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gnetic hyperthermia, drug delivery
and biocompatibility (bone cell adhesion and
zebrafish assays) of trace element co-doped
hydroxyapatite combined with Mn–Zn ferrite for
bone tissue applications
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The treatment and regeneration of bone defects, especially tumor-induced defects, is an issue in clinical

practice and remains a major challenge for bone substitute material invention. In this research,

a composite material of biomimetic bone-like apatite based on trace element co-doped apatite

(Ca10−dMd(PO4)5.5(CO3)0.5(OH)2; M = trace elements of Mg, Fe, Zn, Mn, Cu, Ni, Mo, Sr and BO3
3−; THA)-

integrated-biocompatible magnetic Mn–Zn ferrite ((Mn, Zn)Fe2O4 nanoparticles, BioMags) called

THAiBioMags was prepared via a co-precipitation method. Its characteristics, i.e., physical properties,

hyperthermia performance, ion/drug delivery, were investigated in vitro using osteoblasts (bone-forming

cells) and in vivo using zebrafish. The synthesized THAiBioMags particles revealed superparamagnetic

behaviour at room temperature. Under the influence of an alternating magnetic field, THAiBioMags

particles demonstrated a change in temperature, indicating their potential for magnetic hyperthermia, in

which THAiBioMags further exhibited a specific absorption rate (SAR) value of 9.44 W g−1 (I = 44 A, H =

6.03 kA m−1 and f = 130 kHz). In addition, the as-prepared particles demonstrated sustained ion/drug

(doxorubicin (DOX)) release under physiological pH conditions. Biological assay analysis revealed that

THAiBioMags exhibited no toxicity towards osteoblast cells and demonstrated excellent cell adhesion

properties. In vivo studies employing an embryonic zebrafish model showed the non-toxic nature of the

synthesized THAiBioMags particles, as revealed by evaluation of the survivability, hatching rate, and

embryonic morphology. These results could potentially lead to the design and fabrication of magnetic

scaffolds to be used in therapeutic treatment and bone regeneration.
1 Introduction

A biomaterial with dual functional properties that could be
applied in therapeutics and for bone regeneration is the gold
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standard for the treatment of bone diseases, especially bone
cancer.1–3 During the past few decades, biomagnetic scaffolds
comprising calcium phosphate-based bioceramics combined
with magnetic materials have gained extensive recognition and
application in the eld of bone therapy and regeneration.4–13

Calcium phosphate-based bioceramics are biocompatible and
known for their ability to improve osteoconductivity. Mean-
while, the inclusion of a magnetic element has been shown to
result in magnetic hyperthermia capable of killing tumor cells
when exposed to an external magnetic eld (EMF). A number of
investigations on magnetic calcium phosphate for bone tissue
engineering have been reported. Yang Xia et al.6 demonstrated
the potential of magnetic calcium phosphate combined with
superparamagnetic iron oxide nanoparticles (IONPs) as bioac-
tive magnetic scaffolds in bone tissue engineering. In the
presence of a magnetic eld (MF), this material exhibited
synergistic effects that enhanced the osteogenic differentiation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of seeded stem cells and bone tissue formation. Juan A. Ramos-
Guivar et al.7 studied the structural, morphological, heat release
and biological properties of hydroxyapatite functionalized g-
Fe2O3 nanoparticles. They showed that the studied materials
exhibited excellent biocompatibility with no observable toxicity
and thus could potentially be used in magnetic hyperthermia
therapy for cancer and bone regeneration. Krzysztof Marycz
et al.9 prepared nanocomposites of Ca5(PO4)3OH/Fe3O4 (called
nHAp/IO), which were functionalized with microRNAs (nHAp/
IO@miR-21/124). They demonstrated its ability to promote
the survival and metabolism of bone cells and enhance the
functional differentiation of pre-osteoblasts MC3T3-E1 in co-
cultures with pre-osteoclasts. Sudip Mondal et al.10 prepared
hydroxyapatite coated iron oxide (IO-HA), which demonstrated
a remarkably high efficiency in eliminating nearly all the
experimental MG-63 osteosarcoma cells. This research opens
new avenues for biomaterial applications in anticancer thera-
pies based on magnetic hyperthermia.

Up to now, studies on magnetic scaffolds based on bioactive
glass have been mostly investigated for their ability to induce
both hyperthermia and bone regeneration.14–22 The magnetic
nanomaterials embedded in the bioactive glass ceramics
provided a promising approach for therapeutic treatments via
successive hyperthermia upon EMF stimulation. Meanwhile,
bioactive glasses could stimulate the formation of a bone-like
matrix via the release of bioactive ions, such as calcium ion
(Ca2+), silicate ions (SiO3

2−), phosphate ion (PO3
2−), zinc ion

(Zn2+), magnesium ion (Mg2+), strontium ion (Sr2+), iron ion
(Fe2+), cobalt ion (Co2+), or copper ion (Cu2+). Zilin Zhang et al.19

synthesized a magnetic bioactive glass-ceramic (MBGC) of
magnetic Fe3O4/bioactive glass-ceramic (CaO–SiO2–P2O5–MgO)
scaffolds with the appropriate bioactivity and ability to induce
hyperthermia. This novel magnetic glass-ceramic scaffold
appeared to be a promising biomaterial to be used for bone
repair aer tumor resection. On the other hand, Cansu Taşar
et al.20 synthesized a bioactive glass combined with super-
paramagnetic iron oxide nanoparticles (SPIONs), which
promoted bone cell viability independent of generating
a magnetic eld. Most recently, Jiafei Gu et al.21 used the sol–gel
method to prepare multifunctional phosphate glasses in the
system of 50P2O5–40CaO–(10− x)Na2O–xFe2O3/CuO (x= 0, 2, 5,
8 mol%), which induced hyperthermia to effectively kill tumor
cells. In addition, the glasses degraded over time and released
P, Ca, Na and Fe, promoting bone cell proliferation and osteo-
genic differentiation.

Based on the developmental concept of biomaterials pos-
sessing dual functional properties for bone therapy and regen-
eration, a multifunctional composite scaffold (controlled ion/
drug release, magnetic heating capabilities, as a scaffold for
bone cell adhesion) was developed in this study. As a proof of
concept, the composite involved the successive co-doping of
multiple trace elements (Mg, Fe, Zn, Mn, Cu, Ni, Mo, Sr, Co,
BO3

3− and CO3
2−) into the hydroxyapatite (HAp)

[(Ca10−dMd(PO4)5.5(CO3)0.5(OH)2), M = trace elements (THA)]
integrated-biocompatible magnetic Mn–Zn ferrite [(Mn, Zn)
Fe2O4] nanoferrite particles (BioMags) (THAiBioMags), result-
ing in a magnetic composite material for bone treatment and
© 2024 The Author(s). Published by the Royal Society of Chemistry
bone regeneration. Previous studies reported that the presence
of ions in calcium phosphate composite played an essential part
in the exertion of biological action, such as the stimulation of
osteogenesis, angiogenesis, anti-bacterial activities, as well as in
their mechanical properties.23–26 Meanwhile, (Mn, Zn)Fe2O4

could effectively enhance heat generation in the range of 41–
46 °C (a promising strategy for hyperthermia treatment) when
stimulated by an EMF.27–30 Furthermore, manganese–zinc
ferrite had considerable potential due to its non-toxicity and
responsiveness to magnetic elds. Thus, the constructed
multifunctional THAiBioMags provide a unique biomaterial
scaffold for bone tumor treatment with combined therapeutic
and bone tissue regenerative properties. Herein, we revealed
that THAiBioMags possessed ion/drug and heat release prop-
erties. Thus, THAiBioMags provide a promising therapeutic
approach for bone tumor treatment, as well as the ability to
enhance osteoblast–osteoclast coupling.
2 Experiment
2.1 Chemical reagents

Ferric chloride (FeCl3 anhydrous, 99.0%), manganese nitrate
(Mn(NO3)$4H2O, 97.0%) and zinc nitrate ((Zn(NO3))2$6H2O,
98%) were obtained from UNIVAR (Australia). The chemicals
used for multi-trace element co-doped hydroxyapatite (HAp)
include the following: Ca(NO3)2$4H2O (calcium nitrate, 99.0%)
(Sigma, USA), (NH4)2HPO4 (diammonium hydrogen phosphate,
99.0%) (Kemaus, Australia), Na2CO3 (sodium carbonate, 99.8%)
(Rankem, India), MgCl2$6H2O (magnesium chloride, 99.0%)
(Fluka Chemika, Switzerland), H3BO3 (boric acid, 99.5%)
(Merck, Germany), ZnCl2 (zinc chloride, 98.0%) (Sigma-Aldrich,
USA), CuCl2$2H2O (copper(II) chloride dihydrate, 99.0%) (QRëC,
New Zealand), Mn(NO3)2$4H2O (manganese(II) nitrate tetrahy-
drate, 97.0%) (Chem-supply, Australia), NiCl2$6H2O (nickel(II)
chloride hexahydrate, 99.9%) (Merck, Germany), Na2MoO4-
$2H2O (sodium molybdate dihydrate, 99.5%) (Kemaus, Aus-
tralia), SrCl2$6H2O (strontium chloride hexahydrate, 99.0%)
(Univa, New Zealand) and CoCl2$6H2O (cobalt chloride hexa-
hydrate, 98.0%) (Sigma-Aldrich, USA), NH4OH (ammonium
solution, 28.0%) (QRëC, New Zealand). Doxorubicin (DOX)
(Fluka, Biochemika) was used as the model anticancer drug. All
chemicals were of analytical grade, and were used without
further purication.
2.2 Synthesis of (Mn, Zn)Fe3O4 (MZF) nanoparticles

Magnetic nanoferrite particles of (Mn, Zn)Fe2O4 were done
using an alkaline co-precipitation method, as described in
a previous report.31 Briey, the nitrate salt of Mn(NO3)$4H2O
(0.9 mmol), Zn(NO3)2$6H2O (0.1 mmol) and anhydrous FeCl3 (2
mmol) were mixed in 50 mL of deionized water, along with
10 mL of ethylene glycol (EG) and 5 mL of 0.2 M HCl, under
vigorous stirring. The solution was stirred for an additional 30
minutes at room temperature. Then, the mixed salt solution
was added dropwise into a 250 mL round-bottom ask con-
taining 3 g of NaOH and 0.54 g of SDS, which were dissolved in
25 mL of distilled water at 80 °C with magnetic stirring for 30
RSC Adv., 2024, 14, 29242–29253 | 29243
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minutes. At the end of the reaction, the resulting black nano-
ferrite particles of (Mn, Zn)Fe2O4 were magnetically collected
from the solution, washed three times with ethanol and
deionized water to obtain a neutral pH, and dried at 80 °C for
12 h. To activate the carboxyl groups on the (Mn, Zn)Fe2O4

nanoparticles, a pre-dissolved citric acid solution (0.05 M) was
added to the magnetic particles, resulting in the formation of
carboxylic functional (Mn, Zn)Fe2O4 (MZF). The nanoparticles
were obtained through freeze-drying.

2.3 Synthesis of multi-trace elements (THA)-integrated (Mn,
Zn)Fe3O4 (THAiBioMags) composites

The THAiBioMags composite particles were synthesized by wet
chemical precipitation technique. Briey, 1 g of synthesized
magnetic (Mn, Zn)Fe3O4 nanoparticles was dispersed in an
anion solution consisting of (NH4)2HPO4 (230 mM), H3BO3

(0.01 mM) and Na2CO3 (8 mM) in 250 mL of deionized water,
containing appropriate amounts of P with BO3

3− and CO3
2−,

respectively. Separated cation solutions were prepared using
Ca(NO3)2$4H2O (380 nM), MgCl2$6H2O (0.50 mM), FeCl2$4H2O
(0.075 mM), ZnCl2 (0.08 mM), Mn(NO3)2$4H2O (0.006 mM),
CuCl2$2H2O (0.02 mM), NiCl2$6H2O (0.001 nM), Na2MoO4-
$2H2O (0.001 mM), CoCl2$6H2O (0.001 mM), and SrCl2$6H2O
(0.008 mM) as sources for Ca, Mg, Fe, Zn, Mn, Cu, Ni, Mo, Co,
and Sr, respectively. These chemicals were mixed in 250 mL of
deionized water in a beaker, while being stirred with a magnetic
stirrer. In the typical synthesizing THAiBioMags process, the
cation and anion solutions containing magnetic (Mn, Zn)Fe3O4

nanoparticles were mixed together by dropping the cation
solution into the anion solution. The pH of this mixture was
maintained at 9 by adding (NH4)OH dropwise, and this process
was carried out under constant stirring. Aer several minutes,
multi-trace elements (THA)-integrated (Mn, Zn)Fe3O4 (THAi-
BioMags) began to coprecipitate. The powders were then sepa-
rated from the supernatant solutions by ltered, and washed
with de-ionized water until the pH reached approximately 7.
The samples were then freeze-dried and heated to 500 °C for 2
hours under an ambient air atmosphere.

2.4 Doxorubicin (DOX) drug loading and release

DOX-loaded THAiBioMags particles were synthesized as
follows: 1 mL of DOX solution (1 mg mL−1, as the drug model)
was added to 5 mL of THAiBioMags solution (10 mg mL−1 in
PBS at pH of 7.4), and mixed with a magnetic stirrer for 4 h
under dark condition. At the end of the reaction, the DOX-
loaded THAiBioMags particles were detached from the solu-
tion magnetically using an NdFeB magnet. Subsequently, the
resulting particles were freeze-dried. For the in vitro drug release
study, DOX-THAiBioMags particles were immersed in 15 mL
PBS buffer solution (5 mg mL−1) (pH 7.4) under constant stir-
ring at a rate of 100 rpm for more than a day at 37 °C. At the end
of each incubation period (the different incubation periods
used were 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25 and 30 h), 3 mL
of the released supernatant medium was withdrawn and
replenished with 3 mL of fresh buffer solution. Then, the
amounts of DOX released into the buffer solution were
29244 | RSC Adv., 2024, 14, 29242–29253
determined by measuring their absorbance with a UV-visible
spectrophotometer (Jenway, model 6405) at a wavelength of
480 nm. The percentage of drug released from the particles was
calculated by the following equation:

% Release ¼ amount of drug in release medium at time t

amount of drug loaded in particle
� 100

(1)

The drug content in the supernatant was determined by
comparing the measured absorbance to the standard curve for
the DOX adsorption, represented by the following equation: Ci

= 0.1042Ai + 0.00018; R2 = 0.9907, where Ci was the DOX drug
concentration (0.002 to 0.01 mg mL−1) and Ai was the UV-vis
absorbance at a wavelength of 480 nm. The DOX release
experiments were performed in triplicate, and the amount of
DOX released at each time point was determined as a mean
value ± standard derivation (SD). To understand the processes
associated with DOX release from the THAiBioMags particles,
the Korsmeyer–Peppas, Higuchi and Weibull model32–34 was
used to t the DOX release kinetic proles.
2.5 Characterization of the THAiBioMags composite

2.5.1 Physico-chemical characterizations. The surface
morphology and element composition of the as-prepared
THAiBioMags particles were characterized using a scanning
electron microscope (SEM) and an energy dispersion spectros-
copy (EDS) (FEI SEM Quanta 450, Brno, Czech). The spectro-
scopic characterizations were performed using attenuated total
reectance-Fourier transform infrared spectroscopy (ATR-FTIR)
at 4 cm−1 resolution with 32 scans in the frequency range of
400–4000 cm−1. To determine the presence of the different
phases of the synthesized particles, an X-ray diffractometer
(XRD) (D8 Advance Bruker, Karlsruhe, Germany) was used to
determine the crystal structure of the THAiBioMags powder
using Cu Ka radiation (l = 0.15405 nm). The magnetic prop-
erties of the THAiBioMags particle were measured at room
temperature using a vibrating sample magnetometer (VSM)
(Lakeshore, Model 4500, Carson, CA, USA). The shape and size
of the as-prepared nanoparticles at the nanoscale were exam-
ined using a transmission electron microscope (TEM) (TEM-
Hitachi HI7700, Tokyo, Japan).

2.5.2 Evaluation on the heating ability. To evaluate the
synthesized magnetic nanoferrite particles of the (Mn, Zn)Fe3O4

and THAiBioMags particles as a potential candidate for hyper-
thermia, the rise in temperature as a function of time was
evaluated. The temperature–time proles of the particles were
recorded using a home-made alternating magnetic eld (AMF)
operated at 3, 5 and 7 kW. The current is passed through a 6-
turn coil, 30 mm in diameter, made of copper tube. Specically,
the temperature increase in a solution containing the particles
at a concentration of 1 mg mL−1 when exposed to AMF (I = 44 A
and f = 130 kHz) for 30 minutes was recorded. The hyper-
thermia performance was assessed using the specic absorp-
tion rate (SAR), which was calculated based on the heating
© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficiency of the nanoparticles. SAR was determined using the
following formula:35,36

SAR (W g−1) = [Cw/m] × [dT/dt] (2)

where Cw was the specic heat capacity of the medium (water)
(4.186 J g−1 °C−1), m was the magnetic particle concentration,
and dT/dt was the rate of temperature rise obtained by tting
the heating curve to the phenomenological Box-Lucas model
(eqn (2)), which was applicable for calorimetric measurements
under non-diabatic condition.

T = T0 + Tmax(1 − e−Bt) (3)

where T0 was the nonzero starting temperature, Tmax was the
maximum temperature difference in the heating curve, and B
was the tting parameter of the curve. The product (Tmax × B)
was the rate.

2.5.3 Bioactivity of the THAiBioMags in SBF. The bioac-
tivity of synthesized THAiBioMags and sHA (control) was
studied in a simulated body uid (SBF) solution prepared using
the Kokubo method, according to the method reported previ-
ously,37 in an incubator for 7 days at 37 °C. SBF is a solution with
an ion concentration close to that of human blood plasma. It is
made by buffering the following chemicals: NaCl (136.8 mM),
NaHCO3 (4.2 mM), KCl (3.0 mM), K2HPO4 (1.0 mM), MgCl2-
$6H2O (1.5 mM), CaCl2 (2.5 mM), and Na2SO4 (0.5 mM) at a pH
of 7.4 in (CH2OH)3CNH3 and HCl. The bioactivity of the
mineralized apatite formation of each THAiBioMags and sHA
sample was assessed by immersing the pellets in 50 mL of SBF
for one week at 37 °C. The SBF was replaced every three days to
avoid any effects caused by changes in the cationic concentra-
tion due to the degradation of the sample. Aer soaking in SBF,
the samples were rinsed with deionized water and dried. SEM
and EDS observations were used to study the mineralized
apatite and chemical elements on the surface of the samples.

2.5.4 Electrical conductivity of the ion release prole from
the THAiBioMags particles. The release of trace elements from
the THAiBioMags particles was studied under static conditions.
Typically, 0.15 g of as-prepared sHA (synthetic hydroxyapatite,
control) and THAiBioMags powders was dispersed in 15 mL
distilled water at a pH of 7.4 at room temperature, and at
various time points (0.5, 1, 3, 5, 7, and 14 days). At the end of
each aging period, the electrical conductivity values, which were
related to the number of ions released at given periods, were
measured using a digital conductivity meter (HI9813-5 portable
pH/EC/TDS meter, HANNA instruments, Woonsocket, RI, USA).
To study the ion release prole between sHA (control) and
THAiBioMags, conductivity measurements were plotted as
a function of time.

2.5.5 Cell culturing and MTT assay. To evaluate the in vitro
assay of THAiBioMags with the rat osteoblast-like UMR-106
cells, the cultivation was performed according to a method re-
ported previously.37 Briey, the circular glass discs (control) and
THAiBioMags discs were sterilized with 70% ethanol and placed
under a UV lamp for 30 min before use. The rat osteoblast-like
UMR-106 cells [American Type Culture Collection (ATCC) No.
© 2024 The Author(s). Published by the Royal Society of Chemistry
CRL-1661] grown in a Dulbecco's modied Eagle's medium
(DMEM, Sigma, USA) supplemented with 10% v/v fetal bovine
serum (FBS, Austria) and 100 U mL−1 penicillin–streptomycin
(Gibco, USA) were seeded on the circular glass or THAiBioMags
discs at 1 × 106 cells per well in 6-well plates. The well plates
were incubated at 37 °C under humidied 5% CO2. Then, the
cell attachment and mineralization were done for 3, 5 and 7
days. To observe the cell morphology, the glass and substrates
were rst rinsed with phosphate buffer (pH 7.2) twice, and then
xed in 2.5% glutaraldehyde (Electron Microscopy Science,
USA) in 0.1 M phosphate buffer for 3 h. Then, glass and
substrate discs were dehydrated in a series of ethanol/water
solution (50%, 70%, 80% and 90% v/v) and absolute ethanol,
and then dried under vacuum. Cell morphology, cell adhesion
and cell proliferation were visualized by SEM. Cell viability was
determined using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide) assay, according to the method
reported previously.37 Briey, cells and the circular glass discs
(control) and THAiBioMags discs were cultured together for 3, 5,
and 7 days. Aerward, the substrate scaffolds were washed, and
20 mL of 0.5 mg mL−1 MTT solution was added to each sample,
followed by 3.5 hours incubation. Upon removal of the MTT
solution, the scaffolds were smashed, and the purple formazan
crystals were dissolved in 150 mL of solvent containing 4 mM
HCl and 0.1% Nondet P-40 (NP40) in isopropanol, while
shaking the plate for 15 min. Then, the solution was centri-
fuged, and the supernatant was transferred onto another plate
to measure the optical density using a micro-plate reader (Bio-
Tek EL×800) at 595 nm.

2.5.6 Zebrash maintenance and embryo collection. Adult
zebrash (Danio rerio) were bred and maintained at the
National Nanotechnology Center (NANOTEC) using a stand-
alone recirculation system (AAB-074, Yakos65, Taiwan)
following standard protocols. The sh were kept under
a photoperiod of 14/10 h (day/night) at 28 ± 1 °C. Embryos were
obtained from natural pair-wise mating and kept in egg water
(0.006% w/v sea salt in DI water). Fertilized embryos at 4 hours
post-fertilization (hpf) were selected under a stereomicroscope
(SZX16, Olympus, Tokyo, Japan). All study procedures have been
approved by the NSTDA Institutional Animal Care and Use
Committee (No. 001-2563).

2.5.7 Zebrash embryo acute toxicity test. The zebrash
embryo acute toxicity test followed the Organization for
Economic Co-operation and Development guideline number
236 (OECD 236, 2013).38 Stock solutions of particles, including
THAiBioMags, were prepared in DI water and sonicated for
10 min. For test solutions, stock solutions were serially diluted
in egg water to nal concentrations of 31.25, 62.5, 125, 250, and
500 mg mL−1, and sonicated for 10 min. Twenty zebrash
embryos were exposed to 2 mL of each test solution in a 12-well
culture plate, and 2 mL of egg water was used as a negative
control. Each test solution was vortexed for 20 s before imme-
diate addition to the well. The plates were incubated at 28.5 ±

1 °C for up to 96 h. Every 24 h, the test solutions were renewed,
and dead embryos were removed. The survival, hatching, and
malformation rates of zebrash were recorded. Experiments
with less than 90% survival in the control group were rejected.
RSC Adv., 2024, 14, 29242–29253 | 29245
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At 24 and 48 hpf, the heart rates of embryos were documented
by video recording using the stereomicroscope (SZX16,
Olympus) equipped with the DP73 camera (Olympus).

2.6 Statistical analysis

Data were presented as the mean ± standard deviation (SD)
from three independent experiments. The statistical signi-
cance between each test solution and control were determined
by using one-way analysis of variance (ANOVA), followed by
Tukey's test to compare the differences between groups.
Statistical differences were considered signicant for a p-value
less than 0.05.

3 Results and discussion

The SEM micrograph and EDS analysis relating to the THAi-
BioMags particles are shown in Fig. 1(a and b). The micrograph
in Fig. 1(a) reveals that the particles are mostly spherical with
sizes of less than 100 nm. Additionally, Fig. 1(b) conrms that
the particles are composed of Ca, P, Mg, Fe, Zn, Mn, Cu, Ni, Mo,
Sr, Co, B and O. The XRD diffraction pattern of the as-prepared
THAiBioMags particles (Fig. 1(c)) exhibits lower peak intensity
and broadening of the diffraction peaks, indicating low crys-
tallinity of THAiBioMags due to the formation of smaller crys-
tals, making them more amorphous. The FTIR analysis of
THAiBioMags is shown in (Fig. 1(d)) and presents both BioMags
and THA functional groups. As a result, the characteristic bands
for PO4

3− appear at 479, 567, 605, 1046, and 1098 cm−1.
Meanwhile, the absorption bands at 3450–3575 cm−1 and
634 cm−1 are due to the stretching and vibration modes of the
OH− ions, respectively.19 The THA functional groups in the
range of 450–605 cm−1 have higher intensities, merging with
the functional group of M–O in that region.19 Generally, the
spectra of the BioMags particles show the sharp band at
570 cm−1, which corresponds to the M–O vibrations for Bio-
Mags. Additionally, three bands located at 879, 1419, and
Fig. 1 Characterization of THAiBioMags particles: SEM (a), EDS (b),
XRD (c) and FTIR (d).

29246 | RSC Adv., 2024, 14, 29242–29253
1458 cm−1 can be attributed to the O–C–O stretching and
bending vibration of carbonate groups.19 This indicates the
formation of carbonated apatite, a mineral phase with
a composition close to that of the natural bone.

TEM images were obtained to investigate the nanosize of the
obtained ions-modied hydroxyapatite and its composite with
Mn–Zn nanoferrite particles ((Mn, Zn)Fe2O4 nanoparticles), as
well as to observe how the particles interacted with each other.
As shown in Fig. 2(a), the THA particles possessed a rod-like
shape with an average size of approximately 25–40 nm × 7–
15 nm. In contrast, the magnetic (Mn, Zn)Fe3O4 nanoferrite
particles had a spherical-like morphology, and were in the 5–15
nanometric size range (see Fig. 2(b)). For the THAiBioMags
composite particles, rod-like morphologies for THA integrating
the biocompatible Mn–Zn nanoferrite were observed (see
Fig. 2(c)). The magnication presented in Fig. 2(d) revealed that
the (Mn, Zn)Fe3O4 nanoferrites (with an interplanar distance of
0.21 corresponding to a (311) plane) are well dispersed in the
THA matrix, which was related to the THAiBioMags composite.
Additionally, the composite particles were bigger, around 100–
200 nm, than what was seen in the TEM images of THA and
(Mn, Zn)Fe3O4 nanoferrites, which may result from the aggre-
gation of biocompatible Mn–Zn nanoferrite (BioMags).

The magnetic properties of the prepared samples were
studied by VSM. As we know, the magnetic properties of the
synthetic scaffolds (magnetic scaffold) were important for dual
tissue treatment and regeneration, as demonstrated by previous
research.1–3 According to Fig. 3, THA and THAiBioMags both
exhibited magnetic properties, with a notable difference in their
magnetic saturation (Ms) values. THA had aMs of 0.26 emu g−1,
while the THAiBioMags composite showed a higher Ms of 1.62
emu g−1. Notably, the magnetic saturation value of both
samples decreased when compared to bare (Mn, Zn)Fe3O4
Fig. 2 TEM images of the (a) multi-trace elements co-doped apatite
(Ca10−dMd(PO4)5.5(CO3)0.5(OH)2, M = trace elements, THA), (b)
magnetic Mn–Zn nanoferrite ((Mn, Zn)Fe2O4 particles, BioMags) and
THAiBioMags nanoparticles at low (c) and high (d) resolution,
respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Magnetic hysteresis loops of THA and THAiBioMags at room
temperature.
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nanoferrites (Ms = 40.53 emu g−1). The lower saturation
magnetization was attributed to the proximity of the non-
magnetic THA compound with (Mn, Zn)Fe3O4, as well as the
presence of less (Mn, Zn)Fe3O4 nanoferrites. Similar results
were also reported in magnetic bioactive glass, such as the
magnetic Fe3O4/bioactive glass-ceramic (CaO–SiO2–P2O5–MgO)
system or bioactive glass combined with superparamagnetic
iron oxide nanoparticles (SPIONs).19–21

The heat release experiments were conducted on samples
dispersed in water at concentrations of 1 mg mL−1 and at power
levels of 3, 5, and 7 kW, as shown in Fig. 4.

It was evident that the heating properties improved with
increasing power, reaching a temperature of 45 °C from 28 °C in
approximately 30 minutes when using nanoparticles at an
electromagnetic eld frequency of 130 kHz and a current of 44
A. In this situation, the magnetic eld (H) amplitude generated
by the coil is calculated to be 6.03 kA m−1 by the following
relation H = (1.257nI/D), where n is the number of turn coil and
Fig. 4 Induction heating curve of magnetic Mn–Zn nanoferrite (Mn,
Zn)Fe2O4 particles, BioMags and THAiBioMags with Box-Lucas (eqn
(2)) fitting operating at 3, 5 and 7 kW with a frequency of 130 kHz.

© 2024 The Author(s). Published by the Royal Society of Chemistry
D is the diameter (5.5 cm) of the turn. The product of the eld
magnetic eld (H) amplitude and frequency is Hf = (6.03 × 103

A m−1) × (130 × 103 Hz) = 0.78 × 109 A m−1 s−1, which was
carried out within the threshold limit (Hf is taken as 5.0 × 109 A
m−1 s−1, as proposed by Hergt and Dutz39). The efficiency of
heat conversion by magnetic nanoparticles under magnetic
eld stimulation was a crucial parameter for potential cancer
treatment, and was estimated using the specic absorption rate
(SAR), measured in W g−1. The hyperthermia performance in
terms of SAR was calculated from the heating efficiency of the
nanoparticles, according to eqn (2) and (3). Based on the
calculations using eqn (2) and (3), the SAR for THAiBioMags at
power levels of 3, 5, and 7 kW were 5.25, 7.29, and 9.44 W g−1,
respectively. This SAR is lower compared to the (Mn, Zn)Fe3O4

nanoferrite, which was 18.29 W g−1 at a power of 3 kW. The
lower SAR value of (Mn, Zn)Fe3O4 aer composite formation
may be attributed to the THA shell, which was expected to act as
an insulating layer, reducing the energy transfer to the media
for the (Mn, Zn)Fe3O4 nanoferrite. However, it was important to
note that SAR depended not only on the type of materials, but
also on various parameters, including the magnetic eld
strength, frequency, concentration, and suspension stability in
aqueous media, etc.40–44 As we know, heat generation and SAR
loss in superparamagnetic nanoparticles under an AC magnetic
eld depend on both Néel's and Brownian relaxation times,
denoted as sN and sB, respectively. Néel's relaxation time was
approximately 10−9 s and involved the exponential term,

sN ¼ s0exp
�
KV
kB

�
; s0 z 10�9 s, where V represented the particle

volume, kB was the Boltzmann constant, and K was a material-
specic parameter. On the other hand, the Brownian relaxa-

tion time, sB ¼ 4phrh3

kBT
, depended on factors such as the

particle size (rh), temperature (T), and viscosity (h) of the
surrounding medium.40–42 When using THAiBioMags particles,
it was important to consider that both Néel and Brownian
relaxation mechanisms might impact the efficiency. Hence,
using THAiBioMags particle in this situation would reduce the
efficiency as both Néel and Brownian relaxation. Similar results
were observed in studies involving the incorporation of super-
paramagnetic nanoparticles (SPIONs) into solid biomaterial
matrices, such as Ca–Si-based bioactive glass.17 For instance, in
nanocomposites of superparamagnetic iron oxide nanoparticles
dispersed in bioactive glass, the SAR values varied between 3–
71 W g−1.17–19 Although the interdependence of SAR with
magnetic eld parameters such as the magnetic eld frequency
and amplitude made it difficult to compare the heating effi-
ciency of the samples reported in the literature, our experi-
mental results have clearly indicated that the SAR of our
THAiBioMags composite had the potential to provide an altered
magnetic scaffold for achieving controlled hyperthermia.

To investigate the mechanism and rate of drug release, two
distinct behaviors were observed (Fig. 5): an initial small burst
release during the rst 10 hours, followed by a sustained
release. The initial burst release of DOX was attributed to the
RSC Adv., 2024, 14, 29242–29253 | 29247
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Fig. 5 The release profile of doxorubicin (DOX) and kinetic models
(Korsmeyer–Peppas, Higuchi and Weibull function) applied to the
release of DOX from THAiBioMags.

Fig. 6 The electrical conductivity of the ions released from the sHA
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release of DOX molecules attached to the surface of the
particles.

As observed, the overall drug release was relatively slow, with
an initial burst release of approximately 64.26%, followed by
a slower rate aer the 10th hour. The accumulated release
amount of only approximately 65.60% was released from
THAiBioMags particles in the 30th hour, suggesting that the
release was primarily due to the dissolution of the carrier. This
is consistent with the ndings from the previous reports.45,46 To
determine the possible mechanism of the DOX molecules from
THAiBioMas, the well-kwon drug release kinetic models32–34

were used to t and predict the release mechanism. The release
data were tted based on the Korsmeyer–Peppas (KPM) (Mt/M0

= kKPt
n), Higuchi (Mt/M0 = kHt

0.5) and Weibull function (Mt/M0

= D0(1 − exp(−atb))). In this kinetics model, ‘n’ represented the
release exponent, where values of n# 0.45, n$ 0.85, and 0.45 <
n < 0.85 corresponded to controlled release mechanisms of the
Fickian diffusion, relaxation, and non-Fickian diffusion,
respectively.32 kKP, kH, Mt and M0 are the transport constant,
release constant of Higuchi, concentration of DOX release into
medium up to time t and at initial concentration, respec-
tively.32,33 D0 is the diffusion coefficient, and a and b are
constants.34 A value of b < 0.75 suggests a Fickian diffusion
release mechanism.34 As shown in Fig. 5, during the rst-10th
hour, both KPM and Higuchi provided an excellent t for the
DOX release prole, but the t was poor at longer t times. The
tting results showed the best agreement with the correlation
coefficient (R2) of 0.936 and 0.915 for the KPM and Higuchi
model, respectively. Meanwhile, the KPM release exponent of
“n” was 0.38, indicating that the Fickian diffusion (independent
of the drug concentration) primarily governed the release of
DOX from THAiBioMags at neutral levels. The Weibull function
showed a better t of the curves than the other evaluated
models, showing R2 higher than 0.988 for all curves. The ob-
tained result with the Weibull function is Mt/M0 = 72(1 −
29248 | RSC Adv., 2024, 14, 29242–29253
exp(−0.35t0.70)). The release index “b = 0.70 with <0.75” indi-
cated that the release of DOX from the THAiBioMags particles is
governed by a diffusion-based drug release.34

To evaluate the stability of the THAiBioMags composite
scaffold, the degradation process resulted in simultaneous
releases of both cations and anions, which were tracked by
measuring the change in electrical conductivity of the solution.
As shown in Fig. 6, the electrical conductivity of THABioMags in
water was extremely low, especially over the rst ve hours. In
contrast, the conductivity value of hydroxyapatite (sHA)
increased rapidly in the rst ve hours and then gradually
stabilized. The marked difference in the electrical conductivity
curve between those of sHA and THAiBioMags could be attrib-
uted to the loss of the scaffolds, as supported by approximately
4.6% and 1.7% weight loss of sHA and THAiBioMags, respec-
tively, aer 14 days of soaking. Throughout the entire aging
period, the electrical conductivity of THAiBioMags remained in
the range of 0.010–0.070 mS cm−1, signicantly lower than that
of sHA (0.020–0.273 mS cm−1). The initial increase in the elec-
trical conductivity value was likely attributed to the continuous
dissolution of the scaffold, leading to the release of ionic
components into the solution. However, this was a complex
process involving chemical reactions and different phases of
formation.

For the bioactivity assessment of the THAiBioMags and sHA
(control) in SBF, the formation of apatite particles on the
samples' surfaces aer being soaked in SBF for 7 days was
examined by SEM and EDS analysis (Fig. 7). Aer immersing the
scaffolds in SBF for 7 days, microstructural changes on the
surface of the substrates were observed. Inhomogeneous
growth of apatite particles was noted on the sHA surface
(Fig. 7(a and b)). As observed in Fig. 7(d and e), THAiBioMags
exhibit signicant surface changes, with the surface completely
covered by clusters of apatite mineral particles growing as
microsized crystals with nodular-like structures. These struc-
tures have diameters ranging from 2 mm to 5 mm. The Ca-to-P
ratios of the particles formed on the surface, as determined
(hydroxyapatite) and THAiBioMags.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of the sHA (a and b) and THAiBioMags (d and e)
surfaces after immersion in SBF for 7 days. EDS analysis of particles on
the surface of sHA (c) and THAiBioMags (f).

Fig. 9 MTT assay of THAiBioMags compared with the glass substrate
(positive control; paired with each material) on days 3, 5, and 7. NS: no
significance between the two groups, *p < 0.05.
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by EDS analysis, were 1.68 for sHA (Fig. 7(c)) and 1.66 for
THAiBioMags (Fig. 7(f)), both close to that of natural bone (Ca/P
= 1.67). The formation of mineral apatite enables the
surrounding bone to come into direct contact with this layer.

To evaluate the biocompatibility of the fabricated THAiBio-
Mags scaffolds, osteoblast-like cells were tested for their adhe-
sion to the composite scaffolds, with a glass substrate used as
a control.

As seen in Fig. 8, aer 3, 5, and 7 days of culturing, the
osteoblast-like cells adhered to the surface of both glass and
THAiBioMags scaffolds. However, the cells on the THAiBioMags
scaffold exhibited a typical spreading morphology with
a polygonal appearance and more extending lopodia, indi-
cating greater adhesion. In addition, it could be inferred that
the presence of magnetic nanoferrite particles of (Mn, Zn)Fe3O4

and ions in the THAiBioMags scaffold did not have unfavorable
inuence on bone cell proliferation. The cell viability of the rat
osteoblast-like cells cultured on substrates for the same
culturing period was evaluated. The difference in cell viability
observed by the MTT assay (Fig. 9) between the glass substrate
(control) and the THAiBioMags scaffolds could be attributed to
Fig. 8 Representative SEM images of osteoblast-like cells on glass and
on THAiBioMags surface after 3, 5 and 7 days of culture.

© 2024 The Author(s). Published by the Royal Society of Chemistry
variations in cell growth. However, cell viability on the surface
of the THAiBioMags scaffold caught up with that of the glass
scaffold from the h day onwards. Previous investigations
have shown that the presence of certain amounts of doping
elements, scaffold dissolution, and magnetic elds could
promote or inuence the proliferation of osteoblasts.47–49 From
these points of view, it could be attributed to the fact that the
THAiBioMags scaffold in the present study appeared to allow
better cell adhesion and all growth.

Zebrash embryos have been widely used as a vertebrate
model for the evaluation of nanoparticle biocompatibility.50,51

As shown in Fig. 10, following a 96 hours exposure to sHA or
THAiBioMags nanoparticles, the zebrash embryos showed no
malformation. Moreover, the survival rate (Fig. 11(a and b)),
hatching rate (Fig. 11(c and d)) and heart rate (Fig. 11(e and f))
Fig. 10 Representative images of zebrafish embryos at 96 hpf after
exposure to sHA and THAiBioMags.

RSC Adv., 2024, 14, 29242–29253 | 29249
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Fig. 11 Survival and hatching rates after 96 h exposure of zebrafish
embryos to different concentrations of sHA (a and c) and THAiBioMags
(b and d). Heart rate of zebrafish embryos at 24 and 48 hpf after
exposure to different concentrations of sHA (e) and THAiBioMags (f).
The data are from three independent experiments (n = 3) and pre-
sented as mean ± SD.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
4:

07
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of the zebrash embryos were not affected by exposure to
THAiBioMags, indicating that the tested nanoparticles had no
toxic effect on the developmental processes in zebrash
embryos. However, at 48 hpf, only THAiBioMags slightly
reduced the embryonic heart rates at tested concentrations
above 31.25 mg mL−1, as shown in Fig. 11(f).

However, in a previous study, a zebrash embryo assay was
used to evaluate the toxicity and safety of bioceramics such as
hydroxyapatite and bioactive glass46–49 for use in dentistry. It was
reported that different hydroxyapatite nanoparticle (HANP)
morphologies (dot, long rod, sheet, and bre)50 at the concen-
tration range of 0–100 mg L−1 could signicantly impact the
embryological development of zebrash. Another study using
the zebrash model to evaluate the toxicity of dental bio-
ceramics of mineral trioxide aggregate (MTA) and Biodentine52

revealed a greater biocompatibility of Biodentine as compared
to that of MTA. Another earlier investigation focused on the
effects of the ion species and ionic dissolution products such as
Cu, Sr, Mg and Si ions from bioactive glass,51,53 and reported no
toxicity or developmental abnormalities in zebrash embryo. To
the best of our knowledge, the present ndings represent the
rst report on the non-toxicity of multi trace elements (Mg, Fe,
Zn, Mn, Cu, Ni, Mo, Sr, BO3

3− and CO3
2) co-doped hydroxyap-

atite (THA) [(Ca10−dMd(PO4)5.5(CO3)0.5(OH)2, M = trace
elements)] integrated with biocompatible magnetic Mn–Zn
nanoferrite ((Mn, Zn)Fe2O4) nanoparticles (THAiBioMags) on
vertebrate development. We found that THAiBioMags, at the
concentrations tested, were safe for developing zebrash
29250 | RSC Adv., 2024, 14, 29242–29253
embryos. These ndings may indicate that there was a strong
possibility that THAiBioMags could also be biocompatible in
humans.

4 Conclusion

In summary, we successfully developed a multifunctional
therapeutic platform (THA) (Ca10−dMd(PO4)5.5(CO3)0.5(OH)2, M
= trace elements) by co-doping hydroxyapatite (HA) with
multiple trace elements (Mg, Fe, Zn, Mn, Cu, Ni, Mo, Sr, BO3

3−

and CO3
2−). This platform allows for the simultaneous loading

of magnetic nanoferrite particles (Mn, Zn)Fe2O4, (BioMags) and
the chemotherapeutic drug (DOX). This innovative approach
enables synergistic simultaneous cancer treatment and bone
regeneration through precise hyperthermia therapy and local-
ized controlled-release chemotherapy. The physical properties
of the as-prepared THAiBioMags particles are distinct from
those of the sHA (control), primarily due to their intrinsic
magnetic property. These characteristics are signicantly
inuenced by the ion-doping process during synthesis,
including the incorporation of (Mn, Zn)Fe2O4 nanoferrite into
the THA matrix. The synthesized THAiBioMags composite
nanoparticles exhibit superparamagnetism with a magnetic
saturation of 1.62 emu g−1. Importantly, in the absence of
a magnetic eld, these synthesized nanoparticles demonstrate
minimal or no cytotoxic effects on cell lines. The cytotoxicity
assay study demonstrated that the hyperthermia treatment,
which raised the temperature to around 45 °C, induced cell
death in cancer cells. The synthesized nanoparticles exhibited
excellent heating efficiency as a nanoheater, with a specic
absorption rate (SAR) value of 9.44 W g−1 when subjected to an
alternating magnetic eld. The THAiBioMags were loaded with
DOX and presented sustained drug release at a neutral medium.
The DOX release kinetic prole was best tted with the Weibull
model, in which the obtained parameters (“n” was 0.34 and “b”
was 0.7) indicated a Fickian release for THAiBioMags. In bio-
logical studies, none of the substrates exhibit a cytotoxic effect
on rat osteoblast-like UMR-106 cells. Furthermore, the UMR-
106 cells showed good adhesion with better dispersion and
better viability on the surface of the THAiBioMags substrates.
Zebrash embryo experiments further conrmed the non-
toxicity of the THAiBioMags composite particles at the
concentration range of 0–500 mg L−1. This research offers
valuable insights into the design of a magnetic scaffold with
multifunctional properties as a promising candidate for future
development into bone scaffolds for therapeutic and bone
regeneration purposes.
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