical scavenging activity.

3.10 Mechanism of DPPH and HAP + CTAB

Antioxidants are compounds that delay or prevent oxida-
tive damage to target molecules. The distinctive feature of
an antioxidant is its capacity to remove free radicals due to

NADPH oxidase

Radiation

Release of Ca” LA

.ooooa-.aooo-oc.o

Metabolic reactions
in peroxisome

4 Protein

Enzymatic denaturation

reactions ‘

P I

Cell uptake of
I"..'.."....I.... HAP
o .lcotoc!l.ooo-oo'l',occ ................
...'....... '--oo--n-

Oxidative
phosphorylation
in mitochondria

ER stress and
unfolded protein
response (UPR)

Figure 8: Schematic representation of the antibacterial mechanism of HAP and CTAB against bacterial organisms.
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Figure 9: Antioxidant activity of HAP.

the presence of redox hydrogen donors and singlet oxygen
quenchers [52]. Free radicals can be removed by both
natural (plant/microbial/animal-based chemicals) and syn-
thetic (butylated hydroxyl anisol tetrabutylhydroquinine
and butylated hydroxyl toluene) antioxidants [53]. How-
ever, natural antioxidants are preferred because they are
considered comparatively safer and are known to cause
fewer side effects [41].

The DPPH test is a quick, reliable, and affordable
method for assessing antioxidant activity. Stable diamag-
netic molecules that form stable free radicals, such as
DPPH, must accept an electron or hydrogen radical [54].
Compared to other procedures, the DPPH radical method
is a popular method to assess antioxidant activity. The
mechanism of DPPH activity is displayed in Figure 10.

3.11 Drug delivery

The drug release of DOX from pure HAP, 0.01 M CTAB +
HAP, 0.03 M CTAB + HAP, and 0.1 M CTAB + HAP is shown

H
Antioxidant

05N
H
N—N N02 S e N——N
02N ©/ OzN

DPPH:

Figure 10: Antioxidant activity of HAP.
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Figure 11: Drug release of HAP and CTAB-coated HAP (10 mg).

in Figure 12. When 10 mg of pure 0.01 M CTAB + HAP, 0.03
M CTAB + HAP, or 0.1 M CTAB + HAP were utilized,
approximately 69% of the DOX was released after 1h.
Within 6h, 99, 97, 96, and 98.9% of DOX were released
from the HAP. A burst release was seen when 10 mg of
pure HAP, HAP + 0.01 M CTAB, HAP + 0.03 M CTAB, and
HAP + 0.1 M CTAB were used, indicating that the release
was absorbed in the shallow nanochannels (Figure 11).
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Figure 12: % drug release of HAP at various concentrations.

Doxorubicin was slowly released using 5 and 1 mg of pure
HAP, HAP + 0.01 M CTAB, HAP + 0.03 M CTAB, and HAP+ 0.1
M CTAB (Figure 12).

Under neutral conditions, a low release rate supports sus-
tained release, minimizes drug loss, and alleviates adverse
effects. The amount of HAP was reduced due to chemical
adsorption and the quantity of DOX drug released. At a later
stage, DOX molecules may hydrogen bind to the surface of HAP
and release it relatively slowly [55]. HAP has a high loading
capacity and gradual drug delivery due to its high specific area
and the hydrogen bonds that they form with DOX [56].

3.12 Anticancer activity

The cytotoxic effect of the HAP on MCF-7 cell lines was stu-
died using the MTT assay. The effects observed at various
concentrations (25-500 pg/ml) were dose-dependent (Figure
13). The maximum cell growth inhibition (65%) was recorded
at 500 pg/ml after 36 h. Microscopic visualization of HAP-
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treated cell lines showed distinct morphological features,
such as cell shrinkage with condensed cytoplasm and frag-
mented nuclei, confirming the induction of apoptosis. The
improved cytotoxic effect of HAP is attributed to the combi-
nation of CTAB and HAP. Camptothecin, used as a control,
showed 49% cell inhibition at the maximum concentration
(500 pg/ml) tested in this study. The mechanism of the cyto-
toxic effect of HAP was due to the physicochemical interac-
tions of HAP with the functional groups of nitrogen bases,
cellular proteins, and phosphate groups of the genetic mate-
rial (DNA). Based on several studies investigating cytotoxicity
against different tumor cell lines, we found that HAP showed
remarkable biological activities. Sdnchez-Campos et al. sug-
gested the use of surfactants, especially in HAP, for efficiently
producing smaller particles and enhancing the synthesis pro-
cess in biomaterials research [43]. Furthermore, HAP-CTAB
nanocomposites were found to be non-cytotoxic, whereas
lead-contaminated solutions exhibited high toxicity against
HelLa cells, with the degree of toxicity being strongly corre-
lated with the concentration of lead ions [57].

4 Conclusion

By utilizing CTAB as the sole templating agent in a sol-gel,
it is possible to successfully modify the size and form
of nano-HAP particles. The production of tiny nanoscale
spheres and rods was aided by a surfactant, which served
as a template. The results of the FTIR and XRD tests demon-
strated the development of phase-pure HAP and particle
quality. TEM and FESEM analyses showed the development
of spherical and rod-like HAP. BET analysis validated the
6-10 nm-sized pores that were created. These nanoparti-
cles with customizable structures may be good coating
materials for implantation and medication delivery sys-
tems with biological applications. In vitro antimicrobial
activity tests were carried out using the well diffusion

Figure 13: Anticancer activity of cancer cells. (a) Control Cell; (b) 25 pg/ml; (c) 100 ug/ml and (d) 500 pg/ml.
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method and showed excellent activities in Gram-positive
organisms compared to Gram-negative strains. 0.1 M CTAB +
HAP had stronger antioxidant activity (79%). After 6 h, a
high concentration (burst) of DOX-encapsulated HAP was
released. According to drug release studies, controlling por-
osity aids in the prolonged and timed release of medications.
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