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Electrospun Chitosan Microspheres for Complete Encapsulation of Anionic
Proteins: Controlling Particle Size and Encapsulation Efficiency
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Abstract. Electrospinning was employed to fabricate chitosan microspheres by a single-step encapsulation
of proteins without organic solvents. Chitosan in acetic acid was electrospun toward a grounded sodium
carbonate solution at various electric potential and feeding rates. Electrospun microspheres became
insoluble and solidified in the sodium carbonate solution by neutralization of chitosan acetate. When
the freeze-dried microspheres were examined by scanning electron microscopy, the small particle size was
obtained at higher voltages. This is explained by the chitosan droplet size at the electrospinning needle
was clearly controllable by the electric potential. The recovery yield of chitosan microspheres was
dependent on the concentration of chitosan solution due to the viscosity is the major factor affecting
formation of chitosan droplet during curling of the electrospinning jets. For protein encapsulation,
fluorescently labeled bovine serum albumin (BSA) was codissolved with chitosan in the solution and
electrospun. At higher concentration of sodium carbonate solution and longer solidification time in the
solution, the encapsulation efficiency of the protein was confirmed to be significantly high. The high
encapsulation efficiency was achievable by instant solidification of microspheres and electrostatic inter-
actions between chitosan and BSA. Release profiles of BSA from the microspheres showed that the
protein release was faster in acidic solution due to dissolution of chitosan. Reversed-phase chromatogra-
phy of the released fractions confirmed that exposure of BSA to acidic solution during the electrospinning
did not result in structural changes of the encapsulated protein.
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INTRODUCTION

Polymeric microspheres have been conventionally
employed as drug delivery reservoirs for peptides and proteins
because sustained release of the encapsulated drugs can be
obtained with the injectable matrix (1–3). For fabrication of
protein-encapsulated microspheres, emulsification of immisci-
ble solvents were widely employed to incorporate amphiphilic
proteins within hydrophobic matrix of the polymeric carriers.
Proteins solutions emulsified in organic phase were double-
emulsified in aqueous phase to form a water-in-oil-in-water
(W/O/W) emulsion or protein dispersed in organic solvents
were emulsified in aqueous phase to form an oil-in-water
emulsion (O/W) (4,5). Thus, various emulsifiers have been
employed to stabilize the multiple interfaces between two
immiscible solvents, such as PVA and Tween® (nonionic
polyoxyethylene surfactants), whose biocompatibility was not
yet elucidated for in vivo applications (6,7). Therefore, several

studies have been employing alternative strategies such as a
melt dispersion method and an emulsifier-free emulsion
method to eliminate or avoid the use of those surfactants for
fabrication of microspheres (8,9). Electrospray techniques eject
polymer solutions through an atomizer under high pressures
and the sprayed polymeric solutions dries under a cyclone of
hot gas (10,11). This has been a useful technique to prepare
microparticles encapsulating bioactive proteins, however, the
loading efficiency were considerably low because the protein
should be codispersed with the matrix polymer in organic
solvents.

Chitosan, a cationic polysaccharide composed of β-(1-4)-
linked D-glucosamine and N-acetyl-D-glucosamine, has been
extensively studied for biomedical applications because of
superior biocompatibility and inexpensiveness compared to
synthetic polymers. Although chitosan and chitosan deriva-
tives have been widely formulated into nanoparticles for drug
delivery (12–15), fabrication of chitosan microspheres (CMs)
was not actively studied because deprotonated amine groups
of chitosan decrease water solubility in neutral environment
(16). Most CMs have been prepared by emulsification and
spray drying techniques. Chitosan dissolved in acidic solution
was directly dropped into organic phase for water-in-oil
(W/O) emulsifications, which was followed by chemical
cross-linking of chitosan for solidification (17,18). However,
chemically cross-linked chitosan is rarely solubilized in
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aqueous phase and degradation of CMs is significantly re-
stricted. In order to avoid the chemical medication of chitosan,
noncross-linked CMs were widely fabricated by spray-drying
techniques. While monodispersed particle size distribution of
CMs was obtained by spray-drying techniques, expensive
equipment, and low encapsulation efficiency of protein have
been bottlenecks for further commercialization (19–21).

As an alternative strategy, electrospinning, the curling
of electrically charged jets, has been widely employed as a
valuable tool of fabricating nonwoven fibrous meshes with
micro- or nanoscales. Because of the simplicity of the fiber
drawing process, various polymeric solutions were electro-
spun to prepare micro- and nano-porous polymeric fibrous
sheets for textile industry, tissue engineering, and drug
delivery (22–25). Previously, we electrospun biocompatible
polymers to encapsulate and immobilize bioactive proteins
in the fibrous meshes for controlled release of the incor-
porated proteins (26–28). Protein in aqueous phase was co-
electrospun with the organic phase containing polymers
through a dual nozzle to encapsulate the protein within
the core of the nanofiber. The core-encapsulated proteins
were rapidly released out from the fibrous matrix and the
surface-immobilized proteins were rarely released out from
the single meshes; however, the immobilized protein con-
tinuously stimulated cellular signals from an extend peri-
ods. We speculated that the encapsulated protein at the
core was released out through the very thin shells of the
nanofiber by diffusion. More commonly, many researchers
are frequently dispersing proteins in organic phase contain-
ing polymers mixtures to obtain electrospun nanofibers
(29). However, the protein was not homogeneously encap-
sulated within the fibers due to phase separation between
the polymeric phase and proteins during the electrospin-
ning process; this subsequently caused undesirable release
profiles of the protein such as nonrelease or initial burst
release behaviors.

In the current study, we fabricated protein-encapsu-
lating CMs by electrospinning and subsequent solidifica-
tion in sodium carbonate solutions. Chitosan solution was
electrospun at various conditions such as various electric
potentials, viscosities, ejecting speeds, and solidification
rates. We also investigated protein encapsulation behav-
iors of the CMs with fluorescently labeled proteins and
tracked down the release profiles of the encapsulated
protein according to pH changes.

MATERIALS AND METHODS

Materials

Chitosan (Mw 50 kDa) was purchased from Wako
Chemical Co. (Japan). Bovine serum albumin (BSA) and
fluorescein isothiocyanate isomer (FITC) were obtained from
Bio Basic, Inc. (Canada) and Sigma (Saint Louis, MO, USA),
respectively. Glacial acetic acid and trifluoroacid (TFA) were
purchased from Daejung Chemical (Korea). Sodium carbon-
ate (Na2CO3) and hydrochloric acid (HCl) were obtained
from Junsei (Japan). Acetonitrile were purchased from and
JT Baker Inc. (Phillipsburg, NJ, USA). All chemicals were
used of analytical grades.

Preparation of CMs by Electrospinning

CMs were prepared by electrospinning with a minor mod-
ification. Chitosan was completely dissolved in 0.2 M acetic acid
with various concentrations (1.0, 2.0, and 3.0% (w/v)), then,
chitosan solution was injected through 25G needles at various
flow rates (0.5, 1.0, and 2.0 ml/h). The voltage differences and
the distance between a ground and a needle were 2.5–10.0 kV
and 5.5 cm, respectively. Chitosan droplets at the tip of the
needle were electrospun into Na2CO3 (0.5M–4.0M)with gentle
stirring at 60 rpm for immediate solidification. The solidified
CMs were filtered through a nylon mesh, washed five times with
distilled water, and lyophilized. In order to estimate a recovery
yield of CMs, CMs in Na2CO3 were collected after electrospin-
ning for 2 h, and then the CMs were transferred into 50-mL
conical tube after neutralization and washing. After lyophiliza-
tion, the 50-mL conical tube containing CMs was weighted. For
confirmation morphology of CMs, the lyophilized microspheres
on a specimen mount were sputter-coated with a gold palladium
and examined by a field emission-scanning electron microscopy
at the central lab of the Kangwon National University (FE-
SEM, S-4300, Hitachi, Japan). The average diameters of the
CMs were measured with the SEM images by an image-analyz-
ing software (DIXI Images Solution, Korea; n010).

Preparation of FITC–BSA-Loaded CMs

In order to visualize the encapsulated BSA within CMs,
BSA labeled with FITC was encapsulated in CMs. Briefly,
0.5 mL of FITC in acetone (1.0 mg/ml) was slowly added into
10.0 mL of BSA in 0.1 M Na2CO3 (1 mg/ml) and reacted at
4°C in the dark for 8 h. Unreacted FITC was completely
removed by dialysis (SpectroPor, MW cutoff050,000) and
FITC–BSAwas lyophilized. For preparing FITC–BSA-loaded
CMs, FITC–BSA added into chitosan solution in 0.2 M acetic
acid. Then weight ratio of FITC–BSA to chitosan was 1 to 100.
After completely dissolving FITC–BSA in chitosan solution,
the FITC–BSA/chitosan solution was electrospun at various
flow rates (0.5, 1.0, and 2.0 ml/h). The voltage differences and
the distance between a ground and a needle were 2.5–10.0 kV
and 5.5 cm, respectively. Chitosan droplets at the tip of the
needle were electrospun into Na2CO3 (0.5–4.0 M) with gentle
stirring at 60 rpm for immediate solidification. The solidified
CMs were filtered through a nylon mesh, washed five times
with distilled water to remove FITC–BSA on surface of CMs.
FITC–BSAwithin CMs was visualized by confocal laser scan-
ning microscopy (FV300, Olympus, Japan). FITC–BSA-en-
capsulating CMs were placed on a glass slide and a mounting
medium was added to fix a cover slip. FITC–BSA in the CM
was excited at 488 nm and the emission filters were set for
FITC detection (bp. 505–525 nm).

Encapsulation Efficiencies of FITC–BSA in CMs

In order to determine an actual amount of the encap-
sulated FITC–BSA in the CMs, a fluorescence intensity of
FITC–BSA was measured to quantification of the FITC–
BSA in CMs after solvent extraction. Briefly, after wash-
ing FITC–BSA-encapsulating CMs, the FITC–BSA-encap-
sulating CMs (5.0 mg) were completely dissolved in 1.0 M
HCl with vigorous vortexing at room temperature for 24 h
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and centrifuged at 10,000 rpm for 15 min. A fluorescence
intensity of the supernatant was measured by spectrofluo-
rometry (λex0490 nm, λem0520 nm; F-2500, Hitachi,

Japan). FITC–BSA was used as a standard for a calibra-
tion curve (0–200 μg/ml). The encapsulation efficiency was
calculated as follows:

Encapsulation efficiency %; w=wð Þ ¼ the actual amount of encapsulated FITC�BSAðð
in the CMsÞ= the theoretical amount of FITC�BSA in the CMsð ÞÞ � 100

In Vitro Release Profiles of FITC–BSA from the CMs

Release behaviors of FITC–BSA from the CMs were
monitored at various pHs (pH 3.0–8.4). The CMs (5.0 mg)
were dispersed in 5 mL of 10 mM citric buffers (pH 3.0 and
5.5) and phosphate buffered saline (PBS, pH 7.0 and 8.4).
Then, the CMs in each buffer were incubated with vigorous

shaking at 250 rpm with 37°C for 24 h. At predetermined time,
the CMs were centrifuged at 10,000 g for 15 min. The super-
natants were measured to quantify the amount of released
FITC–BSA by spectrofluoremetry. The amount of the re-
leased FITC–BSA in the CMs was calculated using the fol-
lowing equation:

Cumulative release %; w=wð Þ ¼ the amount of released FITC�BSA from the CMsð Þ=
the actual amount of encapsulated FITC�BSA in the CMsð ÞÞ � 100

Stability of the Released FITC–BSA

The fractions of released FITC–BSA from the CMs were
analyzed by reversed phase high pressure liquid chromatog-
raphy (RP-HPLC) system equipped with a Jupiter C18 col-
umn (250×4.6 mm, 5 μ, 300 Å). The mobile phase, a mixture
of water and acetonitrile (90:10) with 0.01% TFA, was flowed
at flow rate of 1.0 ml/min at ambient temperature. Twenty
microliters of the fractions of released FITC–BSA were
injected to the RP-HPLC system and the signals were gained
by a UV detector at 280 nm. FITC–BSA in PBS (1 mg/ml,
pH 6.9) was used as a control.

Statistical Analysis

All the results are expressed in mean values±standard
deviation. The statistical significance between a pair of groups
was determined by conducting a one-way ANOVAwith Sigma
plot 12.0 software (SPSS); a value of p<0.05 was considered
statistically significant.

RESULTS AND DISCUSSION

Figure 1 shows a schematic presentation of preparing CMs
by an electrospinning process. Chitosan dissolved in acetic acid
was ejected and electrospun to the groundedNa2CO3solution for
neutralization of chitosan. Chitosan, a positively-charged natural
polymer, was solubilized in acetic acid and the acetate ion was
bound to the protonated amine groups by electrostatic interac-
tions (30,31). For solidification of CMs, the acetate groups need
to be scavenged at high pH, where the primary amine groups of
the chitosan are deprotonated. After electrospinning of the chi-
tosan solution into the grounded Na2CO3 solution, the semi-
solidified chitosan solution was neutralized in Na2CO3solution
at pH; this gradually solidifies the droplet of the chitosan solution
because the deprotonation of chitosan (pKa0∼6.5) occurs at the
higher pHs. Previously, electrospun chitosan nanofibrousmeshes

were prepared with neutralization of chitosan nanofibers in the
saturated Na2CO3 solution to prevent dissolution of chitosan
nanofibers (32). The neutralized nanofibrous meshes became
insoluble in an aqueous phase and the fibrous structures were
maintained due to the neutralization process. Thus, in the current
study, we further speculate that the solidification process can be
controlled both by a concentration ofNa2CO3 and the incubation
period for the hardening process.

Figure 2 shows the formation of CMs in various chitosan
concentrations and electrospinning voltages. As shown in
Fig. 2a, the electrospinning voltages significantly affected mor-
phology of the CMs; at 10 kV, the microspheres were not
fabricated while micron-sized spheres were obtained for 2.5
and 5.0 kV. Several studies previously indicated that fiber
diameters could be controlled by changing electrospinning
voltages (33–35). Electrospinning is sputtering and curling of
charged jets upon voltage differences. Thus, the rupture of the
polymeric cone at the tip of the electrospinning needle is
controlled by a delicate balance between the surface tension
of polymeric solutions and the electrospinning voltages; the
higher voltages result in faster ruptures of the polymeric cone.

Fig. 1. Schematic presentation of preparing chitosan microspheres
(CMs) by electrospinning. The charged polymer jets were electrospun
to the grounded Na2CO3 and further solidified by neutralization of
chitosan acetate with Na2CO3. The scale bar in the image is 500 μm
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The mass of the curling jets subsequently reduces compared to
those with slower ruptures of the polymeric jets. Thus, many
researchers observed that the decrease of fiber diameters
when electrospinning voltages increased (36,37). Similarly,
we observed that attenuated ruptures of the charged jet at
lower voltages were advantageous for fabricating micron-size
microspheres. At the lower electric potentials, the mass of the
charged polymer jets are clearly increased compared to those
with higher potentials, suggesting the size of electrospun par-
ticles can be significantly increased accordingly. Also, a high
surface tension of polymeric solution could support faster
ruptures of the polymeric jets. Thus, when a concentration of
chitosan was 3.0%, the size of CMs was smaller than those of
1.0 and 2.0% chitosan because the surface tension was in-
creased as increasing the concentration of polymeric solution.
Moreover, acetic acid that was used to dissolve the chitosan

supported the increase of the conductivity of the chitosan
solution because the acetic acid is a strong acid (38).
Additionally, the CMs are “donut-like” shaped, the con-
cave surface at the core of CMs. Because the charged jets
of chitosan solutions were withdrawn by the ground, the
shape tends to be ellipsoidal shapes rather than perfect
round shapes (Fig. 2a). Thus, un-neutralized chitosan at
the core of the microspheres is easily dissolved by the
surround water phase compared to the round shaped
microspheres. We believe that this effect resulted in the
interesting shape of the CMs.

Figure 3 showed the captured images of the droplet at the
tip of the needle at the moment that the droplets were ejected
to the ground. According to the applied electric potential for
electrospinning, various morphologies of chitosan droplets
were observed at the tip of the needle. When the electric
potential increased from 0 to 10 kV, the size and the shape
of the droplet become smaller and elongated. At the lower
electric potentials, gravitational forces determine dropping of
the chitosan droplet, however, at the higher electric potential,
electric potentials control the dropping process. Considering
that the moment that the droplets were about to leave the tip
of the needle toward the ground, it is very clear that the
electric potential plays a critical role in controlling the mor-
phology of CMs. Thus, as shown in Fig. 2, we could control the
size of the CMs by adjusting the applied electric potentials: the
higher electric potential applied, the smaller particle size was
obtained. The electric potential also affected the dropping
time of the chitosan droplets. Specifically, by gravitational
force (0 kV), the droplet was dropped in 17.32 s while only
0.19 s was required at 10 kV. This consequently controlled
particle sizes in reverse proportion to the applied electric
potentials.

Unlike conventional electrospinning processes, the charged
jets are curling into an aqueous phase, thus it is critical to monitor
whether the whole portion of the ejected polymer solution can be
hardened and fabricated to the solid microspheres. Table I shows
the recovery yield of the CMs after the microspheres were hard-
ened and lyophilized.When the chitosan solutions at 1% and 2%
were electrospun, the recovery yields of all CMs were very high
(>80%) except those at 10 kV. Too high electric potentials be-
tween the needle and the ground seemed to sputter the polymer-
ic jets into finer droplets rather than microsized droplets. In fact,
electrospinning processes at higher voltages (>10 kV) has been
favorably employed in terms of fabrication nano-sized fibers due
to increased sputtering of the charged jets (39,40). When the
chitosan solution at 3% was electrospun, however, no difference
was found according to the voltage changes. This can be clearly
attributed that the viscosity of the chitosan solution is high
enough to override the effect of electric fields; the formation of
microspheres is rather dependent on gravitational forces and
surface tension of the chitosan droplet at the needle (41,42).

Figure 4 shows the formation of CMs at various concen-
trations of chitosan solutions and various flow rates for elec-
trospinning. When the solidified droplets of the chitosan
solution was examined by light microscopy (Fig. 3a, inset),
the microspheres were round-shaped; however, after freeze-
drying, the overall size of the microspheres seemed to be
collapsed and the morphology looks much like “football”
rather than spheres. This is clearly caused by the higher elec-
tric potential (10 kV) applied to the system and coincides with

Fig. 2. Fabrication of CMs with various concentrations of chitosan
solutions and electric potential for electrospinning at 2.0 ml/h of a
constant feeding rate. a SEM of the CMs after solidification and the
insets in the SEM image are the optical microscopic images of CMs
before lyophilization. b Average diameters of CMs based on an image
analysis of the SEM images. The average sizes were plotted against
the concentrations of chitosan and the electric potentials (n010). All
scale bars in the images are 500 μm. Asterisks average size of CMs was
not measured due to irregular shapes of the CMs
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the result of Fig. 2, which shows the elongation of the charged
droplets at higher electric potentials (10 kV). The flow rate did
not affect the average size of the CMs; the size of the electro-
spun microspheres is ranged from 200 to 400 μm.
Interestingly, the size of the CMs was considerably de-
creased when the chitosan concentrations were decreased
to 1%. We speculate that 1% chitosan solution was not
viscous enough to form a droplet at the tip of the injection
needle, thus premature droplets were ejected to the ground to
form very fine particles. Thus, we conclude that more than 2%
of chitosan concentration is required to obtain microspheres by
electrospinning.

Table II shows the recovery yields of the CMs according
to the chitosan concentration and the feeding rate of the
chitosan solution for electrospinning. In all groups, the recov-
ery yields did not significantly changed for the different
parameters. However, when the feeding rate increased upto
4 ml/h, the recovery yields also increased with irrespective of
chitosan concentrations: the recover yields ranged from 85.0%
to 88.7% at 4.0 ml/h while those at 2 ml/h were 68.8% to
70.8%. When the droplet size at the needle increases due to
the increased feeding rates, the mass of the curling jets also
increased and larger particles can be consequently fabricated
compared to those with lower feeding rates. Thus, the recov-
ery yield of CMs is considerably increased due to the forma-
tion of large particles. However, it should be noticeable that
the recovery yields of 3% chitosan concentration were steeply
increased to 95.0% when the feeding rate was 0.5 ml/h. Due to
the higher concentration and the lower feeding rate, we ob-
served that the droplet formation at the needle was confirmed
to be very slow (>70 s). Thus, evaporation of water occurs at

Fig. 3. Morphology of chitosan droplets at the tip of the injection needle at various electric potentials. Chitosan solutions (2%) were ejected at 2 ml/
h and the formation of droplets was monitored by a digital video camcorder at 30 fps. All images are presented in a single picture frame that the
droplets is about to leave the needle at the electric potentials of a 0.0 kV, b 2.5 kV, c 5.0 kV, and d 10.0 kV. The dropping time at the lower table was
determined by analyzing the between period of the microspheres dropping (n03)

Table I. Recovery Yield (%, w/w) of CMs with Various Concentra-
tions of Chitosan and Various Positive Voltage at 2 ml/h of Feeding

Rate (n03)

Concentration
of chitosan (%, w/v)

Positive voltage (kV)

2.5 5.0 10.0

1.0 80.1±18.3 88.6±16.9 69.0±13.3
2.0 91.2±4.6 97.2±1.3 70.8±7.7
3.0 82.3±11.4 81.3±3.3 76.2±12.9

Recovery yield of CMs (%, w/w)0(the acquired amount of solidified
CMs/the theoretical amount of CMs)×100

Fig. 4. Fabrication ofCMswith various feeding rates and concentrations
of chitosan solutions at 10 kV. a SEM of the CMs after solidification in
4.0 M Na2CO3. The insets are the optical microscopic images of the
solidified CMs before lyophilization. bAverage diameters of CMs based
on an image analysis of the SEM images. The average diameters were
plotted against the concentrations of chitosan solution and feeding rates
changes (n010). All scale bars in the images are 500 μm.Asterisks when
chitosan concentrationwas 1% (w/v), the average sizes of CMs could not
be measured because of irregular shapes of the CMs
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the prolonged retention time at the needle and the surface of
the chitosan droplet is subsequently solidified due to increased
concentration of the chitosan solution. The solidified droplets
are gravitationally dropped into the receiver solution and the
recovery yields are increased.

In order to evaluate CMs as protein eluting reservoirs, we
encapsulated BSA in CMs by electrospinning protein-dissolved
chitosan solutions. Figure 5a shows confocalmicroscopy of FITC–
BSA encapsulating CMs, which were solidified in various con-
centrations of chitosan solutions for different periods. The fluo-
rescence intensity of FITC–BSA was increased when the CMs
were incubated in a higher concentration of Na2CO3 for a longer
period of time. When the supernatant of the solidified micro-
spheres were measured for the fluorescence intensity of unencap-
sulated FITC–BSA, the encapsulation efficiency were also
dependent on the concentration and exposure time of the semi-
solidified microspheres in Na2CO3 solution, which showed accor-
dance with the visualization study of the FITC–BSA in Fig. 5a. In
all concentrations of Na2CO3, the encapsulations of FITC–BSA
were gradually increased when the exposure time to Na2CO3

increased up to 12 h. Among those, CMs incubated in 4.0 M
Na2CO3 showed the highest encapsulation efficiency while those

Table II. Recovery Yield (%, w/w) of CMs with Various Concentra-
tions of Chitosan and Various Feeding Rate at 10 kV of Positive

Voltage (n03)

Concentration of
chitosan (%, w/v)

Feeding rate (ml/h)

0.5 2.0 4.0

1.0 70.1±10.2 69.0±13.3 88.7±8.5
2.0 60.4±8.2 70.8±7.7 85.0±12.1
3.0 95.0±29.5 76.2±12.9 87.0±24.3

Recovery yield of CMs (%, w/w)0(the acquired amount of solidified
CMs/the theoretical amount of CMs)×100

Fig. 5. Encapsulation of FITC–BSA in CMs with various concentra-
tions of Na2CO3 and neutralization periods. a Confocal laser scanning
microscopy images of the FITC–BSA encapsulated CMs at 2.0 ml/h of
feeding rate and 2.5 kV. The FITC–BSAwas shown in green. b SEM of
the FITC–BSA encapsulated CMs after lyophilization and c encapsu-
lation efficiencies of the FITC–BSA in the CMs by measuring the
fluorescence intensity of the supernatant after centrifugation of solid-
ified CMs. All scale bars are 500 μm

Fig. 6. Release study of FITC–BSA encapsulated CMs. Chitosan
solution was electrospun at 10 kV, 2.0 ml/h of a feeding rate and
solidified in 4.0 M Na2CO3 for 12 h. a Release profiles of FITC–
BSA from the CMs at various pHs (pH 3.0, 5.5, 7.0, and 8.4). b
Analysis of the released fractions of the CM by RP-HPLC. FITC–
BSA at pH 6.9 was employed as a control
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in 0.5 M Na2CO3 showed the lowest efficiency. Compared to
other studies employing polymeric microspheres for protein en-
capsulation, our result clearly suggests that higher encapsulation
efficiencies of the proteins can be accomplished with this strategy.
This can be attributed to (1) uniqueness of the fabricationmethod
of CMs and (2) electrostatic interactions between chitosan and
anionic protein. Although some microspheres were previously
fabricated by electrospinning as an alternative method for emul-
sification, polymeric solutions in organic solvents were only elec-
trospun for fabrication of microspheres in those studies. Thus,
water-soluble proteins dispersed in the organic solvents should
experience denaturation and aggregation during the electrospin-
ning. This subsequently causes irregular dispersion of proteins in
the protein microspheres and the overall encapsulation efficiency
can be considerably low (43,44). However, we herein proposed
the electrospinning of chitosan solution and encapsulated BSA in
the aqueous phase for electrospinning. Thus, the protein can be
more homogeneously dispersed in thematrix of the microspheres
and the protein encapsulation can be significantly increased.
Moreover, the positively-charged chitosan can be effectively in-
corporated anionic BSA by electrostatic interactions, which also
plays a significant role in withholding undesirable escape of pro-
tein during the solidification process of CMs (45,46). Chitosan/
PEO–PPO nanoparticles containing BSA could control incorpo-
ration efficiency and release behavior of BSA due to the electro-
static interaction (45).

The release behaviors of the encapsulated FITC–BSAwere
investigated at various pH as shown in Fig. 6. In the incubation
medium with lower pHs, the higher amounts of the encapsulated
FITC–BSAwere released out; thus ca. 80% of the encapsulated
FITC–BSAwere released out in 24 h when CMs were incubated
at pH 3.0 while those at pH 7.0 only showed ca. 10% release of
the encapsulated FITC–BSA. This can be clearly attributed to
pH-dependent dissolution of chitosan comprising the micro-
spheres. The solubility of chitosan increases in acidic solutions
because the amine groups of the chitosan chains become proton-
ated. This consequently induces complete degradation of CMs in
a short period of time and the solution became clear when CMs
were incubated at pH 3.0 (data not shown). Additionally, we
analyzed the released fractions by RP-HPLC to verify whether
any structural modification of the encapsulate FITC–BSAat each
pH. Because protein in CMs experienced extreme change of pH
from low pH (acetic acid) to high pH (sodium carbonate), which
may result in irreversible structural changes such as deamidation
(47). Subsequent changes of net-charges can be usually evaluated
by reversed-phase chromatography because any changes of single
amine acid is directly associated with the hydrophobicity of the
protein while CD and SDS-PAGE cannot detect such a minute
change. Also, the net charges of the released BSA can be slightly
changed at pH 7.0 and 8.5 than lower pHs by the chemical
changes of the protein structure, resulting in peak broadening
appeared on the chromatograms as the higher pHs. The deami-
dation of the amine acids containing amine side chains can be the
one of the underlying mechanism for such changes because the
deamidation reaction proceeds quickly at the elevated pHs.
Figure 6b clearly indicates that there was no change in the RP-
HPLC profile at all pHs, suggesting that the two-dimesional
structure of the FITC–BSA was not changed at low pHs. This
result clearly shows that CMs can be potentially applied for
protein carriers in aim to control release of the encapsulated
protein according to pH changes.

CONCLUSION

Electrospinning parameters such as electric potentials
and feeding rates affected the morphology and size of the
chitosan microspheres. Especially, when a concentration of
chitosan solution was 2.0∼3.0%, the morphology and size of
the chitosan microspheres were optimized with 5.0∼10.0 kVof
electric potentials and 2.0 ml/h of feeding rate. Solidification
and protein encapsulation of microspheres was dependent on
the concentration of sodium carbonate solution and the expo-
sure time to the solution. Especially, the optimized conditions
for the solidification were 4.0 M sodium carbonate and above
6 h of the exposure time. Release rates of the encapsulated
protein were increased at lower pH and the stability of the
released protein was confirmed by HPLC analysis.
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