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Abstract

Tissue engineering provides a promising approach for regenerative medicine. The ideal engineered tissue should have the
desired structure and functional properties suitable for uniform cell distribution and stable shape fidelity in the full period of
in vitro culture and in vivo implantation. However, due to insufficient cell infiltration and inadequate mechanical properties,
engineered tissue made from porous scaffolds may have an inconsistent cellular composition and a poor shape retainability,
which seriously hinders their further clinical application. In this study, silk fibroin was integrated with silk short fibers with
a physical and chemical double-crosslinking network to fabricate fiber-reinforced silk fibroin super elastic absorbent sponges
(Fr-SF-SEAs). The Fr-SF-SEAs exhibited the desirable synergistic properties of a honeycomb structure, hygroscopicity
and elasticity, which allowed them to undergo an unconventional cyclic compression inoculation method to significantly
promote cell diffusion and achieve a uniform cell distribution at a high-density. Furthermore, the regenerated cartilage of the
Fr-SF-SEAs scaffold withstood a dynamic pressure environment after subcutaneous implantation and maintained its precise
original structure, ultimately achieving human-scale ear-shaped cartilage regeneration. Importantly, the SF-SEAs prepara-
tion showed valuable universality in combining chemicals with other bioactive materials or drugs with reactive groups to
construct microenvironment bionic scaffolds. The established novel cell inoculation method is highly versatile and can be
readily applied to various cells. Based on the design concept of dual-network Fr-SF-SEAs scaffolds, homogenous and mature
cartilage was successfully regenerated with precise and complicated shapes, which hopefully provides a platform strategy
for tissue engineering for various cartilage defect repairs.
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Introduction

The development of tissue engineering is gradually chang-
ing traditional medical therapy and further evolving into
regenerative medicine for clinical application [1, 2]. Bio-
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engineering, as they provide a suitable mechanical strength,
space and environment for cell adhesion, growth and devel-
opment [3, 4]. The ideal cell scaffold, however, should not
only provide space for growth and temporary support but
also have a good affinity, be efficient in integrating cells with
themselves and maintain a stable shape long-term to meet
the practical needs of tissue defects and repair in clinical
applications [5, 6].

Many studies have attempted to solve the challenge
of constructing scaffolds with a high-density inoculation
and uniform distribution of seed cells [7-9]. Porous scaf-
folds have been widely used in tissue regeneration. Stable
porous structures can provide a matrix surface for cell
adhesive growth and facilitate nutrient penetration for cell
activity [10]. However, porous scaffolds have been mostly
inoculated by drip injection, in which the distribution of
cells within scaffolds relies on gravity and hydrophilicity.
This uncontrolled cell inoculation model causes most of
the cells to adhere to the outer surface of the scaffold,
while the distribution of cells inside the scaffold is lim-
ited. Therefore, some attempts have been made to increase
the pore size of the scaffold to improve the uniformity of
inoculation, but this can also lead to excessive cell loss and
low inoculation efficiency [11, 12].

Another key factor of tissue regeneration is maintain-
ing the precise three-dimensional shape of scaffolds in
the full period of in vitro culture and in vivo implanta-
tion [13, 14]. The shape of regenerated tissue should
match the shape of the tissue defect of the patient, which
is essential for the clinical translation of tissue engineer-
ing [15]. Synthetic polymer biomaterials can have effec-
tively controlled mechanical properties, but their bio-
logical activity is limited. Natural materials have better
activity, but porous scaffolds made from natural materi-
als have difficulty maintaining their original morphology
and microstructure in the application process due to their
weak mechanical characteristics and high porosity. Silk
cellulose has reportedly been approved by the FDA as
a biodegradable natural protein material and is widely
used for cardiovascular and skin regeneration as well as
soft tissue regeneration due to its superior cellular affin-
ity [16—18]. Silk fibroin scaffolds are formed mainly by
the weak interactions of the molecular chain p-sheets
and crystallization [19]. However, the low modulus and
mechanical strength of silk fibroin porous scaffolds make
it difficult for them to resist the dynamic mechanical
environment in vivo and maintain the designed structure
of regenerated tissue [20, 21]. This limitation has greatly
hindered the clinical application of silk proteins, and

previously reported porous scaffolds designed using silk
proteins have not yet been able to meet this need.

Fiber reinforcement is an effective approach for
enhancing the mechanical properties of composites
[22, 23]. Due to their biocompatibility and mechanical
strength, short silk fibers are often used as mechani-
cally enhanced components for compounding with
biomaterials such as gelatin and chitosan [24-26], but
short silk fibers are simply dispersed [27, 28]. Here, we
used silk short fibers to prepare mechanically enhanced
silk fibroin scaffolds. To demonstrate the feasibility of
this method, several key scientific questions need to be
addressed: (1) How can composite scaffolds form sta-
ble crosslinking structures with enhanced mechanical
properties and elastic properties? (2) How can a rapid,
uniform and high-density distribution of cells in the
composite scaffold be achieved? (3) How can structural
stability and tissue homogeneity be sustained in the
dynamic mechanical environment in vivo? The answers
to these questions will not only promote the efficiency
and quality of cell and scaffold integration but also pro-
duce important factors of regenerated tissue for clinical
applications.

In the present study, we designed and synthesized
a fiber-reinforced (Fr) silk fibroin (SF) super elastic
absorbent sponge (SEAs) by employing a double net-
work structure with multiple physical and chemical
crosslinking mechanisms, endowing the scaffold with a
superlight weight, good elasticity and fatigue durabil-
ity. The Fr-SF-SEAs exhibited improved hydrophilic-
ity, modulus, elasticity and stability compared to a pure
SF-SEAs. By using two types of SEAs, we proposed a
new cell inoculation mode with cyclic compression to
rapidly obtain uniform regenerated tissue with a high
cell density. Subsequently, star-shaped SF-SEAs and Fr-
SF-SEAs were implanted subcutaneously in a nude rat
model after chondrocyte inoculation with cyclic com-
pression. At both 4 weeks and 8 weeks following scaf-
fold implantation, morphology analyses, and histologi-
cal assessments, we further showed that the Fr-SF-SEAs
remarkably improved the structural stability, cellular
uniformity and growth quality of regenerated cartilage.
Moreover, the ear-shaped Fr-SF-SEAs showed a stable
and precise ear-bionic structure for cartilage regeneration
on a human scale. The results of this study regarding this
novel Fr-SF-SEAs and cyclic compression cell inocula-
tion mode are expected to be applied to the large-size
regeneration of various tissues with better morphological
stability and cellular uniformity.
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Experimental Section
Silk Short Fiber Preparation

Silk short fibers were through the sodium hydroxide alkali
hydrolysis of cocoons following previous protocols [29].
Briefly, the cocoons were cut into small pieces and placed
in boiling 0.5% sodium carbonate solution (>99.5%, Mac-
lin) with stirring for 30 min and then washed thoroughly
with deionized water for degumming. The above steps were
repeated three times, and then the degummed silk fibers were
dried in air. The dry degummed silk fibers (0.35 g) were
added to 5 mL NaOH (> 96%, Sinopharm) aqueous solution
(0.7 g/mL, w/v) with continuous stirring for the alkaline
hydrolysis reaction. After stirring for 180 s, 45 mL of water
was added to the reaction mixture to stop the hydrolysis. The
reacted suspension was centrifuged and washed in water for
6 cycles to remove the excess remaining base. The pH was
adjusted to 7.0 with hydrochloric acid (37%, Aladdin). The
neutralized fiber solution was again centrifuged and resus-
pended in water for 5 cycles and then freeze-dried to obtain
short silk fibers.

Fabrication of SEAs

Insoluble scaffolds of Fr-SF-SEAs (1:2) were fabricated
with SF solution, short silk fibers, ethylene glycol digly-
cidyl ether (EGDE, epoxy value: > 0.7, Macklin) and
N,N,N’,N’-tetramethylethylenediamine (TEMED, >99%,
Macklin). SF aqueous solution (5.0% w/v) was mixed with
EGDE (3 mmol/g) and TEMED (0.25 v/v %) with continu-
ous stirring in an ice bath. Then, the silk short fibers were
added to the SF aqueous solution and uniformly mixed at a
weight ratio of 1:2 (fiber/SF). The mixture was transferred
into molds of different shapes (cylinder, cube, T-shape, star,
flower, human ear), first for rapid freeze-setting at — 80 °C
for 1 h, followed by a cryogen reaction at — 10 °C for 1 day,
and then thawed at room temperature for 6 h. The reacted
insoluble scaffolds were rinsed in ultrapure water to remove
residual crosslinker and catalyst. Finally, the Fr-SF-SEAs
(1:2) scaffolds were freeze-dried in vacuum. The pure SF-
SEAs and Fr-SF-SEAs (2:2) were fabricated by the same
method separately using different weight ratios of silk short
fiber and SF at 0:2 and 2:2.

Scanning Electron Microscopy (SEM)
Sections of the scaffold and short silk fibers microstructures
were observed with scanning electron microscopy (Zeiss

Gemini 300) at an accelerating voltage of 10 kV. All sam-
ples were sputter-coated with gold before observation. To
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investigate the pore size of the scaffolds and the morpho-
logical characters of the fibers, the SEM image data were
analyzed to evaluate the porous features inside of scaffolds
and the parameters of short silk fibers using ImagelJ soft-
ware (ImageJ 1.53k, National Institute of Mental Health,
Bethesda, MD).

Fourier Transform Infrared (FTIR) Spectroscopy

Attenuated total reflectance FTIR spectra of pure SF, pure
fibers, crosslinked fibers, SF-SEAs and Fr-SF-SEAs were
recorded with a spectrometer (Thermo Scientific Nicolet
1S20) to identify the crosslinked groups of the SEAs. The
FTIR spectra were recorded in the wavenumber range of
4004000 cm™! by accumulating 32 scans under a resolu-
tion of 4 cm™.

X-ray Diffraction (XRD)

With an X-ray diffractometer (Rigaku Smartlab 9KW), the
crystallinity of the SF-SEAs, Fr-SF-SEAs (1:2) and Fr-SF-
SEAs (2:2) was examined using Cu-K radiation (wavelength
of 0.1542 nm) in step-scan mode in the 2 range of 5°-90°
with a scanning speed of 2°/min. The X-ray diffractometer
was operated at 30 kV and 30 mA. The test samples were
made in the following ways. Using a sharp blade, the sur-
face layers of the freeze-dried scaffold were removed. The
remaining portion was then divided into slices that were 1
to 2 mm thick. The slices were finally compacted for the
XRD test.

Porosity

The drainage method reported in a prior study was used to
analyze the porosity of the SF-SEAs, Fr-SF-SEAs (1:2) and
Fr-SF-SEAs (2:2) [30]. In brief, the weight of the dry scaf-
fold (n=35) was referred to as W, and the weight of the wet
sample was referred to as W, after the samples were entirely
submerged in 100% ethanol. The scaffold porosity was then
determined using the following formula:

Porosity = (W,—W,)/(p = V) 100%

where p and V denote the absolute ethanol density and scaf-
fold volume, respectively.

Contact Angle

An optical water contact angle measurement system (Data-
physics OCA20) was used to analyze the wettability char-
acteristics of the samples. Each sample with a diameter of
6 mm was placed on the surface to calculate the contact
angle. A droplet of deionized water was deposited on the
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sample using a 10 pL pipette tip and a high-resolution
camera. Then, the image of the static liquid deposition was
obtained within a few seconds and analyzed.

Water Absorption

The water absorption properties of the lyophilized SF-SEAs,
Fr-SF-SEAs (1:2) and Fr-SF-SEAs (2:2) with the same size
of 6 mm X 6 mm (diameter X thickness) were estimated on
the basis of the change in weight in deionized water (n=>5).
In brief, the dry scaffolds were weighed as W, before sub-
mersion in 5 mL phosphate-buffered saline (PBS) solution.
After two hours of removal of excess PBS, the wet scaffolds
were weighed. The water absorption of the scaffolds was
calculated by the following equation:

Water absorption ratio (%) = (W, — W,) /W, * 100%

W, was the dried weight before immersion in PBS, and
W, was the wet weight of the hydrated scaffolds.

Mechanical Characteristics of Scaffolds

The mechanical properties of the scaffolds were deter-
mined using a mechanical testing machine (Instron-5542)
as reported previously [31]. The SF-SEAs, Fr-SF-SEAs
(1:2) and Fr-SF-SEAs (2:2) scaffolds were processed to a
cylindrical shape that was 6 mm in diameter and 6 mm in
thickness. To evaluate the properties of wet scaffolds, the
three kinds of SEAs were placed in PBS at room temperature
to equilibrate before testing. In the axial compression tests,
the SEAs were compressed to a maximal strain of 50% at a
rate of 10 mm/min (n=35). The moduli were calculated by
plotting the stress—strain curves. In the cyclic compression
test, the specimens were compressed to a maximal strain of
60% for 10 cycles at a rate of 10 mm/min.

Chondrocyte Seeding and Culture of SEAs

In this study, all animals received humane care, in accord-
ance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications No.
8023, revised 1978). The Shanghai Jiao Tong University
Institutional Animal Care and Use Committee supervised all
of the experimental operations. All samples were radiation
sterilized for subsequent tests.

As previously reported, auricular cartilage was obtained
from rabbits and cut into 1.0 mm pieces before being washed
with phosphate-buffered saline (PBS) and digested with
0.15% collagenase (Worthington Biochemical Corp., NJ,
United States) to isolate chondrocytes [32]. The isolated
chondrocytes were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (Gibco

BRL, Grand Island, NY, USA) and 1% antibiotic—antimy-
cotic solution (Gibco BRL).

A 100 pL cell suspension (6 x 107 cells/mL) of P2 chon-
drocytes was seeded into the SF-SEAs and Fr-SF-SEAs (1:2)
scaffolds. Two inoculation methods were chosen to seed the
cells, which were divided into the drip infiltration (DI) group
and cyclic compression (CC) group as follows:

DI group: Using a pipette gun, the cell suspension was
slowly dropped onto the SEAs scaffold surface until it was
completely absorbed.

CC group: The cell suspension was first infiltrated into
the SEAs scaffold using the same method as the DI group,
and then the SEAs scaffolds were gently squeezed with ster-
ile forceps to produce partial deformation and released to the
original shape, and each scaffold was cyclically compressed
ten times.

Cell seeding efficiency at 4 h was used to assess cell
absorption ability using an established calculation protocol
[33].

Cell Distribution of SEAs

Following 7 days of culture, samples were cut along the
longitudinal direction and stained with 4',6-diamidino-
2-phenylindole (DAPI) to assess the uniformity of cell dis-
tribution. For the other SEAs samples, four aliquots were
set according to their height and cut horizontally along the
aliquots, and the quartile point horizontal sections (i.e., rep-
resenting the inoculum depth) were assessed using the Live
and Dead cell viability assay (Invitrogen, USA) according
to the manufacturer’s instructions. For each section, living
cells were counted and reported as the mean number per
high power field (HPF) (n=9).

In addition, DNA content was used to further assess the
total number of cells in each sample (n=35) using a total
DNA quantification assay (PicoGreen dsDNA assay, Invit-
rogen, USA).

Subcutaneous Implantation and Morphological
Analysis

Four-week-old nude mice (Shanghai Jiagan Biological
Technology Co., Shanghai, China) were used in this study.
Star-shaped SF-SEAs and Fr-SF-SEAs (1:2) were seeded
with 1.2x 107 (200 uL, 6 x 107 cells/mL) chondrocytes by
the cyclic compression method. All specimens were grown
in chondrogenic-inductive media contained several compo-
nents, including transforming growth factor beta-1 (TGF-1),
insulin-like growth factor-I (IGF-I), and other supplements
[34]. After 2 weeks of in vitro culture, engineered cartilage
with a certain level of maturity was formed by regeneration.
Then, they were subcutaneously implanted in nude mice for
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4 and 8 weeks to form regenerated cartilage tissues at dif-
ferent stages of maturation in vivo (n=35). All specimens
were carefully stripped of the surrounding connective tissue,
and overall images were collected at different time points
to measure the projected area for further analysis [35]. The
Edge deformation of the regenerated tissue was estimated
based on the thickness change of the pentagonal regenerated
cartilage (n=15). Briefly, the thickness of each corner of the
pentagonal regenerated cartilage tissue was measured and
its thickness was recorded as H,,. In measuring the thick-
ness of the center of the regenerated tissue, it was recorded
as H,. The edge deformation of the regenerated tissue was
calculated according to the following equation:

Edge deformation (%) = (H, — H,)/H, * 100%

Biomechanical and Biochemical Analysis

The regenerated star-shaped cartilage was collected in vivo,
and its weight and volume were recorded; it was then used
for biomechanical and biochemical studies. The strain—
stress curve and modulus of the regenerated cartilage were
measured using a mechanical analyzer (Instron-5542). Spec-
imens from both groups were chopped for the quantitative
analysis of glycosaminoglycan (GAG), collagen content and
elastin content (n=35), as previously described [36, 37].

Histological Analyses

To evaluate the quality of regenerative cartilage tissue, all
engineered tissues harvested above, were subjected to histo-
logical and immunohistochemical examinations as described
previously [38]. The regenerated star-shaped cartilage sam-
ples were sectioned into 5 pm slices for staining. Hematoxy-
lin and eosin (H&E) staining, safranin-O (SO) staining, and
the immunohistochemical staining of type II collagen (COL
II) were performed to observe the histological structure and
cartilage matrix deposition of GAG and COL II, respec-
tively. Briefly, samples were fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned. Then, sections were
stained with H&E and safranine-O. The expression of type
II collagen was detected using a mouse monoclonal antibody
against collagen II (MS-306-P1, 1:200, Invitrogen, USA),
followed by a horseradish peroxidase-conjugated anti-mouse
antibody (1:200, Dako, Denmark). Both antibodies were
diluted in PBS and then colorized with diaminobenzidine
tetrahydrochloride (DAB, Dako).

Construction of Ear-Shaped Cartilage

To explore the long-term fate of the regenerated tissues of
large-scale SEAs, we chose to construct human ear-shaped
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Fr-SE-SEAs (1:2) scaffolds with a silicone mold. The large-
scale ear-shaped Fr-SF-SEAs (1:2) (n=35) were subjected to
cyclic compressed inoculation with 9x 107 (1.5 mL, 6 x 10’
cells/mL) cells, cultured in vitro in cartilage for 2 weeks, and
then implanted into nude mice for 6 weeks and 12 weeks.
The human ear-shaped engineered tissues were harvested
and then subjected to histological and immunohistochemical
examinations as described above.

Statistical Analysis

Data were analyzed with SPSS software. *P <0.05 was
considered significant. All values are reported as the
means =+ standard deviations.

Results
Fabrication and Morphology of SEAs

We created three kinds of SEAs: SF-SEAs, Fr-SF-SEAs
(1:2) and Fr-SF-SEAs (2:2) containing only SF, and fiber/SF
(1:2) and fiber/SF (2:2) with different ratios of SF and silk
short fibers. The length of silk microfibers formed during the
hydrolysis process was related to the period of hydrolysis.
After 180 s of alkaline hydrolysis reaction, the silk short fib-
ers was obtained with length of 164 +75 pm and diameter of
13 +2 pm (Supplementary Fig. S1). When different propor-
tions of the two components were dissolved and dispersed
in deionized water, it was macroscopically observed that
the SF solution was homogeneous. Although Fr-SF (1:2)
suspension appears slightly uneven mixture, the Fr-SF (1:2)
was more uniform than the Fr-SF (2:2) suspension which
showed obvious undesirable settle and stratify (Fig. 1b).
Similar results were obtained for the SEAs scaffolds fab-
ricated by crosslinking and lyophilizing. The SF-SEAs and
Fr-SF-SEAs (1:2) scaffolds had smooth and uniform sur-
faces, but the Fr-SF-SEAs (2:2) had uneven surfaces due
to the high content of fiber with inhomogeneous dispersion
(Fig. 1c). The SEAs were prepared into various complex
morphologies by using different molds (Fig. 1d). Due to
the high porosity of the scaffolds, the Fr-SF-SEAs had an
ultralight structure (Fig. le).

SEM images (Fig. 1f) showed that the SEAs all had inter-
connected micropore structures. The SF-SEAs had larger
pores (320.96 +102.64 pm) and smooth pore walls. The
Fr-SF-SEAs (1:2) and Fr-SF-SEAs (2:2) exhibited embed-
ded and crosslinked silk short fibers, with the pore size
decreasing (45.89+13.76 pm, 39.15+16.08 pm) as the
fiber content increased (Fig. 1g). At low magnification, the
pure SF SEAs and Fr-SF-SEAs (1:2) exhibited abundant
homogeneous micropores in whole scaffold. But the Fr-SF-
SEAs (2:2) existed obvious fiber aggregation that resulted in
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unsatisfactory inhomogeneous microstructures (Supplemen-
tary Fig. S2). Moreover, the SEM images of Fr-SF-SEAs
(1:2) in sectional views from top to bottom also demon-
strated similar and regular microstructures in different parts
(Supplementary Fig. S3). FTIR spectroscopy of the silk
protein, short fiber, crosslinked SF-SEAs and crosslinked
Fr-SF-SEAs showed that the amide I absorption bands of
the crosslinked SEAs both shifted to a lower wavenumber
(Fig. 1h). This proved the dual crosslinking of EGDE with
SF and silk fibers. X-ray diffraction (XRD) showed a typi-
cal peak at 20.4° for all three kinds of SEAs, which is the

a 1. SF/Fiber solution

Il. Freezing-inducing

characteristic peak for the f-folded crystal structure of silk
protein chains (Fig. 1i).

Hydrophilicity and Mechanical Properties

The wet Fr-SF-SEAs (1:2) resisted multiple compression
deformations well, and its original structure was able to
be restored under the dynamic stress effect (Fig. 2a, and
Video S1). The average porosities of the SF-SEAs, Fr-SF-
SEAs (1:2) and Fr-SF-SEAs (2:2) were 96.13 +2.08%,
89.77+4.16% and 87.73 +3.38%, respectively (Fig. 2b).
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The initial contact angles of the Fr-SF-SEAs (1:2) and Fr-
SF-SEAs (2:2) composite scaffolds were slightly higher than
that of the SF-SEAs, but the droplets were absorbed signifi-
cantly faster into the scaffolds (Fig. 2c, d). The SF-SEAs,
Fr-SF-SEAs (1:2) and Fr-SF-SEAs (2:2) showed high hydro-
scopicities with maximum water absorptions of 1,678 +19%,
1,413 +£38% and 1,013 +24%, respectively (Fig. 2e).

On the other hand, adding short fibers significantly
enhanced the compressive resistance of the scaffolds.
The uniaxial compression tests showed that the SF-SEAs,
Fr-SF-SEAs (1:2) and Fr-SF-SEAs (2:2) had moduli of
16.31+1.01,41.22+1.40 and 46.82 +2.04 kPa, respectively
(Fig. 2f, g). Furthermore, cyclic compression tests showed

that the SF-SEAs, Fr-SF-SEAs (1:2) and Fr-SF-SEAs (2:2)
had superior elasticity and antifatigue properties with limited
hysteresis under dynamic pressure (Fig. 2h). The addition of
fibers to the SF-SEAs enabled an increase in the strength
restoration after the 1st cycle from the 2nd to 10th cycles,
which revealed that the Fr-SF-SEAs (1:2) and Fr-SF-SEAs
(2:2) had better recoverability than the SF-SEAs (Fig. 21i).
By comprehensively considering the structural uniformity,
surface precision, hydrophilicity and mechanical properties,
the Fr-SF-SEAs (1:2) was selected for comparison with the
SF-SEAs in further studies.
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Fig.2 Characterization of the SEAs. a Time-lapse images of the
deformation and restitution of the wet Fr-SF-SEAs (1:2) over mul-
tiple cycles. b Porosity of SEAs scaffolds with different ratios. ¢
Recorded images of the dynamic contact angle of SEAs at different
times. d Change curves of the contact angle versus time. e Water
absorption capacity of the SEAs. f Typical compressive stress—strain
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curves of the wet SEAs. g Comparison of the compressive modulus.
h Cyclic compression tests of the wet SEAs for 10 cycles with a max-
imum strain of 60%. i Comparison of the dynamic compress strength
restoration of the SEAs at a strain of 30% from the 2nd to 10th cycles
compared to the 1st cycle. (*P <0.05)
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Cell Inoculation and Distribution of the SEAs

Once the porous scaffold composition was optimized, eval-
uating the scaffold seeding behaviors during regeneration
became the focus of this study. We treated the SF-SEAs and
Fr-SF-SEAs (1:2) with different methods of cell seeding by
drip infiltration (DI) (Fig. 3al), and cyclic compression (CC)
(Fig. 3a2), respectively. Cytotoxicity assays were performed
to evaluate the biocompatibility of these scaffolds, as well
as their cell seeding efficiency, DAPI staining, cell viability,
and DNA content, to evaluate the effectiveness of cell inoc-
ulation. The cytotoxicity analysis of the leachates verified
that cell proliferation in the SF-SEAs and Fr-SF-SEAs (1:2)
groups was significantly higher than that in the regular group
(Fig. 3b). The results of the cell seeding efficiency revealed
that in each group, the cell seeding efficiency was more than
90%, the Fr-SF-SEAs (1:2) were significantly superior to the
SF-SEAs, and the efficiency of inoculation after cyclic com-
pression was significantly higher than that after drip infiltra-
tion (Fig. 3¢). After 1 week of in vitro culture, the scaffolds
were cut into different slices to analyze the effect of inocula-
tion, and the sections were selected as shown in Fig. 3d1-d4.
Some of the scaffolds were incised longitudinally, and the
cell distribution was observed with DAPI staining (Fig. 3el,
fl, gl and hl). The cells were more uniformly distributed
in the circulatory compression (CC) mode than in the drop
inoculation (DI) mode, in which the cells tended to be dis-
tributed more superficially in the scaffold. Moreover, the
rest of the scaffolds were cut horizontally from the upper,
middle and lower levels, and live & dead staining was used
to observe the cell viability and density at different levels
(Fig. 3e2—e4, 24, g2—g4, h2-h4). These results revealed
that the Fr-SF-SEAs (1:2) CC group achieved a more uni-
form distribution and higher density of inoculation (Fig. 3i,
j)- DNA quantitative analysis further indicated that the Fr-
SF-SEAs (1:2) had a better performance (Fig. 3k).

Morphological Stability of Star-Shaped Regenerated
Cartilage

To assess the advantage of fiber-reinforced SEAs scaffolds
in terms of shape maintenance, SEAs were prepared in the
complex shape of a star with well-defined edges and corners,
and chondrocytes were inoculated onto Fr-SF-SEAs (1:2)
and SF-SEAs. After two weeks of in vitro incubation, they
were implanted subcutaneously into the backs of nude mice
with a tight skin fit for analysis at 4 and 8 weeks. When
the samples were taken, it was observed that each sample
retained the smooth ivory appearance of the cartilage, and
the shape remained similar to the original shape. Overall, the
cartilage surface of the SF-SEAs group was obviously gran-
ular and heavily deformed at the edges; the surface of the Fr-
SF-SEAs (1:2) group was smoother and flatter (Fig. 4a—d).

As shown in Fig. 4e, the subcutaneous tension applied to the
regenerated tissue was mainly applied to the marginal part,
which was the main reason for the deformation.

During the growth of regenerated tissues in vivo, the
wet weight and total volume of tissues steadily increased
due to matrix secretion (Fig. 4f, g). Quantitative analyses
of the projection regions in the top view and the thickness
in the side view are shown in Fig. 4h, i. During 4 weeks and
8 weeks of in vivo growth, the SF-SEAs and Fr-SF-SEAs
(1:2) both slightly changed shape in the top view with final
deformation rates of 2.4% and 2.9% (Fig. 4h). The side view
images showed that the regenerated cartilage of Fr-SF-SEAs
(1:2) had a better consistency of thickness at different time
points than the cartilage of SF-SEAs (Fig. 4i). Importantly,
the cartilage of Fr-SF-SEAs (1:2) exhibited more significant
uniform thickness in both the surrounding area and central
area than the cartilage of SF-SEAs, indicating that the Fr-
SF-SEAs (1:2) could maintain the original precise structure

(Fig. 4j).

Histological Assessment of the Star-Shaped
Regenerated Cartilage

Histological examination of the horizontal sections of the
regenerated stellate cartilage in the two groups showed that
typical cartilage trap structures became more pronounced
and the scaffold became progressively degraded as the cul-
ture time increased. Enhanced GAG deposition and type 11
collagen expression were visualized with safranin-O and
immunohistochemical type II collagen staining (Fig. 5a, b).
This result was corroborated by quantitative biochemical
analysis. Further observation of the high magnification field
of histology showed that SF-SEAs showed poor maintenance
of the precise structure and tended to atrophy (Fig. 5a2-a4,
c2—c4). The exquisite structure of cartilage tissue regener-
ated by the fiber-reinforced scaffold was more completely
preserved (Fig. 5b2-b4, d2—d4). It is also noteworthy that
during the 4 weeks of growth and development, specimens
of SF-SEAs still had void structures in the internal regions
(Fig. 5a5-a7). In contrast, the Fr-SF-SEAs (1:2) samples
containing short fiber components had abundant extracel-
lular matrix growth between the fibrous-protein pore walls
(Fig. 5b5-b7). After up to 8 weeks of incubation, the differ-
ences gradually decreased (Fig. 5¢5—c7, d5-d7). This indi-
cates that scaffolds containing fibrous components have a
higher affinity, which contributes more to the homogeneous
growth of the regenerated tissue. Although this difference
can be eliminated later in the tissue regeneration process,
the initial post implantation period, as the prime time for
tissue growth, with a homogeneous distribution of cells as
well as a full and secreted extracellular matrix, is crucial for
resisting external stress and maintaining the shape of the
regenerated tissue. Residual scaffold components can also
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(1:2) at 1, 4, and 7 days. ¢ Cell seeding efficiency. d;—d, Schemat-
ics of the cut sections. e;-e, DAPI staining of the longitudinal section
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the SF-SEAs DI group. f;-f; DAPI staining of the longitudinal sec-
tion and live and dead staining of the quartile point horizontal sec-
tions of the Fr-SF-SEAs (1:2) DI group. g;-g, DAPI staining of the
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be seen in the internal region of the specimen (Fig. 5a5, b3,
c5, d5). At 4 weeks there is more residual scaffold, which is
easily detected; by the time the scaffold has largely degraded
after 8 weeks in vivo incubation, there is less residual com-
ponent. SEAs exhibit an appropriate rate of degradation for
better cell interactions and tissue repair in vivo. Combining
the above experimental results, it can be confirmed that the
mechanical strength of the Fr-SF-SEAs (1:2) is sufficient for
coping with the taut environment of subcutaneous growth
and has better performance in terms of shape fidelity.
Quantitative analysis further supported the gross obser-
vation and histology findings. The elastic cartilage-specific

of regenerated cartilage. h, i Projection area in top view and thickness
of the SEAs scaffolds and regenerated cartilage tissues. j Degree of
deformation in the edge region of the SEAs after in vivo implanta-
tion. (*P <0.05; the black arrows denote the direction of subcutane-
ous tension)

extracellular matrix (ECM) contents (e.g., total collagen,
GAG, and elastin) demonstrated gradually increasing
trends, indicating that the in vivo environment facilitated
improvement in cartilage regeneration. (Fig. 5e—g). Com-
pared with the SF-SEAs group, whose regenerated cartilage
had a modulus of 0.615+0.03 MPa and 1.38 +0.07 MPa
at 4 weeks and 8 weeks after subcutaneous implantation,
the Fr-SF-SEAs (1:2) group had regenerated cartilage with
a significantly increased modulus of 1.60+0.11 MPa and
3.10+0.17 MPa (Fig. 5h). The quantitative biochemical
and biomechanical results between the Fr-SF-SEAs (1:2)
and SF-SEAs groups also showed statistically significant
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differences, and the regenerated cartilage tissue in the Fr-
SF-SEAs (1:2) group behaved more maturely, indicating that
the addition of the fibrous component had a positive effect
on the formation of cartilage.

Human-Scale Ear-Shaped Cartilage Regeneration

To further evaluate the feasibility of the Fr-SF-SEAs (1:2) to
achieve large and finely shaped tissue regeneration and then
expand the application prospects of SEAs, we reconstructed
human ear-shaped cartilage in a nude mouse model, which
is noteworthy. Human ear-shaped cartilage has been a chal-
lenge for clinical translation due to its large volume and cer-
tain morphological structural requirements. In this study, a
scaffold of Fr-SF-SEAs (1:2) in the shape of human ear was
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prepared using the selected silicone mold infusion molding
method (Fig. 6a), which allowed easy and precise customiza-
tion of the three-dimensional shape. The ear-shaped Fr-SF-
SEAs (1:2) exhibited excellent elasticity and recoverability
in the wet state (Video S2). After 2 weeks of in vitro culture,
the original shape was maintained with a precise structure
(Fig. 6b, Video S3). Then, the ear-shaped regenerated car-
tilage was implanted subcutaneously in nude mice, and the
clear auricular structure was immediately visible after the
negative pressure aspiration of residual gas (Fig. 6¢). After
12 weeks of in vivo culture (Video S4), the Fr-SF-SEAs
(1:2) successfully regenerated human ear-shaped cartilage
tissue with a stable intraauricular structure, in contrast to
the SF-SEAs constructed ear, which lost its original shape
(Video S5).



Advanced Fiber Materials (2023) 5:1008-1024

1019

After 6 weeks, the gross appearance did not change signif-
icantly, the auricular cavity was well defined, and histologi-
cal findings showed that the ear-shaped structures initially
formed cartilage-like tissues with typical void structures
and cartilage-like features (Fig. 6d). Staining revealed the
presence of widely distributed cartilage ECM. However, the
maturity of the regenerated tissue was not yet satisfactory,
and immature cartilage was still observed in the region of the
regenerated cartilage center (Fig. 6f). At 12 weeks (Fig. 6e),
the cartilage-like tissue of the constructs was more mature
with abundant gap structures and homogeneous cartilage
ECM distribution, and the positive staining for GAG and
COL II expression was stronger, which showed that in vivo
cartilage regeneration underwent a gradual maturation pro-
cess (Fig. 6g). Compared with the previous deficiencies
in large tissue-engineered cartilage regeneration, in which
the maturation of deep cells was much lower than that of
the superficial region, signs of deep chondrocytes reaching
maturity was observed in histological sections at either 6
or 12 weeks. What was not difficult to observe was that the
pore distribution of the scaffold was oriented such that the
structure was more conducive to nutrient perfusion into the
deeper tissues, which was clearly evidenced by the distribu-
tion of ECM in the histology. The combined results sug-
gested that Fr-SF-SEAs (1:2) have the potential to achieve
large tissue regeneration in the field of tissue engineering.

Discussion

Here, we report a novel fiber-reinforced silk fibroin super
elastic absorbent sponge, called Fr-SF-SEAs (1:2), which
has an improved uniform cell distribution and demon-
strates an enhanced shape fidelity of regenerated tissue.
The Fr-SF-SEAs (1:2) were synthesized with a double net-
work structure by physical and chemical crosslinking. The
SF network consisted of #-sheet physical crosslinking and
catalytic chemical crosslinking with an epoxide crosslinker
(EDGE). The epoxide groups on both ends not only com-
bined with the amino and hydroxyl groups on SF but also
reacted with the amino and hydroxyl groups on the SF
fiber surface to build a fiber crosslinking network (Fig. 1a).
Using this general strategy, many other proteins, such as
collagen and decellularized matrix, can be introduced into
the double-crosslinking network system to build bioac-
tive SEAs. SEAs can be easily fabricated with various
geometries and ultralight structures to match different
tissue defects. Ice templating allows the interconnected
honeycomb structure of the SEAs to have a high porosity,
which is beneficial for cell adhesion, growth and survival.
The fibers were embedded and distributed in the SEAs to
connect the adjacent micropores, and this fiber network
might provide guiding channels for cell infiltration and

migration. With the addition of fibers, the micropore size
significantly decreased from hundreds of micrometers to
several tens of micrometers because the fibers inhibited the
formation of ice crystals. The smaller micropores of the
Fr-SF-SEAs (1:2) were slightly larger than the cell size,
and once the cells infiltrated into the inner Fr-SF-SEAs
(1:2), they were captured and not easily lost.

The SEAs exhibited stiff properties in the dry state and
rapidly became soft in the wet state due to the hydrogen
bonding interactions and hydrophilicity of the abundant
amino and hydroxyl groups. The Fr-SF-SEAs (1:2) had a
smaller micro/nanostructure than the SEAs that resulted
in a higher initial contact angle. However, the Fr-SF-SEAs
(1:2) absorbed water more quickly because of the existence
of fiber, which functioned as a drainage channel to induce
water infiltration. Although fiber addition caused a decrease
in porosity, the Fr-SF-SEAs (1:2) still showed excellent
water absorption ability. With the increase in the short fiber
content, the stiffness and mechanical strength of the SEAs
increased with the modulus from a dozen to several tens of
kPa. Due to the stable double-crosslinking network, the Fr-
SF-SEAs (1:2) exhibited better elasticity and fatigue dura-
bility to withstand multiple deformations and maintain its
original structure during dynamic cell seeding. The soft and
flexible Fr-SF-SEAs (1:2) was compressed into a small size
to discharge the inner liquid, then the excellent structural
restoration and siphonage effect allowed the cell suspension
to be absorbed, and the cells were most likely captured in
the internal micropores. Overall, the complementary design
resulted in a SEAs scaffold with comprehensive, synergistic
effects, such as suitable micropores, hydrophilicity, elastic-
ity and enhanced mechanical properties, to enable cyclic
compression cell seeding and large-scale tissue regeneration.

The effectiveness of cell inoculation is one of the most
important influencing factors, for characterizing the quality
of tissue-engineered regenerated tissues [39]. In this study, a
dual-network system could significantly improve cell inocu-
lation efficiency. On the one hand, the elastic SEAs could
be repeatedly compressed and recovered in dynamic cell
inoculation. The sponge-like pressure-suction characteristics
actively increasing the number and rate of cell spreading so
that more cells can be absorbed and evenly distributed to the
whole scaffold. On the other hand, the adding fibers played
an important role in enhancing cell infiltration. First, the
fibers increased the hydrophilicity of scaffold that facilitated
the cell absorption. Second, cells need pass through several
pores to penetrate into a certain depth in SF-SEAs scaffold,
but the embed fibers could serve as drainage channels to
shorten cell diffusion path, and the cell could more easily
penetrate inside of Fr-SF-SEAs (1:2). Third, although the
pore size of Fr-SF-SEAs (1:2) was obviously smaller than
SF-SEAs, the cell inoculation efficiency of Fr-SF-SEAs
(1:2) was higher than SF-SEAs. The pore size of SF-SEAs
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@ Springer



Advanced Fiber Materials (2023) 5:1008-1024

1021

scaffold was too large to holding cell, and the pore size of
Fr-SF-SEAs (1:2) was slightly larger than cell diameter that
enabled to lock cell and decrease loss rate. It is also worth
noting that the Fr-SF-SEAs (1:2) had a higher specific sur-
face area, which is also more beneficial for cell adhesion
and proliferation.

How to maintain the shape of structures with high fidel-
ity in long-term culture is an urgent issue in tissue engi-
neering, which is crucial for the clinical translation of tis-
sue engineering research [40]. In this study, Fr-SF-SEAs
(1:2) were incubated in vivo in a subcutaneous high-tension
environment, and no signs of regression were observed with
regard to the original shape, showing an excellent shape
maintenance ability. Mechanical strength tests, quantita-
tive analyses of two-dimensional area and scaffold height
variations, and even three-dimensional shape observation
revealed the same conclusion. From the perspective of com-
posite mechanics, the incorporation of short fibers has been
shown to significantly increase the mechanical properties
of the scaffolds [41, 42], and the high load-bearing capacity
of the filamentous short fibers and the interfacial interac-
tion between the filamentous proteins and the reinforcing
short fibers also play important roles in morphology main-
tenance, while on the other hand, the fiber fille’s high water
absorption capacity promotes the recovery of the scaffolds
following deformation in a humoral environment [43]. From
the perspective of cell-to-tissue growth and development,
repeated squeezing and aspiration of the Fr-SF-SEAs (1:2)
can significantly improve the homogeneity of cell inocula-
tion, and the secreted ECM of the homogeneously grown
cells can also evenly fill the interior of the scaffold, which
has been reported to play an important role in supporting
and stabilizing the structure of tissues [44, 45], such that
the homogeneously produced ECM can assist in retaining
form even as the scaffold gradually dissolves throughout
development.

The further goal of this study was to determine whether
the Fr-SF-SEAs (1:2) could be used for the regeneration of
large-volume tissues. Here, we chose a large-volume ear
reconstruction model to address the specific challenges
of ear reconstruction in patients with clinical microtia.
First, we prepared a mold with the shape of a human ear
using silicone inversion molds, which were eventually
molded by infusion, which allows for a simple solution to
the problem of shaping and is generally applicable for all
types of complex shapes. Then, chondrocytes were inocu-
lated with ear-shaped Fr-SF-SEAs (1:2) scaffolds, which
were subcutaneously replanted and finally successfully
regenerated into bionic ear-shaped cartilage with mature
quality. In our previous studies, poly(e-caprolactone) was
often taken as the internal support skeleton, and the slowly
degrading poly(e-caprolactone) occupied too much space,
which affected the formation and integration of engineered

cartilage and was a problem that we had been expecting
to solve. In the present study, it was shown that relying on
the incorporation of reinforcing fiber fillers allowed large-
volume shape support and provided sufficient mechanical
strength to cope with the subcutaneous tension environ-
ment. Moreover, compared to the coarser diameter support
skeleton, the incorporated short fibers had a filamentous
morphology similar to that of the collagenous protofibrils
found in cartilage ECM, which can mimic the ultrastruc-
ture of cartilage ECM to a certain extent. Overall, the Fr-
SF-SEAs (1:2) has great potential for regenerative tissue
applications.

Our study showed that the Fr-SF-SEAs (1:2) based on
silk protein and silk short fibers exhibits great advantages
in mechanical properties and hydrophilicity and can suc-
cessfully optimize the inoculation of seed cells and regen-
erate ear-shaped cartilage tissue with high morphological
fidelity by inoculating chondrocytes. Solving the problem
of ear cartilage reconstruction in microtia patients is only
one of the promising applications of this Fr-SF-SEAs
(1:2), and as a scaffold with platform potential, there is
every reason to believe that by loading with different cells,
we can realize the need for diverse tissue regeneration and
potentially solve other specific tissue-regeneration chal-
lenges in regenerative medicine. Despite some exciting
results, it should be noted that the mechanical properties
of the scaffolds rely mainly on short fibers, and their fiber
length and more precise addition ratios need to be fur-
ther optimized to achieve the best performance in terms
of mechanical properties and morphological maintenance
ability. Although there are still issues that require further
experimental optimization, our results fully confirm the
advantages and potential of Fr-SF-SEAs (1:2) scaffolds for
tissue regeneration, providing a new platform and perspec-
tive for the construction of biological scaffolds and solid
scientific evidence for future preclinical applications of
tissue-engineered cartilage.

Conclusions

In conclusion, we developed a simple strategy using SF and
silk fiber to fabricate diverse structural Fr-SF-SEAs (1:2)
with physically and chemically crosslinked double network
structures. Importantly, this approach is highly versatile and
can be readily combined and applied to bioactive materials,
such as physiologically active proteins and drugs, to build a
biomimetic microenvironment for specific tissues. The Fr-
SF-SEAs (1:2) displayed desirable synergistic properties,
such as a honeycomb structure, hydrophilicity, elasticity
and enhanced mechanical properties, for tissue engineer-
ing. These Fr-SF-SEAs (1:2) underwent cyclic compression
inoculation to improve the efficiency and uniformity of cell
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inoculation in vitro, and furthermore, their regenerated car-
tilage exhibited high morphological fidelity and tissue matu-
rity in vivo. Moreover, the ear-shaped Fr-SF-SEAs (1:2) ena-
bled stable and precise ear-bionic cartilage regeneration on a
human scale, indicating that Fr-SF-SEAs (1:2) have clinical
translational potential for microtia reconstruction.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42765-023-00266-8.
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