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Abstract Scaffolds with cartilage-like environment and suitable physical properties are critical for tissue-engineered

cartilage repair. In this study, decellularized porcine cartilage-derived extracellular matrix (ECM) was utilized to fabricate

ECM scaffolds. Mechanically reinforced ECM scaffolds were developed by combining salt-leaching and crosslinking for

cartilage repair. The developed scaffolds were investigated with respect to their physicochemical properties and their

cartilage tissue formation ability. The mechanically reinforced ECM scaffold showed similar mechanical strength to that of

synthetic PLGA scaffold and expressed higher levels of cartilage-specific markers compared to those expressed by the

ECM scaffold prepared by simple freeze-drying. These results demonstrated that the physical properties of ECM-derived

scaffolds could be influenced by fabrication method, which provides suitable environments for the growth of chondrocytes.

By extension, this study suggests a promising approach of natural biomaterials in cartilage tissue engineering.

Keywords Extracellular matrix scaffold � Scaffold fabrication � Cartilage regeneration � Chemical crosslinking

1 Introduction

Hyaline cartilage extracellular matrix (ECM) is consisting

of a complex structural network of collagen and proteo-

glycans and show the antiangiogenic effects [1]. The lim-

ited blood supply in cartilage is thought to be responsible

for its limited capacity for self-repair; thus, cartilage defect

cannot be naturally regenerated. In particular, damaged

cartilage may cause pain and disability; therefore,

Numerous techniques have been developed to repair

articular cartilage damage, a typical example being tissue

engineering, a promising way to restore functional hyaline

cartilage in joints [2, 3].

The essential approach to tissue engineering requires the

use of cells, three-dimensional (3D) porous scaffolds, and

stimulating factors, which can be used alone or in combi-

nation with others [4, 5].

Engineered scaffolds are vitally important for articular

cartilage regeneration. An ideal scaffold for cartilage repair

should demonstrate the native cartilage comparable

mechanical properties, promote the synthesizing of
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cartilage ECM, and prove the integration with the sur-

rounding host tissue [6]. Materials composing scaffolds

and inner structures could play a major role in dictating

cellular behavior and ultimately affect cartilage tissue

formation and functionality [7–9]. Therefore, to date, a

wide range of natural and synthetic materials such as

hydrogels, sponges, and fibrous meshes have been inves-

tigated as scaffolds for cartilage repair [10–13]. In partic-

ular, tissue-derived ECM materials harvested from various

sources of tissues, such as skin, small intestinal submucosa,

urinary bladder, blood vessels, and heart valves, have been

used as scaffolds for the repair of many tissues [14–16].

Cartilage-derived ECM of cows, pigs, and humans have

been developed and used for cartilage regeneration

[17, 18]. We have also already compared collagen and

cartilage ECM materials and found the latter to be more

favorable for cartilage regeneration [19].

Scaffolds fabricated for cartilage tissue engineering

usually possess a porous structure. Porous 3D scaffolds aid

the attachment, growth, and differentiation of cells inside

the material and are expected to degrade gradually and be

replaced with regenerated and completely functional tissue

[20–22]. Several methods including porogen leaching,

freeze-drying, and gas-foaming can be employed to man-

ufacture 3D porous sponges, and these manufacturing

methods affect scaffold architecture, which influences tis-

sue formation [3, 23]. Many research studies commonly

employ a freeze-drying method for the fabrication of ECM

scaffolds. However, freeze-dried ECM sponge scaffolds

showed delicate mechanical properties [7, 24, 25].

Our hypothesis is that the physical properties of ECM

scaffolds could be improved by modifying the fabrication

process. Mechanically improved ECM scaffolds would

ultimately upregulate chondrogenic tissue formation. In

this study, we fabricated mechanically reinforced ECM

scaffolds using a process that combines solvent-casting/

salt-leaching and chemical double crosslinking. The

physical and chemical properties of the mechanically

reinforced ECM scaffolds were evaluated, and in vitro

chondrogenesis on these scaffolds was compared to that on

both, poly (lactic-co-glycolic acid) (PLGA) prepared by

solvent-casting/salt-leaching and ECM scaffolds prepared

by simple freeze-drying.

2 Materials and methods

2.1 Preparation of porcine cartilage-derived ECM

powder (PCP)

Full-thickness porcine cartilage was harvest from femoral

condyles of 6-month-old porcine knee joints immediately

within 1 h after sacrifice. Cartilage was finely minced using

scalpels (2 cm 9 3 cm) and washed with phosphate-buf-

fered saline (PBS, Gibco BRL, Grand Island, NY, USA) at

pH 7.4 three times for 10 min. The washed cartilage pieces

were frozen in PBS complemented with 1% antibiotics

(100 U/mL penicillin and 100 mg/mL streptomycin,

Sigma) at - 80 �C. Fragments were ground using a com-

mercial mixer (Hood Mixer HMF-505, Hanil, Korea) to a

size of 2 mm 9 2 mm. These grains were then lyophilized

and pulverized using a cryogenic laboratory mill (JAI, JFC-

300, Japan) in liquid nitrogen. Cartilage powder was

decellularized under aseptic conditions as follows. 10 g of

powder was stirred in 1 L of 0.1% sodium dodecyl sulfate

(SDS, Bio-Rad, USA) at 100 rpm for 24 h. After SDS

treatment, the suspension of cartilage powders was cen-

trifuged for 1 h at 10,000 rpm. The deposit was treated

with 200 mL of 200 U/mL DNase (Sigma, USA) for 24 h

with stirring at 100 rpm at 37 �C. After treatment, it was

washed with distilled water five times for 30 min each. The

exchange of washing solution was carried out in the same

way as SDS removal. Prepared decellularized porcine

cartilage-derived matrix powder (PCP) was lyophilized and

stored at - 20 �C until use. DNA contents in the bioma-

terial were analyzed using DNA quantitative equipment

(Qubic, Bio-Rad, USA).

2.2 Preparation of PLGA, PCP-br, and PCP-sp

scaffolds

We denoted the mechanically reinforced PCP scaffold as

‘‘brick-type PCP scaffold’’ (PCP-br). The complete fabri-

cation process is illustrated in Fig. 1. To fabricate PCP-br,

9 g of sodium chloride (NaCl) particles in the range of

250–350 lm was were with 1 g of PCP. Next, 2 mL of

1 M N-(3-dimethylaminopropyl)-N-ethylcarbodiimide

hydrochloride (EDC, Sigma, USA) in ethanol was added

into the mixture of NaCl and PCP to solidify and pre-

crosslink. This EDC solution was poured into a circular

disk-like cemented carbide mold (diameter: 5 mm, thick-

ness: 2 mm) and the mold was pressurized to 1000 psi at

room temperature for 10 s (Shinpyung, Press Hydraulic,

Korea). To fabricate the ‘‘sponge-type PCP scaffold’’

(PCP-sp), the obtained PCP (1% concentration) was added

to a vial with 10 mL of distilled water adjusted to pH 3

using HCl, followed by stirring for 24 h. This PCP sol was

neutralized by NaOH and carefully poured into a home-

made silicone molder (diameter: 5 mm, thickness: 2 mm).

Then, the PCP sol was frozen at - 20 �C and freeze-dried

to become PCP-sp. PCP-br and PCP-sp were crosslinked

with 100 mM EDC in deionized water and ethanol (5/95

v/v) and 100 mM N-hydroxysuccinimide (NHS, Fluka,

Japan) for 4 h. After crosslinking, the resulting scaffolds

were washed with 0.1 M Na2 HPO4 solution to cease the

cross-linking reaction and were immersed in deionized
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water, which was changed every 6 h over a 48-h period to

leach out NaCl (for PCP-br) and remove the crosslinker.

The PCP scaffolds were washed three times with NH2PO4

and distilled water, followed by freeze-drying.

Porous PLGA scaffolds were prepared by a solvent-

casting/salt-leaching method. PLGA (molecular weight:

90,000 g/mol, lactide to glycolide mole ratio of 75:25,

Resomer� RG 756) was purchased from Boehringer

Ingelheim (Ingelheim, Germany). 1 g of PLGA was dis-

solved in 10 mL of methylene chloride (Samchun Chemi-

cal, Korea), and 9 g of NaCl particles (250–350 lm) were

added. This solution was molded, pressured, and salt-lea-

ched in the same condition as those for PCP-br. The

scaffolds were then freeze-dried. All scaffolds were ster-

ilized with 70% ethanol at room temperature for 1 h before

cell seeding.

2.3 Fourier-transform infrared spectroscopy

(FTIR) analysis

FTIR (Bio-Rad Digilab FTS165, Canada) analysis was

carried out to evaluate intermolecular cross-linkage in the

PCP scaffolds before and after crosslinking with EDC/

NHS. Distribution patterns of cartilage collagen related

peaks were analyzed [26, 27]. The KBr pellet method was

used in the analysis.

2.4 Pore characterization

A mercury intrusion porosimeter (Model AutoPore II 9220,

Micromeritics Co. Ltd., USA) was utilized to analyze pore

size distributions and median pore diameter. Solid pen-

etrometer volume was fixed to 3.6 mL and 0.0193 g of

sample was examined. Mercury was filled at a filling

pressure of 0.17 psi and intruded to a maximum intrusion

volume of 100 mL/g. The evacuation pressure was 50 lm/

Hg and evacuation time was 5 min. The porosimeter was

supplied with a computer-based acquisition system that

generated data files on cumulative and incremental vol-

umes of intruded mercury as a function of pore size.

2.5 Scanning electron microscope (SEM)

SEM (JEOL, JSM-6380, Japan, 20 kV) was utilized to

observe the surface of PCP and the cross-sectional mor-

phology of the scaffolds. Sharp razor sliced samples were

mounted on metal stubs with double-sided tape and coated

with platinum for 30 s under argon atmosphere using a

plasma sputter (SC 500 K, Emscope, UK). In the case of

cell-seeded scaffolds, fixing steps were performed before

cutting the samples. The cell-seeded scaffold complexes

were washed with PBS and fixed with 2.5% glutaraldehyde

(Sigma, USA) in PBS for 24 h at room temperature. After

thorough washing with PBS, the cells on the surfaces were

dehydrated in a graded series of ethanol (from 50 to 100%)

for 10 min each and allowed to dry on a clean bench at

room temperature.

2.6 Wetting properties

The wettability of the scaffold surface and the contact

angle on the scaffold surface were evaluated. For

Fig. 1 Schematic diagram of

the preparation of PCP-br and

PCP-sp scaffolds. A Fabrication

process of PCP-br.

B Fabrication process of PCP-sp
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wettability, briefly, 100 lL of 0.01% (w/v) trypan blue

aqueous solution was carefully dropped on the prepared

scaffolds and photographed to record the degree of per-

meation in 0, 90, and 120 min. The water contact angles of

the scaffolds were measured using a contact angle

goniometer (SEO-300A; SEO Co., Korea). The measure-

ment was completed within 30 s for all scaffolds. The

angle between the baseline and the droplet was directly

visualized on-screen using the goniometer.

2.7 Mechanical testing

Material characterization instrument (Food Technology

Corporation, Texture Lab Pro, Sterling, VA, USA) was

used for the evaluation of the compression strength of the

scaffold only and cell-seeded scaffold. The compression

strength test was conducted with a target distance to

specimen of 3 mm, test speed 0.4 mm/s, and trigger force

of 0.02 N with a strain of 20%.

2.8 Isolation and culture of young chondrocytes

from humans in scaffolds

Young chondrocytes from humans were obtained from

polydacty digits of male and female babies aged

* 3 years. All experimental protocols were approved by

the Institutional Review Board at Ajou University (Ap-

proval No. AJIRB-MED-SMP-10-266). Cartilage tissues

were chopped into small pieces and fused upon 16 h of

incubation at 37 �C in 0.1% type II collagenase (10 mL of

solution per gram of tissue, 300 U/mg, Worthington Bio-

chemical Corporation, Lakewood, NJ, USA) and resus-

pended in Dulbecco’s modified Eagle’s medium (DMEM,

Hyclone). Using a cell strainer (100 lm Nylon; Falcon),

the cells were filtered and centrifuged at 1700 rpm for

10 min. Isolated cells were cultured on culture dishes in

DMEM supplemented with 10% (v/v) fetal bovine serum,

50 lg/mL streptomycin, and 50 units/mL penicillin at

37 �C in an incubator with 5% CO2.

For cell seeding in scaffolds, the scaffolds were placed

individually into the wells of a 24-well tissue culture plate

and washed with culture medium. After medium suction,

chondrocytes at passage 2 were statically seeded into the

scaffolds at a cell density of 5 9 106 cells/scaffold. Cell-

scaffold complexes were transferred to a new well plate to

exclude cells that were not attached to the scaffolds after

4 h. Cell-scaffold complexes were cultured with DMEM

supplement with 1% antibiotic–antimycotic, 1.0 mg/mL

insulin, 0.55 mg/mL human transferrin, 0.5 mg/mL sodium

selenite, 50 lg/mL ascorbic acid, 1.25 lg/mL bovine

serum albumin, 100 nM dexamethasone, and 40 lg/mL

proline.

2.9 Measurement of glycosaminoglycan (GAG)

levels

Total GAG content was determined quantitatively using

the 1,9-dimethylmethylene blue (DMMB) assay. Tissues or

scaffolds were frozen in a freezer and lyophilized. The

lyophilized samples were homogenized thoroughly in a

papain solution using a homogenizer. Fifty microliters of

individual samples were mixed with 200 lL of DMMB

solution (mixed buffer of Na2HPO4, 5 mM EDTA, 40 mM

NaCl, 40 mM glycine, and 46 lM DMMB at pH 3) and the

absorbance was measured at a wavelength of 525 nm by

UV–visible spectroscopy (Tecan, Infinite M200). The total

GAG content of each sample was extrapolated using a

standard plot of shark chondroitin sulfate (Sigma, St Louis,

MO, USA) with concentrations in the range of 0–50 lg/
mL.

2.10 Reverse-transcriptase polymerase chain

reaction (RT-PCR) analysis

Total cellular RNA was extracted using an RNA easy-spin

kit (Intron, 17221, Korea) following the manufacturer’s

instructions. A total of 1 lg of RNA was used for cDNA

synthesis using First-strand cDNA Synthesis Kit for RT-

PCR (AMV) (Rhoche, 1-483-188, Germany) and 1 lg of

the synthesized cDNA was used for polymerase chain

reaction (PCR). PCR was performed under linear condi-

tions using the following cycle profile: initial incubation

(5 min at 94 �C); followed by 30 cycles of annealing

(1 min at 50 �C to 60 �C), extension (1 min at 72 �C), and
denaturation (1 min at 94 �C); and termination (5 min at

72 �C). PCR products were separated on a 1.5% agarose

gel and stained with ethidium bromide. Then they were

visualized and digitalized with Image Analysis System, Gel

(Geliance 200, PerkinElmer�, UK). Oligonucleotide pri-

mers were used for the following human housekeeping

genes: glyceraldehyde-6-phosphate dehydrogenase

(GAPDH), rabbit type II collagen, and aggrecan core

protein. The gene expressions of aggrecan and type II

collagen were determined relative to that obtained for

GAPDH.

2.11 Morphological analysis and volume

measurement

After completion of the in vitro experiment, the macro-

graph of neocartilage tissue was obtained, which included

morphology, color, and firmness by the gross and pinch

tests.
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2.12 Histology

The retrieved constructs were fixed in 4% formaldehyde

for 48 h, dehydrated, and then embedded in paraffin wax.

Sections of 4 lm in thickness were stained with Safranin O

to identify GAGs in the matrix.

2.13 Statistical analysis

The paired t test was used to determine statistical signifi-

cance, with p\ 0.05 considered as significant.

3 Results

3.1 Characterization of PCP

Decellularization of PCP materials was carried out to

eliminate the xenogeneic cellular antigens. Figure 2 shows

the images of porcine knee cartilage (Fig. 2A) and the

gross/surface morphology of decellularized PCP powder

(Fig. 2B). PCP has a round shape and rough surface, and its

diameter was analyzed to be around 50 lm by SEM

(Fig. 2C). Figure 2D shows that decellularized PCP con-

tained very low DNA content (9.48 ng/mg) compared to

native cartilage (485 ng/mg), while decellularized cartilage

tissue contained a relatively high DNA content of 394 ng/

mg.

3.2 Physical and chemical properties of scaffolds

Figure 3 shows the chemical and physical properties of

PCP-br. The FTIR spectra obtained from pure PCP and

EDC/NHS-crosslinked PCP-br are shown in Fig. 3A. Pure

PCP shows spectra similar to those of common cartilage

collagen including a band at the frequency of

985–1140 cm-1 that usually appears in carbohydrate

region. The frequencies of functional bands of type II

collagen in PCP-br were compared to those of pure PCP. In

the results, the amide A band at the 3290 cm-1, which

indicates NH stretch coupled with hydrogen bond was

slightly shifted to 3282 cm-1. However, the amide B band

(2937 cm-1) for representing CH2 asymmetrical stretch,

the amide I band (1629 cm-1) for indicating C=O stretch/

hydrogen bond coupled with COO- were not shifted after

crosslinking. Moreover, the amide II and III bands for

Fig. 2 Preparation of porcine cartilage-derived extracellular matrix

powder (PCP). A Knee cartilage harvested from 6-month-old porcine

knee joints. B Gross appearance of physicochemically treated PCP.

C SEM images of decellularized PCP (scale bar: 50 lm). D Total

DNA contents after decellularization based on specimen status

(***p\ 0.001)

Tissue Eng Regen Med (2018) 15(3):287–299 291

123



indicating NH bend coupled with CN stretch were 1546

and 1236 cm-1 without no shifting. Some of minor peaks

for CH2 side chain of collagen and asymmetric bending of

CH3 also showed no changes with 1336 and 1448 cm-1,

respectively. Therefore, distribution patterns of cartilage

collagen related peaks were similar before and after

crosslinking.

The crosslinking times affected the mechanical strength

and integrity of the scaffolds. When double crosslinking

was performed, the scaffold integrity improved compared

to that of single-crosslinked scaffold or non-crosslinked

Fig. 3 Scaffold characterization. A Comparison of the FTIR spectra

of pure PCP and crosslinked PCP-br (a amide A, b amide B, c amide

I, d amide II, e amide III, f carbohydrate region). B Gross observation

of PCP-br by CX process (10CX: pre-crosslinking, 20CX: post-

crosslinking). C Mechanical strength of PCP-br by CX process.

D Wettability of PLGA-br, PCP-br, and PCP-sp
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scaffold as shown in Fig. 3B. The compressive strength of

PCP-br was 0.08 MPa before crosslinking and 0.89 MPa

after crosslinking as shown in Fig. 3C. The compressive

strength of crosslinked PCP-br was superior to those of the

PLGA-br (0.44 MPa) and PCP-sp (0.01 MPa). This value

was similar to it of native articular cartilage (0.78 Mpa) in

basic study. (Supplementary figure 1).

The water contact angle on scaffolds was measured in

order to compare the wetting properties among the scaf-

folds, and the obtained values were 134� for PLGA and 84�
for PCP-br, immediately after water dropping (Fig. 3D).

With the purpose of further comparing the hydrophilic

properties of the PCP scaffolds, a trypan blue solution was

dropped on the surfaces of the scaffolds and photographs

were taken over time. PCP-based scaffolds soaked up the

solution very quickly compared to PLGA. In particular,

PCP-sp soaked up the water instantly.

3.3 Pore characterization

Figure 4A shows the pore distribution within the scaffolds.

PCP-br and PLGA scaffolds had homogeneous pores

whereas the pores of PCP-sp covered a wide range of sizes.

The porosity and mean pore size of PCP-br were 88.4%

and 189 lm, respectively, which were similar to those of

PLGA scaffolds prepared by solvent-casting/salt-leaching.

On the other hand, freeze-drying-based PCP-sp showed the

smallest pore size of * 32 lm.

Figure 4B shows the morphology of porous PLGA-br

and PCP-based scaffolds. PCP-br showed no noticeable

difference in microstructure compared with that of PLGA-

br. PCP-br had 3D porous structures of uniform and dis-

tinct square shapes over the surface like PLGA-br. PCP-sp

formed a highly porous surface during the freeze-drying

process due to the evaporation of ice crystals, but their

pores showed smaller and irregular shapes comparing to

those of PCP-br and PLGA-br.

3.4 Cell proliferation test

Young chondrocytes from humans were seeded into scaf-

folds using a static method. Figure 5 shows the SEM

images of chondrocytes that were seeded on the inside

surface of the scaffold. At day 1 after cell seeding, PCP-br

showed the highest cell adhesion rate. Rounded chondro-

cytes were evenly adhered on the scaffold surfaces. Cells

synthesized ECM over a wide area inside the pores over

time. In particular, the pores of PCP-br were occupied by

synthesized ECM after 7 days. In the case of PCP-sp,

initial cell attachment on the scaffolds was high, but cell

migration and growth into the center area of the scaffolds

were not evidently detected. In contrast, PLGA-br showed

very low cell adhesion at day 1. The pores were barely

filled with cell-synthesized ECM even at day 7.

3.5 Chondrogenic tissue formation test

The three types of chondrocyte-seeded scaffolds were

allowed to grow for 1, 2, and 4 weeks in vitro (Fig. 6).

While the tissue volume in PLGA-br apparently did not

change for 4 weeks, PCP-br and PCP-sp showed increased

tissue volume over time (Fig. 6A). In the case of PCP-sp,

tissue was piled up on the surface of the scaffold and the

phenomenon appeared distinctly over time. PCP-br showed

glossy, yellowish, and a relatively hard cartilage-like tissue

based on pinch testing. The compressive strengths of the

scaffolds were analyzed over time. Overall, all groups

showed lower values compared to those measured before

seeding cell because of the decrease in mechanical strength

by scaffold swelling and degradation in medium over time.

The compressive strength of PCP-br was similar to that of

PLGA-br, which was significantly higher than that of PCP-

sp (Fig. 6B). However, strength values of cultured scaf-

folds could not reach to the value of normal cartilage

strength.

Histological safranin-O staining (red) exhibited cell

distribution within the scaffold and a sustained accumula-

tion of sulfated proteoglycan at the same time (Fig. 6C).

The pores of PLGA-br were gradually filled with synthe-

sized ECM, but random cell aggregation was observed over

the pores. In PCP-sp, cells grew in the peripheral areas of

the scaffolds at week 1. Although cartilage tissue formed

inwards within the scaffold, it was predominant at the

peripheral areas rather than at the center areas after 2 and

4 weeks. In contrast, PCP-br was stained strongly com-

pared to PCP-sp and PLGA-br. Seeded cells were dis-

tributed very well over the pores of the scaffold and

produced ECM already at 1 week. Cell-synthesized ECM

was increasingly produced over time, and even the areas

between pores and the inside of the pores were overspread

with ECM in the 4-week cultivation. The magnified images

in Fig. 6C show the cell growth tendency at 4 weeks based

on scaffold type. Cell growth turned inwards of the scaf-

folds in PLGA-br and PCP-br with large and regular pores

that were clear and interconnected. However, cell filtration

was not observed over crushed interconnections in PCP-sp.

3.6 Chondrogenic differentiation

GAG and hydroxyproline contents were analyzed at 1, 2,

and 4 weeks. PCP-br showed notably increased GAG

content compared to PLGA-br and PCP-sp (Fig. 7A).

Moreover, hydroxyproline content in PCP-br was

244 ± 28 lg/mg at 4 weeks, which was significantly

higher than that in the other scaffolds (Fig. 7B). The
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expression of chondrogenesis-related genes such as type II

collagen and aggrecan was analyzed (Fig. 8A). The

expression of chondrogenic genes was normalized by

GAPDH, a house-keeping gene that is expressed steadily in

all specimens (Fig. 8B). The PCP-based scaffolds showed

steadily high type II collagen gene levels for 4 weeks.

When the mRNA expression was compared between PCP-

sp and PCP-br, no significant differences were observed

between the two. In turns of aggrecan gene expression, the

PCP-based scaffolds showed significantly higher expres-

sion than PLGA-br. In particular, the strongest expression

of the aggrecan gene was observed in PCP-br.

4 Discussion

As cartilage repair using tissue-derived ECM materials has

been investigated actively, we developed mechanically

reinforced ECM scaffolds for cartilage tissue engineering.

Porous 3D PLGA-br was successfully prepared using the

solvent-casting/salt-leaching method. PCP-based scaffolds

were also prepared using a common freeze-drying method

(for PCP-sp) and modified solvent-casting/salt-leaching

method (for PCP-br). Xenogeneic and allogeneic tissues

possess the risk of infection and disease transmission. To

address this problem, we decellularized PCP before scaf-

fold fabrication and found DNA content of 9.48 ng/mg in

PCP after decellularization. Even though it is difficult to

remove DNA because of its sticky characteristic and ten-

dency to adhere to ECM proteins [28], our developed

Fig. 4 Pore structure analysis of PLGA-br, PCP-br, and PCP-sp

scaffolds. A Pore size distribution. B Pore morphology (L: gross

morphology, R: SEM photomicrographs of the scaffolds; surface,

horizontal and vertical cross-section of central areas of scaffolds) of

PLGA-br, PCP-br, and PCP-sp scaffolds. Scale unit in gross

morphology: mm. Scale bars in SEM images = 1 mm for 920 and

100 lm for 9100
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pulverization and chemical and enzymatic combination

treatment for decellularization effectively led to very low

levels of DNA in the cartilage tissue, removing up to

99.9% of all DNA and resulting in a final DNA level that is

comparably lower than those reported in other experiments

[29, 30].

Solvent-casting/salt-leaching is a porogen-leaching

method used to fabricate a sponge-like porous structure.

Synthetic polymers are generally dissolved in an organic

solvent and mixed with porogen particles [31, 32]. While

salt-leaching could create uniform pores by using salts, the

freeze-drying method based on ice crystallization is influ-

enced by the skill and experience of the manufacturer

[33, 34]. Scaffolds with non-uniform pore sizes and dis-

ordered interconnectivity do not provide the optimal tem-

plate for cell infiltration and nutrient transfer [35]. Hence,

PCP-br was fabricated using a modified solvent-casting/

salt-leaching method. In addition, we carried out the

crosslinking process twice to enhance the mechanical

strength of natural material-based scaffolds.

Generally, carbodiimide stabilized ECM like collagen is

employed extensively for the fabrication of biologically

active materials. The extracellular matrix (ECM) of tissues

is composed of a complex network of proteins, glycopro-

teins and glycosaminoglycans that surround cells. During

carbodiimide mediated crosslinking the carboxylate moiety

on one amino acid side chain (Asp, Glu) reacts through a

condensation reaction with a primary amine on an adjacent

amino acid (Lys). The main advantage of EDC crosslinking

is its water solubility, which allows direct bioconjugation

without prior organic solvent dissolution. Excess reagent

and crosslinking by products are easily removed by

washing with water. In particular, the urea by-product

formed during the reaction is readily soluble in water and

can easily be removed by extraction. Therefore, many

previous studies have been done simple washing process

after EDC crosslinking for the washing of fabricated

scaffolds [36, 37]. Another previous study reported that by

systematically modifying the EDC/NHS crosslinking

regimes the physical properties of scaffolds can be modu-

lated [38]. This allows discrete control over the mechanical

strength and degradation kinetics of the resultant scaffold.

In our experiment, even though the first EDC crosslinking

at high concentration might require all amines to partici-

pate in the reaction, we treated EDC/NHS additionally to

form the stable amide bond in scaffolds because limitations

of the solid phase and single EDC reaction is inadequate

for crosslinking [39, 40]. We confirmed that the PCP-br

scaffold cohered chemically via amide bonds from the

FTIR results. Mechanical strength test results also

Fig. 5 SEM images of cell adhesion and proliferation. Cell adhesion at day 1 (horizontal cross-section near surface of scaffold) and the tendency

of proliferation at day 3 and 7 (horizontal cross-section of central areas of scaffolds). Scale bars = 40 lm
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Fig. 6 In vitro chondrogenic culture of PLGA-br, PCP-br, and PCP-

sp. A Gross observation (scale unit, mm). B Compressive strengths of

cultured PLGA-br, PCP-br, and PCP-sp. C Histological analysis of

chondrogenic formations at 1, 2, and 4 weeks. Cell growth turned

inwards of the scaffolds in PLGA-br and PCP-br with large and

regular pores that were clear and interconnected. In particular, PCP-br

was stained strongly compared to PCP-sp and PLGA-br

Fig. 7 Chemical analysis for chondrogenesis after 4 weeks of in vitro

culture. A GAG content. B Hydroxyproline content. PCP-br showed

the highest chondrogenic ECM GAG synthesis among the groups.

PCP-br also showed significantly higher hydroxyproline synthesis

compared to the other scaffolds. Statistically significant differences:

***p\ 0.001
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demonstrated that mechanically reinforced PCP-br scaffold

showed * 30-fold higher mechanical strength than PCP-

sp.

Articular cartilage typically is composed of 68–85%

water, 10–20% collagen, and 5–10% proteoglycans. Col-

lagen, as a fibrillar component, is in charge of the structural

integrity of the tissue and proteoglycans, as a non-fibrillar

component, are in charge of cell–cell interaction, cell

adhesion, proliferation, and migration [41]. To find out

whether PCP decellularization and PCP-br fabrication

processes could change the components of cartilage ECM,

we measured hydroxyproline and GAGs contents. Values

of hydroxyproline content of PCP-br and native cartilage

were 244 ± 28 and 683 ± 25 lg/ml, respectively. How-

ever, GAGs content (67 ± 7.4 lg/ml) in PCP-br showed

similar amount with that (67 ± 0.3 lg/ml) in native car-

tilage (data not shown). Therefore, we proved that utilized

processes of decellularization and crosslinking did not

change the components of cartilage ECM.

Material properties and architecture can affect wetta-

bility and absorbency. In comparing the surface wettability

of the scaffolds, the PCP-sp (contact angle of 0�) showed
the highest wettability, followed by PCP-br (contact angle

of 84�) and PLGA-br (contact angle of 134�). The PLGA-

br absorbed trypan blue solution very slowly because of the

high hydrophobicity of PLGA, whereas the PCP-based

scaffolds were easily wetted because of the hydrophilicity

of PCP. The negatively charged proteoglycans in the ECM

of native cartilage helped the tissue swell and retain water

[29]. The water contact angle of PCP-sp was very low and

trypan blue solution permeated more quickly than in PCP-

br. This result demonstrates that scaffold fabrication

method could affect the wettability of the scaffold. Fabri-

cated PCP-br appeared to have a smooth surface formed by

a compressive process, leading to higher surface tension

and contact angle compared to those of PCP-sp. Generally,

hydrophilic surfaces (contact angle \ 90�) become more

hydrophilic as the surface roughness increases [42].

In the SEM analysis, PCP-based scaffolds showed

higher cell adhesion than did PLGA-br because of PCP’s

cytophilicity as we had anticipated in the wetting test.

However, cell spreading into the scaffolds was different

depending on fabrication method, even for the same

material. Results from in vitro culture showed the con-

traction of the PCP-sp structure in the medium. The

physical weakness of PCP-sp may be the important reason

for the limited cell migration and uneven cell distribution,

as some studies have proved that chondrocytes prefer rigid

matrices for stable adhesions and differentiation [43, 44].

When the expression of genes for cartilage-specific

markers were evaluated, bioactive molecules containing

PCP-based scaffolds elevated the expression of cartilage-

specific markers, type II collagen and aggrecan. Especially,

the expression of chondrogenesis-related genes was the

highest in PCP-br among the three types of scaffolds.

These results demonstrate that material architecture, in

Fig. 8 Analysis of gene expression of aggrecan and type II collagen by RT-PCR. A Results of electrophoresis. B Quantification of gene

expression using Image J program (*p\ 0.05, **p\ 0.01, ***p\ 0.001)
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addition to material composition, could influence gene

expression and cell function.

Our experiments proved that the behavior of chondro-

cytes including attachment, cell filtration into scaffolds,

and gene expression could be controlled by the components

and architecture of the scaffolding material. In addition, the

mechanical strength of the developed mechanically rein-

forced PCP-br (0.89 Mpa) could reach that of native car-

tilage (0.53–1.34 MPa) [45, 46]. However, our fabrication

protocol should be developed. PCP should also be fully

characterized like other ECM materials, such as small

intestinal submucosa and urinary bladder matrices, to be

used in numerous tissue engineering applications in further

studies.

In conclusion, we confirmed that combined fabrication

methods with crosslinking and modified porogen-leaching

for the ECM-based scaffolds improved the mechanical

properties and pore structure stability of PCP-br. This

fabrication method promoted cell attachment, enhanced

inward cell infiltration in the scaffolds, and improved the

expression of chondrogenic-specific genes. This study

suggests that mechanically reinforced PCP-br could be

considered a potential scaffold for in vitro tissue-engi-

neered articular cartilage construct.
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