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ARTICLE INFO ABSTRACT

Keywords: Hydroxyapatite (HAp) is an important biological molecule and principal mineral component found in bones that
Nanotechnology is used in various clinical applications to significantly enhance the biological activity and biocompatibility of
Curcumin man-made biological molecule. Several analyses have been performed to control the structural properties of HAp
Hydroxyapatite

by varying the processing parameters. This study described the synthesis of HAp nanoparticles (NPs) via the sol-
gel method, that would be effective for biomedical applications, such as bone graft substitution. It also examined
the effects of pure HAp, surfactant (PEG and CTAB)-assisted HAp NPs, and curcumin-mediated HAp NPs. The
synthesized HAp NPs were analyzed using XRD, FTIR, RAMAN, FESEM, TEM, EDAX, UV-DRS, and PL analysis.
From the XRD analysis, it was found that the prepared HAp NPs have a hexagonal structure with nanosize
distribution. From FESEM and TEM analyses, it was found that the synthesized HAp NPs were rod-like in shape
and the elemental analysis was conducted using EDAX. In addition, the biological applications were investigated,
viz., antibacterial, antifungal, antioxidant, and anticancer activity. The synthesized HAp nanoparticles possessed
excellent antibacterial, antifungal, antioxidant, and anticancer activities. Overall, curcumin-encased HAp na-
noparticles can play a vital role in a wide range of fields, including water treatment, food preservation, wound
dressing, nanomedicines, and cosmetics as biocidal and disinfecting agents.

Anticancer
Biological applications

1. Introduction stoichiometric ratio of calcium and phosphorous in HAp is 1.67, which
resembles that of human bones, and calcium phosphate (CaP) is the

Hydroxyapatite (HAp) nanoparticles (NPs) have received consider- major mineral constituent of vertebrae bones and teeth [10-12].
able attention over the last decade due to their significant biological HAp [Ca;o(PO4)s(OH),] is a CaP-based biomaterial primarily used
applications [1-5]. HAp plays a vital role in biomaterial engineering in dental and orthopedic applications because of its structural and
due to its enhanced biocompatibility and bioactivity [6-9]. The chemical similarity to bones, teeth, and enamel [13-15]. HAp acts as an
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Fig. 1. XRD analysis of HAp NPs calcined at 500 °C. (a) HAp-Pure, (b) HAp-PEG, (c) HAp-CTAB, and (d) HAp-CE.

Table 1

Calculated values for HAp nanoparticles.
Samples Crystallite Dislocation density (8) x 10*® (lines/m?) Strain (¢) x 1072 Lattice cell Unit Cell

Size (nm) Parameters (A) Volume (A)?
a c

HAp-Pure 39.07 0.8233 0.0552 9.441 6.877 530.944
HAp-PEG 32.56 1.0386 0.0632 9.417 6.876 528.139
HAp-CTAB 24.41 2.8769 0.1003 9.477 6.871 534.518
HAp-CE 25.57 1.6132 0.0792 9.432 6.886 530.581

implantation compound for biomedical application in the form of
coatings and composites on metallic alloys due to its various properties,
including osteoinduction, osteoconductivity, osteointegrity, and non-
toxicity [16-18]. Due to the potentiality of a rigid control of process
parameters, a sol-gel approach is a powerful method for the synthesis of
nanophase HAp. HAp NPs synthesized via the sol-gel method can en-
hance stability and contact at the natural/artificial bone interfaces in
both in vitro and in vivo environments. Recent studies have also de-
monstrated that HAp particles prohibit the growth of many cancer cell
types [19,20]. Synthetic HAp may also be applied in column chroma-
tography for the simple and rapid fractionation of nucleic acids and
proteins [21,22]. Moreover, HAp offers convenient qualities for water
treatment and remediation for heavy metal contaminated soils [23,24].
Among the different HAp structures, nanosized HAp with appropriate
stoichiometry, purity, and morphology have stimulated enormous in-
terest in elemental scientific research and various biomedical applica-
tions [25].

Nowadays, size reduced metal nanoparticles have potential biolo-
gical properties, in particular antibacterial, antifungal, anticancer, an-
tibiofilm, these are development of nano-based drug delivery system
[26-30]. Natural resources have been established to reveal vast prob-
able in the biological synthesis of valuable and significant chemicals
[31-37]. The present study attempted to synthesize surfactant and
curcumin extract (CE)-assisted HAp NPs and analyze the structural,
optical, and morphological properties.

2. Materials and methods
2.1. Materials

Calcium nitrate [Ca(NO3),.4H,0], di-ammonium hydrogen phos-
phate [(NH4)>HPO4], cetyl trimethyl ammonium bromide (CTAB),

polyethylene glycol (PEG 400), curcumin, and ammonia [NH;3] were
procured from Merck chemicals (Germany) or Sigma-Aldrich Co. (USA).



S. Sebastiammal, et al.

Table 2

Journal of Drug Delivery Science and Technology 57 (2020) 101752

90 -

60 - E"g
o o
g2 g
3 3

30 -

(d)

£
® 5 S
wn ©
e 30- g
(3]
=
£
2 .
o | e ‘E
= ; s 2
60 §7g S &
5 2 h
< g
30 -
(b)
90 4
s01 s
N
wn
30 - 3
(a)
L] L] L] L] L] L] L]
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2. FTIR spectra of HAp NPs calcined at 500 °C. (a) HAp-Pure, (b) HAp-PEG, (c) HAp-CTAB, and (d) HAp-CE.

FTIR band assignments for HAp nanoparticles.

HAp-Pure HAp-PEG HAp- HAp-CE  Band Assignment
CTAB

562 562 566 564 Asymmetric bending of PO,>~ (v
4)

603 603 603 603 Symmetric bending of PO~ (v 4)

964 967 956 965 Symmetric stretching of PO, (v
1)

1036 1039 1039 1038 Asymmetric stretching of PO,®~ (v
3)

1386 1386 1386 1386 Carbonate ions (CO3*7) (v 3)

1639 1645 1644 1649 Bending mode of H,0 (v »)

- 2850 2845 - (C-H) stretching mode (v)

- 2921 2928 - (C-H) stretching mode (v)

3442 3438 3438 3436 O-H stretching mode

3574 3574 3574 3569 Symmetric stretching of H,O (v 1)

All the chemicals used for synthesizing HAp NPs were of analytical
reagent grade without any further refinements. Double distilled water
was used as a solvent throughout the experiments.

2.2. Synthesis of HAp NPs

HAp powders were synthesized via a sol-gel process using calcium
nitrate and di-ammonium hydrogen phosphate with a molar ratio of
1.67 as precursors. First, 1 M of calcium nitrate was dissolved in 50 ml
of de-ionized water. Similarly, 0.6 M of di-ammonium hydrogen

phosphate solution was prepared and mixed with a calcium nitrate
solution under continuous stirring. Then, the aqueous ammonia was
added dropwise to the above solution until a pH value of 10 was ob-
tained. The reaction mixture was stirred for 5 h then maintained un-
disturbed for 24 h at ambient temperature. The obtained precipitate
was filtered and washed with distilled water, followed by ethanol and
dried at 100 °C for 12 h to obtain white powder. Then, the dried sub-
stances were crushed and calcined at 500 °C for 2 h. A similar procedure
was adopted for the other three samples with 50 ml of PEG (0.1 M),
CTAB (0.1 M), and CE (50 ml).

2.3. Characterizations of HAp NPs

The crystallographic structural analysis was carried out using the X-
ray diffraction (XRD) method using an XPERT-PRO powder dif-
fractometer with monochromatic CuKa radiation (A = 1.5406 Z\) over
the 26 range of 20°-80° at a scan rate of 2 m in a Goniometer. The
operational voltage and current were 40 kV and 30 mA, respectively.
The Fourier-transform infrared (FTIR) spectrum (Bruker IFS 48) was
recorded within the range of 4000-400 cm ™! using a Micro Raman
Spectrometer (LabRAM HR Evolution, HORIBA, France) and was used
to identify the functional groups present in HAp. The elemental analysis
was conducted using an energy dispersive X-ray spectroscopy (EDX)
Bruker detector attached to a field emission scanning electron micro-
scope (FE-SEM) operating at an accelerating voltage of 20 kV. The
morphology of HAp NPs was analyzed using a QUANTA 250 FEG (FE-
SEM). The microstructures of the synthesized HAp NPs were
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Fig. 3. Raman spectra of HAp NPs calcined at 500 °C. (a) HAp-Pure, (b) HAp-PEG, (c) HAp-CTAB, and (d) HAp-CE.

Table 3
Raman band assignments for HAp nanoparticles.

Band Assignment

HAp-Pure HAp-PEG HAp-CTAB HAp-Extract

430 430 430 430 Symmetric bending mode of PO4>~ (v3)
591 591 591 591 Asymmetric bending mode of PO,>~ (v)
961 961 961 961 Symmetric stretching mode of PO, (v;)
1048 1045 1032 1042 Asymmetric stretching of PO,>~ (v3)
1076 1074 1095 1092 Asymmetric stretching of PO,>~ (v3)

investigated using a transmission electron microscope (TEM) JOEL
model instrument 1200 EX on carbon-coated copper grids with an ac-
celerating voltage of 80 kV. The optical properties of the samples were
studied using a JASCO 650 UV Spectrophotometer. PL studies were
carried out using a photoluminescence spectrophotometer (Varian Cary
Eclipse) and the emission spectra were recorded at a scan rate of
600 nm/min in the range of 320-600 nm.

2.4. Antibacterial activity of HAp NPs

The antibacterial activity of the synthesized HAp NPs was de-
termined using the well diffusion method. This was performed by
sterilizing Mueller Hinton Agar (MHA) media. After solidification, wells
were cut on the MHA plates using a cork borer and the test bacterial

pathogens were swabbed onto the surfaces of the MHA plates. The
samples were placed in the wells and the plates were incubated at 37 °C
for 24 h. The zones of inhibition were measured in millimeters. Each
antibacterial assay was performed in triplicate and mean values were
recorded.

2.5. Antifungal activity of HAp NPs

Antifungal activity of the prepared HAp NPs was determined using
the well diffusion method performed by sterilizing PDA (Potato
Dextrose Agar) media. After solidification, wells were cut on PDA using
a cork borer and the test fungal pathogens were swabbed onto the
surface of the PDA plates. The samples were placed into the wells and
the plates were incubated at 37 °C for 94 h, and the zones of inhibition
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Fig. 4. EDAX spectra of HAp NPs calcined at 500 °C. (a) HAp-Pure, (b) HAp-PEG, (c) HAp-CTAB, and (d) HAp-CE.

Table 4
Elemental compositions for HAp nanoparticles.

Samples Calcium (Atomic %)  Oxygen (Atomic %) Phosphate (Atomic %)
HAp-Pure 24.85 63.24 11.91
HAp-PEG 22.73 66.76 10.51
HAp-CTAB  24.63 63.42 11.95
HAp-CE 25.73 60.60 13.97

were measured in millimeters. Each antifungal assay was performed in
triplicate and mean values were reported.

2.6. Antioxidant activity of HAp NPs

The DPPH (2,2-diphenyl-2-picrylhydrazyl hydrate) assay was con-
ducted according to the methods of Brand-Williams et al. [38] with
some modifications. The scavenging and antioxidant potentials of the
samples were evaluated by the ability of the samples to scavenge the
stable free radical DPPH. Different concentrations (100-400 pg/ml) of
the samples as well as the samples with NPs were separately mixed with
3 ml of 0.1 mM DPPH and incubated in darkness for 15 min. Rutin was
used as a standard and the DPPH methanol reagent without the sample
was used as the control. The reaction mixture was mixed well and
maintained in darkness at 32 °C for 30 min. The degree of decolour-
ization from purple to yellow was measured spectrophotometrically at
517 nm.

The scavenging ability of the samples was calculated using the fol-
lowing equation:

DPPH scavenging activity (%) = (Abs control — Abs sample)
(Abs control)

X100

2.7. Cytotoxic activity of HAp NPs

The cytotoxic effects of HAp-pure, HAp-PEG, HAp-CTAB, and HAp-
curcumin against the HeLa cell line were evaluated using an MTT
Assay. HeLa cell lines were initially procured from the National Centre
for Cell Sciences (NCCS), Pune, India. The cell line was cultured in
25 cm? tissue culture flasks with Dulbecco's modified Eagle's medium
(DMEM, Himedia) supplemented with 10% FBS (fetal bovine serum), t-
glutamine, sodium bicarbonate, and antibiotic solution containing pe-
nicillin (100 U/ml), streptomycin (100 pg/ml), and amphoteracin B
(2.5 pg/ml). Cultured cell lines were maintained at 37 °C in a humi-
dified 5% CO, incubator (Galaxy® 170 Eppendorf, Germany).

A two-day-old confluent monolayer of cells was trypsinized and the
cells were suspended in 10% FBS-supplemented DMEM. The 100 pl cell
suspension (5 x 10* cells/well) was then seeded in a 96-well tissue
culture plate and incubated at 37 °C in a humidified 5% CO, incubator.
After 24 h, the growth medium was removed and cells were treated
with 5% DMEM with different concentrations (6.25, 12.5, 25, 50, and
100 pg) of 100 pl freshly-prepared samples in triplicate, and incubated
at 37 °C in a humidified 5% CO, incubator.

The viability of the cells was evaluated by direct observation using
an inverted phase contrast microscope followed by MTT assay.

2.8. Statistical analysis

In the present study, all the investigation results were done in three
replicates and the outcomes were articulated as mean =+ Standard
Deviation (SD). Data were subjected to analysis of variance (ANOVA)
and Tukey's HSD test (P = 0.05). SPSS software version 21.0 was used
for the statistical analysis.



S. Sebastiammal, et al.

Journal of Drug Delivery Science and Technology 57 (2020) 101752

(004)

Fig. 5. TEM images for HAp NPs with a magnification of (a) 40000X, (b) 40000X, (c) 80000X, (d) 80000X, (d) 200000X, and (f) SAED pattern.

3. Results and discussion
3.1. XRD analysis

The X-ray diffraction study was used to confirm the crystalline
nature of the particles. The XRD patterns of HAp prepared with and
without surfactants are provided in Fig. 1. As seen in Fig. 1(a), the HAp
prepared without surfactant showed peaks at 26 = 25.853, 28.529,
31.720, 32.872, 34.204, 39.799, 41.879, 43.891, 46.686, 49.425,
52.028, 53.123, 55.779, and 64.042 due to the diffraction of (002),
(210), (211), (300), (202), (310), (311), (113), (222), (213), (402),
(004), (322), and (304) planes, respectively. The observed planes are in
accordance with the expected pattern of HAp possessing the hexagonal
structure with the space group P63/m (JCPDS No: 09-0432). No other
impurity peaks, such as CaPs and calcium hydroxide, were found,
which indicates that the synthesized product is a monophase of HAp
under these experimental conditions. The results were in agreement
with those of previous studies by Azzaoui et al. [39] and Salarian et al.
[40].

The XRD pattern of PEG-assisted HAp (Fig. 1(b)) showed peaks at
26 = 25.853, 28.552, 31.659, 32.080, 32.906, 33.982, 39.635, 42.065,
43.865, 46.721, 48.164, 49.494, 53.143, 55.879, 64.078, and 77.175,
which belong to the diffraction of (002), (210), (211), (112), (300),
(202), (310), (311), (113), (222), (312), (213), (004), (322), (304), and
(513) planes, respectively. The obtained peaks were similar to those of
HAp prepared without surfactant. The intensity of the prominent peaks
decreased, while the 26 of the (211) plane shifted slightly toward the
lower angle (31.720-31.659) with respect to HAp without surfactant.

Fig. 1(c) depicts the XRD pattern of HAp with CTAB surfactant. The
obtained XRD pattern was similar to that of HAp prepared without

surfactant; however, the intensity was reduced. The XRD profile of HAp
with CTAB shows lower intensity diffraction features than that of HAp
fabricated without surfactant. Moreover the intensity of the major peak
was shifted toward a higher angle (31.720-32.197) with respect to HAp
without surfactant. The surfactant did not affect the crystal system,
which indicates the self-compensating ability of HAp [41]. A similar
result was previously reported by Kumari et al. [42] for CTAB and SDS
surfactant-assisted HAp NPs. Fig. 1(d) represents the XRD pattern of CE-
assisted HAp NPs. The same diffraction profile was observed for HAp
with CE. However, some peaks were not present due to CE potentially
preventing the growth of HAp. It was concluded from the XRD pattern
that the addition of surfactants reduced the intensity of the diffraction
peaks but the crystalline phase of HAp persisted.

The lattice parameter values were calculated through unit cell
software, which is listed in Table 1. The obtained lattice constants and
cell volumes of the prepared HAp NPs are in strong agreement with the
standard data a = 9.418 A, ¢ = 6.884 A and V = 528.80 A% (JCPDS
Card No.: 09-0432). The average crystallite size and microstrain can be
estimated from the XRD data as both parameters affect the peak shape.

The prepared HAp was polycrystalline in nature and, hence, a large
number of crystallites with various orientations and positions caused
variations in the phase difference between the scattered waves. The
total intensity scattered by all crystallites is the sum of individual in-
tensities scattered by each crystallite. The diffraction peaks at (0 0 2), (2
1 1), and (3 0 0) planes were taken to calculate the average crystallite
size as they were sharper as well as isolated, and the results are pre-
sented in Table 1. The crystallite size was found to be approximately
39.07, 32.56, 24.41, and 25.57 nm for the samples prepared without
and with surfactant PEG, CTAB, and CE, respectively. The peaks were
significantly broadened in HAp with CTAB, indicating poor crystallinity
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Fig. 6. UV-DRS analysis of absorption (a) and reflection (b) spectra of HAp NPs.

and small crystalline size.

Stress is an important unfavorable factor that affects structural
properties, and can result from geometric mismatch at boundaries.
These stresses can produce microstrains (¢) in the NPs. The microstrains
can be determined from the following relationship:

& = P/4 tand

The dislocation density was estimated using the following re-
lationship:

8 = 15¢/aD

The calculated microstrain and dislocation density values are pre-
sented in Table 1. The microstrain values increased for HAp-CTAB
(0.1003) and HAp-extract (0.0792) NPs compared to HAp-pure NPs,
indicating a decrease in crystallite size.

3.2. FTIR spectroscopy analysis

The FTIR analysis was undertaken to identify unknown species,
functional groups, and vibrational modes associated with each peak.
The FTIR spectrum of HAp NPs recorded using the KBr pellet technique
is shown in Fig. 2(a—d). The FTIR spectra of HAp NPs prepared with and
without surfactant and the vibrational assignments are provided in
Table 2. Fig. 2(a) shows the FTIR spectrum of HAp NPs prepared
without surfactant, exhibiting the vibrations of the functional groups at
various wavenumbers of IR radiation. Initially, the bands observed at
562 and 603 cm ™! were due to v4 bending vibrations of PO,>~. A weak
peak located at 964 cm ™' was assigned to the symmetric stretching
mode of PO,>~. The strong and sharp peak observed at 1036 cm ™! was
assigned to the asymmetric stretching mode of PO,°~. The low in-
tensity band at 1386 ecm™' corresponded to the CO;>~ functional
group, which may be due to the interaction between the HAp precursor
solutions with atmospheric CO,. The peaks at 3442 and 1639 cm™*
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were due to the observed water molecules, while the broad peak at
3442 cm ™! was due to the stretching mode of OH™, and the peak at
1639 cm ™! was assigned to the bending mode of water. The weak peak
observed at 3574 cm ™! also corresponds to the OH ™ vibrations in the
nano HAp lattice. The observed bands from the FTIR spectrum of HAp
without surfactant indicated the existence of phosphate and hydroxyl
vibrational modes for the formation of HAp. The bands observed in the
experiment are in agreement with the reported values of HAp.

Fig. 2(b and c) show FTIR patterns of HAp prepared with surfac-
tants, and their frequency assignments are provided in Table 2. The
FTIR spectra of HAp prepared with surfactants PEG and CTAB showed
similar profiles to those of pure HAp samples. Some additional low
intensity peaks were observed at 2850 and 2921 cm ™! for HAp-PEG,
and 2845 and 2928 cm ™! for HAp-CTAB, which, according to the v (C-
H) stretching vibration bands, were attributed to residual surfactants
(PEG/CTAB), showing that the organic surfactant had not been thor-
oughly washed away and remained in the obtained HAp samples
[43,44]. Fig. 2(d) shows the FTIR pattern of HAp prepared with 50 ml
CE. The presence of all functional groups in HAp NPs prepared without
and with surfactants (PEG and CTAB) was also confirmed in CE-assisted
HAp, but a slight decrease in intensity was observed.

From the FTIR spectra, it was concluded that all functional groups of
HAp NPs were observed without any additional absorption bands, and
the observed band assignments indicate that the synthesized samples
were high-quality HAp nanopowders. The FTIR spectra confirm the
formation of HAp, and the results were supported by XRD analysis.

3.3. Raman spectroscopy

Raman spectroscopic analysis was used to verify the presence of the
pure HAp phase as this method is more sensitive to the existence of
secondary phases than X-ray powder diffraction. Raman spectra were
recorded in the region 400-1500 cm ™! at room temperature for all
samples. The Raman spectra of all samples were approximately iden-
tical. The HAp NPs prepared without surfactant, with PEG, with CTAB
surfactants, and with CE added via sol-gel synthesis are presented in
Fig. 3(a—d). The Raman band positions and their frequency assignments
are presented in Table 3.

Fig. 3 (a) shows the Raman spectrum of HAp NPs prepared without

Journal of Drug Delivery Science and Technology 57 (2020) 101752
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Fig. 7. KM plot for HAp NPs calcined at 500 °C. (a) HAp-Pure, (b) HAp-PEG, (c) HAp-CTAB, and (d) HAp-CE.

surfactant. The vibrational bands observed in the Raman spectrum of
HAp NPs without surfactant were attributed to the stretching and
bending modes of the phosphate group. The most prominent mode at
961 cm ™! was assigned to the symmetric stretching mode of PO,>~
(v1), which is the characteristic peak of HAp. A low intensity band at
430 cm ™! could be assigned to the symmetric bending mode of PO4>~
(v2). The other expected band near 590 cm™! was observed at
591 cm ™!, which corresponds to the asymmetric bending mode of
PO,*~ (vo). The two bands observed at 1048 and 1077 cm™' were
caused by the asymmetric stretching mode of PO,>~ (v3), which ap-
peared with weak intensity in the Raman spectra of HAp [45].

Fig. 3(b) shows the Raman spectrum of HAp prepared with PEG
surfactant and shows the similar major peaks of pure HAp. However, in
Fig. 3(b) the two bands observed at 1048 and 1076 cm ™! in pure HAp
lowered to 1045 and 1074 cm ™! for HAp-PEG. The Raman spectrum of
HAp prepared with CTAB surfactant is depicted in Fig. 3(c). A decrease
in the sharpness of the peaks was observed in CTAB-assisted HAp. The
characteristic peak of HAp was observed at 961 cm ™!, which was ob-
tained in other HAp samples. Fig. 3(d) shows the Raman spectra of HAp
prepared with 50 ml CE. The similar major peaks of pure HAp and their
frequency assignments are also presented in Table 3. Like HAp-CTAB, a
decrease in the sharpness of the peaks can also be observed. The two
bands observed at 1048 and 1076 cm ™! in pure HAp shifted to 1042
and 1092 cm ™. The structural properties observed in Raman analysis
were in strong agreement with the information derived from XRD and
FTIR studies, which confirms the synthesis of crystalline HAp.

3.4. Energy dispersive X-ray analysis (EDAX)

EDAX spectra were utilized for the quantitative elemental analysis
of HAp NPs. Fig. 4(a—-d) depicts the typical EDAX spectra, the elemental
composition of HAp is provided as an inset figure, and the composi-
tional ratios are provided in Table 4. The EDAX spectra indicate the
presence of Ca, P, and O with a stoichiometric ratio that confirms the
formation of HAp NPs. The EDAX spectra illustrate that the samples are
consistent with their elemental compounds, and stoichiometry is as
expected. They also confirm the presence of calcium (Ca), phosphorus
(P), and oxygen (O) signals of HAp NPs. No other signal of a secondary
phase or impurity was detected in the EDAX spectra. This implies that
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Fig. 8. Photoluminescence spectra for HAp NPs with an excitation wavelength of 320 nm (a) HAp-Pure, (b) HAp-PEG, (c) HAp-CTAB, and (d) HAp-CE.

the prepared HAp NPs are pure in nature. The obtained elemental
composition was in strong agreement with the expected values.

Fig. 4 (a) shows the calcium peak at 3.7 keV (Ca ka), revealing that
Ca is the main element in HAp. It was observed that the Ca peak was
between 0.3 and 0.4 keV (Ca ka), the peak at 2.01 keV (P ka) corre-
sponded to a P peak, and the O peak was observed at 0.5 keV (O ka).
The HAp nanopowders have Ca, O, and P in the top portion of the
sample with a ratio of 24.85:63.24:11.91%, respectively, for the HAp-
pure sample. EDX analysis revealed the main elements of HAp as Ca, O,
and P. The quantitative evaluation of all elemental compositions of the
powdered sample is shown in Table 4, and was almost equal to the
stoichiometric ratio of HAp, proving the stability of the HAp sample. In
the present study, H was not present in the EDAX spectra because
elements that possesses an atomic number of less than five cannot be
detected due to the limitations of the instrument [46].

3.5. FE-SEM analysis

The FE-SEM micrographs revealed the morphology and size dis-
tribution of the NPs. The nanometric dimension of the particles was
confirmed through an FE-SEM micrograph. Supplementary Figs. 1(a—d)
shows the micrographs of HAp prepared with and without surfactant.
The FE-SEM images of HAp prepared without surfactant are shown in

Supplementary Fig. 1(a). The images show cylindrical- or nanorod-
shaped particles, and the lengths of the nanorods were approximately
60-70 nm with an average diameter of approximately 30 nm. The FE-
SEM images of PEG, CTAB, and CE assisting HAp shown in
Supplementary Figs. 1(b-d) also exhibited rod-like structures with
dense and agglomerated particles. From the FE-SEM analysis, it is evi-
dent that the surfactant modifies the morphology of HAp.

All FE-SEM micrographs revealed the rod-like morphology of the
particles to be highly agglomerated. However, in the CTAB surfactant-
assisted sample, HAp nanorods with good dispersibility were observed.
All FE-SEM micrographs of HAp NPs exhibited similar agglomeration
patterns that consisted of fine crystallites and small sizes, which re-
vealed that the crystal size distribution of bone plays an important role
in the remediation of bone fractures [47]. The mean diameters of
particles observed in FE-SEM micrographs were below 40 nm for pure
HAp, PEG, CTAB, and CE-assisted HAp.

3.6. TEM

A more detailed structural analysis of pure HAp was performed via
TEM analysis. The global view of pure HAp NPs without surfactant at
different magnifications is depicted in Fig. 5(a-f). TEM analysis pro-
vided further insight into the morphology and size of pure HAp. It
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Shigella flexneri Escherichia coli

Fig. 9. Antibacterial activity of HAp NPs treated against selected bacteria (a) HAp-Pure, (b) HAp-PEG, (c) HAp-CTAB, and (d) HAp-CE.
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Fig. 10. Antibacterial activity of the HAp NPs treated against bacterial pathogens.

showed a cylindrical rod-like shapes with homogenous microstructures
of approximately 40 nm in diameter. Distinct diffraction rings were
observed in SAED that correspond to the hexagonal phase of HAp. The
intensity of the diffraction rings indicated that the HAp NPs have good
crystallinity and a narrow size distribution. The crystalline nature of
HAp was evidenced by the SAED pattern with bright circular rings
corresponding to the prominent diffraction peaks of hexagonal HAp.

3.7. UV-DRS analysis

The optical properties of HAp NPs were investigated via UV-DRS
spectroscopy. The absorbance, reflectance spectra, and band gap energy
calculated for the HAp NPs prepared with and without surfactant are
provided in Fig. 6. The absorbance spectra of the HAp samples prepared
without surfactant and with (PEG/CTAB) surfactants and CE were re-
corded in the range of 300-800 nm at room temperature. Fig. 6 re-
presents the UV-DRS spectra for HAp NPs showing strong absorption
near the low wavelength (UV) region at 350-400 nm, which can be
related to the band gap absorption. When compared with pure HAp,
CTAB surfactant and CE-assisted HAp show the optical absorption peaks
with maximum intensity at around 390 nm, which may be due to ab-
sorption in the band gap region.

The optical band gap (Eg) of the HAp NPs was calculated from the
KM plot and is shown in Fig. 7. The band gap energy of the samples was
measured via the extrapolation of the linear portion of the graph be-
tween the modified Kubelka-Munk function [F(R) hv]? versus photon
energy (hv). The band values of HAp-pure, HAp-PEG, HAp-CTAB, and
HAp-extract were identified as 4, 3.9, 4.5, and 5.5 eV, respectively. The
band gap estimated for these samples was slightly lower than the bulk
HAp sample (5.5 eV). The band gap of HAp-CTAB and HAp-extract was
higher than that of HAp-pure and HAp-PEG, due to the lower crystallite
size.

An increase in the optical band gap was observed in HAp-CTAB, and
HAp-extract compared to HAp-pure because the surfactant CTAB, and
CE could induce the formation of intermediate surface defect states in
the band gap region. The increase in the absorption peak intensity and
optical band gap values for HAp-CTAB, and HAp-extract compared to
HAp-pure were assigned to the reduced crystallite size of the samples.
The band gap value obtained in CE-assisted HAp was approximately
5.5 eV, which is in strong agreement with the reported value of HAp
with Moringa oleifera flower extract. The reported band gap of HAp
calculated wusing density functional theory was approximately
5.23-5.40 eV, and experimental band gap values have been reported
from 3.45 to 5.78 eV [48].
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3.8. Photoluminescence study

The photoluminescence spectra of synthesized HAp NPs were re-
corded at room temperature, employing an excitation wavelength of
320 nm for all HAp samples. The HAp samples prepared without sur-
factant and with PEG, CTAB surfactants, and CE added via sol-gel
synthesis and calcined at 500 °C are presented in Fig. 8(a—d). The PL
emission peaks for HAp ranged from the shorter wavelength of 350 nm
to the longer wavelength of 550 nm. The emission peaks at 360, 376,
410, 494, 520, and 545 nm were observed for the samples HAp-pure,
HAp-PEG, and HAp-CTAB. Similar emission peaks were present for
HAp-extract and one more peak was emitted at 505 nm. The PL emis-
sion had four strong and sharp emission bands. A UV emission band at
around 360 nm and a blue emission band at around 410 nm were ob-
served. The intense blue emission peaks at around 494 and 520 nm in
the visible region were caused by surface defects. The intensity of the
emission peak was increased significantly with the addition of CE,
which is evident from the bandgap variation obtained in UV-DRS.

3.9. Antibacterial activity of HAp nanorods

The antibacterial activity of the synthesized HAp NPs against five
bacterial pathogens was determined via the well diffusion method using
sterilized MHA media. The test samples were placed in the wells and the
plates were incubated at 37 °C for 24 h. The zone of inhibition was
measured in millimeters and each antibacterial assay was performed in
triplicate, and the mean values were reported.

The novel properties of HAp NPs further encouraged the study of
their biological activities. All synthesized compounds were analyzed in
vitro for their antibacterial activity via the well diffusion assay method.
The microbial restriction efficacy of all synthesized HAp samples was
evaluated against the human pathogenic bacteria Shigella flexneri,
Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumonia, and
Staphylococcus aureus based on their toxicity. Among the five most
common infection-causing microbes, E. coli, P. aeruginosa, K. pneu-
monia, and S. flexneri are Gram-negative bacteria and S. aureus is a
Gram-positive bacterium.

The zone of inhibition is the area in which the bacterial growth is
blocked due to the bacteriostatic effect of the sample, and it indicates
the inhibitory effect of the sample toward a particular microorganism.
The zone of inhibition for all bacterial strains was measured and de-
picted in Figs. 9 and 10. The sizes of the zone of growth inhibition are
presented in Supplementary Table 1. All the samples showed maximum
activity at a concentration of 50 pg.
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Fig. 11. Antifungal activity of the HAp NPs treated against selected fungi. (a) HAp-Pure, (b) HAp-PEG, (c) HAp-CTAB, and (d) HAp-CE.

The antibacterial activity of HAp without surfactant tested against
S. flexneri showed a maximum resistance to Amickacin with a 21 mm
zone of inhibition. The CE-assisted HAp (H4) NPs exhibited a maximum
zone of inhibition of approximately 19 mm against the S. flexneri pa-
thogen. HAp NPs synthesized with the surfactants PEG and CTAB (H2,
H3) showed significant growth inhibitory effects compared to those of
HAp without surfactant (H1). The results confirmed that the green
synthesized HAp (curcumin) had good antibacterial activity against the
bacterial pathogen S. flexneri.

The zones of inhibition for E. coli were 9, 11, 23, and 17 mm,
whereas for P. aeruginosa were 10, 12, 26, and 16 mm, and for K.
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pneumonia were 13, 17, 18, and 14 mm for H1, H2, H3, and H4 samples,
respectively. For bacterial pathogens, such as E. coli, P. aeruginosa, and
K. pneumonia, HAp with CTAB (H3) showed profound bacterial growth
inhibitory effects. The bacterial strain S. aureus, a Gram-positive bac-
terium used for testing the antibacterial activity, showed zones of in-
hibition of 3, 2, 20, and 4 mm for H1, H2, H3, and H4 samples, re-
spectively. HAp with CTAB (H3) acted as a potent antibacterial agent
against the Gram-positive bacterium S. aureus, whereas the other three
samples, H1, H2, and H4, showed low inhibitory potential. An inter-
esting result was obtained wherein the highest antibacterial activity
was identified against S. aureus for HAp with CTAB surfactant, which is
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Fig. 13. Antioxidant activity of HAp NPs calcined at 500 °C.

comparable with the standard antibiotic amikacin. HAp NPs exhibited
significant antibacterial activity when the particle size was reduced to a
nanoscale. Nanosized HAp can interact with the bacterial surface or
core where it enters the cell and subsequently exhibits distinct bacter-
icidal mechanisms.

The maximum zone of inhibition was observed in CTAB-assisted
HAp NPs against all tested pathogens except S. flexneri. The anti-
bacterial activity of HAp NPs depended on the size, morphology, and
specific surface area. Smaller particles have stronger bactericidal effects
than larger particles due to their larger surface areas for interaction. In
the present study, CTAB-assisted HAp showed superior antibacterial
activity compared to the other samples as it possesses a smaller crys-
tallite size (24.41 nm). Therefore, stronger zones of inhibition were
observed in this study compared to other reported values for HAp. HAp
NPs exhibited excellent antibacterial activity, thus, may have greater
potential applications in the biomedical field.

13

3.10. Antifungal activity of HAp nanorods

The antifungal activity of the synthesized HAp NPs was determined
via the well diffusion method using sterilized PDA media. The samples
were placed in the wells, the plates were incubated at 37 °C for 94 h,
and the zones of inhibition were measured in millimeters. Each anti-
fungal assay was performed in triplicate and the mean values were
reported.

The antifungal activity of synthesized HAp NPs exhibited zones of
inhibition against fungal pathogens, such as Odium caricae, Aspergillus
niger, and Aspergillus flavus. The zones of inhibition exhibited by all
fungal strains are shown in Figs. 11 and 12. The sizes of the zones are
listed in Supplementary Table 2. The obtained antifungal activity data
have been compared to a standard. The standard antibiotic clotrimazole
revealed high antifungal activity against all tested species, whereas the
four samples (H1, H2, H3, and H4) analyzed for antifungal activity
showed moderate and least activity at concentrations of 20, 30, and
40 pg and greater antifungal activity at 50 pg.

The antifungal activity of H1, H2, H3, and H4 samples against O.
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Fig. 14. Anticancer activity of HAp NPs calcined at 500 °C. (a) HAp-Pure, (b) HAp-PEG, (c) HAp-CTAB, and (d) HAp-CE.

caricae was revealed by the zones of inhibition at 11, 9, 18, and 17 mm,
respectively. Among the four samples, HAp with CTAB (H3) showed
maximum antifungal activity, whereas HAp with CE had a moderate
zone of inhibition. HAp without surfactant (H1) and with PEG (H2)
exhibited minimum zones of inhibition. H1, H2, H3, and H4 samples
exhibited zones of inhibition of 9, 19, 21, and 17 mm, respectively, for
A. niger. HAp NPs synthesized with surfactants PEG, CTAB, and CE (H2,
H3, and H4) showed significant inhibitory effects compared to HAp
without surfactant (H1). A previous study [48] utilizing extract-medi-
ated HAp showed a zone of inhibition of 10 mm against A. niger,
whereas the present study revealed a much higher zone of inhibition of
17 mm for curcumin-mediated HAp.

The zones of inhibition against A. flavus were 2, 5, 23, and 3 mm for
H1, H2, H3, and H4, respectively. HAp with CTAB (H3) showed a
profound antifungal growth inhibitory effect against the A. flavus fungal
pathogen. An interesting result was obtained in the present study
wherein the highest antifungal activity was identified against A. flavus
for HAp with CTAB surfactant, compared to the standard antibiotic
clotrimazole. From the results, it was observed that the antifungal ac-
tivity of HAp with CTAB (H3) sample was near to the standard anti-
fungal agent ketokonazole. The antifungal activity suggested that the
HAp NPs possessed enhanced antifungal activities.

3.11. Antioxidant activity of HAp nanorods

The human body possesses enzymatic and non-enzymatic anti-
oxidant protections that block the harmful effects of free radicals and
other oxidants. Numerous diseases, such as cancer, neural disorders,
and cardiovascular diseases, occur due to the creation of free radicals in

body tissues. The vital role of antioxidants is the refining of quality of
life by inhibiting the formation of free radicals in the body. DPPH assay
can predict antioxidant activity by analyzing the scavenging capability
of HAp NPs.

Antioxidant properties were analyzed using DPPH, which showed
an increase in free radical scavenging activity of HAp NPs. All HAp
samples were treated with different concentrations; 100, 200, 300, and
400 pg/ml. The free radical scavenging efficiency of all samples tended
to increase with an increase in concentration, as shown in
Supplementary Table 3 (Fig. 13).

When standard Rutin exhibited only 60% scavenging activity at all
tested concentrations (100-400 pg/ml), the CE-assisted HAp in all
concentrations showed the highest scavenging efficiency. Therefore, it
was concluded that the HAp NPs with CE possessing effective anti-
oxidant activity can protect the human body against harmful diseases.

3.12. Cytotoxic activity of HAp nanorods against HeLa cell lines

The cytotoxic effects of HAp without surfactant, with surfactants
(PEG and CTAB), and CE-assisted HAp were evaluated on the cultured
HelLa cell line using an MTT assay, and anticancer images are provided
in Fig. 14. HAp NP concentrations influenced the viability of the cells
and are presented in Supplementary Table 4. The MTT assay was per-
formed to determine the appropriate dosage by testing various HAp
concentrations.

All HAp samples displayed excellent cytotoxicity against HeLa cell
lines. The cytotoxic effects of HAp NPs depend on the size of the NPs
and the nature of the cell type. Cell viability was identified as 17.24%
for the higher concentration 100 pg/ml of HAp without surfactant, and
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42.52%, 55.17%, 65.51%, and 90.80%, respectively, for 50, 25, 12.5,
and 6.25 pg/ml HAp. A minimum of 100 pg/ml of HAp NPs was suf-
ficient to cause 30% cell mortality.

HAp with the surfactant PEG showed cell viability of 29.78%,
52.68%, 70.96%, 82.79%, and 88.17%, respectively, for 100, 50, 25,
12.5, and 6.25 pg/ml concentrations. HAp with CTAB and CE-assisted
HAp showed similar effects on cell viability against HeLa cell lines. The
half maximal inhibitory concentration (ICsy) was determined as the
concentration needed for inhibiting the growth of tumour cells in cul-
ture by 50% compared to the untreated cells. From the MTT assay, it
was found that all prepared HAp samples (H1, H2, H3, and H4) showed
cytotoxic activity against the HeLa cell lines with ICsq values of 92.735,
75.114, 97.582, and 77.912 pg/ml, respectively.

HAp NPs hold two different binding sites on the crystal surface; a Ca
(Ca%*) site for binding the acidic groups and P (PO437) site for at-
taching to the basic groups of biomolecules. The negatively charged
groups on the surfaces of cancer cells generate more negative charge
compared to on normal cells, which are derived from sialic acid re-
sidues. HAp NPs showed a high adsorption capacity for sialic acid and
could attach to the RBC membrane. HAp NPs are expected to have the
highest adhering capacity to cancer cells than normal cells on the basis
of electrostatic interactions between the negatively charged sites on the
cell membranes and the positively binding sites on the HAp surface.
Further HAp NPs penetrate into the cells through endocytosis.

4. Conclusion

The present study concludes that pure HAp, surfactant-assisted
HAp, and CE-mediated HAp nanorods are rapidly synthesized. The as-
prepared HAp NPs were non-toxic and ecofriendly with an average
crystallite size of 40 nm exhibiting rod-like structures, which was
confirmed by FE-SEM and TEM micrographs. The XRD analysis re-
vealed that all HAp nanorods possessed hexagonal structures with the
space group P6s/m. All the functional groups present in HAp NPs were
confirmed by FTIR and Raman analysis, and the observed band as-
signments indicated that the synthesized samples were high quality
HAp nanopowders. No other signals of secondary phases or impurity
were detected in the EDAX spectra. HAp NPs exhibited excellent anti-
bacterial activity, thus, greater potential applications in the biomedical
field, and were found to possess enhanced antifungal activities. CE-as-
sisted HAp in all concentrations showed the highest scavenging effi-
ciency. Therefore, it is concluded that the HAp NPs with CE possess
effective antioxidant activities that can protect the human body against
various harmful diseases. All HAp samples displayed excellent cyto-
toxicity against the HeLa cell lines. The synthesized HAp nanoparticles
possessed excellent antibacterial, antifungal, antioxidant, and antic-
ancer activities. The outcomes of this study illustrate that curcumin-
encased HAp nanorods play a vital role in the biomedical field.
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