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ABSTRACT: In order to provide a biomimetic natural extracellular matrix microenvi-
ronment with excellent mechanical capacity for tissue regeneration, a novel porous
hybrid glycidyl methacrylate-modified silk fibroin/poly(L-lactic acid-co-g-caprolactone)—
polyethylene glycol diacrylate (SFMA/P(LLA-CL)-PEGDA) hybrid three-dimensional (3D)
nanofibrous scaffolds was successfully fabricated through the combination of 3D
nanofibrous platforms and divinyl PEGDA based photocrosslinking, and then further
improved water resistance by ethanol vapor post-treatment. Scanning electron
microscopy and micro-computed tomography results demonstrated significant PEGDA
hydrogel-like matrices bonded nanofibers, which formed a 3D structure similar to that of
“steel bar (nanofibers)-cement (PEGDA)”, with proper pore size, high porosity, and high
pore connectivity density. Meanwhile, the hybrid 3D nanofibrous scaffolds showed
outstanding swelling properties as well as improved compressive and tensile properties.
Furthermore, these hybrid 3D nanofibrous scaffolds could provide a biocompatible
microenvironment, capable of inducing the material-cell hybrid and regulating human
umbilical vein endothelial cells proliferation. They thus present significant potential in
tissue regeneration.
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1 Introduction

Tissue engineering scaffolds with the mimetic function of
extracellular matrix (ECM) have demonstrated great
potential in tissue regeneration [1]. The ideal tissue
engineering scaffolds should imitate natural ECM, in
terms of components and structures, to facilitate cell
adhesion, proliferation, migration, and differentiation to
the maximum extent [2-3]. Moreover, biomimetic ECM
has the potential to regulate the biological behavior of
related growth cells, angiogenesis, and tissue regeneration
[4]. Various studies have shown that materials with
chemical composition similar to that of natural ECM, such
as collagen, chitosan, laminin, and silk fibroin (SF),
significantly improved the biocompatibility of scaffolds
[5-6]. SF, as a natural protein extracted from silkworm
cocoons, has been widely applied in tissue engineering
owing to its numerous virtues such as excellent
biocompatibility, good air and moisture permeability,
non-immunogenicity, and cost-efficiency, and can be
fabricated into films, hydrogels, electrospun membranes,
and porous sponges for regenerative medicine [7—11]. In
our previous study, electrospun nanofibrous scaffolds of
SF and its blends achieved good biocompatibility and
biodegradability for wound dressing and peripheral nerve
regeneration. Furthermore, the nanofibrous scaffolds with
SF greatly enhanced the adhesion and proliferation of
endothelial cells and significantly improved the number

and quality of new blood vessels in the scaffolds [12—-13].

However, the conventional electrospun two dimensional
(2D) structural scaffolds with small pore size and poor
normalized pore connectivity restricted the transport of
nutrients and metabolites and cellular infiltration, further
influencing cell ingrowth [14-15].

Currently, three-dimensional (3D) structural electrospun
nanofibrous scaffolds with proper pore size, high porosity,
and pore connectivity have attracted increasing attention
in tissue engineering fields [16—17]. They promote cell
infiltration and transport of nutrients and metabolites.
Moreover, they can increase the effective contact area of
scaffolds’ inner surface to induce cellar stretching and
migration as well as the growth of peripheral blood
vessels [18-21]. The fabrication method of 3D electros-
pun nanofibrous scaffolds mainly involves multilayering,
sacrificial agent, dynamic liquid, and ultrasound-enhanced
electrospinning, as well as post-processing [14,22]. In
comparison with other methods, the post-processing of
nanofibers is more conducive to adjusting shape and
physicochemical properties, as is desirable for repairing
different tissues [23-24]. Xu et al. [25] fabricated porous
polycaprolactone (PCL) 3D nanofibrous scaffolds via
thermal-induced

self-agglomeration of fragmented

electrospun nanofibers followed by freeze-drying,
promoting bone morphogenetic protein 2 (BMP-2)-
induced chondrogenic nanofibrous scaffolds for bone
generation. Sun et al. [26] reported that the SF/poly
(L-lactic acid-co-g-caprolactone) (P(LLA-CL)) porous
nanofibrous sponges (NSs) were fabricated through
fragmented electrospun nanofiber homogenization, freeze-
drying, crosslinked by glutaraldehyde vapor, and then
filled into nerve guidance conduits (NGCs). This kind of
NSs-containing NGCs was more beneficial to cell growth,
blood vessel formation, and nerve regeneration compared
with 2D nanofibrous scaffolds. In our previous study, a
double-layer neural scaffold consisted of porous 3D
nanofibrous scaffold via fragmented electrospun nanofiber
homogenization, mold forming, freeze-drying, and then
crosslinked by glutaraldehyde vapor as the primary layer
(inner layer), with electrospun P(LLA-CL)/polyoxy-
ethylene (PEO) micronanofiber film as the outer layer to
improve mechanical support. The biological evaluation
in vitro and in vivo showed that these porous 3D neural
scaffolds’ ability to promote vascularization and nerve
regeneration was significantly better than that of
electrospun 2D nanofibrous scaffolds [27]. However, the
of the porous 3D
nanofibrous scaffold made of fragmented nanofibers

mechanical properties internal



Yongyong Fan et al. Fabrication of SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous scaffolds for tissue engineering 3

crosslinked by glutaraldehyde vapor could not fulfill the
requirements of most tissue repair, and the glutaraldehyde
[28].
polyethylene glycol diacrylate (PEGDA) has been utilized

presented a certain cytotoxicity Recently,
as 3D printing hydrogel ink to manufacture scaffolds
suitable for application relating to cells and biomolecules,
this method offers good biocompatibility, biodegrada-
bility, good crosslinking and bonding effect [29]. Zhu et
al. reported that the mechanical properties of the 3D
(GeIMA)-PEGDA

composite hydrogel could be regulated by the molecular

printing  gelatin  methacrylate
weight, concentration, exposure intensity, and exposure
duration of PEGDA [30-31].

In the present study, firstly, glycidyl methacrylate-
modified silk fibroin (SFMA) was prepared by graft
modification of SF with glycidyl methacrylate (GMA) to
introduce methacrylate, and then SFMA and P(LLA-CL)
blends were electrospun to obtain SFMA/P(LLA-CL)
nanofibrous membranes. Secondly, a novel porous
SFMA/P(LLA-CL)-PEGDA 3D hybrid nanofibrous
scaffold

(PEGDA)” structure, namely fiber-reinforced polymer

similar to “steel bar (nanofiber)-cement
matrix composite structure, was constructed through the
combination of the preparation technology of 3D
nanofibrous scaffolds and the use of divinyl PEGDA as
photocrosslinking agent and binder. Finally, human
umbilical vein endothelial cells (HUVECs) were cultured
on SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous
scaffolds to estimate the cytocompatibility. These hybrid
3D nanofibrous scaffolds were expected to improve
mechanical properties and closely mimic the structure of
ECM to promote tissue regeneration.

2 Experimental

2.1 Materials

Cocoons of silkworms (Bombyx mori) were kindly
donated by Jiaxing Silk Co., Ltd. (Zhejiang, China). A
copolymer of P(LLA-CL) (50:50) containing 50 mol.%
L-lactide was purchased from Jinan Daigang Co., Ltd.
(Shandong, China). PEGDA (Mn = 1000), GMA, photo-
initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), lithium
bromide (LiBr), and tert-butyl alcohol (t-BuOH) were
bought from Shanghai Aladdin Technology Co., Ltd.
(Shanghai, China). The cells were supplied by Shanghai

Cell Bank (China). Cell culture reagents were acquired
from Gibco (UK).

2.2 Fabrication of SFMA

Raw silk was degummed three times, each for 30 min,
with 0.5% (w/w) NayCOs solution at 100 °C and then
washed with distilled water and dried to obtain degummed
SF. Degummed SF (5g) was dissolved in 25 mL
9.3 mol-L™! LiBr solution, and GMA of 296, 436, 571,
and 700 mmol-L™! was slowly dropped into the mixture
and then stirred at 60 °C for 3 h. The prepared solution
was dialyzed with a cellulose tubular membrane
(molecular weight cut-off (MWCO): 14 000, St. Louis,
USA) in distilled water for 3 d at room temperature, and
then filtered as well as lyophilized to obtain SFMA
sponges.

The degree of methacrylate (DM) in terms of the GMA
concentration was detected by proton nuclear magnetic
resonance spectroscopy ('H-NMR) at a frequency of
600 MHz (Bruker, Germany) and a 5 mg sample was
dissolved in 500 puL. deuterium substituted water (D,0).
The DM was calculated based on the proton peak area of
the lysine of SF (Piysine(sr), 0 = 2.7-2.9) and that of SFMA
(Prysineskma), 0 = 2.8-3.0), and the equation was as
follows:

Piysine(SFMA)

DM/ % =(1— )xlOO (1

P lysine(SF)

2.3 Preparation of hybrid 3D nanofibrous scaffolds

The fabrication of SFMA/P(LLA-CL)-PEGDA hybrid 3D
nanofibrous scaffolds incorporates following critical
processes as illustrated in Fig. 1:

1) Fabrication of SFMA/P(LLA-CL) (8:2) 2D
nanofibrous membranes. The detailed fabricating process
is presented in the section of electronic supplementary
information (ESI).

2) Cutting SFMA/P(LLA-CL) (8:2) 2D nanofibrous
membranes into small fragments.

3) Adding SFMA/P(LLA-CL) nanofibers fragments,
PEGDA, photoinitiator LAP, and t-BuOH into a beaker
IKA T-18 at 10000—
12 000 r'min~! for 60 min to fabricate dispersions (the
mass ratios of SFMA/P(LLA-CL) nanofibers fragments to
PEGDA were 10:0, 9:1, 8:2, 7:3, and 5:5). In the pre-
experiment, it was found that the dissolved weight ratio

and homogenizing with
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Fig. 1 Scheme of SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous scaffolds processing steps.

(DWR) in deionized water of SFMA/P(LLA-CL)-
PEGDA (5:5) hybrid 3D nanofibrous scaffolds was more
than 40%. So, the mass ratio 5:5 of SFMA/P(LLA-CL) to
PEGDA was not used for the subsequent experimental
research. The content of LAP was 5% of the total mass of
SFMA/P(LLA-CL) nanofibrous fragments and PEGDA.
The concentration of dispersions was about 2 wt.%.

4) Removal of the dispersions into the petri dish and
irradiation for 10 min with the 365 nm ultraviolet (UV)
light-emitting diode (LED) light.

5) Freeze-drying for 48 h to obtain SFMA/P(LLA-
CL)-PEGDA hybrid 3D nanofibrous scaffolds, followed
by post-treatment with 75% ethanol vapor for 2 h to
further change the SFMA conformation from water-
soluble random coil to water-insoluble B-sheet. The
residual solvent on samples was detached in a vacuum
drying oven.

2.4 Characterization

The  cross-sectional and  lengthwise  sectional
morphologies of SFMA/P(LLA-CL)-PEGDA hybrid 3D
nanofibrous scaffolds were observed by scanning electron
microscopy (SEM; S-4800, Hitachi,
acceleration voltage of 10 kV. The chemical structure of

Japan) at an

the samples was characterized using Fourier transform
infrared spectroscopy-attenuated total reflectance (FTIR-
ATR; V70, Bruker, Germany). Thermogravimetric (TG)
and differential thermogravimetric (DTG) analyses were
performed using thermogravimetric analyzer (TA Q50,
USA) at a heating rate of 10°C-min~! from room
temperature to 800 °C. The microstructure of hybrid 3D

nanofibrous scaffolds was investigated using a Desk-top
X-ray microtomography (micro-computed tomography
(micro-CT); SkyScan-1272, Bruker,
reconstructed into 3D models via

Germany) and
NRecon software
(Bruker), and then the inter-microstructures were analyzed
by CTAn software (Bruker).

2.5 Property determination of hybrid 3D nanofibrous
scaffolds

The swelling water rate (SWR) and the DWR of hybrid
3D nanofibrous scaffolds were measured as described in
Ref. [32], and the details are presented in the ESI.

Mechanical properties of hybrid 3D nanofibrous
scaffolds were examined in a wet state. All scaffolds were
soaked in phosphate-buffered saline (PBS) for 30 min
before testing. The mechanical properties of hybrid 3D
nanofibrous scaffolds were investigated by a material
mechanical property tester (HSK-S, Hounsfield, UK) as
described in Refs. [27,33], and the details are presented in
the ESL.

The HUVECs proliferation on different hybrid 3D
nanofibrous scaffolds was evaluated. The cells were
cultured in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
(v/v) antibiotic penicillin—streptomycin in a humidified
atmosphere with 5% CO, at 37 °C. The different hybrid
3D nanofibrous scaffolds with the diameter of 14 mm
were fixed into 24-well plates with a quartz ring, then
disinfected with 75% ethanol vapor for 24 h, and blow-
dried in a super clean table. The cells were seeded at a
density of 1.0x10% per well onto 3D nanofibrous scaffolds
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and tissue culture plates (TCPs). The cells proliferated for
1, 3, and 5 d, and the cell viability at each time point was
evaluated by the 3-[4,5-dime hyl-2-thiazolyl]-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) assay.

The hybrid 3D nanofibrous scaffolds co-cultured with
HUVECs for 3 d were rinsed three times with PBS and
fixed in 2.5% glutaraldehyde aqueous solution at 4 °C for
2 h. The fixed samples were rinsed again for three times
with PBS, then dehydrated in graded concentrations of
ethanol (30%, 50%, 70%, 80%, 90%, 95%, and 100%),
and finally freeze-dried. The morphology of cells on
hybrid 3D nanofibrous scaffolds was observed by SEM at
a voltage of 10 kV.

2.6 Statistical analysis

All the data presented were analyzed by the 9.0 Origin
software and expressed as mean + standard deviation (SD)
of the mean. The student’s 7-test and one-way analysis of
variance (ANOVA) were used. The statistical significance
was set at p < 0.05, p <0.01, and p < 0.001, separately.

3 Results and discussion

3.1 Characterization of SFMA

SFMA was synthesized by replacing the primary amine of
SF with GMA. To explore the appropriate concentration
of GMA, SFMA was fabricated through the addition of

(a)

different concentrations of GMA in the range from 296 to
700 mmol-L! into the SF LiBr solution and recorded as
SFMA-296, SFMA-436, SFMA-571, and SFMA-700,
separately. The FTIR-ATR and '"H-NMR characterization
results of the prepared SFMA samples are shown in Fig. 2.
The characteristic absorption peaks of regeneration silk
fibroin (RSF) at 1640 cm™! (amide I), 1535 cm™! (amide
1), and 1237 cm™! (amide III) were assigned to the SF
with random coil or a-helical conformation [34]. After the
modification with GMA, the characteristic absorption
peaks at 1640 cm™! (amide I), 1535 cm™! (amide II), and
1237 cm™!  (amide III) showed no apparent shift.
Meanwhile, two new characteristic absorption peaks
appeared at 1690 and 1291 cm™!.
attributed to the carbonyl (C=0) stretching vibration peak
in GMA, while the latter was attributed to the stretching
vibration peak of CHOH generated after the ring-opening
reaction between the epoxide group on GMA and the
amino group (—NH,) on SF [9]. The results indicated that
GMA was successfully grafted onto SF without causing a
conformation change of SF. The DM and ring-opening of

The former was

epoxy on GMA through nucleophilic addition reactions
between —NH, on lysine were evaluated by 'H-NMR
(Figs. 2(b) and 2(c)). Two new signal peaks at 6 = 6.0 and
5.6 were observed after the modification with GMA,
which were assigned to the signals resulting from two
hydrogen nuclei in —-CH=CH,. The methyl (—CH3) signal
appeared obviously at 6 = 1.8. In addition, the lysine
methylene signal at § = 2.8 was weakened by increasing
the proportion of GMA relative to RSF, indicating the

(b)

SFMA-700 16401291
SFMA-700
J\Nﬁfﬂ/m 6,05.6 28 18] )
SFMA-571 ” M
‘F\J‘N\M.’\,ﬁ/\ SFMA-S71. ¥ W'M ||
SFMA-436 ‘
SFMA-436
RSF w[\/ﬁ\ e |
_\/,f—
1600V AN RSF
‘ . 15351237,
4000 3500 3000 1500 1000 500 9 8 7 6 5 4 3 2 1 0
Wavenumber/cm™ Chemical shift, &
©
Samples RSF SFMA-296 SFMA-436 SFMA-571 SFMA-700
DM 0.00 50.59% 60.30% 40.75% 43.77%

Fig. 2 (a) FTIR-ATR spectra, (b) 'H-NMR spectra, and (¢) DMs of SFMA synthesized by replacing the primary amine of SF with

different concentrations of GMA.



6 Front. Mater. Sci. 2023, 17(2): 230647

modification of lysine residues in SF. The DM value was
the largest when the concentration of GMA reached
436 mmol-L~!. Therefore, the GMA with 436 mmol-L~!
was applied to modify SF in subsequent experiments.

3.2 Effect of different crosslinking methods on hybrid 3D
nanofibrous scaffolds

To obtain the “steel bar (nanofibers)-cement (PEGDA)”
structure similar to ECM and improve mechanical
properties, the SFMA/P(LLA-CL)-PEGDA hybrid 3D
nanofibrous scaffolds were fabricated through the high-
sheared SFMA/P(LLA-CL)
and PEGDA into t-BuOH,
followed by the template forming, then crosslinking with
the 365nm UV LED light, and finally freeze-drying.
Three crosslinking polymerizations occurred, producing
SFMA-SFMA, PEGDA-PEGDA, and SFMA-PEGDA,
because there were two polymerization monomers in the

speed  dispersion  of
nanofibers, photoinitiator,

reaction system [35] (Fig. S1). During the experiment, it
was found that the SFMA/P(LLA-CL)-PEGDA hybrid
3D nanofibrous scaffolds only by photocrosslinking had a
higher DWR value in water. Therefore, the SFMA/
P(LLA-CL)-PEGDA hybrid 3D nanofibrous scaffolds
were post-treated with 75% (v/v) ethanol vapor after
freeze-drying. To enquire regarding the influence of
different crosslinking methods on SFMA/P(LLA-
CL)-PEGDA (8:2) hybrid 3D nanofibrous scaffolds, the
DWR value in deionized water and the ART-FTIR result
were measured under four different conditions: no light
and no ethanol vapor treatment; light and no ethanol vapor
treatment; no light and ethanol vapor treatment; light and
ethanol vapor treatment. The results are shown in Fig. 3.

(@) 80

No light

70F No ethanol

Light

60t No ethanol

50+
40 +

DWR/%

No light

30 - Light Ethanol

oo} Ethanol

0

Different crosslinking methods

T

The DWR order of SFMA/P(LLA-CL)-PEGDA (8:2)
hybrid 3D nanofibrous scaffolds for the four different
crosslinking methods was: no light and no ethanol
(59.08%) > light and no ethanol (52.47%) > no light and
ethanol (26.24%) > light and ethanol (18.52%). Following
could be the PEGDA
participated in the crosslinking polymerization reactions.
The DWR would be at least more than 20% after light and
vapor treatment if PEGDA did not participate in the

conclusions drawn. Firstly,

reaction due to the fact that the mass ratio of
SFMA/P(LLA-CL) nanofibers fragments to PEGDA was
8:2 and excessive LAP was also dissolved in deionized
water, leading to an increase of DWR. Secondly, the
water resistance for only photocrosslinking hybrid 3D
nanofibrous scaffolds was significantly less than that for
ethanol vapor treatment, which may be due to the fact that
PEGDA only crosslinked with vinyl on SFMA and did
not induce the conformational change of SF, while the
ethanol vapor treatment induced the conformation of SF
from random curl or a-helix to f-sheet structures [36]. To
further seek the reason of the DWR change, the FTIR-
ATR of SFMA/P(LLA-CL)-PEGDA hybrid 3D
nanofibrous scaffolds with different crosslinking methods
was investigated, and the results are shown in Fig. 3(b).
Firstly, the hybrid 3D nanofibrous scaffolds ‘without light
and ethanol vapor treatment’ characteristic
absorption peaks at 1650 cm™! (amide I), 1535 cm’!
(amide II), and 1240 cm™! (amide III), attributable to the
SF with water-soluble random coil or a-helical
4]. The hybrid 3D nanofibrous scaffolds
with ‘only light and no ethanol vapor treatment’ showed
two peaks at 1650 and 1621 cm™, attributable to amide I,
indicating that the conformations of partial SF from

showed

conformation [3

(b) —

—— No light and no ethanol
= Light and no ethanol
= No light and ethanol

I~ Light and ethanol
1

4000 3500 3000 1500 1000 500
Wavenumber/cm™

Fig. 3 (a) DWR and (b) FTIR-ATR results of SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous scaffolds with four different

crosslinking methods.
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random curls or a-helix to B-sheet structures. The hybrid
3D nanofibrous scaffolds with ‘no light and ethanol vapor
treatment’ as well as ‘light and ethanol vapor treatment’
presented the characteristic absorption peak that could be
assigned to amide I had shifted from 1650 to 1621 cm™!,
indicating that the ‘ethanol vapor treatment’ completely
changed the conformations of SF from random curl or
o-helix to water-insoluble B-sheet structures [34]. Some
characteristic absorption peaks overlap each other in
FTIR-ATR because hybrid 3D nanofibrous scaffolds
contained SFMA, P(LLA-CL), PEGDA, and
photoinitiator components. To probe the occurrence of the
crosslinking polymerization reactions, taking the
characteristic absorption peak at 1755cm™! (C=0) of
P(LLA-CL) without participating in the photocrosslinking
polymerization reaction as control, the ratio of
characteristic absorption peak intensity at 810 cm™!
(attributed to the bending vibration of C—H (CH=CH,) of
PEGDA or SFMA) and that at 1755 cm™! was used to
diagnose the occurrence of a photocrosslinking
polymerization reaction [37]. The ratio of the absorption
peak intensity of 3D nanofibrous scaffolds ‘with light’
was lower than that of ‘no light’, indicating that the vinyl
of PEGDA or SFMA participated in the photocrosslinking
polymerization reaction [37]. FTIR-ATR and DWR
results demonstrated that the combination of
photocrosslinking and ethanol vapor post-treatment was a
feasible method for the preparation of SFMA/P(LLA-
CL)-PEGDA hybrid 3D nanofibrous scaffolds and the
improvement of water resistance. The combination of
photocrosslinking and ethanol vapor post-treatment was
used for the fabrication of subsequent hybrid 3D

nanofibrous scaffolds with different mass ratios of

(a) 100

80

60

40

Weight fraction/%

20

0 1 | L L 1 1
100 200 300 400 500 600 700 800
Temperature/°C

SFMA/P(LLA-CL) to PEGDA.
3.3 Thermal analyses of hybrid 3D nanofibrous scaffolds

TGA and DTG curves of the SFMA/P(LLA-CL)-PEGDA
hybrid 3D nanofibrous scaffolds with different mass ratios
of SFMA/P(LLA-CL) to PEGDA (from 10:0 to 7:3) are
shown in Fig. 4. The SFMA/P(LLA-CL) 3D nanofibrous
scaffolds presented two mass-loss stages, and the
temperatures corresponding to the maximum mass-loss
speed point (74, max) Were 304.1 and 366.1 °C, attributed
to the thermal decomposition of SF and P(LLA-CL)
molecules, respectively [38]. The Ty, max value attributed
to the thermal decomposition of SF increased from 304.1
to 336.2 °C with the addition of PEGDA, while that
attributed to the thermal decomposition of PEGDA
increased from 396.9 to 414.8 °C with the increase of the
PEGDA content [39]. The results not only demonstrated
that the addition of PEGDA improved the thermal
stability of SFMA and the thermal stability of PEGDA
gradually with the increase of the PEGDA content in the
hybrid 3D nanofibrous scaffolds, but also further
confirmed the occurrence of the photocrosslinking
reaction between PEGDA and SFMA as well as the self-
photocrosslinking of PEGDA.

3.4 Morphologies and microstructures of hybrid 3D
nanofibrous scaffolds

The cross-section and longitudinal-section morphologies
of SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous
scaffolds are shown in Fig.5. All 3D nanofibrous
scaffolds presented more remarkably porous 3D structures

—_
=
~
—_
e

—_ —_— —_
(=] ) ~
T

Derivative weight/(%-min™")

S N A~ O

100 200 300 400 500 600 700 800
Temperature/°C

Fig. 4 (a) TGA and (b) DTG curves of SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous scaffolds with different mass ratios of

SFMA/P(LLA-CL) to PEGDA.
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Cross section

Longitudinal section

10:0

Fig. 5 SEM images of cross-section and longitudinal-section
of SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous
scaffolds with different mass ratios of SFMA/P(LLA-CL) to
PEGDA.

with loosely packed nanofibers in comparison with 2D
SFMA/P(LLA-CL) nanofibrous membrane (Fig. S2).
Moreover, more PEGDA hydrogel-like matrices bonded
nanofibers together to form a similar structure to the “steel
bar (nanofiber)—cement (PEGDA)” one with the increase
of the PEGDA content. This hierarchical structure was
expected to realize the highly biomimetic natural ECM
due to the fact that the natural ECM has a typical porous
3D structure of collagen, elastin, and fibronectin fibers
with the diameter of 1-500 nm combined with hyaluronic
acid and glucan gel [40—41]. In order to estimate finer
details of the internal structure (including pore size,
porosity, and pore connectivity density) of the 3D
nanofibrous scaffolds, micro-CT was performed, and the
results are shown in Fig.6. The porosities of
SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous
scaffolds with different contents of PEGDA were slightly
less than that of pure SFMA/P(LLA-CL) 3D nanofibrous
scaffolds, but still more than 80%, and almost all pores

within the scaffolds were open. It is seen that the pore
connectivity densities of hybrid 3D nanofibrous scaffolds
with different contents of PEGDA were less than that of
pure SFMA/P(LLA-CL) 3D nanofibrous scaffolds. The
reason may be that the addition of PEGDA into 3D
nanofibrous scaffolds generated the PEGDA hydrogel-like
matrix, which bonded short nanofibers together and
blocked the connection between pores [42]. In contrast,
their pore sizes were slightly larger than that of pure
SFMA/P(LLA-CL) 3D nanofibrous scaffolds. In short, the
addition of PEGDA had no obvious influence on the pore
size and porosity of 3D nanofibrous scaffolds. This kind
of porous 3D nanofibrous scaffolds not only promoted the
diffusion of oxygen and related bioactive ingredients, but
also stimulated the rapid adhesion and proliferation of
corresponding cells in the materials [43]. Moreover,
nanofibers could provide more adhesion sites for receptors
on the cell membrane and cause changes in the focal
adhesion (FA) of cells combining with nanofibers, as well
as changes in the structure of the cytoskeleton inside cells,
and can further influence the cell proliferation and
differentiation behaviors [44]. Meanwhile, the PEGDA
hydrogel-like matrix with high hydrophilicity and
pliability provided a soft and moist microenvironment for
the cell growth [45-46].

3.5 Swelling properties of hybrid 3D nanofibrous
scaffolds

SWR and DWR values of the hybrid 3D nanofibrous
scaffolds with different mass ratios of SFMA/P(LLA-CL)
to PEGDA are revealed in Fig. 7. It is observed that the
swelling properties of the hybrid 3D nanofibrous scaffolds
were improved and the swelling equilibrium was arrived
at more quickly with the change of the mass ratio of
SFMA/P(LLA-CL) to PEGDA from 10:0 to 8:2.
However, the swelling property decreased when the mass
ratio further changed to 7:3. The lowered SWR of the
SFMA/P(LLA-CL)-PEGDA (7:3) hybrid 3D nanofibrous
scaffold may be due to that the increase of the
crosslinking degree with the enhancement of the PEGDA
content restrict the extension of molecular chains, which
has an effect on the water absorption. Notably, this hybrid
3D nanofibrous scaffold of PEGDA hydrogel-like matrix
enhanced the biofluids’

hydrophilic and soft

combined with nanofibers
absorbance to achieve a
microenvironment for cell ingrowth, and further provided

a potential mechanical support to prevent squeezing from
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Fig. 7 (a) SWRs and (b) DWRs of SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous scaffolds with different mass ratios of

SFMA/P(LLA-CL) to PEGDA.

surrounding tissues.

3.6 Mechanical properties of hybrid 3D nanofibrous
scaffolds

Compressive properties under the compressive load with
the cylindrical axis up to 80% deformation and tensile
properties of the hybrid 3D nanofibrous scaffolds in wet

state are shown in Fig. 8. The general shapes of
compressive stress—strain curves for different hybrid 3D
nanofibrous scaffolds in wet state were similar, and the
compressive strength and the Young’s modulus for hybrid
3D nanofibrous scaffolds gradually increased with the rise
of the PEGDA content. Meanwhile, the typical tensile
stress—strain curves for different hybrid 3D nanofibrous
scaffolds in wet state presented a high level of flexibility.
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The average tensile strength obviously enhanced with the
change of the mass ratio of SFMA/P(LLA-CL) to PEGDA
in the range from 10:0 to 7:3, while the average
elongation at break was firstly raised to 40.99% + 2.01%
and then slightly dropped to 38.68% =+ 3.09% with
changing the mass ratio of SFMA/P(LLA-CL) to PEGDA
from 10:0 to 8:2 and then to 7:3. The results indicated that
the addition of PEGDA could effectively strengthen the
mechanical properties of hybrid 3D nanofibrous scaffolds,
which could be credited to the crosslinking and bonding
function of PEGDA hydrogel-like matrices on short
SFMA/P(LLA-CL) nanofibers in the SFMA/P(LLA-
CL)-PEGDA hybrid 3D nanofibrous scaffolds. The
improvement of mechanical properties was of great
significance for applying such 3D nanofibrous scaffolds in
tissue engineering. These hybrid 3D nanofibrous scaffolds
not only maintained their porous 3D nanofibrous
morphologies by
properties in the body, but also achieved the natural ECM-

ensuring  sufficient mechanical
like structural support for cell in-growth and matrix

production [42].

3.7 In vitro biocompatibility of hybrid 3D nanofibrous
scaffolds

To investigate the biocompatibility of SFMA/P(LLA-
CL)-PEGDA hybrid 3D nanofibrous scaffolds, the
proliferation of HUVECs on different 3D nanofibrous
scaffolds was examined by the MTT method, and the
results are shown in Fig. 9. The cell proliferation on
SFMA/P(LLA-CL)-PEGDA (9:1) and (7:3) hybrid 3D
nanofibrous scaffolds presented significant increase (p <
0.01 and p < 0.001) compared to those on the pure
SFMA/P(LLA-CL) 3D nanofibrous scaffold and the TCP
at day 1, respectively. On day 3, the cell proliferation on
all SFMA/P(LLA-CL)-PEGDA hybrid 3D nanofibrous
scaffolds showed significant difference (p < 0.01 and p <
0.05) compared to that on the TCP. In addition, the cell
proliferation on SFMA/P(LLA-CL)-PEGDA (9:1 and
8:2) 3D nanofibrous scaffolds had significant difference
(»p < 0.01 and p < 0.05) compared to that on the pure
SFMA/P(LLA-CL) 3D nanofibrous scaffold. On day 5,
the cell proliferation on all SFMA/P(LLA-CL)-PEGDA
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Fig. 9 Proliferation of HUVECs on SFMA/P(LLA-
CL)-PEGDA hybrid 3D nanofibrous scaffolds with different
mass ratios of SFMA/P(LLA-CL) to PEGDA (* p < 0.05; **
p<0.01; *** p <0.001).
hybrid 3D nanofibrous scaffolds had significant difference
(» <0.001) compared with those on the TCP and the pure
SFMA/P(LLA-CL) 3D nanofibrous scaffold. The results
demonstrated that all SFMA/P(LLA-CL)-PEGDA hybrid
3D nanofibrous scaffolds were more favorable for the
HUVECs proliferation than the pure SFMA/P(LLA-CL)
3D nanofibrous scaffold. The addition of PEGDA
endowed not only a porous 3D nanofibrous structure but
also characteristics of hydrogel such as elasticity and less
interfacial stress with water and other biofluids, leading to
high similarity to the structure of ECM with more
hydrophilicity and higher stiffness [47]. It is recognized
that an ECM-like microenvironment greatly enhance the
cell proliferation. To further investigate the interaction
between HUVECs and hybrid 3D nanofibrous scaffolds,
the morphologies of 3D nanofibrous scaffolds seeded with
HUVEC:s for 3 d were examined by SEM, and the results
are shown in Fig. 10. HUVECs on all 3D nanofibrous
scaffolds displayed well spread morphologies and well
integrated with  peripheral nanofibers. Numerous
pseudopodia, extending from the edge of the cell body,
produced fusion of cells with the surrounding nanofibers
to facilitate intracellular communication and promote cell
adhesion as well as migration by providing anchoring
points [48]. In addition, some cells migrated to nanofibers
SFMA/P(LLA-CL)-PEGDA  hybrid 3D
nanofibrous scaffolds (white arrows, Fig. 10), especially
when the mass ratio of SFMA/P(LLA-CL) to PEGDA
was 8:2, resembling the cell adhesion and growth on
fibers inside natural ECM [49]. This phenomenon
manifested in mimicry by SFMA/P(LLA-CL)-PEGDA
hybrid 3D nanofibrous scaffolds of the ECM structure,

inside

Fig. 10 SEM images of HUVECs grown on SFMA/P(LLA-
CL)-PEGDA hybrid 3D nanofibrous scaffolds with different
mass ratios of SFMA/P(LLA-CL) to PEGDA for 3 d: (a) 10:0;
(b) 9:1; (c¢) 8:2; (d) 7:3.

providing nano-scale adhesion sites for cells to sense
external forces [50].

4 Conclusions

A novel porous hybrid 3D nanofibrous scaffold similar to
the “steel bar (nanofiber)-cement (PEGDA)” structure
exhibited Dbetter
hydrophilic and mechanical properties than those of the
pure SFMA/P(LLA-CL) 3D nanofibrous scaffold.
Moreover, in vitro results demonstrated that the hybrid 3D
scaffolds
cytocompatibility. Ongoing studies will be further focused

was successfully fabricated and

nanofibrous possessed more outstanding

on exploring the interaction between scaffolds and cells
from the perspective of molecular biology. The hybrid 3D
nanofibrous scaffold with PEGDA hydrogel-like matrices
is expected to fabricate different shapes and sizes using
different molds for soft tissue repair and regeneration.
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