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Abstract An ideal scaffold for cartilage tissue engineer-

ing should be biomimetic in not only its biochemical

composition, but also in the morphological structure of the

scaffold. In this study, we fabricated a scaffold with an

oriented structure using a nanofibrous articular cartilage

extracellular matrix (ACECM), in which the ACECM was

used to mimic the biochemical composition and oriented

structure of articular cartilage. Histology analysis showed

that the scaffold contained cartilage ECM (GAGs and

collagen II). Scanning electron microscopy (SEM) indicated

that the scaffolds were composed of nanofibers and

possessed vertical microtubules. Chondrogenic differentia-

tion-induced mesenchymal stem cells (MSCs) were seeded

on the scaffold in vitro. SEM showed that MSCs pro-

liferated well and aligned along the vertical microtubules,

which mimicked the orientation of deep zone articular

cartilage. A cell proliferation assay and live/dead cell stain-

ing demonstrated that the ACECM possessed good cell

affinity, which favored cell adherence and proliferation.

The MSCs that had been labeled with the fluorescent dye

PKH26 and seeded on scaffolds were implanted into nude

mice. The differentiated cells/ACECM implants formed

cartilage-like tissue 4 weeks after implantation, and stained

positive for collagen type II and toluidine blue. In addition,

the in vivo fluorescent images verified that the MSCs in the

implants were the labeled MSCs. These results demon-

strated that the oriented ACECM scaffolds hold great

promise for use in cartilage tissue engineering applications.

Keywords: biomimetic material, oriented scaffold, de-

cellularization, nanofiber, cartilage tissue engineering

1. Introduction

Cartilage repair is a significant challenge for modern

orthopedic surgery due to the limited regeneration ability

of mature articular cartilage in various joint injuries, such

as trauma or arthritis [1]. Promising tissue engineering

technology provides more advantages compared with the

traditional treatment strategies for cartilage repair [2,3]. For

cartilage tissue engineering, the natural polymers extracted

from the extracellular matrix (ECM) such as collagen,

hyaluronic acid and fibrin, as well as synthetic polymers

such as PGA, PLA and their co-polymers PLGA have been

developed and applied widely [4-8].

Synthetic polymers have good mechanical properties,

satisfactory biocompatibility and controlled biodegradation

rates. However, their surfaces have low intrinsic bioactivity

and are hydrophobic; thus, these materials are not re-

cognized by cell-surface receptors [9]. Moreover, the acidic

degradation products of some synthetic polymers, such as

PLGA, may induce inflammatory responses [10,11]. Natural

polymers are functional and bioactive when compared with

synthetic polymers, because they provide informational

signals, which facilitate cell attachment, proliferation and

differentiation. However, the native ECM is complex and

multi-factorial, which can provide an optimal microenviron-

ment for cell seeding, adherence and proliferation. Thus, it

is exceedingly difficult to mimic native ECM microenviron-

ments using a single extract.                                                       

As a new method to obtain native ECM, the decellulari-

Xi-Fu Zheng, Wei-Guo Zhang
Department of Orthopedic Surgery, First Affiliated Hospital, Dalian
Medical University, Dalian 116-011, China

Xi-Fu Zheng, Shi-Bi Lu, Shu-Yun Liu, Jing-Xiang Huang, Quan-Yi Guo*

Institute of Orthopedics of Chinese PLA, Chinese PLA General Hospital,
Beijing 100-853, China
Tel: +86-10-6693-6637; Fax: +86-10-6693-9205
E-mail: guoquanyi301@gmail.com

 RESEARCH PAPER



594 Biotechnology and Bioprocess Engineering 16: 593-602 (2011)

zation technique has been used to effectively remove cellular

antigens and nuclear materials while minimizing adverse

effects on composition and biological activity of the

remaining ECM [12]. The development of ECM scaffolds

using a variety of decellularized tissues, including heart

valves, blood vessels, skin and nerves have been studied

for tissue engineering and regenerative medicine appli-

cations [13-16]. However, little work has been conducted

to explore decellularized articular cartilage for the fabri-

cation of porous scaffolds. The cartilage is compact and

hard and chondrocytes were encapsulated in the surround-

ing ECM. Therefore, it is difficult to obtain decellularized

articular cartilage extracellular matrix (ACECM).

The primary goal of tissue engineering is to regain the

structure and function of the original tissue. Thus, it is

highly important that the morphological structure of the

scaffold acts as a biomimetic of the native tissue [17-19].

In addition, the organization of the articular cartilage

collagen network has been shown to display zonal vari-

ations and the orientation of collagen fibers in the deep

zone cartilage is vertical to the subchondral bone. This

spatial organization can impact chondrocytes orientation

and proliferation. Therefore, an oriented scaffold loaded

with cells will mimic the structure of articular cartilage.

In this study, a nanofibrous ACECM was fabricated

using a physical and chemical decellularization procedure

and a porous oriented scaffold was produced using an

improved thermal induced phase separation (TIPS) techni-

que. To verify the feasibility of this novel scaffold for

cartilage regeneration, the morphology of the scaffold was

imaged by scanning electron microscopy (SEM), the bio-

chemical components were detected by histology staining,

cell affinity and orientation on the scaffold were evaluated

in vitro and the ability of the scaffold to support cartilage

formation was investigated by seeding PKH26 labeled

MSCs in vivo. 

2. Materials and Methods

2.1. Preparation of ACECM oriented scaffold

2.1.1. Pulverization and decellularization of articular

cartilage

An improved method for decellularization was developed

based on a previously published method [20]. Porcine

knee joints were obtained from the abattoir immediately

after slaughter, covered with ice bag and transported to

laboratory. Cartilage slices were cut from femoral condyles

under aseptic conditions. The cartilage was decellularized

using both physical and chemical procedures as follows.

The slices were suspended and rinsed in sterile PBS

solution three times, then homogenized under a powerful

shearing force using a tissue disintegrator to form a

suspension slurry and centrifugated using the differential

centrifugation method. The suspension was centrifugated

in a centrifuge (Beckman Allegra X-22R, USA) for 5 min

at 1,500 revolutions per minute (rpm) with a F0850 rotor.

The suspended microparticles were separated with pre-

cipitated macroparticles. The suspended microparticles were

centrifuged for another 5 min at 3,000 rpm and 20 min at

6,000 rpm successively. The suspended cartilage micro-

particles were centrifugated again for 35 min at 9,500 rpm

and the fibrous precipitated ACECM were collected. The

precipitate was rinsed and centrifuged twice at 9,500 rpm

with sterile PBS solution. The ACECM precipitate was

digested in 3% TritonX-100 and 0.25% trypsin (containing

0.1% EDTA, 0.1% sodium azide) successively with gentle

agitation for 12 h at 4ºC, then 12 h in 50 U/mL deoxyribo-

nuclease I and 1 U/mL ribonuclease A (Sigma, St. Louis,

MO, USA) with agitation at 37ºC to remove nuclear

materials after being washed in PBS without protease

inhibition. After decellularization, the ACECM precipita-

tion was again centrifugated at 9,500 rpm. All the nano-

fibrous ACECM precipitate were stored in sterile glass-

ware for fabrication of the scaffolds. 

2.1.2. Fabrication of ACECM oriented scaffold 

The reserved nanofibrous ACECM was washed twice with

sterile PBS and diluted to a predetermined concentration of

5% (w/w). The procedure used to fabricate the oriented

scaffold was as follows. After the ACECM was infused

into a 4 or 8 mm cylindrical mould, the mould was placed

vertically onto a metal plate in a refrigerator maintained at

–20ºC and frozen for a half hour. After the mould was

completely frozen, it was placed into a refrigerator main-

tained at –20ºC for another 2 h. The mould was then

transferred into a freezer dryer and lyophilized for 48 h

under vacuum. The ACECM scaffolds were removed from

the mould and cross-linked by ultraviolet light at a wave-

length of 258 nm for 4 h. The scaffolds were immersed

into a 95% (v/v) alcohol solution (containing 50 mM 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-

ride [EDAC] and 20 mM N-hydroxysucinimide [NHS];

Sigma, St. Louis, MO, USA) for 24 h at 4ºC. Excess

EDAC was rinsed from the scaffolds by PBS repeatedly.

ACECM oriented scaffolds approximately 4 or 8 mm in

diameter were fabricated. The scaffolds were sterilized by

ethylene oxide and prepared for use.

2.2. Evaluation of nanofibrous ACECM and oriented

scaffold

2.2.1. Microstructure of nanofibrous ACECM
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To observe the morphology and size of the nanofibrous

ACECM, the ACECM precipitates were diluted to 3% (w/

w) and smeared onto a microscopic slide. The ACECM

was then dehydrated through a series of graded alcohols

and dried at room temperature. The samples were sputter-

coated with gold and observed by SEM (Hitachi BCPCAS-

4800, Tokyo, Japan).

2.2.2. Characterization of the oriented scaffold

The scaffold was coated with gold using a sputter coater

(Denton Vacuum Desk-II, Moorestown, USA). The morpho-

logy of the scaffold was observed by SEM (JEOL JSM-

6700F, Tokyo, Japan). The diameter of the scaffold micro-

tubules was calculated based on the SEM micrographs at a

magnification of × 100. For each scaffold, the average

diameter of the microtubules was calculated from 50

different microtubules.

The porosity of the scaffolds was measured by liquid

displacement as described previously with slight modifi-

cations [21]. Briefly, scaffolds were cut into 4 × 4 × 1 mm

pieces, placed in a 10 mL cylinder containing a defined

volume of ethanol (V1) and then pressed to force all

trapped air out of the scaffold. The total volume of ethanol

and the ethanol-impregnated scaffold was recorded as V2.

The ethanol-impregnated scaffold was removed from the

cylinder and the residual ethanol volume was recorded

(V3). The porosity of the scaffold was expressed as:

Porosity = (V1 – V3) / (V2 – V3).

2.2.3. Histological and immunohistochemical assay of

scaffold

The scaffolds were mounted using the O.C.T. compound

(Tissue-Tek, Miles, USA). Cryosections (10 µm thick) were

cut and fixed in acetone for 30 min at room temperature

and slightly washed with PBS. The samples were assayed

by safranin O staining for identifying the presence of cartil-

age derived glycosaminoglycans (GAGs). 

The type II collagen was stained using a rabbit anti-

collagen-II polyclonal antibody according to the manu-

factures’ instruction. The cross and vertical sections were

blocked with peroxidase blocking solution for 10 min and

then 10% (v/v) goat serum solution for 30 min. The sections

were incubated with anti-type II collagen (1:100 working

dilution) overnight at 4ºC. A biotinylated secondary

antibody (anti-rabbit FITC-conjugated immunoglobulins;

Shiankexing, Beijing, China) was then applied for 30 min

followed by incubation with horseradish peroxide-conju-

gated streptavidin for 10 min. Color was developed with

diaminobenzidine tetrahydrochloride (DAB). Images were

acquired by microscopy.

2.3. Isolation, culture, and chondrogenic induction of

MSCs

With approval from the institutional review board of the

Chinese PLA general hospital, mature New Zealand White

rabbits (weight 2.5 ~ 3.0 kg) were anaesthetized. Mesen-

chymal stem cells (MSCs) were isolated and cultured as

previously described [22]. P3 cells were used in these

experiments. MSCs were resuspended in chondrogenic

differentiation induced medium, which will be referred to

as DMEM, supplemented with 0.1 mM ascorbic acid 2-

phosphate, 40 µg/mL hydroxyproline, 10−7 M dexametha-

sone and 10 ng/mL TGF-β1, 25 ng/mL basic fibroblast

growth factor (bFGF), and 1% ITS (10 µg/mL insulin, 5.5

µg/mL transferrin, 5 ng/mL selenium, 0.5 mg/mL bovine

serum albumin, 4.7 mg/mL linoleic acid; Sigma, St. Louis,

MO, USA). Medium was regularly changed every 2 days

up to 21 days. Cells were harvested and used in the follow-

ing experiments.

2.4. Seeding and morphology observation of cells

The cells were suspended in culture medium. The oriented

scaffolds (4 mm diameter, 1 mm thickness) were placed

into a 24-well culture plate and 20 µL of the cell suspen-

sion, which corresponded to approximately 1 × 105 cells,

was seeded onto each sample until the scaffold became

completely saturated. The scaffolds were cultured in a 5%

CO2 humidified atmosphere at 37ºC 4 h to allow for cell

adherence, and then 2 mL of culture medium was added to

each well. After the cells were cultured on the scaffolds for

3 and 7 days, the samples were washed with PBS and fixed

with 2.5% glutaraldehyde for 24 h at 4ºC. The scaffolds

were then dehydrated through a series of graded alcohols

and dried at room temperature, the samples were sputter-

coated with gold and cells in the samples were observed by

SEM.

2.5. Cell proliferation assay

Cell proliferation was quantitatively evaluated using the

cell counting kit-8 (Dojindo CCK-8 kit, Tokyo, Japan),

which is a colorimetric method for determining the number

of viable cells in culture. The oriented scaffolds were placed

into a 24-well culture plate and 15 µL of the cell suspen-

sion, which contained approximately 5 × 104 cells, was

seeded onto the top surface of the scaffold (4 mm diameter,

1 mm thickness) and allowed to penetrate into scaffold.

The cells/scaffold structures were then incubated at 37ºC

under 5% CO2 for 4 h to allow for cells adherence. The

structures were then transferred to a new 24-well plate and

cultured in medium for additional 1, 3, and 7 days. At

every indicated time interval, culture medium was discard-

ed and approximately 500 mL of serum-free DMEM
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medium with 50 µL CCK-8 solution were added to each

sample, followed by incubation at 37ºC for 3 h. The super-

natant was transferred to a 96-well plate and the optical

density (OD) at 450 nm was measured using a microplate

reader (Beckman, Fullerton, CA).

2.6. Cell viability assay

Cell viability in the cells/scaffold structures was evaluated

after 3 and 7 days of culture using a Live/Dead assay kit

(Sigma, St. Louis, MO, USA) according to the manu-

factures’ instruction. Media was aspirated from the cultures

and the structures were washed in PBS. The samples were

then incubated in 5 × 10−3 mg/mL FDA for 5 min at 37ºC

in the dark. The FDA was aspirated and structures were

washed twice in PBS. The structures were incubated in a 5

× 10−3 mg/mL PI working solution for another 5 min. The

PI solution was then aspirated and the structures were

washed twice with PBS before being viewed with an

Olympus IX81 confocal microscope (Olympus, Tokyo,

Japan).

2.7. Cells labeling

Chondrogenic induced MSCs were labeled with fluorescent

dye PKH26 (Sigma, St. Louis, MO, USA) as follows.

Induced MSCs were digested with trypsin, then counted

and washed in serum-free medium. The MSCs were centri-

fuged and suspended in 1 mL of dilution buffer provided in

the manufacturer’s labeling kit. The MSCs suspension was

mixed with an equal volume of the labeling solution con-

taining 4 × 10−6 M PKH26 in dilution buffer and incubated

for 5 min at room temperature. The label reaction was

terminated by adding 2 mL of FBS. The MSCs were

washed two times with 10% FBS DMEM and centrifuged.

2.8. Preparation and implantation

The cells were suspended in chondrogenic differentiation-

induced medium. The sterilized oriented scaffolds (4 mm

diameter, 3 mm thickness) were placed into a 24-well cul-

ture plate and 50 µL of the cell suspension, which corre-

sponded to approximately 2 × 106 cells, was seeded onto

each sample until the scaffold became completely saturated.

The cells were cultured with the scaffold structures were

under a 5% CO2 humidified atmosphere at 37ºC for 4 h to

allow for cells adherence, and then 2 mL of culture medium

was added to each well. The structures were observed

under a fluorescent microscope and then cultured in medium.

The animal experiment was conducted according to the

committee guidelines for animal experiments of the

laboratory animal research centre, at Chinese PLA general

hospital. After in vitro culture for 3 days, the structures

were implanted subcutaneously in the dorsa of nude mice

(n = 4). Four weeks after implantation, the implants were

detected using a fluorescent imaging system. 

2.9. Fluorescent imaging

The implants were imaged using an In-vivo Imaging

System FX (Kodak Jingmei Biotech, Beijing, China). After

anesthetization with 80 mg/kg ketamine, the nude mice

were placed into the imaging cabinet and imaged at an

excitation and emission wavelength of 450 ~ 570 nm and

570 ~ 700 nm respective. The other imaging parameters

were as follows: exposure time, 1 min; F-stop, 4.0; FOV,

100 mm; resolution, 650 dpi; and optical density 0.5. At

the end of experiment, the mice were sacrificed and implants

were harvested. 

2.10. Histology and immunohistochemistry

The implants were fixed in 4% phosphate-buffered para-

formaldehyde, dehydrated through a graded series of

ethanol, embedded in paraffin, sectioned at a thickness of

10 µm and evaluated by staining with toluidine blue and

immunohistochemically with type II collagen.

2.11. Statistical analysis

The results of the CCK-8 experiments were expressed as

the mean ± standard deviation and assessed by one way

analysis of variance (ANOVA). Comparison between two

means was analyzed using the Tukey’s test, where p < 0.05

was considered statistically significant.

3. Results

3.1. Characterization of nanofibrous ACECM 

The morphology and diameter of ACECM fibers were

observed by SEM (Figs. 1A and 1B). The decellularized

ACECM had a fibrous shape and were on the nanometer

scale. The diameter of the nanofibrous ACECM was ap-

proximately 50 nm. The nanofibrous and oriented structure

characteristics of the scaffold are displayed in Figs. 1C and

1D. In the cross section image of the scaffold, the

nanofibrous ACECM were shown to be aligned randomly

(Fig. 1C) and some nanofibers were connected in the pore

space. Fig. 1D shows that the nanofibrous ACECM was

aligned along the vertical orientation. 

3.2. Characterization of the oriented scaffold 

To analyze the biochemical composition of the oriented

scaffold, histological and immunofluorescent staining was

conducted. Immunofluorescent staining revealed the pre-

sence of collagen II (Figs. 2A and 2C), while safranin O

positive staining indicated that GAGs were present in the

oriented scaffold (Figs. 2B and 2D). The vertical section of

the scaffold indicated the vertical microtubule structure.
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Fig. 3 shows the microstructure of the ACECM oriented

scaffolds. The SEM images (Figs. 3A and 3C) shows the

cross section of the oriented scaffold. Based on these

images, the oriented ACECM scaffold was shown to have

a homogeneous interconnected porous structure and the

pores were distributed uniformly. Figs. 3B and 3D show

the structure of the scaffold in the vertical orientation. The

Fig. 1. The morphology and diameter of the ACECM and the wall of the oriented scaffold were observed by SEM. (A, B) The ACECM
adopted a fibrous shape and random alignment and was on the nanometer scale. (C) In the cross section image of the scaffold wall, the
nanofibrous ACECM was shown to be interconnected and aligned randomly. (D) The nanofibrous ACECM aligned along vertical
orientation in vertical section. (A) Bar = 2 µm. (B, C, and D) Bar = 1 µm.

Fig. 2. Histological and immunohistochemical staining of the
ACECM oriented scaffold. (A, C) Immunofluorescent positive
staining indicated that collagen II was present in the oriented
scaffold. (B, D) Safranin O staining revealed the presence of
GAGs. Bar = 200 µm.

Fig. 3. The microstructure of the ACECM oriented scaffolds was
examined by SEM. (A, C) The porous structures were inter-
connected homogeneously and distributed uniformly in the cross
section image of the oriented scaffold. (B, D) The vertical
microtubules were oriented and interconnected congruously in the
vertical section. Bar = 100 µm.
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vertical microtubules were interconnected and congruously

aligned. Some micropores were present in the wall of the

vertical microtubules. The vertical microtubules in the

oriented scaffold mimicked the deep zone articular cartil-

age. The scaffold porosity and pore diameter was 91.3%

and 104 ± 30 µm, respectively.

3.3. Cell morphology and alignment on oriented scaffold

Fig. 4 shows the morphology of the MSCs adhered on the

scaffold after 3 ~ 7 days of culture. After 3 days, the cells

had adhered onto the oriented scaffold and were distributed

within the pores; most cells adopted an ellipse or spindle

shape, were aligned vertically along the oriented micro-

tubules and covered the pore space, which indicated that

the cells proliferated well on the scaffold (Fig. 4A). After

7 days of culture more cells had were adhered to the

scaffold when compared to 3 days of culture. The cells

spread along the vertical microtubules, aggregated with

each other and filled the pore space (Fig. 4B), which could

form an oriented neo-tissue. 

3.4. Cell proliferation and viability on oriented scaffold

The proliferation of MSCs on scaffold was assessed using

the CCK-8 quantitative assay after 1, 3, and 7 days of

culture (Fig. 5). The results of this assay demonstrated that

the MSCs proliferated rapidly and were viable on the

oriented scaffold. Thus, the ACECM had good compati-

bility and cellular affinity. The cells status and viability are

shown in Fig. 6. On day 3, there were many live cells

(green spots) adhered on the scaffold and only a few dead

cells (red spots) were dispersed sporadicly throughout the

scaffold. At longer culture times, more green spots were

aligned along the oriented microtubules and only a few red

spots were observed after 7 days of culture (Figs. 6A and

6B). This indicated that the cells rapidly proliferated and

the scaffold possessed good cell affinity. The oriented

alignment and viability of adhered cells were in agreement

with the results of the SEM micrographs and CCK-8 assay.

3.5. Cell labeling and tracking in vivo

The PKH26 concentration tested was sufficient for labeling

the chondrogenic differentiation-induced MSCs. As shown

in Fig. 7, the labeled cells (red fluorescence) were distribut-

ed uniformly in the center and edge of the scaffold. Four

weeks after implantation, the cells-scaffold structures in the

nude mice were imaged using the in vivo imaging system.

An X-ray image of the nude mice is shown in Fig. 8A,

which was used to locate the implanted scaffold. The red

fluorescence of the PKH26 labeled MSCs-scaffold implants

was observed in Fig. 8B. Fig. 8C is an overlay the images

shown in A and B and clearly demonstrates that the

implant was situated in the dorsa of the nude mice. Using

the intensity ruler, the implant was shown to emit hyper-

Fig. 4. SEM micrographs of MSCs adhered on the oriented
scaffolds. (A) The MSCs adhered and were aligned vertically
along the oriented microtubules after 3 days of culture. (B) More
cells were spread and aligned along the vertical microtubules,
aggregated with each other and filled the pores of the scaffold after
7 days of culture. (A) Bar = 10 µm. (B) Bar = 100 µm.

Fig. 5. Proliferation of MSCs on the scaffolds was measured using
the CCK-8 quantitative assay. n = 6. (*)p < 0.05 and ( # )p < 0.05.
In comparison with 1 and 3 days respectively of cell proliferation
on the oriented scaffold. The results indicated that the ACECM
scaffold possessed good cell affinity.

Fig. 6. Live/dead cells staining of MSCs cultured on the scaffold
for 3 days (A) and 7 days (B). (A) Live cells were numerous and
aligned vertically along the microtubules, while only a few dead
cells were dispersed throughout the scaffold. (B) The number of
live cells increased and the number of dead cells decreased.
Arrows represent the dead cells. Bar = 200 µm.
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fluorescence. The fluorescent imaging demonstrated that

the implants contained the PKH26 labeled chondrogenic

differentiation-induced MSCs-ACECM scaffold structures.

3.6. Histological and immunohistochemical staining

Toluidine blue and immunohistochemical staining of the

implants are shown in Fig. 9. The toluidine blue staining

indicated the presence of secreted ECM in the GAGs

and round chondrocyte-like cells were surrounded by an

abundant ECM (Figs. 9A and 9C). The results of collagen

II immunohistochemistry (Figs. 9B and 9D) demonstrated

that the implanted cells secreted collagen II in the micro-

environment of ACECM in vivo. The staining results show-

ed that the chondrocyte-like cells proliferated and secreted

ECM. In addition, the ACECM retained the phenotype of

differentiated stem cells and MSCs-scaffold structure form-

ed the appropriate tissue engineering cartilage in the

ACECM microenvironment in vivo.

4. Discussion

The ideal cartilage scaffold should mimic the ECM com-

position and morphological structure of the cartilage,

which is good for cells adherence and alignment. In this

study, a nanofibrous ACECM derived oriented scaffold

was fabricated. SEM showed that MSCs proliferated well

and were aligned along the vertical microtubules of the

scaffold. The cell proliferation assay and live/dead cells

staining showed the ACECM had a high cell affinity. The

in vivo evaluation, histological examination and immuno-

histochemical staining of the implants were all positive for

chondrogenic differentiation. These results imply that the

ACECM oriented scaffolds have good biocompatibility

with differentiated MSCs and strongly mimic the deep

zone of articular cartilage. In addition, the ACECM was

shown to provide and excellent microenvironment for MSCs

adhesion, proliferation and chondrogenic differentiation.

One objective of this study was to fabricate a nanofibrous

Fig. 7. The MSCs labeled with PKH26 were distributed uniformly
in the center (A) and edge (B) of the scaffold. Magnication × 200.

Fig. 8. The PKH26 labeled MSC-ACECM scaffold structures in
nude mice were imaged using the in vivo fluorescent imaging
system. (A) X-ray imaging of nude mice. (B) The red fluorescence
of labeled MSCs-scaffold structures. (C) Overlay of the images
shown in A and B, which clearly demonstrated that the implant
was situated in dorsa of the nude mice. 

Fig. 9. The implants were stained by histology and immuno-
histochemistry. (A, C) Toluidine blue staining indicated the pre-
sence of chondrocyte-like cells and secreted ECM rich in GAGs.
(B, D) The positive immunohistochemistry results indicated that
the implanted MSCs secreted collagen II in the microenvironment
of the ACECM. Arrows represent the lacunae structures. (A, B)
Bar = 100 µm. (C, D) Bar = 50 µm.
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ACECM oriented scaffold. However, it was difficult to

shatter the cartilage and achieve effective penetration of the

solutions used in the decellularization procedure. To obtain

more decellularized cartilage, a novel method was used to

obtain the nanofibrous ACECM in this study. The cartilage

slices could absorb water sufficiently and become soft under

moist conditions, which promoted permeation of chemicals

and enzymes. Using this novel approach, nanofibrous

ACECM was easily fabricated and collected (Fig. 1). In

particular, the native cartilage ECM (GAGs and collagen

II) was nanofibers. Furthermore, structures on the nano-

meter scale are known to be advantageous for cells ad-

herence and proliferation, and can act as potent effectors of

differentiation [23,24]. Here, we fabricated a nanofibrous

ACECM from native articular cartilage (Fig. 1). Histological

analysis showed that the ACECM oriented scaffold con-

tained GAGs and collagen II (Fig. 2). These results demon-

strated that the cartilage ECM remained after the decellu-

larization process and chemical cross linking. Thus, the

nanofibrous ACECM was a biomimetic of native cartilage

ECM.

Using the traditional TIPS technique, scaffolds with high

porosity and round-shape porous structure could be

fabricated and have been widely used in tissue engineering

applications [25,26]. The solid liquid phase separation

process of traditional TIPS is due to the crystallization of

solvent. The spherical crystals are produced by the crystal

nucleus, which then grows in all directions. So, the porous

structures were randomly aligned. To develop a scaffold

that mimics the orientation of the deep zone cartilage,

porous oriented scaffold with vertical microtubules could

be fabricated using improved TIPS. The oriented scaffold

could be manufactured by temperature gradient guided

TIPS [27]. Therefore, by using a temperature gradient dur-

ing phase separation, fibrous crystals were produced due to

the growth of crystals along the direction of the temper-

ature gradient. Using this approach, an oriented scaffold

with vertical microtubules could be fabricated after freeze

drying (Fig. 3). The pore size, porosity and pore structure

of the scaffolds are important for cell adherence and

proliferation. Thus, further studies should be conducted to

examine the effect of different temperature gradients on

pore size and the oriented structure of the ACECM scaffold.

The advantage of decellularization relies on signals

present in the decellularized ECM, which promote cell

adherence or facilitate the proliferation of seeded cells. In

this study, the CCK-8 assay and cell viability staining

showed that the adhered MSCs proliferated rapidly with

time (Figs. 5 and 6). These results demonstrate that the

ACECM possesses good cell affinity and provides a bio-

mimetic ECM microenvironment for adhesion and prolife-

ration of chondrogenic induced MSCs. Furthermore, the

interconnected oriented structure promoted cell migration

because the vertical microtubules could facilitate cellular

infiltration into the pores and culture medium and nutrients

could be easily exchanged through the oriented micro-

tubules. Several in vitro studies have shown that the orien-

tation of the scaffold can effect cell proliferation and

orientation [28,29]. In this study, when cells were seeded

on the oriented scaffold, the vertical microtubules could

direct the alignment of adhered cells along the micro-

tubules. The MSCs were aligned vertically along the

microtubules and distributed throughout most of the pores

(Fig. 4). The MSCs-oriented scaffold structures were a

biomimetic of the deep zone cartilage and could form

regenerated cartilage. 

PKH26 has been widely used to track cells. The PKH26

fluorescence can persist for more than 4 weeks in vivo, and

the fluorescence intensity can be used as an indirect

measure of proliferation [30,31]. In this study, PKH26 was

used to track cells in vivo and evaluate cell proliferation.

Four weeks after implantation, hyperfluorescence was

observed in the implants, indicating that the MSCs pro-

liferated well (Fig. 8). The results of toluidine blue and

collagen II staining of implants were positive, which

indicated that the ACECM retained the phenotype of

differentiated MSCs and the labeled MSCs-scaffold struc-

ture formed neocartilage in vivo (Fig. 9). In addition, these

experiments demonstrated that the cells in the implants

were derived from the chondrogenic induced MSCs. 

Stem cells therapy holds great promise for use in tissue

engineering application. To date, MSCs have been shown

to be a unique stem cell for cartilage regeneration [32,33].

After the MSCs are harvested and expanded in culture,

they can be combined with a scaffold for repair of cartilage

defects. Moreover, the development of scaffolds is a fund-

amental component for MSCs-based cartilage tissue engi-

neering applications. In this study, the scaffold walls,

which entrapped more MSCs in the ACECM meshwork,

were used to set up the oriented system. Moreover, the

oriented microtubules could improve the diffusion of

nutrients and removal of waste; facilitate cell migration

into the center part of the scaffold and direct cell alignment

along the oriented structure. Thus, the biomimetic oriented

ACECM scaffold could be better for functional integration

upon implantation in cartilage defects. Evaluation of the

efficacy of the MSCs-ACECM scaffold system in animal

models of articular cartilage defects is currently underway.

5. Conclusion

In the present study, a nanofibrous ACECM was fabricated

by combining physical pulverization with a chemical
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decellularization procedure. The ACECM derived oriented

scaffold was developed using an improved TIPS technique.

The scaffold was a biomimetic of the biochemical com-

position and morphological structure of deep zone articular

cartilage. The ACECM scaffold provided a microenviron-

ment for MSCs adherence and proliferation in vitro. In

addition, PKH26 fluorescent labeled MSCs were observed

in nude mice and the ability of MSCs chondrogenic

differentiation in vivo was maintained in the scaffold. Thus,

the oriented ACECM scaffold holds great promise for use

in cartilage tissue engineering applications.
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