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Abstract
NATURALLY-DERIVED EXTRACELLULAR MATRIX MATERIALS FOR MENISCUS

REPAIR AND REGENERATION

Jinglei Wu, PhD

The University of Texas at Arlington, 2017

Supervising Professor: Yi Hong

Human meniscus plays critical roles in a knee joint by transmitting weight-bearing
force, absorbing shock, and stabilizing the knee joint capsule. Meniscal injuries are
mainly caused by sports-related activities and age-related degeneration, which
significantly reduce the life quality of patients. The injured meniscus has a very limited
self-healing capability due to its poorly vascularized nature, specifically in the inner
area. Surgical interventions are required to treat the injured meniscus, but the current
treatments are not satisfactory because the post-surgery complications are frequently
observed. Therefore, tissue regeneration approaches are developed to repair and
functionally restore injured menisci. In this thesis, we focus on the development of
extracellular matrix (ECM) based materials derived from porcine knee meniscus and
investigate their potential in meniscus repair and regeneration.

We firstly decellularized porcine menisci based on a sodium dodecyl sulfate (SDS)
protocol, processed the decellularized meniscus ECM into an injectable hydrogel, and

then assessed the potential of the ECM hydrogel for meniscal repair and regeneration.



The SDS treatment was effective in DNA removal and resulted in enriched collagen
content and an obvious loss in glycosaminoglycan (GAG) content. The meniscus ECM
hydrogel had a fibrous structure, tunable mechanical properties, and excellent
injectability. It supported cell infiltration and three-dimensional (3D) cell growth in vitro.
The solubilized meniscus ECM was capable of smoothly injecting into mice and
showed good biocompatibility.

Secondly, in order to improve the GAG retention after decellularization, we
optimized the meniscus decellularization protocol by comparing three chemical
detergents and evaluated the differences among the resulting meniscus ECM
hydrogels in material properties and biological performance. It was found that the
peracetic acid (PAA) was the most effective in meniscus decellularization. It showed
better preservation of ECM structure, maximal DNA removal, and the greater GAG
retention compared with the SDS and Triton X-100 (TX) treatments. The PAA-treated
ECM (PAA-ECM) hydrogel possessed greatest compressive strength. It promoted
significantly higher GAG accumulation of fibrochondrocytes and exhibited the highest
biomechanical strength when encapsulated with fiborochondrocytes and cultured for 28
days.

Subsequently, we sought to prepare regionally-specific meniscal ECMs by
dividing porcine menisci into three distinctive zones and decellularizing them with the
optimized protocol. The inner meniscus ECM contained less collagen and significantly
higher GAG compared with the middle and outer meniscus ECMs. These biochemical
variations resulted in the varying compressive strengths of the regional ECM hydrogels

and greatly influenced the cell behaviors in the hydrogels. Specifically, when



encapsulated with bovine fibrochondrocytes for 28 days, the inner meniscal ECM
hydrogel accumulated more GAG, contracted to a greater extent and exhibited higher
compressive strength compared with that of the outer meniscal ECM hydrogel.

Based on the above three aims, our future study will focus on illustrating the
versatility of meniscus ECM in biomedical applications. Preliminary results
demonstrated that decellularized meniscus ECM can be blended with polycaprolactone
(PCL) and electrospun to form PCL/ECM hybrid nanofibrous scaffolds. The PCL/ECM
scaffolds had better hydrophilicity, greater tensile strengths, and initial moduli
compared to the PCL scaffold alone. The PCL/ECM scaffold was cytocompatible to
support meniscus fibrochondrocyte growth and was capable of promoting GAG
accumulation, indicating its great potential for meniscus repair and regeneration.

In summary, this work demonstrates the development and optimization of
decellularized meniscal ECMs. It provides a platform for the preparation of injectable
meniscal ECM hydrogels that exhibit meniscal tissue-specific bioactivity and support
3D meniscal cell growth and promote cell-secreted products, which may have

opportunities to treat injured menisci through a minimally-invasive manner.
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CHAPTER 1

INTRODUCTION

1.1 Structure, function, and pathophysiology of human meniscus

The knee joint contains a pair of crescent-shaped fibrocartilaginous tissues, a
medial meniscus, and a lateral meniscus. They are located between the femoral
condyle and the tibial plateau and play critical roles in the knee joint in daily activities
[1]. The meniscus was defined as “the functionless remains of a leg muscle” over a
century ago, and it was totally removed from the knee joint through a surgery called
meniscectomy once damaged. Later, the meniscus was found to be capable of partial
self-regenerating, and then the strategy for the meniscal damage was replaced by
partial meniscectomy that is to remove the injured part and retain the healthy part of a
meniscus [2-5]. With the increasing awareness of osteoarthritis (OA) diseases after the
total and partial meniscectomy, the importance of meniscus to the knee joint was
elucidated in the later studies [6]. The main function of the meniscus is to work with
ligaments to stabilize the knee joint and to buffer high levels of load between the
femoral condyle and tibial plateau [7]. Most problems of the meniscus are related to
acute sports injuries. One of the common cases is traumatic meniscal tear. When the
impact force of the femoral condyle and tibial plateau overwhelms the threshold, the
meniscus tears in longitudinal or vertical directions. In addition, the age-related
degeneration is also associated with the meniscus damage [8-10]. The main reason is
reduced proteoglycan in the aged meniscus, which makes the meniscus stiffer and less

flexible to resist the vertical pressure in the knee joint [11].



1.1.1 Structure and function of meniscus

The menisci are two pieces of crescent-shaped fibrocartilage discs located in the
knee joint, specifically between the femoral condyle and tibial plateau (Figure 1.1A).
The knee joint contains a pair of menisci, medial and lateral, with their anterior and
posterior horn attached to the ligaments. This combined system can stabilize the joint
capsule (Figure 1.1B). The meniscus is a fibrocartilage tissue that exhibits good
elasticity to provide mobility and strong mechanical strength to resist tension,
compression, and shear stress. Therefore, the meniscus can provide the mechanical
stabilization to the whole knee joint, transmit the huge loading stress on a large area to

cartilage, and absorb the shock during activities.
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Figure 1.1  Anterior (A) and superior (B) views of the meniscus in the knee joint.
Pictures are cited from [3].

The menisci are generally considered to be partial vascularized because the
capillaries infiltrate from the neighboring synovium to the peripheral border and

2



penetrate up to 30% of the whole width. The capillary infiltrated zone is called as “red-
red region” with the overwhelming majority of blood supply and neural presence. The
vascularization decreases from the peripheral zone to the middle and inner zones. A
distinctive region of the one third inner zone without blood supply or neuron is named
as “white-white region” that is totally different from the “red-red region”. The transitional
zone between the outer and inner zones is called “red-white region”. It has a limited
blood supply, while its vascularization is significantly reduced compared with the “red-

red region”. In this thesis, the “red-red region”, “red-white region”, and “white-white
region” are designated as “outer zone”, “middle zone”, and “inner zone”, respectively.

The native meniscus contains 70% water, with collagen making up about 60-70%
of its dry weight [12]. Along with the variation in the degree of vascularization, the
biochemical compositions, and local cell types alter from the outer zone to the inner
zone. The extracellular matrix of the meniscus is mainly composed of the collagen with
minor proteoglycans and some growth factors [12, 13]. The collagen fibers are
predominately circumferential in the meniscus with small quantities of radially-oriented
collagen fiber on the surface. Unlike the cartilage that has a uniform distribution of
collagen type Il supplemented with small portions of collagen type IV and VI throughout
the tissue [14], the meniscus has predominant collagen type | with smaller amounts of
collagen type Il, I, IV, V, and VI. The various types of collagen are heterogeneously

distributed inside the meniscus. The outer zone contains only collagen type | with very

low amounts of collagen type Il and some growth factors.
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Figure 1. 2 (A) Gradually reduced vascularity of meniscus over time [3]. (B) Cells with
distinct morphology within the different zones of meniscus [4].

The collagen composition of the inner zone is 60% collagen type Il with 40%
collagen type | [15]. Besides, there are some aggregating proteoglycans including
glycosaminoglycans (GAGSs), chondroitin sulfate, and dermatan sulfate in the inner
zone. The middle zone exhibits a transitional feature in chemical composition that
contains a major component of collagen type | with increased contents of collagen type
[l and proteoglycans from the outer to the inner zone.

Similar to the biochemical compositions, the cell types of the meniscus are distinct
in terms of size, shape, and secreted products in each zone. The cell physiology of the

meniscus is not fully understood, while it is evident that the cellular and vascularity
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change over time (Figure 1.2A) [3]. Although there are increasing studies on the
meniscal cellular biology and physiology, controversial in the cellular characterization
still exists, especially names of the cells of the different zones [4, 16-18]. Generally, by
the origination, the cells of the outer, middle, and inner zones were named as “outer
meniscus cell”, “middle meniscus cell”, and “inner meniscus cell”, respectively [16, 19].
The cells in the outer zone have a fusiform shape that is similar to fibroblasts (Figure
1.2B). Moreover, like fibroblasts, the cells of the outer zone mainly produce collagen
type I. Therefore, they were named as fibroblast-like cells as well. In contrast, the cells
in the inner portion are totally different in shape. Those cells in the inner zone are
somewhat round in shape and secrete a large amount of type Il with higher amounts
of proteoglycans compared with that of cells from the outer zone. As the morphology
and secreted matrices of the inner meniscus cells are similar to chondrocytes to some
extent, they are termed as “fibrochondrocytes” or “chondrocyte-like cells”.

Variations in cellular biology and chemical compositions in the different zones are
highly related, and those cellular and chemical alterations of the meniscus are
associated with its mechanical properties. The outer region is in fibrocartilaginous
characteristic similar to tendon while the inner zone appears to more resemble with the
hyaline cartilage in terms of gross appearance and histological properties. These
structural and compositional properties enable the meniscus to withstand multiple
forces including shear force, tensile and compressive stress. There is a huge difference
in tensile strengths in the circumferential and radial directions: the meniscus has a
tensile strength of 100-300 MPa in the circumferential direction, but it is around 10-fold

lower in the radial direction. This variation is associated with the collagen fiber



orientation [11]. The shear modulus of the meniscus is around 120 kPa [11]. In addition,
the meniscus has a compressive aggregate modulus of range from 100 to 150 kPa [20].
In a healthy knee joint, the menisci occupy approximate 50-60% of the contact area
between the femoral condyle and the tibial plateau, while transmitting at least 50% of
the axial load in the knee joint. Total or partial meniscectomy significantly reduced
contact area compared to the healthy knee joints. It was reported that the total removal
of the meniscus by meniscectomy resulted in 2- to 3-fold increase in the peak contact

load in the knee joint.

1.1.2 Meniscus pathophysiology

The meniscal tear represents one of the most common knee joint injuries and
accounts for more than 50% of knee joint surgeries. It has an average incidence of 66
per 100,000 people, in which more than 90% cases require surgical intervenes [4, 21,
22]. The meniscal tears in the outer zone are capable of self-healing to some extent
while this capability largely depends on the size of lesions and on the patient age.
However, the inner zone of the meniscus has very limited self-healing capability
because of its character of avascularization.

The meniscal lesions are associated with sports activities, which mainly occur in
young people. Overwhelmed impact forces, hypertensions, and twisting movements
are the main causes of the sports-related meniscal injuries. Besides, the meniscal
lesions are also attributed to accidents. According to the orientation and shape, the
meniscus tears can be categorized into four groups: longitudinal tear, radial tear,

complex tear and bucket-handle tear [4, 23-25]. A longitudinal tear takes place along



the direction of circumferential collagen fibers, which partially separates the meniscus
along the split. A radial tear is perpendicular to the circumferential collagen fibers. Most
radial tears start from the inner edge toward to the outer zone because the inner zone
iIs much thinner than the outer zone. A complex tear has more than one splits that form
an irregularly shaped lesion. This kind of meniscal tear is frequently occurred in the
aged population due to the degenerative progress. The bucket-handle tears are
relatively larger than the longitudinal and radial tears and exhibit huge lesions in the
inner zones, leaving the peripheral portion in the shape of a bucket-handle.

The age-related meniscal lesions are not fully understood. It is generally
considered that they highly depend on the age-related changes in biochemical
compositions [8-10]. Gradually degenerative progress changes the biochemical
property of meniscus, making it more vulnerable to injury [26]. The most significant
age-related change is the reduced elasticity due to the gradual loss of proteoglycans,
which results in decreased flexibility of the meniscus [24]. Degenerative meniscal tears
are not directly linked to the pain in the knee, while they play critical roles in knee OA

[27].

1.2 Current strategies of meniscus tissue engineering
Tissue engineering offers great potential for meniscus repair and regeneration.
The current progress in the development of tissue engineered substitutes for meniscus
repair and replacement is expected to reduce the health burden of meniscus diseases.
The limited success was made due to the high difficulty in recapturing the nature of

meniscus organization in biochemical composition and cellular population [28].



Meniscus tissue engineering aims to prepare the meniscus substitutes that combine
scaffolds, cells, and growth factors to recreate the microenvironment of the native
meniscus. A good integration of the substitute with the surrounding tissue whilst
maintaining biomechanical stability and promoting cellular ingrowth is critical for
meniscus regeneration.

Current approaches of meniscus tissue engineering are not perfect as the
regenerated meniscus tissue is inferior in quality than the native meniscus tissue, and
Is prone to failure [29]. The difficulty of repairing the meniscus also presents in the
repair of some other dense tissues, such as cartilage and intervertebral dish. Therefore,
continuous efforts in preparing engineered scaffolds either using synthetic or natural
polymers, or their combination have been made to provide a microenvironment that
mimics meniscus ECM to facilitate cell growth and tissue remodeling. In addition, a
good understanding of complex of meniscus including cellular physiology and
heterogeneous fibrous structure will be highly beneficial for the fabrication of ideal
scaffolds and advanced design of cell-integrated implants for meniscus repair and

regeneration.

1.2.1 Scaffolds

Engineered meniscus scaffolds provide conducive microenvironment and
appropriate mechanical strength to bridge up the meniscal lesions and to facilitate
tissue remodeling. Currently, the meniscus scaffolds in the forms of porous sponge,
fibrous mat, bulk decellularized ECM, and hydrogel, and they are made from synthetic

and biological materials.



1.2.1.1 Porous scaffolds

Porous scaffolds possess large pores, good interconnectivity, and acceptable
mechanical strength to provide temporary templates for cellular ingrowth and tissue
remodeling. Polyurethane (PU) represents a family of elastic polymers that have been
widely utilized for a range of tissue engineering applications [30-35]. The PU porous
scaffold with the comparable compressive strength to the native meniscus prepared by
salt leaching showed a uniform pore size and isotropic structure [36]. More importantly,
the PU scaffold resembles the macrostructure by casting in a custom-made mold. PU
scaffolds were shown to be nontoxic to support bone mesenchymal stem cell (BMSC)
growth in vitro [37]. Another study using PU porous scaffold for partial meniscus defect
repair demonstrated successful cellular ingrowth into the implanted scaffolds and at
three months in patients with partial meniscectomy surgeries meniscus-like tissue
formation [38]. Porous scaffolds made from other synthetic materials such as poly
(lactic acid) (PLA) [39] and polycaprolactone (PCL) [40] , and from natural materials
such as silk fibroin [41-43] and collagen [44-46]. Preparation of collagen and silk
scaffolds is frequently achieved by lyophilizing. For example, collagen sponge scaffolds
also called collagen meniscus implants (CMIs), are made from acid-extracted collagen
that is solubilized, oriented in a custom-made mold, lyophilized and chemically
crosslinked. The CMI is promising in meniscus repair and replacement, as clinical
studies in literatures showed that CMI was capable of filling the meniscus defect and
supporting cellular infiltration [46, 47]. Follow-up studies showed that after CMI
treatment, patients were able to return sports activities, experienced less pain, and did

not show progressive osteoarthritis during 6- to 8-year period [47].



As the major component of native ECM, collagen is highly biocompatible and
extremely favorable for cellular growth, however, it mechanically weaker than the
synthetic scaffolds. While the synthetic scaffolds lack biological cues to direct cell
behaviors and guide tissue remodeling. Therefore, scaffolds of the combinations
synthetic and natural materials might take the advantages of both materials and
overcome their inherent shortcomings of each material, yielding improved performance

for meniscus regeneration [48].

1.2.1.2 Fibrous scaffolds

Fibrous scaffolds with fiber size range from nano- to micro-scale that resembles
the nature of ECM fibers. Electrospinning is a costless, versatile and feasible technique
to produce nano- to micro-scale fiber mats that have been extensively investigated as
scaffolds for various tissue engineering applications [49-54], including meniscus [55].
In the past two decades, a great number of studies have demonstrated that electrospun
scaffolds are attractive in promoting cellular growth and in manipulating cell behaviors
by patterning scaffold texture [56-59]. Human meniscal cells proliferated well on
electrospun PCL scaffolds. The cells showed a polygonal shape on randomly-oriented
scaffolds, while on aligned fibrous scaffold, they exhibited an elongated morphology
along the aligned fiber direction [60]. Similar variation in meniscal cell morphology on
electrospun randomly-oriented and aligned scaffolds either made from collagen [61] or
PLA [62]. The fiber alignment of electrospun scaffolds promoted the maturation of cell-
seeded constructs and contributed to the increase in mechanical strength [63, 64].

Moreover, the total DNA, collagen and GAG contents of the cell-seeded constructs
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increased over the in vitro culture period, accompanying with much higher stiffness and
ultimate load [60-62].

While the above results of are promising, several concerns regarding the
utilization of electrospun mats as meniscus filling materials should be addressed. One
significant limitation of using electrospun mats to fill meniscus defects or replace
resected menisci is associated with the inherent drawback of electrospinning. It is
technically difficult to prepare fibrous mats with comparable thicknesses with native
menisci, due to the large size and the challenge in replicating the complex geometry of
meniscus. In order to increase the scaffold thickness, electrospun mats were layer-by-
layer packed to form thick scaffolds that fit the thick meniscus defects [65, 66]. Another
shortcoming of the electrospun scaffold is the densely compacted fibers could
significantly hinder cellular infiltration into the scaffold and impede tissue ingrowth,
which is unfavorable for meniscus repair and regeneration. Great efforts have been
devoted to promoting scaffold pore size and loosening fibrous structure of electrospun
scaffolds [67], leading a bright future of using electrospun scaffolds toward meniscus

tissue engineering.

1.2.1.3 Decellularized ECM scaffolds

The decellularization of tissue/organ through chemical, physical and enzymatic
methods or their combinations is elaborately documented in the literature [68-70].
Biological scaffolds derived from tissues have been used pre-clinically and clinically in
several tissue engineering and regenerative medicine applications in the past decade

[71, 72]. Decellularized ECM scaffolds contain tissue-specific biological and chemical
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cues that recruit local cells to the injury sites [73] , facilitate cell growth [74], promote
stem cell differentiation into specific lineage [75, 76], guide tissue remodeling and
regenerate new tissue/organ [77, 78].

A study using decellularized meniscus ECM as scaffold material was reported by
Yamasaki et al. in 2005, in which decellularized rat meniscus scaffolds were seeded
with autologous MSCs [79]. This study showed the efficacy of repopulating MSCs and
differentiating them into chondrocyte-like cells on the rat meniscus ECM scaffolds. A
follow-up study by Yamasaki et al. demonstrated that when implanted in the meniscus
defects in a rat model, the MSC-seeded rat meniscus ECM scaffolds were capable of
providing a chondroprotective effect in the knee joints and promoting maturation of
regenerated meniscus tissue within 28 days [80].

Decellularized meniscus ECMs originating from large animals such as sheep [81,
82], pig [83-87], cattle [88], as well as from human [89-91], were prepared and
investigated in their material properties and biological performance. The
decellularization process almost eliminates the cellular DNA and has negligible effects
on the fibrous structure and content of collagen, but it causes a huge loss in GAG [89].
Similar changes in the contents of collagen and GAG could also be found in some other
decellularized ECMs. Collagen is more resistant to the detergents or enzymes while
GAG is more vulnerable to those reagents. In addition, GAG is water soluble, which
makes it be easily washed out during the decellularization process. These might
account for the fact that the decellularized meniscus ECM has the comparable tensile

strength and failure strain, but significantly lower compressive strength to the native
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meniscus [83], as the circumferentially oriented collagen fibers provide the tensile
strength, and the GAG mainly contributes to the compressive strength of meniscus.
Decellularized meniscus ECM scaffold is highly biocompatible and bioactive and
possesses biochemically meniscus-specific cues to support cell growth. However, cells
mainly grow on the surface of decellularized meniscus ECM scaffolds with very limited
infiltration, due to the dense structure of the scaffolds [83, 84, 89]. Autologous meniscus
cells were injected into the decellularized meniscus ECM scaffolds via a needle and
they survived during a culture period of 28 days [81]. This method highlighted a 3D

growth of cells with a heterogeneous cell distribution within the scaffold.

1.2.1.4 Hydrogels

The hydrogels made from many natural materials have been used for meniscus
tissue engineering. Collagen and alginate are the most frequently investigated natural
materials that have been prepared into hydrogels for meniscus repair and regeneration
[92-96]. Meniscal cells showed high viability inside those hydrogels because of the high
biocompatibility and mild gelling process of those hydrogels. Accumulations of collagen
and GAG were identified in meniscal cell-seeded hydrogels, accompanying with a great
increase in tensile strength and compressive stress [92]. In addition, it is found that the
bovine meniscus fibrochondrocyte behaviors are largely affected by the fiber
orientation [93] and the concentration of hydrogels [92], and also are dependent on the
external mechanical stimulus [94]. These factors also affect the development and
maturation of engineered meniscus in vitro. As a non-sulfated glycosaminoglycan that

presents in native meniscus ECM, hyaluronic acid has been combined with type |

13



collagen to form riboflavin-induced photocrosslinking hydrogels for meniscus repair.
When encapsulated with tonsil-derived mesenchymal stem cells, the cell-laden
hydrogels remained their original sizes and shape, and exhibited a compressive
modulus of 582.95 + 121.85 kPa that is much stronger than the native meniscus [97].

Synthetic polymers have also been processed into hydrogels for meniscus repair.
Poly(vinyl alcohol) (PVA) hydrogel with a high water content of 90% was implanted in
the knee joints as a substitute replacing the whole meniscus in a rabbit model [98-100].
In a 2-year follow-up study, the PVA hydrogel could execute meniscus function even
after 2 years and reduced the compressive strength within the rabbit knee joints
compared to the meniscectomy groups [101]. But PVA is a nondegradable polymer
and might be not suitable for meniscus tissue engineering.

In addition, copolymer hydrogels made from the synthetic and natural materials
have been prepared for meniscus tissue engineering. A thermos-responsive chitosan-
graft-poly(N-isopropylacrylamide) hydrogel with comb-like structure was synthesized
for the culture of meniscus cells [102]. This injectable copolymer preparation was
capable of encapsulating meniscus cells and forming gels in situ, can could serve as a
coating material to improve meniscus cell attachment and a vehicle for cell delivery
[103]. A composite hydrogel made from alginate and polyacrylamide by 3D printing
perfectly reconstructed the anatomical shape of meniscus [104]. The composite
hydrogel had a comparable elastic modulus (260 + 20 kPa) to the native meniscus (100
~ 300 kPa) [28, 105]. However, the researchers’ current work merely focuses on the
fabrication of the hydrogel, in vitro and in vivo studies are needed to demonstrate the

biocompatibility and capability for meniscus tissue engineering [104].
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1.2.2 Cell sources

The cell physiology of meniscus tissue is complex and changed over time as the
tissue develops [3]. The meniscus tissue is fully vascularized at the beginning of its
formation in the body, and the cells mainly exhibit a circle shape. With the tissue
development, the degree of vascularization and cell morphology vary in different zones.
Specifically, the outer zone remains vascularized with the cells in a fibroblast-like cell
shape. The inner zone exhibits an avascular characteristic. The cells in the inner zone
keep a round shape and secrete large amounts of proteoglycans. There are many cell
sources including adult cells and stem cells for meniscus tissue engineering in literature

as discussed by Makris et al. in 2011 [4].

1.2.2.1 Adult cells

Adult meniscal cells are considered as excellent candidates for meniscus tissue
engineering, as they are the resident cells of meniscus tissue. Meniscal cells may
experience same gene expression profile and produce identical biochemical products
in engineered meniscus tissue as that of the cells in native meniscus tissue. Cells
isolated from whole meniscus tissue without zonal variations were attempted for this
purpose [106-108]. Those studies showed some positive results while they failed to
distinguish the cellular altering in different zones of the meniscus. It might be restricted
to some technical challenges. For example, rabbits have much smaller menisci
compared with that of some large animals [109]. It is not easy to separate rabbit menisci
into different zones. Therefore, it is better to perform the studies of regional cellular

variations on large animals such as pig and calf.
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The variations in cell physiology of meniscus tissue have been noticed and their
associations with biochemical and biomechanical properties of tissue are well-
documented in the literature [15, 110-113]. There is an increasing effort in separating
cells from different regions and applying those regional cells for the repair and
regeneration of their respective regions of tissue, and to build up a regenerated
meniscus with zonal variations [16, 17, 114-116]. For instance, many studies now focus
on fibrochondrocytes, the resident cells of the inner meniscal zone, and apply them
toward regenerating the avascular zone of meniscus [117-122]. Fibrochondrocytes are
expected to produce more collagen type Il and proteoglycans to increase the elasticity
of regenerated menisci. The fibroblast-like cell mainly produces collagen type I, which
Is a good candidate to repair the outer zone of the meniscus.

The use of adult meniscal cells as cell source is advantageous for meniscus
tissue engineering, while some limitations still exist. First, the harvest of adult meniscal
cells unavoidably results in donor site morbidity of healthy tissue. Additionally, the
expansion of those cells is very challenging, as the cells have limited capability of
proliferating in vitro. Secondly, great difficulties exist when trials are made to isolate
and to distinguish those different meniscal cell types in vitro, as cell-specific markers
are lacked [123, 124]. This challenge is associated with the technical difficulty to exactly
define the distinct regions that contain zonally specific cells. Last, similar to the culture
of chondrocytes, expansion of fibrochondrocytes through in vitro cultivation
accompanies with progressive cell dedifferentiation. Specifically, fibrochondrocytes

gradually lose their chondrogenesis with a shift from a high level of gene expression of
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collagen type Il to a predominant collagen type | gene with a low-level collagen type II
expression over the cultivation period [125].

Other adult cell sources including fibroblasts and chondrocytes were also
attempted for meniscus tissue engineering [42, 82, 83, 89, 90, 126, 127]. Fibroblasts
have a high similarity of gene expression profile to meniscus fibroblast-like cells while
chondrocytes share the very similar gene expression profile of meniscus
fibrochondrocytes. When combined with engineered scaffolds that have laminar
channels, fibroblasts grown along the channels and secreted aligning collagen, which
mimics the aligned collagen fibers that contribute to the high intrinsic tensile strength
of the meniscus tissue [42]. In a proof-of-concept study, fibroblast-seeded scaffolds
incorporated in meniscus defect in an ex vivo model showed that fibroblasts
continuously producing collagen type I, which ultimately formed fibrocartilaginous
tissue [127]. Chondrocytes could be the optional cell source to treating avascular zone
of the meniscus. They have been seeded with various types of scaffolds including
porous scaffolds [42], fibrous mats [116, 118, 128], decellularized meniscal ECM [83,
86, 89, 90] and hydrogels [129], and demonstrated great potential for the meniscus

tissue engineering.

1.2.2.2 Stem cells

Stem cells are undifferentiated cells without any tissue-specific tissue function, or
with preferential tissue commitment, and could be induced to particular adult cell types
under certain conditions [130-132]. Stem cells can be isolated from various sources

[133] including bone marrow, adipose, synovium, and muscle, and these cells have
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been applied to a wide range of cell tissue engineering applications [134-137]. Like
some of the adult cells, the expansion of stem cells is limited, that before stopping
proliferation, the cells can only passage a few number of times [133]. For stem cells,
the capacity of expansion is also largely determined by the donors’ conditions. Stem
cells keep an undifferentiated state throughout a lifetime in the body, however, they
often undergo an “aging” process and gradually lose the capacity of differentiation
under in vitro culture. All these conditions are critical for successful tissue engineering
and regenerative applications.

The current progress of using stem cells to repairing and regenerating meniscus
tissue involve different strategies either with scaffolds or based on scaffold-free
injection. A commonly used method is the cultivation of stem cells on engineered
scaffolds and induction of those cells into adult cells that produce meniscus-specific
tissue ECM. Stem cell proliferation, infiltration, and differentiation can be achieved in
vitro or by implanting cell-seeded scaffold in vivo, with or without the administration of
growth factors [64, 138]. A good example the MSC-induced meniscus regeneration is
conducted in a rat model, where meniscus ECM scaffolds were seeded with BMSCs
and then implanted into meniscus defect. Histological evaluation demonstrated that
those BMSC incorporated scaffolds exhibited great chondroprotective effects in the rat
knee joints [79, 80]. Another strategy is the administration of BMSC into the defect sites
that caused by trauma and degeneration [139-142]. This is a very popular surgical

approach due to its high feasibility, minimally invasive manner, and low cost.
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1.2.3 Growth factors

Functional tissue formation requires a variety of growth factors that work alone or
in combination to stimulate the cell proliferation and differentiation, as well as promote
neo-tissue formation. Growth factors are the most critical biochemical stimuli that
contribute to meniscus tissue modeling and regeneration [143, 144]. Nine growth
factors have been employed to investigate their effects on the growth of meniscus cells
[145]. It was found only a few of them (endothelial growth factor (EGF), transforming
growth factor-a (TFG-a), basic fibroblast growth factor (bFGF), and platelet-derived
growth factor AB (PDFG-AB)) were capable of promoting meniscus fibrochondrocyte
growth and enhancing collagen synthesis in vitro. Different growth factors might play
distinct roles in meniscal cell growth and ECM deposition. It is showed several growth
factors can enhance meniscal cell growth however they function in different pathways
in regenerated menisci, where only insulin-like growth factor | (IGF-I) could significantly
increase the collagen type Il accumulation [116]. Angiogenesis, a process of blood
vessel formation in tissue, is essential in the healing of injured tissues. This process
often accompanies with the producing of endogenous growth factors. A high level of
expression of vascular endothelial growth factor (VEGF) was observed during the
healing of damaged menisci in a rabbit model [146]. Therefore, it is essential to select

the appropriate growth factors for the restoration of meniscus tissue.

1.3 Research goal and specific aims
As discussed in 1.2.1.3, decellularized meniscus ECM contains the complex of

meniscus tissue-specific biological cues and is highly biocompatible and conducive for
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meniscus cell proliferation, differentiation, and migration. But it has a densely fibrous
structure that significantly hinders cell infiltration. Furthermore, it is technically difficult
to make decellularized meniscus ECM perfectly fit meniscus defect. Therefore, in this
thesis, we seek to develop and characterize novel decellularized meniscus ECM
materials and process them into injectable hydrogels for meniscus repair and
regeneration. Three aims of the future work are listed below.

In aim 1, we sought to develop a decellularized meniscus ECM from fresh adult
porcine menisci by using SDS treatment. Because the major component of
decellularized meniscus ECM is collagen, we speculated that the collagen-based
complex is capable of self-assembling and forming a hydrogel when brought it into
physiological condition. The material properties including structure, gelation behavior,
and mechanical strength, as well as biocompatibility of meniscus ECM hydrogel, was
determined to evaluate its capability of meniscus repair and regeneration.

In aim 2, the optimization of meniscus ECM hydrogel was conducted by
comparing different chemical treatments of meniscus decellularization. The
complement meniscus ECM hydrogel is evaluated by characterizing the hydrogel
properties and biological performance. Bovine meniscus fibrochondrocytes will be
encapsulated with hydrogels for the in vitro test. The growth and GAG accumulation of
fibrochondrocytes in the meniscus ECM hydrogel were examined. The biomechanics
of fibrochondrocyte-encapsulated meniscus ECM hydrogels were determined.

In aim 3, we investigated and compared the material properties and biological
functions of the hydrogels from different regions of the meniscus, which may provide a

new sight to understand the meniscus and regenerate the meniscus. The menisci were
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regionally divided and decellularized, and then processed into regionally specific ECM
hydrogels. The hydrogel properties of the structure, gelation behavior, and mechanical
strength were determined.

Finally, we make conclusions based 3 aims and then summarize our future
studies in ECM material development. We will further exploit the meniscus ECM
materials in various types for regenerative applications. We have preliminarily
incorporated the decellularized meniscus ECM with synthetic materials for a hybrid
scaffold preparation. The decellularized meniscus ECM was blended with a synthetic
polymer (PCL) to fabricate nanofibrous (PCL/ECM) scaffolds via electrospinning. The
PCL/ECM scaffolds were characterized in morphology, surface hydrophilicity, and
tensile strength. Bovine fibrochondrocytes were seeded with the PCL/ECM scaffold to
assess its cytocompatibility and meniscus specific bioactivity. The proliferation and

GAG accumulation of fibrochondrocytes on the PCL/ECM scaffold were determined.
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CHAPTER 2
PREPARATION AND CHARACTERIZATIONS OF INJECTABLE ECM HYDROGEL

DERIVED FROM MENISCUS

2.1 Introduction

Approximately 750,000 minimally-invasive arthroscopic surgeries are performed
annually in the United States to treat meniscus diseases [46], that are caused mainly
by sports-related injuries and age-related degeneration [4]. The meniscus has relatively
low regenerative capability because of limited vascularization. The injured and
diseased menisci usually were removed through complete meniscectomy [4], but this
treatment resulted in a great increase in contact pressure on the tibial plateau and
gradually led to osteoarthritis [4, 147]. Partial meniscectomy developed in 1982 also
remains unsatisfactory due to a high risk of osteoarthritis [148-150]. Therefore, a new
treatment of regenerating meniscus without osteoarthritis complication is needed, and
intensive research efforts have been made to develop tissue engineering scaffolds to
repair injured and diseased meniscus [40, 151].

There is an increasing interest in the use of biomimetic, tissue-specific
biomaterials to simulate a native tissue microenvironment that can provide appropriate
biological and chemical cues for tissue regeneration [152-154]. One approach is to
develop extracellular matrix (ECM) scaffolds via decellularization of the native tissues.
Such scaffolds contain complex ECM components mimicking with the ECM of the
native tissue, and exhibit attractive bioactivity for tissue remodeling and regeneration

[68, 155, 156]. The decellularization technique can remove cellular membrane antigens
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and nuclear components to minimize immune response, allowing the material to be
used safely in clinics. For example, decellularized porcine small intestinal submucosa
(SIS) material has been commercialized and clinically used for skeletal muscle
treatment [78]. Furthermore, decellularized materials as tissue-specific scaffolds show
great promise in repairing and regenerating specific tissues and organs [157]. Among
these, the implantation of heart-derived ECM material into an infarcted heart has been
shown to promote endogenous cardiomyocyte recruitment and restore heart functions
[158, 159]. Thus, it is likely that the complex ECM scaffold derived from meniscus can
enhance meniscus regeneration.

The decellularized meniscal materials have been produced as cell-free scaffolds
for meniscus repair and regeneration [88, 91]. These scaffolds also were combined
with primary cells, such as human primary chondrocytes, murine fibroblasts, and
porcine meniscal cells, and stem cells such as rat mesenchymal stromal cells (rMSC)
to promote meniscus regeneration [79, 80, 82, 84, 86]. A rat meniscus-derived scaffold
seeded with rMSCs was implanted into a rat defected meniscus, that showed better
chondroprotective effect than the conventional meniscectomy treatment [80]. However,
the decellularized meniscal scaffold partially failed to be recellularized for full thickness
meniscus regeneration because of the dense structure [84, 86, 89]. If the solid
decellularized ECM scaffold can be processed into an injectable hydrogel, the cells can
be easily encapsulated into the hydrogel with uniform distribution. Furthermore, the
injectable hydrogel is compatible with popular minimally-invasive arthroscopic
meniscectomy surgery in clinics [150], while the ECM scaffold commonly requires

surgery with incision. The hydrogel also can deliver cells, drugs, and growth factors, fill
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an irregularly shaped defect, and provide a stable microenvironment for cell growth to
facilitate new tissue formation [160]. Injectable hydrogels derived from heart [152, 158,
161, 162], dermis [160], bone [163], urinary bladder [164], liver [74], nervous system
[165], blood vessel [166], adipose [167], and brain [168], have been reported. It is
notable that the porcine heart-derived hydrogel was delivered into the porcine infarcted
heart by a catheter, which showed tremendous promise in clinics [158]. But there is no
reported study on the meniscus-derived injectable hydrogel, which is the focus of this
investigation.

In this study, we processed the porcine meniscus into a flowable solution via
modified decellularization and enzymatic digestion. The solution formed a solid
meniscus-derived hydrogel at body temperature. The extent of decellularization was
evaluated by cellular nuclear staining and DNA quantification. Major components
(collagen and glycosaminoglycan (GAG)) of the decellularized meniscal matrix,
gelation kinetics, and mechanical properties of the hydrogel were measured. Primary
bovine chondrocytes and mouse 3T3 fibroblasts were seeded with the meniscus-
derived hydrogel to assess cellular compatibility and infiltration property. Finally, a
mouse subcutaneous implantation model was used to evaluate the injectability and in

vivo tissue compatibility of the hydrogel.

2.2 Experimental section
2.2.1 Materials
Sodium dodecyl sulfate (SDS), ethylenediaminetetraacetic acid (EDTA),

phosphate-buffered saline (PBS), pepsin, concentrated hydrogen chloride (HCI),
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sodium hydroxide (NaOH), glutaraldehyde, phenol/chloroform/isoamyl alcohol, and
sodium acetate were purchased from Sigma and used as received. Collagenase and

4’, 6-diamidino-2-phenylindole (DAPI) were obtained from Life Technologies, Inc.

Slicing Grinding
— —
1% SDS and 0.1%
EDTA treatment
Enzymatic
digestion

l Neutralization

Gelation at 37°C

e ————

Figure 2. 1 The routine to process the porcine meniscus into an injectable hydrogel.
Porcine meniscus (A) was cut into thin slices (B) (1 mm thickness), frozen and then
ground into powders (C). The ground tissue powders were then treated with 1% SDS
(3 days) and 0.1% EDTA (1 day) (D), followed by freeze-drying to obtain the

decellularized meniscal matrix (E). The decellularized meniscal powder was further
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digested using pepsin and then neutralized to obtain a flowable solution (F). The
solution was loaded into a syringe (G) and then injected into a cylinder model via a 21-
gauge needle. After incubation at 37 °C for 30 min, a cylinder-shaped meniscus-

derived hydrogel formed (H).

2.2.2 Decellularization of meniscus

The porcine menisci were harvested from fresh knee joints of adult pigs weighing
80~100 kg from a local slaughterhouse. The decellularized meniscal matrix was
prepared using a modified protocol according to the ref. [169] (Figure 2.1). Briefly, the
meniscus (Figure 2.1A) was cut into thin slices (1 mm in thickness) (Figure 2.1B),
frozen at -80 °C and then ground into coarse powders (Figure 2.1C). The powders were
stirred in 1% SDS/PBS (w/v) solution for 72 h (Figure 2.1D). The SDS solution was
refreshed every 24 h. The sample was then treated with 0.1% EDTA/PBS (w/v) solution
for 24 h and immersed overnight in a large amount of deionized water to remove the
residual chemicals. Finally, the obtained decellularized meniscal matrix was frozen at
-80 °C and then lyophilized for 3 d. The decellularized meniscal matrix was further
ground into fine powders (Figure 2.1E) and stored at -20 °C for future use. The sample
was embedded in optimal cutting temperature compound (O.C.T) at -20 °C, and then
sectioned into 7 ym thick slices for hematoxylin and eosin (H&E, Sigma) and DAPI
staining. The images were taken using a Nikon Eclipse Ti microscope. The morphology
of the decellularized meniscal matrix was observed under a scanning electron

microscope (SEM, S-3000N, Hitachi).
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2.2.3 Preparation of injectable hydrogel

The fine powders of the decellularized meniscal matrix were added into
pepsin/0.01 M HCI solution at 15 mg/mL (Figure 2.1F). The pepsin/matrix mass ratio
was 1:10. The mixed suspension was stirred at room temperature for 48 h to allow
complete digestion (without visible powder) and formed a flowable viscous solution.
The viscous solution was neutralized using 0.1 M NaOH and 10X PBS in an ice bath
[160], and then the neutralized solution was diluted into a pre-gel solution at a pre-
determined ECM concentration using 1X PBS. The pre-gel solution was loaded into a
syringe (Figure 2.1G), injected into a cylinder mold and then placed in a 37 °C incubator
for 30 min to form a solidified hydrogel (Figure 2.1H). The hydrogel morphology was
observed using a SEM after the hydrogel was frozen in liquid nitrogen, freeze-dried,

and sputter coated with silver.

2.2.4 Properties of injectable hydrogel
2.2.4.1 DNA quantification

The DNA content in the decellularized matrix was determined using a reported
method [170]. Briefly, the decellularized meniscal matrix and the native meniscus were
digested using pepsin (1 mg/mL) in HCI solution (0.01 M) and centrifuged at 2980 xg
for 10 min to remove protein remains. The supernatants were then centrifuged at
10,000 xg in phenol/chloroform/isoamyl alcohol (25:24:1, Sigma) for 30 min. The
aqueous layer in the centrifuged sample then was extracted for analysis. The DNA was
precipitated using 3 M sodium acetate/ethanol solution (v/v=1:20) at —20 °C overnight.

The extracted DNA samples were then dehydrated in a vacuum oven at room
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temperature and rehydrated in 1X Tris-EDTA buffer (Life Technologies, Inc). Finally,
the DNA amounts were determined using a PicoGreen DNA assay (Life Technologies,

Inc) (n = 3).

2.2.4.2 Collagen and GAG quantification

Collagen and GAG in the decellularized meniscal matrix and the native meniscus
were quantified using a hydroxyproline assay (Sigma) and a Blyscan Sulfated
Glycosaminoglycan assay (Biocolor, UK), respectively. The collagen content was
determined by quantifying hydroxyproline, which makes up 14.3% of collagen weight
[163, 171]. Briefly, the decellularized meniscal matrix and the native meniscal tissue
were hydrolyzed with 6 M HCI at 120 °C for 3 h and then air dried in 96 well plate at 65
°C. Next, 100 pL chloramine T/oxidation buffer mixed solution (Sigma) was added to
each well, and the plate was incubated at room temperature for 5 min. Each sample
then was added with 100 pL dimethylaminobenzaldehyde solution and incubated at 60
°C for 90 min. The sample absorbance (n=3) then was read at 560 nm on an Infinite
M200 plate reader (Tecan, UK). A standard curve was plotted using a series of
hydroxyproline solutions at known concentrations.

For GAG measurement, the decellularized meniscal matrix and the native
meniscus were fully digested in pepsin solutions (1 mg/mL in 0.01 M HCI solution). The
GAG contents were determined using the Blyscan Sulfated Glycosaminoglycan assay

(n = 3). Pepsin in 0.01 M HCI solution was used as a negative control.
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2.2.4.3 Turbidimetric gelation kinetics

The gelation kinetic of the hydrogel was measured turbidimetrically as described
in ref [160]. A pre-gel solution (100 pL) was injected into a well of a 96-well plate, and
its absorbance was read at 490 nm at 37 °C on an Infinite M200 plate reader every 3
min for 1 h. The obtained results were calculated as normalized absorbance = (A-
A0)/(Am-A0), where A represents the reading value at each time point, AQO is the initial
absorbance and the Am is the maximum absorbance. The time of half gelation (t12)
was set as the time to 50% absorbance; the lag time (tag) was determined by
extrapolating the linear portion of the gelation curve to 0% absorbance (x-axis); and
the gelation rate (S) was defined as the slope of the linear portion of the curve [160].

Four samples of each group were tested.

2.2.4.4 Compressive strength of injectable hydrogel

The pre-gel solutions were injected into cylinder molds (10 mm in diameter) and
incubated at 37 °C for 30 min to form solid hydrogels. The cylinder hydrogel (5 mm in
height, 10 mm in diameter) was tested on an MTS Insight machine with a 10 N load

cell at a crosshead speed of 1 mm/min until failure. Four samples per group were tested.

2.2.5 Biocompatibility evaluation
2.2.5.1 Chondrocyte isolation

Primary bovine chondrocytes were isolated from knee joints of immature calves
[172]. Briefly, 2 mm thick articular cartilage pieces were digested overnight using 0.15%

collagenase at 37 °C. After removing tissue residues using a 100 um filter, the digested
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solution was centrifuged at 200 xg for 5 min to obtain chondrocytes. The cells were
cultured using Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin in a
humidified incubator at 37 °C. The primary chondrocytes were used before passage 3

for all experiments.

2.2.5.2 Cellular growth on the ECM coated surface

Primary bovine chondrocytes and NIH mouse 3T3 fibroblasts (ATCC, Manassas,
VA) were seeded separately on the meniscal ECM coated surfaces for
cytocompatibility evaluation. The ECM was physically coated on the tissue culture
polystyrene (TCPS) [74, 168]. Briefly, the digested ECM (15 mg/mL) solution was
diluted into 2 mg/mL using 0.5 M acetic acid. The solution was added onto 24-well cell
culture plate surface (1 mL/well) and incubated at 37 “C for 1 h to allow ECM adsorption.
The coated plate then was rinsed 3 times with 1X PBS to remove unbound components
and acetic acid. The chondrocytes and the 3T3 fibroblasts were seeded separately on
the ECM coated plates at densities of 5,000 cells/well and 2,000 cells/well, respectively.
The culture medium (DMEM supplemented with 10% FBS, 100 U/mL penicillin, and
100 pg/mL streptomycin) was refreshed every 3 d. The untreated TCPS served as a
control. An MTT assay (Sigma) was used to assess cellular viability at days 1, 4, and
7. The absorbance (n=4) was detected at 490 nm on a microplate reader, and the
absorbance of the TCPS at day 1 was set as 1 for absorbance normalization. A live
(calcein-AM)/dead (ethidium homodimer-1) assay (Life Technologies, Inc) was used to

visualize cell morphology.
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2.2.5.3 Cellular growth within the hydrogel

For cell encapsulation, the chondrocytes (5x10° cells/mL) and the 3T3 fibroblasts
(5x10° cells/mL) were separately blended with the pre-gel solutions (ECM
concentration: 10 mg/mL). Next, 300 pL of cell-loaded pre-gel solution was then
injected into a well of 24-well culture plate and incubated at 37 °C for 30 min to form a
cellularized hydrogel. The cell culture medium (DMEM supplemented with 10% FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin) then was added and exchanged
every 2 d. The live/dead staining was performed at days 1, 4, and 7 to evaluate cell
survival inside the meniscus-derived hydrogel. The numbers of the live cells and the
dead cells in each image (n = 3) were counted using ImageJ software (National
Institutes of Health, USA). The cell survival rate was calculated as live cell number/

total cell number x100%.

2.2.5.4 Cellular infiltration into the hydrogel

The bovine chondrocytes and the mouse 3T3 fibroblasts were seeded separately
on the surface of the meniscus-derived hydrogel (ECM concentration: 10 mg/mL) to
investigate cell infiltration behavior. The cells (1x10* cells/cm?) were added to the top
surface of the hydrogel and placed in an incubator for 2 h to allow cell attachment. The
extra culture medium was then added to the normal cell culture. The culture medium
was replaced every 2 d. At each time point (days 1, 7, and 14), the samples (n = 3)
were fixed in 2.5% glutaraldehyde solution. The fixed sample was embedded in the
O.C.T for cryosection and then stained using DAPI to check cell infiltration depth from

hydrogel top surface to bottom. The cell distribution with depths was determined using
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a reported method [173]. The cross-sections of the stained samples were divided into
five vertical zones. Each zone had a dimension of 300 um at the vertical direction and
1,300 um at a horizontal direction. The cell infiltration percentage in each zone was
counted as a cell number in each zone/total cell number inside the hydrogelx100%.
The immunohistochemical staining of SOX9 was performed to assess the phenotypical
characteristic of infiltrated chondrocytes inside the hydrogel after culture for 14 days.
Briefly, the chondrocyte-infiltrated hydrogel was sectioned and stained with
chondrocyte-specific marker SOX9 (1:200 dilution, rabbit anti-SOX9 polyclonal
antibody, Novus Biologicals). The sections then were exposed to a 1:100 dilution of
peroxidase-conjugated goat anti-rabbit  secondary  antibody  (Jackson
ImmunoResearch Laboratories, PA). Finally, the staining was developed with DAB

(Sigma) according to the manufacturer’s instructions.

2.2.5.5 In vivo subcutaneous implantation

The female Balb/c mice (25g body weight) were used for the hydrogel
subcutaneous injection. All animals were treated and used following the protocol
approved by the Institutional Animal Care and Use Committee (IACUC) of the
University of Texas at Arlington.

The in vivo injectability and biocompatibility of the meniscus-derived hydrogel was
assessed in a mouse subcutaneous model [167]. To check injectability and gelation in
Vvivo, 4 injections (100 pL each) of the pre-gel solution (ECM concentration: 10 mg/mL)
were subcutaneously injected into mouse dorsal regions via a 26 G needle. After 30

min, the injected sites were excised to check the hydrogel formation. For in vivo
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biocompatibility evaluation, the materials with surrounding tissues were explanted at
days 3 and 7 after implantation. Four explants were collected at each time point. The
explant was directly embedded in O.C.T, frozen at -20 °C and then sectioned into 7 um
thick slices for H&E staining. The images were taken using a microscope (Eclipse Ti,
Nikon). The three zones (100 um depth each zone) from sample top to center were set
on the H&E images and the cell infiltration percentage at each zone was counted as

described above.

2.2.6 Statistical analysis

All the data were reported as mean * standard deviation, and statistically
analyzed using Statview software. The statistical analysis of DNA, collagen, and GAG
contents was made by student’s t-test. The statistical analysis of mechanical properties,
cellular viability, and cell infiltration was performed by one-way ANOVA, followed by a

Tukey post-hoc test. Significant difference was defined as p < 0.05.

2.3 Results
2.3.1 Meniscus decellularization and hydrogel formation
The decellularized meniscal matrix (Figure 2.2A) showed a pink matrix without
visible intact purple nuclear dots in H&E stained image, while the native meniscal tissue
(Figure 2.2B) showed many chondrocytes with purple nuclei embedded in the matrix.
The absence of intact nuclei in the decellularized meniscal matrix also was observed
in DAPI stained image (Figure 2.2C), however, the native meniscal tissue showed

many DAPI stained blue intact nuclei (Figure 2.2D). The DNA content in the
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decellularized matrix was 1.3 + 0.3 ng/mg dry weight, which is significantly lower than
that in the native meniscal tissue (115.6 £ 5.3 ng/mg dry weight) (Figure 2.2E).

Collagen content in the decellularized matrix was 78 = 22% dry weight, which was
significantly higher than that in the native meniscal tissue (42 £ 10%) (Figure 2.2F).
The decellularized matrix had a GAG content of 0.54 + 0.08 pug/mg dry weight, which
was significantly lower than that in the native meniscus (14.95 £ 5.57 ug/mg dry weight)
(Figure 2.2G).

Macroscopically, a hydrogel with a low ECM concentration (4 mg/mL) (Figure
2.3A, inset) had a cylindrical shape, but it was too weak to be handled. When ECM
concentration was 6 mg/mL or higher, the hydrogel showed a cylindrical shape with a
sharp edge and it could be handled. All hydrogels showed fibrous morphologies with
dense and randomly oriented collagen fibrils (Figure 2.3A-3E). The decellularized
meniscal matrix had a nanofibrous structure with some sheets (Figure 2.3F).

The turbidimetric gelation kinetic curves for the hydrogels at different ECM
concentrations showed sigmoidal shapes (Figure 2.4A). Hydrogel formation could be
observed after a lag period. The times of half gelation (t12) of the hydrogels at the ECM
concentrations of 4, 6, 8, 10, and 12 mg/mLwere 15+1,16+ 1,15+ 2,14+ 1, and 13
* 2 min, respectively (Figure 2.4B), with no significant difference (p > 0.05). Similarly,
no significant difference was found in either the lag times (Figure 2.4C) or the gelation

rates (Figure 2.4D) of the hydrogels at various ECM concentrations (p > 0.05).
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Figure 2.2 H&E (A and B) and DAPI (C and D) stained images of decellularized

meniscal matrix (A and C) and native meniscus tissue (B and D). (E), (F), and (G) show
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DNA, collagen, and GAG contents in the decellularized matrix and the native tissue,

respectively.

2.3.2 Compressive strength of hydrogels

The compressive strengths (Figure 3G) and the initial moduli (Figure 3H) of the
meniscus-derived hydrogels showed an increase trend with increasing ECM
concentrations. In Figure 3G, the compressive strength of the hydrogel at 12 mg/mL
(838 + 296 Pa) was significantly higher than those of the hydrogels at 6 mg/mL (101 £
25 Pa) and 8 mg/mL (322 £ 29 Pa) (p < 0.05). The peak compressive strength of the
hydrogel at 10 mg/mL showed no significant difference from those of the hydrogels at
8 mg/mL and 12 mg/mL. The hydrogel at 6 mg/mL showed the lowest peak
compressive strength. The hydrogel at 4 mg/mL could not be tested due to its
weakness and poor handling. In Figure 3H, the hydrogel at 6 mg/mL had the lowest
initial modulus (726 + 77 Pa) (p < 0.05). The initial moduli of the hydrogels at 8, 10, and
12 mg/mL showed no significant difference (p > 0.05), although an increasing trend of

the initial modulus with increasing ECM concentration was shown.

36



1500 H 4500

< L x
= © |
=) o
g -
= 1000 - S 3000 -
o El
c —~ T
[
e £
@ 500 o < 1500 -
g =
E =l
o
o 0 - 0 - T T T
6 8 10 12
ECM concentration (mg/mL) ECM concentration (mg/mL)

Figure 2.3 SEM images to show fibrous morphologies of meniscus-derived
hydrogels formed at ECM concentrations of 4 mg/mL (A), 6 mg/mL (B), 8 mg/mL (C),
10 mg/mL (D), and 12 mg/mL (E), respectively. (F) is SEM image of the decellularized
meniscal matrix. The inset picture is the corresponding macroscopic view of the formed
hydrogel. (G) and (H) show the compressive strengths and the initial moduli of the

meniscus-derived hydrogels, respectively.
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Figure 2. 4 Turbidimetric gelation kinetic curves (A) of the meniscus-derived

hydrogels with ti2 (B), tiag (C), and S (D).

2.3.3 Cell growth on the ECM-coated surface

The chondrocytes and the 3T3 fibroblasts were seeded separately on the
meniscal ECM coated surfaces to evaluate the cellular compatibility of the hydrogel
(Figures 2.5 and 2.6). In Figure. 2.5, the chondrocytes were mostly live (green
cytoskeleton without red nuclei) on both TCPS and the ECM coated surface with few
dead cells (red dots). At day 1 (Figure 2.5A and 2.5D), the cells were sparsely

distributed on the surfaces. Cell growth was obviously seen at day 4 (Figure 2.5B and
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2.5E) and cell confluence was found at day 7 on both surfaces (Figure 2.5C and 2.5F).
Some chondrocytes on the TCPS, exhibited fibroblast-like morphology with elongated
shape at day 7, whereas the normal cobblestone morphology of the chondrocytes was
visualized on the ECM coated surface during the whole culture period. The cell viability
on the ECM coated surface had no significant difference from that on the TCPS at day
1 and day 4 (p > 0.05), but it was 30% higher than that on the TCPS at day 7 (p < 0.05)

(Figure 2.5G).
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Figure 2. 5 Bovine chondrocyte growth on the meniscal ECM coated surface. The

chondrocyte morphology on the control TCPS (A, B, and C) and the ECM coated
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surface (D, E, and F) was visualized by live/dead staining at day 1 (A and D), day 4 (B
and E), and day 7 (C and F). (G) is the normalized absorbance measured by an MTT
assay.
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Figure 2. 6 Mouse 3T3 fibroblast growth on the meniscal ECM coated surface. The
fibroblast morphology on the control TCPS (A, B, and C) and the ECM coated surface
(D, E, and F) was observed by live/dead staining at day 1 (A and D), day 4 (B and E),

and day 7 (C and F). (G) is the normalized absorbance measured by an MTT assay.
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The behavior of the 3T3 fibroblasts on the TCPS and the ECM coated surface
was similar to that of the chondrocytes. We found that the fibroblasts survived and
proliferated during 7 d culture without visible dead cells on two surfaces (Figure 2.6).
The fibroblast morphologies observed on the two surfaces were similar (Figure 2.6A-
F). The cell viability on the ECM coated surface was greater than that on the TCPS at

day 7 (p < 0.05) (Figure 2.6G).
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Figure 2. 7 Primary bovine chondrocyte and mouse 3T3 fibroblast growth inside the
meniscus-derived hydrogel. The morphologies of the chondrocytes (A, B, and C) and

the fibroblasts (D, E, and F) inside the hydrogel were observed using live/dead staining
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at day 1 (A and D), day 4 (B and E), and day 7 (C and F). (G) and (H) show survival

rates of chondrocytes and fibroblasts inside the hydrogel, respectively.

2.3.4 3D cellular growth within the hydrogel

Cell survival of chondrocytes or 3T3 fibroblasts encapsulated inside the 3D
meniscus-derived hydrogel was determined using a live/dead staining during 7 d in
culture. The chondrocytes predominantly exhibited a round morphology inside the
hydrogel at day 1 (Figure 2.7A) and 4 (Figure 2.7B). A small portion (17 + 4%) of
chondrocytes exhibited a spindle shape at day 7 (Figure 2.7C). The 3T3 fibroblasts had
a round morphology at day 1 (Figure 2.7D), and then the major part of 3T3 fibroblasts
had an elongated cell morphology at day 4 (Figure 2.7E) and 7 (Figure 2.7F). Both the
chondrocytes (Figure 2.7G) and the 3T3 fibroblasts (Figure 2.7H) had cell survival rates

of approximately 90% from day 1 to day 7 without significant differences.

2.3.5 Cellular infiltration into the hydrogel

Both the chondrocytes and the fibroblasts exhibited increased infiltration into the
meniscus-derived hydrogel with culture time (Figures 2.8 and 2.9). Cell migration
distance increased with increasing incubation time. At day 1, 69 + 10% and 31 + 10%
of chondrocytes were seen at the region 0-300 um and 300-600 um away from the
hydrogel top surfaces, respectively (Figures 2.8A and 2.9A). No cell was found beyond
600 um away from the surfaces. At day 7, 29 £ 9% and 17 + 6% cells were found in
the zones of 600-900 um and 900-1200 um, respectively (Figure 2.8A and 2.9B). At

day 14, 21 + 4% of the chondrocytes were further observed in 1200-1500 um zone,
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and the cells were evenly distributed in each zone (Figure 2.8A and 2.9C). The

chondrocytes showed round morphology with positive SOX9 staining (Figure 2.9G).
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Figure 2. 8 Cellular infiltration behaviors of the chondrocytes (A) and the 3T3
fibroblasts (B) were evaluated by infiltrated cell percentages at various zones inside

the meniscus-derived hydrogels up to 14 days.
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Figure 2. 9 DAPI stained images of chondrocyte (A, B, and C) and 3T3 fibroblast (D,
E, and F) infiltrated into the meniscus-derived hydrogel. Dashed lines show the divided
vertical zones inside the hydrogel to quantify the percentage of infiltrated cells. (G) An
immunohistochemical image shows that positive SOX9 stained chondrocytes infiltrated
into the hydrogel at day 14, indicating that the cells retained their chondrocyte
morphology and phenotype. (H) An immunohistochemical image shows negative
SOX9 staining in the cell-free hydrogel.

The infiltration behavior of the fibroblasts was similar to that of the chondrocytes.
The fibroblasts were only found in 0-300 pm zone (47 + 20%), 300-600 pum zone (33 +
13%) and 600-900 um zone (20 = 7%) at day 1 (Figure 2.8B and 2.9D). They were
observed in the deeper zone of 900-1200 pum (21 = 7%) at day 7 (Figure 2.8B and 2.9E)

and then the deepest zone of 1200 -1500 pum (18 + 5%) at day 14 (Figure 2.8B and
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2.9F). Compared to the cell distribution at day 1, the percentages in the top two zones

(0 — 300 and 300 — 600 um) decreased at day 14 (p < 0.05).

2.3.6 In vivo biocompatibility

The meniscus-derived hydrogel (ECM concentration: 10 mg/mL) was
subcutaneously injected into mouse dorsal regions to evaluate in vivo hydrogel
formation and tissue compatibility. The pre-gel solution was smoothly injected into the
mouse dorsal through a 26-gauge needle and formed a bolus in the injection site
(Figure 2.10A). After 30 min, the subcutaneous bolus solidified into a stable opaque
hydrogel that was capable of maintaining its shape when it was explanted (Figure
2.10B). The formed hydrogel had a visible decrease in volume from 30 min (Figure.
2.10B) to 3 days (Figure 2.10C) and continuous volume reduction with thinning from

day 3 to day 7 (Figure 2.10D). No obvious angiogenesis was observed up to day 7.
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Figure 2. 10 The meniscal ECM pre-gel solution (100 pL each injection) was injected
into a mouse subcutaneous tissue through a syringe with a 26G needle and formed a
bolus (A). The formed opaque hydrogel was seen between muscle and skin tissues
after 30 min (B). After 3 day implantation, the hydrogel volume obviously decreased
(C). At day 7 post-implantation, the hydrogel volume continued to decrease with
thinning (D). The red arrows point at the hydrogel implants. (E) with a magnified image

(F) and (G) with a magnified image (H) are H&E stained images for the explants at
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days 3 and 7, respectively. S, I, and M represent skin tissue, implant, and muscle tissue,
respectively. The blank frame pointed to the area for the magnified image. Dashed
lines show the three zones divided in the implanted material area to quantify the
percentage of infiltrated cells. (I) show the percentages of the infiltrated inflammatory
cells in the three zones of the implanted hydrogel at days 3 and 7.

H&E stained images showed that the hydrogel was located between skin and
muscle (Figure 2.10E-H). At day 3 (Figure 2.10E and F), small numbers of granulocytes
(purple dots) were found in the loose tissue surrounding the hydrogel with limited cell
infiltration. However, at day 7 (Figure 2.10G and H), a large number of macrophages
infiltrated the hydrogel and were even seen at the center area of the hydrogel. The
material appeared to be partially degraded at day 7 (Figure 2.10G). We found no
apparent angiogenesis in the surrounding tissue of the implant at days 3 and 7. For in
vivo cell infiltration into the hydrogel (Figure 2.10I), the granulocytes were mainly found
in 0 -100 pum zone (61 = 4%) and 100 — 200 um zone (36 = 4%), and a low percentage
(4 £ 1%) of cells was seen in 200-300 um zone at day 3. At day 7, the cells were evenly
distributed in the 3 zones inside the implant. Compared to the cell distribution at day 3,
the cell percentage in the 0-100 um zone decreased to 37 + 7% while the cell

percentage in the 200-300 pum zone increased to 27 + 9%.

2.4 Discussion
To accommodate tissue specificity, many tissues and whole organs have been
used to produce decellularized scaffolds [68, 155]. The meniscal tissues from rats,

ovine, porcine, and even human have been decellularized using a variety of methods,
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including detergent rinsing (e.g., SDS, peracetic acid, Triton X-100, EDTA, and
guanidine hydrochloride/ H202), enzyme digestion, gamma irradiation, sonication and
their combinations [79-82, 84, 86, 88-91]. The resulting decellularized meniscal
scaffolds had no cytotoxicity, and it supported chondrocyte growth and promoted MSC
differentiation into the chondrocyte-like cells in vitro [79, 84, 89]. The rMSC-seeded
decellularized meniscal scaffolds exhibited great chondroprotective ability at 8-week
implantation in a rat knee meniscal defect model [80]. These works showed the
decellularized meniscal scaffold is very promising for meniscal regeneration, but the
implantation of these scaffolds requires a traumatic surgical procedure.

To reduce surgical trauma caused by scaffold implantation, the decellularized
scaffolds were further processed into injectable hydrogel materials through enzymatic
digestion. Varieties of decellularized tissue matrixes including heart [152, 158, 162],
liver [74], bone [163], central nerve system [165], brain [168], skin [160], and urinary
bladder [164] have been digested into flowable solutions that are suitable for injection
and can form solid hydrogels in situ under a physiological condition. For example, the
porcine heart-derived ECM hydrogel was injected into a rat myocardial infarction model,
and it was even delivered into a porcine heart through a catheter [158, 159]. In this
study, we processed the porcine meniscus into an injectable hydrogel that is capable
of being used for minimally invasive surgery for the treatment of meniscus injuries and
diseases.

The major challenge for decellularization is to eliminate cellular components to
reduce the immune response while retaining the maximum amounts of bioactive

molecules. The meniscus has a thick and dense fibrous structure, and the cells are
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embedded in densely compacted ECM [174], which limits the decellularization of the
whole meniscal tissue [86]. Substantial improvement was made when Azhim et al
sliced the meniscal tissue into thin slices (3 mm thickness) [88]. Grinding the meniscus
into powder (Figure 2.1C) allowed maximum exposure of the tissue to the detergent,
facilitating the elimination of the cellular components. More than 98% of DNA in the
native meniscal tissue was removed. The DNA content (1.3 £ 0.3 ng/mg dry weight) in
the decellularized scaffold is much lower than 50 ng/mg dry weight, which is the
minimal criterion to satisfy the intent of complete decellularization [68, 170]. It should
be noted that a similar approach of using ground tissue to ECM gel has been used to
prepare myocardial injectable scaffolds [152].

The retention of bioactive molecules is vital for the bioactivity of the biological
matrix. The decellularization procedure and the SDS detergent do not cause a problem
on the collagen retention because the native collagen is generally not water soluble,
so the collagen content was found to be well preserved in the decellularized matrix [89].
The high retention of collagen and the loss of other components during
decellularization resulted in a significantly higher collagen percentage in the
decellularized matrix than that in the native tissue (Figure 2.2F) [166]. On the other
hand, the GAG content in the decellularized matrix was much lower than that in the
native meniscus, which is consistent with previous reports [86, 89]. Because the GAG
is highly water soluble and the decellularization procedure is carried out in aqueous
solution, it is likely that most GAG is washed away during the decellularization
procedure. In addition, SDS also can separate GAG from the proteins in the ECM,

which may lead to the further loss of GAG [68].
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The gelation mechanism of the ECM hydrogels was not yet fully understood [74,
152, 160, 163, 164, 167]. It is generally believed that the presence of some proteins,
such as collagen, laminin, elastin, and proteoglycan, contributes to molecular self-
assembling for the gelation [175, 176]. Collagen, the major component in the hydrogel,
Is considered as a major self-assembling protein responsible for the gelation [163-165].
The turbidimetric kinetics for the meniscus-derived hydrogel is similar to pure type |
collagen hydrogel [164, 177, 178] and other ECM hydrogels derived from urinary
bladder [164], central nervous system [165], bone [163] and skin [160]. Interestingly,
the meniscus-derived hydrogels with different collagen concentrations had the same
gelation time, while the gelation time of pure type | collagen hydrogel decreased with
increasing collagen concentration [175]. The gelation time of GAG/collagen mixture
was independent on collagen concentration [177]; thus, the occurrence of the same
gelation time may be caused by the presence of GAG, which can electrostatically
interact with collagen to affect the gelation behavior [165, 177]. Additionally, other self-
assembling molecules such as laminin may contribute to the gelation [164].

The mechanical environment has profound effects on cellular behaviors such as
cell adhesion, cell tension, and cytoskeleton organization [160, 179-181]. Therefore,
the mechanical properties of hydrogels are desired to be tunable for modulating cell
response in vitro [182, 183] and in vivo [184]. Varying ECM concentrations of the
meniscus-derived hydrogel was able to modulate its mechanical properties, which are
comparable to the mechanical properties of the collagen hydrogel (3 mg/mL,
approximately 280 Pa in peak compressive strengths and 1 kPa in initial modulus) [185].

It is notable that the mechanical properties of the hydrogels are much lower than those
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of the native meniscus (100 ~ 400 kPa in modulus [28, 105] and 100 ~ 300 MPa in
tensile strength [11]). Therefore, the meniscus-derived hydrogel in this study is not
suitable to be used directly as a whole meniscus replacement. However, it is suitable
to be applied as an in vitro 3D matrix for tissue engineered meniscus, and as an
injectable material to repair and regenerate partially defective/diseased meniscus,
which is popularly seen in meniscal injuries and diseases [28, 186].

The concept on cellular biology of meniscus denotes that it contains two types of
cells, fibroblast-like cells in the outer vascularized meniscal zone and chondrocyte-like
cells in the middle and inner avascular meniscal zones [4, 28, 187]. Chondrocytes [63,
188, 189], fibroblasts [82, 84], or both [86, 89] have been utilized extensively to
evaluate the cellular compatibility of scaffolds and their potential applications for
meniscus repair and regeneration. Thus, both the chondrocytes and the 3T3 fibroblasts
were selected for in vitro biological evaluation of the hydrogel in this study. The
meniscus-derived hydrogel exhibited a good cellular compatibility without apparent
toxicity (Figures 2.5, 2.6, 2.7, 2.8, and 2.10). Its uniform cellularization was easily
achieved by blending the pre-gel solution and the cells. In addition, robust cell growth
was found both on the 2D ECM-coated surface and inside the 3D hydrogel. Compared
to the TCPS, the meniscal ECM coated surface maintained the chondrocyte
morphology better. Some bioactive components in the meniscus-derived hydrogel may
favor the maintenance of the chondrocyte morphology. However, some chondrocytes
inside the hydrogel exhibited differentiated morphology, which may be attributed to the
part of ECM components in the hydrogel derived from the outer area of the native

meniscus that supports fibroblast-like cell growth.
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The cell infiltration into the scaffolds is especially useful for tissue remodeling and
regeneration [160, 190, 191]. The rapid cellular infiltration was obviously observed
during in vitro 14 day cell culture and in vivo 7 day subcutaneous implantation of the
meniscus-derived hydrogel, which is different from the decellularized meniscal
scaffolds [83, 84]. This may be the result of the fast degradation and the loose structure
of the hydrogel. On the other hand, the in vitro chondrocyte infiltration into the hydrogel
suggests that the chondrocyte-like cells from the native meniscus might migrate into
the hydrogel in vivo, which would lead to tissue regeneration. The infiltrated cells
maintained their chondrocyte morphology and phenotype during the 14-day culture in
vitro (Figure 2.9G). It was reported that the chondrocytes could migrate from native
cartilage to implanted adjacent scaffolds in vivo and maintain typical chondrocyte-like
morphology [192, 193].

The good injectability of the meniscus-derived hydrogel was verified by injecting
the pre-gel solution into the mouse subcutaneous tissue. The in vivo environment has
no obvious effect on the gelation. It indicated that the hydrogel is suitable as an
injectable material for minimally invasive surgery, which has no conflict with current
meniscus surgery [28]. Furthermore, the meniscus-derived hydrogel has good in vivo
biocompatibility with minor inflammation and without severe immune response during
7 day implantation. The in vivo degradation of the hydrogel was obviously observed.
The degradation of the hydrogel would release many bioactive components, such as
peptides, which are useful for cell recruiting [194] and tissue remodeling [195], although
many components still are unknown. For example, the degradation products from

digested decellularized porcine urinary bladder matrix quickly expanded the
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perivascular stem cells (PSCs) and still maintained their undifferentiated multipotent
state, which was important for PSC accumulation at the injury site [196]. On the other
hand, the degradation of the ECM hydrogel may be too fast to provide mechanical
support and to promote tissue regeneration in vivo. Such drawbacks could be
overcome by combining the ECM hydrogel with synthetic polymers as shown in
previous works [53, 197].

Some limitations must be mentioned. First, the SDS treatment resulted in a lower
GAG content of the decellularized meniscal matrix. The potential SDS residue may
have adverse effects on cell growth and tissue formation, although it was not found in
our study. A mild detergent may be used for meniscal decellularization to improve GAG
retention. Second, we quantified only two major components among the complex
components of the meniscus-derived hydrogel. The mass spectrometer (MS) was used
to analyze the multiple components in the decellularized matrix [55]. But some
components are very difficult to be solubilized, which limited our analysis of the
components using an MS. Besides MS, methods such as ELISA [198] and
immunohistochemical staining [199] are feasible to quantitatively and qualitatively
determine other components in the decellularized matrix. Third, chondrocyte-like cells
and fibroblast-like cells isolated from the meniscus might be more appropriate for
material evaluation for meniscus regeneration application, although the primary
chondrocytes and the fibroblasts were commonly used for the same purpose [4, 63,
84]. Combining two kinds of cells isolated from the fresh meniscus with the meniscus-
derived hydrogel will be our future focus. Last, the in vivo study was conducted over a

relatively short term. The in vivo mechanical and structural change of the hydrogel with
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time has not been assessed. Long-term in vivo study will be conducted to further

investigate biocompatibility, bioactivity, and property change of the hydrogel.

2.5 Summary

An injectable hydrogel derived from the native porcine meniscus was developed
through modified decellularization and pepsin digestion. The hydrogel exhibited a
fibrous morphology. Its mechanical properties were tunable by altering ECM
concentration. It had good cytocompatibility without toxicity. The chondrocyte and the
fibroblast were easily encapsulated into the hydrogel and grew well inside. The
hydrogel allowed a rapid cell infiltration in vitro and in vivo. It was smoothly implanted
into a mouse subcutaneous model by syringe injection and showed a minor
inflammation without specific immune responses within 7-day implantation. The
injectable meniscus-derived hydrogel would be promising for applications in meniscus

repair and regeneration.
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CHAPTER 3
OPTIMIZING INJECTABLE MENISCAL ECM BY ALTERING CHEMICAL

DETERGENTS

3.1 Introduction

The native extracellular matrix (ECM), composed of the secreted products of the
resident cells of tissues [200], reciprocally interacts with its surrounding
microenvironment and provides structural and chemical cues for cell proliferation,
migration, and differentiation [201, 202]. The use of ECM materials as biological
scaffolds for clinical applications involves the decellularization of tissues and/or organs
through a variety of methods, including enzymatic, physical and chemical treatments.
The purpose of decellularization is to eliminate antigens within the tissues and/or
organs to avoid immune reactions, meanwhile preserving the bioactive components of
ECM. Striking a balance between the elimination of antigens and minimized loss of
bioactive ECM components is essential for successful tissue/organ decellularization,
as the decellularization process should be aggressive enough to remove antigens and
it unavoidable denatures some proteins and other bioactive components [203]. In
addition, for a certain type of tissue, the composition, density, and architecture of ECM
are closely related to the physiological function [204, 205] and differ from the other
tissues to some extent. Therefore, numerous efforts have been drawn in the
optimization of decellularization process for decellularized ECM materials [206-212].

Among the current well-established decellularization approaches, enzymatic

digestion is of high efficiency to cleave and break down the proteins and
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macromolecules that elicit immune reactions and therefore be commonly employed to
prepare decellularized ECM materials [213]. However, a complete elimination of
cellular components by enzymatic treatment alone is difficult and prolonged exposure
to enzymes is disruptive to ECM ultrastructure [68]. For example, trypsin, the most
widely used biological agent for decellularization, is reported to be more disruptive to
collagen and elastin compared to chemical detergents [214, 215]. Therefore, a short
time exposure to trypsin is always used in the initial step of a combined decellularization
process to slightly disrupt the ultrastructure of ECM, improving the penetration of
subsequent agents for complete decellularization of dense tissues, such as cartilage
[216], dermis [160], and meniscus [82]. The second option for decellularization,
physical treatment, including sonication, freeze-thaw cycles, and irradiation are
generally believed as the gentle process to decellularize tissues and preserve ECM
integrity, while these approaches are not capable of working alone to eliminate
antigens. A subsequent enzymatic or chemical treatment is always required after
physical treatment to allow the maximal removal of antigens. In comparison to the
enzymatic and physical methods, chemical treatments provide a flexible platform to
specifically decellularize each type of tissue and/or organ regarding the cellularity,
density and thickness, by altering agents (e.g. detergents, acids/bases, and
hypotonic/hypertonic solutions) [215], concentrations [217], and exposure time [169].
This is advantageous for the optimization of decellularization protocol, especially for
several thick and dense tissues.

Meniscus represents one of the thick and dense tissues that are difficult to be

decellularized because the densely compacted ECM not only confines the embedded
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cells but also hurdles detergent penetration and cellular removal [86, 174]. Previous
reports on meniscus decellularization involved the physical treatments of freezing-
thawing cycles [80] and sonication [88], as well as chemical and/or enzymatic
treatments of SDS/PAA [84], SDS/H202/NaOH [89], trypsin/TX/PAA [82] and TX/PAA
[129]. The DM-ECM scaffolds facilitated the proliferation of human chondrocytes [89]
and human dermal fibroblasts [84] and induced the differentiation of rat mesenchymal
stem cells into chondrocyte-like cells [79]. However, the DM-ECM scaffolds in the solid
form exhibited a relatively denser structure that could substantially limit the cell
infiltration. Besides, the filling of an irregularly shaped defect of menisci with a solid
DM-ECM scaffold is not easily achievable.

We proposed a meniscus decellularization process by grinding menisci into
powders and then treating with SDS, attaining an efficient antigen elimination and
enriched collagen in DM-ECM which can be processed into an injectable hydrogel [218].
However, SDS treatment had a depletive effect on glycosaminoglycans (GAGs) of DM-
ECM. Toward this end, we aimed to explore the optimal decellularization method by
comparing three different chemicals, ionic detergent SDS, nonionic detergent TX and
acidic solution PAA for meniscal decellularization. All the chemicals were reported to
be effective in thick and dense tissue decellularization, while the outcomes varied more
or less [208, 212, 218-220]. We compared the DNA removal, collagen and GAG
contents of the obtained DM-ECMs and then processed the DM-ECMs to hydrogels.
The hydrogels were characterized in terms of fibrous structures, gelation behaviors,

and mechanical properties and then encapsulated with bovine meniscal
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fibrochondrocytes. The cell proliferation and GAG accumulation inside the hydrogels

were measured to determine the optimal protocol for DM-ECM hydrogel preparation.

3.2 Experimental section
3.2.1 Materials
SDS, Triton X-100, peracetic acid, EDTA, pepsin, HCI, NaOH, 1,9-dimethyl
methylene blue (DMMB), propan-1-ol, sodium acetate, Guanidine hydrochloride
(GuHCI), FBS, and DMEM were supplied by Sigma. Penicillin—streptomycin—fungizone
(PSF) and 4',6-diamidino-2-phenylindole (DAPI) were obtained from Life Technologies,

Inc.

3.2.2 Decellularization of menisci using different detergents

Fresh porcine knee joints were collected from a slaughterhouse within 24 h after
slaughter. The menisci were harvested immediately and stored at -80 °C. The menisci
were decellularized by three different chemicals, including SDS, TX and PAA (Figure.
3.1). Briefly, the menisci were sliced into thin pieces and then frozen at -80 °C for
grinding. The ground sample was re-frozen and re-ground. This step was repeated at
least 5 times until the menisci became a coarse powder. Then the meniscal powder
was separately decellularized by the three chemicals with stirring for 72 h. 1%
SDS/PBS solution, 1% TX solution, and 0.1% PAA/4% ethanol solution were used at
this step and the resulted DM-ECMs were desighated as SDS-ECM, TX-ECM, and
PAA-ECM, respectively. Then the meniscal powder was agitated in 0.1% EDTA for 24

h, followed by washing with a large amount of DI water to remove residual chemicals.
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Finally, the obtained DM-ECM powders were freeze-dried and stored at -20 °C for

further use.
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Figure 3.1 Schematic of the experimental design.

3.2.3 Characterizations of decellularized meniscal ECMs

The DM-ECMs and freeze-dried native tissue were sputter coated with silver, and
then their morphologies were observed under a scanning electron microscope (SEM,
S-3000N, Hitachi).

The DNA and GAG contents of the DM-ECMs and native meniscus were
determined using digested DM-ECM solutions. Briefly, the DM-ECMs were solubilized
by pepsin in 0.01 M HCI at room temperature until no visible particle was shown. The
DNA was extracted as a previous protocol and quantified by a PicoGreen DNA assay
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(Life Technologies, Inc). The GAG content was determined through a DMMB method
as ref [221]. Briefly, a DMMB working solution was prepared by dissolving 16 mg in 1
liter buffer solution containing 50 mL ethanol, 400 mL of 1 M GuHCI, 2 g sodium formate,
and 2 mL formic acid and store at 4 °C in the darkness. A 4 M GuHCI buffered in 50
mM sodium acetate (pH =6.8) solution containing 10% propan-1-ol was prepared and
used as a decomplexation solution. For the DMMB test, 1 mL DMMB working solution
was added to 0.1 mL digested sample and vigorously vortexed to allow GAG-DMMB
complex formation. The pellet of GAG-DMMB complex was then obtained by
centrifuging the sample at 11,000 rpm for 10 min and discarding the supernatant. Then
1 mL decomplexation solution was added to solubilize the GAG-DMMB complex.
Absorbance was read at 650 nm and the GAG content was determined by comparing
with a standard curve of known shark chondroitin sulfate (Sigma). The collagen content
was determined using a hydroxyproline assay (Sigma) and converted by the

relationship that the hydroxyproline composes 14.3% of the collagen [163].

3.2.4 ECM solubilization and gel electrophoresis
The DM-ECMs were enzymatically digested with pepsin/0.01 M HCI solution at
the ECM concentration of 15 mg/mL under stirring at room temperature. The pepsin
was used at the ECM/pepsin ratio of 10:1 for the digestion. After 48 h, the DM-ECMs
were fully digested and formed a viscous solution without any visible particles.
Solubilized DM-ECMs were analyzed with sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and compared with collagen type |. DM-ECM

solutions were run on a Tris/glycine/SDS buffered Mini-PROTEAN TGX 4-20%
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polyacrylamide gel (Bio-Rad). SDS-PAGE was performed on a Mini-PROTEAN Tetra
Cell (Bio-Rad) at 200 V and stained with Coomassie Brilliant Blue R-250 (Bio-Rad) for

imaging.

3.2.5 Hydrogel characterization

The digested DM-ECM solutions were neutralized to form pre-gel solutions using
0.1 M NaOH and 10X PBS and then diluted to desirable ECM concentrations with 1X
PBS in an ice bath. Finally, the pre-gel solutions were induced to solid hydrogels by
warming in a 37 °C incubator for 30 min.

The DM-ECM hydrogels were characterized in terms of gelation behaviors,
morphologies, and mechanical properties. The gelation behaviors were evaluated by a
turbidimetric absorbance test as previously reported [160]. Briefly, the DM-ECM pre-
gel solutions at ECM concentrations of 4, 6, 8 10, and 12 mg/mL were injected to a 96-
well plate at 100 pL per well and read at 405 nm every 3 min up to 1 h at 37 °C using
a spectrophotometrically plate reader (Infinite M200, UK) (n=4). The obtained readings
were then plotted from 0 to 1 (initial absorbance to the maximal absorbance) using the
following equation, normalized absorbance = (A-Ao)/(Am-Ao), where A indicates the
absorbance at each time point, and Ao represents the initial absorbance and the Am
stands for the maximal absorbance.

To examine the morphologies, the DM-ECM hydrogels with ECM concentration
of 10 mg/mL were formed and frozen in liquid nitrogen, freeze-dried and sputter coated
with silver, finally observed under SEM. The fiber diameters of the hydrogels were

calculated using the ImageJ software.
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The compressive behaviors of the DM-ECM hydrogels with ECM concentrations
of 6, 8, 10, and 12 mg/mL were determined as previously reported [218]. The hydrogels
(5 mm in height and 10 mm in diameter) were form in cylinder molds (10 mm in diameter)
by incubating the pre-gels solutions at 37 °C for 30 mins. The cylinder hydrogels were
then tested using an MTS Insight machine with a 10 N load cell under a crosshead

speed of 1 mm/min and the test was stopped until failure (n=4).

3.2.6 Cell isolation

Knee joints of calves were freshly harvested from a local slaughterhouse and
transferred under aseptic condition at in 4 °C container. Bovine fibrochondrocytes were
isolated from the inner zone of the menisci as refs [125]. Briefly, the menisci were
carefully dissected from the knee joints, briefly disinfected with 70% ethanol and
transferred into a cell culture hood and then washed with PBS containing 1% PSF. The
disinfected menisci were separated to outer 1/3 zone and inner 2/3 zone. The outer
zone was discarded and the inner zone was minced into 1-2 mm? particles. The minced
meniscal particles were digested with 2 mg/mL collagenase type Il (Worthington
Biochemical Corporation, Lakewood, NJ) in DMEM containing 1% PSF at 37 °C for 10
h. Upon the completion of digestion, the cell solution was filtered through a 70 um nylon
cell strainer, centrifuged at 1200 rpm for 10 min and washed twice with PBS containing
1% PSF to remove the residual collagenase. Then the cells were maintained in DMEM
supplemented with 10% FBS and 1% PSF in a humidified incubator with 5% CO: at 37

°C. The medium was refreshed after 4 days for the first time medium change and then
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every 2 days subsequently. The cells were subcultured at 80% confluence to the

passage 2 (P2) for future use.

3.2.7 Cell encapsulation into hydrogels

Generally, the fibrochondrocytes easily lost their typical polygonal morphology
and function during monolayer culture [125]. Therefore, we processed the DM-ECMs
to hydrogels to reconstitute the three-dimensional (3D) meniscal ECM
microenvironment for fiborochondrocyte growth. The P2 fibrochondrocytes were mixed
with DM-ECM pre-gel solutions to yield cell encapsulated solutions with the ECM
concentration of 10 mg/mL and the cell density of 5 x 106 cells/mL. Then 150 pL cell
encapsulated solution was injected into a stainless-steel ring (10 mm in diameter)
placed in a well of 24-well plate and incubated at 37 °C for 30 min to allow hydrogel
formation. Subsequently, additional complete medium was added to each well and the
medium was changed every two days up to 28 days of culture. The DM-ECM hydrogels
without cells were prepared and cultured under the same conditions as the cell-

encapsulated hydrogels.

3.2.8 Cell growth and GAG accumulation within the hydrogels

The viability of fibrochondrocytes inside the DM-ECM hydrogels was evaluated
via a live/dead staining. At pre-designed time points of 14 and 28 days, live/dead
staining was performed as ref [218]. The cell proliferation was determined by
guantifying DNA content and the GAG accumulation was quantified using the DMMB

method. Briefly, the samples (cell-encapsulated and non-encapsulated hydrogels)
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were harvested and stored at -80 °C until the DNA and GAG quantifications. The frozen
samples were freeze-dried and digested with papain at 60 °C for 2 h. The DNA and
GAG contents were then determined using the PicoGreen DNA assay and DMMB test,

respectively.

3.2.9 Biomechanical analysis

The biomechanical properties of the fibrochondrocyte-encapsulated hydrogels
were assessed to illustrate cell-matrix interactions. After 4 weeks of culture, the
samples were harvested and the top view and side view images were recorded using
a digital camera. The sample diameter and height were measured by a caliper. Then
the compressive stresses and strains of the samples were measured using an MTS
Insight machine (MTS, Eden Prairie, MN) with a 10 N load cell under a crosshead
speed of 1 mm/min until failure (n=3). Hydrogels without cells were formed and cultured

up to 4 weeks and tested as controls.

3.2.10 Statistical analysis
Results were expressed as means * standard deviations. Significant differences
were assessed by one-way ANOVA followed by a Tukey post hoc test. P-value less

than 0.05 was considered as significantly different.
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3.3 Results

3.3.1 Decellularization of the meniscus

The residual DNA is the major evidence to evaluate cellular removal of
decellularized ECMs. H&E histology demonstrated that decellularized meniscus ECMs
absent of nuclei and showed disruptive structures (Figure 3.2 A, B, and C). The PAA-
ECM (Figure 3.2 A) exhibited relatively denser fibrous structure over the SDS-ECM
(Figure 3.2 B) and TX-ECM (Figure 3.2 C). Elimination of cellular DNA was also
illustrated by the DAPI staining, as no positive nuclear staining was found (Figure. 3.2

D, E, and F).
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Figure 3.2 H&E (A, B, and C) and DAPI (D, E, and F) staining of the SDS-ECM (A

and D), TX-ECM (B and E), and PAA-ECM (C and F).
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The DNA residual was quantitatively determined using the PicoGreen assay to
verify the efficiency of the decellularization processes. All the DM-ECMs had a striking
decrease in DNA content compared with the native meniscal tissue (Figure 3.3).
Especially, the PAA treatment exhibited an extremely depletive effect on DNA, as more

than 99.9% DNA was eliminated.

o 140 - "
<
Rz
%’ 120 -
-
T 400 -
g 3
ES)) %
c
T 2-
O
P
c
o
o 1
<
P
Q 0 ¥ B
SDS X PAA  Native tissue

Figure 3.3 The contents of residual DNA in the SDS, TX and PAA-treated meniscus

ECMs, which are significantly lower than that of the native meniscus tissue.

3.3.2 Structures and compositions of the DM-ECMs
The SDS-ECM (Figure 3.4 A and B) lost structural integrity and exhibited a
disorganized structure as disruptions among the ECM pieces were observed. The

structure of the TX-ECM (Figure 3.4 C and D) was destroyed partially during the
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decellularization process. The SDS-ECM and TX-ECM partially broke down to fibrils.
Compared to the SDS-ECM and TX-ECM, the PAA-ECM (Figure 3.4 E and F)
remained a relatively well-preserved architecture without fibrils that similar to the native

meniscal ECM (Figure 3.4 G and H).

Native tissue

Figure 3. 4 SEM images revealed the SDS (A and B), TX (C and D) and PAA-treated
(E and F) meniscus ECMs and the native meniscus tissue (G and H).
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The collagen contents (Figure 3.5A) of the SDS-ECM, TX-ECM, and PAA-ECM
were 78 = 22%, 77 £ 10% and 76 + 9%, respectively, which were higher than that of
the native meniscal tissue (65 = 12%). The SDS-ECM and TX-ECM had GAG contents
of 0.6 £ 0.1 pg/mg and 0.8 + 0.4 ug/mg (Figure 3.5B), respectively. The PAA-ECM had
a significantly higher GAG content of 6.2 = 0.5 pg/mg compared to the SD-ECM and
TX-ECM. The GAG contents of all the DM-ECMs were significantly lower than the

native meniscal tissue (15.0 + 5.6 pg/mg).
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Figure 3.5 Collagen (A) and GAG (B) contents of the SDS, TX and PAA-treated
meniscus ECM.

Gel electrophoresis analysis was used to demonstrated the DM-ECM
compositions. Figure 3. 6 showed that the solubilized DM-ECMs had the identical
protein band pattern, and contained the corresponding bands to collagen and lower
molecular weight bands, indicating that the DM-ECMs retained compositional

complexity.
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Figure 3. 6 Gel electrophoresis analysis of the DM-ECMs.

3.3.3 Hydrogel properties

The hydrogels of had a porous structure composed of nanofibers and sheets
(Figure 3.7A, B, and C). A higher content of sheets and a lower content of nanofibers
were observed in the PAA-ECM hydrogel (Figure 3.7C) compared to the SDS-ECM
(Figure 3.7A) and TX-ECM (Figure 3.7B) hydrogels. The average fiber diameters of the

three hydrogels had no significant difference (around 400 nm) (Figure 3.7D).
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Figure 3. 7 SEM images of the SDS (A), TX (B) and PAA-treated (C) meniscus ECM
hydrogels and their average fiber diameters (D).

The DM-ECMs were readily solubilized by pepsin and were capable of forming
solid hydrogels within 30 min at physiological temperature. No significant difference
was found in the gelation behaviors and fiber diameters of the hydrogels prepared from
different DM-ECMs (Figure 3.8), indicating that the collagen was majorly contributed to

the hydrogel formation.
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Figure 3. 8 Turbidimetric gelation curves of the SDS (A), TX (B) and PAA-treated (C)
meniscus ECM hydrogels at varying concentrations.

All the hydrogels exhibited tunable peak compressive strengths and initial moduli
by varying the ECM concentrations. The PAA-ECM hydrogels had peak compressive
strengths ranged from 927 + 123 to 2149 + 182 Pa with the ECM concentrations
increased from 6 to 12 mg/mL, which was significantly higher than that of the SDS-
ECM and TX-ECM hydrogels (Figure 3.9A). The initial moduli of the PAA-ECM
hydrogel with ECM concentrations from 6 to 12 mg/mL increased from 715 = 307 to
2216 + 786 Pa, which were significantly higher than that of the hydrogels prepared from
TX-treated DM-ECM at high ECM concentrations (10 and 12 mg/mL) while there was
no significant difference between the PAA-ECM hydrogel and SDS-ECM hydrogel in

initial moduli (Figure 3.8B).
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PAA-treated meniscus ECM hydrogels.
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3.3.4 Cell growth and GAG accumulation

Live/dead staining images demonstrated that all the hydrogels supported high cell
viability, as predominate cells were found to be living (green) with a small portion of
dead cells (red dots) during a 28 day in vitro culture period (Figure 3.10).
Fibrochondrocytes had a uniform distribution within the hydrogels. Most of the cells
exhibited a round shape with a few cells showing a spindle shape, similar to the
fibroblast-like cell, at day 14 (Figure 3.10A, B, and C). At day 28, all the
fibrochondrocytes showed a round shape in the hydrogels and no spindle-shaped cells

were observed (Figure 3.10A, B, and C).
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Figure 3. 10 Live/dead staining of fiborochondrocyte-seeded hydrogels at day 1 (A-C),

14 (D-F), and 28 (G-I).
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The non-encapsulated DM-ECM hydrogels had negligible DNA and GAG
contents (data not shown) compared to that of the cell-encapsulated hydrogels.
Therefore, all the following reported DNA content was considered as cellular DNA and
present GAG contents were attributed to the fibrochondrocyte-generated GAG during
the culture. The total DNA and accumulated GAG were reported based on the per cell-
seeded hydrogel level to determine their variations over time, which was previously
reported in [92]. The cell-seeded hydrogels had slightly higher total DNA contents over
the culture, but there was no significant difference, indicating that the fibrochondrocytes
maintained a high level of viability throughout the entire culture period (Figure 3.11A).
The fibrochondrocytes were found to produce GAG in the hydrogels from the early
stage of the culture though the amount of the accumulated GAG was low at day 1
(Figure 3.11B). Interestingly, the accumulated GAG was observed to increase to ~ 4
folds and ~ 9 folds (compare to day 1) at day 14 and 28, respectively. In addition, the
fibrochondrocytes in the PAA-ECM hydrogels secreted significantly higher GAG than
that of the SDS-ECM and TX-ECM hydrogels at day 28. The fibrochondrocytes
produced significantly higher GAG/DNA in the PAA-treated DM-ECM hydrogel

compared to the SDS-treated DM-ECM hydrogel at day 28 (Figure 3.11C).
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Figure 3. 11 Total DNA (A), accumulated GAG (B) and GAG/DNA ratio (C) of the

fibrochondrocyte-seed hydrogels up to 28 days.

3.3.5 Histological analysis

H&E staining was performed at 28 days to visualize the cell morphology inside
the ECM hydrogels (Figure 3.12). Our results showed that the fiborochondrocytes were
oval to round in shape and evenly distributed in the hydrogel, which confirmed that

observation of the live/dead staining (Figure 3.10).

75



' 4 ¢ |
' X ! ¥ : ‘
’ ? o v
i 4 _ ; 3
) ' ’ ' ' ' ' \
. ‘ 4 B ¥ bty p
G st 1
v | '
s ]
‘ 4 ‘ ' ’ #
e’ - g " ¢ " b4 QO
g ] & ) P . } 50 pm | ] . 50 pm
& .
¥ G A
‘ » ) ;
-~ N :
\ * o - & -
&
4 s ¢
» § rF "
A o . %
{ %

50 pm
v —

Figure 3. 12 H&E staining of the fibrochondrocyte-seed SDS-ECM (A), TX-ECM (B),

and PAA-ECM (C) hydrogels up to 28 days.

3.3.6 Biomechanical properties
After 4 weeks of culture, all the fibrochondrocyte-seeded hydrogels maintained
their cylinder shape (Figure 3.13). The SDS-ECM (Figure 3.13A and D) and TX-ECM

(Figure 3.13B and E) hydrogels appeared to be weaker and softer compared with the

PAA-ECM hydrogel (Figure 3.13C and F).
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Figure 3. 13 Macroscopic images of the fibrochondrocyte-seeded hydrogels after 28-
day culture. SDS (A and D), TX (B and E) and PAA (C and F)-treated meniscus ECM
hydrogels.

As shown in Figure 3.14A, the typical compressive curves revealed that the PAA-
ECM hydrogel was much stronger than the SDS-ECM and TX-ECM hydrogels.
Quantitatively, the PAA-ECM hydrogel had the greatest peak compressive strengths of
14.6 £ 1.8 kPa, which is significantly higher than that of the TX-ECM (9.6 £ 1.8 kPa)
and SDS-ECM (4.0 £ 0.6 kPa) hydrogels (Figure 3.14A). More importantly, all the
fibrochondrocyte-encapsulated hydrogels had significantly greater compressive
strengths compared to their respective hydrogels (Figure 3.9A and Figure 3.14B)
(SDS-ECM: 4.0 £ 0.6 kPa vs 0.7 + 0.2 kPa; TX-ECM: 9.6 £ 1.8 kPa vs 0.8 + 0.3 kPa;

PAA-ECM: 14.6 £ 1.8 kPa vs 2 £ 0.2 kPa). Control groups of hydrogels without cells
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were found to retain their original shape, however, they were too weak to be handled
for the test (data not shown). No significant difference in the initial modulus was found

among the fibrochondrocyte-encapsulated hydrogels (Figure 3.14C).
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Figure 3. 14 (A) Typical curves of fibrochondrocyte-seeded hydrogel compressive
stresses with the peak compressive strengths (B) and initial moduli (C) at 28 days.
Dash lines indicate the peak compressive strengths (B) and initial moduli (C) of the

non-seeded hydrogels at day O.
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3.4 Discussion

Previously, we have developed an injectable hydrogel derived from DM-ECM
which represented an advantageous means that could be delivered through a
minimally invasive surgery [218]. However, we were found a huge loss in GAG content
during the decellularization process. The objective of this study was to determine the
procedure which is the most effective on antigen removal and least detrimental in
bioactive components for meniscus decellularization among three chemical-based
protocols and assess the biological performance of the DM-ECM hydrogels. Three
detergents with appropriate concentrations (1% SDS, 1% TX, and 0.1% PAA)
commonly used for tissue decellularization were selected according to previous studies
[129, 222] to decellularize porcine menisci. The comparison was based on the
completion of cellular removal, preservation of the structure and bioactive compositions
of the DM-ECMs, as well as the mechanical properties and biological effects on the
fibrochondrocyte of the DM-ECM hydrogels.

A more recent study utilized a serial of acids for meniscal decellularization and
found that formic acid is the most effective for cellular removal but substantially cause
the loss of collagen [87]. They also indicated that a low concentration (0.15%) of PAA
was more compatible with collagen and a prolonged 0.15% PAA treatment from 2 h to
12 h could significantly improve the cell removal from ~10% to ~70%. In our study, 0.1%
PAA was used to decellularize the meniscal particulates, and this treatment resulted in
a negligible DNA residual and was more efficient than SDS and TX. The PAA-based
process was reported to be highly efficient for cellular nucleic acid removal at low

concentration of 0.1%~0.15% [87]. It might attribute to the grinding process and the
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prolonged treatment time that softened the menisci and allowed substantial PAA
permeability into the dense ECM, finally expelled the meniscal cells.

Besides a thorough removal of cellular components, an optimal protocol for tissue
decellularization should have minimal adverse effect on ECM architecture preservation
and bioactive component retention [155]. The native meniscus comprises sparsely
distributed cells embedded in the densely compacted and well-organized ECM (Figure
3.4G and H). The SDS-based decellularization process severely disrupted and
damaged the ECM (Figure 3.4A and B) and caused a depletive effect on GAG content
(Figure 3.5B). This is because the negatively charged hydrophilic head group of SDS
can lysis cells, denature proteins and disrupt the ECM structure and cause the loss of
ECM compositions [223]. The DM-ECM treated by TX showed a less disrupted and
slightly damaged ECM structure (Figure 3.4C and D) compared with the SDS group.
As a non-ionic detergent, TX was considered as a less strong chemical for tissue
decellularization which was non-denaturant to proteins [223], while resulted in a
considerable loss in GAG in consistent with previous studies [212]. The PAA-treated
DM-ECM exhibited a better acid tolerance by showing a well-preserved architecture of
ECM with the highest GAG retention. PAA was superior to the SDS and TX in
maintaining ECM structure and retaining GAG. As an acidic solutions, PAA was less
disruptive to the interactions between the matrix proteins, therefore, it had minimal
effect on ECM compositions [87]. In addition to the collagen and GAG retention, several
lower molecular bands were observed by gel electrophoresis. These findings

demonstrate that the DM-ECMs retained their biochemical components, including
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meniscus tissue-specific cues that could be essential for cell-matrix interaction and
tissue remolding.

The predominant component of the decellularized ECM that determinates
gelation behaviors and hydrogel formation is collagen [163]. Therefore, the hydrogels
of DM-ECMs treated by different chemicals had similar gelation kinetics as there was
no significant difference in collagen content among the DM-ECMs. The gelation
behaviors indicated that the DM-ECM materials could be delivered to the targets by
injecting, which substantially benefited a minimally-invasive surgery for meniscus
repair. The excellent injectability of ECM hydrogels was proved using various types of
ECMs in vitro and in vivo [158, 163, 218, 224], which enables the ECM hydrogel as an
advantageous means to deliver cells and growth factors.

Biological hydrogels with tunable mechanical properties were capable of
modulating cell-matrix interactions which are highly expected for tissue repair and
functional tissue regeneration [225]. The mechanical properties of the DM-ECM
hydrogels could be readily tuned by alternating the ECM concentration, as they showed
increased peak compressive strengths and initial moduli with the increase of ECM
concentration. It should be noted that the PAA-ECM hydrogel had significantly higher
peak compressive strengths at the same ECM concentration compared with the SDS-
ECM and TX-ECM hydrogels. This could be attributed to the higher content of GAG,
as GAG was able to modulate collagen self-assembly and fiber crosslinking which
results in improved mechanical properties [163].

The cellular nature of meniscus was sophisticated and largely unknown to date.

It was generally believed that the outer zone majorly contained fibroblast-like meniscal
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cells and was vascularized with blood supply from the synovial fluid [226]. Increasing
evidence showed that the injured outer zone of the meniscus was capable of self-
healing with simple surgery [4]. The meniscal inner zone predominantly composed of
fibrochondrocytes with limited capability for spontaneous healing due to the avascular
nature of the inner zone, and most injuries occur in the avascular part [227]. Therefore,
the fibrochondrocyte was considered as the ideal cell source and the most frequently
utilized to regenerate and repair meniscal tissue [228, 229]. Fibrochondrocytes
experience rapid growth rates and higher metabolic activities on the surface of
eletrospun nanofibrous mats or within 3D porous scaffolds [106, 117, 230], while they
proliferate slowly when cultured within hydrogels [92, 231]. In this study, the bovine
fibrochondrocytes had uniform distribution inside the hydrogels and maintained
unchanged total numbers of cells at day 28 by quantifying the cellular DNA content,
which is line with a previous report that fibrochondrocytes maintained stable levels of
total DNA cultured collagen type | hydrogels at 28 days [92]. Fibrochondrocyte-
encapsulated hydrogel constructs maximally resemble the cell-embedded matrix of the
native meniscus, which allows minimal nutrient exchange and metabolic waste
diffusion and supports limited cell proliferation [92, 93]. While the DM-ECM hydrogels
maintain good cell viability, future study should focus on the determination of
phenotype of the encapsulated cells via PCR and immunohistochemical analysis.
Three-dimensional culture of fiborochondrocytes in hydrogels is favorable for the
accumulation of the cell-secreted GAG [92, 93, 95]. The fibrochondrocyte-
encapsulated PAA-ECM hydrogel construct held a relatively higher GAG accumulation

than the SD-ECM and TX-ECM hydrogel constructs at the end of culture. The higher
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GAG content of the PAA-ECM hydrogel was attributed to the greater GAG
accumulation within the cell-seeded hydrogel construct. The PAA-ECM hydrogel has
an 8 to 10-fold higher GAG content than the SDS-ECM and TX-ECM hydrogels, which
might substantially modulate cellular growth and GAG accumulation. This is because
GAG dynamically reacts with meniscus cells to help the cells maintaining a high level
of chondrogenesis and producing more proteoglycans including GAG [232]. Calamia
et al demonstrated that GAG could affect chondrocyte growth and modify cartilage
ECM metabolism by promoting chondrocyte-secreted protein products of aggrecan,
biglycan, and cartilage oligomeric matrix protein [233]. Another important finding is the
increasing accumulation of GAG produced by the fibrochondrocytes in the three DM-
ECM hydrogels, which almost attained 30% of the GAG content of the native meniscus.
It indicated that the bovine fibrochondrocytes maintained the chondrogenic
characteristics and could generate extracellular matrix components in the 3D culture.
A similar work conducted by Puetzer et al showed that a high-density type | collagen
hydrogel was suitable for fiborochondrocyte proliferation and GAG accumulation [92].
As a water-soluble compound, GAG is easily lost during monolayer cell culture. The
DM-ECM hydrogels provided a 3D microenvironment resembling the native meniscal
ECM for fibrochondrocytes, which contributed to the GAG producing. Furthermore, the
DM-ECM hydrogels were desirable for GAG retention as collagen fibrous network
could prevent the GAG from washing out during the refreshing of cell culture medium.

A significantly higher GAG/DNA ratio was found in the PAA-ECM hydrogels
compared to the SDS-ECM and TX-ECM hydrogels. One possible reason is that the

PAA treatment resulted in a higher GAG retention that could modulate the collagen to
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form a denser fibrous network. Another plausible explanation is related to some other
bioactive ECM molecules such as elastin and growth factors within the hydrogels. PAA
was relatively milder for meniscus decellularization, it probably allowed higher
retentions of elastin and growth factors, which stimulated fibrochondrocytes to produce
GAG. Future work is needed to address the quantification of other important ECM
components in the DM-ECM.

One important finding is the strikingly improved compressive strength of the
fibrochondrocyte-encapsulated hydrogels. It was found that all the fibrochondrocyte-
encapsulated hydrogels maintained their original shape and showed much higher
compressive strength after 4 weeks of culture. However, the hydrogels without cells
could keep their cylinder shape, but they were not capable of being mechanically tested.
The loss of structural integrity might be resulted from the progressive hydrolysis during
the in vitro culture. All results evidenced the critical roles of cell-matrix interactions in
improving the structural stability and enhancing the mechanical properties of the
fiborochondrocyte-encapsulated  hydrogels. When cultured with  scaffolds,
fibrochondrocytes produced ECM including collagen and GAGs that contribute to the
increased mechanical strength [124, 232]. The fibrochondrocyte-encapsulated PAA-
ECM hydrogel had the greatest compressive strength since the mechanical strength is

highly relevant to the highest amount of accumulated GAG within the hydrogel.

3.5 Summary
By comparing the different chemicals that applied to meniscus decellularization,

we found PAA is more efficient for meniscus decellularization than SDS and TX. The
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PAA-ECM had the greatest DNA removal and GAG retention, with comparable
collagen content to the SDS-ECM and TX-ECM. The PAA-ECM hydrogels had the
highest compressive strength due to its greater content of GAG that is capable of
modulating collagen self-assembly. We found the bovine fibrochondrocyte-
encapsulated PAA-ECM hydrogel exhibited strongest mechanical strength, which
might attribute to the greatest amount of accumulated GAG. Although the underlying
mechanism of the significantly elevated GAG accumulation within the PAA-ECM
hydrogel is largely unknown, PAA-based treatment is believed to the optimal for

meniscus decellularization and ECM hydrogel preparation.
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CHAPTER 4
PREPARATION AND CHARACTERIZATIONS OF REGIONALLY

DECELLULARIZED MENISCAL ECM HYDROGELS

4.1 Introduction

The menisci are semilunar fibro-cartilaginous tissues located in the lateral and
medial sides of tibial plateau of the knee joints. With a concave superior surface and a
flat inferior surface, a single piece of meniscus is well-fitted the femoral condyle and
the tibial plateau, making it an ideal cushion in the knee joint [3]. The main function of
menisci is to provide shock absorption, lubrication, and stability to ensure the knee joint
function properly by dispersing and partly absorbing the compressive pressure
between the femur and tibia. However, the menisci are vulnerable due to sports activity-
caused traumas and degenerative diseases, especially among aged people [4].
Meniscal tears are the most frequent causes of orthopedic surgical procedures and
present a significant risk of the initiation of osteoarthritis [234].

A comprehensive understanding of the biochemical and biomechanical properties
of menisci could substantially benefit the meniscal repair and regeneration in the clinic
[121, 174]. Macroscopically, the meniscus has a complicated shape with decreasing
thickness from the out portion to the inner portion to increase the congruence with the
tibia and femur. The ECM compositions and cell types define the function: the collagen
and proteoglycans secreted by the local cells closely correspond to the tensile and
compressive properties. Specifically, the outer meniscal cells have a fibroblast-like

phenotype and mainly produce type | collagen associated with fibrous tissue [19]. In
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contrast, the inner meniscal cells have a phenotype and a gene expression profile more
similar to chondrocytes which generate more type Il collagen and GAGs [235]. The
meniscal outer zone is generally vascular and mainly composes type | collagen with a
lower GAG content and exhibits a stronger tensile stress in the circumferential direction,
whereas, the meniscal inner zone is avascular with higher contents of type Il collagen
and GAG, but a decreased content of type | collagen and shows a greater compressive
stiffness [17]. To this end, regional variations of the meniscal ECM compositions should
be highlighted in meniscal repair and regeneration.

Recent advances in tissue engineering present great potential to repair the injured
menisci and regenerate the whole menisci to attain the ultimate goal of allowing
functional tissue restoration and reducing the risk of osteoarthritis (OA) [236]. Current
approaches of meniscus tissue engineering have focused on the development of
scaffolds using either synthetic materials or natural materials, and incorporating of the
scaffolds with appropriate cell sources to reconstruct engineered meniscal tissues
[187]. These meniscal scaffolds replicated the complex geometry of the native menisci
and maintained cell viability in vitro and in vivo [48, 92, 94]. And the efforts showed
some encouraging signs that macroscopically repaired the injured menisci in preclinical
studies. However, the implants were found to be inferior to the native meniscal tissue
as they had abnormal matrix depositions and decreased mechanical properties [237].
Therefore, creating a regenerated meniscus that biochemically and biomechanically
resembles the native meniscal tissue is still a huge challenge [231].

Biological scaffolds prepared from native tissues/organs through decellularization

process have gained increasing attentions and are widely utilized for tissue-specific
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regenerative and therapeutic applications [68, 238]. Decellularized meniscal ECM (DM-
ECM) was demonstrated to be biochemically similar to the native meniscus because
considerable bioactive components such as collagens and proteoglycans could be
identified in the DM-ECM. Previously, we reported an injectable DM-ECM hydrogel that
could induce bovine fibrochondrocytes producing meniscal specific matrix. Given that
the meniscus is various in cell populations and biochemical compositions in its three
distinct zones, the regionally specific meniscal ECMs could affect the cell-matrix
interactions of fibrochondrocytes. Furthermore, it is unknown which regional DM-ECM
is the best for inner meniscus regeneration. In the current study, we aim to investigate
and compare the effects of regionally specific DM-ECM on the growth and ECM product
accumulation of fibrochondrocytes for inner meniscus repair and regeneration.
Specifically, porcine menisci were regionally divided into three zones (outer, middle,
and inner zones), separately decellularized and processed into regionally specific DM-
ECM hydrogels. Bovine fibrochondrocytes were encapsulated with the DM-ECM
hydrogels to compare the regional-specific effects on the three-dimensional constructs
and the cell-matrix interactions. The cell morphology, proliferation, cell-secreted matrix,
and biomechanical properties of the cell-seeded hydrogels were determined to verify

the regionally specific effects.
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4.2 Experimental section
4.2.1 Materials
PAA, EDTA, pepsin, HCI, NaOH, 1,9-dimethyl methylene blue (DMMB), propan-
1-ol, sodium acetate, GuHCI, FBS, and high glucose DMEM were supplied by Sigma.

PSF and DAPI were obtained from Life Technologies, Inc.

4.2.2 Regional meniscal tissue decellularization

Porcine menisci were dissected from the knee joints of adult pigs (weighing 80-
100 kg) that were freshly harvested from a slaughterhouse. The fats and connective
tissue were carefully removed with a scalpel to obtain menisci with only
fibrocartilaginous tissue. The menisci were radially separated into outer, middle and
inner regions (Figure 4.1), separately sliced to thin pieces and then frozen at -80 °C.
The regional menisci were separately decellularized using PAA. Briefly, the frozen
samples were pulverized into coarse powders and treated with 0.1% peracetic acid
(PAA)/4% ethanol solution for 3 days. The PAA solution was refreshed every 24 h.
Then the samples were stirred in 0.1% EDTA overnight followed by thorough washing
with deionized water to remove the residual chemicals. Finally, the decellularized
samples were lyophilized and stored at -20 °C for further use. The decellularized outer,
middle, and inner meniscal ECMs were designated as OM-ECM, MM-ECM, and IM-

ECM, respectively.

89


http://www.bio-protocol.org/e1236

Slicing > Regionally-specific

Outer Grinding meniscal powders

DNA
Regionally decellularized /

meniscal ECMs ? Collagen
Pepsin digestion l Neutralization

GAG

Regional meniscal ECM < 37°c
hydrogels
/ \ Proliferation
Characterizations In vitro studies Sel Vs
GAG

accumulation

Figure 4.1 Schematic of the preparation and characterization of regionally specific

meniscus ECM hydrogels.

4.2.3 Characterizations of the regionally decellularized menisci

To evaluate the efficiency of decellularization on cellular removal and determine
the retentions of the biochemical components, we utilized SEM, histological staining
and quantitative analysis of DNA, collagen and GAG contents to characterize the
regionally decellularized ECMs. Native meniscal samples of the outer, middle, and
inner regions were used as controls for all the tests.

The samples were fixed with 4% paraformaldehyde (Sigma) and lyophilized for
morphological study. After sputter coating with silver, the morphologies of samples

were visualized using a SEM (S-3000N, Hitachi).
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The DNA and GAG contents of the DM-ECMs were determined using
enzymatically digested samples as Ref [218]. Briefly, the samples were solubilized with
1 mg/mL pepsin/0.01 M HCl at an ECM concentration of 15 mg/mL at room temperature
until no visible particle remained. The DNA and GAG were then quantitatively analyzed
using the PicoGreen DNA assay (Life Technologies, Inc.) and DMMB method (n = 3),
respectively. Collagen content was determined by quantifying the hydroxyproline with
a hydroxyproline assay kit (Sigma) according to the manufacturer’s instruction and

calculating the collagen with a converting factor of 14.3%.

4.2.4 Preparation and characterizations of the regional DM-ECM hydrogels

The DM-ECMs were enzymatically digested at the ECM concentration of 15
mg/mL using 1 mg/mL pepsin in 0.01 M HCI at room temperature for 48 h. The DM-
ECM digests were neutralized with 0.1 M NaOH and 10X PBS and then diluted to pre-
determined ECM concentrations to form pre-gels in an ice bath. To induce gelation and
form solidified hydrogels, the pre-gels were loaded in a syringe, injected into cylinder
molds and warmed in a 37 °C incubator for 30 min.

Composition analysis of the solubilized DM-ECMs was carried out SDS-PAGE,
with collagen type | as a control. Briefly, digested DM-ECM solutions were run on a
Mini-PROTEAN TGX, 4-20% polyacrylamide gel in Tris/glycine/SDS buffer (Bio-Rad).
A voltage of 200 V was applied for the gel electrophoresis that was performed in a Mini-
PROTEAN Tetra Cell (Bio-Rad). The gel was then stained with Coomassie Brilliant

Blue R-250 (Bio-Rad).
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The gelation behaviors of the hydrogels were turbidimetrically determined as
previous protocol [165]. The pre-gels with ECM concentrations of 10 mg/mL were
prepared and transferred to a 96-well plate (100 pyL per well, n = 4), and then the
absorbance was read spectrophotometrically at 490 nm at 37 °C on a pre-warmed
Infinite M200 plate reader every 2 min for 1 h. The results were normalized from the
initial absorbance (Ao) to the maximal absorbance (Am) at each time point (A) and
determined by the following equation: normalized absorbance = (A-Ao)/(Am-Ao). The
time of half gelation (t12) was defined as the time reaches 50% absorbance; the lag
time (tiag) was determined by extrapolating the linear portion of the gelation curve to 0%
absorbance; and the gelation rate (S) was defined as the slope of the linear portion of
the curve [160, 218].

The morphologies of the hydrogels were examined using SEM. The DM-ECM
hydrogels with ECM concentration of 10 mg/mL frozen in liquid nitrogen, lyophilized
and mounted for sputter coating of silver. The samples were then imaged with a SEM
(S-3000N, Hitachi).

The compressive properties of the hydrogels were examined as our previous
report [218]. Briefly, pre-gels with ECM concentrations of 6, 8 10, and 12 mg/mL were
transferred to plastic cylinder molds (10 mm in inner diameter) and warmed at 37 °C
for 30 min to form solidified hydrogels. The samples were then tested using an MTS
Insight machine (MTS, Eden Prairie, MN) with a 10 N load cell at a crosshead speed

of 1 mm/min until failure (n = 4).
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4.2.5 Cell isolation and maintenance

The knee joints of calves were obtained from a local abattoir within 36 hours of
slaughter. The cells were isolated according to the previous protocols [16, 115]. Briefly,
the knee joints dissected to allow the access of menisci under aseptic condition. The
horns and connective tissues were resected and the remaining menisci were divided
into outer two-third and inner one-third parts. The inner portion was minced into 1-2
mm? cubes and incubated with 0.2% type Il collagenase in Dulbecco’s modified Eagle
medium (DMEM) with 1% penicillin—streptomycin—fungizone (PSF, Life Technologies,
Inc.) at 37 °C overnight. The obtained suspensions were filtered with 70-um cell
strainers, centrifuged at 1,500 rpm for 10 min to form pellets. The cells were seeded at
a density of 1x10* cells/cm? in DMEM supplemented with 10% fetal bovine serum (FBS,
Sigma) and 1% PSF in a 37 °C incubator with 5% CO2 and 95% humidity. The medium
was changed every 2 days. The cells were subcultured upon 80% confluence to the

second passage (P2) for future use.

4.2.6 Cell encapsulated with the regional DM-ECM hydrogels

The pre-gels were prepared under the sterile condition and stored in an ice bath
for cell encapsulation. Fibrochondrocyte suspension was mixed with pre-gels to yield
a mixture with the ECM concentration of 10 mg/mL and the cell density of 1.0 x 10’
cells/mL. The mixtures were injected into plastic rings (10 mm in diameter) in 24-well
plates and incubated at 37 °C for 30 min to form cell-encapsulated hydrogels.
Subsequently, the rings were removed and 2 mL medium was added to each well. The

cell-encapsulated hydrogels were maintained in DMEM with 10% FBS and 1% PSF in
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a 37 °C incubator with 5% CO2 and 95% humidity for 4 weeks. The medium was
refreshed every 2 days. Unless otherwise stated, 100 pL mixture was injected into each
ring for the culture. Cell viability was evaluated after 1, 14, and 28 days of culture using
the live/dead staining assay (Invitrogen). The stained cells were visualized with a
microscope (Eclipse Ti, Nikon). Cell proliferation was assessed by quantifying total
cellular DNA using PicoGreen DNA assay and GAG accumulation was determined by
DMMB test as described in 3.2.8. The DNA and accumulated GAG were calculated at

the per scaffold level to monitor their total amounts during the culture [92].

4.2.7 Histological analysis

The cell morphology within the hydrogels was determined by histological analysis.
Samples of the cell-encapsulated hydrogels were harvested, fixed with 4%
paraformaldehyde, O.C.T embedded and then cryosectioned to 7 pm slices for H&E

staining.

4.2.8 Contraction and Biomechanical Analysis

To determine the cell-seeded hydrogel contraction and biomechanical properties,
300 pL cell-pregel mixture was injected into each ring and then cultivated for 28 days.
Hydrogel contraction was quantified by macroscopic images analysis as reported
elsewhere [22]. Briefly, the samples were harvested and their gross appearance was
imaged. The surface area of hydrogels was determined by tracing the round border of
the sample using Image J (NIH, Bethesda, MD). The contraction was expressed as the

percent of the surface areas of the cell seeded ECM hydrogels to the unseeded ECM
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hydrogel surface areas (n=3). For the biomechanical analysis, the height of each
sample measured by a caliper. Then the compressive stresses and strains of the

samples were tested as previously described (n=3).

4.2.9 Statistical analysis
All the data were expressed as mean * standard deviation and analyzed by one-
way analysis of variance (ANOVA) with a Tukey’s post hoc test using Statview software.

Significant difference was considered at p < 0.05.

4.3 Results

4.3.1 Decellularization

Porcine menisci were regionally cut into three zones (Figure 4.1) for
decellularization using the PAA-based method as Chapter 3. Apparently, the different
zones of the native meniscus exhibited distinct tissue density (Figure 4.2). Overall, all
the three tissues of the three zones were very dense with parallel hollows. The cross-
section images showed that the inner zones had relatively smaller hollows compared
to the middle zones. After decellularization, all the decellularized meniscus ECMs
showed a porous structure with little collagen fibers (Figure 4.2). This is consistent with
our previous study that showed PAA is relatively gentler for meniscus decellularization

compared with SDS and TX.
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Figure 4. 2 SEM images of the native meniscus tissue the decellularized meniscus
ECMs. (A) and (D), outer zone; (B) and (E), middle zone (C), and (F), inner zone.

The residual DNA in the decellularized ECMs was assessed by PicoGreen DNA
assay. Figure 4.3 illustrated that all the decellularized ECMs contained negligible DNA

residual (~ 0.1 ng/mg). No significant difference in the residual DNA content was

observed among the different ECMs.
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Figure 4. 3 Residual DNA contents of the regionally decellularized ECMs.

Collagen contents of the decellularized ECMs were determined by quantifying the
hydroxyproline that makes up 14.3% of collagen. The IM-ECM had a collagen content
of 59 = 7%, which was significantly lower than that of the OM-ECM (86 £ 7%) and MM-
ECM (79 £ 6%) (Figure 4.4A). All the decellularized ECMs had higher collagen contents
compared to the corresponding native tissues. Notably, the IM-ECM had a significantly
greater collagen content than the native inner zone tissue.

Decellularization processes always cause a loss in GAG contents, due to the
water-soluble nature of GAG. The PAA-based decellularization process resulted in the
loss of GAG for the OM-ECM and MM-ECM to some extent (Figure 4.4B). There
significantly decreased GAG contents of the OM-ECM and MM-ECM compared to their
corresponding native tissues. Although the IM-ECM showed lower GAG content than

the native inner meniscus, there was no significant difference. The IM-ECM (11.1 1.1
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mg/ug) had significantly a higher content of GAG than that of the OM-ECM (5.5.1 + 0.8

mg/pg) and MM-ECM (11.1 = 1.1 mg/pg).
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Figure 4. 4 Collagen (A) and GAG (B) contents of the decellularized meniscus ECMs.
# vs. Decellularized Outer, $ vs. Decellularized Middle; Significant difference was
considered at p < 0.05.

SDS-PAGE showed that the regional DM-ECMs contained strong protein bands
that present in the collagen lane (Figure 4.5). Multiple faint bands at 100 and 37 kD
were observed for the regional DM-ECMs, but they were absent for the collagen,

indicating that the DM-ECMs have some lower molecular weight species.
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Figure 4.5 SDS-PAGE analysis of the regional DM-ECMs.

4.3.2 Hydrogel gelation behavior

The gelation behaviors of the meniscus ECM hydrogels were determined using
turbidimetric absorbance (Figure 4.6). Sigmoidal shaped curves of the hydrogel
gelation kinetic demonstrated the hydrogel formation after a lag phase. No significant

difference in gelation behavior was found among the three meniscus ECM hydrogels.

99



0.8 -
®
o
c
©
s
m 0.6 .
o
<
T
o
E 0.4 1 ——OQuter
3 —e—Middle
Z —e—Inner
0.2 -
0 L] L Ll Ll L) 1
0 10 20 30 40 50 60

Time (min)

Figure 4. 6 Turbidimetric gelation curves of the decellularized ECM hydrogels.

4.3.3 Hydrogel morphology

Decellularized ECM hydrogels were formed at the ECM concentration of 10
mg/mL and their morphology was observed via SEM. Figure 4.7 showed the
morphology of these ECM hydrogels. It was shown that the hydrogels mainly contained

fibrous structures with some sheets.
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Figure 4.7 SEM images of the OM-ECM (A), MM-ECM (B), IM-ECM (C) and

decellularized whole meniscus ECM (D) hydrogels.

4.3.3 Compressive strengths of hydrogels

Compressive strengths of the decellularized meniscus ECM hydrogels were
determined by an unconfined compressive test. The hydrogels were formed at varying
concentrations from 6 to 12 mg/mL for the test. Notably, the OM-ECM hydrogels had
significantly greater peak compressive strength (Figure 4.8) and initial moduli (Figure

4.9) than the MM-ECM and IM-ECM hydrogels.
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Figure 4.8 Peak compressive strengths of the regionally decellularized meniscal

ECM hydrogels.
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Figure 4.9 Initial moduli of regionally decellularized meniscal ECM hydrogels.
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4.3.4 3D cell growth and GAG accumulation

Cell viability and morphology of encapsulated fibrochondrocytes inside the ECM
hydrogels was evaluated by a live/dead staining. Fibrochondrocytes showed a round
morphology and homogeneously distributed within the hydrogel without cell
aggregation at day 1 (Figure 4.10 A, B, and C). With the culture, fiborochondrocytes
retained a predominately round morphology with a few spindle-shaped cells (indicated
by white arrows) at day 14 (Figure 4.10 D, E, and F) and day 28 (Figure 4.10 G, H, and
). Encapsulated fibrochondrocytes experienced a high level of viability throughout the
culture as most of the cells were live (green dots) and few dead cells (red dots) were
observed. No significant difference in cell morphology or cell viability was found among
the three cell-seeded hydrogels throughout the culture. These results were consistent
with our previous report that bovine chondrocytes had a survival rate of 90% when

cultured within meniscal ECM hydrogel [218].
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Figure 4. 10 Live/dead staining of fibrochondrocyte-encapsulated meniscal ECM
hydrogels at day 1 (A-C), 14 (D-F), and 28 (G-I). White arrows indicate spindle-shaped
cells.

The total DNA assay illustrated no significance among the three groups at each
time point, indicating all the ECM hydrogels maintained their DNA contents throughout
the entire culture period (Figure 4.11A). The largely retained total DNA contents at day
28 compared with that of day 1 indicated that fiborochondrocytes had a great viability
inside the hydrogels, which was in line with the live/dead staining. In contrast to the
stable levels of the DNA contents, all the ECM hydrogels greatly promoted GAG
accumulations over the entire culture period of 28 days (Figure 4.11B). A 5-fold

increase in GAG accumulation was found by 14 days compared with day 1, which
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continued to increase over time. At day 28, the MM-ECM and IM-ECM hydrogels
showed a 9-fold increase in GAG accumulation compared with day 1, which was
significantly higher than that of the OM-ECM hydrogel. GAG accumulations of the MM-
ECM and IM-ECM hydrogels calculated on the basis of per cell were also significantly

greater compared with that of the OM-ECM hydrogel at 28 days (Figure 4.11C).
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Figure 4. 11 Total DNA (A), accumulated GAG (B), and GAG/DNA ratio (C) of the
fibrochondrocyte-encapsulated meniscal ECM hydrogels up to 28 days. * indicate p <

0.05.
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4.3.5 Histological analysis

H&E staining provided straightforward cell morphology of the cell-seeded
hydrogels (Figure 4.12). Fibrochondrocytes presented a predominately oval to round
shape with a minor spindle shape at 28 days, which was consistent with the live/dead

staining.

Figure 4. 12 H&E staining of fibrochondrocyte-encapsulated OM-ECM (A), MM-ECM

(B), and IM-ECM (C) hydrogels at 28 days.

4.3.6 Contraction of cell-seeded hydrogels
Contraction behavior of cell-seeded collagen hydrogel in the change of surface

area is proportional to the change of volume [92]. Therefore, we assessed the
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contraction by measuring the surface areas of cell-seeded hydrogels and comparing
with unseeded controls. Gross appearance demonstrated that the cell-seeded
hydrogels maintained their overall round shapes throughout culture, while they
continually contracted over time. The unseeded hydrogels did not show changes in the
surface area throughout culture (data not shown). After 28 days, in comparison to the
unseeded hydrogels, the cell-seeded OM-ECM hydrogel maintained 60.0 £ 10.0%
surface area, while the cell-seeded MM-ECM and IM-ECM hydrogels experienced

greater contraction extents of 27.5 + 4.7% and 16.7 £ 6.7%, respectively (Figure 4.13A).
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Figure 4. 13 Contraction (A), compressive curves (B), peak compressive strengths (C),

and initial moduli (D) of the fibrochondrocyte-encapsulated meniscal ECM hydrogels at
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28 days. Dash lines indicate the peak compressive strengths (C) and initial moduli (D)

of the non-seeded hydrogels at day O.

4.3.7 Biomechanics

The biomechanical properties of the fibrochondrocyte encapsulated ECM
hydrogels were assessed to illustrate cell-matrix interactions. Although the unseeded
hydrogels maintained their original shapes without contraction, they were too weak for
compressive test after 28 days, properly due to in vitro degradation. Therefore, we
compared the compressive strengths and initial moduli (denoted by dash lines across
the histogram) of the cell-seeded hydrogels with their corresponding hydrogels at the
same ECM concentration (10 mg/mL) without cell seeding (hydrogel only) (Figure 4.13).
Biomechanical analysis illustrated that the cell-seeded hydrogels showed great
increases in peak compressive stregnths (Figure 4.13C) and initial moduli (Figure
4.13D). Specifically, the cell-seeded OM-ECM hydrogel had a 9-fold increase in peak
compressive strengths (18.3 £ 3.6 vs. 2.1 = 0.1 kPa) and a 6-fold increase in initial
modulus (9.9 + 2.6 vs. 1.7 + 0.2 kPa) compared to the OM-ECM hydrogel only. The
cell-seeded MM-ECM and IM-ECM hydrogels had greater peak compressive strengths
than the cell-seeded MM-ECM hydrogel, while the three cell-seeded hydrogels showed
comparable initial moduli at 28 days. In comparison to the MM-ECM hydrogel only, the
cell-seeded MM-ECM hydrogel experienced a 21-fold increase in peak compressive
strengths (27.1 £ 4.6 vs. 1.3 £ 0.1 kPa) and a 9-fold increase in initial modulus (6.7 *

1.6 vs. 0.8 £ 0.1 kPa). Similarly, the cell-seeded IM-ECM hydrogel achieved a 22-fold
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increase in peak compressive strengths (26.0 + 3.0 vs. 1.2 £ 0.2 kPa) and a 9-fold

increase in initial modulus (9.4 £ 1.8 vs. 0.9 = 0.2 kPa) over the IM-ECM hydrogel only.

4.4 Discussion

We have demonstrated that the major meniscal component, collagen, was
enriched but GAGs were significantly depletive in DM-ECM treated with SDS in
Chapter 2 [218]. Furthermore, we optimized the decellularization process by comparing
the SDS with PAA to yield the DM-ECM with a significantly improved GAG retention
and proved that the optimal DM-ECM hydrogel was superior for meniscal repair and
regeneration in Chapter 3. In the current study, we use the optimal decellularization
method to prepare three meniscal ECM hydrogels from different regions of the porcine
meniscus and separately encapsulate them with bovine fibrochondrocytes to
investigate the effects of regional meniscal ECMs on the cell behaviors and cell-matrix
interactions.

Safety issue should be regarded as the essential consideration for the
decellularized ECM materials in clinical applications. Of all the potential sources that
could induce immune responses, the cellular DNA was primarily implicated as the
cause of inflammatory reactions and host responses [170, 239]. Badylak et al
summarized the current preclinical studies of biological ECM devices and proposed
criteria suffice of residual DNA in ECM materials that acceptable for clinical use: less
than 50 ng DNA per mg dry ECM and absent of visible nuclear materials in DAPI or

H&E staining [68]. Based on this rule, our PAA was found to be highly effective for
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regional meniscal tissue decellularization as regional DM-ECMs retained had DNA
contents less than 0.11 ng/mg in dry weight.

In addition to the high efficiency of DNA removal, the PAA treatment was
elucidated to be mild for meniscus decellularization with minimal disruption to the ECM
structure and high retentions of the biological components. SDS-PAGE analysis
demonstrated that, besides collagen, the regional DM-ECMs contained multiple lower
weight molecules. This finding indicates the compositional complex of the DM-ECMs,
which could play critical roles in cellular behaviors and tissue regeneration. In
consistent with a previous study [87], we found the PAA treatment had no side effect
on collagen retention. In addition, the resulting OM-ECM and MM-ECM had slightly
reduced GAG contents compared to their corresponding native tissue zones, indicating
the PAA treatment did pose minor adverse effect on GAG during the decellularization
process. However, we found enriched GAG in the IM-ECM after decellularization. The
enriched GAG might be associated with the high type Il collagen content in the inner
zone, as GAG is chemically crosslinked with type Il collagen, which contributes to the
great elasticity of the native inner meniscal zone [15, 111]. The binding of GAG to type
Il collagen fibers might prevent GAG from being washed out during decellularization.
Meanwhile, some non-collagen proteins were removed in the PAA treatment. Taken
together, the PAA treatment yields an enriched GAG in the IM-ECM.

The inner meniscus has higher GAG and type Il collagen over the outer meniscus,
which emprises the inner meniscus great compressive strength that functions in
resisting the compression in the knee joint. Therefore, it is expected that the IM-ECM

hydrogel could have greater compressive strength than the OM-ECM hydrogel.
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However, the mechanical analysis illustrates that the IM-ECM hydrogel has a much
lower compressive strength than the OM-ECM hydrogel. For decellularized meniscus
ECM, the major component that self-assemblies into fibers is collagen [218]. At the
physiological condition, type | collagen is easier to form hydrogels over the type I
collagen. Moreover, type Il collagen mainly self-assembles into short fibers and forms
hydrogels with less stability compared to type | collagen hydrogel [240]. Thus, it is
reasonable that the OM-ECM hydrogel is much stronger than MM-ECM and IM-ECM
hydrogels, as OM-ECM contains the highest type | collagen contents among these
decellularized meniscal ECMs.

Various injectable hydrogels have emerged for regenerative medicine application
[241]. Common features of injectable hydrogels including the capability of filling
irregularly shaped defects, forming solid gels in situ, and homogeneously
encapsulating cells within the scaffolds. Previously, we reported a decellularized
meniscus ECM hydrogel that was capable of in situ gel formation involved no chemical
crosslinking agents, both in vitro and in vivo [218]. Cells are readily mixed with the
pregel solutions and evenly distributed inside the hydrogels without aggregation over
28 days. Together with the thermosensitive nature of decellularized ECM hydrogels, it
provides an administration of biological materials and cells in a minimally-invasive
manner.

Potential advantages of decellularized ECM hydrogels for therapeutic
applications include their great cytocompatibility and biocompatibility as they are
composed of naturally-derived molecules such as collagen, GAG, and elastin [242].

Investigations with decellularized ECM hydrogels have demonstrated that the
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decellularized ECM materials are noncytotoxic to cells, and are comparable or better
in supporting cell proliferation and maintaining cell viability in vitro and in vivo when
compared to type | collagen hydrogel [152, 160, 218, 243]. Decellularized liver ECM
hydrogel supported significantly greater viability of hepatocytes in 3D culture for 7 days
compared to the type | collagen hydrogel [74]. Human mesenchymal stem cells
encapsulated within decellularized lung ECM hydrogels remained equal or higher
survival rates than type | collagen hydrogel. We have illustrated that the decellularized
meniscal ECM hydrogel was cytocompatible to NIH 3T3 cells and bovine chondrocytes
for 7 days in vitro, and revoked a minor immune response when subcutaneously
injected in mice [218]. In this study, we showed that the regionally decellularized
meniscal ECM hydrogels maintained great cell viability of bovine fibrochondrocytes up
to 28 days. The fibrochondrocytes encapsulated inside the regional meniscal ECM
hydrogels maintained their total cellular DNA without significantly change up to 28 days,
this is in accord with a previous report that fiborochondrocytes retained total DNA when
encapsulated in type | collagen hydrogels during a 28-day culture period [92]. These
results indicate that the regional meniscal ECM hydrogels were equally cytocompatible
regardless of the compositional variations.

In addition to the great biocompatibility, decellularized ECM materials hold
complex tissue-specific bioactive molecules occurring from constitutive matrices, which
are indispensable components of functional tissues and provide a driving force to
influence cell behaviors [243]. Many studies have shown that decellularized ECM
materials, either used as the bulk scaffolds or processed into injectable hydrogels,

promote primary cell function and enhance targeted differentiation of stem cells [74,
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162, 225]. Fibrochondrocytes are a class of cells that are oval to round in shape and
mainly reside in the avascular zone of inner meniscus [244]. They function to produces
collagen and GAG to form crosslinked matrix to provide compressive strength. Our
results showed that fibrochondrocytes predominately exhibited a round morphology
inside hydrogels throughout the culture, implying that the regional meniscal ECM
hydrogels might be beneficial in maintaining the fiborochondrogenesis phenotype of the
cells.

Accumulation of GAG is critical for regenerated meniscal tissues executing their
protective effects in the knee joint. Compared to 2D culture, the 3D culture of
fibrochondrocytes within scaffolds is advantageous for GAG accumulation [244].
Scaffolding materials of hydrogels also affect GAG accumulation. For example, when
seeded with fibrochondrocytes, collagen hydrogels preserved more GAG than alginate
hydrogels [92]. Progressive increase of GAG was found within the cell-seeded
hydrogels over time, and the IM-ECM and MM-ECM hydrogels accumulated
significantly greater amounts of GAG than the OM-ECM hydrogel at 28 days. The
enhanced GAG accumulation of the IM-ECM and MM-ECM hydrogels over the OM-
ECM hydrogels were also found on a per cell basis. Probably, the varying capability of
accumulating GAG is associated with the different types of collagens in the regional
meniscal ECMSs, as outer meniscal tissue mainly makes up of type | collagen, while the
middle and inner meniscal tissues contain both type | and type Il collagens. As
discussed above, GAG is prone to react with type Il collagen to form crosslinked matrix,
which prevents GAG from diffusing and losing in the hydrogel. While in the OM-ECM

hydrogel, GAG appears to have less binding with the matrix and easily lost. Equally
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plausible, the difference of GAG accumulation might result from the cell-matrix
interactions between the fibrochondrocytes with specific ECM molecules that are
variable in amount and/or in presence of the regional meniscal ECMs.

Contraction is the nature of cell-seeded collagen hydrogels and promotes
maturation of cell-seeded constructs and enhances wound healing [245-247]. Similar
to the collagen hydrogel, regionally decellularized meniscal ECM hydrogels went
through significant contractions with decrease in size over time (Figure 4.13A).
Reduction in volume yields to the increase in the effective concentrations of GAG and
collagen and increases the matrix density, of the cell-seeded regional meniscal ECM
hydrogels. Additionally, the contraction indicates the cell-mediated traction is occurring
in the hydrogels [247]. The IM-ECM hydrogel contracted to the greatest extent as it
contained the highest content of type Il collagen that mainly assembles into short fibers.

Cell-matrix interactions and cell-secreted matrix spontaneously affect the
biomechanical properties of cell-seeded hydrogels [247]. The cell-seeded hydrogels
showed great increases in peak compressive strengths and initial moduli compared to
the corresponding hydrogel only control (Figure 4.13 B and C). It is worthy of noting
that the GAG accumulation might greatly contribute to the improved mechanical
strength. GAG covalently reacts with collagen fibers to improve the density of
crosslinking of the matrix. As a result, it substantially increases the mechanical strength
and integrity of the cell-seeded hydrogels. In comparison, without the cell-produced
GAG, the unseeded hydrogels became extremely weak at 28 days. Enhancement in
mechanical strengths could partially result from the contraction, as it gives to a great

increase in the matrix density of the cell-seeded hydrogels. Moreover, the cell-
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mediated traction may also help to increase the biomechanics of the cell-seeded
hydrogels.

While the 3D culture of fibrochondrocytes can achieve significantly greater
mechanical properties, the cell-seeded regionally decellularized meniscal ECM
hydrogels did not yet achieve that of the native meniscus. Several limitations need to
be addressed in the future study. Determination of the fibrochondrogenesis gene
expressions and meniscus specific proteins will be performed to identify the phenotype
of the encapsulated cells after the long-term culture. Although the fibrochondrocyte-
encapsulated hydrogels attained great increases in compressive strength (about 10 ~
30 kPa) and modulus (about 1 ~ 2 kPa) after 28 day culture, it is much lower than that
of the native meniscus (100 ~ 400 kPa in compressive modulus) [248, 249]. Improving
the mechanical strength of meniscus ECM hydrogels via chemical crosslinking might
be a possible solution to address this problem [225, 250]. Collagen Type | present
distinctive fiber length and mechanical properties compared with collagen type Il at the
physiological condition. Qualitative and quantitative determinations of the type and
content of collagen in regionally decellularized meniscal ECMs would be helpful to
illustrate the structure-property relationship of the ECM hydrogels. Such collagen
determinations will also be applied to the cell-seeded ECM hydrogels to demonstrate
the cell-matrix interaction and the biomechanics. Contraction could be either reduced
by increasing the ECM concentrations of the hydrogels or be prevented by
incorporating the ECM hydrogels with photo-crosslinked hydrogels such as gelatin
methacrylamide and polyethylene glycol diacrylate [92, 129, 231]. Also, the introduction

of photo-crosslinked hydrogels could greatly improve the mechanical properties of the
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ECM hydrogels. Although the regionally decellularized meniscal ECMs might retain
some endogenous growth factors, exogenous growth factors could be introduced into

the hydrogels to foster cell proliferation and matrix accumulation [251].

4.5 Summary

In this study, we regionally divided porcine meniscus into three zones and
decellularized them based on the PAA-treatment. The regionally specific meniscus
ECMs were distinct in collagen and GAG contents. These biochemical variations are
associated with the varying compressive strengths of the ECM hydrogels. In addition,
the biochemical variations have great influence on cell-matrix interactions, ultimately
affecting GAG accumulation, contraction, and the biomechanical strengths of the cell-
seeded hydrogels. Our proof-in-concept investigation shows the feasibility of utilizing
region-specific meniscus ECM hydrogels and their potential in meniscus repair and

regeneration.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusions

The meniscus plays critical roles in the maintenance and protection of knee joints.
Damage and functional loss of meniscus are intimately associated with knee joint
diseases. The current meniscus repair techniqgues merely effective in treating the
damages in the outer vascularized zone of the meniscus. To date, the most popular
surgical intervene in treating the inner meniscus lesions is partial meniscectomy, while
this technique is not perfect. Post-surgery complications such as cartilage damage and
OA frequently occur and significantly reduce the patients’ life quality.

In this thesis, we seek to develop naturally derived biomaterials, decellularized
meniscus ECMs, and process them into engineered scaffolds for meniscus tissue
engineering. Four specific aims, including 1) development of injectable meniscus ECM
hydrogel, 2) optimization of the meniscus ECM hydrogel and 3) preparation and
comparison of regionally decellularized ECM hydrogels, were performed accordingly
from Chapter 2 to 4.

In Chapter 2, a decellularized meniscus ECM was prepared through SDS-based
decellularization process and it was processed into an injectable hydrogel. Previous
studies mainly focused on the development of decellularized meniscus ECMs and used
them as solid scaffolds [79-82, 84-86, 88-91]. These studies demonstrate the
decellularized ECMs are biocompatible and bioactive and hold great potential for

meniscus replacement. A significant problem of the solid scaffolds of those
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decellularized ECMs is the poor cell infiltration that is associated with their dense
structure. In addition, a precise size match of the solid scaffold to the meniscus defect
is difficult to achieve, and the use of decellularized ECM in the solid form is not
compatible with minimally-invasive surgery. In our study, we turned to a smart use of
the decellularized meniscus ECM in an injectable form. We found SDS treatment was
effective in DNA removal and had a negligible effect on collagen, while it caused great
GAG loss. When solubilized by pepsin digestion and NaOH neutralization, the ECM
preparation was capable of being injected through a 21-gauge needle and forming
solidified hydrogels within 30 min in a 37 °C incubator or in mouse through
subcutaneous injection. The decellularized meniscus ECM hydrogel had a nanofibrous
structure with tunable mechanical properties by altering the ECM concentrations. In
vitro and in vivo results indicated the hydrogels was highly biocompatible and
supported intensive cell infiltration. In summary, the injectable ECM hydrogel is
advantageous in filling meniscus defect via minimally-invasive injection and promoting
cell infiltration compared to decellularized solid ECM scaffold.

In Chapter 3, we continued the work of developing injectable meniscus ECM
hydrogel based on the findings of Chapter 2, where we found a huge loss of GAG
content in the decellularized meniscus ECM. Methodologically, many approaches have
been developed for the optimization of tissue/organ decellularization [206-208, 211,
252-254]. We selected three commonly used chemical detergents and compared their
efficacies for meniscus decellularization. Our results showed that, despite comparable
DNA removal and a similar level of collagen after decellularization, PAA was the most

efficient in meniscus decellularization as it yielded the greatest GAG retention
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compared to the SDS and TX treatments. The greater GAG content contributed to the
significantly higher mechanical strength of the PAA-ECM hydrogel. When
encapsulated with bovine meniscus fibrochondrocytes and cultured for 28 days, the
PAA hydrogel exhibited much greater compressive strength associated with its higher
GAG accumulation. Therefore, we demonstrated an optimal protocol of decellularized
meniscus ECM hydrogel preparation.

In Chapter 4, we investigated the regional variation of the meniscus by dividing it
into distinct zones and decellularizing them separately via the PAA-based protocol. The
cellular and compositional variations of the meniscus have long been noted in the
literature [12, 15, 19, 113, 255-258]. Those cellular and compositional variations
interact with each other and result in the anisotropic characteristic of the meniscus
tissue [11, 259, 260]. We hypothesized that the compositional variations still exist after
decellularization and they would influence cell behaviors. We observed the various
GAG and collagen contents in the regionally decellularized ECMs. We found the OM-
ECM hydrogel had significantly great compressive strength compared with the MM-
ECM and IM-ECM hydrogels. We speculated the various compressive strength of
hydrogels were due to the distinct collagen types and contents. In summary, we
demonstrated the compositional variations of meniscus ECMs after regional
decellularization. However, this study is not completed. We are working on the
biological performance of those hydrogels by combining them with bovine meniscus

cells.
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5.3 Preliminary data of future direction
5.3.1 Introduction

Naturally derived ECM materials prepared by decellularization are highly
desirable and commonly used to facilitate tissue remodeling and reconstruction in
preclinical studies and clinical applications [261]. The ECM materials not only preserve
the three-dimensional architectures of native tissues but also harbor multiple bioactive
components such as proteins, proteoglycans, elastin, and growth factors [68, 201].
Therefore, these biological materials are capable of modulating a variety of cellular
activities including proliferation, migration, gene expression, and differentiation, as well
as promoting tissue-specific cell self-assembling to reconstruct tissues and organs
[262]. However, the decellularized ECM materials had inherent geometries and intrinsic
mechanical properties, which made it tough to process them into scaffolds with
appropriate flexibilities and comparable mechanical properties that ideally reassemble
the native tissues [263]. In addition to the poor processability, material properties
including size, degradation rate and physical shape defined by tissue resource and
decellularization processes, could further limit the clinical potential of ECM materials
[53, 262, 263].

In contrast to ECM materials, synthetic materials are superior in mechanical
properties and more accommodating to various processing methods to produce
scaffolds with well-defined microstructures similar to native tissues [263]. Scaffolds
prepared from synthetic materials are distinctively characterized in uniform and
reproducible mechanical properties, adjustable degradation profiles and controllable

sizes and shapes specializing for certain tissues [71]. However, synthetic materials
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intrinsically lack the bioactive components and immune modulation capability of ECM
materials and were frequently found to elicit severe immune responses and form
fibrous encapsulations post implantation [71, 264]. Therefore, to create a biomaterial
for a specific tissue, numerical efforts have been addressed in introducing biological
cues into synthetic materials to achieve improved bioactivity while maintaining
excellent control over the material properties [264-267].

Compromised meniscus function caused by injury and degenerative diseases
often results in subsequent complications such as osteoarthritis (OA), which
significantly reduce the life quality of patients. Unfortunately, due to the poorly vascular
nature, meniscus repair and regeneration still poses a huge obstacle in clinics. Tissue
engineering provides an emerging alternative to produce scaffolds conforming
biological and mechanical properties of native menisci which could be combined with
appropriate cells for meniscus regeneration [28]. A typical routine of meniscal tissue
engineering is to partially or entirely replace the injured menisci with synthetic or natural
material scaffolds, including collagen sponges, porous foams, polymeric meshes and
decellularized ECMs [62]. Although considerable achievements have gained in the
existing studies, for example, decellularized meniscal ECM (DM-ECM) scaffold
exhibited a chondroprotective effect in a rat model [80], efforts need to thrive and
progress further [4]. Electrospinning represents one of the most promising approaches
of scaffold preparations and has been elaborative utilized by Mauck colleague to
fabricate meniscal scaffolds [29]. Electrospun scaffolds are composed of nanofibers
that mimic native meniscal collagen bundles in dimension, which could be easily

manipulated to reassemble native meniscal ECM [4]. In addition, adding of biological
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cues into synthetic materials would further strengthen electrospun scaffolds with
improved performance for meniscal tissue regeneration.

In the present work, we aimed to develop a DM-ECM incorporated nanofibrous
scaffold that combines the versatility of synthetic materials and the meniscal tissue-
specific components. The DM-ECM was enzymatically digested and lyophilized to
allow a completely homogenized DM-ECM/PCL solution for electrospinning. The
morphology, wettability, chemical components and mechanical properties of the
electrospun scaffold was characterized. The biological performance was evaluated by
assessing the cell proliferation and morphology, as well as ECM accumulation of the

bovine meniscal fibrochondrocytes on the scaffolds.

5.3.2 Experimental section
5.3.2.1 Materials

PAA, EDTA, HCI, pepsin, PCL, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), high
glucose DMEM, FBS, and 1,9-dimethyl methylene blue (DMMB) were purchased from
Sigma. PSF, rhodamine-conjugated phalloidin and DAPI were supplied by Life

Technologies, Inc.

5.3.2.2 Preparation of digested DM-ECM

Porcine DM-ECM was prepared following our previous protocol as Chapter 3.
Specifically, menisci were freshly harvested from knee joints of adult pigs (weighing 80
-100 kg) from a local slaughterhouse and snap frozen at -80 °C. The frozen menisci

were sliced into thin pieces, pulverized to coarse particles and then treated with 0.1%
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PAA/4% ethanol solution for three days (Figure 5.1). The PAA/ethanol solution was
refreshed every 24 h. Subsequently, the meniscal particles were agitated in 0.1%
EDTA, thoroughly washed deionized (DI) water and lyophilized to obtain DM-ECM. The
DM-ECM was enzymatically digested to yield a uniform solution as ref [218]. Briefly,
DM-ECM was agitated in pepsin/0.01 M HCI at the ECM concentration of 15 mg/mL
with the DM-ECM/pepsin ratio of 10/1 for 48 h to allow complete digestion. The digest

was neutralized with NaOH and then frozen and lyophilized to obtain DM-ECM.
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i M PAA 2 PAA-ECM
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Pepsin digestion | Freeze-drying
Porcine meniscus
PCL Digested PAA-ECM

HFIP dissolving

Electrospinning
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Characterizations <€«——— Electrospun scaffold
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Contact angle proliferation
. GAG
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Figure 5. 1 Schematic of the experimental design.
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5.3.2.3 Electrospinning of PCL/ECM

The digested meniscal ECM was blended with PCL, at serial PCL/ECM weight
ratios of 95/5, 90/10, and 85/15, and dissolved in HFIP at a concentration of 10% (w/v)
(Figure 5.2). The blended solution was electrospun at 1.0 mL/h through an 18 G blunt
needle with an applied positive charge of 15 kV. The electrospun nanofibers were
collected with a negatively charged (-5kV) solid plate at a distance of 20 cm. The
resulting nanofibrous sheets with PCL/ECM ratios of 95/5, 90/10, and 85/15 were
referred as PCL/ECM-95/5, PCL/ECM-90/10, and PCL/ECM-85/15, respectively. Pure
PCL solution (10%w/v) was electrospun under the aforementioned conditions and the

obtained PCL scaffold was used as a control.

Laaimag
PCL+ digested ECM, 10%, in HFIP
+15 kv\ _emm

=
/
—

-5 kV

PCL/ECM scaffold

Figure 5. 2 Electrospinning setup (left) of PCL/ECM and a white sheet of the

electrospun PCL/ECM scaffold (right).
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5.3.2.4 Scaffold characterizations

The surface morphology of the nanofibrous scaffolds was observed using a
scanning electron microscope (SEM, S-3000 N, Hitachi). The scaffolds were mounted
on conductive tape and sputter coated with silver, and then visualized under SEM at
an accelerating voltage of 10 kV. The average fiber diameter was determined by
ImageJ software (National Institute of Health, USA). Briefly, one hundred nanofibers of
each scaffold were randomly selected and measured from the SEM images to assess
the average diameter (n = 3).

Chemical analysis of the DM-ECM powder, PCL and PCL/ECM-90/10 scaffolds
were performed by Fourier transform infrared attenuated total reflectance spectroscopy
(FTIR-ATR, Nicolet 6700, Thermo Nicolet Corp. Madison, WI) over the range of 2000-
800 cm! at a resolution of 4 cm.

To determine the wettability, the contact angles of the scaffolds were assessed
using a contact angle measuring system CAM 101 (KSV Instruments). The test was
conducted with DI water as the reference and the droplet size was set at 5 uL and read
at 5 seconds (n =3). The results were reported as average values with standard
deviations.

The nanofibrous scaffolds were cut into 2 x 25 mm strips for uniaxial tensile
testing on an MTS Insight machine (MTS, Eden Prairie, MN) with a 500 N load cell at
a crosshead speed of 1cm/min. The test was terminated until failure. Four samples of

each scaffold were tested (n=5).
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5.3.2.5 Cell isolation and seeding

Bovine meniscal fibrochondrocytes were isolated as Ref [125]. Briefly, the knee
joint menisci of skeleton maturely calves were obtained from a local abattoir within 24
h of slaughter. The menisci were separated into two zones, the outer 2/3 zone was
discarded and the inner 1/3 zone was diced into 1-2 mm?® particles under sterile
condition. The meniscal particles were incubated with 0.2% collagenase type Il in high
glucose DMEM supplemented with 1% PSF in a 37 °C incubator overnight. The
digested cell suspension was filtered through a 70-um cell strainer, washed with PBS,
centrifuged at 1500 rpm for 10 min. The cells were seeded in DMEM supplemented
with 10% FBS and 1% PSF in 25 cm? flasks placed in a 37 °C incubator with 5% CO:2
and 95% humidity. The medium was changed three days thereafter for the first
refreshment and every two days in the following culture.

The pure PCL and PCL/ECM-90/10 nanofibrous meshes were punched into 15
mm dish scaffolds to fit 24-well plate for cell culture. The scaffolds were disinfected with
70% ethanol for 30 min and thoroughly rinsed with PBS for 5 times prior to cell seeding.
Each scaffold was seeded with 1.0 x 10* fibrochondrocytes and maintained in DMEM
with 10% FBS and 1% PSF in an incubator with 5% CO2 and 95% humidity at 37 °C

up to 14 days. The medium was refreshed every two days.

5.3.2.6 Cell morphology
The morphology of fibrochondrocytes was observed with SEM and confocal laser
microscopy image. At pre-determined time points of 1, 7, and 14 days, the samples

were harvested, fixed with 4% paraformaldehyde. For SEM, the fixed samples were
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dehydrated with gradient ethanol followed by air drying overnight at room temperature.
The dried samples were then sputter coated with silver and observed using SEM. For
confocal imaging, the fixed samples with permeabilized with 0.1% Triton X-100 (Sigma),
rinsed with PBS, and then incubated with DAPI and rhodamine-conjugated phalloidin
to stain the nuclei and cell actin filaments into blue and red, respectively. The stained
samples were then visualized by a confocal laser scanning microscope (LSM 780, Carl

Zeiss).

5.3.2.7 Cell proliferation and GAG accumulation

The cell proliferation was determined by measuring the DNA content using the
PicoGreen DNA assay (Life Technologies, Inc.). The samples collected at each time
point were stored at -80 °C. Upon the assays, the frozen samples were thawed,
lyophilized and digested with papain (buffered in the solution containing 0.1 M of
sodium acetate, 10 mM of cysteine-HCI, and 2.4 mM EDTA, pH 6.8) at 60 °C for 1 h.
Then the DNA and GAG contents were assessed by PicoGreen DNA assay and DMMB
test, respectively [218]. Alcian blue staining was performed at day 1, 7, and 14 as Ref

[268].

5.3.2.8 Statistical analysis
Data were expressed as means * standard deviations. Significant differences
were assessed by one-way ANOVA followed by a Tukey post hoc test. Significant

difference was considered at p < 0.05.
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5.3.3 Results
5.3.3.1 Electrospun scaffolds

After digestion and lyophilization, the DM-ECM was easily homogenized with PCL
by dissolving in HFIP and formed a uniform solution (data not shown), which was then
electrospun to nanofibrous scaffolds. The morphology of the scaffolds was observed
using SEM and the average fiber diameter was determined by measuring the fiber
diameter from the SEM images. Grossly, the SEM images demonstrated the fibrous
nature of the electrospun scaffolds without bead formation (Figure 5.3). Compared to
the electrospun PCL scaffold with an average diameter of 696 + 136 nm (Figure 5.3A),
the PCL/ECM scaffolds had significantly reduced average fiber diameters (422 + 806

nm for 5/95, 507 £ 102 nm for 10/90 and 551 = 76 nm for 15/85 (Figure 5.3B-D).

Figure 5.3 SEM images of the electrospun scaffolds with varying PCL/ECM ratios at

100/0 (A), 95/5 (B), 90/10 (C), and 85/15 (D).
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FTIR spectra were shown in Fig. 5.4 to demonstration the addition of DM-ECM
components into the scaffold. The PCL and PCL/ECM-90/10 scaffold had a strong peak
at 1722 cm, which is attributed to C=0 stretching. The DM-ECM powder showed two
characteristic peaks at 1638 cm™ and 1545 cm*, which were attributed to amide | and
[1 [269], respectively. Although the amide | and Il peaks were slightly shifted, they were
observed in the PCL/ECM-90/10 scaffold spectrum, indicating that the DM-ECM was

well introduced into the scaffold.
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Figure 5. 4 FTIR spectra of the PCL and PCL/ECM-90/10 scaffolds, and DM-ECM.
Figure 5.5 shows the contact angle results of the electrospun scaffolds. As
expected, the PCL scaffold had a contact angle of 130 £ 5 ° due to its hydrophobic
nature (Figure 5.5A). Incorporation of DM-ECM significantly increased of the wettability
that the scaffolds exhibited reduced contact angles ranging from 122 + 7 ° for 95/5
scaffold (Figure 5.5B) to 70 + 4 ° for 90/10 scaffold (Figure 5.5C). With the ECM content

increasing to 15%, the droplets on the 85/15 scaffold disappeared immediately.
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Figure 5.5 Typical images of contact angles of the electrospun PCL (A), 95/5 (B),
90/10 (C), and 85/15 (D) scaffolds. Increased amount of DM-ECM vyields to smaller
contact angle as shown in (E).

The results of the scaffold uniaxial tensile testing were shown in Figure 5.6. The

PCL/ECM scaffolds had significantly great average peak tensile stresses than of the of
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the PCL scaffold (4 £ 1 MPa) (Figure 5.6B). The average peak tensile stresses of the
PCL/ECM scaffolds ranged from 10 + 1 MPa for PCL/ECM-85/15 scaffold to 12 + 1
MPa for PCL/ECM-95/5 scaffold. The PCL/ECM-90/10 and PCL/ECM-95/5 scaffolds
had statistically equivalent average peak stresses. Except the PCL/ECM-90/10 (125 *
18%) scaffold that had a comparable failure strain to the PCL scaffold (135 £ 19%), the
PCL/ECM-95/5 (101 + 8%) and PCL/ECM-85/15 (99 + 10%) had significantly smaller
failure strains compared to the PCL scaffold (Figure 5.6C). The PCL/ECM scaffolds
exhibited greater initial moduli with the increased amount of ECM in the scaffold (Figure
5.6D). No significant difference in the average initial modulus was found between PCL
(10 + 1 MPa) and PCL/ECM-95/5 (12 + 4 MPa) scaffolds. The PCL/ECM-85/15 (25 +
3 MPa) and PCL/ECM-90/10 (19 = 1 MPa) scaffolds had significantly higher initial

moduli compared with the PCL and PCL/ECM-95/5 scaffolds.

131



A B 16 .
12 1 14 *
~10 1 © 12 kit
& —omoo B ]
= 8 ——5/95 E
~ 6 4 1000 @ 8 1
o —1585 @ 6 1
Q4 =
5 » 4
2 - 2 |
0 . . 0 -
0 50 100 150 100/0 95/5 90/10 8515
Strain (%
C 2w (%) D 30 S
— EZ5
QEE o ”
c * g
"5 100 S
E -g 15
N £
n = 10 A
50 s
£ 54
0 o
100/0 95/5 90/10 85/15 100/0 95/5 90/10 85/15

Figure 5. 6 (A) is the typical tensile strength curves of the electrospun scaffolds. (B),
(C), and (D) are the tensile strength, strain at failure, and initial modulus of the scaffolds,

respectively.

5.3.3.2 Cell morphology

Cell attachment and morphology were visualized by SEM (Figure 5.7) and
confocal imaging (Figure 5.8). As shown in Figure 5.7A, bovine fibrochondrocytes well
spread out and exhibited a predominant polygonal shape with minor spindle-shaped
cells on the PCL/ECM-90/10 scaffold at day 1. In contrast, the cells showed a relatively
slower speed of attachment to the PCL scaffold at day 1. Specifically, most of the cells

showed round shape with a few cells had spindle shape, indicating the cells initially
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adhered to the fibrous substrate and started to spread out on the PCL scaffold. The
fibrochondrocytes gradually proliferated with increase cell coverage at day 7 and
showed full coverage on the PCL and PCL/ECM-90/10 scaffolds at day 14 (Figure
5.7C). Meanwhile, confocal images indicated that the cells showed polygonal

morphology without spindle-shaped cells.
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Figure 5. 7 SEM images of the cell morphology of bovine fibrochondrocytes on the
PCL/ECM-90/10 (A, B, and C) and PCL (D, E, and F) scaffolds at 1 (A and D), 7 (B and

E), and 14 (C and F) days.
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Figure 5. 8 Confocal images of the cell morphology of bovine fibrochondrocytes on

the PCL/ECM-90/10 (A, B, and C) and PCL (D, E, and F) scaffolds at 1 (A and D), 7 (B

and E), and 14 (C and F) days.

5.3.3.3 Cell proliferation and GAG accumulation

For a specific type cell type, each cell has a consistent amount of DNA. Therefore,
we assessed the cell proliferation on the electrospun scaffolds via quantifying the total
amount of DNA at each time points during the cell culture period. As shown in Figure
5.9A, the electrospun scaffolds supported progressive DNA increase up to 14 days. No
significant difference was found in total DNA between the PCL and PCL/ECM-90/10
scaffolds at each time point. Along with the progressive proliferating, the
fibrochondrocytes continuously produced GAG from day 1 to day 14 on the electrospun

scaffolds (Figure 5.9B). At day 1, there was negligible GAG accumulation on the
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scaffolds, thereafter, increased amounts of GAG were detected throughout the culture.
Notably, a significantly higher amount of GAG was found on the PCL/ECM-90/10
scaffold compared with that the of PCL scaffold at day 14. An important indicator of the
chondrogenesis capability of fibrochondrocytes is the GAG/DNA ratio. The GAG/DNA
ratios of PCL/ECM-90/10 scaffolds were significantly greater than the PCL scaffolds at

day 7 and 14 (Figure 5.9C).
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Figure 5.9 Total DNA (A), GAG accumulation (B), and GAG/DNA ratio of the
fibrochondrocyte-seeded electrospun scaffolds up to 14 days.

In addition, Alcian blue staining provided a direct proof of GAG accumulation on
the scaffolds (Figure 5.10). At day 1, stained scaffolds with light blue color were

observed on the scaffolds (Figure 5.10A). The stained blue got darker over the culture
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period from day 7 to 14. The fibrochondrocyte-seeded PCL/ECM-90/10 scaffold had

the darkest blue staining at 14 days (Figure 5.10C).

Day 1 Day 7 Day 14

Figure 5. 10 Alcian blue staining of the fiborochondrocyte-seeded PCL/ECM (A, B, and

ECM/PCL

PGL

C) and PCL (D, E and D) scaffolds at day 1 (A and D), 7 (B and E) and 14 (C and E).

5.3.4 Discussion

The findings of this study demonstrated that a composite scaffold could be
feasibly prepared by single stream electrospinning of PCL/ECM blended solution. This
scaffold exhibited significantly improved biological effects on meniscal
fibrochondrocyte growth and GAG product accumulation over the pure PCL scaffold.
The mechanism of the improved biological performance by incorporating DM-ECM into
the electrospun scaffold remains unknown and to be determined in our future study.
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Incorporating biological components into electrospun nanofibers can be achieved
by direct blending them into solution prior to electrospinning or by surface modifications
post electrospinning [262]. Biomolecules such as collagen [49], hyaluronic acid [270]
and silk fibroin [50] could be easily dissolved by commonly used electrospinning
solvents. They are capable of forming miscible solutions when blended with synthetic
polymers, and being electrospun to fibrous mats that have uniform biomolecule
distribution within the nanofibers. Unlike the soluble biomolecules, ECM materials
derived from tissues/organs, either cellularized or decellularized, are difficult to be
dissolved due to their inherent complex composition and dense structure. Especially,
ECM materials derived from dense and thick tissues such as cartilage, tendon, and
meniscus are not able to be dissolved by electrospinning solvents. One effective
approach to incorporate them into electrospun scaffold is to pulverize those ECM
materials into nano-to micro-particles and suspend them into a solution for
electrospinning [262, 267]. Those ECM-incorporated scaffolds were capable of
modulating differentiation of stem cells. One limitation of this method is that the ECM
particles might unevenly distribute in the scaffolds, which affects the outcome of those
scaffolds toward to regenerative medicine applications. Another method involves a
coating process that ECM particles are physically absorbed onto electrospun
nanofibers. The coated ECM could significantly influence cell behaviors on the
scaffolds [271]. While a drawback is evident that the ECM particles are merely present
on the surface and not contained in the core of the scaffold. In addition, the ECM
particles appear to experience a huge loss in a short time when immersed in the

medium, since they are un-crosslinked to nanofibers.
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Recently, decellularized ECMs have been solubilized to flowable solutions by
pepsin digestion for the preparation of injectable hydrogels [218]. This leads to the
methodology of dissolving enzymatically digested ECMs for electrospinning. The
complex extracellular components are enzymatically digested into peptides that are
easily dissolved by commonly used solvents, which allows the formation of miscible
ECM/synthetic polymer solutions. Electrospinning of such ECM/synthetic polymers
solution is easily achievable and the obtained nanofibers have uniform ECM
distribution throughout the scaffolds [54]. To our knowledge, this is the first study
incorporating DM-ECM into the synthetic polymer to prepare electrospun hybrid
scaffold. Our previous study demonstrated that the major component of DM-ECM s
collagen [218]. Therefore, we selected HFIP to dissolve pepsin-digested DM-ECM and
PCL, as it was reported that collagen was readily soluble in HFIP [272]. As expected,
the obtained DM-ECM/PCL solution showed good transparency without insoluble
particles similar to the pure PCL solution. DM-ECM/PCL solution could be smoothly
electrospun into continuous nanofibers without bead formation on the sheets (Figure
5.1), indicating a good miscibility of DM-ECM and PCL in HFIP.

Electrospinning of natural/synthetic material blended solution often vyields
nanofibers that have a smaller average diameter compared to electrospun synthetic
nanofibers [54, 267, 269, 273]. Reduced fiber diameters of electrospun PCL/ECM
scaffolds were observed in our study (Figure 5.1). The addition of natural polymers into
synthetic polymer solution could significantly increase the electrical conductivity of the
solution, resulting in smaller fiber diameter during electrospinning [269]. Incorporation

of natural materials into synthetic polymer also affects the surface wettability of
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electrospun scaffolds. Natural materials are known to have excellent hydrophilicity
when blended with synthetic polymers, they can greatly increase the wettability of
electrospun scaffolds. In our study, we verified the presence of DM-ECM within the
electrospun scaffolds via FTIR (Figure 5.2). The incorporated DM-ECM contributes to
the significantly increased wettability of the PCL/ECM scaffolds (Figure 5.3), which
further benefits the cell attachment and proliferation on the scaffolds.

It is well-established that the adding of natural materials into synthetic polymers
can significantly alter the overall mechanical properties of hybrid electrospun scaffolds.
Those altering in mechanical strengths could be enhanced [54, 274] or weakened [49,
263, 275] in previous reports. We found enhanced tensile stresses and initial moduli,
and decreased failure strains of the PCL/ECM scaffolds when compared to the pure
PCL scaffold (Figure 5.4). This altering could be attributed to the high degree of
miscibility between ECM and PCL [54]. The increased stiffness and decreased
elasticity are associated with the DM-ECM inclusion in the hybrid scaffolds. The tunable
mechanical properties of PCL/ECM scaffolds are desirable for scaffold optimization to
meet the mechanical requirements of engineered scaffolds in future study.

Excellent engineered scaffolds are capable of promoting cell proliferation and
functional product secretion through cell-scaffold interactions [276, 277]. Previous
attempts demonstrated that decellularized ECM incorporated scaffolds exhibit
improved in vitro and in vivo results compared to synthetic polymer scaffolds [262, 263,
278]. In consistent with those studies, we found the added DM-ECM into the hybrid
scaffolds profoundly affected the meniscal fiborochondrocyte behaviors. Specifically, the

cells were more spread out on the PCL/ECM scaffold over the PCL scaffold, though
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there was no significant difference in cell proliferation between the two groups of
scaffolds. More importantly, the GAG product accumulation on the PCL/ECM scaffold
was greater than that of the PCL scaffold on day 28. Additionally, the incorporated DM-
ECM significantly improved the normalized GAG/DNA over 28 days. We believe the
complex bioactive components including collagen and GAG attributed to these positive
effects.

Some limitations of this study should be mentioned. The first concern is the loss
of bioactivity during electrospinning as the DM-ECM was directly exposed to HIFP.
Although the single-stream electrospinning is feasible and widely used, it compromises
the bioactivity of natural materials to some extent when the organic solvent directly
contacts with the bioactive nature materials. A two-stream
electrospinning/electrospraying process may overcome this drawback by separating
the ECM and synthetic polymer that avoids the direct contact of ECM with organic
solvents [53]. Another limitation is related to the densely compacted nanofibrous
structure of the PCL/ECM scaffold. The fibrochondrocytes can only grow on the surface
but not penetrate the scaffold. For meniscus tissue regeneration, a three-dimensional
cellularized construct is highly desired. Advanced techniques should be employed to

fabricate 3D porous scaffold using DM-ECM material in the future study [67].

5.3.5 Summary
This work describes the preparation of PCL/ECM scaffolds via a single-stream
electrospinning. The incorporated DM-ECM significantly affects the properties of the

resulting scaffolds, including smaller fiber diameter, increased wettability, and
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improved tensile strength. More importantly, the meniscus-specific ECM shows great
beneficial effects on meniscus fibrochondrocyte growth and chondrogenesis product
accumulation. The electrospun PCL/ECM scaffold holds great potential for meniscus
repair and regenerations.

In this study, we present an electrospun PCL/ECM scaffold with randomly
oriented nanofibers. Although the PCL/ECM scaffold has greatly improved mechanical
and biological performances, its densely compacted nanofibrous structure might
impede cellular infiltration into the scaffold. In the future study, we will employ some
advanced techniques to enlarge the pore size of the scaffold, making it more conducive
for cell penetration and tissue ingrowth [67, 279, 280]. Single-stream electrospinning
of DM-ECM and PCL blended solution is feasibly achievable, while the direct contact
of DM-ECM with organic solvent unavoidably compromises its bioactivity. A two-stream
electrospinning that separates synthetic polymer in an organic phase with the ECM
solution in non-organic phase would avoid the loss of bioactivity and obtain loosened
fibrous scaffold [53]. This method might provide a great chance to fabricate advanced

tissue engineered scaffolds for meniscus repair and regeneration.
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5.4 Future work
The decellularized meniscus ECM developed in this thesis offer great potential
for meniscus tissue repair and regeneration. The naturally-derived meniscus ECM
materials can be processed into hydrogels or combined with synthetic polymers to
fabricate hybrid nanofibrous scaffolds. Our results demonstrate that the meniscus ECM
is highly biocompatible and bioactive and can promote fibrochondrocyte growth and
elevate meniscus-specific product accumulation. Future work will be discussed in this

chapter.

5.4.1 Composition of decellularized meniscus ECM

In the thesis, we characterized the composition of decellularized meniscus ECM
by determining the collagen and GAG contents. This is regularly conducted in some
other related studies [89]. However, little is known about retentions of some other
important bioactive components such as elastin and growth factors after
decellularization. Those unidentified components might also affect the mechanical and
biological properties of the ECM hydrogels. Therefore, future studies need to verify the

presence of those bioactive components by ELISA, MS, or proteomics [198, 281].

5.4.2 Inherently weak mechanical properties of meniscus ECM hydrogel

Similar to the ECM hydrogels made from some other tissue resources [160, 163,
165], decellularized meniscus ECM hydrogel possesses lower mechanical strength
compared to that of the native meniscus tissue [218]. Obviously, injectable ECM

hydrogels are suitable for soft tissue repair and regeneration. In contrast, it is
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challenging to use injectable ECM hydrogels for the treatment of diseased or damaged
tissues that bear a high level of stress. Meniscal ECM hydrogels have compressive
strengths ranged from 0.1 to 0.8 kPa, which is much lower than that of the native
meniscus (100-150 kPa). Therefore, it is not suitable for whole meniscus regeneration
as it cannot provide sufficient mechanical supports in the knee joint. This decellularized
meniscus ECM might be used as an injectable filling material that temporarily takes up

the meniscus tear and recruits progenitor cells from neighboring tissue [194, 282].

5.4.3. Animal study

The current work mainly focuses on the preparation, optimization, and
characterizations of the DM-ECM hydrogels, and the investigation of their
cytocompatibility via 2D and 3D cell culture. In order to illustrate the feasibility of the
DM-ECMs as inject materials to fill meniscus defects and their potential to promote
meniscus repair and regeneration, ex vivo and in vivo studies with appropriate animal
models will be performed in our future study.

Direct injection of MSCs into partial meniscus defects showed that the cells could
adhere to the damaged meniscus tissue and promote tissue repair process in a rat
model [283]. However, rats have a relatively higher innate regenerative capability ,
which brings difficulty to differ the effects of cell and/or scaffold on meniscus tissue
regeneration in the experimental group compared with the control group [283, 284]. In
addition, the relatively smaller size of rat meniscus and the limited intra-articular space
of rat knee joint present great challenge for arthroscopic surgery. Injectable meniscus

ECM hydrogel aided delivery of MSCs into bovine meniscus defects for in vitro culture
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and in vivo subcutaneous implantation in a nude rat model demonstrated that the cell
encapsulated ECM hydrogel was capable of improving tissue regeneration, preventing
the joint from space narrowing, pathologic mineralization, and osteoarthritis
development [251]. Evidently, injection of cell-encapsulated ECM hydrogel into the
meniscus defects of large animal explants is much feasible than the operation on the
rat model. However, growing of cell-encapsulated hydrogel in bovine meniscus explant
either in vitro or in vivo subcutaneous implantation in nude rats lacks the biomechanical
stimulus, specifically, the compressive loading that applies to the meniscus in the knee
joint.

It seems that large animals such as calf, sheep, and pigs would provide a
favorable choice to illustrate the capability of DM-ECM hydrogel on meniscus repair
and regeneration. However, economic consideration sometimes comes first in the
research community. In contrast to the large animals, rabbits are much cost less. In
addition, similar to the human meniscus, the rabbit meniscus presents an inherently
limited self-healing and regenerative capability [285]. Rabbit models have been widely
used to evaluate the meniscus repair and regenerative capability of cell or scaffold
based surgical interventions [109, 284, 286-288]. Therefore, the rabbit will be a great

animal model for our future animal study.
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PCL
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GAG

PVA

EGF

TFG-a

bFGF

PDFG-AB

IGF-I

VEGF

SDS

SIS

rMSC

EDTA

PBS

HCI

NaOH

Abbreviations
Extracellular matrix
Osteoarthritis
Polyurethane
Bone mesenchymal stem cell
Poly(lactic acid)
Polycaprolactone
Collagen meniscus implant
Glycosaminoglycan
Poly(vinyl alcohol)
Endothelial growth factor
Transforming growth factor-a

Basic fibroblast growth factor

Platelet-derived growth factor AB

Insulin-like growth factor |

Vascular endothelial growth factor

Sodium dodecyl sulfate

Small intestinal submucosa
Rat mesenchymal stromal cell
Ethylenediaminetetraacetic acid
Phosphate-buffered saline
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Sodium hydroxide
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Tissue culture polystyrene
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Decellularized meniscus extracellular matrix
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Guanidine hydrochloride
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SDS-treated meniscus extracellular matrix
TX-treated meniscus extracellular matrix
PAA-treated meniscus extracellular matrix

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Decellularized outer meniscus extracellular matrix
Decellularized middle meniscus extracellular matrix
Decellularized inner meniscus extracellular matrix
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Fourier transform infrared attenuated total reflectance
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