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Combining photothermal and chemotherapy using single nanoplatform is an emerging direction in cancer
nanomedicine. Herein, a magnetic field (MF) induced combination of chemo/photothermal therapy is demon-
strated using Fe304@mSiO2@Au core@shell@satellites nanoparticles (NPs) loaded with chemotherapeutic drug
doxorubicin (DOX), both in vitro and in vivo. An application of an external MF to the NPs dispersion causes
magnetophoretic movement and aggregation of the NPs. While the synthesized NPs only slightly absorb light at
~800 nm, their aggregation results in a significant near infrared (NIR) absorption associated with plasmon
resonance coupling between the Au satellites in the NPs aggregates. As a result, the aggregates revealed an
enhanced photothermal conversion efficiency (~67 % versus ~19 % for NPs in absence of MF) and an enhanced
NIR photothermal effect was observed under 808 nm laser irradiation. A combination of the MF induced NIR
photothermal therapy (PTT) with DOX chemotherapeutic action resulted in an efficient killing of NPs treated
cancer cells in vitro and tumor growth restriction in 4T1-tumor-bearing mice in vivo. Histological studies showed
striking differences in development and malignancy between tumors treated with the combination of NPs, MF
and an 808 nm laser, and the control treatments, revealing a synergy of the MF-induced NIR PTT and chemo-
therapy and suggesting a promising strategy for cancer therapy.

1. Introduction controlled by tuning photothermal conversion efficiency [10,11], with a

precise increase in temperature allowing for localized and efficient

Cancer is regarded as a major threat to human health worldwide due
to the increasing incidence and mortality rate [1]. While novel anti-
cancer strategies (e.g., immunotherapy and gene therapy) are emerging,
chemotherapy is still considered a common and effective treatment
method [2-4]. At the same time, the shortcomings of traditional
chemotherapy, such as systemic toxicity and lack of tumor selectivity,
hinder its applications in clinical treatment. Moreover, a single
chemotherapy regimen may not be enough to completely suppress tu-
mors [5]. On the other hand, the rise of nanotechnology allows for other
cancer therapeutic avenues, such as photodynamic therapy (PDT) and
photothermal therapy (PTT), which have been introduced, along with
diagnostic modalities, in cancer nanotheranostic applications [6-9].
PTT is a treatment strategy to efficiently kill tumor cells via converting
light into heat. The therapeutic effect of the PTT nanoplatform can be
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killing of tumor cells. Importantly, combination of PTT with chemo-
therapy on the same nanoplatform can results in a significantly
enhanced cancer treatment efficacy, along with lower systemic toxicity
in comparison with chemotherapy alone. In addition, an introduction of
cancer drug nanocarriers can not only lead to a prolonged systemic
circulation and higher tumor accumulation through the enhanced
permeability and retention (EPR) effect, but also enhance the cellular
uptake and allow for a stimuli-responded drug release [12-16].

It should be noted that an application of external magnetic field (MF)
is considered a simple but efficient method to target cancer cells in vitro
and in vivo. MF, as an external stimulus for magnetic targeted tumor
chemotherapy, can enhance the targeting efficiency and accelerate the
accumulation of drugs at tumor site [17-19]. The magnetic targeting
methods have also been investigated for chemotherapy/PDT/PTT of
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cancer cells in vitro and in vivo [17,20-22]. The incorporation of mag-
netic moieties into a therapeutic nanocarrier can allow for using MF as
an external stimulus to synergistically enhance efficiency of PDT, PTT or
chemotherapy/PDT/PTT combination delivered with the nano-
formulation [23-25]. Recently, Y. Li and colleagues proposed a multi-
functional nanoplatform of Fe304@NDs-DOX core@shell nanoparticles
(NDs: nanodiamonds, DOX: anticancer chemotherapy drug), which
allowed for MF-induced chemotherapy/PTT combination with the
assistance of an MF, exploiting that Fe304@NDs-DOX nanoparticles
(NPs) gathered in MF-applied tumor more efficiently [23].

On the other hand, a single nanoplatform combining magnetic and
plasmonic features can not only provide a magnetophoretic response
under applied MF, but can also deliver PTT through plasmonic absorp-
tion that can be controllably tuned during synthesis [26-28]. Muzzi and
co-workers reported a star shape magnetic-plasmonic Au@Fe304
nano-heterostructures for PTT, taking advantage of coating of the Fe3O4
shell can achieve the shift of the plasmonic resonance of the Au core to
640 nm, which is the largest red shift achievable in Au@Fe304 homo-
geneous core@shell nanoformulations, prompting application in PTT in
the first biologically transparent window [25]. Ohulchanskyy with col-
leagues reported a magnetoplasmonic nanoplatform combining gold
nanorods (GNR) and iron-oxide NPs within phospholipid-based poly-
meric nanomicelles (PGRFe). An external magnetic field application was
shown to cause an enhanced uptake of the magnetoplasmonic formu-
lation by cancer cells in vitro. In addition, under NIR laser irradiation,
the magnetoforetically attracted PGRFe formulation efficiently gener-
ates heating associated nano/micro bubbles within cancer cells, killing
them [29]. Hence, the combination of magneto and plasmonic constit-
uents can be used synergistically: the simultaneous application MF and
NIR laser irradiation can produce the heating, potentially increasing the
efficiency of the magnetoplasmonic nanoformulations PTT [6,30-32].

Despite considerable progress in the development of magnetically
driven nanoplatforms delivering chemotherapy/PTT combination [33,
34], there are still problems to overcome. In particular, a relatively
lower absorptivity of the photothermal agents (PTAs) at the desired
wavelengths of irradiation (e.g., in NIR region) results in a high and
unsafe irradiation laser fluence and/or high concentrations, which are
required to achieve a desirable PTT effect. As a result, excessively high
temperatures can be locally generated, which can damage healthy tis-
sues. In addition, high concentration of PTAs suggests a low biocom-
patibility and short and/or long term in vivo systemic toxicity. Recently,
Ohulchanskyy and Mukha with colleagues reported a magneto-
plasmonic nanocomposites (MPNC), which contain nanosized Fe3O4 and
gold constituents, showed an ability to be magnetophoretically
controlled and concentrated using the external magnetic field. A
magnetically-induced formation of the MPNC aggregates leads to an
increase in optical absorption in NIR spectral range (800-1000 nm),
which disappears when magnetic field is removed. This increase in NIR
absorption caused by the magnetically induced in situ aggregation of
MPNC, suggests an approach of the magnetic field enhanced
NIR-activated photothermal therapy of cancer and other diseases, as it
was illustrated by the magnetic field enhanced photothermal effect in
MPNC colloids. Furthermore, the magnetic field-induced concentration
of MPNC on the surface of cultured cancer cells, followed by irradiation
of the cells with scanning laser, led to a pronounced photothermal effect,
which caused microbubble formation and membrane damage in the
cancer cells [35]. However, the bonding between magnetic and plas-
monic constituents within MPNC was not very strong, suggesting that
MPNC can disassemble in vivo. In addition, F. Lu with colleagues re-
ported a multi-functional hollow mesoporous silica nanocapsules with
encapsulated iron oxide (Fe304@mSiO;) for providing an excellent
nanoplatform for the combination of hyperthermia and chemotherapy,
which allowed for MF-triggered the accelerated release of drug and
induced the local heating [36].

Herein, we introduced a magnetic field-induced combinational
(chemotherapy/NIR PTT) killing of cancer cells in vitro and in vivo using
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magnetoplasmonic nanoformulation (MPNF) prepared by a layer-by-
layer method and containing a Fe3O4 nanoparticle as an inner core, a
layer of mSiO5 as the intermediate shell, and Au seeds decorating mSiO4
as an outer satellites shell. After MPNF preparation, the anticancer drug
DOX was loaded in the mesoporous silica shell (Scheme 1). The syn-
thesized Fe304@mSiO2@Au-DOX core@shell@satellites NPs displayed
a negligible NIR absorption and no photothermal (PT) effect was caused
by NIR irradiation (808 nm laser diode) in absence of an external MF. In
contrast, the application of an external MF led to a noticeable increase in
NIR absorption due to the MF-induced aggregates of Fe3Os@m-
SiO2@Au-DOX NPs and correspondent plasmon resonance coupling in
the adjacent Au NPs [37-39]. Along with the enhanced NIR absorption,
an increased photothermal conversion efficiency of the MF-induced NPs
aggregates was found, resulting in a greatly increased NIR PT effect,
which has been applied by us for MF-induced NIR PTT. In the in vitro and
in vivo studies, the MF induced and tumor targeted NIR PTT was com-
bined with the chemotherapeutic action of DOX and the most powerful
anticancer effect was achieved using Fe304@mSiO;@Au-DOX NPs
under 808 nm laser irradiation following MF application. The in vitro
and in vivo results, along with histological studies, revealed a synergy of
the combination of MF-induced NIR PTT and chemotherapy delivered
with MPNF. It should be emphasized that our study differs from the
previous reports on magnetically driven nanoplatforms delivering che-
motherapy/PTT combination as revealed and exploited strong
enhancement of NIR absorption of the magnetopasmonic NPs when the
external magnetic field was applied. This enhancement was caused by
an aggregation of the NPs, which resulted in plasmon resonance
coupling between the Au NPs within the aggregates. Thus, the
MF-induced and localized appearance of NIR plasmonic absorption
provides a possibility for a strong NIR photothermal effect, efficient and
MF-targeted (localized) NIR PTT, and, correspondingly, a synergistically
enhanced targeted cancer therapy.

2. Materials and methods
2.1. Materials

1-octadecene (ODE), dibenzyl ether, 1-tetradecene, iron (III) acety-
lacetonate (Fe(acac)s), oleic acid (OA), anhydrous ethanol, hexane,
chloroform, methylene chloride, dimethylformamide (DMF), cetyl-
trimethylammonium bromide (CTAB), triethanolamine (TEA), tet-
raethyl orthosilicate (TEOS), (3-mercaptopropyl) trimethoxysilane
(MPTES), ammonium nitrate, chloroauric acid (HAuCly), sodium citrate,
sodium borohydride (NaBH4), and anti-cancer chemotherapy agent
doxorubicin (DOX) were purchased from Sinopharm Chemical Reagent
Co (China). All reagents were directly used without purification. A
rectangular (20 x 10 x 4 mm) and a round (5 mm diameter, 1 mm thick)
NdFeB magnets were purchased from Taobao and used for in vitro and in
vivo experiments, respectively.

2.2. Synthesis of FesO4

Fe304 nanoparticles were synthesized according to previously re-
ported method [40-42]. In brief, a mixture of ODE (50 mL), dibenzyl
ether (50 mL), and 1-tetradecene (15 mL) was used as a high-boiling
solvent. Then, Fe(acac)s (5 mmol), and OA (20 mmol) were added in
the mixed solvent. This resulting mixture was heated to 70 °C under a
vacuum and kept at this temperature for 1h with vigorous magnetic
stirring. Subsequently, the temperature of the mixture was increased to
290 °C under a constant flow of argon gas and kept at this temperature
for another 1 h. Finally, the mixture was cooled to room temperature
under a constant flow of argon gas. The purification of the iron oxide
was performed by adding anhydrous ethanol, the black mixture was
centrifugation at 12000 rpm for 20 min, and then the product was
washed several times with a mixture of anhydrous ethanol and hexane to
remove the residual reactants. Finally, iron oxide was dissolved in
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Scheme 1. Synthesis of Fe;0,@mSiO,@Au-DOX nanoformulation and its use for the enhanced synergistic cancer therapy induced by locally applied magnetic field

causing aggregation of magnetoplasmonic NPs in situ.
chloroform and stored in a refrigerator at 4 °C.
2.3. Preparation of Fe304@mSiO»

Fe304@mSiO5 nanoparticles were synthesized according to previ-
ously reported method [43]. Firstly, CTAB (0.4 g) and TEA (0.06 g) were
dissolved in deionized water (20 mL) under magnetic stirring, and then
iron oxide (2 mg, in 1 mL chloroform) was added to the above solution,
the mixed solution was continuously sonicated for 30 min. The chloro-
form in the system was removed by a rotary evaporator (80 °C). After
these injections, the resulting solution was kept at 80 °C for 1 h under
magnetic stirring, and the TEOS (100 pL) was added dropwise into the
above solution. The reaction system was stirred for 4 h in the thermo-
static water bath at 80 °C. The product was collected by centrifugation
(12000 rpm, 10 min) and washed several times with ethanol. To remove
the surfactants (CTAB), the Fe3O4@mSiO5 solution was obtained by
stirring in a solution of ammonium nitrate in ethanol (1 wt%, 3 h) for
two rounds.

2.4. Preparation of MPTES-modified Fes04@mSiO2

Fe304@mSiO»-SH nanoparticles were synthesized according to pre-
viously reported method [44-46]. Fe304@mSiO, nanoparticles (1 mg)
were dispersed in ethanol by ultrasonication for 30 min. Next, MPTES
(100 pL, 10 % in ethanol) was added to the Fe304@mSiO> solution and
sonication continued for another 20 min. The resulting solution was
placed in the shaker at room temperature for two days. Then, the ob-
tained Fe304@mSiO,-SH nanoparticles were washed three times with
ethanol to remove the unbound organosilane reagents and redispersed
into 10 mL ethanol.

2.5. Preparation of Fe304@mSiO@Au

A small size of Au NPs was prepared by following the steps [47], 20
mL solution of HAuCl,4 (0.25 mM) and sodium citrate (0.25 mM) were
mixed under vigorous magnetic stirring. Then, 0.6 mL of freshly pre-
pared 100 mM NaBH4 solution was added to the above solution. The

formation of Au NPs was confirmed by observing the change in its color
from pink to light red. Finally, the resulting mixture was continuously
stirred for 30 min at room temperature. 1 mL of the prepared
Fe304@mSiO2-SH solution was added dropwise into 3 mL of fresh Au
nanoparticle solution, and the mixed solution was continuously soni-
cated for 30 min. Then, the reaction was carried out with vortex stirring
for 12 h. Finally, the obtained product was washed with water three
times and redispersed in the deionized water.

2.6. Characterization

The absorption spectra were measured with a UV-Vis spectropho-
tometer LAMBDA 750 (PerkinElmer, USA). Emission spectra were
recorded using a Fluorolog-3 spectrofluorometer (Horiba, Japan). DLS
and Zeta potential were performed using a Nano-ZS90 Zetasizer (Mal-
vern Panalytical, United Kingdom). Transmission electron microscopy
(TEM) was performed using a JEM2100PLUS TEM instrument (JEOL,
Japan). Elemental mapping analyses was performed using a JEM-F200
(HRP) instrument. Magnetization measurements were performed using
a vibrating sample magnetometer (VSM-Lakeshore 7404). Fluorescence
and brightfield microscope images were obtained using a Nikon Eclipse
Ti-U inverted fluorescence microscope equipped with a Nikon Digital
Sight DS-Fi2 camera (Nikon, Tokyo, Japan) and analyzed with NIS-
Elements D 4.50.0064-bit software. PT images were acquired with a
FLIR A310 thermal camera (FLIR, Wilsonville, OR, USA).

2.7. Drug loading

For more efficient DOX loading to NPs, it was first converted to the
hydrophobic form as previously described [48]. For this purpose, 377 pL
of TEA was added into an aqueous solution of DOX hydrochloride (50 pg
of DOX HCl in 3 mL of Hy0). After keeping the reaction mixture at room
temperature overnight, 10 mL of methylene chloride were added to the
solution. Then, the organic phase was separated and DOX powder was
formed after CH»Cly evaporation. 5 mL of as-synthesized Fe3O4@m-
SiO,@Au nanocomposites were mixed with hydrophobic DOX (150 pL,
2 mM in DMF) and stirred at room temperature for 24 h. The
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DOX-loaded Fe304@mSiO,@Au nanocomposites were collected by
centrifugation at 12000 rpm for 15 min and washed two times with
water to remove the unbound DOX and then a supernatant solution was
collected. The mass of loaded DOX into the Fe304@mSiO;@Au nano-
composites was determined by a UV-Vis spectrophotometer at DOX
absorbance peak at 490 nm. DOX loading efficiency for Fe304@m-
SiO2@Au was determined using the following equation.

mass of loaded DOX

DOX loading efficiency (%) = “mass of feed DOX

x 100%

2.8. In vitro studies

Human cervical cancer cells (HeLa) were purchased from Procell Life
Science and Technology (China) and were used for the in vitro cell ex-
periments. HeLa cells were cultured in DMEM, supplemented with 10 %
FBS, 1 % glutamax, and 1 % antibiotic-antimycotic at 37 °C in a 95 %
humidified atmosphere with 5 % COs,. First, the biocompatibility of
Fe304@mSiOo@Au-DOX was evaluated by CCK-8 assay. HeLa cells were
seeded into 96-well plates at a density of 1 x 10% cells/well and incu-
bated for 24 h with 5 % CO5 at 37 °C. Then, all cell medium was replaced
with fresh medium containing Fe304@mSiO2@Au-DOX (50 pg/mlL,
DOX = 2 pM). To introduce magnetic field, a NdFeB magnet was placed
the 96-well plate bottom. After incubation for another 12 h, the CCK-8
reagent (10 pL) was added to each well and incubated for 1 h at 37 °C
for the observation of cell viability change. Assessment of cell viability
were performed using Automated Cell Counter TC20TM.

To assess cellular uptake of Fe304@mSiO>@Au-DOX NPs, HeLa cells
were seeded into 35 mm petri dishes in the DMEM cell medium. After
culturing for 12 h, the cell medium was replaced with a fresh medium
containing Fe304@mSiO>@Au-DOX NPs and the NPs treated cells were
incubated for 12 h at 37 °C with 5 % CO,. After incubation, the cells
were rinsed, fresh medium added and imaged on Nikon Eclipse Ti-U
inverted microscope. The DOX fluorescence was imaged using a band-
pass filter (577 nm-633 nm).

2.9. In vivo studies

All animal studies were performed with the requirement of the An-
imal Ethical and Welfare Committee of Shenzhen University (Approval
No. SZUHSC-01). Female nude mice (4-6 weeks old) were used for in
vivo studies. 4T1 tumor cells (2 x 10°) were selected for the injection
into the back of mice. The following therapy studies were performed
after the size of tumor growth was about 100 mm? for ten days.

For assessment of therapy effect in vivo, the 4T1 tumor-bearing mice
were randomly divided into five groups for different treatment: (1)
intratumoral injection of PBS, with 808 nm laser irradiation; (2) intra-
tumoral injection of Fe304@mSiO>@Au, with 808 nm laser irradiation;
(3) intratumoral injection of Fe304@mSiO,@Au-DOX, with 808 nm
laser irradiation; (4) intratumoral injection of Fe304@mSiOs@Au, with
MF application and 808 nm laser irradiation; (5) intratumoral injection
of Fe304@mSiO,@Au-DOX, with MF application and 808 nm laser
irradiation. Three hours after the injection at groups 1, 2, 3, 4, and 5
were irradiated with 808 nm laser (0.3 W/cmz) for 20 min and the
corresponding thermal images were obtained. Next day, the same laser
irradiation experiment was conducted on groups 1, 2, 3, 4, and 5. The
therapeutic effects were assessed by monitoring the mice’s body weight
and tumor volume changes every day. The tumor volume change was
calculated by the equation: tumor volume = } length x width?. In the
therapy process, the mice were sacrificed when the tumor size of mice
grew to the maximum permitted size of 15 mm [49,50]. Immediately
after mice were sacrificed, the tumors were extracted. For histological
tumor examination, a standard formalin-fixed paraffin-embedding
method was used. Briefly, samples were fixed in 4 % PFA, then rinsed in
PBS, dehydrated in increasing concentrations of ethanol (70 %, 80 %,
90 %, 96 %), cleared in xylene, soaked in paraffin wax and embedded in
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boxes with paraffin (Thermo Fisher Scientific, USA). Serial slices (4 pm
thickness, 10 slices per tumor) were obtained with a microtome and
serially glued onto slides. The slices were stained with hematoxylin and
eosin (H&E) according to the standard method. Representative histo-
logical images were obtained using an inverted Nikon fluorescence mi-
croscope and analyzed with ImageJ software. In addition, the blood
samples were collected for routine blood analysis.

2.10. Statistical analysis

All data were presented as the mean standard deviation (SD) from at
least three independent experiments (n > 3). The statistical differences
in the data were determined using a One-Sample t-Test analysis within
Origin 9_64 software. *p < 0.05, **p < 0.01, and ***p < 0.001 were
considered statistically significant.

3. Results and discussion
3.1. Synthesis of Fe304@mSiO,@Au

Fe304@mSiO2@Au core@shell@satellites NPs were prepared by a
layer-by-layer method using iron oxide, mesoporous silica, and gold as
substrates. First, monodispersed hydrophobic Fe3O4 NPs were synthe-
sized by the thermal decomposition method that allows for obtaining
dispersion of nanoparticles with uniform size distribution [51]. As it was
revealed by transmission electron microscopy (TEM), the obtained
Fe304 NPs did have a uniform size (the average diameter of 8 nm, Fig. 1a
and Fig. S1 in Supporting Information). Next, a surfactant CTAB was
used for the ligand exchange with the oleic acid group of Fe304. Through
a following process of hydrolysis and condensation of tetraethyl ortho-
silicate (TEOS) in water/triethanolamine (TEA) and with the use of a
reverse microemulsion method [52-55] a uniform silica shell (~18 nm
thick) covered on the surface of Fe304, which resulted in the formation
of Fe304@mSiO, core@shell nanoparticles (Fig. 1b and Fig. S2). The
silica shell thickness could be easily controlled by adjusting the con-
centration ratio of Fe3O4/TEOS. Finally, MPTES was used as a silane
coupling reagent, which provided negatively charged sulfhydryl groups
on the silica surface, allowing for attachment of the pre-synthesized gold
NPs (Fig. S4) through formation of a strong Au-S bond. In such a way,
Fe304@mSiO,@Au NPs with core@shell@satellites structure were
successfully synthesized (Fig. 1c). The formation of Fe304@mSiO>@Au
NPs has also been confirmed by EDX spectroscopy and mapping (Fig. S3,
Fig. 1d), which indicates that the Fe element is located in the core,
whereas the Si is shown to be around Fe, due to the formation of the
silica shell. The gold seeds are uniformly adsorbed on the surface of
Fe304@mSiOy core@shell NPs. Furthermore, X-ray photoelectron
spectroscopy (XPS) was employed to assess the chemical composition of
Fe304@mSiOo@Au NPs (Fig. S5(a)). The corresponding Fe 2p, O 1s, Si
2s, Si 2p and Au 4f peaks can be observed in the full spectrum XPS of the
Fe304@mSiOz@Au NPs, indicating the presence of Fe, O, and Au ele-
ments. As shown in Fig. S5(b), after the Fe3O4 core is coated with a
mSiO; shell, the Fe 2p peak becomes almost unidentifiable due to the
shallow XPS detection depth limit of 10 nm [56]. However, a clear Si 2p
peak (102.1 eV) is observed due to the Si element from the mSiO5 shell
(Fig. S5(c)). Then, the high-resolution Au 4f spectra reveals that Au 4f
7/2 (82.8 eV) and 4f 5/2 (86.5 eV) binding energies are observed from
Fig. S5(d), indicating the presence of Au satellites in Fe30,@mSiO@Au
NPs. Based on the TEM, EDX, and XPS results, we concluded that the
Fe304@mSiO,@Au NPs with the core@shell@satellites structure were
successfully synthesized.

The size of Fe304, Fe304@mSiO,, and Fe304@mSiO,@Au NPs in
water dispersions was assessed using a dynamic light scattering (DLS)
technique, revealing a size (i.e., hydrodynamic diameter) distribution
peaked at about 8.1, 32.8, and 58.5 nm (Fig. 2a), which is consistent
with the TEM results. The TEM and DLS results, along with absorbance
spectrum of Au NPs dispersion are shown in Fig. S4. As it can be seen in
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Fig. 1. TEM images of Fe304 NPs (a), Fe30,@mSiO, NPs (b), Fe304,@mSiO,@Au NPs (c). (d) and (e): Elemental mappings showing the spatial distribution of Fe

(green), Si (magenta), and Au (red) in the Fe30,@mSiO,@Au NPs.
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Fig. 2. (a) DLS data for Fe3O4, Fe30,@mSiO, and Fe;0,@mSiO>@Au NPs; (b) { potentials for Fe;0,@mSiO;, MPTES-modified Fe;0,@mSiO;, Au and
Fe30,@mSiO>@Au NPs. (c) UV-Vis absorbance of Fe304, Fe304,@mSiO,, Fe30,@mSiO,@Au NPs. (d) Absorption spectra of Fe30,@mSiO,@Au NPs dispersion with
and without applied MF. (e) Hysteresis loop and (f) visualization of the magnetophoretic response of the Fe304@mSiO,@Au NPs.

Fig. 2b, the ¢ potential of the Fe30,@mSiO, NPs was found to change
from —18.62 mV to —11.06 mV as a result of modification with MPTES;
the following change of { potential from —11.06 mV to —23.73 mV is
associated with the gold seeding (—29.74 mV) [57]. The UV-Vis
absorbance spectra of Fe304, Fe304@mSiO; and Fe304@mSiO,@Au
NPs dispersions are shown in Fig. 2c. While the Fe304 and Fe3O4@m-
SiOy NPs display no absorption peak in the region of 400-1000 nm,
Fe304@mSiO,@Au NPs reveal the absorption band peaked at ~520 nm,

which is evidently associated with gold satellites on the NPs surface.
Furthermore, it was found that the absorption spectrum of core@-
shell@satellites NPs dispersion noticeably changed when MF was
applied with the most significant change (i.e., appearance of the intense
absorption without a pronounced peak) in the NIR spectral range
(Fig. 2d). The magnetization of the Fe304@mSiO>@Au NPs, which was
measured with an applied magnetic field of up to 10000 Oe, shows
saturation, but no hysteresis, revealing the superparamagnetic behavior
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(Fig. 2e). At the same time, when the magnet was applied to the cuvette
with the NPs dispersion, the NPs gathered on the inner wall of the
cuvette (Fig. 2f). This type of NPs gathering evidently leads to a change
(increase) in NIR absorption, which can be associated with a plasmon
coupling effect produced by the Au nanoparticles becoming adjacent
due to an MF-induced formation of Fe304,@mSiO>@Au NPs aggrega-
tes/clusters [29,35,58]. Fig. S6 shows data illustrating the formation of
such NPs aggregates. The fact that the magnetically-activated formation
of the Fe304@mSiO,@Au aggregates leads to a significant increase in
the NIR absorption can apparently lead to a possibility of MF-induced
enhancement of NIR PT effect that, in turn, can be used for
MF-enhanced NIR PTT of cancer.

3.2. Assessment of DOX loading and photothermal effect

At the next stage of our studies, we explored loading of DOX mole-
cules to the mesoporous silica shell of NPs [48]. As a result of loading,
potential of NPs changed from —23.73 mV (for Fe304@mSiO,@Au NPs,
Fig. 2b) to —9.18 mV (for Fe304@mSiO2@Au-DOX, Fig. S7b). The size of
Fe304@mSiO;@Au-DOX NPs did not change significantly compared to
the unloaded Fe304@mSiO2@Au NPs, indicating the structure and
morphology of magnetoplasmonic NPs was not affected, and the DOX
loading capacity was determined to be ~39 % (Fig. S8). Furthermore,

(a) (b)
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using DLS measurements, the colloidal stability of Fe3O4@m-
SiO2@Au-DOX NPs under physiological conditions was evaluated when
NPs were dispersed in deionized water, PBS (pH = 7.4), and DMEM. As it
is shown in Fig. S9, though an increase of the hydrodynamic diameter of
NPs in PBS and DMEM has been observed (which is evidently associated
with a formation of a solvation shell in PBS and DMEM), no significant
changes in size of Fe304@mSiO;@Au-DOX NPs could be noticed after 5
days of storage, indicating good colloidal stability and storage ability of
F8304@mSi02@Au—DOX NPs.

Fig. 3(a—c) shows absorption and fluorescence spectra of
Fe304@mSiOo@Au NPs with and without DOX, as well as spectra of
DOX in water and DMF solutions. Although absorption spectra do not
clearly reveal entrapment of DOX by Fe304@mSiOs@Au NPs (due to the
dominating plasmonic absorption band of gold satellites), the presence
of DOX in the NPs dispersion is confirmed by the DOX fluorescence
manifested by Fe304@mSiO;@Au-DOX NPs dispersion. Moreover,
fluorescence of DOX loaded to Fe304@mSiO,@Au NPs is highly aniso-
tropic, in contrast to fluorescence of free DOX water and DMF solutions
(Fig. 3c). This feature is highly characteristic and associated with the
limitation of the rotational mobility of fluorescent molecules bound to
NPs [59,60]. It was also found that the absorption spectrum of
Fe304@mSiOo@Au-DOX NPs dispersion noticeably changed when MF
was applied with the most significant change (i.e., appearance of the
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Fig. 3. (a—c) Spectra of UV-Vis absorption (a), fluorescence intensity (b), and fluorescence anisotropy (c) of Fe304,@mSiO,@Au and Fe304,@mSiO,@Au-DOX, and
DOX solutions in water and DMF. (d) Absorbance of Fe30,@mSiO>@Au-DOX NPs dispersion with and without applied MF. (e) 808 nm laser induced heating and
cooling of water (black curve) and Fe304,@mSiO,@Au-DOX water dispersion with (red) and without (blue) MF applied; (f-g) Dependence of cooling times on-1n(0)
obtained from the cooling stage for Fe;0,@mSiO>@Au-DOX NPs dispersion with an applied MF. (h) Reproducibility of PT effect induced by irradiation with 808 nm
laser (100 mW/cm?) in Fe30,@mSiO,@Au-DOX NPs dispersion with an applied MF.
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intense absorption without a pronounced peak) in NIR spectral range
(Fig. 3d), demonstrating MF-induced the plasmon coupling effect pro-
duced by the Au nanoparticles was not affect even after DOX molecules
loading.

As we observed the magnetically induced formation of the
Fe304@mSiO2@Au NPs aggregates that led to a significant increase in
NIR absorption, we further suggested that this effect should result in MF-
induced enhancement of NIR PT effect, which, in turn, can be used for
MF-enhanced NIR PTT of cancer. To confirm that, we first explored
changes in temperature of Fe304@mSiO,@Au-DOX NPs dispersion with
MF applied and without it, when the dispersion was irradiated with an
808 nm laser at different power densities. As shown in Fig. S10 (a), the
temperature of the Fe304@mSiO,@Au-DOX NPs dispersion in absence
of MF remained unchanged under irradiation by 808 nm laser for all
power densities used (i.e., 50, 100, 200 and 300 mW/cm?). It should be
also noted that in absence of MF the difference between temperature of
the NPs dispersion and water was negligible for all laser power densities
and the measured temperatures were in the same room temperature
range (25 °C). In striking contrast, temperature of Fe304@mSiO;@Au-
DOX NPs dispersion in presence of MF noticeably rose even for the
lowest irradiation power density of 50 mW/cm? and reached ~29 °C
already ~40 s after the irradiation started, remaining approximately the
same during the rest of the irradiation time (up to 300s). Under 808 nm
laser irradiation with 100, 200 and 300 mW/cm?, temperature of NPs
dispersion under MF reached 34 °C, 38 °C and 43 °C, respectively. As
shown in Fig. S10(b), temperature of the Fe304@mSiO,@Au-DOX NPs
dispersion gradually increased in presence of MF, and temperature of
NPs dispersion under MF reached 30 °C, 35 °C, 40 °C, and 52 °C at
different concentrations of NPs dispersion, respectively. Next, we have
calculated PT conversion efficiency (1) of Fe304@mSiOs@Au-DOX NPs
dispersion with and without applied MF, using the absorption spectra of
the NPs dispersion (with and without MF) and plots of its heating and
cooling (Fig. 3d, e, 3f, 3g), along with appropriate equations, as
described elsewhere (see the relevant section in Supporting informa-
tion). The PT conversion efficiency was determined to be ~67 % and
~19 %, respectively, revealing a much better efficiency of the MF-
induced Fe304@mSiO,@Au-DOX aggregates in the conversion of 808
nm laser energy into heat. It should be noted that the PT conversion
efficiency of MF-induced Fe304@mSiO,@Au-DOX NPs aggregates has
been found to be significantly higher than a majority of the previously
reported PTT agents (Table S1, Supporting Information). As it is shown
in Fig. 3h, the PT effect produced by Fe304@mSiO»@Au-DOX in pres-
ence of MF manifests an excellent reproducibility under 808 nm laser
irradiation, suggesting the stability of the Fe304@mSiO,@Au-DOX

a
8) Fe;0,@mSi0,@Au-DOX,

Fe;0,@mS$i0,@Au-DOX with magnetic field
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aggregates under laser irradiation with power density of 100 mW/cm?.
3.3. Magnetoplasmonic nanoparticles with cells in vitro

We have further studied an uptake of Feg04@mSiO2@Au-DOX NPs
by cancer cells in vitro. Fluorescence microscopy of the cells treated with
Fe304@mSiOo@Au-DOX NPs revealed a cytoplasmic localization of
DOX fluorescence (Fig. 4a and b), in contrast to a nuclear localization of
unbound DOX (Fig. S11), which is typical for free doxorubicin [60]. The
observed cytoplasmic localization of fluorescence could be attributed to
DOX associated with NPs even 12 h post cell treatment. It should be
noted that after 6 h of treatment, fluorescence signal from cells with
applied MF was found to be noticeably higher than that from cells in the
absence of MF (Fig. 4a). This is understandable as magnetically attracted
drug nanocarriers were known to allow for higher drug uptake by MF
treated cells in vitro [22,29,61]. Furthermore, the DOX fluorescence
signal from the cells in the absence of MF did not noticeably increase
after laser irradiation followed by 6 more h of incubation, whereas it did
significantly rise 6 h post laser irradiation in case of the cells with
applied MF (Fig. 4b-Fig. S12). The latter suggests that while the MF
application is a major reason causing increase in DOX delivery with
Fe304@mSiO2@Au-DOX NPs, laser irradiation might also be a factor
here, increasing cellular uptake through a mild PT effect. At the same
time, laser irradiation with the applied parameters (10 min, 100
mW/cm?) did not noticeably affect the viability of the imaged cells.

The viability of the NPs treated cells was further evaluated using
CCK-8 assay. As shown in Fig. 4c, the viability of non-irradiated HeLa
cells treated with Fe30,@mSiO2@Au NPs at a concentration of 50 pg/
mL remained about 100 % both in the presence of MF and without it.
The cell viability was slightly decreased for the cells treated with
Fe304@mSiOo@Au-DOX NPs in the absence of MF and it was noticeably
reduced when MF was applied, which is evidently associated with an
increase in DOX uptake. Furthermore, the viability of the 808 nm laser
irradiated (100 mW/cm?) cells treated with Fe304@mSiOs@Au and
Fe304@mSiOo@Au-DOX NPs with and without MF application was
accessed (Fig. 4d, e, 4f). As one can see, similarly to non-irradiated cells,
the cytotoxicity of Fes04@mSiO2@Au-DOX NPs with the applied MF
was stronger than that of Fe304@mSiO>@Au NPs, which is apparently
associated with the facilitated intracellular DOX accumulation and
corresponding toxicity [62]. Moreover, cells treated with Fe304@m-
SiO2@Au-DOX NPs in the presence of MF have shown a lowest viability
after 808 nm laser irradiation compared to other cells (~32 % for 30 min
of irradiation). This suggests that the external MF application following
the injection of Fe304@mSiO,@Au-DOX NPs into in vivo cancer model
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Fig. 4. (a, b). Fluorescence microscopy images of HeLa cells treated with Fe30,@mSiO>@Au-DOX NPs 6 h after treatment and before laser irradiation (a) and 12 h
after treatment and 6 h after 808 nm laser irradiation (10 min, 100 mW/cm?) (b). Scale bar is 25 pm. (c): Viability of the cells after different treatments without 808
nm laser irradiation. (d-f): Viability of the treated cells after 808 nm laser irradiation of the same power density (100 mW/cm?) for 10, 20, and 30 min intervals.
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can induce the formation of NPs aggregates in tumor in situ, leading to
an enhanced therapeutic effect of PT/chemotherapy combination.

3.4. In vivo studies

The PT effect induced by magnetoplasmonic NPs and 808 nm laser
irradiation was evaluated in vivo using 4T1 tumor-bearing mice. We
randomly divided all mice into five groups (five mice each), which were
given the following treatments: (1) intratumoral injection of PBS + 808
nm laser irradiation of a tumor; (2) intratumoral injection of
Fe304@mSiO,@Au NPs + 808 nm laser irradiation of a tumor; (3)
intratumoral injection of Fe304@mSiO2@Au-DOX NPs + 808 nm laser
irradiation of a tumor; (4) intratumoral injection of Fe304@mSiO2@Au
NPs + MF application + 808 nm laser irradiation of a tumor; (5)
intratumoral injection of Fe304@mSiO2@Au-DOX NPs + MF applica-
tion + 808 nm laser irradiation of a tumor. For the MF-treated groups 4
and 5, an external magnet was fixed on top of the tumor (using stick
tape) immediately after injection and left there for 3 h. After magnet
removal, a difference in color between MF-treated and MF-untreated
tumors became visible, evidently originating from a magnetophoreti-
cally concentrated magnetoplasmonic NPs (Fig. S13). Three hours after
injections, the tumors of mice from all groups were irradiated with 808
nm laser (300 mW/cm?) for 20 min. The temperature changes during the
irradiation were imaged using a thermal imaging camera. As shown in
Fig. 5, temperature of the irradiated site (tumor) for mouse from group 1
slightly increased from 31 °C to 33 °C, while temperatures of the irra-
diated tumor rose a little more (from 31 °C to 35 °C) for mice from group
2 and 3. These results indicate that the irradiation by 808 nm laser with a
power density of 300 mW/cm? do not overheat the irradiation sites in
mice injected with PBS or with NPs (Fe304@mSiO>@Au or Fe3O4@m-
SiO2@Au-DOX). In stark contrast, the temperature at the irradiated
tumor sites on the group 4 and 5-treated mice rapidly increased from
32 °C to 45 °C and 31 °C-46 °C, respectively, manifesting an enhanced
NIR PT effect caused by MF induced aggregation of Fe304@mSiO2@Au
and Fe304@mSiOs@Au-DOX magnetoplasmonic NPs.

Along with the evaluation of the MF induced NIR PT effect, the ef-
ficiency of the combined antitumor therapy was assessed in vivo using
the same groups of 4T1 tumor-bearing mice (1-5). The general scheme
of the therapy including a tumor model establishment and the treatment
evaluations is illustrated in Fig. 6a. As it can be seen in the scheme, on
the tenth day after cancer cell inoculation, tumors of the group 1-5 were
injected and the evaluation of the NIR PT effect was performed as
described above (Fig. 5). Next day, tumors in the mice of the groups 1-5
were again irradiated by 808 nm laser and tumor developments were
evaluated for 9 more days to determine the antitumor ability of the
treatment. The body weights and tumor volumes were measured every
day until tenth day since the treatment began. It is worth also noting that
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the body weight in all groups did not noticeably changed during the in
vivo studies (Fig. 6b). At the same time, as shown in Fig. 6b, rapid tumor
growth was observed in the group 1 (PBS) and group 2 (Fe304@m-
SiO2@Au NPs), indicating a negligible antitumor effect in these two
groups due to an absence of the chemotherapy and NIR PTT. Both group
3 (Fe304@mSiOo@Au-DOX NPs + laser) and group 4 (Fe304@m-
SiO;@Au NPs + MF + laser) somewhat slowed down the tumor devel-
opment, due to the chemotherapeutic and NIR PTT effects,
correspondingly. Notably, group 5 (Fe304@mSiOy@Au-DOX NPs + MF
+ laser) manifested the most significantly suppressed tumor growth.
Thus, the combination of MF-induced NIR PTT and chemotherapy
delivered with Fe304@mSiO2@Au-DOX synergistically enhanced the
antitumor therapy efficiency. The representative photographs of tumors
harvested from mice in groups 1-5 on 10th day after first treatment
(Fig. S14), results on tumor growth inhibition (Fig. S15) and final tumor
weight (Fig. 6¢) additionally highlight a superior tumor-inhibiting effect
arising from a combination of an MF-induced NIR PTT and chemo-
therapy produced magnetoplasmonic nanoplatform loaded with
chemotherapeutics.

The achieved therapeutic effect was further assessed using histo-
logical studies (H&E staining) of the tumor tissues collected at the end of
the experiment (Fig. 6d, e, 6f, 6g, 6h). The histological examination of
the collected specimen revealed a high level of cell polymorphism in all
groups. At the same time, both group 1 (PBS + laser) and group 2
(Fe304@mSiO,@Au NPs + laser) tumors demonstrated similar histo-
logical characteristics with prominent signs of malignancy. The tumors
from group 3 (Fe304@mSiO,@Au-DOX NPs + laser) and group 4
(Fe304@mSiO,@Au NPs + MF + laser) are still similar, but have fewer
signs of malignancy. The tumor tissue from group 5 (Fe304@m-
SiO2@Au-DOX NPs + MF + laser) is very different from others, dis-
playing the lowest degree of tumor development and malignancy, as it
can be concluded from the observed pathological changes. In particular,
the total hyperchromicity in the tumor cell nuclei is reduced for groups
3, 4 and 5 in comparison with those from groups 1 and 2 (a more
intensive basophilic cell staining, predominantly due to nucleus/chro-
matin, is a common sign of tumor progression [63]). Next, the number of
mitotic cells per 1 mm?, counted at the tumor periphery (Fig. 6i),
decreased in the groups as followed: 65 (group 1) > 52 (group 2) > 41
(group 3) ~ 43 (group 4) > 19 (group 5). Furthermore, many
cancer-associated fibroblasts (which form the extracellular matrix and
tumor stroma) were found in the specimen from the groups 1-4. It
should be noted that the process of fibrosis contributes to the tumor
progression by maintaining its structure and supplying signaling mole-
cules, as well as by providing a pool of mobile cells, which increase
metastatic potential, and supporting areas of inflammation [64,65]. This
process is most clearly observed in groups 1 and 2 (a relative fibrosis
area is of ~25 %) and in groups 3 and 4 (a 19-20 % fibrosis).
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Fig. 5. Invivo NIR PT effect. (a) Thermal images and (b) temperature changes of 4T1 tumor-bear mice under the 808 nm laser irradiation (300 mW/cm? for 20 min).
Mice were treated with: PBS (1), Fe304,@mSiO,@Au NPs (2), Fe30,@mSiO,@Au-DOX NPs (3), Fe304,@mSiO,@Au NPs + MF (4), and Fez0,@mSiO,@Au-DOX NPs

+ MF (5).



S. Gao et al.

()

—_
(=3
~

Materials Today Bio 30 (2025) 101393

- @ - [l Fe,0,@mSi0,@Au-DOX+magnetic field+aser

©,

1200 - @ - [l Fe;0,@mSiO,@Au+magnetic field+laser
@ - ©- [l Fe,0,@mSi0,@Au-DOX-+aser L
1000+ N .
Combined (PTT+chemo) therapy E - © - [ Fe,0,@mSiO,@Autlaser o 06
[} - - a* Pig
g 800 L J - PBS+laser % J %
4T1 cells First Second Tumor 3 _ 05 *
inoculation irradiation irradiation collection > 600 on
\ > 2
4":'\ \, 2 < 04
3 £ 400/ 5
G s P & g
=
d d d g 2004 303
£
é
@ 274 02 *
2 264
-10d 0d 1d 10d ? 04
|——— Tumor volume and mice weight monitor ———| E 254
= 244
S — 0.0

Time (day)

PBS+laser

(@)

(e)

Weight
0.64 g
Volume
1111 mm?3

(f) Fe;0,@mSiO,@Au+DOX+laser
Weight Weight
0.60 g 046 g
Volume Volume
938.8 mm? 533 mm3
1mm 1mm
Fibrosis

Necrosi
5

Y

(g) Fe;0,@mSiO,@Au+magnetic field+laser (h)Fe,O,@mSiOz@Au+DOX+magnetic field+laser (]) I rBsHaser
* Weight Weight Fe,0,@mSiO,@Au+laser
040 g - 016g B Fe,0,@mSi0,@Au-DOX+aser
Volume ¢ e Volume B Fe.0,@mSi0,@Au+magnetic field-+laser
473.6 mm? { 210.4 mm?3 . )
3 [ Fe,0,@msiO,@Au-DOX+magnetic field +laser
>, 35 30
B 30 25
1mm 1mm ¥
o n g® S 20
Mitosis £ x * X
220 =
E % 15
&
215 %
£ 4 x Eo10
=
5 o .
0 0
20 25
20
15 o~
s S
< a 15
2
‘Z 10 g
g & 10
3 2]
z 0 & ok
5 <
5 *
0 0

Fig. 6. (a) Scheme illustrating tumor generation in mice in vivo and tumor treatment by combination of MF-induced NIR PTT and chemotherapy. (b) Changes of
tumor volumes and body weights for mice in groups (1-5), measured daily. (c) Tumor weights measured after collection on 10th day post injection. (d-h) H&E-
stained histological images of tumor tissues from each group: (d) group 1 (PBS + laser), (e) group 2 (Fe30,@mSiO,@Au NPs + laser), (f) group 3 (Fe304,@m-
SiO2@Au-DOX NPs + laser), (g) group 4 (Fe30,@mSiOo@Au NPs + MF + laser), and (h) group 5 (Fe30,@mSiO>@Au-DOX NPs + MF + laser). (i) Mitosis, fibrosis,
necrosis and hematopoiesis in tumors from groups (1-5). The data are presented as mean =+ SD (n = 3), *p < 0.05 for data with a statistically significant difference.
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Remarkably, fibrosis has been drastically suppressed down to 3 % in
group 5 (Fig. 6i). The relative areas of necrosis were measured to be 16
and 10 % in group 1 and group 2 tumor specimen; necrotic sites
appeared to be smaller in the tumor tissue from group 2. In the tumor
tissues from other group, the area of necrosis was much smaller (~3 % of
the total area); necrotic sites were small in size, not as pronounced, and
single in number (Fig. 6i). A few typical provascular structures were
observed in the specimens from groups 1 and 2. Moreover, signs that
could be attributed to extramedullary tumor hematopoiesis were well
manifested in these groups. It should be noted that the process of he-
matopoiesis in tumors includes the formation of erythroid and myeloid
progenitor cells, which then differentiate to blood cells [66,67]. This
process maintains oncoangiogenesis, plays an important role in the
disruption of anti-tumor immunity and supports cancer aggressiveness
[68]. The signs of hematopoiesis (Fig. 6d-i and Fig. S16) are clearly seen
in the tumors from group 1 (21 %) and group 2 (19 %), while they are
noticeably depressed in group 3 (7 %) and group 4 (6 %) and almost
completely disappear in the specimen from group 5 (2 %).

3.5. Effect of treatments on metastasis and biocompatibility of
Fe30,@mSiO,@Au-DOX nanoparticles

As the majority of deaths associated with cancer are due to the
metastasis of primary tumor cells, an inhibition of metastasis can be
considered as an extremely important outcome of cancer therapy.

Materials Today Bio 30 (2025) 101393

Therefore, the main organs (i.e., lungs, liver, spleen and kidneys) of mice
in groups (1-5) were histologically analyzed for the presence of me-
tastases. The study of specimens of lungs and liver from group 1 mice
revealed the largest (from all groups) average number of metastases (5
and 10 per mm?, respectively), and also inflammatory processes in the
lungs, which can be precancerous areas (Fig. 7a and f). For the mice from
groups 2 and 4, the average number of metastases was found to be the
same (2 and 8.5 per mm?) in the specimens from lungs and liver tissues,
respectively (Fig. 7b, d, 7f). Interestingly enough, tissue specimens from
group 3 contained even less metastases; the average number of metas-
tases was 1.5 and 4 per mm? for lungs and liver, respectively (Fig. 7c and
f). However, the specimens from group 5 manifested the very least
average number of metastasis: 0.1 and 1 per mm? for lungs and liver,
respectively (Fig. 7d and f). At the same time, no metastases were found
in the spleen and kidneys of mice from all the groups (Fig. 7).

In addition to the evaluation of the cancer treatment efficiency, it is
essential to assess the systemic safety of the nanoformulations and the
associated therapeutic approach. Therefore, the toxicity of the applied
treatments was evaluated not only in vivo using mice body weight
measurements (Fig. 6b), but also ex vivo (by routine blood analysis, and
H&E staining of the collected tissue samples). Neither damages or in-
flammatory lesions were observed in the assessed organs (liver, kidney,
spleen, and lungs), implying low systemic toxicity of FezOs@m-
SiO2@Au-DOX NPs and the proposed treatment strategy (Fig. 7). The
main hematology indicators for blood with Fe3O4@mSiOs@Au-DOX
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Fig. 7. H&E-stained histological images of tissues from lungs, liver, spleen and kidneys to evaluate physiological changes and presence of metastasis in mice from
different groups. (a): group 1 (PBS + laser), (b): group 2 (Fe304,@mSiO,@Au NPs + laser), (c): group 3 (Fe304@mSiO,@Au-DOX NPs + laser), (d): group 4
(Fe304@mSiO,@Au NPs + MF + laser), (e): group 5 (Fe304@mSiO,@Au-DOX NPs + MF + laser). Red circle shows the inflammation area, blue circles and outlined
area show the lung metastases, black circles show the liver metastases. (f) Number of the lung and liver metastases in each group. The data are presented as mean +

SD (n = 3), *p < 0.05 for data with a statistically significant difference.
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NPs in circulation were then analyzed (Fig. S17). Similar blood pa-
rameters were obtained for all five groups, further demonstrating good
biocompatibility of Fe304@mSiO,@Au-DOX NPs and the treatment
strategy. These results confirmed that Fe304@mSiO,@Au magneto-
plasmonic NPs loaded with chemotherapeutic drug is a promising
nanoplatform that can be employed to achieve magnetic field-enhanced,
synergistic cancer therapy.

4. Conclusions

In conclusion, this study introduces a cancer treatment using a
magnetic field-induced and targeted combination of near-infrared pho-
tothermal therapy (NIR PTT) and chemotherapy utilizing Fes04@m-
SiOs@Au core@shell@satellites nanoparticles (NPs) loaded with the
chemotherapeutic drug doxorubicin. When an external magnetic field
(MF) is applied to the dispersion of these NPs, it results in the magne-
tophoretic movement and aggregation of the NPs. This aggregation leads
to notable absorption in NIR spectral range, due to plasmon resonance
coupling between the Au NPs within the aggregates. Additionally, the
MF-induced aggregates reveal increased photothermal conversion effi-
ciency. As a result, an enhanced photothermal effect is observed in MF-
treated NP dispersion under 808 nm laser irradiation. This MEF-
delivered, tumor targeted combination of NIR PTT with DOX chemo-
therapeutic action effectively kills cancer cells in vitro and restricts
tumor growth in 4T1-tumor-bearing mice in vivo. Histological studies of
the tumor tissues show significant differences in the development and
malignancy between tumors treated with the Fe304,@mSiO;@Au-DOX
NPs, MF application, and 808 nm laser irradiation, compared to control
treatments. These differences, including mitosis of cancer cells in the
treated tumor tissues along with the tissue fibrosis, necrosis, hemato-
poiesis, and metastasis, highlight the synergy between MF-induced NIR
PTT and DOX chemotherapy delivered with the magnetoplasmonic
nanoplatform. Based on the obtained results, we suggest an efficient
strategy that integrates MF-induced PTT and targeted drug delivery. Our
study revealed and exploited strong enhancement of NIR absorption of
the magnetopasmonic NPs, which appeared only under the external
magnetic field but not without it. Thus, this approach allows for addi-
tional therapeutic selectivity: MF localized NIR plasmonic absorption,
correspondent selectively localized NIR PTT and, synergistically
enhanced, targeted cancer therapy.
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