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ABSTRACT

Anticancer drug resistance invariably emerges and poses a significant barrier to curative therapy for various
breast cancers. This results in a lack of satisfactory therapeutic medicine for cancer treatment. Herein, a universal
vector system for drug-resistance breast cancer was designed to meet the needs of reversed multidrug resistance,
thermo-chemotherapy, and long-term drug release behavior. The vector system comprises polycaprolactone
(PCL) nanofiber mesh and magnetic nanoparticles (MNPs). PCL has excellent biocompatibility and electro-
spinning performance. In this study, MNPs were tailored to be thermogenic in response to an alternating mag-
netic field (AMF). PCL nanofiber can deliver various chemotherapy drugs, and suitable MNPs encapsulated in the
nanofiber can generate hyperthermia and synergistic effect with those chemotherapy drugs. Therefore, a more
personalized treatment system can be developed for different breast malignancies. In addition, the PCL nanofiber
mesh (NFM) enables sustained release of the drugs for up two months, avoiding the burden on patients caused by
repeated administration. Through model drugs doxorubicin (DOX) and chemosensitizers curcumin (CUR), we
systematically verified the therapeutic effect of DOX-resistance breast cancer and inhibition of tumor generation
in vivo. These findings represent a multifaceted platform of importance for validating strategic reversed MDR in
pursuit of promoted thermo-chemotherapeutic outcomes. More importantly, the low cost and excellent safety
and efficacy of this nanofiber mesh demonstrate that this can be customized multi-function vector system may be
a promising candidate for refractory cancer therapy in clinical.

1. Introduction

protein), etc. pathway seriously impedes its clinical application [5,6]. It
is worth noting that curcumin (CUR) is a low-toxicity natural drug

Breast cancer is one of the most common types of malignant tumors
among women [1]. Nevertheless, chemotherapy-the most commonly
prescribed treatment in clinical practice-is less effective than expected,
primarily because its effectiveness is impeded by multidrug resistance
(MDR). Moreover, recent research has shown that MDR might facilitate
tumor recurrence [2] and metastasis [3]. Thus, reverse MDR will be a
crucial step in the fight against refractory breast cancer. Doxorubicin
(DOX) is a highly effective drug for breast cancer treatment in the clinic,
causing cell death through DNA insertion and the inhibition of topo-
isomerase II [4]. However, MDR through the P-glycoprotein (P-g

derived from polyphenols in the Zingiberaceae plant family [7]. CUR, as
a very effective P-g protein inhibitor, can reverse MDR and make MCF-
7/ADR cells (human drug-resistant breast cancer) more sensitive to DOX
[8]. However, CUR may not have effective in vivo effects since it may be
difficult to accumulate in tumor cells and enter the same cancer cells as
DOX.

A smart polymeric nanofiber structure has distinct advantages since
its nano-scale features provide an enormous surface area and porous
structure [9], enhancing its responsiveness to external stimuli, while its
macroscale structures enable it to be easily manipulated in a bulk form
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[10]. It is worth noting that polymer nanofibers can be mass-produced at
low cost due to the low price of the polymer and the ease of manipu-
lation of the nanofibers [11]. Magnetic nanofibers are based on a mild
treatment strategy that exposes tumor tissue to higher temperatures
than normal under a controlled magnetic field environment without
causing any damage to normal tissue during treatment [12,13], has been
developed in recent decades as an effective treatment system for deeply
existing or localized cancers [14,15]. Furthermore, mild hyperthermia
has also been used combined with chemotherapy to temporarily
improve cancer cells' sensitivity to the damaging effects of chemo-
therapy drugs [16,17]. Nevertheless, the simultaneous encapsulation of
magnetic nanoparticles and multiple drugs with unique physicochem-
ical properties into a single nanosystem formulation remains
challenging.

In this study, we attempted to design a flexible and multifaceted
platform using polycaprolactone (PCL), a biodegradable material
approved for biomedical applications by the U.S. Food and Drug
Administration (FDA) [18]. Herein, PCL was used to fabricate a fiber
mesh of nanoscale diameter through an electrospinning technique to
entrapment of magnetic nanoparticles (MNPs) and load the chemo-
therapeutic drugs DOX and CUR (Scheme 1). Once the nanofiber mesh is
transplanted into the tumor site, DOX and CUR could undergo sustained
release by diffusion for more than two months from nanofibers. In
addition, the nanofibers do not need to be harvested after treatment
because they are biodegradable. Notably, CUR, as a chemosensitizer,
suppresses DOX efflux and facilitates the intracellular accumulation of
DOX in MCF-7/ADR cells by activating P-g protein down-regulation
[19]. Consequently, CUR substantially reversed MDR and enhanced
the cytotoxicity of DOX against MCF-7/ADR cells. Interestingly, MNPs
play a crucial role in magnetic hyperthermia because they generate heat
when exposed to an alternating magnetic field (AMF), which leads to
cell death, and promotes chemotherapeutic efficacy [20]. Using a
tumor-bearing nude mice model, we demonstrated that this nanofiber
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mesh showed an in vivo synergistic anticancer effect. Therefore, this
readily processed multifaceted system could be an appreciable delivery
vehicle for effective reverse MDR combined with thermo-chemotherapy.
This custom combination therapy system is essential for validating this
strategy to promote chemotherapeutic outcomes for the refractory
tumor.

2. Materials and methods
2.1. Materials

Materials: Poly(e-caprolactone) (Mw = 80 kDa), DOX (doxorubicin),
and CUR (curcumin) were produced by Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). The nanopowder of iron (III) oxide (<50 nm par-
ticle size) was purchased from Sigma-Aldrich (Tokyo, Japan). The FBS
(fetal bovine serum) was purchased from Tocris Bioscience Inc. (Min-
neapolis, MN, USA). RPMI 1640, MEM (modified Eagle's Medium),
trypsin, penicillin, and streptomycin were bought from Nacalai Tesque,
Inc. (Kyoto, Japan). MDA-MB-231 and MCF-7 cells (Human breast
cancer cell lines) were provided by the American Type Culture Collec-
tion (Manassas, VA, USA). The human breast cancer adriamycin-
resistant cell line MCF-7/ADR was obtained from Icell Biscience Inc.
(Shanghai, China). Charles River Laboratories Japan, Inc. provided the
female BALB/C nude mice (Yokohama, Japan).

2.2. Fabrication and characterization of nanofiber mesh

We fabricated PCL nanofiber meshes following a previously pub-
lished procedure [21]. The electrospinning solution was prepared by
dissolving PCL in HFIP at 20% (w/v). A PCL solution was prepared by
mixing MNPs, CUR, and DOX at 30% (w/v), 0.22%, and 0.46% (w/w),
respectively. The nanofibers were produced through an electrospinning
system (Nanon-01 A, MECC Co., Ltd., Fukuoka, Japan). The liquid
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Scheme 1. Schematic diagram to illustrate the manufacture of multifunctional nanofiber mesh capable of simultaneously delivering magnetic nanoparticles and
chemotherapeutic drugs (DOX and CUR) for synergistic inhibition of intractable drug-resistant breast cancer therapy: a). The MNPs-loaded nanofiber can provide
controlled heating with an external AMF to achieve thermotherapy and increase cell sensitivity to drugs. b). The sustained release of DOX and CUR over two months
provides long-term antitumor activity. The intelligent nanofiber mesh encapsulates the P-glycoprotein interference drug CUR to reverse MDR by inhibiting DOX
efflux by tumor cells. ¢). CUR also improves the hyperthermia effect by interfering with the expression of the thermo-resistance protein (HSP90 protein). A
multipronged thermo-chemotherapy strategy involving nanofibers can provide mutual enhancement by reversing MDR and promoting drug sensitivity through

hyperthermia.
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surface tension was overcome by applying a voltage of 20 kV to the
polymer solution and forming a polymer jet. The nanofibers were
collected from the syringe needle on an eight cm collector plate. The
experiment was conducted at room temperature with a flow rate of 1.0
mL/h. After Pt coating, nanofiber morphologies were observed using
scanning electron microscopy (SEM, SU8000, Hitachi High-
Technologies Corporation, Tokyo, Japan). Nanofiber diameters were
determined using ImageJ and the diameter J plugin. For localizing the
MNPs within the fibers, EDX-SEM mapping (FE-SEM SU8000 EDX,
Hitachi High-Technologies Corporation, Tokyo, Japan) was performed
(with Bruker QUANTAX EDS for SEM, 5 kV).

2.3. Heating profiles for nanofiber mesh

Nanofiber meshes with MNPs (40 mg) were investigated under AMF
irradiation to evaluate their heat-generating properties. We used a
customized copper coil to incorporate the nanofiber mesh and the mesh
was exposed to HOTSHOT 2 (Alonics Co., Ltd., Tokyo, Japan)to generate
an AMF (480 A, amplitude 281 kHz frequency). Temperature changes in
the nanofiber mesh were recorded at a predetermined interval using a
FLIR thermo-camera (CPA-E6, FLIR Systems Japan K.K., Tokyo, Japan).

2.4. In vitro drug release

An investigation of the drug release behavior of nanofibers was
conducted in phosphate-buffered saline (PBS) solution. The nanofiber
meshes (40 mg) were immersed in 5 mL of PBS solution for 60 days
while being shaken at 37 °C. AMF was applied every three days for 15
min. We deducted and replaced 3 mL of PBS at predetermined intervals.
Following that, fluorescence measurements for DOX (excitation 485 nm,
emission 595 nm) and absorbance measurements for CUR (345 nm)
were performed using a plate reader (Infinite 200PRO, Switzerland).
DOX and CUR loading and release from nanofibers were further inves-
tigated using confocal laser scanning microscopy (CLSM), and images
were captured and analyzed using ZEN 2010 software. Drug fluores-
cence was detected at different release times from nanofibers. The
fluorescence of DOX and CUR (DOX, 485 nm excitation, 595 nm emis-
sion; CUR, 342 nm excitation, 475 nm emission) were obtained on a
CLSM (Zeiss LSM 700, Japan).

2.5. The cellular uptake of drugs

The cellular uptake behavior of release DOX from nanofiber mesh
was investigated by fluorescence microscopy in MCF-7/ADR cells.
Briefly, the cells were seeded onto 6-well plates at a 1.0 x 10° cells/well
density. After 24 h, the cells were further incubated with nanofiber mesh
for another 48 h. PBS was used to wash the cells, and exclusive nuclear
dye DAPI (Sigma-Aldrich, USA) was used to stain the cells for 30 min.
The fluorescence images of cells were obtained using an OLYMPUS IX71
fluorescence microscope.

2.6. Evaluation of combination efficacy of drugs and hyperthermia

The breast cancer cells were cultured in MEM or RPMI 1640 media. A
density of 1.0 x 10* cells was plated in 96-well plates, and the cells were
cultured for 24 h. To investigate the combined efficacy of CUR and DOX,
the cells were replenished with fresh medium supplemented with 6.21
pg/mL of CUR (around IC3p) and DOX at the appropriate concentration.
For evaluating the efficacy of drugs enhanced by hyperthermia, fresh
medium was replaced by heating to 43 °C and supplemented with DOX
or CUR at the appropriate concentration. Cells were incubated for an
additional 48 h at 37 °C after being incubated at 43 °C. Afterward, MTT
was used to determine the viability of the cells. Drug resistance index
(DRI) and reversal index (RI) were calculated as follows: DRI=ICsg celis
1/1Csg cells 2, RI=DRIpox/DRIpox + cur [19].
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2.7. Cell scratch assay

Cell scratch assays were conducted to examine the inhibitory efficacy
of the proposed nanofiber mesh on tumor cell growth. MCF-7/ADR cells
were plated in six wells. A sterile 200 L pipette was used to scrape off the
monolayer cells attached to the wall, and gentle washing with PBS was
performed on the scraped cells. An AMF was applied to the nanofiber
mesh (40 mg weight) for 15 min, and the mesh was then cultured in an
incubator for 48 h. The migration profiles of tumors cell were observed
in an inverted microscope and photographed. The relative migration of
cells was calculated using the formula: Relative migration = (Widthg , —
Widthz4 1,)/Widthg 1.

2.8. Antitumor efficacy of the nanofiber mesh

For the synergistic anticancer experiment, 10° cells of MCF-7/ADR
were plated per dish in a 35 mm dish for 24 h. The nanofiber mesh
was immersed into the medium after being sterilized by ethylene oxide
gas (EOG). The nanofibers were suspended in the medium and exposed
to AMF for 15 min. Following incubation at 37 °C for 48 h, the cell
number was determined using the MTT assay.

2.9. Apoptosis assay

An investigation of apoptosis in MCF-7/ADR cells treated with
nanofiber mesh was conducted using Annexin V-FITC/PI flow cytom-
etry. The nanofiber mesh was co-incubated with cells exposed to AMF
for 15 min and cultured for 48 h at 37 °C. Additionally, MCF-7/ADR cells
were washed with pre-cooled PBS, trypsinized, collected, and re-
suspended in 200 mL binding buffer before being analyzed. Subse-
quently, the above cell suspension was incubated in the dark for 15 min
with Annexin V-FITC and PI. Staining was observed using flow cytom-
etry, and untreated cells served as control.

2.10. Western blot assay

Proteins were extracted from a cell lysate containing protease in-
hibitors. The sample's concentration was determined by a Nanodrop™
2000 analyzer (Thermo-Fisher Scientific, USA). SDS-PAGE was used for
cell lysate separation, then transferred to PVDF membranes. Following
three hours of blocking with 5% skim milk at 37 °C, the membranes were
incubated with primary antibodies against P-g and HSP90 proteins (P-g
and HSP90 at 1:500 dilution, B-actin at 1:500 dilution, Abcam, US)
overnight at 4 °C. Afterward, we washed and incubated the membranes
for an hour at room temperature with the secondary antibody, HRP-
labeled goat-anti-rabbit IgG, at 1:5000 dilution (Abcam, US). The
immunoreactivity signal was assessed using an ECL Advance Western
Blotting Detection Kit (Bioworld Technology) with p-actin as an internal
control. LumiCube was used to analyze signals (Media Cybernetics,
Rockville, MD).

2.11. Anti-tumor efficacy by nanofiber mesh

Female BALB/C nude mice aged 4-6 weeks were subcutaneously
injected with MCF-7/ADR cells (108 cells/mL ™) and randomly assigned
to nine groups (n = 7). Nanofibers were implanted adjacent to the tumor
region in mice once the tumor volume reached approximately 50 mm>.
The mice with nanofibers were subjected to AMF once a week for 15 min
over three months. DOX and CUR were also administered directly into
the tumor area of the mice (free drugs group). Calculate tumor volume
(V) based on the formula V = 0.5 x a x b?, where a and b represent the
major and minor axes of the tumor, respectively. Blood samples were
collected from the heart to determine levels of alanine aminotransferase
(ALT) and glutamic oxaloacetic transaminase (AST) through an ELISA.
The Experimental Animal Administration Committee of the National
Institute for Materials Science experimental procedures and all
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approved animal care.

2.12. H&E assay and immunohistochemical analysis

For histological analysis, sacrificed nude mice's major organs and
tumors were fixed overnight in 4% paraformaldehyde. The paraffin-
embedded specimens were cut into 5 mm thick sections and success-
fully dewaxed and rehydrated in xylene, ethanol, and deionized water.
Lastly, H&E staining was performed on the slides to assess the histo-
logical alterations under a microscope.

Following with the previous description, paraffin-embedded tumor
sections were prepared and processed for immunohistochemical anal-
ysis [22,23]. The expression of P-g protein and HSP90 protein in the
sections was examined with monoclonal antibodies to P-g and HSP90 at
1:100 dilutions. Reddish-brown precipitation was observed in the
cytoplasm of the positive reaction under a microscope.

©) (D)

(F) Black NFM
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AMF
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2 pm
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2.13. Masson trichrome staining

Firstly, the slides were deparaffinized and hydrated with distilled
water. Mordanted in Bouins's solution (Fisher Scientific, NC082706),
stained slides were preheated to 58 °C for 15 min. After washing with
distilled water, slides were stained in modified Weigert's iron hema-
toxylin, protected from light, and washed with distilled water. Differ-
entiated the slides in acid-alcohol solution, Dietrich scarlet-acid fuchsin
solution, 1% phosphomolybdic acid, and blue aniline solution. After the
slides were washed, the acetic acid solution was dehydrated in graded
alcohols and cleared in Xylene. Finally, Masson trichrome staining was
performed to assess histological alterations with the microscope, and
collagen fiber area percentage was determined using ImageJ software.
The surface area percent occupied by fibrosis (blue area) was measured
within the defined frame using the Image-J after color deconvolution.
The proportion of fibrosis on an optical field was fibrosis area/reference
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Fig. 1. (A) Image of nanofiber mesh obtained by SEM. (B) The average diameter of nanofibers. (a: Blank NFM, b: MNPs@NFM, c: DOX@NFM, d: CUR@NFM; e:
MNPs/DOX@NFM; f: MNPs/CUR@NFM; g: DOX/CUR@NFM; h: MNPs/DOX/CUR@NFM) (C) Elemental mapping image of MNPs/DOX/CUR@NF mesh. (D)
Confocal laser scanning microscope image of nanofiber meshes. (E) MNPs@NFM heating profiles during AMF at varying times for nanofiber meshes with different
proportions of MNPs. (F) The Infrared thermal images of nanofiber meshes exposure AMF for 15 min.
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area. The results were expressed as a mean of 5 + SD.
2.14. Statistical analysis

All experiments were conducted in triplicate, and the data were
expressed as mean =+ standard deviation (SD). For statistical analysis,
student's t-tests and one-way analysis of variance (ANOVA) were per-
formed using Origin version 9.0 software (Northampton, USA). The
difference between the results was considered statistically significant for
p < 0.01 (**) and p < 0.05 (¥).

3. Results and discussion
3.1. Fabrication of nanofiber meshes

Our previous work described the development of PCL electrospun
nanofiber meshes incorporating a variety of therapeutic agents for
cancer treatment [21,24]. In these studies, we found that PCL solution
viscosity [25] and different molecular weights were essential to main-
tain PCL-based fiber morphology and crystallinity during AMF irradia-
tion, which may impact sustained drug release. Given these caveats,
electrospinning PCL nanofiber meshes under optimal conditions were
employed to fabricate them.

Fig. 1 (A) shows SEM (scanning electron microscope) images of the
nanofiber mesh containing CUR, DOX, and MNPs. There are no beads in
the morphology of the nanofibers, which shows a uniform fiber diameter
distribution. According to Fig. 1 (B), nanofibers have an average
diameter of 500-700 nm, while MNPs/DOX/CUR nanofibers have a
diameter of 653 + 132 nm.

Fig. 1 (C) shows the EDX of the nanofiber mesh, demonstrating the
homogenous distribution of MNPs (Fe elements) across the entire mesh
without large aggregates. The uniform fluorescence distribution in Fig. 1
(D), shown in the confocal laser scanning microscope image, indicates
that DOX and CUR are distributed evenly within the nanofibers. The
homogeneous dispersion of MNPs and drugs within the nanofiber mesh
is associated with constant hyperthermia and drug sustained release,
making this observation essential.

3.2. MNPs heating profiles within nanofiber meshes

Hyperthermia caused by magnetic fields treats tumors by irradiating
magnetic nanoparticles with AMF to generate heat. Due to AMF's high
tissue penetration, it can precisely treat deep tumors [26,27]. Conse-
quently, it is essential to analyze the heating potential of MNPs in
nanofiber meshes exposed to AMF [28]. The MNPs in this study are
Fe,03 nanoparticles, and the saturation magnetization was 57 emu g~ ..
Further, an AMF of 281 kHz was used in this study for suitable clinical
applications (the frequency threshold for AMFs is 100-300 kHz) [29].

In Fig. 1 (F), the infrared thermal images show nanofiber mesh (12.0
mg MNPs) after 15 min of AMF irradiation. An AMF-exposed mesh of
MNPs@NFM and MNPs/DOX/CUR@NFM reached 43.2 °C and 43.1 °C,
respectively. According to Fig. S1 (A), the mesh with 20% MNPs only
experienced minimal temperature changes within 15 min. Nevertheless,
30% and 40% of fiber meshes loading with MNPs showed significant
changes.

In addition, we detected the temporal temperature changes in
nanofiber meshes during AMF irradiation. Figs. 1 (E) and S1 (B) sug-
gested that the heating rates of the MNPs loaded in the nanofiber meshes
vary depending on the amount and time. Moreover, DOX and CUR did
not significantly affect the heat-generation behavior of the nanofiber
meshes with incorporated MNPs.

3.3. Invitro drug release behavior

Since nanoparticles have a limited loading capacity, the long-term
release of drugs takes time and effort. [30]. Nanofiber meshes provide
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a superior capacity for drug loading and a more prolonged release po-
tential due to their proprietary features compared to these nanoparticle
drug-delivery platforms. MNPs/DOX/CUR nanofibers (with or without
AMF) successfully sustained released DOX and CUR for 60 days in Fig. 2
(A). Additionally, at 60 days, over 30% of the loaded DOX and
approximately 25% of the CUR contents were released from the nano-
fiber mesh when AMF was applied and unapplied. The difference be-
tween DOX and CUR release profiles could be caused by the different
solubility of the two drugs in PBS. This leads to different drug release
efficiencies, even though both drugs are evenly distributed within the
nanofibers. Furthermore, there was no significant change in the profiles
of DOX and CUR released from the nanofiber mesh with or without AMF,
indicating that AMF irradiation did not affect the drug release behavior.
In addition, as shown in Fig. 2 (B) confocal laser scanning microscope
image, the fluorescence of the nanofibers after 48 h of release was
significantly weaker than after 2 h, confirming that the fluorescent drugs
CUR and DOX can be released from the nanofibers.

3.4. Analyses of cellular uptake and distribution of DOX

The intrinsic fluorescence of DOX was used as a model drug to
analyze the cellular uptake and distribution of drugs released from a
nanofiber mesh. Fig. 2 (C) shows that the fluorescent intensity in MNPs/
DOX/CUR nanofiber mesh-treated cells was significantly more potent
compared to blank nanofiber mesh and MNPs/DOX nanofiber mesh. It
demonstrated the efficiency of CUR in taking up DOX into cells. It is
might be because CUR acts as a chemosensitizer, resulting in the
downregulation of the P-g protein in MCF-7/ADR cells, thus suppressing
the efflux of DOX and facilitating its intracellular accumulation. It is also
notable that DOX's red fluorescence is present in the nuclei of MCF-7/
ADR cells, which can exert antimitotic effects. This result coincided
with the high cytotoxicity of the MNPs/DOX/CUR nanofiber mesh. It
emphasized the critical function of nanofiber sustained release and drug
internalization in enhancing cytotoxic activity.

3.5. Cytotoxic potency of DOX markedly stimulated by CUR and
hyperthermia

The viability of breast cancer cells was analyzed to reverse the effect
of CUR on DOX. As indicated in Fig. 3 (A), the ICsg values of DOX for
MCF-7, MDA-MAB-231 and MCF-7/ADR cells were measured to be 0.45
pg/mL, 0.90 pg/mL and 78.96 pg/mL, respectively. MCF-7/ADR cells
have a significantly higher ICsy than MDA-MB-231 and MCF-7 cells, due
to the DOX-resistant effect. However, the CUR ICs against those three
cells showed no significant difference in Fig. 3 (B). Furthermore, to
evaluate the CUR reverse effects on multidrug-resistant breast cancer
cells, the IC5y of DOX was evaluated by MCF-7 and MCF-7/ADR cells
treated with varying concentrations of DOX combined with the IC3p
concentration of CUR. In MCF-7/ADR cells, compared with the ICsg of
DOX alone in Fig. 3 (A), the ICso of DOX synergistic with CUR was
significantly reduced from 78.96 pg/mL to 22.95 pg/mL in Fig. 3 (E).
Even though the cytotoxicity of MCF-7 and MDA-MB-231 cells using
DOX/CUR (Fig. 3 (E)) was slightly lower at higher DOX concentrations
(2.5 pg/mL) than with DOX only (Fig. 3 (A)), it may be due to the
protective effect of CUR, cellular response modulation, and metabolic
interference. However, the DRI (the ratio of ICsq values between MCF-7/
ADR and MCF-7 cells) of DOX was calculated as 175.47 (Table S1),
indicating that MCF-7/ADR cells were highly resistant to DOX. The
reversal index was calculated as the formula: RI=DRIpox/DRIpox + cUr-
The reversal of DOX + CUR for MCF-7/ADR cells was 3.13 and 3.11-fold
for MCF-7 and MDA-MB-231 cells, respectively, which meant CUR had
strong suppression to MDR in MCF-7/ADR cells.

Hyperthermia induced by MNPs enhances the cytotoxicity of certain
chemotherapeutic drugs, including DOX, curcumin, PTX, and salino-
mycin. It is because mild hyperthermia (43-45 °C) increases the
permeability and spacing within tumor cells, increasing the tumor's
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localization of DOX in MCF-7/ADR cells were observed by fluorescence microscopy after cells were incubated with the nanofiber mesh for 48 h.
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and MCF-7/ADR cells treated with different concentrations of DOX combined with the same concentration of CUR (IC3,) at 48 h.

sensitivity to chemotherapy [31]. In order to evaluate the synergistic
effects of hyperthermia and drugs (DOX and CUR) on breast cancer cells,
the ICsq of drugs was evaluated by varying the heating time. ICsg values
for DOX and CUR are significantly reduced with increasing heating time
(Fig. 3 (C) and (D)). Interestingly, the effect of heating on MCF-7/ADR
cells was also shown, with DOX ICs dramatically dropping for longer
heating times. A decrease in ICs( of DOX was detected from 79.4 pg/mL
to 70.5 pg/mL compared to cells that were not heated. Furthermore,
Fig. 3 (D) shows a decrease in the ICsy of CUR against breast cells,
possibly due to a thermal denaturation effect on proteins and DNA of
cells and enhanced permeability of cancerous cell membranes. Further,
heating enhances the anticancer properties of the drug by crosslinking it
with DNA and impairing the ability to repair damage caused by the drug

[31]. It is particularly hypoxic tumor cells that are most sensitive to heat
[32].

3.6. Synergistic anticancer effects of nanofiber mesh

The above experimental results demonstrated that this nanofiber
mesh potentially applies to thermo-chemotherapy and reversed DOX
resistance in DOX-resistant breast cancer cells. The MNPs/DOX/CUR
nanofiber mesh was further investigated for synergistic antitumor ef-
fects on MCF-7/ADR cells. The apoptosis of MCF-7/ADR cells induced by
nanofiber mesh was first examined using flow cytometry using a double
stain of Annexin V-FITC and PI. As illustrated in Fig. 4 (A), only 10.8%
and 52.3% of apoptotic and dead cells, respectively, were induced by
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hyperthermia (MNPs@NFM) and chemotherapy (DOX/CUR@NFM)
groups. The exposure of MNPs to AMF induced a temperature increase to
about 43 °C by generating magnetic heat, which caused the death of
some tumor cells, suggesting that necrotic cell death also occurs with
only hyperthermia. This result is consistent with the results of cytotox-
icity experiments (Fig. 4 (B)). By contrast, thermo-chemotherapy
induced a higher apoptosis rate (81.1%), which was remarkably
higher than any other group. These findings suggested that the hyper-
thermia generated by MNPs/DOX/CUR nanofiber mesh exposed to AMF
made cancer cells more sensitive to synergistic chemotherapy and thus
efficiently induced cell apoptosis.

Additionally, MNPs/DOX/CUR nanofiber mesh was evaluated for its
cytotoxicity using the MTT method to investigate its antitumor effect. As
displayed in Fig. 4 (B), compared to the single drug-loaded groups
(DOX@NFM and CUR@NFM), the cytotoxicity increased sharply in the
DOX/CUR@NFM group, which is consistent with the results in Table S1.
Moreover, MNPs/DOX/CUR@NFM emerged with significantly higher
cytotoxicity than other treatments. It demonstrates that the MNPs/DOX/
CUR nanofiber mesh could achieve synergistic anticancer efficiency by
reversing DOX resistance and improving the anticancer effect of
chemotherapy through hyperthermia.

Tumor metastasis is a major factor in breast cancer death [33].
Therefore, cell scratch assays were conducted to examine the nanofiber
mesh to prevent the migration of MCF-7/ADR cells. Fig. 4 (C) shows that
cells incubated with MNPs/DOX/CUR@NFM experienced a significant
reduction in relative migration rate to only 5.6% compared to cells
incubated with other groups, demonstrating the synergistic effects of
hyperthermia and chemotherapy on the cell viability and migration of
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MCF-7/ADR cells, which ultimately resulted in a decrease in invading
growth.

These results confirm that our thermo-chemotherapy system could
synergize by hyperthermia and chemotherapy synergize in promoting
cancer cell death and apoptosis, even degrading tumor aggressiveness,
which sheds light on augmented anti-cancer chemotherapy.

3.7. The mechanism for the enhanced anticancer activity of a nanofiber
mesh

To analyze the mechanism of the enhanced anticancer effect of the
thermo-chemotherapy system (MNPs/DOX/CUR nanofiber mesh), we
again treated MCF-7/ADR cells with nanofiber meshes. The expression
of a drug-resistant related protein (P-glycoprotein, P-g protein) and
thermo-resistant related (heat shock protein, HSP90) was evaluated
using western blot. The P-g protein reduction for MCF-7/ADR cells
under incubation with a CUR-containing nanofiber mesh was confirmed
by western blot. In Fig. 5 (A), contrary to the substantial expression of P-
g protein in the control groups, P-g protein was markedly reduced in
cells incubated with MNPs/CUR@NFM, even in cells treated with
MNPs/DOX/CUR@NFM. To this end, the functional roles of CUR were
demonstrated for reversed DOX-resistance through P-g reduction; thus,
the improvement of DOX on the chemotherapeutic efficacy in MCF-7/
ADR cells.

Fig. 5 (B) indicates that MCF-7/ADR cells treated with MNPs@NFM
expressed a significantly higher level of HSP90 (p < 0.05) than the
control, which may be caused by the heating generated by the MNPs in
nanofibers. However, the CUR@NFM groups showed a notable decrease
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Fig. 5. Western blot analysis of (A) P-g protein and (B) HSP90 protein expression in MCF-7/ADR cells after different nanofiber mesh treatments. (Data are mean +

SD n = 3, *p < 0.05, **p < 0.01).

in HSP90 expression (p < 0.01) compared to the control and only MNPs-
loaded nanofiber mesh, which may benefit from CUR and can also cause
HSP90-reduction [34]. A potential explanation for the effects of CUR on
HSP90-related signaling pathways may be as an inhibitor of the Hsp90
heat shock protein [35]. This is consistent with the results on the role of
CUR in inhibiting adenovirus replication by disruption of E1A protein
via the Hsp90 dependant pathway [36,37] and the results on the role of
CUR rescuing the nuclear localization and transactivation activity of
mutated PHOX2B carrying the most significant expansion of polyAla in
CCHS, where curcumin exerts an effect analogous to canonical Hsp90
inhibitors such as 17-AAG. In particular, the expression of HSP90 was
markedly decreased in the MNPs/DOX/CUR@NFM group with AMF
application compared to other groups (p < 0.01) despite the heating
caused by the MNPs in the nanofiber, which facilitates HSP90 expres-
sion. These results suggested that CUR can enhance the anticancer ef-
ficiency of DOX in MCF-7/ADR cells via the reversion of drug resistance
and Inhibition of HSP90 expression. This thermo-chemotherapy system
could be an idealistic combination anticancer strategy for future cancer
treatments.

3.8. Amplified anti-tumor efficacy by synergistic nanofiber mesh in vivo

Encouraged by the above results, an in-vivo anti-tumor efficacy was
investigated using MCF-7/ADR carcinoma-bearing mice as a model to
determine whether the thermo-chemotherapy nanofiber system would
be effective in reducing tumor progression.

In order to evaluate the anticancer properties of nanofiber meshes,
images of tumors obtained after three months are shown in Fig. 6 (A). As
evident from the results, the tumors were reduced in size by DOX/
CUR@NFM compared to free drug injection. Despite its initial efficacy,
solution injection chemotherapy has a short half-life and rapid elimi-
nation. It was remarkable that MNPs/DOX/CUR@NFM + AMF were
more effective than MNPs or drugs alone in reducing tumor size. Addi-
tionally, Fig. 6 (C) showed that the skin surface temperature trans-
planted with the MNPs-incorporated nanofiber mesh significantly
increased from 27.7 °C to 39.1 °C under AMF for 15 min and showed
time dependence (Fig. S2). Fig. 6 (B) shows that our proposed synergistic
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therapeutics of MNPs/DOX/CUR@NFM under AMF exposure achieved
the most potent anti-tumor efficacy. It demonstrated a 92.9% inhibitory
rate, proving the effectiveness of our synergistic strategy to improve
anti-tumor outcomes.

Fig. 6 (E) shows that the tumor tissue therapied with MNPs/DOX/
CUR@NFM under AMF application showed significantly decreased P-g
protein expression compared to the control. It demonstrated that the
group MNPs/DOX/CUR@NFM + AMF could efficiently inhibit the in
vivo expression of P-g protein, which subsequently induces reverse drug
resistance. This trend further demonstrated the functional role of CUR in
reversing DOX resistance through P-g protein reduction following the
results of cell uptake efficiency (Fig. 4).

As shown in Fig. 6 (F), the expression of HSP90 following therapy
with MNPs@NFM + AMF was increased compared with the control. It is
probably induced by the heating generated by hyperthermia. However,
the MNPs/DOX/CUR@NFM + AMF groups showed a notable decrease
in HSP90 expression compared to the MNPs@NFM + AMF group, which
may benefit from DOX and can also cause HSP90-reduction. These
trends are consistent with the results of Western blot analysis (Fig. 5).
These results suggested that the combination therapy system (MNPs/
DOX/CUR@NFM + AMF) can promote the anticancer efficiency of
thermo-chemotherapy by reversing drug resistance and interfering with
heat shock protein expression. This thermo-chemotherapy system could
be an idealistic combination anticancer strategy for future cancer
treatments.

3.9. Safety evaluation of nanofiber mesh

To evaluate the safety profiles and potential toxicities of the pro-
posed thermo-chemotherapy nanofiber system by Liver biochemical
indicators, H&E and masson trichrome staining. The safety assay was
conducted after three months of treatment of MNPs/DOX/CUR@NFM
transplanted into mice.

Given liver enzymes originating in the cell interior, the relatively
elevated levels implied some liver damage [38]. As indicated in Fig. 6
(E), ALT and AST plasma levels post-treatment indicated negligible liver
toxicities, given their comparability to those without any treatment.
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Fig. 6. (A) Tumor tissue volume images (B) Tumor volume after treatment of nanofiber and AMF exposure. (C) Infrared thermal images of mice transplanted with
nanofiber mesh under 15 min of AMF irradiation. (D) Plasma ALT and AST levels in mice. Immunohistochemistry of P-g protein (E and G) and HSP90 protein (F and
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As is well known, most chemotherapeutic agents have severe side
effects, such as organ toxicity, compromising their therapeutic efficacy.
In order to investigate nanofiber mesh safety further, the toxicities of the
main organs were analyzed through H&E staining. In Figs. 7 (A) and S3,
H&E staining was shown for the heart, lung, liver, spleen, and kidney.
The tissues of these organs were not significantly damaged by MNPs/
DOX/CUR@NFM groups under AMF exposure compared to the organs in
the control group. Interestingly, in the final treatment group, compared
with the control group, the tumor cells showed aggregations of variable-
sized cobblestone cells with apoptotic nuclei separated by vascular
congestion and vacuolations. Apoptosis was shown to be occurring in
tumor cells.

In chronic inflammation, organization, and scarring, collagen fibers
can appear with the development of pathological processes. However,
these fibers are often difficult to distinguish from fibrin in H&E-stained
sections. Therefore, the toxicities of the main organs were further
analyzed through Masson trichrome staining to investigate the safety of
nanofiber meshes. For Masson trichrome staining, collagen fibers are
blue, muscle fibers are red, and nuclei are blue-black. From Fig. 7 (B)
and Fig. S4, compared to Masson trichrome staining on the heart, lung,
liver, spleen, and kidney in the control group, no marked collagen
deposition was exhibited in the tissues of the organ treated with the
MNPs/DOX/CUR@NFM + AMF groups. Moreover, the persistence and
safety of nanofiber mesh were shown in Fig. S5. The appearance of mice
skin and nanofiber mesh did not change significantly after the nanofiber
mesh was implanted in the mice after three months. It may benefit from
the good biocompatibility and slow degradation of PCL. These results
demonstrate that no prominent systemic toxicities were indicated for
our proposed thermo-chemotherapy nanofiber system (MNPs/DOX/
CUR@NFM), a promising therapeutic system for future cancer therapy.

4. Conclusions

In the current research, we designed multifaceted thermo-

(A)

Control

NFM

(B)

NFM  Control

Fig. 7.

Liver
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chemotherapy nanofiber systems to simultaneously entrap and sus-
tained release chemotherapy drugs of different physicochemical prop-
erties, as well as payload MNPs for mild heating, thereby reversing MDR
and maximizing cancer cell sensitivity to thermo-chemotherapy. The
nanofiber produced via electrospinning has a homogeneous distribution
of MNPs and can provide controlled heating with an external AMF. The
nanofiber mesh provided long-term antitumor efficacy by sustaining the
release of DOX and CUR for two months. In vitro and in vivo studies
demonstrated that nanofibers had superior antitumor effects over a
single drug and heating alone. Consequently, these studies suggest that
locally implantable thermotherapy nanofiber systems may provide an
avenue for increasing the efficacy of current chemotherapy at reduced
loadings in treating postoperative breast cancer.
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