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Abstract: Osteochondral defects affect both the articular carti-
lage and the underlying subchondral bone, but poor osteo-
chondral regeneration is still a daunting challenge. Although
the tissue engineering technology provides a promising
approach for osteochondral repair, an ideal biphasic scaffold
is in high demand with regards to proper biomechanical
strength. In this study, an oriented poly(L-lacticacid)-co-
poly(e-caprolactone) P(LLA-CL)/collagen type [(Col-l) nanofiber
yarn mesh, fabricated by dynamic liquid electrospinning
served as a skeleton for a freeze-dried Col-I/Hhyaluronate
(HA) chondral phase (SPONGE) to enhance the mechanical
strength of the scaffold. In vitro results show that the Yarn

Col-I/HA hybrid scaffold (Yarn-CH) can allow the cell infiltra-
tion like sponge scaffolds. Using porous beta-tricalcium
phosphate (TCP) as the osseous phase, the Yarn-CH/TCP
biphasic scaffold was then assembled by freeze drying. After
combination of bone marrow mesenchymal stem cells, the
biphasic complex was successfully used to repair the osteo-
chondral defects in a rabbit model with greatly improved
repairing scores and compressive modulus. © 2014 Wiley
Periodicals, Inc. J Biomed Mater Res Part A: 103A: 581-592, 2015.
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INTRODUCTION

Osteochondral defects affect both the articular cartilage and
the underlying subchondral bone. Poor graft integration at
the chondral interface and degeneration of the cartilage were
previously reported.! Nowadays, despite improved mecha-
nisms for cartilage healing,** novel surgical techniques,*®
and modified autologous osteochondral grafting,®’ the repair
of osteochondral defect is still a daunting challenge for sur-
geons. Although the technology of tissue engineering incorpo-
rating scaffolds and cells to regenerate functional
osteochondral complex provides a promising approach for
osteochondral repair, the evolution of scaffolding to engineer
osteochondral complex still needs further study.®’

To resist the native physiological loads, the osteochondral
implant should be mechanically compatible to the native tis-
sue.!® An ideal chondral phase is highly demanded of the
implant with regard to proper biomechanical strength, to avoid
the repair cartilage being thinner than the native cartilage as in
the presently used scaffolds due to mechanical incompatibil-
ity.? The sponge-like scaffolds, fabricated using native cartilage
extracellular matrix (ECM) components by freeze-drying, usu-
ally lack sufficient mechanical properties to support joint func-
tion during tissue regeneration. Although a biphasic
osteochondral scaffold holds the promise for repair of osteo-
chondral defects, there is a great need to maintain sound
mechanical compatibility in a controllable polymeric system.
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FIGURE 1. Oriented P(LLA-CL)/Col-I nanofiber yarn was fabricated by dynamic liquid electrospinning and subsequently used as the skeleton of the
freeze-dried Col-I/HA chondral phase to reproduce some cartilaginous environmental cues, especially in the superficial zone. Then, porous beta-
tricalcium phosphate was used as the osseous phase. After combining of the BMSCs, this tissue-engineered cartilage and TCP complex were used
to repair osteochondral defects in the animal model. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

A novel nanofiber yarn (Yarn), in which cell infiltration
was revealed, was fabricated by our previously established
electrospinning method.'* Hyaluronate (HA) is a major com-
ponent of ECM in cartilage tissue which can trigger a
sophisticated signaling pathway to induce the phenotype of
chondrocytes.'® Thus, in this study, an oriented yarn mesh
was established by a dynamic, liquid electrospinning
method, and subsequently used as the skeleton of the
freeze-dried collagen type I(Col-I)/HA chondral phase
(Fig. 1). Then, using our previously fabricated, porous, beta-
tricalcium phosphate (TCP) as the osseous phase, a nano-
fiber yarn-collagen type I/hyaluronate hybrid (Yarn-CH)/
TCP biphasic scaffold was assembled by freeze drying. After
combining the bone marrow mesenchymal stem cells
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(BMSCs) with Yarn-CH/TCP biphasic scaffold, this tissue-
engineered cartilage and the TCP complex were used to
repair osteochondral defects in an animal model. Biphasic
implant can allow stable fixation of the implant within the
defect and repair the osteochondral defect simultaneously
due to its mimetic structure. As far as we know, this is the
first time for the oriented electrospun scaffold to repair in
vivo osteochondral defect in site.

MATERIALS AND METHODS

Materials

Poly(1-lacticacid)-co-poly(e-caprolactone) P(LLA-CL) (Mw = 300
kDa; LA:CL = 75:25) was purchased from Nara Medical Univer-
sity, Japan. Hyaluronic acid (HA, sodium salt, Mw=0.5 MDa)
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and collagen type I (Col-I) was obtained from Sigma-Aldrich
Chemical Co. (St. Louis, MO) and Sichuan Ming-Rang Bio-Tech
Co, China, respectively. Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum were purchased from Gibco
(Grand Island, NY). All other reagents and media were of rea-
gent grade or better and purchased from Invitrogen, unless
otherwise indicated.

Fabrication of scaffolds

Fabrication of nanofiber yarn-Col-I/HA hybrid scaffold
(Yarn-CH, chondral phase). The fabrication of the nanofiber
yarn-collagen type I/hyaluronate hybrid scaffold (Yarn-CH),
as the chondral phase, involved the combination of a
dynamic, liquid electrospinning, and freeze-drying.'* Briefly,
a water vortex was created in the basin with a hole (diame-
ter, 8 mm) at the bottom. Then, a tank was used to deposit
the drained water and then it was pumped back into the
basin to maintain the water level. A solution of Col-I and
P(LLA-CL) (8 wt %, Col-I:P(LLA-CL) = 10:90) in 1,1,1,3,3,3-
hexafluoro-2-propanol was loaded into a syringe and fed at
a feed rate of 1 mL/h with a voltage of 15 kV. A rotating
mandrel (60 r/min) was used as the collector to collect the
yarn by flowing along with the water through the hole. The
yarn was frozen at —80°C for 6 h and then freeze-dried
overnight.

For fabrication of Yarn-CH, Col-I and HA were mixed in
0.05M acetic acid to obtain the blended solution with a con-
centration of 1% (Col-I:HA =1:1). Then, the yarn was
immersed in the blended solution and frozen at a target
temperature of —80°C for 6 h and freeze-dried overnight.
Finally, the Yarn-CH was punched into dish scaffolds with a
diameter of 5 mm and a height of 1 mm. As a control, the
Col-I/HA solution was directly frozen at —80°C for 6 h and
subsequently freeze-dried overnight to obtain a Col-I/HA
sponge-like scaffold (SPONGE).

Fabrication of porous beta-TCP (osseous phase). Porous
TCP cylinders (diameter 5 mm and height 5 mm) were pro-
duced by high-temperature melting method using the TCP
submicron powders as in our previous study.'* Briefly, poly-
methylmethacrylate balls were stuck together by chemical
formation as an organic skeleton in a stainless steel mold
(5 X 5 mm® cylinder shape). Then, the skeleton was
impregnated with an aqueous suspension of TCP submicron
powders. After that, drying by evaporation, debinding by
keeping the mold at 220-290°C for about 8 h, and sintering
(3 h at 1150°C) were performed to obtain the finished TCP
cylinder of 5 mm diameter and 5 mm length.

Fabrication of biphasic scaffolds. For the integration of
chondral phase to the osseous phase, the TCP was first pre-
wetted with Col-I/HA solution (dissolved in 0.05M acetic
acid, 1 wt %, Col-I:HA=1:1) for 6 h. Thereafter, the
rounded Yarn-CH was placed on the top of the porous (-
TCP and frozen at —80°C for 6 h followed by overnight
freeze-drying. During this process, the Col-I/HA solution
was used as a cement to fix the fibrous scaffold onto the
TCP. To make the chondral phase more resistant in a liquid
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environment, the biphasic scaffolds were cross-linked using
lethyl3(3dimethyllaminopropyl)carbodiie hydrochloride as
in our previous study.15

Characteristics of the scaffolds

Surface morphology. The surface morphology and the pore
size of the chondral phase, intermediate zone, and osseous
phase (n=5) was determined using a Hitachi TM 1000
scanning electron microscope (SEM) at an accelerated volt-
age of 10 kV. All specimens were sputter coated with gold.

Mechanical testing. Stress-strain testing of the chondral
phase was performed for tensile and compressive strength
using a universal material tester (H5K-S, Hounsfield, UK) in
the directions parallel and perpendicular to the Yarn-CH.'®
Prior to the testing, all the thicknesses of the specimens
were measured by a micrometer. Rectangular specimens
(30.0 X 10.0 mm?) were tested using the universal material
tester with a load cell of 50N at a cross-head speed of 10
mm/min (n = 5).

Compressive strength was tested using a mechanical
testing machine (5500R-100kN, Instron, USA) at a load cell
of 1000N and a cross speed of 10 mm/min. Cylindrical
specimens (5 mm in diameter and 6 mm in height, osseous
phase 5 mm, and chondral phase 1 mm) were tested
(n=75).

Cell seeding on Yarn-CH and SPONGE

Isolation and culture of rabbit BMSCs. Animal experiments
were carried out in accordance with the policies of Shanghai
Jiao Tong University School of Medicine and the National
Institutes of Health. Rabbit BMSCs were obtained from 16-
week-old New Zealand white rabbits and further cultured as
in our previous study.'” Briefly, after anesthesia by intra-
muscular administration of ketamine hydrochloride (60 mg/
kg) and xylazine (6 mg/kg), about 5 mL of marrow was
extracted from the right iliac crest by a needle, flushed with
10-mL DMEM supplemented with fetal bovine serum (10%,
w/v), penicillin (100 units/mL), and streptomycin (100 mg/
mL). Then, the marrow was cultured at 37°C, 5% CO; in a
humidified incubator. The culture medium was changed
after 5 days of incubation to remove the unattached cells.
Third-passage cells were used for further experiment.

In vitro chondrogenesis of Yarn-CH

After sterilizing by immersion in 75% ethanol for 1.5 h and
washed repeatedly with phosphate-buffered saline (PBS, pH
7.4), the scaffolds were preimmersed in culture media for
24 h to promote cell attachment. BMSCs were only seeded
into chondral phase. After cell seeding with a final seeding
density of 3 X 10° cells/chondral phase in each scaffold,
the cell-scaffold constructs were incubated for 4 h to allow
the cells to completely adhere to the scaffolds.”*® Then,
the constructs were incubated in the normal medium
described above or a chondrogenic medium®® for 21 days.
Chondrogenic medium contained 10 ng/mL TGF-B1 (R&D),
100 nmol/L dexamethasone, 50 pg/mL ascorbate-2-
phosphate, 40 ng/mL proline, 100 pg/mL pyruvate (all from
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Sigma), and 1:100 diluted ITS Premix (Becton Dickinson).
Then, 5-um cross-sections from the chondral phase were
obtained after fixation, dehydration, clarification, infiltration,
and paraffin embedding. The sections were stained with
safranin O (Sigma-Aldrich, St. Louis, MO), and images were
obtained using a microscope (LEICA DM 4000 B).

In vivo implantation of biphasic scaffolds into
osteochondral defects

Experimental designs and surgical procedures. The in
vitro-cultured autologous BMSCs/biphasic scaffold compo-
sites were implanted in the respective osteochondral defect
of the critical-numbered rabbits as our previous method.'®
The rabbits were anesthetized with both legs disinfected, as
described in the previous section. A 5-cm medial parapatel-
lar incision was made over the knee to explore the patello-
femoral joint and then an osteochondral defect (diameter, 5
mm and depth, 6 mm) was created in the patellar groove of
the distal femur with a hollow trephine. The implant was
carefully inserted into the defect ensuring an adequate
press-fit fixation until the chondral phase was flush with
the articular surface. Sixty rabbits were divided into six
groups according to different defect treatment: differenti-
ated BMSCs/Yarn-CH/TCP biphasic scaffold group(group I);
undifferentiated BMSCs/Yarn-CH/TCP  biphasic  scaffold
group (group II); differentiated BMSCs/SPONGE/TCP bipha-
sic scaffold group (group III); undifferentiated BMSCs/
SPONGE/TCP biphasic scaffold group (group IV); osteochon-
dral autograft group (group V); and untreated group (group
VI). Ten joints were allocated to each group for histological
analysis or mechanical evaluation, respectively. No external
fixation was performed and thus the animals were allowed
to move freely with total weight-loading after surgery.

Gross evaluation of regenerated tissue. Animals were
euthanized by intravenous overdose of pentobarbital 12
weeks after surgery and both knees were retrieved. After
opening the capsule, each joint was photographed for evalu-
ation and then examined by the International Cartilage
Repair Society (ICRS) Macroscopic Score for evaluation the
degree of defect repair, integration of the border zone, and
macroscopic appearance.*

Histological and immunohistochemical analyses. Ten rep-
licate histological assessments were made for each group.
After gross examination, the samples were fixed in 4% para-
formaldehyde for 1 day and then decalcified in 10% EDTA
for 1 month at room temperature. Samples were dehydrated
through increasing concentrations of ethanol, followed by
paraffin embedding. Sections were cut into 4-pum slices and
stained with Hematoxylin and eosin (H&E), touidine blue,
safranin O/fast green, and Masson’s trichrome. The repaired
tissues were graded blindly by three observers for the over-
all evaluation of hyaline cartilage formation, structural char-
acteristics, and tissue morphology in the defects, using the
ICRS Visual Histological Assessment Scale.?®

The expression of collagen type II and I in the regener-
ated tissue was analyzed by immunohistological staining.
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The prepared sections were dewaxed in xylene and then
hydrated through graded alcohol. Endogenous peroxidase
activity was blocked with 0.3% hydrogen peroxide buffered
with PBS. After blocking with goat serum (Sigma) (1:100
dilution), sections were incubated with primary antibodies
of collagen II (Neomarkers) and collagen I (Abcam) over-
night at 4°C. After three washes in PBS, specimens were
incubated with anti-mouse rabbit secondary antibodies for
1 h at 37°C. Staining was developed in 3,3’-diaminobenzi-
dine (DAB) solution (Dako, Hamburg, Germany), with coun-
terstaining by hematoxylin.

For detecting the TCP degradation, the samples after
mechanical evaluation were embedded in polymethylmetha-
crylate without decalcification as in our previous method.*!
The cross-sections were cut to about 200-m thickness with
a Leitz Saw Microtome 1600 (Wetzlar, Germany), ground
and polished to about 50 m thickness with an Exakt Grinder
(Norderstedt, Germany). Finally, the samples were stained
with Van Gieson’s Picro-Fuchsine stain (V-G stain).

Mechanical evaluation. Mechanical evaluation was per-
formed according to the instructions described previously.”
The compressive mechanical properties of the surface carti-
lage layer were tested with an Instron testing machine
(model 5543; Instron) and software (Bluehill V2.0; Instron),
using a 2-mm diameter cylindrical indenter fitted with a
10N maximum loading cell. The unconfined equilibrium
modulus was determined by applying a step displacement
(20% strain) and monitoring compressive force with time
until equilibrium was reached. The thickness of the fully
relaxed cartilage layer was tested to estimate strain for
applied deformations. The crosshead speed used was
approximately 0.06 mm/min. The ratio of equilibrium force
to cross-sectional area was divided by the applied strain to
calculate the equilibrium modulus (in MPa).

Statistical analysis

Descriptive statistics were used to determine group means
and standard deviations for numerical data, and analysis
was performed using Newman-Keuls test for multiple com-
parisons. Statistical significance was defined as a p-value
<0.05.

RESULTS

Scaffold characterization

Both Yarn-CH and SPONGE were prepared in the shape of a
cylinder of the same size by combining with TCP. SEM
images showed obvious different microstructure in the two
groups [Fig. 2(A-J)]. It was observed that in the Yarn-CH
group the chondral phase had porous surface structures
composed of aligned Yarn-CH and a honeycomb-like matrix.
Opened and interconnected pores bound by the Yarn and
matrix could be found, implying that the chondral phase
had a well-designed three-dimensional structure. In the non-
oriented porous group, the SPONGE only presented a ran-
domly arranged porous structure without paralleled Yarn
penetrating the matrix. Desirable bonding between the two

BIOMIMETIC BIPHASIC SCAFFOLD FOR OSTEOCHONDRAL DEFECTS
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FIGURE 2. Gross observations of Yarn-CH/TCP biphasic scaffold (A, E) and SPONGE/TCP biphasic scaffold (F, J). SEM showing surface morpho-
logical features of chondral phase, intermediate zone, and osseous phase of Yarn-CH/TCP biphasic scaffold (B)-(D) and SPONGE/TCP biphasic
scaffold (G)—(l), respectively. Compressive strength (K) and compressive modulus (L) of Yarn-CH, SPONGE and TCP, respectively. *P<0.05 com-
pared with SPONGE. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

phases using collagen/hyaluronic acid as adhesive was dem-
onstrated in Figure 2.

Mechanical loading, (one of the most important criteri-
ons to estimate scaffold function) was conducted. We con-
sidered that chondral phase would resist both compressive
and tensile forces; stress-strain testing of the chondral
phase on perpendicular and parallel directions was per-
formed. Although the direction of fibers was perpendicular
to the compressive forces, the compressive strength of the
Yarn-CH group was threefold greater than that of the
SPONGE group. The compressive strength and modulus of
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Yarn-CH, SPONGE, and TCP were demonstrated in Figure
2(KL), respectively. The Yarn-CH chondral phase had a ten-
sile strength of 3.43 =0.15 MPa which was significantly
higher compared to that of 1.07 = 0.23 MPa in the SPONGE
chondral phase (p < 0.05).

Chondrogenic differentiation

After 3 weeks of in vitro culture, the cells evenly distributed
throughout the chondral phases in all groups. Safranin O
staining was carried out to determine the production of
ECM [Fig. 3(A-D)]. The constructs in the Yarn-CH group
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FIGURE 3. Safranin O staining from the specimens cultured for 21 days in chondrogenic differentiation medium on YARN-CH (A) and SPONGE
(C) and in the normal growth medium on YARN-CH (B) and SPONGE (D). Yellow arrows indicate the cells. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

formed a relatively homogeneous structure and ECM was
observed in both outer and inner regions of the Yarn group,
while ECM and relatively loose structure was discovered in
the SPONGE group.

Macroscopic observations

The general health of the rabbits is good and there are no
infections. The animals were totally weight-bearing,
although no special protocol of the exercises was given. The
free movement of the rabbits was certificated by the animal
keepers. An osteochondral defect 5 mm in diameter and
6-mm deep was created. Altogether, six groups were divided
for the defect repair (Fig. 4). In differentiated BMSCs/Yarn-
CH/TCP biphasic scaffold group, the regenerated defects
showed an almost smooth articulating surface compared
with the normal cartilage in the periphery [Fig. 5(A)]. The
original defect in differentiated BMSCs/SPONGE/TCP bipha-
sic scaffold group had become full of hyaline-like repaired
tissue that appeared to be integrated with the surrounding
tissues [Fig. 5(C)]. In undifferentiated BMSCs/Yarn-CH/TCP
biphasic scaffold [Fig. 5(B)] and undifferentiated BMSCs/
SPONGE/TCP biphasic scaffold groups [Fig. 5(D)], defects
were almost completely covered by rough tissue with irreg-
ular surfaces which were clearly distinguishable from the
normal cartilage. In the osteochondral autograft group, the
osteochondral fragments in the defect were similar to sur-
rounding cartilage but the entire implants were slightly
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depressed [Fig. 5(E)]. Macroscopic observations at 12 weeks
after surgery in the untreated group revealed incomplete
filling and concave defects with some regenerated tissue
seen at peripheral regions [Fig. 5(F)]. The average ICRS
Macroscopic Scores of each group at 12 weeks were sum-
marized in Figure 6(A). The average scores in the differenti-
ated or undifferentiated BMSCs/Yarn-CH/TCP biphasic
group were higher than the differentiated or undifferenti-
ated BMSCs/SPONGE/TCP biphasic groups, respectively.

Histological findings

In the differentiated BMSCs/YARN-CH/TCP biphasic scaffold
group, the articular surface of the defect was repaired with
cartilage-like tissue. The cell distribution and cell morphol-
ogy in the regenerated cartilage were almost identical to the
native host cartilage including the superficial zone [Fig.
7(A1-A4)]. Furthermore, there was good integrity of the
cartilage at the host cartilage-implant interface. The sub-
chondral space was filled with mature spongy bone,
although residual materials were revealed under the sub-
chondral tissues. Cartilage regeneration can also be detected
in the undifferentiated BMSCs/YARN-CH/TCP biphasic scaf-
fold group. However, it was lack of impregnated chondro-
cytes and slightly depressed with fibrous tissue in the
upper part of defect, leaving an incomplete integrity of the
cartilage at the host cartilage-implant interface [Fig. 7(B1-
B4)]. In the differentiated BMSCs/SPONGE/TCP biphasic

BIOMIMETIC BIPHASIC SCAFFOLD FOR OSTEOCHONDRAL DEFECTS
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FIGURE 4. The pictures are taken at implantation and the time at implantation is defined as time 0. The defects filled with differentiated BMSCs/
Yarn-CH/TCP biphasic scaffold (A); undifferentiated BMSCs/Yarn-CH/TCP biphasic scaffold (B); differentiated BMSCs/SPONGE/TCP biphasic scaf-
fold (C); undifferentiated BMSCs/SPONGE/TCP biphasic scaffold (D); autologous osteochondral fragments (E); and the defect without treatment
(F). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 5. Macroscopic appearance of osteochondral defect healing in the six groups at week 12 (A-F) after surgery. Differentiated BMSCs/Yarn-
CH/TCP biphasic scaffold group [(A), group 1]; undifferentiated BMSCs/Yarn-CH/TCP biphasic scaffold group [(B), group ll]; differentiated BMSCs/
SPONGE/TCP biphasic scaffold group [(C), group Ill]; undifferentiated BMSCs/SPONGE/TCP biphasic scaffold group [(D), group IV]; autologous
osteochondral fragments group [(E), group V] and the defect without treatment [(F), group VI]. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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scaffold group, the defects repaired by implants had a rela-
tively smooth surface and were well integrated with the
host cartilage; however, both safranin O and Massion’s stain-
ing detected the presence of glycosaminoglycan (GAG) at
low levels in the middle of the defects [Fig. 7(C1-C4)]. The
defect initially filled with undifferentiated-BMSCs/SPONGE/
TCP [Fig. 7(D1-D4)] biphasic scaffold was gradually
replaced by a newly formed mixture of fibrous tissue and
cartilage-like tissue; the integrity of the cartilage at the host
cartilage-implant interface was irregular and sometimes
concave areas could be observed in the center of the surfa-
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ces of the defects. In the group receiving the autologous
osteochondral fragments, the defects were covered by thick-
ened cartilage and cartilaginous tissue could be detected to
invaginate inside the cavities [Fig. 7(E1-E4)], which were
not well-integrated with the host cartilage. The defects of
the untreated group at 12 weeks were filled with fibrous
tissue and remained concave, safranin O and Masson’s stain-
ing was faintly observed at the center of regenerated tissues
and there was no integration of the edges of the regener-
ated tissue with the adjacent normal cartilage or reconstitu-
tion of the subchondral bone [Fig. 7(F1-F4)]. The integrity
of the cartilage at the host cartilage-implant interface was
poor. In all scaffold implantation groups, subchondral bone
was well-formed and bridged over the defects. TCP did not
degrade completely after implantation for 12 weeks, which
indicated incomplete ossification at that time. It was noted
that TCP degraded equally in these groups; however, TCP
could serve as a bone substitute for subchondral bone
regeneration [Fig. 7(A5-F5)]. The host cartilage and the
host cartilage-implant interface were shown in Figure 8(A-
E) with higher magnification.

Immunohistochemical staining of sections with type II
collagen antibodies showed the proteins in the regenerated
tissue stained positive for type II collagen. Staining was
especially smoother and more uniform in the BMSCs/Yarn-
CH/TCP biphasic scaffold group than in the other groups,
and the positive staining regions in each group were similar
with those in safranin O staining (Fig. 9). Col-I, one osteo-
genic marker, was also detected; the densely stained bony
areas and slightly stained cartilage regions were just oppo-
site to collagen II staining. The ICRS Visual Histological
Assessment Scale was used to evaluate the immunohisto-
chemical staining and the average scores are shown in Fig-
ure 6(B).

Mechanical evaluation

From the indentation test, Young’s modulus of repaired tis-
sues tissue from all the groups (12 weeks) was determined
and compared (Fig. 10). The compressive modulus of the
repaired tissue in the differentiated-BMSCs/YARN-CH/TCP
biphasic scaffold group (0.27 = 0.09 MPa) showed greater
improvement than specimens from the other matrix
implanting groups, except in the osteochondral autograft
group (0.38=0.21 MPa). The repaired tissue in the undif-
ferentiated-BMSCs/YARN-CH/TCP Dbiphasic scaffold group
(0.20 £0.077 MPa), the undifferentiated-BMSCs/SPONGE/
TCP biphasic scaffold group (0.19 = 0.1 MPa), and the dif-
ferentiated-BMSCs/SPONGE/TCP biphasic scaffold group
(0.23 = 0.13 MPa) showed similar mechanical data without
significant differences, and the modulus of repaired tissue
in the untreated group (0.096 = 0.078 MPa) was inferior to
all the other groups.

DISCUSSION

The techniques of dynamic liquid electrospinning and
freeze-drying utilized in this study offer a new approach to
the fabrication of chondral scaffolds with enhanced
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FIGURE 7. H&E(A1-F1), touidine blue(A2-F2), safranin O/fast green(A3-F3), Masson’s trichrome(A4-F4), and V-G stain(A5-F5) of sections from six
groups at 12 weeks after surgery. + and — indicate the differentiation and undifferentiation of BMSCs, respectively. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 8. Histological examination of the cartilage repaired by differentiated BMSCs/Yarn-CH/TCP biphasic scaffold group (A), undifferentiated
BMSCs/Yarn-CH/TCP biphasic scaffold group (B), differentiated BMSCs/SPONGE/TCP biphasic scaffold group (C), undifferentiated BMSCs/
SPONGE/TCP biphasic scaffold group (D), autologous osteochondral fragments group (E), and the defect without treatment group (F) is shown
with higher magnification. The host cartilage-implant interface is indicated with yellow arrows in each image. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 9. Type Il collagen (A)-(F) and type | collagen (G)-(L) immunohistological staining of sections from the six groups at 12 weeks after sur-
gery. + and — indicate the differentiation and undifferentiation of BMSCs, respectively. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

mechanical properties and subsequently to dealing with
osteochondral defects. Nanofiber yarn-collagen type I/hyalu-
ronate hybrid scaffold (Yarn-CH) can serve as chondral
phases to allow the infiltration of MSCs. The combination of
BMSCs, tissue-engineered Yarn-CH, and TCP complex was
successfully used to repair the osteochondral defects in the
rabbit model with an improved compressive modulus.

In this study, the Yarn-CH as the chondral phase of
biphasic scaffold had a distinctly stratified structure with
enhanced compressive strength due to the addition of Yarn
as skeleton in SPONGE. Previously, the sponge scaffolds
with components of atelocollagen and hyaluronate were
used to facilitate the attachment and growth of chondro-
cytes.'” However, such scaffolds were fabricated by freeze-
drying and chemical cross-linking of collagen-based materi-
als and thus the compressive strength was only 0.075
MPa.???3 In this study, the Yarn was placed within the Col-
[/HA matrix for fiber reinforcement. As a result, the com-
pressive strength of the Yarn-CH group was threefold
greater than that of the SPONGE group. Furthermore, the
tensile strength in the Yarn-CH was threefold greater than
in the SPONGE (P < 0.05). This is similar to the principle of
reinforced concrete, in which steel bars within the structure
improve the tensile strength of the concrete.

The in vivo fate is the most important criterion for eval-
uating the final cartilage formation. The current results
demonstrated that oriented Yarn-CH promoted better in vivo
cartilage formation than did the SPONGE. The implantation
of Yarn-CH with differentiated-BMSCs showed superior car-
tilage formation with predominant GAG deposition and
bridged the patellar groove defect by repairing the cartilage.
The cartilage healing also means better functional restora-
tion of mechanical loading. The healing effect in the differ-
entiated-BMSCs/SPONGE/TCP biphasic scaffold group was
inferior given the prevalence of fibrocartilage and lower
GAG distribution within and beyond the defect. Interestingly,
the morphological observations at the patellar groove were
similar for the BMSCs/SPONGE/TCP biphasic scaffold
groups, when the BMSCs were undifferentiated, a high inci-
dence of fibrocartilage was found with less positive staining
of collagen II and it was accompanied by GAG depletion at
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the repair sites of both groups. Although natural grafting is
a source of cartilage and bone, donor-site morbidity and
age-dependent quality have been of concern. Graft harvest-
ing entails extra damage, which is painful and inflicts scar-
ring. In addition, the placing back cartilage was excessively
thick although remained a high GAG deposition. To some
extent, high GAG deposition can explain the advanced func-
tional restoration of mechanical loading. TCP is a biomate-
rial similar to bone mineral constitution with good
biocompatibility and osteoconductivity.?* After the work
done in this study, it was presumed that the BMSCs can be
recruited from the bone marrow and surrounding areas into
the TCP because the BMSC’s impact on bone regeneration
seems to be negligible according to our findings. All the
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FIGURE 10. The relative Young’s modulus of repaired tissues from all
the groups after 12 weeks. #p<0.05 compared with osteochondral
autograft group; tp<0.05 compared with the defect without treat-
ment. + and —indicate the differentiation and undifferentiation of
BMSCs, respectively. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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scaffold implanting groups showed similar subchondral
bone union and TCP degrading process in the osseous
phase, which occurred in the same way as in the previous
study.?®

The cartilage was regenerated in the new areas with
enhanced compressive strength. Despite of the enhanced
mechanical properties of Yarn-CH, the structural bionic may
be another reason. It is known that normal articular carti-
lage consists of four different zones. The superficial zone of
naturally functioning articular cartilage, a very polarized,
dense organization of fibrils are oriented parallelly to the
plane of the articular surface.?*?” Thus, the Yarn-CH may
reproduce certain cartilaginous structure cues, especially
within the superficial zone. However, the deep zone with a
longitudinally oriented structure takes the most important
responsibility in distributing loads and resisting compres-
sion. So, the scaffold design of longitudinally oriented struc-
ture mimicking the deep zone of the articular cartilage
should be performed. Nevertheless, this study did investi-
gate the fate of in vitro engineered cartilage based on ori-
ented scaffolds in an animal model, especially the in vivo
results of the engineered superficial zone of the articular
cartilage, which may give supportive data for further design
and study. The respect effect of compressive strength and
structural bionic should be investigated in further study. In
addition, no measure of pore size and porosity was made,
which is definitely a limitation of this study, and the mea-
sure should be detected in further study.

CONCLUSIONS

Electrospun P(LLA-CL) nanofiber yarn (Yarn) can be fabri-
cated by a dynamic liquid supporting system for subsequent
application into a freeze-dried collagen type [/hyaluronate
sponge scaffold to form the chondral phase of the biphasic
scaffold for osteochondral defect. Using Yarn as skeleton, a
more ideal mechanical strength of the freeze-dried collagen
type I(Col-I/hyaluronate (HA) sponge scaffold (SPONGE) can
be maintained than with only the SPONGE itself. Our in vitro
results show that such Yarn Col-I/HA hybrid scaffold can
accommodate the cells like SPONGE. After combination of
BMSCs, tissue engineered Yarn-CH and TCP biphasic com-
plex was successfully used to regenerate the osteochondral
defects in the rabbit model with greatly improved compres-
sive modulus.
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