
Research Article

Aneela Anwar*, Ayesha Sadiqa, Azeem Intisar, Amin Ur Rashid, Tabassam Razaq, Samar A. Aldossari,
Mohammed Sheikh Saleh Mushab, Dong Yong Park*, and Dongwhi Choi*

Synergistic effect of hydroxyapatite-magnetite
nanocomposites in magnetic hyperthermia for
bone cancer treatment

https://doi.org/10.1515/ntrev-2023-0225
received November 21, 2023; accepted February 24, 2024

Abstract: Hydroxyapatite/magnetite (HA-Fe3O4) nanocom-
posite materials that have the synergistic ability to produce
heat when in direct bonding with a bone through HA are
regarded competent hyperthermia therapies of bone carci-
noma treatment. HA-Fe3O4 nanocomposites with various
magnetite concentrations (10, 20, and 30 wt%) were quickly
synthesized using a novel continuous microwave-assisted
flow synthesis (CMFS) process in a 5 min residence dura-
tion at the conditions of pH 11. In this process, initially,
phase pure hydroxyapatite and superparamagnetic mag-
netite nanoparticles followed by a series of HA-Fe3O4 nano-
composites were formed, without a subsequent aging step.
The obtained nano-product was physically analyzed using

Brunauer-Emmett-Teller (BET) surface area analysis, trans-
mission electron microscopy, and X-ray powder diffraction
analysis. X-ray photoelectron spectroscopy was used for
the chemical structure analysis of the final nanocomposite
product. Zeta potential measurements were carried out to
determine colloidal stability associated with the surface
charge of the nanocomposites. The magnetic properties
were determined using a vibrating sample magnetometer.
The results indicated the high magnetization property of the
obtained nanoproduct, suitable for hyperthermia applica-
tion. HA-Fe3O4 nanocomposites have shown remarkable
antimicrobial properties against E. coli and S. cerevisiae.
Thus, the CMFS system facilitated the rapid production of
HA-Fe3O4 nanocomposite particles with fine particle size.
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hyperthermia, magnetite, nanocomposite, synergistic effect

1 Introduction

The need for smarter, smaller, and multiphase nanoparti-
cles in the field of nanochemistry has given birth to a
newly emergent class of compounds called nanocomposite
materials [1]. For the last few decades, considerable atten-
tion has been given to the formation and development of
nanocomposite materials as exclusive, functional nanoma-
terials with enhanced properties [2,3]. Antibiotic resistance
is becoming a major global public health problem as a
result of human abuse and disrespect, numerous studies
have investigated the use of magnetic nanoparticles (MNPs)
in bacterial infection control [4,5]. The study of magnetic
ceramic composite and its use in the biomedical area has
been one of the most fascinating issues for academics over
the past 10 years [6]. Nanomaterials have been the subject of
several studies utilizing magnetic hyperthermia up to this
point, but for practical medical use, they present a number
of inescapable difficulties, the most prevalent of which is
early toxicity [7–9].
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A wide range of illnesses affecting the human body
with genetic abnormalities in cells which lead to uncon-
trolled cell division, which spreads to other body areas is
referred to as cancer [10,11]. It is one of the most devas-
tating and terrifying diseases that, regardless of pros-
perous or poor countries, results in significant fatalities
globally [12,13]. The existing therapies for cancer treatments
are mainly based on surgical operations, radiotherapy,
chemotherapy, genetherapy, hormonotherapy, and immu-
notherapy, which badly affect the patient’s life due to side
effects associated with these therapies [14–16]. In conjunction
with radiation or chemotherapy, magnetic hyperthermia is cur-
rently a popular cancer treatment option [17]. Hyperthermia is
a type of non-invasive anticancer treatment in which a body
part or tissue is subjected to an elevated temperature between
43 and 48°C to preferentially destroy or make the cancerous
cells more susceptible to some other follow-up therapy [18–20].
The serious disadvantage associated with other therapies (IR
radiation therapy, hot water, supersonic therapy, etc.) is that
normal cells are also affected besides the cancerous cells. So
therapies involving the heating of carcinomatous areas selec-
tively and locally are strongly needed [21–23].

Many different materials have been created and tested
to see how well they work in the treatment of cancer using
hyperthermia. Bioactive ceramics have emerged as particu-
larly beneficial among these materials [24,25]. As a typical
bioactive substance, hydroxyapatite [Ca10(Po4)6(OH)2 or HA] is
employed as bone cement, dental implants, drug delivery,
and toothpaste ingredient due to its remarkable biocompat-
ibility, osteoconductivity, bioactivity, chemical, and biological
similarities with the mineral components of human bones
and teeth [26–28]. The biocompatibility of magnetite (Fe3O4)
nanoparticles with the human body is well recognized.
Though, there is concern over the nanoparticle’s potential
for long-term toxicity, the most efficient way to solve this
issue is to utilize magnetic Fe-doped HA; however, incorpor-
ating Fe3O4 nanoparticles into HA matrices can also lessen
the long-term harmful effects [8,29,30].

Because of their ability to produce heat under a hyperthermic
high-frequency alternating magnetic field, superparamag-
netic nanoparticles have attracted a lot of interest. There
have been several published studies on the usage of these
particles in hyperthermia [6,31,32]. Despite the fact that
thesemagnetite nanocomposites are target-directed and bio-
compatible with the human body, it is preferable to mix
them with a suitable bioactive substrate to avoid any poten-
tial long-term negative effects. The most efficient method for
treating malignant bone tumors with heat is to use HA com-
posite materials that include magnetite [29,33–35]. They
have also been used as adsorbents [36–39] and catalysts
[40,41] in recent investigations. Additionally, it has been

observed that MNPs (Fe3O4) can induce bactericidal proper-
ties by inhibiting bacterial growth and viability [42]. In par-
ticular, magnetite-incorporated HA nanocomposites have
huge potential to be used in biomedical applications, espe-
cially in bone cancer where destruction of cancerous cells as
well as regeneration of bone tissue is desired [43,44].

The traditional methods for creating HA-Fe3O4 nano-
composites have limitations since more ageing processes
lead to the creation of these nanoparticles, which requires
a longer reaction time. Thus, a straightforward procedure
must be created for the quick formation of these bioactive
nanocomposites with improved properties [29].

In this research, a simple unique one-pot continuous
microwave flow synthesis methodology was used to create
a variety of HA-Fe3O4 nanoparticles. Utilizing a variety of
optical and analytical techniques, the structural character-
ization, and magnetic and antimicrobial properties of these
newly created nanocomposites were assessed.

2 Materials and methods

For the synthesis of HA-Fe3O4 nanocomposite, iron source
used was iron citrate (C6H5O7Fe·3H2O, 98%), while diammo-
nium hydrogen phosphate [(NH4)2HPO4, 98%], calcium nitrate
tetrahydrate [Ca(NO3)2·4H2O, 99%], and ammonium hydro-
xide solution (NH4OH, 28 vol%) were used in the synthesis
process. During all experimentation, deionized water was
consumed.

2.1 Experimental method

2.1.1 Synthesis of hydroxyapatite

By using a continuous microwave-assisted flow synthesis
(CMFS) technique, the pure nano-hydroxyapatite was synthe-
sized at pH 10. In the synthesis process, the solutions of cal-
cium nitrate (59 g) and diammonium hydrogen phosphate
(19.8 g), were mixed together by pumping them at a flow
rate of 20mLmin−1 to a T-piece during the continuous micro-
wave assisted flow synthesis procedure. This original combi-
nation was linked to Teflon tubing of 8m length, which was
twisted into a household microwave oven (800W) at low
temperature, where the reaction was completed in 5min.
The white powder with ∼85% yield was the resulting product.

The suspension that was collected in a beaker from the
exit point was centrifuged at 4,500 rpm for 10 min. The
supernatant was removed, a VWR vortex mixer was used
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to redistribute the wet residue in 45 mL deionized (DI)
water for 5 min, following three additional centrifugation
and washing sequences. The final product was obtained by
freeze-drying the moist solid at 0.3 Pa for 24 h.

2.1.2 Synthesis of superparamagnetic Fe3O4

nanoparticles

Using a continuous flow synthesis method, Fe3O4 nanopar-
ticles were produced quickly in a shorter time period of
just 5 min at pH 11. Citric acid (11.52 g) and iron nitrate
(20.2 g), were injected from opposite directions to meet at
a “T”-shaped mixer during this procedure. The reaction
between citric acid and iron nitrate was completed in 8m
long Teflon tubing for a duration of 5min. The dark brown
Fe3O4 precipitates were collected in a beaker, washed, spun
in a centrifuge, and then freeze-dried.

2.1.3 Synthesis of HA-Fe3O4 nanocomposite

Using the CMFS technique as previously described, a variety
of HA-Fe3O4 nanocomposites were created. The HA and Fe3O4

samples were run through the CMFS system to produce the
nanocomposite materials. An 8m Teflon tube was twisted
inside a standard microwave oven with the original mixture
attached, and the reaction took 5min to complete. The resul-
tant light brown precipitates were centrifuged and freeze-
dried according to the procedure discussed in Sections 2.1.1
and 2.1.2 and as shown in Figure 1.

2.2 Characterization techniques

2.2.1 Powder X-ray diffraction (XRD)

All samples underwent XRD analysis using a Bruker-X-ray
diffractometer. Cu-K radiations (λ = 1.5406Å) were used to eval-
uate the data in the 2θ range from 10° to 70° with a scanning
step of 0.05° and a count duration of 2 s. Phase analysis of the
data was performed using DIFFRACplus Eva software by spec-
tral matching with benchmark patterns. The Debye-Sherrer
equation was used to compute the sizes of the crystallites.

2.2.2 Transmission electron microscopy (TEM)

An electron microscope made by JEOL, 100 CX was used for
the TEM investigation. Dispersing a little quantity of mate-
rial in methanol and ultrasonically processing it for 2 min
produced a highly diluted suspension. The next step was to
put a little amount of the suspension onto a carbon-coated
copper grid (purchased from Agar Scientific), which served
as the TEM specimen. Prior to using the grid in the TEM’s
double tilt holder, it was dried. Software for estimating
particle size was installed, and it is version 5.0 of Image J.

2.2.3 Brunauer-Emmett-Teller (BET) surface area
analysis

All samples’ BET surface area (N2 adsorption)measurements
were made using a multipoint BET surface area analyzer.
After being cleaned with methanol, the sample tubes were
dried for a whole night at 100°C in the oven. Prior to BET
analysis, the dried particles were precisely weighed and
degassed at 180°C for 12 h. They were weighed again after
degassing, followed by an analysis. Nitrogen physisorption
at 196°C was used to estimate the BET surface area.

2.2.4 Zeta potential measurement

For the determination of the stability and surface charge of
the fabricated magnetite nanocomposites, the Zeta poten-
tials were calculated using the Anton Paar Particle Size
Analyzer (Litesizer 500).

2.2.5 X-ray photoelectron spectroscopy (XPS) chemical
composition

Thermo Scientific’s XPS analyzer was used to conduct the
chemical analysis. At the source, the X-raysweremicrofocused
to produce spots on the sample that ranged in size from 30 toFigure 1: Schematic diagram for the preparation of HA-Fe3O4.
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400 microns. The vacuum chamber pressure was around 3 ×

10−8 Torr, and the detector had 128 channel locations, making it
a very sensitive device. For survey scans, the spectrum required
150 eV of energy, and for high-resolution regions, 50 eV. The
CASATM program was used to process the XPS spectra.

2.2.6 Magnetic properties

The magnetization loops for magnetic nanocomposites
were measured at 300 K using a vibrating sample VSM
magnetometer. The powder samples above 10 mg were
taken in sample holders for analysis. The heat changes in
the HA-Fe3O4 nanocomposites were also measured using
an alternating magnetic field of 600 kHz and 3.2 kA/m.

2.2.7 Antimicrobial assay

The antimicrobial potential of magnetite hydroxyapatite
nanoparticles was examined using agar well diffusion tech-
nique [28,45]. Escherichia coli (ATCC 25922), a Gram-negative
bacterium, was one of the four strains chosen for antibac-
terial screening, along with the Gram-positive bacteria Sta-
phylococcus aureus (ATCC 25923), Micrococcus luteus (ATCC
49732), and Bacillus subtilis subsp. spizizenii (ATCC 6633).
Reference antibiotic standards were used as a positive con-
trol [Ciprofloxacin (10 µg/mL) and Vancomycin (10 µg/mL)],
while the negative control was HA. In 1 L of DI water, 28 g
nutrient agar was suspended, mixed thoroughly by heating,
followed by intermittent stirring, and then completely dis-
solved by boiling for 1min. In an autoclave, sterilization was
conducted for 15min at 121°C and 15 psi. Sabouraud dextrose
agar plates were used for screening of antifungal properties
against S. cerevisiae (ATCC 9763). All samples were having a
concentration of 150 µg/mL, the samples were weighed using
a microanalytical balance. The sterilized agar suspension
was poured into Petri plates, settled, and then incubated
for 24 h. Each test bacteria’s freshly prepared inoculum sus-
pension was evenly distributed over the surface of the petri
plates containing agar suspension. 50 µL of HA, 10HA-Fe3O4,
20HA-Fe3O4, and 30HA-Fe3O4 was placed into the each labelled
well. The zones of inhibitionweremeasured using a calibrated
Vernier caliper after the samples and reference antibiotic
standards were incubated at 37°C for 24 h (n = 3).

3 Results and discussion

In order to investigate the phase purity of pure HA sample,
Powder XRD analysis was carried out. There were no extra

beta TCP peaks seen in the HA XRD patterns represented in
Figure 2, which have an excellent match to JCPDS pattern
09-432 [46–48].

The phase purity and crystallinity of magnetite sam-
ples were also assessed from XRD measurements and were
confirmed to be crystalline in nature. The XRD patterns of
phase pure magnetite NPs are exhibited in Figure 2. No
further diffraction peaks for other forms of iron oxide,
such as α-Fe2O3 and ϒ-Fe2O3, were seen. Thus, the results
revealed that the obtained nanoparticles are pure Fe3O4.

The HA-Fe3O4 nanopowder’s XRD pattern exhibited strong
agreement with stoichiometric hydroxyapatite (JCPDS 09-0432
card), with a little displacement of the angles that were pre-
sumably caused by an increase in magnetite concentration. As
illustrated in Figure 3, the peaks at 35.43° and 43.05° correspond
to magnetite in 10, 20, and 30wt% HA-Fe3O4 confirmed by
previous literature [29,40]. The crystallite sizes calculated using
the Debye-Sherrer formula were found to be 58, 47, and 42 nm
for 10HA-Fe3O4, 20HA-Fe3O4, and 10HA-Fe3O4, respectively.

Figure 2: XRD analysis of pure HA synthesized using CMFS.

Figure 3: XRD pattern of HA-Fe3O4 nanocomposites: (a) Pure magnetite,
(b) 10HA-Fe3O4, (c) 20HA-Fe3O4, and (d) 30HA-Fe3O4, prepared at pH 11 in
5 min in CMFS.
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The properties of nanocomposites exhibit a correlation with
XRD-analyzed characteristics such as crystallinity, phase iden-
tification, magnetite content, and crystallite size [49]. When the
crystallite size is small as in case of 30HA-Fe3O4, an enhanced
antimicrobial activity and heat generation are measured.

The images of the samples taken under a transmission
electron microscope, as seen in Figure 4, provided proof
that tiny crystallites had been produced. Pure HA sample
generated in 5minutes of residence time by CMFS showed
a mean particle size of 85 ± 15 nm (Figure 4a). The magne-
tite nanoparticles as prepared in pure phase had a sphe-
rical morphology with a mean particle size of 8 ± 1.8 nm
observed by these nanoparticles. The total particle count
was found to be 250 with a moderate agglomeration as
depicted in Figure 4b. In nanocomposites of Fe3O4-HA,
spherical magnetite structures had been observed on the
surface of HA rods as shown in Figure 4c with a size of 41 ±
2 nm. The crystallite sizes calculated from XRD data using
the Debye-Sherrer formula and from TEM images were almost
in accordance with each other. The previously reported size of
spherical magnetite nanoparticles and magnetite hydroxyapa-
tite is 75.34 ± 5.56 nm, and 95.16 ± 14.92 nm, respectively
[8]. TEM analysis offers insights into particle size distribu-
tion, impacting properties such as drug release rates or
magnetic responsiveness [50]. TEM analysis of nanocom-
posites indicates a direct link between their characteris-
tics and hyperthermia as well as antimicrobial efficacy.
The size and shape of these nanocomposites significantly
impact their heating efficiency when subjected to magnetic

fields [51]. Typically, smaller and uniformly shaped particles
exhibit a higher capacity to generate heat, 30HA-Fe3O4 are in
complete agreement to this statement. Conversely, the struc-
tural features of these nanocomposites enhance the bacterial
adhesion which leads to membrane disruption [52].

The BET surface area analysis was also performed for
“as precipitated” amorphous HA-Fe3O4 samples prepared
in 5 min of residence time. It was observed that the HA-
Fe3O4 nanocomposite had a surface area of 122.4, 139.5, and
156.3 m2 g−1 for the samples 10, 20, and 30 wt% respectively
as represented in Table 1. It could be concluded that with
the increase in the concentration of magnetite, the surface
area of HA-Fe3O4 increases [53]. The BET surface area ana-
lysis comprehends the interaction of nanocomposites with
the surrounding molecules or cells. In biomedical applica-
tions, a larger surface area typically denotes enhanced cell
adhesion or better drug loading capability [54].

Zeta potential, which reveals the electrostatic potential
of the particles and is directly correlated with the stability
of their dispersion through electrostatic repulsion, is a
parameter to measure colloidal stability.

Higher zeta potential levels correspond to higher col-
loidal stability of the suspension resulting from increased
electrostatic repulsion. Zeta potential measurements for HA-
Fe3O4 nanocomposite at 10, 20, and 30 wt% revealed strong
negative surface charges with values of −18.9, −21.9, and
−24.6 mV, respectively, confirmed by previous literature
[55]. A more stable dispersion has resulted from the higher
value of zeta potential indicating a higher surface charge,

Figure 4: TEM images of (a) pure HA, (b) pure magnetite, and (c) HA-Fe3O4 nanocomposites.

Table 1: BET, TEM, zeta potential, and magnetization values of HA-Fe3O4

Sample ID XRD crystallite (nm) BET (m2 g−1) TEM (nm) Zeta potential (mV) Magnetization (emu/g)

10HA-Fe3O4 58 122.4 56 −18.9 —

20HA-Fe3O4 47 139.5 49 −21.9 –

30HA-Fe3O4 42 156.3 41 −24.6 59
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which inhibits the aggregation of the particles. When eval-
uating the biological interactions and therapeutic efficacy of
nanocomposites, surface charge plays a pivotal role. Positively
charged nanocomposites are drawn towards the negatively
charged cell membrane via electrostatic forces, facilitating
rapid cellular uptake. Conversely, negatively charged nano-
composites might have an easier time targeting specific organs
or receptors [56]. The accumulation of nanocomposites in par-
ticular tissues or organs can be influenced by their surface
charge. For instance, negatively charged particles tend to target
tumors more effectively, while positively charged ones often
accumulate in the liver and spleen [57]. Surface charge also
governs drug release from nanocomposites; pH-sensitive
charges, for instance, enable controlled medication release,
especially in environments like tumors [58].

The investigation of the concentration of the magne-
tite, its oxidation state, and its impact on the architecture
of the lattice was achieved by XPS experiments. Figure 5
displays a typical survey spectrum for pure HA and 10HA-
Fe3O4 nanocomposites. The P 2p peak of phosphate groups
in HA were identified at 134 eV. O 1s, Ca 2p, and C 2s′ binding
energies were calculated to be 533, 347, and 285 eV, indivi-
dually. A smaller intensity at 710 eV corresponding to Fe 2p,
which is missing in pure HA, was also reported previously

[40,59]. As XPS provides important insights into the syrface
chemistry and interfacial interactions of a nanocomposite
by determining its elemental composition and chemical
state, these findings profoundly influence interactions
between biological fluids or other materials [60]. XPS does
not directly correlate with hyperthermia or antimicrobial
activity. However, the oxidation states of iron in magnetite
can significantly impact its magnetic properties, which are
essential for hyperthermia applications. Moreover, XPS has
confirmed the presence of both HA and Fe3O4, and it is
established that both components contribute to antimicro-
bial activity [52].

Figure 6a shows the hysteresis loops of the Fe3O4 nano-
particles observed at 300 K. Fe3O4 nanoparticle saturation
magnetization values Ms at 300 K were found to be 70 emu/g,
respectively. According to the findings, as shown in Figure 6b,
the saturation magnetization value in 30HA-Fe3O4 nanocom-
posites reduced to 59 emu/g from pure magnetite. HA-Fe3O4 is
widely dispersed in the composite structure across the single
pure phase and shows superparamagnetism, as is displayed
from VSM measurements [61]. The reduction in Ms value
has resulted from the diamagnetic behavior of HA while
the superparamagnetic behavior of HA-Fe3O4 is due to the
lack of a hysteresis loop [62–64].

Superparamagnetic magnetite nanoparticles have the
ability to produce magnetism once placed in a magnetic
field. This ability of heat generation at a specific tempera-
ture of about 43°C can be used to destroy cancer cells
[65,66]. It was observed that the 10 and 20HA-Fe3O4 nano-
composites were unable to produce enough heat for antic-
ancer therapy. However, the magnetic apatite composites
with 30 wt% magnetite concentrations exhibited a tem-
perature of 51°C in 10 min, which is sufficient enough to
destroy cancer cells during hyperthermia therapy for bone
cancer. It can be inferred that increasing the concentration
of magnetite in HA-Fe3O4, a significant increase in tem-
perature can be achieved. Therefore, a synergistic beha-
vior significantly dependent on concentration and particle
size can be observed between HA and magnetite. Thus, the
newly developed, highly magnetic magnetite incorporated
HA nanocomposites can be used as an efficient tool for
various cancer therapies and in addition for bone regen-
eration applications due to the strong bone-bonding ability
of HA. High magnetization is a significant factor for the
effective operation of MNPs across various applications,
including magnetic hyperthermia. Enhanced magnetiza-
tion heightens MNPs’ susceptibility to magnetic forces,
enabling precise manipulation in both technical and biolo-
gical contexts. This attribute empowers MNPs to respond
markedly to external magnetic fields, a pivotal aspect in
their functionality. This elevated magnetization ensures

Figure 5: The XPS survey spectrum of (a) Pure HA and (b) 10HA-Fe3O4

nanocomposite.
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that MNPs efficiently convert applied magnetic field energy
into heat during hyperthermia therapy. As a result, tar-
geted tissues experience a rise in temperature, enabling
therapeutic effects [67,68].

Four bacterial and one fungal strain were used in the
evaluation of the antimicrobial characteristics of the pure
HA, Fe3O4, 10HA-Fe3O4, 20HA-Fe3O4, and 30HA-Fe3O4. The
results were highly encouraging. These are the typical pro-
karyotic microorganisms that have been linked to a variety
of illnesses in both humans and animals. The results in
Table 2 suggest that the synthesized nanocomposites were
more effective against gram-negative bacteria than gram-
positive bacteria. 30HA-Fe3O4 demonstrated the highest effi-
cacy against E. coli (20.000 ± 0.25mm) and S. cerevisiae
exceeding the bacterial inhibition capacity of the widely
used antibiotics ciprofloxacin and vancomycin.

From the data in Table 2 it could be assumed that as
the concentration of Fe3O4-HA nanocomposite increases,
E. coli and S. aureus cells gradually lose their integrity

[55]. A comparative antimicrobial assay of HA-Fe3O4 nano-
composites is illustrated in Figure 7, the calculated values
are considerably closer to the real values (p < 0.05) after
applying a hypothetical t-test using OriginPro software.
According to the literature, the release of OH− ions in an
aqueous environment is linked to HA’s antimicrobial action.
Due to their high oxidizing ability, they react with a wide
range of biomolecules. These free radicals hardly diffuse
away from the sites of generation due to their strong and
indiscriminate reactivity [5]. In the presence of Fe3O4-HA,
the cell structure of bacteria is affected, the increase in the
concentration of HA-Fe3O4 increases the rate of cell mem-
brane damage as more nanocomposites come in contact
with the bacterial cell [69]. Some proposed mechanisms
suggest that due to the generation of reactive oxidative spe-
cies (ROS), the nanoparticles diffuse into bacterial cells and
obstruct their metabolic processes. They can also interact
directly with bacterial DNA or thiol groups in proteins to
halt all functions and cause cell death, or they can react with

Figure 6: The saturation magnetization values Ms of (a) pure Fe3O4 nanoparticles and (b) 30HA-Fe3O4 nanocomposites, respectively, at 300 K.

Table 2: Antibacterial assay of pure HA and varied concentrations of Fe3O4-HA

Bactria/Fungi Zone of inhibition (mm)

Ciprofloxacin Vancomycin Fe3O4 10HA-Fe3O4 20HA-Fe3O4 30HA-Fe3O4

E. coli 17.417 ± 0.04 17.817 ± 0.21 11.613 ± 0.21 14.613 ± 0.29 16.630 ± 0.32 20.000 ± 0.25
S. aureus 15.623 ± 0.06 17.130 ± 0.08 7.537 ± 0.25 11.537 ± 0.24 13.303 ± 0.77 15.410 ± 0.76
B. spizizenii 15.637 ± 0.10 16.430 ± 0.52 8.763 ± 0.33 9.763 ± 0.39 10.990 ± 0.69 11.453 ± 0.95
M. luteus 18.423 ± 0.37 19.427 ± 0.06 8.833 ± 0.26 9.833 ± 0.33 9.730 ± 0.32 9.887 ± 0.39
S. cerevisiae 11.380 ± 0.06 10.083 ± 0.24 10.050 ± 0.56 14.050 ± 0.66 14.667 ± 1.04 15.913 ± 0.40
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the cell wall andmembrane of the bacterial cell to create holes
through which the cellular contents leak out [45,53,70,71]. All
concentrations of Fe3O4-HA have depicted strong activity
against S. cerevisiae. As the saturation of the solution rises,
the fungus becomes dormant and loses its ability to cling to
fungal hyphae owing to high density. By rupturing cell walls
and membranes, impeding mycelial development and coni-
dial germination, and producing ROS, the nanoparticles pre-
vent the growth of fungus [72].

Precise optimization of synthesis parameters (flow
rate, microwave power, temperature) was achieved after
a series of reactions with careful observations. The optimi-
zation was significant in acquiring desired nanocomposite
properties within a short residence time [73,74]. Microwaves
penetrate the reaction mixture, leading to volumetric heating
and accelerating reaction kinetics. This enables faster synth-
esis compared to conventional methods. Continuous flow
ensures efficient mixing and transport of reactants, pro-
moting rapid nucleation and growth of nanoparticles. Short
residence time allows for fine-tuning of particle size, shape,
and composition by adjusting flow rate and microwave
power [75]. Shorter synthesis time reduces energy consump-
tion. Shorter residence time results in smaller, more uniform
nanoparticles beneficial for certain applications, such as drug
delivery, where smaller particles can enhance bioavailability.
It also ensures the preservation of magnetite’s magnetic prop-
erties, essential for applications such as magnetic separation
or hyperthermia. Extremely good results were obtained using
the unique CMFS method, this work provided the fastest
method for producing extremely thin nanorods of pure and
Fe3O4 substituted bioactive nanobioceramics with a large sur-
face area in a relatively short period of time. The synthesis

method and increasing concentration of Fe3O4 has greatly
improved the hyperthermal properties of the magnetic HA-
Fe3O4.

4 Conclusion

Magnetic HA-Fe3O4 nanocomposites were successfully fab-
ricated with varied percentage compositions in only 5 min
of residence time without any stirring and aging using
continuous microwave flow synthesis. 30HA-Fe3O4 nano-
composites have shown very promising results with high
surface area 156.3 m2 g−1, small particle size (41 nm), and
negative surface charge (−24.6 mV). The superparamag-
netic MNPs have a heat generation of 51°C within 10 min
after placing in magnetic field; therefore, they can be
employed as an efficient tool for various cancer therapies.
Remarkable antimicrobial properties have been revealed
by HA-Fe3O4 nanocomposites. As a result of better mag-
netic properties and high magnetization values, they can
improve the sintering kinetics. Hence, HA-Fe3O4 composites
produced through our synthesis approach can effectively
treat malignant bone tumors with heat. Ample effort would
be put into creating HA-Fe3O4 nanocomposites having large
surface area with tunable mechanical and magnetic proper-
ties for bone tissue regeneration, fabrication of highly sen-
sitive and specific biosensors for early disease diagnosis and
in vivo studies for utilization in the future.
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