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Many studies have sought to construct a substitute to partially replace irreparably
damaged meniscus. Only the meniscus allograft has been used in clinical practice as
a useful substitute, and there are concerns about its longevity and inherent limitations,
including availability of donor tissue and possibility of disease transmission. To overcome
these limitations, we developed an acellular xenograft from whole porcine meniscus.
Samples were treated with 2% Triton X-100 for 10 days and 2% sodium dodecyl sulfate
for 6 days. The DNA content of extracellular matrix (ECM) scaffolds was significantly
decreased compared with that of normal porcine menisci (p < 0.001). Histological
analysis confirmed the maintenance of ECM integrity and anisotropic architecture
in the absence of nuclei. Biochemical and biomechanical assays of the scaffolds
indicated the preservation of collagen (p = 0.806), glycosaminoglycan (p = 0.188),
and biomechanical properties (elastic modulus and transition stress). The scaffolds
possessed good biocompatibility and supported bone marrow mesenchymal stem cells
(BMSCs) proliferation for 2 weeks in vitro, with excellent region-specific recellularization
in vivo. The novel scaffold has potential value for application in recellularization and
transplantation strategies.

Keywords: meniscus, extracellular matrix, biomechanics, region-specific recellularization, decellularization

INTRODUCTION

The meniscus of the knee is fibrocartilaginous in nature, with an organized arrangement of
collagenous fibers. The main functions of human menisci are load transmission, stress distribution,
stability, and lubrication of the joint, which collectively prevent cartilage damage (Stapleton et al.,
2011). Damage or degeneration of the meniscus is usually followed by loss of these functions
and development of knee arthritis (Ding et al., 2007). Meniscus lesion repair has always been
a great challenge in orthopaedic surgery because of its limited vascularization and capacity for
self-regeneration. When damage involves the non-vascularized areas, meniscus preservation or
restoration is difficult to achieve. Development of novel therapeutic methods for meniscus repair is
both timely and necessary (Maier et al., 2007).

Many materials have been used to repair meniscus defects after (partial) meniscectomy. These
include natural polymers (Stone et al., 1992), synthetic polymers (Klompmaker et al., 1996),
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allogenic meniscus (van Arkel and de Boer, 2002; Verdonk,
2002), and autologous tissue (Kohn et al., 1997; Bruns et al.,
1998). A goal of polymer research in this regard is to mimic
the organization and interactions among the major tissue
constituents of natural meniscus. However, long-term studies
have indicated the limited success of this approach. Meniscal
allograft transplantation has been applied in patients worldwide,
since the first successful operation in 1984 (Milachowski et al.,
1989). Meniscal allografts produced good to excellent results
regarding pain and function (Cameron and Saha, 1997; Rath
et al., 2001; Noyes et al., 2005; Cole et al., 2006; Ha et al., 2011).
Nevertheless, concerns over longevity and inherent limitations
of the allografts, including limited graft supply and possible
disease transmission (Noyes and Barber-Westin, 2010), mean
they have limited wide application. Furthermore, while they
are safe and available, properties of fat pad, quadriceps, and
Achilles tendon autografts have been inferior to the allograft
(Messner et al., 1999).

Acellular xenogenic meniscal tissue has similar anatomy and
matrices to the human meniscus and is easy to access, and
thus, it might be a promising alternative for transplantation.
Many different protocols have been described for preparing
meniscus extracellular matrix (ECM) scaffolds (Maier et al,
2007; Stapleton et al., 2008; Sandmann et al., 2009; Stabile
et al,, 2010; Azhim et al.,, 2013; Chen et al, 2015; Wu et al,
2015). The dense fibrous structure of the meniscus makes
it difficult to undergo decellularization while retaining the
maximum amount of bioactive molecules and biomechanical
potential (Stapleton et al,, 2008; Ionescu et al, 2011). Maier
et al. (2007) reported the complete cell removal in whole
ovine meniscus using an enzymatic solution. However, there
was appreciable disruption and digestion of the ECM. In 2008,
Sandmann et al. (2009) incubated human meniscus tissue in
2% sodium dodecyl sulfate (SDS) for 2 weeks and achieved
cell removal. However, such a long SDS treatment resulted in
greater cytotoxicity and ECM injury than treatment with Triton
X-100 or tri-(n-butyl) phosphate (Cartmell and Dunn, 2004;
Gilbert et al., 2006). Acellular ECM meniscal hydrogels as well
as ECM meniscal fragments based on dissection and sonication
have also been explored (Azhim et al., 2013; Wu et al.,, 2015),
but the lower biomechanical potential of these materials is an
important limitation.

In this study, we optimized the previous methods and
developed a novel protocol for the decellularization of whole
porcine meniscus, which is very similar in size to human
menisci. The scaffolds preserved the bioactivity, biomechanics,
and cytocompatibility features of the tissue, and excellent region-
specific recellularization was observed in vivo.

MATERIALS AND METHODS

Preparation of Acellular Meniscus
Scaffolds

Six male pigs (6-month-old, Large White) were obtained from the
Animal Experimental Center of Zhejiang University. All animal
experiments were approved by the Animal Experimental Ethics

Committee of Zhejiang University, and the animals were treated
according to approved experimental protocols. Both medial and
lateral menisci were harvested from pigs and divided into two
groups, the normal group (n = 6) and decellularized group (n = 6).
The menisci were then washed in phosphate buffered saline
(PBS) to remove excess blood. Samples in the control group
were immediately stored at 4°C for biochemical analysis, in 4%
formaldehyde for histological analysis, and in 4% glutaraldehyde
for scanning electron microscopy (SEM). Before determining the
optimal decellularization protocol, Menisci were suspended in
2% Triton X-100 (Sigma-Aldrich, St. Louis, MO, United States)
for 10 days and 2% SDS (Sigma-Aldrich) for 6 days, followed
by deionized water (48 h) and PBS treatment (24 h) to wash out
all remnants of detergent. To minimize the DNA content in the
ECM, 100 U/ml DNAase (Sigma-Aldrich) in PBS was applied
(Figure 1). All steps were performed at room temperature with
agitation (100 rpm). Samples were stored in PBS at 4°C within 2
weeks of processing.

Histological Analysis

Normal menisci (NM) and decellularized menisci (DM) were
fixed for 24 h in a 10% neutral buffered formalin solution
at room temperature for 24 h, then dehydrated automatically
by gradient concentrations of ethanol (50, 70, 80, 90, and
100%, for 5 min each), and treated by xylol for 20 min before
embedding in paraffin wax. Sections 5 mm in thickness were
used for histological staining. Standard hematoxylin and eosin
(H&E) staining was used to evaluate tissue microstructure
and remaining cells. Alcian blue staining (1% w/v, pH = 2.5)
was used for the qualitative analysis of glycosaminoglycan
(GAG) content. Cell nuclei were counterstained with 1% neutral
red stain. Masson trichrome staining was used to visualize
the collagen distribution and orientation. Cell nuclei were
stained using hematoxylin. Images were captured digitally
using an ECLIPSE 80i microscope (Nikon, Tokyo, Japan) and
qualitatively analyzed.

Immunohistochemical (IHC) Analysis

IHC staining was performed by placing the slides (transverse
and longitudinal) in an antigen retrieval solution consisting of
citrate buffer at 95°C in a steamer for 10 min. After cooling,
the sections were incubated in 3% perhydrol solution for
15 min to block the endogenous peroxidase reaction and non-
specific binding was blocked using 1% bovine serum albumin.
Sections were incubated with primary antibodies against type
collagen I (Abcam, Cambridge, MA, United States, 1:200) and
IT (Abcam, 1:200) at 4°C overnight. Following the incubation,
the slides were washed three times in PBS. Goat anti-mouse
IgG1 biotinylated secondary antibody (Abcam, 1:1000) was then
applied for 30 min and the slides were then subjected to three
more washes in PBS followed by treatment with a streptavidin-
horseradish peroxidase complex, diaminobenzidine solution, and
counterstaining with haematoxylin. NM and DM samples were
incubated for 5 min in 4/, 6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich) for fluorescent staining of nuclei to evaluate the
presence of residual nuclei.
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FIGURE 1 | Schematic illustration of the decellularization process of porcine menisci and regeneration of decellularized meniscus. In vitro and in vivo evaluation of
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Analysis of DNA Content

Total genomic DNA in the samples was extracted using a
Genomic DNA Extraction Kit (TaKaRa Bio, Shiga, Japan)
according to the manufacturer’s instructions. Briefly, NM
and DM samples were lyophilized at —80°C to thoroughly
remove residual moisture until achieving a constant weight,
and were then weighed, cut into thin strips and digested with
proteinase K and RNase for 4 h. The digested samples were
centrifuged and purified with two phenol/chloroform/isoamyl
alcohol (25:24:1, v/v) 33extractions. The remaining DNA was
collected using an elution buffer. The extracted genomic DNA
was quantified by measuring absorbance using a NanoDrop 8000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
United States). DNA quantity was normalized to the initial dry
weight of the tissue and expressed as ng/mg.

Determination of GAG, Collagen, and

Water Content

NM and DM samples were weighed, freeze-dried and weighed
again. The weights before and after freeze-drying were recorded
to evaluate water content. GAG content was determined
using a modified dimethylmethylene blue (DMMB) method as

previously described (Farndale et al., 1986). NM and DM samples
were lyophilised to a constant weight and then digested at
60°C in papain buffer (125 mg/mL papain, 5 mM cysteine/HClI,
5 mM disodium EDTA in PBS) for 12 h. The absorbance values
of the samples were determined at 525 nm using an Epoch
Microplate Spectrophotometer (BioTek Instruments, Winooski,
VT, United States) immediately after the addition of a 1,9-
dimethylmethylene blue solution (Sigma-Aldrich). GAG content
was calculated using a standard curve, which was made using
different concentrations of chondroitin sulfate sodium salt
(Sigma-Aldrich). Final values were expressed as g of GAG per
dry weight of sample. Collagen content was determined based
on hydroxyproline (HYP) content, which was measured using
a spectrophotometric method (Chan et al., 1998). The amount
of HYP in the samples was then determined using a calibration
curve prepared using HYP assay (Sigma-Aldrich), and total
collagen content per mg dry weight of sample as calculated using
a HYP-to-collagen ratio of 1:7.2.

SEM

SEM was performed to examine the microarchitecture of the
meniscus before and after decellularization. Meniscal samples
were fixed with 2.5% (v/v) glutaraldehyde in PBS, post-fixed with
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1% (w/v) OsOy, dehydrated using a graded alcohol series and
dried using hexamethyldisilazane (Sigma-Aldrich). The dried
samples were sputter-coated with gold-palladium and viewed
using a model S-3000N microscope (HITACHI, Tokyo, Japan).
The porosity of each group was tested by Image] (National
Institutes of Health, United States).

Cytotoxicity of DM Scaffold

To assess the chemical toxicity of decellularized scaffolds,
cytotoxicity testing was conducted as previously described
(Xu et al, 2014). Briefly, DM was incubated in standard
Dulbecco’s modified Eagle medium (DMEM)/F12 containing
10% fetal bovine serum for 24 h, and the extracts was collected
for subsequent use. Bone marrow mesenchymal stem cells
(BMSCs) extracted from lumbar vertebra of New Zealand white
rabbits were trypsinized, centrifuged and resuspended in the
same medium and were maintained in culture at 37°C. And
the medium was exchanged every 3 days. After successive
cycles, the third-passage cells were harvested. Cells were then
seeded in 96-well cell culture plates at a concentration of
2.5 x 10* cells/well that would allow confluency after 24 h
in standard culture medium. The medium was removed and
replaced with leach liquor at varying concentrations (25, 50,
and 100%). Cells cultured in the standard medium served as
the control group. Cell proliferation and metabolic activity
were then assessed using a Cell Counting Kit-8 (CCK-8,
DOJINDO, Tokyo, Japan). CCK-8 was added to each well
of the plate and incubated for 3 h on days 1, 3, 4, and 5.
Absorbance was measured at 450 nm using an Epoch Microplate
Spectrophotometer (BioTek, Instruments). Five replicates were
evaluated per sample.

Biomechanical Testing

All mechanical tests were performed using a model Z2.5
computer-controlled test machine (Zwick/Roell, Ulm, Germany)
as we described previously (Zhao et al., 2009; Junhui et al., 2015).
Mechanical uniaxial tensile tests were conducted to calculate
the tensile initial elastic modulus, elastic modulus, transition
stress, transition strain, and ultimate tensile strength of NM
and DM. On the day of testing, frozen slices were cut from
the central portion of the menisci with a cross-sectional area
of 3 x 3 mm (thickness x width). In addition, to rule out
the influence of damage caused by the mechanical grips, the
tensile test specimens were then cut with a dumbbell-shape with
a gauge length of 10 mm between the grips. Only specimens
with dimensions within £ 10% of the pre-specified dimensions
were considered. Specimens were kept hydrated at 37°C in
PBS until testing and were then clamped to the grips in the
mechanical apparatus. Tests were conducted at a strain rate of
10 mm/min, similar to our previous study (Lin et al., 2016). The
initial elastic modulus and the elastic modulus were calculated
from the slope of the linear curve fit up to 1% strain and the
slope of the linear curve, based on the best R-square value using
linear curve fitting. The intersection point of the two slopes
defined the transition stress and strain. The ultimate tensile
strength was calculated from the highest point on the stress
strain curve.

Recellularization in vitro

The cytocompatibility of the ECM scaffolds was assessed using
recellularization in vitro. After y-rays radiation sterilization
(24KGy), the whole scaffolds were immersed in DMEM/F12
containing 10% fetal bovine serum and 1% antibiotics for 24 h
and were dried using sterile gauze. New Zealand white rabbit-
derived BMSCs were passaged continuously after the third
generation as mentioned above. The cells were resuspended to the
density of 10 x 10° cells/mL. The scaffolds were then completely
immersed in the cell suspension and incubated for 5 to 10 min
and then transferred to a 12-well cell culture plates. Then, third-
passage BMSCs were harvested and seeded onto the surface of
per specimen at the same density of 2 x 10° cells/cm? and
incubated for 2 h before the addition of supplemented culture
medium. The culture medium was changed every 12 h. To
generally observe the BMSCs on the scaffold on week 2 after
cell seeding, cells were washed with PBS, fixed for 24 h in 10%
neutral buffered formalin solution, and then stained with DAPI
for 15 min at 37°C. Meanwhile, cell viability was assessed by Live-
Dead cell staining, which indicated survival condition of BMSCs
on scaffold after 2 weeks of culturing. The cells were washed
with PBS and stained by Live-Dead cell staining kit (Biovision,
Milpitas, CA, United States). After staining, cells were observed
immediately using a Nikon ECLIPSE 80i microscopy (Nikon,
Japan) equipped with a band-pass filter.

In vivo Animal Study

The intermediate part of the meniscus was shaped into a wedge-
shaped semilunar disk. Ten skeletally mature male New Zealand
white rabbits weighing between 3.0 and 3.5 kg were included
in this study. Partial medial meniscectomy (one-third of the
meniscus) was performed on the knees of all rabbits. The right
knees were transplanted with DM (DM group) and the left knees
underwent operation with the NM as a control (NM group). In
this procedure, the rabbits were anesthetized with intravenous
urethane (1 g/kg). After skin disinfection, the right knee was
approached using a medial parapatellar incision. The meniscal
tissue was thawed by immersion in sterile saline solution and
then sutured to the adjacent meniscus with non-resorbable No.
5-0 sutures (Ethicon, Somerville, NJ, United States) after the
meniscectomy. The capsule, periarticular tissues and skin were
closed with No. 3-0 sutures (Ethicon). After the operation, the
animals were immediately allowed free movement without any
restriction. Five of the animals were killed with pentobarbital
sodium at the end of weeks 6 and 12, and samples were evaluated
by histological analysis as described above.

Semi-Quantification for Histological
Staining

To further evaluate the repair condition of explants, semi-
quantification of four typicalcells found in meniscal repair tissue
was analyzed using Image ] software 12 weeks H&E stained
samples. Briefly, three sections of different points in both NM and
DM group were chosen, respectively. The multipoint counting
function in Image J was used to mark four kinds of cells, including
inflammatory cells, remnant chondrocyte-like cells, fusiform cells
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FIGURE 2 | Histological and immunohistochemical analysis of native meniscus and decellularized meniscus. (A) Gross morphological inspections of native meniscus
and meniscus scaffold. Overall shape of the scaffold was maintained after processing. Scale bar: 10 mm. (B) DAPI staining of longitudinal section of native and
acellular meniscus scaffold (a,b). Scale bar: 100 um. (C) H&E staining of (a) native and (b) decellularized meniscus. Masson’s trichrome staining: (c) native and (d)
decellularized meniscus; collagen is blue, cytoplasm is pink and nuclei are brown. Alcian blue staining of GAG: (e) native and (f) decellularized meniscus. Scale bar:

100 um. (D) Collagen | labeling of tissue cross-sections: (a) native and (b) decellularized. Collagen | labeling of longitudinal section: (¢) native and (d) decellularized.
Collagen Il labeling of tissue cross-sections: (e) native and (f) decellularized. Collagen Il labeling of longitudinal section: (g) native and (h) decellularized. Scale bar:

100 pm.

and elongated fibroblast-like cells. Then the numbers of these
cells per counting area (0.28 square millimeters) were calculated,
respectively, and converted to percentage for statistical analyses.

Statistical Analyses

All numerical data were analyzed using SPSS 19.0 software
(SPSS Inc, Chicago, IL, United States). The mean and standard
deviation were calculated using the Descriptive Statistics function
with a 95% confidence interval. Data from NM and DM, as
well as that from different test configurations were compared
using two-tailed Student’s ¢-test. A p-value < 0.05 was considered
significant.

RESULTS
Histological Analysis of DM

Gross inspection (Figure 2A) revealed that the decellularization
process did not change the general shape of the menisci.
Histological analyses after decellularization showed complete
cell removal. Compared with the NM (Figure 2Ca), the DM
(Figure 2Cb) was free of cell nuclei, and the collagenous
fibers were well preserved with much loose arrangement,
since loosening agent was used to make decellularization
easier. Masson’s trichrome staining revealed maintenance of the
collagenous fibers (Figures 2Cc,d), as well as a slight increase in
porosity, which is beneficial for recellularization and cell growth.

Alcian blue staining (Figures 2Ce,f) revealed that GAG content
was slightly reduced after decellularization, with the reduction of
GAG distributed homogeneously.

Evaluation of Collagen Organization and
Expression in DM

IHC staining indicated the presence of a well-preserved collagen
bundle with much loose arrangement in the DM group
(Figure 2D). There was no evident change in expression of
either collagen I (Figures 2Da-d) or II (Figures 2De-h) after
decellularization. Strong positive staining for collagen I could
be observed across the whole meniscus, while collagen II was
only labeled in the fibrocartilaginous section. Besides, much
stronger staining for collagen I and II could be observed
in DM group compared to NM group (Figures 2Da,b,g,h).
It is most likely because decellularization detergents could
partially break up peptide bonds and expose more amino and
carboxylic groups to form hydrogen bonding with water, which
results in higher HYP and water content. A similar paradoxical
phenomenon was also observed in other studies (Grauss et al.,
2005; Yuan et al., 2013).

Analysis of Residual DNA Within the
Scaffold

DAPI staining of nuclear content revealed an abundance of
nuclei in the intact meniscus and an absence of nuclei in the
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scaffolds (Figure 2B). The amount of residual DNA within
the DM was quantitatively evaluated using spectrophotometry,
in which the peak of absorbance at 260 nm was measured.
Results were normalized to the dry weight and compared with
those of the NM treated with PBS (Figure 3A). The amount of
DNA in NM was 299.61 £ 15.2 ng/mg dry weight, which was
decreased to 19.54 £ 10.94 ng/mg dry weight (p < 0.001) after
decellularization.

Biochemical Analyses in DM

The DMMB assay revealed no significant difference in GAG
content between NM and DM (p > 0.05, Supplementary
Table 1 and Figure 3B). The amount of total collagen, a major
component of porcine menisci, was calculated using the HYP
assay. The collagen content of NM was 92.40 £ 3.98 pg/mg dry
weight. There was no significant decrease in collagen content
in DM (96.18 £ 3.02 pg/mg) compared with normal tissue
(p > 0.05, Figure 3C). The percentages of water content within
the menisci were 61.39 £ 1.3 vs. 58.63 &+ 1.4% before and after
decellularization (p > 0.05, Figure 3D).

Microstructure of Scaffolds

ECM structure was evaluated using SEM. The microstructure of
NM and DM is shown in Figure 4. NM was very dense and the
collagen fibers were aligned in parallel. The order of collagen
fibers in the DM group was preserved, and displayed open pores

after processing. The porosity in NM group and DM group was
6.5 and 19.8%, respectively.

Cytotoxicity Testing

The cytotoxicity of ECM scaffolds was evaluated using a
cytotoxicity assay. The metabolic activities of cells incubated in
different leaching solution concentrations were assessed. CCK-
8 analysis indicated that the proliferation of cells cultured in
a standard medium were similar to those of cells cultured in
leaching solutions (p > 0.05, Figure 5A).

Biomechanical Evaluation

Representative curves for the results of the tensile tests are shown
in Figure 6A, and the biomechanical properties of NM and DM
are shown in Figure 6B. The measured initial elastic modulus,
elastic modulus, ultimate tensile strength and transition stress for
the NM ranged from 18.1 to 26.7, 131.0 to 167.1, 50.2 to 68.1,
and 1.62 to 1.69 [MPa], respectively (Supplementary Table 2).
The corresponding transition strain ranged from 3.6 to 5.8%.
Compared with the NM group, the DM group showed a higher
transition stress (1.66 £+ 0.07 vs. 1.87 £ 0.06, p < 0.01) and
elastic modulus (149.05 &+ 36.25 vs. 182.70 &+ 38.74, p < 0.05).
The ultimate strength (59.20 £ 17.94 vs. 59.98 & 16.93) and the
transition strain (4.55 + 0.69 vs. 4.24 4 0.56) of DM were not
significantly different from those of NM.
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FIGURE 4 | Scanning electron microscopy photographs of native menisci (A,C) and decellularized porcine menisci (B,D). Panels (A,B) show the cross sections
through the menisci. Scale bar: 100 wm. And the horizontal sections are demonstrated in (C,D). Scale bar: 10 um.
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FIGURE 5 | Cytotoxicity of the decellularized meniscus ECM scaffold and recellularization in vitro. (A) Cytotoxicity assay of DM: the proliferative activities of the cells
cultured in standard medium and those cultured in the extracts at different concentrations. (B) Fluorescence Live-Dead cell (Scale bar: 30 wm) and DAPI (Scale bar:

100 wm) staining images (two and three dimensions) demonstrating seeding of BMSCs on DM ECM scaffolds at 2 weeks.
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Evaluation of Seeded BMSCs Integration

With the ECM Scaffolds in vitro

After cell seeding, Live-Dead cell staining confirmed that the
meniscal ECM scaffolds could support the proliferation of
BMSCs in vitro (Figure 5B). BMSCs attached well to the surface
of scaffolds and proliferated over 2 weeks, which was evident at
the image of three dimensions. Also, DAPI staining demonstrated
the dense distribution of BMSCs on the surface of specimens over
2 weeks. The findings further verified the cytocompatibility of
the ECM scaffolds.

In vivo Animal Study

The scaffolds were harvested after 6 and 12 weeks, respectively.
Histological analysis (H&E, Masson’s trichrome and Toluidine
Blue staining) of the NM group after 6 weeks demonstrated
the appearance of infiltrates of inflammatory cells, remnant
chondrocyte-like cells and elongated fibroblast-like cells in
clumps and collagenous fibers arranged in order. In contrast,
the DM group 6 weeks after surgery displayed few chondrocyte-
like cells and fibroblast-like cells with infiltrates of inflammatory
cells (Figure 7). After 12 weeks, fibrocartilage differentiation was
detected with cells of three phenotypes surrounded by ECM in
the DM group, while poor differentiation was observed for the
NM group (Figure 7).

Semi-Quantification for Histological
Staining

After 12 weeks, three sections of different points in both NM and
DM group were used for semi-quantification of H&E analysis.
Cell numbers were calculated and converted to percentage of
total cells (Figure 7). There was no statistical difference for
fusiform cells and fibroblast-like cells. However, there were

more chondrocyte-like cells in the DM group than NM group
(p < 0.05). Additionally, there were more inflammatory cells in
the NM group than DM group (p < 0.05). The results showed
the better repair ability and milder inflammatory reaction of the
scaffolds in vivo.

DISCUSSION

In this study, a new protocol was developed for the
decellularization of whole porcine meniscus. It was confirmed
that BMSCs attached well to the surface of scaffolds and
proliferated over 2 weeks of culture on the decellularized
meniscus scaffold in vitro. Additionally, after 12 weeks, region-
specific recellularization was detected in the DM group in vivo,
while poor differentiation for the NM group. Finally, better
repair ability and milder inflammatory reaction of the scaffolds
were confirmed using histological semi-quantification.

To date, menisci from a variety of species have been
decellularized (Maier et al., 2007; Stapleton et al, 2008;
Sandmann et al.,, 2009; Stabile et al., 2010; Schwarz et al.,
2012; Azhim et al., 2013; Chen et al., 2015; Wu et al., 2015).
However, entire meniscal ECM scaffolds were developed in
only a few studies (Maier et al., 2007; Sandmann et al., 2009;
Stabile et al., 2010). Also, considering the properties of these
scaffolds for whole meniscal replacement, no optimal scaffold
that could maintain tissue ECM and preserve biomechanical
properties together with minimum DNA residues in parallel has
been developed. In 2008, Sandmann et al. (2009) decellularized
human menisci with 2% SDS for 2 weeks, and complete removal
of cells was achieved without compromising biomechanical
properties. However, there was no evaluation about the in vivo
performance of the scaffolds. It was confirmed that SDS was
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more efficient in cell lysis than Triton X-100, but the former
was observed to cause extreme fragmentation and swelling of
collagen fibers (Andrew, 1986; Courtman et al, 1994). Also,
SDS separates GAGs from proteins in the ECM and is less
supportive of cell reseeding of the scaffolds (Maier et al., 2007).
Therefore, the time of SDS treatment should be reduced to
ensure GAG retention.

In this study, two kinds of chemical detergents (SDS and
Triton X-100) were used for decellularization. We used different
detergent concentrations and processing time and determined an
optimal protocol, which effectively removed all the macroscopic
nuclei and preserved the ECM. In this protocol, non-ionic
detergents such as Triton X-100 are more effective than ionic
detergents such as SDS. Therefore, utilizing Triton X-100
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as decellularization reagent first is more conducive to the
subsequent decellularization process. SDS appears more effective
than Triton X-100 for removing nuclei. Such an optimal protocol
can make the difference between complete and incomplete cell
residues and nuclei removal. To minimize the DNA content
in the ECM, DNAase I was applied to decompose the residual
nuclear fragments in the ECM after the detergent processing.

The DNA content within ECM scaffolds decreased by
more than 90% and was reduced to an acceptable level
according to minimal criteria which suffice to satisfy the
intent of decellularization (<50 ng/mg dry weight) (Crapo
et al,, 2011). H&E and DAPI staining confirmed the relatively
successful removal of cell nuclei. Immunohistochemical staining
indicated the preservation of collagen I and II. In addition,
biochemical assays showed a favorable maintenance of water,
GAG and collagen content. SEM was conducted to evaluate the
microstructure. The main microstructure characteristics were
well preserved while porosity of the menisci was increased,
which may be beneficial for cell attachment and proliferation.
Cytotoxicity assays demonstrated similar growth trend of cells
in a standard medium and leaching solution of DM, which
confirmed the absence of chemical residue within DM after
decellularization.

As for the biomechanical properties, the tensile biomechanical
properties of DM were compared with NM. The elastic modulus
of DM was higher than that of NM, which was similar to that
of a previous study (Abdelgaied et al., 2015), mainly because
of the loss of tissue components within the accepted range.
The ultimate strength and the transition strain of DM were
not significantly different from those of NM. These results
demonstrated that the biomechanical properties of porcine
menisci were successfully maintained during decellularization. In
previous studies, GAG extraction changed the structure of the
ECM, increasing compressive stiffness and compressibility and
slightly decreasing the residual force (Maier et al., 2007; Azhim
et al., 2013). The extraction of GAGs resulted in the loss of water
and thus contributing to the increase of stiffness (Chen et al.,
2017). Thus, the comprehensive analyses performed to evaluate
this scaffold were more extensive than those in previous studies.

The biomechanical property of the meniscus is deeply
influenced by its anisotropic architecture. The meniscus is
characterized by regional differences in composition, structure
and cell phenotype. Generally, the outer region of the meniscus
is characterized by highly aligned collagen type I fibers and
is full of elongated fibroblast-like cells. Whereas the inner
region becomes less aligned and has more GAGs than the
outer zone, which has much higher GAG content and rounded
chondrocyte-like cells and is dominated by collagen type II
network (Makris et al.,, 2011). The microarchitecture plays an
important role in regulating the behaviors of endogenous or
exogenous stem/progenitor cells and subsequent tissue formation
(Kumar et al., 2011; Neffe et al., 2015). Efforts have been made
in recent studies to mimic the organization and interactions
among the major tissue constituents of natural meniscus. In
this study, region-specific extracellular matrix was preserved well
after decellularization, providing biomechanical properties that
were more similar to the native porcine meniscus than that of

the other acellular scaffolds previously reported (Stapleton et al.,
2008; Chen et al., 2015). In addition, both in vitro and in vivo
studies have confirmed that the mean pore size of scaffold would
also influence fibrochondrogenic differentiation and subsequent
tissue formation (Makris et al., 2011). Larger pores of scaffolds
benefit cell diffusion and migration, while smaller ones provide
a higher surface area for cell adhesion (O’Brien et al., 2005).
An anisotropic architecture of these pores serves as templates
to guide extracellular matrix deposition to mimic its native
counterpart, which may contribute to the biochemical and
mechanical properties of regenerated constructs. In this study,
the porosity of meniscus was promoted significantly after
decellularization. Excellent region-specific recellularization was
achieved in vivo.

CONCLUSION

We prepared a novel porcine meniscal ECM scaffold that
preserved Dbioactivity, biomechanics and cytocompatibility
features, and promoted excellent region-specific recellularization.
In conclusion, the acellular xenogeneic meniscal scaffold has
excellent potential for development of a tissue-engineered
solution for meniscal repair.
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