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Abstract Nanotechnology and biomedical sciences open the door to a wide range of biological

research topics and medical applications at the molecular and cellular levels. Biosynthesis

of nanoparticles has been proposed as a cost-effective and environmentally friendly alternative to

chemical and physical methods. Plant-mediated synthesis of nanoparticles is a green chemistry

approach that connects nanotechnology with plants. Novel methods of ideally synthesizing NPs

are thus proposed that are formed at ambient temperatures, neutral pH, low costs and in an envi-

ronmentally friendly fashion. The goal of the current study is to examine the cytotoxic activity of

hydroxyapatite nanoparticles in various kinds of human cancer cells and potential mechanisms at

play. Hydroxyapatite nanoparticles were created by the sol–gel method using lemon extract as a

capping and reducing agent to achieve environmentally friendly synthesis. The synthesized

nanoparticles were characterized by XRD, SEM, FTIR, TGA, VSM and HRTEM. They were

tested for cytotoxicity against T98 and SH-SY5Y, two human cancer cell lines. The synthesized

nanostructures significantly caused in vitro cell death in cancer cells. The results confirmed that syn-

thesized nanoparticles significantly decreased the percentage of cells that survived. Nevertheless, it is

essential to perform more investigations to find out the exact mechanisms involved. Binding energy
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of Hydroxyapatite- SH-S5YS complex and Hydroxyapatite- T98 complex calculated by molecular

docking. However, it is essential to perform more investigations to find the underlying mechanisms.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cancer continues to pose a challenge to clinics because of its complex-

ity and variety, despite its reputation as one of the deadliest diseases

(Torre et al., 2012). The primary therapeutic strategy for cancer treat-

ment at the moment is surgical resection followed by chemotherapy

(Miller et al., 2016), but in many situations, the tumors are hard to

remove all at once, and clinical chemotherapy has serious side effects,

poor therapeutic efficacy, and poor cellular uptake (Chan et al., 2017).

With the development of nanomaterials, chemotherapy has become

more practical and effective (Xu et al., 2016).

Nowadays, inorganic material is one of the most popular choices

for multifunctional drug delivery systems since it has undergone a

lot of study recently, and has produced some impressive outcomes

(Chen et al., 2015). Silica nanoparticles (Zhou et al., 2021), gold

nanoparticles (Huang et al., 2021), and carbon-based compounds

(Liu et al., 2018) are a few sample inorganic materials that have

attracted a lot of attention, and have been the subject of extensive

research. One of the most significant components of bones and teeth,

hydroxyapatite, is an ideal substance for drug delivery due to its suit-

able biodegradability, strong bioactivity, and high biocompatibility

(Sang et al., 2019). Additionally, hydroxyapatite is frequently

employed for bone repair, tooth repair, and tissue engineering since

it has been shown to have a significant impact on tissue healing

(Wahl and Czernuszka, 2006).

Early in the 1970s, a bone marrow biopsy taken from a neuroblas-

toma patient with sympathetic adrenergic ganglial origin led to the cre-

ation of the SH-SY5Y cell line. It is an SK-N-SH cell subline that has

been cloned three times (Kovalevich and Langford, 2013). Since the

early 1980s, this cell line has been frequently employed as a model of

neurons since it possesses many functional, and biochemical character-

istics of neurons. There are three distinct phenotypes of cells in the SK-

N-SH cell line: intermediary (I type), Schwannian (S type), and neu-

ronal (N type). A neuroblast-like cell line called SH-SY5Y is rather

homogenous (N type) (Mateus, 2015). This cell line expresses one or

more neurofilament proteins, as well as the neuronal marker enzymes

tyrosine and dopamine-hydroxylases, selective absorption of nore-

pinephrine (NA), and opioid, muscarinic, and nerve growth factor

receptors (Arbo et al., 2016).

According to the World Health Organization, T98 is a grade IV

glioblastoma (GB), which is an extremely infiltrative, and aggressive

brain tumor (Bellail et al., 2004; Louis et al., 2016). Clinically, the pri-

mary causes of tumor relapse following surgery are GB’s rapid tumor

growth, invasion of the surrounding brain parenchyma, and inter-, and

intra-tumoral heterogeneity (Claes et al., 2007). The most prevalent

and dangerous form of tumor in adults’ central nervous systems

(CNS) is glioblastoma. Due to the recurrence of the disease, surgery

is paired with chemo- and radiation for the treatment of glioblastoma

(Ellor et al., 2014). But, the failure of the treatment is due to the tumor

cells’ resistance to chemotherapic medications (Messaoudi et al., 2015).

The tumor necrosis factor-related apoptosis-inducing ligand (TRAIL),

a member of the tumor necrosis factor (TNF) gene superfamily, inter-

acts with the death receptors DR4, and DR5 to induce apoptosis in

cancer cells (Zhao et al., 2017; Yuan et al., 2018). TRAIL is a popular

chemotherapeutic medication because of its capacity to preferentially

excite cancer cells while sparing healthy ones (Azijli et al., 2013). The

greatest barriers to the therapeutic use of TRAIL, however, are its inef-

fective delivery, low solubility, short half-life, and resistance through a

number of mechanisms in cancer cells (Wang, 2008). Glioma stem cells

are resistant to TRAIL’s ability to cause apoptosis, according to
research by Qi et al (Qi et al., 2011). As a result, for better clinical

applications, new TRAIL sensitizing drugs are needed to increase

TRAIL’s apoptotic action. The development of novel nanomaterials

(NMs) for use in biomedical applications has been made possible by

breakthroughs in nanotechnology. Along with shape, size, and surface

chemistry, NMs exhibit a variety of characteristics that depend on the

type of material they are made of. Their exceptional qualities might

lead to new ways to enhance or create anti-cancer therapeutic methods

(De Wild et al., 2003; Altunbek et al., 2018).

The hydroxylated calcium phosphate-based substance hydroxyap-

atite (HAP), which possesses non-mutagenicity, non-toxicity, high bio-

compatibility, moderate long-term resorbability, and osteoconductive

characteristics, has long been known for these qualities (Xiong et al.,

2016; Kundu et al., 2013). This substance has been widely employed

for bone scaffolds (Venkatesan et al., 2012), scaffold-based medication

delivery systems (Mondal and Pal, 2019; Tao et al., 2021), and even for

eye implants (Laonapakul, 2015) as well as dye removal (Sodhani

et al., 2022; Vinayagam et al., 2022). HAP micro-granules, and micro-

spheres have also been mentioned in several research as an injectable

bone filler for the delivery of strong, long-lasting antibiotics (Geuli

et al., 2017). However, the disadvantages of this material come from

its porous structure and poor mechanical properties (Milovac et al.,

2014). The characteristics, and chemical formula of synthetic hydrox-

yapatite are known to be identical to those of the primary inorganic

component of teeth and, bones (Szcześ et al., 2017). As a result, for

a while now this mineral has been widely used as a biomaterial for den-

tal, and orthopedic applications to replace or repair hard tissues as well

as as a means of medication administration.

For the synthesis of HAP, a variety of methods have been used

recently, including biomimetic deposition, multiple emulsion,

hydrothermal, sol–gel, and electrodeposition (Nosrati et al., 2020;

Bakan et al., 2013; Nosrati et al., 2020). The sol–gel process is favoured

over other options because of its uniform molecular mixing, high pro-

duct purity, low synthesis temperature, and capacity to produce nano-

sized particles. The synthesis of HAP via the sol–gel technique often

results in a fine-grain microstructure made up of a variety of crys-

talline, nano- to submicron-sized particles. According to reports, these

crystals are particularly effective in enhancing the stability, and contact

at the artificial/natural bone interface seen in in vitro, and in vivo con-

ditions. The precise molar ratio of 1: 1.67 between P, and Ca in the fin-

ished product is necessary for the synthesis of HAP using the sol–gel

technique. Additionally, several alternative phosphorus, and calcium

precursors are employed in the literature-reported sol–gel procedures

for the synthesis of HAP. Also, a number of variables, including the

crystal size and shape, impurity levels, precursor reagents, synthesis

process, concentration and mixing order of reagents, temperature,

and pH, affect the bioactivity of Ca-P based materials. The application

determines which synthesis technique should be used.

Chemical synthesis techniques result in the existence of some haz-

ardous compounds that are adsorbed on surfaces, and might have neg-

ative consequences in medical applications. There are several

advantages of eco-friendliness, and compatibility for pharmaceutical,

and biological applications offered by the processes used to manufac-

ture HAP particles utilizing ecologically mediated substances like plant

extract. Furthermore, green template Synthesis (Parvathy et al., 2022;

Subbaiya et al., 2017) seems to be superior to the chemical, and phys-

ical approaches since it is affordable, environmentally friendly, readily

scaled up for large-scale synthesis, and does not require the use of

harmful chemicals, high pressure, temperature, or energy.There are

some papers that studied the anticancer effect of HA NPs on cancerous

http://creativecommons.org/licenses/by-nc-nd/4.0/
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cell lines.Ghate et al. synthesized the HAPnps by the leaf extract of A.

falcata and the anti-cancerous effect of the synthesized HAPnps was

studied on the viability of cancerous mammalian breast cell and lung

cell lines (Ghate et al., 2022). In this study, a based sol–gel technique

for the synthesis of pure nano-HAP was established utilizing NH4H2-

PO4, and Ca(NO3)2�.4H2O as phosphorus (P), and calcium (Ca) pre-

cursors. As a result, the current study uses the green chelating agent

as a template for the synthesis of HAP powders by employing plant

extracts as chelating agents. This includes the extract of lemon. This

work is the first to report on the green production of hydroxyapatite

nanoparticles in the presence of lemon extract. The sol–gel auto com-

bustion process was used to create the nanoparticles. The purity, size,

and shape of the nanoparticles were examined. The antitumor activity

of the created nanostructures was tested on cancer cell lines (T98 and

SHSY5Y). Molecular docking has been done for calculating the bind-

ing energy and van der Waals as well as the electrostatic surface of

Hydroxyapatite- SH-S5YS complex and Hydroxyapatite- T98

complex.

2. Materials and methods

2.1. Materials

Nano-HAP was created using a relatively straightforward pro-

cedure. The experimental process utilized to produce the nano-
HAP is described in the flow chart provided in Scheme.1. NH4-
H2PO4, and Ca(NO3)2�4H2O were employed as the initial P,

and Ca precursors in the synthesis. The solution’s pH was
adjusted with ethylenediamine (en). The following synthesis
reaction was performed:

6NH4H2PO4 sð Þ þ 10Ca NO3ð Þ2:4H2O sð Þ þ 14NHþ
4 aqð Þ

þ14OH� aqð Þ ! 20NHþ
4 aqð Þ þ Ca10 PO4ð Þ6 OHð Þ2

sð Þ þ 20NO�
3 aqð Þ þ 5H2O

ð1Þ
Scheme 1 The formation process of the hydroxyapatite NPs powde

combustion agent.
2.2. Preparation of extract

Lemons were pressed to extract juice which was later strained
through a fine-pore nylon mesh. The juice obtained was cen-
trifuged at 10,000 rpm for 10 min to remove any undesired

impurities. Further experiments will be conducted using this
juice.

2.3. Synthesis of HAP nanocrystals

Typically, a reaction between an ammonium hydrogen phos-
phate solution and a calcium-ligand solution produces HAP
nanocrystals. Ca/P, and Ca/ligand had molar ratios of 1.67,

and 1.0, respectively. In order to create hydroxyapatite NPs
using the sol–gel method, first 0.57 g (1.0 M) of NH4H2PO4,
and 1.97 g (1.67 M) of Ca (NO3)2�.4H2O (Ca/P = 1.67) were

first dissolved separately in a certain volume of distilled water.
After 10 min of complete dissolution at room temperature on a
magnetic stirrer, a natural reducing and capping agent (lemon

extract) was slowly added. Lemon extract was used as a biolog-
ical source of citric acid that acts both as a reducing agent to
favor the hydrolysis of the precursor molecules and as a cap-
ping agent that hinders the surface chemical reactivity of the

nanoparticles via the formation of strong coordination
between citrate ions and the Hap ions so that the aggregation
of the resulting nanoparticles could be reduced (Navaneethan

et al., 2017). After that, ethylene diamine was added dropwise
to the aforementioned solution to change the pH value to 9.
The resultant mixture was heated for 30 min at 50 �C, then
the temperature was raised to 120 �C until a viscous gel was
obtained. This was then transferred to an oven for 12 h at
80 �C. Through calcination at 700 �C for 4 h, a white hydrox-
yapatite powder was obtained.2.4. Sample characterization.
rs by sol–gel auto-combustion method using the lemon extract as



Fig. 1 XRD patterns of the HAP NPs provided in the presence

of lemon extract at various calcination temperatures: (a) 600 �C,
(b) 700 �C, and (c) 800 �C for 4 h.
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On a Shimadzu IR-460 spectrometer, KBr pellets’ Fourier
transform infrared (FT-IR) spectra were recorded between
400 and 4000 cm�1. A diffractometer from the Philips Com-

pany was used to capture powder X-ray diffraction (XRD)
patterns using X’Pert Pro monochromatized Cu Ka radiation
(k = 1.54 Å). Scanning electron microscopy, also known as

Field Emission SEM (FE-SEM) (Mira3 Tescan), is employed
to evaluate the particle size of pure nano-HAP. Also, the sput-
ter coating procedure involves covering the samples with an

incredibly thin layer of gold prior to SEM examination. The
Philips XL30 microscope was used to study the analysis of
EDS (Energy Dispersive Spectrometry). Transient electron
microscopy (TEM) and a HRTEM operating (HT-7700) were

utilized to measure the particle size and morphology of nano-
HAP samples. To prepare the grid for TEM examination, a
tiny amount of material was first sonicated for 20 min to make

it evenly disseminated in 20 mL of ethanol. Vibrating sample
magnetometers (VSMs) were used to measure magnetic char-
acteristics (Meghnatis, Daghigh Kavir Co.; Kashan Kavir;

Iran). Using an automated gas adsorption analyzer, N2
adsorption/desorption analysis (BET) was carried out at
196 �C (Tristar 3000, Micromeritics).

2.4. Cell viability

MTT dye reduction, in which MTT was lowered by active
mitochondria in live cells, was used to indirectly calculate the

proportion of viable cells. The MTT test was carried out using
the modified procedure described by Sladowski et al.
(Sladowski et al., 1993). Briefly, in 96-well Iwaki plates,

2 � 102 cells were incubated for 2 h at 37 �C, and 5 % CO2

with 1 mg/mL of MTT in DMEM. The decreased MTT for-
mazan crystals were dissolved in 250 mL of DMSO after three

rounds of washing with 0.2 M phosphate buffer saline (PBS) at
pH 7.4. After that, an enzyme-linked immunosorbent assay
(ELISA) reader (Pharmacia Biotech, Stockholm, Sweden)

measured the optic density (OD) at 570 nm.

2.5. Statistical analysis

Software fromthe statisticalpackage for social science (SPSS) ver-

sion 16 was used for data analysis (IBM, Armonk, NY, USA).
The information was shown as mean standard error of the mean
(SEM).T-Student’s test with a 95% confidence level was used to

assess the significance between the treatment and control groups.
P-values of 0.05 or less were regarded as significant.

2.6. Molecular docking

We have applied the MOE software to calculate binding energy,
van der Waals, and electrostatic map surfaces of

Hydroxyapatite-SH-S5YS complex and Hydroxyapatite-T98
complex. For receptor preparation and preprocessing, T98 and
SH-S5YS structures were downloaded from PDB bank data.
Crystal Maker software was used to create the hydroxyapatite.
3. Results and discussion

3.1. X-ray analysis

Using a Cu Ka X-ray diffractometer crystallinity, phase com-
position, and the purity of the HAP powders as produced were

identified. The X-ray patterns of hexagonal hydroxyapatite
nanoparticles made with lemon extract at various temperatures
are shown in Fig. 1, and the XRD patterns of the nanoparticles

produced at 700 �C for 4 h are shown in Fig. 2. Peaks associ-
ated with plates with (100), (111), (002), (211), (112), (300),
(202), (222), and (213) which are in agreement with XRD
results (JCPDS file no. 00–024–0033). The existence of sharp

peaks can be attributed to the hexagonal phase hydroxyapatite
with the space group of P63/m and cell constants a = b = 9.
4240 Å, and c = 6.8790 Å.Scherer equation D = Kk / bcosh
(K is the required shape factor, k is the wavelength of the X-
ray source employed to XRD, h is the Bragg angle, and b is
line broadening at half the maximum intensity) was used to

estimate the average size of the crystals in the sample
(Salavati-Niasari et al., 2009). The sample’s estimated domain



Fig. 2 XRD patterns of the HAP NPs provided at calcination temperatures 700 �C for 4 h.

Fig. 3 The FTIR spectrum of hydroxyapatite NPs prepared in presence of lemon extract at 700 �C for 4 h.

Fig. 4 SEM images of hydroxyapatite NPs prepared in presence

of lemon extract at 700 �C for 4 h.

Green sol–gel synthesis of hydroxyapatite nanoparticles 5
size is 27 nm. The separation of peaks is appropriate, which
indicates that the crystal structure is single-phase and there

are no impurities in the sample.

3.2. FTIR spectra analysis

The FT-IR spectra of the sample are shown in Fig. 3 along
with the assignments of the observed vibrational frequencies
of the nano-HAP produced using lemon extract. Without
any trace of contaminants, all of the peaks seen in the FT-

IR spectrum are attributable to the characteristic peaks of
HAP. To explain them, the t1 phosphate mode, which is seen
at 605 cm�1, 568 cm�1, and 1045 cm�1, is ascribed to the triply



Fig. 5 EDS patterns of hydroxyapatite NPs prepared in pres-

ence of lemon extract at 700 �C for 4 h.

Fig. 8 In vitro cell viability assay, Cell viability of T98 cell lines

incubated with hydroxyapatite NPs at different concentrations for

(a) 24 h, and (b) 48 h (SD ± 2 %).
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degenerate asymmetric PAO stretching peak, the phosphate

group’s t4, t3 mode, and the triply degenerate asymmetric
PAO stretching peak, respectively. The phosphate’s t2 vibra-
tional mode is observed at 472 cm-1.

Additionally, at the peak locations of 3500 cm�1, the vibra-
tion modes of hydroxyl bending and stretching are seen. The
hydroxyl peak is regarded as the HAP confirmative peak. Lat-
tice water adsorption was also discovered at 1633 cm�1, and

3435 cm�1 in the bending, and stretching modes. Additionally,
the very sensitive FTIR data show no CAH stretching vibra-
Fig. 6 TEM images of hydroxyapatite NPs prepared in presence of lemon extract at 700 �C for 4 h.

Fig. 7 TGA spectrum of hydroxyapatite NPs prepared in the presence of lemon extract, and calcined temperature of 700� C for 4 h.
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tional peaks, indicating the purity of the HAP sample and the
absence of any organic groups (Bakan et al., 2013).

3.3. Morphology and microstructure analysis using FE-SEM

In Fig. 4, the FE-SEM method was used to demonstrate the
grain size and shape of the green synthetic hydroxyapatite

nanoparticles in the presence of a natural extract. Images show
the sample in particle form, and the particle structure appears
to be almost regular. The particle size was calculated in the

range of 25–35 nm. The elemental composition of nano-HAP
is revealed by the EDX spectra of the produced powders before
and after heat treatment, which are depicted in Fig. 5. Since no

additional significant elements have been found, clear peaks for
O, P, and Ca were obtained. This research determined the Ca/P
ratio to be around 1.59, demonstrating the purity of HAP.

3.4. Morphology and microstructure analysis using HR-TEM

By using TEM analysis, the surface size, and morphology of the
produced nanoparticles were also examined. In Fig. 6, Two

magnifications of HR-TEM pictures of produced nanoparticles
Fig. 9 In vitro cell viability assay, Cell viability of SH-SY5Y cell lines

(a) 24 h, and (b) 48 h (SD ± 2 %).
are shown. As seen in Fig. 6. Particles between 30 and 40 nm in
size that are substantially spherical are clumped together.

3.5. Thermogravimetric analysis (TGA/DTA)

TGAwas performed in a nitrogen environment between 30 and
1200 �C on a dried sample that had been aged in the air for 48 h.

Several thermal events are shown in Fig. 7. The loss of water
that has been adsorbed in the substance is what causes the first
one, which occurs at 130 �C. The loss of structural water causes
the second one, which occurs at about 280 �C. Two molecules
of calcium monohydrogen phosphate react at 450 �C to create
pyrophosphate, and water in the third event. Since hydroxyap-

atite nanoparticles were created in their purest state, a steady
mass loss compared to its dehydroxylation would be antici-
pated to begin at about 600 �C (Catauro et al., 2019).

3.6. Green synthesis hydroxyapatite NPs cytotoxicity studies

We compared the inhibitory effects of green synthesis hydrox-
yapatite NPs on the cell proliferation of cancer cells using

MTT assay. Fig. 8 indicated in vitro cell viability assay, cell
incubated with hydroxyapatite NPs at different concentrations for



Table 1 Stability energy of compounds.

Compound DG (kcal /mol)

Hydroxyapatite �2.086 � 103

T98 �1.079 � 104

SH-S5YS �7.46 � 103

Hydroxyapatite- T98 complex �1.53 � 104

Hydroxyapatite- SH-S5YS complex �9.62 � 103
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viability of T98 cell lines incubated with green synthesized
hydroxyapatite NPs at different concentrations for (a) 24 h,
and (b) 48 h. Viability was noticeably decreased in cultivated

cells when NPs were present at various doses, suggesting a
dose-dependent effect. According to Fig. 8, the NPs demon-
strated a strong indicator of cytotoxicity impact on cancerous

cell lines. The fact that glioblastoma cells demonstrate rapid
cell division, and a more rapid rate of metabolism, as well as
better NPs internalization, may be the cause of the inhibitory

effects of NPs on this tumour. This increased internalization
results in a higher rate of cell death (Goudarzi et al., 2021).
With the passage of time, the level of toxicity in different con-
centrations increases, but the level of toxicity in different doses

becomes similar to each other. In total, all the NPs showed
similar levels of toxicity to this cell at 24, and 48 h.

Fig. 9 reported the in vitro cell viability assay, cell viability

of SH-SY5Y cell lines incubated with hydroxyapatite NPs at
different concentrations for (a) 24 h, and (b) 48 h. In addition
to the production of reactive oxygen species, the lower cellular

ATP level, and decreased dehydrogenase activity cause dam-
age to the mitochondrial respiratory chain, and other cellular
components, leading to cell death, which is the cause of the

decreased cell viability against NPs. Therefore, rather than
causing a general disruption in cell membrane functions, phy-
togenic NPs’ cytotoxicity is reliant on the kind of cell that exhi-
bits a unique intracellular mechanism for growth suppression.

However, the only factors that determine an NP’s cytotoxicity
Fig. 10 The images of cell viability after 24
are its interaction duration, surface chemistry, size, shape, and
aggregation state (Amiri et al., 2018). Concequuently, the tox-
icity level of all NPs was higher in glioblastoma cells than in

neuroblastoma cells. The duration of treatment is another fac-
tor that affects nano-ability HAP’s to inhibit cell proliferation.
Fig. 10.

Additionally, it was claimed that HAP NPs encourage the
production of p53 and its downstream genes in tumor cells,
which results in apoptosis (programmed cell death) (Sun and

Ding, 2009). According to Tang et al., HAP causes apoptosis
and reduces cell growth in several cancer cells by activating
caspase-3, and �9 (but not caspase-8) (hepatoma cells
[HepG2], cervical adenocarcinoma epithelial cells [HeLa],

and gastric cancer cells [MGC80-3]) (Tang et al., 2014). Also,
the anticancer effects of HAP NPs were studied on human
and 48 h; SH-SY5Y (a, b) and (c,d) T98.



Fig. 12 Electrostatic map of hydroxyapatite nanoparticles.

Green sol–gel synthesis of hydroxyapatite nanoparticles 9
glioma SHG44, and U251 cells both in vivo, and in vitro, in a
different publication (Chu et al., 2012). 48 h after incubation,
HAP NPs at concentrations of 120 mg/L, and 240 mg/L

caused apoptosis. Further, the cellular tumor development
capability was inhibited following the injection of HAP NPs
in vivo in a rat model, and the associated adverse effects of

the chemotherapy agent 1,3-bis(2-chloroethyl)-1-nitrosourea
(BCNU) were greatly reduced if it was given along with
HAP NPs. The anticancer effect of HAP NPs was ascribed

to a decrease in the expression of Bcl-2, Ki-67, SATB1, and
c-Met, protein, caspase-3, and SLC22A18.

Other experimental studies have shown that HAP NPs gen-
erate and contribute to the intracellular buildup of reactive

oxygen species (ROS), which harm the DNA of cancer cells
(Salavati-Niasari, 2006). High concentrations of HAP NPs
can be absorbed by endocytosis in cancer cells in the endoplas-

mic reticulum, inhibiting protein synthesis by lowering the
binding of mRNA to the ribosomes in cells, and stopping
the cell cycle in the G0/G1 phase. It is worth noting that the

addition of certain elements (such as Se) into the structure of
nano-sized HAP may enhance its anticancer effects (Zhou
et al., 2019). Despite the fact that a connection exists between

HAP-NPs’ physico-chemical characteristics, and their anti-
cancer effects, generalizing this link is still a long way off. This
is a result of the variety of factors involved, their interdepen-
dent synergy, and the variation in response between various

cancer cell types.

3.7. Docking analysis

Binding energy; the amount of energy required to separate a
particle from a system of particles or to disperse all the parti-
cles in the system. Binding energy is especially applicable to

subatomic particles in atomic nuclei, to electrons attached to
nuclei in atoms, and to atoms and ions bonded together in
crystals. Binding energy of Hydroxyapatite with T98 and

SH-S5YS Table 1 calculated by Amber10 force field. Data in
Fig. 11 Optimized structure of (a) hydroxyapatite, (b) Hydrox-

yapatite- T98 complex and (c) Hydroxyapatite- SH-S5YS

complex.
Table 1 illustrate the stable structure of each receptor and con-
firm the strong binding between Hydroxyapatite and receptors.
Fig. 11 presents the optimized structure of (a) hydroxyapatite,

(b) hydroxyapatite- T98 complex and (c) hydroxyapatite- SH-
S5YS complex. Van der Waals interactions are at the heart of
chemical physics. EPS-mapped van der Waals surfaces (kcal/-

mol) using a color scale ranging from red (negative EPS)
through white (neutral EPS) to blue (positive EPS). The blue
regions indicate a vulnerable site for nucleophilic attack, and

the red regions are sites for electrophilic attack. Fig. 12, which
displays the electrostatic surface of Hydroxyapaptite, confirms
the repulsion site of this molecule. Figs. 13 and 14, show the
van der Waals surface map of Hydroxyapatite, T98, SH-

S5YS, hydroxyapatite- SH-S5YS complex and
Fig. 13 Vander waals map of (a) hydroxyapatite and (b) vander

waals Surface of T98 (c) vander waals Surface of SH-S5YS.



Fig. 14 (a) Vander waals surface of Hydroxyapatite- SH-S5YS

complex and (b) van der waals surface of Hydroxyapatite- T98

complex.
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hydroxyapatite- T98 complex respectively. According to these

figures, hydroxyapatite has a more negative surface that can
interact with T98 and SH-S5YS receptor molecules.

4. Conclusion

As shown in the present study, lemon extract can be used as a capping

and reducing agent in the production of hydroxyapatite nanoparticles.

The XRD results revealed pure particles with a size of 37 ± 2 nm

which was confirmed through TEM analysis. MTT assays were used

to determine the toxicity of the NPs against T98 and SH-SY5Y cancer

cell lines. Both the human primary glioblastoma and neuroblastoma

cancer cell lines under study were shown to be susceptible to NPs’ abil-

ities to cause cell death. A higher level of toxicity was observed in

glioblastoma cells than in neuroblastoma cells for all NPs. A molecular

docking calculation was conducted for the Hydroxyapatite-SH-S5YS

complex and the Hydroxyapatite-T98 complex to determine their bind-

ing energies. In vivo assessments, pharmacodynamics, and pharma-

cokinetics studies will be necessary to better understand surface

alterations.
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