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Abstract

The purpose of this study was to investigate the structural integrity, bioactivity and release patterns of lysozyme, as a model protein,
encapsulated within the core–shell structured ultrafine fibers prepared by emulsion electrospinning. Electron microscopy and laser con-
focal scanning microscopy images demonstrated that the fibrous mats were very porous with integrally core–shell structured, bead-free,
and randomly arrayed fibers. This structural property can pronouncedly alleviate the initial burst release and improve the sustainability
of ultrafine fiber-based releasing devices. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis and size exclusion chromatography
were used to assess the primary structure of lysozyme, indicating that the ultra-sonication and electrospinning did not cause any remark-
able denaturation of protein, while the core–shell structured fibers protected the structural integrity of encapsulated protein during incu-
bation in the medium. Fourier transform infrared analyses showed that the electrospinning process had much less effect on the secondary
structure of protein than ultra-sonication. The bioactivity assay indicated around 16% of specific activity loss during the emulsification
procedure, and the protective effect of the shell materials on the activity of encapsulated protein. In vitro degradation showed that the
protein entrapment led to more significant mass loss and higher molecular weight reduction.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Tissue engineering seeks to repair or replace damaged
tissue using a combination of cell/molecular biology and
material chemistry/engineering. There have been many
attempts to make nano-featured scaffolds with controlled
pore size, pore geometry, fiber dimension, and spatial ori-
entation [1–3]. And all these features are essential for the
transport of oxygen and nutrient supply to the cells and
for the cellular growth, leading to tissue regeneration.

Biodegradable nanofibrous polymer scaffolds, prepared
by an electrospinning technique, have a nanofibrous skel-
etal structure similar to that of extracellular matrix
(ECM) present in the living tissue. The loosely bonding
between fibers is beneficial for tissue ingrowth and cell
migration and well distribution in the whole fibrous mats
[4]. Besides these, with a three-dimensional open porous
structure and high specific surface area, the nanofibrous
polymeric scaffolds prepared by electrospinning technique
can also deliver various bioactive agents in a sustained
manner, such as antibiotics, anti-tumor agents, proteins,
and plasmid DNA [5–8]. Li et al. studied silk fibroin
fibers containing bone morphogenetic protein 2 (BMP-2)
prepared via electrospinning as a bone tissue engineering
scaffold. The results suggested that BMP-2 in the electro-
spun fiber led to higher calcium deposition and upregula-
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tion of BMP-2 transcript levels when compared with the
control group [9]. To maintain the structural stability
and bioactivity of the encapsulated protein and to regu-
late the release profiles from the matrix fibers, while chal-
lenging, would greatly add to the probability for success
of these materials.

The major disadvantages of the blend-electrospinning
procedure are the severe burst release phenomenon and
the reducing of effective lifetime of the device. Another
problem is the influence of the processes of electrospinning,
storage, and release on the structure and bioactivity of the
incorporated proteins, which is crucial because of the com-
plex physical and chemical instabilities inherent to protein.
Salt-free dry lysozyme and polymer were dissolved into
organic solvents, which was electrospun to produce lyso-
zyme loaded fibrous meshes. A high initial burst (45%) with
a low controlled release profile was detected, which attrib-
uted to the presence of unentrapped lysozyme particles on
the fiber surface [10]. Alternatively, it would be beneficial
to address the raised issues by encapsulating or entrapping
the drugs inside the nanofibers. The successful microencap-
sulation of protein within fibers could keep the stability
and modulate the release behaviors of the entrapped sub-
stance. Recently, Qi et al. prepared Ca-alginate micro-
spheres as a drug reservoir and dispersed the
microspheres into a polymer solution. After electrospin-
ning, fibers with beads-on-string structures were obtained.
Compared with the uncoated Ca-alginate microspheres,
prolonged release profiles and lower burst release were
achieved, but there were 50–70% of the encapsulated pro-
tein released out during the initial 20 h [11]. In recent years,
a coaxial dual-capillary spinneret has been employed in
electrospinning to fabricate core–sheath nanofibers
[12,13]. Zhang et al. investigated the feasibility of encapsu-
lated bovine serum albumin (BSA), along with poly(ethyl-
ene glycol), into biodegradable poly(e-caprolactone)
nanofibers via the coaxial electrospinning technique. It
was found that the initial burst release, which occurred
over a period of 2 days, accounted for 45–65% of protein
from the core–sheath structured fibers versus 60–70% from
blended fibers [12]. It was also noted that the equipment
design and electrohydrodynamic behaviors of the coaxial
electrospinning were complex, and that the selection of
the solvent for the inner solution and the control of the
spinning parameters had a dramatic influence on the struc-
ture of the fibers, especially when a water-soluble polymer
was incorporated within the inner core.

Emulsion electrospinning was a novel process to prepare
core-sheath fibers. It had been successfully applied to the
encapsulation of poly(ethylene oxide) and doxorubicin
hydrochloride in the shell material of poly(ethylene gly-
col)-poly(L-lactic acid) [14,15]. Until now, the stability
and release profile of proteins, which can also be spun into
the inner core, have not been investigated. In the current
study, emulsion electrospinning was introduced to prepare
core-shell structured composite fibers (lyz-MC/PDLLA)
with the lysozyme, as the model protein, encapsulated into

the poly (DL-lactic acid) (PDLLA) fibers along with methyl
cellulose (MC). Lysozyme was chosen as the model protein
as its similar size with most growth factors and many well
investigated aspects, including stability and structure.
Lysozyme in phosphate buffer saline (PBS) was emulsified
into PDLLA solution under ultra-sonication, and the
emulsion was electrospun by ordinary equipment. The fiber
characteristics, protein release profile, structural integrity,
bioactivity and matrix polymer degradation were investi-
gated in detail.

2. Materials and methods

2.1. Materials

PDLLA with molecular weight of 54 kDa was synthe-
sized in our laboratory [16]. The molecular weight was
determined by gel permeation chromatography (GPC,
Waters 2695 and 2414, Milford, MA) with a Styragel HT
4 column (7.8 · 300 mm) using polystyrene beads as stan-
dard. Tetrahydrofuran (THF) was used as the mobile
phase at a flow rate of 1.0 ml/min. Lysozyme (EC
3.2.1.17, Mw: 14.4 kDa, 6800 IU/mg) and FITC were pur-
chased from Sigma–Aldrich Inc. (St. Louis, MO). MC
(300–500 mPa s) was obtained from Chengdu Kelong
Reagent Co. (Chengdu, China). SDS–PAGE molecular
weight marker for protein was purchased from Institute
of Biochemistry, Chinese Academy of Sciences (Shanghai,
China). Micrococcus lysodeikticus dried cells were supplied
by China Center for Type Culture Collection (Wuhan,
China). Ultra-pure water from a Milli-Q biocel purification
system (UPI-IV-20, Shanghai UP Scientific Instrument
Co., Ltd, Shanghai, China) was used in all experiments.
All other chemicals and solvents were of reagent grade or
better.

2.2. Electrospinning

Lysozyme was dissolved in PBS (50 mM, pH7.4) with
MC and the solution was dropped into the PDLLA chloro-
form solution, followed by ultra-sonication in an ice bath
(VC 505, Sonics & Materials, Inc., Newtown, CT). Emul-
sions E1, E2, and E3 were prepared with the following
ratios of protein to polymer: 1.0%, 3.0%, and 5.0% (w/
w), respectively. The resulting fibers (lyz-MC/PDLLA)
F1, F2, and F3 were obtained by electrospinning through
previously described equipment to provide the composite
fibers on the collector as described elsewhere [17]. Briefly,
the emulsion was added in a 5-ml syringe attached to a
metal capillary with the exit orifice diameter of 0.6 mm.
The electrospinning apparatus was equipped with a high-
voltage statitron (Tianjing High Voltage Power Supply
Co., Tianjing, China), and the flow rate of the drug–poly-
mer solution was controlled by a microinject pump (Zhe-
jiang University Medical Instrument Co., Hangzhou,
China). The control samples of fiber without lysozyme
entrapment but with MC (MC/PDLLA) were also pre-
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pared as described above. In order to visualize the protein
distribution in electrospun fibers, lysozyme was labeled
with FITC, which emitted a green fluorescence. FITC
was reacted with an aqueous solution of lysozyme in the
dark under stirring for 24 h at 4 �C. The reaction mixture
was dialyzed to remove any residual FITC and freeze-
dried. The labeled fibers (fitc-lyz-MC/PDLLA) were
obtained by electrospinning labeled protein (fitc-lyz) along
with MC as mentioned above. All the fibrous mats were
lyophilized overnight to remove any solvent and water res-
idues and stored at 4 �C in a desiccator for further use.

2.3. Fiber characterization

The electrospun nanofibrous mats, mounted on metal
stubs by using conductive double-sided tape, were sput-
ter-coated with gold for a period up to 120 s. Their mor-
phologies were then observed by scanning electron
microscope (SEM, Quanta 200, FEI, Netherlands) at an
accelerating voltage of 20 kV. The fiber diameter was
measured from SEM images, and five images were used
for each fiber sample. From each image, at least 20 differ-
ent fibers and 100 different segments were randomly
selected and their diameters were measured to generate
an average by using Photoshop 8.0 edition. The core–
sheath structure of the electrospun lyz-MC/PDLLA com-
posite ultrafine fibers was examined with laser confocal
scanning microscope (LCSM, Leica TCS SP2, Germany)
and transmission electron microscope (TEM, HITACHI
H-700H, Japan). When the composite ultrafine fibers were
observed under LCSM, electrospun MC/PDLLA fibers
were used as the negative control. Excitation and emission
wavelengths were 488 and 535 nm, respectively. In brief,
all the parameters including the laser intensity and gain
were adjusted until fluorescent signals could not be seen
from the control sample; then without changing the set-
tings, the same parameters were used to observe fiber
samples based on fitc-lyz-MC/PDLLA. TEM was oper-
ated at 15 kV, and the fiber samples were prepared by
directly depositing the as-spun ultrafine fibers onto copper
grids.

2.4. Characterization of encapsulated protein within fibers

Core loading of lysozyme in the ultrafine fibers was
determined by extracting the protein content from fibers.
In brief, a known amount of fibers (ca. 100 mg) were dis-
solved in chloroform (500 lL) and extracted three times
with double-distilled water (600 lL). The lysozyme content
of the extracted solution was determined by UV–vis spec-
trophotometer (UV-2550, Shimadzu, Japan) based on the
method of Bradford [18], in which the concentration was
obtained using a standard curve from known concentra-
tions of lysozyme solutions. The extraction efficiency was
calibrated by adding a certain amount of lysozyme and
MC solution into PDLLA/CHCl3 solution along with the
same concentration as above and extracted using the

above-mentioned process. The analysis of lysozyme located
at the fibers surface based on the displacement of surface-
adsorbed protein by sodium dodecyl sulfate (SDS), a pow-
erful negatively charged detergent, which could bind to the
hydrophobic regions of protein molecules causing them to
unfold into extended polypeptide chains and freeing them
from their associations with other molecules [19]. Briefly,
ultrafine fibers (5–7 mg) were accurately weighed and sus-
pended in SDS solution (2 ml, 2%, w/v) and agitated for
4 h at room temperature. The samples were centrifuged
and the supernatant was analyzed for protein. And the sur-
face protein content indicated the percentage of the
amount of lysozyme at surface with respect to the total
amount encapsulated within the fibers. The lysozyme con-
tent was determined in triplicate for at least three different
batches.

2.5. Determination of the primary structure of lysozyme

To detect the aggregation and degradation of lysozyme
molecules during the fiber preparation and release period,
the lysozyme was extracted from the obtained emulsions
and electrospun fibers. The emulsions were destabilized
by the addition of excess buffer, followed by centrifugation
(Anke TGL-16B, Shanghai Anting Scientific Instrument
Co., Ltd, Shanghai, China) at 4000g for 5 min. The lyso-
zyme extraction from electrospun fibers were performed
by dissolving a known amount of fiber mat in methylene
chloride followed by extracting three times with PBS. The
extractants were assessed by Sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS–PAGE), and high per-
formance liquid chromatography (HPLC, Waters 2695,
Milford, MA) with an Ultrahydrogel 250 column (7.8·
300 mm, Waters, Milford, MA). The mobile phase was
pH 7.4, 50 mM phosphate buffer containing 0.3 M sodium
chloride with the flow rate of 0.5 ml/min. Polyethylene gly-
cols were also run under identical chromatographic condi-
tions to serve as molecular weight standards. Triplicate
measurements were made for each sample, and the chro-
matograms were processed using Empower software
(Waters, Milford, MA). To evaluate the effect of extraction
process on the molecular structure, free fresh lysozyme was
added in MC/PDLLA, which was dissolved in methylene
chloride, then extracted by PBS under the same conditions
as above.

2.6. Determination of the secondary structure of lysozyme

Fourier transform infrared (FTIR) was used for the
analysis of the secondary structure of lysozyme [20], and
were recorded using a Nicolet 5700 FTIR spectrometer
(Madison, WI). Samples were centrifuged at 4000g at
4 �C to precipitate possible impurities and placed in CaF2

windows with 20 lm path length. Fourier self-deconvolu-
tion was performed with software Omnic 7.2, and the
deconvoluted spectra were fitted using Gaussian band pro-
files using the software OriginPro 7.5. To measure the over-
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all perturbations in the protein structure, spectral correla-
tion coefficients were calculated between the Amide I sec-
ond derivative spectrum of free fresh lysozyme in
aqueous solution and those at various stages of processing
as described by Perez et al. [21]. The spectral correlation
coefficient was calculated using software Matrix Labora-
tory 7.0, and identical spectra (and thus structures) resulted
in a value of 1.0. Furthermore, the assignment of the indi-
vidual secondary structural elements from the derivative
and the deconvoluted Amide I region was carried out
according to Karen Fu et al. [22]. Integration of each
Gaussian provided the relative content of the respective
secondary structure. The secondary structure contents were
calculated from the areas of the individual assigned bands
and their fraction to the total area in the Amide I region for
at least three spectra. All samples were measured at least
six times.

2.7. Lysozyme activity assay

Lysozyme is effective to digest Gram-positive cell walls
and hence the rate of lysis of M. lysodeikticus cells was
used to estimate the bioactivity of the enzyme as
described by Meng et al. [23]. Briefly, 150 lL of the lyso-
zyme samples or standards (0–25 mg/ml) were added to a
96-well microplate. A suspension of M. lysodeikticus cells
(100 lL, 2–3 mg/ml) was added, and the turbidity at
450 nm was measured by lQuant microplate spectropho-
tometer (Elx-800, Bio-Tek Instrument Inc., Winooski,
VT) at 15 s intervals for 4 min at 37 �C. The lysozyme
activity for the corresponding initial rate of a sample
was calculated from a standard curve of the log concen-
tration vs. initial rate. Results were expressed as the initial
kinetic rate (slope of the OD vs. time at t = 0), assuming
that one unit of enzyme activity was equivalent to an
absorbance decrease of 0.001 absorbance unit per minute.
Specific activity was defined in terms of units of activity
per milligram of protein (U/mg). All samples were
assayed in triplicate.

2.8. In vitro protein release

The fibrous lyz-MC/PDLLA mat was first punched into
small squares (2 · 2 cm2) with a total mass of ca. 200 mg,
which were immersed in 10 ml of PBS (pH7.4) containing
0.02% sodium azide as a bacteriostatic agent. The suspen-
sion was kept in a thermostated shaking water bath (Tai-
chang Medical Apparatus Co., Jiangsu, China) that was
maintained at 37 �C and 100 cycles/min. At predetermined
time intervals, 1.0 ml of the release buffer was removed for
analysis and 1.0 ml of fresh PBS was added back for
continuing incubation. The lysozyme amount present in
the release buffer was determined as described above. The
MC/PDLLA fibers with the addition of the same amount
of lysozyme as that in the lyz-MC/PDLLA fibers were used
as a control for protein determination. Triplicate compos-
ite fiber mats were analyzed in each trial.

2.9. In vitro matrix degradation

To check the effect of protein incubation on the degra-
dation profiles of electrospun fibers, lyz-MC/PDLLA,
and MC/PDLLA fibrous mats were accurately pre-
weighted (ca. 100 mg each) and added to 5.0 ml of PBS
(pH 7.4), containing 0.02% sodium azide as a bacteriostatic
agent. At predetermined time intervals, a group of each
was retrieved, rinsed with distilled water to remove residual
buffer salts, and dried to constant weight in a vacuum des-
iccator. The mass loss was determined gravimetrically by
comparing the dry weight remaining at a specific time with
the initial weight. The molecular weight of recovered
matrix polymer was determined by GPC using the same
method as mentioned above. The morphology of the sam-
ples was observed with SEM as described previously. All
samples were assayed in triplicate.

2.10. Statistics analysis

Values were expressed as means ± standard deviation
(SD). Statistical significance of differences was examined
using one-way analysis of variance (ANOVA) followed
by LSD post hoc test. A probability value (p) of less than
0.05 was considered to be statistically significant.

3. Results and discussion

3.1. Fiber characterization

Fig. 1 shows the fibrous morphology and inner struc-
tures of the lyz-MC/PDLLA fibers prepared by emulsion
electrospinning. SEM images (Fig. 1a–c) illustrated that
fibrous mats were porous with bead-free and randomly
arrayed fibers. Lysozyme is a water-soluble, globular pro-
tein and non-electrospinnable, per se, in this study, it had
little influence on the formation of fibrous structure. The
diameters of fiber samples F1, F2, and F3 were
620 ± 200, 580 ± 180, and 570 ± 110 nm prepared from
emulsions with weight ratios of proteins to matrix poly-
mers of 1.0%, 3.0% and 5.0% (w/w), respectively. Statistical
analysis showed that there was no significant difference
(p > 0.05) on the fiber diameters, due to the same continu-
ous phase of the emulsion used in the three groups.

As the SEM images cannot provide evidences that lyso-
zyme was successfully encapsulated inside the fibers, sev-
eral means to characterize the encapsulation profiles were
employed. First, lysozyme was labeled with FITC, and
the composite fibers (fitc-lyz-MC/PDLLA) were observed
under LCSM. Fig. 1d showed that the fibers emitted green
light, suggesting the presence of the labeled lysozyme.
Fig. 1e gives a representation of the same fiber with and
without excitation superimposed on one another showing
that the composite fibers prepared by emulsion electrospin-
ning contained a core–sheath structure. TEM was also
applied to obtain further evidence that lysozyme was
indeed encapsulated within the shell material (Fig. 1f). It
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can be seen that the lysozyme was wrapped into the center
of the composite fibers of lyz-MC/PDLLA. The sharp
boundaries in the TEM images were indicative of the differ-
ence of electron transmission ability between the core and
shell materials. The likely reasons for these areas of sharp
contrast may be associated with the immiscibility of the
aqueous and organic phases and the very fast processing
characteristic of electrospinning, which would prevent the
two fluids from mixing significantly [24].

Coaxial electrospinning has been used to prepare ultra-
fine fibers with core–sheath structures, in which two com-
ponents can be coaxially and simultaneously electrospun
through different feeding capillary channels to generate
composite nanofibers. It has been noted that only part of
the obtained fibers exhibited a core–shell structure [12].
One possible reason for this was that the two components
were mixed only at the exit orifice of injection needles. The
coaxial electrospinning was a dynamic process, and factors
such as flow rate of the inner and outer fluids, interfacial
tension, and viscoelasticity of the two polymer fluids could
affect entrainment and produce fibers without the required
core-sheath morphology [13]. Therefore, in the coaxial elec-
trospinning process, a special apparatus and careful selec-
tion of operational parameters were needed to ensure the
desired results. In the emulsion electrospinning process,
which was used in current study, the emulsion droplets
moved perpendicularly from the surface to the center so
as to achieve their enrichment in the axial region, which
were stretched into an elliptical shape in the direction of
the fiber trajectory. This inward movement of emulsion
droplets was caused by rapid elongation and evaporation

of the solvents during electrospinning. As chloroform
evaporated faster than water, the viscosity of the outer
layer of the fiber increased more rapidly than that of the
inner layer. It is this viscosity difference between the ellip-
tical droplets and the polymer matrix that directed core
materials to settle into the fiber interior rather than on
the surfaces [11]. But in the sample F3, there were also
cases of irregular movement of the inner component with
an obvious oblique portion very close to the fiber surface
as illustrated by TEM segment (data not shown). A possi-
ble reason was that excess addition of protein into the
emulsion droplets led to a higher outward diffusion of pro-
teins into the polymer solution during electrospinning pro-
cess. This would likely affect the protein distribution within
fibers, the release profiles, and the structural stability and
bioactivity of encapsulated proteins during incubation.

3.2. Characterization of encapsulated lysozyme in fibers

Loading amounts of lysozyme were close to the theo-
retic values for all the fiber samples, and the surface protein
content of samples F1, F2, and F3 were 11.2 ± 0.4%,
15.4 ± 0.4% and 24.2 ± 0.5%, respectively. The larger dis-
tribution of proteins on the fiber surface should be resulted
from the higher outward diffusion of proteins into the poly-
mer solution during electrospinning process. In order to
develop a successful protein delivery system, it is essential
that the biological activity should be retained throughout
the fiber preparation process and incubation into the
release medium. The primary and secondary structures,
the specific activity retention were detected with regard to

Fig. 1. Fiber morphologies and inner structures of lyz-MC/PDLLA composite fibers. SEM images of fiber samples F1, F2 and F3 prepared from
emulsions with weight ratios of proteins to polymers of 1.0% (a), 3.0% (b) and 5.0% (c). Overview LCSM image of fiber sample F1 (d); LCSM (e) and
TEM images (f) of a segment of fiber sample F1.
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the initial protein loadings, the ultra-sonication and elec-
trospinning process.

The influence of ultra-sonication and electrospinning on
the structure of lysozyme was assessed with SDS–PAGE by
comparing the data with that of native lysozyme and
molecular weight standards. As shown in Fig. 2A, it can
be seen that no remarkable structural changes occurred
in the proteins during ultra-sonication and electrospinning
as no aggregation or hydrolysis was detected in the gel.
Due to the low sensitivity of SDS–PAGE, HPLC was also
used to investigate the structural integrity of lysozyme
under different conditions. As shown in Fig. 2B-a, native
lysozyme showed a major peak at ca. 14.4 kDa, which cor-
responded to the monomeric protein. After the processing
by ultra-sonication (Fig. 2B-b) and electrospinning
(Fig. 2B-c), the chromatograms of extracted lysozyme
had not shown remarkable aggregation or degradation,
and it was almost identical with the native lysozyme. Same
HPLC profiles were detected for emulsion samples E2 and
E3 and fiber samples F2 and F3.

FTIR is an established technique for the analysis of the
secondary structure of proteins in solution [25]. Typically,
the Amide I band (mainly C@O stretching mode of the
protein backbone) appears at 1656 cm�1 with a shoulder

at 1628 cm�1. The former frequency confirms the existence
of different secondary structures of the protein backbone
[26]. It is well known that the individual bands contained
in the deconvolved Amide I contour can be assigned to par-
ticular types of protein secondary structure. The qualitative
assignment of the overlapping components of the Amide I
band to secondary structure is based upon a comparison
with the spectra of proteins of known structure based on
X-ray crystallography. According to the widely accepted
assignment for the characteristic absorptions of Amide I
region of lysozyme, the b-sheet primarily vibrate around
1630 cm�1, a-helix around 1655 cm�1, and b-corners from
around 1663 to 1700 cm�1 [27]. Areas of different compo-
nents of the deconvolved spectrum can be associated with
the ratios of different types of secondary structure [28].
Fig. 3 shows the Amide I region of FTIR spectra of native
lysozyme (Fig. 3a) and the Gaussian fitting curves

Fig. 2. (A) SDS–PAGE of lysozyme: lanes 1–3, extracted from emulsion
samples E1, E2, and E3 with weight ratios of proteins to matrix polymers
of 1.0%, 3.0% and 5.0%; lane 8, 7 and 6, extracted from fiber samples F1,
F2, and F3 after electrospinning emulsions E1, E2 and E3; lane 4: MW
standard ladder; lane 5: native lysozyme; (B) HPLC peaks of native
lysozyme in 50 mM, pH 7.4 PBS (a), extracted from emulsion sample E1
(b) and fiber sample F1 (c).

Fig. 3. Amide I region (a) and Gaussian curve-fitting Amide I region (b)
of FTIR spectrum of native lysozyme in 50 mM, pH 7.4 PBS.
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(Fig. 3b). Analysis of the Amide I region of lysozyme
revealed the secondary structure to be 34.1 ± 2.5% of a-
helix (1651.0 cm�1), 29.2 ± 1.7% of b-sheet (1616.7 and
1630.6 cm�1), and 36.6 ± 2.9% of b-corner (1662.9,
1672.1, 1682.2 and 1691.8 cm�1), as determined by Gauss-
ian curve-fitting. This result was in agreement with previ-
ous FTIR studies of lysozyme [29]. Generally, protein/
peptide aggregation involved mostly b-sheet while a-helix
structures seemed to be less likely to form aggregates. This
may be due to a stronger dipole moment of a-helices than
that of b-sheets [30]. So in our study, the b-sheet content
was to be an indicator of the protein structural integrity.

Lysozyme extracted form the emulsions and electrospun
fibers were tested as mentioned above. Some controls were
run to ensure that the results were not an artifact of the sam-
ple preparation technique. The matrix PDLLA and the
additive MC showed no effect on the Amide I area of the
FTIR spectrum of lysozyme. Lysozyme was extracted from
mixture of electrospun MC/PDLLA fibers and the fresh
lysozyme, and showed that the extraction process had no
influence on the Amide I region of the secondary structure
of lysozyme. Table 1 summarizes the overall spectral corre-
lation coefficients of the Amide I second derivative spec-
trum and the contents of subcomponents of secondary
structure determined by Gaussian curve-fitting of the FTIR
spectra of lysozyme under different processing conditions.
In general, the process of ultra-sonication and electrospin-
ning did not cause any remarkable changes of the spectral
correlation coefficients. And the increase in the protein
loading amounts led to small increase in the b-sheet content.
It indicated a slight aggregation of the lysozyme occurred in
the composite fibers with higher protein inoculation due to
the inefficient encapsulation of protein within the fibers.

As indicated in Table 1, about 16% of specific activity
loss was detected after the emulsification procedure, inde-
pendent on the protein loadings. There was significant
activity loss (p < 0.05) for all the emulsion samples com-
pared with the native protein. The electrospinning process
led to much less activity loss, and there was no significant
difference in the specific activity retention between the
emulsification and electrospinning process (p > 0.05). The
emulsification and ultra-sonication procedures, in which

lysozyme exposed to matrix polymer and organic solvents,
would dissipate the protein hydrophobic cores in contact
with the solvent and disrupt the protein hydration shell,
leading to destabilization and unfolding of protein.
Through the analysis of the primary and secondary struc-
tures and the specific activity retention, it suggested that
the best way to prevent denaturation and activity loss of
protein was to optimize the emulsion components and
emulsification procedures to minimize their exposure to
the matrix polymer, organic solvents and dispersion forces.

3.3. In vitro protein release

Fig. 4 shows the lysozyme release profiles from the core-
sheath structured composite fibers. The release kinetics for
all the fibers with different amounts of lysozyme entrapment
can be illustrated in two stages: an initial fast release fol-
lowed by a constant linear release. The burst releases from
fibers samples F1, F2, and F3 accounted for 26.8 ± 1.5%,
41.1 ± 1.8% and 47.1 ± 4.5% in initial 12 h, respectively.
Statistical analysis indicated that there were significant dif-
ferences among these groups (p < 0.05). As indicated above,

Table 1
The spectral correlation coefficient and the contents of subcomponents of secondary structures of the Amide I region of FTIR spectra, and the specific
activity retention of lysozyme under various conditions

Lysozyme samples Secondary structure content (%) Spectral correlation coefficient Specific activity retention (%)

a-Helix b-Sheet b-Corner

Native 34.1 ± 2.5 29.2 ± 1.7 36.6 ± 2.9 1.000 100
Extracted from E1a 33.9 ± 1.1 30.5 ± 1.0 35.6 ± 1.5 0.999 ± 0.001 84.6 ± 2.7
Extracted from E2a 32.5 ± 2.1 32.3 ± 1.4 35.1 ± 1.7 0.997 ± 0.003 83.8 ± 3.3
Extracted from E3a 30.6 ± 3.9 34.7 ± 2.2 35.7 ± 3.6 0.996 ± 0.004 84.4 ± 2.2
Extracted from F1b 33.6 ± 1.1 30.6 ± 0.8 35.8 ± 2.0 0.998 ± 0.002 83.3 ± 3.2
Extracted from F2b 32.3 ± 1.8 33.3 ± 2.2 33.9 ± 1.1 0.996 ± 0.001 82.5 ± 2.1
Extracted from F3b 30.0 ± 2.9 34.0 ± 2.2 35.9 ± 3.0 0.996 ± 0.003 83.9 ± 3.1

a E1, E2 and E3 were emulsions with weight ratios of protein to polymer of 1.0%, 3.0% and 5.0%, respectively.
b F1, F2, and F3 were fibers prepared from emulsions E1, E2 and E3, respectively.

Fig. 4. In vitro release profiles of lysozyme from fiber samples F1, F2 and
F3 with protein loadings of 1.0% (d), 3.0% (j) and 5.0% (m) (n = 3).
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emulsions with higher protein loadings led to fibers with less
integrity of the core–shell structure, resulting from a higher
outward diffusion of proteins into the polymer solution dur-
ing electrospinning process. The core materials of lysozyme
would initially diffuse out through the imperfections of
core–sheath structure, such as very thin shell to favor good
permeability and the shell failure.

As shown in Fig. 4, after this initial burst release, the
core-sheath composite fibers with different amounts of
lysozyme inoculation released proteins at a constant rate
for several days, which may be attributed to the diffusion
of the protein from the cores through the fibers or aqueous
pores therein. However, sustainability of lysozyme release
from the various composite fibers was different. It can be
seen that the increase of lysozyme loading led to a reduc-
tion in the effective lifetime of the releasing device, which
may be due to the thinner shell phase and more porous
shell matrix for agents to release faster from the device.
And inclusion of the relatively large amount of water solu-
ble proteins in the core-sheath device would potentially
give rise to an osmotic effect to pump the inner agents
out as the shell matrices were hydrated and water mole-
cules penetrated into the core, causing dilution and swelling
of the inner components to diffuse out rapidly.

Our current study indicated that core–sheath structure
can apparently alleviate the initial burst release and provide
a constant rate of release over a significant portion of the
lifetime of the device. This conclusion was also in agreement
with results obtained from other similar core–shell-type
configurations such as microspheres [31] and fibers [12].
However, reservoir release rates were also found to be crit-
ically dependent on the integrity of core–shell structures,
shell thickness, surface area and permeability. Qi et al.
encapsulated protein-loaded Ca-alginate microspheres into
polymer fibers generating beads-on-string morphologies.
The polymer shells around the beads were too thin to mod-
ulate protein release, and over 40% of proteins were released
from the fibers during the initial 12 h [11]. Zhang et al.
encapsulated BSA into poly(e-caprolactone) via the coaxial
electrospinning with the result that only a part of the
obtained fibers exhibited core–shell structure. In vitro

release studies showed that over 50% of the protein release
was observed for fibers with only 0.2% of BSA entrapment
[12]. In the current investigation, more well-defined core–
shell structures were observed for fibers prepared by the
emulsion electrospinning process, and around 27% of the
burst release was detected from fibers with a 1.0% of lyso-
zyme loading, followed by sustained releasing for 2 weeks.
Furthermore, 1% of protein loading should be high enough
such that ultrafine fibers might be applicable to the delivery
of growth factors as tissue engineering scaffold.

3.4. Structural integrity and bioactivity of lysozyme during

in vitro release

It indicated that the degradation of the matrix polymers
during incubation in the medium had some effects on the

Amide I area of FITR spectrum of lysozyme. And the sec-
ondary structures of proteins in the medium and within the
fiber matrix during in vitro release period have not been
determined. Fig. 5A–C show the HPLC peaks of encapsu-
lated lysozyme after incubating the electrospun lyz-MC/
PDLLA fibers in PBS (50 mM, pH 7.4) for 1 day, 1 week
and 2 weeks, respectively. Compared with the native pro-
tein (Fig. 5a), it can be seen that the major peak shifted
to lower molecular weights, which corresponded to the
degradation of lysozyme (Fig. 5b–d). Except fiber sample
F1 after incubation for 1 day, other peaks at higher molec-
ular weight region appeared, indicating the aggregation of
lysozyme. Because of the longer exposition to the medium,
the aggregation degrees, which were related with the area
ratios of the high molecular weight peaks to the lower ones,
increased with the incubation time from 1 day (Fig. 5b) to
2 weeks (Fig. 5d). Compared with the encapsulated lyso-
zyme, a much higher aggregation degree and larger shift
of major peak to lower molecular weight were detected
(Fig. 5e) from the free lysozyme incubated with MC/
PDLLA fibers, indicating that the core–shell-structured
electrospun fibers could protect the structural integrity of
encapsulated lysozyme during incubation in the medium.
And a decrease in the observed protective effect was dem-
onstrated for fibers prepared from primary emulsions with
increased weight ratios of protein to polymer from 1.0% to
5.0% (Fig. 5A-C). This maybe attributed to the poorly
formed core–shell structure for fibers prepared from higher
protein loadings as described above.

The retention of specific bioactivity was evaluated for
lysozyme entrapped within electrospun fibers during incu-
bation in the in vitro release medium. The bioactivity loss
may be attributable to possible interactions between lyso-
zyme and the incubation medium and the degradation
products of matrix polymers. As shown in Fig. 5D, the spe-
cific activity retention was significantly higher for lysozyme
encapsulated within lyz-MC/PDLLA fibers than free lyso-
zyme incubated with MC/PDLLA fibers (p < 0.05). This
was due to the protective effect of core-shell-structured
fibers. There was significant higher loss of specific activity
for fibers with higher protein loadings (p < 0.05 for all
pair-wise comparisons), due to the insufficient protective
effect of the polymer shell to the core materials for high
protein entrapment.

3.5. In vitro matrix degradation

A biodegradable polymer-based scaffold must be able to
support attachment, proliferation and differentiation of
cells, as well as maintaining suitable mechanical properties
until tissues is regenerated at the injured site. To evaluate
the effect of protein incorporation on the degradation pro-
files of electrospun fibers, the mass loss, molecular weight
reduction and morphology changes were detected for
matrix residues of lyz-MC/PDLLA and MC/PDLLA
fibrous mats. Fig. 6 shows the morphologies of fibers after
2 (Fig. 6a), 4 (Fig. 6b) and 8 (Fig. 6c) weeks of incubation.
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Compared with the time zero data shown in Fig. 1, the
fiber size increased after 2 weeks incubation, and the fiber
space decreased and some fibers became collapsed due to
chain relaxation of the matrix polymer after incubation
into the medium with elevated temperature (Fig. 6a) [17].
After 4 weeks of incubation, most fibers shrank and col-
lapsed from their previous cylindrical shape (Fig. 6b). This

may arise from the exhausted state of lyz/MC aggregates
inside the polymer shell and the degradation of the polymer
matrix. At week 8 after incubation, the lyz-MC/PDLLA
fibers were fused into a porous film without distinct fiber
structures (Fig. 6c).

Gravimetric evaluation of the mass loss of the electro-
spun fiber mat with and without protein loading is summa-

Fig. 5. (A–C) HPLC peaks of native lysozyme in 50 mM, pH 7.4 PBS (a), lysozyme extracted from fiber samples F1, F2 and F3 with protein loadings of
1.0% (A), 3.0% (B) and 5.0% (C) after incubation for 1 day (b), 1 week (c), 2 weeks (d), and free lysozyme after incubation with MC/PDLLA fibers for
2 weeks (e). (D) Specific bioactivity retention (S.A.R.) of native lysozyme (r) and lysozyme extracted from the fiber samples F1 (j), F2 (d) and F3 (m)
during incubation (n = 3).

Fig. 6. SEM morphologies of lyz-MC/PDLLA fibers with lysozyme loading of 3.0% after incubated for 2 (a), 4 (b) and 8 (c) weeks in 50 mM pH 7.4 PBS
at 37 �C.
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rized in Fig. 7a. The mass loss of the fiber mat in the early
stages may result from the protein, MC and other oligo-
mers dissolving into the degradation medium, and this
stage was short. In intermediate stages of degradation,
the mass loss may be chiefly caused by the protein diffusing
out of the fibers, which was confirmed based on the protein
content and the reduced mass loss of the fibers without
protein incorporation. More porous fibers formed after
protein release out, and the high contacting area of matrix
polymer with the degradation medium resulted in signifi-
cant faster mass loss for fibers with than those without pro-
tein inoculation. Fig. 7b shows the molecular weight
reduction of matrix polymer of fibers with and without
protein loading as a function of incubation time. The
molecular weight of the matrix polymer after 8 weeks of
incubation could not be analyzed accurately for lyz-MC/
PDLLA fibers. It shows that the rate of molecular weight
loss for the lyz-MC/PDLLA fibers was much faster than

that of MC/PDLLA fiber mat without protein incorpora-
tion. With the protein release from lyz-MC/PDLLA fibers
led to much more pores in the fibers, resulting in faster dis-
tribution of water into the fiber matrix and faster hydroly-
sis of polymer backbone.

4. Conclusions

Emulsion electrospinning was successfully introduced to
prepare core–shell-structured ultrafine fibers, which could
pronouncedly alleviate the initial burst release, prolong
the release period dependent on the protein loading
amount, and protect the structural integrity and bioactivity
of encapsulated lysozyme during incubation in medium.
The protein entrapment led to more significant mass loss
and higher molecular weight reduction of the matrix resi-
dues. Current results provide a basis for further explora-
tion of the structural stability and bioactivity of the
encapsulated protein, in order to achieve highly sustain-
able, controllable, and effective protein-releasing kinetics
of bioactive proteins, which would find better applications
of electrospun fibers as tissue engineering scaffolds.
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