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Abstract
Implantable thermo-responsive drug-loaded magnetic nanofibers (NFs) have attracted
great interest for localized thermo-chemotherapy of cancer tissue/cells. From this perspective, smart polymeric electrospun NFs co-loaded with magnetic nanoparticles
(MNPs) and a natural polyphenol anticancer agent, curcumin (CUR), were developed to
enhance the local hyperthermic chemotherapy against melanoma, the most serious type
of skin cancer. CUR/MNPs-loaded thermo-sensitive electrospun NFs exhibited alternating magnetic field (AMF)-responsive heat generation and “ON–OFF” switchable heating
capability. Besides, corresponding to the reversible alterations in the swelling ratio, the
“ON–OFF” switchable discharge of CUR from the magnetic NFs was detected in
response to the “ON–OFF” switching of AMF application. Due to the combinatorial
effect of hyperthermia and release of CUR after applying an AMF (“ON” state) for 600 s
on the second and third days of incubation time, the viability of the B16F10 melanoma
cancer cells exposed to the CUR/MNPs-NFs was reduced by 40% and 17%, respectively.
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Taken together, the macroscopic and nanoscale features of the smart NFs led to the creation of a reversibly adjustable structure that enabled hyperthermia and facile switchable
release of CUR for eradication of melanoma cancer cells.
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I N T RO DU CT I O N

implantable materials in the post-surgical cavity after a tumor resection because of their potential to act as an “ON–OFF” reversible

It is well recognized that controlled administration of therapeutic mol-

response.3-5 The nanoscale features of these structures provide

ecules to desired target sites can improve the therapeutic effective-

higher porosity and surface area to volume ratio, which increases their

ness and reduce or avoid adverse effects.1 Stimuli-based drug delivery

sensitivity to environmental stimuli. In contrast, their macroscopic

devices have revealed the considerable potential for the efficient local

characteristics allow facile manipulation for the fabrication of bulk

2

targeting of therapeutic molecules. Among multiple forms of stimuli-

matter.6 Taken together, macroscopic and nanoscale features of smart

responsive or smart drug delivery systems, temperature-responsive

NFs have led to the creation of reversibly adjustable structures which

polymeric nanofibers (NFs) have recently gained increased interest as

offer promising potential for applications in “ON–OFF” delivery of
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loaded therapeutic molecules.7 As smart polymeric biomaterials

(DMSO) was obtained from Merck (Darmstadt, Germany). N, N-

respond to minor changes in external stimuli with large discontinuous

dimethylformamide (DMF) was obtained from Chengdu chemical regent

changes in their physical properties, increasing their sensitivity

Co. Ltd. B16F10 melanoma cancer cells were supplied from Pasteur Insti-

through integrating further functionality into smart NFs such as heat

tute of Iran. Penicillin–Streptomycin solution, RPMI 1640 and Fetal

generation abilities can provide promising opportunities for local

Bovine Serum (FBS) were purchased from Gibco (Invitrogen, NY). All

tumor hyperthermia.8,9

chemicals were of analytical grade and applied as received.

Hyperthermia is a form of cancer therapy in which tumor sites
are remotely heated to temperatures higher than normal human body
temperature (42–45 C), resulting in damage and killing of cancer cells
without harming healthy cells.10 Light or magnetic fields can be used

2.2 | Synthesis and characterization of thermoresponsive copolymer

to produce the hyperthermic effect. Magnetic hyperthermia is based
on magnetic nanoparticles (MNPs), where an alternating magnetic

Poly(NIPAAm-co-HMAAm) copolymers were prepared by free rad-

field (AMF) is applied, and MNPs convert the electromagnetic energy

ical polymerization of NIPAAm and HMAAm monomers using 2,20 -

into heat, which increases the temperature in the vicinity of MNPs.11

Azobisisobutyronitrile (AIBN) as a free-radical initiator, according

Besides, a combination of magnetic hyperthermia with chemotherapy

to previously reported studies. 20,21 First, HMAAm (20 mol%) and

provides significant achievement in treating recurrent and advanced

NIPAAm (80 mol%) were dissolved in DMF (20 ml), then AIBN

cancers because hyperthermia causes temporary sensitivity in cancer

(0.01 mol%) was added to the solution. The overall monomer molar

cells, increasing the detrimental effect of anticancer drugs.12,13

concentration was 40 mmol. Following, freezing and thawing was

Because of challenges in delivering heat and chemotherapeutic mole-

used for degassing the solution. Lastly, dialysis method was

cules to the tumor sites, MNPs are generally integrated into various

applied for 1 week to eliminate the solvent, unreacted monomers,

forms such as nanoparticles, micelles, microspheres, liposomes, and

and AIBN from the synthesized copolymer. To study the chemical

hydrogels to eradicate cancer cells in tumor sites completely.14-16

composition of the synthesized polymers, 1 H NMR measurements

However, it was also reported that in vivo application of MNPs in

were performed on a Bruker DRX-500 NMR spectrometer (Bruker,

such forms might potentially cause adverse cytotoxic effects such as

Rheinstetten, Germany). Gel permeation chromatography (GPC;

DNA

inflammatory

10A series, Shimadzu, Japan) was used to measure the number of

responses.17 Considering these viewpoints, integrating MNPs into

molecular weight (Mn) and polydispersity index (PDI). UV–Vis

thermo-responsive polymeric NFs for possible treatment of malignant

spectrophotometer (UV-1700, Shimadzu, Japan) was used to

epithelial tumors of skin has been an eye-catching area of interest

determine the transmittance of the copolymer in phosphate-

because NFs can be produced as bulk materials and exploited as adhe-

buffered saline (PBS) (pH = 7.4, 0.1 wt/vol%). The lower critical

sive dressing while keeping their nanoarchitecture.18,19

solution temperature (LCST) value was quantified as the tempera-

damage,

mitochondrial

dysfunction,

and

In this study, implantable magnetic nanofibrous scaffolds with

ture corresponding to a 50% decrease in the optical transmittance.

both heat-generating and drug delivery capabilities under an AMF
were developed for enhanced local hyperthermic chemotherapy. The
smart NFs were constructed through electrospinning of thermo-

2.3
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Fiber fabrication and characterization

sensitive copolymer of N-isopropylacrylamide (NIPAAm) and Nhydroxymethylacrylamide (HMAAm) [poly(NIPAAm-coHMAAm)] and

Nanofibrous scaffolds were fabricated using the electrospinning

co-integrated with the natural polyphenol anticancer drug, curcumin

process.

(CUR), and MNPs. Following, “ON–OFF” reversible heating capability

electrospinnable solution, 0.1 g of MNPs, and 1.0 g of

and drug release, swelling and shrinking behavior, as well as the cyto-

poly(NIPAAm-co-HMAAm) were dissolved in 5 ml 1,1,1,3,3,3

toxicity effect of the thermally crosslinked CUR/MNPs-loaded

hexafluoro-2-propanol (HFIP) at 20 wt/vol%. Electrospinnable

poly(NIPAAm-coHMAAm) NFs (CUR-MNFs) on B16F10 melanoma

CUR-magnetic copolymer solution was obtained by dissolving

cancer cells were assessed.

200 mg of CUR in the 5 ml solvent containing 1.0 g of the copoly-

First,

for

fabrication

of

the

magnetic-copolymer

mer and 0.1 g of MNPs. The mixed solutions were poured into a
standard 5 ml plastic syringe with a blunt-ended stainless steel

2
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hypodermic needle tip (gauge 22 with an inner diameter of
0.413 mm). The ambient temperature was kept constant at 25 C,

2.1
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Materials

and the relative humidity was set to 30%. The electrospun NFs
were harvested on a collector at a distance of 15 cm from the nee-

N-hydroxymethylacrylamide (HMAAm), N-isopropylacrylamide (NIPAAm),

dle. The flow rate of solutions was set at 0.5 ml/h. During

2,20 -azobisisobutyronitrile (AIBN), iron oxide (II, III) magnetic nanoparticles

electrospinning, a positive voltage of 15 kV was applied between

(10 nm), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide

the needle and a collector plate. To remove organic solvents,

(MTT), 1,1,1,1,3,3,3 hexafluoroisopropanol (HFIP) and curcumin were

electrospun NFs were vacuum dried at 60 C for 24 h. This proce-

purchased from Sigma–Aldrich, South Korea. Dimethyl sulfoxide

dure also allows the NFs to crosslink polymer chains owing to the

3
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self-condensation reaction of methylol group in HMAAm upon heating.

after AMF exposure, discharged CUR gathered during each cycle of

The surface morphological features and average diameter of the poly-

heat switching was quantitatively measured at 421 nm by a UV–

meric scaffolds were inspected via a field-emission scanning electron

Visible spectrophotometer (PerkinElmer Fremont, CA). All of the

microscope (FESEM, MIRA3 TESCAN, Czech Republic).

experiments were carried out in triplicate.

Fourier transform infrared spectroscopy (FTIR; IR330; Thermo
Fisher Scientific, Waltham, MA) analysis of copolymers was performed
to confirm the success of intermolecular crosslinking after thermal

2.6
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In vitro cytotoxicity assay

curing in which the degree of self-condensation of the methylol
groups of HMAAm was characterized from the disappearance of the

The viability of B16F10 melanoma cancer cells seeded with MNFs

methylol groups in NFs. The number of reacted methylol groups was

was assessed by applying an MTT assay. MNFs were sterilized with

–1

measured from the calibration curve of absorbance at 1050 cm . The

ultraviolet radiation for 60 min. Then, B16F10 melanoma cancer cells

weight percentages of MNPs in NFs were calculated from the weight

at a density of 5  104 cells/well were added to a 24-well plate for

loss of MNFs by thermogravimetric analysis (TGA, Perkin Elmer, TGA

24 h. Then, the MNFs were incubated with the cells for another 24 h.

7). The samples were placed in an Al pan and heated at a rate of

On the second day, to study the impact of thermal therapy on cell sur-





10 C/min from 25 to 600 C. The MNPs content was calculated from

vival, AMF was switched “ON” for 600 s to attain 45 C. The tempera-

the weight loss of the organic compounds. Besides, the crystalline

ture was kept constant for 600 s, and subsequently, the AMF was

nature of MNPs and the phase composition of the NFs were assessed

turned “OFF” to permit the temperature to fall to 25 C. On the third

via X-ray diffraction (XRD) using a Rigaku D/MAX-2400 X-ray diffrac-

day, this operation was repeated one more time. To test the cytotox-

tometer with Ni-filtered Cu Kα radiation.

icity, 150 ml of MTT solution (5 mg/ml) were added to the wells and
incubated for 4 h. After removing the suspension, 300 ml of DMSO
was added to each well to dissolve the precipitate. Finally, 100 μl of

2.4
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AMF-induced heating ability

solutions were transferred to 96-well plates, and the absorbance
values at a wavelength of 492 nm were recorded using an ELISA

The AMF-induced heating capability of the fabricated NFs was

microplate reader.

investigated through an alternating magnetic field (AMF) generator
(OSH-120-B, OSUNG HITECH, Republic of Korea). In brief, 20 mg of
NFs were soaked in PBS (200 μl) for 10 min at 4 C and sited on the

2.7

|

Statistical analysis

center of copper coil connected to the AMF generator. The strength
and frequency of the AMF were adjusted to 12.57 Oe and 293 kHz,

The values are expressed as mean ± SD of triplicate measurements.

respectively. The heating characteristics of the suspension were moni-

All data were analyzed with one-way and two-way ANOVA tests

tored using a thermometer (As One, Japan).

using GraphPad Prism software (GraphPad Software, San Diego).
p < .05 was used for the significance of differences between means.

2.5 | Equilibrium swelling ratio of NFs and drug
release
The thermo-sensitive behavior of the MNFs was determined by calculating the swelling/deswelling ratio. To define the equilibrium swelling

3
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3.1 | Temperature-responsive copolymer
characterization

ratio of the MNFs, dried NFs were soaked in PBS (2 ml) at 25 C and
equilibrated for 10 min and then located in a copper coil. The AMF

To synthesize the poly(NIPAAm-co-HMAAm) copolymer, NIPAAm

was turned “ON” for 600 s to allow the MNFs to reach a temperature

and HMAAm were applied in feed ratios of 80 and 20 mol%, respec-

of 45 C. Then, the AMF was switched “OFF” to let the temperature

tively. The composition of HMAAm was determined by 1H-NMR



decrease to 10 C. Eventually, the swelling ratio was calculated using

using DMSO-d6 as a solvent. The methylol and hydroxyl groups of

the below equation:

HMAAm were detected at δ = 4.55 ppm and δ = 5.45 ppm, respectively. Besides, the HMAAm content of the copolymer was quantified
Ws  Wd
Swelling ratio ¼
Wd

to be 20.5 mol% based on 1H NMR data (Figure 1A), corresponding
with the quantity used in the feed. The copolymer was synthesized
with relatively high molecular weights and a narrow polydispersity

where Wd and Ws are the weights of the dry and swollen fibers,

index (Mn  56,500 Da and PDI = 2.1). Table 1 shows a summary of

respectively.

the reaction conditions and obtained results. Besides, the LCST of the

The effect of AMF on CUR release was examined in the same

copolymer was set above 45 C (approximately 48 C) (Figure 1B)

magnetic induction heating used for hyperthermia analysis at a mag-

because it falls a few degrees after thermal crosslinking due to fewer

netic field strength of 12.57 Oe and 293 kHz frequency. Immediately

hydrophilic hydroxyl groups remaining in the copolymer.

4
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F I G U R E 1 Temperatureresponsive copolymer
characterization. (A) 1H NMR
spectrum of poly(NIPAAm-coHMAAm) in DMSO-d6 at
400 MHz, (B) Temperaturedependent transmittance changes
of poly(NIPAAm-coHMAAm)
solution

T A B L E 1 1H NMR and GPC results
of Poly(NIPAAm-co-HMAAm) copolymer

Measured by 1H NMR
In the feed (mol%)

In the copolymer (mol%)

Measured by GPC

NIPAAm

HMAAm

NIPAAm

HMAAm

Mn (Dalton)

Mw (Dalton)

PDI

80

20

79.5

20.5

56,500

124,000

2.1

3.2
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Fiber characterization

HMAAm. No significant change in morphology and diameter of
electrospun NFs was found after thermal curing at 120 C for 12 h

Morphological analysis and measuring the diameters of NFs through

(Figure 2A–C). Besides, the crosslinked temperature-responsive NFs

evaluating the FE-SEM micrographs indicated that the applied voltage

preserved their stability in PBS both below and above the LCST, while

and the type of solvents are crucial parameters that affect the diameter

the non-crosslinked NFs were unstable and dissolved in less than 30 s

distribution of fibers. By assessing different solvents including DMF, THF

below the LCST.

and ethyl acetate, it was found that applying HFIP due to its good spin-

Figure 2D displays the IR spectra of poly(NIPAAm-co-HMAAm)

nability and reproducibility at 15 wt/vol% led to electrospun fibers with

NFs before crosslinking and after heat treatment at different times. The

the smallest diameter distribution (average fiber diameter of 430 nm).

distinctive

It was suggested that dissolving the acrylamide-based copolymer in HFIP

(C O H stretch), 1230 cm1 (C OH bend) and 3300 cm1 (O H

can lead to smooth and continuous fibers. The highly volatile, corrosive

stretch), though this is also complicated by the overlapping N H

and toxic solvent was evaporated during electrospinning as well as the

stretch signal. The absorption bands at 2980 and 1370–1390 cm1

residual solvent was fully eliminated using a high vapor pressure oven.

were attributed to the stretching modes of the

Besides, the poly(NIPAAm-coHMAAm) solution was overstretched, and

)2 groups in NIPAAm, respectively. The peaks observed at 1650 and

the solution fractured into small particles instead of creating NFs when

1550 cm1 were attributed to C═O stretching (amide I) and N H

the applied voltage was higher than 15–17 kV.

bending (amide II) of the copolymer, respectively. Among these peaks,

OH peaks of HMAAm are observed at 1050 cm1

(CH3)2 and

CH(CH3

Through synthesizing a copolymer with relatively high molecular

the 1050 cm1 peak attributed to C O H stretching was selected to

weights and narrow Mn distributions and under the optimized condi-

assess the crosslinking effectiveness since the other bands were either

tions of the electrospinning process, the continuous, smooth, uniform

relatively weak or overlapped with the amide bands. It was detected

and randomly distributed thermo-responsive magnetic NFs without

that the signal intensity of C O H stretching peaks (methylol groups)

formation of particles or beads were fabricated with a mean thickness

decreased progressively with increasing thermal crosslinking time.

of 430 nm and a narrow size distribution (Figure 2A).

TGA analysis was utilized to measure the quantity of loaded

To produce thermo-responsive magnetic NFs, a blend of magne-

MNPs into the electrospun NFs. Figure 2E presents the weight loss of

tite (Fe3O4) and maghemite (γ-Fe2O3) NPs was employed since mag-

the NFs when heated to 600 C. MNPs lost 1.5% of their total weight

netite alone has less stability in solvents over a broad range of

due to the removal of adsorbed water. After loading MNPs into the

temperatures and is susceptible to oxidation.22

poly(NIPAAm-co-HMAAm), the weight loss increased due to the

Besides, the highest amount of CUR that could be loaded into the

decomposition of organic components. From the non-volatilized frac-

electrospun MNFs to produce smooth surface NFs without beads or

tion, the loaded MNPs in the NFs were assessed to be 9.5 wt% for

particles was obtained to be 15% (wt/wt%). The average diameter of

10 wt% in feed. This can be explained based on the difference

the fabricated NFs co-loaded with CUR and MNPs slightly increased

between the quantity of MNPs at the starting electrospinnable solu-

upon loading of 15% (wt/wt%) CUR into MNFs without alteration on

tion and the resultant electrospun NFs. The poly(NIPAAm-co-

the fiber structure and morphology (Figure 2A–C).

HMAAm) NFs had two main mass losses, where the one below

Chemically intermolecular crosslinked network of the electrospun

100 C was due to loss of water and evaporation of small molecular

NFs was obtained through heat treatment of the methylol groups in

substances, such as unreacted monomers and residual solvent, and

WEI ET AL.
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F I G U R E 2 Fiber characterizations. FE-SEM micrographs and size distribution of (A) neat NFs, (B) MNFs, and (C) CUR-MNFs after thermal
crosslinking. (D) FTIR spectra of poly(NIPAAm-co-HMAAm) samples at different times (0, 4, 8, and 12 h) during thermal treatment at 120 C. The
shaded areas around 1050 and 3300 cm1 are assigned to the stretching of C O H and OH groups in HMAAm, respectively.
(E) Thermogravimetric analysis of (A) MNPs only, (B) 10 wt% MNPs in NFs in feed, and (C) NFs only. (F) X-ray diffraction patterns of MNPs in the
NFs before and after crosslinking. (A) Only MNPs, (B) MNFs before crosslinking, (C) MNFs after crosslinking

the other was in the range from 300 to 400 C which is due to the

showed diffraction peaks at 2θ values of 30.2 , 35.4 , 43.2 , 53.3 ,

rapid degradation of the side chain functional group and the polymer

57.1 , 62.7 , and 75.3 ascribed to the reflection planes of (220),

backbone.

(311), (400), (422), (511), (440), and (533) of the cubic spinel crystal

Besides, Figure 2F shows the XRD profiles of the MNPs and

structure, respectively, which match well with the standard Fe3O4

MNFs before and after crosslinking. The XRD data of the MNPs

sample (JCPDS card No: 85-1436).23 The XRD pattern of MNFs

6
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revealed the characteristic peak positions of MNPs in the thermo-

AMF for 600 s, the MNFs were heated and reached about 45 C.

responsive NFs. Electrospinning did not lead to any crystalline phase

Immediately after, the AMF was turned “OFF”, so the temperature of

change in the structure of the MNFs. Besides, the comparison of the

the fibers dropped to about 24 C in 600 s. In the absence and pres-

non-crosslinked and crosslinked MNFs revealed that the diffraction peaks

ence of an AMF, the repeated uniform heating and cooling pattern of

of the phases contained in the particles are identical, indicating that the

the CUR-MNFs was observed.

crosslinking process did not affect the crystallinity of the fibers.

3.5
3.3

|
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Swelling and shrinking behavior of the MNFs

AMF-responsive heat generation
As shown in Figure 4A,

the crosslinked

thermo-responsive

It was reported that parameters such as AMF power, total amount of

electrospun fibers showed reversible alterations without weight loss

fiber, concentration of MNPs and coil diameter could affect the

in the swelling and shrinking properties in response to temperature

heating properties of electrospun magnetic fibers.5,7 Because of the

changes. First, the dried CUR-MNFs were immersed in PBS for

magnetic hysteresis loss, heating generation can occur in ferromag-

10 min at 25 C. Then, the fibers were exposed to 45 C for 600 s via

netic magnetite NPs induced with an AMF. Therefore, the heat gener-

applying an AMF. Subsequently, the fibers were cooled down to 24 C

ation ability of the fabricated electrospun NFs in an AMF

in another 600 s while AMF was turned “OFF”. The swelling ratio was

was assessed. As shown in Figure 3A, it took about 490 s for the non-

retrieved reversibly within each “ON–OFF” cycling.

crosslinked MNFs and CUR-MNFs to reach a temperature of
44–46 C in an AMF with 12.57 Oe and 293 kHz. However, the
heating ability decreased at the crosslinked electrospun NFs so that

3.6

|

Switchable “ON–OFF” drug release

the fibers reached 44–46 C after 600 s.
Implantable thermo-responsive MNFs with “ON–OFF” switchable
drug delivery ability offer transient and swift liberation of therapeutic

3.4

|

“ON–OFF” switchable heating capability

molecules and release of drug molecules at a predetermined rate and
dosage.5,24 Thus, the release pattern of CUR from the crosslinked

The “ON–OFF” switchable heating capability was observed in both

temperature-responsive MNFs were investigated upon “ON–OFF”

neat MNFs and CUR-MNFs (Figure 3B). Under the “ON” state of

switching of an AMF. As shown in Figure 4B, corresponding to the

F I G U R E 3 AMF-responsive
heat generation and “ON–OFF”
reversible heating capability of
NFs. (A) AMF-induced heating
capability of the MNFs and CURMNFs before and after
crosslinking. A 20 mg of samples
were immersed in 200 μl PBS at
4 C for 10 min. (B) Heating and
cooling pattern of the CURMNFs in reaction to alternating
of AMF

F I G U R E 4 Swelling and
shrinking behavior, and “ON–
OFF” reversible heating capability
of the MNFs. (A) Reversible
swell-shrink property of
crosslinked CUR-MNFs in
reaction “ON–OFF” switching
cycles of AMF. (B) The release
profile of CUR from crosslinked
CUR-MNFs in response to “ON–
OFF” switching cycles of AMF

7
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48 exposure time, indicating the effect of the magnetic field induced
hyperthermia on cell viability for 600 s.
Given that about 75% of the cells survived, the tumor cell killing
ability of hyperthermia alone was still low. However, this effect could
be enhanced by increasing the time of the hyperthermia treatment. In
contrast, due to the combinatorial effect of hyperthermia and release
of CUR after applying an AMF (“ON” state) at the second and third
days for 600 s, the viability of the cells treated with the CUR-MNFs
reduced to 40% and 17%, respectively.

4
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DI SCU SSION

In this work, the synthesized poly(NIPAAm-co-HMAAm) copolymer
showed relatively high molecular weights and a narrow polydispersity
F I G U R E 5 In vitro cytotoxic effect of crosslinked MNFs and
CUR-MNFs on B16F10 melanoma cancer cells determined by an MTT
assay. *p < .05 versus control and MNFs was considered significant.
The data are presented as mean ± SD (n = 3)

index. Using polymers with lower molecular weights might lead to the
formation of beaded (beads-on) NFs because of inadequate molecular
chain entanglement to retain molecular interactions during the
electrospinning process. By increasing the molecular weight and
narrowing the PDI of a polymer, the morphology of electrospun fibers
alters from a bead shape to ultra-fine and uniform fibers.

reversible alterations in the swelling ratio, the “ON–OFF” switchable

Poly(N-isopropylacrylamide) (PNIPAAm) is one of the most exten-

discharge of CUR from the magnetic NFs was detected in reaction to

sively studied temperature-responsive polymers that exhibits a lower

the temperature alterations. The loaded therapeutic molecules are dis-

critical solution temperature (LCST) at 32 C. Below the LCST, it dis-

charged by squeezing out of the collapsing polymer matrix above the

solves in water, and at higher temperatures, it tends to precipitate.

LCST. Approximately 39%, 21%, 13%, 10%, and 8% of the incorpo-

Functional groups such as

OH,

21,25

NH2, or

COOH do not exist in

rated CUR were released from electrospun magnetic NFs within first,

the structure of NIPAAm.

second, third, fourth, and fifth cycles via applying the AMF, respec-

copolymerization. Copolymerization of NIPAAm with cross-linkable

tively. Therefore, an initial rapid release of CUR was detectable at the

co-monomers such as HMAAm lead to stable electrospun NFs in an

first cycle of AMF application. In total, around 97% of the drug was

aqueous medium. Electrospun NFs made of NIPAAm homopolymer

released at the end of the sixth cycle. Besides, it was found that insig-

have low water stability and disperse quickly.25 The LCST of the

nificant quantities of CUR were discharged during the cooling (“OFF”)

poly(NIPAAm-co-HMAAm) copolymer was adjusted to be in the tem-

stage in each cycle.

perature range of thermal therapy via copolymerization with HMAAm

However, it can be functionalized by

units. With increasing the HMAAm content, LCST rises.
Several features might be influenced by the process parameters

3.7
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Cytotoxicity

during electrospinning, such as mechanical properties, fiber thickness
and uniformity, and spinnability.26,27 Among these, reducing the scaf-

Upon demonstrating “ON–OFF” reversible heating capability and

fold diameter to nanoscale might appropriately mimic most of the

drug release, the cytotoxic efficiency of these MNFs was investigated

supramolecular properties of the extracellular matrix and deliver a

on B16F10 melanoma cancer cells by applying an MTT assay

drug in a constant and uniform manner over a period of time. There-

(Figure 5). The cells were incubated with the MNFs for 24 h at 37 C,

fore, the impact of various processing parameters, such as polymer

and it was revealed that due to the stable incorporation of both MNFs

concentration, type of solvents, the distance between the tip of noz-

and CUR in the structure of the nanofibrous scaffold, no drug release

zle and collector, solution's flow rate from the nozzle, and applied

occurred; therefore, no significant reduction was detected in the via-

voltage on the distribution of fiber diameters were primarily investi-

bility of the cells exposed to the MNFs at the first 24 h incubation

gated in this work.

without applying an AMF (“OFF” state), similar to the control group

IR spectra of poly(NIPAAm-co-HMAAm) NFs before crosslinking

(medium only). This finding was completely consistent with the

and after heat treatment at different times showed that the signal

in vitro switchable “ON–OFF” drug release profile.

intensity of C O H stretching peaks (methylol groups) decreased

To evaluate both hyperthermia and chemotherapeutic effects,

progressively with increasing thermal crosslinking time, representing

the temperature of the media was increased to 45 C and kept con-

the formation of bis(methylene ether) via the heat crosslinking of the

stant for up to 600 s through turning “ON” of an AMF at the second

two methylol groups under a self-condensation reaction and finally

and third days. It was found that exposure of the cells to the MNFs

producing methylene bridges along with evaporating a formaldehyde

without CUR led to about a 25% reduction in cell viability after

molecule.
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Besides, TGA result suggests that upon loading the MNPs, the

insufficient crosslinking. In contrast, the PNH 5 and PNH 10 NFs demon-

thermal stability of poly(NIPAAm-co-HMAAm) was improved. The

strated temperature-responsive swelling and shrinking for at least 8 cycles

findings of the current study were in accordance with the previous

without weight loss. This result suggests that more than 1.5 mol% of met-

reports.7,28

hylol groups are needed for the stable crosslinking of NFs. The PNH

Results of AMF-responsive heat generation showed that the
heating ability was decreased for the crosslinked NFs, where the


5 and PNH 10 NFs responded quickly to changes in temperature, and
their swelling ratio recovered within each cycle.

fibers reached 44–46 C after 600 s. Upon heating, the loaded MNPs

Corresponding to the reversible alterations in the swelling ratio,

simply diffused from the non-crosslinked NFs, but not from the

the “ON–OFF” switchable discharge of CUR from the magnetic NFs

crosslinked NFs. The liberated MNPs form large aggregates contribute

was detected in response to the “ON–OFF” switching of AMF appli-

to the increase of the fiber temperature at the initial step of AMF

cation. It can be speculated that non-specific interactions between

application. Crosslinking process has a considerable effect on decreas-

CUR molecules and magnetic NFs hold CUR within the NFs during

ing the side effect of eluted MNPs.7

the cooling (“OFF”) period. At the same time, during the “ON” state,

In addition to AMF-responsive heat generation capability, the

the NFs begin to shrink and swell, which leads to the release of CUR

“ON–OFF” reversible heating capability of CUR-MNFs was also

molecules. A similar trend of the AMF-responsive drug release was

assessed. The findings showed a uniform cyclic pattern with constant

found for “ON–OFF” switchable release of metformin, doxorubicin

increases and decreases, making it a highly steady platform for effi-

(DOX) and paclitaxel from the chemically-crosslinkable temperature-

cient hyperthermia therapy. This “ON–OFF” switchable capability of

responsive NFs. Kim et al. showed the “ON–OFF” release of DOX

the MNFs might be attractive because routine local hyperthermia

from thermo-sensitive NFs in response to AMF so that almost all of

treatments have drawbacks such as poor control of thermal dose and

the DOX (>90%) was released after 4 cycles.7

thermo-tolerance in cancer cells. Using the MNFs might effectively

Several reports showed the enhancement of chemotherapeutic

circumvent thermo-tolerance and enhance the thermo-sensitivity of

effects due to the concurrent application of hyperthermia. Ghavami

cancer cells within the short-term treatment through the repeated

Nejad et al. fabricated a smart fiber via electrospinning of a mussel-

uniform heating and cooling switchable profile combined with the

inspired copolymer, poly(methyl methacrylate-co-dopamine met-

“ON–OFF” switchable and controlled release of anticancer drugs.

hacrylamide) p(MMA-co-DMA) capable of binding MNPs and the anti-

Many studies showed that the combination of hyperthermia and che-

cancer agent bortezomib for hyperthermic chemotherapy.20 In vitro

motherapy causes an increase in intracellular anticancer drug accumu-

evaluations showed that the drug-bound catecholic magnetic fibers

29,30

lation and reduces the thermo-tolerance of cancer cells.

increased intracellular drug concentration for better effectiveness of

However, the impact of MNFs with only “ON–OFF” switchable

chemotherapy, leading to synergistic magnetic-hyperthermia/chemo-

heating control on impeding the thermo-tolerance of cancer cells

therapy. Sasikala et al. incorporated MNPs into electrospun PLGA

needs to be investigated further.

NFs functionalized with dopamine for conjugation and liberation of

The application of bulk materials such as hydrogels as drug delivery
31

systems is restricted by their slow response.

bortezomib via a catechol metal binding in a pH-sensitive behavior.34

Numerous approaches

The bortezomib-encapsulated mussel-inspired magnetic nanofibrous

have been suggested to improve the response rate, such as creating inter-

scaffolds displayed a synergistic therapeutic efficiency because of the

connected and highly porous hydrogels with decreased sizes.32,33

simultaneous use of hyperthermia and controlled drug release. We

Electrospun nanofibrous scaffolds showed greater responsiveness to

hypothesize that the crosslinked thermo-responsive NFs co-loaded

external stimuli than the corresponding bulk materials because of their

with MNPs and CUR would also exhibit an enhanced synergistic anti-

large specific surface area and highly porous network. Therefore, in this

cancer effect due to repeated hyperthermia cycles along with the drug

work, the temperature-responsive properties of the crosslinked CUR-

toxicity. Therefore, the cytotoxic efficiency of these MNFs was inves-

MNFs were investigated through monitoring their swelling and shrinking

tigated on B16F10 melanoma cancer cells via an MTT assay. It was

behavior in reaction to AMF application with “ON–OFF” switching.

found that the obtained results were in accordance with a previous

Results showed that the swelling ratio was retrieved reversibly within

study conducted by Kim et al., which showed that synergistic com-

each “ON–OFF” cycling. The thermo-responsive copolymer has a solubil-

bined effects of hyperthermia and chemotherapy through co-loading

ity in the water below LCST, but when the temperature is increased

of DOX and MNPs into a thermo-responsive fiber could lead to the

above the LCST, it swiftly dehydrates, meaning the swelling ratio of

death of about 70% of melanoma cells under 5 min of AMF applica-

crosslinked MNFs were reversibly changed in response to temperature

tion.7

variations. This result corresponds well to a previous work in which

Our findings reveal that the designed smart implantable NF-based

temperature-responsive NFs were fabricated for “ON–OFF” switchable

drug release device effectively induces cytotoxicity in the cancer cells

release of dextran through NIPAAm copolymerization with 3, 5, and

by the synergistic effect of repeated hyperthermia and CUR release

10 mol% of HMAAm (PNH 3, PNH 5, and PNH 10).21 The temperature-

for a short period of AMF application compared to the thermal ther-

responsive behavior of the NFs was characterized by observing their

apy alone. Besides, this system has unique advantages over conven-

swelling and shrinking in response to temperature cycling between

tional chemotherapy and other micro/nanoparticulate drug delivery

10 and 45 C. It was revealed that the PNH 3 NFs gradually came apart

approaches because no cytotoxic effects were observed for the CUR-

and dissolved in water after 3 cycles of temperature alternation owing to

MNFs without applying an AMF.
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Despite several strategies developed for tumor hyperthermia treatment by incorporating MNPs in various hybrid nanoarchitectures,35,36
most nanoarchitectures cannot be applied directly on living cells due to

4.

potentially toxic side effects. The smart NF-based drug delivery device
can be designed as bandages and implanted directly to the tumor site fol-

5.

lowing surgical resection, leading to a single-dose drug targeted delivery
with controlled, sustained and on-demand release behavior, and mini-

6.

mized systemic toxicity on healthy cells.
7.

5

|

C O N CL U S I O N
8.

Smart hyperthermic nanofibrous scaffolds have been fabricated by
co-integrating MNPs and CUR into thermally crosslinkable and
temperature-responsive poly(NIPAAm-co-HMAAm) copolymer using
electrospinning to realize the “ON–OFF” controllable release of CUR

9.
10.

in response to switching cycles of AMF. The reversible alterations
without weight loss in the swelling and shrinking properties of CURMNFs and the corresponding “ON–OFF” switchable discharge of
CUR occurred upon switching an AMF. Via a combination of hyper-

11.
12.

thermia and controlled drug release, CUR-MNFs displayed remarkable
cytotoxic effects towards melanoma cancer cells. This preliminary
study showed that the reversible and highly tunable drug delivery

13.

properties of hyperthermic MNFs might be beneficial for developing
an efficient smart nanopatch with the ability to control the release of
natural and safe anticancer compounds to eradicate skin cancer cells.
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