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Abstract: Novel biocompatible and efficient photothermal (PT) therapeutic materials for cancer
treatment have recently garnered significant attention, owing to their effective ablation of cancer
cells, minimal invasiveness, quick recovery, and minimal damage to healthy cells. In this study, we
designed and developed calcium ion-doped magnesium ferrite nanoparticles (Ca?*-doped MgFe, Oy
NPs) as novel and effective PT therapeutic materials for cancer treatment, owing to their good
biocompatibility, biosafety, high near-infrared (NIR) absorption, easy localization, short treatment
period, remote controllability, high efficiency, and high specificity. The studied Ca?*-doped MgFe,Oy
NPs exhibited a uniform spherical morphology with particle sizes of 14.24 £ 1.32 nm and a strong
PT conversion efficiency (30.12%), making them promising for cancer photothermal therapy (PTT).
In vitro experiments showed that Ca?*-doped MgFe;O, NPs had no significant cytotoxic effects on
non-laser-irradiated MDA-MB-231 cells, confirming that Ca>*-doped MgFe,O4 NPs exhibited high
biocompatibility. More interestingly, Ca?*-doped MgFe,O, NPs exhibited superior cytotoxicity to
laser-irradiated MDA-MB-231 cells, inducing significant cell death. Our study proposes novel, safe,
high-efficiency, and biocompatible PT therapeutics for treating cancers, opening new vistas for the
future development of cancer PTT.

Keywords: ferrite nanoparticles; NIR laser; biocompatibility; photothermal therapy; cancer

1. Introduction

Cancer remains one of the most challenging life- and health-threatening diseases
worldwide [1,2]. Existing conventional cancer strategies, including chemotherapy, surgery,
and radiotherapy, have strong side effects and suffer from cumulative radiation doses,
high recurrence rates, complications, and low patient satisfaction [3]. Consequently, novel
and patient-friendly therapeutic strategies are urgently needed to effectively treat cancers
with high specificity [4]. Recently, owing to the rapid advancement of nanotechnology
and nanoscience, many novel and emerging nanoparticle-based treatment strategies have
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been developed, such as photothermal therapy (PTT), radiation therapy, photocatalytic
therapy, and ultrasound therapy [5-9]. PTT is a potential alternative to conventional cancer
strategies, owing to its minimal invasiveness, short treatment period, easy localization, low
cost, remote controllability, high efficiency, and high specificity [10]. During photothermal
(PT) experiments, PT-conversion nanoparticles can absorb and convert near-infrared (NIR)
light energy into heat energy to kill cancer cells [11]. Consequently, PTT is regarded
as one of the most promising therapeutic strategies for treating cancers with minimal
invasiveness [12-14].

To date, various nanoparticles, such as magnetic iron oxide nanomaterials [15,16],
gold nanostructured materials [17,18], carbon nanomaterials [19], molybdenum sulfide [20],
copper sulfide [21], and organic dye-based nanocarriers [22], have been developed as PT
conversion materials for cancer treatment. Among these, magnetic iron oxide nanoma-
terials have recently attracted much interest in studies of drug delivery, hyperthermia,
phototherapy, chemodynamic therapy, and magnetic resonance imaging (MRI) in various
biomedical applications, owing to their excellent magnetic properties, low toxicity, and high
stability [23,24]. Compared with magnetic iron oxide nanomaterials, superparamagnetic
iron oxide nanoparticles such as calcium ion-doped magnesium ferrite nanoparticles (Ca*-
doped MgFe,O4 NPs), have an average particle size smaller than 20 nm, which is more
suitable for clinical diagnosis and therapy [25,26]. Ca®*-doped MgFe,O, NPs have been
reported to exhibit excellent biocompatibility, stability, high heating efficiency, and good
saturation magnetization, making them excellent candidates for hyperthermia, PTT, and
chemodynamic therapy [27]. Ca?*-doped MgFe,O, NPs have been widely demonstrated
for more efficient and safe cancer treatment approaches, such as PTT [12]. In this study, we
report novel biocompatible Ca?*-doped MgFe,O4 NPs as effective PT-ablation agents for
cancer treatment.

2. Materials and Methods
2.1. Reagents

All reagents and solvents were of the highest analytical grade, were obtained from
Sigma-Aldrich, and were used as received without any further purification.

2.2. Preparation of Ca’*-Doped MgFe,O4 NPs

Ca?*-doped MgFe,O; NPs were synthesized based on the previously described
solvothermal reflux (SR) method with slight modifications [28,29]. Briefly, benzyl ether
(40 mL), oleic acid (9.0 mL), and oleylamine (11 mL) were mixed, stoichiometric metal
precursors were added to the reaction solution, and the reaction solution was stirred for
10 min. The reaction solution was heated at 300 °C for 1 h and then, cooled to room temper-
ature (RT). Finally, the reaction solution was separated by centrifugation and re-dispersed
in n-hexane for further experiments.

2.3. Characterization

The optical absorbance spectra of the prepared Ca?*-doped MgFe,O4 NPs were
recorded using a UV-vis spectrophotometer (Shimadzu UV-2600). The particle size dis-
tribution of the prepared Ca?*-doped MgFe,O4 NPs was measured using dynamic light
scattering (DLS) (Brookhaven Ins. Cor., 90 plus particle size analyzer). Fourier-transform
infrared (FTIR) spectra of the prepared Ca?*-doped MgFe,O, NPs were obtained as KBr
pellets using a Thermo Scientific iD1 transmission spectrometer. Powder X-ray diffraction
(XRD) analysis of the prepared Ca?*-doped MgFe,0; NPs was performed using an X-ray
diffractometer (Miniflex 600, Rigaku) with a Cu-Ka radiation source. The morphologies
of the prepared Ca?*-doped MgFe,O,; NPs were investigated using a scanning electron
microscope (SEM, JSM-7001F) with attached energy dispersive X-ray (EDX) mapping,
transmission electron microscope (TEM, JEM 2100), and Cs-corrected field emission TEM
(Cs-corrected FETEM, JEM-ARM200F) equipped with an EDX spectroscopy and map-
ping. X-ray photoelectron spectroscopy (XPS) was used to assess the compositional and
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chemical states (Ko, Thermo Fisher Scientific, Waltham, MA, USA). The stability of the pre-
pared Ca®*-doped MgFe,O4 NPs was assessed for 30 days at RT in deionized water (DW),
phosphate-buffered saline (PBS), and 10% fetal bovine serum (FBS), and was determined
using a UV-vis spectrophotometer and TEM. For colloidal stability in Roswell Park Memo-
rial Institute (RPMI) 1640 medium, the Ca?*-doped MgFe,O4 NPs were incubated in the
RPMI medium supplemented with 10% FBS for various time intervals. The hydrodynamic
size was measured using dynamic light scattering (DLS) (Brookhaven Ins. Cor., 90 plus
particle size analyzer).

2.4. Determining the PT Effect of Ca®*-Doped MgFe;O4 NPs

Aqueous solutions of Ca?*-doped MgFe,O, NPs at various concentrations (75, 100,
and 125 pg/mL) were recorded using a UV-vis spectrophotometer. One milliliter of Ca?*-
doped MgFe,O4 NPs aqueous solution in a quartz cuvette, with different concentrations
(75, 100, and 125 pg/mL), was exposed to 785-nm-wavelength laser irradiation (CNI
laser, China) at power densities of 0.5 W/ cm? and 0.8 W/cm? for 300 s, and the solutions’
temperatures were monitored using a compact thermal camera (FLIR Cx-Series). The
PT stability of the solution with the prepared Ca%*-doped MgFe,O4 NPs (125 pig/mL) in
a quartz cuvette was assessed by exposing it to an NIR laser (785 nm, 0.8 W/cm?) for
300 s (NIR laser power turned on) and then allowing it to cool to RT for 900 s (NIR laser
power turned off). The NIR laser power on/off cycles were applied four times to test
the PT stability. The PT conversion efficiency (17) of the prepared Ca?*-doped MgFe,0,
NPs (125 ug/mL) aqueous solution was calculated according to the available reference
Equation (1) [30-32]. The UV-vis spectra and TEM images of the Ca?*-doped MgFe;Oy4
NPs were observed after four laser on/off cycles.
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2.5. Cell Culture

The normal human dermal fibroblast (HDF) cell line and human breast cancer cell
line (MDA-MB-231 cells) were obtained from the Korean Cell Line Bank (Seoul, Republic
of Korea). Cells were cultured and propagated in Dulbecco’s modified Eagle’s medium
(DMEM) and Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with
10% FBS and 1% penicillin/streptomycin at 37 °C in a humidified 5% CO; atmosphere.

2.6. In Vitro Cytotoxicity

In vitro cytotoxicity was assessed using a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The HDF and MDA-MB-231 cells (5 x 10* cells/well)
were cultured in 96-well flat-bottom plates in the DMEM and RPMI 1640 media. After 24-h-
long incubation, Ca?*-doped MgFe,O, NPs at various concentrations (range, 0-400 pg/mL)
were added to 96-well plates for an additional 24 h and 48 h. Next, 100 pL of the MTT
solution (0.5 mg/mL) was added to each well for an additional 4 h. The MTT-containing
medium was removed, and dimethyl sulfoxide (DMSO, 100 uL) was added to all wells to
dissolve the formazan crystals for 30 min. The absorbance of each well was recorded at
570 nm using a plate reader (Bio-TEK M(QX200).

2.7. In Vitro Hemolysis Assay

The in vitro hemolysis assay was performed according to the previously described
method [33]. Red blood cells (RBCs) were collected from fresh mouse blood. Then, the
RBCs were separated by centrifuging at 12,000 rpm for 7 min and diluted with 10 x PBS.
Afterward, 0.3 uL of the RBC suspension was gently mixed with Ca?*-doped MgFe,O4
NPs in PBS at various concentrations (25, 50, 75, 100, and 125 pg/mL). RBC-treated PBS
served as a negative control, whereas RBC-treated DW was used as a positive control. After
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incubation at RT for 4 h, all samples were centrifuged at 12,000 rpm for 7 min, and the
absorbance of the supernatant was recorded at 541 nm using a microplate reader.

2.8. Chick Chorioallantoic Membrane Assay

Freshly fertilized chicken eggs were obtained from chicken form (Chuncheon, Republic
of Korea). Eggs were incubated at 37 °C and 60% relative humidity for 9 days. The
chorioallantoic membrane (CAM) was removed on day 10 of the embryo development,
to create a window in the eggshell. Then, 200 uL of PBS as a negative control, sodium
hydroxide (NaOH, 0.1 M) as a positive control, and Ca?*-doped MgFe,O4 NPs (125 pg/mL)
were added to all eggs and incubated for 5 min. Finally, toxicity was observed in terms of
blood vessel damage and hemorrhage [34].

2.9. In Vitro PTT

For the in vitro PTT of cancer cells, MDA-MB-231 cells (5 x 10* cells/well) were
cultured in 96-well flat-bottom plates in the RPMI 1640 medium for 24 h. After that,
Ca%*-doped MgFe,O4 NPs at various concentrations (range, 0-125 pg/mL) were added to
96-well plates for an additional 10 h incubation, following which the cells were irradiated
with an NIR laser (785 nm, 0.8 W/cm?) for 300 s. After 5 h of additional incubation, cell
viability was detected using the standard MTT assay, as previously described. In addition,
cells were incubated with Ca?*-doped MgFe,O, NPs (125 pg/mL) for 10 h, and then
irradiated using an NIR laser (785 nm) at 0.5 W/ cm? and 0.8 W/cm? for 300 s. After 5 h of
additional incubation, cell viability was measured using the standard MTT method.

For in vitro cell imaging, cells were cultured in 35-mm-diameter confocal dishes and
incubated for 24 h at 37 °C. After that, cells were separated into four groups: control
(100 pL PBS) only; control (100 puL PBS) + laser irradiation (0.8 W/ cm?, 300 s); Ca2+—doped
MgFe;O4 NPs (125 pg/mL) only; and Ca2+-doped MgFe;O4 NPs (125 pg/mL) + laser
irradiation (0.8 W/cm?, 300 s). The cells were treated with PBS (100 uL) or Ca2+-doped
MgFe,O4 NPs (125 pg/mL) for an additional 10 h incubation, following which some cells
were irradiated using the NIR laser (785 nm, 0.8 W/ cm?) for 300 s. After 5 h of incubation,
cells were co-stained and tested using a live/dead staining assay with the fluorescent
probes calcein-AM (green color) and propidium iodide (PI, red color), and also tested
with trypan blue staining for 30 min. In addition, all cell nuclei and mitochondria were
co-stained with Hoechst 33342 and MitoTracker Red for 30 min. Images of all groups of
cells were acquired using a confocal laser scanning microscope (A1R; Nikon, Japan) in tail
scan mode for live imaging. For the detection of reactive oxygen species (ROS), cells were
cultured in a 35-mm-diameter culture plate and incubated for 24 h. After the incubation,
all cells were divided into four groups, as previously described. All cells were stained
with 2,7-dichlorofluorescein diacetate (DCFH-DA) for 30 min and imaged using a confocal
fluorescence microscope in tail scan mode for live imaging.

For the apoptosis assay, cells were seeded into 6-well flat-bottom plates in the RPMI
1640 medium for 24 h. The cells were then separated into four groups, as previously de-
scribed. After various treatments, all cells were collected, washed with PBS, and co-stained
with an Annexin V-FITC and PI staining kit (BD Pharmingen, Canada). Finally, the cells
were analyzed using flow cytometry to detect apoptotic cells (BD FACSCalibur, Canada).

Statistical analysis was performed, and all data were reported as the mean and stan-
dard error of the mean. Statistical differences were assessed using a one-way analysis of
variance (ANOVA) test, using SPSS 14, with * denoting p < 0.05.

3. Results and Discussion
3.1. Preparation and Characterization of Ca>*-Doped MgFe,O4 NPs

In this work, Ca?*-doped MgFe,O4 NPs were prepared using the solvothermal reflux
technique at 300 °C for 1 h, as shown in Scheme 1 [28,29]. The UV-vis absorbance spectrum

of the prepared Ca?*-doped MgFe,O4 NPs exhibited a broad absorbance in the ultraviolet
to NIR range (200-1100 nm), indicating that Ca**-doped MgFe,O4 NPs could be used as a
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potential PT material for PTT (Figure 1a). Figure 1b shows the FTIR spectra of Ca?*-doped
MgFe,0O4 NPs. Ca?*-doped MgFe,0O4 NPs exhibited two major peaks at 579 and 1408 cm ™!,
which were attributed to the Fe-O and C=0 bonds, while the absorption bands at 1558,
2847, and 2915 cm~! were attributed to the C-H stretching vibration mode, confirming
that the prepared Ca?*-doped MgFe,O, NPs were successfully synthesized [35]. The size
of the prepared Ca?*-doped MgFe,O, NPs assessed using a DLS was 14.24 + 1.32 nm,
which is suitable for in vitro and in vivo therapeutic applications (Figure 1c). The Ca?*-
doped MgFe,O4 NPs were analyzed by XRD (Figure 1d). The XRD pattern of the prepared
Ca2+—doped MgFe;O4 NPs exhibited intense peaks corresponding to (220), (311), (400),
(422), (511), (440), and (533), suggesting their crystalline nature [36]. All of the diffraction
peaks matched well with the international standard data card Joint Committee on Powder
Diffraction Standards (JCPDS) number 89-3084.

death _
AP
7y

Scheme 1. Ca2+-doped MgFe;O4 NPs were successfully prepared for PTT.

The morphology of the Ca?*-doped MgFe,O; NPs was investigated using TEM and
Cs-corrected FETEM with EDX mapping and EDX spectroscopy. The TEM images of Ca*-
doped MgFe,O4 NPs revealed that most of the particles were a nearly uniform and cube-like
shape, with an average particle size of 14.24 4= 1.32 nm (Figuresl e and 51). Our TEM images
are similar to those in a previous report by Heiba et al. [37] and Sivagurunathan et al. [38],
which showed cube-shaped ferrite NPs. The Cs-corrected FETEM with EDX mapping
(Figure S2) and EDX spectroscopy (Figure S3) of Ca?*-doped MgFe,O4 NPs revealed the
presence of Mg, Fe, Ca, and O. In addition, the SEM images of Ca2+-doped MgFe; Oy
NPs showed that the particles were almost cube shape and had uniform morphologies
(Figure S4). Similar SEM images are observed by Naaz et al. [39] for the cube shape of
MgFe204 NPs. SEM-related EDX mapping (Figure S5) and EDX spectroscopy (Figure S6)
revealed the presence of Mg, Fe, Ca, and O. XPS is a versatile surface analysis technique
that is frequently used to examine compositional and chemical states [40]. The goal of
the XPS analysis was to learn more about the valence states of the elements on the Ca?*-
doped MgFe,O4 NPs surface. Survey scan spectra of the prepared nanoparticles (Ca, Mg,
Fe, and O elements) are shown in Figure 2a. According to Figure 2b, the Ca 2p core is
divided into 2p3/2 (binding energy = 346.91 eV) and 2p1/2 (binding energy = 350.52 eV)
peaks [41]. The Mg?* ions were assigned one characteristic peak at 55.59 eV and three
deconvoluted peaks at 56.99, 56.36, and 55.41 eV, as shown in the Mg 2p spectra (Figure 2c).
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The XPS spectra of the Fe 2P core in the Fe>* valence state are shown in Figure 2d. The
estimated binding energies of the Fe 2p3/2 and Fe 2p1/2 lines were 710.53 eV and 724.17
eV, respectively. Fe3* was predominant, as evidenced by the satellite peaks of the Fe 2p
core at 732.45 and 718.33 eV [28]. The Ols signal is shown in Figure 2e, revealing that the
main peaks were located at 530.64 and 529.72 eV. The former peak was equivalent to the
surface-located lattice oxygen [28]. The long-term stability of Ca?*-doped MgFe,O, NPs
dispersions is essential for biomedical applications [42]. The stability test of the Ca>*-doped
MgFe;O4 NPs dispersed in DW, PBS, and 10% FBS for 30 days was performed using a
UV-vis spectrophotometer. As shown in Figure 2f,g, no obvious changes were observed
in the UV-vis absorbance spectra of the Ca?*-doped MgFe,O4 NPs solution in DW, PBS,
and 10% FBS for 30 days, implying that the prepared Ca?*-doped MgFe,O4 NPs exhibited
good stability and high biocompatibility. The TEM image of Ca?*-doped MgFe,O, NPs
revealed a spherical morphology with uniform shapes in 10% FBS after 30 days (Figure 2h).
For colloidal stability in the RPMI medium, the Ca?*-doped MgFe,O4 NPs were incubated
in the RPMI medium with 10% FBS to assess their colloidal stability in biological systems.
The hydrodynamic size of the Ca>*-doped MgFe,O4 NPs in RPMI medium was gradually
increased because of small aggregates or precipitates in biological systems in the presence
of amino acids and salts (Figure S7). Similar behavior has been reported for colloidal
stability in the biological medium in the presence of NPs [43].
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Figure 1. (a) UV-vis absorption spectra of Ca?*-doped MgFe, O, NPs (the inset shows the Ca?*-doped
MgFe,O4 NPs solution). (b) FTIR spectrum of Ca2+—doped MgFe,O4 NPs. (¢) DLS measurements
for determining the particle size distribution of Ca**-doped MgFe,O4 NPs. (d) XRD analysis of
Ca?*-doped MgFe,04 NPs. (e) TEM images of Ca?*-doped MgFe,O; NPs.
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Figure 2. (a) XPS survey spectrum of Ca2+—doped MgFe,O4 NPs. XPS spectra for Ca 2p (b), Mg
2p (c), Fe 2p (d), and O 1s (e) of Ca2+—d0ped MgFe,O4 NPs. UV-vis absorption spectra of Ca2+—d0ped
MgFe,O4 NPs in DW, PBS, and 10% FBS for 5 min (f) and 30 days (g). (h) TEM images of Ca?*-doped
MgFe,O4 NPs in 10% FBS after 30 days. (i) UV-vis absorption spectra of Ca2+—d0ped MgFe,O4 NPs
at various concentrations.

3.2. Determining the PT Effect of Ca’*-Doped MgFe,O4 NPs

The aqueous solutions of Ca?*-doped MgFe,O4 NPs at different concentrations (75,
100, and 125 pg/mL) were observed using a UV-vis spectrophotometer, revealing good
absorption in the NIR range, suggesting that Ca?*-doped MgFe,O4 NPs are highly effec-
tive for PT-based cancer treatments (Figure 2i). To explore the PT effect of Ca?*-doped
MgFe,O4 NPs, 1-mL-aqueous solutions of Caz*-doped MgFe,O4 NPs in a quartz cuvette
at various concentrations (75, 100, and 125 ug/mL) were exposed to NIR laser irradiation
(785 nm) at power densities of 0.5 (Figure 3a) and 0.8 W/cm? (Figure 3b) for 300 s, and their
temperatures were recorded using a compact thermal imaging camera. The temperature of
the Ca2+—doped MgFe;O4 NPs solution (125 pg/mL) increased to 51.7 °C within 300 s of
the NIR laser irradiation at 0.8 W/cm?, and real-time temperature changes of Ca?*-doped
MgFe,O4 NPs were captured using a compact thermal imaging camera (Figure 3c), whereas
water (0 ug/mL) in the same treatment conditions only exhibited a slight temperature
increase (from 27.56 °C to 29.2 °C). Therefore, Ca?*-doped MgFe;O, NPs are excellent
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Figure 3. Temperature profiles for various concentrations of Ca2+-doped MgFe;O4 NPs irradiated
with a 785 nm laser at 0.5 (a) and 0.8 W/cm? (b) for 300 s. (c) Infrared thermal images for various
concentrations of Ca?*-doped MgFe,O4 NPs irradiated with a 785 nm laser at 0.8 W/cm? for 300 s.
(d) Temperature profile of Ca2+-d0ped MgFe,O4 NPs (125 pug/mL) irradiated with a 785 nm laser at
0.8 W/cm? for 300 s and then allowed to cool down to RT for 900 s. (e) A linear relationship between
time and -Ln 6 was found during the cooling period after the laser irradiation was turned off. (f) PT
stability of Ca>*-doped MgFe,O4 NPs. (g) UV-vis absorption spectra of Ca2*-doped MgFe,O4 NPs
in DW, before and after four on/off laser cycles. (h) TEM image of Ca2+—doped MgFe,;O4 NPs after
four on/off laser cycles.

To investigate the PT conversion efficiency of Ca?*-doped MgFe;O4 NPs, the temper-
ature changes in the aqueous solution of Ca2+-doped MgFe;O4 NPs (125 pg/mL) were
monitored in response to the 5 min 785-nm-wavelength laser irradiation at 0.8 W/cm?.
After turning off the laser, the aqueous solution of Ca?*-doped MgFe;O, NPs was allowed
to slowly cool down to RT for 15 min during each cycle (Figure 3d). The estimated PT
conversion efficiency (1) of the solution of Ca?*-doped MgFe,O, NPs (125 ng/mL) was
30.12%, and the estimated time constant for the heat transfer of Ca?*-doped MgFe,0,
NPs was 376.45 s (Figure 3e), indicating that Ca?*-doped MgFe,O4 NPs can be used as an
efficient PT material. In fact, the PT conversion efficiency of Ca?*-doped MgFe,O; NPs
was higher than previously reported classic photothermal agents such as gold nanorods
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(21%) [45], M0S;, nanosheets (24.4%) [46], Cu2-xS nanocrystals (16.3%) [47], and SiO2/Au
nanoshells (30%) [48]. To further examine the PT stability of Ca?*-doped MgFe,O, NPs, the
aqueous solution of Ca?*-doped MgFe,O4 NPs (125 pg/mL) was exposed to the NIR laser
irradiation (785 nm, 0.8 W /cm?) for 300 s, following which the laser was switched off for
900 s. After four on/off NIR laser cycles, the temperature profile of Ca?*-doped MgFe,O,
NPs exhibited no significant changes, indicating that the prepared Ca?*-doped MgFe,O,
NPs had high PT stability (Figure 3f). Furthermore, the optical properties of the aqueous
solution of Ca?*-doped MgFe,O, NPs were observed by UV-vis spectrophotometry after
four on/off laser cycles, and revealed no noticeable changes in the absorbance spectrum
(Figure 3g). The TEM image was also clearly visible after four on/off NIR laser cycles,
revealing spherical particles with uniform shapes (Figure 3h).

3.3. In Vitro Cytotoxicity, Hemolysis, and CAM Assay

The basic requirements for biomedical applications of NPs are high biocompatibil-
ity and safety, which are essential for industrializing nanomedical systems [49,50]. The
in vitro cytotoxicity of Ca?*-doped MgFe,O4 NPs at various concentrations (0-400 pg/mL)
for HDF cells and MDA-MB-231 cells was assessed using the MTT assay. As shown in
Figures S8 and 4a, Ca?*-doped MgFe,O, NPs exhibited no noticeable cytotoxicity after
24 h and 48 h of incubation, for concentrations in the 0-400 pug/mL range, and the cell
viability remained above 95%, implying that Ca?*-doped MgFe,O; NPs had excellent
biocompatibility. To investigate the hemocompatibility of Ca?*-doped MgFe,O, NPs, a
hemolysis assay was performed to explore the effect of Ca?*-doped MgFe,O4 NPs in PBS
at various concentrations (25, 50, 75, 100, and 125 pg/mL) on RBCs. As shown in Figure 4b,
the prepared Ca?*-doped MgFe;O, NPs (125 pg/mL) demonstrated an incredibly low
hemolysis ratio (3.2%), which was lower than the permissible limit (5%), confirming that
Ca?*-doped MgFe,O4 NPs had good hemocompatibility and could be used for in vivo
cancer treatments [51]. In addition, the toxicity of Ca2+—doped MgFe;O4 NPs (125 ug/mL)
was evaluated using the chick CAM assay (Figure 4c). Ca?*-doped MgFe,O, NP-treated
chick embryos exhibited no observable toxicity in blood coagulation compared with PBS,
indicating that Ca?*-doped MgFe,O4 NPs were non-toxic to egg CAM [34,52].

3.4. In Vitro PTT

To investigate the PT effect of the prepared Ca?*-doped MgFe,O4 NPs, the in vitro
PT effect was evaluated using the MTT assay. Cells were incubated with Ca?*-doped
MgFe,O4 NPs at different concentrations (0-125 pg/mL) for 10 h and then irradiated using
the NIR laser (785 nm, 0.8 W/cm?) for 300 s. As shown in Figure 4d, the viability of
non-laser-irradiated cells was 94.5% at the high concentration of Ca?*-doped MgFe,0,
NPs (125 pg/mL), implying no observable effect on cancer cells. Most of the cells were
killed after incubation with Ca2+—doped MgFe;O4 NPs (125 ug/mL) and irradiation using
the NIR laser (785 nm, 0.8 W/ sz) for 300 s, and the cell viability decreased to 32.37%,
confirming that laser-irradiated Ca*-doped MgFe,O4 NPs induced significantly more cell
death. Similar results were obtained when Ca?*-doped MgFe,O, NPs were compared with
various ferrite NPs (Table S1). In addition, cells were treated with Ca?*-doped MgFe,Oy
NPs (125 pg/mL) for 10 h and irradiated using the NIR laser (785 nm) at 0.5 and 0.8 W/cm?
for 300 s (Figure 4e). Most of the cells were killed owing to the Ca?*-doped MgFe,O4 NPs
(125 pg/mL) after being NIR laser-irradiated (0.8 W/ cm?) for 300 s, demonstrating the
promise of Ca?*-doped MgFe,O4 NPs as effective PT materials for treating cancers.
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Figure 4. (a) In vitro biocompatibility of Ca?*-doped MgFe,O4 NPs at various concentrations on
MDA-MB-231 cells after 24 h and 48 h. (b) In vitro hemolytic activity of Ca®*-doped MgFe,O, NPs at
various concentrations. (c) Chick CAM assay. (d) In vitro cell viability of Ca2+—d0ped MgFe,O4 NPs
at various concentrations, assessed on treated cells that were laser-irradiated at 0.8 W/cm? for 300 s.
(e) In vitro cell viability of Ca2+-d0ped MgFe,O4 NPs (125 pug/mlL), assessed on treated cells that
were laser-irradiated at 0.5 and 0.8 W/cm? for 300 s. The shown data are expressed as mean £ s.d.,
(n=3),*p<0.05.

Inspired by the above experiment, we further confirmed the results of the live/dead
cell-staining calcein-AM/PI assay (Figures 5 and S9). The MDA-MB-231 cells treated with
Ca?*-doped MgFe,04 NPs (125 pug/mL) were clearly evident in the presence of strong red
fluorescence after the NIR laser irradiation, implying that more dead cells were detected
in this group. In contrast, all the other groups exhibited intense green fluorescence and
negligible cell death, indicating that more live cells were detected in the other groups.
In addition, the live/dead staining assay was further confirmed by trypan blue staining,
owing to their ability to distinguish between live (unstained) and dead (blue-stained) cells.
As shown in Figure 510, no obvious changes were observed in the control cells with or
without the NIR laser radiation, indicating that all the cells exhibited good morphology.
The MDA-MB-231 cells that were treated with Ca**-doped MgFe;O4 NPs (125 pg/mL)
and were not laser-irradiated exhibited negligible cell death. In contrast, cells incubated
with Ca2+—doped MgFe;O4 NPs (125 pg/mL) exhibited clear blue staining after the laser
irradiation, indicating that more dead cells were present in this group.
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Figure 5. Confocal laser scanning microscope images of tile scans of MDA-MB-231 cells treated
with PBS only, PBS + laser irradiation, Ca?*-doped MgFe,O4 NPs only, and Ca?*-doped MgFe,Oy
NPs + laser irradiation. Calcein-AM (green) and PI (red) were used to distinguish between live and
dead cells (20 x magnification; scale bar: 100 pm).

In addition, each group of cells was further co-stained with Hoechst 33342 and Mito-
Tracker Red, and evaluated using a confocal fluorescence microscope (Figure 6a). Hoechst
33342 and MitoTracker Red were used for nuclear and mitochondrial staining with blue
and red fluorescence, respectively [53]. Hoechst 33342 clearly detected fragmented nuclei
in the laser-irradiated Ca?*-doped MgFe,O4 NPs (125 pg/mL), and MitroTracker Red
was colocalized with the mitochondria-specific marker, whereas the other groups showed
that the nucleus and mitochondria appeared under normal conditions. The presence of
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toxic ROS in the MDA-MB-231 cells was assessed using DCFH-DA as a fluorescent dye,
which could be converted into a potent green fluorescent molecule DCF in the presence
of toxic ROS [35]. As shown in Figures 6b and S11, the strong green fluorescence signal
was almost undetectable in the control only, control + laser-irradiated, and Ca2+—doped
MgFe;O4 NPs (125 pg/mL), which did not affect cancer cells. In contrast, Ca2+—doped
MgFe,O4 NPs (125 pg/mL) caused strong fluorescence signals after the laser irradiation,
which could lead to the production of ROS and damage biomolecules, mitochondria, and
nuclei [54]. To evaluate the cell death mode after PT, cell apoptosis was also evaluated using
flow cytometry (Figure 7). Ca**-doped MgFe,O, NPs (125 pg/mL) induced significant
apoptosis (67.2%) after the laser irradiation, compared with the other groups (1.68%, 3.31%,
and 5.54%), suggesting that the PT effect of Ca**-doped MgFe,O4 NPs on MDA-MB-231
cells was enhanced by the NIR laser irradiation [55].

(a) Bright Field Hoechst MitoTracker red Merge Bright Field + Merge

S = o 1

Ca-doped Control + laser Control

gFe,O

Ca-doped

Ca-doped Ca-doped
MgFe,0,NPs + laser
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XS

«
o)
=
=
3]
&

Figure 6. (a) Confocal laser scanning microscope images of MDA-MB-231 cells treated with PBS
only, PBS + laser irradiation, Ca>*-doped MgFe,O4 NPs only, and Ca?*-doped MgFe,O, NPs + laser
irradiation. Hoechst 33342 and MitoTracker red were used to stain the nuclei and mitochondria
(20 x magnification; scale bar: 100 um). (b) Confocal laser scanning microscope images of DCFH-DA-
stained MDA-MB-231 cells treated with PBS only, PBS + laser irradiation, Ca?*-doped MgFe,O, NPs
only, and Ca2+-doped MgFe,;O4 NPs + laser irradiation, for determining the intracellular ROS level
(20 x magnification; scale bar: 100 um).
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Figure 7. Flow cytometry analysis of the apoptosis of MDA-MB-231 cells, induced by PBS only,
PBS + laser irradiation, Ca?*-doped MgFe;O, NPs only, and Ca?*-doped MgFe,O4 NPs + laser
irradiation using Annexin-V/PI staining.

4. Conclusions

In this study, we successfully designed and developed novel biocompatible PT materi-
als for cancer therapy. Ca**-doped MgFe,O4 NPs were prepared using the solvothermal
reflux method. The prepared Ca?*-doped MgFe,O, NPs had a uniform and spherical
morphology, with an average particle size of 14.24 £ 1.32 nm, and exhibited a strong
PT conversion efficiency (30.12%), high biocompatibility, PT stability, high NIR absorp-
tion, and biosafety. Impressively, in vitro assays indicated that Ca?*-doped MgFe,O4 NPs
did not exhibit any significant cytotoxicity against MDA-MB-231 cells without laser irra-
diation, implying that Ca?*-doped MgFe,O4 NPs had excellent biocompatibility. Cells
treated with Ca?*-doped MgFe,O4 NPs exhibited a considerable PT ablation effect on NIR-
laser-irradiated MDA-MB-231 cells, because these nanomaterials had good PT conversion
efficiency, implying that laser-irradiated Ca?*-doped MgFe,O4 NPs induced significantly
more cell death. To the best of our knowledge, there have been no prior studies on Ca?*-
doped MgFe,O, NPs as novel PT ablation materials for cancer treatment. The Ca*-doped
MgFe,;O4 NPs developed in this study are promising as safe and efficient PT materials for
cancer therapy in the near future.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /pharmaceutics15051555/s1, Figure S1: TEM image of Ca?*-
doped MgFe,O4 NPs. Figure S2: Cs-corrected FETEM with EDX mapping. Figure S3: Cs-corrected
FETEM with EDX spectroscopy. Figure S4: SEM images of Ca2+-doped MgFe,O4 NPs. Figure S5.
SEM with EDX mapping of Ca2+—d0ped MgFe,O4 NPs. Figure S6: SEM-EDX spectra of Ca2+—doped
MgFe,O, NPs. Figure S7: Hydrodynamic size of Ca?*-doped MgFe,O, NPs after incubation in RPMI
medium supplemented with 10% FBS. Figure S8: In vitro biocompatibility of Ca?*-doped MgFe;O,
NPs at various concentrations on HDF cells after 24 h and 48 h. Figure S9: Confocal laser scanning
microscope images of tile scans of MDA-MB-231 cells treated with PBS only, PBS + laser irradiation,
CaZ?*-doped MgFe,O4 NPs only, and Ca*-doped MgFe,O4 NPs + laser irradiation. Calcein-AM
(green) and PI (red) were used to distinguish between live and dead cells (20x magnification;
scale bar: 100 um). Figure S510. Optical images of trypan blue-stained MDA-MB-231 cells treated
with PBS only, PBS + laser irradiation, Ca?*-doped MgFe,O4 NPs only, and Ca?*-doped MgFe,Oy
NPs + laser irradiation (20 x magnification; scale bar: 100 um). Figure S11. Confocal laser scanning
microscopy images of tile scans of DCFH-DA-stained MDA-MB-231 cells treated with PBS only,
PBS + laser irradiation, Ca?*-doped MgFe,O4 NPs only, and Ca?*-doped MgFe,O4 NPs + laser
irradiation, for determining the intracellular ROS level (20x magnification; scale bar: 100 um).
Table S1. Comparative study of the photothermal effect of Ca>*-doped MgFe,O, NPs and various
ferrite NPs. References [35,56-58] are cited in the supplementary materials.

Author Contributions: The manuscript was written through the contributions of all authors. Con-
ceptualization, Funding acquisition, Writing—original draft., PM.; investigation, S.A.; validation,
A.M.; formal analysis, data curation, project administration, A.J.,, H-W.H. and S.-H.S.; software,
visualization, T.T. and H.-S5.D.; methodology, resources, N.K.K.; supervision, K.H.K.; supervision,
fund acquisition, E.H.C.; supervision, funding acquisition, writing—review & editing, E.-S.]. All
authors have read and agreed to the published version of the manuscript.

Funding: E.-S.] is especially grateful for the research grant from the Korean Ministry of Education,
Science & Technology (2016R1D1A3B0201175615) and the Grand Information Technology Research
Center Program (IITP-2023-2020-0-01612) through the Institute of Information & Communications
Technology Planning & Evaluation (IITP) funded by the Ministry of Science and ICT (MSIT), Korea.
This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2022R111A1A01068693). This
research was funded by the National Research Foundation (NRF) of Korea, funded by the Korean
government (NRF-2021R1A6A1A03038785).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bray, F.; Ferlay, ].; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef]

2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer ]. Clin. 2019, 69, 7-34. [CrossRef] [PubMed]

3.  Zugazagoitia, J.; Guedes, C.; Ponce, S.; Ferrer, I.; Molina-Pinelo, S.; Paz-Ares, L. Current challenges in cancer treatment. Clin. Ther.
2016, 38, 1551-1566. [CrossRef]

4. Miller, K.D.; Nogueira, L.; Mariotto, A.B.; Rowland, ] H.; Yabroff, KR.; Alfano, C.M.; Jemal, A.; Kramer, J.L.; Siegel, R.L. Cancer
treatment and survivorship statistics, 2019. CA Cancer |. Clin. 2019, 69, 363-385. [CrossRef] [PubMed]

5. Nam, J.; Son, S.; Park, K.S.; Zou, W.; Shea, L.D.; Moon, J.]. Cancer nanomedicine for combination cancer immunotherapy. Nat.
Rev. Mater. 2019, 4, 398-414. [CrossRef]

6. Shi, ].; Kantoff, PW.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: Progress, challenges and opportunities. Nat. Rev. Cancer
2017, 17, 20-37. [CrossRef] [PubMed]

7. vander Meel, R.; Sulheim, E.; Shi, Y.; Kiessling, F.; Mulder, W.J.; Lammers, T. Smart cancer nanomedicine. Nat. Nanotechnol. 2019,
14,1007-1017. [CrossRef]

8. Wang, J.; Li, Y;; Nie, G.; Zhao, Y. Precise design of nanomedicines: Perspectives for cancer treatment. Natl. Sci. Rev. 2019,
6,1107-1110. [CrossRef]

9. Manivasagan, P; Joe, A.; Han, H.-W.; Thambi, T.; Selvaraj, M.; Chidambaram, K.; Kim, J.; Jang, E.-S. Recent advances in

multifunctional nanomaterials for photothermal-enhanced Fenton-based chemodynamic tumor therapy. Mater. Today Bio. 2022,
13,100197. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/pharmaceutics15051555/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15051555/s1
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21551
https://www.ncbi.nlm.nih.gov/pubmed/30620402
https://doi.org/10.1016/j.clinthera.2016.03.026
https://doi.org/10.3322/caac.21565
https://www.ncbi.nlm.nih.gov/pubmed/31184787
https://doi.org/10.1038/s41578-019-0108-1
https://doi.org/10.1038/nrc.2016.108
https://www.ncbi.nlm.nih.gov/pubmed/27834398
https://doi.org/10.1038/s41565-019-0567-y
https://doi.org/10.1093/nsr/nwz012
https://doi.org/10.1016/j.mtbio.2021.100197
https://www.ncbi.nlm.nih.gov/pubmed/35036895

Pharmaceutics 2023, 15, 1555 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gao, Q.; Zhang, X.; Yin, W.; Ma, D.; Xie, C.; Zheng, L.; Dong, X.; Mei, L.; Yu, ].; Wang, C. Functionalized MoS2 nanovehicle with
near-infrared laser-mediated nitric oxide release and photothermal activities for advanced bacteria-infected wound therapy. Small
2018, 14, 1802290. [CrossRef]

Manivasagan, P.; Kim, J.; Jang, E.-S. Recent progress in multifunctional conjugated polymer nanomaterial-based synergistic
combination phototherapy for microbial infection theranostics. Coord. Chem. Rev. 2022, 470, 214701. [CrossRef]

Ding, L.; Chang, Y.; Yang, P.; Gao, W.; Sun, M.; Bie, Y.; Yang, L.; Ma, X.; Guo, Y. Facile synthesis of biocompatible L-cysteine-
modified MoS2 nanospheres with high photothermal conversion efficiency for photothermal therapy of tumor. Mater. Sci. Eng. C
2020, 117, 111371. [CrossRef] [PubMed]

Feng, N.; Li, Q.; Bai, Q.; Xu, S.; Shi, J.; Liu, B.; Guo, J. Development of an Au-anchored Fe Single-atom nanozyme for biocatalysis
and enhanced tumor photothermal therapy. J. Colloid Interface Sci. 2022, 618, 68-77. [CrossRef] [PubMed]

Yang, S.; Zhao, Z.; Xie, Y.; Lin, J.; Zhang, B.; Fan, J. Engineering Bio-MOF/polydopamine as a biocompatible targeted theranostic
system for synergistic multi-drug chemo-photothermal therapy. Int. ]. Pharm. 2022, 623, 121912. [CrossRef] [PubMed]

Hu, B.; Zeng, M.; Chen, ].; Zhang, Z.; Zhang, X.; Fan, Z.; Zhang, X. External Magnetic Field-Induced Targeted Delivery of Highly
Sensitive Iron Oxide Nanocubes for MRI of Myocardial Infarction. Small 2016, 12, 4707—4712. [CrossRef]

Huang, J.; Li, Y,; Orza, A.; Lu, Q.; Guo, P; Wang, L.; Yang, L.; Mao, H. Magnetic nanoparticle facilitated drug delivery for cancer
therapy with targeted and image-guided approaches. Adv. Funct. Mater. 2016, 26, 3818-3836. [CrossRef] [PubMed]

Huang, X.; El-Sayed, I.H.; Qian, W.; El-Sayed, M.A. Cancer cell imaging and photothermal therapy in the near-infrared region by
using gold nanorods. J. Am. Chem. Soc. 2006, 128, 2115-2120. [CrossRef] [PubMed]

Wang, Y.; Black, K.C.; Luehmann, H.; Li, W,; Zhang, Y.; Cai, X.; Wan, D.; Liu, S.-Y.; Li, M.; Kim, P. Comparison study of gold
nanohexapods, nanorods, and nanocages for photothermal cancer treatment. ACS Nano 2013, 7, 2068-2077. [CrossRef] [PubMed]
Kam, N.W.S.; O’Connell, M.; Wisdom, J.A.; Dai, H. Carbon nanotubes as multifunctional biological transporters and near-infrared
agents for selective cancer cell destruction. Proc. Natl. Acad. Sci. USA 2005, 102, 11600-11605. [CrossRef]

Liu, T.; Wang, C.; Gu, X.; Gong, H.; Cheng, L.; Shi, X.; Feng, L.; Sun, B.; Liu, Z. Drug delivery with PEGylated MoS2 nano-sheets
for combined photothermal and chemotherapy of cancer. Adv. Mater. 2014, 26, 3433-3440. [CrossRef]

Tian, Q; Jiang, F; Zou, R; Liu, Q.; Chen, Z.; Zhu, M.; Yang, S.; Wang, J.; Wang, J.; Hu, J. Hydrophilic Cu9S5 nanocrystals: A
photothermal agent with a 25.7% heat conversion efficiency for photothermal ablation of cancer cells in vivo. ACS Nano 2011,
5,9761-9771. [CrossRef] [PubMed]

Zhao, P; Zheng, M.; Yue, C; Luo, Z.; Gong, P.; Gao, G.; Sheng, Z.; Zheng, C.; Cai, L. Improving drug accumulation and
photothermal efficacy in tumor depending on size of ICG loaded lipid-polymer nanoparticles. Biomaterials 2014, 35, 6037—-6046.
[CrossRef] [PubMed]

Patra, S.; Roy, E.; Karfa, P.; Kumar, S.; Madhuri, R.; Sharma, PX. Dual-responsive polymer coated superparamagnetic nanoparticle
for targeted drug delivery and hyperthermia treatment. ACS Appl. Mater. Interfaces 2015, 7, 9235-9246. [CrossRef] [PubMed]
Deng, K.; Chen, Y,; Li, C.; Deng, X.; Hou, Z.; Cheng, Z.; Han, Y.; Xing, B.; Lin, J. 808 nm light responsive nanotheranostic
agents based on near-infrared dye functionalized manganese ferrite for magnetic-targeted and imaging-guided photody-
namic/photothermal therapy. ]. Mater. Chem. B 2017, 5, 1803-1814. [CrossRef]

Hao, R;; Xing, R.; Xu, Z.; Hou, Y.; Gao, S.; Sun, S. Synthesis, functionalization, and biomedical applications of multifunctional
magnetic nanoparticles. Adv. Mater. 2010, 22, 2729-2742. [CrossRef] [PubMed]

Zhang, M.; Cao, Y.; Wang, L.; Ma, Y,; Tu, X.; Zhang, Z. Manganese doped iron oxide theranostic nanoparticles for combined T 1
magnetic resonance imaging and photothermal therapy. ACS Appl. Mater. Interfaces 2015, 7, 4650-4658. [CrossRef]

Kim, HM,; Lee, H,; Hong, K.S.; Cho, M.Y,; Sung, M.-H.; Poo, H.; Lim, Y.T. Synthesis and high performance of magnetofluorescent
polyelectrolyte nanocomposites as MR /near-infrared multimodal cellular imaging nanoprobes. ACS Nano 2011, 5, 8230-8240.
[CrossRef]

Manohar, A.; Vijayakanth, V.; Vattikuti, S.P.; Manivasagan, P; Jang, E.-S.; Chintagumpala, K.; Kim, K.H. Ca-Doped MgFe204
Nanoparticles for Magnetic Hyperthermia and Their Cytotoxicity in Normal and Cancer Cell Lines. ACS Appl. Nano Mater. 2022,
5,5847-5856. [CrossRef]

Manohar, A.; Vijayakanth, V.,; Vattikuti, S.P.; Manivasagan, P.; Jang, E.-S.; Kim, K.H. Electrochemical, oxygen evolution reaction
and photoelectrochemical water splitting activity of Ca-doped MgFe204 nanoparticles. |. Alloys Compd. 2022, 907, 164566.
[CrossRef]

Roper, D.K.,; Ahn, W.; Hoepfner, M. Microscale heat transfer transduced by surface plasmon resonant gold nanoparticles. J. Phys.
Chem. C 2007, 111, 3636-3641. [CrossRef]

Liu, X; Li, B,; Fu, F; Xu, K,; Zou, R.; Wang, Q.; Zhang, B.; Chen, Z.; Hu, ]. Facile synthesis of biocompatible cysteine-coated CuS
nanoparticles with high photothermal conversion efficiency for cancer therapy. Dalton Trans. 2014, 43, 11709-11715. [CrossRef]
[PubMed]

Li, J.; Zhang, W.; Ji, W,; Wang, J.; Wang, N.; Wu, W.; Wu, Q.; Hou, X.; Hu, W,; Li, L. Near infrared photothermal conversion
materials: Mechanism, preparation, and photothermal cancer therapy applications. ]. Mater. Chem. B 2021, 9, 7909-7926.
[CrossRef]

Liu, Y;; Guo, Z,; Li, F; Xiao, Y.; Zhang, Y.; Bu, T, Jia, P; Zhe, T.; Wang, L. Multifunctional magnetic copper ferrite nanoparticles as
Fenton-like reaction and near-infrared photothermal agents for synergetic antibacterial therapy. ACS Appl. Mater. Interfaces 2019,
11, 31649-31660. [CrossRef]


https://doi.org/10.1002/smll.201802290
https://doi.org/10.1016/j.ccr.2022.214701
https://doi.org/10.1016/j.msec.2020.111371
https://www.ncbi.nlm.nih.gov/pubmed/32919699
https://doi.org/10.1016/j.jcis.2022.03.031
https://www.ncbi.nlm.nih.gov/pubmed/35334363
https://doi.org/10.1016/j.ijpharm.2022.121912
https://www.ncbi.nlm.nih.gov/pubmed/35710074
https://doi.org/10.1002/smll.201600263
https://doi.org/10.1002/adfm.201504185
https://www.ncbi.nlm.nih.gov/pubmed/27790080
https://doi.org/10.1021/ja057254a
https://www.ncbi.nlm.nih.gov/pubmed/16464114
https://doi.org/10.1021/nn304332s
https://www.ncbi.nlm.nih.gov/pubmed/23383982
https://doi.org/10.1073/pnas.0502680102
https://doi.org/10.1002/adma.201305256
https://doi.org/10.1021/nn203293t
https://www.ncbi.nlm.nih.gov/pubmed/22059851
https://doi.org/10.1016/j.biomaterials.2014.04.019
https://www.ncbi.nlm.nih.gov/pubmed/24776486
https://doi.org/10.1021/acsami.5b01786
https://www.ncbi.nlm.nih.gov/pubmed/25893447
https://doi.org/10.1039/C6TB03233H
https://doi.org/10.1002/adma.201000260
https://www.ncbi.nlm.nih.gov/pubmed/20473985
https://doi.org/10.1021/am5080453
https://doi.org/10.1021/nn202912b
https://doi.org/10.1021/acsanm.2c01062
https://doi.org/10.1016/j.jallcom.2022.164566
https://doi.org/10.1021/jp064341w
https://doi.org/10.1039/C4DT00424H
https://www.ncbi.nlm.nih.gov/pubmed/24950757
https://doi.org/10.1039/D1TB01310F
https://doi.org/10.1021/acsami.9b10096

Pharmaceutics 2023, 15, 1555 16 of 17

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Sathiyaseelan, A.; Saravanakumar, K.; Manivasagan, P.; Jeong, M.S.; Jang, E.-S.; Wang, M.-H. Folic acid conjugated chitosan
encapsulated palladium nanoclusters for NIR triggered photothermal breast cancer treatment. Carbohydr. Polym. 2022, 280, 119021.
[CrossRef] [PubMed]

Yang, C.; Chen, Y.; Guo, W.; Gao, Y.; Song, C.; Zhang, Q.; Zheng, N.; Han, X.; Guo, C. Bismuth ferrite-based nanoplatform design:
An ablation mechanism study of solid tumor and NIR-triggered photothermal/photodynamic combination cancer therapy. Adv.
Funct. Mater. 2018, 28, 1706827. [CrossRef]

Hu, B.; Cui, Y,; Yang, X.; Xu, X.; Janani, B.J.; Fakhri, A. Fabrication of novel rational Ti-Sn doped Cu-ferrite nanoparticles for
robust photocatalysis reaction, magnetic resonance imaging, and chemo-magneto-photo-thermal therapy. Surf. Interfaces 2022,
33, 102226. [CrossRef]

Heiba, Z.K.; Mohamed, M.B.; Ellatief, A.A.; El-Denglawey, A.; Badawi, A. Structural, optical, and magnetic properties of
ferrite/oxide composites MgFe204/(1— x) MnO-x CdO. Appl. Phys. A Mater. Sci. Process. 2022, 128, 857. [CrossRef]
Sivagurunathan, P.; Gibin, S. Preparation and characterization of nanosized cobalt ferrite particles by co-precipitation method
with citrate as chelating agent. J. Mater. Sci: Mater. Electron. 2016, 27, 8891-8898. [CrossRef]

Naaz, F.; Dubey, H.K.; Kumari, C.; Lahiri, P. Structural and magnetic properties of MgFe204 nanopowder synthesized via
co-precipitation route. SN Appl. Sci. 2020, 2, 808. [CrossRef]

Li, M,; Fang, H.; Li, H.; Zhao, Y.; Li, T.; Pang, H.; Tang, J.; Liu, X. Synthesis and characterization of MnZn ferrite nanoparticles
with improved saturation magnetization. J. Supercond. Nov. Magn. 2017, 30, 2275-2281. [CrossRef]

Liu, Z.; Zhao, Z.-G.; Miyauchi, M. Efficient visible light active CaFe204/WO3 based composite photocatalysts: Effect of interfacial
modification. J. Phys. Chem. C 2009, 113, 17132-17137. [CrossRef]

Phan, T.T.V,; Huynh, T.-C.; Manivasagan, P.; Mondal, S.; Oh, J. An up-to-date review on biomedical applications of palladium
nanoparticles. Nanomaterials 2019, 10, 66. [CrossRef] [PubMed]

Yang, J.; Fan, L.; Xu, Y.; Xia, J. Iron oxide nanoparticles with different polymer coatings for photothermal therapy. J. Nanopart. Res.
2017, 19, 1-12. [CrossRef]

Hatamie, S.; Shih, P-J.; Chen, B.-W.; Wang, I.-].; Young, T.-H.; Yao, D.-J. Synergic effect of novel WS2 carriers holding spherical
Cobalt Ferrite@ cubic Fe304 (WS2/s-CoFe204@ c-Fe304) nanocomposites in magnetic resonance imaging and photothermal
therapy for ocular treatments and investigation of corneal endothelial cell migration. Nanomaterials 2020, 10, 2555. [CrossRef]
[PubMed]

Hessel, C.M.; Pattani, V.P,; Rasch, M.; Panthani, M.G.; Koo, B.; Tunnell, ] W.; Korgel, B.A. Copper selenide nanocrystals for
photothermal therapy. Nano Lett. 2011, 11, 2560-2566. [CrossRef] [PubMed]

Yin, W,; Yan, L.; Yu, J.; Tian, G.; Zhou, L.; Zheng, X.; Zhang, X.; Yong, Y.; Li, J.; Gu, Z. High-throughput synthesis of single-
layer MoS2 nanosheets as a near-infrared photothermal-triggered drug delivery for effective cancer therapy. ACS Nano 2014,
8, 6922-6933. [CrossRef] [PubMed]

Wang, S.; Riedinger, A.; Li, H.; Fu, C; Liu, H,; Li, L.; Liu, T,; Tan, L.; Barthel, M.].; Pugliese, G. Plasmonic copper sulfide
nanocrystals exhibiting near-infrared photothermal and photodynamic therapeutic effects. ACS Nano 2015, 9, 1788-1800.
[CrossRef]

Cole, J.R; Mirin, N.A.; Knight, M.W.; Goodrich, G.P,; Halas, N.J. Photothermal efficiencies of nanoshells and nanorods for clinical
therapeutic applications. . Phys. Chem. C 2009, 113, 12090-12094. [CrossRef]

Kouassi, G.K; Irudayaraj, ]. Magnetic and gold-coated magnetic nanoparticles as a DNA sensor. Anal. Chem. 2006, 78, 3234-3241.
[CrossRef]

Gupta, A K.; Gupta, M. Synthesis and surface engineering of iron oxide nanoparticles for biomedical applications. Biomaterials
2005, 26, 3995-4021. [CrossRef]

Liu, P.; Wang, Y.; An, L,; Tian, Q.; Lin, J.; Yang, S. Ultrasmall WO3—x@ y-poly-l-glutamic acid nanoparticles as a photoacoustic
imaging and effective photothermal-enhanced chemodynamic therapy agent for cancer. ACS Appl. Mater. Interfaces 2018,
10, 38833-38844. [CrossRef]

Unterweger, H.; Dézsi, L.; Matuszak, J.; Janko, C.; Poettler, M.; Jordan, J.; Bauerle, T.; Szebeni, J.; Fey, T.; Boccaccini, A.R.
Dextran-coated superparamagnetic iron oxide nanoparticles for magnetic resonance imaging: Evaluation of size-dependent
imaging properties, storage stability and safety. Int. J. Nanomed. 2018, 13, 1899. [CrossRef] [PubMed]

Manivasagan, P.; Bharathiraja, S.; Santha Moorthy, M.; Mondal, S.; Nguyen, T.P.; Kim, H.; Phan, T.T.V,; Lee, K.D.; Oh, J.
Biocompatible chitosan oligosaccharide modified gold nanorods as highly effective photothermal agents for ablation of breast
cancer cells. Polymers 2018, 10, 232. [CrossRef] [PubMed]

Seo, S.-H.; Joe, A.; Han, H.-W.; Manivasagan, P,; Jang, E.-5. Methylene Blue-Loaded Mesoporous Silica-Coated Gold Nanorods on
Graphene Oxide for Synergistic Photothermal and Photodynamic Therapy. Pharmaceutics 2022, 14, 2242. [CrossRef] [PubMed]
Manivasagan, P; Jun, S.W.; Truong, N.T.P.; Hoang, G.; Mondal, S.; Moorthy, M.S.; Kim, H.; Phan, T.T.V.; Doan, VH.M.; Kim,
C.-S. A multifunctional near-infrared laser-triggered drug delivery system using folic acid conjugated chitosan oligosaccharide
encapsulated gold nanorods for targeted chemo-photothermal therapy. J. Mater. Chem. B 2019, 7, 3811-3825. [CrossRef]

Wang, K; Yang, P.; Guo, R.; Yao, X.; Yang, W. Photothermal performance of MFe204 nanoparticles. Chin. Chem. Lett. 2019,
30, 2013-2016. [CrossRef]


https://doi.org/10.1016/j.carbpol.2021.119021
https://www.ncbi.nlm.nih.gov/pubmed/35027124
https://doi.org/10.1002/adfm.201706827
https://doi.org/10.1016/j.surfin.2022.102226
https://doi.org/10.1007/s00339-022-05989-w
https://doi.org/10.1007/s10854-016-4915-5
https://doi.org/10.1007/s42452-020-2611-9
https://doi.org/10.1007/s10948-017-4013-9
https://doi.org/10.1021/jp906195f
https://doi.org/10.3390/nano10010066
https://www.ncbi.nlm.nih.gov/pubmed/31892149
https://doi.org/10.1007/s11051-017-4031-3
https://doi.org/10.3390/nano10122555
https://www.ncbi.nlm.nih.gov/pubmed/33352770
https://doi.org/10.1021/nl201400z
https://www.ncbi.nlm.nih.gov/pubmed/21553924
https://doi.org/10.1021/nn501647j
https://www.ncbi.nlm.nih.gov/pubmed/24905027
https://doi.org/10.1021/nn506687t
https://doi.org/10.1021/jp9003592
https://doi.org/10.1021/ac051621j
https://doi.org/10.1016/j.biomaterials.2004.10.012
https://doi.org/10.1021/acsami.8b15678
https://doi.org/10.2147/IJN.S156528
https://www.ncbi.nlm.nih.gov/pubmed/29636608
https://doi.org/10.3390/polym10030232
https://www.ncbi.nlm.nih.gov/pubmed/30966267
https://doi.org/10.3390/pharmaceutics14102242
https://www.ncbi.nlm.nih.gov/pubmed/36297675
https://doi.org/10.1039/C8TB02823K
https://doi.org/10.1016/j.cclet.2019.04.005

Pharmaceutics 2023, 15, 1555 17 of 17

57. Yang, Y.; Shi, H.; Wang, Y.; Shi, B.; Guo, L.; Wu, D.; Yang, S.; Wu, H. Graphene oxide/manganese ferrite nanohybrids for magnetic
resonance imaging, photothermal therapy and drug delivery. J. Biomater. Appl. 2016, 30, 810-822. [CrossRef]

58. Qiu, E.; Chen, X,; Yang, D.-P,; Regulacio, M.D.; Ramos, RM.C.R;; Luo, Z.; Wu, Y.-L.; Lin, M,; Li, Z.; Loh, X.J. Fabricating
Dual-Functional Plasmonic-Magnetic Au@ MgFe204 Nanohybrids for Photothermal Therapy and Magnetic Resonance Imaging.
ACS Omega 2022, 7, 2031-2040. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/0885328215601926
https://doi.org/10.1021/acsomega.1c05486

	Introduction 
	Materials and Methods 
	Reagents 
	Preparation of Ca2+-Doped MgFe2O4 NPs 
	Characterization 
	Determining the PT Effect of Ca2+-Doped MgFe2O4 NPs 
	Cell Culture 
	In Vitro Cytotoxicity 
	In Vitro Hemolysis Assay 
	Chick Chorioallantoic Membrane Assay 
	In Vitro PTT 

	Results and Discussion 
	Preparation and Characterization of Ca2+-Doped MgFe2O4 NPs 
	Determining the PT Effect of Ca2+-Doped MgFe2O4 NPs 
	In Vitro Cytotoxicity, Hemolysis, and CAM Assay 
	In Vitro PTT 

	Conclusions 
	References

