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A Cell-Free Silk Fibroin Biomaterial Strategy Promotes In
Situ Cartilage Regeneration Via Programmed Releases of

Bioactive Molecules

Zhinan Mao, Xuewei Bi, Chengai Wu, Yufeng Zheng, Xiong Shu,* Sujun Wu,*

Juan Guan,* and Robert O. Ritchie

In situ tissue regeneration using cell-free biofunctional scaffolds has been
extensively studied as a promising alternative strategy to promote cartilage
repair. In this study, a cartilage-biomimetic silk fibroin (SF)-based scaffold with
controlled sequential release of two bioactive molecules is developed.
Transforming growth factor-#1 (TGF-f1) is initially loaded onto the SF
scaffolds by physical absorption, which are then successively functionalized
with bone marrow mesenchymal stem cells (BMSCs)-specific-affinity peptide
(E7) via gradient degradation coating of Silk fibroin Methacryloyl
(SilMA)/Hyaluronic acid Methacryloyl (HAMA). Such SF-based scaffolds
exhibit excellent structural stability and catilage-like mechanical properties,
thus providing a desirable 3D microenvironment for cartilage reconstruction.
Furthermore, rapid initial release of E7 during the first few days, followed by
slow and sustained release of TGF-p1 for as long as few weeks, synergistically
induced the recruitment of BMSCs and chondrogenic differentiation of them
in vitro. Finally, in vivo studies indicate that the implantation of the
biofunctional scaffold markedly promote in situ cartilage regeneration in a
rabbit cartilage defect model. It is believed that this cartilage-biomimetic
biofunctional SF-based scaffold with sequential controlled release of E7 and
TGF-A1 may have a promising potential for improved cartilage tissue
engineering.

1. Introduction

Articular cartilage (AC) injury is a com-
mon orthopedic disease in clinics.'l AC is
a specialized connective tissue with supe-
rior biomechanical properties such as high
resilience and deformability; however, as
an avascular and aneural tissue, the de-
generative AC lacks the capability to self-
heal after damage.’*! Current treatments
for cartilage defects include marrow stim-
ulation, autografting, and matrix-induced
autologous chondrocyte implantation, but
these treatments are in most cases only for
symptom relief and do not ensure the re-
generation of functional cartilage for a com-
plete, long-term recovery of the joint.[>®]
Therefore, how to effectively treat AC injury
has always been an important problem in
clinical medicine.

In recent years, a promising solution
to this problem that has received consid-
erable attention is one that realizes one-
step in situ cartilage repair by integrating
endogenous bone marrow mesenchymal
stem cells (BMSCs) with suitable biological
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materials.>!] The key to this cell-free strategy is to build an ideal
biofunctional scaffold. The scaffold should not only have suitable
mechanical properties and micrometer-sized porous morphol-
ogy, but also have the ability to maintain such mechanical and
structural stability in vivo to permit the infiltration of cells and
the ingrowth of new tissue.['213] At the same time, the scaffold
ideally should recruit sufficient endogenous stem cells (MSCs)
to the injured area to promote chondrogenic differentiation of
MSCs, thereby avoiding operational, cost, and regulatory issues
associated with cell manipulation.'41]

Silk fibroin (SF) is a promising biomaterial for the con-
struction of such tissue engineering scaffolds due to its good
biocompatibility, nonimmunogenicity, controllable degradation,
and excellent mechanical properties.l'*1*] More importantly, the
properties of SF scaffolds can be regulated either through self-
assembly of f-sheets or/and chemical crosslinking reactions.!?’!
In fact, in the case of SF, the chemical crosslinks not only
formulate covalent linkages but also promote and regulate the
formation of f-sheets, thereby generating a dual-crosslinked
network structure to regulate the comprehensive properties of
SF scaffolds.[?!) In fact, we have previously developed cryo-
gelled dual-crosslinked SF scaffolds with robust mechanical
performance and dynamic fatigue resistance, as well as good
BMSCs biocompatibility and histocompatibility for soft tissue
engineering.[222%]

In addition to biomaterials, bioactive molecules are another
key element of endogenous cell recruitment strategies, which
endow biomaterials with the functionality to stimulate the re-
cruitment and chondrogenic differentiation of BMSCs for ar-
ticular cartilage regeneration.['!l Recently, some studies have
shown that a peptide with the sequence EPLQLKM (E7) can
modulate and facilitate BMSCs homing.[*?*] This affinity pep-
tide has been successfully incorporated into different scaffolds
to develop a bone marrow-specific homing scaffolding system,
and has generated satisfactory results in vitro or in vivo without
species specificity.>) Ao et al. demonstrated that E7-immobilized
SF-gelatin scaffolds could accelerate the cartilage healing rate
in a rabbit model, which was mostly attributed to its BMSCs
recruitment.’! Additionally, it is also important to maintain the
chondrogenic microenvironment of migrating BMSCs. Previous
studies found that TGF-#1 as a bioactive factor can reproducibly
facilitate BMSCs chondrogenesis; as such, it is now widely used
in cartilage tissue engineering.[*) Chen et al.*) showed that the
TGF-p1 factor loaded into SF coatings on gelatin scaffolds could
enhance chondrogenic differentiation of BMSCs in vitro and pro-
mote cartilage defect repair in vivo. However, these bioactive sub-
stances still have some drawbacks, including short half-lives, easy
digestion by proteases, rapid diffusion after injection, and inflam-
matory side effects after bolus injection.”’”] Ideally, an early re-
lease of chemoattractant could facilitate cell migration, with the
subsequent prolonged release of chondrogenic bioactive factors
inducing migratory cells to secrete extracellular matrix (ECM)
components.!?2°l Therefore, it is important to design the se-
quential and controlled release of bioactive factors in scaffolds
to enhance the effect of any drug-mediated in situ cartilage re-
generation strategy.

Drugs or bioactive factors are designed to be delivered to the
site of damage via covalent binding!®! and noncovalent absorp-
tion of multiple biofactors, i.e., by direct entrapment in the car-
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rier material or coating on the carrier material.[?63031] For exam-
ple, Chen et al.,[%] utilized a SF coating to load stromal-derived
factor-la (SDF-1a) and TGF-#1 simultaneously, which allowed
for the continuous and slow release of factors with the degrada-
tion of the SF. Although the SF coating can carry peptide factors
and provide sustained release, varied factors cannot be released
independently. However, in contrast, the coordinated use of phys-
ical absorption and coatings can solve this problem. For example,
Hwang et al.,3!] developed a double-cryogel system composed
of gelatin/chitosan cryogel surrounded by gelatin/heparin cryo-
gel for dual drug delivery with different release kinetics. In addi-
tion, the coating in this system had the characteristic of gradient
degradation to enable more accurate control of the independent
release of the two drugs. Until now, numerous studies have inves-
tigated drug delivery and release in cartilage regeneration, 263932l
but few have comprehensively focused on the synergistic effect of
two drugs released sequentially from a robust and elastic scaffold
platform for cartilage tissue regeneration.

In this work, we developed a cell-free functional silk fibroin
scaffold for cartilage repair with sequential and controlled re-
lease of E7 and TGF-$1. TGF-B1 was initially loaded onto the
SF cryogel scaffolds by physical adsorption, and E7 was then
loaded by physical entrapment in a fast-degradation coating
(SIIMA/HAMA). In vitro and in vivo studies were designed to
show the synergistic effects on the recruitment of BMSCs and
directed chondrogenic differentiation from such programmed
release of E7 and TGF-f1. Accordingly, here we are proposing
this biomaterial platform functionalized by TGF-f1 and E7 as a
promising new route for improved cartilage regeneration.

2. Results

2.1. Fabrication and Characterization of SF-Based Scaffolds with
SilIMA/HAMA Coatings

We successfully fabricated a novel SF-based scaffolds with two
growth factors loaded separately, namely TGF-f1 absorbed onto
the SF scaffold and E7 in the hydrogel coating (Figure 1). The
detailed methods are described in the Supporting Information.
The preparation of mechanically robust SF cryogel scaffolds can
be found also in our earlier studies.!?’] For the preparation of
the coating, briefly we first synthesized and characterized Silk fi-
broin Methacryloyl (SilMA) by methacrylate substitution of the
primary amines of SF. As shown in Figure 2a, the gelation of
SiIMA was induced by UV light, with the chemical modification
result verified by "H-NMR results (Figure 2b). Specifically, there
was a characteristic resonance of the methacrylate vinyl group
(displacement value 6§ = 6.2-6.0 and 5.8-5.6 ppm) and the methyl
group of glycidyl methacylate (GMA) at 6 = 1.8 ppm in the modi-
fied SiIMA, which indicated the successful addition of the GMA.
Next, we synthesized Hyaluronic acid Methacryloyl (HAMA) and
mixed with SiIMA to formulate a photocurable SilMA/HAMA
solution. E7 was introduced into the solution before the UV-
induced photo-crosslinking of the hydrogel coating. The chem-
ical structures and reactions are indicated in Figure 1b. Coating
samples showed Fourier transform infrared spectroscopy (FTIR)
spectra, with amide I, II, and III peaks at 1658, 1548, and 1249
cm™! respectively, indicating that a-helix and random coils were
the dominant conformation in the SiIMA/HAMA (Figure 2c).
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Figure 1. Preparation of biofunctional SF scaffolds. a) Schematic illustrations of the drug-loading processes of TGF-$1in the SF scaffold core via physical
adsorption and E7 in a SIMA/HAMA coating. b) Structure illustrations of the hydrogel coating and the physical entrapment of E7.

We compared the morphologies of the SF-based scaffolds
with/without the SIIMA/HAMA coating. The coated SF-based
scaffolds exhibited a thin coating in the pore walls and surface lay-
ers, but still retained a porous structure (Figure 2d). A water con-
tact angle test was used to analyze the effect of the surface coating
on the hydrophilicity of the scaffolds. This showed that the aver-
age water contact angle of the SF scaffolds decreased from ~70°
to ~48° with addition of the SiIMA/HAMA coating (Figure 2e),
due to the hydrophilic nature of HAMA in the coating.

2.2. Mechanical Properties of the SF Scaffolds and
SilIMA/HAMA-Coated SF Scaffolds

To investigate the comprehensive mechanical properties of the
SiIMA/HAMA-coated SF scaffolds, we carried out uniaxial ten-
sion and compression testing. The tensile stress—strain curves
in Figure 2f,g showed that the tensile strength and modulus of
the SiIMA/HAMA-coated SF scaffolds were generally higher than
that in the SF scaffolds; specifically the tensile strength increased
from 217.3 + 12.5 to 300.6 = 19.0 kPa, respectively, with a ten-
sile modulus increase from 174.5 + 8.1 to 367.6 + 7.6 kPa. How-
ever, the tensile breaking strain of the SiIMA/HAMA-coated SF
scaffolds was lower than that of the SF scaffolds. Specifically,
the respective values of these tensile breaking strains of the SF
scaffolds and SiIMA/HAMA-coated SF scaffolds were 420.6 +
9.2% and 195.1 + 10.4%. Importantly, the SiIMA/HAMA-coated
SF scaffolds still maintained high breaking strains in the wet
state. With respect to the compressive behavior, the compression
modulus of the SIIMA/HAMA-coated SF scaffolds also increased
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from 42.3 + 6.6 to 101.3 + 8.0 kPa after adding the coating. Typical
compressive stress—strain curves and the compression modulus
results are shown in Figure 2i,j.

We further examined the fatigue resistance using cyclic ten-
sile and compression tests on the SIIMA/HAMA-coated SF scaf-
folds. The cyclic tensile/compressive behavior of the SF scaffolds
were characterized in a previous study.?)] Here, we report only
the results for the SiIMA/HAMA-coated SF scaffolds. Figure 2h,k
revealed that both the SF scaffolds and SiIMA/HAMA-coated SF
scaffolds can maintain structural integrity and high elasticity over
1000 cycles of tensile and compression loading/unloading. These
results demonstrate that the SIIMA/HAMA coating can enhance
the strength and modulus of the SF scaffolds without compro-
mise to their recoverability and elasticity.

2.3. Sequential Drug Release of SF Scaffolds with E7 and TGF-f1

The sequential and sustained release of drugs is critical for the
strategy of endogenous cell recruitment for AC regeneration.!']
Therefore, we designed a double-drug system composed of
TGEF-p1 loaded in the SF scaffold core and E7 loaded in the
SiIMA/HAMA-coating. E7 was released initially on the degrada-
tion/decomposition of the coating, with TGF-f1 released in a sus-
tained manner from the core scaffold in vitro and in vivo (Figure
3). To reveal the dual release behavior, we first studied the de-
composition of the SIIMA/HAMA coating. SiIMA/HAMA sam-
ples experienced about 50% mass loss within 24 h (Figure 3a),
mainly due to the rapid decomposition of the HAMA. After 24 h,
this rate slowed down until the 14th day; the remaining sample

© 2022 Wiley-VCH GmbH

85U8017 SUOWWIOD aAITeaID a(qea!|dde sy Aq peusenob afe ssonte YO 88N JO'se|ni Joj AriqiT aulUQ /8|IAN UO (SUONIPUOD-pUR-SW.RIWOY A8 1M Areiq Ul juo//:Sdny) SUoNIPUOD pue SWis | 8y 8eS *[£20Z/T0/60] Uo ArigiTauluO 481 ‘G BUOIEEN A8 Ried sousiveeILIojIED JO AluN AQ 885TOZZ0Z WUPR/Z00T OT/I0p/W0d A8 |1m Akelqipuljuoc//:sdny wolj papeoumod ‘T ‘€202 ‘65922612



ADVANCED ADVANCED
SCIENCE NEWS 'ﬁ’ﬂ?ﬁﬁfg

www.advancedsciencenews.com

Methacrylate  N.CH2 Lysine -CH3

www.advhealthmat.de

Vinyl group (3.2-3.6 signal (1.8
(6:2/5.8ppm) || 1ppm) (2.9  pp c € 1004 —
ppm) taasit2a (P18 =
SFMA —_ © 15291548 = -
S \ o 1801
= =)
] § ——HAMA £
I < S 604
M g -
A PN LY E /\""\/“‘W_— 3
\ £ ——SilMA g 40
SF § ; S
= S
——HAMASINA § 204
=
04

900 1200 1500 1800 2100 2400

) SF+Coatin
Wavenumber (cm”) SF oating

f g 359 SF+Coating
0.35+ 500 —1000 cycles
= ==5F K 30
& 0-30] £ 400 £ 2
= 0.251 2 =
2 0.20] 3 30 § 2
e » 15
% 0.15 g 200 -
2 0.10] o g 10]|
5 0.05] - g 5
= 0.00 o 0+ - . . - - v v y
SF+Coating 0 5 10 15 385 390 395 400 405
w Strain (%) % Time (min)
! J 120 x Kk SF+Coating
129 __SF ——1000 cycles
10 — SF+Coating

» @

N

© © © o ©°
»

>

Compressive modulus (kPa)
o

Compressive stress (MPa)
o o o o o o o

10 20 30 40 50 60 70 80
Strain (%)

SF SF+Coating

100+ 5
804 ‘ | | ‘ HAAeAm
604 i ‘ I ‘ AR
404
204
d 0 5 10 15 o 245 250 255 260

Compressive strain (%)

Time (min)

Figure 2. Fabrication and characterization of SF-based scaffolds with a SIIMA/HAMA coating. a) Photographs of the SilMA before and after gelation. b)
TH-NMR spectra of the SF and amine-substituted SilMA. c) FTIR spectra of the HAMA, SiIMA and HAMA/SiIMA. d) Representative scanning electron
microscopy (SEM) images of the SF scaffolds and SilMA/HAMA-coated SF scaffolds. e) Water contact angles on the SF scaffolds and SilMA/HAMA-
coated SF scaffolds. f) Representative engineering tensile stress—strain curves and g) tensile modulus and breaking strains of the SF scaffolds and
SiIMA/HAMA-coated SF scaffolds. h) The tensile fatigue behavior of the SiIMA/HAMA-coated SF scaffolds. i) Representative compressive stress—strain
curves and j) compressive modulus of the SF scaffolds and SiIMA/HAMA-coated SF scaffolds. k) Compressive fatigue behavior of the SiIMA/HAMA-

coated SF scaffolds. Data are presented as means + SD, n =3, *p < 0.05.

mass at this juncture was ~30%, mainly due now to the SilIMA
residue in the coating. This suggests that SIMA/HAMA materi-
als can usefully exhibit graded degradation characteristics after
implantation.

Next, we compared the release behavior of TGF-f1 with and
without the SIIMA/HAMA coating on the SF scaffolds. Quan-
titative analysis of the release of TGF-f1 from SF scaffolds in
vitro was obtained using Enzyme Linked Immunosorbent Assay
(ELISA) kits. In the absence of the SIIMA/HAMA coating, a total
of #80% of the TGF-f1 was released after 14 days of immersion
in phosphate buffer saline (PBS) solution; with the coating ap-
plied, only ~60% of the TGF-p1 was released (Figure 3b). These
results demonstrated that the presence of the SIMA/HAMA coat-
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ing resultin a more sustained release of TGF-41 than with simple
physical adsorption in uncoated SF scaffolds.

In vitro and in vivo release of the E7 that was loaded into the
coating of the SF scaffolds through physical absorption was in-
vestigated using confocal laser scanning microscopy (CLSM) and
anin vivo imaging system (IVIS) (Figure 3c,e); this was compared
with direct loading in the absence of a coating. The attenuation of
the fluorescence intensity of Fluorescein Isothiocyanate (FITC)-
labeled E7 in the SF scaffold was analyzed corresponding to the
release of the E7. E7 was loaded into the crosslinked structure
of the coating during the free radical polymerization between
SiIMA and HAMA. The loaded SF scaffolds were incubated in a
PBS buffer at 37 °C for 7 days. For direct adsorption into the SF
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Figure 3. Evaluation of the double drug release system of SF scaffolds in vitro and in vivo. a) The enzymatic degradation behavior of the SiIMA/HAMA
coating in protease solution. b) The cumulative TGF-f1 release behavior from the SF scaffolds via direct physical adsorption and physical adsorption
in the SiIMA/HAMA coating. c) Representative CLSM images of FITC-labeled E7 (green) on the SF scaffolds via direct adsorption and SilMA/HAMA
coating adsorption at various time points. d) Quantitative fluorescence intensity of E7 on the SF scaffolds at various time points. e) High-sensitivity in vivo
imaging of the fluorescence of the FITC-labeled E7 SF scaffolds at various time points after subcutaneous implantation in Balb/c mice. f) Quantitative
fluorescence intensity of FITC-labeled E7 in vivo at various time points. g) Schematic illustrations of the structure changes induced by E7 release after

implantation in vivo. Data are presented as means + SD, n = 3, *p < 0.05.

scaffold, the fluorescence intensity of E7 declined to 40% of the
initial value after 7 days of incubation (Figure 3d). For the group
with the SIIMA/HAMA coating, the fluorescence intensity was
~20% of the initial value after 7 days of incubation, indicating
a significantly faster release (Figure 3e). With respect to in vivo
imaging in live mice (Figure 3f), the fluorescence intensity of E7
loaded by the SiIMA/HAMA coating was observed to decrease
quickly and was effectively reduced to zero after 7 days of implan-
tation, indicating that most of the E7 had been released. However,
the E7 adsorbed in the scaffolds displayed a slower release rate at
all measured time points, actually in a manner that is consistent
with the in vitro results. In light of these results, it is evident that
the process of loading in the coating is highly beneficial for the
fast initial release of E7 within a week after implantation. The
mechanism of controlled release of E7 is illustrated in Figure 3g.
This clearly contributes to better stem cell recruitment at the
initial stage. Due to its high cost, the experiment to show the
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release behavior of TGF-f1 in vitro was not conducted. However,
it can be assumed that the release of TGF-#1 loaded by physical
absorption in SF scaffolds is controlled by the degradation of
the SF scaffold core. Therefore, the release data of physically
absorbed E7 in the SF scaffold may be an estimate of the release
data of TGF-p1 from the SF-TGF-p1-E7 scaffolds.

2.4. In Vitro Adhesion, Recruitment, Proliferation, and
Chondrogenic Differentiation of BMSCs on SF Scaffolds with
Drug Loadings

In vitro BMSCs affinity to the SF scaffolds was performed with a
cell attachment assay. After 7 days incubation with rat bone mar-
row mesenchymal stem cells (tBMSCs), cytoskeleton staining,
and Live/Dead staining revealed that the rBMSCs had good at-
tachment and had spread over all the SF scaffolds with high cell
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Figure 4. In vitro biological assessments on SF scaffolds with varied loadings of TGF-$1, E7, and TGF-f1+E7 and stem cells recruitment by SF scaffolds
with or without loadings of E7. a) Confocal images of rBMSCs on SF scaffolds cultured for 7 days. b) Live/Dead cell viability (green: live cells, red: dead
cells/scaffold) of rBMSCs on SF scaffolds cultured for 7 days. c) Schematic depiction of the Transwell assay in studying rBMSCs migration to SF and
SF-E7 scaffolds. d) Optical microscope images of the rBMSCs-laden SF and SF-E7 scaffolds for 12 h by dissolving crystal violet. e) Quantification of
migrated rBMSCs to various scaffolds, as determined by spectrophotometrically at 573 nm. f) CCK-8 assays on cell proliferation performed after 1, 3,
and 7 days of cell culture. Data are presented as means + SD, n = 3, *p < 0.05.

viability (Figure 4a,b). Specifically, a significantly greater num-
ber of cells were adhered into the drug-loaded SF-E7 scaffolds
and SF-TGF-p1-E7 scaffolds compared to the SF scaffolds and
SF-TGF-p1 scaffolds, demonstrating the BMSCs attachment ca-
pability of the E7 peptide.! To directly demonstrate the MSCs-
homing capability, the Transwell assay using rBMSCs was con-
ducted on the SF and SF-E7 scaffolds (Figure 4c). As shown in
Figure 4d,e, compared to the SF scaffolds, the SF-E7 scaffolds
were found to induce greater MSCs migration and provided di-
rectional migration or homing of the rBMSCs.

Additionally, the CCK-8 assay showed that both TGF-A1 and
E7 are important to mediate the proliferation of rBMSCs on the
SF scaffolds (Figure 4f). The optical density (OD) values of the
three drug-loaded SF scaffolds were significantly higher than that
of the control group of pure SF scaffolds at each recorded time
point. Additionally, the proliferation of the SF-TGF-f1-E7 scaf-
folds was the larger, which indicates the synergistic role of TGF-
p1 and E7 in promoting cell adhesion and growth.

The chondrogenesis of rBMSCs grown on the surfaces of the
SF scaffolds was further evaluated by quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) (Figure 5a—d).
The expressions of the chondrogenic genes (Aggrecan, Sox 9, and
COL 2) were compared. The SF-TGF-#1 scaffolds and SF-TGF-
P1-E7 scaffolds showed significantly higher expression than the
SF scaffolds and SF-E7 scaffolds after 7 and 14 days of chondro-
genic induction. In particular, the messenger Ribonucleic Acid
(mRNA) levels of Sox9, COL 2, and aggrecan of BMSCs on SF-
TGF-p1-E7 scaffolds were, respectively, factors of 9.4, 3.4, and 5.0
higher than those on the SF scaffolds after 14 days of culture;
additionally, the COL 1 level of the SF-TGF-1-E7 scaffolds was

Adv. Healthcare Mater. 2023, 12, 2201588

2201588 (6 of 12)

higher than that of other groups after 14 days of culture. More-
over, the COL 2/COL 1 ratio of the SF-TGF-#1-E7 scaffolds was
also higher than that on other groups (Figure 5e). Subsequently,
Western Blot analysis was conducted to detect the levels of chon-
drogenic proteins expressed by tBMSCs on the SF and SF-TGF-
P1-E7 scaffolds (Figure 5f). After 2 weeks of incubation, the ex-
pression of the COL 2, aggrecan, and Sox 9 proteins in rBMSCs
on SF-TGF-$1-E7 scaffolds was higher than that on SF scaffolds.

To further analyze the chondrogenic capacity of different SF
scaffolds in vitro, histological and immunohistochemical analy-
sis of the resultant tissue was performed. We seeded cell suspen-
sions on the scaffolds for cartilage tissue formation. The results
in Figure 5g showed a general trend of increasing chondrogenic
tissue formation from 14 to 21 days, with the deeper staining of
SF-TGF-p1-E7 scaffolds indicating faster extracellular matrix for-
mation. From the H&E staining results (Figure 5g), compared
with SF scaffolds, the SF-TGF-p1-E7 scaffolds had greater cell
density at 14 and 21 days, with the pores filled with more cells
and matrices. Safranin O and Alcian blue staining in the 2nd and
3rd columns in Figure 5g showed that the SF-TGF-$1-E7 group
formed larger contents of glycosaminoglycan and sulfated pro-
teoglycan than the SF group at both 14 and 21 days. To verify the
types of newly formed cartilage, we investigated the expression
of type I collagen (COL 1), type II collagen (COL 2), and aggre-
can by immunohistochemistry corresponding to the right three
columns (Figure 5g). At 14 and 21 days, the expression of COL 1
as a major collagen in fibrocartilage was higher in the SF group
than in the SF-TGF-$1-E7 group. In contrast, the expressions of
COL 2 and aggrecan were higher in the SF-TGF-$1-E7 group than
in the SF group at 14 and 21 days.
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Figure 5. In vitro chondrogenic differentiation of BMSCs on SF scaffolds with varied drug loadings. a—c) RT-qPCR analysis of the expression of chon-
drogenic differentiation genes (COL 2, Aggrecan, and Sox9) and d) osteogenic gene (COL 1). e) The COL 2/COL 1 ratio of various SF scaffolds. f)
Western Blot results of chondrogenetic proteins of rBMSCs on scaffolds after 14 days of culture. g) Evaluation of in vitro cartilage formation at the SF
and SF-TGF-1-E7 scaffolds after 14 and 21 days of rBMSCs culture. Data are presented as means + SD, n = 3, *p < 0.05.

2.5. In Vivo BMSCs Recruitment of SF Scaffolds and General

Evaluation of the Repaired Knees

To investigate the BMSCs homing capacity of the SF scaffolds
with E7 in vivo, these SF-E7 scaffolds were implanted into the
defected knee joint of a rabbit via a standard operation procedure
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(Figure 6a). 1 week after implantation, the SF-E7 scaffolds dis-
played a more abundant and denser filling of cells in the defect
than the SF scaffolds (Figure 6b,c). Although these cells were not
proven to be MSCs in Figure 6b, we could deduce from previ-
ous studies that the main cell source during the first week of im-
plantation was BMSC in vivo using similar microfracture method
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Figure 6. Animal experimental design and macroscopic assessment of in vivo cartilage repair. a) Overall experimental design based on a rabbit cartilage
defect model. b) Photo images and CLSM images of BMSCs recruitment of SF and SF-E7 scaffolds 1 week after implantation on a rabbit knee-defect
model. ¢) Comparison of cell numbers infiltrated into the SF and SF-E7 scaffolds. d) Schematic representation of BMSCs migration and recruitment in
response to the E7 induced chemokine gradients. e) Representative macroscopic images of repaired tissues at 6 and 12 weeks postoperation. The red
circle indicates the defect sites. f) ICRS macroscopic scores from the macroscopic images. Data are presented as means + SD, n =3, *p < 0.05.

to create cartilage defects.****] Therefore, these results provided
strong evidence that the E7 peptide can promote the migration of
more BMSCs by inducing in vivo chemokine gradients around
the cartilage defect (Figure 6d).

The effects of cartilage repair after 6-12 weeks in vivo are com-
pared for the various SF scaffolds in Figure 6a—e. After 6 weeks of
scaffold implantation, gross observations revealed that cartilage
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defect was barely filled with new cartilage in the control group
(Microfracture, MF), whereas the defects in the SF and SF-TGF-
P1-E7 groups were partially refilled. After 12 weeks implantation,
improved repaired tissues and integrations were observed in all
groups compared with those at 6 weeks. However, the integration
with the surrounding normal cartilage were distinct. The defect
in the MF group was grown with uneven tissue with an obvious
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void. The SF-TGF-f1-E7 groups displayed the best performance
among all the groups, with a complete and smooth macroscopic
appearance and better integration with the surrounding cartilage.

It should be noted that the International Cartilage Repair So-
ciety (ICRS) macroscopic score was the highest for the SF-TGF-
P1-E7 group at both 6 weeks (4.0 + 0.5) and 12 weeks (11.1 + 0.2)
after implantation (Figure 6f). Based on such ICRS scores to pro-
vide an assessment of overall cartilage repair, the repaired/grown
cartilage for the SF-TGF-$1-E7 group could be considered as
nearly normal (grade II). Surprisingly, an almost equal score as
that for the SF-TGF-f1-E7 group was achieved for the SF group at
12 weeks after implantation. Thus, a more comprehensive evalu-
ation still needs to be conducted to discern specific and detailed
differences.

2.6. Histological and Immunological Assessment of Repaired
Tissue

The histological and immunological assessment of repaired tis-
sues was additionally carried out. The regional magnified images
from hematoxylin and eosin (H&E) staining are shown in Fig-
ure 7. At 6 weeks after surgery, the defect in the MF group was
partly filled with disordered tissue in contrast to the host carti-
lage. For the SF and SF-TGF-$1-E7 groups, more highly orga-
nized chondrocyte-like cells were observed, and cartilage-like tis-
sue ingrowth appeared within the scaffolds. However, the bound-
ary between the new and normal cartilage was apparent in each
group. At 12 weeks after surgery, the defect in the SF and SF-
TGEF-p1-E7 scaffolds was completely repaired with new cartilage
tissue. Moreover, typical chondrocytes were arranged in columns
or clusters and the surface was as smooth as the surrounding host
cartilage; the boundary between the repaired tissue and normal
cartilage was now obscured.

Toluidine blue (TB) staining and Safranin O/Fast Green stain-
ing was further performed to detect the distribution of proteo-
glycans and glycosaminoglycan (GAG) in the regenerated tis-
sue (Figure 7). The repaired tissue for the SF-TGF-$1-E7 group
displayed strong positive staining with TB and Safranin O/Fast
Green than with MF and SF groups at both 6 and 12 weeks af-
ter implantation, indicating a rich GAG deposition and newly
formed cartilage. Additionally, Sirius red staining and immuno-
histochemical staining was further used to analyze the deposi-
tion and organization of the collagen II (COL 2) in the regener-
ated tissues of all groups. As shown in Figure 7a; and Figure S1
(Supporting Information), there were more chondrocytes and a
higher content of COL 2 in the SF-TGF-#1-E7 group at 12 weeks
after surgery than in the other two groups at both the surface and
central areas. These results clearly indicate that the SF-TGF-f1-
E7 group exhibited the best performance for chondrogenic dif-
ferentiation and COL 2 deposition of the recruited BMSCs. In
contrast, the autogenic cartilage repair for the MF group resulted
in only disordered growth of fibrocartilage and fibrous tissue.

3. Discussion

The repair of articular cartilage injury remains a major clini-
cal challenge due to the poor self-healing capacity of cartilage
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tissue.l! In recent years, the endogenous cell recruitment strat-
egy for in situ tissue regeneration has proven to be superior to
the exogenous cell implantation strategy.*>3¢) Our strategy in this
work was to construct a biofunctional scaffold that can effectively
and specifically recruit endogenous stem cells to the site of injury
and improve the local chondrogenic microenvironment. The ob-
jective was to take advantage of the body’s own regenerative po-
tential to achieve in situ AC regeneration.>2%37]

The developed novel biomimetic SF scaffolds loaded with two
growth factors, E7 in the coating and TGF-f1 absorbed at the
core of SF scaffolds, were found to achieve a sequential and con-
trolled release of two biofactors and to exert functions of stem
cell homing and chondrogenic induction. We revealed that nat-
urally occurring cell migration was not sufficient within the lim-
ited time window (1 day) after cartilage injury.'l We showed
that E7 loaded within a photocured SiIMA-HAMA coating on
the SF scaffolds could be released faster than the direct load-
ing in the SF scaffolds, leading to more effective BMSCs recruit-
ment. The initial release profiles of E7 from the SF scaffolds were
demonstrated and confirmed using CLSM and an in vivo imag-
ing system (IVIS) (Figure 3d-f). Cytoskeleton, Live/Dead and
Transwell-migration assay in vitro analyses showed that E7 had
significantly promoted adhesion and recruitment of the BMSCs
(Figure 4a—e).

In addition, the application of such coatings did not affect
the porosity of the SF scaffolds, which could provide infiltration
channels for dissociative or migratory stem cells, transport cell
nutrients, and facilitate waste discharge.[>38] More importantly,
the incorporation of the SiIMA-HAMA coatings on the SF scaf-
folds significantly increased their hydrophilicity and improved
the ECM microenvironment.*!

We also found that a sustained release of TGF-f1 was achieved
through gradual degradation of the SiIMA-HAMA coating and
gradual diffusion from the scaffold core, leading to chondrogenic
differentiation of BMSCs which aided the initiation of cartilage
formation. Such a controlled slow release of TGF-f1 can act to
prevent synovial fibrosis and endochondral ossification.[**#! Our
results on the in vitro chondrogenic performance agreed well
with previous studies, 2642431 demonstrating the ability of TGF-
p1 to promote chondrogenic differentiation of BMSCs and to pro-
vide a good chondrogenic environment. It was also demonstrated
that TGF-$1 and E7 engage synergistically to promote cartilage
regeneration.

Under physiological conditions, articular cartilage was sub-
jected to repeated and dynamic mechanical stimulations, which
require the scaffold implant to be resistant to specific cyclic
fatigue.** In our earlier study,?>?’! SF scaffolds with dual-
crosslinked structures exhibited superior tensile strength and
compressive strength than freeze-dried SF scaffolds. Here the
strengths of the SIIMA-HAMA coated SF scaffolds were substan-
tially further improved. Moreover, the soft, elastic and fatigue-
resistant properties of the SIIMA-HAMA coated SF scaffolds were
maintained. As studies have shown that dynamic mechanical
stimulations generated by proper exercise are conducive to the
secretion and efficient flow of synovia fluids, which promote
the synthesis of proteoglycan,*~*¥! we strongly believe that the
SF scaffolds developed in this study can serve as an in vivo
biomimetic platform to withstand dynamic loading and to em-
ulate the chondrogenic microenvironment in the defect.
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scoring. Data are presented as means + SD, n = 3, *p < 0.05. (NC: normal cartilage, RC: regenerated cartilage).

Our in vivo experiments revealed that the distinct cartilage re-
pair can result from the various forms of SF scaffolds that we
studied. However, pure SF scaffolds only produced disordered
fibrous tissue with almost no remodeling of hyaline cartilage
through spontaneous responses (Figures 6e and 7). In contrast,
SF scaffolds loaded with TGF-f1 and E7 were completely re-
placed by the newly formed uniform cartilage tissue a mere 3
months after implantation. This demonstrated a much more ef-
fective cartilage regeneration process via a mechanically robust
SF scaffold platform and the sequential and controlled release of
dual biofactors. Therefore, compared with the SF scaffolds, the
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focal experimental group SF-TGF-f1-E7 promises significantly
promoted cartilage regeneration. Based on these findings, we
provide in Figure 8 schematic illustrations of what we propose
to be the salient cartilage healing mechanisms. The combined
effects from the cartilage defect model with sources of BMSCs
from the subchondral bone, the mechanically robust yet soft SF
scaffold platform, and the design of sequential and controlled re-
lease of dual factors, all work in concert to result in markedly
improved cartilage regeneration.

However, the rabbit model used in this study does have certain
limitations. Specifically, as the cartilage defect site is not the main
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Figure 8. Schematic illustrations of the proposed mechanistic progression of cartilage healing.

load-bearing site, this does not give full play to the mechanical
characteristics of the SF scaffolds. In light of this, in future stud-
ies the cartilage defect model will need to be further optimized.

4, Conclusion

In this study, we developed a novel silk fibroin scaffold platform
with independent controlled release of E7 and TGF-p1 bioac-
tive substances for cartilage repair. E7 was utilized as a BM-
SCs homing factor, and TGF-#1 was selected to direct chondro-
genic differentiation of BMSCs. The loading methods of E7 in the
photo-crosslinked SiIMA/HAMA coating and TGF-f1 in the SF
scaffold core successfully realized sequential and controlled re-
lease of the two biofactors. In vitro BMSCs assessments demon-
strated good recruitment ability of endogenous BMSCs and chon-
drogenic gene expressions for the SF-TGF-$1-E7 scaffolds. In
vivo analysis based on a rabbit knee defect model indicated that
the implantation of the SF-TGF-f1-E7 scaffolds markedly pro-
moted in situ cartilage regeneration. Such a strategy of using
cell-free silk fibroin-based biofunctional scaffolds with sequential
and controlled releases of E7 and TGF-f1 provides a promising
means for substantially improving in situ cartilage regeneration
that can provide new insights into clinical treatments of cartilage
defects.
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