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Silk fibroin (SF) is considered biocompatible and biodegradable for osteochondral repair. However, it lacks a
bioactive domain for cell adhesion, proliferation and differentiation, limiting its therapeutic efficacy. To revamp
SF as a biomimicking and bioactive microenvironment to regulate cell behaviours, we engineered an elastin-like
polypeptide (ELP, Val-Pro-Gly-Xaa-Gly) to modify SF fibers via simple and green dehydrothermal (DHT) treat-
ment. Our results demonstrated that the ELP successfully bound to SF, and the scaffold was reinforced by the
fusion of the silk fiber intersections with ELP (S-ELP-DHT) via the DHT treatment. Both bone mesenchymal stem
cells (BMSCs) and chondrocytes exhibited improved spreading and proliferation on the S-ELP-DHT scaffolds. The
ex vivo and in vivo experiments further demonstrated enhanced mature bone and cartilage tissue formation using
the S-ELP-DHT scaffolds compared to the naked SF scaffolds. These results indicated that a recombinant ELP-
modified silk scaffold can mimic three-dimensional (3D) cell microenvironment, and improve bone and cartilage

regeneration. We envision that our scaffolds have huge clinical potential for osteochondral repair.

1. Introduction

Osteochondral defects involve damage to the articular cartilage and
the underlying subchondral bone [1]. They severely affect the daily
activities of patients because of significant joint pain and limited joint
mobility. Due to the complicated structure and components of cartilage
tissues, as well as its avascular nature, low cell density and metabolic
activity, osteochondral regeneration are still problematic within the
clinical setting [2]. Currently, several treatment options including au-
tograft transplantation and autologous chondrocyte implantation are
available to orthopaedic surgeons. These options, however, are limited
by donor site morbidity, insufficient donor supply and incomplete in-
tegration. As an alternative strategy, tissue engineering has emerged for
osteochondral regeneration via promotion of tissue growth by in-
tegrating cells, signalling molecules and an artificial environment based
on biomaterial scaffolds [3-5].

Synthetic polymers like polyglycolic acid (PGA), polylactide acid
(PLA) and polycaprolactone (PCL) are frequently used for cartilage and
osteochondral repair owing to their mechanical strength and controll-
ability [6]. However, direct usage of these materials for cartilage repair
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remains challenging due to high infection rates, foreign body reaction
and side effects of acidic degradation byproducts (e.g., inhibition of
cartilage regeneration) [7]. Naturally occurring materials like collagen,
fibrin, hyaluronic acid, chitosan and silk fibroin (SF), do not possess the-
above-mentioned weaknesses and can better match cartilage biological
properties [8]. Among these natural polymers, SF, derived from Bombyx
mori cocoons, is an attractive scaffold material thanks to its versatile
processability, slow degradation, strong mechanical properties and fa-
vourable biocompatibility [9-11]. It can be readily fabricated into dif-
ferent material formats including hydrogels, tubes, sponges, fibers, mi-
crospheres and thin films for various tissue engineering applications
[12-15]. However, compared to collagen, an extracellular matrix (ECM)
component, SF lacks cell binding domains, making it less ideal as a
scaffold to recruit and retain an adequate quantity of bone marrow stem
cells (BMSCs) or chondrocytes from subchondral bone to fill the defect
area and facilitate the osteochondral regeneration [13,16].

To facilitate SF with improved cell adhesion properties, ECM com-
ponents like collagen, chondroitin sulfate and Arg-Gly-Asp (RGD) have
been employed, but the modified scaffolds only support chondrogenesis
after adding signaling molecules like transforming growth factor-f§
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(TGFP) [17-21]. This is disadvantageous as the molecule release from
natural materials is usually quick (within a few days), limiting their
long-term therapeutic efficacy. Here, we propose to modify the SF
scaffolds using elastin-like polypeptides (ELPs). This is because (1) ELP
contains repeated blocks of (Val-Pro-Gly-Xaa-Gly), based on elastin (an
essential component of ECM), where Xaa can be any amino acid except
proline to create a cell-friendly environment) [22-26]. (2) ELP is ben-
eficial for the maintenance of the chondrocyte phenotype, as demon-
strated by the accumulation of collagen type II and sulfated-glycosa-
minoglycans (sGAG); and (3) it can improve the differentiation of
BMSCs or adipose tissue derived stem cells (ADSCs) towards a chon-
drogenic lineage without the addition of chondrocyte-specific growth
factors [23,27,28]. We believe this is an intriguing direction as it avoids
incorporation of growth factors and various potential side effects
caused by the local release. We hypothesize that the ELP modified SF
scaffolds will have enhanced cell adhesion and osteochondrogenesis in
vitro and in vivo.

In the present study, we modified SF fibers with an ELP
((VPGVG)sp) using dehydrothermal (DHT) treatment. DHT treatment
was the most widely adopted physical crosslinking method due to its
low cost, low-cytotoxicity and negligible influence on the resulting
scaffold structure [29]. The DHT could not only crosslink ELP onto the
surface of SF fibers, but crosslink the intersections of each SF fiber,
increasing the scaffold's bioactivity and mechanical properties (Fig. 1).
Such facile design combining the advantages of silk and ELP together by
simple DHT treatment, represents an environment-friendly strategy and
possesses high reproducibility. The obtained scaffolds demonstrated the
porous and robust structure of SF fibers, and enhanced adhesion and
differentiation of BMSCs and chondrocytes due to the presence of ELP.
Furthermore, the in vivo experiments validated that our ELP modified
SF scaffolds bolstered osteochondral regeneration. Thanks to its simple
and streamlined design as well as its robust cartilage and bone re-
generation capability, we envision that our ELP modified SF scaffolds

Bioactive Materials 6 (2021) 589-601

will help translate the basic research findings into clinical therapy and
benefit patients who suffer from osteochondral defects, reducing the
burden from families and society.

2. Materials and methods
2.1. Materials and reagents

All chemicals and solvents used for material preparation were of
analytical grade and purchased from Sigma-Aldrich (UK), unless
otherwise stated. In addition, all reagents used for cell culture, in-
cluding Dulbecco's Modified Eagle's Media (DMEM), fetal bovine serum
(FBS), antibiotics, trypsin and collagenase type II were purchased from
Gibco (USA). All primary and secondary antibodies used for im-
munohistochemistry were from Abcam (UK) and Invitrogen (USA).

2.2. Preparation and characterization of ELP modified SF scaffolds

2.2.1. Preparation of ELP

The ELP ((VPGVG)so) was expressed and purified using standard
recombinant protein technology as previously reported with some
modifications [3]. Briefly, the protein sequences were cloned into pET
28a plasmids, expressed in Escherichia coli strain BL21 (DE3), and in-
duced with 1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG) at an
ODgqo of 0.8 for 4 h. The harvested cell pellets were suspended, lysed by
sonication, and purified by ion exchange chromatography (IEC). The
protein molecular weight and purity were confirmed by using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
purified ELP was dialyzed three times (10,000 molecular weight cut-off,
36 h, 4 °C, deionized water) to desalt. The ELP was then lyophilized and
stored in sealed centrifuge tubes at 4 °C until use.
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Fig. 1. Schematic representation of (A) S-ELP-DHT
scaffold preparation and (B) its potential application
in cartilage or bone tissue engineering. S-ELP-DHT
scaffold was fabricated with silk, ELP and crosslinked
by DHT treatment. By seeding chondrocytes or
BMSCs from patients onto the S-ELP-DHT scaffold, a
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2.2.2. Preparation of SF fibers

Firstly, B. mori cocoons were boiled in aqueous sodium carbonate so-
lution (0.5%, w/v) for 2 h, and washed with distilled water to remove
sericin. Then, micron-sized, non-immunogenic silk fibers were fabricated
according to the published methods [30]. Briefly, 0.35 g of dried, de-
gummed silk fibers were incubated in a 17.5 mol/L NaOH solution for
180 s. The reaction was quenched with deionized water and the SF fibers
were washed repeatedly. Fibers were subsequently obtained by lyophili-
zation, and the dried fibers were stored under ambient conditions until use.

2.2.3. Fabrication of ELP modified SF scaffolds

To fabricate the ELP modified SF scaffold, we firstly prepared the SF
and ELP complex. Briefly, 10 mg SF fibers were soaked in 75% ethanol,
air-dried overnight, and then immersed into sterilized 1 mL ELP solution
(1% w/v). After lyophilization, The SF-ELP (S-ELP) complex was obtained
and stored at 4 °C for further use. Next, according to previously reported
protocol [31], we performed DHT treatment of the S-ELP complexes.
When the S-ELP complexes are heated up to a critical temperature,
crosslinked bonds between the chains of amino acids present in the SF
and ELP molecules would form by esterification of carboxyl and hydroxyl
groups and amidation between carboxyl and amino groups. Briefly, S-ELP
complexes were placed onto an open polytetrafluoroethylene plate in a
vacuum oven (VacuCell 22, MMM, Germany) under a vacuum of
0.05 bar. The exposure period and crosslinking temperature were varied
to determine the effects of DHT crosslinking on the S-ELP scaffolds. We
found that a crosslinking temperature of 60 °C and an exposure period of
48 h could significantly increase the compressive modulus of the S-ELP
scaffold without changing the structure of the ELP (the ELP structure
would significantly change over 64-66 °C due to the degradation of p-
sheet in the ELP). Therefore, we chose a crosslinking temperature of 60 °C
and an exposure period of 48 h in the following study. The treated
samples (S-ELP-DHT) were then freeze-dried at —80 °C.

2.2.4. Characterizations of scaffolds

In this study, we prepared four types of scaffolds, namely ELP, SF, S-
ELP and S-ELP-DHT. ELP and SF represent the pure elastin-like poly-
peptide and silk scaffold, respectively. S-ELP represents silk-ELP com-
posite scaffold without DHT treatment, while S-ELP-DHT stands for
composite scaffold with DHT treatment. To confirm the successful
preparation of these scaffolds, Fourier transform infrared (FTIR) spectra
were obtained using a Nicolet 5700 spectrometer (Thermo, USA) with
4 cm™! resolution in the range from 4000 to 4000 cm™!. Then, the
surface morphology of these scaffolds was observed using scanning
electron microscope (SEM, S-3400 N, Hitachi, Tokyo, Japan) at an
accelerating voltage of 10 kV. To examine the effects of the DHT on the
hydrophilicity of the S-ELP scaffolds, surface wettability was char-
acterized via static water contact angle measurements using the sessile
drop method. The contact angles of the water droplets on the samples
were detected at room temperature using an optical goniometer
(OCA15EC, Data Physics Company Ltd., Germany).

The in vitro degradation rate of the scaffolds was tested according to
a previously described method [32]. Briefly, the scaffolds were placed
in one well of the six-well plate containing 5 mL of pseudo-physiolo-
gical solution (DMEM with 1% penicillin-streptomycin) and then in-
cubated at 37 °C, 5% CO, and 95% relative humidity for 60 days. The
weight of initial dry scaffolds before immersion was recorded as Wy. At
different predetermined time points, the scaffolds were removed from
the solution and washed three times with double-distilled water to re-
move inorganic salts. After air-dry in a 37 °C incubator for 24 h, the
samples were weighted and recorded as W,. The remaining weight was
evaluated according to the equation: remaining weight (%) = W/
Wy X 100%. Four independent samples of each scaffold were used for
degradation test at each time point.

The ELP release profile of each scaffold (S-ELP and S-ELP-DHT)
were measured by immersing the samples into 1 mL phosphate-buffered
saline (PBS) and incubated at 37 °C for 7 days. At the pre-set time point,
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20 pL supernatant was collected and analyzed using the BCA Protein
Assay Kit (Thermo Pierce, USA), while same volume of fresh PBS was
supplemented to continue the test. Four independent samples of each
scaffold were used at each time point.

The mechanical properties of the scaffolds were investigated using a
biomechanical analyzer (Instron-5542, Canton, MA, USA). All samples
(ELP, S, S-ELP and S-ELP-DHT) with dimension of 10 mm (diameter) x
5 mm (height) were compressed at a constant compressive strain rate of
0.5 mm/min at room temperature until failure (n = 4). The compres-
sive modulus of each sample was calculated from its compressive stress
(o)-strain (¢) curve.

2.3. Cell isolation and cell culture

2.3.1. MSC isolation and culture

BMSCs (rabbit source) were isolated and cultured according to our
previously reported method [33]. One-month-old New Zealand white rab-
bits were obtained from the animal holding unit of Four Military Medical
University (FMMU). The procedure of harvesting bone marrow samples was
in agreement with Institutional Animal Care and Use Committee (IACUC),
and approved by the Animal Ethics Committee of Northwest University of
China (ACUC2013015). Briefly, the obtained bone marrow was suspended
and cultured in DMEM containing 10% FBS, 272 pg/mL 1-glutamine and
100 U/mL penicillin and 100 U/mL streptomycin. The culture media were
changed every 3 days. The BMSCs were digested using 0.25% trypsin before
forming a confluent monolayer, and harvested by centrifugation. In this
study, the second passage of BMSCs were used.

2.3.2. Chondrocyte isolation and culture

Rabbit chondrocytes were isolated and cultured according to our
previously described method [34]. All rabbits were anesthetized with
ketamine (40 mg/kg) and xylazine (5 mg/kg) via intramuscular injec-
tion. The auricle cartilage was obtained from ear roots, minced into
small fragments (about 2 mm?®), rinsed three times with PBS supple-
mented with 100 U/mL penicillin and 100 U/mL streptomycin. Then,
samples were digested in DMEM containing 0.2 wt/v% collagenase type
II at 37 °C for 12 h. The digested cell suspension was subsequently
filtered through a 250 mm nylon mesh filter to remove matrix debris
before centrifugation at 1000 rpm for 5 min. The isolated cell pellet was
washed two times with PBS and resuspended in DMEM containing 10%
FBS, r-glutamine (272 pg/mL), and ascorbic acid (5 pg/mL). Chon-
drocytes at passage 2—-3 were used for this study.

2.4. In vitro biocompatibility of ELP modified SF scaffolds

2.4.1. Cell adhesion

Different cylindrical scaffolds (SF, S-ELP and S-ELP-DHT) with a
diameter of 5 mm and a height of 3 mm were first prepared and placed in
a 24-well plate. BMSCs or chondrocytes were seeded onto the top surface
of each scaffold at a density of 2 x 107 cells/mL (200 L suspension, a
total of 4 x 10° cells), and then cultured in an incubator to ensure
adequate cell adhesion to scaffolds. After culture for 6, 12 and 24 h, the
samples were removed from culture medium, rinsed twice with PBS,
fixed with 2.5% glutaraldehyde at 4 °C for 30 min and finally dehydrated
with increasing concentrations of ethanol solutions (30-100%). Scaffolds
were then air-dried, sputtered with gold-palladium, and analyzed with
SEM. Next, the number of cells adhered onto the scaffolds was evaluated
using PicoGreen® DNA quantification assay (Thermo Fisher Scientific)
after removal of loosely adherent or unbound cells by washing with PBS.
Cell seeding efficiency was calculated using the following equation: Cell
seeding efficiency (%) = (Total DNA content of cells in each scaffold)/
Total DNA content of initially seeded cells x 100% [35].

2.4.2. Cell proliferation
BMSC or chondrocyte proliferation on the scaffolds was investigated
using Cell Counting Kit-8 (CCK-8) assay kit after 1, 3, 5 and 7 days of
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incubation. Briefly, the samples were washed twice with PBS after re-
moving from the culture medium. Subsequently, 400 pL of fresh phenol
red-free medium with a 40 pL. CCK-8 reagent was added to each sample,
and then incubated for 3 h in an incubator at 37 °C with 5% CO,. 100 pL
of incubated medium from each sample was transferred to a 96-well
culture plate, and shaken for 2 min. The absorbance was measured at
450 nm using a microplate reader (Bio-Rad, USA). All experiments were
performed in quadruplicate. To observe the cells adhering to the scaf-
folds after culture for 3, 5 and 7 days, the samples were first fixed with
4% (v/v) paraformaldehyde. Then, the cytoskeleton of BMSCs and
chondrocytes was stained with phalloidin-Cy3 (actin, red) and phal-
loidin-FITC (actin, green), respectively, while their nuclei were stained
with 4,6-diamidino-2-phenylindle (DAPI). Fluorescent images of sam-
ples were viewed by a confocal laser scanning microscope (FV1000,
Olympus Corporation, Tokyo).

2.4.3. Osteogenesis- and chondrocyte phenotype-related gene expression

The gene expression of osteoblast differentiation markers (runt-re-
lated transcription factor 2 gene (Runx2), alkaline phosphatase gene
(ALP) and osteopontin gene (OPN)) in BMSCs, and chondrocyte phe-
notype-related markers (collagen type I gene (Col I), collagen type II
gene (Col II), and the aggrecan gene (AGG)) in chondrocytes were
measured using reverse transcription-polymerase chain reaction (RT-
PCR). Briefly, BMSCs or chondrocytes were seeded onto the surface of
different scaffolds (SF, S-ELP and S-ELP-DHT) and cultured for 3, 7 and
14 days. Then, cells were collected from each sample, and the total RNA
was isolated from chondrocytes or BMSCs using TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA). Complementary DNA (cDNA) was
synthesized from 1 pg of RNA using the TaKaRa RT-PCR Kit (TaKaRa
Bio Inc., Japan). The thermal cycling parameters for RT-PCR conditions
were showed as follow: initial denaturation at 94 °C for 3 min; 30 cycles
of 94 °C for 40 s, 60 °C for 40 s and 72 °C for 80 s; and a final extension
at 72 °C for 5 min. The glyceraldehyde 3-phosphate dehydrogenase
gene (GAPDH) was used as the internal control. The primer sequences
used for this study were listed in Table S1. The PCR products were
visualized using 1.5% agarose gels. Band intensity was quantified using
Bandscan software. The grey values of bands were normalized relative
to those of GAPDH.

2.5. Animal models

All animal experiments were performed in accordance with Guiding
Principles of the Care and Use of Animals and approved by the IACUC of
Northwest University of China.

2.5.1. Subcutaneous implantation

Healthy BALB/c nude mice (6-8 weeks old and weighing approxi-
mately 18-22 g) were anesthetized with intraperitoneal injection of
10% chloral hydrate (300 mg/kg). After aseptic preparation, the skin on
the back of each mouse was incised and a subcutaneous pocket was
made. Four different groups of BMSCs- or chondrocytes-loaded SF and
S-ELP-DHT scaffolds (i.e., SE/BMSCs, SF/chondrocytes, S-ELP-DHT/
BMSCs and S-ELP-DHT/chondrocytes) were prepared as described in
section 2.4.1, and then implanted into the subcutaneous pockets. After
1 and 2 months of implantation, all nude mice were sacrificed by neck
dislocation, and the samples were harvested. After macroscopic ob-
servation, the samples were fixed by 4% (v/v) paraformaldehyde for
subsequent analysis.

2.5.2. Articular joint drilling surgery

Articular surgery was performed as previously described [32]. 16
rabbits were randomly divided into four groups: negative control (un-
treated defect), positive control (normal knee joint), SF and S-ELP-DHT.
Briefly, the rabbits were anesthetized with intraperitoneal injection of
pentobarbital sodium (30 mg/kg) and maintained with 3% isoflurane.
A parapatellar incision was made to expose the knee joint of the rabbits,
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and then the patella was dislocated laterally to expose the anterior
articular surface of the distal femur. A full-thickness osteochondral
defect with diameter of 4 mm and depth of 4 mm was created in the
trochlear groove of the femur using an electrical trephine. After irri-
gating with sterile saline solution, SF or S-ELP-DHT scaffold was care-
fully implanted into the osteochondral defects. Finally, the wound was
closed by suturing the knee joint capsule and the skin, and the penicillin
was given intramuscularly for prophylactic infection. After 2 months
post-implantation, the rabbits were sacrificed and the regenerated
tissue scaffolds were retrieved.

2.5.3. Micro-computed tomography (micro-CT)

The samples were subjected to morphological and quantitative ex-
amination using a micro-CT system (Y.Cheetah, YXLON, Germany) with
the following settings: 80 kV voltage, 50 PA electric current and 10 pm
resolution. Based on the serial-scanned images, the 3D isosurface
images were reconstructed using VG Studio software (version 2.2). The
threshold used in this study was 0-4000 Hounsfield units (Hu) for bone
tissue according to the threshold calculations for the samples. The bone
volume fraction (BVF, the ratio between the bone volume and the total
tissue volume) and the bone mineral density (BMD, the mass of bone
per unit volume) of the samples were calculated.

2.5.4. Histological and immunohistochemical analysis

The samples were fixed in 4% paraformaldehyde for 24 h and
decalcified in 5% formic acid for 5 days. Then, these samples were
dehydrated in a graded series of alcohol solutions, embedded in par-
affin, and cut into 7-pum-thick sections. The sections were stained with
haematoxylin and eosin (H&E), toluidine blue (TB), safranin O (S-O),
and Masson's trichrome staining (MTS) to evaluate new cartilage and
bone formation [36].

For the immunohistochemical analysis, the sectioned slides were
incubated overnight in a humidified chamber with primary antibodies
of anti-Col I antibody, anti-Col III antibody, anti-CD 31 antibody, and
anti-Col X antibody according to the manufacturer's instruction. Then,
the sections were rinsed with PBS and incubated with Alexa Fluor® 594
anti-mouse secondary antibody or Alexa Fluor® 488 anti-mouse sec-
ondary antibody before being stained with DAPI. The fluorescence
images of the stained sections were obtained using a confocal laser
scanning microscope (FV1000, Olympus Corporation, Tokyo).

2.5.5. Biomechanical and biochemical evaluations

After implantation for 1 and 2 months, the regenerated tissues were
harvested from the chondrocytes-loaded samples of subcutaneous im-
plantation using a trephine (5 mm in inner diameter). The elastic car-
tilage and the fibrocartilage of rabbits were used as positive controls.
Biomechanical evaluation was carried out by static compression using a
biomechanical analyzer (Instron-5542, Canton, MA, USA) according to
the method described previously [37]. Briefly, a constant compressive
strain rate of 0.5 mm/min was applied on the samples (5 mm in dia-
meter and 3 mm in height) until 80% maximal deformation was
achieved. The compressive modulus of the tested tissue was calculated
based on the slope of the stress-strain curve. Four independent samples
were tested for each group. After the mechanical testing, the tissue
samples were collected, rinsed in PBS, minced and homogenized using a
glass grinder. The glycosaminoglycan (GAG, a cartilage-specific matrix
component) content in the regenerated tissues was measured using a
Rabbit GAG enzyme-linked immunosorbent assay (ELISA) Kit (TaKaRa
Bio Inc., Japan) according to protocol provided by the manufacturer.

2.6. Data analysis

All experiments were carried out at least in quadruplicate if not
specified. All data were presented as mean =+ standard deviation (SD).
Statistical analysis was performed using SPSS version 15.0 software
(SPSS Inc., Chicago, USA). The statistical differences were analyzed by



Z. Chen, et al.

A

| —=S-ELP

|

|

|

|

| | |
I | |
[ | |
[ | |
[ | |
[ | |
[ | |

Bioactive Materials 6 (2021) 589-601

Fig. 2. Characterization of the scaffolds. (A) SEM
micrographs of pure silk fibroin (SF), ELP, S-ELP and
S-ELP-DHT scaffolds. (B) FTIR spectra of SF, S-ELP
and S-ELP-DHT scaffolds. (C) Water contact angle
assessments of ELP, SF, S-ELP and S-ELP-DHT scaf-
folds. (D) The ELP release rate from S-ELP and S-ELP-
DHT was monitored using a BCA Protein Assay Kit.
(E) Mass loss profile of SF, S-ELP and S-ELP-DHT
scaffolds characterized as remaining weight with
time. (F) Compressive modulus of pure ELP, SF, S-
ELP and S-ELP-DHT scaffolds. Data were represented
as mean = SD, and analyzed by one-way ANOVA
(n = 4 for each group, ***p < 0.001).
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one-way analysis of variance (ANOVA) with post hoc tests. A p value
of < 0.05 was considered statistically significant.

3. Results and discussion
3.1. Preparation and characterization of ELP-silk microfiber complexes

In present study, ELP was designed and produced to modify the SF
scaffolds (Figs. S1A-C). The microarchitecture of the silk and ELP
complexes were examined using SEM. Silk, S-ELP, and S-ELP-DHT
scaffolds exhibited loose and porous fibrous structure (Fig. 2A). In ad-
dition, we observed that ELP physically adhered to the silk in the S-ELP
complex with noticeable fusion of ELP with the surrounding silk mi-
crofibers. In contrast, the ELP formed a thin film with internal porosity
between SF fibers in the S-ELP-DHT complex, which could supply more
space for cells attachment. The above results have indicated that the
ELP was able to bind with SF fibers by DHT treatment, resulting in a
smooth appearance along the surface of the SF fibers. FTIR was further
used to investigate the chemical structure change of the scaffolds after
the physical adherence of ELP and DHT treatment (Fig. 2B). We found
that the SF surface produced a peak at 1655 cm ™~ corresponding to the
stretching vibration (v) of C=0 (amide I), and a peak at 1530 em~!
corresponding to the in-plane bending vibration (8) of N-H (amide II);
adherence of the ELP to the silk resulted in a new peak at 1630 cm ™!
corresponding to 8§ N-H (amide II), and new peaks at 1166 cm~! and
1069 cm ™! corresponding to v C-N; the FTIR spectra of S-ELP and S-
ELP-DHT were comparable. These results have suggested the successful
adherence of ELP to silk scaffolds and an absence of chemical structural
changes during the DHT treatment.

Subsequently, SDS-PAGE analysis was performed to evaluate the
protein composition of ELP and SF, with unified molecular weight of
approximately 25 and 40 kDa, respectively (Fig. S1D). The hydrophilicity
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alteration of the sample surface after ELP incorporation and DHT treat-
ment was examined by measuring water contact angles at room tem-
perature (Fig. 2C). We found that the materials surfaces (SF: 55.2 + 5.2%
S-ELP: 10.7 *= 1.4°; S-ELP-DHT: 39.0 + 5.5°) were all hydrophilic,
which are conducive for cell adhesion. In detail, the water contact angle
of SF decreased from 55.2 =+ 5.2° to 10.7 * 1.4° (S-ELP) after ad-
herence of ELP, which may be due to the super-hydrophilic nature of ELP
(water contact angle: 9.1 = 0.2°). However, after DHT treatment, the S-
ELP-DHT samples became more hydrophobic, with water contact angle
dramatically increasing to 39.0 + 5.5°. Such change possibly resulted
from the formation of ester and amide bonds during the DHT treatment
by either esterification or amide reactions, which decreases the amount of
the free amine, carboxyl, and hydroxyl groups [38].

Next, we evaluated the ELP release rates from the S-ELP and S-ELP-
DHT scaffolds by immersing the samples into PBS (Fig. 2D). Compared
with S-ELP, S-ELP-DHT showed a more stable and sustainable ELP re-
lease, demonstrating the successful conjugation of ELP to the SF surface
after the DHT treatment. We further analyzed the mass loss profile of
silk, S-ELP, and S-ELP-DHT scaffolds. As showed in Fig. 2E, S-ELP and S-
ELP-DHT samples degraded faster than the pure silk during the 60 days
of immersion in DMEM. This may be attributed to the disruption of
structural integrity of fibroin protein after introduction of ELP, which
exposed fibroin molecules onto the composite surface and facilitates the
invasion of water molecules.

Mechanical properties of materials like matrix stiffness play a crucial
role in regulating cell behaviours and promoting osteochondrogenesis.
Therefore, we subsequently characterized the mechanical performances
of the prepared scaffolds using compression testing. Our results showed
that incorporation of ELP into silk fibers significantly improved the
mechanical property of the composite scaffolds, with compressive
moduli of S-ELP and S-ELP-DHT reaching up to 49.98 *+ 6.25 kPa and
55.73 * 5.76 kPa, respectively (Fig. 2F). The SEM observation
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Fig. 3. Adhesion, proliferation and osteoblast dif-
ferentiation of BMSCs on the SF, S-ELP and S-ELP-
DHT scaffolds. (A) SEM images of BMSCs seeded on
different scaffolds after 6, 12 and 24 h of culture. (B)
The DNA content of BMSCs cultured for 24 h on
different scaffolds detected using PicoGreen DNA
quantitation assay. (C) The BMSC-seeding efficacy of
SF, S-ELP and S-ELP-DHT scaffolds. The initially
seeded BMSCs (cell number of 4 x 10°) were used as
the control group. (D) Proliferation of BMSCs on SF,
ELP, S-ELP and S-ELP-DHT scaffolds after 1, 3, 5 and
7 days of culture measured by CCK-8. (E) RT-PCR
analysis of osteogenesis-related marker gene expres-
sions including Runx2, ALP and OPN in BMSCs after
culture with different scaffolds for 3, 7 and 14 days.
GAPDH was used as an internal control. Data are
presented as mean * SD and analyzed by one-way
ANOVA (n 4 for each group, *p < 0.05,
*p < 0.01, ***p < 0.001).
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indicated that ELPs wrapped around the intersections of the silk fibers in
the S-ELP and S-ELP-DHT scaffold (Fig. 2A), which may be the main
reason for that the compressive moduli of S-ELP scaffold
(49.98 = 6.25 kPa) and the S-ELP-DHT scaffold (55.73 = 5.76 kPa)
were significantly higher than that of the naked silk fibers
(11.97 = 1.25kPa,n = 4, p < 0.001, Fig. 2F). Also, there was no
significant difference found in modulus between the S-ELP scaffold and
the S-ELP-DHT scaffold (n = 4, p > 0.05, Fig. 2F). Previous studies
have reported that the compressive moduli of the ELP composite mate-
rials prepared via photocrosslinking or chemical crosslinking methods
were in the range of 3-13 and 4-11 kPa, respectively [39,40]. Recently,
Prof Kaplan's lab constructed a recombinant fusion SELP using the silk
sequence GAGAGS and elastin sequence GVGVP [41,42]. The authors
found that after the recombinant SELP was enzymatically crosslinked by
horseradish peroxidase (HRP) and hydrogen peroxide (H,0,), the com-
pressive modulus of the cross-linked SELP hydrogel was 2.5 + 0.9 kPa
[42]. The compressive modulus of our S-ELP-DHT scaffold crosslinked
via DHT treatment was higher than those in previous studies, which may
be due to the formation of an interpenetrating network between the SF
and the ELP polymers. Such high compressive modulus was highly
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beneficial for osteochondrogenesis [43]. Overall, the above results de-
monstrated that the combination of SF and ELP successfully yielded a
composite scaffold with excellent degradation and mechanical property,
with great potential for osteochondral defect repair.

3.2. In vitro biological evaluations of scaffolds

3.2.1. Biocompatibility

A tissue engineering scaffold should possess good cytocompatibility
that facilitates cell growth and proliferation without eliciting any im-
mune response. Here, we evaluated the in vitro biocompatibility of fab-
ricated scaffolds by observing BMSC and chondrocyte attachment and
measuring their proliferation on the scaffolds. The morphology of BMSCs
and chondrocytes adhered to scaffolds was examined using SEM
(Figs. 3A and 4A). Compared with SF and S-ELP scaffolds, BMSCs or
chondrocytes were observed to attach with higher density to the S-ELP-
DHT scaffolds. Notably, after 24-h cell seeding, the surface of the S-ELP-
DHT scaffolds was completely covered with spreading BMSCs. The
chondrocytes on the S-ELP-DHT scaffolds also exhibited more obvious
pseudopodia and aggregation than those on SF or S-ELP scaffolds. The
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Fig. 4. Adhesion, proliferation and cartilage marker
gene expression of chondrocytes on SF, S-ELP and S-
ELP-DHT scaffolds. (A) SEM images of chondrocytes
seeded on different scaffolds after 6, 12 and 24 h of
culture. (B) The DNA content of chondrocytes cul-
tured for 24 h on different scaffolds detected using
PicoGreen DNA quantitation assay. (C) The chon-
drocyte-seeding efficacy of SF, S-ELP and S-ELP-DHT
scaffolds. The initially seeded chondrocytes (cell
number of 4 x 10°) were used as a control. (D)
Proliferation of chondrocytes on SF, ELP, S-ELP and
S-ELP-DHT scaffolds after 1, 3, 5 and 7 days of cul-
ture measured by CCK-8. (E) RT-PCR analysis of
chondrocyte phenotype-related marker gene expres-
sions including Col I, Col I and AGG in chondrocytes
after culture with different scaffolds for 3, 7 and 14
days. GAPDH was used as an internal control. Data
are presented as mean * SD and analyzed by one-
way ANOVA (n 4 for each group, *p < 0.05,
*p < 0.01, ***p < 0.001).
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number of cells attached to the scaffolds was reflected in its total DNA higher than that on the SF (OD450: 0.15 == 0.01 at day 1;
content (Figs. 3B and 4B). The initially seeded BMSCs or chondrocytes 0.20 = 0.02 at day 3; 0.21 =+ 0.03 at day 5; 0.29 + 0.03 at day 7),
(cell number of 4 x 10° amounted to total DNA content of ELP (OD450: 0.31 *= 0.13 at day 1; 0.32 = 0.19 at day 3;

+

+

130.67 5.77 ng/uL and 120.00 4.36 ng/|L, respectively, which
were used as control groups. As showed in Fig. 3B, no significant dif-
ference was observed regarding the number of BMSCs attached to the SF
(41.33 £ 6.43 ng/pL) and to the S-ELP (42.33 = 3.79 ng/uL) scaffolds.
However, there were significantly more BMSCs adhered to the S-ELP-
DHT scaffolds (95.33 #= 15.01 ng/uL, ***p < 0.001). The BMSC
seeding efficiency on the S-ELP-DHT scaffolds (79.44 = 12.51%) was
much higher than on that on the SF (34.44 + 5.36%, ***p < 0.001) or
on the S-ELP (35.28 *= 3.15%, **p < 0.01) scaffolds (Fig. 3C). Simi-
larly, the S-ELP-DHT scaffolds showed obviously more adhered chon-
drocytes (89.33 = 3.06 ng/uL) and greater chondrocyte-seeding effi-
ciency (74.44 = 2.55%) (Fig. 4B and C).

Subsequently, cell proliferation was quantified using CCK-8 assay
after incubation for 1, 3, 5 and 7 days on the scaffolds (Figs. 3D and
4D). At each time point, the number of BMSCs on the S-ELP-DHT
scaffolds (OD450: 0.43 + 0.01 at day 1; 0.71 *= 0.03 at day 3;
0.79 = 0.02atday 5;0.99 * 0.11 atday 7; n = 4) was significantly
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+

+

0.45 0.14 at day 5; 0.55 0.14 at day 7) and S-ELP scaffolds
(OD450: 0.15 + 0.03 atday 1; 0.17 * 0.09 atday 3; 0.22 * 0.11 at
day 5; 0.31 = 0.13 at day 7). At day 1, 5 and 7, the number of
chondrocytes on the S-ELP-DHT scaffolds (OD450: 0.33 + 0.01 at day
1; 0.62 = 0.01 at day 5; 0.83 = 0.02 at day 7) was significantly
higher than that on the SF (OD450: 0.17 *= 0.01 at day 1;
0.21 *= 0.03 at day 5; 0.20 = 0.02 at day 7), respectively. Either
BMSC or chondrocyte proliferation on the S-ELP-DHT scaffold was
better than that on the SF, ELP or S-ELP scaffolds, indicating that the S-
ELP-DHT provided a more favourable environment for cell prolifera-
tion. The fluorescence micrographs further confirmed more BMSCs and
chondrocytes distributed along the fibers of S-ELP-DHT as compared to
the SF scaffolds (Fig. S2). These results suggested that the S-ELP-DHT
scaffo 1ds exhibited satisfactory biocompatibility and could support cell
adhesion and proliferation after implantation.

To sum up, ELP formed a thin film with internal pores between the
SF fibers in the S-ELP-DHT complex (Fig. 2A), which could supply more
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Fig. 5. Ectopic bone regeneration in nude mice. (A)
The cell-scaffold constructs (BMSC-seeded SF and
BMSC-seeded S-ELP-DHT composite scaffolds) were
implanted into subcutaneous tissue of nude mice.
After implantation for 1 and 2 months, gross view
and micro-CT scanning were performed to analyze
the harvested composite scaffolds. Yellow stained
area in the 3D reconstructed micro-CT images in-
dicates the new bone tissue. Quantitative analysis of
(B) bone volume fraction (BVF) and (C) bone mass
density (BMD) of the newly formed bone by micro-
CT. Data are presented as mean * SD and analyzed

by one-way ANOVA (n 4 for each group,
***p < 0.001).
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space for cell attachment. Secondly, ELP as a bioactive protein affecting
the behaviours of BMSCs and chondrocytes. Due to the bioactive ELP,
the cell adhesion (Figs. 3C and 4C) and proliferation (Figs. 3D and 4D)
on the S-ELP-DHT were better than those on the naked silk scaffolds.
Because the ELP was lost faster in the S-ELP scaffolds than that in the S-
ELP-DHT scaffolds (Fig. 2D), cell adhesion and proliferation on the S-
ELP scaffold were less than those on the S-ELP-DHT scaffolds. In a word,
both the unique structure of the scaffold and the bioactive ELP are
beneficial for adhesion and proliferation of BMSCs and chondrocytes.

3.2.2. In vitro osteogenic and chondrogenic capacities

To evaluate the in vitro differentiation of BMSCs into osteoblasts on the
scaffolds, we measured the expression levels of osteogenesis-related
marker genes including Runx2, ALP and OPN (Fig. 3 E and S3). Our results
showed that the expression of preosteoblast marker Runx2 in the S-ELP-
DHT was significantly upregulated after 7 days of incubation, although its
expression in SF or S-ELP scaffolds was downregulated throughout the
experiment. However, ALP and OPN expressions were continuously up-
regulated in BMSCs on S-ELP-DHT scaffolds during the whole culture
period. Particularly, after 14 days of culture, ALP expression was re-
markably higher on the S-ELP-DHT scaffolds than that on the SF or S-ELP
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scaffolds. It has been demonstrated that SF is a favourable scaffold ma-
terial for bone regeneration due to its tunable degradation rate, good
mechanical properties and the ability to induce osteogenic differentiation
of BMSCs [44]. In addition, ELP was also found to support attachment,
proliferation and osteoblast differentiation of BMSCs because of the ex-
posure of motifs of ELP to the cells. These previous studies correlate well
with the findings in our study and support that S-ELP-DHT is a promising
candidate material for bone tissue engineering.

Apart from unique osteogenic potential, the scaffolds for os-
teochondral repair are required to maintain the phenotype of chon-
drocytes that produce extracellular matrix (ECM) within the scaffolds,
contributing to new cartilage tissue formation. It is well-known that Col
I expression is associated with fibrocartilage or hypertrophic pheno-
types, while AGG and Col II, as the major ECM components of cartilage,
are markers of hyaline chondrocyte phenotype [3,45]. Here, we eval-
uated the expression levels of these cartilage marker genes (Col I, Col II
and AGG) of chondrocytes on different scaffolds. As showed in Fig. 4E
and Fig. S3, there was no obvious difference in Col I expressions among
SF, S-ELP and S-ELP-DHT groups, and the Col I expression levels in
these three groups decreased with culture time. Both Col II and AGG
expression levels were significantly higher in the S-ELP-DHT scaffolds
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Fig. 6. Histological analysis of BMSC-seeded SF and

SF

S-ELP-DHT
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compared with SF and S-ELP groups after 7 or 14 days of culture in
vitro. To repair articular cartilage injuries, an ideal scaffold should fa-
cilitate hyaline cartilage regeneration accompanied with suppression of
scar and fibrocartilaginous tissue formation [32]. Our results demon-
strated that the S-ELP-DHT scaffolds could improve desirable hyaline
cartilage phenotype while reducing the undesirable fibrocartilage
phenotype. In addition, these findings are consistent with previous re-
ports that SF can facilitate adhesion and proliferation of chondrocytes
and production of cartilaginous matrix in vitro [21,46]; ELP can pro-
mote the rapid accumulation and retention of a chondrocyte-associated
matrix, allowing for the longer-term maintenance of chondrocyte phe-
notype [47]. Taken all together, our S-ELP-DHT scaffolds have great
potential for in vivo articular cartilage repair.

3.3. Evaluations of subcutaneous bone and cartilage regeneration
3.3.1. Ectopic bone formation

The feasibility of designed scaffolds to promote in vivo bone re-
generation was investigated by implanting BMSC-seeded composite

BMSC-seeded S-ELP-DHT composite scaffolds after
implantation into subcutaneous tissue of nude mice
for 1 and 2 months. Sections were stained with H&E,
Safranin-O (S-0), toluidine blue (TB) and Masson's
trichrome staining (MTS), or immunostained for Col
I and Col III to evaluate the ECM deposition and the
structure of regenerated cartilage and bone tissue.
Green arrows indicate SF fibers, black arrows in-
dicate cartilage, yellow arrows indicate calcified
cartilage and red arrows indicate bone. The black
squares represent the below high magnification
images (H&E, S-O, TB and MTS). In the im-
munostained images, red color represents Col I or Col
III while blue color indicates the cell nuclei.

S-ELP-DHT

scaffolds into the subcutaneous pockets in nude mice for 1 and 2 months.
The mice in all groups survived throughout the experiments, and there
were no visible inflammatory reactions, infections or extrusions around
the implantation sites, indicating the in vivo biocompatibility of the
scaffolds. After 1 and 2 months of implantation, we found a thin layer of
white soft tissue formed on the surfaces of SF and S-ELP-DHT composite
scaffolds (Fig. 5A). Notably, the generation of new blood vessels was
observed on the S-ELP-DHT at 2 months post-implantation. This is ad-
vantageous for steady supply of oxygen and nutrients to the implants and
maintenance of the long-term clinical success (Fig. 5A and Fig. S4). Next,
micro-CT analysis was performed to assess the new bone formation of the
implanted scaffolds (Fig. 5A). From the 3D reconstructed images, it could
be clearly found that the S-ELP-DHT scaffolds displayed more significant
new bone formation compared to the SF group after 1 or 2 months of
implantation. Quantitative micro-CT data analysis further confirmed the
markedly higher BVF and BMD values in the S-ELP-DHT scaffolds as
compared to SF group (Fig. 5B).

The H&E staining revealed that the new tissues with histologic ap-
pearance of osteoid were formed within the scaffolds. With increasing
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Fig. 7. Ectopic cartilage regeneration in nude mice. Gross view and histological analysis of chondrocyte-seeded SF and S-ELP-DHT composite scaffolds after im-
plantation into subcutaneous tissue of nude mice for 1 and 2 months. Sections were stained with H&E, S-O, TB and MTS, or immunostained for Col II and Col X to
assess the ECM deposition and the structure of regenerated cartilage tissue. In the immunostained images, green color represents Col II or Col X while blue color

indicates cell nuclei.

in vivo culture time, some parts of the scaffolds were gradually absorbed
without eliciting obvious inflammatory cell infiltration (Fig. 6). To gain
insight into the effect of BMSC-seeded S-ELP-DHT scaffolds on spatial
organization of neo-cartilage formation over time, we performed S-O,
TB and MTS staining to estimate the intensity and distribution of newly
deposited collagen and polysaccharide by BMSCs (Fig. 6). After 2-
month implantation, the S-ELP-DHT scaffolds showed more intense
polysaccharide and collagen deposition compared to the SF group. Al-
most the entire S-ELP-DHT scaffold was remodelled and subsequently
filled with polysaccharide at 2 months. These results demonstrated
more cartilage ECM formation in the S-ELP-DHT scaffolds than in the SF
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group (1 or 2 months), suggesting better endochondral ossification. The
immunohistochemical staining of osteoblastic-specific markers (Col I
and Col III) also showed substantially higher amounts of Col I and Col
III deposition in the S-ELP-DHT scaffolds, which further verified that
our designed scaffolds could promote endochondral bone formation
(Fig. 6 and Fig. S5). Together, these results indicated the S-ELP-DHT
scaffolds could effectively promote the osteogenesis of the seeded
BMSCs and enhance the new bone tissue regeneration in vivo.

3.3.2. Ectopic cartilage formation
Next, we assessed the in vivo cartilage regeneration capability of our
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Fig. 8. Biomechanical and biochemical evaluation
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Fig. 9. Articular osteochondral repair in rabbits. Gross view, micro-CT analysis and MTS of representative cartilage joints from non-treated (negative control), SF and
S-ELP-DHT groups at 2 months after implantation. Normal cartilage joint was used as a positive control. The yellow zones in MTS images were magnified and showed
in the corresponding image underneath.
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S-ELP-DHT scaffolds by implanting chondrocyte-seeded scaffolds into
subcutaneous tissue of nude mice. After 1 and 2 months of implantation,
both SF and S-ELP-DHT scaffolds formed white cartilage-like tissues
(Fig. 7). As showed by the H&E staining, rudimental scaffold material
was still visible without appearance of obvious inflammatory cells; ad-
ditionally, the S-ELP-DHT scaffolds presented a higher density of com-
pact cells and formed more cartilage lacunae (typical cartilage struc-
tures) as compared to SF scaffolds, especially at 1 month post-
implantation (Fig. 7). Furthermore, S-O, TB and MTS staining confirmed
the presence of large quantities of cartilage collagen and polysaccharides
in the S-ELP-DHT scaffolds, indicating its superior ability to promote
cartilage ECM formation in vivo (Fig. 7). We also performed immuno-
fluorescence staining of Col II and Col X to evaluate the phenotype of the
regenerated cartilage tissue (Fig. 7). As known, Col II (the key compo-
nent of the cartilage matrix) is an indicator of articular cartilage, while
Col X (secreted by hypertrophic chondrocytes during the endochondral
bone formation) is a producer of calcifying cartilage [48,49]. According
to the quantitative analysis of immunofluorescence staining results using
Image J and SPSS software, there was no significant difference between
Col II and Col X in each group. Notably, significantly higher amounts of
Col IT and Col X nodules were present and were well distributed in the S-
ELP-DHT group at each time point. The above immunofluorescence
staining results indicated that our S-ELP-DHT scaffolds could promote
both articular and hypertrophic cartilage regeneration, demonstrating its
potential for regeneration and remodelling of osteochondral defects.

To better interpret the regenerative outcomes of different groups,
biomechanical and biochemical evaluations were carried out. As
showed in Fig. 8A and Table S2, the compressive modulus of the re-
generated tissues harvested at 2 months from the SF or S-ELP-DHT
groups was significantly higher than their counterparts harvested at 1
month, implying that the prolonged in vivo implantation might help to
generate more mature cartilaginous tissue. Notably, the S-ELP-DHT
group after 2 months of implantation exhibited stronger compressive
properties than SF group (43.24 + 2.90 vs. 35.67 + 2.81 MPa,
*» < 0.05) and native elastic cartilage (43.24 = 290 vs.
14.97 + 1.54 MPa, ***p < 0.001). Its compressive modulus was even
comparable to that of normal fibrocartilage (43.24 =+ 2.90 vs.
45.50 = 2.20 MPa), enabling this scaffold to meet the mechanical
requirements of functional articular cartilage. GAG quantification
analysis further revealed that the S-ELP-DHT group had higher GAG
contents than the SF group (21.70 = 2.92 vs. 16.06 *= 1.50 mg/g,
**p < 0.01) after implantation in vivo for 2 months (Fig. 8B and Table
S2). Although GAG content of the S-ELP-DHT group was lower than that
of native elastic cartilage (21.70 = 2.92 vs. 31.85 *= 3.13 mg/g,
**¥*p < 0.001), its content was similar to that of native fibrocartilage
(21.70 £ 2.92vs. 21.56 = 1.19 mg/g). Altogether, the above results
indicated our S-ELP-DHT scaffolds could induce chondrocytes to pro-
duce more cartilage-specific matrix and significantly improve the level
of cartilage formation (Fig. S7).

3.4. Assessments of articular cartilage and subchondral bone repair efficacy

Since our S-ELP-DHT scaffold was found able to enhance cell ad-
hesion, infiltration and proliferation, promote the osteogenic differ-
entiation of BMSCs and maintain the phenotype of chondrocytes in vitro
and in vivo, we speculated that this scaffold could facilitate the repair of
cartilage and subchondral bone. To evaluate its therapeutic efficacy for
osteochondral regeneration, we implanted the scaffolds without cells
into the rabbit articular osteochondral defects. After 2 months of im-
plantation, from the gross view of the repaired cartilage tissues, defects
in the negative control and SF groups were still clearly visible with little
fibrillar tissue at the bottom of the drilling hole (Fig. 9). However, we
found the regenerated tissues using the S-ELP-DHT group were well
integrated with the surrounding cartilage tissues and exhibited white
and smooth appearances closely resembling the normal cartilage
(Fig. 9). Micro-CT and histological examination (MTS) additionally

600

Bioactive Materials 6 (2021) 589-601

demonstrated that the osteochondral defects in the S-ELP-DHT scaffolds
were repaired by more subchondral bone and thicker organized carti-
lage-like tissue than those in the negative control and SF groups
(Fig. 9). Moreover, the neotissue was better integrated with the sur-
rounding normal cartilage and subchondral tissue in the S-ELP-DHT
group. These results indicated that the S-ELP-DHT scaffolds could en-
hance the new bone and neocartilage formation in vivo.

4. Conclusion

In the present study, we have developed a novel ELP-modified SF
composite scaffold with porous fibrous structure and distinctive me-
chanical properties by a simple and green DHT treatment. Thanks to the
facile and environment-friendly procedure and the high reproducibility,
the scaffold preparation approach will be easy to popularize. Our S-ELP-
DHT scaffold was found able to support the adhesion, proliferation and
differentiation of BMSCs and/or chondrocytes in vitro and enhance the
cartilage and subchondral bone repair in vivo. This scaffold combines
the advantages of SF and ELP and offers a new solution for cartilage and
osteochondral repair. Beyond osteochondral repair, we envision that
our ELP modified SF scaffolds may also serve as a promising biomaterial
to repair other tissues like skin.
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