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Abstract The extracellular matrix (ECM) is a

dynamic and intricate three-dimensional (3D)

microenvironment with excellent biophysical, biome-

chanical, and biochemical properties that may directly

or indirectly regulate cell behavior, including prolif-

eration, adhesion, migration, and differentiation.

Compared with tissue-derived ECM, cell-derived

ECM potentially has more advantages, including less

potential for pathogen transfer, fewer inflammatory or

anti-host immune responses, and a closer resemblance

to the native ECM microenvironment. Different types

of cell-derived ECM, such as adipose stem cells,

synovium-derived stem cells and bone marrow stro-

mal cells, their effects on articular chondrocytes which

have been researched. In this study, we aimed to

develop a 3D cell culture substrate using decellular-

ized ECM derived from human umbilical cord-derived

mesenchymal stem cells (hUCMSCs), and evaluated

the effects on articular chondrocytes. We evaluated

the morphology and components of hUCMSC-derived

ECM using physical and chemical methods. Morpho-

logical, histological, immunohistochemical, biochem-

ical, and real-time PCR analyses demonstrated that

proliferation and differentiation capacity of
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chondrocytes using the 3D hUCMSC-derived ECM

culture substrate was superior to that using non-coated

two-dimensional plastic culture plates. In conclusion,

3D decellularized ECM derived from hUCMSCs

offers a tissue-specific microenvironment for in vitro

culture of chondrocytes, which not only markedly

promoted chondrocyte proliferation but also preserved

the differentiation capacity of chondrocytes. There-

fore, our findings suggest that a 3D cell-derived ECM

microenvironment represents a promising prospect for

autologous chondrocyte-based cartilage tissue engi-

neering and regeneration. The hUCMSC-derived

ECM as a biomaterial is used for the preparation of

scaffold or hybrid scaffold products which need to

further study in the future.

Keywords Cell-derived ECM � Chondrocytes �
Stem cells � 3D microenvironment � Proliferation

Introduction

Articular cartilage is a 1–3-mm thick, white layer of

special tissue with a certain elasticity and hardness,

located on the ends of long bones in joints including

the knee, hip, elbow, and shoulder. To ensure normal

motion of the joint, articular cartilage absorbs pressure

and distributes mechanical load to protect the sub-

chondral bone1. Articular cartilage has a very limited

ability to self-repair owing to a lack of blood vessels

and nerves in cartilage, and its nutrient supply is

derived mainly from the synovial fluid (Buckwalter

and Mankin 1998; Hunziker 1999). However, an

articular cartilage defect is a common orthopedic

disease, usually caused by strain, trauma, and articular

degenerative diseases. If an early articular cartilage

defect is not treated in a timely fashion, it leads to the

development of joint degeneration and osteoarthritis

(Gelber et al. 2000; Schinhan et al. 2012; Stufkens

et al. 2010). Therefore, various therapeutic strategies,

such as nonsurgical methods including hyaluronic acid

intra-articular injection (Arrich et al. 2005) and

surgical methods including microfracture, drilling,

arthroscopic abrasion, and tissue engineering technol-

ogy, have been applied to repair cartilage defects, but

most treatments relieve articular pain only temporarily

and do not achieve satisfactory results for patients

(Simon and Jackson 2006).

Autologous chondrocyte transplantation (ACT) has

long been regarded as a promising approach to replace

conventional therapies for articular cartilage repair.

Although the technology has been updated through

four generations, several hurdles limiting the devel-

opment and extensive application of ACT remain.

Generally, ACT requires numerous chondrocytes

(2 9 107), but adult chondrocytes are terminally

differentiated cells with a very weak proliferative

capacity in vitro, especially in patients suffering from

cartilage disease and in elderly patients. This means

these chondrocytes must undergo prolonged culturing

to obtain sufficient cell numbers (Li and Pei 2012).

Additionally, chondrocytes readily undergo replica-

tive senescence and dedifferentiation during ex vivo

expansion, and the expression of cartilage matrix-

specific collagen II decreases sharply, together with

increased expression of collagens I and III, resulting in

a loss of chondrocytic characteristics (Benya and

Shaffer 1982; von der Mark et al. 1977). Thus,

identifying a novel cell culture substrate that improves

the quantity and quality of chondrocytes has become a

key factor in the development and application of ACT.

The extracellular matrix (ECM) is typically made

up of both inorganic and organic compounds, such as

hyaluronic acid (HA), collagens, proteoglycans (PGs),

and glycosaminoglycans (GAGs), which compose an

intricate and dynamic three-dimensional (3D) network

with a certain arrangement. The variety of ECM

components confers excellent physical, biochemical,

and biomechanical properties that regulate the prolif-

eration, survival, migration, self-renewal, and differ-

entiation of cells by either direct or indirect pathways

(Hynes 2009; Lane et al. 2014; Ozbek et al. 2010;Watt

and Huck 2013). In turn, different types of cells also

influence the compounds and structures of ECM in

tissues and organs.

As a novel potential 3D cell culture substrate,

decellularized ECM derived from different kinds of

cells (also called cell-derived ECM) has been studied

in the fields of cartilage (Antebi et al. 2015; He et al.

2009; Liao et al. 2010), bone (Kim et al. 2015; Pham

et al. 2008; Zeitouni et al. 2012), nerve (Gu et al. 2014;

Jian et al. 2015), skeletal muscle (Hurd et al. 2015),

intervertebral discs (Yuan et al. 2013), and cardiovas-

cular (Du et al. 2014) tissue engineering. Previously,

Pei et al. reported that ECM produced by synovium-

derived stem cells (SDSCs) not only greatly promoted

the expansion but also inhibited the dedifferentiation
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capacity of chondrocytes and SDSCs, both in vitro

(Pei and He 2012) and in vivo (Pei et al. 2013). Chen

et al. discovered that a bone marrow mesenchymal

stem cell-derived ECM culture microenvironment

facilitated the formation of mesenchymal colony-

forming units and retained their multipotency during

culture (Chen et al. 2007; Lai et al. 2010). Compared

with adult mesenchymal stem cell (MSC)-derived

ECM, fetal MSC-derived ECM exhibited an enormous

capacity to promote ex vivo proliferation (Ng et al.

2014) and rejuvenation of the chondrogenic potential

(Li et al. 2014) of adult MSCs. Unique proteins in fetal

MSC-derived ECM may be related to enhanced adult

MSC expansion and rejuvenation.

In this study, we chose human umbilical cord

(hUC)MSC-derived ECM as a 3D cell culture system,

because the UC contains primitive cells with proper-

ties that are similar to those of fetal MSCs, and

UCMSC-derived ECM is acquired more easily than is

chondrocyte-derived ECM. Here, we respectively

isolated chondrocytes from rabbit knee articular

cartilage and MSCs from hUC Wharton’s jelly and

then generated decellularized ECM derived from

UCMSCs. Chondrocytes were cultured on UCMSC-

derived ECM-coated culture plates (3D) or on plastic

culture plates [two-dimensional (2D)], and the prolif-

eration and differentiation capacity of these cells were

compared.

Materials and Methods

Experimental design

Using a series of processes including physical and

chemical methods, UCMSCs were isolated and

extracted from hUCs. The obtained hUCMSCs were

cultured on plates pre-coated with fibronectin, and

when the plated hUCMSCs attained 80–90% con-

fluence, a certain amount of ascorbic acid phosphate

was used to accelerate ECM deposition. Subsequent

treatment with detergents and alkaline reagents

(ammonium hydroxide), which may remove cellular

components from thin tissues, induced decellular-

ization to prepare hUCMSC-derived ECM. Rabbit

chondrocytes were seeded and expanded on two

substrates, hUCMSC-derived ECM and plastic cul-

ture plates. Histological, immunohistochemical,

biochemical, and real-time polymerase chain

reaction (RT-PCR) analyses were conducted at

different time points. An overview of the study

design is shown in Fig. 1.

Preparation and identification of hUCMSCs

Isolation and culture of hUCMSCs

This study was performed with the approval of the

Institutional Committee of the Chinese PLA Gen-

eral Hospital, China. These hUC samples were

acquired from healthy volunteers at the Chinese

PLA General Hospital, and the samples were

handled within 12 h. The isolation and culture of

hUCMSCs were performed similarly to previously

described methods (Peng et al. 2011). Briefly, after

rinsing three times with phosphate-buffered saline

(PBS; Sigma-Aldrich, St. Louis, MO, USA) to

remove blood clots, samples were cut into 2–3-cm

pieces. The Wharton’s jelly was removed and sliced

into small pieces (0.5–1.0 cm3) after removing the

amnion and umbilical vessels, and the slices were

subsequently seeded on plastic culture plates as well

as cultured in minimum essential medium-a (Gibco,

Grand Island, NY, USA) containing 100 U/mL

penicillin/streptomycin (Sigma-Aldrich) and 10%

fetal bovine serum (FBS; Gibco) at 37 �C under 5%

CO2 in an incubator. The UC slices were discarded

once the UCMSC population reached 80–90% sub-

confluence after culturing for 14 days. For each

passage, 0.25% trypsin–ethylenediamine tetraacetic

acid (EDTA; Corning, Glendale, AZ, USA) was

used to detach the cells.

Flow cytometry analysis

To assess the purity of human MSCs, minimal criteria

have been proposed by the Mesenchymal and Tissue

Stem Cell Committee of the International Society for

Cellular Therapy, including (1) MSCs must adhere to

plastic when incubated under normal culture condi-

tions; (2) MSCs must express high levels (C 95%

positive) of CD90, CD73, and CD105 and lack

expression (B 2% positive) of CD45, CD34, CD14

or CD11b, CD79a or CD19, and HLA-DR surface

molecules; (3) MSCs must have the potential to

differentiate into adipocytes, osteoblasts, and chon-

droblasts under specific differentiation conditions

in vitro (Dominici et al. 2006).
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For flow cytometry, the cells were detached using

trypsin–EDTA and washed three times with PBS.

Subsequently, the harvested cells were suspended,

quantified, and adjusted to a concentration of 1 9 107/

mL. The prepared cell suspension (0.1 mL, 1 9 106

cells per sample) was separately incubated with anti-

CD90-FITC, anti-CD105-PerCP, anti-CD73-APC,

and PE human MSC Negative Cocktail including

anti-CD34-PE, anti-CD11b-PE, anti-CD19-PE, anti-

CD45-PE, and HLA-DR-PE (1:1000; BDBiosciences,

San Diego, CA, USA) in the dark for 30 min. The

fluorescence of the cells was analyzed using a flow

cytometer (FACS Calibur; BD Biosciences).

Analysis of the multipotent differentiation

of hUCMSCs

Themultipotent differentiation potential of hUCMSCs

was confirmed as described previously33. Briefly,

passage 2 (P2) hUCMSCs were treated with different

induction media. For chondrogenic induction, cells

were cultured in chondrogenic differentiation basic

medium supplemented with 0.01% dexamethasone,

0.3% ascorbate, 1% ITS ? supplement, 0.1% sodium

pyruvate, 0.1% proline, and 1% TGF-b3 for 21 days.

After fixation with 4% paraformaldehyde and embed-

ding in paraffin, tissue sections were stained with

Alcian blue for 30 min. For osteogenic induction, cells

were cultured in 10% FBS-containing osteogenic

differentiation basal medium supplemented with 1%

penicillin–streptomycin, 1% glutamine, 0.2% ascor-

bate, 0.01% dexamethasone, and 1% b-glycerophos-
phate. After 21 days of differentiation, cells were

fixed and stained with Alizarin red. Adipogenic

differentiation medium consisted of induction med-

ium A (10% FBS-containing basal medium A supple-

mented with 1% penicillin–streptomycin, 1%

glutamine, 0.2% insulin, 0.1% IBMX, 0.1% rosiglita-

zone, and 0.1% dexamethasone) and medium B (10%

FBS-containing basal medium B supplemented with

1% penicillin–streptomycin, 1% glutamine, and 0.2%

insulin). For adipogenic differentiation, cells were

cultured in induction medium A for 3 days, and then

the medium was changed to induction medium B for

24 h. After four cycles of induction, cells were fixed,

rinsed, and stained with Oil Red O.

Preparation and characterization of hUCMSC-

derived ECM

Decellularized ECM derived from hUCMSC

formation

P2 hUCMSCs (6 9 103/cm2) were seeded on 6-well

plates, which were pre-coated with fibronectin (25 lg/
mL, Sigma-Aldrich) for 1 h at 37 �C. After culturing
for 7 days, ascorbic acid (50 mM; Sigma-Aldrich)

was added to complete medium for an additional

8 days, during which the cells attained approximately

80–90% confluency. During the entire procedure, the

medium was changed completely every 2–3 days. For

decellularization, samples were treated with 0.5% (v/

v) Triton X-100 (Sigma-Aldrich) containing 20 mM

NH4OH (Sigma-Aldrich) in PBS for 5 min at 37 �C.
After rinsing twice with PBS, the hUCMSC-derived

ECM was stored in PBS containing 100 U/mL

penicillin/streptomycin (Sigma-Aldrich) at 4 �C
(Chen et al. 2007; He et al. 2009).

Fig. 1 Schematic

illustration of the overall

study design

123

354 Cell Tissue Bank (2019) 20:351–365



Morphological observation of hUCMSC-derived

ECM

After fixation in 10% neutral buffered formalin, the

morphology of specimens was observed under a

phase-contrast microscope. For scanning electron

microscopy (SEM), representative specimens were

washed twice with PBS and fixed in 2.5% glutaralde-

hyde for 30 min, then incubated in 2% osmium

tetroxide for another 30 min as the secondary fixation

at room temperature. The specimens were dehydrated

twice in progressive concentrations of ethanol (25%,

50%, 75%, 90%, and 100%) for 10 min each. After

dehydration, ethanol was replaced with tertiary

butanol (from 50 to 100%). In a follow-up analysis,

specimens were freeze-dried using a vacuum drier,

and sputtered with gold. The images were examined

using the Zeiss MERLIN SEM (Carl Zeiss AG,

Oberkochen, Germany).

Immunofluorescence staining analysis

Decellularized ECM was fixed in 10% neutral

buffered formalin for 30 min at room temperature

and then immunostained for collagen I, collagen II,

laminin, fibronectin, decorin, perlecan, and biglecan to

identify the components of decellularized ECM. The

ECM was incubated with primary antibodies against

collagen I (1:500; Abcam, Cambridge, UK), collagen

II (1:100; Abcam), laminin (1:200; Abcam), fibronec-

tin (1:200; Abcam), decorin (1:100; Abcam), perlecan

(1:100; Abcam) and biglecan (1:100; Abcam) at 4�
overnight, followed by incubation with secondary

antibodies for 1 h and with Hoechst 33258 (Molecular

Probes, Eugene, OR, USA) for 5 min for nuclear

counterstaining. Images were taken using fluorescence

microscopy (Olympus Imaging Systems, Tokyo,

Japan).

In vitro studies of cell expansion on two different

substrates

Isolation and expansion of rabbit articular

chondrocytes

Three-month-old rabbits were obtained from a local

slaughterhouse, and articular cartilage was harvested

from knee joints using a knife in a sterile environment.

To obtain chondrocytes, the cartilage samples were

minced into pieces and enzymatically digested in

0.2% collagenase for 2 h on a magnetic stirrer. After

centrifugation and suspension, the chondrocytes were

plated in culture medium including Dulbecco’s mod-

ified Eagle’s medium (DMEM; Corning) supple-

mented with 10% FBS, 100 U/mL penicillin, and

100 mg/mL streptomycin. In a follow-up study,

freshly isolated (P0) chondrocytes were seeded on

two different substrates: plastic culture plates (plastic

plates) and culture plates coated with hUCMSC-

derived ECM (ECM plates) at a density of 3 9 103/

cm2 for six passages. For each passage, chondrocytes

were cultured for 7 days (reaching approximately 90%

confluence). To identify whether the different sub-

strates affected the proliferation capacity of chondro-

cytes, a hemocytometer was used to count the total

number of chondrocytes after cells were detached

using trypsin–EDTA.

Cell cycle assay

Cell cycle assays were performed using propidium

iodide staining. Chondrocytes cultured on ECM or

plastic plates were trypsinized, washed, and resus-

pended at 1 9 106 cells/mL in PBS, followed by

fixation with 70% chilled ethanol for 2 h at - 20 �C.
The fixed cells were centrifuged, resuspended, and

incubated with propidium iodide staining buffer at

4 �C for 1 h in the dark. The total numbers of cells at

the different cell cycle phases were detected by flow

cytometry (FACS Calibur; BD Biosciences). Flow

cytometric experiments were performed in triplicate.

5-Ethynyl-20-deoxyuridine (EdU)/Hoechst 33342
double staining

Using the EdU Labeling/Detection Kit (Ribo-bio,

Guangzhou, China) following the manufacturer’s

instructions, logarithmic-phase cells were seeded on

6-well plates in medium containing EdU for 2 days at

37 �C under 5% CO2. Afterwards, cultured cells were

fixed in 10% neutral buffered formalin for 30 min and

incubated in glycine for 5 min. After rinsing with

PBS, cells were stained with Apollo reaction cocktail

at room temperature for 30 min. Cells were then rinsed

with 0.5% TritonX-100 in PBS and incubated with

Hoechst 33342 (5 lg/mL) at room temperature for

30 min, followed by observation under a fluorescence

microscope (Olympus Imaging Systems). Image Pro
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Plus 5.0 software (Media Cybernetics, Silver Spring,

MD, USA) was used to calculate the percentage of

EdU-positive cells in five random fields of three

samples.

Histological and immunohistochemical evaluation

The chondrocytes cultured on the ECM or plastic

plates were fixed in 4% paraformaldehyde for 15 min

at room temperature, washed twice with PBS, and

stained with toluidine blue to detect sulfated GAG

content. For immunohistochemical analysis, cells

were treated with 0.5% (v/v) hydrogen peroxide for

10 min and then further immunolabeled with poly-

clonal antibodies against collagen I and II (Abcam)

overnight at 4 �C after washing in PBS. The next day,

cells were washed again with PBS and incubated with

a phycoerythrin-conjugated goat anti-mouse IgG sec-

ondary antibody (Invitrogen) for 60 min at room

temperature. Cells were then incubated with Vectas-

tain ABC reagent (Vector Laboratories, Burlingame,

CA, USA) using diaminobenzidine as a substrate and

then counterstained with hematoxylin.

Biochemical analysis of DNA and GAG contents

For biochemical analysis, DNA was extracted using

the Genomic DNA kit (TIANamp, Beijing, China)

from cells cultured on the two different types of

substrates and quantitated using the PicoGreen DNA

assay kit (Invitrogen). To measure the sulfated GAG

content, dimethylmethylene blue (DMMB) dye and

the Tissue GAG Total Content DMMB Colorimetry

kit were used according to the manufacturer’s instruc-

tions (Genmed Scientific Inc., Shanghai, China).

RT-PCR

After the chondrocytes were expanded on two differ-

ent substrates, ECM and plastic, for 7 and 14 days,

total RNA was extracted from the cells using Trizol

reagent (Invitrogen), and the RNA was reverse

transcribed into cDNA using the ReverTra Ace qPCR

RT Kit (Toyobo, Osaka, Japan) according to the

manufacturer’s protocol. Reactions were performed at

95 �C for 5 min, followed by 95 �C for 15 s, 58 �C for

15 s, and 72 �C for 45 s for 40 cycles. The 2-DDCt

method was used to analyze the RT-PCR results. The

primer sequences used for RT-PCR were as follows:

SOX9 (forward: 50-GCGGAGGAAGTCGGTGAAG
AAT-30, reverse: 50 AAGATGGCGTTGGGCGA-

GAT-30), Aggrecan (forward: 50-GGAGGAGCAG-
GAGTTTGTCAA-30, reverse: 50-TGTCCATCCG A

CCAGCGAAA-30), Collagen I (forward: 50-GCCA
CCTGCCAGTCTTTACA-30, reverse: 50-CCATCA
TCACCATCTCTGCCT-30), Collagen II (forward:

50-CACGCTCAAGTCCCTCAACA-30, reverse: 50-T
CTATCCAGTAGTCACCGC TCT-30), Collagen X

(forward: 50-CCACCAGGACAAGCAGTCAT-30,
reverse: 50-CACTAACAAGAGGCATCCCG), and

GAPDH (forward: 50-CAAGAAGGTGGTGA AG

CAGG-30, reverse: 50-CACTGTTGAAGTCGCAG-
GAG-30). Aggrecan, Sox9, and Collagens I and II

are chondrogenic marker genes and Collagen X a

hypertrophic marker gene; GAPDH was used as a

reference gene.

Statistical analysis

All data were expressed as mean ± standard devia-

tion. The two-sample t test was used to determine

significant differences between two groups. Statistical

analyses were performed using SPSS 17.0 software

(SPSS, Inc., Chicago, IL, USA), and p\ 0.05 indi-

cated statistical significance.

Results

Characterization of hUCMSCs

To identify the purity of hUCMSCs, their character-

istics were analyzed. Under a phase-contrast micro-

scope, P3 hUCMSCs exhibited typical spindle-shaped

fibroblastic morphology and plastic-adherent proper-

ties when incubated on plastic culture plates (Fig. 2a).

To detect the pluripotent differentiation potential of

hUCMSCs, cells were induced using three different

types of lineage-specific media for adipocytes, chon-

droblasts, and osteoblasts in vitro. As shown in

Fig. 2b–d, we observed strong staining with Oil Red

O, Alizarin red, and Alcian blue, respectively. Flow

cytometry analysis (Fig. 2e) revealed that hUCMSCs

express high levels of CD73 (99.94%), CD90

(99.90%), and CD105 (71.09%) and lack expression

of Negative PE (0.46%) for a Negative Cocktail

including CD45, CD34, CD11b, CD19, and HLA-DR

surface molecules.
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Preparation of hUCMSC-derived ECM

After the addition of a certain amount of ascorbic acid

to the medium for 7 days of culture, phase-contrast

microscopy and SEM showed that hUCMSCs were

embedded in ECM and secreted an abundance of ECM

to form a cell sheet before cell removal (Fig. 3a1, b1,

b3). The ECM had an intricate and fibrillar network

ultrastructure that consisted of a mass of filaments

after cell removal (Fig. 3a2, b2, b4). To examine the

effects of decellularization on the unique composition

of hUCMSC-derived ECM, immunofluorescence

staining analysis was used to compare changes in

collagen I, collagen II, laminin, fibronectin, decorin,

Fig. 2 Biological characterization of human umbilical cord-

derived mesenchymal stem cells (hUCMSCs). a Image of

passage 3 (P3) hUCMSCs under a phase-contrast microscope.

b–d The pluripotent differentiation potential of hUCMSCs for

differentiation into adipogenic (b, oil red O staining), osteogenic

(c, alizarin red staining), and chondrogenic lineages (d, alcian

blue staining) when cultured in different types of lineage-

specific medium. Scale bars in a–d: 100 lm. e Positive

expression of CD73, CD90, and CD105 and negative expression

of PE, including CD45, CD34, CD11b, CD19, and HLA-DR

surface molecules, as indicated by flow cytometry

Fig. 3 Morphological observation of hUCMSC-derived extra-

cellular matrix (ECM). a1, a2: phase-contrast images of

hUCMSC-derived ECM before and after decellularization. b1,
b3 and b2, b4: scanning electron microscopy of hUCMSC-

derived ECM before and after decellularization. The red

rectangles indicate areas shown at higher magnification. Scale

bars: 100 lm (a1, a2, b1); 10 lm (b2); 50 lm (b3); 1 lm (b4)
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perlecan, and biglecan before and after decellulariza-

tion, and Hoechst 33258 staining demonstrated hardly

any residual cell nuclei after decellularization, as

visualized by fluorescence microscopy (Fig. 4). We

found that these proteins were randomly distributed,

and cell residues were effectively removed with

minimal disruption of the ECM components that help

maintain ECM ultrastructure. Additionally, these

proteins play important roles in cartilage tissue repair

and regeneration. They provide not only attachment

sites and structural support for cells but also an

abundance of intrinsic and natural biological infor-

mation for signaling for cell growth and behaviors,

including adhesion, proliferation, and differentiation,

as well as regulation of gene expression.

The hUCMSC-derived ECM microenvironment

enhanced the morphology and proliferation

potential of chondrocytes

To identify the effects of hUCMSC-derived ECM on

the morphology and proliferation of chondrocytes,

P0–P6 (P6 not shown) chondrocytes were respectively

seeded on two different substrates, plastic culture

plates (2D plastic) and culture plates coated with

hUCMSC-derived ECM (3D ECM). 2D plastic was

the control group (Fig. 5a). Under a phase-contrast

Fig. 4 Characteristics of hUCMSC-derived ECM. Immunoflu-

orescence images indicate the localization of collagen I and II,

laminin, fibronectin, decorin, biglycan, and perlecan in the ECM

produced by hUCMSCs before and after decellularization.

DAPI staining (blue) was used to detect the distribution of cells,

and matrix proteins were visualized by confocal fluorescence

images (collagen I, laminin, and decorin are stained red;

collagen II, fibronectin, biglycan, and perlecan are stained

green). Scale bar: 100 lm
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microscope, we observed that chondrocytes cultured

on ECM exhibited a fibroblast-like shape with a

smaller size according to the direction of ECM

compared with the original morphology, whereas

chondrocytes were lenient, flattened, and more bifur-

cate when cultured on plastic plates, especially after

P3. The number of expanded chondrocytes continued

to decrease in the plastic plate group after P2; in

contrast, the expanded cell number increased from P1

to P5 in the ECM plate group, which had two–ninefold

more cells than that in the plastic plate group (Fig. 5b).

Cell cycle assays were used to compare the cell

proliferation potential of chondrocytes expanded on

the two different substrates by flow cytometry. The

proportions of chondrocytes in the G1 and G2/S phase

were 55.76 ± 0.70% and 44.24 ± 0.70%, respec-

tively, in the ECM plate group and 71.68 ± 0.69%

and 18.32 ± 0.69%, respectively, in the plastic plate

group. It was obvious that chondrocytes expanded on

ECM plates had a significantly stronger proliferative

potential than those expanded on plastic plates

(Fig. 6a–c). EdU (red)/Hoechst (blue) immunostain-

ing showed the same results as those of the cell cycle

assay, further confirming that hUCMSC-derived ECM

was superior in promoting chondrocyte proliferation

(Fig. 6d–f).

Differentiation potential of chondrocytes

expanded on hUCMSC-derived ECM

microenvironment

To evaluate the density and distribution of chondro-

cyte-secreted specific matrix, histology and immuno-

histochemical stainings were performed on days 7 and

Fig. 5 Effects of hUCMSC–derived ECM on the morphology

and proliferation capacity of chondrocytes. a P0–P5 chondro-

cytes cultured on either 2D plastic or 3D ECM substrate plates.

Phase-contrast microscopy was used to assess chondrocyte

morphological properties. b Cell proliferation capacity of

chondrocytes grown on plastic versus ECM plates at each

passage. Results are expressed as mean ± SD (n = 5)
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14 (Fig. 7). We found much stronger toluidine blue

and collagen II immunohistochemical staining in the

ECM plate group than in the plastic plate group 7 and

14 days after induction, but the staining of collagen I

was weaker. The results indicated that sulfated GAGs

and collagen II were distributed more densely around

chondrocytes in the ECM plate group.

To confirm the histological results, biochemical

analysis was performed to quantify DNA and GAGs in

the chondrocytes cultured on ECM or plastic plates on

days 3, 7, and 14 (Fig. 8). By measuring DNA content,

we found that, chondrocytes exhibited time-dependent

increases in cell number of approximately 37% and

98% after 7 days and approximately 235% and 256%

after 14 days of culture on the plastic and ECM

substrates, respectively, compared with the numbers

of cells on day 3 (Fig. 8a). Meanwhile, the GAG

content increased by approximately 70% and 137%

after 7 days and approximately 308% and 321% after

14 days of culture on the plastic and ECM substrates,

respectively, compared with the GAG level secreted

by chondrocytes on day 3 (Fig. 8b). We found that

both the DNA and GAG contents increased over time

in cells incubated on both substrates (p B 0.01; day 7

vs. day 3; day 14 vs. day 7). To further evaluate GAG

secretion by chondrocytes, we calculated the ratio of

GAG to DNA content, which was used as a chondro-

genic index. The chondrocytes cultured on ECM had a

higher chondrogenic index than did those cultured on

plastic for 3, 7, and 14 days after induction, as

demonstrated by the GAG content analysis. The

chondrogenic index increased over time from days 3

to 7 (p B 0.05; Fig. 8c). Therefore, hUCMSC-derived

ECM enhanced the GAG synthesis and differentiation

potential of chondrocytes.

To evaluate the effects of hUCMSC-derived ECM

on the chondrocytes at the genetic level, RT-PCR

(Fig. 9a, b) was used to quantify the mRNA levels of

Collagen I and II, Aggrecan, and Sox9 (chondrogenic

marker genes), and Collagen X (hypertrophic marker

gene) on days 7 and 14. The gene expression results

showed that the levels of Collagen II, SOX9, and

Fig. 6 Effect of hUCMSC–derived ECM on the proliferation

capacity of chondrocytes. a, b: Cell cycle analysis by flow

cytometry using propidium iodide (PI) staining. c: Comparison

of the proliferative index of chondrocytes cultured on ECM

versus plastic plates. d: Hoechst 33342 (blue) and 5-ethynyl-20-
deoxyuridine (EdU) (red) immunofluorescence staining of

chondrocytes grown on plastic and ECM plates. Scale bar:

50 lm. e: Comparison of the EdU-positive nuclei of chondro-

cytes in the plastic control versus ECM plate groups. *p\ 0.05,

**p\ 0.01 versus chondrocytes cultured on plastic in the two

histograms. Results are expressed as mean ± SD (n = 5)
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Aggrecan increased over 14 days in both the ECM and

plastic plate groups, but there was no significant

difference in the level of Collagen I gene expression.

Collagen II, SOX9, and Aggrecan displayed higher

expression levels in chondrocytes cultured on ECM

compared with plastic at 7 and 14 days. In contrast, the

expression of Collagen X was lower in the ECM than

the plastic plate group.

Discussion

Cartilage damage has always been a common ortho-

pedic disease, as the lack of blood vessels and nerves

in cartilage severely limits self-repair capacity; thus,

the repair of articular cartilage damage is an immense

clinical challenge in the field of orthopedics (Redman

et al. 2005). The ACT technique is currently the most

Fig. 7 Effect of hUCMSC–derived ECM on the differentiation

potential of expanded chondrocytes at the matrix protein level.

Toluidine blue staining was performed to detect sulfated

glycosaminoglycans (GAGs) and immunostaining to detect

collagens I and II. Scale bars: 100 lm
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common and promising strategy for cartilage repair

and shows excellent therapeutic effects (Beris et al.

2012). However, this technique still has several

disadvantages, such as the limited number of autolo-

gous cells, donor site morbidity, and loss of chondro-

cyte characteristics along with monolayer cell

expansion. Thus, methods to improve the quantity

and quality of seed cells have become key factors in

the development of cartilage tissue engineering and

regeneration.

In this study, we developed a method for preparing

a novel in vitro cell culture system using hUCMSC-

derived ECM, which more closely mimics the carti-

laginous niche and supports the proliferation and

differentiation of chondrocytes. The effects of cell-

derived ECM on cells are due to its biophysical and

biochemical properties as a biophysical template with

bulk stiffness, porosity, and surface topography that

provides both structural and biomechanical support for

the adhesion, migration, differentiation, and growth of

cells, which in turn can sense the external forces and

stiffness of the surrounding ECM and adjust them-

selves to adapt to the local microenvironment. The

cell-derived ECM also acts as a biochemical reservoir

of cell-generated bioactive signaling molecules, such

as TGF-b, BMP-2, and insulin-like growth factor-1,

and can anchor cell surface receptors and regulate cell

behavior (DuFort et al. 2011; Kim et al. 2015).

At present, cell-derived ECM substrates should by

prepared by removing cellular components as much as

possible, while minimizing the loss of major matrix

components and ultrastructure, to better retain bio-

compatibility and biomechanical strength (Gilbert

et al. 2006). However, there are currently no unified

Fig. 8 Differentiation potential of expanded chondrocytes

cultured on two different substrates. Biochemical analyses were

used to detect DNA content, GAG content, and the GAG to

DNA content ratio. *p\ 0.05; **p\ 0.01. Results are

expressed as mean ± SD (n = 5)

Fig. 9 Differentiation potential at the mRNA level of expanded

chondrocytes cultured on two different substrates. RT-PCR

analyses were used to measure the expression levels of collagen

II, aggrecan, Sox9, collagen I, and collagen X in expanded

chondrocytes cultured on ECM and plastic plates on day 7

(a) and day 14 (b). *p\ 0.05; **p\ 0.01. Results are

expressed as mean ± SD (n = 5)
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standards for decellularization. Normally, according

to the cell type, cell density, ECM thickness, or water

content, we select a specific decellularization method

(Crapo et al. 2011). Mild detergents (Triton X-100)

and alkaline reagents (ammonium hydroxide) are used

to lyse cells, and biological agents, particularly

nucleases (DNase and RNase), are sometimes applied

to remove residual DNA or RNA. Hence, the prepa-

ration of hUCMSC-derived ECM usually involves a

combination of chemical and biological digestions.

The process of decellularization is key for eliminating

the components and antigenicity of cells, as well as

reducing inflammatory and immune responses. A

recent study suggested that adding a certain amount

of ascorbic acid to the medium prior to decellulariza-

tion facilitates ECM deposition and cell sheet forma-

tion. Guo et al. found 50 mg/mL vitamin C in medium

to be the optimal concentration (Guo et al. 2015).

To observe the microstructure of hUCMSC-derived

ECM, we used light microscopy and SEM. The results

showed that the microstructure of the hUCMSC-

derived ECM existed both before and after decellu-

larization, and the ECM exhibited a 3D structure with

many lacunae that was conducive for cell adhesion,

growth, and cell–matrix interactions. The topology of

the hUCMSC-derived ECM suggests an important

basis for hybrid scaffold applications. To characterize

the hUCMSC-derived ECM, immunohistochemical

staining was used to identify different molecules.

These primary components of ECM constitute an

intricate network that can supply a suitable niche for

cartilage regeneration. The immunohistochemical

staining results indicated that hUCMSC-derived

ECM consists mainly of fibrillar components includ-

ing collagens I and II, small leucine-rich PGs includ-

ing decorin, perlecan, and biglecan, and adhesion

glycoproteins including fibronectin and laminin. Col-

lagens and PGs make up the basic frame of the fiber

mesh complex on the cell surface and endow a certain

strength and elasticity to the complex. Additionally,

the fiber mesh complex can anchor surface receptors

on the cell with fibronectin and laminin, and integrin,

one of the crucial cell surface transmembrane recep-

tors, may connect protein components to the intracel-

lular cytoskeleton and reinforce interactions between

the ECM and cells (Legate et al. 2009). Integrins have

been shown to regulate cell proliferation, adhesion,

and differentiation by activating the phosphoinositide

3-kinase and focal adhesion kinase signaling pathways

(Buitenhuis 2011; Legate et al. 2009). Some antibod-

ies or small-molecule drugs may hinder the function of

integrins in clinical practice. In summary, the primary

components of hUCMSC-derived ECM, including

collagens, fibronectin, laminin, decorin, perlecan, and

biglecan, form a fiber mesh complex with specialized

biophysical, biomechanical, and biochemical proper-

ties that may directly or indirectly influence cell

phenotype, behavior, and fate.

Our results showed that the hUCMSC-derived

ECM was better than plastic at promoting the prolif-

eration and differentiation of chondrocytes, and that

the chondrocytes exhibited the morphological features

of young cells (fibroblast-like shape and smaller size).

This suggests that ECM is more suitable for chondro-

cyte growth than is plastic. The potential mechanism

bywhich ECM enhances the chondrocyte proliferation

and differentiation capacity may be facilitation of the

interactions between ECM and cells via different

signaling transduction pathways. However, it is still

unclear which molecular components of hUCMSC-

derived ECM play crucial roles in this potential

mechanism; thus, further research is required. Mean-

while, the RT-PCR data indicated higher expression of

chondrogenic marker genes (Collagen II, Aggrecan,

and Sox9) and lower expression of the hypertrophic

marker gene, Collagen X, in the ECM than in the

plastic plate group. These genes not only contribute to

the proliferation capacity of chondrocytes but also

enhance differentiation capacity. Furthermore, cell-

derived ECM also promotes Schwann cell prolifera-

tion and neurite growth (Xiao et al. 2016), as well as

retention of stemness in MSCs (Xiong et al. 2015).

These results suggest that cell-derived ECM provides

an appropriate microenvironment for cell growth and

will play a key role in the development of cell

implantation techniques.

Conclusions

In this study, we used a protocol to reconstruct a novel

3D cell culture system using hUCMSC-derived ECM,

which potentially provides an appropriate stem cell

niche for chondrocyte growth. In vitro culture exper-

iments showed that hUCMSC-derived ECM enhanced

the proliferation and differentiation capacity of chon-

drocytes. This suggests that hUCMSC-derived ECM

will improve chondrocyte quantity and quality for
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cartilage tissue engineering and regeneration technol-

ogy in future clinical applications. Currently, many

cell-derived ECM biomaterials have become impor-

tant candidate materials as ECM scaffolds or ECM

hybrid scaffolds for tissue engineering, because they

have superior biophysical, biomechanical, and bio-

chemical properties that play key roles in cell prolif-

eration, differentiation, migration, and retention of

stemness in biological processes. Future tissue engi-

neering studies should explore the potential mecha-

nisms of ECM involvement in cartilage regeneration

and identify molecules that play major roles in the

underlying mechanisms.
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