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1. Introduction

A tunable temperature-responsive and tough
platform for controlled drug deliveryf

Shuting Gao,? Aying Zhou,? Bin Cao,? Jing Wang,” Fanghua Li, Guosheng Tang,?
Zhicheng Jiang,® Anquan Yang,” Ranhua Xiong,*“ Jiandu Lei ) *® and
Chaobo Huang (= *3¢

Localized intelligent drug delivery systems (IDDSs) are promising platforms for solid tumor therapy with
lower toxicity to physiological systems and improved curative effects due to efficiently controlled site-
specific delivery of therapeutic molecules. To this end, a temperature-responsive tailorable fibrous
localized drug-delivery system with enhanced mechanical properties to withstand the stress in vivo and
temporal loading regimes for cancer treatment is developed. A series of PCM-functionalized PU-PCL core—
shell fiber mats are prepared by coaxial electrospinning, which exhibit a tunable temperature response and
controlled release capability. The in vitro release profiles observably show faster release of encapsulated
molecules above 39 °C than that at lower temperatures under the same conditions and the study proves that
the release conforms to biphasic release kinetics. The release profiles could be subtly regulated via tuning the
mass fraction of the PCM. More importantly, the result of cytotoxicity assay shows the viability of cancer cells
after treatment with hydroxycamptothecin (HCPT) release media at different temperatures and indicates that
media containing HCPT released at 39 °C could kill significantly more cancer cells than those released below
39 °C, which confirms the temperature sensitivity of the prepared IDDSs. This work thus provides a promising
intelligent platform for site-specific drug-delivery in solid tumor therapy.

conditions (pH, ionic strength, biomolecules, etc.).> Compared
with traditional systems, IDDSs reveal distinctive superiorities:

Traditional drug delivery systems have encountered great chal-
lenges and exposed defects such as dissatisfactory release time,
ineffective and inaccurate delivery to the site of lesions, toxic
side effects, etc. Accordingly, a vast effort has been dedicated to
intelligent drug delivery systems (IDDSs), which are designed to
adjust the site and/or the release rate to the in vivo physiological
conditions of the patient, to the progression of the illness, or to
the circadian rhythms." IDDSs are able to change conformations
and other physicochemical properties in response to external
stimuli (temperature, light with various wavelengths, mechanical
signals, magnetic or electric fields, etc.) or in vivo physiological
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(i) relatively stable drug concentrations in plasma, (ii) signifi-
cantly higher drug efficiency with lower dosage, and (iii) targeted
delivery minimizing the toxic side effects of the drug. To this
end, developing an intelligent drug-delivery system is signifi-
cantly desirable.

Nano-scale materials have been widely investigated for IDDSs.”
Among them, electrospun nanofibers have attracted extensive
attention for their higher drug encapsulation efficiency, flexibility
in surface functionalities, stability and simple procedure. The mild
process conditions enable the electrospinning technique to easily
maintain the structural integrity and bioactivity of the encapsu-
lated drugs and the release profiles are able to be adjusted by
choosing various polymer matrixes." Importantly, electrospun
materials provide feasibility of site-specific drug delivery in cancer
treatment, which can decrease the inevitable side effects induced
by chemotherapeutics.® For instance, Zhang et al indicated
that drug-loaded polylactide electrospun fibers show higher
efficiency in diminishing solid tumors than free drugs treated
systematically.”® However, due to the rapid evaporation of
solvent and the high ionic strength in solution, most drug
compounds tend to accumulate on or near the fiber surface,
leading to the significant explosive release of the electrospun
nanofiber carrier at the initial stage.”'® To overcome this problem,
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coaxial electrospinning has been designed to provide single fiber
core/shell structures that can alleviate burst release.'™> More
importantly, electrospun fibers with core-shell structure showed
sustained release of drugs.”® They can release encapsulated drugs
both rapidly and sustainably from a single platform in different
timescales.'*'>

On the basis of the aforementioned, we have designed a
simple temperature-responsive localized drug-delivery platform
with enhanced mechanical properties for cancer treatment via
coaxial electrospinning. Poly(e-caprolactone) (PCL) is non-
cytotoxic and biodegradable, which is extensively studied for
drug delivery due to its compatibility with a wide range of
drugs. Hence, we used PCL as the sheath of the fibers for its
prominent properties.'® Polyurethane (PU) exhibits distinguished
mechanical properties owing to its thermodynamic incompatibility
between soft and hard segments in the main chains.” Herein, PU
(core) is to improve the strength and tenacity of the fibers, which
can enable the IDDS to easily withstand the stress in vivo and
temporal loading regimes after being implanted. We introduced a
phase-change material (PCM, eutectic mixture of lauric acid and
stearic acid derived from natural fats) that can reversibly realize a
solid-liquid phase transition according to temperature variation to
allow the temperature-responsive release of drugs from the core-
shell electrospun nanofibers. Among the various kinds of PCMs
(such as tetradecanol, hexadecanol, r-menthol, etc.), natural
fatty acids (lauric acid and stearic acid) are particularly attractive
because of the low cost, high stability, biocompatibility and
biodegradability."®**' On account of the impact of temperature
on normal tissues, it is significant to use PCMs with a phase-
change temperature close to the physiological temperature of
the human body (37 °C).>** Herein, we investigated a series of
eutectic mixtures of lauric acid and stearic acid with different
ratios to get a single melting point at 38-39 °C. Below the phase-
change temperature, the PCM will keep in the solid state,
leading to slow diffusion of the drug. When it is slightly higher
than the phase-change temperature, the PCM will change to the
liquid phase quickly and reversibly, accelerating the release rate
of the encapsulated drugs (Scheme 1). Additionally, the release
profiles can be subtly regulated via tuning the mass fraction of
the PCM. From the above, we have successfully prepared a
biocompatible temperature-controlled tailorable fibrous site-
specific drug release platform for tumor chemotherapy and the
study of the release profiles indicates that the IDDS allows for fast
and slow biphasic release kinetics, which has potential in multi-
drug packaging for synergistic therapies on solid tumors.

2. Materials and methods
2.1. Materials

Lauric acid (LA, 98%), stearic acid (SA, 99%), poly(e-capro-
lactone) (PCL, M,, = 80000 g mol '), polyurethane (PU, M,, =
100000 g mol ), rhodamine B (99%), chloroform (AR, 99%),
N,N-dimethylformamide (DMF) (AR, 99%), hydroxycamptothecin
(HCPT, 98%) and MTT kits were purchased from Aladdin
(Shanghai, China). The chemicals were used without further
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Scheme 1 Schematic representation of PCM-functionalized PU-PCL
coaxial nanofiber mat fabrication and controllable release of drug
molecules.

purfication. L929 cells and liver hepatocellular carcinoma (HepG2)
cells were purchased from BioCambridge (Nanjing, China).

2.2. Preparation of eutectic mixtures of LA and SA

LA and SA at different mixing ratios were put into a beaker and
heated under magnetic stirring (600 rpm). After heating at 90 °C
for 0.5 h, the samples were cooled down to room temperature in
air. After grinding at 25 °C, the samples were dried in a vacuum
oven for 10 h.

2.3. Fabrication of PCM-functionalized core-shell electrospun
nanofibers

PU (core)-PCL (sheath) fibers were obtained via coaxial electro-
spinning a PCL solution (22%, wt/v; N,N-dimethylformamide
(DMF)/chloroform (1:9, v/v) as a solvent) and a PU solution
(12%, wt/v; DMF as a solvent). Rhodamine B as a model drug
and PCM (mixture of lauric acid and stearic acid prepared before)
were added to the PU solution and PCL solution before electro-
spinning, respectively. The mass fractions of the mixture of LA and
SA to PCL ( fpcm) were set at 0.05 and 0.1. The core and sheath
solutions were fed in 1 mL syringes individually and connected via a
coaxial needle (25 G (inner), 18 G (outer)). The feed rate of the core
(PU) and sheath (PCL) solutions was set at 0.3 and 0.6 mL h™ ",
respectively. A positive voltage was applied at 13-15 kV. The distance
between the revolving flywheel to collect the fibers and the coaxial
needle was kept at 12 cm. For the cell viability test, pure core-shell
fibers and HCPT loaded core-shell fibers were also prepared under
the same conditions. As a control, pure PCL and PU fibers were
fabricated using the same parameters as coaxial electrospinning.

2.4. Cell culture

1929 cells and HepG2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS). The
cultures were maintained in a humid atmosphere at 37 °C under
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5% CO, and 95% air. The culture medium was replaced per two or
three days.

2.5. Cell viability test

To test the cytotoxicity of the prepared electrospun core-shell
fibers, we used L929 cells. The cells were seeded in 96-well cell
culture plates (6000 cells per well) for 24 h. To make extracts
from the fibers (1 mL DMEM was used to extract 0.5 cm’
fibrous membrane), the fibers were immersed in DMEM at
37 °C for 72 h. After filtering (0.22 pm filters), the extracts were
diluted using fresh DMEM. The cells were incubated with
the (diluted) extracts at 37 °C. After 24 h, 20 pL MTT reagent
(5 mg mL ") was added to each well, and then the cells was
incubated at 37 °C for 4 h. Next, the medium was carefully
removed and 150 pL. DMSO was added into each well to dissolve
the formazan crystals by incubating on a shaker for 20 min.
Finally, the absorbance of each well was detected using a
microplate reader at 492 nm (BIO-TEK, EL800). The viability
(relative growth rate, RGR) of the L929 cells was obtained via
comparing with that of untreated cells (which represents 100%
viability). The RGR was defined as:

RGR = A/A, x 100% (1)

A. is the absorbance of the experimental groups, and 4, is the
absorbance measured in the untreated group.

To evaluate the temperature-responsive release of HCPT
loaded core-shell fibers, we used HepG2 cells. The cells were
seeded in 96-well cell culture plates (6000 cells per well) for
24 h. The fibers were immersed in DMEM at 25, 37 and 39 °C
for 24 h, respectively. The HepG2 cells were incubated with the
sterilized release media for 24 h and 48 h, respectively. MTT
assay was employed to quantify the cell viability using the same
conditions used for L929 cells.

2.6. Invitro drug release studies

To evaluate the release of rhodamine B from the core-shell
electrospun fibers, several fiber mats with the same weight were
dipped in 10 mL PBS buffer solution (pH 7.4) at 25, 37 and
39 °C in a water-bath constant temperature vibrator (90 rpm). At
specified time intervals, 3 mL release media was taken out
for measurement (the concentration of rhodamine B was
measured using a UV-vis spectrophotometer at A = 553 nm)
and 3 mL fresh PBS was then supplemented. The cumulative
release of rhodamine B was calculated with eqn (2):

110G, +33 Gy
= e

CR (%) x 100 (2)

where C, and C,_, represent the concentration of rhodamine B
in the PBS buffer solution at n and n — 1 times, respectively. 7 is
the time of taking out the media and m, (mg) represents the
content of rhodamine B encapsulated in the electrospun fibers.

2.7. Hemolysis activity assay

2 mL anticoagulant sheep whole blood and 4 mL PBS
were added into a centrifuge tube, followed by centrifuging at
1000 rpm for 10 min. The surpernatant was taken out and
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10 mL PBS was added into the centrifuge tube. The above
operations were repeated 3 times. After centrifugation, the super-
natant was taken out and the red blood cells were obtained. 7 mL
PBS was added into the cell pellet to prepare the red blood cell
suspension. 500 pL red blood cell suspension and 500 pL sample
extract (5 mL PBS was used to extract 100 mg fibrous membrane)
were added into centrifuge tubes, followed by shaking mildly in
a thermostatic oscillator for 1 h at 36 °C. After centrifuging at
10000 rpm for 2 min, 100 pL solution was transferred into a
96 well plate and the absorbance of the top clear layer was
measured using an ultraviolet spectrophotometer at 540 nm.
PBS was used as a negative control and 0.1% Triton X-100 was
used as a positive control. The emolysis ratio (HR) was calculated
using the following equation

HR = AS/AP x 100% 3)

where AS is the absorption value of the samples and AP is the
absorption value of the positive reference.

2.8. Characterization of the electrospun fibers

Dried electrospun fibers were imaged by field emission scan-
ning electron microscopy (FE-SEM) (JSM-7600F, Hitachi,
Japan). Transmission electron microscopy (TEM) images of
the coaxial fibers were obtained via a TEM-2100 (Jeol, Japan)
microscope. Differential scanning calorimetry (DSC) curves of
the fiber membranes were measured in N, from 20 °C to 80 °C
at 10 °C min~' (V4.5A, America). The sample weight was
3-5 mg. The mechanical strength test of the fiber membranes
was performed with a commercial test machine (Sans,
UTM6502, Shenzhen, China). The samples (25 mm X 5 mm)
were tested at a speed of 2 mm min . The Young’s modulus of
the fiber membranes was manually calculated according to the
linear region of the stress-strain curve at 5% strain. An inverted
fluorescence microscope (IX53, OLYMPUS, Japan) was employed
to observe the fluorescent fibers. Fourier transform infrared
(FT-IR) spectra of the electrospun fibers were obtained using
a VERTEX 80 v FT-IR spectrometer from 4000 to 500 em L
X-Ray diffraction (XRD) patterns were obtained using an X-ray
diffractometer (Ultima IV, Rigaku, Japan) over a Bragg angle from

10° to 50° (Cu-Ka)) at a scan rate of 2° min~".

2.9. Statistical analysis

All data are expressed as mean =+ standard error (n = 3).
Statistical significance was analyzed by Student’s ¢ test with a
95% confidence level. Statistical significance was shown as
***p <0.001; **p < 0.01; *p < 0.05.

3. Results and discussion

3.1. Preparation and characterization of the PCM

To evaluate the thermal property of the PCM, differential
scanning calorimetry (DSC) thermograms were analyzed. Fig. Sla
(ESIY) exhibits the DSC curves of the mixtures of LA and SA with
different mass ratios (M) of LA to SA. Two or more peaks were
observed in each thermogram and the melting point was
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decreased with increasing mass ratio when the mass ratio
exceeded 5:5, while a single peak appeared in each curve in
the case of M < 5:5. Importantly, when M = 8:2 (4:1), a sharp
single peak was revealed at 39 °C, which was close to the
physiological temperature of the human body (37 °C). Accordingly,
we chose the binary mixtures of the two fatty acids (PCM) with a
mass ratio of 8:2 as the switch of temperature responsiveness.

Further characterization of the PCM was performed by the
Fourier transform infrared (FT-IR) spectroscopy and X-ray
diffraction (XRD) techniques. The FT-IR spectra were measured
to evaluate the synthesis of the PCM. As shown in Fig. S1b
(ESIt), LA, SA and PCM had the same peaks; 2924 cm™ " and
2855 cm™~ " were the symmetrical and asymmetrical stretching
vibration absorption of -CH,, 1710 cm™* was the stretching
vibration absorption of C—=0 and 943 cm ' was the out-of-
plane deformation vibration of O-H. LA and SA are fatty acids
with different numbers of carbon atoms so they had the same
main characteristic peaks. Compared with LA and SA, the FT-IR
spectrum of the PCM (the mixture of LA and SA) was not a
simple stacking of both. It turns out that physical interactions
existed after melt blending of the two fatty acids such as weak
van der Waals forces between hydrocarbon chains and strong
hydrogen bonds between polar groups.>® The X-ray diffraction
(XRD) pattern (Fig. Sic, ESIt) confirms the crystal structure of
the eutectic mixture and indicates that the heating process has
no influence on the structure.”*

3.2. Characterization of the electrospun fibers

The morphological structure, size and distribution pattern of the
diameter influence the drug release and mechanical properties of
the fibers.”> Hence, we utilized SEM and TEM to observe the
morphology of the nanofibers. Fig. S2 (ESIT) and Fig. 1a—c exhibit
the morphology of pure PCL, PU fibers and PU-PCL core-shell
fibers with different content of PCM. All the fibers showed
random arrangements without beads. In the process of coaxial

Fig. 1 Characterization of the morphology of the fibers. SEM graphs of (a)
PU-PCL core-shell fibers, (b) PU-PCL/PCM1 core-shell fibers (fopcm =
0.05) and (c) PU-PCL/PCM2 core-shell fibers (focm = 0.1). (d) TEM images
of PU-PCL/PCML1 core-shell fibers.
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electrospinning, the shell solution forms a shell containing the
inner solution, which can inhibit the Rayleigh instability of the
solution and also reduce the surface tension at the boundary
between the two solutions. The combination of the two solutions
makes the fibers more uniform. Therefore, the core-shell nano-
fibers show more uniform morphology than pure PCL and PU
nanofibers.?®?” Furthermore, the diameters of the nanofibers
were significantly influenced by the fiber structure. As Fig. S3f
(ESIt) indicates, coaxial nanofibers possessed larger average
diameters than uniaxial nanofibers.”®*® Additionally, the coaxial
nanofibers PU-PCL/PCM1 and PU-PCL/PCM2 incorporated with
PCM in the shell showed narrower distributions than the pure
PU-PCL coaxial nanofibers, which can likely be attributed to the
decrease in viscosity after incorporation of the PCM.?°* The
diameter distribution histograms of the series of nanofibers also
revealed the trend (Fig. S3, ESIt). The core and sheath of
the coaxial nanofiber were observed obviously from the TEM
image of a PU-PCL/PCM2 fiber (Fig. 1d). Significantly, PU was
completely wrapped by PCL.

FT-IR spectra were measured to investigate the preparation
of temperature-responsive core-shell fibers. As shown in Fig. S4a
(ESIt), the characteristic peaks of PCL were observed at 2946 cm ™"
(asymmetric CH, stretching), 2865 cm ' (symmetric CH,
stretching), 1724 cm ™' (C=O stretching) and 1242 cm™" (asym-
metric C-O-C stretching).>® The PU-related peaks appeared
approximately at 3432 cm ™' (-NH stretching) and 1538 cm™*
(-NHCO stretching). The FT-IR spectrum of HCPT-PU-PCL/
PCM presented peaks at 3436 cm™ ', 1728 cm™ " (C=O stretching),
1242 cm™ " (asymmetric C-O-C stretching) and 936 cm™" (out-of-
plane deformation vibration of -OH). Thus, the characteristic
peaks in the composite fiber clearly verified the successful
preparation of PCM loaded core-shell fibers.>® Fig. S4c (ESIt)
shows the DSC thermograms for the fiber samples of PU-PCL/
PCM1 ( fpcm = 0.05) and PU-PCL/PCM2 ( fpcm = 0.1). Two peaks
were presented at approximately 39 and 56 °C, which were
attributed to the PCM and PCL, respectively. The result further
proved that the PCM was successfully composited into the core-
shell fibers. Moreover, the results indicated that the PCM
was phase-separated in the fibers and no strong interactions
influenced the melting of the PCM. The intensities of the PCM
peaks clearly decreased with decreasing mass of PCM in the
fibers. Additionally, a slight decrease of melting temperature for
the fibers with increasing PCM was observed. As shown in
Fig. S4b (ESIt), the absence of diffraction peaks in the XRD
pattern indicated that PU was amorphous with no clear indication
of crystallinity. PCL had two diffraction peaks due to its semi-
crystalline nature. However, the composite fibers (PU-PCL, PU-PCL/
PCM1, and PU-PCL/PCM2) only showed two peaks at 21.4 and 23.7°
owing to the crystalline diffraction for the PCL chain segment.>>*°
No characteristic peaks of the PCM were observed in the coaxial
fibers. It can be hypothesized that all the PCM in the coaxial fibers is
amorphous and is evenly distributed.*”~

Favorable mechanical integrity is indispensable to a success-
ful drug delivery platform that should be able to withstand the
stress in vivo and temporal loading regimes after being
implanted.>® Poor mechanical properties can bring a potential
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threat of treatment failure and are not conductive to integration
with surrounding tissue. To confirm that the prepared fiber
mats have enough mechanical strength to maintain integrity
and stability in vivo, the mechanical properties of the mats were
evaluated.>®*° Obviously, the maximum elongation of the
PU-PCL/PCM1 coaxial fibers was significantly higher than that
of pure PCL fibers while keeping a higher modulus and tensile
strength (Fig. 2a and b). As shown in Fig. 2c and Fig. S5 (ESIt),
the stress-strain curves, mechanical property histogram and
data of the fiber mats are presented. The pure PCL fibers
exhibited a tensile strength of only 5.3 MPa and the coaxial
PU-PCL fibers exhibited a tensile strength of 20.5 + 0.4 MPa,
approximately fourfold that of the pure PCL fibers. Fiber mats
PU-PCL/PCM1 and PU-PCL/PCM2 also exhibited improved
tensile strength that reached 19 and 17.1 MPa, respectively
(Fig. S5a, ESIt). In addition, the Young’s moduli of the fibers
showed a similar trend (Fig. S5c, ESIt). The Young’s moduli
were 69.3 £ 0.6, 43.3 + 1.6, 41.22 £ 0.8, and 24.8 + 1.1 MPa for
the PU-PCL, PU-PCL/PCM1, PU-PCL/PCM2, and PCL mats,
respectively (Table S1, ESIT). Similarly, the PU-PCL coaxial fiber
mats indicated a significant improvement of the elongation at
break (Fig. S5b, ESIt). The elongation at break of the fiber mats
presented a linear increase gradually from 77.2% for PCL to
169.5, 178.3 and 221.4 for the PU-PCL, PU-PCL/PCM1, and
PU-PCL/PCM2 mats, respectively. All the results exhibited that
PU as a reinforcement and toughening material incorporated
in composite nanofibers clearly enhanced the mechanical
properties including the tensile strength and elongation at
break compared with pure PCL fibers. Additionally, it turned
out that the incorporation of the PCM into the coaxial fibers
decreased the tensile strength and Young’s moduli to some
extent. Generally, there is a positive correlation between the
material tensile strength and intermolecular force and greater
intermolecular force will usually provide polymers with stronger
tensile properties.**™** Hence, we speculate that the PCM with low
molecular weight reduced the interaction between polymer chains
leading to lower tensile strength of the PU-PCL/PCM1 and PU-PCL/
PCM2 mats. Moreover, integration of a PCM into polymers could
reduce inflexibility and improve the flexibility, as indicated by the
Young’s moduli and elongation at break of the composite. The
mechanical properties, as indicated by the prepared fibers with the
appropriate mechanical properties, confirmed that the coaxial fiber
membranes are durable enough for clinical application and are
promising materials as implantable drug delivery devices.

—pCL
——PU-PCL

251 eupcupom
PU-PCLIPCM2

20 e

/
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50 100 150 200 250
Strain (%)

Fig. 2 Mechanical properties of the fibers. Photograph of (a) the PCL
fibrous membrane versus (b) the PU-PCL/PCML1 fibrous membrane under
a tensile test, and (c) stress—strain curves of different fibrous membranes.
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3.3. Invitro drug release studies

To investigate the drug release profiles, the fiber mats were
immersed in PBS (pH 7.4, to mimic the physiological environ-
ment) under different conditions. The fluorescence optical
micrograph of the core-shell fibers obviously indicated that
rhodamine B was encapsulated in the fibers (Fig. S6, ESIt).*?
The core-shell fibers exhibited a characteristic absorption peak
at 553 nm in UV-vis spectroscopy, further verifying the successful
encapsulation of the model drug (rhodamine B) in the composite
fiber (Fig. S7, ESIt).** Additionally, UV-vis spectroscopy indicated
no change at different temperatures, revealing the stability of the
drug delivery system.*®

Fig. 3a indicates the release performance of model drug
rhodamine B in coaxial nanofiber mat PU-PCL/PCM2 (fpcum = 0.1)
at various temperatures. It can be visually observed that fiber mat
PU-PCL/PCM2 showed similar release profiles at 25 and 37 °C,
which was a result of the controlled release by the coaxial structure
of the fibers. In other words, the drug release rate slowed down
below 39 °C. The membranes released 34.4% and 37.2% of the
drugs at 25 °C and 37 °C over 10 h, respectively. This phenomenon
can be assigned to the enrichment of partial rhodamine B on the
fiber surface during electrospinning. Even though the rhodamine
B was supposed to be completely encapsulated in the core of the
nanofibers, the model drug molecules tended to migrate to the
surface of the polymer due to the electrostatic interactions in
the high voltage electrospinning process so that they cannot be
completely encapsulated in the PU core fiber. Furthermore, the great
solubility in water and small molecular weight cause rhodamine B to
permeate into the water medium from the polymer. Hence, the
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Fig. 3 (a) Release profiles at 25, 37 and 39 °C of model drug rhodamine B
from PU-PCL/PCM2 fibers (fopcm = 0.1) in PBS at pH 7.4; the inset is the
release media under different temperatures at 2 h (from left to right are
pure PBS solution, and release media at 25, 37 and 39 °C, respectively); the
upside is the illustration of the drug release mechanism under different
temperatures. (b) Release profiles at 39 °C of rhodamine B from PU-PCL/
PCML1 fibers (fpcm = 0.05) and PU-PCL/PCM2 fibers (fpcm = 0.1) in a PBS
buffer solution at pH 7.4; the inset is the release media for PU-PCL/PCM1
and PU-PCL/PCM2 at 2 h, 39 °C (from left to right are pure PBS solution,
and release media for PU-PCL/PCM1 and PU-PCL/PCM2, respectively);
the upside is the illustration of the drug release mechanism for the fibers
with different content of PCM.
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release profile presents a certain release of rhodamine B below
39 °C. In contrast, on heating at 39 °C, the fiber mats PU-PCL/
PCM2 allowed a significantly fast release (approximately 90% of
rhodamine B released) over the same period. The color of the
release media under different temperatures at 2 h also obviously
showed the different release rate of the fibers and the shade of
the color depends on the amount of release of rhodamine B; a
darker color indicates more release. The fast release could be
attributed to the melting of the PCM incorporated in the PCL
sheath under the phase transition temperature. Pores formed
with the melting of the PCM, leading to increasing paths for
molecules to move from the fibers. Drug release from polymer
carriers can be classified into two types: (i) release with the
degradation or erosion of polymer matrixes and (ii) release via
diffusion from polymer matrixes.’® The pores in the fibers
accelerated the erosion rates of the polymer matrixes and
produced more paths that can promote molecules to diffuse
from the polymer matrixes. Furthermore, Fig. 3b indicates the
release curves of the fiber mats PU-PCL/PCM1 and PU-PCL/
PCM2 at 39 °C. The fiber mats with different content of PCM in
the PCL sheath presented diverse release rates under the same
conditions. During 2 h, ~74% of rhodamine B was released
from the sample PU-PCL/PCM2 and the remaining rhodamine
B was released gently and sustainably during 8 h. Nevertheless,
the release of rhodamine B from fiber mat PU-PCL/PCM1 to the
media was slow and only ~48% of the model drug was released
during 2 h. Similarly, the remaining rhodamine B was released
slowly and sustainably and the PU-PCL/PCM1 mat only allowed
the release of ~59% during 10 h. In a word, the cumulative
rhodamine B release for the PU-PCL/PCM2 mat was higher than
that of the PU-PCL/PCM1 mat. This can be attributed to the
differences of the amount of PCM in the PCL sheath of
the fibers, which led to differences in pore size, aperture
distribution and surface area when the PCM melted at 39 °C.
The color of the release media for the two membranes also
obviously showed the same trend.

In this paper, a zero-order kinetic model, first-order kinetic
model, Higuchi kinetic model, Korsmeyer-Peppas empirical
model and biexponential and biphasic kinetic model were used
to fit the in vitro release data. R-Squared (R?) is used to judge the
degree of fitting.”’ > As Table 1 indicates, the biexponential
and biphasic kinetic model (R*> > 0.99) shown in eqn (4) could
be applied to analyze the release mechanism of rhodamine B

Table 1 Results of fitting the curves of in vitro release
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from the coaxial fibers PU-PCL/PCM1 and PU-PCL/PCM2
at 39 °C.

Qo — Q = 4e™ + Bel* (4)

The biexponential and biphasic kinetic model consists of
fast (burst release) and slow (sustained release) phases. The fast
phase reflects the burst release effect of the drug carrier on the
initial release and the slow phase reflects the controlled release
effect of the drug carrier. In this equation, Q, is a constant; Q
represents the cumulative drug release rate; and « and f are the
release rate constants of burst release and sustained release,
respectively. A and B are the kinetic constants of burst release
and sustained release, respectively.

Table S2 (ESIt) plots the experimental data after fitting
eqn (1). The fitting results were perfectly consistent with the
release behavior; in the initial periods, the PCM melted at
39 °C, which contributed to the burst release of the rhodamine
B in the surface of the fibers to the PBS buffer, whereas in the
middle and later periods, the remaining model drug slowly
diffused from the core of the fibers and was released sustain-
ably to the medium (Fig. S8, ESIt).

3.4. Cell viability

The cytotoxicity assessment shown in Fig. S9 (ESIt) confirmed
the nontoxicity of the prepared coaxial fibers. Obviously, the
extracts of the fibers indicated a significant effect on the cell
viability.>**> HCPT was chosen as a model anticancer drug. To
verify the structure of HCPT loaded in the membrane, the FT-IR
spectra were investigated. As indicated in Fig. S10 (ESI}), the
stretching vibration absorption of C—=0 (1728 cm ') moved to
a lower wave number (1700 cm™ ") when HCPT was loaded in
the membrane. This indicated that hydrogen bonds exist
between the drug molecule and the carrier. We speculate that
the hydrogen bonds formed between -OH of HCPT and -C—=0O
of the polymer. To further evaluate the temperature-responsive
drug release of the core-shell fibers, the cell viability after
treatment with the extract was examined using the HepG2 cell
line as model cancer cells.’® The in vitro release of HCPT from
the coaxial fibers was performed in DMEM at 25, 37 and
39 °C.”” The extracts were collected 24 h and 48 h after
incubation. The groups of PU-PCL and PU-PCL/PCM were
investigated for a control. MTT assay was applied to evaluate

Model

Zero order kinetics

First order kinetics

Higuchi

Korsmeyer-Peppas

Biexponential and biphasic kinetics

PU-PCL/PCM1

Zero order kinetics

First order kinetics

Higuchi

Korsmeyer-Peppas

Biexponential and biphasic kinetics

PU-PCL/PCM2
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Regression equation R

0 = 0.26¢ + 0.0402 0.6227
In(1 — Q) = —0.0654¢ — 0.3594 0.7296
Q = 0.1288t"% + 0.2217 0.8079
InQ =3.5868 + 0.2316Int 0.8751
0.2334 — Q = 0.5785e~ 2319 + 0,7002¢ 017! 0.9987
Q = 0.4563t + 0.0549 0.5505
In(1 — Q) = —0.2585¢ — 0.6331 0.7962
0 = 0.2219¢t2 + 0.3021 0.7529
InQ =4.1176 + 0.1835Int 0.8736
0.9337 — Q = 0.2813e~*2188 1 0,9086e 35156 0.9984
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Fig. 4 HepG2 cell viability quantified by MTT assay. The cells were treated
with the release media for (a) 24 h and (b) 48 h.
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Fig. 5 (a) Hemolytic percentage and (b) pictures from the hemolytic
activity test of the PU-PCL/PCM core-shell fibers.

the cell viability after treatment with the extract for 24 h and
48 h (Fig. 4a and b). It is obvious that temperature had a
negligible influence on cell viability when treating the cell with
extracts of the HCPT-PU-PCL mat. On the other hand, the cell
viability was clearly lower when treating with HCPT-release
media of HCPT-PU-PCL/PCM mats at 39 °C compared with
lower temperatures (25 and 37 °C). Furthermore, the HCPT-
PU-PCL/PCM mat presented prominent lower cell viability than
the HCPT-PU-PCL mat at 39 °C. This result showed that
the PCM played a role in temperature responsiveness. Both
incubation times (24 h and 48 h) exhibited a similar trend.
Therefore, the cytotoxicity test further proved the temperature-
responsiveness of the drug delivery system.

Good biocompatibility is essential to drug carriers. An in vitro
hemolysis test was performed to evaluate the hemocompatibility
of the PU-PCL/PCM membranes. Fig. 5b indicates the significant
difference in color between the two electrospun membranes, PBS
(negative control) and 0.1% Triton X-100 (positive control). The
electrospun membrane groups were almost transparent, which
was similar to the negative control group, while the positive
group was bright red. As shown in Fig. 5a, the PU-PCL/PCM1 and
PU-PCL/PCM2 membranes exhibited very low hemolysis ratios
(2.7% and 3.1%, respectively). When the amount of PCM was
added, the hemolysis ratios showed no obvious increase.

4. Conclusion

In this work, we have successfully presented a tunable temperature-
responsive site-specific drug-delivery platform, comprising PU-PCL
composite elctrospun fibers incorporated with PCM by a simple
coaxial electrospinning technique. The PCM-functionalized coaxial

13062 | New J. Chem., 2021, 45,13056-13063
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fibers exhibited a uniform core-sheath morphology that could
enhance the controlled release with a core of PU and a PCL shell
and showed enhanced mechanical properties to meet require-
ments for cancer treatment after implantation. The in vitro
release profiles and the result of cytotoxicity indicated that the
encapsulated molecules were released significantly faster above
39 °C than those at lower temperatures within the same incuba-
tion time. More importantly, the release profiles were analyzed by
different kinetic models and the result indicated that the release
of the drug from the nanofibers followed fast and slow biphasic
release kinetics, which is promising in multidrug packaging for
synergistic therapies. In fact, the system has potential to be
combined with photothermal therapy (PTT) and we anticipate
that the drug delivery system could perform as an effective
platform for tumor therapy.
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