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Poly(𝜀-caprolactone)/chitosan (PCL/chitosan) blend nanofibers with different ratios of chitosan were electrospun from a formic
acid/acetic acid (FA/AA) solvent system. Bovine serum albumin (BSA) was used as a model protein to incorporate biochemical
cues into the nanofibrous scaffolds. The morphological characteristics of PCL/chitosan and PCL/chitosan/BSA Nanofibers were
investigated by scanning electron microscopy (SEM). Fourier transform infrared spectroscopy (FTIR) was used to detect the
presence of polymeric ingredients and BSA in the Nanofibers.The effects of the polymer blend ratio and BSA concentration on the
morphological characteristics and consequently on the BSA release pattern were evaluated. The average fiber diameter and pore
size were greater in Nanofibers containing BSA. The chitosan ratio played a significant role in the BSA release profile from the
PCL/chitosan/BSA blend. Nanofibrous scaffolds with higher chitosan ratios exhibited less intense bursts in the BSA release profile.

1. Introduction

Tissue engineering scaffolds in the form of electrospun
nanofibers provide support for cells to adhere, grow, and
propagate by mimicking the natural extracellular matrix
(ECM) structure [1]. Nanofibers have the following several
advantages as tissue engineering scaffolds: (i) a high surface
area for the delivery of drugs, nutrients, and biochemical
materials through the seeded cells; (ii) a structure comprised
of a network of interconnected pores; (iii) high porosity for
cells to migrate and nutrients and metabolic waste to flow in
vivo.

In addition to architecture, biomolecules are another vital
element for cell attachment, proliferation, and differentia-
tion and should be released in a constant and controlled
manner, maintaining their bioactivity. Therefore, the afore-
mentioned morphological characteristics coupled with con-
trolled biomolecule delivery provide bothmorphological and
biomedical applications for tissue regeneration. Nonetheless,

research in this area is still quite limited [2–12], although
the release pattern of pharmaceutical drugs with nanofibrous
scaffolds has already been considered by a number of authors
[13–19].

Blend [3], emulsion [5, 10, 20], and coaxial [3, 9, 12]
electrospinning are three conventional electrospinning tech-
niques for the incorporation of biomolecules into fibers.
Researchers have reported burst release as a disadvantage
of blend electrospinning comparing with coaxial electro-
spinning, which requires a special apparatus and careful
selection ofmaterials. Emulsion electrospinning has attracted
increasing attention in recent years due to its simplicity [7].
Nevertheless, the effects of emulsifiers as an additive in elec-
trospinning are still unknown. Generally, the compatibility of
the polymer, drug, and other ingredients affects the release
profile [21].

Chitosan is a partially deacetylated derivative of chitin,
the second most abundant polysaccharide in nature [22].
It has several unique characteristics that are beneficial for
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biomedical applications, such as its biodegradable, biocom-
patible, nontoxic, and antibacterial properties. The electro-
spinning of pure chitosan and its blends with synthetic
polymers, proteins, and inorganic nanoparticles has been
studied [23, 24]. Chitosan is soluble in most organic acids.
The electrospinning of chitosan is relatively complicated due
to its high molecular weight, high viscosity, and high density
of positive charges in acidic solution [25–28]. The electro-
spinning of chitosan in a blend with a second polymer with a
flexible structure and lower molecular weight is a potential
solution to this problem. In further attempts to minimise
the limitation of molecular weight on the electrospinning
process, even in blends with a second polymer, reducing the
molecular weight of chitosan through alkali treatment has
been investigated [29, 30].

Poly 𝜀-caprolactone (PCL) has been used for scaffold fab-
rication and the controlled release of drugs and biomolecules
[31–33], but it has several drawbacks, such as its hydropho-
bicity, initial burst release, and extremely long degradation
period. To overcome the abovementioned drawbacks, blends
of PCL and other natural or synthetic polymers, such as
gelatin and chitosan, have been used [31, 33–35]. Studies
related to nanofibrous scaffolds composed of PCL/chitosan
blends are very rare due to their lack of common solvent
systems.

In 2012 [36] introduced a solution system consisting
of formic acid/acetic acid (FA/AA) as a substitute for pre-
vious expensive and toxic solvents [32, 33, 37]. This new
solvent system opens the door for further feasibility studies
for PCL/chitosan scaffolds as means to simulate the basic
requirements of ECM. Bovine serum albumin (BSA) as a
model protein was added to the solvent system to generate
biochemical signals in fabricated scaffolds.

The aim of this study was to fabricate PCL/chitosan
nanofibrous scaffolds with BSA from FA/AA solution
via blend electrospinning. Nanofibers with different PCL/
chitosan/BSA ratios have been fabricated and investigated in
terms of fiber diameter, pore size, and BSA release behaviour.
The main objective was to show that the BSA release profile
could be finely tailored by modulation of the morphology,
porosity, and composition of the nanofibers. The results
illustrated that the morphological characteristics play a fun-
damental rule in explaining the release pattern of nanofibers.

2. Materials and Methods

2.1. Materials. Medium-molecular-weight chitosan, poly(𝜀-
caprolactone) (PCL), bovine serum albumin (BSA), and
phosphate-buffered saline (PBS) all were obtained from
Sigma-Aldrich for use in the protein release studies. The
solvents, including formic acid (FA; 98%) and acetic acid
(AA; 99.8%), were supplied by Merck.

2.2. Electrospinning. The electrospinning solutions were pre-
pared by simultaneously adding certain amounts of PCL
and chitosan to a mixed solvent system and stirring for 3 h.
The solvent system was composed of formic acid/acetic acid
(FA/AA) in a ratio of 70/30 [36, 38].

The PCL and chitosan concentrations were expressed in
wt.% relative to the solution,while the BSA concentrationwas
presented as the wt.% relative to the total polymeric material
(PCL and chitosan).

To prepare electrospun nanofibers, approximately 2mL
of the prepared solution was placed in a 5mL syringe. A 23-
gauge needle was used for the spinning process. The distance
from the needle to the collector was fixed at 12.5 cm, and
the voltage range of stable electrospinning was generally in
the range of 18 to 25 kV depending on the stability of the
Taylor cone during the process. Electrospinning was carried
out at room temperature (22 ± 2∘C) and a relative humidity
of 65 ± 5%.The flow rate was set at 0.5mL h−1.

2.3. Protein Loading in the Electrospun Scaffolds. Protein
was loaded on the nanofibers using the blend electrospin-
ning technique. First, solutions of 8 wt.% PCL and different
concentrations of chitosan (0.2, 0.4, 0.6, 0.8, and 1 wt.%)
were prepared. Next, 5, 10, 15, and 20% BSA were added
to the solution systems to determine the optimum BSA
concentration in terms of fiber morphology and protein
release behaviour. Lastly, the experiments for preliminary
solvents were repeated with the optimum amount of BSA.

2.4. Characterisation of Electrospun Scaffolds

2.4.1. Scanning Electron Microscopy (SEM). To evaluate the
morphology of the electrospun scaffolds, electrospun nanofi-
brous samples were cut into small pieces, sputter-coated with
gold, and imaged using a Hitachi TM-3000 SEM apparatus.
The fiber diameters and pore sizes of the scaffolds were
analysed using image visualisation software (ImageJ,National
Institute ofHealth, Bethesda,MD; http://rsb.info.nih.gov/ij/).
Approximately 100 counts per image were used to calculate
the fiber diameter.

2.4.2. Pore Size. As a morphological characteristic of nanofi-
brousmatrices, the pore size of the electrospun PCL/chitosan
was measured. To this end, nanofibers were electrospun for
5min for each blend. The surface porosity of the electrospun
web was calculated by processing the SEM images and mea-
suring the free space between nanofibers, which corresponds
to the dark area in the SEM images.

2.4.3. FTIR. FTIR spectroscopy was used to identify the
components in the blend and the changes to the blend com-
position after adding BSA. Samples of the same dimensions
were mixed with potassium bromide to form pellets. FTIR
spectra in transmission mode were recorded using an FTIR
spectrometer (Perkin Elmer, USA) connected to a PC, and
the data were analysed using IR Solution software.

2.5. In Vitro Protein Release Study. For the in vitro release
studies, all nanofibrous membranes were cut into small
squares (1 × 1 cm2) and then immersed in 2mL microtubes
containing PBS (pH = 7.4) at 37∘C. After predetermined
intervals of time, the release buffer was completely replaced
with fresh PBS and placed in a water bath to continue
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Figure 1: Continued.
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Figure 1: SEM images of PCL/chitosan nanofibers with wt.% ratio of (a) 8/0.2, (b) 8/0.4, (c) 8/0.6, (d) 8/0.8, and (e) 8/1 with fiber diameter
frequency diagrams.

the release study. The concentration of each retrieved BSA
solution was then determined by measuring the absorbance
at 280 nm using a UV-Vis spectrophotometer (Hitachi Corp.,
Tokyo, Japan). The concentrations were calculated using the
Beer-Lambert law:

𝐴 = 𝜀𝑏𝑐, (1)

where 𝐴 is the absorbance, 𝑏 is the path length of the sample,
that is, the path length (cm) of the cuvette in which the
sample is contained, 𝜀 is the molar absorptivity with units of
Lmol−1 cm−1, and 𝑐 is the concentration of the compound in
solution, expressed in mol L−1.

The results were demonstrated in terms of cumulative
amount released (%):

Cumulative release% = (
𝑀
𝑡

𝑀
∞

) × 100, (2)

where𝑀
𝑡
is the amount of BSA at time 𝑡 and𝑀

∞
is the total

amount of BSA in the nanofibrous membrane.
After completing the release study, the samples were dried

using tissue paper, and each sample was dissolved in 3mL
of methylene chloride. The amount of protein extracted was
assayed in a similar manner as described above.

3. Results and Discussion

3.1. Morphology. Figure 1 shows the SEM micrographs of
the PCL/chitosan fibrous material made with 8wt.% PCL
and chitosan concentrations ranging from 0.2 to 1 wt.%
without protein encapsulation, which was fabricated under
the conditions described in Section 2.2. The fiber diameter
distribution was presented for all samples. The mean diame-
ter of the PCL/chitosan fibers increased gradually from 82.39
to 131.85 nm with the chitosan ratio in the blend (Table 1(a)),
except for the last chitosan ratio, which produced a narrower
fiber with a ribbon-like structure. For lower chitosan ratios
(Figures 1(a) and 1(b)), the nanofibrous structure displayed
beads alongside the nanofibers.

The stable electrospinning of pure PCL in FA/AA as a
solvent system was only possible at relatively high concentra-
tions, starting from 12wt.% [38]. Below this concentration,
the electrospun nanofibers most resembled a string of beads,
and the process conditionwas not stable regarding the forma-
tion of the Taylor cone. Chitosan, evenwhen added in smaller
quantities, increased the solution viscosity sufficiently for the
spinning process to be possible with amix of PCL/chitosan at
a lower wt.% of PCL [36, 38].

The pore size increased with increasing chitosan concen-
tration, except for the highest concentration, at which the
pore size decreased from 421.61 nm for 0.8 wt.% chitosan
to 335.61 nm for 1 wt.% chitosan (Table 1(b)). Increasing the
solid material content produced a more viscous solution,
which, along with aggregation of the positive charges of
chitosan in the acidic solvent in the needle, affected the
morphological properties of the polymer in the distance
between the syringe and the collector such that a higher
repulsive force on the polymer string was required to leave
the needle.Thus, a smaller fiber diameter and larger pore size
resulted.

The impact of the BSA concentration on the PCL/
chitosan nanofiber morphology is illustrated in Figure 2.
To study the effects of BSA concentration on electrospun
nanofibers, different amounts of BSA (5%, 10%, 15%, and
20%) were added to 8% PCL and 0.6% chitosan.The polymer
jet containing BSA carries extra charges, which induce a
more effective elongation and finer fibers at the same applied
voltage.Nevertheless, as the BSA concentration increased, the
average fiber diameter increased due to the presence of more
solid material in the solvent system [7]. The results showed
no significant changes in the mean fiber diameter, except
for an increase at 10% BSA, which was approximately 10 nm
and was negligible under these criteria. The fiber diameter
fluctuated slightly from 122.4 nm for 5% BSA to 109.95 nm
for 20% BSA, whereas the pore size increased from 387.19
to 490.24 nm (Table 2). The fiber diameter initially increased
gradually due to the naturalisation effect of the functional
groups of BSA molecules on the positive charges of chitosan.
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Table 1: (a) Fiber diameter and (b) pore size calculated for PCL/chitosan nanofibers comparing PCL/chitosan/BSA nanofibers.

(a)

PCL/chitosan
wt.% ratio

Average fiber
diameter (nm)

Coefficient of
deviation (%)

Average fiber
diameter (nm)

Coefficient of
deviation (%)

Without BSA With 20 wt.% BSA
8/0.2 82.39 3.73 108.68 5.72
8/0.4 101.69 4.93 123.58 5.37
8/0.6 101.66 4.51 121.54 5.48
8/0.8 131.85 4.45 132.73 5.17
8/1.0 109.01 6.24 159.12 7.66

(b)

PCL/chitosan
wt.% ratio

Average pore
size (nm)

Coefficient of
deviation (%)

Average pore
size (nm)

Coefficient of
deviation (%)

Without BSA With 20% BSA
8/0.2 233.62 11.63 462.89 24.97
8/0.4 322.96 12.64 437.28 18.57
8/0.6 423.56 21.42 554.14 34.06
8/0.8 421.61 22.05 621.52 35.79
8/1.0 335.61 19.02 783.77 41.85

Table 2: Applied voltage and average nanofibers diameter and pore size in electrospinning PCL/chitosan nanofibers with different BSA%.

BSA Voltage Average fiber Coefficient of Average pore Coefficient of
wt.% (KV) diameter (nm) deviation (%) size (nm) deviation (%)
5 18 122.4 5.60 387.19 21.25
10 21 133.47 5.60 429.45 24.88
15 20 117.39 6.74 418.43 22.71
20 21 109.95 5.09 490.24 25.10

When the BSA concentration was increased to 15% and 20%,
the extra charges produced a finer fiber. The increase in
pore size is also attributed to greater repellence between the
polymer jet after leaving the needle tip and before grounding.
The assessment of the effect of the BSA ratio on the nanofibers
release property will be considered in Section 3.3.

Adding 20% BSA to all formulations of the PCL/chitosan
blend necessitated a 2-3 kV higher voltage for all samples
(Figure 2(a)) to achieve the stable conditions for electrospin-
ning.

The SEM images of different formulations of PCL/
chitosan with 20% BSA are shown in Figures 3(a)–3(e).
The PCL/chitosan nanofibers diameters increased steadily
by approximately 23 ± 4 nm in all cases as a result of the
addition of BSA. Alternatively, the pore sizes increased by
50% compared to the samples without BSA. This may be
related to the repelling effects of the same charges of the
BSAmolecules, whichmoved to the surface of the nanofibers
during the bending and splaying before collecting on the
collector [39].

Comparing Figures 1(a) and 1(b), no beads were formed
during the electrospinning. This effect is related to the
compensation of the low viscosity by adding BSA to the
system. In Figure 3(e), although the solid material was the
same as the sample in Figure 1(e) except for the presence of

BSA, fine nanofibers were formed, and no ribbon shape was
observed. This result can be ascribed to the modifying effect
of BSA for chitosan positive charges in the needle and the
reduction of the repelling force applied to the polymer during
the spinning process.

Figure 4(a) shows the applied voltages for each group of
PCL/chitosan with or without BSA.The voltage was adjusted
based on the stable Taylor cone during the process. As
expected, higher chitosan concentrations required higher
voltages for electrospinning, which is related to the higher
viscosity of the solution resulting from the increased chitosan
concentration.

All of the data related to the mean fiber diameter, average
pore size, and coefficient of deviation are summarised in
Tables 1(a) and 1(b). Figures 4(b) and 4(c) compare the
characteristics of the PCL/chitosan blend nanofibers after
inserting BSA. The figures also show that BSA increased
the fiber diameter and pore size in all PCL/chitosan blend
formulations.

3.2. FTIR. FTIR spectroscopy was performed to detect the
polymeric ingredients and BSA in the fabricated nanofibers.
The main features of the FTIR spectrum of chitosan powder
included the carboxylate band in the range of 1400 to
1790 cm−1, with a maximum at 1675 cm−1, and a N–H band
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Figure 2: SEM images of PCL/chitosan/BSA nanofibers with BSA different concentration of (a) 5%, (b) 10%, (c) 15%, and (d) 20% with fiber
diameter frequency diagrams.
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Figure 3: Continued.
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Figure 3: SEM images of PCL/chitosan/BSA nanofibers with 20% BSA and different PCL/chitosan wt.% ratio of (a) 8/0.2, (b) 8/0.4, (c) 8/0.6,
(d) 8/0.8, and (e) 8/1 with fiber diameter frequency diagrams.
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Figure 4: (a) Applied voltage, (b) average nanofibers diameters, and (c) average pore size of PCL/chitosan versus PCL/chitosan BSA
nanofibers.
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Figure 6: Release profile of BSA from PCL/chitosan/BSA blend nanofibers (a) with different BSA and (b) with different PCL/chitosan ratio.

at approximately 3350 cm−1 (Figure 5(a)). PCL exhibited a
strong absorption at 1720 cm−1 corresponding to its car-
bonyl group (Figure 5(b)). The FTIR spectra in Figure 6(d)
included contributions from the carboxylate and amine
groups of chitosan and the carbonyl group of PCL. No
additional peaks were observed, indicating that the chitosan
was embedded physically within the nanofibers.

Figure 5(c) depicts the FTIR spectrum of BSA powder.
The main absorption bands of BSA were located at 1640 and
1540 cm−1, which correspond to the protein-related amide
I and II absorptions. The spectrum of the PCL/chitosan
nanofibers containing BSA (Figure 5(e)) showed both peaks
for BSA as well as the characteristic peaks for PCL and
chitosan, which confirmed the presence of BSA in the blend
nanofibers.

3.3. Release Kinetics. The release profiles of PCL/chitosan/
BSA blend nanofibers with different proportions of BSA are
shown in Figure 6(a). The release kinetics can be described
as consisting of two phases: an initial burst at approximately
30–40% of the total BSA during the first hours of the release

study and a gradual release until 14 days, at which point the
80% of the release had been accomplished [40].

During the release experiments, the BSA existing on the
surface leaves the nanofibers to enter the release solution. In
the case of nanofibers that were electrospun from a mixture
of drugs, biomolecules, and polymer, the drugs and/or
biomolecules are likely to conglomerate on the surface.
Consequently, a poor burst release of the dissolved drug is
generally observed in the early phase.

Nanofibers with higher BSA concentration exhibited a
more robust burst in the first stage and a longer delay of
the second stage than those with lower BSA concentrations.
As described in Section 3.1, for equivalent PCL/chitosan, a
higher amount of BSA decreased the nanofibers diameter
and increased the pore size. Although the changes in the
nanofibers diameter were negligible due to the complexity
of the interaction between the chitosan and BSA charges,
the overall movement of BSA molecules from the nanofibers
surface to the release medium was easier for nanofibrous
matrices with higher surface areas and larger pore sizes.
Additionally, a higher BSA concentration led to greater
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uptake on the nanofibers surface and a stronger diffusion
force encouraging themolecules to enter the releasemedium.
As shown in Figure 6(a), a higher amount of BSA led to
a more intense sustained release stage: 75% for 20% BSA
compared to 42% for 5% BSA for blend nanofibers. It was
clear that the release was not completed, and the rest of the
BSA may continue to release over a longer time period.

The release pattern in PCL/chitosan/BSA nanofibers as a
function of chitosan ratio is shown in Figure 6(b). Nanofibers
with higher amounts of chitosan demonstrated less intense
bursts and more sustained behaviour in the second stage of
release. Nanofibers with 0.2 wt.% chitosan had 51% burst in
the first hour of the release study, compared to 43% for 1 wt.%
chitosan and 35% and 32% for 0.6 and 0.8 wt.% chitosan,
respectively. Nanofibrous matrices with 0.8 wt.% chitosan
exhibited a release pattern similar to the sustained release
kinetics.The deviation of 1 wt.% chitosan from this trend was
strongly related to the BSA saturation of its surface.

Based on the morphological studies, nanofibers with
higher chitosan content exhibited a higher fiber diameter
and pore size.Thus, similar to the aforementioned discussion
for nanofibers with different BSA contents, the determined
amount of nanofibrous scaffold with higher surface area and
larger pore size is correlated with stronger burst release for
nanofibers with less chitosan. However, BSA contains more
charged groups (such as –NH

2
and –COOH) than PCL.

Therefore, BSA was forced to move onto the fiber surface
by the electric forces during electrospinning and was thereby
in strong competition with chitosan. Consequently, chitosan
limits BSA transfer to the surface of nanofibers and ultimately
decreases the release amount of BSA in release graphs for
PCL/chitosan/BSA with higher chitosan contents.

4. Conclusion

BSA as a model protein was successfully embedded in
PCL/chitosan blend nanofibers using FA/AA as solvent
system through a blending electrospinning technique.
Compared to PCL/chitosan nanofibers, PCL/chitosan/BSA
nanofibers had higher fiber diameter and larger pore size.
Some electrospinning defects, such as beads at lower chitosan
concentrations and ribbon-like nanofibers, were observed
because of the accumulation of chitosan positive charges in
the needle during electrospinning. This phenomenon was
reduced by adding BSA. PCL/chitosan/BSA nanofibers with
higher chitosan concentrations exhibited less intense bursts
in the first hour of BSA release, which was related to the
higher diameter and consequently lower surface area of the
nanofibers exposed to the release medium.
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