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Abstract: Meniscal injuries can cause cartilage degeneration, which usually leads to the development of osteoar-
thritis (OA) and results in progressive destruction of the knee joint. Therefore, it is important to identify methods to
stop or slow the development of OA after the onset of meniscal defects. The current surgical techniques for meniscal
injuries are insufficient to prevent the progression of knee OA, which has accelerated the development of alternative
tissue engineering strategies. Much progress has been made in the use of biomechanical and biochemical stimuli
in the past decades to engineer neotissue akin to native meniscus. In this review, we focus on the current progress
in biomechanical and biochemical stimuli-based strategies applied to meniscal tissue engineering, and explore
how these factors influence meniscal regeneration. By understanding the functional mechanism that can stimulate
regeneration in the meniscus, we hope that this review will provide a theoretical basis and strategies for meniscus

tissue engineering.
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Introduction

The menisci are two semicircular fibrocartilagi-
nous structures in the knee joint. They have
many important functions for the knee, such as
absorbing shock, transmitting stress and stabi-
lizing the knee joint [1]. Population-based data
suggest that the prevalence of a meniscal tear
or meniscal destruction ranges from 19%
among 50 to 59 years of age to 56% among 70
to 90 years of age in the general population [2].
With the rapid rise in aging populations world-
wide, the incidence of meniscal injuries may
further increase. Previous clinical or zoological
studies have found that if meniscal injury is not
treated, it may lead to aggravation of clinical
symptoms, osteoarthritis (OA), and even dis-
ability [3]. The annual cost of meniscal disease
in the United States is estimated between
$500 million and $5 billion [4].

Clinical treatment strategies for meniscal inju-
ries have changed with surgeons’ understand-

ing of the anatomic structure and function of
the meniscus. In the past 60 years, because
2/3 of the meniscus lacks blood vessels, it was
considered difficult to heal it after meniscal
injury. Therefore, the meniscus is often com-
pletely removed after injury, that is, total menis-
cectomy [5]. However, after total meniscecto-
my, the average stress on the knee cartilage will
increase by 3 times, and peak stress will
increase exponentially [3]. Clinical studies have
shown that this accelerates the degeneration of
knee cartilage and gradually leads to OA [3].
Later studies showed that in addition to the
torn part that needs to be removed, the remain-
ing intact part needs to be preserved to main-
tain the function of the meniscus [6, 7].
However, even with partial meniscectomy, carti-
lage damage, osteophyte formation, and early
degeneration of the knee joint can still occur
[8]. Therefore, the current treatment strategy is
to preserve as much meniscal tissue as possi-
ble. However, there are still many patients with
complex meniscal injuries that are difficult to
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suture and heal, and eventually require a total
meniscectomy. Montgomery et al. reported
that among patients undergoing meniscal sur-
geries, 96% of patients undergo meniscectomy,
with only 4% undergoing meniscal repair [9].
For patients with total meniscectomy, alloge-
neic meniscus graft is often recommended.
However, an allograft also has obvious disad-
vantages, such as limited supply, immune
rejection, and disease transmission [10].

The current surgical techniques for meniscal
injuries are insufficient to halt the development
and progression of OA, thus stimulating the
need for alternative tissue engineering strate-
gies. To engineer neotissue akin to native
meniscus, many advances have been achieved
by using biomechanical and biochemical stimu-
li in the past decades. In this review, we focus
on current progress in biomechanical and bio-
chemical stimuli-based strategies used in
meniscus tissue engineering, and explore how
these factors influence meniscal regeneration.
By explaining the functional mechanisms that
can stimulate regeneration in the meniscus,
this review will provide a theoretical basis for
strategies for meniscus tissue engineering.

Meniscus anatomy and functional properties

The menisci are located between the femur
and tibia, and can be divided into a C-shaped
medial meniscus and an O-shaped lateral
meniscus (Figure 1). The meniscus has a high
water content (72% water), with the remaining
28% composed of organic matter, including
extracellular matrix (ECM) and cells [11]. In the
ECM, collagen makes up the vast majority, fol-
lowed by glycosaminoglycan (GAG), DNA, glyco-
proteins, and elastin [11]. The content of these
substances changes with age and physiologic
environment [12]. The collagen content of the
meniscus increases with weight bearing and
joint movement until the age of 30, and stabi-
lizes until starting to decrease around the age
of 80 [12]. According to the distribution of blood
vessels and nerves, the meniscus can be divid-
ed into 3 areas, namely the outer, intermediate,
and inner areas [13]. The outer area of the
meniscus, which is usually called the red-red
area, is rich in blood vessels and nerves, and
has the ability to heal. This area contains a
large amount of type | collagen fibers, which
make up 90% of its composition by dry weight,
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with other collagens constituting less than 1%
[14]. The cells in this area are mainly elongated
fibroblast-like cells, surrounded by abundant
collagen type | [15]. The inner area of the
meniscus, which is called the white-white area,
lacks blood vessels and nerves. Once dam-
aged, this inner area is difficult to heal. Unlike
the outer area, the inner area contains relative-
ly fewer collagen fibers, and is slightly less than
70% of the dry weight, of which 40% is collagen
type I and 60% is collagen type Il [14]. The cells
in this area are mainly chondrocytes [15].
Regional variation of glycosaminoglycans
(GAGs) has also been found, with a relatively
higher proportion of proteoglycans in the inner
two-thirds than in the outer one-third [16]
(Figure 2A). The main function of GAG is to
absorb water, which enables the meniscus to
withstand compression [17]. The orientation
and structure of collagen also differ between
the meniscal surface layer and deeper tissue
[18, 19]. The orientation of collagen fibers in
the deep tissue is mainly in the circumferential
direction. The collagen fibers covering the sur-
face of the meniscus tissue are randomly ori-
ented and have a network structure. The radial
binding fibers are arborized from the outer area
of the meniscus to the inner tip [20]. The pres-
ence of bonding fibers can affect the tensile
modulus of the meniscus.

The meniscus can withstand various forces,
such as compression, tension, and shear. It
also plays an important role in the loadbearing,
shock absorption, load transmission, and nutri-
tion of articular cartilage [21-23]. As the menis-
cus is wedge-shaped, it fits well between the
flat tibial plateau and the curved femoral con-
dyle in articulation [24, 25]. In daily activities,
the axial force between the tibia and femur
compress the meniscus. The horn attachment
and the wedge shape of the meniscus help con-
vert vertical compressive forces into horizontal
hoop stresses (Figure 2B). If the meniscus
deforms radially under compression, a shear
force is generated between the collagen fibers
of the meniscus [1, 26]. Due to the specialized
structure, the meniscus sustains axial com-
pression with an aggregate modulus of 100-
150 kPa [27]. The tensile modulus varies
between the circumferential and radial direc-
tions, which is approximately 100-300 MPa cir-
cumferentially and 10-fold lower than this radi-
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Figure 1. The knee joint, depicting meniscus and major ligaments. A. Anterior view. B. Superior view of the tibial

plateau.

ally [28]. The shear modulus of the meniscus is
approximately 120 kPa [28].

Biomechanical stimuli for meniscus tissue
engineering

Mechanical stimulation has an important influ-
ence on the development, homeostasis, and
degeneration of weight-bearing tissues. Studies
have demonstrated the important role of physi-
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cal movement in the formation of embryonic
cartilage. When chick embryos undergo paraly-
sis, chondrogenesis of progenitor cells can be
inhibited at the quadratojugal hook [29, 30].
Moreover, immobilization of chick embryos can
inhibit the formation of articular joint cavity dur-
ing limb development, reducing the hyaluronan
content in articular surfaces, and the meniscus
is also absent in immobilized animals [31, 32].
Overall, these studies indicate that the trans-
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Figure 2. A. The internal structure of the meniscus depicting variation in collagen orientation, vascularization, and
cell population. Reproduced with permission [13]. Copyright, 2019 Annual Reviews. B. The transduction of force
upon and throughout the knee meniscus. Free body diagram of the forces acting on the knee lateral meniscus
during loading. During everyday activity, the menisci are compressed by the downward force of the femur. Since
the meniscus is a wedge, the femoral force is enacted at an angle, and thus a vertical component exists which is
countered by the upward force of the tibia. Additionally, a horizontal component of the femoral force exists, which is
exerted radially outward on each meniscus. This horizontal force is in turn countered by the anchoring force of the
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attachments at the posterior and anterior horns of the meniscus. Additionally, as this compression occurs, circum-
ferential stress is created along the meniscus. Therefore, the menisci function by converting compressive loads to
circumferential tensile loads. Reproduced with the permission [14]. Copyright 2011, Elsevier.

Table 1. Effect of biomechanical stimuli for meniscal tissue engineering

Biomechanical stimulus Effects

Culture conditions

Hydrostatic pressure

Collagen synthesis 1
Proteoglycan/GAG synthesis 1

Matrix metalloproteases expression |
Direct compression stimulation Chondrogenic differentiation of stem cells 1

Collagen synthesis

Proteoglycan/GAG synthesis 1

NO release |
Tension stimulation

Collagen synthesis 1
Proteoglycan/GAG synthesis 1
Matrix metalloproteases expression |

NO and PGE2 release |
NO and PGE2 release 1

Chondrogenic differentiation of stem cells

Chondrogenic differentiation of stem cells 1

Monolayer [44, 50, 52]
Scaffold [45, 47, 49, 53]
Explant [48]
Monolayer [40]
Monolayer [40]
Explant [36-39]
Explant [41, 42]
Scaffold [65-71]
Scaffold [56, 116]
Explant [57, 58]
Scaffold [60, 61, 116]
Explant [58]
Explant [63]
Monolayer [81]
Scaffold [75, 76]
Explant [73]
Scaffold [75, 76]
Explant [73]
Scaffold [74, 75]
Explant [77]
Monolayer [77, 78]
Monolayer [79, 80]

duction of biomechanical stimulation to molec-
ular signals may regulate cell differentiation
and maturation, highlighting the important role
of mechanical stimulation in meniscal develop-
ment, growth, and health. In this review, we
focus on three common biomechanical stimuli
in meniscus tissue engineering, namely, hydro-
static pressure, direct compressive loading,
and tension stimulation (Table 1).

Hydrostatic pressure

Under hydrostatic pressure, cells and tissues
experience uniform and normal compression
on all surfaces. Hydrostatic pressure is one of
the major forms of mechanical stimulation, as
it is resisted by the meniscus during every joint
movement [33]. Similar to cartilage, meniscus
experiences 3-10 MPa of hydrostatic pressure
[34]. Under hydrostatic pressure condition,
changes in the intracellular osmotic composi-
tion may affect gene expression and further

8544

influence the biomechanical properties of the
meniscus [35].

Studies have shown enhanced extracellular
matrix formation in chondrocytes under hydro-
static pressure condition. For example, a 1.3-
fold increase in GAG was found in chondrocytes
exposed to hydrostatic pressure compared
with static controls [36]. Chondrocytes stimu-
lated with hydrostatic pressure show a signifi-
cant increase of 64% more GAG [37]. In tissues
derived from juvenile chondrocytes, GAG con-
tent was significantly increased when hydro-
static pressures were between 7 and 10 MPa
[36, 38, 39]. When exposing chondrocytes in a
monolayer to 10 MPa hydrostatic pressure for
4 h, GAG synthesis was enhanced to 65% under
intermittent pressure and 32% under constant
pressure, and collagen type Il was also
increased in response to both intermittent and
constant pressure [40].
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Hydrostatic pressure may also reduce catabolic
gene expression on the meniscus. A study
showed that hydrostatic pressure led to the
downregulation of matrix metalloproteinase
(MMP)-1 and MMP-13 mRNA expression,
whereas cyclic hydrostatic pressure resulted in
significantly enhanced expression of tissue
inhibitors of metalloproteinases (TIMPs) and
collagen type | mRNA [41]. Similarly, another
study demonstrated that hydrostatic pressure
could reduce the upregulation of catabolic
genes, including inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), and MMPs,
which increase in the absence of in vivo
mechanical loading [42]. Furthermore, the
expression of proteoglycan core protein was
increased under physiologic levels of hydrostat-
ic pressure (1 or 5 MPa), whereas hydrostatic
pressure at excessively high levels (10 or 50
MPa) reduced the expression of proteoglycan
core protein and induced interleukin-6 (IL6)
and tumor necrosis factor-a (TNF-a) expression
[43].

Many studies have shown the importance of
hydrostatic pressure for the chondrogenic dif-
ferentiation of mesenchymal stem cells (MSCs).
In the study by Angele et al., when hydrostatic
pressure was applied to MSCs, there was an
increase in GAG and collagen matrix synthesis
at days 14 and 28 [44]. In the study by Correia
et al., under physiologic hydrostatic pressure,
greater matrix deposition and chondrogenic dif-
ferentiation were found for human adipose
stem cells encapsulated in gellan gum hydro-
gels, with increased gene expression of SOX-9,
collagen type Il, and aggrecan [45]. Moreover,
MSCs under cyclic hydrostatic compression
resulted in increased type Il collagen and
aggrecan gene expression [46]. Other studies
found similar results, in which applying hydro-
static pressure for 14 or 21 days enhanced
chondrogenic (ACAN, COL1A1, COL2A1 and
S0X9) gene expression in MSCs [47-53].

By combining hydrostatic pressure and growth
factor stimuli, the mechanical properties of the
regenerated meniscus can be increased. In the
study by Gunja et al., with the combination of
hydrostatic pressure and transforming growth
factor (TGF)-B1 stimuli, additive increases in
collagen and GAG deposition as well as a syner-
gistic increase in compressive properties were
observed in meniscal cell-seeded poly-I-lactic
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acid (PLLA) constructs [54]. Similarly, another
study by Elder et al. found that static hydrostat-
ic pressure at 10 MPa resulted in 92% increas-
es in Young’s modulus, with corresponding
increases in collagen content, and 96% increas-
es in aggregate modulus, with corresponding
increases in GAG content [39]. Moreover, the
combination of 10 MPa static hydrostatic pres-
sure and TGF-f1 demonstrated an 85%
increase in GAG/wet weight, a 164% increase
in aggregate modulus, a 173% increase in col-
lagen/wet weight, and a 231% increase in
Young’s modulus when compared with the con-
trol [39].

Direct compression stimulation

During daily activity, the axial force between the
femur and tibia compresses the meniscus.
Previous studies have shown that the meniscus
underwent axial compression with an aggre-
gate modulus of 100-150 kPa [27]. Compres-
sive loading is thought to facilitate the exchange
of nutrients and waste in the transport-limited
zone of the meniscus [55].

Numerous studies demonstrate that matrix
synthesis is increased by dynamic compression
stimulation. With a compressive stimulation of
0.5 kPa, the collagen content of chondrocytes
was increased to 1.5-fold compared with free-
swelling controls [56]. Similarly, when chondro-
cytes were cultured under passive compressive
loading at 5 kPa, the collagen content was
increased by 61% [57]. This study also found
that constructs under high compressive load-
ing tend to have lower collagen content, indicat-
ing that excessive compressive load can cause
ECM protein degeneration [57]. When exposing
fibrocartilaginous neotissues from the menis-
cus under 0.1 N compressive stress, a 27%
increase in collagen content and 67% increase
in GAG synthesis were obtained [58]. In chon-
drocyte-seeded agarose gels, the GAG content
was also found to be increased by 60% under
dynamic compressive stimulation [59, 60].
Additionally, under monolayer condition, chon-
drocytes stimulated with 20% dynamic com-
pressive strain resulted in a 45% increase in
GAG synthesis [61].

Direct compressive loading has been shown to
influence the anabolic and catabolic activities
of meniscal cells. For example, compared to no
dynamic loading, 10% compressive strain could
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cause the upregulation of COX-2, Aggrecan,
and ADAMTSS5 gene expression in meniscal
cells [62]. However, 20% dynamic compressive
strains led to an upregulation of MMPs and
ADAMTS4 compared to no dynamic loading
[62]. Similarly, another study showed that iINOS
and IL-1 gene expression, as well as nitric oxide
(NO) release, were enhanced under 20% com-
pressive strain. However, a physiologic com-
pressive strain of 10% would reduce NO release
compared to pathologic unloading (0% com-
pressive strain) [63]. McHenry et al. demon-
strated that 20% compressive strain, in which
the strain and stress correspond to partial
meniscectomy, result in the greatest proteogly-
can breakdown [64]. These results indicate
that a physiologic compressive strain of 10%
may result in anabolic activity, whereas a 20%
compressive strain is associated with catabolic
activity.

Several studies have shown that direct com-
pressive loading plays a crucial role in the chon-
drogenic differentiation of MSCs. In the study
by Bian et al., after 70 days of culture of human
MSCs in hyaluronic acid hydrogel constructs,
dynamic compressive loading increased colla-
gen and GAG contents, and enhanced the
mechanical properties [65]. In another study by
Huang, after being subjected to a 10% com-
pressive strain at a frequency of 1 Hz for 4
hours a day, compressive loading significantly
enhanced the expression of chondrogenic
markers (aggrecan and collagen Il) at 3, 7 and
14 days for MSCs in agarose cultures [66].
Similar results were obtained by other studies,
whereby chondrogenic genes were increased
by applying dynamic compressive loading for
14 or 28 days [67-71].

By simultaneously applying dynamic compres-
sive stimulation and growth factors, it becomes
possible to develop anisotropic reconstruction
for the meniscus. In the study by Zhang et al.,
two types of stimuli were simultaneously used:
TGF-B3 and connective tissue growth factor
(CTGF) for 4 weeks (biochemical stimulation)
followed by dynamic 10% compressive strain
for 2 weeks (biomechanical stimulation). With
the combination of biochemical and biome-
chanical stimuli, higher collagen | content was
observed in the outer area, while higher GAG
and collagen Il contents were observed in the
inner area, reminiscent of the structure of a
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native meniscus (Figure 3). Moreover, under
the double stimuli, the inner area of the regen-
erated meniscus exhibited an upregulation of
chondrogenic genes (COL2A1, ACAN, and
S0X9), while the outer area exhibited an upreg-
ulation of fibrogenic genes (COL1A1, FN1, and
TNC), which suggests zone-specific mMRNA phe-
notypes [72].

Tension stimulation

By pulling the tissue outward along the edges,
a tensile force is generated in engineered tis-
sues. In the meniscus, the wedge shape and
the horn attachments help convert the vertical
forces to horizontal hoop stresses [14].
According to previous studies, the tensile mod-
ulus of the meniscus is 100-300 MPa circum-
ferentially and 10-fold lower radially [28].

In the study by Lee et al., uniaxial tensile load-
ing increased matrix formation in chondrocytes
explant by 33% [73]. In fibrin hydrogel con-
structs, oscillatory tensile loading also led to an
increase of 20.6% in GAG synthesis for chon-
drocytes [74]. By applying tensile stimulation to
fibrocartilage constructs, increased collagen |
mRNA expression as well as increased GAG
and collagen contents were obtained [75].
Similarly, in the study by Baker et al., dynamic
tensile loading resulted in increased expres-
sion of fibrous genes, enhanced collagen depo-
sition, and an increased tensile modulus for
MSC-laden nanofibrous constructs [76].

Tensile loading could also influence catabolic
activity on the meniscus. In the study by
Agarwal et al., cyclic tensile strain reduced the
catabolic effects of IL-1 on fibrochondrocytes
by inhibiting MMP-1, COX-2, and iNOS mRNA
expression and MMP-1, prostaglandin E2
(PGE2), and NO release. Cyclic tensile strain
also counteracted rHull-1B-induced suppres-
sion of proteoglycan synthesis [77]. Similarly, in
the study by Gassner et al., cyclic tensile strain
was directly attributed to the inhibition of iINOS
MRNA expression and protein synthesis in
chondrocytes. Furthermore, the inhibition of
iNOS induction by cyclic tensile strain is paral-
leled by abrogation of IL-1p-induced downregu-
lation of proteoglycan synthesis [78]. However,
conflicting results were obtained by other stud-
ies, whereby tensile stimulation increased the
release of PGE2 and NO [79, 80].
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Figure 3. Reconstruction of functional anisotropic meniscus by combining biomechanical and biochemical stimuli.
A. Flowchart of stem cell-based strategies for construction of a tissue-engineered meniscus with anisotropic struc-
tures. BMSCs, bone marrow-derived stem cells. B. Zonal fibrochondrocyte differentiation of MSCs in 3D PCL scaf-
folds in the double-stimuli versus native meniscus (green, COL-1; red, COL-2). C. COL-1, COL-2, and GAG contents in
the inner and outer regions of each study group. “P<0.05 between the inner region and outer region in the same
group; ¥P<0.05 between the double-stimuli group and other groups in the same region. D. Gross view and low-mag-
nification immunofluorescence (IF) images of native or regenerated menisci at 24 weeks after in vivo implantation
in rabbit knees. Green, COL-1; red, COL-2. Reproduced with permission [72]. Copyright 2019, Science.

Several studies have used tension stimulation
as a strategy for chondrogenic differentiation of
MSCs. For example, in MSC-laden precultured
constructs, tensile loading had a significant
influence on the synthesis of ECM and expres-
sion of ECM-related genes [76]. Compared to
nonloaded controls, four weeks of tensile stim-
ulation led to a twofold enhancement in colla-
gen | synthesis [76]. In another study, 24 h of
dynamic tensile strain increased the synthesis
of proteoglycan in MSC-seeded fibrin con-
structs [75]. Moreover, one week of dynamic
tensile strain significantly enhanced the colla-
gen and GAG contents in the constructs [75].
Tension stimulation has been shown to prefer-
entially promote fibrogenesis (collagen I, versi-
can) over chondrogenesis (collagen I, Sox9,
aggrecan) in adipose-derived stromal cells [81].

Biochemical stimuli for meniscal tissue engi-
neering

There are already a number of biochemical
stimuli used for meniscus tissue engineering
(Table 2). Commonly used biochemical stimuli
include growth factors, such as TGF-Bs, bone
morphogenetic proteins (BMPs), basic fibro-
blast growth factor (bFGF), vascular endothelial
growth factor (VEGF), insulin-like growth fac-
tor-1 (IGF-1), epidermal growth factor (EGF),
platelet-derived growth factor (PDGF) and
hepatocyte growth factor (HGF); small bioactive
molecules such as E7 peptide, kartogenin
(KGN), and Y-27632; biophysical factors such
as chondroitinase ABC (C-ABC), lysyl oxidase-
like 2 (LOXL2); oxygen tension; and gene
therapy.

Growth factors

Among numerous biochemical stimuli, growth
factors are the most commonly used in menis-
cal tissue engineering (Table 2). A large number
of growth factors, including the TGF(B family,
EGF, PDGFs, and FGFs have shown efficacy for
promoting ECM synthesis in meniscal regenera-
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tion [14, 82]. Compared with the untreated
meniscal construct, the addition of FGF2 and
TGFB1 increased collagen production by 60%
and 144%, respectively [83]. Moreover, TGFB1
could also promote the synthesis of GAG [83].
In the study by Bhargava et al., when BMP-2,
HGF, and PDGF were applied to meniscal cells
from different areas, a 2-3 fold enhancement in
DNA production was observed [84]. In addition,
cells in different meniscal areas have different
responses to growth factors. For example, HGF
has a higher influence on cells in the inner area,
while BMP-2 has a higher influence on cells in
the central area of the meniscus [84]. The influ-
ence of growth factors on the migration of
meniscal cells was also studied. EGF increased
the migration of cells from the inner and outer
areas of the meniscus, IGF-1 increased the
migration of cells from the inner and central
areas of the meniscus, BMP-2 increased the
migration of cells from the central area of the
meniscus, and PDGF-AB and HGF enhanced
the migration of cells from all meniscal areas
[84]. By combining different growth factors,
engineered meniscus could exhibit zone-specif-
ic matrix. In the study by Lee et al., by spatially
delivering CTGF and TGFB3 from a 3D-printed
meniscus scaffold [85], inhomogeneous me-
chanical properties as well as zone-specific
matrix phenotypes were developed by endoge-
nous cells, with collagen Il in the inner area,
and collagen | in the outer area in the regener-
ated meniscus, which was reminiscent of the
structure of a native meniscus [85] (Figure 4).

Small bioactive molecules

Many studies have shown encouraging results
for small bioactive molecules such as E7 pep-
tides, KGN, Y-27632, and aptamers in menis-
cus and cartilage tissue engineering (Table
2). For example, in the study by Yan et al., hyal-
uronic acid hydrogel with KGN-loaded PLGA
nanoparticles showed improved biomechanical
properties and more hyaline-like cartilage in
terms of ECM, cartilage lacunae, and type Il col-
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Table 2. Effect of growth factors, small bioactive molecules, biophysical factors, and low oxygen ten-
sion for meniscal tissue engineering

Biochemical stimulus

Effects

Culture conditions

Growth factors
TGF-B1

TGF-p3

BMP-2

BMP-7

b-FGF

IGF-1

PDGF

HGF
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Chondrogenic differentiation of stem cells and proliferation 1

Collagen synthesis 1

Proteoglycan/GAG synthesis 1

Matrix metalloproteases expression |

Chondrogenic differentiation of stem cells and proliferation 1
Collagen synthesis 1

Proteoglycan/GAG synthesis 1
Chondrogenic differentiation of stem cells and proliferation 1

Chondrocytes migration
Collagen synthesis 1

Matrix metalloproteases expression |
Proliferation 1

Collagen synthesis 1

Proteoglycan/GAG synthesis 1

Chondrogenic differentiation of stem cells and proliferation 1

Cell migration 1
Collagen synthesis 1

Proteoglycan/GAG synthesis 1

Chondrogenic differentiation of stem cells and proliferation 1

Cell migration 1

Collagen synthesis 1
Proteoglycan/GAG synthesis 1
Proliferation 1

Cell migration 1

Monolayer [117, 118]
Scaffold [119]
Monolayer [120, 121]
Scaffold [54, 83, 101, 122]
Scaffoldless [100]
Explant [123]
Monolayer [120, 121]
Scaffold [54, 124, 125]
Scaffoldless [83]
Explant [123, 124]
Monolayer [126]
Explant [127]
Scaffold [128-130]
Scaffold [129-131]
Monolayer [132]
Scaffold [130, 131, 133, 134]
Monolayer [135]
Scaffold [136]
Explant [137]
Monolayer [138, 139]
Explant [140]
Monolayer [138, 139]
Monolayer [141-143]
Scaffold [106, 144, 145]
Monolayer [142, 146]
Scaffold [147]
Monolayer [146, 148]
Scaffold [106]
Explant [149]
Monolayer [122, 124, 150, 151]
Scaffold [83, 152]
Explant [84]
Monolayer [121]
Scaffold [122, 153, 154]
Scaffold [153]
Explant [123]
Monolayer [142, 155, 156]
Scaffold [157]
Explant [157]
Monolayer [84]
Scaffold [157]
Explant [157]
Monolayer [142]
Monolayer [148]
Monolayer [84]
Scaffold [157]
Monolayer [84]
Scaffold [157]
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EGF

Small bioactive molecules

KGN

E7 peptide
Y27632

Biophysical factors
C-ABC
LOXL2

Low oxygen tension

Collagen synthesis 1
Proliferation 1
Collagen synthesis 1

Chondrogenic differentiation of stem cells and proliferation 1

Collagen synthesis 1

Proteoglycan/GAG synthesis 1

Cell migration

Dedifferentiation of chondrocytes |
Collagen synthesis 1

Collagen synthesis 1
Collagen synthesis 1
Chondrogenic differentiation of stem cells 1

Explant [157]
Scaffold [157]
Monolayer [142]
Monolayer [142]

Explant [87]
Scaffold [158, 159]
Explant [87]
Scaffold [158]
Scaffold [159]
Scaffold [160-162]
Monolayer [91]
Monolayer [163]

Explant [97, 99, 164]
Explant [164]
Monolayer [104]

Collagen synthesis 1

Proteoglycan/GAG synthesis 1

Scaffold [165]
Scaffold [105, 165]
Monolayer [165, 166]
Scaffold [105, 165]
Monolayer [165, 166]

lagen when compared with hyaluronic acid
hydrogel alone [86]. In the study by Huang et
al., KGN had direct effects on the chondrogenic
differentiation of tendon stem cells in vivo and
in vitro [87]. Moreover, a KGN-treated tendon
graft could promote the formation of meniscus-
like tissue in vivo [87]. By using small bioactive
molecules to recruit MSCs, the effect of menis-
cus and cartilage tissue regeneration could be
enhanced. For example, when using the E7
peptide, cartilage regeneration was enhanced
by the specific homing of endogenous stem
cells [88]. By applying a synovium-derived
MSC-specific affinity peptide, meniscal repair
was further reinforced by recruiting and retain-
ing endogenous stem cells [89]. Moreover,
osteochondral regeneration was enhanced
with an aptamer-loaded scaffold, which could
also specifically recognize and recruit MSCs
[90]. Rho-kinase inhibitors such as Y-27632
also promote the chondrogenic differentiation
of MSCs and inhibit the dedifferentiation of
chondrocytes [91, 92].

Biophysical factors

As a biophysical agent, C-ABC affects meniscal
and cartilage regeneration by removing derma-
tan sulfate and chondroitin from proteoglycan
chains while leaving collagen intact [93, 94].
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This process was studied previously for carti-
lage integration because it was thought to be
able to target cartilage integration hindrances
[95, 96]. For example, engineered cartilage
treated with C-ABC could lead to increased
compressive stiffness and tensile properties,
as well as recovery of GAG content after 2-4
weeks of culture compared to untreated groups
[97-99]. The efficacy of C-ABC on engineered
cartilage promotes its application in engineer-
ing meniscal tissue. Along these lines, self-
assembled meniscal constructs treated with
C-ABC exhibited a 2-3 fold enhancement in ten-
sile modulus compared with untreated groups
[100]. Furthermore, application of both TGF-f1
and C-ABC resulted in significant increases in
both the collagen density and fiber diameter by
32% and 15%, respectively, as well as in the
ultimate tensile strength and Young’'s modulus
of the engineered fibrocartilage [101] (Table 2).

Oxygen tension

Since the inner area of the meniscus lacks
blood supply and has a hypoxic environment,
studies have attempted to mimic this environ-
ment to restore a differentiated phenotype
(Table 2). The primary key factor mediating the
hypoxic response of meniscal cells is hypoxia-
inducible factor-1a (HIF-1c), which regulates
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Figure 4. Spatiotemporally released rhCTGF and rhTGFB3 induced fibrocartilage-like matrix formation in 3D-printed
porous scaffolds. A. Anatomic reconstruction of human meniscus. Human meniscus scaffolds were 3D-printed with
layer-by-layer deposition of PCL fibers (100-um diameter), forming 100- to 200-um channels. B. Poly(lactic-co-glycol-
ic acid) (PLGA) micro-spheres (uS) encapsulating rhCTGF and rhTGF(33 were in physical contact with PCL microfibers.
C. Fluorescent dextrans simulating CTGF (green, 40 kD) and TGFB3 (red, 10 kD) were delivered into the outer and
inner zones, respectively, of human meniscus scaffolds to show scaffold loading. Distribution of dextrans was main-
tained from day 1 today 8. D. rhCTGF and rhTGF(3 release from the PCL scaffolds over time in vitro. E. When the
scaffolds were incubated atop human synovium MSC monolayers for 6 weeks, spatiotemporally delivered rhCTGF
and rhTGFB3 induced cells to form zone-specific collagen type | and Il matrices, similar to the native rat meniscus. F.
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Outer, intermediate, and inner zone phenotypes of cells populating the regenerated meniscus (H&E staining) after
12 weeks in vivo. G. Low-magnification images of retrieved meniscus grafts with spatiotemporal delivery of rhCTGF
and rhTGFB3 in comparison to empty uS after 12-week in vivo implantation. AB: alcian blue; PR: picrosirius red.

Reproduced with permission [85]. Copyright 2014, Science.

Table 3. Effect of gene therapy for meniscal tissue engineering

Type of gene Cells Vector Effects
TGF-B Meniscal cells RV Matrix synthesis 1 [113]
Meniscal and MSCs AdV Cell proliferation and matrix synthesis {1 [112]
Meniscal cells rAAV Cell proliferation and matrix synthesis 1 [110]
b-FGF Meniscal and MSCs rAAV Cell proliferation 1 [109, 167]
Meniscal cells NV Cell proliferation 1 [110]
IGF-1 Meniscal cells NV Cell proliferation 1 [111]
HGF Meniscal cells AdV Meniscal vascularization 1 [115]

oxygen homeostasis and may play an impor-
tant role in determining the phenotype of
meniscal cells [102]. A study has shown that
under hypoxic conditions, increased proteogly-
can and type Il collagen production could be
observed in meniscal fibrochondrocytes [103].
Hypoxia also promotes chondrocytic differenti-
ation and cartilage matrix synthesis in pluripo-
tent mesenchymal cells [104]. In addition, the
synthesis of GAG and collagen Il are significant-
ly enhanced in MSC-laden hydrogels under
hypoxic culture [105]. By combining bFGF and
hypoxia, a study has observed a significant
increase in the ability of meniscal cells to syn-
thesize GAG and improvement in the compres-
sive properties of regenerated meniscal con-
structs [106].

Gene therapy

Gene therapy is an alternative method to aug-
ment tissue engineering by transferring genes
to the repair sites [107]. Gene therapy pro-
motes tissue regeneration by enabling the sus-
tained, regulated, and local expression of gene
products. Unlike growth factors developed in
bioreactors and needed for storage, gene prod-
ucts are nascent proteins released through
posttranslational modifications [108]. For
meniscal tissue engineering, various pathways
have been targeted to improve the repair effect
via gene transfer (Table 3). For example,
improvement of proliferative activities in MSCs
and meniscal cells has been observed by gene
transfer of FGF-2 [109, 110], TGF-B [110], and
IGF-1 [111] for up to 21 days using nonviral
(NV), adenoviral (AdV), and recombinant adeno-
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associated virus (rAAV) vectors in vitro. It has
also been shown that by gene transfer of TGF-
[112-114] for up to 21 days using AdV, retroviral
(RV), and rAAV vectors, anabolic processes of
MSCs and meniscal cells were enhanced. In
vivo, gene therapies have been developed
through transplanting meniscal cells modified
by HGF AdV with a PGA scaffold in a mouse
model [115] or through MSCs modified by IGF-I
RV with an alginate scaffold in goat meniscal
injuries [111], resulting in an improved repair
effect for up to 16 weeks.

Conclusion

The current surgical treatment for meniscal
injuries is insufficient to prevent the progres-
sion of OA, thus accelerating the development
of alternative tissue engineering strategies.
Although many advances in meniscal tissue
engineering have been made by using biome-
chanical and biochemical stimuli to regenerate
neotissue akin to native meniscus, there are
still many problems to be solved in the future.
For biochemical stimuli, further research is
needed to study the effect of small bioactive
molecules on meniscal tissue engineering. In
addition, the spatiotemporal specificity of
meniscal regeneration might be considered
when designing growth factor application strat-
egies. It is also important to develop a sequen-
tial release model of multiple growth factors
that can simulate cell proliferation, differentia-
tion, and tissue remodeling for regenerated
meniscus. Hypoxia may be combined with
growth factors to enhance the repair effect and
develop anisotropic reconstruction for regener-
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ated meniscus. The safety and effect of gene
therapy need further verification in the future.
For biomechanical stimuli, more work is need-
ed to determine an optimal regimen because
the effects of biomechanical stimuli on menis-
cal constructs vary depending on the type,
time, magnitude, and frequency of the applied
load. The combination of biomechanical stimuli
and biochemical stimuli may be an alternative
way to develop structural and functional anisot-
ropy in an engineered meniscus.

Acknowledgements

This study was supported by the National
Natural Science Foundation of China (Nos.
81672212, 81802153, and 81902205), the
Beijing Natural Science Foundation (Nos.
7171014, 7174361, and 7182175), the Beijing
Municipal Science and Technology Commis-
sion (No. Z171100001017085), and Natural
Science Foundation of Guangdong Province
(No. 2018A030310621).

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Yingfang Ao,
Institute of Sports Medicine, Beijing Key Laboratory
of Sports Injuries, Peking University Third Hospital,
49 North Garden Road, Haidian District, Beijing
100191, China. Tel: +86-13910125935; E-mail:
aoyingfang@126.com

References

[1]  Walker PS and Erkman MJ. The role of the me-
nisci in force transmission across the knee.
Clin Orthop Relat Res 1975; 184-92.

[2] Englund M, Guermazi A, Gale D, Hunter DJ, Ali-
abadi P, Clancy M and Felson DT. Incidental
meniscal findings on knee MRI in middle-aged
and elderly persons. N Engl J Med 2008; 359:
1108-15.

[3] Krause WR, Pope MH, Johnson RJ and Wilder
DG. Mechanical changes in the knee after
meniscectomy. J Bone Joint Surg Am 1976; 58:
599-604.

[4]  Fillingham YA, Riboh JC, Erickson BJ, Bach BR
Jr and Yanke AB. Inside-out versus all-inside
repair of isolated meniscal tears: an updated
systematic review. Am J Sports Med 2017; 45:
234-242.

[6] Fairbank TJ. Knee joint changes after menis-
cectomy. J Bone Joint Surg Br 1948; 30B: 664-
70.

8553

(6]

(7]

(11]

[12]

(13]

[14]

[15]

(16]

(17]

(18]

(19]

Hede A, Larsen E and Sandberg H. Partial ver-
sus total meniscectomy. A prospective, ran-
domised study with long-term follow-up. J Bone
Joint Surg Br 1992; 74: 118-21.

Howell JR and Handoll HH. Surgical treatment
for meniscal injuries of the knee in adults. Co-
chrane Database Syst Rev 2000; 2009:
CD001353.

Eijgenraam SM, Reijman M, Bierma-Zeinstra
SMA, van Yperen DT and Meuffels DE. Can we
predict the clinical outcome of arthroscopic
partial meniscectomy? A systematic review. Br
J Sports Med 2018; 52: 514-521.
Montgomery SR, Zhang A, Ngo SS, Wang JC
and Hame SL. Cross-sectional analysis of
trends in meniscectomy and meniscus repair.
Orthopedics 2013; 36: €1007-13.

Kwon H, Brown WE, Lee CA, Wang D, Paschos
N, Hu JC and Athanasiou KA. Surgical and tis-
sue engineering strategies for articular carti-
lage and meniscus repair. Nat Rev Rheumatol
2019; 15: 550-570.

Herwig J, Egner E and Buddecke E. Chemical
changes of human knee joint menisci in vari-
ous stages of degeneration. Ann Rheum Dis
1984; 43: 635-40.

Ghosh P, Ingman AM and Taylor TK. Variations
in collagen, non-collagenous proteins, and hex-
osamine in menisci derived from osteoarthritic
and rheumatoid arthritic knee joints. J Rheu-
matol 1975; 2: 100-7.

Murphy CA, Garg AK, Silva-Correia J, Reis RL,
Oliveira JM and Collins MN. The meniscus in
normal and osteoarthritic tissues: facing the
structure property challenges and current
treatment trends. Annu Rev Biomed Eng 2019;
21:495-521.

Makris EA, Hadidi P and Athanasiou KA. The
knee meniscus: structure-function, pathophys-
iology, current repair techniques, and pros-
pects for regeneration. Biomaterials 2011; 32:
7411-31.

Zhang X, Aoyama T, Ito A, Tajino J, Nagai M, Ya-
maguchi S, lijima H and Kuroki H. Regional
comparisons of porcine menisci. J Orthop Res
2014; 32: 1602-11.

Adams ME and Ho YA. Localization of glycos-
aminoglycans in human and canine menisci
and their attachments. Connect Tissue Res
1987; 16: 269-79.

Adams ME and Muir H. The glycosaminogly-
cans of canine menisci. Biochem J 1981; 197:
385-9.

Beaupré A, Choukroun R, Guidouin R, Garneau
R, Gérardin H and Cardou A. Knee menisci.
Correlation between microstructure and bio-
mechanics. Clin Orthop Relat Res 1986; 72-5.
McDevitt CA and Webber RJ. The ultrastructure
and biochemistry of meniscal cartilage. Clin
Orthop Relat Res 1990; 8-18.

Am J Transl Res 2021;13(8):8540-8560


mailto:aoyingfang@126.com

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Biomechanical and biochemical methods to stimulate meniscus tissue

Andrews SH, Rattner JB, Abusara Z, Adesida A,
Shrive NG and Ronsky JL. Tie-fibre structure
and organization in the knee menisci. J Anat
2014; 224: 531-537.

Proctor CS, Schmidt MB, Whipple RR, Kelly MA
and Mow VC. Material properties of the normal
medial bovine meniscus. J Orthop Res 1989;
7. 771-782.

Cameron HU and Macnab I. The structure of
the meniscus of the human knee joint. Clin Or-
thop Relat Res 1972; 89: 215-219.

Newman AP, Anderson DR, Daniels AU and
Dales MC. Mechanics of the healed meniscus
in a canine model. Am J Sports Med 1989; 17:
164-175.

Hoshino A and Wallace WA. Impact-absorbing
properties of the human knee. J Bone Joint
Surg Br 1987; 69: 807-811.

Radin EL, de Lamotte F and Maquet P. Role of
the menisci in the distribution of stress in the
knee. Clin Orthop Relat Res 1984; 290-294.
Zhu W, Chern KY and Mow VC. Anisotropic vis-
coelastic shear properties of bovine meniscus.
Clin Orthop Relat Res 1994; 34-45.

Sweigart MA, Zhu CF, Burt DM, DeHoll PD,
Agrawal CM, Clanton TO and Athanasiou KA.
Intraspecies and interspecies comparison of
the compressive properties of the medial me-
niscus. Ann Biomed Eng 2004; 32: 1569-
1579.

Fithian DC, Kelly MA and Mow VC. Material
properties and structure-function relation-
ships in the menisci. Clin Orthop Relat Res
1990; 19-31.

Fang J and Hall BK. Differential expression of
neural cell adhesion molecule (NCAM) during
osteogenesis and secondary chondrogenesis
in the embryonic chick. Int J Dev Biol 1995;
39: 519-528.

Hall BK. Selective proliferation and accumula-
tion of chondroprogenitor cells as the mode of
action of biomechanical factors during second-
ary chondrogenesis. Teratology 1979; 20: 81-
91.

Osborne AC, Lamb KJ, Lewthwaite JC, Dowth-
waite GP and Pitsillides AA. Short-term rigid
and flaccid paralyses diminish growth of em-
bryonic chick limbs and abrogate joint cavity
formation but differentially preserve pre-cavi-
tated joints. J Musculoskelet Neuronal Interact
2002; 2: 448-456.

Roddy KA, Prendergast PJ and Murphy P. Me-
chanical influences on morphogenesis of the
knee joint revealed through morphological,
molecular and computational analysis of im-
mobilised embryos. PLoS One 2011; 6:
el17526.

McNulty AL and Guilak F. Mechanobiology of
the meniscus. J Biomech 2015; 48: 1469-
1478.

8554

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

Elder BD and Athanasiou KA. Hydrostatic pres-
sure in articular cartilage tissue engineering:
from chondrocytes to tissue regeneration. Tis-
sue Eng Part B Rev 2009; 15: 43-53.

Hall AC. Differential effects of hydrostatic pres-
sure on cation transport pathways of isolated
articular chondrocytes. J Cell Physiol 1999;
178: 197-204.

Mizuno S and Ogawa R. Using changes in hy-
drostatic and osmotic pressure to manipulate
metabolic function in chondrocytes. Am J
Physiol Cell Physiol 2011; 300: C1234-1245.
Kraft JJ, Jeong C, Novotny JE, Seacrist T, Chan
G, Domzalski M, Turka CM, Richardson DW
and Dodge GR. Effects of hydrostatic loading
on a self-aggregating, suspension culture-de-
rived cartilage tissue analog. Cartilage 2011,
2:254-264.

Hu JC and Athanasiou KA. The effects of inter-
mittent hydrostatic pressure on self-assem-
bled articular cartilage constructs. Tissue Eng
2006; 12: 1337-1344.

Elder BD and Athanasiou KA. Synergistic and
additive effects of hydrostatic pressure and
growth factors on tissue formation. PLoS One
2008; 3: e2341.

Smith RL, Rusk SF, Ellison BE, Wessells P,
Tsuchiya K, Carter DR, Caler WE, Sandell LJ
and Schurman DJ. In vitro stimulation of artic-
ular chondrocyte mRNA and extracellular ma-
trix synthesis by hydrostatic pressure. J Orthop
Res 1996; 14: 53-60.

Suzuki T, Toyoda T, Suzuki H, Hisamori N, Mat-
sumoto H and Toyama Y. Hydrostatic pressure
modulates mMRNA expressions for matrix pro-
teins in human meniscal cells. Biorheology
2006; 43: 611-622.

Natsu-Ume T, Majima T, Reno C, Shrive NG,
Frank CB and Hart DA. Menisci of the rabbit
knee require mechanical loading to maintain
homeostasis: cyclic hydrostatic compression
in vitro prevents derepression of catabolic
genes. J Orthop Sci 2005; 10: 396-405.
Takahashi K, Kubo T, Arai Y, Kitajima |, Takiga-
wa M, Imanishi J and Hirasawa Y. Hydrostatic
pressure induces expression of interleukin 6
and tumour necrosis factor alpha mRNAs in a
chondrocyte-like cell line. Ann Rheum Dis
1998; 57: 231-236.

Angele P, Yoo JU, Smith C, Mansour J, Jepsen
KJ, Nerlich M and Johnstone B. Cyclic hydro-
static pressure enhances the chondrogenic
phenotype of human mesenchymal progenitor
cells differentiated in vitro. J Orthop Res 2003;
21: 451-457.

Correia C, Pereira AL, Duarte AR, Frias AM, Pe-
dro AJ, Oliveira JT, Sousa RA and Reis RL. Dy-
namic culturing of cartilage tissue: the signifi-
cance of hydrostatic pressure. Tissue Eng Part
A 2012; 18: 1979-1991.

Am J Transl Res 2021;13(8):8540-8560



[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

[54]

[55]

[56]

Biomechanical and biochemical methods to stimulate meniscus tissue

Elder SH, Shim JW, Borazjani A, Robertson HM,
Smith KE and Warnock JN. Influence of hydro-
static and distortional stress on chondroinduc-
tion. Biorheology 2008; 45: 479-486.

Carroll SF, Buckley CT and Kelly DJ. Cyclic hy-
drostatic pressure promotes a stable cartilage
phenotype and enhances the functional devel-
opment of cartilaginous grafts engineered us-
ing multipotent stromal cells isolated from
bone marrow and infrapatellar fat pad. J Bio-
mech 2014; 47: 2115-2121.

Miyanishi K, Trindade MC, Lindsey DP, Beau-
pré GS, Carter DR, Goodman SB, Schurman DJ
and Smith RL. Dose- and time-dependent ef-
fects of cyclic hydrostatic pressure on trans-
forming growth factor-beta3-induced chondro-
genesis by adult human mesenchymal stem
cells in vitro. Tissue Eng 2006; 12: 2253-
2262.

Ogawa R, Mizuno S, Murphy GF and Orgill DP.
The effect of hydrostatic pressure on three-di-
mensional chondroinduction of human adi-
pose-derived stem cells. Tissue Eng Part A
2009; 15: 2937-2945.

Ogawa R, Orgill DP, Murphy GF and Mizuno S.
Hydrostatic pressure-driven three-dimensional
cartilage induction using human adipose-de-
rived stem cells and collagen gels. Tissue Eng
Part A 2015; 21: 257-266.

Saha A, Rolfe R, Carroll S, Kelly DJ and Murphy
P. Chondrogenesis of embryonic limb bud cells
in micromass culture progresses rapidly to hy-
pertrophy and is modulated by hydrostatic
pressure. Cell Tissue Res 2017; 368: 47-59.
Sakao K, Takahashi KA, Arai Y, Inoue A, Tono-
mura H, Saito M, Yamamoto T, Kanamura N,
Imanishi J, Mazda O and Kubo T. Induction of
chondrogenic phenotype in synovium-derived
progenitor cells by intermittent hydrostatic
pressure. Osteoarthritis Cartilage 2008; 16:
805-814.

Steward AJ, Kelly DJ and Wagner DR. The role
of calcium signalling in the chondrogenic re-
sponse of mesenchymal stem cells to hydro-
static pressure. Eur Cell Mater 2014; 28: 358-
371.

Gunja NJ, Uthamanthil RK and Athanasiou KA.
Effects of TGF-betal and hydrostatic pressure
on meniscus cell-seeded scaffolds. Biomateri-
als 2009; 30: 565-573.

Kleinhans KL, Jaworski LM, Schneiderbauer
MM and Jackson AR. Effect of static compres-
sive strain, anisotropy, and tissue region on
the diffusion of glucose in meniscus fibrocarti-
lage. J Biomech Eng 2015; 137: 101004.
Elder BD and Athanasiou KA. Effects of con-
finement on the mechanical properties of self-
assembled articular cartilage constructs in the
direction orthogonal to the confinement sur-
face. J Orthop Res 2008; 26: 238-246.

8555

(57]

(58]

(59]

[60]

[62]

[63]

[64]

[65]

[66]

[67]

Huwe LW, Sullan GK, Hu JC and Athanasiou
KA. Using costal chondrocytes to engineer ar-
ticular cartilage with applications of passive
axial compression and bioactive stimuli. Tis-
sue Eng Part A 2018; 24: 516-526.

MacBarb RF, Paschos NK, Abeug R, Makris EA,
Hu JC and Athanasiou KA. Passive strain-in-
duced matrix synthesis and organization in
shape-specific, cartilaginous neotissues. Tis-
sue Eng Part A 2014; 20: 3290-3302.
Athanasiou KA, Responte DJ, Brown WE and
Hu JC. Harnessing biomechanics to develop
cartilage regeneration strategies. J Biomech
Eng 2015; 137: 020901.

Mauck RL, Soltz MA, Wang CC, Wong DD, Chao
PH, Valhmu WB, Hung CT and Ateshian GA.
Functional tissue engineering of articular carti-
lage through dynamic loading of chondrocyte-
seeded agarose gels. J Biomech Eng 2000;
122: 252-260.

Lin WY, Chang YH, Wang HY, Yang TC, Chiu TK,
Huang SB and Wu MH. The study of the fre-
quency effect of dynamic compressive loading
on primary articular chondrocyte functions us-
ing a microcell culture system. Biomed Res Int
2014; 2014: 762570.

Zielinska B, Killian M, Kadmiel M, Nelsen M
and Haut Donahue TL. Meniscal tissue ex-
plants response depends on level of dynamic
compressive strain. Osteoarthritis Cartilage
2009; 17: 754-760.

Gupta T, Zielinska B, McHenry J, Kadmiel M
and Haut Donahue TL. IL-1 and iNOS gene ex-
pression and NO synthesis in the superior re-
gion of meniscal explants are dependent on
the magnitude of compressive strains. Osteo-
arthritis Cartilage 2008; 16: 1213-1219.
McHenry JA, Zielinska B and Donahue TL. Pro-
teoglycan breakdown of meniscal explants fol-
lowing dynamic compression using a novel
bioreactor. Ann Biomed Eng 2006; 34: 1758-
1766.

Bian L, Zhai DY, Zhang EC, Mauck RL and
Burdick JA. Dynamic compressive loading en-
hances cartilage matrix synthesis and distribu-
tion and suppresses hypertrophy in hMSC-lad-
en hyaluronic acid hydrogels. Tissue Eng Part A
2012; 18: 715-724.

Huang CY, Hagar KL, Frost LE, Sun Y and
Cheung HS. Effects of cyclic compressive load-
ing on chondrogenesis of rabbit bone-marrow
derived mesenchymal stem cells. Stem Cells
2004; 22: 313-323.

Lin S, Lee WYW, Feng Q, Xu L, Wang B, Man
GCW, ChenY, Jiang X, Bian L, Cui L, Wei B and
Li G. Synergistic effects on mesenchymal stem
cell-based cartilage regeneration by chondro-
genic preconditioning and mechanical stimula-
tion. Stem Cell Res Ther 2017; 8: 221.

Am J Transl Res 2021;13(8):8540-8560



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Biomechanical and biochemical methods to stimulate meniscus tissue

Sawatjui N, Limpaiboon T, Schrobback K and
Klein T. Biomimetic scaffolds and dynamic
compression enhance the properties of chon-
drocyte- and MSC-based tissue-engineered
cartilage. J Tissue Eng Regen Med 2018; 12:
1220-1229.

Huang AH, Farrell MJ, Kim M and Mauck RL.
Long-term dynamic loading improves the me-
chanical properties of chondrogenic mesen-
chymal stem cell-laden hydrogel. Eur Cell Ma-
ter 2010; 19: 72-85.

Horner CB, Hirota K, Liu J, Maldonado M, Hyle
Park B and Nam J. Magnitude-dependent and
inversely-related osteogenic/chondrogenic dif-
ferentiation of human mesenchymal stem
cells under dynamic compressive strain. J Tis-
sue Eng Regen Med 2018; 12: e637-e647.
Aisenbrey EA and Bryant SJ. The role of chon-
droitin sulfate in regulating hypertrophy during
MSC chondrogenesis in a cartilage mimetic
hydrogel under dynamic loading. Biomaterials
2019; 190-191: 51-62.

Zhang ZZ, Chen YR, Wang SJ, Zhao F, Wang XG,
Yang F, Shi JJ, Ge ZG, Ding WY, Yang YC, Zou
TQ, Zhang JY, Yu JK and Jiang D. Orchestrated
biomechanical, structural, and biochemical
stimuli for engineering anisotropic meniscus.
Sci Transl Med 2019; 11: eaao0750.

Lee JK, Huwe LW, Paschos N, Aryaei A, Gegg
CA, Hu JC and Athanasiou KA. Tension stimula-
tion drives tissue formation in scaffold-free
systems. Nat Mater 2017; 16: 864-873.
Vanderploeg EJ, Wilson CG and Levenston ME.
Articular chondrocytes derived from distinct
tissue zones differentially respond to in vitro
oscillatory tensile loading. Osteoarthritis Carti-
lage 2008; 16: 1228-1236.

Connelly JT, Vanderploeg EJ, Mouw JK, Wilson
CG and Levenston ME. Tensile loading modu-
lates bone marrow stromal cell differentiation
and the development of engineered fibrocarti-
lage constructs. Tissue Eng Part A 2010; 16:
1913-1923.

Baker BM, Shah RP, Huang AH and Mauck RL.
Dynamic tensile loading improves the function-
al properties of mesenchymal stem cell-laden
nanofiber-based fibrocartilage. Tissue Eng Part
A 2011; 17: 1445-1455.

Agarwal S, Long P, Gassner R, Piesco NP and
Buckley MJ. Cyclic tensile strain suppresses
catabolic effects of interleukin-1beta in fibro-
chondrocytes from the temporomandibular
joint. Arthritis Rheum 2001; 44: 608-617.
Gassner R, Buckley MJ, Georgescu H, Studer
R, Stefanovich-Racic M, Piesco NP, Evans CH
and Agarwal S. Cyclic tensile stress exerts anti-
inflammatory actions on chondrocytes by in-
hibiting inducible nitric oxide synthase. J Im-
munol 1999; 163: 2187-2192.

8556

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(88]

(89]

Fermor B, Jeffcoat D, Hennerbichler A, Pisetsky
DS, Weinberg JB and Guilak F. The effects of
cyclic mechanical strain and tumor necrosis
factor alpha on the response of cells of the me-
niscus. Osteoarthritis Cartilage 2004; 12:
956-962.

Upton ML, Hennerbichler A, Fermor B, Guilak F,
Weinberg JB and Setton LA. Biaxial strain ef-
fects on cells from the inner and outer regions
of the meniscus. Connect Tissue Res 2006;
47: 207-214.

Meier EM, Wu B, Siddiqui A, Tepper DG, Lon-
gaker MT and Lam MT. Mechanical stimulation
increases knee meniscus gene RNA-level ex-
pression in adipose-derived stromal cells.
Plast Reconstr Surg Glob Open 2016; 4: e864.
Chen M, Guo W, Gao S, Hao C, Shen S, Zhang
Z, Wang Z, Wang Z, Li X, Jing X, Zhang X, Yuan
Z, Wang M, Zhang Y, Peng J, Wang A, Wang Y,
Sui X, Liu S and Guo Q. Biochemical stimulus-
based strategies for meniscus tissue engineer-
ing and regeneration. Biomed Res Int 2018;
2018: 8472309.

Pangborn CA and Athanasiou KA. Growth fac-
tors and fibrochondrocytes in scaffolds. J Or-
thop Res 2005; 23: 1184-1190.

Bhargava MM, Attia ET, Murrell GA, Dolan MM,
Warren RF and Hannafin JA. The effect of cyto-
kines on the proliferation and migration of bo-
vine meniscal cells. Am J Sports Med 1999;
27: 636-643.

Lee CH, Rodeo SA, Fortier LA, Lu C, Erisken C
and Mao JJ. Protein-releasing polymeric scaf-
folds induce fibrochondrocytic differentiation
of endogenous cells for knee meniscus regen-
eration in sheep. Sci Transl Med 2014; 6:
266ral7l.

Yan W, Xu X, Xu Q, Sun Z, Lv Z, Wu R, Yan W,
Jiang Q and Shi D. An injectable hydrogel scaf-
fold with kartogenin-encapsulated nanoparti-
cles for porcine cartilage regeneration: a
12-month follow-up study. Am J Sports Med
2020; 48: 3233-3244.

Huang H, Xu H and Zhao J. A novel approach
for meniscal regeneration using kartogenin-
treated autologous tendon graft. Am J Sports
Med 2017; 45: 3289-3297.

Huang H, Zhang X, Hu X, Shao Z, Zhu J, Dai L,
Man Z, Yuan L, Chen H, Zhou C and Ao Y. A
functional biphasic biomaterial homing mes-
enchymal stem cells for in vivo cartilage regen-
eration. Biomaterials 2014; 35: 9608-9619.
Li Z, Wu N, Cheng J, Sun M, Yang P, Zhao F,
Zhang J, Duan X, Fu X, Zhang J, Hu X, Chen H
and Ao Y. Biomechanically, structurally and
functionally meticulously tailored polycapro-
lactone/silk fibroin scaffold for meniscus re-
generation. Theranostics 2020; 10: 5090-
5106.

Am J Transl Res 2021;13(8):8540-8560



Biomechanical and biochemical methods to stimulate meniscus tissue

[90] Hu X, Wang Y, Tan Y, Wang J, Liu H, Wang Y,
Yang S, Shi M, Zhao S, Zhang Y and Yuan Q. A
difunctional regeneration scaffold for knee re-
pair based on aptamer-directed cell recruit-
ment. Adv Mater 2017; 29.

[91] Matsumoto E, Furumatsu T, Kanazawa T,
Tamura M and Ozaki T. ROCK inhibitor pre-
vents the dedifferentiation of human articular
chondrocytes. Biochem Biophys Res Commun
2012; 420: 124-129.

[92] Chou HC, Huang LT, Yeh TF and Chen CM. Rho-
kinase inhibitor Y-27632 attenuates pulmo-
nary hypertension in hyperoxia-exposed new-
born rats. Acta Pharmacol Sin 2013; 34:
1310-1316.

[93] Yamagata T, Saito H, Habuchi O and Suzuki S.
Purification and properties of bacterial chon-
droitinases and chondrosulfatases. J Biol
Chem 1968; 243: 1523-1535.

[94] Lyyra T, Arokoski JP, Oksala N, Vihko A, Hyttin-
en M, Jurvelin JS and Kiviranta |. Experimental
validation of arthroscopic cartilage stiffness
measurement using enzymatically degraded
cartilage samples. Phys Med Biol 1999; 44:
525-535.

[95] Liebesny PH, Mroszczyk K, Zlotnick H, Hung
HH, Frank E, Kurz B, Zanotto G, Frisbie D and
Grodzinsky AJ. Enzyme pretreatment plus lo-
cally delivered HB-IGF-1 stimulate integrative
cartilage repair in vitro. Tissue Eng Part A
2019; 25: 1191-1201.

[96] Khan IM, Gilbert SJ, Singhrao SK, Duance VC
and Archer CW. Cartilage integration: evalua-
tion of the reasons for failure of integration
during cartilage repair. A review. Eur Cell Mater
2008; 16: 26-39.

[97] Natoli RM, Revell CM and Athanasiou KA.
Chondroitinase ABC treatment results in great-
er tensile properties of self-assembled tissue-
engineered articular cartilage. Tissue Eng Part
A 2009; 15: 3119-3128.

[98] Natoli RM, Responte DJ, Lu BY and Athanasiou
KA. Effects of multiple chondroitinase ABC ap-
plications on tissue engineered articular carti-
lage. J Orthop Res 2009; 27: 949-956.

[99] Bian L, Crivello KM, Ng KW, Xu D, Williams DY,
Ateshian GA and Hung CT. Influence of tempo-
rary chondroitinase ABC-induced glycosamino-
glycan suppression on maturation of tissue-
engineered cartilage. Tissue Eng Part A 2009;
15: 2065-2072.

[100] Huey DJ and Athanasiou KA. Maturational
growth of self-assembled, functional menisci
as a result of TGF-B1 and enzymatic chondroi-
tinase-ABC stimulation. Biomaterials 2011;
32: 2052-2058.

[101] MacBarb RF, Makris EA, Hu JC and Athanasiou
KA. A chondroitinase-ABC and TGF-B1 treat-
ment regimen for enhancing the mechanical

8557

properties of tissue-engineered fibrocartilage.
Acta Biomater 2013; 9: 4626-4634.

[102] Adesida AB, Grady LM, Khan WS, Millward-
Sadler SJ, Salter DM and Hardingham TE. Hu-
man meniscus cells express hypoxia inducible
factor-lalpha and increased SOX9 in response
to low oxygen tension in cell aggregate culture.
Arthritis Res Ther 2007; 9: R69.

[103] Liang Y, Idrees E, Andrews SHJ, Labib K, Szojka
A, Kunze M, Burbank AD, Mulet-Sierra A, Jom-
ha NM and Adesida AB. Plasticity of human
meniscus fibrochondrocytes: a study on ef-
fects of mitotic divisions and oxygen tension.
Sci Rep 2017; 7: 12148.

[104] Hirao M, Tamai N, Tsumaki N, Yoshikawa H and
Myoui A. Oxygen tension regulates chondro-
cyte differentiation and function during endo-
chondral ossification. J Biol Chem 2006; 281
31079-31092.

[105] Daly AC, Sathy BN and Kelly DJ. Engineering
large cartilage tissues using dynamic bioreac-
tor culture at defined oxygen conditions. J Tis-
sue Eng 2018; 9: 2041731417753718.

[106] Gunja NJ and Athanasiou KA. Additive and syn-
ergistic effects of bFGF and hypoxia on lepo-
rine meniscus cell-seeded PLLA scaffolds. J
Tissue Eng Regen Med 2010; 4: 115-122.

[107] Evans CH and Robbins PD. Genetically aug-
mented tissue engineering of the musculoskel-
etal system. Clin Orthop Relat Res 1999;
S410-418.

[108] Evans CH and Huard J. Gene therapy ap-
proaches to regenerating the musculoskeletal
system. Nat Rev Rheumatol 2015; 11: 234-
242,

[109] Cucchiarini M, Schetting S, Terwilliger EF, Kohn
D and Madry H. rAAV-mediated overexpression
of FGF-2 promotes cell proliferation, survival,
and alpha-SMA expression in human meniscal
lesions. Gene Ther 2009; 16: 1363-1372.

[110] Lee HP, Rey-Rico A, Cucchiarini M and Madry
H. Nonviral gene transfer into human meniscal
cells. Part II: effect of three-dimensional envi-
ronment and overexpression of human fibro-
blast growth factor 2. Int Orthop 2014; 38:
1931-1936.

[111] Zhang H, Leng P and Zhang J. Enhanced
meniscal repair by overexpression of hIGF-1 in
a full-thickness model. Clin Orthop Relat Res
2009; 467: 3165-3174.

[112] Steinert AF, Palmer GD, Capito R, Hofstaetter
JG, Pilapil C, Ghivizzani SC, Spector M and Ev-
ans CH. Genetically enhanced engineering of
meniscus tissue using ex vivo delivery of trans-
forming growth factor-beta 1 complementary
deoxyribonucleic acid. Tissue Eng 2007; 13:
2227-2237.

[113] Goto H, Shuler FD, Niyibizi C, Fu FH, Robbins
PD and Evans CH. Gene therapy for meniscal

Am J Transl Res 2021;13(8):8540-8560



Biomechanical and biochemical methods to stimulate meniscus tissue

injury: enhanced synthesis of proteoglycan
and collagen by meniscal cells transduced
with a TGFbeta(1)gene. Osteoarthritis Carti-
lage 2000; 8: 266-271.

[114] Cucchiarini M, Schmidt K, Frisch J, Kohn D and
Madry H. Overexpression of TGF-B via rAAV-
mediated gene transfer promotes the healing
of human meniscal lesions ex vivo on explant-
ed menisci. Am J Sports Med 2015; 43: 1197-
1205.

[115] Hidaka C, Ibarra C, Hannafin JA, Torzilli PA, Qui-
toriano M, Jen SS, Warren RF and Crystal RG.
Formation of vascularized meniscal tissue by
combining gene therapy with tissue engineer-
ing. Tissue Eng 2002; 8: 93-105.

[116] Puetzer JL, Ballyns JJ and Bonassar LJ. The ef-
fect of the duration of mechanical stimulation
and post-stimulation culture on the structure
and properties of dynamically compressed tis-
sue-engineered menisci. Tissue Eng Part A
2012; 18: 1365-1375.

[117] Kim Y1, Ryu JS, Yeo JE, Choi YJ, Kim YS, Ko K
and Koh YG. Overexpression of TGF-f1 en-
hances chondrogenic differentiation and pro-
liferation of human synovium-derived stem
cells. Biochem Biophys Res Commun 2014;
450: 1593-1599.

[148] Jian H, Shen X, Liu I, Semenov M, He X and
Wang XF. Smad3-dependent nuclear translo-
cation of beta-catenin is required for TGF-be-
tal-induced proliferation of bone marrow-de-
rived adult human mesenchymal stem cells.
Genes Dev 2006; 20: 666-674.

[119] Diao H, Wang J, Shen C, Xia S, Guo T, Dong L,
Zhang C, Chen J, Zhao J and Zhang J. Improved
cartilage regeneration utilizing mesenchymal
stem cells in TGF-betal gene-activated scaf-
folds. Tissue Eng Part A 2009; 15: 2687-2698.

[120] Tanaka T, Fujii K and Kumagae Y. Comparison
of biochemical characteristics of cultured fi-
brochondrocytes isolated from the inner and
outer regions of human meniscus. Knee Surg
Sports Traumatol Arthrosc 1999; 7: 75-80.

[121] Pangborn CA and Athanasiou KA. Effects of
growth factors on meniscal fibrochondrocytes.
Tissue Eng 2005; 11: 1141-1148.

[122] Stewart K, Pabbruwe M, Dickinson S, Sims T,
Hollander AP and Chaudhuri JB. The effect of
growth factor treatment on meniscal chondro-
cyte proliferation and differentiation on polyg-
lycolic acid scaffolds. Tissue Eng 2007; 13:
271-280.

[123] Imler SM, Doshi AN and Levenston ME. Com-
bined effects of growth factors and static me-
chanical compression on meniscus explant
biosynthesis. Osteoarthritis Cartilage 2004,
12: 736-744.

[124] Collier S and Ghosh P. Effects of transforming
growth factor beta on proteoglycan synthesis

8558

by cell and explant cultures derived from the
knee joint meniscus. Osteoarthritis Cartilage
1995; 3: 127-138.

[125] Gruber HE, Mauerhan D, Chow Y, Ingram JA,
Norton HJ, Hanley EN Jr and Sun Y. Three-di-
mensional culture of human meniscal cells:
extracellular matrix and proteoglycan produc-
tion. BMC Biotechnol 2008; 8: 54.

[126] Takahashi N, Rieneck K, van der Kraan PM,
van Beuningen HM, Vitters EL, Bendtzen K and
van den Berg WB. Elucidation of IL-1/TGF-beta
interactions in mouse chondrocyte cell line by
genome-wide gene expression. Osteoarthritis
Cartilage 2005; 13: 426-438.

[127] Hui W, Rowan AD and Cawston T. Modulation
of the expression of matrix metalloproteinase
and tissue inhibitors of metalloproteinases by
TGF-betal and IGF-1 in primary human articu-
lar and bovine nasal chondrocytes stimulated
with TNF-alpha. Cytokine 2001; 16: 31-35.

[128] Liang Y, Szojka ARA, Idrees E, Kunze M, Mulet-
Sierra A and Adesida AB. Re-differentiation of
human meniscus fibrochondrocytes differs in
three-dimensional cell aggregates and decel-
lularized human meniscus matrix scaffolds.
Ann Biomed Eng 2020; 48: 968-979.

[129] Liang Y, Idrees E, Szojka ARA, Andrews SHJ,
Kunze M, Mulet-Sierra A, Jomha NM and Adesi-
da AB. Chondrogenic differentiation of synovial
fluid mesenchymal stem cells on human me-
niscus-derived decellularized matrix requires
exogenous growth factors. Acta Biomater
2018; 80: 131-143.

[130] Koh RH, Jin Y, Kang BJ and Hwang NS. Chon-
drogenically primed tonsil-derived mesenchy-
mal stem cells encapsulated in riboflavin-in-
duced photocrosslinking collagen-hyaluronic
acid hydrogel for meniscus tissue repairs. Acta
Biomater 2017; 53: 318-328.

[131] Freymann U, Endres M, Goldmann U, Sittinger
M and Kaps C. Toward scaffold-based menis-
cus repair: effect of human serum, hyaluronic
acid and TGF-83 on cell recruitment and re-
differentiation. Osteoarthritis Cartilage 2013;
21: 773-781.

[132] Hoben GM, Willard VP and Athanasiou KA. Fi-
brochondrogenesis of hESCs: growth factor
combinations and cocultures. Stem Cells Dev
2009; 18: 283-292.

[133] Sasaki H, Rothrauff BB, Alexander PG, Lin H,
Gottardi R, Fu FH and Tuan RS. In vitro repair of
meniscal radial tear with hydrogels seeded
with adipose stem cells and TGF-3. Am J
Sports Med 2018; 46: 2402-2413.

[134] lonescu LC, Lee GC, Huang KL and Mauck RL.
Growth factor supplementation improves na-
tive and engineered meniscus repair in vitro.
Acta Biomater 2012; 8: 3687-3694.

Am J Transl Res 2021;13(8):8540-8560



Biomechanical and biochemical methods to stimulate meniscus tissue

[135] Tessaro |, Di Giancamillo A, Benasciutti E,
Nguyen VT, Polito U, Mangiavini L and Peretti
GM. Characterization of different in vitro cul-
ture conditions to induce a fibro-chondrogenic
differentiation of swine adipose-derived stem
cells. J Biol Regul Homeost Agents 2018; 32:
97-103.

[136] Froelich K, Setiawan LE, Technau A, Tirado MR,
Hackenberg S, Hagen R, Staudenmaier R and
Kleinsasser NH. Influence of different growth
factors on chondrogenic differentiation of adi-
pose-derived stem cells in polyurethane-fibrin
composites. Int J Artif Organs 2012; 35: 1047-
1060.

[137] Minehara H, Urabe K, Naruse K, Mehlhorn AT,
Uchida K, Stiidkamp NP and Itoman M. A new
technique for seeding chondrocytes onto sol-
vent-preserved human meniscus using the
chemokinetic effect of recombinant human
bone morphogenetic protein-2. Cell Tissue
Bank 2011; 12: 199-207.

[138] Forriol F, Ripalda P, Duart J, Esparza R and Gor-
tazar AR. Meniscal repair possibilities using
bone morphogenetic protein-7. Injury 2014; 45
Suppl 4: S15-21.

[139] Vanderman KS, Loeser RF, Chubinskaya S, An-
derson A and Ferguson CM. Reduced response
of human meniscal cells to osteogenic protein
1 during osteoarthritis and pro-inflammatory
stimulation. Osteoarthritis Cartilage 2016; 24:
1036-1046.

[140] Ozeki N, Muneta T, Koga H, Katagiri H, Otabe
K, Okuno M, Tsuji K, Kobayashi E, Matsumoto
K, Saito H, Saito T and Sekiya |. Transplanta-
tion of achilles tendon treated with bone mor-
phogenetic protein 7 promotes meniscus re-
generation in a rat model of massive meniscal
defect. Arthritis Rheum 2013; 65: 2876-2886.

[1441] Hiraide A, Yokoo N, Xin KQ, Okuda K, Mizukami
H, Ozawa K and Saito T. Repair of articular car-
tilage defect by intraarticular administration of
basic fibroblast growth factor gene, using ade-
no-associated virus vector. Hum Gene Ther
2005; 16: 1413-1421.

[142] Kasemkijwattana C, Menetrey J, Goto H, Niy-
ibizi C, Fu FH and Huard J. The use of growth
factors, gene therapy and tissue engineering
to improve meniscal healing. Mater Sci Eng C
Mater Biol Appl 2000; 13: 19-28.

[143] Sotiropoulou PA, Perez SA, Salagianni M, Bax-
evanis CN and Papamichail M. Characteriza-
tion of the optimal culture conditions for clini-
cal scale production of human mesenchymal
stem cells. Stem Cells 2006; 24: 462-471.

[144] Stewart K, Pabbruwe M, Dickinson S, Sims T,
Hollander AP and Chaudhuri JB. The effect of
growth factor treatment on meniscal chondro-
cyte proliferation and differentiation on polyg-

8559

lycolic acid scaffolds. Tissue Eng 2007; 13:
271-280.

[145] Cucchiarini M, Schetting S, Terwilliger EF, Kohn
D and Madry H. rAAV-mediated overexpression
of FGF-2 promotes cell proliferation, survival,
and a-SMA expression in human meniscal le-
sions. Gene Ther 2009; 16: 1363-1372.

[146] Tumia NS and Johnstone AJ. Platelet derived
growth factor-AB enhances knee meniscal cell
activity in vitro. Knee 2009; 16: 73-76.

[147] Pangborn CA and Athanasiou KA. Growth fac-
tors and fibrochondrocytes in scaffolds. J Or-
thop Res 2005; 23: 1184-1190.

[148] Pangborn CA and Athanasiou KA. Effects of
growth factors on meniscal fibrochondrocytes.
Tissue Eng 2005; 11: 1141-1148.

[149] Imler SM, Doshi AN and Levenston ME. Com-
bined effects of growth factors and static me-
chanical compression on meniscus explant
biosynthesis. Osteoarthritis Cartilage 2004;
12: 736-744.

[150] Tumia NS and Johnstone AJ. Regional regen-
erative potential of meniscal cartilage exposed
to recombinant insulin-like growth factor-I in
vitro. J Bone Joint Surg Br 2004; 86: 1077-
1081.

[151] Longobardi L, O’'Rear L, Aakula S, Johnstone B,
Shimer K, Chytil A, Horton WA, Moses HL and
Spagnoli A. Effect of IGF-I in the chondrogene-
sis of bone marrow mesenchymal stem cells in
the presence or absence of TGF-beta signal-
ing. J Bone Miner Res 2006; 21: 626-636.

[152] Worster AA, Brower-Toland BD, Fortier LA, Bent
SJ, Williams J and Nixon AJ. Chondrocytic dif-
ferentiation of mesenchymal stem cells se-
quentially exposed to transforming growth fac-
tor-betal in monolayer and insulin-like growth
factor-l in a three-dimensional matrix. J Orthop
Res 2001; 19: 738-749.

[153] Puetzer JL, Brown BN, Ballyns JJ and Bonassar
LJ. The effect of IGF-I on anatomically shaped
tissue-engineered menisci. Tissue Eng Part A
2013; 19: 1443-1450.

[154] Fox DB, Warnock JJ, Stoker AM, Luther JK and
Cockrell M. Effects of growth factors on equine
synovial fibroblasts seeded on synthetic scaf-
folds for avascular meniscal tissue engineer-
ing. Res Vet Sci 2010; 88: 326-332.

[155] Tumia NS and Johnstone AJ. Platelet derived
growth factor-AB enhances knee meniscal cell
activity in vitro. Knee 2009; 16: 73-76.

[156] Bhargava MM, Attia ET, Murrell GA, Dolan MM,
Warren RF and Hannafin JA. The effect of cyto-
kines on the proliferation and migration of bo-
vine meniscal cells. Am J Sports Med 1999;
27: 636-643.

[157] Bhargava MM, Hidaka C, Hannafin JA, Doty S
and Warren RF. Effects of hepatocyte growth
factor and platelet-derived growth factor on the

Am J Transl Res 2021;13(8):8540-8560



Biomechanical and biochemical methods to stimulate meniscus tissue

repair of meniscal defects in vitro. In Vitro Cell
Dev Biol Anim 2005; 41: 305-310.

[158] Liu F, Xu H and Huang H. A novel kartogenin-
platelet-rich plasma gel enhances chondro-
genesis of bone marrow mesenchymal stem
cells in vitro and promotes wounded meniscus
healing in vivo. Stem Cell Res Ther 2019; 10:
201.

[159] Silva JC, Udangawa RN, Chen J, Mancinelli CD,
Garrudo FFF, Mikael PE, Cabral JMS, Ferreira
FC and Linhardt RJ. Kartogenin-loaded coaxial
PGS/PCL aligned nanofibers for cartilage tis-
sue engineering. Mater Sci Eng C Mater Biol
Appl 2020; 107: 110291.

[160] Shao Z, Zhang X, Pi Y, Wang X, Jia Z, Zhu J, Dai
L, Chen W, Yin L, Chen H, Zhou C and Ao Y.
Polycaprolactone electrospun mesh conjugat-
ed with an MSC affinity peptide for MSC hom-
ing in vivo. Biomaterials 2012; 33: 3375-3387.

[161] Huang H, Zhang X, Hu X, Shao Z, Zhu J, Dai L,
Man Z, Yuan L, Chen H, Zhou C and Ao Y. A
functional biphasic biomaterial homing mes-
enchymal stem cells for in vivo cartilage regen-
eration. Biomaterials 2014; 35: 9608-9619.

[162] Shi W, Sun M, Hu X, Ren B, Cheng J, Li C, Duan
X, Fu X, Zhang J, Chen H and Ao Y. Structurally
and functionally optimized silk-fibroin-gelatin
scaffold using 3D printing to repair cartilage
injury in vitro and in vivo. Adv Mater 2017; 29.

8560

[163] Furumatsu T, Maehara A and Ozaki T. ROCK
inhibition stimulates SOX9/Smad3-dependent
COL2A1 expression in inner meniscus cells. J
Orthop Sci 2016; 21: 524-529.

[164] Kwon H, O’Leary SA, Hu JC and Athanasiou KA.
Translating the application of transforming
growth factor-B1, chondroitinase-ABC, and ly-
syl oxidase-like 2 for mechanically robust tis-
sue-engineered human neocartilage. J Tissue
Eng Regen Med 2019; 13: 283-294.

[165] Pattappa G, Johnstone B, Zellner J, Docheva D
and Angele P. The importance of physioxia in
mesenchymal stem cell chondrogenesis and
the mechanisms controlling its response. Int J
Mol Sci 2019; 20: 484.

[166] Co C, Vickaryous MK and Koch TG. Membrane
culture and reduced oxygen tension enhances
cartilage matrix formation from equine cord
blood mesenchymal stromal cells in vitro. Os-
teoarthritis Cartilage 2014; 22: 472-480.

[167] Cucchiarini M, Ekici M, Schetting S, Kohn D
and Madry H. Metabolic activities and chon-
drogenic differentiation of human mesenchy-
mal stem cells following recombinant adeno-
associated virus-mediated gene transfer and
overexpression of fibroblast growth factor 2.
Tissue Eng Part A 2011, 17: 1921-1933.

Am J Transl Res 2021;13(8):8540-8560



