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Abstract ‘

Background: Aiming at in situ regenerative therapy, the tailored design of cytokine-releasing scaffolds is still
one of the crucial issues to be studied. A core-shell fibermat is one of the attractive platforms for this purpose.

But, very few detail the importance of choosing the right material for the shell units that can endow efficient

release properties. FIND YOUR INSTITUTION

Obijective: In this study, we characterized the effectiveness of core-shell fibermats that possess cross-linked
gelatin (CLG) as the shell layer of constituent nanofibers, as a protein-releasing cell-incubation scaffold.

Methods: For the core nanofibers in the core-shell fibermats, we utilized a crosslinked copolymer of Journal Information
poly(acrylamide)-co-poly(diacetone acrylamide) (poly(AM/DAAM)) and adipic acid dihydrazide (ADH),
poly(AM/DAAM)/ADH. By coaxial electrospinning and the subsequent crosslinking of the gelatin layer, we
successfully constructed core-shell fibermats consisting of double-layered nanofibers of poly(AM/DAAM)/ADH
and CLG. Using fluorescein isothiocyanate-labeled lysozyme (FITC-Lys) as a dummy guest protein, we

> About Journal

characterized the release behavior of the coreshell fibermats containing a CLG layer. Upon loading basic > Editorial Board
fibroblast growth factor (bFGF) as cargo in our fibermats, we also characterized impacts of the released bFGF
on proliferation of the incubated cells thereon. > Journal Insight

Results: Although the single-layered poly(AM/DAAM)/ADH nanofiber fibermats did not adhere to the
mammalian cells, the core-shell fibermat with the CLG shell layer exhibited good adherence and subsequent
proliferation. A sustained release of the preloaded FITC-Lys over 24 days without any burst release was
observed, and the cumulative amount of released protein reached over 65% after 24 days. Upon loading bFGF > Volumes/Issues
in our fibermats, we succeeded in promoting cell proliferation, and highlighting its potential for use in
therapeutic applications.
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Conclusion: We successfully confirmed that core-shell fibermats with a CLG shell layer around the constituent

nanofibers, were effective as protein-releasing cell-incubation scaffolds.
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Scaffolds Designing from Protein-loadable Coaxial Electrospun Fibermats
of poly(acrylamide)-Co-poly(diacetone acrylamide) and Gelatin

Yuji Tanikawa', Akiko Obata', Kenji Nagata', Toshihiro Kasuga' and Toshihisa Mizuno"*"

'Department of Life Science and Applied Chemistry, Graduate School of Engineering, Nagoya Institute of Technology,

Gokiso-Cho, Showa-Ku, Nagoya, Aichi 466-8555, Japan; > Department of Nanopharmaceutical Sciences, Graduate
School of Engineering, Nagoya Institute of Technology, Gokiso-Cho Showa-Ku, Nagoya, Aichi 466-8555, Japan

Abstract: Background: Aiming at in situ regenerative therapy, the tailored design of cytokine-re-
leasing scaffolds is still one of the crucial issues to be studied. A core-shell fibermat is one of the at-
tractive platforms for this purpose. But, very few detail the importance of choosing the right mate-
rial for the shell units that can endow efficient release properties.

Objective: In this study, we characterized the effectiveness of core-shell fibermats that possess
cross-linked gelatin (CLG) as the shell layer of constituent nanofibers, asta protein-releasing cell-in-
cubation scaffold.

Methods: For the core nanofibers in the core-shell fibermats, wefutilized a crosslinked copolymer
of poly(acrylamide)-co-poly(diacetone acrylaghide) (poly(AMYDAAM)) and adipic acid dihy-
drazide (ADH), poly(AM/DAAM)/ADH. By‘epa%ial electrospinning and the subsequent crosslink-
ing of the gelatin layer, we successfully c@nsfructed copesshell fibermats consisting of double-lay-
ered nanofibers of poly(AM/DAAM)/ADH and CLG» Using fluorescein isothiocyanate-labeled ly-
sozyme (FITC-Lys) as a dummy,guest protein, We €haracterized the release behavior of the core-
shell fibermats containing a CKG Jayer. Upon 1eading basic fibroblast growth factor (bFGF) as car-
go in our fibermats, we also charaéterized impacts of the released bFGF on proliferation of the incu-
bated cells thereon.
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Results: Although the Single-layered poly(AM/DAAM)/ADH nanofiber fibermats did not adhere
to the mammaliap“cells; the core-shell fibermat with the CLG shell layer exhibited good adherence
and subsequengyproliferations AsSustained release of the preloaded FITC-Lys over 24 days without
any burst releasc was observed, and the cumulative amount of released protein reached over 65%
after 24 days. Upondeadidg/bFGF in our fibermats, we succeeded in promoting cell proliferation,
and highlighting itspgtential for use in therapeutic applications.

Conclusion: 2N successfully confirmed that core-shell fibermats with a CLG shell layer around
the constituentnanofibers, were effective as protein-releasing cell-incubation scaffolds.

Keywords: Fibermat, co-axial electrospinning, protein-encapsulation, gelatin, scaffold, growth factor, CLG shell layer.

1. INTRODUCTION

Often, treatment with several cytokines is necessary to
promote the proliferation and differentiation of some cell

ment with several cytokines (optimized concentration, dura-
tion, and order) through a simple exchange of culture media
is thought to recapitulate the events occurring in vivo [3].
Through co-culture with endothelial cells or co-differentia-

lines and stem cells, and the maturation of neuronal cell
lines [1]. During the development of fertilized eggs, differ-
ences in the local concentration of activin A are known to de-
termine the fate of cell differentiation into different germ lay-
ers [2]. For in vitro differentiation or maturation of such
cells on cell-culture dishes or 3D scaffolds, sequential treat-
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tion with mesodermal progenitors in the presence of several
cytokines and growth factors, the preparation of various
types of human organoids has been successfully achieved
[4]. In contrast, for a similar application to somatic cells in
the body for in situ regenerative therapy, installing scaffolds
is believed to be effective [5], as it enables the recruitment
of somatic stem cells and releases cytokines at the target
site. In this context, the design of drug-releasing scaffolds
has been extensively studied by many researchers, using vari-
ous materials made of organic [6], inorganic [7], hybrid poly-
mers [8], inorganic ceramics [9], metals [10], efc. Effective

© xxxx Bentham Science Publishers
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low molecular weight (MW) drugs that can promote cell pro-
liferation [11], differentiation [12], and direct re-program-
ming in mature somatic cells [13] have recently gained con-
siderable attention; however, proteinaceous cytokines such
as growth factors [14], bone morphogenetic proteins [15],
and tumor growth factor-f [16] are still crucial for this pur-
pose. Therefore, novel protein-releasing materials that pro-
vide a controlled, but sustained release are urgently required
and therefore, require intensive research.

Electrospun fibermats are assemblies of nano- or micro-
fibers, and because of their similarity to the fiber-assembled
structure of extracellular matrixes, fibermat-based cell-incu-
bation scaffolds have been extensively studied [17]. For use
as a medical implant scaffold in regenerative therapy, an ef-
fective design of the protein-releasing fibermats is expected.
To meet the requirement of insolubility in culture medium
for a certain period, water-insoluble hydrophobic polymers
such as poly (lactic acid) (PLA), poly (e-caprolactone) (P-
CL), and polyurethane (PU) are generally chosen as the base
materials of fibermats [18-20]. To endow protein-releasing
properties, two methods have been frequently examined.
One involves the adsorption of proteinaceous humoral fac-
tors onto the surface of fibermats via non-covalent bonding
[21]. To retain biological activity, immobilization via non--
covalent bonding such as electrostatic interactions is effec-
tive. However, due to low binding, most adsorbed proteins
might undergo burst release; therefore, this method is practi-
cal, but intrinsically not suitable for controlled release®
Another method is the use of fibermats prepared using thé
emulsion method [22]. These fibermats consist of mifcro-
fibers of hydrophobic polymers such as poly (lactic @€id%co-
glycolic acid) (PLGA), where protein molecules, ‘are dis-
persed within the microfibers as an emulsien%of” proteinf
molecules in an aqueous buffer with theistabiliz€is
(polysaccharides, efc.). Since protein melecules are held an
the hydrophobic microfibers, in order tofachieve s@iffictent
release, partial or substantial decomposition or§olubilization
of the hydrophobic polymers is necessary [23]§However,
this method includes the possibility of losig the essential
function of cell adhesion because of the desttuction of fiber-
mats.

Recently, we studied a method to construct protein-load-
able fibermats, in which protein molecules were encapsulat-
ed within nanofibers [24-26]. Based on the in-situ crosslink-
ing during electrospinning (SCES) method using post-cross-
linkable hydrophilic polymers and the corresponding cross-
linkers [25], we successfully constructed protein-encapsulat-
ed fibermats without denaturing the proteins. Owing to the
hydrophilic nature of the nanofibers used in this method, the
fiber-stacked nanostructures lacked mechanical strength and
stability for practical applications. However, by wrapping
the nanofibers with other hydrophobic polymers, i.e., by
modifying the core-shell fibermats, we could overcome th-
ese drawbacks [26]. Because of its low hydration, using
PCL as the shell layer allows enzymes to be held within the
core nanofibers without leakage. However, other materials
for the shell layer can be chosen and the protein-releasing
fibermats could be designed based on the core-shell fibermat
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platform. In this study, we used cross-linked gelatin (CLG)
[27] as a new shell material for core-shell fibermats and char-
acterized their efficacy as protein-releasing scaffolds. For
the base material of the core nanofibers, we used the cross-
linked copolymer of poly(acrylamide)-co-poly(poly(diace-
tone acrylamide) (poly(AM/DAAM)) and adipic acid dihy-
drazide (ADH), poly(AM/DAAM)/ADH Fig. (1). In our pre-
vious study, we demonstrated the effectiveness of this mate-
rial in protein-loadable fibermats [25, 26]. The nanostruc-
ture, protein-releasing properties, and suitability as cell-incu-
bation scaffolds of the core-shell fibermats, consisting of po-
ly(AM/DAAM)/ADH and CLG, were studied using micros-
copic measurements and cell-based assays.
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2SMATERIALS AND METHODS

2.1. Materials

Unless stated otherwise, all chemicals and reagents were
commercially obtained and used without further purifica-
tion. Acrylamide (AM), 2,2,2-trifluoroethanol (TFE), 2,2'-a-
zobis[N-(2-carboxyethyl)-2-methylpropionamidine] tetrahy-
drate (VA-057), gelatin, and lysozyme from egg white were
purchased from Wako Pure Chemical Ind. Ltd. (Osaka, Ja-
pan). Diacetone acrylamide (DAAM) and adipic acid dihy-
drazide (ADH) were purchased from Tokyo Chemical Indus-
try Co., Ltd. (Tokyo, Japan). Poly(AM/DAAM) featuring
AM and DAAM at an 8:2 molar ratio was synthesized as pre-
viously described [25]. The M, and polydispersity index
(PDI) of poly(AM/DAAM), determined using gel-permea-
tion chromatography (GPC), were 57000 g/mol and 1.18, re-
spectively. FITC-Lys was synthesized as described in a pre-
vious study [28]. NIH3T3 cells were purchased from the
JCRB Cell Bank (Japan).

2.2. Construction of Core-Shell Fibermats with PCL or
Gelatin Shells and Post-Crosslinking with EDC.

According to the similar protocol in the previous study
[26], we prepared the core-shell fibermats, consisting of the
core nanofiber of poly(AM/DAAM)/ADH and the shell unit
of PCL or CLG. The solution of poly(AM/DAAM) (0.5 g in
2.5 mL of 100 mM phosphate buffer, pH 8) and ADH (0.5
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molar equivalent with respect to DAAM in poly(AM/-
DAAM)) was prepared for the precursor solution of the core
nanofiber. When encapsulating FITC-Lys, 1 wt% with re-
spect to the mass of the polymer was added to the solution.
To encapsulate bFGF, 25 pg bFGF was added to the solu-
tion. Concomitantly, 8 wt% PCL or gelatin solution in TFE
was prepared and used for the precursor solution of the shell
unit of core-shell nanofibers. With linear extrusion velocity
of 0.2 mL/h for the poly(AM/DAAM)/ADH solution and
0.8 mL/h for the PCL or gelatin solution under high voltage
(18 kV), core-shell fibermats were electrospun (SD-02,
MECC Co. Ltd, Japan). For crosslinking of the core-shell
fibermat with a gelatin shell, the fibermats were cut into a
round shape (¢ 6.4 mm) and placed at the bottom of a 96-
well plate. These round fibermats were immersed in 100 uL
of EDC solution (200 mM) in EtOH and incubated for 24 h
at 25°C. After several washes in PBS (1 mL x 5), the fiber-
mats were used for experimentation. Fibermat preparation
and crosslinking processes were both performed at room
temperature. UV sterilization was applied before cell experi-
ments.

2.3. Scanning Electron Microscopy (SEM).

SEM observation of fibermats was performed according
to the previous procedure [25, 26]. Samples were coated
with amorphous osmium through plasma chemical vapor de-
position by using a JEE-420T vacuum evaporator (JEOL, Ja-
pan). The mean diameters of the fibermat nanofibers and
their standard deviations were evaluated from the SEM 1m#é
ages of 30 nanofibers, using the software, Image J. In_order
to check reproducibility of fiber diameter and fibersstacked
nanostructure of each fibermat, we also did SEM, obscrva-
tions of the other batch samples.

2.4. Transmission Electron Microscopy (FREM).

TEM observation of fibermats was p€rformegdya€eording
to the previous procedure [25, 26]. Samples fof{IEM obser-
vation were prepared by directly collectinggthe ‘Spun core-
shell nanofibers from the coaxial spinneretsongo a TEM grid
(Formvar Carbon Film on Copper 100/mesh/(50), Okenshoji
Co., Ltd, Japan). To obtain adequate, imiage contrast between
core and shell portions, sodium phosphotungstate was mixed
into the core precursor solution of poly(AM/DAAM) and
ADH at a final concentration of 0.001% (w/v). The mean
core diameters and shell thicknesses of the fibermat nano-
fibers and their standard deviations were evaluated from the
TEM images of 30 nanofibers, using the software, Image J.
In order to check reproducibility of the mean core diameters
and shell thicknesses; we also did TEM observations for the
other batch samples.

2.5. Attenuated Total-Reflectance Fourier-Transform In-
frared (ATR-FTIR) Spectroscopy.

ATR-FTIR spectra were acquired as previously [25, 26].
ATR-FTIR spectra were acquired using an FT-IR-4000 spec-
trometer (JASCO, Japan) equipped with an ATR PRO450-S
unit (JASCO, Japan). The FID spectra scanned 200 times at
ambient temperature were accumulated and Fourier-trans-
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formed to obtain FTIR spectra at 4 cm™ resolution. In order
to check the reproducibility of ATR-FTIR spectra of the
fibermats, we also did ATR-FTIR observations for the other
batch samples.

2.6. Release Behavior of Preloaded FITC-Lys from the
Core-Shell Fibermats.

As in the case of the core-shell fibermats with the CLG
shells, the FITC-Lys loaded fibermats (4 mg) with gelatin
shells were immersed in 1 mL EDC solution (200 mM) in
EtOH and incubated for 24 h at room temperature to cross-
link the gelatin shell. After washing in PBS (1 mL x 5), th-
ese fibermats were immersed in DMEM (1.5 mL) and the
amount of FITC-Lys released for 1-24 days was quantified
from the fluorescence intensities at 521 nm (excitation wave-
length, 495 nm) of the DMEM medium using a fluorescence
microplate reader. For the core-shell fibermats with a PCL
shell, the FITC-Lys loaded fibermats with PCL shell were
immersed in DMEM (1.5 ml4), and the amount of FITC-Lys
released for 1-24 days was guantified from the fluorescence
intensities at 521 nm (excitation wavelength, 495 nm) of the
DMEM medium usingga, fluorescence microplate reader. At
all-timespoints, when observing the fluorescence intensity of
DMEMgsthe media was replaced with fresh DMEM (1.5
mER

2."7. Cell{dIm€@ubation in the Fibermats with or without
Preloaded bFGF.

WNIH3T3 cells were routinely cultured in DMEM (Wako
Pute ‘Chemical Ind. Ltd., Japan) supplemented with 10%
EBS (Wako Pure Chemical Ind. Ltd., Japan) and 1% antibiot-
ic solution (including 10,000 units penicillin and 10 mg
streptomycin, Wako Pure Chemical Ind. Ltd., Japan) at
37°C in a humidified atmosphere containing 5% CO,. Cells

(3 x 10" cells) were seeded on the fibermats with or without
preloaded bFGF, which were cut into a round shape (¢ 6.4
mm) and placed at the bottom of a 96-well plate, and incu-
bated for 1, 3, 5, and 7 days. Alteration of cell numbers
growing on the fibermats was measured using a Cell Count-
ing Kit-8 (CCK-8, Dojindo, and Kumamoto, Japan) accord-
ing to the manufacturer’s instructions. To avoid miscounting
the cells in the fibermats, each fibermat was moved to a new
96-well plate before the addition of the CCK-8 solution.

2.8. Confocal Laser Scanning Microscopy (CLSM) of
Cell Morphologies.

The morphology of NIH3T3 cells, incubated on the fiber-
mats after 1 or 3 days, were imaged using a confocal laser
scanning microscope (LSM880 microscope (Zeiss, Ger-
man). The sample at each time point (1 or 3 days) was fixed
with 4% paraformaldehyde, treated with 0.1% Triton solu-
tion and then,1% BSA solution. After staining the actin fila-
ments and nuclei with Phalloidin-iFluor 488 Conjugate (Cay-
man Chemical Co. Ltd., USA) and DAPI, included in Vec-
tashield (Vector Laboratories, USA), respectively, each fiber-
mat sample was sandwiched between two cover slips (25 x
60 mm) and imaged under a CLSM.



4 Current Applied Polymer Science, xxxx, Vol. xx, No. xx

2.9. Statistical Analysis

All biological experiment data were presented as the
mean standard deviation (SD). Statistical analysis was per-
formed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s honestly significance as a post hoc test (p
<0.05).

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Core-Shell
Fibermats Containing a Shell Layer of Crosslinked Ge-
latin

In our previous study, based on the SCEP method, we
successfully constructed protein-loadable fibermats with sin-
gle-layered nanofibers, using the crosslinked copolymers po-
ly(AM/DAAM) and ADH as a base material [25]. Further,
to support the weak structure of the poly(AM/DAAM)/ADH
fibermat in terms of mechanical strength and long-term sta-
bility of the fiber-stacked nanostructure in an aqueous envi-
ronment, we modified it by wrapping the poly(AM/-
DAAM)/ADH nanofibers with a hydrophobic PCL shell
[26]. PCL is a cell-adhesive polymer, and thus, the core-
shell fibermats with a PCL shell layer could be used as a pro-
tein-releasing cell-incubation scaffold. However, due to the

(a)

484 £ 70 nm
()

479 £ 52nm
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low hydration of PCL, sufficient protein release was not ex-
pected. Thus, we prepared a core-shell fibermat with a cross-
linked gelatin (CLG) shell layer and characterized its pro-
tein-releasing ability, capability for cell adhesion, and induc-
ing proliferation. Gelatin is a well-known cell adhesive mate-
rial, but crosslinking is necessary to make it insoluble in an
aqueous environment [27]. Therefore, after co-axial electro-
spinning to prepare the core-shell fibermat with a gelatin
shell,  1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
(EDC) was applied to the core-shell fibermats (details in Ex-
perimental Section). As a reference, we also prepared core-
shell fibermats with PCL shells.

Scanning electron microscopic measurements of the po-
ly(AM/DAAM)/ADH-gelatin fibermat, confirmed the forma-
tion of nanostructures composed of stacked homogeneous
nanofibers with an average diameter of 484 + 70 nm, similar
to that of poly(AM/DAAM)/ADH-PCL (666 + 80 nm) Fig.
(2). Furthermore, the existence of double-layered structures,
consisting of core poly(A AAM)/ADH nanofibers and
the gelatin shell was successfully confirmed using transmis-
sion electron microsco M) measurements. The aver-
age thickness of the x er was estimated to be 76 +

20 nﬁ) mak e atm shells water-insoluble, post-
cro& g trea with EDC was carried out. The fiber-

Fig. (2). Scanning electron microscopic (SEM, X5000 magnification) images of the core-shell fibermat with PCL shell (a), those with gelatin
shell before (b) and after (¢) crosslinking with EDC, and transmission electron microscopic (TEM, X4000 magnification) images of the core-
shell fibermat with PCL shell (d) or gelatin shell (e). For TEM, the poly(AM/DAAM) core nanofibers were stained with phosphotungstate

(see methods).
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stacked nanostructure and their average diameter (479 + 52
nm) were maintained following crosslinking. To the best of
our knowledge, this is the first study to successfully con-
struct the core-shell fibermats with the CLG shell layer as
there are no previous reports on this topic. Using attenuated
total reflection-infrared (ATR-IR) measurements, we investi-
gated the coexistence of the poly(AM/DAAM)/ADH core
nanofiber and the CLG shell. The ATR-IR spectra of the
core-shell fibermats and the references (gelatin and po-
ly(AM/DAAM)/ADH fibermats) are summarized in Fig. (3).
Considering the characteristic IR band of poly(AM/-
DAAM)/ADH fibermats (1540, 1615, and 1650 cm™) [26],
additional IR bands at 1525 and 1630 cm”, typical of the
amide groups in gelatin [29], were observed. This indicated
the coexistence of poly(AM/DAAM)/ADH and gelatin; in
other words, the core-shell fibermats were successfully con-
structed.

1630 cm™
1525 cm™
|

"“ , [Poly(AM/DAAM)-CLG
“t Core-shell fibermat
A | N
~ /M
W w
A I ]
VA \ [} Poly(AM/DAAM)
\ || fibermat

/

\J’-f —~ _;\/\f\J \)W\,\L

Absorbance (a.u.)

‘/ f\ Gelatin

\,\ | f\\M\
— Nl
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. (3). Attenuated total reflection-infrared (AGR=IR) spectrasoft
the poly(AM/DAAM)/ADH-CLG core-shell fibésmat (red ling);*gc»
latin (black line), and the poly(AM/DAAM)%ibermat (bluetine).
(A higher resolution / colour version of this\figure issayvailable in
the electronic copy of the article).

3.2. Cell Adhesion and Protein Release/Properties of the
Core-Shell Fibermats.

Cell adherence is an importanf¥actot that should be con-
sidered when designing scaffolds for adherent mammalian
cells. When designing artificial scaffolds that are applicable
to regeneration therapy, such as in vitro construction of artifi-
cial tissues and organs, or implant therapy in which the intro-
duced scaffolds can recruit somatic stem cells and promote
tissue regeneration, the choice of cell adhesive materials is
indispensable. In general, hydrogels made from synthetic po-
lymers such as polyacrylamide and polyethylene glycols are
not likely to adhere to mammalian cells [30]. However,
those made from proteins or peptides exhibit exceptionally
good adherence. Although the core nanofibers of poly(AM/-
DAAM)/ADH were expected to have low cell adhesion, we
hypothesized that the addition of a proteinous CLG shell
would enhance adherence to mammalian cells. To verify
this, we tested cell adhesion and proliferation using NIH3T3
cells as a model. Each fibermat, cut into a round shape (¢
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6.4 mm), was placed in the bottom of a 96-well culture dish
and then, NIH3T3 cells were seeded. Based on an MTT as-
say using the water-soluble WST, we estimated the number
of live cells on the fibermats at each time point (1, 3, 5, and
7 days) (Fig. 4). In the case of the poly(AM/DAAM)/ADH
fibermat, with only core nanofibers of poly(AM/-
DAAM)/ADH, cell numbers increased slightly but saturated
within 5 days. However, for the core-shell fibermats with
CLG shell, the increase in cell numbers was maintained for
7 days. Using a confocal laser-scanning microscope, we con-
firmed extended pseudopodia and elongated morphology us-
ing the core-shell fibermats with CLG shell (Fig. 5). The NI-
H3T3 cells plated on the single-layered poly(AM/-
DAAM)/ADH fibermat were round and pseudopodia devel-
opment was limited even after 3-days of incubation. These
results indicate that by modifying the core-shell fibermat
with the CLG shell, cell adhesion and proliferation were suc-
cessfully improved.

=40 * * *
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Fig. (4). Cell proliferation of NIH3T3 cells seeded on poly(AM/-
DAAM)/ADH fibermats (white bar), core-shell fibermats with
PCL shell (zebra-patterned bar) and CLG shell (black bar). 3.0 X
10° cells were seeded on each fibermats, set at the well bottom of
96 well plate; *significance difference between pairs of substrates
shown (p < 0.05). (Mean + SD; n = 4).

We next characterized the protein-releasing properties of
the core-shell fibermat with the CLG shell. Protein
molecules were preloaded in the core nanofibers inside the
core-shell fibermats. In the next section, we evaluate the im-
pact of the pre-encapsulated basic fibroblast growth factor
(bFGF) on cell proliferation. Therefore, a FITC-labeled ly-
sozyme (FITC-Lys), in which Lys has a similar cationic
property (pI ~ 11.3) [31] to bFGF, was chosen as a dummy
protein. The FITC-Lys was synthesized as described in a pre-
vious study [28] and was encapsulated by addition to the pre-
cursor solution for the poly(AM/DAAM)/ADH core nano-
fibers in phosphate buffer (pH 8). The fiber-stacked nanos-
tructure of the FITC-Lys loaded core-shell fibermats was
confirmed using SEM measurements (data not shown), indi-
cating no adverse impact on their nanostructures. The pro-
tein-release experiments were performed by immersing the
fibermats in Dulbecco's modified Eagle's medium (DMEM)
at 37°C, and the released FITC-Lys at each time point was
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(a) poly(AM/DAAM)/ADH
fibermat

<Day 1>

(b) Core-shell fibermat
with PCL shell

<Day 1>

(¢) Core-shell fibermat
with CLG shell

<Day 1>

Tanikawa et al.

<Day 3>

20 pm

Fig. (5). Morphologies of NIH3T3 cells seeded on poly(AM/DAAM)/ADH fibermats (a) core-shell fibermats with PCL shell (b) or CLG
shell (¢) after 1 and 3 days of incubation at 5% CO, and 37°C. Nuclei were stained with DAPI and actin fibers were stained with Phalloidin-i-
Fluor 488 Conjugate. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

quantified based on FITC fluorescence in the supernatant.
As shown in Fig. (6), a sustained release of FITC-Lys with-
out any burst was observed over 24 days. The cumulative re-
lease in 24 days reached more than 65% of the input
amount. As expected, the property was relatively different in
the fibermat with the PCL shell, which showed a low releas®
of FITC-Lys. This suggests that the use of CLG as a shell
layer for core-shell fibermats, endows not only cell adh€sion
but also sustained protein-release from the protein-i6adable
hydrophilic core nanofibers.

80
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Oe® e © o
0 5 10 15 20 25
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Fig. (6). Comparison of the release profiles (n = 4) of the encapsu-
lated FITC-Lys from the core-shell fibermats with the CLG shell
(white circle) and the PCL shell (black circle) when immersed in
DMEM for 24 days.

To further investigate the superior protein-release proper-
ties of the CLG shell, we next examined the morphological
changes in the core-shell fibermats after immersion in
DMEM at 37°C for 7 days. The SEM images of the fiber-
mats are shown in Fig. (7). For the fibermat with the PCL
shell (Fig. 7), upper, a slight increase in fiber diameter
(within 40 nm) was observed after 7 days of incubation. Ac-
cording to a previous study, this increase could be caused by

hydratien of the ceic'nanofibers with a buffer. In contrast,
the Coreshell fibermat with the CLG shell showed a signifi-
camtyinerease in diafeter (over ~200 nm, expansion of aver-
agesfiber diahieter was over 40%) after 7 days of incubation,
and thig, idcseased linearly over 7 days (Fig. 7) lower. This
obsenyationCould be due to the difference in the ease of hy-
dration'between PCL and CLG. CLG is a chemically cross-
linked protein, and therefore, following hydration, it swells
Significantly. As a result, the pores between the CLG poly-
mer chains increase and the proteins entangled in the CLG
network could be liberated into the DMEM. The key obser-
vation here is that it occurred gradually; as a result, the en-
capsulated FITC-Lys could be released in a sustained mann-
er without any burst release. These data implied that the simi-
larly cationic bFGF could also be released in a similar mann-
er.

3.3. bFGF-Encapsulated Poly(AM/DAAM)/ADH/CLG
Core-Shell Fibermat Promotes Cell Proliferation.

For the induction of desirable cell proliferation and dif-
ferentiation, exposure to humoral growth factors and cy-
tokines under controlled conditions (optimized time period,
concentration, and order) is necessary. However, due to di-
gestion by ubiquitously present proteases and/or denatura-
tion in the culture medium, the limited half-life of cytokines
can be a serious challenge. For example, upon the addition
of bFGF (10 ng/mL) to DMEM, most of its biological activi-
ty was lost within 24 h [32]. To circumvent this problem,
proteinaceous cytokines can be encapsulated inside scaffold-
ing material and be released when required, especially for
the design of implant scaffolds for in situ regeneration thera-
py. Thus, we constructed bFGF-encapsulated fibermats and
evaluated their impact on cell proliferation. Since bFGF (pl
~ 9.6) has a cationic property similar to lysozyme [33], it
could be similarly released in a sustained manner from the
core-shell fibermat. The bFGF-loaded core-shell fibermats
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(a) Core-shell Fibermat with PCL shell
<Day 0> <Day 1>

666 = 80 nm 698 -+ 106 nm

675 = 97 nm
(b) Core-shell Fibermat with CLG shell
<Day 0> <Day 1> <Day 7>

o

479 + 52 nm 649 = 82 nm 667 £ 102 nm
Fig. (7). Morphological changes in the nanofibers of the core-shell fibermats with PCL (a) and with CLG (b) upon immersion in DMEM

with 10% FBS over 7 days, from SEM measurements (X5000 magnification). (4 higher resolution / colour version of this figure is available

in the electronic copy of the article).

were prepared like the FITC-Lys-encapsulated fibermats.
The final amount of bFGF in the fibermat was set to 4.49
ng/cm’; if 50% of the loaded bFGF in the fibermats (round
shape, ¢ 6.4 mm) was released into the DMEM medium
(100 pL), its concentration would be 10 ng/mL. As a refer-
ence, a core-shell fibermat without bFGF was also prepared.
Live cell numbers in the fibermats at each time point w
quantified by the MTT assay using water-soluble WST
shown in Fig. (8), the proliferation of NIH3T3 cells

compared to a fibermat without bFGF. Since

&

CONCLUSION \A

Intracellular si systems participate in the control
of i %Jal cel iferation/differentiation processes and
t equent development in the well-organized cell as-

ies suc tissue and organ. Various proteinous drugs
nes and growth factors make pivotal roles in

ch a
thesﬁ ses and suitable signal-inputs are performed
with t cessary timing, period, and strength (amount). Be-

X, the protein-releasable scaffolds have been thought to
use as an alternative to the natural extracellular matrix that

in the connective tissues, these proteinous drugs are
in the bFGF-encapsulated fibermat was markedlg @ rally supplied from the neighboring extracellular ma-
e of 1

bFGF (10 ng/mL) in DMEM was less than 8], th1
meant that the sustained release of bFGF e fib
with the CLG shell could bring abou rolife n

the incubated cells. Q
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Fig. (8). Comparison of cell proliferation in NIH3T3 cells seeded
on poly (AM/DAAM)/ADH-CLG core-shell fibermats with (black
bar) and without (white bar) preloaded bFGF over 7 days; *signifi-
cance difference between pairs of substrates shown (p < 0.05).
(Mean + SD; n =4).

can promote artificial tissue construction. Electrospun fiber-
mats have fibrous morphology and by choosing suitable
base materials they could be used for a cell-incubation scaf-
fold. However, toward application to a protein-releasable
scaffold development of the method to construct protein-re-
leasable fibermats is still necessary. In this study, we demon-
strated that core-shell fibermats with a CLG shell layer
around the constituent nanofibers were effective as pro-
tein-releasing cell-incubation scaffolds. Based on the charac-
terization of the release profile of encapsulated lysozyme,
sustained-release without any burst release was observed for
the core-shell fibermats, consisting of poly(AM/-
DAAM)/ADH core nanofibers and a CLG shell. CLG wrap-
ping, in other words, modification of the core-shell fiber-
mats with CLG shells, endowed excellent cell adhesion prop-
erties to the poly(AM/DAAM)/ADH core nanofibers. Fur-
thermore, based on the impact of pre-encapsulated bFGF on
cell proliferation, the released bFGF effectively promoted
cell proliferation. There have been several reports on the use
of core-shell fibermats as cell-incubation scaffolds; howev-
er, very few detail the importance of choosing the right mate-
rial for the shell units that can endow efficient release proper-
ties. Core-shell fibermats could offer a superior platform for
constructing well-designed scaffolds for in situ regeneration
therapy. For example, by combining the double-layered
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nanofibers with different shell materials in one fibermat, a
superior scaffold can be designed that can release more than
two cytokines with different release profiles. We are in the
process of application-focused design of the core-shell fiber-
mats by combining various materials, which would increase
its therapeutic potential.
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