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1. Introduction

pH-sensitive composite nanofibers of
poly(s-caprolactone) loaded with iron oxide
nanoparticles/ammonium bicarbonate as a
nanocarrier toward efficient doxorubicin release
for postsurgical cancer treatmenty

Quang Nhat Quynh Vo,#* Abdelrahman I. Rezk, (2 £2°¢ Sungkun Chun,*>¢
Chan Hee Park*®® and Cheol Sang Kim**“

The concurrent use of hyperthermia and chemotherapy has attracted considerable interest in the in situ
treatment of cancer after surgical resection. In this study, poly(e-caprolactone) (PCL) is embedded with
iron oxide nanoparticles (IONPs) and ammonium bicarbonate pH-responsive moieties that conjugate
with the DOX anticancer drug incorporated into the core of nanofibers. The synthesized composite
nanofibers were characterized using FESEM, EDS, FTIR, and XRD analyses. The composite nanofibers
display a temperature increase in a concentration dependant manner with IONPs using an FLIR camera
under AMF excitation. The main advantage of our scaffold is that it can be directly implanted in the
tumor site, thus ensuring high IONP loading and higher magnetic response. When exposed to the
characteristic acidic pH of tumor tissues, the ammonium bicarbonate pH-responsive moieties dissociate,
releasing the DOX, and intelligently convert the pH-triggered drug release into a tumor-triggered drug
release. Simultaneously, the hyperthermal capability of the IONPs in the nanofibers, generated by
applying an alternating magnetic field (AMF), results in localized heating of the tumor tissues and hence
synergistic tumoricidal activities. In vitro cytotoxicity experiments further confirmed that PIAD composite
nanofiber mats showed an enhanced inhibitory effect against MCF7 cells by the combination of
hyperthermia and chemotherapy. Therefore, the magnetic polymeric nanofibers produced by
electrospinning provide a promising controlled drug delivery nanosystem for postsurgical breast cancer
treatment.

in 2023. Cancer remains one of the most challenging health
problems worldwide, with over 19 million new cases and

In spite of continuous progress in medical research, breast
cancer persists as the most common form of cancer, estimated
to be the leading cause of new cases and deaths among women
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almost 10 million deaths reported annually." Conventional
chemotherapy, the most common approach for cancer treat-
ment, is often associated with significant side effects due to the
non-specific nature of the drugs used, which can lead to toxicity
and reduced efficacy.>* Despite the advancements in postsur-
gical therapy and chemotherapy, the therapeutic treatment
remains of significant concern. The risk of local recurrence is
high in the cases that have been treated with breast-preserving
surgery (lumpectomy), compared with those treated with resec-
tion surgery (mastectomy); nevertheless, radiotherapy is able to
noticeably decrease the frequency of cancer recurrence. There-
fore, it is necessary to design an implantable scaffold for
localized drug delivery and good obliteration of the residual
tumor cells, thereby impeding local cancer recurrence.

In recent years, various strategies have been explored to
improve the effectiveness of cancer treatment while reducing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the side effects, including the development of nanotechnology-
based drug delivery systems.*™® Different polymer-based drug
carriers, including polymeric nanoparticles, nanocapsules,
liposomes, hydrogels, micelles, solid lipid nanoparticles,
nanoemulsions, and nanofibers, have been studied as implan-
table drug delivery devices.”® Among them, the nanofibrous
scaffolds prepared by the electrospinning process, due to their
high surface area, porous structure and higher drug loading
capability, have been extensively used for the controlled release
of anticancer drugs.'®™**

pH-sensitive magnetic nanofibers have emerged as a pro-
mising platform for controlled drug delivery due to their
unique properties, which include magnetic responsiveness
and pH sensitivity.'>*>!® The magnetic nanoparticles enable
the nanofibers to be guided to a specific site in the body using
an external magnetic field, while the pH-responsive moieties
allow for targeted drug release at a specific pH value, such as
the slightly acidic environment found in cancer cells.”

By allowing for localized drug delivery, minimizing off-target
effects, and reducing the required dosage of drugs, this tech-
nology has the potential to improve the efficacy and reduce the
toxicity of chemotherapy.'®

Through the use of pH-sensitive magnetic nanofibers, drugs
can be directly implanted into the tumor site, ensuring that only
the affected cells are exposed to the therapeutic agent, while
healthy cells are spared.'® Additionally, the magnetic properties
of the nanofibers enable the use of non-invasive techniques, such
as magnetic resonance imaging (MRI), to monitor their distribu-
tion and accumulation in the targeted area, further enhancing the
precision of drug delivery. Therefore, the use of pH-sensitive
magnetic nanofibers is not limited to drug delivery alone, as they
can also be utilized for cancer diagnosis.

Hyperthermia, the selective heating of tumor cells, is a
well-established method for cancer treatment, which is
employed based on evidence indicating that cancer cells are
more sensitive than normal cells to the high temperatures of
43-45 °C,"”7° and can be achieved through the use of magnetic
nanoparticles.’> When subjected to an alternating magnetic
field, magnetic nanoparticles generate heat, which can be used
to destroy cancer cells. By incorporating magnetic nano-
particles into pH-sensitive nanofibers, hyperthermia can be
targeted specifically to cancer cells, while minimizing damage
to healthy tissues. Hyperthermia can also enhance the effects of
certain anticancer drugs, such as salinomycin,>* curcumin,*
paclitaxel (PTX),">** and doxorubicin (DOX),>*? increasing the
susceptibility of some cancer cells to these drugs.

Ammonium bicarbonate (NH,HCO3), which is usually used
for the generation of gaseous bubbles in baked foods, has been
actively considered for the development of drug release under
both acidic and thermal conditions due to its decomposition,
and like carbon dioxide (CO,), bicarbonate ions are also easily
discharged through the lungs, implying potential treatment
safety, subsequently creating permeable defects in drug deliv-
ery systems. In addition, ammonia (NH;) and ammonium ions
(NH,") are also the common metabolites in the human body
and can be entirely removed from living organisms without
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hazardous effects.
the scaffold under acidic conditions similar to that found in the
tumor microenvironment to induce rapid DOX release and
further locally increase the drug concentration to obtain
improved therapeutic results. In this study, we present pH-
sensitive magnetic nanofibers for controlled drug delivery and
potential postsurgical cancer therapy. We discuss the various
design strategies used to optimize their performance, and their
physicochemical and thermochemical features have been stu-
died. In addition, we discuss in vitro studies evaluating their
efficacy using MCF-7 cancer cells and the potential applications
of these nanofibers in cancer treatment. Ultimately, the devel-
opment of pH-sensitive magnetic nanofibers has the potential
to significantly improve the outcomes of cancer treatment and
enhance the quality of life of cancer patients.

2. Experimental

2.1. Materials

In this study, iron(u) sulfate heptahydrate, iron(m) chloride
hexahydrate, poly(e-caprolactone) (PCL, average M,: 80 000),
ammonium bicarbonate (NH,HCO;), ammonium hydroxide,
and doxorubicin hydrochloride (DOX) were purchased from
the Sigma-Aldrich Company (South Korea). Chloroform 99.5%
(CH;Cl), oleic acid, and N,N-dimethylformamide (DMF) were
obtained from Samchun Pure Chemical, South Korea. The
water employed in all experiments was treated using a Millipore
Milli-Q purification system.

2.2. Preparation of iron oxide nanoparticles (IONPs)

Iron oxide nanoparticles were synthesized using a co-
precipitation method derived from the literature. In brief,
5.4 g of FeCl;-6H,O and 2.8 g of FeSO,-7H,0O were dissolved
in 40 and 20 mL of distilled water, respectively, before being
thoroughly mixed in a two-neck round flask, and magnetically
stirred under nitrogen flow. IONPs were precipitated in a
nitrogen atmosphere to prevent oxidation of the precursors
and the product. Following that, the temperature of the
solution was raised to 40 °C with stirring. The pH was adjusted
by carefully adding 20 mL of NH,OH (97%) drop-by-drop. The
resulting suspension was vigorously stirred for 5 min. Follow-
ing that, 1 mL of oleic acid was added to the solution dropwise.
Next, the temperature of the mixture was raised to 80 °C and
held for 20 min. To complete the process, the black-brown
precipitates were cooled to room temperature by removing the
heat source and then collected with a magnet. During the
purification process, centrifugation with ethanol and distilled
water was performed several times. The IONPs were dried
overnight at a temperature of 70 °C.

2.3. Preparation of the PCL@IONPs@DOX@Ammonium
bicarbonate (PIAD) and PCL@IONPs@Ammonium bicarbonate
(PIA) electrospun fibers

First, PCL polymer solution was prepared by dissolving the
blended solvent of DMF and chloroform (CHCl;) at 10% (w/v) in
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a 50:50 ratio. Following that, the different volumes of the
NH,HCO; saturated solution (0.005 and 0.01 mL) were added
into the solvent at ambient temperature while being vigorously
stirred for 30 min using a magnetic stirrer. DOX was then
added and stirred for 30 min. To collect the homogenous
solution, IONPs were lastly inserted and dispersed by ultraso-
nication for 15 min. After that, the blend solution was injected
into a syringe pump that was connected to a high voltage
apparatus. PIA was synthesized by the same method without
DOX. Electrospinning was conducted using a high-voltage
power supply at 18 kV, an infusion pump operating at a
constant feed rate of 1 mL h™', and a 12 mL syringe fitted with
a 21-gauge needle with a distance of 15 cm between the needle
tip and collector and under environmental conditions of 35-
40% humidity and 25-30 °C. A polyethylene sheet attached to
the collector 15 cm from the needle tip was used to collect the
electrospun fibers. The collector plate was an aluminum foil-
wrapped negative electrode.

2.4. Characterization

The morphology and elemental composition of the surface
functionalized fiber mats were investigated by scanning elec-
tron microscopy (SEM, Carl Zeiss supra-40 VP Germany). Incor-
poration of IONPs was ascertained by energy-dispersive X-ray
spectroscopy (EDS) and transmission electron microscopy
(TEM; JEOL, JEM-2010, Japan) imaging. Fourier transform
infrared spectroscopy (FT-IR, PerkinElmer, Spectrum GX,
USA) was used to characterize the bonding configurations
of the electrospun mats. The scanning range was set to 380-
4000 cm ™. The Image] software (NIH, USA) was used to analyze
the fiber diameter, where 100 fibers from different images
of the corresponding samples were randomly selected to obtain
the average fiber diameter. The crystallinity of the fiber mats
was analyzed by X-ray diffractometry (XRD, Rigaku). Thermo-
gravimetric analysis (TGA, Netzsch, TG 209 F3, Germany) was
used to investigate the IONP concentration on the fiber mat.
The sample weight was 10 mg. The samples were scanned from
30 to 600 °C at a rate of 10 °C min~ "' and at a 50 mL min~ " flow
rate of nitrogen atmosphere, to avoid oxidation of the samples.
The magnetic properties of IONPs and IONPs incorporated into
PCL fibers were investigated by VSM (Meghnatis Daghigh Kavir
Co., Iran) at a magnetic field strength of +15 kOe at RT. The
cells were observed using an LSM510 confocal laser-scanning
microscope (Carl Zeiss, Germany). The contact angle (wettabil-
ity) was measured by using the deionized water contact angle
measurement system, using a contact angle meter (Digidrop,
GBX, France). Deionized water was automatically dropped
(drop diameter 6 pm) onto the mat and measured at 1, 5,
and 10 s.

2.5. Alternating magnetic field (AMF)-induced heating ability
of PIA and IONPs

By applying an AMF using an appropriate generator (OSH-
120-B, OSUNG HITECH, Republic of Korea) at RT, the heat
generating capabilities of the IONPs and PIA were examined.
PCL was the control sample. The intensity and frequency of the
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magnetic field were set to 12.57 kA m~"' and 293 kHz, respec-
tively. In a typical procedure, 3 mg of IONPs was dissolved in
1 mL of deionized water and placed at the center of the coil. In
the case of the nanofibers, the AMF was applied to 20, 40,
and 60 mg of PIA positioned at the center of the coil. The
temperature rise on different mats was monitored using a
thermal camera (FLIR C-series thermal camera). The tempera-
ture was calibrated and maintained for 10 min before each
experiment.

2.6. In vitro drug release

PCL-DOX (control sample), PIAD 0.5, and PIAD 1 drug release
profiles were studied in PBS solution at pH = 7.4 and 5 and at
37 °C. An equal number of nanofiber membranes were weighed
and placed in separate tubes containing 3 mL of PBS solution.
All the samples for the release studies were incubated in a
shaking incubator at 37 °C with a vibrating speed of 100 rpm. At
predefined time intervals, 3 mL of the release solution (PBS)
was removed from each tube and replaced with an equivalent
volume of fresh PBS to keep the volume constant, and the
quantity of DOX released was measured by recording the UV-vis
absorption spectra at 480 nm. To ensure accuracy, experiments
were carried out in triplicate for each sample. The amount of
DOX released was determined using a calibration curve con-
structed from the known DOX concentration. The calibration
curve fits Lambert and Beer’s Law:

A=ac+b

where A is the absorbance, a is the slope, b is the intercept, and
¢ is the drug concentration.

2.7. Invitro cell culture study

2.7.1. Biocompatibility study of nanofibers. Cell viability
was evaluated using the CCK-8 test (Dojindo’s cell counting kit-
8) after 1, 3, and 5 days (d) of culture. In a 48-well plate, same-
sized samples were prepared after being sterilized for 24 h
under UV light. Before cell seeding, samples were rinsed with
the medium and then washed with PBS. Nanofibers were taken
in triplicate along with the control, which only had cells seeded
onto the coverslip (SPL Lifesciences, Korea). In a pre-incubated
Petri plate with the scaffold, 50000 cells per dish were dis-
tributed. The cell culture medium was replaced every 2 days.
Each well received 50 pL of the CCK-8 reagent (Promega, USA)
after 1, 3, and 5 d, followed by incubation for up to 2 h.
Following that, 96-well plates were used to transfer 100 pL of
cell suspension from each well. Finally, a microplate reader
(Sunrise Tecan, Australia) set to 450 nm was used to measure
the absorbance in each well. After 3 days of cell culture, the
morphology of the cells was further examined by LSM-510
(Carl-Zeiss, Germany) confocal microscopy using Rhodamine
and DAPI (Molecular Probes, USA).>*?° For live and dead assay,
the MCF-7 cells were washed three times with PBS solution and
stained with calcein and ethidium bromide, followed by incu-
bation at RT for 10 min according to the manufacturer’s
protocol, before being checked by confocal microscopy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.7.2. In vitro anticancer study. MCF7 cell lines were
seeded with a density of 50000 cells into a 35 mm x 10 mm
Petri dish with PCL (control sample), PCL-IONPs (PI) for
hyperthermia alone, PDA for chemotherapy alone, and PIAD
for the synergistic effect. All samples were taken in triplicate,
then washed three times with PBS, and cultivated in Dulbecco’s
Modified Eagle Medium (DMEM, GIBCO) in a 5% CO, incuba-
tor at 37 °C in a humidified atmosphere. Cells grown on a
coverslip were treated in triplicate with 5 g mL ™" Triton as a
negative control. Following a 24 h incubation period, each
sample received a warm PBS wash. After seeding the cancer
cells, the AMF was turned on to investigate the effects of
hyperthermia on the cells. To maintain the ideal temperature
for hyperthermia, the magnetic field strength and frequency of
the alternating magnetic field generator (OSH-120-B, OSUNG
HITECH, Republic of Korea) were tuned to 12.57 kA m™* and
293 kHz, respectively. Every 24 h, the medium was changed to
maintain cultures. The PI, PIAD 0.5, and PIAD 1 nanofibers
received hyperthermia treatment for 15 min in a sterile environ-
ment. After hyperthermia treatment of all samples, fresh
DMEM was added and incubated in a 24-well plate again for
24 h in a 5% CO, incubator at 37 °C in a humidified environ-
ment, and then the CCK-8 reagent was added to each dish and
incubated for 1-4 h according to the manufacture protocol. The
absorbance at 450 nm was measured using a microplate reader.
For further evaluation, live and dead cell assay was performed.
For the assay, the MCF-7 cells were washed three times
with PBS solution and stained with calcein and ethidium
bromide, followed by incubation at RT for 10 min according
to the manufacturer’s protocol, before being checked by
confocal microscopy. In addition, the morphology of the
cells was observed using rhodamine and DAPI labeling (4,6-
diamidino-2-phenylindole, Thermo Fisher Scientific, Republic
of Korea) to stain the cell-seeded scaffold. Confocal laser
scanning microscopy was used to examine the cells (LSM 880,
Carl Zeiss).

3. Results and discussion

3.1. Fabrication and characterization

The essential component of this drug carrier is ammonium
bicarbonate (ABC), which may be integrated into electrospun
fibers with an anticancer medicine via the electrospinning
method. A previous study mentioned that in an acidic medium,
ABC interacts with the acidic solution and quickly releases
carbon dioxide (CO,), which speeds up the release of drugs
from the inner area of the fibers.** Simultaneously, ammonia is
produced together with CO,, which might counteract the
tumor’s acidic environment. As a result, PIAD electrospun
nanofibers are considered a promising candidate for controlled
drug delivery in anticancer applications.

As demonstrated in Fig. 1 and Table 1, various concentra-
tions of ABC were effectively electrospun into PCL nanofibers
loaded with IONPs. The SEM images of the prepared fibers in
Fig. 1 indicate a typical smooth and bead-free morphology.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Moreover, an increase of the ammonium bicarbonate concen-
tration resulted in the darker red membrane of fibers.

Fig. 1A-C present a narrow size distribution of the nanofi-
bers with the average fiber diameters of PCL, PIA 0.5, and PIA 1
calculated to be 0.442, 0.368, and 0.325 um, respectively. It is
possible that the amount of IONPs and ABC added to PCL
solution plays a vital role in the effect on the viscosity of the
electrospun fiber, which determines the flow rate in the needle,
as well as the stability during the electrospinning process. In
addition, Fig. 1F shows the TEM images of PIA nanofibers,
which reveal the successful encapsulation of IONPs in the PCL-
ABC fabricated nanofibers. Furthermore, the elemental analy-
sis performed by EDX, as shown in Fig. 1D and E, indicates the
presence of four elements (C, O, N, and Fe) in the PIA scaffold,
with two characteristic peaks of IONPs. Meanwhile, further
investigation of the PA 0.5 and PA 1 electrospun nanofibers
was carried out (Fig. S1 of the ESIt), which showed well that
only C, O, and N elements came from PCL and ABC. Therefore,
it is confirmed that the fabrication of IONPs and ABC in the
fiber is successful.

Fig. 2A displays the X-ray diffraction graph of the PCL, IONP,
and PIA nanofiber samples. All diffraction peaks of the spec-
trum of the as-prepared IONPs agreed with the typical diffrac-
tion card, Joint Committee on Powder Diffraction Standard
(JCPDS) No. 19-062. The crystalline plane with Miller indices of
(311) is believed to be responsible for the main peak at 35.45°.
Additional distinct peaks can be found, which correspond to
the typical magnetite diffraction pattern at 30.10, 43.08, 53.45,
56.98, and 62.57° for the (220), (400), (422), (511), and (440)
crystalline planes, respectively. Moreover, the presence of PCL
in the PIA nanofiber is confirmed by the appearance of two
sharp peaks at 26 = 21.38 and 23.69°, which correspond to the
(110) and (200) planes of the semi-crystalline PCL structure, in
agreement with the literature.®® It is also observed that the
peaks from PIA become slightly wider and fainter, in compar-
ison to those from pure PCL, implying low crystallinity and a
smaller crystal size. For the PIA nanofibers, all characteristic
peaks are the same as those of the IONPs, along with two typical
crystalline peaks of PCL at 20 = 21.73 and 24.13°, demonstrat-
ing that the IONPs are successfully integrated into the PCL
fiber. Due to the low contents and embedded morphology
underneath the composite nanofiber domain, the peaks rele-
vant to ABC are difficult to discern. However, the presence of
ABC is also supported by the FTIR spectrum of the PIA mat.

Fig. 2B shows the FTIR spectra of the IONPs, ABC, PCL, and
PIA in the spectral range (400-4000) cm " to prove the dis-
tinctive bonding. In particular, the peak at 1007 ecm ™" is due to
the ~C-OH stretching of HCO;~,** while the peaks at 1582 and
1164 cm™ ' reveal the N-H bonding of ABC,** which show the
natural characteristic vibration of ammonia belonging to NH;
and N-H, respectively. Furthermore, absorption peaks appear-
ing at 2945, 2867, 1721, 1295, 1240, 1164, and 1046 cm ™ for
mats PCL and PIA are attributed to asymmetric and symmetric
—-CH, stretching, C—=0O0 stretching, C—C stretching, asymmetric
and symmetric C-O-C stretching, and C-O stretching of
PCL, respectively. The results also revealed that a broad peak

Mater. Adv, 2024, 5, 2128-2139 | 2131
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Fig. 1 FESEM images and the average diameters of different mats under different magnifications (A-A’) PCL, (B-B’) PIA 0.5, (C-C’) PIA 1; (D) and (E) the
elemental content results obtained from EDX analysis and (F) TEM image of the PIA mat.

Table 1 Electrospinning parameters of the electrospun PIAD fibers

PCL IONPs DOX NH,HCO; Mean
Sample ] ] (&) (mL) diameter (um)
PCL 1 0 0 0 0.442 £ 0.005
PIAD 0.5 1 0.15 0.05 0.005 0.368 + 0.007
PIAD 1 1 0.15 0.05 0.01 0.325 + 0.014
2132 | Mater. Adv., 2024, 5, 2128-2139

at 581 cm™ ' was present in the PIA fiber. This absorption peak
may be a consequence of the newly created Fe-O linkages
between the PCL and IONPs.>* In essence, the FTIR spectrum
of the PIA scaffold shows that following the electrospinning
process, all the components retain their original chemical
structures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD (A), FTIR (B), TGA (C) and VSM (D) analysis of PCL, IONPs and

Fig. 2C shows that TGA was also carried out on the pure PCL
and PIA nanofibers to study the impact of IONPs on the thermal
stability of the nanocomposites, as well as the quantity of IONPs
present in the sample. The trace indicates a steady weight loss up
to 800 °C, with the initial step loss in the range 30-250 °C ascribed
to the elimination of water and the substantial and abrupt weight
loss of pure PCL happening in the range 300-425 °C attributable
to the significant thermal degradation of the chains.* In contrast
to the pure PCL, the degradation of the nanocomposites seems to
occur in a lower temperature range. The most likely explanation is
that the random pyrolysis of PCL chains caused by Fe;O, nano-
particles results in the accelerated impact of IONPs on PCL
thermal degradation.®® Due to the presence of magnetic nano-
particles, the magnetized PCL fiber had a greater residue content
at 450 °C than the non-magnetized PCL fiber.

The magnetic characteristics of the PCL fibers containing
IONPs were assessed by measuring the hysteresis curve using a
VSM approach (Fig. 2D). The magnetization curves of the IONPs
and PIA did not exhibit a hysteresis loop, showing their super-
paramagnetic nature.>® Magnetic fibers were found to have a
saturation magnetization of 6.95 emu g~ ', which was lower
than that of the pure IONPs determined at 55.17 emu g~ '. The
high shape anisotropy of the fibers, as well as the presence of

© 2024 The Author(s). Published by the Royal Society of Chemistry

PIA fiber mats.

non-magnetic polymer PCL fibers around IONPs, may be respon-
sible for the reduced magnetism of the magnetic fiber, when
compared to the pure iron oxide nanoparticles, due to the
negative impact on the performance of the magnetization expres-
sion. As a result, the IONPs and PIA with superparamagnetic
properties are used in magnetic hyperthermia applications.

The surface wettability can affect drug release, because as
the contact angle decreases, the wetting ability of the scaffold
increases, leading to improved drug release,’” similar to our
previous study.>' Hence, the surface wettability of the electro-
spun fibrous scaffolds plays a decisive role in the drug release,
which is investigated in Fig. 3. The contact angle values of the
electrospun PCL, PI, PIA 0.5, and PIA 1 fibrous scaffolds were
120, 87.4, 85.4, and 80.6°, respectively. The wettability of the
composite nanofiber is enhanced slightly along with the incor-
poration of ABC and eventually changed from hydrophobic to
hydrophilic, indicating that the PIA composite nanofibers are
excellent for controlled drug release applications.

3.2. Invitro hyperthermia effect and drug release profile

Hyperthermia is typically used in such a multivalent oncologi-
cal strategy in conjunction with other anti-cancer treatments,
particularly when hyperthermia has been shown to generate a
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better synergistic effect. Indeed, when hyperthermia is admi-
nistered at temperatures over 42 °C, tumor blood flow tends to
diminish, but in normal tissue, it dramatically rises. Because of
the slower rate of heat dissipation caused by the reduced blood
flow, a tumor’s temperature will rise more quickly than that of
the surrounding normal tissue.*®

For cancer hyperthermia treatment, PIA is extremely promis-
ing, because of its significant AMF responsiveness. Our pre-
vious study has revealed that, hyperthermia is identified as a
crucial factor in cancer treatment, particularly in the context of
breast tumors.® First, as shown in Fig. 44, its hyperthermia
capability was evaluated using an AMF generator. The magnetic
hyperthermia properties of PIA with various IONP amount as
well as IONPs were evaluated and displayed.

In the case of the PIA mat, the sample weights of 20, 40, and
60 mg showed temperature increases from 26 °C to 35.9, 41.8,
43.8, and 54.3 °C after 300 s. All PIA samples presented a rise in
temperature during the excitation, and this temperature
increase was accelerated with increasing PIA weight (Table 2);
in contrast, the temperature of the control sample was not

»
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raised (Fig. 4A). It has been proven that after being maintained
at 42 °C for 15 min, cancer cells can be destroyed and at
temperatures of above 43 °C, with time diminished to 5 min,
the cancer cells can be effectively killed.****

In contrast, PIA mat with 3 mg of IONPs (Table 2) only
reached 35.9 °C and the same amount of bare IONPs reached
above 80 °C. This could be explained by the relaxation loss,
including Néel and Brownian relaxation, which is the main
cause of the AMF-induced heating ability of IONPs with dia-
meters smaller than 20 nm.** However, in the case of the PIA
mat, as IONPs are fixed inside of the nanofibers, the complete
rotation of the particles can be excluded, and so it is possible to
rule out the complete rotation of the particles. As a result,
Brownian relaxation has no effect on the magnetic heating that
occurs. The heating caused by the magnetic reversal loss was
only observed for fixed particles from the Néel losses and
hysteresis losses.*

The PIA’s hysteresis curve does not show coercivity or
remanence. This suggests that during the magnetization rever-
sal, the Néel losses are linked to the primary loss process. In the
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ility of IONPs and the PIA mat at different weights, (B) cyclic heating profile of
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Table 2 Correlation between the weight of the PIA scaffold and the
quantity of IONPs

Fiber weight (mg) Respective amount of IONPs (mg)

20 3
40 6
60 9

case of cancer treatment, repeated heating for hyperthermia
application is suggested, along with other therapeutic methods
to diminish the risk of tumor metastasis.**

To examine the cyclic heating profile, 40 mg of PIA nanofi-
bers was obtained in the presence and absence of an AMF
(Fig. 4B). The results indicated that no difference in elevated
temperature was observed throughout the entire cycle, making
it a very stable system for the administration of hyperthermia
therapy.*

3.3. Invitro drug release study

Fig. 5B shows the in vitro release profile results of DOX from the
electrospun PD (PCL-DOX as a control sample), PIAD 0.5, and
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PIAD 1 fibrous scaffolds in pH 7.4 and 5.0 buffer solutions.
Similar release behaviors were detected, and the total amounts
of release for the PD, PIAD 0.5, and PIA 1 fibers were around
48.4, 49.9, and 56.25 pg mL ', respectively, during 120 h of
incubation in pH 7.4 buffer solutions. This result showed that
as expected, ABC did not affect the release of drug much at pH
7.4. In contrast, along with the increase in ABC concentration,
there was a faster initial burst, and the total amounts of
released DOX were higher in acidic medium.

Comparing the release profiles in pH 7.4 and 5.0 buffer
solutions, the electrospun PCL fibrous scaffolds released
approximately 71.5 pg mL™" at pH 5.0, which is one and half
times higher than the drug release amount at pH 7.4. These
data showed that the intrusion of water into the polymer led to
more degradation of the scaffold at pH 5.0 than that at pH 7.4.

Approximately 86 pg mL~' DOX was released after 120 h
from the PIA 0.5 scaffold at pH 5, 36 ug mL~" higher than the
amount released at pH 7.4, while PIAD 1 illustrated the drug
release volume at a pH 5 of 103.9 pg mL ™", almost twice as
much as the drug release volume at neutral pH, with an initial
burst of about 67.2 ug mL™" in the first hour. Furthermore,

PIA 1
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Fig. 5 Drug release properties. DOX release from the PIA mat in the acidic environment (A) and release profiles of DOX from the electrospun mat in PBS

at pH 7.4 and pH 5 (B).
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PIAD 1 shows drug release at pH 5 equal to 103.9 ug mL ™",
almost twice the drug release amount at pH 7.4, with an initial
burst of about 67.2 ug mL™* in the first hour. Jingwen Zhao
et al. demonstrated a similar impact of sodium bicarbonate on
drug release, exhibiting a consistent trend.*®

For elucidating the intricacies of carbon dioxide production,
Fig. S4 (ESIT) presents a portrayal of pH variations within the
medium. The initial surge witnessed in the initial 48-hour
period is attributed to the liberation of bicarbonate ions,
serving as a buffering agent that consumes protons (H') and
consequently results in a rise in pH. However, the subsequent
decline in the medium’s pH over time is construed as indicative
of carbon dioxide production. Notably, the augmented
presence of bubbles presumed to be CO, is perceptible in PIA
1 as opposed to PIA 0.5, particularly in an acidic environment
(Fig. S4B, ESIY). This discrepancy substantiates the heightened
efficacy of drug release from the PIA 1 sample in comparison to
that from the PIA 0.5 sample, attributable to the greater release
of CO,. Furthermore, Fig. S4C (ESIt) reveals that even after a
120-hour incubation period at pH 5.0, the structural integrity of
the fibers remains intact, although with a marginal degree of
swelling observed in all fiber scaffolds. Consequently, these
scaffolds emerge as viable substrates for the proliferation of
normal cells post-treatment.

The impact of ABC may help to explain the high initial burst
and responsive release profiles of DOX from PIA fibers. The
ABC made the electrospun fibrous scaffolds more wettable,
which encouraged water to enter the polymer block and facili-
tated the release of the loaded DOX from the fibers. Further-
more, ABC may have interacted with the acid after the acidic
solution (pH 5.0) penetrated the polymer bulk, resulting in the
production of CO, from the fibers, as well as the formation of
ammonia, which may have neutralized the acid environment in
the tumor (Fig. 5A).*” In turn, this led to the loaded-DOX being
released from the fibers and removed from the polymer bulk.
The release profile indicated that, in an acidic environment, the
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fibers incorporated with ABC doubled the amount of drug
released, compared to the control fiber in a neutral environ-
ment. Therefore, the drug release rate of DOX could be con-
trolled in pH-responsive electrospun fibers through adjusting
the content of ABC.

3.4. Invitro biocompatibility assay

NIH3T3E1 cells with the same density were seeded on different
nanofibers, and the cell proliferation activities were measured
using CCK-8 assay for 1, 3, and 5 d. None of the samples
showed cytotoxicity. However, the cell viability test of PI and PIA
shows significantly higher cell activities, compared to PCL
group, which may be caused by the addition of IONPs, indicat-
ing the promoting effect of IONPs on the proliferation of
NIH3T3E1, which may be related to the enhanced hydrophili-
city after the addition of IONPs.

The cytoskeletal rhodamine B staining after 3 d shown in
Fig. 6 reveals morphological differences of the NIH3T3 cells
between the PCL, PI, and PIA samples and the growth patterns
of the cells. PIA has better biological cell response, such as cell
adhesion and proliferation, compared to PCL, in agreement
with the CCK-8 results.

3.5. Invitro cytotoxicity assay

Cellular cytotoxicity of the prepared nanofibrous scaffolds was
examined by the CCK-8 assay and live and dead assay studies.
The MCF-7 cells were grown on the nanofibrous scaffolds for
24 h, and afterward they were treated with the AMF for
15.0 min, and then incubated for 24 h, followed by examining
the toxicity and cellular uptake profile.

To reveal the individual and combined effects of hyperther-
mia and DOX on MCF-7 cells, the cells were divided into six
groups: the cells in all the groups incubated with PCL (control),
PCL containing IONP nanofibers (PI+) representing the
hyperthermia group, the DOX-containing composite nanofibers
(PIAD 0.5+), (PIAD 1+) representing the chemotherapy group or

Live cells Dead cells Merged Rhodamine

In vitro biocompatibility evaluation of the scaffold. (A) Cell viability of different nanofiber samples after being cultured for 1, 3, and 5 days; (B) live/

dead cell staining of NIH3T3 fibroblast cells on different scaffolds on day 5; (C) confocal microscopy images of rhodamine—phalloidin and DAPI-stained
NIH3T3EL cells after 5 days of culture. Nuclei and actin filaments were stained with DAPI (blue) and rhodamine (red), respectively. Rhodamine stains
cytoskeleton, while DAPI stains the nucleus of cells. Scale bar represents 50 um.
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Fig. 7 In vitro cytotoxicity evaluation of the scaffold. (A) Cell viability of different nanofiber samples after different treatments; (B) live/dead cell staining

of MCF-7 cells on different scaffolds on day 5; (C) confocal microscopy images of rhodamine—phalloidin and DAPI-stained NIH3T3E1 cells after 5 days of
culture. Nuclei and actin filaments were stained with DAPI (blue) and rhodamine (red), respectively. Rhodamine stains cytoskeleton, while DAPI stains the
nucleus of cells. Scale bar represents 50 um; and (D) schematic illustration of the scaffold for hyperthermia induced by the AMF.

the hyperthermia and chemotherapy group (PIAD 0.5++),
(PIAD 1++).

The viability test showed mild cytotoxicity (50%) against
MCF-7 cells in the second group, when incubated with the
fibrous mat (without Dox) and AMF-generated heat (PI+).

Similarly, the response of the third group of MCF-7 cells
incubated with the DOX-containing fibrous mat (PIAD 0.5+),
(PIAD1+) exhibited a significant reduction of cell viability
different from the viability of the first group of cells. Further-
more, the cells incubated with the DOX-containing fibrous mat
and AMF (PIAD 0.5++), (PIAD1++) exhibited remarkably reduced
cell viability. This result suggests that the synergistic approach
can lead to higher toxicity.

Furthermore, the results of CCK assay were further counter-
checked with those of the confocal imaging technique using

© 2024 The Author(s). Published by the Royal Society of Chemistry

rhodamine-phalloidin and DAPI staining for qualitative eva-
luation (Fig. 7 D). The treated cells showed apoptosis features,
such as blebbing of the nucleus and stunted actin growth.
The (PIAD 0.5++), (PIAD1++) group showed enhanced cell
death due to the synergistic effect of DOX and hyperthermia, as
the cytoskeleton was completely damaged, as compared to the
(PI+) and (PIAD 0.5+), (PIAD1+) groups. The results show that
PIAD is an ideal candidate for anticancer therapy by combining
thermotherapy and chemotherapy to achieve enhanced apop-
tosis, due to the synergistic effect of DOX and hyperthermia.

Conclusion

The smart magnetic nanofiber scaffold has been successfully
prepared by the incorporation of IONPs, ABC, and DOX into
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PCL polymer solution through the electrospinning technique
to achieve pH-sensitive DOX release. This study explained the
pH-targeted delivery of DOX to MCF-7 cancer cells using
ammonium bicarbonate (pH responsive factor), as well as the
response to an alternating magnetic field to administer
hyperthermia aided by IONPs, to reveal in vitro synergistic
anticancer efficacy. Moreover, the in vitro cell culture test
showed the high biocompatibility of PI and PIA, while PIAD++
showed enhanced cytotoxicity against MCF-7 cancer cells. This
preliminary study showed that the pH-sensitive drug delivery
properties of hyperthermic magnetic nanofibers might be
beneficial for thermo-chemotherapy and the future develop-
ment of new strategies for designing smart nanopatches, with
the ability to control the release of the DOX anticancer drug to
eradicate cancer cells.
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