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HIGHLIGHTS

ABSTRACT

e The wet precipitation method can use to
prepare valuable substituted hydroxyapatite.

o Substituted hydroxyapatite with rare earth
elements (Neodymium) and Zinc have
antibacterial and fungicide activity.

o Elements used in substitution can be led to a
grateful change in the anticancer effect of
Nd-Zn/hydroxyapatite.

o Substitute part of calcium ion with other ions
can generate safe biomaterial on the human

Hydroxyapatite (HA) is one of the important biomaterials in the medical field,
especially in bone treatment, because of its biological properties close to human
bone. A simple co-precipitation technique was used to integrate neodymium and
zinc into HA by adding neodymium nitrate and zinc nitrate as a source of
substituted elements during synthesis through the wet precipitation method with
controlled temperature and pH. Finally, substituted HA was sintered at 800°C after
completing the biomaterial preparation. The resulting Nd-Zn/HA was globe-like
with nanoparticle size. The Ca+Nd+Zn/P ratio was equal to 1.63, which is
relatively close to the molar ratio of bone. Also, the ability of Nd-Zn/HA to cause
apoptosis in osteosarcoma cells was discovered. The anti-tumor actions are

body.

amplified when increasing the concentration of substituted HA. Therefore, Nd-
Zn/HA is a potentially effective biomaterial in osteosarcoma treatment.
Meanwhile, it has antibacterial and fungicidal properties against Staphylococcus
aureus, Staphylococcus epidermidis, Streptococcus mutans, Escherichia coli, and
Candida albicans—one of the important properties required in biomaterials to
protect the part that is being treated after the biomaterial is implanted inside the
body. The inhibition zone of Nd-Zn/HA ranged between (20-31)mm, much higher
than gentamicin and nystatin.
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1. Introduction

The biomedical field continually increases the desire for novel materials that can replace and/or repair damaged biological
tissues. The majority of biomaterials used to treat musculoskeletal problems are made of calcium orthophosphates, particularly
hydroxyapatite (HA), which is the inorganic phase of bone that most closely resembles bone [1], [2]. Hydroxyapatite has
excellent biocompatibility [3] and is as the most common mineral in human and animal hard tissues, such as bone and tooth
enamel. It is frequently utilized as a biomaterial in orthopedics [4] and maxillofacial clinical surgery to assist bone growth and
remodeling. Furthermore, it is generally recognized that HA contains trace elements such as magnesium, silicon, and zinc in
natural bone minerals [5]. Despite these advantages, synthetic HA has limited usage as a bone graft material due to several issues,
including reaching the ideal crystallinity level, phase purity, low mechanical characteristics, and high in vitro solubility [6]. To
address these issues, substantial research are being performed utilizing various ways to generate ion substituted/HA [7]. lonic
substitution has emerged as a potent strategy for improving the performance of HA, either by altering its structural,
morphological, and chemical properties or by leveraging the therapeutic effects of the substituting ions [8]. In the HA crystal
structure, the Ca?*, PO,*, and OH- can all be replaced by different ions [9], where Ca?* can easily be substituted by Zn?*, Sr?*,
and Mg?*; and PO*can easily be replaced by SiO4* and CO4?; and OH" can be replaced by COs? and F~ [10].

Compared to pure HA, neodymium substituted hydroxyapatite (Nd/HA) with various doping levels exhibited a considerable
increase in electrical conductivity, which is essential in the electromagnetic sector and for accelerating bone fracture repair. The
biocompatibility test of the Nd/HA NPs on the L929 fibroblast cell line revealed that cell viability was greater than 90%, with
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no effect on cell proliferation. Nd/HA can deliver anticancer medications with high specificity while also allowing for
fluorescence imaging, which would significantly advance cancer therapy [11].

In vivo, Zn is mostly found in bone and is closely linked to bone metabolism. It enhances osteoblast proliferation and
osteocalcin generation, accelerates bone matrix maturation, and suppresses osteoclast activity by stimulating bone growth and
mineralization [12]. When zinc is doped into HA, it gives it a wide range of functionalities. Zn/HA has strong bioactivity,
osteogenesis, antibacterial properties, and anti-inflammatory [13]. In this study, the purpose was to synthesize a new biomaterial
for orthopedic application. Nd-Zn/substituted hydroxyapatite nanoparticles were prepared using the wet chemical precipitation
method to study the influence of Nd and Zn insertion on the structural and biological features of the substituted hydroxyapatite
with the help of different characterization techniques. In addition to studying the effect of Nd-Ce/HA on the antibacterial and
fungicide activity and its effect on normal cells and osteosarcoma cells (MG63).

2. Materials and Methods

2.1 Materials and Reagents

Ca(NOs)..4H,0 supplied from HIMEDIA (made in India) with purity 99.9%, Nd(NOs)s.6H.O with purity 99.9% (SIGMA-
ALDRICH, Switzerland), Zn(NOs)3.6H,0 with purity 99.9% (HIMEDIA, India), (NHz).HPO, supplied from Merck (Germany)
and ammonia obtained from CHEM-LAB (Belgium) with 25% concentration.

2.2 Synthesis of Substituted Hydroxyapatite

Wet chemical precipitation is a hydroxyapatite production method involving chemical reactions between calcium and
phosphorus ions at a regulated pH and temperature. (Ca + Nd + Zn) - containing solution was made by dissolving 0.167 mol of
Ca (NO3)2.4H20, Nd(NO3)3.6H20, and Zn(NOs)..6H.0 in distilled water. In comparison, the P-containing solution was made
by dissolving 0.1 mol of (NHs3).HPQO, in distilled water, and ammonia was used to raise the pH of the P-containing solution to
above 10.5. The (Ca + Nd + Zn) - containing solution was heated to 70°C. Then, the P-containing solution with constant stirring
and heating was added to the (Ca + Nd + Zn) -containing solution. The reaction was carried out at 70°C for about 3 hours, and
the pH of the final solution was adjusted to 11 during the chemical reaction. After completing the addition of (NHs).HPO.
solution, heating was turned off to allow the solution to age for one day at room temperature with a continual stirrer. The
neutralization reaction is the most common reaction that produces water as a byproduct, which is then removed through filtration.
To obtain Nano Nd-Zn/HA, the filtered powder was washed, dried at 100°C for several hours, sintered at 800°C, and grind.

2.3 Nd-Zn/HA Characterization Tests

2.3.1 XRD test

XRD technique was applied to verify the formation of substituted HA and their constituent in the specimens under study.
(Philips X'Pert X-ray PRO, Holland) operating with CuKo radiation (A = 1.5405 A) was used to obtain the X-ray diffraction for
Nd-Zn/HA after the preparation steps of substituted HA using the wet precipitation method. The data was drawn with a step of
0.05° point/second in 20 between 10° and 80°. Besides that, phases were identified by comparing the peak positions of the
experimental XRD patterns with those of the X'Pert HighScore Plus.

2.3.2 Fourier transform infrared spectroscopy test (FTIR)

FTIR spectroscopy was used to characterize the functional groups of Nd-Zn/HA utilizing a Bruker Tensor 27 IR, Germany
(the range of spectral was from 4000 cm to 500 cm™?, standard KBr beam splitter). When the transmittance mode is used, the
acquired FTIR spectra represent the entire material.

2.3.3 Field emission scanning electron microscope (FE-SEM) with energy dispersive x-ray spectroscopy (EDS)

A Field Emission Scanning Electron Microscope (FE-SEM) was used to characterize the morphology and size of the sample;
moreover, an energy dispersive X-ray spectroscopy (EDS) measurement was obtained in the same equipment to confirm the
existence of Ca, Nd, Zn, P, and O in the prepared substituted HA and help in the calculation of the new Ca+M/P ratio. All
verification tests were done at room temperature and taken using (Zeiss Sigma 300-HV, Germany).

2.4 Biological Examinations

2.4.1 Antimicrobial activity of Nd-Zn/HA

Antibacterial and antifungal activity is one of the most important properties of hydroxyapatite. Three varieties of gram-
positive bacteria (Staphylococcus aureus, Staphylococcus epidermidis, and Streptococcus mutans) and one type of gram-negative
bacteria (Escherichia coli) were used to investigate the action of produced Nd-Zn/HA. In addition, the activity of substituted HA
against fungi was also examined, with Candida albicans as the chosen fungus. Biological activity was assessed using the well
diffusion method after microbes were activated in the lab under controlled conditions. Gentamicin tablets with a concentration
of 10 micrograms were employed as a comparison for antibacterial action, whereas nystatin was used for the fungal activity.
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2.4.2 Cytotoxicity assay of Nd-Zn/HA

Because of bone's remarkable regenerating capacity, especially in younger people, most fractures mend without requiring
extensive surgery. Despite this, significant bone defects, such as those seen after bone tumor removal and severe nonunion
fractures, lack the template for controlled regeneration and necessitate surgical intervention. As is well known, hydroxyapatite
has many advantages that help the bone heal faster, but it lacks many other features, such as its limited resistance to cancer cells.
The effect of Nd-Zn/HA on normal cell lines and cancer cells was investigated using an MTT assay on the WRL68 and MG63
cell lines, respectively. The cells were cultured and then incubated at 37°C in a CO- incubator. Serial dilutions were prepared for
Nd-Zn/HA (6.25 pg/mL - 400 pg/mL). Each dose of substituted HA was introduced to MG63 cells, and these cultivated cells
were incubated for a sufficient amount of time at 37°C in the presence of 5% CO.. MTT solution (10uL) was injected into these
wells and incubated again at 37°C with 5% CO,. The media was removed, and a solution was added to each well to solubilize
the formazan crystals. After complete incubation in a humidified atmosphere, The absorbance of the samples was measured at
575 nm using an ELISA reader (Bio-rad, Germany). The data were finalized using statistical analysis (Graph Pad Prism).

3. Results and Discussion

3.1 XRD

The XRD pattern of sintered HA is shown in Figure 1. The graph depicts the typical peaks of HA at 26.0382°, 28.2992°,
31.9124°, 34.2196°, 40.0930°, 42.2802°, 43.9806°, 46.8637°, 49.6456°, 53.4106°, and 64.1873° according to JCPDS cards number
(00-001-1008), (01-074-0565), and (96-900-1234). Substituted elements were also obvious in XRD peaks in addition to HA,
where the peaks 28.2992°, 29.1297°, 31.9124°, 34.2196°, 42.2802°, 43.9806°, 48.1707°, 49.6456°, 52.2604°, 60.2347°, 63.1724°,
64.1873°, 75.7173° and 77.2430° matches the neodymium JCPDS cards number (00-039-0914), (00-052-0798), and (01-089-
2922), while the peaks 75.7173°, 77.2430° were found that belongs to zinc according to JCPDS cards number (98-042-1015),
(98-065-3501), and (98-065-3505). The crystal system of hydroxyapatite is hexagonal [14]. It was revealed through mathematical
calculations, including the use of Miller indices and d-spacing in Table 1, that the value of the lattice parameters after substituting
part of the calcium ions with neodymium and zinc was 9.63A for a and b, while the value of parameter ¢ was 7.9A. By using the
Scherrer equation, it was found that the average crystal size of the substituted HA was 28.3nm.
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Figure 1: XRD test of Nd-Zn/HA with the explanation of HA, Nd, and Zn peaks

Table 1: Data extracted from the XRD test of Nd-Zn/HA

Peak position 20 (°) FWHM Interplaner spacing d (A) Miller indices (hkl)
26.0382 0.2952 3.42219 002
28.2992 0.2952 3.1537 120
31.9124 0.3444 2.8044 121
34.2196 0.2460 2.62042 022
40.0930 0.4428 2.24906 221
42.2802 0.5904 2.13764 032
43.9806 0.3936 2.05885 113
46.8637 0.3444 1.93869 222
49.6456 0.2952 1.83638 123
53.4106 0.3936 1.71548 004
64.1873 0.4920 1.45103 233
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3.2 FTIR Test

Figure 2 shows the FTIR spectrum of an Nd-Zn/hydroxyapatite sample generated by wet precipitation, and Table 2 lists the
functional groups that have been identified. Peaks 1023.34cm™ and 1087.88cm™ were caused by asymmetrical stretching of a
phosphate group (PO,*), while band 962.65cm™ was caused by symmetric stretching, indicating the existence of hydroxyapatite
that was free of organic materials. The characteristic band at 630.19cm™* was for the bending mode of a hydroxyl group (OH)
while the bands 1638.79cm™ and 3570.54cm™ were assigned to the stretching vibration of the (OH") group [15]. The low intensity
of other chemical groups can also be noticed in the FTIR test because of preparation conditions. The presence of many functional
groups in addition to the essential HA groups (PO.%, OH") was because the prepared HA is made by reacting two solutions in an
aqueous environment, which promotes the synthesis of a large number of functional groups in the structure of substituted HA,
the most important of which is the presence of carbonate groups. Carbonate ions are replaced by hydroxyl ions (A type
substitution), and carbonate ions can also be replaced by phosphate ions in this form of substituted HA (B type substitution).
Thus, this functional group is beneficial because the negative charge carriers initiate and support the synthesis of bone-type
apatite in the presence of the SBF. As a result, this method of substitution enhances the bioactivity of HA powder [16].

Table 2: Chemical groups of Nd-Zn/HA with their description

Functional groups Wavenumber (cm™) Description Reference
630.19 [17]
(OH)- 1638.79 Prove formation of HA [18]
3570.54 [19]
962.65 [20]
(PO4)* 1023.34 Prove formation of HA [21]
1087.88 [16]
. . I
(COs)> 1416.78 The low intensity of COz> indicates a [21]
greater assay degree
(P,O7)* 1209.30 Originates when 1.5<Ca/P<1.677 [22]
- P2074-
v
OH-
8
5
E | [PO,*
£
g
|_
PO,*
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm')

Figure 2: FTIR spectroscopy of Nd-Zn/HA with the explanation of functional groups

3.3 FE-SEM and EDS

The nano-sized cluster-like particles for Nd-Zn/HA powder generated by the wet precipitation method were revealed
by FE-SEM analysis as indicated in Figure 3 (a) and (b) at the magnifications of 100.00 KX and 5.00 KX with resolutions of
100nm and 2pm, respectively. Figure 3 (a) indicates the Posner cluster which belongs to the ACP structure. The pH of the
solution, the concentrations of the mixing reagents, and the preparation temperature all influence the size of the ACP particles;
for example, a higher supersaturation results in smaller ACP particles [23]. FE-SEM test displayed the formation of Posner
clusters which are ACP structural units with a globular-like structure that have been postulated as mineralization precursors, they
have a size in the nanometer range. Also, there are a lot of globular-like particles that don't seem to be nodular-type defects but
could be ACP cluster agglomerates [24]. ACP is a mineral phase that forms in mineralized tissues and was the first manufactured
industrial hydroxyapatite, where before that it had previously been found in the otoliths of blue sharks, as well as in chiton teeth
as a precursor phase of carbonated hydroxyapatite [25]. ACP is thought to have a unique role as a bioapatite precursor and a
transient stage in biomineralization [26]. Figure 4 depicts the chemical composition of Nd-Zn/substituted hydroxyapatite, which
illustrates the presence of essential hydroxyapatite elements with substituted elements (Nd and Zn). The Ca/P ratio will alter
after substituting Ca+Nd+2Zn/P and become equal to 1.63, which is relatively close to the molar ratio of bone, as shown in the
attached table. Changes in pH and sintering temperature are two important factors that influence the Ca/P ratio. [27] where Nd-
Zn/HA was prepared at highly alkaline pH, and the sintering process was the step that followed the preparation process at 800°C.
It is necessary to show the distribution of essential and substituted elements that compose substituted HA, which is obvious in
Figure 5.
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Figure 4: EDS analysis of Nd-Zn/HA
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3.4 Antibacterial and Fungicide Activity

Antibiotic resistance has emerged in many bacterial species, driving efforts to develop new materials with potent
antibacterial properties. Implant-related bone infections are also caused by bacterial adhesion and biofilm formation. As a result,
searching for new antibacterial treatments is worthwhile. Substituted HA is one of the active biomaterials for intraoperative
therapy and the prevention of bone infections, where nanometer-sized HA can effectively decrease antibacterial activity [28]. It
is evident from Figure 6 that Nd-Zn/HA is highly resistant to bacteria and fungi as compared to gentamicin and nystatin,
respectively. The rare earth elements, including Nd, are poisonous to bacteria and fungi. Many filamentous fungal hyphae have
aberrant morphological traits when rare earth elements are present, like multiple terminal branching, lateral branching, swelling,
and the breaking of hyphal threads via a mechanism similar to plasmolysis. These components also prevent the development of
asexual spores [29]. Regarding Zn, it was found that Zn/HA has active resistance against common human pathogens from bacteria
and fungi, including S. aureus, E. coli [30], S. mutans, and C. albicance [31]. There are various facets to the mechanism by
which zinc ions inhibit microbial growth where zinc ions harm the cell membranes and increase cell permeability. Furthermore,
Zn interacts with the proper functioning of bacterial enzymes (like ATPase, pyruvate kinase, or
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Figure 6: Antibacterial and fungicide activity of Nd-Zn/HA

glycolytic enzymes) [32]. Thus, these two substitution elements in HA structure act professionally to resist bacteria and
fungi compared with the normal HA, where the antimicrobial effect of HA is much lower than the prepared substituted HA [33].
Thus, the elements neodymium and zinc, included in the composition of hydroxyapatite, work synergistically in resist bacteria
and fungi.

3.5 MTT Assay

The high ICso value of Nd-Zn/HA for the normal cell line (211.4 pg/mL) and the anti-tumor activity against the MG63 cell
line are evident from the relationship between viability and concentration in Figure 7 and Table 3. The activity of the substituted
HA against osteosarcoma cells increases with the concentration of Nd-Zn/HA. This activity reaches its peak at a 400ug/mL
concentration with a 61.23+£2.99% reduction in cancer cells. On the other hand, it was found that Nd-Zn/HA had a weak effect
on MG63 at low concentrations (6.25, 12.5, 25, and 50 pg/mL). Still, the viability climbed to 61.61+3.97, 45.53+4.25, and
38.77+2.99 at 100, 200, and 400 pg/mL, respectively, demonstrating that Nd-Zn/HA displayed strong anticancer activity (p <
0.0001) against the MG63 cell line at high concentrations, with approximately safe effect on normal cells (WRL68) at all
concentrations. Nd-doped HA was tested with various doping rates (1, 5, 10, and 20%), and it was safe for normal cells [34];
besides that, It can deliver anticancer drugs with great selectivity, which would be a huge step forward in cancer treatment. [35].
The anticancer properties of Nd are due to its cytotoxic agents, where the ion's increased cytotoxicity is accompanied by
antioxidants, and the activity of Nd compounds could be linked to coordinative bonding. [36]. Zn is a vital element required by
the human body. It has a high biocompatibility with living cells, allowing endothelium and osteoblast (OBs) cells to survive and
spread, improving OBs adhesion, and increasing cell proliferation. However, it is cytocompatible with various cancer cells,
including MC3T3-E1 and MG63. [37]. Zn is mostly present in human bones, and its metabolism is intimately tied to bone
metabolism. It increases osteoblast proliferation, and osteocalcin synthesis speeds up bone matrix maturation and inhibits
osteoclast activity. Zinc doping in HA confers several benefits, including increased bioactivity, osteogenesis potential, and anti-
inflammatory characteristics. [38]. Thus, the elements of neodymium and zinc that were included in the composition of
hydroxyapatite work synergistically in improving the development and growth of bones and the resistance of cancer cells.

1004
80+

ICso211.4
60+

Viability %

40+ IC5, 82.6
- MG63

201 -« WRL6S

0 L L] L T L]
0.5 1.0 1.5 2.0 25 3.0

Log Concentration ng mL"’

Figure 7: Relationship between viability and Log concentration to explain the cytotoxic effect of Nd-
Zn/HA on MG63 and WRL68 cell lines
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Table 3: Cytotoxicity effect of Nd-Zn/HA on MG63 and WRL68 cell lines

Viability %
. MG63 WRL68
Concentration (ng/mL) Mean+SD Specimens MeanSD Specimens
ean< Number ean< Number

6.25 95.95+0.53 3 95.29+1.5 3
125 94.02+0.98 3 95.18+0.41 3

25 95.72+0.81 3 95.22+0.82 3

50 79.13+3.18 3 94.56+1.10 3
100 61.61+3.97 3 92.44+2.71 3
200 45.53+4.25 3 82.75+2.84 3
400 38.77+£2.99 3 71.95+2.10 3

4. Conclusion

Hydroxyapatite proved to be an essential component of biomaterials. It is widely used in dental implantology and
reconstruction medicine. The wet precipitation process was used to make Nd-Zn/HA and followed by sintering at 800°C. It was
characterized using XRD, FTIR, and SEM-EDS techniques, revealing the formation of substituted HA with functional groups in
addition to the presence of substitute elements (Nd and Zn) in the new HA structure. The value of the Ca+Nd+2Zn/P ratio was
1.63, which is close to the Ca/P ratio for bone, resulting in a considerable shift in biological characteristics. In addition, the
substituted elements increased hydroxyapatite's resistance to various bacteria and fungi. It also has the value of 211.4 for 1Cs,
which means that it was safe for normal cells (WRL68) and has an anticancer effect on MG63 with the maximum capability to
kill cancer cells (61.23%) at 400 pg/mL.
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