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As an aim toward developing biologically mimetic and functional nanofiber-based tissue engineering scaffolds,
we demonstrated the encapsulation of a model protein, fluorescein isothiocyanate-conjugated bovine serum albumin
(fitcBSA), along with a water-soluble polymer, poly(ethylene glycol) (PEG), within the biodegradable=poly(
caprolactone) (PCL) nanofibers using a coaxial electrospinning technique. By variation of the inner flow rates
from 0.2 to 0.6 mL/h with a constant outer flow rate of 1.8 mL/h, fitcBSA loadings of ©8%7 mg/g of
nanofibrous membranes were prepared. Variation of flow rates also resulted in increases of fiber sizes from ca.
270 nm to 380 nm. The encapsulation of fitcBSA/PEG within PCL was subsequently characterized by laser
confocal scanning microscopy, transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy
(XPS) analysis. In vitro release studies were conducted to evaluate sustained release potential of sheatre
structured composite nanofiber PCL-r-fitcBSA/PEG. As a negative control, composite nanofiber PCL/fitcBSA/
PEG blend was prepared from a normal electrospinning method. It was found thasbeeth nanofibers PCL-
r-fittBSA/PEG pronouncedly alleviated the initial burst release for higher protein loading and gave better
sustainability compared to that of PCL/fitcBSA/PEG nanofibers. The present study would provide a basis for
further design and optimization of processing conditions to control the nanostructure efsbegth composite
nanofibers and ultimately achieve desired release kinetics of bioactive proteins (e.g., growth factors) for practical
tissue engineering applications.

1. Introduction Consequently, morphological mimicking of nanofiber scaffolds,
when coupled with controlled growth-factor delivery function,

With the revival of the nanofiber manufacturing technology can provide both morphological/micromechanical and biochemi-
termed “electrospinning™2 in the past few years, great efforts cal clues for the assembly of regenerating tissue within a
have been made to use polymeric nanofibers as scaffoldingcontrollable nano-/microenvironment. However, in this context,
materials for engineering a variety of tissues. One advantageresearch is still quite limited, although use of electrospun
that these nanofibers have is that they can biologically mimic nanofibers for drug releases for pharmaceutical applications has
the physical structure of native extracellular matrix (ECWH. been reported. For example, Kenawy et sfudied the release
As the nanofibers are dimensionally small and physically weak, of 5% tetracycline hydrochloride from electrospun poly(ethylene-
the nanofiber-based artificial scaffolds could be more effective co-vinyl acetate), poly(lactic acid), and their blends. Verreck
for cells to remodel the cell-scaffold system toward better et al? incorporated poorly water-soluble drugs of itraconazole
integrity and final regeneration of natural ECM as the scaffold and ketanserin into polyurethane nanofibers for potential use
materials degrade over time. in topical drug administration and wound healing. Zong éfal.

From the tissue engineering point of view, besides cells and prepared electrospun poty(-lactic acid) fibers containing an
scaffolds, another indispensable and important element is theantibiotic drug, Mefoxin, applicable for prevention of post-
growth factors, which should be delivered in a controlled and operation-induced adhesion. Jiang et!lainvestigated the
sustained manner without loss of its bioactivity. Many critical releases of ibuprofen-loaded composite membranes composed
phenomena in tissue development, e.g., cell patterning, motility, of poly(lactideeo-glycolide) (PLGA) and poly(ethylene glycol)-
proliferation, aggregation, and gene expression, are influencedg-chitosan (PEGCHN) for possible atrial tissue applications.
by those soluble signaling proteins of varied growth facfors. Luu et al!> demonstrated plasmid DNA could be incorporated

into poly(lactideeo-glycolide) random copolymer and poiy(-
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All of the aforementioned release work adopted the route of
simply mixing drugs and carrier polymers for electrospinning
of drug-incorporated nanofibers. However, the major disadvan-
tage of this blend-electrospinning procedure is that the blend
formulation would usually result in severe burst release phe-
nomenon, as has been reporté®!2 Burst releases lead to
higher initial drug delivery and reducing the effective lifetime
of the devicé?® Many investigations using nanofibers for
controlled release applications have demonstrated the weakness
of the blend-electrospinning method and highlighted the sig-
nificant role of drug-carrier interaction in controlled re-
leases215-17 Another disadvantage is that, during preparation
of the spinning solution and the blend-electrospinning process,
the long time exposure of bioactive proteins to harsh organic
solvent environment would potentially make proteins denatured
to lose its biological activity. Therefore, it would be beneficial
to address the raised issues by encapsulating or entrapping the
drugs inside the nanofibers. In practice, presently there is also
an increasing need to produce drug-encapsulated nanofibers for
potential applications in biomedical areas. These include
preserving an unstable biological agent from an aggressive
environment, for example, in wound healing treatment to prevent
the decomposition of a labile compound under a harsh environ- ,Lu
ment, and to deliver a biomolecular drug in a sustained fashion. _. - ) )

Recently, it has been demonstrated that the release profile ofFlgur-e 1. Schematic illustration of & homer??qe coaxial elecmf

" spinning spinneret used in preparing our PCL-r-fitcBSA/PEG core
drugs can be ideally controlled to perform nearly zero-order sheath nanofibers (PCL-r-fittBSA/PEG denotes the core fittBSA/PEG
kinetics by using compatible drugs with polym®&% or is wrapped inside the PCL sheath).
controlled by making a post-electrospinning coating treatfient
to form a coat over the drug-containing nanofiber surface. certain amounts of PCL in TFE with sufficient stirring at room
Despite these available approaches, newly emerged coaxiakemperature. To prepare core solution of fittBSA/PEG, 5 mg of fitcBSA
electrospinning?=22 would provide an alternative and simple was dissolved in 5 mL of deionized water, followed by addition of
means to encapsulate drugs. With coaxial electrospinning, two 500 mg of PEG.
components can be coaxially and simultaneously electrospun 2.2. Electrospinning. One of the key components in the coaxial
through different feeding capillary channels to generate com- electrospinning setup is a compound spinneret, consisting of two (or
posite nanofibers in the form of corsheath structure.  more) small-diameter capillary tubes with one located inside another.
Ideally, drugs or biologically active agents in the cosheath- Figure 1 shows our homemade coaxial electrospinneret used in this
type nanofibers can be released through the shell if the shellstudy. The subassemblage of copper tube 1 and steel needles 1 and 2,
polymer is sufficiently permeable to the drug molecules which is also used as the electrode for charging the spinning dopes by
wrapped. Or, they can be held over a period of time until release applying high voltage at needle 1, forms the feeding channel for the
when the carrier polymer starts to degrade. However, use ofinner fluid. The outer fluid goes through the side needle 3 mounted
core-sheath-structured nanofibers for encapsulating bioactive through the Teflon wall of tube 2. The exit orifice diameters of the
substances and conducting controlled releases has yet to pénner and outer capillaries are 1.1 and 2.5 mm, respectively. The general
explored® features of this cu:_stomized electrospi_nne_ret are (1) better concentricity

This study first investigated the feasibility of encapsulating for the concern_ed inner and outer capillaries; (2) gontrollable flqw rates
a nonelectrospinnable model protein (i.e., fitcBSA) along with 0" Poth the inner and outer dopes, respectively; (3) adjustable
a water-soluble poly(ethylene glycol) (PEG) into biodegradable Protruding length of the inner capillary along the axis; and (4)
poly(e-caprolactone) (PCL) nanofibers via the coaxial electro- Ch"’.‘r.]geable t“*?”'af gap betwe?n the. openings. This design .WO.UId
spinning technique and a variety of characterization methods..faCIIItate operational adjustment in getting a stable compound spinning
Next, an in vitro release study was preliminarily conducted to jet and offers a possibility to conduct detailed investigation on the

) g . coaxial electrospinning process. In coaxial electrospinning, the output
demonstrate the efficacy of using cergheath composite nano- electrode from a high-voltage supply (RR50-1.25R/230/DDPM, Gamma

fibers for sustalngd reIeases.lFor comparqtlvg purposes, the Sarnﬁigh Voltage Research) was clipped at needle 1 to charge the polymer
materials used |n. the coaxial electrosplnr!lng were blended'solutions, while two precision syringe pumps (model 100, KD Scientific
horT_logeneou_SIy dlsp_ersed and electrpspun I_nto blen_d type Com1nc.) were employed to separately control the inner and outer flow rates.
posite nanofibers using the conventional single fluid electro- oy customized setup allowed the fittBSA/PEG to be encapsulated in
spinning method. PCL nanofibers to generate PCL-r-fitcBSA/PEG composite nano-
fibers with processing parameters listed in Table 1. For comparison
purpose, composite nanofibers of PCL/fitcBSA/PEG blend were also
prepared from a normal electrospinning method as described previ-
ously?* To have the same constitutional ratio of the components in
the PCL/fitcBSA/PEG nanofibers as the coaxially electrospun PCL-r-
fitcBSA/PEG nanofibers, solutions of the PCL/TFE and aqueous

Needle 1

Tube 1

Needle 2
Tube 2

Needle 3

2. Experimental Section

2.1. Materials. Granular PCL 1, 80K, Aldrich) polymer, fluores-
cein isothiocyanate-conjugated bovine serum albumin (fitcBSA, mo-
lecular weight 67K), and organic solvent 2,2,2-trifluoroethanol (TFE)

(purity =99.0%, Fluka, Buchs, Switzerland) were purchased from
Sigma-Aldrich, Inc. (St. Louis, MO). Poly(ethylene glycol) (PE®I,

35K) was obtained from Merck. Transparent PCL/TFE solution (12%
wi/v), as shell fluid for coaxial electrospinning, was made by dissolving

fitcBSA/PEG used in coaxial electrospinning were mixed at ratios of
1.8:0.2, 1.8:0.4, and 1.8:0.6 for preparing samples M0.2, M0.4, and
MO0.6, respectively. The processing parameters were also listed in

Table 1. CDV
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Table 1. Processing Variables for Nanofibers of Core—Shell
Structured PCL-r-fitcBSA/PEG and Blended PCL/FitcBSA/PEG*

Gap Flowrate, Applied  Ambient Ambient
Sample distance, mL/h voltage, temperature, humidity,
code cm Inner Outer kV °C %
0.2 13 0.2 1.8 10.1 22.7 78
0.4 13 0.4 1.8 10.3
0.6 13 0.6 1.8 10.6
MO0.2 10.5 1.09 6.4 22.1 79
MO0.4 10.5 1.16 6.8
MO.6 105 1.25 7.3

* Samples of 0.2, 0.4, and 0.6 were prepared from coaxial electro-
spinning using the setup in Figure 1; while M0.2, M0.4, and MO.6,
prepared from a normal electrospinning process, possess same compo-
nent ratios as that of core—shell structured ones, respectively. The
loadings of fitcBSA in the electrospun composite nanofibers were
calculated to be 0.85 mg/g (samples 0.2 and M0.2), 1.56 mg/g (samples
0.4 and M0.4), and 2.17 mg/g (samples 0.6 and MO0.6).

2.3. Characterization. 2.3.1. Scanning Electron Microscopylhe
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release as a function of release time:

M
cumulative amount of release, %M—‘ x 100

00

1)

whereM; is the amount of BSA released at tihand M., is the total
amount of BSA in the nanofibrous membranes. All samples were run
in triplicate.

At the end of the release study, water from the remaining samples
was gently removed by tissue paper and each sample was dissolved in
3 mL of methylene chloride. The residual protein was then extracted
from the organic phase to the aqueous phase by adding 3 mL of PBS.
The amount of protein extracted was similarly assayed as described
above. The morphology of the post-release samples were assessed on
a high-resolution Quanta FEG 200 field emission scanning electron
microscope (FESEM) (FEI Co,), operated at an acceleration voltage
of 8—10 kV.

3. Results and Discussion

electrospun nanofibrous membranes, mounted on metal stubs by using ) ) ]
conductive double-sided tape, were sputter-coated with gold up to 90  3.1. Fiber Morphology. In terms of forming a fibrous

s in a JEOL JFC-1200 fine coater. Their morphologies were then

structure, the pure BSA was found to be nonelectrospinnable.

observed by use of a scanning electron microscope (JEOL JSM-5600,This however, would not be a prerequisite for generating
Japan) at an accelerating voltage of 15 kV. Fiber diameters of the nanofibers in the coaxial electrospinning process, as the major

nanofibrous membranes were analyzed with image visualization
software, ImageJ, developed by the Upper Austria University of Applied
Sciences. Totals of 90100 counts were used to calculate the
distribution percentages.

2.3.2. Laser Confocal Scanning MicroscopyTo confirm the
presences and distribution of fluorescent-labeled BSA in the PCL
nanofibers, observations of PCL-r-fitcBSA/PEG nanofibers deposited

on microscope glass slides were performed on a laser confocal scannin

microscope (LCSM, Leica TCS SP2, Germany). The excitation and

emission wavelengths were 488 and 535 nm, respectively. When the
composite nanofibers were observed under LSCM, pure PCL fibers
were used as negative control: in brief, first to adjust all the parameters
including the laser intensity and gain, until fluorescent signals cannot
be seen from the pure PCL fiber sample; then without changing any

role in fiber forming would be the shell solution used. Shown
in Figure 2 is the nanofibrous morphology of coaxially
electrospun PCL-r-fitcBSA/PEG, prepared under stable process-
ing conditions, that is, no dripping of droplet, formation of a
stable Taylor cone at the exit orifice of the compound spinneret,
and continuous jet ejection during the coaxial electrospinning.
The SEM images illustrate that these nanofibers, despite

%roduced at varied inner flow rates, possess a common feature

of being bead-free, randomly arrayed, and very porous. Although
the inner solution of fitcBSA/PEG was also found to be

nonelectrospinnable in this study, it has little influence on the
formation of fibrous structure from the compounded inner and
outer fluids. Moreover, measurement of the fiber diameters of

settings, the same parameters were used to observe the fitcBSA-Ihe coaxially electrospun PCL-r-fittBSA/PEG indicates that

containing nanofiber samples.

2.3.3. Transmission Electron MicroscopyThe core-sheath struc-
ture of the coaxially electrospun PCL-r-fitcBSA/PEG composite
nanofibers was examined on a JEOL JEM-2010F FasTEM field

alteration of inner flow rates from 0.2 to 0.6 mL/h resulted in
fiber size increase as shown in Figure 3. The correlation between
flow rate and fiber size increase can be attributed to the extrudate
swell effect of viscoelastic polymers in the extrusion process.

emission transmission electron microscope, operated at 100 kV. TheThis is usually affected by factors such as concentration,
samples for TEM were prepared by directly depositing the as-spun extrusion rate, nozzle length, addition of stiffer fillers, temper-

nanofibers onto copper grids, which were coated in advance with

ature, etc. The swell effect would be simultaneously passed to

supportive Formvar films and carbon. The samples were kept in a the shell fluid by expansion of the shell to a certain extent. This

vacuum oven for 48 h for drying at room temperature before TEM
imaging.
2.3.4. X-ray Photoelectron SpectroscopyX-ray photoelectron

could consequently affect the stretching ability of the jet in the
instability development zone. Previous investigations have
indicated that the bending instability in the electrospinning is

spectroscopy (XPS), also known as electron spectroscopy for responsible for the formation of nano- or submicroscaled
chemical analysis (ESCA), is a widely used chemical analysis tech- jirafine fibers?5.26The swell effect would be absent if the inner

nique. It is able to determine the chemical composition of sample
surface for all elements except hydrogen with a typical sampling
thickness<5—10 nm. XPS analysis of the coaxially electrospun PCL-

r-fitcBSA/PEG nanofibers was conducted on a VG Escalab 2201-XL
Base System (Thermo VG Scientific, England) with a takeoff angle of
90°.

2.4. In Vitro Release.The nanofibrous PCL-r-fitcBSA/PEG and
PCL/fitcBSA/IPEG membranes were first punched into small circles
(diameter 8 mm) with a Ribbel biopsy punch. The circles with a total
mass of ca. 36.5 mg were immersed in 5 mL of PBS ¢pH.4) at 37

fluid is not of the viscoelastic type. For example, in another of
our recent studies, FePt nanopatrticles dispersed in hexane were
encapsulated in the PCL nanofibers. A variation of inner flow
rate actually did not affect the overall fiber diamet&r3®

The blend-type composite nanofibers of PCL/fitcBSA/PEG
(i.e., samples M0.2, M0.4, and MO0.6) were prepared by a normal
electrospinning method and possessed the same component ratio
as that of PCL-r-fitcBSA/PEG. However, it was found they
exhibited beaded fiber morphologies (Figure 4) although they

°C. At predetermined time intervals, the release buffer was completely Were prepared under stable processing conditions. The measured

removed for analysis and 5 mL of fresh PBS was replenished for

fiber diameters of PCL/fitcBSA/PEG blend are slightly smaller

continuing incubation. The fitctBSA amount present in the release buffer than that of core shell-structured PCL-r-fitcBSA/PEG; how-

was determined by a Tecan Specta Fluor Plus microplate reagder (
485 nm,em 535 nm). The results were presented in terms of cumulative

ever, the presence of larger beads would counteract the merits
of its smaller size contribution to properties of surface areaéBq/
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Figure 2. Coaxially electrospun PCL-r-fitcBSA/PEG nanofibers prepared with inner flow rates of 0.2 (a, b), 0.4 (c, d), and 0.6 mL/h (e, f). The
outer flow rate used was maintained at 1.8 mL/h in all cases. The magnifications in the images are 2000x (a, ¢, e) and 8000x (b, d, f).
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Figure 3. Size distributions of PCL-r-fitcBSA/PEG composite nano-
fibers prepared at different flow rates. The fiber diameters for samples
0.2, 0.4, and 0.6 are 277 + 140, 330 + 167, and 378 + 149 nm,
respectively.

3.2. Characterization of the Encapsulation.As the SEM
images in Figure 2 cannot provide evidences that fitcBSA/PEG
was successfully encapsulated inside the nanofibers, several
means to characterize this encapsulation effect were employed.
First, LCSM showed that all the PCL-r-fitcBSA/PEG composite
nanofibers emitted fluorescence (Figure 5), suggesting the
presence of fluorescent-labeled BSA protein in the coaxially
electrospun nanofibers. The fibrous morphology without bead
defects is also consistent with SEM observation shown in Figure
2. Under LCSM, fibers and beads of the PCL/fitcBSA/PEG
blend nanofibers also exhibited green color, with beads being
brighter. Previously, the presence of fluorescence was used to
identify core-shell structure in microspheres with a large
diameter of a few hundreds micrometétsiowever, since the
PCL-r-fittBSA/PEG nanofiber is extremely small, detailed layer
structure on the inner component distribution cannot be clearly
identified by LCSM. Therefore, TEM observation was further
conducted to obtain direct evidence that fitcBSA/PEG was
indeed encapsulated within the shell material of PCL (Figure
6). It can be seen that while the inner component was properly
wrapped in the center of composite nanofibers of PCL-r-
fitcBSA/PEG (Figure 6a), there are also cases of irregular
movement of inner component, as shown in Figure 6b, with an

mechanical performance. Random blending had compromisedobvious slanted portion very close to the fiber surface as shown
the resultant nanofiber morphology, suggesting that the non-in the observed TEM segment. We also found that the inner
electrospinnability of fitcBSA/PEG has a pronounced influence fluid seemed to affect the overall fiber morphology as shown

on the normal electrospinning process. This result, in contrast, in Figure 6¢. The size of the inner component fluctuated along
further demonstrated that coaxial electrospinning is of particular the fiber axis with the shell shape being adjusted correspond-
advantage for those materials that will not form fibers via the ingly. This would potentially disturb the stretching ability of

normal electrospinning proce¥s?°

the compounded jet during the electrospinning proces&g@
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Figure 4. Fiber morphologies of electrospun PCL/fitcBSA/PEG blend nanofibers. The M0.2, M0.4, and M0.6 samples possessed the same
composition ratios as those of samples 0.2, 0.4, and 0.6, respectively. The fiber sizes for M0.2, M0.4 and MO0.6 are 255 + 86, 277 + 87, and
291 + 87 nm, respectively.

40,00 4000y 40,00

Figure 5. Laser confocal microphotographs of core—sheath PCL-r-fitcBSA/PEG composite fibers electrospun at inner flow rates of 0.2 (a), 0.4
(b), and 0.6 mL/h (c). The outer flow rate used was 1.8 mL/h.

0.2 pm

Figure 6. Typical TEM images of coaxially electrospun PCL-r-fitcBSA/PEG nanofibers produced from varying inner flow rates of 0.2—0.6 mL/h
and with outer flow rate of 1.8 mL/h: (a) core component properly located in the center, (b) irregular movement of core component, and (c)
fluctuated fiber shape.

discussed in section 3.1. Sharp boundaries in the TEM imagescomponent inside the sheath during the coaxial electrospinning
essentially reflect the difference of electron transmission ability process. The groups of both Xfaand Yarid® groups have
between the core and shell materials. The likely reasons to formproposed an entrainment mechanism. From a recent calcula-
sharp boundaries are associated with the immiscibility of the tion,32 we speculate that all free charges in the two fluids upon
two polymer fluids and the very fast processing characteristic charging would leave the liquidiquid interface very rapidly
of electrospinning, which would prevent the two fluids from and migrate to the outer free surface upon having high potential
mixing significantly19.20.29 applied. The Maxwell stress would therefore stretch the outer
Apart from those clearly observed cershell fibers, TEM fluid as that occurring in a normal electrospinning. The inner
images of this coaxially electrospun PCL-r-fitcBSA/PEG also fluid would be entrained only by the viscous dragging-like
showed some fibers that did not exhibit any core in the fiber stresses and/or contact friction in the inter-phase imposed from
(or the core cannot be seen). We suggest two possible reasonghe rapid stretching of the shell fluid during coaxial electro-
for this phenomenon: (1) during the coaxial processing, as spinningt®2? Since the coaxial electrospinning is a dynamic
happened in a normal electrospinnifidhere appeared subjets  process, factors such as flow rate of the inner and outer fluids,
(branching) that were offshoots from the shell fluid of the main interfacial tension, and viscoelasticity of the two polymer fluids
compounded fluidic jet. This is true especially for the smaller could affect the entrainment and produce noncore fibers. It is
noncore nanofibers (e.g., diameter$00 nm). (2) It would have  suggested that an optimal processing condition may exist where
a connection with the underlying mechanism of wrapping a core continuous core shell-structured bicomponent composite nag%v
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Figure 7. (a) Typical XPS spectrum of PCL-r-fitcBSA/PEG core—sheath composite nanofibers. Atomic ratio in the samples of 0.2, 0.4, and 0.6
is 26.49% =+ 1.43% for Ols and 73.50% + 1.43% for C1s. (b) XPS spectrum of protein containing blend nanofibers.
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Figure 8. Compared with PCL/fitcBSA/PEG blend nanofibers, PCL-r-fitcBSA/PEG showed burst release suppression effect. (A) Comparison
between samples 0.2 and MO0.2; (B) comparison between samples 0.4 and MO0.4; (C) comparison between samples 0.6 and MO0.6; (D) suppression
efficiency vs flow rate/loading. The BSA loadings for samples 0.2 and M0.2, 0.4 and M0.4, and 0.6 and MO0.6 are 0.85, 1.56, and 2.17 mg/g,
respectively.
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fibers from the main jet can be produced. Existence of noncore O/C in PCL. These results suggested that fitcBSA/PEG was
fibers was also observed in the work of Yu eEaDbviously, properly wrapped by the shell material PCL, and the shell
coaxial electrospinning is far more complex than normal single- thickness is at least beyond the ultimate detection depth of XPS,
fluid electrospinning. The complex electrohydrodynamics in- i.e., 510 nm. Comparatively, nanofibers from blending of
volved have yet to be illustrated by more experimental and protein and PCL would generate an extra characteristic N 1s
theoretical investigations. peak at 400 eV (Figure 7b).

To further confirm the encapsulation of fitcBSA/PEG inside 3.3. In Vitro Release. Release performance differences
PCL nanofibers rather than being exposed on the nanofiberbetween PCL-r-fitcBSA/PEG and PCL/fitcBSA/PEG were plot-
surface, XPS analysis technique was used to examine theted in Figure 8 and compared on the basis of the same protein
chemical characteristics on the surfaces of PCL-r-fitcBSA/PEG loadings. The release kinetics for all cases can be illustrated by
composite nanofibers. Figure 7a shows a typical XPS spectrumtwo stages: an initial fast release before the inflections (stage
of the coaxially electrospun PCL-r-fitcBSA/PEG composite 1) followed by a constant linear release (stage Il). In stage I,
nanofibers. As expected, there are only C 1s and O 1s peakshere were initial burst releases from both composite nanofibers
presented at binding energies of ca. 285 and 530 eV, respecwith averaged release amounts of 35.798 h for PCL/fitcBSA/
tively. Moreover, the peak area ratio of O 1s/C 1s was also PEG and 31.2%ni 4 h for PCL-r-fitcBSA/PEG. Burst release
found to be in good agreement with the theoretical values of in PCL/fitcBSA/PEG is obviously more severe than thatc%v
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encapsulation formulation. After this initial burst release, protein polymer degradation. This is because the PCL polymer would
was approximately linearly released (stage Il) with PCL-r- withstand a very long time>(2 years) for it to be hydrolytically
fitcBSA/PEG being released faster than that of PCL/fitcBSA/ degraded. The possible mechanism will therefore be Fickian
PEG. If it is assumed that the intercepts of the linear curves diffusion through the polymer matrix and/or diffusion through
were associated with the burst release phenomena, it was foungpores in the matri¥> On the basis of the preceding release
that the initial fast release in a period of 2 days for the composite kinetics and post-release morphological observations (Figures
nanofibers of PCL/itcBSA/PEG blend accounts for-GD%, 8 and 9), it would be relatively easy to understand the release
versus 45-65% for the core- sheath-structured PCL-r-fitcBSA/  mechanism of current PCL/fitcBSA/PEG blend formulation
PEG. Incorporation of BSA by blending-electrospinning is worse because it is similar to a monolithic release dewehich is
than that for the encapsulation mode. Encapsulation thereforeusually fabricated by randomly dispersing the protein within a
would suppress the burst release. The suppression efficiencysolid continuous matrix of polymer. The possible mechanism

can simply be expressed by is that as the fittBSA/PEG aggregates presented on or adjacent
to the nanofiber surfaces were dissolved and diffused out of
suppression efficiency (Y%6F the matrix, cavities are consequently formed that will permit
intercept ofY,, — intercept ofY; the solvent front to penetrate to the aggregates located deeper
x 100 (2) within the matrix. The initial fast release of protein in stage |

intercept ofYy, (Figure 8) would be related to dissolution of BSA/PEG within

o . . the surface vicinity, and the linear release in stage Il (Figure 8)
wherei = 0.2, 0.4, or 0.6. On the basis of eq 2, the suppression ¢,|4 pe of diffusion from the deeper regions of the polymer
efficiency versus flow rate (loadings) was plotted in Figure 8D. atix This process is loading-dependent. For example, at high
The pe_rfect linearity ||_nd|cates_ t_he suppression efficacy is loadings (e.g., for cases of M0.4 and MO.6), release become
prop.orthnal to the loadings. This IS understand.able. as Sma"eraggressively erosionlike. Loading levels that affect the micro-
Ioao!lng in terms of current blending fo.rmullatlon IS glmosfr structure alterations in the monolithic dispersion systems have
equivalent to an encapsulation effect, while higher loading will been theoretically described by percolation thédri® Loadings
be ‘?‘b'e to form _cr_lf_mnels for agent to release faster from the of soluble fittBSA/PEG aggregates in this study are in the range
device. After the initial fast release, both formulations were able g 5501 Eor even higher loadings, for example, up to 50%
to release proteins at constant releasing rates. However, sus; - Lo b '

L . S . y the leaching release would actually provide a convenient means
tainability between both formulations is different. PCL/fitcBSA/ o prepare 3-D porous nanofibers with nanotopographical surface

PEG .COUId not sustain a sufﬁment_am_our_]t of release OVET 8 geatures and pronounced increase in surface area as demonstrated
long time, resulting in reduced effective lifetime of the releasing elsewherd?

device. For example, before their common intersection points ) i
of the linear ranges are reached, encapsulated release devices,,[ Unlike PCL/fitcBSA/PEG, coreshell-structured PCL-r-
that is, the core shell-structured nanofibers, can sustain a higher 'CBSA/PEG nanofibers belong to the reservoir-type release

amount of releases of 285%. In contrast, the incorporated ~device, in which the drugs are encapsulated by a polymer shell
ones support only about £20%. Our current study indicates (similar to a coatl_ng) th_at would be able to regulate the rate of
that use of coresheath structured devices can apparently "éléase. Reservoir devices have the advantages of providing a
alleviate the initial burst release and improve the sustain- constapt rate of re_Iease overasupstanhal portion of their lifetime
ability of nanofiber-based releasing devices. This conclusion @1d higher loading level of active agents than most other
is also in agreement with results obtained from other similar Systems® However, reservoir release rate is also critically

core-shell-type configurations such as microspheres and dependenton shell/coating thickness, surface area, permeability,
fibers18.30,33,34 and defects such as thin spots and pinholes. The reason behind

At the end of the in vitro release Study (approach|ng 100%), the release mechanism of current cesteath nanofibers is not

both the PCL-r-fitcBSA/PEG and PCL/fittBSA/PEG nanofibers clear. We hypothesize that the core materials of fittBSA/PEG
were observed by high-resolution SEM. Interestingly, the fiber Would preferably diffuse out through the nonsealed cutting
morphology of PCL/fitcBSA/PEG (Figure 9¢f) has changed ~ opening8' of the small circles (diameter 8 mm) and the
from previously smooth surfaces (images not shown) to very imperfections of coresheath structure such as very thin shell
rough and eroded-like with very obvious pits and/or cavities to favor good permeability (Figure 6b), the pinholes, and the
presented. The severity is obviously related to the incorporatedshell failure (Figure 9ac). The burst release in the initial stage
amount of fittBSA/PEG. Since the fittBSA/PEG aggregates are iS also possibly associated with the coencapsulation of PEG,
water-soluble, it is believed that the pits/cavities were formed Which can be used to modulate the release ¥aREG in the
from the dissolution of the fittBSA/PEG aggregates presented present study was to stabilize the protein and increase the
on and in the fiber. However, this did not happen for the coaxial Viscosity so as to stabilize the compound jets during coaxial
electrospun PCL-r-fitcBSA/PEG nanofibers. The only change, €lectrospinning. Since PEG is a hydrophilic and water-soluble
compared to its pristine form, is that the PCL-r-fitctBSA/PEG polymer, the protein in the fitctBSA/PEG aggregates will be
fibers became flatter and collapsed from their previous cylindri- released simultaneously as the physically entangled PEG slowly
cal shape (Figure 9ac). This may arise from the exhausted dissolve in the buffer. However, inclusion of the relatively large
state of fitcBSA/PEG aggregates inside the PCL shell. The amount of water-soluble PEG in the cetgheath device would
different post-release morphologies in both composite nanofiberspotentially give rise to an osmotic effect to pump the inner
would therefore relate to their respective distribution manners agents out as the membranes were hydrated/wetted and water
of the fitctBSA/PEG aggregates in the composite nanofibers duemolecules penetrate into the core, causing dilution and swelling
to different techniques used for nanofiber preparations, and of the inner components to diffuse out rapid®Both the PCL-
consequently different delivery fashions or mechanisms during r-fittBSA/PEG and PCL/fitcBSA/PEG nanofibers exhibited fast
the in vitro releasing process. release phenomena in the initial 2 days. This is partially
The underlying mechanism of releases in both cases in ourcontributed by the very high surface-area-to-volume ratio of the
current release time scale is less likely to be governed by the nanofibrous membrane, as high surface area would aid in @Bv
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Figure 9. High-resolution SEM images of fitcBSA contained PCL nanofibers after releasing 176 days for samples of (a) 0.2, (b) 0.4, and (c) 0.6
and 149 days for samples of (d) M0.2, (e) M0.4, and (f) M0.6. The mass percentages of fitcBSA/PEG in these composite nanofibers are 8.6%,
15.8%, and 21.9% with respect to samples of (0.2, M0.2), (0.4, M0.4), and (0.6, MO0.6), respectively.

transfer and efficient drug relea%2!Release device size plays remain the same or at least superior to the one from blend-
an important role in controlling the initial release of the proféin.  electrospinning. This is because many studies based on nano-
Many important factors (e.g., the protein properties, co- fibers prepared from electrospinning of drug and carrier blends
encapsulated molecules, polymer matrix, and the interac- have shown evidence that the chemical structure after electro-
tions among them, etc.) have influences on the drug/protein spinning appears to be identidat** The bioactive agents such
release kinetics. Encapsulation by formation of etskeath- as DNA after release was intaétthe a-chymotrypsin enzyme
compounded nanofibers will provide an alternative strategy for immobilized on the polystyrene nanofibers retained high activi-
moderating the release rate of drug release. Notably, it would ties in both aqueous and organic methiaand the drug
be more effective than other forms of devices due to its functionality seems to be completely unaffected by the gentle
nanoscale size, which implies less possibility of introducing electrospinning proces8.0n the other hand, the corsheath
fabrication-related defects and higher surface area for massstructure and coaxial electrospinning itself apparently and
transfer, and protective function for preserving the activity of substantially reduces the possibility of contact with bioactive
the agents encapsulated. Although this work has not examinedagents or exposure to the organic solvents, which would protect
the protein integrity of the released BSA, it is expected that its proteins from activity loss. This protective role would also work
structure released from PCL-r-fitcBSA/PEG formulation would similarly during the release process. In this regard, Zeng Jétélbv
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has recently demonstrated that the enzyme activity of luciferase (12) Luu, Y. K.; Kim, K.; Hsiao, B. S.; Chu, B.; Hadjiargyrou, M.

released from polyfxylene)-coated composite nanofibers Controlled Releas@003 89, 341-353. _

remained intact. (13) Chew, S. Y.; Wen, J.; Yim, E. K. F.; Leong, K. VBiomacromol-
ecules2005 6, 20172024.

(14) Huang, X.; Brazel, C. SJ. Controlled Releas®001, 73, 121-
136.

(15) Kim, K.; Luu, Y. K.; Chang, C.; Fang, D.; Hsiao, B. S.; Chu, B;
Hadjiargyrou, M.J. Controlled Releas2004 98, 47—56.

(16) Zeng, J.; Xu, X.; Chen, X.; Liang, Q.; Bian, X.; Yang, L.; Jing, X.
J. Controlled Releas2003 92, 227-231.

(17) Zeng, J.; Yang, L.; Liang, Q.; Zhang, X.; Guan, H.; Xu, X.; Chen,
X.; Jing, X.J. Controlled Releas2005 105 43—51.

(18) Zeng, J.; Aigner, A.; Czubayko, F.; Kissel, T.; Wendorff, J. H.;

4. Conclusions

Fluorescent-labeled BSA protein along with PEG has been
successfully encapsulated in the PCL nanofibers in the form of
core-sheath structure by a coaxial electrospinning technique.
Such a layer structure was characterized by TEM, LCSM, and
XPS. For the coaxial electrospinning process, it was found that

varying inner flow rate of fitcBSA/PEG/TFE solution from 0.2
to 0.4 to 0.6 mL/h led to an increase in the overall diameter of
PCL-r-fitcBSA/PEG nanofibers from ca. 270 to 330 to 380 nm,
respectively. In vitro release study indicated that the €steell-

Greiner, A.Biomacromolecule2005 6, 1484-1488.

(19) Sun, Z.; Zussman, E.; Yarin, A.; Wendorff, J.; GreinerA8v. Mater.
2003 15, 1929-1932.

(20) zZhang, Y.; Huang, Z.-M.; Xu, X.; Lim, C. T.; RamakrishnaChem.
Mater. 2004 16, 3406-34009.

structured nanofibers are capable of releasing the BSA protein (21) Loscertales, |. G.; Barrero, A.; Marquez, M., Spretz, R.; Velarde-

continuously over a period of more than 5 months. The release

Ortiz, R.; Larsen, GJ. Am. Chem. SoQ004 126, 5376-5377.
(22) Li, D.; Xia, Y. Nano Lett.2004 4, 933-938.

rate was fiber size-dependent: smaller-sized fibers have a faster (23) zhang, v.; Lim, C.; Ramakrishna, S.; Huang, Z.-MMater. Sci.:

release rate than larger ones. Compared to the nanofibers of

fitcBSA/PEG/PCL blend, coreshell-structured PCL-r-fitcBSA/

PEG nanofibers could obviously suppress the burst release. The
suppression efficiency was loading-dependent. SEM examina-
tion of post-release samples suggested the release kinetics ar

diffusion-controlled but are obviously related to the dispersion

fashions of the protein in the nanofibers. Present results provide

a basis for further design and optimization of processing
conditions to control the nanostructure of cesheath composite

nanofibers in order to achieve highly sustainable, controllable,
and effective protein-releasing kinetics in practical tissue

engineering applications. In this regard, coaxial electrospinning

should be a viable technique for coupling the structural integrity
and functionalization in one nanofiber to ultimately fulfill the

success of using nanofibrous scaffolds for tissue regenerations.
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