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Abstract: A 3-D scaffold that simulates the microenvironment in vivo for regenerating cartilage
is ideal. In this study, we combined silk fibroin and decellularized cartilage extracellular matrix
by temperature gradient-guided thermal-induced phase separation to produce composite scaffolds
(S/D). Resulting scaffolds had remarkable mechanical properties and biomimeticstructure, for
a suitable substrate for attachment and proliferation of adipose-derived stem cells (ADSCs).
Moreover, transforming growth factor B3 (TGF-B3) loaded on scaffolds showed a controlled
release profile and enhanced the chondrogenic differentiation of ADSCs during the 28-day
culture. The S/D scaffold itself can provide a sustained release system without the introduction
of other controlled release media, which has potential for commercial and clinical applications.
The results of toluidine blue, Safranin O, and immunohistochemical staining and analysis of
collagen II expression showed maintenance of a chondrogenic phenotype in all scaffolds after
28-day culture. The most obvious phenomenon was with the addition of TGF-B3. S/D composite
scaffolds with sequential delivery of TGF-B3 may mimic the regenerative microenvironment
to enhance the chondrogenic differentiation of ADSCs in vitro.

Keywords: cartilage tissue engineering, composite scaffold, silk fibroin, decellularized cartilage

extracellular matrix, adipose-derived stem cells, transforming growth factor B3 (TGF-B3)

Introduction
Articular cartilage tissue, which can be injured by trauma, infection, osteoarthritis
and other diseases, provides near-frictionless motion between articulating surfaces
and supplies support and protection for bones of synovial joints."* Because of poor
regenerative capacity of cartilage, the repair of defective cartilage remains a great
challenge in clinical therapy. Tissue engineering represents a promising approach for
repair of articular cartilage defects, because it could constitute complete recovery for
the patient and meet the clinical need. Previous studies of cartilage tissue engineering
have focused on scaffolds, seed cells, growth factors and other facets.>* However,
the current regenerated cartilage in vitro is unsatisfactory for fabrication of ideal
three dimensional (3-D) microenvironment because of non-homogeneous cartilage
architecture, poor mechanical property and unfeasible controlled release system for
growth factors.®

To overcome the problems of non-homogeneous architecture and poor mechanical
properties of scaffolds, recent studies have found that oriented scaffolds, which can
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mimic the native cartilage structure, could better regulate the
distribution, alignment, and migration of mesenchymal stem
cells (MSCs) or chondrocytes compared with a non-oriented
scaffold.> However, the optimal scaffold matrix derived from
both natural and synthetic materials is required for cartilage
tissue engineering.’

Decellularized cartilage extracellular matrix (DC-ECM)
prepared by removing chondrocytes from native cartilage
tissue could preserve most of the main ECM constituents
of native cartilage, including glycosaminoglycan (GAG)
and collagen type II. The scaffolds derived from DC-ECM
possess excellent biocompatibility and provide a natural
microenvironment for supporting MSC attachment, pro-
liferation and differentiation into chondrocytes.” However,
DC-ECM scaffolds cannot satisfy the clinical application
because of poor biomechanical properties. To overcome this
problem, bioactive composite scaffolds developed for carti-
lage regeneration have been considered an effective strategy.®’
Silk fibroin (SF), a natural fibrous protein, has been used as
a potential biomaterial for a number of biomedical and bio-
technological applications because of'its excellent biological
compatibility, mechanical strength, and biodegradation.'®!!
Therefore, a hybrid composite scaffold of SF and DC-ECM
(S/D) might meet the needs of clinical application.

Adipose-derived stem cells (ADSCs), which can be har-
vested from autologous fat tissue with minimal injury, can
be induced to differentiate into chondrocytes and osteoblasts
under appropriate conditions.'*"* Thus, ADSCs as seeded
cells are widely used for cartilage tissue engineering. !¢

Chondrocyte-related growth factors such as transform-
ing growth factor B,'” bone morphogenetic proteins,'® and
insulin-like growth factor' play a critical role in develop-
ing an appropriate microenvironment in cartilage tissue
engineering.”’ However, the uncontrolled delivery of these
factors may decrease their full reparative potential and
have unwanted morphological effects.?*> To regulate the
release of factors, loading microparticle containing fac-
tors into the scaffolds? and covalently binding the factors
to the scaffolds have been used in recent research of
chondrogenesis.*** However, the effect of microspheres
themselves on cell differentiation and covalent binding on
the activity of factors cannot be well controlled, so both
methods do not mimic the natural presentation of the factors
in vitro.?® In addition, the preparation of these controlled
release systems is relatively complicated. Thus, there is
an urgent need to develop simple and stable methods for
the spatial and temporal control release of factors in 3-D
scaffolds.

The aim of this study was to fabricate biomimetic S/D
scaffolds with a controlled release system to mimic an ideal
3-D microenvironment of chondrogenesis in vitro. We first
fabricated composite scaffolds with SF and DC-ECM, then
evaluated the chondrogenic proliferation and differentiation
of rabbit ADSCs on the scaffolds by the cell morphology,
attachment, proliferation, and chondrogenic gene expression.
The ECM production was analyzed by qualitative histology
and immunohistochemistry and quantitative biochemical
analysis. Finally, we utilized the release kinetics of factors
to determine whether the S/D scaffold itself could be used
as a delivery system to control the release of transforming
growth factor-B3 (TGF-33).

Materials and methods

Materials and reagents

Porcine articular cartilage ECM was obtained from Fresh
porcine articular cartilage by decellularization with previ-
ously described methods.* Bombyx mori silkworm silk was
purchased from Yun Tun Silk Textile Co. (Tong Xiang,
People’s Republic of China). SF solution was prepared as
described.?” Other materials, including biochemical and
chemical reagents, are listed in supporting information.

Preparation of scaffolds

DC-ECM scaffolds were prepared by using temperature
gradient-guided thermal-induced phase separation (TIPS)
followed by freeze-drying (Figure 1).* Briefly, a plastic
syringe with a flat bottom was surrounded by thermal insu-
lation polystyrene material except for the top and bottom,
and a mixed slurry with different composite of S/D at
3 wt% was loaded to form a mold-slurry device, which was
placed onto the top of a cold liquid bath at —20°C to from
a temperature gradient from the bottom to the top of the
slurry. During the cold process, ice crystals in the slurry
were formed and grew longitudinally from the bottom to
the top. After 12 h, the frozen mold-slurry device was then
quickly transferred into a lyophilizer and lyophilized for 24 h
to obtain an oriented S/D composite scaffold. All scaffolds
were cross-linked in an ethanol solution containing 50 mM
1-ethyl-3-3-dimethyl aminopropyl carbodiimide and 20 mM
N-hydroxysuccinimide at 37°C for 24 h, then washed repeat-
edly with dH,0. To develop the TGF-3 delivery system,
TGF-B3 was coated onto scaffolds saturated with a buffer
solution containing TGF-B3 (Peprotech, Rocky Hill, NJ,
USA; 400 ng/mL) at 4°C for 24 h. The TGF-B3-loaded
scaffolds were then lyophilized. All processes were carried
out under sterile conditions.
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Abbreviations: DC-ECM, decellularized cartilage extracellular matrix; SF, silk fibroin.

Isolation and culture of ADSCs

ADSCs were isolated from 4-month-old New Zealand rabbits
as described.”” All experimental protocols were approved
by the Animal Experimental Ethics Committee of Tianjin
Hospital. All animals were handled in accordance with the
animal care guidelines of Animal Experimental Ethics Com-
mittee of Tianjin Hospital. Briefly, adipose tissue derived
from subcutaneous tissue of the necks of the rabbits was
harvested and thoroughly washed 3 times with PBS solu-
tion containing 10% penicillin/streptomycin (both Gibco,
Grand Island, NY, USA). Then visible blood vessels and
connective tissue were removed. The cleaned adipose tissue
was digested with 0.1% type I collagenase (Gibco) at 37°C
for 1 h. To counteract the type I collagenase activity, 5 mL
DMEM containing 10% fetal bovine serum (FBS) was added.
The obtained tissue homogenate was centrifuged at 300 g,
the supernate was removed along with the mature adipocytes,
and the ADSCs were left as residue. The resulting ADSC
pellet was resuspended in DMEM containing 20% FBS and
1% penicillin/streptomycin, then cultured in flasks in a 5%
CO, humidified incubator at 37°C. Non-adherent cells were

removed by changing the medium, and adherent cells were
expanded to passage 3.

Characterization of scaffolds

The morphology of scaffolds was characterized by scanning
electron microscopy (SEM). Briefly, the scaffold specimens
were cut into cross and longitudinal sections by using a
scalpel blade. All sections were examined by SEM (Quanta
200, FEI; Hillsboro, OR, USA) after being coated with
gold—palladium. Average pore size was determined by mea-
suring >50 random pores with sizes >20 wm, selected from
the SEM images by use of ImageJ (U.S. National Institutes
of Health, Bethesda, MD, USA).

Cytotoxicity assay

The cytotoxicity of the scaffold resulting from the residual
reagents and/or processing was determined by assess-
ing cell proliferation with a cell counting kit-8 (CCK-8;
Dojindo, Rockville, MD, USA). The leaching fluids of the
scaffolds were obtained as described.”’” ADSCs (3x10° in
200 uL suspension) were seeded into 96-well plates and
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incubated in leaching fluids for 1, 3, 5, and 7 days. As a
control group, ADSCs of the same density were incubated
in DMEM (Gibco) containing 10% FBS (Gibco) for 1,
3, 5, and 7 days. After incubation, cell samples (n=5)
were obtained, rinsed in Hanks salt solution (Gibco),
then incubated with 100 uL fresh DMEM containing
10% CCK-8 solution and 10% FBS at 37°C in a 5% CO2
humidified incubator at 37°C for 2 h. OD at 450 nm was
measured by using a microplate reader (iMark, Bio-Rad,
Tokyo, Japan).

Adhesion and viability of ADSCs within

the scaffolds

To evaluate the adhesion of ADSCs on the DC-ECM and S/D
scaffolds, scaffolds were first transferred to 12-well plates,
then 50 uL of a suspension containing 5x10° ADSCs was
seeded into each scaffold, and plates were incubated in a
5% CO, humidified incubator at 37°C for 2 h, then 3 mL of
medium was added to each well and plates were transferred
back to the incubator for 7 days of culture. Medium was
changed every 3 days. After 7 days of culturing, scaffolds
with cells were fixed with 2.5% glutaraldehyde at 4°C for
12 h, then dehydrated through a graded ethanol series. The
dried scaffolds were cut into cross sections of 1-mm thick and
coated with gold. The adhesion of ADSCs on the scaffolds
was observed by SEM.

The viability of the ADSCs within the scaffolds was
assessed by use of a live/dead cell viability assay kit (Abcam,
Cambridge, UK) as per the manufacturer’s instruction after
7 days of culture. After incubation with the live/dead staining
solution for 30 min, live cells (green) and dead cells (red)
were observed by confocal microscopy (Leica , Heidelberg,
Germany).

Preparation of cell-scaffold constructs

Each scaffold was seeded with 5x10° ADSCs. As a control,
cell-scaffolds not loaded with TGF-B3 were maintained in
chemically defined chondrogenic medium (CDM) without
TGF-B3 for 28 days. For the experimental group, non-TGF-
3-loaded constructs were maintained in CDM and TGF-[33-
loaded constructs were maintained in CDM without TGF-33
for 28 days. CDM consisted of DMEM supplemented with
10% FBS, penicillin (100 U/mL)/streptomycin (100 pg/mL),
100 pg/mL sodium pyruvate, 300 pg/mL L-glutamine,
40 pg/mL L-proline, 50 nug/mL L-ascorbic acid-2-phos-
phate, 1.5 mg/mL bovine serum albumin (BSA; Roche,
San Francisco, CA, USA), 1x insulin-transferrin-selenium,

100 nM dexamethasone (all from Sigma, St Louis, MO, USA)
and 10 ng/mL TGF-f33.

Biochemical analysis

Sulfated GAG and collagen are 2 key components of native
cartilage.”®? The constructs were biochemically analyzed
for total GAG and collagen content on days 1, 14 and 28.
Four samples (n=4) were analyzed for each time.

The content of GAG was estimated by using the dimethyl-
methylene blue dye-binding assay kit (Biocolor, Carrickfergus,
UK). Collagen content was determined by measuring hydroxy-
proline content after basic hydrolysis of the samples at 90°C
for 20 min. Samples were assayed by using a chloramine-T
assay assuming a hydroxyproline/collagen ratio of 1:7.69.

Histology and immunohistochemistry

After 14 and 28 days of culture, constructs were fixed in 4%
paraformaldehyde (Solarbio, Beijing, People’s Republic of
China) solution at 4°C for 12 h, washed in PBS, dehydrated
through a graded ethanol series and wax-embedded, then
sectioned in 10 um thick slices and mounted on slides.
Sections were deparaffinized, rehydrated and stained with
hematoxylin and eosin (H&E; Sigma) to observe cells within
the scaffolds,* then stained with toluidine blue and safranin
O to evaluate GAG. Collagen type II content was detected
by immunohistochemistry. Deparaffinized and rehydrated
sections were incubated for 10 min with a 3% peroxidase
solution, blocked with 5% BSA (Roche) solution for 5 min,
incubated with the mouse monoclonal anti-collagen II anti-
body (1:100; Abcam) at 4°C overnight, then washed and
incubated with biotinylated secondary antibody for 20 min.
The treated sections were incubated with streptavidin-biotin
complex for 20 min at 37°C, followed by color development
with diaminobenzidine tetrahydrochloride (Dako, Glostrup,
Denmark), then observed by inverted light microscopy (Leica).
Blank scaffolds were also analyzed as described previously.

TGF-33 release from scaffolds

To evaluate the TGF-B3 release potency of the TGF-B3-
loaded scaffolds, a TGF-33 enzyme-linked immunosorbent
assay (ELISA) assay kit (R&D Systems, Minneapolis, MN,
USA) was used according to the manufacturer’s instructions.
Briefly, 4 scaffold samples were placed in a 12-well plate
supplemented with 3 mL sterile PBS per well and incubated
ina 37°C, 5% CO, incubator for 28 days. The PBS samples
were collected for ELISA and exchanged with fresh PBS
every day. Plates with 96 wells were coated with 360 pg/mL
capture antibody (mouse anti-human TGF-33) before assay.
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PBS samples and TGF-f3 standards were added and incu-
bated for 2 h. After washing and drying, detection antibody
(18 pug/mL of biotinylated goat anti-human TGF-B3) was
added and incubated for 2 h. Plates were washed, dried, and
incubated in horseradish peroxidase-conjugated streptavidin
for 20 min in the dark. Substrate solution (1:1 mixture of
H,0, and tetramethylbenzidine) was added to each well for
20 min, avoiding direct light. Stop solution (2 N H,SO,) was
added and the optical density was determined immediately
with a microplate reader set to 450 nM.

Real-time reverse transcription polymerase chain
reaction (RT-PCR) assay of chondrogenic-related
gene expression

The expression of chondrogenic-related genes (superoxide
dismutase 9 [SRY-Box 9], collagen type II, and aggrecan)
was analyzed by RT-PCR. After 14, 21 and 28 days of
culture, 4 cell-scaffold constructs at each time point were
ground to a powder with use of a mortar filled with liquid
nitrogen and a pestle, and the resulting powders were
immersed in TRIzol reagent (Invitrogen, Camarillo, CA,
USA). RNA was extracted by following the manufacturer’s
protocol. The total RNA concentration was quantified by
use of a NanoDrop1000 (Thermo Scientific, Chelmsford,
MA, USA). Subsequently, 2 pug total RNA was reverse-
transcribed by use of a First cDNA synthesis kit (Fermentas
Life Sciences, York, UK). RT-PCR involved use of the
SYBR green system (Fermentas Life Sciences) at 95°C
for 10 min, followed by 40 cycles at 94°C for 30 s, 56°C
for 60 s, and 72°C for 40 s. Expression was calculated by
the 2724 method and normalized to that of glyceraldehyde-
3-phosphate dehydrogenase. Primer sequences are in Table 1.
As controls, ADSCs were seeded into DC-ECM and S/D
scaffolds, cultured in non-chondrogenic-induced medium
for 1 day, for analysis of genes expression.

Compression testing
Compressive elastic moduli of the blank scaffolds (n=4)
and constructs (after 14 and 28 days of culture; n=4) were

measured by using a micromaterial mechanical testing sys-
tem (MTF-100, Tianjin, People’s Republic of China). Blank
scaffolds were immersed in PBS for 12 h before testing.
Blank scaffolds and constructs were fixed on the clamp of
the testing system. A constant compression speed of 0.5 mm/
min was used. Stress—strain curves were recorded by use of
the computer software. Compressive elastic moduli were
calculated from the slopes of the stress—strain curves.

Statistical analysis

SPSS v19.0 (SPSS Inc., Chicago, IL, USA) was used for
data analysis. Data are presented as mean + SD and were
compared by one-way analysis of variance and Newman—
Keuls comparison test. P<<0.05 was considered statistically
significant.

Results

Characterization of the scaffolds

Cross sections of DC-ECM and S/D scaffolds were uniform
microporous, and longitudinal sections showed oriented
microtubular-like structures from the TIPS technique
(Figure 2A-D). The mean pore diameter of DC-ECM and
S/D scaffolds ranged from 100 to 200 wm and porosity from
100 to 300 um. Cytotoxicity assay with a CCK-8 kit revealed
no significant difference in absorbance between the leaching
fluids of the scaffolds and DMEM (Figure 2E), which sug-
gested no cytotoxic effect of the scaffolds on ADSCs.

Adhesion and viability of ADSCs within
the scaffolds

ADSCs could adhere and spread well on the walls of pores in
both scaffolds (Figure 3A, B, E and F). Moreover, the adhered
ADSCs could secrete ECM, which indicated that both scaf-
folds had good cytocompatibility with ADSCs and could
support the attachment and growth of ADSCs. Live/dead
staining after 3 and 7 days of culture revealed that ADSCs
proliferated remarkably over time (Figure 3C, D, G and H).
Most cells within both scaffolds were marked with green
fluorescence (live cells), with almost no red fluorescence

Table | Reverse transcription polymerase chain reaction primer sequences

Gene Primer sequences

Forward Reverse
GAPDH GACTGATGTTGTTGACAGCCACTGC TAGCCACTCCTTCTGTGACTCTAAC
Collagen Il CACCACGCTCTTCTGTCTACTGAAC TGCCACAAGCAGGAATGAG
Aggrecan CTGCCTCAGGGATCCGTAAAG CCTCTGCCTCAGGAATGACAT
SOX-9 CCTTGAGTCCTTGCGCGGCA TTGGCCCTCCTCCTCCAGCC

Abbreviation: GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 2 Representative SEM images of (A) cross sections and (B) longitudinal sections of S/D scaffold. SEM image of (C) cross sections and (D) longitudinal sections of
DC-ECM scaffold. (E) Cytotoxicity assay of the scaffolds by CCK-8 kit to assess cell proliferation.

Notes: Data are mean + SD, n=4. *P<0.01.

Abbreviations: DC-ECM, decellularized cartilage extracellular matrix; S/D, hybrid composite scaffold of silk fibroin and DC-ECM; SEM, scanning electron microscope.

(dead cells). Therefore, ADSCs could survive within both  growth rates with than without TGF-B3 loading (Figure 4A
scaffolds. and C). Exogenously supplying TGF-3 could promote

superior chondrogenesis. Furthermore, the increased total
Biochemical analysis collagen and GAG content was higher in TGF-B3-loaded
Total collagen and GAG content of cell-scaffold constructs ~ S/D than DC-ECM scaffolds after 28 days of culture
increased gradually with culture time, with much higher  (Figure 4B and D).

Figure 3 Representative images of adhesion (A, B, E, F) and viability (C, D, G, H) of ADSCs within scaffolds.

Notes: SEM images of (A, B [enlarged inset of A]) S/D scaffolds and (E, F [enlarged inset of E]) of DC-ECM scaffolds seeded with ADSCs after 48 h of culture. Confocal
microscopy images of live/dead staining of (C, D) S/D scaffolds and (G, H) DC-ECM scaffolds seeded with ADSCs after 3 and 7 days of culture, respectively.
Abbreviations: ADSCs, adipose-derived stem cells; DC-ECM, decellularized cartilage extracellular matrix; S/D, hybrid composite scaffold of silk fibroin and DC-ECM;
TGF-B3, transforming growth factor 3.
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Notes: Content of (A) total collagen and (B) collagen with TGF-B3 loading after 14 and 28 days of culture. Content of (C) total GAG and (D) GAG with TGF-B3 loading

after 14 and 28-day culture. Data are mean + SD, n=4. **P<0.01.

Abbreviations: GAG, glycosaminoglycan; S/D, hybrid composite scaffold of silk fibroin and DC-ECM; TGF-B3, transforming growth factor 3.

Histology and immunohistochemistry
DC-ECM and S/D scaffolds loaded with TGF-B3 appeared
similar to natural cartilage tissue after 28 days of culture
(Figure 5A—C). However, scaffolds without TGF-33 could
not form natural cartilage-like constructs.

For blank scaffolds, H&E staining revealed no intact
cell or nucleus within DC-ECM or S/D scaffolds (Figure 5D
and H). Staining was positive for toluidine blue (Figure SE
and I), safranin O (Figure 5F and J), and immunohistology
staining (Figure 5G and K) for both scaffolds, which revealed
the presence of collagen type II and GAG components in
both scaffolds. For cell-scaffold constructs, H&E staining
revealed that ADSCs and its secretions adhere to scaffolds
and uniformly distribute throughout the pores (Figure 6).
In all groups, the density of cells and quantity of ECM

increased with culture time, but more round chondrocyte-like
cells and characteristic cartilage lacunas were observed and
more ECM was secreted with TGF-B3 loading after 28 days
of culture. Accordingly, toluidine blue staining (Figure 6),
safranin O staining and immunochemistry staining (Figure 7)
showed increased GAG and collagen type II content in the
ECM with culture time, with greater staining with TGF-B3
loading after 28 days of culture. Thus, TGF-3 could pro-
mote GAG and collagen type II secretion of the cells, with
no difference between S/D and DC-ECM scaffolds.

TGF-B33 release from the scaffolds

TGF-B3 was released abundantly from both DC-ECM and
S/D scaffolds during the first 7 days (Figure 8 A). Compared
with the curve for DC-ECM scaffolds, that for S/D scaffolds

International Journal of Nanomedicine 2017:12

submit your manuscript

6727

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Yang et al

Dove

Figure 5 Representative images of gross appearance of scaffolds after 28-day culture.

Notes: Histology and immunohistochemistry of blank scaffolds. (A) Scaffold without TGF-B3. (B) DC-ECM scaffold loaded with TGF-B3. (C) S/D scaffold loaded with
TGF-B3. Histology and immunohistochemistry of (D—G) DC-ECM scaffold and (H-K) S/D scaffold. (D, H) H&E staining. (E, 1) Toluidine blue staining. (F, J) Safranin O

staining. (G, K) Immunohistology staining for collagen type II.

Abbreviations: DC-ECM, decellularized cartilage extracellular matrix; S/D, hybrid composite scaffold of silk fibroin and DC-ECM; TGF-B3, transforming growth factor B3;

H&E, hematoxylin-eosin.

was also stable and sustainable. Additionally, the release for
both scaffolds increased up to 89% of the total amount after
28 days of culture.

Compressive elastic modulus

The compressive elastic modulus of S/D scaffold loaded
with TGF-33 significantly increased from 64.99+43.83 kPa
for the control scaffold to 227.74+11.58 kPa after 28 days
of culture (Figure 8B). The compressive elastic modulus
of the DC-ECM scaffold loaded with TGF-B3 significantly
increased from 29.8034+2.10 kPa for the control scaffold to
146.08+8.92 kPa after 28 days of culture (Figure 8B).

Expression of chondrogenic-related

genes

The expression of chondrogenic-related genes (SRY-Box 9,
collagen type II and aggrecan) significantly increased with
increasing ADSC culture time of S/D scaffolds (Figure 9A—C).
Compared with non-induced ADSCs, which were cultured
for 1 day in non-chondrogenic-induced culture medium,
with culture time, SRY-Box 9, collagen type I and aggrecan

were all up-regulated at day 14 and the expression was
significantly increased at day 28, which suggested that the
chondrogenic-induced ADSCs could differentiate toward
chondrocytes.

Discussion

The microenvironment of chondrogenesis is a complex sys-
tem composed of various components and plays an especially
important role in cartilage tissue engineering.?>*"*2 Although
it contains many ingredients, proper seed cells, compatible
3-D scaffold and specific bioactive factors are the 3 most

6133233 To mimic an

important components in the system.
ideal microenvironment in vitro, a comprehensive system,
including these 3 sections is needed. In this study, we com-
bined SF and DC-ECM by TIPS to produce composite scaf-
folds (S/D) that had remarkable mechanical properties and
biomimetic structure, for a suitable substrate for attachment
and proliferation of ADSCs. Moreover, TGF-33 loaded on
scaffolds showed a controlled release profile and enhanced
the chondrogenic differentiation of ADSCs during the

28-day culture. Toluidine blue, safranin O, and histochemical

submit your manuscript

6728

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

S/D composite scaffolds with sequential delivery of TGF-B3

Loaded with
TGF-83

H&E staining

Toluidine blue staining

Figure 6 Representative images of H&E and Toluidine blue staining of cell-scaffold constructs after 14 and 28 days of culture.
Note: Tissue with or without TGF-B3 loading on (A—-H) DC-ECM scaffolds and (1-P) S/D scaffolds.
Abbreviations: DC-ECM, decellularized cartilage extracellular matrix; S/D, hybrid composite scaffold of silk fibroin and DC-ECM; TGF-f33, transforming growth factor B3;

H&E, hematoxylin-eosin.

staining and analysis of collagen II expression showed main-
tenance of a chondrogenic phenotype in all scaffolds after
the 28-day culture. The most obvious phenomenon occurred
with the addition of TGF-f3. S/D composite scaffolds with
sequential delivery of TGF-B3 may mimic the regenerative
microenvironment to enhance the chondrogenic differentia-
tion of ADSCs in vitro.

Increasing studies have attached importance to developing
3-D porous scaffolds because they favor cell attachment, dif-
ferentiation and proliferation in cartilage regeneration.3-3433
However, these porous constructions of scaffolds cannot
match the biological characteristics of cartilage. DC-ECM
and other oriented scaffolds can facilitate the migration and
expression of cells and strengthen the biomechanical proper-
ties of materials.>** We showed that the structure of scaffolds
served as a guide for chondrogenic-induced ADSC adherence
and alignment along the orientation of vertical microtubules,
thus mimicking the physiological structure of native cartilage
(Figure 3). The 3-D oriented architecture provides a 3-D
natural support for cell induction and differentiation, as a
basis to fabricate the ideal microenvironment of cartilage
regeneration in vitro.

Many studies focused on the biochemical ingredients of
scaffold to enhance their properties in cartilage repair and
regeneration. To mimic natural cartilage components and
clinical biological characteristics, DC-ECM combined with
other materials has been investigated in vitro and in vivo.>
ECM and SF matrices provide suitable substrates for cell
attachment and proliferation, and SF is a promising bioma-
terial for biological characteristics of cartilage because of
its remarkable mechanical properties and ability to tailor its
degradation.” When we added stem cells and cytokines to
scaffolds with a bionic cartilage structure, the S/D scaffold
was more ideal than the DC-ECM scaffold in cartilage tissue
engineering. Along with the accumulation of collagen type I1
and GAG content, the compressive elastic moduli of S/D
scaffolds increased significantly in vitro. The differentiation
and proliferation of ADSCs strengthened the compressive
elastic moduli of scaffolds (Figure 8B). Our results agree
with previous studies showing that accumulated GAG and
collagen content can improve the biomechanical property of
scaffolds** and ADSCs seeded onto scaffolds can easily be
differentiated into chondrocytes and induced to form new
cartilage tissue with the addition of TGF-B3 (Figure 5).2'

International Journal of Nanomedicine 2017:12

submit your manuscript

6729

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Yang et al

Dove
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TGF-B3 TGF-B3 TGF-B3
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TGF-$3

Safranin O staining

Collagen type Il
immunohistochemistry staining

Figure 7 Representative images of safranin O staining and collagen type Il immunohistochemistry staining of cell-scaffold constructs after 14 and 28 days of culture.

Note: With or without TGF-B3 in (A—H) DC-ECM scaffolds and (I-P) S/D scaffolds.

Abbreviations: DC-ECM, decellularized cartilage extracellular matrix; S/D, hybrid composite scaffold of silk fibroin and DC-ECM; TGF-B3, transforming growth factor 3.

After 28 days of culture, the compressive module was higher
for the S/D than DC-ECM scaffold. These properties were
similar to native cartilage and could be applied in clinical
treatment in vivo. Especially, suitable mechanical stimulation

>

—— DC-ECM loaded with TGF-$33
— S/D loaded with TGF-3
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Figure 8 Release kinetics of TGF-B3 and compressive elastic modulus of scaffolds.

is critical for the biochemical and biomechanical develop-
ment of chondrogenesis in vitro and in vivo*** that needs to
be further studied. Because the DC-ECM scaffold preserves
most of the structural and functional proteins of the ECM

B DC-ECM loaded with TGF-B3
[ S/D loaded with TGF-B3
300 -
L2
=)
N —~
2 g 200
o -
g
20
@ 3
=]
5
Q. O 100 -
E E
[}
(&)
0 -
Control 14 28
Time (days)

Notes: (A) Cumulative release values are presented as a percentage of the initial amount of TGF-B3 loaded onto scaffolds. (B) Compressive elastic modulus of DC-ECM
and S/D scaffold loaded with TGF-B3 after 14 and 28 days of culture. Data are mean £ SD, n=4. **P<<0.01.
Abbreviations: DC-ECM, decellularized cartilage extracellular matrix; S/D, hybrid composite scaffold of silk fibroin and DC-ECM; TGF-B3, transforming growth factor [33.
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Figure 9 (A—C) Expression profiles of chondrogenic-related genes: (A) aggrecan, (B) collagen type II, and (C) SRY-Box 9 with TGF-B3 loading after 14 and 28 days’ culture.

Notes: Data are mean + SD, n=3. **P<0.01.

Abbreviations: SRY, sex-determining region Y; S/D, hybrid composite scaffold of silk fibroin and DC-ECM; TGF-33, transforming growth factor 33.

of cartilage, the presence of these constituents can affect the
secretion of GAG and collagen.* Many studies have shown
that a DC-ECM scaffold can support chondrogenesis of stem
cells under suitable conditions.>** In our study, although the
GAG and collagen content of DC-ECM scaffolds had distinct
advantages over those of S/D scaffolds in the initial stage of
cultivation, both scaffolds finally had almost the same GAG
and collagen content after 28 days of culture (Figure 4). The
S/D scaffold could enhance the mechanical properties of the
scaffold, which overcame the shortcomings of DC-ECM
scaffolds, and also supported the chondrogenesis of ADSCs
(Figures 6-9).

Finally, the prolonged exposure of MSCs to the inducer
TGF-B is critical because this factor induces the various
phases leading to chondrogenesis, from initiating the pre-
cartilage condensation phase to the final differentiation pro-
cess and DC-ECM production and deposition.***” However,
because of the quite short half-life period of delivery, direct
injection of TGF-B does not have clinical application. Pre-
vious studies certified that certain matrix components such

as collagen and proteoglycans from ECM can act as growth
factor reservoirs, to deliver TGF-B3 from such scaffolds in a
controlled manner.*** Thus, via freeze-drying, the DC-ECM
scaffold can build a natural affinity with TGF-3 to pro-
duce an appropriate controlled system.?! However, mixing
DC-ECM with other substances has not been reported as a
sustained release system in cartilage tissue engineering. In our
research, the release kinetics of TGF-B3 revealed stable and
sustainable release of factors on both scaffolds (Figure 8A).
Like the DC-ECM scaffold,? the S/D scaffold can support
the controlled release of TGF-B3 to improve chondrogenesis
of stem cells. The addition of SF into the scaffold materials
did not interfere with the controlled release system. Addi-
tionally, with the above characteristics of the S/D scaffold,
it might be considered an “off-the-shelf” construct, with
TGF-B naturally adhering to S/D scaffolds, and stem cells and
other cells from a stem cell bank seeded onto the scaffold or
chemotactically recruited into the TGF-B-loaded construct™!
before implantation for clinical surgery for articular carti-
lage repair and regeneration. Therefore, these results could
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be favorable for construction and development of an ideal
microenvironment of chondrogenesis in vitro.

Conclusion

We successfully prepared oriented scaffolds by blending
SF and DC-ECM. The blended S/D scaffolds supported
the attachment, proliferation and differentiation of ADSCs
with enhanced biomechanical characteristics of scaffolds
after 4 weeks in a TGF-33-based controlled release system.
SF-DC-ECM blended scaffolds may be a suitable construct
combining growth factors and seed cells to simulate the
microenvironment of chondrogenesis in vitro.
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