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ARTICLE INFO ABSTRACT

Endogenous repair of osteochondral defect is usually limited by the insufficient number of cells in the early stage
and incomplete cell differentiation in the later stage. The development of drug delivery systems for sequential
Silk release of pro-migratory and pro-chondrogenic molecules to induce endogenous bone marrow-derived me-
Sequential delivery senchymal stem cells (BMSCs) recruitment and chondrogenic differentiation is highly desirable for in situ os-
E:[:()C;heres teochondral regeneration. In this study, a novel, all-silk-derived sequential delivery system was fabricated by

incorporating the tunable drug-loaded silk fibroin (SF) nanospheres into a SF porous matrix. The loading effi-
ciency and release kinetics of biomolecules depended on the initial SF/polyvinyl alcohol (PVA) concentrations
(0.2%, 1% and 5%) of the nanospheres, as well as the hydrophobicity of the loaded molecules, resulting in
controllable and programmed delivery profiles. Our findings indicated that the 5% nanosphere-incorporated
matrix showed a rapid release of E7 peptide during the first 120 h, whereas the 0.2% nanosphere-incorporated
matrix provided a slow and sustained release of Kartogenin (KGN) longer than 30 days. During in vitro culture of
BMSCs, this functional SF matrix incorporated with E7/KGN nanospheres showed good biocompatibility, as well
as enhanced BMSCs migration and chondrogenic differentiation through the release of E7 and KGN.
Furthermore, when implanted into rabbit osteochondral defect, the SF nanosphere matrix with sequential E7/
KGN release promoted the regeneration of both cartilage and subchondral bone. This work not only provided a
novel all-silk-derived drug delivery system for sequential release of molecules, but also a functional tissue-
engineered scaffold for osteochondral regeneration.

Keywords:
Osteochondral regeneration

one of the most challenging clinical problems due to the distinct phy-
siochemical and biological properties of cartilage and subchondral bone
[4]. Although there has been some success, current treatments in-

1. Introduction

Articular cartilage defect is a common pathology of the knee joint

and a leading cause of disability worldwide [1]. Physiologically, the
articular cartilage is a transparent connective tissue covering the epi-
physeal surface of the articulating bones, playing the role of reducing
friction between adjacent bones. Articular cartilage is devoid of blood
vessels, nerves, and lymphatics, and has limited self-repair capacity [2].
Often, damage to the chondral region extends to the underlying sub-
chondral bone, leading to progressive total joint destruction (defined as
osteochondral defect) [3]. The management of osteochondral defects is
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cluding subchondral drilling, microfracture and osteochondral auto-
logous/allograft transplantation are limited by the lack of available
tissue, donor site morbidity, mechanical inferiority and host immune
reactions [2,4]. Hence, the ongoing search for appropriate treatment
methods is necessary to enhance osteochondral regeneration.
Recently, in situ tissue engineering provides a promising strategy via
motivating endogenous bone marrow-derived mesenchymal stem cells
(BMSCs) for osteochondral repair [5-7]. The repair process through
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endogenous BMSCs is typically initiated by the earliest response of
BMSCs migration to the defect site, and followed by the process of
BMSCs differentiation to the specific lineages [8,9]. Biomaterials play a
significantly important role as to provide physical protection and to
present biochemical cues to activate the intrinsic regenerative capacity
of BMSCs [10,11]. A broad spectrum of tissue-engineered scaffolds has
been developed for the delivery of pro-migratory and pro-differentia-
tion molecules to improve endogenous osteochondral regeneration via
BMSCs [12-14]. Recently, there has been growing evidence that se-
quential presentation of inductive molecules to coordinate the tissue
repair cascade response would further improve the repair efficacy
[15-18]. Shen et al. reported that the rapid initial release of pro-mi-
gratory stromal cell-derived factor 1 (SDF-1) and the subsequent slow
and sustained release of bone morphogenetic protein 2 (BMP-2) sig-
nificantly enhanced bone regeneration compared to the simultaneous
release of both biomolecules [18]. Directional recruitment of BMSCs
into the defect area in the early stage is a prerequisite for subsequent
BMSCs chondrogenic differentiation, and ultimately osteochondral re-
generation [9]. A variety of natural and synthetic materials have been
explored for the development of sequential biomolecule delivery sys-
tems. The conventional strategy is to load different biomolecules on
different kinds of biomaterials [17,19,20]. These multi-material-based
systems can sequentially release multiple factors due to the different
degradability, hydrophobicity, or surface charge of respective material
fractions [19,20]. However, these systems often require complicated
material compositions, complexed fabrication procedures, and toxic
chemical reagents, which may damage the biomolecule bioactivity and
limit their clinical translation [17,19-21]. In light of this, there is a
great need for the preparation of sequential biomolecule delivery sys-
tems using simple, rapid and green-chemistry techniques.

Silk fibroin (SF), derived from the Bombyx mori (B. mori) silkworm,
is a U.S. Food and Drug Administration (FDA) approved biomaterial for
clinical use. SF has been widely used in tissue engineering applications
due to its good biocompatibility, controllable degradability, robust
mechanical properties, and non-inflammatory byproducts [22,23].
Along with these attractive material properties, SF provides a versatile
biomaterial platform to be processed into different material formats,
including spheres, sponges, hydrogels, and films, etc [15,24,25]. SF
spheres have been explored as an effective carrier for the delivery of
both hydrophilic and hydrophobic molecules due to the amphiphilic
nature [18,26,27]. Wang et al. demonstrated that SF micro/nano-
spheres, prepared through the phase separation method, have tunable
drug loading and release properties by changing the concentration,
molecular weight or ratios between different polymers [27]. The entire
fabrication process is performed under simple, mild, and aqueous
conditions [27]. According to these characteristics, it is speculated that
SF nanospheres can be explored as a sequential biomolecule delivery
system by simply adjusting the nanosphere properties. However, pre-
vious studies have not systematically investigated the potential of SF
nanosphere-based delivery systems for sequential release of multiple
molecules, nor the application of such systems to enhance the in vivo
regenerative process of osteochondral defects.

In this study, we aimed to develop an all-silk-derived sequential
biomolecule delivery system to initially promote BMSCs migration via
the delivery of pro-migratory molecule and then to enhance BMSCs
chondrogenesis through the subsequent sustained release of pro-chon-
drogenic molecule for effective osteochondral regeneration (Scheme 1).
This programmed delivery system consisted of a SF porous matrix in-
corporated with the tunable SF nanospheres that encapsulate BMSC
affinity peptide E7 and chondrogenic molecule Kartogenin (KGN), re-
spectively. E7 is a recently-identified 7-amino acid (EPLQLKM) small
peptide. E7 was chosen because it has a high specific affinity to BMSCs
and has been reported to improve BMSCs adhesion, proliferation and
migration both in vitro and in vivo [28-33]. KGN is a well-recognized
small molecule that can induce MSCs chondrogenesis and promote
cartilage repair without the disadvantages of growth factors such as
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immunogenicity, instability, and short half-life [34-37]. The loading
efficiency and release kinetics of the biomolecules depended on the
initial SF/polyvinyl alcohol (PVA) concentrations (0.2%, 1% and 5%) of
the nanospheres, as well as the hydrophobicity of the loaded molecules,
resulting in controllable and programmed delivery profiles. The pre-
pared SF nanosphere matrix showed a rapid initial release of E7 peptide
with 5% nanospheres during the first few days, and subsequently a slow
and sustained release of KGN with 0.2% nanospheres longer than 30
days. Our results demonstrated that the programmed release of E7 and
KGN from the SF nanosphere matrix effectively promoted the re-
generation of cartilage and subchondral bone in rabbit osteochondral
defect model.

2. Materials and methods
2.1. Preparation of SF solution

SF solution was prepared as previously reported [24]. In brief, raw
silk fibers (Bombyx mori, Zhejiang Xingyue Biotechnology, Hangzhou,
China) were boiled in 0.02 M Na,CO5 for half an hour and then dis-
solved in 9.3 M LiBr for 4 h at 60 °C. After dialysis against ultrapure
water for 48 h, the solution was centrifugated twice at 9000 r.p.m at
4 °C for 20 min, and the supernatant was collected and stored at 4 °C
before use.

2.2. Preparation of SF nanospheres

SF nanospheres were prepared through phase separation between
SF and PVA (Macklin, Shanghai, China) [24,27]. In brief, SF solution
and PVA solution with the same initial concentration (0.2%, 1% and
5%) was mixed with the volume ratio of 1/4. To fabricate the drug-
loaded nanospheres, 100 pg/ml E7 peptide (EPLQLKM, Scilight-Pep-
tide, Beijing, China), 1 pg/ml FITC-labeled E7 (Scilight-Peptide, Beijing,
China), 10 pM KGN (Sigma-Aldrich, St Louis, MO, USA) or 1 pg/ml
Rhodamine B (RhoB, Macklin, Shanghai, China) were added to the
solution. The blend solution was sonicated with an X0-400S ultrasonic
processer (Atpio Co., Nanjing, China) at 25% amplitude for 30 s. The
solution was poured into a petri dish to evenly cover the bottom of the
dish, and was dried overnight in fume hood. The dried film was dis-
solved in ultrapure water under shaking for 30 min and centrifuged at
11000 r.p.m. at 4 °C for 20 min, to remove the residual PVA from the SF
spheres. The supernatant was collected for the measurement of drug
loading efficiency. After removing the supernatant, the pellet was sus-
pended in ultrapure water to obtain the SF nanosphere suspension.

2.3. Preparation of SF nanosphere matrix

SF nanosphere suspension was mixed with 6% SF solution with the
volume ratio of 1/3. The mixture was frozen at —80 °C overnight and
lyophilized for 24 h in a FD-1A-50 freeze dryer (Boyikang, Beijing,
China). Then the scaffold was treated with 90% methanol (Sinopharm,
Shanghai, China) for 1 h to induce crosslinking. After re-lyophilization,
the scaffold was cut into the required size using a biopsy punch. The SF
porous matrix without nanosphere incorporation is termed as PM, and
the SF porous matrix incorporated with 0.2%, 1% or 5% nanospheres is
termed as 0.2%NS-PM, 1%NS-PM or 5%NS-PM, respectively. The un-
loaded, E7-loaded, KGN-loaded or E7/KGN-loaded SF nanosphere ma-
trix is termed as NS-PM, E7@NS-PM, KGN@NS-PM or E7/KGN@NS-
PM, respectively.

2.4. Scanning electron microscope (SEM) imaging

After being freeze-dried and sputter coated with gold, the SF na-
nospheres and SF nanosphere matrices were observed by using a Zeiss
EVO 18 SEM (Carl-Zeiss, Oberkochen, Germany) to evaluate the surface
structure of the sample.
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Scheme 1. Overview of SF nanosphere matrix with sequential E7/KGN release in osteochondral defect repair.

2.5. Dynamic light scattering (DLS) measurement

The hydrodynamic size and surface zeta potential of the SF nano-
spheres was determined using DLS technique with a Zetasizer Nano S90
(Malvern, Worcestershire, UK).

2.6. Mechanical evaluation

An electric universal testing machine (UTM2502; Sunstest,
Shenzhen, China) was used to measure the compressive mechanical
properties of the scaffolds (diameter: 14 mm, height: 6 mm). Sensor of
500 N and crosshead speed of 4.8 mm/min was used. The compressive
modulus of the tested scaffold was calculated from the linear region of
the stress-strain curve.

2.7. Swelling ratio

The swelling ratio of the scaffolds was estimated using the gravi-
metric method as previously [12]. The dry weight of scaffolds (M0) was
determined at the beginning of the assay. After that, scaffolds were
incubated in PBS at 37 °C. At the time point of 1, 8, 24 and 48 h after
incubation, the wet weight of the scaffolds (M1) was measured. The
swelling ratio was calculated as follow:

Swelling ratio = (M1-M0)/MO

2.8. In vitro degradation

The dry weight of the scaffolds (M0) was determined at the begin-
ning of the assay. Subsequently, scaffolds were incubated in PBS at
37 °C with shaking. At the designated time-points, the scaffolds were
washed, dried, and weighed (M1). The weight remaining was calcu-
lated using the equation below:

Weight remaining (%) = M1/M0*100

2.9. Controlled release profile

Scaffolds were incubated in PBS at 37 °C with shaking. At the de-
signated time-points, supernatant fluid was collected for analysis, and
fresh PBS was refilled. The measurement of cumulative release of mo-
lecules was performed on a Synergy H1 microplate reader (BioTek,
Winooski, VT, USA). FITC-labeled E7 was measured at 488/519 nm,
RhoB was measured at 550/620 nm, and KGN was measured at 278 nm.

834

2.10. Cell culture

Primary rat BMSCs (Cyagen Biosciences, Suzhou, China) were cul-
tured in low glucose DMEM (Gibco, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS, Wisent, Canada) and 1% penicillin-
streptomycin (Gibco, Carlsbad, CA, USA). Medium was changed every
3rd day until the cells reached 80%-90% confluence.

2.11. Cell proliferation

BMSCs were seeded on SF nanosphere matrix and cultured for 1, 3
and 5 days. The cell-seeded scaffold was washed with PBS, transferred
to a new well, and incubated in 10% CCK-8 solution (NCM Biotech,
Suzhou, China) at 37 °C for 1 h. The absorbance was measured using an
800 TS microplate reader (BioTek, Winooski, VT, USA) at 450 nm.

2.12. Cell viability

BMSCs were seeded on SF nanosphere matrix and cultured for 3
days. The cell-seeded scaffold was washed with PBS, transferred to a
new well, and stained with DAPI (Beyotime, Shanghai, China) or
Calcein-AM/PI Double Staining Kit (Dojindo, Japan). The cells were
observed using an EVOS FL Auto 2 Cell Imaging System (Invitrogen,
Carlsbad, CA, USA).

2.13. Cell migration

BMSCs were pre-stained with Dil (Beyotime, Shanghai, China) be-
fore being seeded into 24-well plate. A scratch in a confluent monolayer
of BMSCs was performed by using a 200 pl tip in the center of the well.
Subsequently, SF nanosphere matrix was placed into a 0.4 um transwell
insert (NEST Biotechnology, China), which was placed in each well of
the 24-well plate. 1 ml serum-free DMEM was added into each well.
Pictures of cells at 0 and 24 h were captured. The migration area was
quantified using ImageJ software (NIH, Bethesda, MD, USA).

2.14. Chondrogenic differentiation

BMSCs were seeded on SF nanosphere matrix and cultured in
MesenCult™-ACF Chondrogenic Differentiation Kit (STEMCELL
Technologies, Canada) for 14 days. The medium was changed every
other day. Positive induction of chondrogenesis was confirmed by
Alcian Blue staining (1%, pH = 2.5, Macklin, China) for glycosami-
noglycan (GAG) deposition. Then the staining was solubilized with 6 M
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Guanidine-HCl (Aladdin, Shanghai, China) and the absorbance was
measured at 630 nm on a Synergy H1 microplate reader (BioTek,
Winooski, VT, USA).

2.15. Animal model

The study protocol was approved by the Animal Experimental
Ethical Inspection Committee of Southeast University. Adult male New
Zealand white rabbits (~2.5 kg) were used in this study. Osteochondral
cylindrical defects (diameter: 4 mm, height: 3.5 mm) were created on
the patellar groove, and then implanted with the unloaded (NS-PM,
n = 4), E7-loaded (E7@NS-PM, n = 4), KGN-loaded (KGN@NS-PM,
n = 4) or E7/KGN-loaded (E7/KGN@NS-PM, n = 4) SF nanosphere
matrices. After surgery, rabbits were allowed to move freely and fed
with standard food and water. All the animals were sacrificed at 12
weeks post-operation.

2.16. Micro-CT evaluation

Samples were scanned and imaged by using a Micro-CT scanner
(Inveon PET/CT, Siemens, Germany). Reconstruction and data analysis
were performed using the Mimics software (Materialise, Belgium), in-
cluding bone volume/total volume (BV/TV), trabecular thickness
(Tb.Th) and trabecular numbers (Tb.N). A cylindrical region of interest
(ROI, diameter: 4 mm, height: 4 mm) was concentrically positioned
over the defect site with the threshold between 350 and 1080 for car-
tilage analysis, and higher than 1080 for bone analysis.

2.17. Macroscopic and histological assessment

Samples were examined and photographed with a stereo-micro-
scope (SZ61, Olympus, Japan) for macroscopic evaluation according to
the International Cartilage Repair Society (ICRS) macroscopic assess-
ment scale (Table S1) [38]. As for histological assessment, samples were
fixed in 4% paraformaldehyde, and then decalcified in 10% EDTA for 4
weeks under gentle shaking. The decalcified samples were embedded
and sectioned. Hematoxylin and eosin (H&E) staining and Safranine-O
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staining were performed for tissue morphological evaluation and GAG
distribution analysis. Histological evaluation for the overall defect, the
chondral (within the upper 1 mm of the defect) and subchondral
(within the bottom 2 mm of the defect) regions was performed based on
an established histological scoring system (Table S2) [39]. Im-
munohistochemical staining for Aggrecan (Proteintech, China), Col-
lagen I (Proteintech, China) and CD44 (Proteintech, China) was per-
formed to evaluate the expression of cartilage marker, fibrocartilage
marker and BMSCs marker, respectively.

2.18. Statistics

Student's t-test was used for statistical analysis when comparing two
groups. One-way ANOVA with Tukey's multiple comparisons was per-
formed when comparing between more than two groups. Statistical
differences were considered significant at a P-value of < 0.05.

3. Results and discussion

3.1. Fabrication and characterization of SF nanospheres with tunable
properties

SF nanospheres were fabricated by a simple, rapid and green-
chemistry method by phase separation between PVA and SF with the
same concentrations [24,27]. The only chemical used is PVA, an FDA-
approved pharmaceutical ingredient that is ultimately removed from
the SF nanospheres by centrifugation [27]. Under SEM, the SF nano-
spheres fabricated from 0.2%, 1% and 5% SF/PVA concentrations
showed a spherical shape and smooth surface, and their sizes ranged
from about 200 nm to few micrometers (Fig. 1A-F). The spheres in-
crease in size as the initial silk/PVA concentrations increases during SF
sphere preparation. DLS measurements revealed that the average hy-
drodynamic diameter of 234.9 nm for the 0.2% nanospheres, 403.7 nm
for the 1% nanospheres, and 665.1 nm for the 5% nanospheres
(Fig. 1G-I). The 0.2% nanospheres showed more homogeneous size
distribution as compared to the 1% and 5% nanospheres (Fig. 1G-I).
The surface zeta potential for the 0.2% nanospheres (—14.8 mV) was
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more negative than that of the 1% (—9.2 mV) and 5% SF nanospheres
(—10.8 mV) (Fig. 1J).

The prepared SF nanospheres were used for the encapsulation of
BMSC affinity peptide E7 and chondrogenic molecule KGN, which have
been reported to stimulate the recruitment and chondrogenic differ-
entiation of BMSCs respectively [28,33,35,40]. E7 is a 7-amino acid
(EPLQLKM), hydrophilic small peptide (M.W. 858 g/mol), while KGN is
an extremely hydrophobic small molecule (M.W. 317 g/mol) [29,41].
SF molecule have been identified with characteristic amphiphilic
nature, thereby facilitating the loading of both hydrophilic and hy-
drophobic molecules in SF nanospheres [27]. Unloaded nanospheres
could be observed under light microscope (Fig. 2A-C). Weak green
fluorescence was observed from the SF nanospheres encapsulated with
FITC-labeled E7, indicative of successful loading of E7 peptide on the
nanospheres (Fig. 2D-F). The loading efficiency of E7 for the 5% na-
nospheres was approximately 22.6%, significantly higher than that of
the 0.2% nanospheres (12.4%) and the 1% nanospheres (10.7%)
(Fig. 2J). To monitor the loading of hydrophobic small molecule, RhoB
(M.W. 479 g/mol) was encapsulated in the SF nanospheres as a model
molecule because it can emit red fluorescence after excitation. RhoB-
loaded nanospheres showed stronger red fluorescence as compared to
the E7-loaded nanospheres (Fig. 2G-I). A high loading efficiency
of > 60% was measured for the RhoB-loaded nanospheres irrespective
of SF/PVA concentrations (Fig. 2J). The hydrophilicity of the E7 pep-
tide apparently determines its low binding affinity to SF, while the
hydrophobic interactions between RhoB and SF lead to higher binding
than that of E7. This is consistent with the previous report that the
loading efficiency of the hydrophilic molecule (tetramethylrhodamine
conjugated dextran) in SF spheres was significantly lower than that of
the hydrophobic molecules (RhoB or tetramethylrhodamine conjugated
bovine serum albumin) [27].

3.2. SF matrix incorporated with tunable nanospheres mediates
programmed release of biomolecules

The molecule-loaded SF nanospheres were subsequently in-
corporated into a SF porous scaffold to prepare an all-silk-derived drug
release system. Under SEM, SF porous matrix (PM) showed a smooth
surface (Fig. 3A), while the 0.2% nanosphere-incorporated matrix
(0.2%NS-PM) showed a rough and nanoparticulate surface (Fig. 3B). SF
nanospheres were more obviously identified in matrices incorporating
1% and 5% nanospheres (1%NS-PM, Fig. 3C; 5%NS-PM, Fig. 3D). The
incorporation of nanospheres did not significantly altered the com-
pressive modulus of the porous scaffolds, regardless of the size of the
spheres (Fig. 3E). However, the swelling ratio of the 1%NS-PM and 5%

E7@5%NS

RhoB@5%NS
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NS-PM matrices was significantly higher than those of the PM group (1,
8, 24 and 48 h) and the 0.2%NS-PM group (24 h), suggesting higher
water absorption ability (Fig. 3F). When incubated in PBS at 37 °C,
different SF nanosphere-incorporated matrices (0.2%NS-PM, 1%NS-PM
and 5%NS-PM) showed comparable degradation curves with a mass
loss of about 15% in 37 days, which were significantly faster than that
of the pure SF matrix (PM, 3.54% mass loss) (Fig. 4A).

Next, we investigated the release profiles of hydrophilic and hy-
drophobic molecules from the SF nanosphere matrix. The matrix in-
corporated with different SF nanospheres showed distinct release pro-
files of the hydrophilic E7 peptide (Fig. 4B). The 5%NS-PM matrix
released the loaded E7 more rapidly than the 0.2%NS-PM and 1%NS-
PM matrices, with approximately 4-fold released E7 within 120 h
(Fig. 4B). The faster release of E7 from the 5%NS-PM matrix was mainly
attributed to the higher E7 loading efficiency and higher swelling ratio
of the 5%NS-PM matrix, since a high degree of swelling due to water
uptake would increase the released amount of hydrophilic drugs [42].
In contrast, the release curves of the hydrophobic molecules in different
matrices showed similar and sustained trends. Both KGN and RhoB
were released from the matrices more continuously at an almost con-
stant rate (Fig. 4C and D). This is because hydrophobic molecules have
a stronger binding to silk through hydrophobic interactions, and
therefore have higher loading efficiency and slower release kinetics
than hydrophilic molecules [27]. Among the 3 different matrices, the
0.2%NS-PM showed a more sustained release of both KGN and RhoB, as
compared to the 1%NS-PM and 5% NS-PM (Fig. 4C and D). We spec-
ulate that the more negative zeta potential of the 0.2% nanospheres
(—14.8 mV) might contribute to the stronger binding of RhoB (positive
charge) to SF nanospheres via electrostatic attraction, resulting in a
slower release profile than the 1% or 5% nanospheres. Taken together,
the release profiles of the biomolecules from the SF nanosphere matrix
could be tuned to the desired rate by changing the initial SF/PVA
concentrations of the nanospheres, resulting in controllable and pro-
grammed delivery profiles.

The directional migration of endogenous BMSCs to the defect site at
early stage, followed by directed differentiation of BMSCs towards
chondrogenic lineages are integral for efficient osteochondral re-
generation. Our findings indicated that the 5% nanosphere-in-
corporated matrix showed a rapid release of E7 peptide during the first
120 h, whereas the 0.2% nanosphere-incorporated matrix provided a
slow and sustained release of KGN longer than 30 days. Though the
endogenous repair of osteochondral defects differs from the size of the
defects, studies have recognized three typical stages of the repair cas-
cade in rabbit osteochondral model: 1) fibrin clot formation between
days 3 and 7 post-injury, 2) onset of cartilage repair between days 7 and
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Fig. 3. (A-D) SEM images of SF porous
matrix incorporated with different SF
nanospheres. Inserts are the gross
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matrices. (F) Swelling ratio of SF na-
nosphere matrices after being in-
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14 post-injury, and 3) onset of intramembranous and/or endochondral
bone formation between days 21 and 28 post-injury [43]. Therefore, we
consider that the sequential release of E7 from 5% nanospheres fol-
lowing by KGN from 0.2% nanospheres could potentially direct the
coordinated phases of osteochondral regeneration by facilitating BMSCs
recruitment and chondrogenesis. Notably, the programmed release
profiles of pro-migratory and pro-differentiation molecules in this cur-
rent work are basically consistent with the previous report, which have
been proven effective for bone regeneration [18]. In light of these data,
we fabricated the SF nanosphere matrix with sequential E7/KGN re-
lease employing the 5% nanospheres for the encapsulation of E7, and
the 0.2% nanospheres for the encapsulation of KGN, for the following
experiments.
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3.3. SF nanosphere matrix with sequential E7/KGN release enhances
BMSCs migration and chondrogenic differentiation in vitro

We next evaluated the biocompatibility and biofunctionality of the
SF nanosphere matrices on in vitro cultured BMSCs. CCK-8 analysis
showed that the cell proliferation rates increased over time on SF na-
nosphere matrices with or without biomolecule loading (Fig. 5A).
BMSCs were able to adhere and grow on the matrices, as evidenced by
the DAPI staining (Fig. 5B) and the Live/dead staining (Fig. 5C, Fig. S1)
after 3 days of culture, indicating good biocompatibility of the SF na-
nosphere matrices.

Since BMSC affinity peptide E7 is a recognized biomolecule which
can target BMSCs recruitment and promote BMSCs adhesion
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Fig. 4. (A) In vitro degradation curves of SF nanosphere matrices in PBS at 37 °C. (B) Cumulative E7 release from SF nanosphere matrices at 37 °C. (C) Cumulative
KGN release from SF nanosphere matrices at 37 °C. (D) Cumulative RhoB release from SF nanosphere matrices at 37 °C. *P < 0.05, ***P < 0.001.
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[28-30,33], the nanosphere matrices with E7 incorporation (E7@NS-
PM, E7/KGN@NS-PM) enhanced BMSCs migration compared to the
unloaded matrix (NS-PM) or the KGN-loaded matrix (KGN@NS-PM) as
evidenced by the in vitro scratch assay (Fig. 5D and E). KGN is a well-
identified small molecule that can induce the selective differentiation of
MSCs into chondrocytes [34-36]. BMSCs-seeded SF nanosphere ma-
trices were cultured in chondrogenic medium for 14 days and stained
with Alcian blue for the evaluation of GAG deposition. The KGN-loaded
matrices (KGN@NS-PM, E7/KGN@NS-PM) showed more intensive
staining than the NS-PM and E7@NS-PM matrices (Fig. 5F). Further
quantification of Alcian blue staining by measuring the absorbance of
the eluent at 630 nm revealed that the KGN@NS-PM and E7/KGN@NS-
PM groups displayed more than 2-fold GAG synthesis as compared to
the NS-PM and E7@NS-PM groups (Fig. 5G).

3.4. SF nanosphere matrix with sequential E7/KGN release promotes
osteochondral regeneration in vivo

We further investigated the therapeutic efficacy of the SF nano-
sphere matrices on in situ osteochondral repair. The unloaded (NS-PM),
E7-loaded (E7@NS-PM), KGN-loaded (KGN@NS-PM) or E7/KGN-
loaded (E7/KGN@NS-PM) nanosphere matrices were implanted into

E7@NS-PM KGN@NS-PM E7/KGN@NS-PM
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Fig. 5. (A) The proliferation of BMSCs
cultured on SF nanosphere matrices
measured by CCK-8 at 1, 3, and 5 days.
NTC: negative control, 5% DMSO; PTC:
positive  control, normal culture
medium. (B) DAPI staining of BMSCs
after 3 days of culture on SF nano-
sphere matrices. Scale bars = 100 pm.
(C) Live/dead staining of BMSCs after 3
days of culture on SF nanosphere ma-
trices. The superimposed image shows
both Calcein AM (green, live) and
PI (red, dead) staining. Scale
bars = 300 um. (D) BMSCs migration
exposed to different SF nanosphere
matrices examined by the in vitro
scratch assay. Cells were pre-stained
with Dil. The white lines indicate cell
migration fronts. Scale bars = 500 pm.
(E) Quantification of the relative mi-
gration area. The migration area in the
NS-PM group was set as 1. (F) Alcian
blue staining of BMSCs-seeded SF na-
nosphere matrices after 14 days of
culture in chondrogenic medium. (G)
Quantification of Alcian blue staining
by measuring the absorbance of the
eluent at 630 nm. The staining intensity
in the NS-PM group was set as
1P < 005 **P < 0.01,
***p < 0.001.

Relative Alcian blue staining

rabbit osteochondral defects on patellar groove, respectively. After 12
weeks, macroscopic images reveled that the cartilage surfaces of the
NS-PM (Fig. 6A and E) and KGN@NS-PM (Fig. 6C and G) groups was
not fully repaired, and there were large defects in the central region. In
contrast, a fully-filled, white and well-integrated regenerated cartilage
tissue was found in the E7/KGN@NS-PM group (Fig. 6D and H). In the
E7@NS-PM group, the defect was almost completely repaired, but a
small hole remained in the center of the newly-formed tissue (Fig. 6B
and F). Subsequent measurements of the repaired tissue area further
confirmed this observation. Defects treated with E7/KGN@NS-PM
matrix showed the highest repair efficacy, with an average repaired
tissue area ratio of 89%, which was higher than that of the NS-PM
(68%), E7@NS-PM (87%) and KGN@NS-PM (64%) matrices (Fig. 6I).
Additionally, according to the ICRS repair assessment for macroscopic
observations, the overall scores of the E7Z@NS-PM and E7/KGN@NS-
PM groups were significantly higher than those of other groups
(Fig. 6J).

3D reconstruction from Micro-CT images revealed that in the sub-
chondral bone area, in contrast to the small amount of calcified tissue in
the NS-PM (Fig. 7A and E), EZ@NS-PM (Fig. 7B and F) and KGN@NS-
PM (Fig. 7C and G) groups, a large amount of newly-formed bone tissue
was found in the E7/KGN@NS-PM group (Fig. 7D and H). Fig. 7I-K
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Fig. 6. (A-D) Gross morphology of joint samples harvested at 12 weeks post-operation. The black circles indicate the original defect borders. (E-H) Sagittal views of
osteochondral defects at 12 weeks post-operation. The black boxes indicate the original defect borders. (I) Quantitative analysis of the repaired tissue area per total
defect area (%). (J) Macroscopic evaluation according to the ICRS macroscopic scores. *P < 0.05, **P < 0.01, ***P < 0.001.

showed the quantification of bone formation by BV/TV, Tb.Th and
Tb.N. For all measured parameters, the E7/KGN@NS-PM group had the
highest values, while the NS-PM group had the lowest values among the
4 groups. In addition, the calculated BV/TV and Tb.Th of the E7/KGN@
NS-PM group were significantly higher than those of the NS-PM group
(Fig. 71-K).

Histological analysis for osteochondral defect repair at 12 weeks
post-implantation was further performed using the H&E and Safranin-O
staining. In the NS-PM and KGN@NS-PM groups, the defects were not
adequately repaired with only a small amount of fibrous tissue filled the
defect area, leaving large residual void spaces in the center (Fig. 8A, 8C,
8E, 8G). The defects in the E7Z@NS-PM group were filled with a certain
amount of loosely arranged, weakly stained fibrous tissue in both the
cartilage and the subchondral area (Fig. 8B and F). In clear contrast, the
E7/KGN@NS-PM group displayed enhanced regeneration of both car-
tilage and subchondral bone. The osteochondral defect was almost
covered by abundant hyaline cartilage-like tissue that was well-in-
tegrated with the surrounding tissue (Fig. 8D and H). Consistent with
this observation, the E7/KGN@NS-PM group showed the highest his-
tological total score, cartilage sub-score and subchondral bone sub-
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score among the 4 groups, which were significantly higher than those of
the NS-PM group (Fig. 8I-K).

At 12 weeks post-implantation, immunohistochemical staining dis-
played a more intense Aggrecan staining in the repaired tissue from the
E7/KGN@NS-PM group, as compared to the other groups (Fig. 9A-D).
Immunohistochemical staining of fibrocartilage marker Collagen I
showed that the neo-tissue in the cartilage area was weakly positive in
the NS-PM, E7@NS-PM and KGN@NS-PM groups, but negative in the
E7/KGN@NS-PM group (Fig. 9E-H). It indicated that the E7/KGN@NS-
PM matrix promoted cartilage repair without fibrocartilage remodeling.
The repaired tissue in the E7Z@NS-PM and E7/KGN@NS-PM groups
displayed higher proportion of CD44-positive cells as compared to the
NS-PM and KGN@NS-PM groups, indicating that the E7-loaded ma-
trices could more efficiently recruit endogenous BMSCs from the bone
marrow (Fig. 10A-D). These findings are consistent with the previous
reports that E7-conjugated PCL meshes could selectively capture CD44-,
CD90-, and CD105-positive BMSCs both in vitro and in vivo [30].

The endogenous repair efficacy of osteochondral defect is limited in
part by the insufficient number of cells in the early stage and the in-
complete cell differentiation in the later stage. The rapid release of pro-
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Fig. 7. 3D reconstruction from Micro-CT images of the repaired osteochondral tissue at 12 weeks post-operation. (A-D) Top view. The black circles indicate the
original defect borders. Cartilage is denoted in blue and bone is denoted in yellow. (E-H) Cross-sectional view. Cartilage is denoted in blue and bone is denoted in
yellow. Quantitative measurements of Micro-CT bone remodeling: (I) BV/TV (%), (J) Tb.Th, and (K) Tb.N. *P < 0.05.

migratory factor E7 can recruit endogenous BMSCs to the defect site,
which are the building blocks for subsequent tissue repair [9]. It can be
confirmed from our results as only a very small amount of neo-tissues
have been formed in the defects without E7 presentation (NS-PM,
KGN@NS-PM), indicative of lack of cells. We noticed that the SF na-
nosphere matrix loaded with E7 alone (E7@NS-PM) indeed induced
more abundant generation of neo-tissues as compared to the matrices
without E7 loading (NS-PM and KGN@NS-PM). However, the repaired
tissue in the E7Z@NS-PM group was mostly immature fibrous tissue as
shown by the histological staining (Fig. 8B and F). In contrast, con-
siderable hyaline cartilage-like tissue was generated in the E7/KGN@
NS-PM treated defects (Figs. 8D, 8H, 9D, 9H). Such enhanced repair
efficacy is mostly attributed to the sustained delivery of KGN, the pro-
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chondrogenic molecule, to the cells that have been recruited to the
defect site by E7.

Although our prepared SF nanosphere matrix with sequential E7/
KGN release substantially improved the regeneration of osteochondral
defects, the regenerated tissue was still inferior to normal hyaline car-
tilage, which indicates that the scaffold needs to be further optimized to
achieve better repair efficacy. We found that in most repaired samples,
the SF porous matrices were not adequately degraded. Scaffold de-
gradation rate slower than tissue regeneration has been shown to im-
pede neo-tissue ingrowth [44]. The degradability of the SF matrix can
be optimized by changing the concentration or degree of crosslinking of
the porous matrix, or using more degradable formats such as SF hy-
drogels or electrospun fibers, to coordinate the repair process [45-47].
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E7/KGN@NS-PM Fig. 8. (A-D) H&E staining images and

(E-H) Safranine-O staining images of
the repaired osteochondral tissue at 12
weeks post-operation. The lower panels
represent higher magnification images
of the corresponding black boxes in the
upper panel. Scale bars = 1000 um in
the upper panel and 200 pm in the
lower panel. (I) Histological evaluation

according to the established histolo-
gical scoring system. (J) Histological
evaluation of repaired cartilage ac-
cording to the cartilage sub-scores of
the histological scoring system. (K)
Histological evaluation of repaired
subchondral bone according to the

KGN@NS-PM

subchondral bone sub-scores of the
histological scoring system.
*P < 0.05, **P < 0.01.
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Furthermore, other combinations of pro-migratory and pro-differ-
entiation molecules can also be applied to this all-silk-derived sequen-
tial delivery system to seek enhanced effects.

4. Conclusions

In conclusion, this study detailed the development and application
of an all-silk-derived functional nanosphere matrix for sequential de-
livery of E7 and KGN to direct the coordinated phases of osteochondral
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10+

Subchondral bone evaluation 2~

regeneration. By simply changing the initial SF/PVA concentrations of
the nanospheres, this specially designed system offered a rapid initial
release of E7 to recruit BMSCs at an early stage, and a relatively slow
and sustained release of KGN to induce BMSCs chondrogenesis, thereby
enhancing osteochondral regeneration. These results provide a pro-
mising tissue engineered-scaffold for clinical treatment of osteochon-
dral defects, and this all-silk-derived sequential biomolecule delivery
system may have broad implications for improving the therapeutic ef-
ficacy of tissue engineering and regenerative medicine researches.
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Fig. 10. Immunohistochemical staining for CD44 of the repaired osteochondral tissue at 12 weeks post-operation. The lower panels represent higher magnification
images of the corresponding black boxes in the upper panel. Scale bars = 1000 pum in the upper panel and 200 um in the lower panel.
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