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Abstract
In this work, pH/temperature dual-sensitive polymers of P(NVCL-co-MAA) with the increased low critical solution temperature
(LCST) values of about 37 °C that differed from that of ~ 32 °C of pure poly(N-vinyl caprolactam) (PNVCL) were synthesized
via radical polymerization. Then the nanofibers of P(NVCL-co-MAA) and its cospinned nanofibers with nifedipine (NIF) as drug
model were fabricated by electrospinning method. Structures and the interactions within the components were detected by FT-IR,
NMR, and XPS methods. The dual-responsive properties and the controlling release of the drug were investigated by water
contact angle tests and in vitro drug release tested by UV-vis spectrophotometer. SEM was conducted to demonstrate the
morphology of the nanofibers and the obvious improved stabilized morphology of the modified system within the aqueous
media. The maintained morphology within the media and the obvious elongated releasing period of over 150 min at 37 °C and
with pH of 1.99 both proved the promising prospects of the fabricated nanofibers as excellent carrier in drug delivery system.

Keywords pH/temperature dual sensitive . P(NVCL-co-MAA) . Electrospinning . Drug delivery

Introduction

As one kind of temperature-sensitive polymer, poly (N-vinyl
caprolactam) (PNVCL) has been widely researched in recent
years [1]. It could be transformed into sponge-like phase
changes above the low critical solution temperature (LCST,
at about 32 °C) and would result in the dehydration of solution
with the increase of the temperatures. Eventually, it would
occur that the phase separation and the hydrophilic PNVCL
could be transferred to the hydrophobic material [2, 3].
Therefore, the characters would further contribute it to the
potential applications as drug carrier and/or with function of
temperature switch [4]. In addition, the unreleasing behaviors
of any toxic amine molecules while hydrolyzing and the bio-
compatibility make it available for the application in biomed-
ical research [5, 6], such as drug delivering, enzyme capturing,
and tissue engineering. However, the relative lower LSCT
values of PNVCL than that of human physiological tempera-
ture (37 °C) restricts it to be used in delivering medicines in

the human body. Moreover, the single temperature-sensitive
property would usually make it unsatisfied to meet the de-
mands in many practical applications. Hence, the materials
with adjustable LCST values and especially with multiple
responsive properties to pH values [7], to magnetic [8] or light
[9] response, are all currently underway researched.

Various shapes of PNVCL-based materials with potential
applications as drug carriers have been fabricated, including
nanogel [10], microgel [5], and nanofibers [11]. Electrospun
nanofibers present the advantages of larger specific surface
area and high porosity, which is beneficial to drug loading.
Electrospinning, on one hand, is fast developing to coaxial
[12], modified coaxial [13], tri-axial [14], side-by-side [15],
and other multifluid processes [16]. On the other hand, many
efforts have been spent on the creation of nanofibers on a large
scale [17]. However, the filament-forming polymer matrices
are always limited with a selection from slightly over 100
types, and thus new electrospinnable polymers are always
highly desired to support the unspinnable fluids for expanding
the capability of electrospinning [18]. As one kind of typical
and common used drug model to treat angina and high blood
pressure, nifedipine (NIF) has relative short effect period and
thus usually it needed frequent intakes, which would enlarge
the blood pressure variability and increase mortality of coro-
nary heart disease (CHD) patients [19]. Nevertheless, the

* Dongyan Tang
dytang@hit.edu.cn

1 School of Chemistry and Chemical Engineering, Harbin Institute of
Technology, Harbin 150001, China

Colloid and Polymer Science (2020) 298:629–636
https://doi.org/10.1007/s00396-020-04647-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s00396-020-04647-y&domain=pdf
mailto:dytang@hit.edu.cn


drug-loaded-sensitive PNVCL nanofibers fabricated by
electrospinning could avoid the sudden release of drugs effec-
tively, and with the on-off release characters during the trans-
formation of nanofibers from hydrophobic to hydrophilic state
[11]. Moreover, many research have been reported that, by the
copolymers of NVCL monomer with other monomers, the
LCST could be modulated effectively [20, 21].

It is known that pH values in different parts of the body are
different, such as the values of pH in the stomach and intes-
tines are about 1–3 and 6–7, respectively [22]. And by intro-
ducing pH-sensitive monomers into PNVCL, pH/temperature
dual-sensitive system could be fabricated [23, 24] and the
physical properties would be varied with the changing of pH
values of medium or the temperatures of the environments [7,
25]. The structures of pH-sensitive monomers usually contain
acidic or basic groups that can be ionized and can respond to
the changing pH of the environment, these monomers include
methacrylic acid (MAA) [26, 27], acrylic acid (AA) [28, 29],
and maleic acid (MA) [30]. Moreover, some research have
indicated that PNVCL polymerized with some hydrophilic
monomers could increase its LCST values obviously [31].
Therefore, through polymerizing with such monomers, the
LCST and hydrophobicity of PNVCL could be adjusted, and
the synthesized copolymers could have promising applica-
tions as pH/temperature dual-sensitive drug delivery systems.

Here, in order to obtain pH/temperature dual-sensitive
characters and to further improve the water stability and in-
crease the LCST values to that close to 37 °C, we synthesized
the polymers of P(NVCL-co-MAA) via radical polymeriza-
tion, and fabricated the P(NVCL-co-MAA) nanofibers and
P(NVCL-co-MAA)/NIF drug-loaded nanofibers by
electrospinning method. The structure, morphology, and pH/
temperature dual-sensitive and drug release behaviors from
nanofibers have all been investigated in details. The results
showed that P(NVCL-co-MAA) nanofibers with
temperature/pH-responsive properties could be a useful drug
carrier and have potential applications in the fields of wound
healing and peroral treatment.

Experimental section

Materials

All the reagents used in this work were commercially available
and used directly without further purification. Methacrylic acid
(MAA, AR), dimethylformamide (DMF, AR), and methanol
(99.5%) were provided by Xilong Chemical Co., Ltd.
(Guangdong, China). N-vinylcaprolactam (NVCL, 98%) and
2,2′-Azobis(2-methylpropionitrile) (AIBN, 98%) were pur-
chased from Aladdin Chemical Co., Ltd. (Shanghai, China).
Nifedipine (NIF, AR) was obtained from Jianyuan Chemical
Co., Ltd. (Wuhan, China).

Synthesis of PNVCL and P(NVCL-co-MAA)

The copolymers of P(NVCL-co-MAA) were synthesized via
radical polymerization with different mass ratio of NVCL/
MAA (90/10, 75/25, 65/35, and 60/40). A fixed amount of
NVCL (5 g/mL) and a different amount of MAA (0.67, 2.00,
3.23, and 4.00 g) were dissolved completely in methanol
(30 mL) and reacted in a sealed three-necked flask. Under a
dry nitrogen atmosphere, the solutions in flask were heating to
the temperatures of up to 70 °C, then AIBN (60 mg) was
added as initiator. After stringing for 5 h at 70 °C and remov-
ing methanol by evaporation, the obtained copolymers of
P(NVCL-co-MAA) were recrystallized by n-hexane for three
times and dried at 50 °C overnight.

To compare with the copolymer, NVCL (6 g) was dis-
solved in 30-mL methanol and placed into a three-necked
flask, after delivering N2 into flask and heating to 70 °C,
AIBN (60 mg) was added as initiator. The following process
was the same as the synthesis of copolymer. The obtained
PNVCL had a weight-average molecular weight (MW) range
from 26,400 to 9580 g mol−1.

Fabrication of nanofibers of copolymers
and copolymers with NIF

The above-obtained PNVCL and P(NVCL-co-MAA) were
respectively dissolved in DMF to prepared 0.5 mg/L concen-
trations solutions, then stirred for 3 h at room temperature to
form homogeneous spinning solutions. To prepare the poly-
mer nanofibers, the spinning solutions were refilled with
2-mL syringes connected to needles with diameter of 2 mm,
then the electrospinning processes were carried out at a feed-
ing rate of 0.9 mL/h, a collecting distance of 15 cm, a voltage
of 15 kv, and at room temperature. By the same way, the drug-
loaded nanofibers were prepared by mixing NIF with
P(PNVCL-co-MAA), in which the mass percentage concen-
tration of NIF was 4.2% within the spinning solutions, and
then the electrospinning proceeded under the same
parameters.

Structural characterizations, morphology
observations, and dual-responsive behavior detection

Infrared spectra of PNVCL and P(NVCL-co-MAA) with KBr
pellets were recorded on a FT-IR spectrometer (FT-IR, Perkin
Elmer) in the range from 450 to 4000 cm−1. The chemical
structure of polymers was analyzed by 1H NMR (Bruker
AV400 spectrometer) in CDCl3.

X-ray photoelectron spectra of nanofibers were recorded
on an ESCALAB 250 Xi (XPS, USA) using a standard source
Al kα X-ray (12.5 kv and 250 w). Scanning electron micros-
copy (SEM, Merlin Compact, GER) was used to observe the
morphology of electrospun nanofibers.
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The pH/temperature dual-sensitive properties of polymers
and fabricated nanofibers were investigated by UV-vis spec-
trometer (760CRT, INEAA, CN) and water contact angles
(CA, JC-200, Shanghai Solon Information Technology, CN)
detection, respectively.

The stabilities of the nanofibers in aqueous media
and in vitro drug release test of NIF
from the nanofibers

To further evaluate the possibilities of the release behavior of
NIF in nanofibers, the stabilities of the nanofibers in aqueous
media were detected by immersion experiments. Briefly, tiny
droplets of ultra-pure water were dropped onto the nanofibers.
Then after drying at 50 °C overnight, the morphologies of the
nanofibers were observed by SEM images.

In order to simulate the physiological environment, the
phosphate buffer saline (PBS) solutions with pH values of
1.99 were used for the drug release test. Five milligrams of
the P(NVCL-co-MAA)/NIF nanofibers was immersed in
10 mL of above PBS solutions and then put into a shaker.
At 37 °C and with selected intervals, the concentration of
NIF in PBS solutions was detected by a UV-vis spectrometer
at a wavelength of 332 nm, and the regressed standard equa-
tion of NIF was described as follows:

A ¼ 0:01272� c−0:07227 R2 ¼ 0:996
� � ð1Þ

where A and c (μg/mL) are the absorbance and the concentra-
tion of NIF, respectively.
Under the same experimental conditions and intervals, three

samples of NIF solution were being taken and the averaged
concentration of NIF was obtained by UV-vis testing. Finally,
the accumulated amount of the releasing NIF was calculated
by the following equation:

Q ¼ c� w
w� m� 1000

� 100% ð2Þ

where Q is the amount of NIF released (%), c is the
concentration of NIF in PBS solution (μg/mL), w is the
mass percentage concentration of NIF in nanofibers
(wt%), and m is the weight of P(PNVCL-co-MAA)/
NIF nanofibers (mg).

Result and discussion

Structure analysis

The chemical groups of synthesized P(NVCL-co-MAA)
were investigated by FT-IR spectroscopy. As shown in
Fig. 1a, compared with that of PVCL, for the spectrum of
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Fig. 1 FT-IR spectra of PVCL,
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Fig. 2 1H NMR spectra of P(NVCL-co-MAA) in CDCl3
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P(NVCL-co-MAA), a new peak appeared at 1729 cm−1

could be ascribed to the stretching vibration of -COOH that
belonged to MAA [32]. While the spectrum of P(NVCL-
co-MAA) also displayed the characteristic band of NVCL,

the C=O with stretching vibration peak is at 1608 cm−1

[33], that indicated the successful polymerization of
P(NVCL-co-MAA). Furthermore, after polymerization,
the band of C=O occurred red-shifted compared with the
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Fig. 4 SEM images of PNVCL (a) and P(NVCL-co-MAA) nanofibers with different weight ratios (90/10 (b); 75/25 (c); 65/35 (d); 60/40 (e)). The insets
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spectrum of NVCL (1658 cm−1) (Fig. 1a), and there was no
obvious absorption peak of -OH band in the spectrum of
P(NVCL-co-MAA), suggesting the forming of intramolec-
ular hydrogen bonds between the H atom of carboxyl (in
NVCL) and O atom of carbonyls (in MAA) [11].

Moreover, drug-loaded nanofibers of PNVCL/NIF and
P(NVCL-co-MAA)/NIF were fabricated by co-spinning of
polymers with NIF. As FT-IR spectrum is shown in Fig. 1,
after introducing NIF, PNVCL/NIF and P(NVCL-co-
MAA)/NIF the characteris t ic peaks appeared at
1528 cm−1, associated with the stretching vibration of
the benzene ring in NIF unite [34]. In addition, the NIF
characteristic peaks in the co-spinned nanofibers weak-
ened obviously, indicating the successful introduction of
NIF into the electrospun nanofibers. Furthermore, com-
paring the spectrum of P(NVCL-co-MAA), the variety
of the position and the intensity of C=O stretching vibra-
tion peak in P(NVCL-co-MAA)/NIF indicated the linkage
of hydrogen bonds formed between the copolymer and
NIF.

1H NMR spectrum was used to confirm the structure
of P(NVCL-co-MAA) (Fig. 2). The δ at 1.74 ppm (peak
f) resulted from methyl resonances of MAA units. In

addition, the methylene resonances that connected with
N on the C-C long chain directly appeared at 4.92 ppm
(peak b) [11]. The δ at 3.22 and 2.48 ppm (peak c and d)
were respectively ascribed to protons in methine (con-
nected with N) and protons in methylene (connected with
carbonyl) of the heterocyclic ring [35]. The protons in
methylene group of C-C long chain and the protons in
heterocyclic ring overlapped each other, and the δ was
observed between 1.89 and 0.92 ppm (peak a and e)
[36]. These results all suggested that P(NVCL-co-
MAA) was prepared successfully. In addition, the mass
ratio of NVCL and MAA in the co-polymers was calcu-
lated by the integration of the peak areas in 1H NMR
spectrum, which was about 73:27 and different from the
initial monomer ratio.

XPS analysis was used to investigate the surface element
composition of P(NVCL-co-MAA) and P(NVCL-co-MAA)/
NIF nanofibers, as shown in Fig. 3. Comparing the single peak
of N 1 s in P(NVCL-co-MAA), there exhibited three peeks of
N1s for P(NVCL-co-MAA)/NIF, the peaks at 397.7, 399.8,
and 398.7 eV associated with nitrogen atom in heterocyclic
ring [37], nitroso-group [38], and imino group [39], respec-
tively. Moreover, after blending with NIF, the atomic concen-
tration of N increased slightly from 3.3 to 3.72%, might prob-
ably owe to the existence of the NIF particles within the nano-
fibers, rather than the attachment to the outside of the
nanofibers.

Morphology, water stability,
and pH/temperature-responsive behavior

As shown in Fig. 4, the SEM observation was conducted
to explore the morphology of nanofibers, and the fiber
diameter distribution was calculated through SEM im-
ages using the Nano Measure software. The PNVCL
nanofibers were smooth and uniform with average diam-
eters of about 0.43 μm, while the P(NVCL-co-MAA)
with 90/10, 75/25, and 60/40 weight ratios nanofiber
showed un-smooth, bending characters, and with some
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droplets. In addition, the P(NVCL-co-MAA) with 65/35
weight ratio nanofiber’s morphology was uniform with-
out the formation of droplets, in which a single indepen-
dent fiber could be observed and the average diameter
was about 1.76 μm. Hence, P(NVCL-co-MAA) (65/35
weight ratios) was used to fabricate the drug-loaded
nanofibers.

Subsequently, to explore the hydrophilic characteristic of
PNVCL and P(NVCL-co-MAA) that changes with tempera-
ture, contact angles tests were taken at 25 °C and 40 °C, and
for the same fibrous membrane, the samples were tested for
three times and then an average value was calculated. As
shown in Fig. 5, when temperature changed from 25 to
40 °C, the contact angles on the surface of PNVCL and
P(NVCL-co-MAA) nanofiber films increased obviously,
which revealed that both of these polymers showed
temperature-sensitive property. Moreover, the difference of
the contact angles for the polymer with 90/10 weight ratios
was the most obvious ones; therefore, the sample was used for
further dual-responsive behaviors detection. Although as hy-
drophilic monomer for MAA, P(NVCL-co-MAA) was more
hydrophobic with higher contact angles while testing com-
pared with that of PNVCL, which might due to most of the
carboxyl in MAA unite could form intramolecular hydrogen
bond, this result was in good consistency with the analysis
from FI-IR.

The transmittance at different temperatures of the PNVCL
and P(NVCL-co-MAA) nanofibers was studied by ultraviolet
spectra analysis and the target wavelength during detection
determination was set as 500 nm (as shown in Fig. 6a).

Hence, the LCST of P(NVCL-co-MAA) was 36.8 °C, higher
than that of PNVCL (32 °C). By adjusting the pH values, the
LCST of P(NVCL-co-MAA) could be changed theoretically
owing to the existence of MAA. Then, the transmission spec-
trum curves of P(NVCL-co-MAA) at different pH values in
PBS solutions were detected. As shown in Fig. 6b, the LCST
values of copolymer were 36.4, 36.8, and 34.1 °C when pH
was 1.99, 5.20, and 7.40, respectively. Consequently, it could
be seen that introducing MAA could not only increase the
LCST values of copolymer to the value of 37 °C, much more
make the temperature close to the physiological temperature
of human body, but also add the pH-responsive property into
the fabricated system. Thus, copolymer of P(NVCL-co-
MAA) was pH/temperature dual sensitive through changing
the temperature or pH values.

The stabilities and the controlled drug release
behavior detection

The stabilities of the nanofibers in aqueous media were one of
the conditions that were applied in drug releasing. In this
work, the morphography of nanofibers with and without the
contacting of water were observed by SEM images. As shown
in Fig. 7a and b, PNVCL and PNVCL/NIF nanofibers
contacting with water were dissolved rapidly and thoroughly.
Hence, the PNVCL/NIF nanofibers were uneasy to maintain
in the morphology within the aqueous solution, and thus dif-
ficult to control in releasing the drug. Contrary to that of
PNVCL and PNVCL/NIF nanofibers, the morphology of
P(NVCL-co-MAA) and P(NVCL-co-MAA)/NIF nanofibers
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(Fig. 7c and d, respectively) kept the original morphology
mostly after contacting with water. Therefore, polymerization
withMAA could improve the hydrophobicity and the stability
of PNVCL in the aqueous solution that provides the possibil-
ity of the nanofibers to be used within aqueous solution.

To further investigate the release behavior of NIF from
P(NVCL-co-MAA)/NIF nanofibers, the changes of absor-
bance were detected within 150 min at 37 °C and with pH
of 1.99, then the cumulative release of NIF doses were calcu-
lated. As seen from the release curve (Fig. 8a), the NIF release
reached 33.4% within 10 min. With the increasing time, the
rates of drug release decreased gradually. Until the time was
that from 135 to 150 min, the cumulative drug release reached
68.9% without further obvious increasing. In conclusion, the
drug-loaded P(NVCL-co-MAA)/NIF nanofibers kept fiber
morphology stable at 37 °C and with pH of 1.99, and NIF
sustained release at certain time, which effectively controlled
the drug release and could keep for more than 150 min. Thus,
P(NVCL-co-MAA)/NIF electrospun nanofibers with pH/
temperature dual-sensitive property had potential application
in drug-releasing system and could effectively control the
drug release.

Conclusions

Here, we successfully synthesized the pH/temperature dual-
sensitive copolymers of P(NVCL-co-MAA) via radical poly-
merization, then the nanofibers and drug-loaded nanofibers
were fabricated by electrospinning. The introduction of
MAA contributes to the system of P(NVCL-co-MAA) pH/
temperature sensitive and with improved LCST values at
about 37 °C. Moreover, the P(NVCL-co-MAA) nanofibers
had a better water stability that differed from pure PNVCL
nanofibers obviously. In addition, after blending with NIF,
the morphology of P(NVCL-co-MAA)/NIF nanofibers was
in smooth, uniform morphology and was of stability while
contacting with water. The release behavior of NIF from
P(NVCL-co-MAA)/NIF nanofibers showed an elongated
and continuous releasing, and the cumulative drug release
reached 68.9% at 150 min, which implied that the pH/
temperature dual-sensitive P(NVCL-co-MAA) nanofibers
could control the drug release effectively and had potential
applications in drug carriers and delivery systems.
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