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In this study, stimuli-responsive nanofibers (NFs) were successfully prepared via electrospinning method. Poly(N-isopro-
pylacrylamide-co-acrylamide-co-vinylpyrrolidone) P(NIPAAM-AAm-VP) was used as the material for preparing the elec-
trospinning NFs. Doxorubicin (Dox)-loaded NFs were prepared and characterized by XRD, Scanning electron
microscopy and FTIR. A response surface methodology was used to evaluate the effect of key parameters on the fiber
diameter. The cytotoxicity of Dox-loaded NFs was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, a tetrazole assay on lung cancer A549 cell lines. In vitro cytotoxicity assay showed that the P(NIPAAM-AAm-
VP) fibers themselves did not affect the growth of A549 cells. Antitumor activity of the Dox-loaded fibers against the
cells was kept over the whole experimental process, while that of pristine Dox disappeared within 48 h. Drug release pat-
tern from these systems is in zero order and drug release rate is not dependent on drug/polymer ratio in different implant
formulations. These novel NFs were stable and preserved their morphology even after incubation in release medium (pH
7.4, 37 °C), while collapsed and dispersed quickly in aqueous solution of acidic medium at room. The reported incorpo-
ration of stimuli-responsive properties into NFs takes advantage of their extremely large surface area and porosity and is
expected to provide a simple platform for smart drug delivery.

Keywords: nanofibrous scaffold; Box–Behnken design; electrospinning; cytotoxicity; doxorubicin; sustained release

1. Introduction

The principle of controlled-release drug therapy involves
the delivery of a predetermined amount of drug, over a
specified period of time, in a predictable behavior. The
aim of all controlled-release systems is to develop the
effectiveness of drug therapy.[1,2] Recently, there has
been a growing attention in the development of novel
drug delivery systems (DDSs) to improve the effective-
ness of chemotherapy and efficiency of radiotherapy after
chemotherapy, to reduce toxic side effects of anticancer
drugs, and to achieve stable storage and selective target-
ing.[3,4] At the heart of these progresses is the electros-
pinning method, which plays an important role in the
production of nanoscale fiber of biomaterials ranging
from polymers and ceramics to their composites. Inpar-
ticular, many natural and synthetic polymers have been
transformed into fibers with diameters in the range of
tens to hundreds of nanometers.[5–8] Fibrous scaffolds,
such as the system made up by electrospinning [9–12]

have been used in several biomedical applications espe-
cially as vehicles for controlled drug delivery.[13,14]
Application of nanofibrous electrospun scaffolds has
many advantages in drug delivery, especially for site-spe-
cific and low-dosage forms of infection and anticancer
DDSs. The development of smart or stimuli-responsive
NFs that have the ability to respond to very slight
changes in the environment, such as temperature,[15] pH
[16], is critically important for controlling biological
responses in biotechnological and biomedical applica-
tions, and because of the resulting large and tunable sur-
face area and porosity. Poly(N-isopropylacrylamide)
(PNIPAAm) is a smart polymer that has been studied the
most extensively. Poly-NIPAAm in an aqueous solution
exhibits lower critical solution temperature (LCST) at
32 °C because of hydrogen-bonding interactions between
the amide group and water. Hydrogen bonds are bound
to the hydrophilic moieties and the polymer is in a swol-
len conformation below LCST, and in a shrinkage state
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while the temperature is higher than LCST. Electrospun
NFs of NIPAAm homopolymer are not stable in water
and disperse easily; therefore, copolymerization with
desired co-monomers is required to obtain stable NFs in
an aqueous medium. On the other hand, electrospinning
of water-soluble polymers contributes to the dissolution
of the resulting high hydrophilic fibers, which limits its
application in some areas, especially in biomedical engi-
neering. The crosslinking of hydrophilic polymers is a
good way to prepare less water-soluble or water-insolu-
ble fibers. The crosslinking reactions have been
performed by chelation crosslinking, thermal curing, oxi-
dative crosslinking, or radiation crosslinking (e.g. X-ray,
UV, etc.) [15,17] or physical crosslinking. Physical
crosslinking can be accomplished by ionic or hydropho-
bic interactions.[18] Physical crosslinking is preferable
because of its nonpolluting advantages.

Solubility and compatibility of the drugs in the drug/
polymer/solvent system were the decisive factors for the
preparation of electrospun fiber formulation. In most
cases, electrospinning was performed in general organic
solvents.[19–21] For many applications, such as tissue
engineering, biomedical, agricultural, etc. the toxicity of
the organic solvent used could be highly critical.
However, organic solvents are toxic, so that it is prefera-
ble to use nontoxic aqueous systems for potential bio-
medical applications. The diameter of NFs prepared by
electrospinning can be controlled by various parameters
such as polymer solution properties, process and ambient
conditions.[22–24] Solution parameters such as viscosity,
conductivity, and surface tension; process parameters
such as voltage, distance between needle tip and the col-
lector, and geometry of collector; and ambient parame-
ters such as temperature and humidity affects the
formation of the fibers and fiber morphologies. Investiga-
tion of each factor separately would be very time con-
suming and if several factors play a role, their
interactions would not be discernable even if they were
dominated. Therefore, statistical experimental design
methods can be used to evaluate the effects of variables
and optimization of experimental parameters. Response
surface methodology (RSM) is essentially a particular set
of mathematical and statistical methods for experimental
design and evaluating the effects of variables and search-
ing optimum conditions of variables.[25] In recent
researches, the factor space central composite design
(CCD) and Box–Behnken design (BBD) are commonly
selected experimental design techniques.[25,26] How-
ever, for a quadratic response surface model with three
or more factors, the BBD technique is much more
advantageous when compared to CCD.[25,27]

Doxorubicin (Dox) is an effective anticancer drug
used for the treatment of a number of carcinomas, such
as breast, bladder, and gastric cancers.[28,29] Like most
anticancer drugs, Dox can cause severe toxicity to the

body such as myelosuppression, loss of hair, nausea,
vomiting, mucositis and irreversible cardiac toxicity.
[28,29]

Therefore, a site-specific and targeted DDS is essen-
tial to overcome these problems in the effective treatment
of cancers using Dox as an anticancer agent. Application
of liposomes,[30,31] hydrogels,[32] microspheres,[33]
polymeric micelles,[34] drug-polymer conjugates,[35]
magnetic nanoparticles [36,37] and nanofibrous scaffolds
[38,39] have been reported in literature.

This study is the first attempt to produce a stimuli-
responsive polymeric NFs from P(NIPAAm-AAm-VP)
by water-based approaches without any further crosslink-
ing step. Box–Benkhen design was used to investigate
the effects of flow rate, solution concentration, voltage,
and distance and optimization of parameters to obtain
controllable diameter of these polymeric nanofibres. To
investigate the utility of these biocompatible scaffolds as
an implantable vehicle for long-term delivery of antican-
cer drugs, Dox-loaded NFs were prepared from these
polymers via electrospinning method. In vitro release
profile and antitumor activity of the Dox-containing
fibers were also investigated. Scanning electron micros-
copy (SEM) images of the electrospun NFs revealed a
continuous and smooth fibrous morphology. The stability
of the NFs after immersion in phosphate buffered saline
(PBS) (pH 7.4) at 37 °C (above the LCST of polymer)
was studied by SEM observation.

2. Experimental procedures

2.1. Materials

N-isopropylacrylamide (NIPAAm) (Fluka) was purified
by recrystallization in hexane and dried under vacuum at
25 °C. Vinyl pyrrolidone (VP) (Merck-Schuchardt Co.)
was freed from stabilizer by twice vacuum distillation
with continuous bubbling argon. Acrylamide (AAm)
(Fluka) was purified by recrystallization in chloroform
and dried under vacuum at 25 °C. Ammonium persulfate
(APS) (Aldrich Chemical Co) was purified by recrystalli-
zation in EtOH/H2O (2/1) solvent mixture and dried
under vacuum at 40 °C and used as initiator. The acceler-
ator N,N,N,N-tetramethyl ethylene diamine (TEMED)
(Fluka) was used as supplied. Dox was purchased from
Sobhan Pharmaceuticals, Iran.

2.2. Polymer preparation

Stimuli-responsive P(NIPAAm-AAm-VP) was prepared
according to the method described previously.[40]
Briefly, predetermined amounts of purified NIPAAm,
AAm, and VP (molar feed ratio of NIPAAm to AAm to
VP, 20:3:1) were dissolved in distilled water, into which
0.3mol% APS with respect to all the monomers was
added. The mixture was magnetically stirred and
degassed with argon for 30min. Then 30mL of TEMED
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was added as an accelerator. The polymerization was
carried out at room temperature for 16 h with continuous
argon bubbling. The obtained reaction mixture was puri-
fied by dialysis for 5 days using dialysis membrane
(Cellu SepH1) with MWCO of 2000 and the external
aqueous solution was removed two times a day and dis-
placed with fresh distilled water. The polymer solutions
were precipitated by heating them at temperatures above
their LCST. The obtained gels were then dried in vac-
uum at 40 °C for 24 h and frozen in liquid nitrogen to be
lyophilized immediately obtaining dry powder and dried
again under vacuum at 40 °C for 24 h.

2.3. Electrospinning

P(NIPAAM-AAm-VP) was dissolved in distilled water
and stirred for 24 h at 10 °C to produce a 10wt.% solution.
The electrospinning set-up has been described previously.
[41] The well mixed P(NIPAAM-AAm-VP) solution was
added in a 5mL syringe with a right-angle shaped metal
capillary attached to it. The circular orifice of the capillary
has an inner diameter of 0.4mm. The applied voltage was
in the range of 15–25kV. A pressure was applied to the
solution in syringe to maintain a steady flow of the solu-
tion from the needle outlet in the range of 0.2–1mL/h.
The distance between the needle tip and the grounded tar-
get was adjusted in the range of 7–15 cm. All electrospin-
ning experiments were carried out at about 20 °C in air.
The electrospun fibrous scaffold was collected on a metal
drum (9 cm diameter) as an electrode, rotating at approxi-
mately 1000 rpm. The resulting scaffold was vacuum dried
at room temperature for a week to completely remove any
solvent residue, prior to the experiments.

2.4. Nanofiberous scaffold characterizations

FTIR spectra of free and dox-loaded NFs were collected
over the range of 4000–400 cm�1 by casting polymer
solutions in CH2Cl2 on KBr windows using Bruker (Ten-
sor 27) IR spectrophotometer instrument.

The crystalline states of Dox, P(NIPAAm-AAm-VP),
and Dox-loaded P(NIPAAm-AAm-VP) fibers were ana-
lyzed by wide-angle X-ray diffraction (Siemens, D5000).
The samples were scanned from 5° to 70° at a scanning
rate of 5°/min.

The surface morphology of the electrospun nanofi-
brous scaffolds was examined with SEM (MV2300) after
gold coating. From each image, at least 50 different fiber
segments were randomly selected and their diameters
were measured to generate an average fiber diameter. For
samples with beads, both the NFs and beads were mea-
sured (fibers on the nanometer scale and beads on the
micron scale). The average diameter and diameter distri-
bution of NFs were obtained with an image analyzer
(Image-Proplus, Media Cybrernetics).

UV–Vis (Shimatzo UV-1800 Series) measurement
was carried out to demonstrate that the electrospinning
process did not adversely affect the molecular structure
of Dox.

2.5. Design of electrospinning experiments and
optimization by RSM

RSM is essentially a particular set of mathematical and
statistical methods for experimental design. BBD is a
class of rotatable second-order designs based on three-
level incomplete factorial designs where the variable
combinations are at the midpoints of the edges of the
variable space and at the center. An advantage of the
BBD is that it does not contain combinations for which
all factors are simultaneously at their highest or lowest
levels. So these designs are useful in avoiding experi-
ments performed under extreme conditions, for which
unsatisfactory results are often obtained. The number of
experiments (N) needed for the development of Box–
Behnken experimental design is defined as
N ¼ 2kðk � 1Þ þ C0, where (k) is the factor number and
(C0) is the replicate number of the central point.[42] In
the current study, four-factor three-level BBD was used
to determine the relation between variables containing
the solution concentration (5–10mg/L), applied voltage
(15–25 kV), flow rate (0.2–1mL/h), and target–collector
distance (7–15 cm). The statistical calculation levels
associated with each variable were summarized in
Table 1. All experiments were repeated twice. The
results of the experimental design were studied by
MINITAB 16 (PA, USA) statistical software to estimate
the response of the dependent variable.

The BBD response surface model of electrospinning
experiments expresses the P(NIPAAM-AAm-VP) NFs
diameter as a function of the above mentioned variables.
The polynomial model for the NFs diameter with respect
to the electrospinning variables is expressed as follows
in Equation (1):

Diameter of fiber ¼ b0 þ
X3

i¼1

bix
2
i þ

X3

i¼1

biix
2
i þ

X3

i¼1

�
X3

j¼1

bijxfigxj ð1Þ

Table 1. Experimental ranges and levels of independent
variables used in electrospinning process.

Variable Code

Range of levels

�1 0 1

Concentration (mg/L) X1 5 7.5 10
Voltage (kV) X2 15 20 25
Flow rate (mL/hr) X3 0.2 0.6 1.0
TCD (cm) X4 7 11 15
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where Y is the predict response by the model and b0, bi,
bii, bij are the constant regression coefficient of the
model Xi, Xii, and Xij represent the linear, quadratic and
interactive terms of the uncoded independent variables,
respectively. The coefficient of determination (R2) was
used to evaluate the accuracy of the full quadratic equa-
tion. The experimental design and results used for the
study are shown in Table 2.

2.6. Drug incorporation and encapsulation efficiency

For the preparation of Dox-incorporated NFs, Dox was
dissolved in polymer solution and stirred for 24 h at 10 °
C. Dox was used at loading percentages of 10, 20, and
50% of the initial polymer weight. The homogeneous
mixture of Dox and NFs was electrospun with optimum
conditions of electrospinning process as described above.

To determine the encapsulation efficiency, 5mg of
Dox-loaded P(NIPAAm-AAm-VP) NFs were dissolved
uniformly in 3ml distilled water at 10 °C in the dark for
24 h. The drug content of the extracted solution was
detected at 483 nm with an UV–Vis spectrophotometer,
in which the concentration was obtained using a standard
curve from known concentrations of Dox solutions.

2.7. In vitro drug release behaviors of electrospun
nonwoven fabrics

The in vitro release profiles were investigated in phos-
phate buffer solution (pH 7.4). The amount of released
Dox in the buffer solution was monitored by a UV–Vis
spectrophotometer at the wavelength of 483.5 nm. Drug
content was determined as a function of scaffold weight.
The drug-loaded fiber sample (50mg) was incubated at
37 °C in 20mL of 0.1M PBS (pH 7.4). The suspensions
were kept in a thermostated shaking water bath (Hidolff)
that was maintained at 37 °C and 100 rpm of stirring for
30 days. Samples of 2.0mL released solution were taken
from the dissolution medium at predetermined intervals,
while equal amount of fresh buffer solutions was added
back to the incubation media. The amount of Dox pres-
ent in release buffer was determined by converting its
detected UV absorbance to its concentration according to
the calibration curve of known concentrations of Dox in
the same buffer. A standard calibration plot of Dox with
the concentrations from 5 to 500 ppm, linear correlations
(c2 = 0.9992 in pH 7.4 buffer solution) was used to
determine the concentration of the released drug. Then
the percentage of the released Dox was calculated as a
function of incubation time and based on the initial
weight of the drug incorporated in the electrospun
scaffold.

2.8. Cell culture experiments

Human lung carcinoma A549 cell line was obtained
from National Cell Bank of Iran and maintained in
75 cm2 culture flask, in Roswell Park Memorial Institute
1640 medium (RPMI 1640 medium; Gibco BRL Life
Technologies) supplemented with 10% (v/v) fetal bovine
serum and antibiotics (100mg/ml penicillin–streptomy-
cin). The cells were incubated at 37 °C in an atmosphere
of 5% CO2 and 95% air with more than 95% humidity;
medium was changed every two days for cell feeding.

2.9. In vitro cytotoxicity assay

Cell viability was determined using a colorimetric
3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium
bromide, a tetrazole (MTT) assay as previously
described.[43] Briefly, the cells were cultured at 37 °C in
a humidified atmosphere containing 5% CO2, dissociated
with 0.25% trypsin in PBS (pH 7.4) and centrifuged at
1000 rpm for 7min at room temperature. Then 30,000 to
40,000 cells were cultured in each well of 96-well plates
and after 24 h time periods, to allow attachment of the
cell to the wells, different concentrations of the materials
were treated to the cells. In this context, different
concentrations (1, 0.8, 0.6, 0.4, and 0.2mg/ml) of NFs,
NF-Dox, and free Dox were prepared with 1% DMSO
and treated to the cells at different time periods.

Table 2. The experimental design and results.

Std.
order Voltage Distance

Flow
rate Concentration Result

Fitted
value
by

model

1 15 7 0.6 7.5 206.901 201.623
2 25 7 0.6 7.5 229.229 197.981
3 15 15 0.6 7.5 249.234 232.693
4 25 15 0.6 7.5 199.458 204.295
5 20 11 0.2 5 241.091 220.852
6 20 11 1 5 224.790 231.173
7 20 11 0.2 10 247.893 216.374
8 20 11 1 10 261.372 226.696
9 15 11 0.6 5 237.239 220.807
10 25 11 0.6 5 235.234 204.788
11 15 11 0.6 10 246.125 216.330
12 25 11 0.6 10 235.235 200.311
13 20 7 0.2 7.5 239.239 198.690
14 20 15 0.2 7.5 270.025 235.714
15 20 7 1 7.5 262.067 227.344
16 20 15 1 7.5 239.239 227.703
17 15 11 0.2 7.5 258.229 220.610
18 25 11 0.2 7.5 248.298 204.591
19 15 11 1 7.5 267.243 230.932
20 25 11 1 7.5 245.243 214.913
21 20 7 0.6 5 215.215 208.053
22 20 15 0.6 5 223.642 226.745
23 20 7 0.6 10 263.262 203.576
24 20 15 0.6 10 257.543 222.268
25 20 11 0.6 7.5 179.553 179.072
26 20 11 0.6 7.5 180.023 179.072
27 20 11 0.6 7.5 178.987 179.072
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However, media containing 1% DMSO was used as neg-
ative control. The MTT assay was as follows: 20 μl of
MTT solution (5mg/ml) in PBS (pH 7.4) was added to
each well. The incubation was continued for another 4 h
and then the solution was aspirated cautiously from each
well. After treating the cells with Sorenson buffer, the
optical density of each well was read using a microplate
reader (Multiskan MK3, Thermo Electron Corporation,
USA) at a wavelength of 570 nm, and growth inhibition
was calculated. All of the tests were performed in dupli-
cate and statistical analyses were carried out using SPSS
15; p < 0.05 was considered significant.

3. Result and discussion

3.1. Electrospinning process

3.1.1. Effect of electrospinning variables on NFs
diameter

The effect of the four experimental factors including
solution concentration, applied voltage, flow rate, and
tip–collector distance on the diameter of the electrospun
P(NIPAAm-AAm-Vp) NFs was evaluated at the different
experimental levels (Table 1 and Figure 1). Each figure
indicates the effect of parameters at the center level of
other parameters.

The polymer solution concentration was the most
important parameter determining the fiber diameter. At
low concentration, small fibers with beads were formed
on the collector.[21,22] By increasing the concentration,
the fibers showing smaller diameter and fewer beads

were formed. The higher concentrations of spinning
solution led to the formation of fibers with larger diame-
ters.[23] The formation of beaded fibers in lower concen-
tration is due to the stronger instabilities of jet solution
under the electrical field. With increasing the concentra-
tion, the instabilities of jet solution decrease and fibers
without any beads form on the collector.[24,25] At
higher concentration, droplets form on the collector.[26]
The effect of concentration on the diameter of fiber is
shown in Figure 1(a). As can be seen from the figure,
the fibers with larger diameters were formed, when the
concentration of jet solution was 5%. Increase in the
concentration to 7.5%, the conductivity and surface ten-
sion were also increased and thinner fibers were formed.
At the concentration of 10%, the diameter of fibers was
increased. The effect of flow rate on the diameter of
electrospun fibers is shown in Figure 1(b). As can be
seen, when the flow rate of spinning solution was
increased to 0.6ml/hr, the instability of solution jet due
to the surface tension of fluid caused to verify the flow
rate of solution. At the flow rate greater than 0.6ml/hr,
the diameter of fibers was increased. It could be due to
decreasing of electrostatic density which caused to fabri-
cate the fibers with greater diameters in higher flow rate.
At flow rate lower than 0.2ml/hr, the spinning solution
was dried and the electrospinning process was stopped.
The effect of voltage on the formation of electrospun
fibers in the range of 15–25 kV is shown in Figure 1(c).
At lower voltage, the electrical force was not enough to
form the perfect fibers. When the voltage was 20 kV, uni-
form fibers with smallest diameter were obtained. When
the applied voltage was greater than 20 kV, the strength
of the electrical field was so high due to which the insta-
bilities of jet solution increased and the fibers with larger
diameter were formed on the collector. Figure 1(d)
shows the effect of tip collector distance (TCD) on the
diameter of electrospun fibers. As can be shown, at TCD
of 7 cm, thicker fibers were formed on the collector. The
fiber with smallest diameters was obtained, when the
TCD was 11 cm. At TCD of 11 cm, the stability of jet
increased resulting in the formation of thinner fibers. By
increasing the TCD to 15 cm or higher than 15 cm, the
strength of electrical force on the spinning solution
decreased resulting in the formation of fiber with larger
diameter.

3.1.2. Analysis of experimental design

Four factors of electrospinning process including concen-
tration, voltage, flow rate, and TCD at three levels for
fabrication of uniform P(NIPAAM-AAm-VP) fibers were
performed. ANOVA was performed to evaluate a full
quadratic response surface model. P-value is a measure
of statistical significance and the electrospinning
parameter shows significant impact on the average fiber

Figure 1. Effect of concentration, flow rate, voltage, and
distance on the diameter of electrospun fibers.
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diameter while the P-value is less than 0.05 at 95%
confidence interval. The ANOVA results (Table 3) of the
experimental data reveal that the model is statistically
significant with linear, quadratic, and flow rate-distance
interaction terms (p6 0.05). Other interaction terms were
statically insignificant (p > 0.05).

By elimination of insignificant terms (p > 0.05) from
the full quadratic model (Table 4), the Equation (2)
which including a series of significant terms for the four
electrospinning variables is designed as follows as:

Diameter of fiber (nm) ¼ 708:634� 21:982x1

� 18:067x2 � 118:721x3

� 45:895x4 þ 0:509x21

þ 1:089x22 þ 162:201x23

þ 3:0x24 � 5:729x2x3 ð2Þ

The goodness-of-fit measure of the model was evalu-
ated using the coefficient of determination (R2). The R2

obtained was 0.9532, which indicated that 95.32% of the
total variations could be explained by the model. The
high value of R2 (R2 = 0.9533) indicated a high reliability
of the model in predicting the average diameter of P
(NIPAAM-AAm-VP) NFs.

3.1.3. Counter plots analysis

In order to gain a better understanding of the influences
of the variables and their interactions on the diameters of
P(NIPAAM-AAm-VP), counter plots for the measured
responses (nm) were formed based on the model equa-
tion. Figure 2 shows counter plots of the response vari-
able (Mean fiber diameter) for the experimental factors
(two factor at-a-time). Each figure indicates the relation
between the two parameters at the center level of third
and forth parameters on the fiber diameter (nm).

The counter plot for the concentration vs. flow rate
(Figure 2(a)) showed that the certain value for concentra-
tion with varying the flow rate was led to produce the
fibers with smaller diameters.

Figure 2(b) shows that the lower or/and higher dis-
tances with combining the lower or/and higher concen-
tration were not suitable for fabrication of homogeneous

Table 4. Regression coefficients for the response surface
model.

Term Coef T P

Constant 708.634 7.851 0.000
Voltage �21.982 �3.862 0.001
Distance �18.067 �3.512 0.003
Flow rate �118.721 �3.031 0.008
Concentration �45.895 �5.361 0.000
Voltage� voltage 0.509 3.593 0.002
Distance� distance 1.084 4.891 0.000
Flow rate� flow rate 162.201 7.320 0.000
Concentration� concentration 3.000 5.289 0.000
Distance� flow rate �5.729 �2.239 0.039

Figure 2. Counter plots of the response variable (fiber
diameter (nm)) for the different experimental factors (two-
factor-at-a-time). (a) Flow rate and polymer solution
concentration, (b) distance and polymer solution concentration,
(c) flow rate and distance, (d) polymer solution concentration
and applied voltage, (e) flow rate and applied voltage, and (f)
distance and applied voltage.

Table 3. ANOVA results for experimental response at different
factor levels.

Source DF F P

Regression 14 9.23 0.000
Linear 4 6.73 0.004
Voltage 1 7.91 0.016
Distance 1 5.92 0.032
Flow rate 1 8.27 0.014
Concentration 1 22.18 0.001
Square 4 19.34 0.000
Voltage� voltage 1 15.05 0.002
Distance� distance 1 27.88 0.000
Flow rate� flow rate 1 62.46 0.000
Concentration� concentration 1 32.60 0.000
Interaction 6 2.28 0.106
Voltage� distance 1 2.66 0.129
Voltage� flow rate 1 0.08 0.785
Voltage� concentration 1 0.39 0.546
Distance� flow rate 1 5.84 0.032
Distance� concentration 1 2.47 0.142
Flow rate� concentration 1 2.21 0.163
Residual error 12 690.09 57.51
Lack-of-fit 10 30.77 0.032
Pure error 2 4.46 2.23
Total 26 8121.32
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and thin fibers. Figure 2(c) shows that the variation in
the flow rate and distance values produced fibers of
smaller diameters. Figure 2(d) and (e) shows that the
diameter reduction of fibers was controlled with higher
voltage values in comparison to lower voltage values.
Also, Figure 2(f), on the other hand, shows that the com-
bination of high voltage values with varying distances
favored the formation of fibers with smaller diameters.

3.1.4. Optimization of the electrospun fiber diameter

By solving the Equation (2), the optimal uncoded values
of concentration (X1), flow rate (X2), distance (X3), and
voltage (X4) were estimated to be 7.65mg/L, 0.54mL/h,
9.75 cm, and 21.57 kV, respectively, which in turn
yielded a minimum fiber diameter of 175.90 nm. For
electrospinning parameters, the experimental NFs diame-
ter (176.57 nm) was 0.4% further than the value pre-
dicted by the model (175.90 nm) which is ignorable
since the results were too closer to each other. The SEM
graphs of fiber scaffolds before (a) and after (b) optimi-
zation of electrospinning process are shown in Figure 3.
As can be seen, by optimizing the parameters, the thin-
ner fibers with sharp diameter distribution in comparison
to thinnest fibers before optimization were formed.

3.1.5. Model verification with experimental data

Figure 4(a) shows the experimental fiber diameter against
the model predicted fiber diameter and the linear

correlation coefficient was evaluated. The linear adjusted
correlation coefficient of 0.912 was obtained. The value
of adjusted correlation coefficient indicated a reasonable
relationship between the experimental data and model
values. The probability distribution plot of residuals
(difference between the model predicted fiber diameter
values and those derived experimentally) is presented in
Figure 4(b). As can be seen, the errors were normally
distributed, as all the points were close to the line.

3.2. Morphology of electrospun Dox-loaded
nanofibrous scaffolds

The SEM micrograph of the electrospun Dox-loaded P
(NIPAAm-AAm-VP) NFs with 10, 20, and 50wt.% of
Dox loadings is shown in Figure 5(a, b and c). It seems
the samples were uniform. The surfaces were smooth
and no drug crystals were identified, indicating that the
drug was finely incorporated into the electrospun fibers.
The color of the fibers became much more even and no
Dox crystals could be found on the fiber surface.
Furthermore, the average diameter of the NFs was
increased by the increasing amounts of Dox. The average
diameter of 10, 20, and 50wt.% of Dox-loaded P(NIP-
AAm-AAm-VP) NFs was obtained about 346.76,
368.83, and 384.41 nm. Dox is a hydrophilic drug and
was highly soluble in the polymer solution.

Figure 3. The SEM graphs of fiber scaffolds before (a) and
after (b) optimization of electrospinning process.

Figure 4. (a) Plot of model predicted fiber diameter against
experimental fiber diameter, (b) normal probability plot.
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3.3. Characterization of Dox-loaded NFs

UV–Vis measurement was carried out to demonstrate
that the electrospinning process did not adversely affect
the molecular structure of Dox.[44] Figure 6 shows the
spectroscopic characterizations of the released Dox using
UV–vis measurements. The spectra of pure and released
Dox (at different release time) from A1 formulation show
similar maximum absorbance peak at 483 nm.

The FTIR spectra of P(NIPAAM-AAm-VP) NFs(a)
and Dox-loaded P(NIPAAM-AAm-VP) NFs (b) were
shown in Figure 7. Characteristic peaks of doxorubicin
at 1750 related to carbonyl groups of cyclohexanone ring

of doxorubicin. The peaks at 1650 and 1550 cm�1 were
assigned to amide I (C=O stretching) and amide II (N–H
bending) of the copolymer, respectively. The broad
absorption band observed around 3430 cm�1 was
assigned to the N–H stretching of amide groups in the
copolymer. The peaks at 1370–1390 and 2980 cm�1

were assigned to the stretching modes of the –CH(CH3)2
and –(CH3)2 groups in NIPAAm, respectively. Other
characteristic peaks of Dox overlapped with polymer.

To further demonstrate the physical state of Dox in
the fibers, Dox, P(NIPAAM-AAm-VP), and Dox-loaded
P(NIPAAM-AAm-VP) fiber mats were characterized by
XRD.[45–47] As shown in Figure 8, pure Dox is crystal-
line, with many characteristic peaks, while P(NIPAAM-
AAm-VP) fibers are amorphous. The crystalline Dox is
not detected in all Dox-containing P(NIPAAM-
AAm-VP) fibers, suggesting that Dox exists in amor-
phous form, probably as a solid solution or amorphous
molecular aggregates in P(NIPAAM-AAm-VP) fibers.

3.4. Encapsulation efficiency and in vitro release

In order to ensure effective encapsulation of the drug
inside the polymeric fibers and thus to achieve a constant
and stable drug release profile, a lipophilic polymer
should be chosen as the fiber material for a lipophilic
drug ,while a hydrophilic polymer should be used for a
hydrophilic drug and the solvents used should be good
for both the drug and the polymer(compatible drug with
polymers).The burst release of the drugs can be avoided
by using these systems, and the drug release can follow
nearly zero-order kinetics.[13] For example, nearly zero-

Figure 5. The SEM micrograph of the distribution of the
electrospun Dox-loaded P(NIPAAm-AAm-VP) NFs with 50
(a), 20 (b), and 10 (c) wt.% of Dox.

Figure 6. UV–Vis spectra of pure doxorubicin (a) and released
doxorubicin from A1 electrospun scaffolds after one week (b)
after two weeks (c).

Figure 7. The FTIR spectra of P(NIPAAM-AAm-VP) NFs (a)
and Dox-loaded P(NIPAAM-AAm-VP) NFs (b).
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order kinetics was observed for Dox release from PLLA
NFs in the presence of protinease K during 7 h.[14]

In this study a compatible drug with polymer system
has been used for preparation of Dox-loaded NFs.
Figure 9 shows the release profiles of Dox from 50, 20,
and 10wt.% Dox-loaded fibers (A1, A2, and A3) respec-
tively up to 30 days. An approximately linear relation-
ship between the drug release (%) and time is seen. The
drug release behaviors were similar for three different
formulations, that is, after a small burst release at first
30min, the release rate of Dox leveled off. For example,
their release percentages were about 9.1, 6.9, and 3.5%
after 30min and about 82.1, 65.17, and 53.9% (A3, A2,

and A1) respectively after 30 days, for the three samples
examined. In vitro drug release study indicated that pre-
pared polymeric implants provided zero-order release
kinetics of drug (R2 > 0.98 for all equations obtained
from data plotting the percent of drug released vs. time).
The potential for drug delivery at a rate which is inde-
pendent of time and the concentration of drug within a
pharmaceutical dosage form is desirable. Zero-order
mechanism ensures that a steady amount of drug is
released over time, minimizing potential peak/trough
fluctuations and side effects, while maximizing the
amount of time the drug concentrations remain within
the therapeutic window (efficacy). The statistical compar-
ison among slop of release equations showed no signifi-
cant differences (p-value > 0.05), which indicates that the
drug release rate is not dependent on drug/polymer ratio
in different implant formulations. This finding can be
claimed as one of the advantages of the developed deliv-
ery system. Initial burst release of Dox-fibers within
30min was mainly due to the diffusion of Dox dispers-
ing close to the surface of polymer fibers, which diffused
out quickly in initial incubation time. The pores left after
initial burst release and subsequent drug diffusion were
critical for further release from the inner sections of
fibers through the swollen and porous inner structure.
This was caused by the relative hydrophilic surface,
which assisted water diffusion in and drug diffusion out
of the fiber matrix. The porous structure of fibrous mats
and the micropores after the diffusion of drug from the
polymers made it possible for further constant release of
drug from inner matrix. In all three samples, relatively
small burst release was initially observed followed by a
steady or gradual release during the rest time. The initial
amount of the released drug was found to vary as a func-
tion of drug concentration. Obviously, in the whole drug
release period, the release rate of Dox decreased with
increasing Dox content. Thus, it may be concluded that
relatively small burst release and higher sustained release
rate can be achieved from all three formulation. During
electrospinning, if there are limited physical interactions
between the drug and the polymer matrix, then most of
the drug will be located on the surface of the NFs due to
the high ionic strength of the drug. In such an arrange-
ment, the drug molecules on the fiber surface can be eas-
ily washed away in aqueous solutions, thus resulting in a
large initial burst at short times and minimum sustained
release at longer times. Figure 9 showed small amount
of initial burst release and sustain release of drug for
more than 30 days. It means that most of the drug was
incorporated inside the NFs. For the delivery of antican-
cer drugs, a certain amount of initial burst is actually
required to achieve enough initial dosage. Of course, for
the cancer cells that survive the initial stage, sustained
drug release is necessary. Therefore it is interesting to
note that the Dox-loaded P(NIPAAm-AAm-Vp) (molar

Figure 8. XRD patterns of Dox powders (A), P(NIPAAm-
AAm-VP) NFs (B) and 50% Dox-loaded P(NIPAAm-AAm-
VP) NFs (C).

Figure 9. Release profiles of Dox from 50, 20, and 10wt.%
Dox-loaded fibers (A1, A2, and A3).
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ratio of 20:0.5:4) nanofibrous scaffold showed a
sustained release profile after the initial burst and exhibit
an ideal release profile for potential cancer therapy.

The stability of the P(NIPAAm-AAm-Vp) NFs after
immersion in PBS (pH 7.4) at 37 °C (above the LCST of
polymer) was studied by SEM observation (Figure 10).
As shown in Figure 10 NFs maintain its structure during
release period but because of the sol-gel properties of
these thermosensitive NFs, three-dimensional structure
was formed above the LCST of polymer (Figure 10).
The slow drug release pattern can be interpreted by the
formation of such a three-dimensional fibrous structure.
If the NFs maintained its linear structure or degraded,
the rapid release of drug was possible to be observed.
Figure 9 indicates that the drug release profile is constant
and shows nearly zero-order kinetics during 30 days of
incubation in pH 7.4, 37 °C. It seems that the dissolution
of NFs is very slow till 30 days that could not affect the
zero-order kinetics of drug release.

This very slow water solubility in physiological con-
dition would give P(NIPAAm-AAm-VP) NFs good
potential for DDSs or implant applications. Therefore,
these NFs will be used as stimuli-sensitive drug carriers

in a new DDS based on the use of thermosensitive
polymers.

3.5. Cytotoxicity tests

Figure 11 shows the cell growth inhibition after 72 h
incubation for the free Dox, the Dox-loaded fibers, and
the pure P(NIPAAM-AAm-VP) fibers without drug.
Paired sample student’s t-test revealed that at the same
treatment dose Dox-loaded P(NIPAAM-AAm-VP) fibers
exhibited more antitumor activity compared with free
Dox. (data not shown; p> 0.05) (Figure 12). It implied
that the Dox-loaded P(NIPAAM-AAm-VP) fibers exhib-
ited obvious cytotoxicity against A549 cells for more
longer time than free Dox due to its capacity of sus-
tained released time. Moreover, the Dox was released
from P(NIPAAM-AAm-VP) fibers without losing cyto-
toxicity during a long time period (48–72 h) which seems
to be more potent than free Dox with 16–18 h half life.
[48] The cytotoxicities of the Dox-loaded P(NIPAAM-
AAm-VP) fiber mats are shown in Figure 13. In the case
of blank fiber mats without Dox, the sample did not dis-
play any cytotoxicity to A549 cells compared with the
control up to 72 h (Figures 11 and 13). However, 72 h
treatment of the cells with 0.2 to 1mg/ml of Dox-loaded
P(NIPAAM-AAm-VP) fiber mats cause nearly 65–91%
cells death, respectively, which is very high compared
with free Dox (60–62%), yet the free NFs showed non-
toxic properties and the growth rate of synthetic mats
treated cells is same as nontreating savage cells (Figures
11 and 12). These finding shows that Dox-loaded P(NIP-
AAM-AAm-VP) fiber mats can be used as an alternative
source of free Dox due to its continuous release capacity
over a long time from the P(NIPAAM-AAm-VP) fiber
mats without losing its anticancer capability and, finally,
fewer side effects.

4. Conclusion

In this study, P(NIPAAm-AAm-Vp) nanofibrous scaffold
was fabricated for the first time by clean and safe electros-
pinning without using any toxic solvent or crosslinking
agent. Dox, an anticancer drug, was successfully encapsu-
lated into these nanofibrous scaffolds. The fibers had
smooth and uniform surfaces. Dox was finely incorporated
in the fibers and no Dox crystals were detected on the fiber
surfaces. The release rate of Dox from the fibers was
dependent on the initial Dox loading. During the whole
release time, the rate of Dox release decreased as the Dox
content in the fibers increased. Drug release pattern from
these systems is in zero-order and drug release rate is not
dependent on drug/polymer ratio in different implant for-
mulations. The sustained release could last for more than
30 days. NFs were insoluble and could maintain its mor-
phology during immersion in PBS at 37 °C. Cell toxicity

Figure 10. SEM image of the Dox-loaded P(NIPAAm-AAm-
VP) NFs after 14 (a) and 21 (b) days of incubation in release
medium (pH 7.4, 37 °C).
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assays results revealed that cytotoxic activity of the Dox
released from nontoxic P(NIPAAm-AAm-Vp) fibers was
kept during the whole test for 72 h, while cytotoxic activ-
ity of pristine Dox was lost due to its short half-life.

Therefore, this sustained release delivery of Dox
from P(NIPAAm-AAm-Vp) electrospun NFs has made it

as long-term implantable drug delivery device for the
treatment of lung cancer.
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