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Abstract

Tissue engineering approaches which include a combination of cells and scaffold materials provide an alternative treat-

ment for meniscus regeneration. Decellularization and recellularization techniques are potential treatment options for

transplantation. Maintenance of the ultrastructure composition of the extracellular matrix and repopulation with cells

are important factors in constructing a biological scaffold and eliminating immunological reactions.

The aim of the study is to develop a method to obtain biological functional meniscus scaffolds for meniscus regeneration. For

this purpose, meniscus tissue was decellularized by our modified method, a combination of physical, chemical, and enzymatic

methods and then recellularized with a meniscal cell population composed of fibroblasts, chondrocytes and fibrochondrocytes

that obtained from mesenchymal stem cells. Decellularized and recellularized meniscus scaffolds were analysed biochemically,

biomechanically and histologically. Our results revealed that cellular components of the meniscus were successfully removed

by preserving collagen and GAG structures without any significant loss in biomechanical properties. Recellularization results

showed that the meniscal cells were localized in the empty lacuna on the decellularized meniscus, and also well distributed

and proliferated consistently during the cell culture period (p< 0.05). Furthermore, a high amount of DNA, collagen, and

GAG contents (p< 0.05) were obtained with the meniscal cell population in recellularized meniscus tissue.

The study demonstrates that our decellularization and recellularization methods were effective to develop a biological

functional meniscus scaffold and can mimic the meniscus tissue with structural and biochemical features. We predict that

the obtained biological meniscus scaffolds may provide avoidance of adverse immune reactions and an appropriate

microenvironment for allogeneic or xenogeneic recipients in the transplantation process. Therefore, as a promising

candidate, the obtained biological meniscus scaffolds might be verified with a transplantation experiment.
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Introduction

The meniscus is a fibrocartilage structure that plays an
important role in the knee joint with a function in load
bearing, load transmission, shock absorption, joint stabil-
ity and joint congruity.1,2 Loss of this anatomical struc-
ture results in higher peak stresses on the cartilage,
leading to cartilage degeneration and osteoarthritis.3 In
the United States, around 50% of the 1,500,000 arthro-
scopic knee surgeries performed annually are related to
meniscus and The British Orthopedic Sports Trauma
Arthroscopy Society (BOSTAA) reported that 60–70
out of 100,000 people complained of meniscal problems4,5
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Meniscus structure is composed of three distinct
layers: (i) a superficial fibril network covering the
femoral and tibial surfaces, (ii) a lamellar layer, (iii) a
central main layer. The lamellar layer contains collagen
fibrils in a radial direction and the central main region
is composed of collagen fibers in a circumferential ori-
entation.6 The superficial fibril layer covered the tibial
and femoral sides of the meniscus surface by fibrils
mesh which has no specific orientation. The cell types
of the meniscus are fibroblast-like cells, chondrocytes,
and fibro-chondrocytes. Fibroblast-like cells are locat-
ed in the peripheral region of the meniscus and respond
to environmental stresses and compressive forces. The
extracellular matrix (ECM) of these cells are mainly
comprised of type I collagen and small percentages of
glycoproteins and collagen type III and V. Second pop-
ulation of the cells, chondrocytes or superficial zone
cells are located in the superficial zone which is synthe-
sized a large amount of type II collagen and glycosa-
minoglycans (GAG). They play an important role in
the healing of the meniscus by migrating to the injured
area. Fibrochondrocytes, the cells of the inner region,
provide contact with other cells and different parts of
the matrix by synthesizing large amounts of fibrous
type I and type II collagen and aggrecan.7,8

Generally, total meniscectomy is used to treat
meniscal injury, but it leads to knee damage and oste-
oarthritis.9–11 Therefore, current treatments of menis-
cus include partial meniscectomy and allograft
transplantation to avoid osteoarthritis.12–15 Recently,
the use of ECM scaffolds by means of decellularization
of allograft tissue has become the preferred applica-
tion.16–18 Although allografts or synthetic meniscus
scaffolds can be used for this application, problems
related to stability and immunological reactions pre-
vent widespread clinical use.18 In this approach, to pro-
vide mechanical strength, decellularized biological
scaffolds similar to ECM are used as supportive bio-
logical structures. Therefore, to reduce immunological
reactions, implantation of decellularized meniscus
tissue to the recipients from a different donor is signif-
icant. However, decellularization is an important step
for preventing of immunological reactions in transplan-
tation. Different decellularization methods such as
physical (high pressure, freeze-thaw cycles), chemical
(anionic and nonionic detergents) and enzymatic
(DNase, Trypsin,) have been used to prepare biological
scaffold.19,20 Research revealed that the antigenicity of
the implanted meniscus varies depending on the used
decellularization method, which directly affects the suc-
cess of the treatment. To improve the long-term out-
come of meniscus allografts, new decellularization
strategies are needed.

The objectives of the study are to develop an effec-
tive decellularization method that protects ECM

structure and recellularization with mesenchymal
stem cells that mimic meniscal cell population in a
short period. For these purposes, rabbit menisci were
decellularized with a combination of chemical, physical
and enzymatic methods with minimum chemical con-
centration and incubation time. Decellularized menis-
cus ECM structure were assessed by histological
staining, biochemical and biomechanical tests. It was
shown that DNA content was decreased, and ECM
composition of the meniscus tissues was maintained
while preserving the biomechanical properties.
Following the decellularization, a meniscal cell popu-
lation consisting of fibroblasts, chondrocytes and fibro-
chondrocytes was obtained from rabbit bone marrow
derived mesenchymal stem cells (rMSCs) for recellula-
rization of decellularized meniscus tissues. Meniscal
cell populations were appropriately localized on
empty lacuna in decellularized meniscus tissues and
proliferated in an increasing trend. Our results revealed
that combinational uses of chemical, physical and enzy-
matic methods provide a successful decellularization to
remove the cellular components without any damage to
the structure and stability of the ECM and to seed
derivatized cells from MSCs that produce native menis-
cus allograft in a short period. Therefore, we suggest
that our methods, favorable to the production of the
biological meniscus scaffolds, may a promising candi-
date for use in transplantation.

Materials & methods

Materials

Materials used in the decellularization process include
tris-HCl, sodium dodecyl sulfate (SDS), ethylene diamine
tetra acetic acid (EDTA), DNase I, RNase, magnesium
chloride, bovine serum albumin (BSA), and sodium chlo-
ride, which were purchased from Sigma. Hematoxylin
eosin (HE) (Biooptica), Alcian blue (Ab) (Raymond A
Lamb, United Kingdom), Masson trichrome (MT)
(GBL, Turkey), Oil Red O staining kit (BioVision,
K580-24), Collagen I (Abcam, ab90395) and Collagen
II Antibody (Novus Biologicals, NBP2-33343),
Aggrecan Antibody (Novus Biologicals, NB120-11570),
and Anti-Vimentin antibody (Abcam, ab92547) were
used for histological staining. In biochemical tests,
hydroxyproline assay kit (Quickzym Biosciences),
Sulfate Glycosaminoglycan Quantification Kit (Amsbio,
AMS Biotechnology) and DNeasy 96 Blood & Tissue Kit
(Macherey-Nagel) were used for detection of collagen,
GAG and DNA content in meniscus tissues respectively.
For cell culture studies, all media and supplements were
purchased from Biochrome (Berlin, Germany). Besides
Transforming growth factor beta (TGFb), Insulin
growth factor (IGF), basic fibroblast growth factor
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(bFGF), dexamethasone, ascorbic acid, ITSþPremiks,

isobutyl-metylxantine, insulin, indomethacin, and b-glyc-
erophosphate were supplied from Sigma, and cell detach-

ment solution and accutase were purchased from

StemCell, BD. CD 73 (APC anti-rabbit IgG1), CD 90

(FITC anti-rabbit IgG1), CD 34 (PE anti-rabbit IgG1),

and CD 45 (PE/Cy5.5 anti-rabbit IgG1) surface markers

(Abcam) were used for flow cytometry analysis. XTT Cell

Viability Kit (XTT; 2,3-bis-(2-methoxy-4-nitro-5-sulfo-

phenyl)-2H-tetrazolium-5-carboxanilide), Cell Signaling

Technology Inc.) and LDH Cytotoxicity Detection Kit

(LDH; Lactate dehydrogenase, Roche) were used for cell

viability and toxicity assays.

Methods

Preparation of the meniscus tissue. Twenty New Zealand

White Rabbits (age, 4months; weight, 2.5–3.0 kg;

female) were obtained from Dokuz Eylul University,

Department of Laboratory Animal Science (_Izmir,

Turkey). All animal experiments were performed in

accordance with the protocol accepted by Dokuz

Eylul University Experimental Animals Ethical

Council (Protocol No: 95/2013). After disinfection,

the medial menisci were dissected from the knee joint

by gently excising the knee capsule. For all examina-

tions, tissues were cut into two symmetrical pieces for

control and sample groups in the same tissue. Tissues

were stored at -20�C in PBS until further use.

Decellularization of the meniscus tissue. Decellularization

was performed based on a minor modification of the pro-

cedure described by Stapleton et al.21 Decellularization

process carried out with minimum concentration of SDS

without aprotinin at 14th days. Firstly, physical treatment

was subjected to three freeze-thaw cycles, freezing �20�C
for 4h and thawing at room temperature for 2h. Three

more cycles with addition of hypotonic buffer solution

(10mM tris-HCl, pH 8.0) were carried out. Then chemical

treatment was performed; samples were incubated in

hypotonic buffer at 37�C for 24h followed by 0.1%

(w/v) SDS in the presence of 0.1% (w/v) EDTA at

45�C for 48h with agitation. These steps were repeated

as three cycles. Samples were washed in PBS twice for

12h. Following washing, samples were incubated twice

in nuclease solution consisting of DNase I (50U/mL)

and RNase (1U/mL) in 50mM tris-HCl and 50mg/mL

BSA buffer for 3h at 37�C. 1.5M NaCl in 0.05M tris-

HCl was used as a final incubation step, then samples

were washed with PBS for 24h at room temperature.

For sterilization, samples were incubated 0.1% peracetic

acid in PBS for 3hours. Finally, meniscus tissues were

washed two times in PBS at 37�C and 25�C for 24h.22

Verification of the decellularization method

Histology. Meniscus tissues were evaluated histologi-
cally to characterization of the decellularization process.
Initially, tissue samples were fixed in 10% (v/v) neutral
buffered formalin for 72 h and then dehydrated using
routine process before embedding in paraffin. 5lm
thick sections were prepared on slides and hematoxylin
eosin (HE) staining was used to evaluate tissue histo-
architecture. Besides, Alcian blue (Ab) and Masson tri-
chrome (Mt) staining were used to visualize GAG and
collagen distribution and orientation respectively.
Paraffin sections of tissues were also immunolabeled
for aggrecan, vimentin, type I and type II collagen.

All tissue samples were evaluated considering red,
red-white, white, and superficial zone (Figure 1).2,23,24

Biochemical analysis. Total DNA content of native
and decellularized meniscus tissues (n¼ 3) was deter-
mined after the decellularization process. Firstly,
meniscus tissues homogenized with DNeasy Kit, fol-
lowing of the manufacture’s protocol, then DNA con-
tent of tissues were measured absorbance at 260/
280 nm by Nanodrop spectrophotometer (Nano 2000,
Labtech, Thermo Scientific).

Hydroxyproline assay was used to determine total
collagen content of the tissues (n¼ 3). Standards and
test solutions were prepared according to the Quickzym
kit manual. The absorbance at 570 nm was measured
(Varioskan Flash, ThermoFisher Scientific) and the
concentration of hydroxyproline was estimated by
interpolation from a hydroxyproline standard curve.

GAG content of the native and decellularized
tissues (n¼ 3) was determined using the Sulfate
Glycosaminoglycan Quantification Kit based on 1,9-
DMMB binding. After enzymatic digestion, standard
or test solution were prepared following manufac-
turer’s protocol. The absorbance at 530 nm was mea-
sured using a microplate reader (Varioskan Flash,
ThermoFisher Scientific). The resultant concentration
of sulfated sugars representative of GAG was deter-
mined by interpolation from the standard curve.

Red zone

Medial meniscus

Red-white zone

White zone

Superficial zone

Figure 1. Red, red-white, white and superficial zone of the
meniscus tissue.
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Biomechanical test. Decellularized and native menis-
cal samples (n¼ 6) were cut using a 2,5mm diameter by
biopsy punch from the same location of the medial
meniscus. Samples were immersed in PBS during the
tests, and 5N load was applied under axial load with
electromechanical actuator (5 kN AG-X; Shimadzu,
Japan). The max load (P), poison ratio (v), displace-
ment (_), K (K¼ a/h; radius of indenter (a), thickness
of the samples (h)) were recorded and elasticity modu-
lus of the tissues (E) were calculated according to the
equation described below.25

E ¼ P 1� v2ð Þð Þ=2a_K (1)

Preparation of meniscus cell population

Isolation and culture of rabbit mesenchymal stem cells

(rMSCs). Rabbit bone marrow derived mesenchymal
stem cells were used to obtain meniscus cell population
consisting of fibroblast chondrocytes and fibrochondro-
cytes. rMSCs were isolated from bone marrow of New
Zealand White rabbits by ficoll paque density-gradient
centrifugation.26 Cell suspension were cultured DMEM
consist of 10% FBS, 1% penicillin/streptomycin/ampho-
tericin B and 200mM glutamine for 14days at 37�C, 5%
CO2 and 95% humidity. The culture medium was
replaced every 3–5 days, and the cells were subcultured
at 90% confluence. Cells were observed under an
inverted microscope during the culture period.

Flow cytometric identification of rabbit mesenchymal

stem cells (rMSCs). rMSCs was characterized by flow
cytometry analyses using specific cell surface markers:
anti-rabbit CD 73 Allophycocyanin (APC), CD 90
Fluorescein isothiocyanate (FITC) for positive markers,
CD 34 phycoerythrin (PE), CD 45 phycoerythrin-
cyanine 5.5 (PE/Cy5.5) for negative markers of
rMSCs. rMSCs (5�106 cells) were suspended in PBS
and incubated in the dark with the monoclonal antibod-
ies described above during 20min. To remove excess
antibodies, cells were washed with PBS at 2000g for
5min. Cells were analyzed with FACS Aria III flow
cytometry system (BD, Biosciences) and data were ana-
lyzed by FACS Diva 7.0 Software (BD, Biosciences).
Positive labelled MSCs were sorted into collecting tube
for the following culture.

Differentiation capacity of rabbit mesenchymal stem

cells (rMSCs). For chondrogenic differentiation; rMSCs
(1�104 cells) were cultured in 6 well plates in the chon-
drogenic medium which was DMEM consist of 10%
FBS, 1% penicillin/streptomycin/amphotericin B,
100lM dexamethasone, 10ng/ml TGFb, 10 ng/l IGF,
50lg/ml ascorbic acid and 50mg/ml ITSþPremiks at
37�C, 5% CO2 and 95% humidity. The culture

medium was replaced every 2 days in the week. After

2weeks cells were stained with Alcian blue for the obser-

vation of proteoglycans produced by chondrogenic cells.
For adipogenic differentiation; rMSCs (1�104 cells)

were cultured in 6 well plates with the adipogenic

medium which was MEM with 10% FBS, 0.5mM

isobutyl-metylxantine, 10mM dexamethasone, 10lg/
ml insulin, 200lM indomethacin, 1% penicillin/strepto-

mycin/amphotericin B. The culture medium was

replaced every 2 days in the week. After 4weeks, cells

were stained with oil red o to show the presence of intra-

cellular fat droplets indicated adipogenic differentiation.
For osteogenic differentiation; rMSCs (1�104 cells)

were cultured in 6 well plates with the osteogenic

medium which was MEM consist of 10% FBS,

100 nM dexamethasone, 0.05 lM ascorbic acid,

10mM b-glycerophosphate, 1% penicillin/streptomy-

cin/amphotericin B for 4weeks at 37�C and 5% CO2.

The culture medium was replaced every 2 days in the

week. Osteogenic differentiation was observed by stain-

ing with Alizarin red to demonstrate extracellular

calcification.
For fibroblastic differentiation; rMSCs (1�104 cells)

were cultured in 6 well plates with the fibroblastic

medium which was a-MEM supplemented with 10%

FBS, 1 ng/ml bFGF and 1% penicillin/streptomycin/

amphotericin B. On the third day of culture, 5 ng/ml

of TGF-b was added to the medium, and the culture

was continued for 2weeks at 37� C and 5% CO2. The

culture medium was replaced every 2 days in the week.

Cells were stained with HE to determine the fibroblas-

tic differentiation.

Preparation of meniscus cell population. The cell

cocktail was prepared with equal amounts of differen-

tiated chondrocytes, fibroblasts and undifferentiated

rMSCs were cultured at the same culture dishes in

the cocktail media. As cocktail media, DMEM-HG

was used containing 10% FBS, 1% penicillin/strepto-

mycin/amphotericin B, 1 ng/ml bFGF, 10 ng/ml TGF-

b, 10 ng/l IGF, 50 lg/ml ascorbic acid, 50mg/ml

ITSþPremiks. 1�105 cells of each cell type were

seeded in 6 well plates and cultured at 37�C, 5%

CO2, and 95% humidity for 14 days. Differentiated

chondrocytes, fibroblasts, and undifferentiated

rMSCs were cultured with chondrogenic and fibroblas-

tic and cocktail medium respectively and used as con-

trol groups. Cell proliferation were analyzed on 3, 7,

and 14 days of culture period. In addition, number of

the three different cells in same culture dish were quan-

tified by Image J software. For 3 samples, 10 fields of

view in the culture dish were imaged at 10x magnifica-

tion. Each image was converted into an 8-bit grayscale

image and the cell number was quantified using the
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threshold tool. Results are presented as mean� stan-
dard deviation.

Recellularization of decellularized meniscus tissue. Whole
decellularized meniscus tissues were cultured with
meniscal cells that obtained from rMSCs.
Three groups were used for recellularization study; (i)
chondrocyte (ii) fibroblast, and (iii) cocktail cells con-
sist of fibroblasts, chondrocytes and fibrochondro-
cytes. Decellularized meniscus scaffolds were placed
in 24 well plates then 1�106 cells/ml (for each group)
were injected into decellularized tissue (10x5x2 mm3) to
provide cell infusion. Cell seeding was performed with
2 injections of 20 ml of culture medium using 25-gauge
insulin syringe for each zone (red, red-white, white). All
injections have been performed carefully from the top
side of the zones and the cells injected into the middle
sections of the tissue. After the injection, tissues were
incubated at 37�C, 5% CO2 atmosphere for 1 hour to
allow the cell adhesion. Then 2mL chondrogenic,
fibroblastic, and cocktail medium mentioned above
were added on each scaffold in chondrocytes, fibro-
blasts, and cocktail cells groups respectively. The cul-
ture medium was half changed every 2 days in a week.
Cell proliferation and cytotoxicity of the recellularized
meniscus scaffold were carried out during 14 days of
culture period.

Cell proliferation assay. Proliferation of the cells on
recellularized meniscus scaffold was determined by XTT
cell viability assay during 14day of culture period. XTT
(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazoli-
um-5-carboxanilide) solution were prepared according
to the manufacture’s protocol and added until the
meniscus scaffolds (n¼ 3 for each group) covered (500
um) then incubated for 4 h at 37�C. The principle of this
method depends the measurement of highly colored for-
mazan dye by dehydrogenase enzymes in metabolically
active cells. Therefore, the amount of the formazan pro-
duced is proportional to viable cells in the sample. At
the end of the incubation time the medium content was
transfer to 96-well plates and the absorbance of the for-
mazan was measured colorimetrically by spectropho-
tometer (Sinergy HTX) at 450nm wavelength. All
experiments were performed in triplicates.

Toxicity assay. Toxicity analysis of recellularized scaf-
folds (n¼ 3 for each group) were performed on days 3, 7
and 14 during the cell culture period based on the lactate
dehydrogenase (LDH) activity. First, the cell lysis solu-
tion in the kit was added to the medium and incubated
at 37�C for 45minutes. Then, the medium content was
transfer to 96-well plates, the reaction mixture was
added and incubated for 30minutes. At the end of the
incubation, the amount of LDH released into the

medium was measured colorimetrically with a spectro-
photometer (Sinergy HTX) at 490–680nm wavelength.
All experiments were performed in triplicates.

Histology. Recellularized meniscus scaffolds were
stained with HE, Ab, and Mt to observe the cellular
distribution, collagen arrangement, and GAG struc-
ture. All samples were evaluated considering red,
white- red, and white zone. Subsequently, stained sam-
ples were analyzed by the histological scoring system to
determine the cellular density according to all zones.
ImageJ software was used to quantify the number of
cells in HE stained recellularized meniscus sections. For
each sample, 5 fields of view throughout the recellular-
ized meniscus section were imaged at 20x magnification
(total of 15 fields per meniscus). Each image was con-
verted to a grayscale (8-bit) image in ImageJ, and the
number of cells was quantified using the threshold tool.
Results from each group (n¼ 3 meniscus per fibroblast,
chondrocytes, fibrochondrocytes groups) were pre-
sented as mean� standard deviation.

In addition to the histological stainings recellular-
ized meniscus tissues were evaluated in terms of
DNA, GAG and collagen contents. Biochemical
assays were performed in triplicates.

Statistics. All values are reported as mean� standard
deviation. Student’s t-test or one-way analysis of vari-
ance (ANOVA) were performed to compare native and
decellularized meniscus tissue specimens. A significance
level of 95% with a p< 0.05 considered statistically
significant.

Results

Verification of decellularization process

Histology. After the decellularization process meniscus
tissues were stained with HE for general morphology,
Mt for collagen fibers, Ab for GAG structure. In native
meniscus, meniscal cells were observed to be
intense toward the vascularized red zone (Figure 2
(a1)) but also in red-white (Figure 2 (a2)) and white
zone (Figure 2(a3)). Besides, radial and circumferen-
tially orientated collagen fibrils were visualized with
Mt staining in all zones (Figure 2 (c1, c2, c3, c4)) and
GAG concentration was found to be dense around the
red, red-white, white and superficial zones as shown in
Ab staining (Figure 2 (e1, e2, e3, e4)).

After the decellularization process, cellular content
of the meniscus tissues was removed, and it was shown
that absence of cells in lacunae (Figure 2 (b1, b2, b3,
b4)) when compared with the native tissues. In addition
to the HE staining, ECM components of meniscus were
observed with MT and Ab. Collagen fibrils, cytoplasm
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and nucleus were stained blue, red/pink and dark blue
respectively in Mt staining (Figure 2 (c, d)). Images
revealed that collagen structures were maintained in
decellularized meniscus tissues and were observed
with radial direction around the empty lacuna (Figure
2(d1, d2, d3, d4)). Ab staining showed that GAG struc-
tures as bright blue both native meniscus tissue (Figure
2 (e1, e2, e3, e4)), and decellularized meniscus (Figure 2
(f1, f2, f3, f4)).

Collagen type I, type II, aggrecan and vimentin
structures in native and decellularized meniscus were
evaluated immunologically. Distribution of the colla-
gen type I was shown to be present in the native menis-
cus in all zones and positive staining was seen around
cells especially red and red-white zones (Figure 2(g1,
g2, g3, g4)). The intensity of the staining appeared to
remain unchanged after decellularization with absence
of cells (Figure 2 (h1, h2, h3, h4)). Collagen II was seen

Figure 2. Red, red-white, white and superficial zones of meniscus tissues stained with HE (a1-4, b1-4), Mt (c1-4, d1-4), Ab (e1-4, f1-
4), collagen type I (g1-4, h1-4) and type II (i1-4, j1-4), aggrecan, (k1-4, l1-4) and vimentin (m1-4, n1-4) before and after decellularization
process. DE: decellularization.
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in the native meniscus in all zones especially around

cells localized in the red zone (Figure 2 (i1)), white

zone (Figure 2 (i3)) and superficial zone (Figure 2

(i4)), also staining intensity remained unchanged after

decellularization (Figure 2(j1, j2, j3, j4)). Aggrecan

stained more intensely outer parts in red-white zone

and white zone both native (Figure 2 (k2, k3)) and

decellularized tissue (Figure 2 (l2, l3)). Vimentin

stained predominantly around the lacunae of the cells

in native and decellularized tissue, it was seen that the

presence of vimentin around the lacunae of the entire

decellularized tissue (Figure 2 (n1, n2, n3, n4)).
Histology and immunohistochemistry results clearly

showed that the decellularization process did not

affected to the histoarchitecture of the tissue.

Biochemical analysis. Total DNA, collagen and GAG

content of both native and decellularized meniscus tis-

sues were determined quantitatively (Figure 3). Total

DNA content of native meniscus was 80.5 ng/mg and

decellularized meniscus was 5.02 ng/mg. There are sig-

nificant differences between two groups (p< 0.05). The

collagen content of the native and decellularized

meniscus tissue were determined as 46,63� 0.41 ug/

mg, 43,40� 0.80 ug/mg respectively. The total GAG

content of native tissue was 14.95� 0.60 ug/mg and

for decellularized tissue was 13.03� 0.37 ug/mg.

There were no significant differences in collagen and

GAG content according to statistical analysis (stu-

dent’s t-test; p> 0.05). Biochemical measurements

gave quantitative evidence of the decellularization pro-

cess did not affect the histoarchitecture of the meniscus

tissue with removing cell content in the tissue.

Biomechanic test. Native and decellularized meniscus

(n¼ 6) were tested under compression to determination

of compressive strength. There was no significant dif-

ference between elasticity modulus of native meniscus

tissue which was 1.365N and decellularized meniscus

tissue which was 1.236N (Figure 4). In concluded that

decellularization process did not affect the biomechan-

ical properties of meniscus tissue.

In vitro cell culture studies

rMSCs were isolated from rabbit bone marrow then

cultured for 14 days. Figure 5A represented that
spindle-shaped and elongated fibroblast-like cells at

P1, P2, P3. Cells demonstrated increased proliferation

and uniformly maintaining a homogeneous fibroblastic

morphology.
The cultured rMSCs (5x106 cells) were analyzed the

expression of positive and negative surface markers by

flow cytometry for identification. CD 90 and CD 73

were used as positive surface markers and CD 45 and

CD 34 were used as negative surface markers which are

labeled with FITC, APC, PE/Cy5.5, and PE respective-

ly. Results revealed that cells were positive for CD 90

and CD 73 and were negative for CD 45 and CD 34 as

expected. It was found that 0.3% of cells (P2) and 0.1%

of cells (P5) expressed negatively rMSCs markers (CD

34 and CD 45) and 98.1% of cells (P3) and 98.7% (P4)

expressed positively rMSC markers (CD 73 and CD

90), thereby demonstrating a characteristic
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Figure 4. Elasticity modulus of native and decellularized
meniscus tissue. DE: decellularization.

1198 Journal of Biomaterials Applications 35(9)



immunophenotype of rMSC. In addition, quadrants

were set to delineate the negative and positive popula-

tions and quadrant regions showing the percentage of

cells in each sub-population. 98.2% (Q2-2) double-

positive cells for CD 90 and CD 73 shown in dot

plots image were sorted for recellularization study

(Figure 5(B)).

Differentiation capacity of rabbit mesenchymal stem cells

(rMSCs). Differentiation capacity of rMSCs were eval-

uated by histological staining. During chondrogenic

differentiation, cells appeared round shape and secret-

ed proteoglycans by differentiated chondrocytes

were observed in blue color with alcian blue staining

(Figure 6 (a) and (e)). At the end of the 2weeks of the

culture period, spindle-shaped fibroblast cells were

observed in fibroblastic media (Figure 6 (b) and (f)).

In osteogenic differentiation, mineralization sites of

the ECM were observed with alizarin red staining

(Figure 6 (c) and (g)). Also, oil droplets which are the

characteristic of adipogenic differentiation were observed

in red with oil red o staining (Figure 6 (d) and (h)).

Preparation of meniscus cell population. To prepare menis-

cus cell population a cocktail of the cells which consist

of differentiated chondrocytes, differentiated fibro-

blasts and non-differentiated MSCs were seeded in the

same wells. The specific cell population of the meniscus

tissue was observed after 14 days of the culture period by

microscopically. Microscopic investigations revealed

spindle-shaped cells like fibroblasts, round shape cells

like chondrocytes and multicytoplasmic forms like

fibrochondrocytes are being in the cocktail of the cell

preparation (Figure 7 (a) and (b)). In addition, Figure 7

(c) is represented that cell number of three different cells

in the same culture plate. Distribution of the cells was

quantified that 85%, 62%, and 54% for fibrochondro-

cytes, chondrocytes, and fibroblasts.
Proliferation capability of the cocktail cells was

examined by XTT cell proliferation assay also. The

analyses were performed on 3, 7 and 14 days of

the culture period. The results indicated that cell pro-

liferation increased for 14 days and statistically signifi-

cant differences were found of the cocktail cells

compared to the fibroblast, chondrocyte and MSCs

groups (p< 0.05) (Figure 8).

Recellularization of the decellularized meniscus

tissues

Cell proliferation. Proliferation capacity of the fibroblast,

chondrocytes and cocktail cells in decellularized menis-

cus were evaluated by XTT cell viability assay. It was

found that cells were proliferated in decellularized tis-

sues with increasing trend in all groups for 14 days

(Figure 9). Cocktail cells showed highest proliferation

Figure 5. A. Microscopic images of the rMSCs at P1(a), P2(b), P3(c). B. Flow cytometric cell characterization and cell sorting. Flow
cytometric validation of rMSCs with CD 34, CD90, CD 73, CD 45 and details from sorting demonstrating the overall cell distribution
of negative for CD 34 and CD 45 and positive for CD 73 and CD 90.
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capacity, and there were statistically significant differ-

ences in the cocktail cells group compared to the fibro-

blast and chondrocyte groups.

Cytotoxicity. Cytotoxic effects of decellularized meniscus

on the fibroblasts, chondrocytes and cocktail cells were

evaluated by LDH assay. Decellularized meniscus did

not show any cytotoxic effect on cells during incuba-

tion time. The results showed similarity and did not

statistically significant differences in all groups for

14 days of incubation (Figure 9).

Histological evaluation of recellularized meniscus tissue.

Recellularized whole meniscus tissues were evaluated

by histological staining in terms of cells-tissue

interaction and localization of cells in the lacuna of

decellularized tissues. Recellularized meniscus with

fibroblasts, chondrocytes and cocktail cells were
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Figure 7. Inverted microscopy images (a) and Hematoxylin eosin staining images (b) of cocktail cells after 14 days of incubation
period. Spindle-shaped fibroblast (arrows), round-shaped chondrocytes (triangles), fibrochondrocytes with multiple projections
(stars) were shown in the same culture plate (Magnification 20X). Cell number (%) of fibrochondrocytes, chondrocytes, and
fibroblasts in the cocktail cells (c).

Figure 6. Chondroctye (a,e), fibroblast (b,f), osteoblast (c,g) and adipocyte (d,h) differentiation of rMSCs. Magnifications a-b-c-d 10X,
e-f-g-h 20X.
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Figure 8. Cell proliferation test results of fibroblasts,
chondrocytes, MSCs and cocktail cells. All experiments
were performed in triplicates. (*p< 0.5, **p< 0.01,
***p< 0.001).
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evaluated as red, red-white and white zone by HE, MT
and Ab staining (Figure 10).

In fibroblast seeded culture, cells were mainly local-
ized in red (Figure 10 (a1)) and red-white (Figure 10
(b1)) zone compared to the white zone of the tissue
Figure 10 (c1). Circumferential collagen structures of
the recellularized tissue were shown by MT staining in
all zones (Figure 10 (d1), (e1), (f1)). In addition, Ab
staining represented that fibroblasts secreted more
amounts of GAG (shown as dark blue) in the white
zone (Figure 10 (i1)). Light colored Ab staining indi-
cated a smaller number of cells in the inner zone of
tissue (Figure 10 (h1)).

In chondrocyte seeded culture, cells were observed
mainly red-white (Figure 10 (b2) and white (Figure 10
(c2)) zone of the tissue after 14 days culture. Collagen
fibers which were stained with MT were seen dark blue
or dense in all zones (Figure 10 (d2), (e2), (f2)). Ab
staining indicated that GAGs were secreted by chon-
drocytes in red-white (Figure 10 (h2)) and white
(Figure 10 (i2)). zones. In the red-zone, chondrocytes
secreted more amount of cytoplasm as seen in pink
color compared to the other groups (Figure 10 (g2)).

In cocktail cells seeded culture, cells were broadly
distributed in all zones and localized in empty lacunas
of the decellularized meniscus tissue (Figure 10 (a3),
(b3), (c3)). MT stainings demonstrated that cocktail
cells were well arranged between collagen fibers and
fibers orientation were seen as dark blue in the red
(Figure 10 (d3)), red-white (Figure 10 (e3)) and white
zones for 14 days (Figure 10 (f3)). In addition, Ab
staining showed that more amounts of GAG
secreted by cocktail cells were observed as dark blue
in all zones of the tissue (Figure 10 (g3), (h3), (i3)).

Histological results indicated that fibroblasts, chon-
drocytes, and cocktail cells proliferated and localized in
the lacuna of the decellularized meniscus tissues, but

cocktail cells were more proliferated and well distrib-

uted than chondrocytes and fibroblasts.

Histological scoring. In addition to the histological stain-

ing, cellular distribution and number of cells in each

zone of the recellularized meniscus scaffolds were eval-

uated by Image J Software. The results represent

that 170.8� 14 fibroblasts, 159.8� 10 chondrocytes,

230.3� 12 cocktail cells were found in red zone,

149� 8 fibroblasts, 176.8� 6 chondrocytes, 216� 9

cocktail cells were found in red-white zone, 110� 9

fibroblasts, 204.4� 4 chondrocytes, 202.4� 6 cocktail

cells were found in white zone in recellularized menis-

cus scaffolds (Figure 10). There is statistically signifi-

cant difference for number of cocktail cells compared

to the fibroblasts and chondrocytes groups.

Biochemical contents of recellularized meniscus. DNA, col-

lagen and GAG contents of recellularized meniscus tis-

sues were evaluated after 14 day of culture period by

biochemical analysis (Figure 11). DNA contents of

recellularized tissues were found in 62.267� 1.84 ng/

ml, 66.662� 3.29 ng/ml, 77.492� 3.02 ng/ml for fibro-

blast, chondrocytes and cocktail groups respectively.

Total collagen contents were determined 73.008�
3.08mg/ml, 89.709� 1.31mg/ml, 116.769� 5.74mg/

ml for fibroblast, chondrocytes and cocktail groups

respectively. Total GAG contents were estimated in

fibroblast culture 14.485� 0.60g/ml, in chondrocytes

culture 17.476� 0.71g/ml, in cocktail culture 18.928�
0.36g/ml. In all biochemical tests, there are statistical

differences in cocktail cells compared to both fibro-

blasts and chondrocytes groups (p< 0.05).

Figure 9. Cell proliferation and cytotoxicity analyses of cells on the recellularized tissues. (*p< 0.05) All experiments were
performed in triplicates.
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Discussions

The meniscus tissue has poor healing potential, due to
the partly absence of vasculature. The lesions occurred
in the avascular zone show no or limited tendency to
heal and it should be resected by partial or total menis-
cectomy.27–29 Tissue engineering and regenerative med-
icine research offer significant approaches to develop

advanced materials that can better mimic the architec-
ture and functional properties of native tissues.
Recently, natural and synthetic scaffolds have been
reported with plenty of studies as a possible biomate-
rial for meniscal regeneration.30–33 Moreover, collagen
meniscus implants,5,31,34,35 polyurethane meniscus
implants,36,37 silk fibrous protein scaffolds,33,38,39

Figure 10. Histological images and quantification results of recellularized meniscus tissues with fibroblasts, chondrocytes, and
cocktail cells on the red (a1-3, d1-3, g1-3), red-white (b1-3, e1-3, h1-3) and white zones (c1-3, f1-3, i1-3).

Figure 11. Total DNA, collagen and GAG content of the recellularized meniscus tissue. (*p< 0.05, **p< 0.01, ***p< 0.001) All
experiments were performed in triplicates.
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polycaprolactone scaffolds40–42 and polyester–carbon

cell-free implants43 have been used to mimic the menis-

cus tissue. However, these biomaterials have different

characteristic features comparison to natural menisci in

terms of different organization and interactions among
the major components (water, GAGs and collagen) of

the meniscus. The optimal biomaterials for meniscus

replacement still need to be developed due to the menis-

cus has distinctive three-dimensional structure and

unique biological characteristics as well as biomechan-

ical properties. Therefore, decellularized ECM scaf-
folds are extensively investigated as a natural

substitute for regeneration of tissue.
Tissues treated with different solutions to remove

cellular component can provide an optimum decellular-

ized biological scaffold material for meniscus tissue

engineering. However, the removal of cells during this
process ECM can be damaged. Although, different

decellularization methods have been reported in the

literature, to find an effective and least destructive

method are still required. Decellularization of the

meniscus is much more difficult since it is composed

of fibrocartilage and collagen with a tightly packed
ECM structure.44 Different detergent combinations

which are sodium dodecyl sulfate (SDS, an ionic deter-

gent), Triton-X (a non-ionic detergent) and tri-nitro-

butyl phosphate (TnBP) have been used for meniscus

decellularization.9,34,45,46 Currently, a variety of decel-

lularization and recellularization methods used in

meniscus tissue engineering have been reported in the
literature but there is no consensus on the optimal pro-

cedure to generate decellularized meniscus or their

application.
Maier et al. decellularized ovine meniscus using

enzymatic solution included trypsin, collagenase, pro-
tease and removed meniscal cells and major histocom-

patibility complex molecules. Although researchers

claimed that biomechanical properties remained the

same, GAG contents were decreased compared to the

native tissue due to the harmful effects of enzymatic

treatment.47 According to the studies, it is seen that

only enzymatic treatment is not adequate. Therefore,
we agreed with the literature that suggest the conjunc-

tion of physical and chemical methods.21,48,49

Detergents such as SDS and Triton X-100 are generally

used to remove cellular components of the tissues. But

the efficacy of the detergents and the damage levels of

the tissue are important points. Although Sandmann

et al.46 reported that decellularized human meniscus
with 2% SDS without compromising biomechanical

properties, research revealed that SDS can cause colla-

gen damage such as fragmentation and swelling of the

fibers.50 Therefore, we conclude that the combination

of the physical, chemical and enzymatic methods and

incubation periods of the detergents are important for
the decellularization procedure.

In this study, the combination of physical, chemical
and enzymatic methods was used for meniscus decellu-
larization based on modifications of Stapleton et al.’s
method.21 Tissue samples were investigated histologi-
cally considering red, red-white, white and superficial
zones and our results showed that cellular components
of the meniscus were removed from all zones within
14 days of decellularization process (Figure 2 (b1),
(b2), (b3), (b4)). In addition, biochemical tests
showed that the DNA content were significantly
decreased after decellularization (Figure 3) which are
confirmed by histological results. Mt staining results
revealed that collagen fibers were maintained in decel-
lularized meniscus tissues (Figure 2 (d1), (d2), (d3),
(d4)) which provide information that our method has
no harmful effect on ECM of the meniscus tissue. In
addition, biochemical assay results supported the his-
tological staining quantitatively (Figure 3).
In the Stapleton method, GAG content, which is one
of the main structures of the ECM, was decreased by
59.4% after the decellularization process.21 Although
our method is based on the Stapleton method, we did
not find statistically significant differences (p> 0.05) in
collagen and GAG content between before and after
decellularization. GAG structures were also observed
in bright blue color after decellularization in histolog-
ical staining (Figure 2 (f1), (f2), (f3), (f4)) which
was supported by the biochemical analysis results
(Figure 3). Therefore, we conclude that our decellula-
rization method and modifications are more effective
for the protection of GAG and ECM structure.

The biomechanical feature of the meniscus tissue is
important due to its tensile and shock absorption prop-
erties.29,51–53 Another important outcome of the opti-
mum decellularization method is the removal of cells
from the tissue without affecting biomechanical proper-
ties. Various physical and enzymatic methods such as
repeated freezing/thawing, high-pressure treatments,
gamma irradiation, and enzymatic treatment with colla-
genase, trypsin were used for decellularization of the tis-
sues.44,54,55 However, it was reported that only physical
or enzymatical treatments were adversely affected the
biomechanical features of the meniscus. Combination
of different decellularization methods provides the min-
imum degeneration of tissue architecture. In our combi-
national decellularization method, the biomechanical
features of the meniscus tissue did not change. There is
no statistically significant difference in biomechanical
properties before and after decellularization. Our results
gave evidence of the separation of cellular content in all
locations with the preservation of the main histoarchitec-
ture and biomechanical properties following the decellu-
larization process.
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The other advantage of our decellularization method
is short incubation time and without the use of expensive
and generally preferred chemical aprotinin as a protease
inhibitor to prevent ECM damages during decellulariza-
tion applications.56 Although aprotinin has been gener-
ally suggested for the decellularization method, we
successfully performed decellularization process with
only SDS detergent which also provides cost effectivity.

The approach of recellularization of the decellularized
tissues arise from the clinical usage of decellularized
matrices and decellularized organs.57–60 In tissue engi-
neering, several types of cells such as fibroblasts, chon-
drocytes or isolated cells from meniscus used to
repopulate tissue-specific ECM scaffolds to eventual
functionality and clinical success of engineered con-
structs.33,61–63 Additionally, fibrochondrocytes, obtained
from meniscus, are the most common preferred cells in
the meniscus regeneration, however their proliferative
capacity in human decreases with age.24,64 MSCs are
known to have an ability to differentiate into cells of
the mesenchymal lineage and a capacity for self-
renewal and may be a good choice for meniscus regen-
eration.26,65 Mandal et al. produced silk scaffold and
seeded with human MSCs to mimic meniscus tissue, sig-
nificant upregulation of cartilage related ECM markers
were found.33 Another study reported that meniscal cells
cultured with MSCs showed higher expression of colla-
gen and GAG, which is induced meniscal phenotype.66

On the basis of these studies, in our study, the
meniscus cell population (cocktail cells) consists of
fibroblasts, chondrocytes and fibrochondrocytes
obtained from differentiated rMSCs. In our prolifera-
tion results, both fibroblasts and chondrocytes were
shown high proliferation levels with increasing trend,
but the cocktail cells showed more proliferative capac-
ity during the 14 days of the culture period. Cell
number (%) of fibroblasts, chondrocytes, and fibro-
chondrocytes in the same culture plate were also quan-
tified by Image J software. The results showed that
three cell types proliferated in more than 50% ratio
in the culture plate. However, cocktail cells proliferated
by 85% on the same plate, and this ratio was found to
higher than fibroblasts (62%) and chondrocytes (54%).
According to cell culture results, we conclude that incu-
bation of fibroblasts, chondrocytes, fibrochondrocytes,
and MSCs in the same environment might provide
appropriate niche and cytokine secretion to increase
the proliferation capacity of the cells.

The immunological response of the scaffold materi-
als should be evaluated in more detail with in vivo
studies however, cytotoxic effect, cell proliferation,
and distribution on the decellularized scaffolds can
provide an idea for in vitro level. The predictive plas-
ticity and macrophage polarization on the decellular-
ized scaffold surface help gain detailed information

regarding the immunological response.67,68 However,
cell-mediated cytotoxicity plays an important role in
the host immune defense.69 The proliferation and cyto-
toxic assays are widely used for the biological potential
determination of biomaterials. Also, these procedures
are widespread applications for many vaccines, diagno-
sis of infectious disease, and drug discoveries before in
vivo experiments.70,71 In this study, cytotoxicity, cell
proliferation, and distribution in the decellularized
meniscus tissue were determined to assess the biological
compatibility of the decellularized scaffolds. Besides
the continuous proliferation trend of cells on the decel-
lularized scaffolds and no cytotoxic effect, preserved
ECM architecture has helped the regulation of the cel-
lular distribution and proliferation.

Cell attachment and proliferation in the decellular-
ized tissues are part of the remodeling process wherein
cells begin to infiltrate and secrete growth factors after
adhesion.72 Moreover, MSCs have high proliferation
capacity and secrete many trophic and bioactive factors
as well as synthesize stimulatory ECM components.73

According to our histological results after recellulariza-
tion, cocktail cells were localized in the empty lacuna in
all zones of the decellularized tissue and showed more
proliferation capacity. It may result from the fact that
MSCs have more proliferation capacity and that cock-
tail cells are more suitable cell populations for meniscus
tissue.73 The consistency with the 2D cell culture
results, cocktail cells showed more proliferation capac-
ity in recellularized meniscus scaffolds as well as higher
DNA content. Increasing the DNA level indicated that
the cells, especially cocktail cells, proliferated in recel-
lularized meniscus during the culture period.
Moreover, Image J analysis results have also repre-
sented distribution of the number of cells according
to the zones (Figure 10). While fibroblasts are distrib-
uted in the red zone of the meniscus scaffold, chondro-
cytes were mostly localized in the red-white and white
zone. Besides, cocktail cells were most proliferated in
the red zone of the meniscus scaffold, but they were
also localized in the red-white and white zones. In addi-
tion, the increase in the number of cocktail cells from
the white zone to the red zone showed the similarity in
natural meniscal cell distribution66,72 and recellularized
meniscus scaffolds have the potential to mimic the
meniscus tissue in terms of cellular population.

The primary compositions of the ECM such as col-
lagen, proteoglycans and GAG have generally been used
as a criteria for the identification and evaluation of the
chondrogenic capacity of the cells or constructs.74 The
highest amount of collagen and GAG levels were
obtained from the recellularization group seeded with
cocktail cells (Figure 11). It may result from by the pres-
ence of chondrocytes and fibrochondrocytes in the cock-
tail cells, also leads to the highest amount collagen and
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GAG levels. The results also revealed that decellularized
meniscus has potential for promoting cell proliferation
and provides a natural substrate to production of ECM
proteins like collagen or GAG with cocktail cells. In our
best knowledge, recellularization of the decellularized
meniscus using cocktail cells obtained from both differ-
entiated and undifferentiated rMSCs has not yet been
investigated. This is the first study that designed an in
vitro co-culture system for obtaining meniscal cell pop-
ulation with the basic cellular morphology of rabbit
meniscus has been identified. In this study we revealed
that our recellularization and decellularization methods
provide a biomaterial that mimics native meniscus tissue
as ultrastructural characteristics and the biochemical
compositions.

Conclusion

In this study, we demonstrated a modified decellulariza-
tion and recellularization methods for meniscus tissue by
removing cellular components and preserving the ECM
without any significant loss in mechanical properties.
The significant outcomes of the study are decellulariza-
tion of meniscus tissue with minimum percentage of
detergent in a short incubation time and recellulariza-
tion of meniscus tissue with cocktail cells mimicking
native meniscus cell population. The promising results
may be attributed to the decellularized meniscus scaf-
fold, which provided an appropriate microenvironment
to avoid any adverse immune response by allogeneic or
xenogeneic recipients of the ECM scaffold material. In
addition, this study demonstrates that the meniscal cell
population could be obtained using MSCs and recellu-
larized meniscus could be efficient to develop functional
decellularized meniscus for clinical applications. In
future in vivo studies, we anticipate showing that the
recellularized meniscus scaffold will support the appro-
priate microenvironment to promote cell growth and
appropriate host response.
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