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Abstract: To improve water-resistant ability and mechanical
properties of silk fibroin (SF)/hydroxybutyl chitosan (HBC)
nanofibrous scaffolds for tissue-engineering applications,
genipin, glutaraldehyde (GTA), and ethanol were used to
crosslink electrospun nanofibers, respectively. The mechani-
cal properties of nanofibrous scaffolds were obviously
improved after 24 h of crosslinking with genipin and were
superior to those crosslinked with GTA and ethanol for 24 h.
SEM indicated that crosslinked nanofibers with genipin and
GTA vapor had good water-resistant ability. Characterization
of the microstructure (porosity and pore structure) demon-
strated crosslinked nanofibrous scaffolds with genipin and
GTA vapor had lager porosities and mean diameters than
those with ethanol. Characterization of FTIR-ATR and '3C
NMR clarified both genipin and GTA acted as crosslinking

agents for SF and HBC. Furthermore, genipin could induce
SF conformation from random coil or o-helix to p-sheet.
Although GTA could also successfully crosslink SF/HBC nano-
fibrous scaffolds, in long run, genipin maybe a better method
due to lower cytotoxicity than GTA. Cell viability studies and
wound-healing test in rats clarified that the genipin-cross-
linked SF/HBC nanofibrous scaffolds had a good biocompati-
bility both in vitro and in vivo. These results suggested that
genipin-crosslinked SF/HBC nanofibrous scaffolds might be
potential candidates for wound dressing and tissue-engineer-
ing scaffolds. © 2010 Wiley Periodicals, Inc. J Biomed Mater Res
Part A: 95A: 870-881, 2010.
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INTRODUCTION

The native ECM is composed of a cross-linked porous net-
work of multifibrils collagens with diameters ranging from
500 nm to 15 pm and embedded in glycosaminoglycans.!™
Biomimic nonwoven scaffolds generated by electrospinning
have been composed of a large network of interconnected
fibers and pores, resembling the topographic features of the
ECM.* The electrospun nanofibers of silk fibroin (SF) and
chitosan blends are expected to better biomimic the ECM of
native tissues. Hydroxybutyl chitosan (HBC) is fabricated by
conjugation of hydroxybutyl (HB) groups to the hydroxyl
and amino reactive sites of chitosan. This modification could
increase the solubility of chitosan in water or organic solu-
tion and electrospinability of chitosan,” while still remain
excellent properties of chitosan.*” However, electrospun SF/
HBC nanofibrous scaffolds are easily dissolved or swelled in
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water. Therefore, successful crosslinking is needed to
increase the stability of scaffolds both in vivo and in vitro.
According to literature, pure SF electrospun nanofibrous scaf-
folds were treated with methanol, ethanol, or water vapor to
improve stability both in vivo and in vitro®® while pure chito-
san or its blends electrospun nanofibrous scaffolds were gen-
erally crosslinked with glutaraldehyde (GTA).'***

Genipin is a naturally occurring crosslinking agent that
is derived from the fruits Genipa Americana and Gardenia
jasminoides Ellis and has recently been used for its ability to
crosslink CS and proteins containing residues with primary
amine groups.'*'® Meanwhile, Tsai et al.'* reported that
genipin was an effective cross-linker that improved materi-
als mechanical properties and possessed particularly lower
cytotoxicity than GTA. Some reports have demonstrated that
chitosan/SF sponges and patches crosslinked with genipin
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could improve their stability and have good biocompatibil-
ity.'>® However, crosslinking of SF/chitosan nanofibrous
scaffolds has not been reported.

In this study, to improve water stability of fibers, SF/
HBC nanofibers were fabricated and crosslinked with geni-
pin. GTA and ethanol were used for comparison. The mor-
phology, structure, and mechanical properties of crosslinked
nanofibrous scaffolds were investigated. To assess the cyto-
compatibility and cells behavior on electrospun scaffolds,
the viability of pig iliac endothelial cells (PIECs) on cross-
linked SF/HBC nanofibrous scaffolds were studied. Mean-
while, crosslinked SF/HBC nanofibrous scaffolds
implanted into the standard deviation (SD) rats for wound
dressing to evaluate the biocompatibility in vivo.

were

MATERIALS AND METHODS

Materials

Cocoons of Bombyx mori silkworm were kindly supplied by
Jiaxing Silk Co. (China). HBC was kindly provided by Shang-
hai Qisheng biological agents Co. (China) Two kinds of sol-
vents, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) from Fluoro-
chem (United Kingdom) and trifluoroacetic acid (TFA) from
Sinopharm Chemical Reagent Co. (China). Genipin (purity:
HPLC > 98%; soluble in alcohol) from Shanghai Hulun
Pharmaceutical Co. (China).

Preparation of regenerated SF

Raw silk was degummed three times with 0.5% (w/w)
Na,CO; solution at 100°C for 30 min each and then washed
with distilled water. Degummed silk was dissolved in a ter-
nary solvent system of CaCl,/H,0/EtOH solution (1/8/2 in
mol ratio) for 1 h at 70°C. After dialysis with cellulose tubu-
lar membrane (250-7u; Sigma) in distilled water for 3 days
at room temperature, the SF solution was filtered and
lyophilized to obtain the regenerated SF sponges.

Electrospinning of SF/HBC nanofibers

The SF was dissolved in HFIP for 12 w/v % concentration
and HBC was dissolved in HFIP/TFA mixture (v/v 90:10)
for 6 w/v % concentration, respectively. When they were
prepared already, the two solutions were blended at differ-
ent weight ratios with sufficient stirring at room tempera-
ture before electrospinning. The solutions were placed into
a 2.5-mL plastic syringe with a blunt-ended needle with an
inner diameter of 0.21 mm. The needle was located at a dis-
tance of 150 mm from the grounded collector. A syringe
pump (789100C, cole-pamer, America) was used to feed solu-
tions to the needle tip at a feed rate of 0.5-1.0 mL/h. A high-
electrospinning voltage was applied between the needle and
ground collector using a high-voltage power supply (BGG6-
358, BMEICO, China). The applied voltage was 20 kV. The
electric field generated by the surface charge caused the solu-
tion drop at the tip of the needle to distort into a Taylor cone.

Crosslinking and water-resistant test

Genipin was dissolved in ethanol with the concentration of
50 mg/mL, and then 20-mL genipin solution, 20-mL pure
ethanol, and 20 mL 25w/v % GTA water solution were put
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into a desiccator, respectively. Fixed SF/HBC nanofibrous
scaffolds were placed in a desiccator saturated with differ-
ent vapor at room temperature (30°C or so) for different
time and then dried in a vacuum at room temperature for
1 week, respectively. SF/HBC nanofibrous scaffolds after
crosslinking were soaked in deionized water for 4 days, and
nanofibrous scaffolds were dried in a vacuum oven for
1 week and then observed by SEM.

Characterization

The morphology of SF/HBC nanofibrous scaffolds was
observed with a scanning electronic microscope (SEM)
(JSM-5600, Japan) at an accelerated voltage of 10 kV.

The Fourier transform infrared attenuated total reflec-
tance spectroscopy (FTIR-ATR) spectra were obtained at
room temperature in on AVATAR 380 FTIR instrument
(Thermo Electron, Waltham, MA) in the range 4000-600
cm™ at a resolution of 4 cm™™.

The 3C CP-MAS NMR spectra of SF/HBC nanofibrous
scaffolds were obtained on NMR spectrometer (Bruker
AV400, Switzerland) with a *3C resonance frequency of 100
MHz, contact time of 1.0 ms, and pulse delay time of 4.0 s.

Pore size and porosity measurements

An CFP-1100-AI capillary flow porometer (PMI Porous Materi-
als Int.) was used in this study to measure the pore size. Calwick
with a defined surface tension of 21 dynes/cm (PMI Porous
Materials Int.) was used as the wetting agent for porometry
measurements. Electrospun nanofibrous scaffolds were cut into
3 cm x 3 cm squares for porometry measurement.

The porosities of eletrospinning nanofibrous scaffolds
before and after crosslinking were generally calculated
using the listed formula.'” The nanofibrous scaffold was cut
into 3 cm x 3 cm squares, and the thickness was measured
with a micrometer (Shanghai, China).

Apparent density of nanofibrous scaffold(g/cm?®)
Mass of nanofibrous scaffold(g)

" Scaffold thickness(cm) x area(cm?)

Porosity of nanofibrous scaffold (%)

_(1_ Nanofibrous scaffold apparent density(g/cm®)
Bulk density of raw SF/HBC(g/cm?)

In this study, both SF and HBC are porous materials, and
so it is extremely difficult to precisely measure their bulk
densities. As a result, porosity analysis may be a certain
extent errors.

Mechanical measurements

Mechanical properties were obtained by applying tensile test
loads to specimens prepared from the electrospun scaffolds. In
this study, specimens were prepared according to the method
described by Huang et al.'® First, a white paper was cut into
template with width x gauge length, and double-side tapes
were glued onto the top and bottom areas of one side. The
template was then glued onto top side of the fiber scaffold and
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cut into rectangular pieces along the vertical lines. After the
aluminum foil was carefully peeled off, single side tapes were
applied onto the gripping areas as end-tabs. The resulting
specimens had a planar dimension of width x gauge length =
10 mm x 30 mm. Mechanical properties were tested by a
materials testing machine (H5K-S, Hounsfield, England) at the
temperature of 20°C and a relative humidity of 65% and a
elongation speed of 10 mm/min. The specimen thicknesses
were measured using a micrometer having a precision of 0.01
mm. The machine-recorded data were used to process the ten-
sile stress-strain curves of the specimens.

Viability study of PIEC on nanofibrous scaffolds

Pig iliac endothelial cells (PIECs) were cultured in DMEM me-
dium with 10% fetal bovine serum and 1% antibiotic-antimy-
cotic in an atmosphere of 5% CO, and 37°C, and the medium
was replenished every 3 days. Electrospun scaffolds were pre-
pared on circular glass coverslips (14 mm in diameter) and
fixed by different vapor and then placed the coverslips into
24-well plates with stainless ring. Before seeding cells, scaf-
folds were sterilized by immersion in 75% ethanol for 2 h,
washed three times with phosphate-buffered saline solution
(PBS), and then washed once with the culture medium.

Cells viability on electrospun scaffolds, coverslips, and tis-
sue culture plates (TCP) were determined by MTT method.
Briefly, the cell and SF matrices were incubated with 5 mg/
mL 3-[4, 5-dimehyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium
bromide (MTT) for 4 h. Thereafter, the culture media were
extracted and added 400 pL dimethylsulfoxide for about 20
min. When the crystal was sufficiently resolved, aliquots
were pipetted into the wells of a 96-well plate and tested by
an Enzyme-labeled Instrument (MK3, Thermo, USA), and the
absorbance at 490 nm for each well was measured.

For the proliferation study, endothelial cells were seeded
onto nanofibrous scaffolds, glass coverslips, and TCP (n = 4)
at a density of 1.0 x 10* cells/well for 1, 3, 5, and 7 days. Af-
ter cell seeding, unattached cells were washed out with PBS
solution, and attached cells were quantified by MTT method.

After 3 days of culturing, the electrospun fibrous scaf-
folds with cells (density is 1.0 x 10* cells/well) were exam-
ined by SEM. The scaffolds were rinsed twice with PBS and
fixed in 4% GTA water solution at 4°C for 2 h. Fixed sam-
ples were rinsed twice with PBS and then dehydrated in
graded concentrations of ethanol (30, 50, 70, 80, 90, 95,
and 100%). Finally, they were dried in vacuum overnight.
The dry cellular constructs were coated with gold sputter
and observed under the SEM at a voltage of 10 kV.

Wound-healing test

Wound-healing test was carried out with animal models
using SD rats. A full thickness wound with a surface area of
2 cm x 2 cm was cut from the back of the SD rat, parallel
with the vertebral column. The wound was covered with an
equal size of electrospun SF/HBC scaffolds crosslinked with
genipin vapor. The same wound was treated with cotton
gauze as a control. The area of the wound was evaluated at
1 and 3 weeks for histological examination, tissue speci-
mens from animal wounds were obtained and fixed in 10%

872 ZHANG ET AL.

20 L. al
o a 12 /.
p

= 1
£20 = 7
g Ly 7,

15 #
i i 6 /e
&, & /

4 /
05 ’ /
00
o. %

Stroas (MPa)
sEEE

o1 2 3 4 5 6 7 8 95 101 12 0 0.5 10 15 20 25 30 35 40 45 50 55

Strain (%) Strain (%)
55
sof
’
o d = d
s 5
&350 9 & 15
£l { £
25}
i / : £
K 4 % H
15f /4
100 4 5
LA
2 4 6 8 10 12 14 °
Strain (%) ] 2 4 6 ] 10
Strain (%)
4.0 30
]
S -] = @
30
- 20
& 25 F
= ] =
20 ) £4s
f \ i
B 15 510
1.0
5
0.5
00 [
¢ 2 4 6 8 10 12 14 16 0.0 05 10 15 20 25 3.0 3.5 4.0 45 50 55
Strain (%) Strain (%)

FIGURE 1. The stress-strain curves of SF/HBC nanofibrous scaffolds
with different weight ratios before and after crosslinking with genipin
vapor. (a, a’) 100:0; (b, b’) 80:20; (c, ¢’) 50:50; (d, d’) 20:80; (e, €’) 0:100.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

neutral-buffered formalin solution, embedded in paraffin
wax, sectioned at 3 pm, and stained with hematoxylin-eosin
(H-E) in the conventional manner.

Statistics analysis

Statistics analysis was performed using origin 7.5 (Origin
Lab, USA). Values (at least triplicate) were averaged and
expressed as mean * SD. Statistical differences were deter-
mined by the analysis of one-way ANOVA, and differences
were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Mechanical properties of crosslinked SF/HBC
nanofibers scaffolds

The typical tensile stress-strain curves of SF/HBC nanofi-
brous scaffolds with different weight ratios before and after
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TABLE I. Mechanical Properties of SF/HBC Nanofibrous Scaffolds With Various Blend Ratios
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SF/HBC Weight Ratio

Average Specimen
Thickness (mm)

Average Elongation
at Break (%)

Average Tensile
Strength (MPa)

100:0

80:20

50:50

20:80

0:100

Noncrosslinked
Crosslinked
Noncrosslinked
Crosslinked
Noncrosslinked
Crosslinked
Noncrosslinked
Crosslinked
Noncrosslinked
Crosslinked

0.050 = 0.005
0.057 = 0.008
0.163 = 0.021
0.059 + 0.016
0.169 = 0.023
0.061 = 0.011
0.068 = 0.014
0.047 + 0.007
0.060 = 0.004
0.049 = 0.005

3.85 = 0.30
0.93 = 0.11
2.89 = 0.41
2.13 = 0.13
4.70 = 0.10
4.33 + 0.45
11.04 = 0.88
8.88 = 1.42
9.34 = 3.04
4.26 = 0.89

2.72 = 0.60
12.48 = 1.05
1.99 = 0.04
11.00 = 0.96
2.68 = 0.24
12.66 = 1.12
4.35 = 0.45
18.65 + 1.22
2.66 = 0.20
23.86 * 1.99

Data are representatives of six independent experiments and all date are used as mean = SD.

crosslinking with genipin for 24 h were shown in Figure 1.
The average elongation at break and average tensile
strength of each specimen were summarized in Table I. The
pure SF nanofibrous scaffolds showed typical brittle fracture
and average elongation at break was only 3.85 *= 0.30%,
and average tensile strength was 2.72 MPa = 0.60. As the
blend ratios of SF /HBC were 80:20 and 50:50, the stress of
nanofibrous scaffolds gradually increased to 1.99 and 2.68
MPa and then began to decrease, respectively. In experi-
ment, we found that the nanofibrous scaffolds were so
loose, so that some parts of them were torn when stretched.
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This may be caused by the slippage among nanofibers
rather than the break of fibers. Both the tensile strength
and elongation at break were improved obviously when the
ratio of SF to HBC was 20:80. After crosslinking with geni-
pin for 24 h, SF/HBC nanofibrous scaffolds with different
weight ratios possessed much higher tensile strength and
lower elongation at break in comparison with noncros-
slinked scaffolds. This was mainly caused by the intermolec-
ular and intramolecular covalent bonds and the physical
entanglements formed among nanofibers, whereby the
decrease of sliding in chains and among fibers led to
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FIGURE 2. The stress-strain curves of SF/HBC nanofibrous scaffolds after crosslinking with genipin vapor for different time. (a) 12 h; (b) 24 h;
(c) 48 h; (d) 72 h. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE Il. Mechanical Properties of SF/HBC Nanofibrous Scaffolds After Crosslinking Different Time and Crosslinkers

Crosslinking
Agents and Time

Average Specimen
Thickness (mm)

Average Elongation
at Break (%)

Average Tensile
Strength (MPa)

Genipin 12 h 0.049 + 0.007
Genipin 24 h 0.047 = 0.007
Genipin 48 h 0.036 = 0.002
Genipin 72 h 0.026 + 0.005
TGA 24 h 0.051 + 0.010
Ethanol 24 h 0.042 = 0.004

3.09 = 0.37 11.44 = 1.37
8.88 = 1.42 18.65 + 1.22
5.19 = 0.27 26.72 = 0.43
5.11 = 0.84 39.53 + 6.29
3.20 = 0.37 16.71 = 0.40
5.45 = 0.60 21.07 = 0.55

Data are representatives of six independent experiments and all date are used as mean *= SD.

significantly improved overall tensile strength. Among nano-
fibrous scaffolds with different weight ratios, nanofibrous
scaffolds with the ratio of 20:80 had better mechanical
properties after crosslinking. That is why we selected nano-
fibrous scaffolds with the ratio of 20:80 as following tensile
properties study. The stress-strain curves of SF/HBC nanofi-
brous scaffolds after crosslinking for different time were
shown in Figure 2. The average elongation at break and av-
erage tensile strength were summarized in Table II. Tensile
strength of SF/HBC nanofibrous scaffolds gradually
increased from 11.44 = 1.37 MPa to 39.53 = 6.29 MPa
with increasing crosslinking time from 12 to 72 h. Elonga-
tion at break was 3.09% = 0.37% after the scaffolds were
crosslinked for 12 h, later it increased to 8.88% =+ 1.42%
with a crosslinking period for 24 h. When the time was
extended to 72 h, elongation at break gradually deceased
from 8.88% * 1.42% to 5.11% = 0.84%. This may be
because nanofibers were not connected with each other
completely after 12 h, scaffolds fractured easily via
extruded. Then, the nanofibers were tightly connected each
other to some extent leading to suitable mechanical proper-
ties after 24 h. With further increasing of crosslinking time,
nanofibers were intended to bond together, becoming stiffer
but less ductile. The stress-strain curves of crosslinked
nanofibrous scaffolds with different crosslinking agents for
24 h were shown in Figure 3, and the average elongation at
break and average tensile strength was summarized in Table
II. The tensile strength (16.71 = 0.40 MPa) and elongation
at break (3.20% = 0.37%) of GTA-crosslinked scaffolds
were lower than those of genipin-crosslinked scaffolds
(18.65 £ 1.22 MPa, 8.88% = 1.42%) and ethanol-cross-

linked scaffolds (21.37 *= 0.55 MPa, 5.45% = 0.60%). The
reason was probably associated with the SF conformation
from random coils or o-helix (silk I) to B-sheet (silk II) of
crosslinked scaffolds with genipin and ethanol rather than
GTA. In a word, the above results elucidated that cross-
linked SF/HBC nanofibrous scaffolds with genipin vapor for
24 h possessed better mechanical properties in comparison
with other conditions.

Morphology of crosslinked SF/HBC nanofibrous
scaffolds

The crosslinking experiments of SF/HBC nanofibous scaf-
folds at the weight ratio of 20:80 have no good stability.
Sometimes, the pore structure was destroyed after cross-
linking. So, we selected the SF/HBC nanofibous scaffolds at
the weight ratio of 50:50 as following study. SEM micro-
graphs of noncrosslinked electrospun SF/HBC fibers were
shown in Figure 4. The continuous bead-free nanofibers
were obtained, and the average diameter was 226 nm =*
137 nm. Meanwhile, some ultrafine-threaded fibers could be
found among nanofibers. Because chitosan is a typical cati-
onic polyelectrolyte, higher charge density of the solution
splited the jet into smaller jets, resulting in ultrathin
fibers.'® The noncrosslinked electrospun SF/HBC fibers are
soluble or swollen in water. To potentially use electrospun
SF/HBC fibers for tissue engineering, crosslinking is neces-
sary. SEM micrographs of SF/HBC nanofibrous scaffolds after
crosslinking with genipin for different time and with GTA and
ethanol as well as water resistant tests were shown in Figure
5. Compared to noncrosslinked nanofiers, crosslinked nanofib-
ers were deformed to different degree by the vapor. For the
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FIGURE 3. The stress-strain curves of SF/HBC nanofibrous scaffolds after crosslinking with different crosslinking agents for 24 h. (a) genipin;
(b) ethanol; (c) glutaraldehyde. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4. SEM photographs of uncrosslinked SF/HBC nanofibrous
scaffolds.

water-resistant test in water, micrographs of genipin-cross-
linked nanofibers for 12 h completely disappeared, while
their counterparts for 24 and 48 h still remained fibrous
structure. GTA-crosslinked nanofibers for 24 h remained
fibrous structure. Crosslinked nanofibrous scaffolds were
required to possess good stability and suitable porosity and
pore diameters for cell growth. From long-term consideration,
genipin-crosslinked nanofibers scaffolds were beneficial for
transplantation in vivo as tissue-engineering scaffolds in com-
parison with GTA crosslinked ones because of the possession
of lower cytotoxicity. Compared to genipin and GTA cross-
linked nanofibers, micrographs of ethanol-treated nanofibers
had smaller changes but nanofibers swelled and original

ORIGINAL ARTICLE

micrographs disappeared after soaking. This may be explained
that ethanol just induced transformation from random coil or
o-helix to B-sheet of the conformation of SF*° or inter- and
intramolecular H-bonds but not form inter- and intramolecular
covalent bonds through crosslinking agents.

Pore diameter distribution and porosity analyses

Electrospun nanofibrous scaffolds with microscale and
nanoscale porous structure are most favorable for tissue-en-
gineering scaffolds, because the highly porous network of
interconnected pores provides nutrients and gas exchange,
which are crucial for cellular growth and tissue regenera-
tion.?! Pore diameter distribution, pore diameters, and
porosities of SF/HBC nanofibrous scaffolds (50:50) after
genipin crosslinking with different time along with GTA and
ethanol for 24 h were shown in Figure 6 and were summar-
ized in Table III. Before crosslinking, mean flow pore diame-
ter and porosity of nanofibrous scaffolds was 0.2646 =
0.1355 pm and 90.23%. Compared to crosslinking with gen-
ipin for 12 h, higher mean flow pore diameter and porosity
appeared, because the noncrosslinked nanofibers loosely
packed together. After crosslinked with different time from
12 to 48 h with genipin, mean flow pore diameter of nanofi-
brous scaffolds increased from 0.1669 = 0.0463 um to
0.3073 = 0.1969 um and then decreased to 0.1621 =
0.0970 pm. In this experiment, although nanofibrous scaf-
folds were fixed by framework, we found nanofibrous scaf-
folds still shrank slightly and became thinner after crosslink-
ing. Meanwhile, from the above SEM, we can see that the
some nanofibers bonded with each other while others
deformed by vapor. It was reported that pore size was
strongly associated with fiber mass, fiber thickness, fiber di-
ameter, and fiber length. An increase in fiber mass and

FIGURE 5. SEM photographs of crosslinked (-crs) and soaked (-soa) SF/HBC nanofibrous scaffolds (a) genipin for 12 h; (b) genipin for 24 h;

(c) genipin for 48 h; (d) glutaraldehyde for 24 h; (e) ethanol for 24 h.
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thickness could cause a decrease in pore size. Fiber diame-
ter plays a dominant role in controlling pore diameter of
scaffolds, decreasing fiber diameter results in a decrease in
mean pore radius.** After crosslinking for 12 h, shrinkage
of nanofibrous scaffolds might cause the decrease of mean
flow pore diameter and porosity. After 24 h of crosslinking,
lager nanofibrous diameters were attributed to increase
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mean flow pore diameter and porosity. Pore diameter distri-
bution shifted larger micron (Fig. 6). After crosslinking for
48 h, the further swelling of nanafibers might result in pore
diameter decrease. Meanwhile, GTA-crosskinked nanofibrous
scaffold had larger mean flow pore diameter and higher po-
rosity than others. Pore diameter distribution shifted larger
micron (Fig. 6). Ethanol-crosslinked nanofibrous scaffold

GENIPIN-CROSSLINKED SF/HBC NANOFIBROUS SCAFFOLDS
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TABLE lll. Pore Diameter and Porosities of SF/HBC Nanofibrous Scaffolds Before and After Crosslinking

Smallest Pore
Diameter (um)

Largest Pore

Diameter (um) Porosity (%)

Specimen Mean Flow Pore
Samples Thickness (mm) Diameter = SD (um)

Noncrosslinked 0.21 0.2646 + 0.1355
Genipin (12 h) 0.12 0.1669 =+ 0.0463
Genipin (24 h) 0.15 0.3073 + 0.1969
Genipin (48 h) 0.148 0.1621 + 0.0970
GTA (24 h) 0.145 0.3703 + 0.1518
Ethanol (24 h) 0.198 0.116 = 0.0552

0.7723 0.1045 90.23
0.2432 0.0983 84.33
0.3140 0.0728 88.92
0.5624 0.1456 86.71
0.7680 0.1554 89.50
0.3675 0.0872 86.18

had the lowest mean flow pore diameter and porosity. The
crosslinking could cause important changes of nanofibers
architecture (including nanofiber diameter, pore diameter
distribution, and porosity).

Structure of cross-linked SF/HBC nanofibers

Recently, genipin has been widely used for crosslinking col-
lagen, gelation, chitosan, SF, and their composites and com-
pared with cross linking regents such as GTA, formaldehyde,

and epoxy compounds, which assessed genipin lower cyto-
toxicity and higher biocompatibility.'>?3>-2> One mechanism
is a nucleophilic attack by an amine group on the olefinic
carbon atom at C-3 of deoxyloganin aglycon that eventually
leads to the formation of a heterocyclic amine. The inter-
mediate compounds could be further associated to form
crosslinked networks with short chains of crosslinking
bridges.?®?” The reaction mechanisms of SF and HBC
crosslinked by genipin may be similar to them and are
illustrated as follows:

O ocH
N \ CH,
HBC
SF—NH, + ¢ +NH—HBC—> 7 N~
N N+
|
OH CH,OH SF H, CH, /C\CH

FTIR-ATR spectra of electrospun SF/HBC nanofibers and
crosslinked SF/HBC nanofibers with genipin and GTA were
shown in Figure 7. Electrospun SF/HBC nanofibers showed
absorption bands at 1381, 1135, and 1071 cm ™!, which were
attributed to the saccharide structure, and at 1671, 1534,
1429, and 1201 cm™?, which were attributed to amide I, am-

2000 1800 1600 1400 1200 1000 800 600
Wavenumbers(cm™)

FIGURE 7. FTIR-ATR spectra of electrospun and crosslinked SF/HBC
nanofibrous scaffolds. (a) uncrosslinked; (b) genipin-crosslinked;
(c) glutaraldehyde-crosslinked.
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ide II, amide III, of SF and the amino group and amide group
of HBC.273% After crosslinking with genipin, new absorption
band at 1628 cm ' appeared, which was attributed to C=C
double bond ring stretch modes of the core of the genipin
molecules®! Characteristic absorption bands of new bond

20.7

3

a

200 180 160 140 120 100 80 60 40 20 O
ppm

FIGURE 8. 13C CP/MAS NMR spectra of electrospun and crosslinked
SF/HBC nanofibrous scaffolds. (a) uncrosslinked; (b) genipin-cross-
linked; (c) glutaraldehyde-crosslinked.
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FIGURE 9. Expanded 13C CP/MAS NMR spectra of electrospun and
crosslinked SF/HBC nanofibrous scaffolds. (a) uncrosslinked; (b) geni-
pin-crosslinked; (c) glutaraldehyde-crosslinked.

C=N (at 1620-1680 cm™ ') and C—N formed by crosslinking
reaction overlapped characteristic absorption bands of amide
Jor C=C double bond and amide II and amide III, respectively.
Thus, these characteristic absorption bands were not
observed. Characteristic absorption band of amide II shifted
from 1534 cm™' to 1526 cm™ ', which was attributed to
the change of conformation from random coils or a-helix to

= =
o

* |_*L
| [ coverslips
| B crosslinked ginipin
" S crosslinked glutaraldehyde
[ EmmTcP

= o
N B

S o u
o ® O

o
a

e ©
o N

1 3 5 7
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FIGURE 10. Proliferation of PEICs cultured on crosslinked SF/HBC
nanofibrous scaffolds with genipin and glutaraldehyde, coverslips,
and TCP for 1, 3, 5, and 7 days. Data are expressed as mean + SD
(n = 4). Statistical difference between groups is indicated (*p < 0.05).

B-sheet.’ After crosslinking with GTA, new characteristic
absorption bands were not appeared. Characterization of
imine C=N stretching vibration overlapped with the strong
absorption of the amide I band in SF and chitosan.

Solid-state *3C NMR has been shown to be a more effec-
tive structure analytical tool for polymers including proteins

FIGURE 11. SEM micrographs of PEICs grown on crosslinked nanofibrous scaffolds for 3 days. (a, b) Genipin-crosslinked; (c, d) glutaraldehyde-

crosslinked.
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due to the sensitivity of isotropic **C NMR chemical shifts
of carbon atomic resolution. To further confirm crosslinking
reaction and conformation change, the *C CP/MAS NMR
spectra and expanded '3C CP/MAS NMR spectra of electro-
spun SF/HBC nanofibers, crosslinked SF/HBC nanofibers
with genipin as well as GTA were investigated, and the
results were shown in Figures 8 and 9. The chemical shift
of Ala C? in SF nanofibers varied from 16.2 ppm for random
coils or o-helix to 20.7 ppm for B-sheet conformation after
crosslinked by genipin. Zhou et al®? illustrated that the
chemical shifts in Ala residues of C* within 18.5-20.5 ppm
were assigned B-sheet conformation (silk II), the chemical
shifts in Ala residues of CP within 14.5-17.5 ppm were
assigned to random coils or o-helix (silk I). Meanwhile,
chemical shift of carbonyl carbons of SF transform from
172.0 to 173.3 ppm and peak density obviously decreased.
Chemical shift of C2 bond NH; in HBC, C* bond NH, of Gla,
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;\;\
FIGURE 12. Photomicrographs of wound healing of rat skin. (a) SF/HBC nanofibrous scaffolds at 1 week; (b) control group at 1 week; (c) SF/HBC

nanofibrous scaffolds at 3 weeks; (d) control group at 3 weeks (H&E, 100). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

and C* bond NH; of Ala in SF transformed from 57.1 ppm
to 56.4 ppm, from 42.9 ppm to 43.5 ppm, and from 50.8
ppm to 49.4 ppm, respectively, this could be attributed to
the reaction of amino groups of SF and HBC with genipin.
The results demonstrated that genipin not only induced
conformation of SF converted random coil or a-helix to B-
sheet but also acted as a crosslinking agent for SF and
HBC. After crosslinking with GTA, the peak observed at
175.7 ppm was attributed to the double imine bond (C=N)
of the Schiff base,?® chemical shift of C2 bond NH, in HBC,
C* bond NH, of Gla, and C* bond NH, of Ala in SF
appeared similar change and peak densities obviously
decreased. The results showed that GTA acted as crosslink-
ing agent for SF and HBC. However, the chemical shift of
Ala CP in SF nanofibers only varied from 16.2 to 16.8 ppm,
indicating that the conformation of SF mainly exist in ran-
dom coil or o-helix.
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Viablity study of cells on nanofibrous scaffolds

The crosslinking treatment could improve the water-resist-
ant ability and mechanical properties of the SF/HBC nanofi-
brous scaffolds. To evaluate cell attatchment and prolifera-
tion on the crosslinked electrospun SF/HBC nanofibrous
scaffolds (50:50), PIECs were seeded on the nanofibrous
scaffolds. The viability of PIECs on days 1, 3, 5, and 7 after
seeding on various nanofibrous scaffolds was shown in Fig-
ure 10. It was revealed that all the nanofibrous scaffolds
had good cell viability in comparison with coverslips. On
days 1, 3, and 5, proliferation on croslinked SF/HBC nanofi-
brous scaffolds with genipin and GTA exhibited no signifi-
cant difference. On day 7, proliferation on crosslinked SF/
HBC nanofibrous scaffolds with genipin exhibited significant
increase (p < 0.05) than that of crosslinked GTA. Through
thoroughly rinsing the crosslinked material can alleviate
maximally the amount of residual GTA molecules at the be-
ginning.3* Along with culture time increasing, a small quan-
tity of residual GTA may be dissolved in culture medium.
Compared to TCP, genipin-crosslinked nanofibrous scaffolds
had no significant difference.

Cell morphology and the interaction between cells and
electrospun SF scaffolds were studied in vitro for 3 days.
SEM micrographs were shown in Figure 11. After 3 days,
PIECs attached and spread on the surface of crosslinked SF/
HBC nanofibrous scaffolds with genipin and GTA and
formed confluent endothelial monolayer. From tissue-engi-
neering application for a long time, crosslinked SF/HBC
nanofibrous scaffolds with genipin may be superior to those
of with GTA.

Histologic examination

In wound-healing tests, full-thickness rectangular wounds
were made on the back of each rat. Representative photomi-
crographs at the wound tissue in the nanofibrous scaffolds
(50:50) and the control group were shown in Figure 12.
After 1 week, there were inflammatory response in the
nanofibers and control groups. Greater proliferation of fibro-
blasts was observed in the nanofibers than in the control
group. After 3 weeks, inflammatory cells obviously
decreased in both groups, epithelization of the wound was
completed, a proliferation of fibroblasts and thickened colla-
gen fibers were observed, and blood vessels decreased in
both groups. Additionally, fibroblast cells had greater prolif-
eration and arranged in better order, densely in comparison
with the control. The results clarified that crosslinked SF/
HBC nanofibrous scaffolds with genipin possessed good bio-
compatibility in vivo.

CONCLUSIONS

In this study, SF/HBC nanofibrous scaffolds were fabricated
via elctrospinning to biomimic natural ECM. To improve sta-
bility of SF/HBC nanofibrous scaffolds in vitro and in vivo,
genipin, GTA, and ethanol vapor were used to crosslink elec-
trospun nanofibers, respectively. The results of mechanical
test and water resistant test showed that genipin was a
more predominant crosslinking agent to crosslink SF/HBC
nanofibrous scaffolds in comparison with GTA and ethanol.
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Moreover, characterization of the microstructure (porosity
and pore structure) demonstrated crosslinked nanofibrous
scaffolds with genipin and GTA had lager porosities and
mean diameters than that with ethanol. Characterization of
FTIR-ATR and '3C NMR clarified both genipin and TGA
acted as crosslinking agents for SF and HBC. And genipin
induced SF conformation from random coil or o-helix to
B-sheet. The results of cell-viability studies in vitro and
wound-healing tests in vivo demonstrated that crosslinked
SF/HBC nanofibrous scaffolds with genipin possessed good
biocompatibity. Although TGA could also successfully cross-
link SF/HBC nanofibrous scaffolds, many previous reports
revealed that GTA had remained toxicity to a certain extent.
From long-term consideration, genipin may be a better
method of crosslinking SF/HBC nanofibrous scaffolds for tis-
sue-engineering scaffolds. Ongoing studies will focus on
developing tissue-engineering scaffolds for skin and blood
vessel.
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