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Abstract: The treatment of bone cancer often necessitates the surgical removal of affected
tissues, with artificial implants playing a critical role in replacing lost bone structure. Func-
tionalized implants represent an innovative approach to improve bio-integration and the
long-term effectiveness of surgery in treating cancer-damaged bones. In this study, nickel-
substituted hydroxyapatite (Ni:HAp) nanoparticles were deposited as thin films using
laser pulses in the range of 30,000-60,000. Comprehensive structural, infrared, optical,
morphological, surface, and magnetic evaluations were conducted on the synthesized
Ni:HAp thin films. The magnetic hysteresis (M-H) loop demonstrated an increase in the
saturation magnetization of the films with a higher number of laser pulses. A minimum
squareness ratio of 0.7 was observed at 45,000 laser pulses, and the M-H characteristics
indicated a shift toward ferromagnetic behavior, achieving the desired thermal response
through an alternating magnetic field application within 80 s. Thermogravimetric analysis
revealed distinct thermal stability, with the material structure exhibiting 46% degradation
at 800 °C. The incorporation of bioactive magnetic nanoparticles in the thin film holds
significant promise for magnetic hyperthermia treatment. Using HDOCK simulations,
the interactions between ligand molecules and proteins were also explored. Strong bind-
ing affinities with a docking score of —67.73 were thus observed. The presence of Ca**
ions enhances electrostatic interactions, providing valuable insights into the biochemical
roles of the ligand in therapeutic applications. Intravenous administration of magnetic
nanoparticles, which subsequently aggregate within the tumor tissue, combined with an
applied alternating magnetic field, enable targeted heating of the tumor to 45 °C. This
focused heating approach selectively targets cancer cells while preserving the surrounding
healthy tissue, thereby potentially enhancing the effectiveness of hyperthermia therapy in
cancer treatment.
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1. Introduction

Nanomaterials have garnered significant attention for their diverse characteristics,
establishing them as a pivotal class of materials in developing innovative devices. Such
devices find applications across diverse fields, including physics, biomedicine, biology,
and pharmaceuticals [1,2]. Nano-crystallites, which are aggregates of nanoparticles with
a highly ordered atomic arrangement, exhibit a unique discontinuity in electronic energy
levels. These structures, commonly known as “quantum dots” or “artificial atoms”, are
typically composed of specific semiconductor materials [3,4] and offer exceptional potential
for advanced technological applications. Due to their simultaneous magnetic and electrical
behavior, which can be controlled through particle size and density modification, the
synthesis and characterization of magnetic nano-aggregates have raised a great deal of
attention in the present era of technology [5,6].

Hydroxyapatite (HAp) is renowned for its structural resemblance to the mineral phase
of bone and teeth, which grants it exceptional biocompatibility and osteoconductivity [7].
These inherent properties have established HAp as a cornerstone material in applications
such as bone tissue engineering, dental implants, and drug delivery systems [8]. To meet
the rising demand for multifunctional materials, research has increasingly focused on
modifying HAp to enhance its magnetic, thermal, and catalytic properties. A prominent
approach in this domain is the doping of HAp with transition metals, such as nickel (Ni) [9].
Nickel’s ferromagnetic properties significantly enhance the functionality of HAp, enabling
its use in advanced biomedical and technological fields. For instance, Ni-doped HAp
(Ni:HAp) holds potential for magnetic hyperthermia in cancer treatment, where precise
heat generation is crucial for therapeutic efficacy. Additionally, its enhanced magnetic
properties make it suitable for magnetic resonance imaging (MRI), providing contrast and
aiding in diagnostics, as well as advancing tissue engineering applications [10,11].

Inflammation frequently occurs as a result of uncontrolled cellular proliferation, which
can lead to tumor formation when a single cancerous cell undergoes unregulated and
accelerated division. Tumors compete with healthy tissues for essential nutrients derived
from the bloodstream, thereby disrupting normal organ function [12]. Processes such as
angiogenesis and metastasis not only promote the rapid growth and spread of tumors
but also pose significant challenges to treatment, complicating therapeutic strategies and
leading to poorer patient outcomes. Effectively targeting these mechanisms is crucial for
advancing cancer therapies, improving treatment efficacy, and enhancing patient survival
rates [13]. The projected global burden of cancer, with over 20 million new cases and
13.2 million cancer-related deaths expected by 2030 [14], has driven extensive research
to combat this deadly disease [15-18]. Chemotherapy and radiation therapy currently
serve as the gold standards for treatment. Additionally, localized temperature elevation
techniques, such as ultrasound, radio waves, nuclear radiation, microwaves, and hot water,
have been employed to enhance therapeutic outcomes [19]. However, increasing attention
is being directed toward novel complementary treatments, including hyperthermia [20,21].
Thus, HAp-coated iron oxide nanoparticles (Fe;O3 NPs), when combined with magnetic
hyperthermia, were proposed as a safe and effective therapeutic approach for various types
of cancer treatment [22]. In a complementary study [23], HAp-functionalized y-Fe,O3
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NPs demonstrated excellent biocompatibility with no detectable toxicity, highlighting their
potential application in magnetic hyperthermia therapy for cancer and bone regeneration.

Hyperthermia involves elevating the temperature of the tumor microenvironment
to a range of 43 °C to 45 °C, a level at which cancerous cells are effectively destroyed
while normal healthy cells remain largely unaffected. This selective efficacy stems from
the inherent differences between cancerous and healthy tissues. Tumor cells exhibit a
compromised vascular network with fewer blood vessels compared to normal cells, re-
sulting in stasis, hemorrhages, and vascular occlusion when subjected to thermal stress
at approximately 43 °C. However, temperatures exceeding 45 °C can cause damage to
healthy cells, underscoring the need for precise temperature control during hyperthermia
therapy [24].

With the rapid development of nanotechnology, magnetic materials have emerged as a
promising strategy for delivering localized hyperthermia [25]. Magnetic biomaterials, such
as silicon thin films integrated into affected areas, can effectively treat conditions like bone
cancer. When exposed to an external magnetic field, these thin magnetic films generate
heat due to magnetic hysteresis loss, as illustrated in Figure 1. The fabrication of such
ultra-thin films poses challenges, particularly in achieving the desired microstructure, com-
position, and electrical and magnetic properties. Additionally, most reports highlight the
absence of robust and reproducible synthetic strategies [22]. While conventional deposition
techniques, such as sol-gel and spray pyrolysis, are valuable for certain applications, they
often face challenges in achieving homogeneous films with precise thickness control. These
drawbacks can significantly compromise the films’ functional properties, particularly in
biomedical applications where consistent bioactivity and mechanical stability are essential.
However, advancements in laser surface modification techniques, including radio fre-
quency magnetron sputtering [26] and pulsed laser deposition (PLD), have demonstrated
effective incorporation of dopants into the HAp matrix and a significant improvement of
interfacial adhesion in metal-ceramic systems such as HAp on titanium [27-30].
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Figure 1. Proposed mechanism of magnetic hyperthermia for bone cancer treatment.

Currently, molecular docking has become a highly effective and cost-efficient method
for the design and evaluation of drugs and biomaterials intended for cancer or tumor
treatment [31]. This approach provides detailed insights into the interactions between drug
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candidates and their target receptors, facilitating the prediction of binding affinities and
mechanisms of action [32]. Moreover, by non-covalently positioning a molecule within the
binding site of a macromolecular target, molecular docking enables a detailed examination
of binding interactions, providing accurate information about the specific active sites
involved in ligand-target interactions [33]. This precision makes it an indispensable tool in
the rational design of therapeutic agents.

The limited exploration of in vitro hyperthermia mechanisms in doped HAp materi-
als presents significant challenges for their effective application in biomedical therapies,
notably cancer treatment. Many studies have predominantly focused on the synthesis
and characterization of these materials, emphasizing a single property (e.g., magnetic,
or thermal). Integrating comprehensive investigations of molecular interactions, ther-
mal/magnetic behaviors, and in vitro hyperthermic effects, which are critical for the devel-
opment of doped-HAp-based materials for biomedical applications like cancer therapy, is
often overlooked [34]. This gap in research (between material design and biomedical appli-
cation) hinders the optimization of parameters crucial for inducing controlled hyperthermia
in target tissues. For instance, while Kurinjinathan et al. [35] synthesized Ni:HAp nanoparti-
cles and analyzed their structural and morphological properties, their study did not extend
to evaluating their performance in hyperthermia applications, leaving a critical aspect
of their biomedical potential unexplored. Additionally, while the magnetic properties of
iron-doped HAp have been explored for hyperthermia applications, insufficient attention
to the material’s biocompatibility and interaction with biological systems can lead to sub-
optimal therapeutic outcomes [10]. In contrast, recent research has begun to address these
shortcomings by integrating in vitro hyperthermia assessments with biological studies.
Tithito et al. [36] developed a composite material combining trace element co-doped HAp
with Mn—Zn ferrite nanoparticles, termed THAiBioMags. Their comprehensive evaluation
encompassed magnetic hyperthermia performance, drug delivery capabilities, and bio-
compatibility, including bone cell adhesion and zebrafish assays. The study demonstrated
that THAiBioMags exhibited a specific absorption rate of 9.44 W g~! under an alternating
magnetic field, indicating effective heat generation suitable for hyperthermia applications.
Moreover, the material showed sustained drug release and excellent biocompatibility, un-
derscoring the importance of multifaceted analyses in developing functional biomaterials
for cancer therapy.

In this work, nanoparticles were synthesized and subsequently deposited as thin films
(further noted as Ni:HAp thin films) on silicon (Si) substrates using the PLD technique. The
depositions were carried out at a substrate temperature of 500 °C in a vacuum environment,
with the number of laser pulses varied between 30,000 and 60,000. The deposition of
Ni:HAp thin films within this specific range represents a novel approach designed to inves-
tigate the influence of the number of laser pulses on the properties of the fabricated films,
with a particular focus on variations in thickness and surface quality. The magnetic prop-
erties of the deposited films, i.e., coercive field, saturation magnetization, and remanence
ratio, were characterized. In this study, we also examine the interactions between ligand
molecules and proteins, with a focus on their binding affinities and electrostatic properties.
Through the application of docking analyses and electrostatic mapping, we identify critical
factors that influence ligand-protein interactions. Our findings emphasize the pivotal role
of charge distributions and the potential involvement of ion interactions, such as those
mediated by Ca* ions, in enhancing the stability and affinity of binding interactions. These
insights contribute to a deeper understanding of the molecular mechanisms underlying
ligand-protein binding.
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2. Results

2.1. Heat Generation and Thermogravimetric Analysis
2.1.1. Heat Generation Assessment

The heat variations over time for agar gels containing Ni:HAp thin films in an alternat-
ing magnetic field of 300 Oe at 100 kHz are illustrated in Figure 2a. The temperature of the
agar gels increased progressively over time, demonstrating consistent heat generation by
the magnetic Ni:HAp thin films. Among the investigated samples, the Ni:HAp thin films
prepared with 45,000 laser pulses, which exhibited the lowest squareness ratio, showed
superior performance. The temperature of these samples rose above 45 °C within just 80 s,
which is a known critical threshold for effective hyperthermia applications [37].
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Figure 2. Thermal behavior of Ni:HAp materials: (a) heat generated by Ni:HAp thin films deposited
on Si substrates, under different numbers of laser pulses, measured in agar solutions subjected to an
alternating magnetic field; (b) thermogravimetric curve of Ni:HAp nanopowders, showing weight
changes as the material is heated from 30 °C to 800 °C.

2.1.2. Thermogravimetric Analysis

Figure 2b presents the thermogravimetric analysis (TGA) curve of Ni:HAp nanopow-
der, heated from 30 °C to 800 °C. Between 40 °C and 220 °C, the nanopowder experienced
a 12% weight loss, which likely corresponds to the removal of adsorbed water and surface-
bound hydroxyl groups. Beyond 220 °C, a gradual weight decrease was observed up
to 450 °C, where an inflection point marked a more significant decomposition process.
Over the 220 °C to 450 °C range, the nanopowder exhibited an additional 30% weight
loss, indicating the degradation of organic residues or structural rearrangements. As the
temperature increased further to 800 °C, the weight of Ni:HAp decreased slightly, with
only a 4% weight loss observed before reaching thermal stability.

The thermal events observed in the differential thermal analysis (DTA) curve indi-
cate the removal of water molecules and other thermal transitions occurring within the
material’s structure. Three primary thermal events were identified:

(i) Surface water evaporation: The first thermal transition, occurring around 77 °C,
corresponds to the evaporation of water molecules adsorbed onto the material’s
surface. This process involves the removal of loosely bound water.

(i) Loss of structural water: The second transition, observed at approximately 252 °C,
corresponds to the loss of structural water that is chemically bound within the
nanopowder. This represents a deeper alteration of the material compared to surface
water removal.

(iii) Chemical reaction and formation of calcium pyrophosphate: The third event, oc-
curring at 365 °C, involves a chemical reaction between two molecules of calcium
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monohydrogen phosphate, resulting in the formation of calcium pyrophosphate and
water. This process reflects a structural transformation within the material.

At 800 °C, the TGA curve reveals a significant mass loss of ~46%. This significant
mass loss is likely due to the thermal degradation of the material, involving the release of
volatile components and structural decomposition. These findings offer valuable insights
into the thermal stability and decomposition behavior of the material, which are critical for
evaluating its potential applications under high-temperature conditions.

2.2. X-Ray Diffraction (XRD) Measurements

The XRD spectra of the HAp and Ni:HAp thin films deposited on Si substrates (further
denoted as HAp@Si-Substrate and Ni:HAp@Si-Substrate) are shown in Figure 3a. Both
thin films exhibit a hexagonal crystal structure, with prominent diffraction peaks observed
at 20 = 26.28°,29.25°, 32.06°, 32.40°, 33.17°, 34.28°, 38.54°, 40°, 45.10°, 46.80°, 49.52°, and
65.20°. These peaks correspond to the (002), (210), (211), (112), (300), (202), (212), (310), (203)
(222), (213), and (323) crystallographic planes, indicating a well-defined orientation within
the material’s lattice structure.

20
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Figure 3. Comparative analysis of HAp and Ni:HAp thin films deposited on silicon substrates:
(a) XRD patterns, (b) FTIR spectra, and (c) UV-Vis diffuse reflectance spectra (DRS).

The XRD patterns of the samples indicate that the observed diffraction peaks are
consistent with the standard data indexed in Joint Committee on Powder Diffraction
Standards (JCPDS) Card No. 09-0432, corroborating findings from previous studies. The
absence of any additional peaks confirms the lack of contaminant phases such as silicon
oxide or other calcium phosphate (CaP) species [38]. At a first-order approximation, the
substitution of Ni into HAp does not significantly alter the diffraction pattern, suggesting
that the doping likely occurs at the interstitial sites of the HAp crystal lattice on the Si
substrate. Using the Scherer formula, the crystallite size of the sample was estimated to be
approximately 38 nm, highlighting the material’s nanoscale structural characteristics.

2.3. Fourier Transform InfraRed Spectroscopy (FTIR) Analysis

Reports from the literature [39] demonstrated that the incorporation of Si into the
Ni:HAp lattice significantly altered the transmittance bands. Thus, the inclusion of Si
influenced the HAp structure, particularly affecting the vibrational bands of the P-O
groups. This is also the case in the current study, as shown in Figure 3b. The primary
structural changes observed with the incorporation of Ni in hydrothermal particles are
the marked reductions in the intensities of the hydroxyl band at ~3436 cm ™!, the band at
~544 cm~!, and the phosphate stretching band at ~985 cm~!. These structural variations
are attributed to the replacement of (PO4)>~ units with (SiO4)*~ tetrahedra within the
HAp structure. This substitution induces a decrease in the number of hydroxyl groups
to balance the additional negative charge introduced by the incorporated silicate groups.



Int. J. Mol. Sci. 2025, 26, 1095

7 of 20

Consequently, vacancies are formed in the (OH) ™ sites, as described by the reaction (PO4)3~
+ (OH)™ — (SiO4)*~ + V(OH), where V(OH) represents hydroxyl vacancies. The observed
FTIR activity aligns with the substitution mechanism, corroborating the formation of
(SiO4)*~ tetrahedra and their coherent interaction with (PO4)3~ groups in HAp [39]. This
substitution accounts for the observed alterations in the vibrational modes, confirming the
structural incorporation of Ni nanoparticles into the HAp phase.

2.4. UV-Vis Outcomes

UV-Vis spectrophotometric analysis is employed to monitor and confirm the for-
mation of nanoparticles. The initial findings indicate that small, spherical nanoparticles
exhibit a surface plasmon resonance (SPR) band extending within the 300-500 nm range,
with a peak centered around 320 nm. Figure 3¢ presents the UV-Vis diffuse reflectance
spectra (DRS) of Ni:HAp thin films fabricated by the PLD technique. The absorption
spectra of Ni:HAp reveal an absorption band with a maximum between 310 and 330 nm,
characteristic of the plasmon resonance associated with metallic nanoparticles [40,41].
This phenomenon is influenced by factors such as particle size, loading, shape, and the
surrounding environment.

The increased shift in the absorption band edge confirmed the successful incorporation
of Ni?* ions into the Ca?* site within the HAp structure. It is important to mention that
the Ni?* ions are responsible for generating the characteristic absorption. This finding
underscores the role of Ni in modifying the optical properties of the HAp-based material.

2.5. Morphology and Energy-Dispersive X-Ray Spectroscopy Investigations

Field emission scanning electron microscopy (FE-SEM) provides insights into the
morphology of Ni:HAp thin films, while energy-dispersive X-ray spectroscopy (EDS)
mapping offers a detailed elemental analysis of their composition. As shown in Figure 4a,
the Ni:HAp thin film exhibits a uniform deposition on the surface, with a thickness of
~29.4 um (as indicated in the inset of Figure 4a).

The EDS mapping (Figure 4b—f) confirms the prominent presence of key elements,
including calcium (Ca), oxygen (O), phosphorus (P), and nickel (Ni), uniformly distributed
across the thin film’s surface. This elemental distribution aligns with the Ni:HAp crystal
lattice, demonstrating the successful incorporation of Ni into the HAp structure.

Figure 4b—f and Table S1 provide detailed individual elemental maps and composi-
tions, indicating the distribution of key components within the HAp structure. Calcium, as
the primary cationic component, forms the structural backbone of HAp, while phosphorus
contributes to the phosphate groups crucial for bone mineralization. Oxygen, which consti-
tutes a significant proportion of the HAp composition, is distributed throughout the matrix,
playing a vital role in stabilizing the crystal lattice. Nickel, introduced as a dopant, is
uniformly dispersed within the HAp matrix, as evidenced by its homogeneous distribution
across the EDS maps. This even distribution indicates the successful incorporation of
Ni into the HAp lattice without phase separation or clustering. The elemental mapping
and compositional data emphasize the homogeneity and purity of the Ni:HAp thin film,
reinforcing its structural integrity.

The combination of FE-SEM and EDS analyses thus validates the material’s structural
and compositional integrity, which is crucial for its intended applications.
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Figure 4. (a) Field emission scanning electron microscopy image of Ni:HAp thin films and (b—f) energy-
dispersive spectroscopy elemental mapping of Ni:HAp thin film key elements (i.e., Ca, O, P, and Ni).

2.6. Atomic Force Microscopy (AFM) and Magnetic Study of Nickel/Hydroxyapatite Thin Films
2.6.1. AFM Investigations

An atomic force microscope equipped with a sharpened silicon tip with a radius of
less than 10 nm was utilized to examine the shape and size of the grains. Surface profile
images were acquired by operating the AFM in tapping mode, with a scan size of 0.84 um
and a scan rate of 1 Hz. Notably, the particulates present on the surface of Ni:HAp thin
films exhibit an intriguing doughnut-like morphology, as illustrated in Figure 5.

Figure 5. AFM image of the particulates present on the surface of Ni:HAp thin films (left image), and
3D image of the particulates present on the surface of Ni:HAp thin films (right image).

Line analysis of the AFM data reveals that these particulates have an average height
of less than 2 nm and an average width of ~20 nm, as depicted in Figure S1.
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2.6.2. Magnetic Studies

Figure 6 presents the magnetization (M-H) curves of Ni:HAp@Si-Substrates prepared
with varying laser pulses (i.e., 35,000-60,000) at RT. The magnetization of all samples
increased rapidly with the applied magnetic field and then plateaued, exhibiting character-
istics of ferromagnetic behavior.
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Figure 6. Magnetic hysteresis (M-H) curves recorded after (a) initial 10,000; (b) 35,000, 40,000, and
55,000; (c) and 45,000, 50,000, and 60,000 laser pulses, and (d) magnetization shift observed as the
number of laser pulses increased from 35,000 to 60,000.

With an increasing number of applied laser pulses, the magnetization of the specimens
increased significantly, reflecting the influence of the dopant. This could be attributed to
a few factors, among which one could mention: (i) enhanced dopant incorporation and
redistribution and (ii) the formation of magnetic phases or nanostructures. In the first
case, laser pulses can generate localized high temperatures, leading to partial melting,
diffusion, and recrystallization of the surface layer. This promotes better incorporation and
redistribution of dopant ions (e.g., Ni) into the crystal lattice of the material, amplifying
the material’s overall magnetic properties. In the second case, the application of a higher
number of laser pulses can induce phase transformations or the formation of dopant-rich
magnetic clusters or nanoparticles. Rapid cooling after laser irradiation can trap these
clusters within the host material, possibly creating localized magnetic regions. Additionally,
the increased number of laser pulses might also induce changes in the oxidation states of
dopant ions, altering their magnetic properties and increasing overall magnetization.

Figure 6a displays the hysteresis loop of the Ni:HAp thin film prepared with an initial
number of 10,000 laser pulses. It was observed that at lower magnetic field values, the loop
showed weak ferromagnetism, but at higher field values, the diamagnetic response of the
Si substrate became dominant. The resulting diamagnetic curve, with a negative response
to the external field, makes the material unsuitable for hyperthermia treatments. To address
this limitation, a refined procedure was developed to deposit sufficient Ni:HAp on the
Si substrate. One such solution was to increase the number of applied laser pulses. This
consequently resulted in well-saturated hysteresis loops, as confirmed by magnetometer
measurements. Usually, smaller ferromagnetic particles produce thinner hysteresis loops,
whereas larger particles exhibit more pronounced ferromagnetic behavior with wider loops.
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The observed increase in saturation magnetization (Ms) and remanent magnetization (M;)
with an increased number of laser pulses is likely due to enhanced surface roughness.

The ferromagnetic behavior observed in the Ni:HAp thin films aligns with the pres-
ence of Ni within the HAp lattice. The nano-sized structure of Ni:HAp in this study
demonstrated robust ferromagnetic properties, making it a promising candidate for use as
thermo-seeds in cancer hyperthermia treatments. One should note here that the material’s
ability to achieve controlled magnetic responses under varying conditions underscores its
potential for biomedical applications, particularly in targeted cancer therapy.

The M-H curves, as depicted in Figure 6b,c, illustrate the ferromagnetic characteristics
of the material based on the original data collected from all laser pulses. In contrast,
Figure 6d highlights a distinct transformation in the magnetic moment, particularly within
the M-H loop corresponding to the lowest and highest numbers of laser pulses. Key
magnetic parameters, including M, M;, coercivity (Hc), and the squareness ratio of the
hysteresis curve, were derived from the hysteresis loops. The inferred values corresponding
to these parameters are summarized in Table 1.

Table 1. Saturation magnetization (Ms), remanent magnetization (M), coercivity (H.), and squareness
ratio for Ni:HAp thin films prepared at varying numbers of laser pulses.

No. of Applied Laser Pulses Mg (emu) M; (emu) H. (Oe) M,;/Mg
35,000 257 x 1074 2.14 x 1074 367 0.83
40,000 2.59 x 10~4 1.96 x 1074 300 0.76
45,000 3.65 x 10~* 259 x 1074 385 0.71
50,000 3.076 x 1074 2.35 x 1074 371 0.77
55,000 3.10 x 1074 2.63 x 1074 365 0.85
60,000 488 x 1074 419 x 1074 394 0.86

The analysis revealed a monotonic increase in Mg and M; values with the increas-
ing number of laser pulses. Specifically, the M; values vary from 2.57 x 10~* emu to
4.87 x 10~* emu for 35,000-60,000 laser pulses, while the M; values range from 2.13 X 104
to 4.19 x 10~* emu for the same laser pulse range. The trends for Mg and M; as a function
of the number of laser pulses are illustrated in Figure S2a,b. In contrast, the H. values
remain relatively constant, averaging 375 =+ 25 Oe. Furthermore, the M /M ratio calculated
from the hysteresis data is presented in Figure S2c,d, providing additional insights into the
magnetic behavior under varying laser pulse conditions.

2.7. Bioactivity

The bioactivity of the samples was evaluated using a simulated body fluid (SBF) solu-
tion, prepared according to the Kokubo protocol [42]. Figure 7a—d illustrate the variations
in the concentrations of Ca, P, and Ni elements, as well as the pH, recorded intermittently
over a two-week period during the immersion of the samples in SBF solution at 37 °C.

Initially, a rise in pH was observed (Figure 7d), which is likely attributed to the release
of alkaline Ca?* ions from the samples into the immersion medium. This is evidenced by
the corresponding increase in Ca concentration (up to ~9 days) shown in Figure 7a. One
should note that laser treatment modifies the surface morphology, introducing micro- and
nanoscale features such as grooves or microcracks, which increase surface area and enhance
dissolution. Additionally, samples treated with a higher number of laser pulses (Figure 7a)
release more Ca, likely due to the increased intensity of surface restructuring and thermal
effects, which enhance ion mobility and reactivity. After a 15-day immersion in SBF, ion
concentration measurements revealed that the thin film produced with 55,000 laser pulses
(Figure 7a) exhibited a Ca?* ion concentration of 131 mg/L and a PO43~ ion concentration
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of 13.76 mg/L. This may indicate reabsorption onto the surface, driven by supersaturation
in the immersion medium.

=50k LY (a) 40} —=—HAp
= ~o— 35k shots -~ —=&— 35K shots
g b 45k shots =n35) —a&— 45K shots
: 140 s 55k shots E —w— 55k shots
g =30
= S
T 3o} -]
- =25}
] -
o -
2 120 520}
) v
o g
= Q15
O 110 ~
w} (b)
100 M . M . M N M N N N . .
0Day 3Days 6Days 9Days 12Days 15 Days 0Day 3Days 6Days 9Days 12 Days 15 Days
Immersion Time (days) . Immersion Time (days)
.50
39f RS HaP () (d) ]
=77 | —*— 35k shots 745}k 35k shots
Eﬁ b 45k shots —&— 45k shots
=~ 38} v S5k shots 7.40 b —¥— 55k shots
£
E Z735t
=37F
b 730
]
o
"-_‘ 36F 7.25F
z =
\ 720
35 M " 2 " N M M M N " " M
0Day 3Days 6Days 9Days 12Days 15Days 0Day 3Days 6Days 9Days 12Days 15 Days
Immersion Time (days) Immersion Time (days)

Figure 7. Bioactivity of HAp and Ni:HAp thin films after two weeks of immersion in simulated body
fluid: effect of varying laser pulse numbers on (a) calcium (Ca), (b) phosphorus (P), and (c) nickel
(Ni) concentrations, as well as (d) pH levels.

The continuous decrease in P concentration is indicative of biomineralization processes,
where P ions are consumed to form new CaP deposits on the surface. Samples fabricated
with a higher number of laser pulses exhibit a steeper decline in P concentration. This
could be attributed to the generation of a highly reactive surface with more nucleation sites
due to thermally modified regions.

The increase in Ni concentration (Figure 7c) reflects Ni ion release from the substrate
due to laser-induced surface modifications. Thermal effects and rapid cooling from laser
treatment may create localized residual stresses or microstructural changes that facilitate Ni
leaching. A higher number of laser pulses (Figure 7c) leads to more pronounced structural
changes, increasing Ni release rates (37 mg/L of Ni?* ions for the film fabricated with
45,000 pulses). The stabilization or decrease in Ni concentration after ~9-12 days may result
from the formation of protective layers or depletion of readily leachable Ni at the surface.

Subsequently, the more reactive surface promotes faster ion release, resulting in a
more pronounced pH increase (Figure 7d). After three days of immersion, a decrease
in pH was also noted. This reduction is attributed to the formation of an apatite layer,
which likely reduced Ca?* ion leakage from the samples. In a physiological context, the
formation of an apatite layer is influenced by the material’s resorbability. The pH of the
solution corresponding to the film prepared with 35,000 laser pulses was recorded at 7.31,
suggesting relatively lower resorbability for this sample. A higher number of laser pulses,
which generates more reactive surfaces, exhibits larger initial pH increases and slower
declines (Figure 7d) due to the extended activity of surface reactions. Thus, among the
investigated samples, the Ni:HAp thin film deposited with 45,000 laser pulses exhibited
the highest bioresorbability. This enhanced bioresorbability supports the suitability of
this material for biomedical applications, particularly in contexts requiring controlled
ion release.



Int. J. Mol. Sci. 2025, 26, 1095

12 of 20

After all samples were removed from the SBF solution, their surface morphology
was analyzed by AFM. Three-dimensional (3D) images were processed with Gwyddion
software (version 2.60), providing detailed insights into the topographical features of the

films, as shown in Figure 8.

Figure 8. Surface morphologies analyzed by AFM: (a) image of HAp thin film surface after im-
mersion and images of the Ni:HAp thin film surfaces treated with (b) 35,000 laser pulses prior
to immersion, (c) 35,000 laser pulses after immersion, (d) 45,000 laser pulses prior to immersion,
(e) 45,000 laser pulses after immersion, (f) 55,000 laser pulses before immersion, and (g) 55,000 laser
pulses after immersion.

These morphological analyses further confirm the relationship between laser pulse
conditions, material properties, and bioresorbability, underscoring the potential of Ni:HAp
thin films for advanced biomedical applications.

2.8. Protein-Ligand Interactions

Figure 9a depicts the interaction between the protein and ligand molecules, illustrating
the effective binding of the ligand to the protein. In particular, Figure 9b highlights the
key regions involved in the ligand—protein interaction, emphasizing the stability and
persistence of this relationship. The molecular docking analysis, conducted using the
HDOCK platform, revealed a favorable binding affinity with a docking score of —67.73.
The confidence score of 0.1617 suggests a reasonable level of reliability in the docking
results. Additionally, the root mean square deviation of the ligand, calculated as 23.62 A,
quantifies the variation between the reference and predicted ligand positions, providing
further insight into the binding conformation.

The structural alignment and binding predictions are supported by an LGscore of
4.32 and a MaxSub score of 0.281, indicating a high level of accuracy in the computational
modeling. Electrostatic mapping provides crucial insights into the stability and affinity of
the binding site, which are integral to understanding the ligand’s role in the biochemical
process. Using the PyMOL gradient color scale, the visualization of electrostatic potential
distributions ranging from —5 to +5 highlights key charge characteristics of the binding site.
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Figure 9. Ligand—protein interaction analysis: (a) interaction between the protein and ligand
molecules, demonstrating that the ligand binds effectively to the protein; (b) key regions of the
ligand-protein interaction highlighted, indicating a stable and persistent relationship; (c) electrostatic
mapping, revealing crucial details about the stability and affinity of the binding site.

Regions with high electron density or negative charge, typically near —5, appear in
shades of red. These negatively charged areas are frequently associated with stabilizing
electrostatic interactions with cationic species and are capable of attracting positively
charged ions or molecules. Conversely, regions of electron deficiency or positive charge are
near +5. These positively charged areas are often critical for substrate recognition, molecule
binding, or protein—protein interactions, as they interact with negatively charged ligands or
anionic functional groups. In this study, the negatively charged regions of the binding site
interact with the guest molecule, facilitating robust electrostatic affinity. The presence of
Ca?* ions within the ligand molecules plays a pivotal role in enhancing these interactions.
The Ca?* ions contribute to achieving maximum electrostatic affinity between the ligand
and receptor, as depicted in Figure 9c.

These findings emphasize the importance of electrostatic forces in ligand-receptor
binding and provide a deeper understanding of the molecular interactions at play.

3. Discussion

To the best of our knowledge, only a limited number of articles have been published
on Ni-substituted HAp fabricated by various techniques. The findings from some of these
studies will be presented in the following paragraphs. Kim et al. recently synthesized
nanotubes with sizes ranging from 20 to 160 nm and measured their coercive strength at
RT. Their findings confirmed a single domain curve where super-paramagnetic behavior
was observed in particles at a size of 20 nm, while particles with larger sizes deviated
from this property [43]. Similarly, Krishnan and colleagues demonstrated that magnetic
particles with a diameter of 16 nm exhibited a stronger response to an alternating magnetic
field compared to larger particles, highlighting the size-dependent nature of magnetic
behavior [44].

In our study, ferromagnetic particle sizes were found to range between 35 and 45 nm.
These results align with recent findings by Baba and collaborators, who reported that



Int. J. Mol. Sci. 2025, 26, 1095

14 of 20

magnetic particles with a larger diameter (i.e., 44 nm) exhibited improved heating efficiency
in vitro compared to smaller particles in the 13-22 nm range [45]. According to their
analysis, particles with diameters of 13 nm demonstrated super-paramagnetic properties,
while those with diameters of 44 nm displayed ferromagnetic behavior. When applied to
thermal therapy, both 13 nm and 44 nm nanoparticles were effective in suppressing MCF-7
cell lines. However, particles with a size of 44 nm induced a higher temperature increase
in vitro than their 13 nm counterparts. This difference in temperature rise can be attributed
to the coercive nature and enhanced coercive characteristics of the larger particles, which
allow for more efficient heat generation under an alternating magnetic field.

There exists a diverse range of ferromagnetism-like crystalline materials with vary-
ing sizes. Among these, ferrite oxide is recognized as one of the most powerful natural
magnetic minerals. It is commonly used in super-paramagnetic nanoparticles for various
biological applications, including magnetic fluid hyperthermia (MFH) and MRI, as well as
for delivering magnetic and genomic drugs [46]. For tissue-specific applications, particu-
larly in targeting tumors, these nanoparticles are typically conjugated with tumor-specific
ligands on their surfaces.

The surface modification of magnetic nanoparticles significantly alters their magnetic
properties, primarily due to changes in anisotropy, which is crucial for hyperthermia
applications. For instance, bioactive Fe-doped HAp synthesized by Tampieri et al. [47] has
shown promising results. Similarly, Hou et al. reported in vivo hyperthermia outcomes for
Fe-substituted HAp nanoparticles [48], while Murakami et al. developed magnetite/HAp
composite materials via hydrothermal synthesis for bone cancer therapy [49].

The magnetic characteristics of Fe;O3 NPs are particularly challenging to control. In
general, the super-paramagnetic behavior of such materials can only be tuned by altering
the particle diameter. Unlike ferromagnetic materials, which generate heat under an AC
magnetic field via a single mechanism at moderate to high frequencies, super-paramagnetic
materials offer distinct thermal characteristics. Additionally, surface effects on nanoparti-
cles, such as defect formation and surface stress [50,51], significantly impact their shape
and functionality.

Magneto-mechanical effects have also been shown to enhance bone formation in
bonded ferromagnetic fiber sequences [52]. Ferromagnetic bone cements have previously
been developed for localized hyperthermia treatment within the skeletal system by com-
bining magnetite and glass silicon powders with resin [53].

The treatment of bone fractures using magnetic therapy [54] has been previously
explored and holds significant potential in the preparation and application of biomedical
magnetic polymer composites [55]. In this study, the application of an alternating magnetic
field to a ferromagnetic material induced movement of the magnetic domain walls. This
movement, coupled with the reversal of magnetic moments as the field changes, generated
heat losses in the material. The resulting heat production achieved the required temperature
range for hyperthermia, highlighting the dual functionality of ferromagnetic materials
in therapeutic applications. These properties are particularly valuable for developing
advanced biomedical materials that integrate hyperthermia with structural support for
bone regeneration.

The current study of Ni:HAp thin films deposited on Si substrates at varying numbers
of laser pulses revealed critical properties that are advantageous for both biological and
magnetic applications. The thin films exhibited a well-defined nanostructure with an
average grain height of less than 2 nm. Magnetic force microscopy (MFM) confirmed the
presence of magnetic particles on the surface, validating the magnetic character of the
deposited Ni:HAp thin films.
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In an alternating magnetic field, the sample produced with 45,000 laser pulses demon-
strated the most favorable magnetic properties, characterized by the lowest squareness
ratio and rapid heating performance. This sample achieved a temperature exceeding 45 °C
within 80 s, meeting the critical threshold for cancer hyperthermia treatment. TGA analysis
indicated a significant mass loss of ~46% at 800 °C, highlighting the material’s thermal
decomposition behavior.

Bioactivity assessments revealed that the thin film prepared with 55,000 laser pulses
released significant amounts of PO4>~ ions (13.76 mg/L) and Ca®* ions (131 mg/L), which
are essential for bone integration. The thin film fabricated with 45,000 laser pulses released
37 mg/L of Ni** ions, contributing to its magnetic properties. Additionally, the thin
film prepared with 35,000 laser pulses exhibited the highest pH of 7.31 after 15 days of
immersion in SBF, suggesting a stable and potentially biocompatible environment.

These findings highlight the functional potential of Ni:HAp thin films, combining
magnetic properties suitable for hyperthermia treatment, bioactivity supportive of bone
regeneration, and stability conducive to biomedical applications. This multifunctionality of
Ni:HAp thin films positions them as promising candidates for the fabrication of advanced
magnetic biomaterials.

4. Materials and Methods
4.1. Preparation of Ni:HAp Powders

The Ni:HAp nanoparticles were synthesized by the co-precipitation method, as de-
scribed in Refs. [56,57]. The required chemicals were purchased from Merck, Germany. The
synthesis process involved the preparation of Ni-substituted HAp (Cajp_xNix(PO41)s(OH),)
with a substitution level of Niy = 0.4. This was achieved by adding Ni (II) nitrate hex-
ahydrate to a 0.05 M solution of calcium nitrate tetrahydrate (200 mL). The mixture was
thoroughly stirred at a constant temperature of 80 °C to ensure uniform distribution and
incorporation of the Ni ions into the HAp lattice. The synthesis of Ni powder was carried
out by introducing a solution of diammonium hydrogen phosphate (0.03 M, 100 mL) and
cetyltrimethylammonium bromide (CTAB, 0.03 M, 100 mL) drop-wise at a controlled rate
of 1.5 mL/min to the reaction mixture. The pH of the solution was maintained within
the range of 9-11 by adding ammonium hydroxide. The reaction was allowed to proceed
overnight at room temperature (RT), facilitating the formation of precipitates. These precip-
itates were separated by centrifugation at 6000 rpm for 12 min, followed by two washes
with distilled water to remove residual byproducts and impurities. The resulting gel-like
material was subsequently dried at 50 °C for 48 h, resulting in the production of Ni:HAp
powder. The as-obtained Ni:HAp powder was pressed into a 1-inch diameter target for use
in the PLD experiments.

4.2. PLD Experiments

A Nd:YAG laser operating at a wavelength of 266 nm was used in the PLD experiments.
The laser energy was set in the range of 100 m]. The laser spot diameter was 1.45 mm, with
a fluence of 6 J/ cm?. The target-to-substrate separation distance was set to 50 mm, and the
laser beam was adjusted to cover the entire target diameter. The chamber pressure was
adjusted to 1.7 x 10~ Torr, with the turbo molecular pump operating at a speed of 300 rpm.
The laser beam was incident at 45° on the target’s surface. The number of laser pulses
was varied between 30,000 and 60,000 (30,000 for HAp, and 35,000-60,000 for Ni:HAp thin
films), with a Q switch delay of 235 ps. We would like to highlight that this specific range
of laser pulses was selected based on preliminary adherence tests and prior experience. It
was intentionally chosen to ensure optimal film thickness and uniformity for the Ni:HAp
thin films while maintaining their structural integrity and critical functional properties.
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The target was rotated at a speed of 5°/s to ensure uniform deposition. Ni:HAp thin films
were deposited on silicon substrates maintained at a constant temperature of 500 °C.

4.3. Characterization Techniques

The in vitro heat generation measurement was conducted to evaluate the thermal
capacity of the as-obtained Ni:HAp, following previously established protocols with minor
modifications [58-60]. The prepared samples were placed inside polypropylene bottles.
The samples were cooled in a 1% agar solution to simulate biological conditions. A
magnetic alternative field of 300 Oe at 100 kHz was applied to the polypropylene bottles
containing the samples in agar gel. A fluor-optic thermometer was used to monitor
temperature changes, providing data on the thermal output of the specimens under the
applied magnetic field. In addition, thermogravimetric analysis (TGA) was performed
using a DSC equipment (model Q200, TA Instruments, New Castle, DE, USA) to examine
the thermal degradation behavior of the material. A sample weighing 6.5 mg was heated
from 30 °C to 800 °C in a nitrogen atmosphere to prevent oxidation, with a gas flow rate of
60 mL/min. A constant heating rate of 10 °C/min was maintained throughout the analysis.
The thermogravimetric curve was recorded to monitor weight loss and identify thermal
transitions or decomposition events.

The structural analysis, surface topography, infrared, optical, and magnetic properties
of the synthesized Ni:HAp thin films were investigated by XRD, AFM, FTIR, UV-visible
spectroscopy, MFM, and M-H characteristics. Complementary heat generation assessment
in an alternating magnetic field and TGA, along with protein-ligand interactions, were
also performed.

The phase structure of the sample was analyzed using XRD with a Bruker D8 phaser
instrument. The analysis was conducted using Cu K« radiation, operating at 40 kV and a
current of 200 mA.

The surface topography was evaluated using AFM in tapping mode.

FTIR analysis was conducted using a spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) in the range of 4000 to 500 cm~! to identify the functional groups present in
the samples.

The morphological analysis was conducted using a FE-SEM microscope (model
JSM7100F, Tokyo, Japan).

The magnetic properties of the Ni:HAp thin films were analyzed using a vibrating
sample magnetometer (VSM) operated at a vibrational frequency of 30 Hz at RT. The
hysteresis loop was measured within the range of +7kO, to —7kO, [61].

In vitro bioactivity tests were conducted by immersing the samples in SBF solution.
After two weeks of immersion, the samples were removed from the SBF solution, carefully
rinsed with 50 mL of distilled water followed by 20 mL of ethanol, and dried at RT. The
surface morphology was subsequently analyzed using AFM, and 3D surface images were
visualized using Gwyddion software.

In this study, the 6BTN protein (Bone Morphogenetic Protein 1 complexed with a
reverse hydroxymate—compound 1) was selected as the target due to its significant role in
promoting the growth of cancer cells. The 6BTN protein structure was obtained from the
Protein Data Bank (PDB) [62], and the ligand (HAp) was retrieved in CIF file format from
the Crystallography Open Database [63] and converted to a PDB file using PyMOL software
(version 3.04). Subsequently, the protein was imported into the molecular docking software
AutoDock (version 1.5.7) for further analysis [64,65]. The protein was prepared for docking
by removing water molecules, redundant chains, and heteroatoms to reduce interference
during the simulations. To enhance hydrogen-bond interactions, polar hydrogens were
added. Kollman charges were applied to the protein for accurate interaction modeling. The
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ligand molecule was uploaded into Auto-Dock Tools for preparation. Potential active sites
on the target protein were identified using the HDOCK SERVER, a web-based molecular
docking platform, to pinpoint regions critical for ligand interaction [66].

5. Conclusions

This study explores the effect of nickel doping in hydroxyapatite (Ni:HAp) thin films
deposited on silicon (5i) substrates, with a focus on their optical, functional, morphological,
and magnetic properties, as well as their crystal structure. The Ni:HAp thin films were
synthesized using the pulsed laser deposition (PLD) technique, at varying numbers of
laser pulses (i.e., in the range of 30,000-60,000). The findings indicate that an increase
in the number of laser pulses corresponded to an increase in surface roughness. This
effect was enhanced by the incorporation of Ni nanoparticles. A significant transition from
diamagnetic to ferromagnetic behavior was observed, enhancing the material’s suitability
for hyperthermia applications.

This research identified an optimized number of applied laser pulses for Ni:HAp
thin films, enabling them to function as an efficient heat sink for self-regulated magnetic
hyperthermia applications. With higher magnetization compared to other metal-based HAp
nanoparticles, the Ni: HAp system achieved the optimal Curie temperature of 46 °C, making
it effective for cancer hyperthermia treatment. These in vitro findings highlight the potential
of Ni:HAp as a self-regulating material for future magnetic hyperthermia applications.

Additionally, docking studies and electrostatic mapping provided insights into the
ligand-protein interactions, demonstrating a strong and stable relationship. The favorable
docking score, complemented by key charge distributions, emphasizes the role of Ca®* ions
in enhancing electrostatic affinity, thereby facilitating effective binding. These results under-
line the importance of understanding ligand—protein interactions in advancing biochemical
and biomedical applications.

While traditional studies have laid the groundwork by characterizing doped HAp
materials, the lack of integrated in vitro hyperthermia investigations limits their trans-
lational potential in clinical settings. Future research should adopt a holistic approach,
encompassing the synthesis, structural characterization, and thorough evaluation of hyper-
thermic properties under physiological conditions, alongside biocompatibility assessments.
Such comprehensive studies are essential to harness the full therapeutic capabilities of
doped-HAp-based materials in biomedical applications.
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