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ABSTRACT

The development of biomimetic nanomaterials is paying increasing attention to compositional
modeling. Hydroxyapatite is among the essential biomaterials for orthopedic and dental applications
because the mineral component of bone is chemically similar to hydroxyapatite-based biomaterials.
In this study, hydroxyapatite was cationically substituted with neodymium and magnesium via
adopting a wet chemical precipitation technique to produce the analogous inorganic phase of bone and
make their structure therapeutically fight pathogens. The morphological and compositional
characteristics were tested by utilizing FTIR, XRD, and FESEM which revealed the presence of the
HA phase with great compositional purity of the produced nanomaterial and obvious change in
crystallinity, lattice properties, morphology, and particle shape. Along with that, the biological tests
exhibited improvement in antitumor activity and biocompatibility which were examined with depend
on MG63 and WRL68 cell lines, respectively. The presence of neodymium with magnesium in the
HA structure makes it has antibacterial and fungicide activity.
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1.INTRODUCTION
The clinical outcomes demonstrate the need for
improved and innovative biomaterials which is
in direct contact with bodily fluids and human
tissues to satisfy the basic requirements of
orthopedic devices and correctly work over the
long term [1][2][3]. One of the most vital and
exciting areas of research in the field of
materials science for scientific advancement in
the twenty-first century is the development of
innovative bioactive materials with versatility
for orthopedic applications. Artificial orthopedic
alternatives become more significant during the
past few decades as a result of the rise in bone
abnormalities and joint degeneration brought on

by an aging global population [4].

Calcium phosphate compounds, such as
hydroxyapatite (HA), are frequently used as
implants and coating for orthopedic purposes
because of their outstanding biocompatibility,
osteoconductive behavior, and chemical stability
in the living system [5]. It is regarded as a
bioactive material having the formula
Cal0(PO4)6(0OH)2  and  contains  Ca/P
components, improves the bone/implant bonding
capabilities due to the compositional
resemblance to that of the bones, which make up
the majority of the bone's inorganic component,
HA coatings promote the bone ingrowth as well
as improved osseointegration [6].
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Though, Synthetic HA cannot be used to create
load-bearing bulk implants or prostheses that are
mechanically secure due to its weak mechanical
qualities (low fracture toughness, poor tensile
strength). Therefore, the use of HA has been
restricted to fillers and coatings of metallic
biomaterials for the bio-functionalization or
porous scaffolds as bone grafts [7]. HA can be
directly employed in bone tissue [8] or its
characteristics can be modified for later usage by
adding other metallic or nonmetallic dopants [9].
Depending on the dopant's characteristics, the

substitution improves the modified HA's
qualities. Magnesium, silver, cobalt, lithium,
zinc, strontium, cerium, hafnium, and

neodymium are a few examples of these dopants
which can improve the quality and application
range of HA by having distinct beneficial effects
on it [10]. The hexagonal unit cell of
hydroxyapatite contains ten Ca2+ ions, Six
(PO43-) ions, and two (OH-) ions. Ca(l) and
Ca(ll) are two distinct cation sites, where the big
cations can be hosted at the Ca(ll) site, while
small cations and limited amounts of bigger
cations can be hosted at the Ca(l) site [11]. The
solubility of substituted HA is typically enhanced
by replacing certain Ca2+ ions with other cations.
This characteristic could be explained by the
altered crystallinity and crystallite size, as well as
the disruption of the HA lattice caused by lattice
strain brought on by the inclusion of foreign ions
of various sizes, which affects their stability.
Moreover, some of these ions may simply be
adsorbed, at least in part, on the surface of HA
NPs, making them easier to remove from a liquid
immersion [5].

In biomedical applications, rare earth elements
are interesting prospects for biodegradable
devices. The biocompatibility test of calcium
phosphate compounds containing Nd on the
L929 fibroblast cell line showed that cell viability
was higher than 90% with no impact on cell
growth. Presence of Nd in calcium phosphate
compounds can deliver anticancer drugs with
excellent selectivity and enable fluorescence
imaging, which would be a huge development in
cancer therapy [12]. Magnesium is a crucial
element that the human body needs. It is also one
of the elements that can be used as a cationic
replacement for calcium in the HA lattice and are

a substantial trace element in human bones.
Above all else, maintaining the proper Mg to Ca
ratio is crucial for both treating and preventing
osteoporosis. Mg is known to increase cellular
adhesion to the substrate as well as osteoblast-
like cell proliferation, calcification, and
angiogenic activity. Thus, it is essential to add
Mg to synthetic HA for a number of reasons,
including improved bioactivity.

This study aimed to prepare hydroxyapatite
substituted with neodymium and magnesium
through the wet chemical precipitation method
and utilize the new structure to improve the
biological properties such as the antibacterial and
fungicide activity in addition to increasing the
biocompatibility and antitumor activity due to the
presence of substituted elements.

2. MATERIALS AND METHOD

2.1. Sample preparation

Wet chemical precipitation is regarded as a
method of hydroxyapatite production that
requires aqueous solutions to be used wherein Ca
and P ions’ chemical interactions take place at a
regulated pH and temperature. The synthesis is
accomplished by substituting 5% from Ca ions
with neodymium and magnesium. The exact
preparation highly depends on theoretical
calculations to adjust the molar ratio for
substituted HA (Nd-Mg/HA) and make it equal
to the molar ratio of bone (1.67) according to the
following equation:

Ca+ Nd + Mg

P
_0.06346 + 0.00167 + 0.00167

0.03999 =167

The source of nitrate ions contains (0.167M)
from hydrated nitrate salts which included,
calcium nitrate (CaH8N2010), neodymium
nitrate (H12N3NdO15), and magnesium nitrate
(H12MgN2012) which is then mixed (by
dropping) with (0.1M) of a solution containing
phosphorous ions prepared from (NH3)2HPO4
salts and its pH was adjusted to above 10 by using
ammonia.

The chemical reactions take place at controlled
pH and temperature (70°C). After a few hours,
the pH was raised to about 11 gradually and The
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heating was turned off to give the solution
adequate time (one day) to age at room
temperature.

The most frequent reaction is the neutralization
reaction that results in the production of water as
a byproduct which was removed via filtering and
the remaining powder splashed repeatedly
through deionized H20, dried at 100°C for about
8 hours to obtain bioceramic peels as indicated in
Fig. (1). Finally, this peels where sintered at
800°C and it was ground by a hand mortar.

FIG. 1: Peels of neodymium and magnesium
substituted hydroxyapatite.

2.2. Specimens characterization tests

2.2.1. Fourier Transform-Infrared
Spectroscopy (FTIR)

With the use of potassium bromide pellets, FTIR
spectroscopy was performed at a spectral range
from 599.8 cm-1 to 3996.3 cm-1 to identify the
functional groups of Nd-Mg/HA using a (Bruker
Tensor 27 IR, Germany) instrument. The test
sample's whole functional groups are represented
by the FTIR spectra that are acquired using the
transmittance mode.

2.2.2. X-Ray Diffraction (XRD)

Using the Philips X'Pert X-ray PRO (Holland)
with the radiation of CuKa (A=1.5405),
XRD technique was used to confirm the
evolution of substituted HA powder and its
component. In order to identify the HA phase and
substituted elements, the experimental XRD
patterns were compared to those of the X'Pert
HighScore Plus and drawn at 26 from 10° to 80°
with a step of 0.05° point/second.

2.2.3. Field Emission-Scanning Electron
Microscope (FE-SEM) and Energy Dispersive
Spectroscopy (EDS)

In addition to EDS with mapping, which was
utilized to identify the composition of the
produced powder and determine the elemental
distribution, FE-SEM was employed to study the
microstructure of Nd-Mg/HA. Both techniques
were carried out using a Zeiss Sigma 300-HV
(Germany).

2.2.4. Antibacterial activity

The prepared powder was tested using an agar
well diffusion assay for its antibacterial
properties against E. coli, S. mutans, S. aureus,
S. epidermidis, in addition to examining its
behavior against fungi (Candida albicans)
[13][14]. 20mL from Muller-Hinton (MH) agar
added aseptically in sterilized Petri dishes. By a
sterilized wire loop, the microorganism from
their stock cultures were extracted [15]. Cultured
plates containing the test organisms and the
samples stayed in an incubation period overnight
at a temperature of 37°C, then measured the
average diameter of the inhibitory zones [16].

2.2.5. Biocompatibility and antitumor activity
A key characteristic of biocompatible materials is
that they do not have an adverse toxic or
immunological reaction when they are exposed
to the body or bodily fluids, which is regarded as
a crucial property for biomaterial. On the other
side, the biomaterial should be resistant to a
pathogen such as cancer diseases. Both these
properties were investigated by adopting the
normal cell line (WRL68) and cancer cell line
(MG63). These cell lines were cultured in the
laboratory according to the standard conditions
and the results were analyzed statistically by
Graph Pad Prism.

3. RESULTS AND DISCUSSIONS
3.1. Fourier Transform Infrared Spectroscopy
test (FTIR)
Table (1) and Fig. (2) illustrate the FTIR spectra
of the prepared powder, which show the primary
functional groups of HA in addition to other
minor functional groups. The two essential
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functional groups of HA were observed where
the vibrational mode of the hydroxyl (OH)- and
(PO4)3- groups can be recognized at different
bands. The 5% of Ca ions that substituted with
neodymium and magnesium doesn’t affect the
transmittance of (O-P-0) stretching mode and the
band of (PO4)3- group. On the other hand, the
presence of the (HPO4)2- group in the substituted
HA sample indicates calcium deficiency, which

is the feature of substituted HA [17]. Some
carbonate ion vibrations have large and frail
shoulders, indicating the carbonate ions (CO3)2-
presence but only traces inside the substituted
HA structure. However, They may actually
increase the bioactivity of HA since the bone
mineral phase is carbonated, thus not being a
reason for concern [18].

TABLE 1: Chemical groups of the Nd-Mg/HA.

Chemical Wavenumber General information Ref.
groups (cm-1)
OH- 630 Prove the formation of HA as one of the essential Eg
3571 functional groups in hydroxyapatite [20]
963 * Prove formation of HA [21][17]
) * Vibrational mode [18][22]
PO43 1023 vi— 963cm-1 [23][24]
1090 v3— 1023cm-1 [25]
* This group results from some of the PO4 [26]
HPO42- 873 groups that were close to the OH ions [27]
* Distinguishing HA when calcium deficiency
. Ao . .
1416 Arise _fro_m the adsorption of atmospheric [28][25]
CO32- carbon dioxide [23][29]
* The low intensity of CO32- indicates a greater [30]
1456 assay degree
1 HPO,*
N
OH CO”
S
8 T v
OH
g / ;\O 3
x Po43- 4
£
[%2]
c .
©
1S
|_
PO*
1 Nd-Mg/HA
35I00 29IOO 23I00 17I00 11I00

Wavenumber (cm™?)

FIG 2: FTIR spectra of neodymium and magnesium substituted hydroxyapatite.
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3.2. XRD

The XRD pattern of Nd-Mg/HA in Table (2) and
Fig. (3) illustrates the peaks of HA at 26.115°,
28.328°, 32.032°, 34.346°, 40.053°, 42.319°,
44.064°, 46.966°, 49.771°, 53.401°, 64.254°,
71.928°, and 77.256° according to reference code
(00-001-1008). Substituted metals were noticed
in the XRD pattern in addition to hydroxyapatite,
where the peaks 28.328°, 29.154° 32.032°,
34.346°, 35.710°, 42.319°, 44.064°, 48.297°,
49.771°, 60.463°, 64.254°, 71.928°, and 77.256°
matches the Nd reference code (00-039-0914),

(01-089-2922), (01-089-5328), and (01-089-
5330), whereas the peaks 32.032°, 34.346°,
48.297°, and 77.256° were found that belongs to
Mg according to reference code (00-004-0770).
When contrasting these outcomes with
hydroxyapatite without substitution, it was found
that there is a little shaft in HA peaks where the
peaks of non-substituted HA appear at 26 values
26.098°, 31.978°, 34.284°, 42.276°, 43.996°,
46.934°, 49.643°, 53.322°, 64.234°, and 72.117°

[9].

TABLE 2: X- ray diffraction results of Nd-Mg/HA.

Peak position | Interplaner spacing | FWHM | Miller indices
26 (°) d (A) ©) (hk)
26.1152 3.41228 0.2952 | 002
28.3284 3.15052 0.2952 | 012
32.032 2.7942 0.3936 | 112
34.3461 2.61106 0.246 022
40.0534 2.25119 0.3936 | 221
42.3194 2.13574 0.3936 | 032
44.0636 2.05517 0.3936 | 040
46.9657 1.93472 0.1968 | 222
49.7714 1.83204 0.3444 | 123
53.4009 1.71576 0.2952 | 004
64.2535 1.44969 0.3936 | 233
71.9279 1.31273 0.984 044
77.2563 1.23393 0.72 153

Intensity (Counts)

10 20 30

40 50 60 70 80

20 (Degree)

FIG 3: Essential peaks for the Nd-Mg/HA.

If compared the lattice parameter of Nd-Mg/HA
(a, b =9.492A and ¢ = 6.825A) to those found in
original hydroxyapatite (a, b = 9.445A and ¢ =
6.829A), it was found that all the cations which
replaced calcium ions in the HA lattice may
cause very little changes in lattice parameters due

to the difference between the ionic radius of
neodymium, magnesium, and calcium [9].

The crystallinity of substituted hydroxyapatite
reduced after substitution if compared with HA
because the metal substitution in the HA lattice is
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responsible for the peaks broadening brought on
by a decrease in size of the crystal and a rise in
lattice disorder as it is clear for the value of lattice
strain. Additionally, it is possible to classify the

hydroxyapatite samples as nano-HA based on the
crystallite sizes determined employing the
Scherrer equation [31].

TABLE 3: Lattice parameter of Hydroxyapatite [9] and Nd-Mg/HA.

Prepared material Lattice parameter Crystallite size Latt'ice
a(A) b (A) c(A) (nm) strain

HA 9.445 9.445 6.829 43.88 0.003

Nd-Mg/HA 9.492 9.492 6.825 21.84 0.006

The structure of HA and substituted HA was
drawn based on the findings of an XRD test,
using diamond software in order to investigate
the change in structure. It is evident that
substituted elements take some Ca positions after
substitution as indicated in Fig. 4 (a) and (b).

There are two Ca sites accessible for cationic
substitution, Ca(1) and Ca(2), with some metals
favoring one over the other. It is reasonable to
anticipate that the physical, biological, and
chemical characteristics of HA will be affected
by the ion exchange of Ca2+ by either trivalent
bivalent ions. For instance, magnesium may
easily  replace calcium in  biological

hydroxyapatite, and magnesium increases the
bioactivity of HA by stimulating the activity of
osteoblasts.

Lanthanides are known to have a strong affinity
for HA. The donor atoms and ionic radii of
lanthanide ions are comparable to those of Ca2+
ions. Where the ionic radius of Nd is 98.3pm
which is regarded as very comparable to Ca
(100pm).

Although it is generally known that ions of
lanthanide can replace Ca ions in the bone
mineral HA, its strength and the mechanisms
affecting binding are not well understood [32].

(a)

(b) Nd-Ma/HA

FIG 4: Structure of (a) HA and (b) Nd-Mg/HA.

3.3. Microstructure and elemental composition
analysis by FE-SEM and EDS with mapping

Substitution of hydroxyapatite with multiple
elements (Nd and Mg) associated with alteration
in the morphology of nano-hydroxyapatite. Nd's

presence causes the generation of rod-like
particles [33] interlaced with the elongated
particles of hydroxyapatite which was induced by
the substitution of Ca ion with Mg [34]. This
change was obvious in Fig. (5) with 100nm
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resolution and 100.00KX magnification which
also indicate the particle size which ranged
between 46.73nm and 83.66nm. In addition, the
main factor that gives hydroxyapatite its

EHT= 500kV
WD= 7.3mm

Signal A= SE2
Mag= 100.00K X

100 nm

J s
Date :18 Sep 2021 [
Time :18:16:15

H WD= 7.3mm

morphology is all the factors related to the
preparation of hydroxyapatite, including
temperature, pH, and the elements involved in the
preparation of hydroxyapatite [35].

Signal A= SE2
Mag= 500K X

Date :18 Sep 2021
Time :18:21:23

24m EHT= 500kV

FIG 5: FE-SEM images of Nd-Mg/HA.

The bioactive layer of any biomaterial must have
an elemental composition that is compatible with
the content of the bone. The features of calcium
phosphate compounds that can be used in
surgical applications are determined by the Ca/P
ratio, which is a crucial component [36]. The
chemical composition of substituted HA was
explained in Fig. (6) where the EDS test shows
the presence of essential elements of
hydroxyapatite with Nd and Mg. From the
attached tables in fig. (6), it is obvious that the
ratio of Ca/P was changed after substitution to

Ca+M/P and it was 1.64 which regarded very
close to that of natural bone. The two key factors
that affect the molar ratio (Ca/P) were the pH
value and sintering temperature [37] where
substituted HA was prepared at a pH of 11 and
sintered at 800°C, Thus, the theoretical
calculations of the Ca/P molar ratio will be very
close to the practical results if the basic factors of
the reaction are controlled correctly. The
distribution of all elements was explained in Fig.

).

Nd | Ind Nd
0= L
0 2 4

. Map Sum Spectrum

. Weight .

Weight Atomic

Element % Of %
[0) 49.17 0.22 69.49
P 15.81 0.10 11.54
Ca 32.11 0.16 18.12
Nd 2.39 0.14 0.38
Mg 0.52 0.03 0.48
100.00

10 12 14 16

18 kel

FIG 6: EDS analysis to explain the composition of Nd-Mg/HA.
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FIG 7: Elemental distribution of Nd-Mg/HA.

3.4. Antibacterial activity

It is obvious from Fig. (8) that substituted HA
were resistant to gram-positive bacteria, gram-
negative bacteria, and fungi with maximum
inhibitory influence against S. aureus and S.
mutans. Commercial hydroxyapatite doesn’t
exhibit antimicrobial activity but the state of
hydroxyapatite  preparation,  purity, and
substituted elements plays a significant influence
in  determining its  efficacy  against
microorganisms.

Nano size of substituted HA has better
engagement with the microbial target because of
the nanoparticles' wide surface area of contact
with microbial cells. Also, the suppression of
bacterial growth via different shapes of
nanoparticles demonstrated that the antibacterial
effectiveness of the nanoparticles depending on
the nanoparticles' shape [38].

Elements of rare earth including Nd are regarded
as toxic to bacteria and fungi. In the existence of
rare earth elements, many filamentous fungi
hyphae have abnormal morphological features.
Multiple terminal branching, swelling, lateral
branching, and the breaking of hyphal strands by
a mechanism analogous to plasmolysis are

among these changes. Asexual spore formation is
likewise inhibited by these elements [39]. The
membranes of bacterial cells may be impacted by
divalent ions such as Mg which is regarded
antibacterial cation where the bacterial
membrane's curvature is altered, eventually
making the germs more susceptible and
increasing the effectiveness of the compounds
which affect the membranes, making them more
porous [40]. Mg when included in calcium
phosphate compound has antibacterial activity
against both gram-positive and gram-negative
bacteria as well as is efficient against the
development of the C. albicans fungi cell [41].
The main mechanisms involved in the
antimicrobial activities of Mg-based materials
have indeed been described as being identical to
those seen in other metallic ions. As a result, the
literature demonstrated that nanoparticles are
often toxic to organisms by causing oxidative
stress, inflammation, or even indirect or direct
DNA damage, as well as by producing species of
reactive oxygen, which cause oxidative DNA
damage, lipid peroxidation, and protein
denaturation [42]. Thus, both Nd and Mg in the
HA structure work synergistically to resist
microbes.
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FIG 8: Antibacterial and fungicide activity of Nd-Mg/HA.

3.5. Biocompatibility and cytotoxicity

The results supported previous studies on the
biocompatibility of hydroxyapatite in vitro where
it is well-known that hydroxyapatite forms direct
contact with a bone through the formation of an
electron-dense layer at the interface with bone
and fibrous tissue without any toxic or harmful
effect [43]. The excellent viability of Nd-Mg/HA
on the WRL68 cell line was at the concentration
of 6.25, 12.50, 25, 50, and 100 pg/mL with values
ranging between (94.79£0.61)% to
(71.55+1.69)%.

As presented in Table (4) and Fig. (9), Nd-
Mg/HA demonstrated high antitumor activity
against MG63 cells, where it reduce 41.32 %
from the cancer cell compared with 28.45 % of
normal cell line at 400 pg/mL. The reduction in
the cancer cell line was dose-dependent and the
viability arranged between (95.18+0.68)% -
(58.68+1.97)% in a concentration range between
(6.25 - 400) pg/mL for osteosarcoma cells
(MG63), while there was slightly effect on
WRL68 and the viability ranged from
(94.79+0.61)% to (71.55+1.69)% at

concentrations  between  6.25ug/mL  and
400ug/mL and this mean save effect on normal
cells. At the same time, the result showed
significant differences in IC50 between normal
and cancer cells and it was 294.6pug/mL and
90.64pug/mL.  for WRL68 and MG63,
respectively.

The cytotoxic agents in Nd have anticancer
effects; the increased cytotoxicity of these
cations is associated with antioxidants, and the
activity of the Nd compounds is perhaps related
to the coordinative bonds. It is obvious that the
presence of neodymium in hydroxyapatite's
crystalline structure caused a noticeable
antitumor activity. In addition to neodymium's
action, the presence of Mg improved the
characteristics since Mg has a high
biocompatibility with living cells and is essential
for bone health by promoting osteoblast
proliferation in the early stages of osteogenesis
[44]. Mg-substituted HA resembles biological
apatite in terms of crystallinity, content, and
structure without having any harmful effects
[45].
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TABLE 4: The effect of Nd-Mg/HA on WRL68 and MG63 cell lines.

Concentration Viability %
MG63 WRL68

(g/mL) Mean+SD Sample No. Mean+SD Sample No.
6.25 95.18+0.68 3 94.79+0.61 3

12.50 94.79+0.61 3 95.10+0.29 3

25 86.00+2.14 3 94.64+0.48 3

50 83.84+6.21 3 93.87£1.10 3

100 71.64+0.42 3 90.08+1.05 3

200 65.90+1.77 3 82.74+8.65 3

400 58.68+1.97 3 71.55+1.69 3

100

80
IC5 294.6
60 IC50 90.64

2
=
=
@©
= 40
-~ MG63
20 - WRL68
o v v
0.5 1.0 1.5

Log Concentration pg mL"

2.0 25 3.0

FIG 9: Cell survival curve of WRL68 and MG63 after treatment with Nd-Mg/HA.

4. CONCLUSION

Substituted hydroxyapatite was successfully
prepared by wet chemical precipitation
technique, and the results showed that the
morphological, crystalline, and chemical
properties of the substituted HA have a strong
dependency on synthesis parameters, particularly
the pH level during the synthesis and the
sintering temperature. The results of the FTIR
examination indicated the existence of the
phosphate, carbonate, and hydroxyl vibrational
modes. The particles' sizes ranged from 46 to 88
nm, and their Ca+M/P ratio was 1.64, which is
very comparable to that of bone. Also, the
biological tests revealed good biocompatibility
and antibacterial, antifungal, and anticancer
activities. The acquired results lead us to the
conclusion that the morphology, crystallinity,
chemical properties, and biological activity of the
substituted HA can be controlled for particular
use as a biomaterial by selecting the proper
elements and conditions for preparation.
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