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Meniscus injuries present significant therapeutic challenges due to their limited self-healing capacity and the
diverse biological and mechanical properties across the tissue. Conventional repair strategies do not replicate the
complex zonal characteristics within the meniscus, resulting in suboptimal outcomes. In this study, we introduce
an innovative fetal/adult and stiffness-tunable meniscus decellularized extracellular matrix (DEM)-based
hydrogel system designed for precision repair of heterogeneous, zonal-dependent meniscus injuries. By syn-
thesizing fetal and adult DEM hydrogels, we identified distinct cellular responses, including that hydrogels with
adult meniscus-derived DEM promote more fibrochondrogenic phenotypes. The incorporation of methacrylated
hyaluronic acid (MeHA) further refined the mechanical properties and injectability of the DEM-based hydrogels.
The combination of fetal and adult DEM with MeHA allowed for precise tuning of stiffness, influencing cell
differentiation and closely mimicking native tissue environments. In vivo tests confirmed the biocompatibility of
hydrogels and their integration with native meniscus tissues. Furthermore, advanced 3D bioprinting techniques
enabled the fabrication of hybrid hydrogels with biomaterial and mechanical gradients, effectively emulating the
zonal properties of meniscus tissue and enhancing cell integration. This study represents a significant advance in
meniscus tissue engineering, providing a promising platform for customized regenerative therapies across a
range of heterogeneous fibrous connective tissues.

1. Introduction distribution of proteoglycans endow different areas within the same

tissue with distinct mechanical characteristics [3]. This complexity is

The region-specific composition and architecture of fibrous connec-
tive tissues, such as tendons, ligaments, and the meniscus, present sig-
nificant challenges for effective repair and regeneration. These tissues
are characterized by complex biochemical compositions and biome-
chanical properties that are not uniform, but rather vary across different
regions [1,2]. For instance, a gradient of collagen types and the spatial
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further compounded by the presence of diverse cell types, each finely
tuned to their specific microenvironment [4,5]. This zonal heterogeneity
is essential for the proper function of these tissues, but also complicates
the development of effective treatment strategies. As a consequence, a
traditional ‘one-size-fits-all’ approach to implant design is likely to be
ineffective, emphasizing the need for regenerative approaches that can
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be tuned to reflect the intricate variations in these native tissues.

The meniscus is an important example of a heterogeneous tissue, as
the diversity in biochemical and biomechanical properties is crucial for
knee joint biomechanics, facilitating load-bearing and uniform force
distribution in the knee. Meniscal tears, often caused by congenital de-
fects, degenerative changes, or sports-related factors, impact roughly 70
individuals per 100,000 annually [6] and often require surgical inter-
vention due to the limited self-repair capacity of the tissue [7]. The
meniscus is distinctly zonal: the outer (red-red) region is vascularized,
harboring fibroblast-like cells and type-I collagen which imparts stiff-
ness and durability to the tissue (Fig. 1a). This outer region is particu-
larly stiff and resistant to tensile forces due to its robust collagen
structure [4,8]. In contrast, the inner (white-white) region is avascular
completely, populated by chondrocyte-like cells, and rich in type-II
collagen and proteoglycans, with a more randomly organized collagen
fiber network (Fig. 1a) [9]. The intermediate (red-white) zone serves as
a transitional area, blending characteristics of both the outer and inner
regions [10]. Moreover, these zonal differences necessitate repair stra-
tegies that are tuned to each zone: the outer zone has better healing
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potential due to its vascularity, while the inner zone poses a greater
challenge for repair due to its avascularity [11].

Meniscus tears also exhibit significant heterogeneity and variety (e.
g., location, direction), with common types including longitudinal,
radial, and horizontal tears (Fig. 1b) [11]. These tears, each with their
distinct shape, orientation, and affected zones, underscore the necessity
for customized treatment strategies [12]. These strategies must be sen-
sitive to the unique attributes of each tear type to optimize healing and
restore knee functionality. Commonly employed techniques such as
suturing and arthroscopic partial meniscectomy (APM) offer contrasting
approaches [13]; suturing aims to preserve and mend the tissue, while
APM involves excising the damaged segment [14]. Despite their wide-
spread use, both methods exhibit notable shortcomings when con-
fronting complex meniscus tears: suturing is often inadequate for
complex tear patterns (e.g., radial tears) [15], and APM results in
increased local contact pressures that contribute to more rapid joint
degeneration or osteoarthritis [16]. This highlights a significant gap in
clinical practice, pointing to the urgent need for more sophisticated,
tailored therapeutic modalities that ensure effective healing and joint
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Fig. 1. Decellularization and Characterization of Fetal and Adult Meniscus Decellularized Extracellular Matrix (DEM) Hydrogels. Schematics showing a)
heterogenous cell types and biochemical compositions across different meniscus zones, b) different types of meniscus tears that vary in direction and location, and c)
biochemical alterations in meniscus tissue during development. Schematics of d) the SDS-based decellularization process to generate fetal and adult DEM hydrogel
precursors (fetal: FDEM, adult: ADEM) and e) DEM hydrogel fabrication process using molding and thermal crosslinking. Characterization of DEM hydrogels,
including f) images of fabricated DEM hydrogels (scale bar: 5 mm), g) field emission SEM images of the fibrous microstructure of DEM hydrogels (scale bar: 5 pm), h)
fiber size distribution in FDEM and ADEM hydrogels, and i) compressive moduli of FDEM, ADEM, and their combination (FADEM) hydrogels (n = 5 per group; *p <

0.05, ***p < 0.001).

401



S.-H. Lee et al.

preservation.

Recently, decellularized extracellular matrix (DEM) systems have
emerged as promising substrates for meniscus repair, offering a condu-
cive microenvironment for cellular proliferation and tissue regeneration
[17]. Yet, the challenge remains of effectively emulating the
zonal-dependent properties and intrinsic heterogeneity of the meniscus
using such systems. This challenge calls for innovative strategies that
leverage DEM systems to mimic features of the distinct biochemical and
biomechanical profiles of various zones in the meniscus. Therefore, the
goal of this study was to engineer a tunable meniscus DEM-based
hydrogel system that caters to the zonal specificity of meniscus tissue.
By customizing the biochemical and mechanical properties of these
hydrogels, we sought to mimic the native tissue characteristics of each
meniscal zone. Moreover, the meniscus undergoes significant changes in
protein composition and mechanical properties during development
(Fig. 1c) [18]. This is evident when comparing fetal (from the midg-
estation, second and third trimester) and adult (from skeletally mature,
20-30 months) bovine menisci, which demonstrate an age-related in-
crease in collagen and proteoglycan content from the inner to the outer
zone [19]. Notably, donor age significantly influences tissue size and
mechanical stiffness [20].

On this basis, here, we leveraged age-specific meniscus DEM —
FDEM from fetal and ADEM from adult donors — to create biomimetic
hydrogel systems. Our comprehensive biological characterizations
revealed that the age-specific ECM components and mechanical prop-
erties of these hydrogels distinctly modulate meniscus cell behaviors and
phenotypes. Building upon these insights, we furthered tuned the
properties of DEM-based injectable hydrogel systems, by incorporating
stiffness-tunable methacrylate hyaluronic acid (MeHA) [21], allowing
precise control over hydrogel stiffness. MeHA also enhanced inject-
ability and printability, expanding the potential routes for application of
these hydrogels during surgical treatments. These advanced hydrogels,
designed to mimic aspects of native ECM, offer promising zone-specific
treatment strategies for fibrous connective tissue injuries, advancing
tissue engineering and optimizing patient outcomes.

2. Results

2.1. Development and characterization of fetal and adult meniscus DEM
hydrogels

Considering the influence of meniscal development on the
biochemical and mechanical properties of the tissues [22], which in turn
may subsequently affect cellular phenotypes, we first established a fetal
and adult DEM system. This system utilizes bovine menisci from two
distinct age groups (fetal: FDEM, adult: ADEM) to explore the regulatory
effects of the fetal and adult meniscus ECM on cell behavior. Specif-
ically, FDEM and ADEM from bovine tissue was generated through an
SDS-based decellularization process (Fig. 1d). Post-decellularization,
effective removal of the majority of cells was confirmed via DAPI and
H&E staining (Supplementary Figs. Sla—d). Additionally, the preserva-
tion of collagen, a primary component of the meniscus, was validated
through Picrosirius red staining (Supplementary Fig. S1e). Immunobhis-
tochemistry further confirmed that collagen type I and collagen type II
were well preserved in both groups, while chondroitin sulfate proteo-
glycan, a key proteoglycan, was significantly more abundant in ADEM
(Supplementary Fig. S1f).

Cylindrical DEM hydrogels (Diameter: 5 mm, Thickness: 2 mm) were
produced using a molding method coupled with thermal crosslinking
(Fig. 1e and f). Additionally, a composite group, FADEM, was created by
combining FDEM and ADEM at a 1:1 ratio. Scanning electron micro-
scopy (SEM) analysis verified the preservation of fibrous structures in
both FDEM and ADEM hydrogels (Fig. 1g). Notably, ADEM hydrogels
exhibited a broader fiber diameter distribution compared to FDEM
hydrogels, likely reflecting developmental changes in ECM composition
(Fig. 1h) [23]. The compressive modulus of the ADEM hydrogel (8.44 +
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0.65 kPa) was double that of the FDEM hydrogel (4.41 + 1.29 kPa).
Blending these two DEM types (FADEM) prior to gel formation (Fig. 1)
resulted in a compressive modulus (5.42 + 0.96 kPa) that was inter-
mediate to the FDEM and ADEM hydrogels alone. These distinctive
features, including differences in fibrous structure and enhanced
modulus, suggest that the age-related characteristics of native tissue are
retained post-decellularization.

2.2. Impact of fetal and adult meniscus DEM on cell response

Based on our expectation of fetal and adult differences in the ECM of
menisci that form these hydrogel systems, we hypothesized that these
differences would translate into distinct cellular responses. Thus, we
next explored how variations in the dECM composition, reflective of
different developmental stages, affected cellular behavior, particularly
in mesenchymal stem cells (MSCs) and meniscal fibrochondrocytes
(MFCs). These cells, derived from juvenile bovine donors, are valuable
resources in tissue engineering research due to their excellent prolifer-
ation, differentiation, and ECM production capabilities [24-26]. To do
this, both cell types were first cultured on FDEM or ADEM hydrogels
(Fig. 2a). MSCs cultured on ADEM hydrogels exhibited a large, more
elongated cell morphology, while those on the FDEM hydrogel were
notably smaller and more rounded (Fig. 2b—d, Supplementary Fig. S2a).
MSCs on DEM hydrogels that combined features of both fetal and adult
stages (FADEM) displayed intermediate morphologies. Similar trends
were observed in MFCs under analogous conditions (Supplementary
Figs. S3a-e), suggesting that the age-specific mechanical properties and
biochemical cues of the DEM significantly influence cell morphology
and phenotype across cell types.

To further assess cellular mechano-response, Yes-associated protein
(YAP) nuclear localization, an indicator of mechanical activation of
cells, was quantified [27]. In both FDEM and FADEM hydrogels, YAP
was predominantly localized to the cytoplasm, whereas in the ADEM
hydrogel, YAP was notably higher in the nucleus (Fig. 2b and e). This
differential localization indicates distinct cellular responses to me-
chanical cues in their environment: nuclear YAP presence in the ADEM
hydrogel suggests activation of pathways favoring fibrochondrocyte
differentiation, essential for the load-bearing function of the outer
meniscus [28-31], while cytoplasmic YAP in the FDEM and FADEM
hydrogels may reflect a softer ECM that may promote chondrogenic
differentiation [32-34].

Indeed, MSCs and MFCs both demonstrated significantly higher
proliferation rates when cultured on the ADEM hydrogel (Fig. 2f and
Supplementary Fig. S3f). Notably, FDEM hydrogel cultures exhibited a
pronounced upregulation of chondrogenic markers, including Aggrecan
(ACAN), SRY-Box Transcription Factor 9 (SOX9), and Transforming
Growth Factor (TGF), while ADEM hydrogel cultures showed increased
expression of fibrogenic markers including Collagen type I alpha 2 chain
(Col1a2) in MSCs (Fig. 2g and h, Supplementary Fig. S2b). The ratio of
the Colla2 to Collagen type II (Col2) was elevated with the ADEM
compared to FDEM hydrogel, suggesting a phenotype closer to
fibrocartilage-like tissue in MSCs cultured on the ADEM hydrogel and
chondrogenic tissue in MSCs cultured on the FDEM hydrogel [35]. The
FADEM hydrogel presented intermediate characteristics in terms of cell
proliferation and gene expression for both cell types (Fig. 2f-h and
Supplementary Fig. S2b). Similarly, in MFCs, chondrogenic expression
(e.g., ACAN, SOX9, and TGF) was upregulated for cells on FDEM
hydrogels, while fibrogenic expression, including Colla2 and Connec-
tive Tissue Growth Factor (CTGF), was more prominent for cells on
ADEM hydrogels (Supplementary Fig. S3g).

2.3. Long-term assessment of age-specific meniscus DEM hydrogels in ex
vivo models

Given that long-term stability and endogenous cell recruitment are
crucial for successful tissue regeneration with hydrogels [36], we next
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Fig. 2. Influence of Meniscus Age on Cellular Interactions with DEM hydrogels. a) Schematic of in vitro evaluation of cell response to DEM hydrogels from
different ages (FDEM, ADEM, FADEM). Characterization of MSC interactions with DEM hydrogels at day 3, including b) representative images (Green: F-actin, Red:
YAP, Blue: DAPI; Scale bar: 50 pm), c) relative cell area (n = 35-87), d) aspect ratio (n = 35-87), and e) YAP nuclear localization (n = 32-44). Characterization of
MSCs with longer term culture on DEM hydrogels (for 7 days), including f) cell proliferation (n = 5) and g-h) gene expression (n = 3-4, COL1/COL2 and ACAN) (*p
< 0.05, **p < 0.01, ***p < 0.001). i) Schematic of implantation and culture for 3 weeks of acellular DEM hydrogels within meniscus explants and outcomes,
including j) representative H&E images [Scale bars: 750 pm (top) and 100 pm (bottom)], k) quantified nuclear aspect ratio of recruited cells (n = 67-118; **p < 0.01,
**¥*p < 0.001), and 1) representative picrosirius red stained images (Scale bar: 750 pm).

assessed the performance of the fetal and adult meniscus DEM hydrogels
within a physiologically relevant environment. Specifically, we intro-
duced acellular hydrogels into an ex-vivo meniscus defect model and
incubated for three weeks (Fig. 2i). Hematoxylin and eosin (H&E)
staining verified the preservation of FDEM, ADEM, and FADEM hydro-
gels throughout the incubation period, along with substantial cell
infiltration from the surrounding native tissue (Fig. 2j). Consistent with
our in vitro observations, cells migrating into the ADEM hydrogels
exhibited more cell nuclei compared to those in other groups (Fig. 2j and
k). All hydrogel types preserved their collagen composition, with ADEM
hydrogels demonstrating more intense collagen staining (Fig. 21). The
persistence of collagen suggests that these hydrogels maintain their
structural integrity over time, providing a stable scaffold conducive to
tissue regeneration.

403

2.4. Proteomic analysis of fetal and adult DEM hydrogels reveals distinct
biochemical composition

Given the observed differences in cellular responses to fetal and adult
DEM hydrogel compositions and the known impact of tissue develop-
ment on the biochemical composition of the meniscus [18], we per-
formed proteomic analysis to investigate these differences. Samples
were obtained from four fetal and adult meniscus donors, and subse-
quent principal component analysis (PCA) and heat map generation of
detected proteins revealed minimal variability between individual do-
nors, resulting in the formation of four distinct clusters (Fig. 3a and b,
Supplementary Figs. S5a and b).

The analysis identified 1081 proteins in adult-derived DEM (ADEM)
compared to 832 proteins in fetal-derived DEM (FDEM), indicating a
more diverse and abundant array of proteins in ADEM (Fig. 3c). Post-
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decellularization analysis confirmed the retention of several proteins
integral to the native meniscus in both the FDEM and ADEM. These
include Collagen Type-1 (COL1), Collagen Type-2 (COL2), Collagen
Type-3 (COL3), Collagen Type-6 (COL6), Collagen Type-12 (COL12),
Biglycan (BGN), and Cartilage Intermediate Layer Protein 2 (CILP2)
(Fig. 3d and Supplementary Figure S5c). Notably, COL6 was abundant in
both FDEM and ADEM. In addition to these structural proteins, our
proteomic analysis revealed the presence of proteins associated with
wound healing, regulatory functions, and ECM assembly. Proteins such
as Transforming growth factor-beta-induced protein ig-h3 (TGFBI),
Transducin beta like 2 (TBL2), and fibromodulin (FMOD) were abun-
dant in both FDEM and ADEM (Fig. 3d) [37]. A more intriguing aspect
revealed by proteomic analysis was the prevalence of fibrochondrogenic
proteins in ADEM compared to FDEM. Fibrochondrogenic proteins such
as Aggrecan (ACAN), Decorin (DCN), and Tenascin C (TNC) were more
prevalent in ADEM than FDEM. Remarkably, Fibronectin (FN), a protein
pivotal to cell adhesion and proliferation, was exclusively identified in
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ADEM group, where it exhibited significant interactions with other
structural proteins, namely collagens (Fig. 3d-g). The retention of these
major proteins post-decellularization suggests that essential components
of native tissue are preserved after the process (Supplementary
Figure S4).

In addition, a volcano plot further highlighted differentially abun-
dant proteins in ADEM compared to FDEM, showing that proteins
associated with fibrochondrogenesis (e.g., ACAN, DCN, and TNC) and
cell adhesion (e.g., FN) were expressed at higher levels in ADEM than in
FDEM (Fig. 3e). This differential expression likely contributes to the
enhanced mechanical properties of ADEM hydrogels. Furthermore,
Lysyl oxidase-like 4 (LOXL4), a protein implicated in collagen cross-
linking [38] and fibrosis [39], was significantly upregulated in ADEM
(Fig. 3e). These expression patterns align with those observed in native
meniscus tissues (Supplementary Figs. S4d and e).

The abundance of cell adhesion-related proteins in ADEM may create
a more favorable environment for cellular attachment to the structural
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proteins compared to FDEM. This environment may encourage cells to
adopt larger and elongated shapes, supporting cell proliferation and
fibrochondrogenesis. The protein networks identified post-
decellularization also form interconnected network structures similar
to native tissue, potentially providing cells with a microenvironment
that closely resembles the native ECM. Additional gene ontology (GO)
analysis revealed that FDEM was enriched with proteins associated with

Bioactive Materials 48 (2025) 400-413

hydrogels closely align with those in native tissues, indicating that the
decellularization process effectively preserves key protein compositions
(Supplementary Figs. S4f and g).

In summary, the proteomic analysis of FDEM and ADEM revealed
critical biochemical differences that likely drive the distinct cellular
responses to these fetal and adult hydrogel systems. The retention of key
structural and functional proteins, particularly in ADEM, underscores its

cellular and metabolic processes, while ADEM exhibited a higher prev- potential to emulate the fibrochondrogenic native meniscus
alence of proteins associated with protein or ECM binding (Fig. 3h, i and environment.
Supplementary Figs. S5a and b). Notably, GO analysis identified ADEM
as being enriched in proteins related to cytoskeletal protein binding and
cell adhesion molecule binding (Fig. 3i). The GO categories in DEM
a g D c d
= 127 E 4m2x FDEM 2X FDEM ADEM 4
= ns c © Fokk
k<] 10- — B ADEM *kk ®
o . o 2 -
n 3 <3
S — 84 5_", =
o® ]
20 6 g2 iy O,
2= 5 ¢l i
4 = oegd
GEJ. -g 1 Kok E 1 _g;_—;
24 7]
3 B e | =
S © S = A N
>
¢ » » » £ £
_\_QQ W P P PO
C» W
€ 15 f 10 g o 25 h /= | ADEM-conditioned medium
Aok < X 5 days \ (ACM)
o 0.8 > — \
2 i i |
10 2 & = Q20 \
© = © =% \
: S 0.6 k] £ \
9 = o2 )
Q O 0.4 3= -
3 = Z Q1.
7] [3) [¢]
< 0.2 s
Q w (U (L W |
0.0 . =
'bMSC [ 7] FDEM or ADEM
i k 12 Hokok | 1.0 [%_
| S —r P (R R
4 | — 0.8 :i!
= S s 2 B
© 3 © T 061 .o
8 3+ 3
2 2, % 4 : ; 5 04
£, 2 N
° 1 ﬁ 2 H -2 0.2
2 3 = #®
0 0 0.0
Medium BM ACM BM Medium E § E Medium E § E Medium
Hydrogel FDEM ADEM Hydrogel 'FDEM ADEM  Hydrogel FDEM ADEM  Hydrogel "FDEM ADEM
m
Fibrochondrogenic
Soft N Sff

S\ Actin L/ Integrin W
e Collagen @ TGFBI Biglycan

YAP translocalization

—mfdllis-  Fibronectin

() Cartilage intermediate layer protein 2

Fig. 4. Biochemical and Mechanical Effects of DEM Hydrogels. a) Compressive modulus of 2x FDEM and ADEM hydrogels (n = 5; ns: not significant). b) MSC
proliferation on 2x FDEM and ADEM hydrogels at days 1, 3, and 7 (n = 5; ***: p < 0.001 vs. 2X FDEM). MSC morphology analysis after 3 days, including c)
representative F-actin and YAP staining (Scale bar: 20 pm), d) relative cell area (n = 49), e) aspect ratio, f) circularity, and g) YAP nuclear localization (n = 46-57;
***p < 0.001 vs. 2x FDEM). h) Schematic showing experimental setup where media released from ADEM hydrogels is added to MSC cultures atop FDEM or ADEM
hydrogels. Cell morphology under varied media and hydrogel conditions: i) Representative F-actin images (Scale bar: 50 pm). MSC morphology analysis, including j)

relative cell area, k) aspect ratio, and 1) circularity (n = 52-82; ***p < 0.001). m) Summary schematic illustrating the distinct biochemical and biomechanical
microenvironments of the FDEM and ADEM hydrogels, highlighting that ADEM enhances fibrochondrogenic differentiation.

405



S.-H. Lee et al.

2.5. Decoupling effects of DEM hydrogel composition and stiffness on
cellular response

Given that FDEM and ADEM hydrogels had distinct stiffnesses and
biochemical compositions, we next sought to determine which of these
factors drove the cellular response. To address this, we doubled the
concentration in FDEM (2x FDEM) to achieve a compressive modulus
comparable to that of ADEM hydrogels (Fig. 4a), standardizing the
stiffness between the two systems. Interestingly, despite this adjustment,
MSCs on 2x FDEM hydrogels still had a lower proliferation rate than
those on ADEM (Fig. 4b). Moreover, cells on the 2x FDEM were smaller
and more circular compared to their counterparts on ADEM hydrogels
(Fig. 4c-f). This was further corroborated by significantly reduced YAP
nuclear localization in MSCs on the 2x FDEM compared to ADEM
hydrogels (Fig. 4g). These findings suggest that stiffness alone does not
fully account for the varied cellular responses seen in FDEM and ADEM
hydrogels, underscoring the importance of biochemical cues.

To further investigate the impact of biochemical composition, ADEM
hydrogels were dissolved in basal growth media to prepare ADEM-
conditioned media (ACM). MSCs were seeded on either FDEM or
ADEM hydrogels and cultured with ACM or BM (as a control group,
Fig. 4h). Interestingly, ACM culture prompted cells on FDEM hydrogels
to enlarge and elongate, resembling the morphology of cells on ADEM
hydrogels under BM conditions (Fig. 4i-1). Similar results were observed
with MFCs cultured on tissue culture plates (TCP) (Supplementary
Figs. S6a, ¢, and d) and ACM did not compromise cell viability
(Supplementary Fig. S6b). Additionally, super-resolution H2B STORM
imaging demonstrated that ACM culture reduced nanoscale chromatin
condensation in MFC nuclei (Supplementary Figs. S6e and f), suggesting
enhanced transcriptional activation in MFCs. Furthermore, DTAF and
PSR staining confirmed that MFCs cultured in ACM produced more
extracellular matrix and collagen than those in the control group
(Supplementary Figs. S6g-i). These findings highlight the pivotal role of
biochemical composition over mechanical stiffness in dictating cellular
response to DEM hydrogels. The increased cell proliferation and
morphological changes observed with ACM imply that specific
biochemical factors inherent to ADEM are key drivers of these responses.
The unique protein profiles revealed by proteomic analysis, particularly
those associated with cell adhesion and ECM composition, may create a
favorable microenvironment for cell adhesion, growth, and
differentiation.

Taken together, this differential enhancement is crucial for meniscus
tissue engineering, where regeneration of specific tissue types and
functions is required. Notably, compared to FDEM, the fibrochondro-
genic biochemical cues from ADEM alongside its stiffer biomechanical
environment, significantly enhance cell attachment, proliferation, and
YAP nuclear localization. These factors collectively foster an environ-
ment favorable to fibrochondrogenic differentiation and the formation
of fibrous cartilage (Fig. 4m). These insights underscore the importance
of biochemical signals in the design of tissue engineering scaffolds for
meniscus repair and regeneration, highlighting the need for a tunable
approach in scaffold design that integrates both mechanical and
biochemical considerations to optimize regenerative outcomes.

2.6. Biochemically and mechanically tunable DEM-based hydrogels for
zone-specific meniscus repair

Given the complexity of the meniscus, injectable materials tailored to
specific meniscus zones are needed. Building from the zonal-specific
cues provided by dECM of different ages, we next developed a
stiffness-tunable DEM-based injectable hydrogel system. For this, we
combined our DEM with methacrylated hyaluronic acid (MeHA), whose
mechanics can be adjusted by controlling the degree of crosslinking
(Fig. 5a) [40]. To first generate a ‘Soft’” MeHA and ‘Stifff MeHA
component, the methacrylation level was set at 22 % and 100 %,
respectively (Supplementary Figs. S7a and b). ‘Soft’ MeHA had a
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compressive modulus of 3.1 (+0.4) kPa while ‘Stiff’ MeHA was 16.2
(£2.3) kPa (Supplementary Fig. S7c). Next, the fetal and adult DEM and
MeHA were combined in predetermined ratios (Fig. 5a). Fluorescence
imaging (z-stack; z-axis distance: 200 pm) using FITC-labeled MeHA
confirmed a homogeneous mixture of the two components
(Supplementary Fig. S7e and Video 1). The resulting hydrogels exhibited
a wide range of stiffness, from 4.4 kPa (FDEM) to 27.3 kPa (ADEM/Stiff
MeHA) (Fig. 5b and Supplementary Fig. S7d and Table S1). By mixing
‘Soft’ and ‘Stiff’ at a 1:1 ratio, hydrogels with an intermediate stiffness
were generated. Picrosirius red and Alcian blue staining confirmed that
collagen content was preserved in the DEM and that proteoglycans were
present due to the added MeHA (Supplementary Figs. S7f and g). These
results demonstrated that, by modifying the methacrylation degree of
HA, we could create DEM-based hydrogels with a broad range of stiff-
ness values, to create tailored microenvironments for meniscus repair,
potentially supporting the regeneration of specific tissue types and
functions.

2.7. Cellular responses to tunable DEM-based hydrogel systems

Next, to determine how the presence of MeHA and the stiffness of
tunable DEM-based hydrogels impacted cellular response, MSCs were
cultured on the FDEM or ADEM hydrogels with or without the addition
of ‘stiff’-MeHA. On these ‘stiff” DEM-based hydrogel systems, incorpo-
ration of ‘stifff MeHA into fetal and adult hydrogels significantly
increased cell area and YAP nuclear localization compared to FDEM or
ADEM hydrogels (Fig. 5c—e).

Given that the FADEM hydrogel (a 1:1 mix of FDEM and ADEM) had
mechanical and cellular characteristics intermediate between FDEM and
ADEM hydrogels and contains both FDEM and ADEM proteins, we
further examined cellular responses on FADEM-based stiffness-modu-
lated MeHA hydrogels. When MSCs were cultured on FADEM-based
MeHA hydrogels, cells on the ‘Soft’ hydrogels remained small and cir-
cular but elongated (Fig. 5f, g, Supplementary Figs. S7h, i) and increased
YAP nuclear localization (Fig. 5f, h) with increased modulus. Notably,
‘Stiff” FADEM-based hydrogel exhibited heightened COL1A2 expression,
while the chondrogenic markers SOX9 and TGF increased in all MeHA-
supplemented groups (Supplementary Fig. S7j). These data indicate that
the introduction of MeHA to DEM elevated chondrogenic gene expres-
sion and that ‘stiff” MeHA increased fibrochondrogenic gene expression
in MSCs (Supplementary Fig. S7j).

To further understand changes in transcriptional profiles induced by
the stiffness-tuned FADEM-based hydrogels, we performed whole-
transcriptome analysis on two experimental conditions: ‘Soft’” and
‘Stiff FADEM-based hydrogels. Unsupervised clustering and PCA visu-
alization (Supplementary Fig. S8a) showed that samples were clustered
based on the stiffness of MeHA. After filtering for significant changes,
genes were divided into two distinct clusters (Supplementary Fig. S8b).
Applying thresholds (adjusted p < 0.05, —2 > Fold change (FC), and FC
> 2) identified 64 up-regulated and 414 down-regulated genes (Fig. 5i
and Supplementary Table S2). Notably, in the ‘stiff FADEM-based
microenvironment, meniscus ECM production, cell adhesion, cell
migration, and cell development-related genes were upregulated
(Fig. 5i). Further, heatmaps of differential gene expression confirmed
that representative fibrogenic genes such as COL1A2 and COL3A1 were
significantly expressed in the ‘stiff’ FADEM environment with upregu-
lations of chondrogenic genes including COL2A1, ACAN, and TGFp1l
(Fig. 5j and Supplementary Fig. S8c). In contrast, genes related to
chondrogenesis, including Cartilage oligomeric matrix protein (COMP)
were more predominately expressed in ‘soft’ FADEM environment
(Supplementary Fig. S8c). Moreover, the ‘stifff FADEM-based system
enhanced gene expression related to cell adhesion, such as FN1
(Supplementary Fig. S8d). These findings confirm that the ‘soft’ FADEM
hydrogels promote a chondrogenic phenotype, whereas ‘stiff” FADEM
drives cells towards a fibrocartilage phenotype.

GO analysis provided a more in-depth understanding of the
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Fig. 5. Stiffness-tunable DEM-Based Hydrogels Direct MSC Phenotype. a) Illustration of strategies to develop tunable DEM-based hydrogel systems for zonal-
specific meniscus tissue repair by including methacrylated hyaluronic acid (MeHA) of varied stiffness. b) Stiffness of mechanically modulated DEM-based hydro-
gels (n = 5; ***: p < 0.001, +++: p < 0.001 vs. FDEM, &&&: p < 0.001 vs. FADEM, ###: p < 0.001 vs. ADEM, p values for all comparison cases in Supplementary
Table 2). MSC response to fetal and adult DEM-based hydrogels at day 3, including c) representative images on fetal and adult DEM-based hydrogel systems with or
without the addition of ‘stiff MeHA (Green: F-actin, Red: YAP, and Blue: DAPI), d) relative cell area (n = 42-50; *p < 0.05, ***p < 0.001), e) YAP nuclear
localization (n = 67-72; ***p < 0.001). MSC response to stiffness tunable FADEM-based hydrogels after 3 days, including f) representative images on FADEM
hydrogels with or without ‘soft’, ‘soft/stiff’, or ‘stiff” MeHA (Green: F-actin, Red: YAP, and Blue: DAPI), g) relative cell area (n = 50; *p < 0.05, ***p < 0.001), and h)
YAP nuclear localization (n = 50; ***p < 0.001). Transcriptional analysis to compare MSCs on FADEM-Stiff MeHA (Treatment) vs. FADEM-Soft MeHA (Control) via

RNA sequencing (n = 3/group), including i) Volcano plot, j) Z-score heat maps of fibrogenic gene expression, k) GO analysis of gene differentially expressed genes
(CC: cellular components and MF: molecular functions).
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Fig. 6. Targeted Meniscus Repair Using Stiffness-Tunable DEM-Based Hydrogels. a) Illustration of the application of the system. Injection method: b) injected
stiffness-modulated FADEM-based hydrogel in defects in different meniscus zones (scale bar: 5 mm). Implantation method using 3D printed hybrid constructs: c) images
of a bioprinted stiffness-modulated FADEM-based hydrogel (yellow: printed ‘soft’ FADEM hydrogel for the inner meniscus zone, red: ‘soft/stiff’ FADEM hydrogel for
the middle meniscus zone, purple: ‘stiff” FADEM hydrogel for the outer meniscus zone, scale bar: 5 mm). (e-g) Representative FE-SEM images of fibrous structure of
printed FADEM-based hydrogels. (h—j) F-actin staining of MSCs cultured on the zone-dependent printed FADEM-based hydrogels. (k) 3D printed lattices of zone-
specific FADEM-based hydrogels with the addition of ruthenium/sodium persulfate (FADEM-RS, cyan: ‘soft’ FADEM, magenta: ‘stiff” FADEM, scale bars: 5 mm).

biological processes involved: ECM-related cellular component genes tunable FADEM-based hydrogel in vivo, bovine meniscus explants were
were significantly upregulated in the ‘stiff FADEM group (Fig. 5Kk). prepared by filling FADEM-based hydrogels (Supplementary Fig. S9a)
Additionally, GO analysis revealed that genes related to the binding of and implanted subcutaneously into mice (Supplementary Fig. S9b).

major proteins including, glycosaminoglycan (GAG) and heparin, and Three weeks post-implantation, the implants were fully integrated with
cellular activities were significantly upregulated in the ‘stiff’ FADEM the host tissue (Supplementary Fig. S9¢). No adverse tissue reaction was
hydrogels (Fig. 5k). Those data indicate that the ‘stiff” FADEM micro- observed in any of the groups and histological results were consistent
environment appears to accelerate cellular and ECM protein production across all groups (Supplementary Figs. S9d-e). In the ’soft’ FADEM
and maturation compared to the ‘soft’ FADEM microenvironment. group, a considerable number of cells infiltrated into the hydrogel, while
Taken together, these findings demonstrate that by fine-tuning the in the ’stifff FADEM group, a small number of cells were observed
stiffness of FADEM-based hydrogels, we can create tailored microenvi- migrating at the junction of the scaffold and hydrogel in the central
ronments that influence MSC behavior and phenotype. region, forming a thin layer. This phenomenon could be attributed to the

Finally, to further evaluate the biocompatibility and integration of differences in the stiffness and degradability of the hydrogels,
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corroborating the cell infiltration and migration observed in animal
experiments.

2.8. Application of stiffness-tunable DEM-based hydrogels for precision
meniscus repair

The tunable properties of the stiffness-tunable DEM-based hydrogel
system offers a promising avenue for the treatment of diverse meniscus
tears by virtue of their tailored the biochemical and biomechanical
properties. For example, in the case of either small or longitudinal
(vertical) tears within a specific region, a single injection could prove
effective, where hydrogels with varying degrees of stiffness — ranging
from ‘soft’, to ‘soft/stiff’, to ‘stiff’— could be strategically administered
into the meniscus tissue’s inner, intermediate, and outer zones, respec-
tively (Fig. 6a and b). Alternatively, for more complex injuries, such as
radial tears that begin in the inner meniscus and extend to the peripheral
edge, the stiffness tunable DEM-based material system could be coupled
with advanced fabrication techniques such as 3D bioprinting (Fig. 6a
and c-k). Employing our stiffness-tunable FADEM-based materials
(‘soft’, ‘soft/stiff’, and ‘stiff’ FADEM), we crafted a hybrid hydrogel
containing biomaterial and mechanical gradients. These gradients were
produced using a multi-head 3D bioprinting system to mimic the zonal
properties of the tissue (Fig. 6¢). FE-SEM analysis verified the retention
of fibrous structures after printing (Fig. 6e-g). Additionally, distinct
zonal-dependent cell morphologies were observed when MSCs were
cultured on the 3D printed construct, with smaller and rounder cells on
the ‘soft” hydrogel region (Fig. 6h) and larger and elongated cells on the
‘stiff” region (Fig. 6j), with a mix of cell populations in the ‘soft/stiff’
region (Fig. 61). This highlights the capability of the system to effectively
emulate the cell morphology of native meniscus tissue by adjusting
hydrogel properties.

To further improve the printability of DEM-based materials and the
integrity of the printed structures, we introduced a rapid curing reaction
with the addition of ruthenium (Ru)/sodium persulfate (SPS) (Fig. 6k).
The Ru/SPS visible photoredox system interacts with tyrosine proteins
prevalent in DEM, encouraging dityrosine bond formation for rapid
cross-linking [41]. Through a triple crosslinking process utilizing heat,
UV, and visible light during 3D bioprinting, we created 3D-printed
hybrid structures with interconnected pores using ‘soft’ and ‘stiff’
FADEM-based hydrogels (Fig. 6k). This improved structural fidelity not
only benefits tissue engineering but also enhances the material’s phys-
ical and biochemical characteristics. The introduction of pores may
support proper cell infiltration and differentiation based on the
meniscus zone, potentially fostering the development of heterogeneous
tissue structures that more closely resemble the native meniscus.

3. Discussion

Current meniscus tissue engineering strategies are limited by their
inability to replicate the complex zonal-dependent properties of
meniscal tissue [1]. For instance, currently used biomaterials based on
collagen and synthetic scaffolds do not mimic these zonal characteris-
tics, leading to suboptimal healing and functional outcomes [2]. Simi-
larly, traditional surgical interventions like suturing and arthroscopic
partial meniscectomy (APM) fail to address the meniscus’s biochemical
and structural heterogeneity in the meniscus tissue [3]. To address these
limitations, we introduced a novel approach for meniscus repair through
the development of a tunable DEM-based hydrogel system, designed to
approximate the zonal heterogeneity of the native meniscus tissue. The
goal of this study was to engineer a biomimetic material capable of
emulating the distinct biochemical and mechanical profiles of the
meniscus zones, thereby enhancing cell compatibility, guiding accurate
zone-dependent cell differentiation, and improving healing outcomes.

In this study, we successfully synthesized fetal and adult hydrogels
(FDEM and ADEM) that distinctly influenced cell behavior based on the
donor tissue’s age used to prepare the DEM. The fetal and adult meniscus
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DEMs were derived from powdered and lyophilized tissues, which,
while effective in retaining essential biochemical properties confirmed
by mass spectrometry, may not fully replicate the native meniscus’s
complex collagen fibrous-fibrillar-bundle structure. Future studies need
to focus on refining tissue processing methods to better preserve or
replicate the hierarchical collagen architecture critical to meniscus
function. Furthermore, additional investigations into protein expression
changes in cells in response to age-specific hydrogel systems are needed
to deepen our understanding of the underlying cellular and molecular
mechanisms that drive these distinct responses.

Proteomic analyses corroborated these findings, revealing a higher
abundance of cell adhesion and fibrochondrogenic proteins in ADEM.
Notably, the exclusive presence of fibronectin in ADEM, a pivotal pro-
tein for cell adhesion and proliferation, alongside its interaction with
structural proteins like collagen, underscores the unique properties of
the ADEM system in promoting cellular attachment and proliferation
[42]. Additionally, blending different DEM types (i.e., FADEM) offers
the opportunity to generate a spectrum of biochemical and mechanical
stimuli. Moreover, unlike hydrogels requiring chemical additives (e.g.,
TGF-f3 or CTGF), our DEM hydrogels retain their age-specific properties
post-decellularization, potentially offering a more advanced replication
of the native tissue milieu and delivering biomechanical and biochem-
ical signals that naturally modulate cell behavior. Indeed, our explant
assays confirmed that DEM hydrogels can recruit cells from the sur-
rounding native tissue. Collectively, these findings demonstrate the
unique capacity of DEM hydrogels to emulate the native tissue envi-
ronment and provide tailored biomechanical and biochemical cues to
direct cellular responses and, consequently, the success of regenerative
therapies.

Despite their inherent advantages, DEM hydrogels alone may not
fully capture the specific mechanical properties essential for recapitu-
lating the region-specific properties of the meniscus. To overcome this,
we combined the fetal and adult DEM with MeHA, a biomaterial known
for its tunable mechanical properties [43]. This combination harnesses
the biological benefits of DEM while providing further mechanical
tunability via MeHA crosslinking, allowing for a more refined calibra-
tion of hydrogel stiffness. In addition, the decellularization process
typically leads to a reduction in GAG content [44], which is vital for
biomechanical integrity in the meniscus. The addition of MeHA may
compensate for this loss, replenishing hydration and mechanical attri-
butes of the hydrogel. The MeHA-modified DEM hydrogels potentially
create an optimized mechanical and biochemical milieu that promotes
targeted cell proliferation and differentiation, mimicking the unique
characteristics of various regions within the meniscus. Indeed,
DEM-based ‘stiff” MeHA hydrogels directed increased cell attachment
and YAP nuclear localization, with FDEM-based ‘stiff” MeHA hydrogels
surpassing the effects observed with ADEM on its own. These findings
suggest that the DEM-MeHA hydrogel system not only aids in restoring
mechanical and biochemical composition but also regulates cellular
behavior. While the study primarily focused on the compressive prop-
erties, given the hydrogel’s potential for injection, future studies will
need to consider its tensile properties. Furthermore, although the stiff-
ness of the tunable hydrogel does not fully replicate the mechanical
properties of native meniscus tissue, the goal of this system is not to
entirely replace the meniscus. Instead, it is intended for injection into
partial meniscal injuries, where it can support the healing process by
creating a dynamic environment that fosters tissue regeneration. Thus,
the DEM-MeHA hydrogels present a promising, customizable solution
for meniscus repair.

In addition to its role in mechanical tuning, MeHA also improves the
injectability of the DEM-based hydrogel, a critical feature for minimally
invasive meniscus repair techniques [45]. This enhanced injectability
could enable simpler biomaterial delivery and better in situ integration.
Active cell recruitment support of the DEM-MeHA hydrogel system
observed through animal experiments effectively supports the induction
of cell differentiation by providing cells with a pre-designed
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microenvironment. MeHA also augments the bioprintability of the
hydrogel, which is advantageous for 3D bioprinting applications, crucial
for fabricating heterogeneous and anatomically precise scaffolds. The
injectable and 3D-printable nature of the DEM-MeHA composite
hydrogel broadens its clinical applicability, facilitating minimally
invasive delivery and personalized scaffold production, thus improving
the practicality of meniscus repair interventions. This study compre-
hensively evaluated the DEM-based hydrogel system through in vitro, ex
vivo, and in vivo tests using a small animal model. While the subcu-
taneous implantation model provided valuable preliminary insights into
the hydrogel’s biocompatibility, degradation, and cellular infiltration,
this model does not replicate the complex mechanical microenviron-
ment of the knee joint, where the meniscus resides. Thus, further
assessment in a more clinically relevant large animal meniscus injury
model is still needed to validate its effectiveness for meniscus tissue
repair following hydrogel injection under physiologically relevant me-
chanical loading conditions.

Additionally, while the current approach focuses on an acellular
hydrogel system to enhance endogenous cell recruitment and promote
tissue repair, future research could explore the synergistic effects of
integrating cell-embedded hydrogels or soluble growth factors with
injectable delivery and cell-printing technologies. This approach offers a
promising avenue for enhancing regenerative outcomes. Furthermore,
while bovine ECM was used in this study as a proof of concept due to its
consistent availability, future studies will prioritize the use of human-
derived ECM to better align with clinical applications and minimize
potential species-specific differences in cellular responses. Human
meniscus ECM is expected to more closely reflect the physiological and
mechanical properties necessary for successful tissue regeneration in
clinical settings. Therefore, future studies will explore human-derived
ECM to investigate ways to bridge the gap toward clinical application.
In addition, this study mainly utilizes juvenile bovine cell donors to
provide valuable insights into the regenerative potential of our hydrogel
system. However, clinical translation necessitates evaluating its perfor-
mance using adult tissues and cells. Therefore, future studies should
incorporate adult meniscus cells and tissues into experimental models to
more effectively assess how the hydrogel supports repair and regener-
ation in clinically relevant contexts. This approach will allow for a more
comprehensive evaluation of the hydrogel’s potential in meniscus repair
and regeneration.

Taken together, our tunable DEM-based hydrogel system advances
the field by providing a flexible approach to craft tailored microenvi-
ronments for tissue regeneration. The precise control over hydrogel
stiffness and the ability to modulate cellular response based on both
composition and stiffness enables targeted regenerative therapies that
may improve outcomes for meniscus repair and beyond. This study
represents a significant advance in tissue engineering, offering a prom-
ising platform for developing targeted regenerative therapies that could
lead to improved clinical outcomes and a deeper understanding of
mechanobiological influences in musculoskeletal repair. Furthermore,
the adaptability of our hydrogel systems positions them as a formidable
tool for a broad spectrum of biomedical applications, ranging from in
vitro disease modeling to in vivo regenerative treatments.

4. Materials and methods

4.1. Preparation of fetal and adult meniscus decellularized ECM (DEM)
powder

Bovine fetal (3rd trimester) and adult (~30-month-old) menisci for
decellularization were purchased (Animal Technologies, Inc., USA) and
meniscus tissues were decellularized following a previously reported
protocol with minor adjustments [41,46,47]. Briefly, the menisci were
chopped into 2 mm? cubes and stirred in deionized water for 4 h to
remove blood. Next, the tissues were decellularized in a solution of 0.3
% (w/v) sodium dodecyl sulfate (Invitrogen, USA) in phosphate buffered
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saline (PBS; Growcells, USA) for 24 h, followed by treatment with 3 %
(v/v) Triton-X100 (Sigma Aldrich; USA) in PBS for 24 h, and 7.5 U/ml
Deoxyribonuclease (Sigma Aldrich, USA) in PBS for 24 h. To sterilize the
treated tissues, tissues were rinsed with 4 % ethyl alcohol for 4 h. Re-
sidual chemicals were removed by rinsing the treated tissues with PBS
between each treatment step. After lyophilization, the tissues were
crushed into powder using a liquid nitrogen cryomill (14 cycle per
second) to yield fetal and adult meniscus dECM powders.

4.2. Fabrication of fetal and adult meniscus DEM hydrogels

To prepare DEM-based hydrogels, the fabricated fetal and adult
meniscus DEM powders were each digested in a 0.5 M acetic acid so-
lution (Sigma-Aldrich, USA) with pepsin (Sigma-Aldrich, USA) at room
temperature for 72 h. After filtration through a 40 pm pore mesh, the
digested solution was neutralized using a 10 N NaOH solution (Sigma-
Aldrich, USA). The DEM pre-gel was prepared by adding 10 x PBS and
sterilized water into the neutralized DEM solution. Fetal DEM (FDEM)
and adult DEM (ADEM) hydrogels were fabricated by cross-linking the
prepared pre-gel at 37 °C for 30 min. To create a composite group
comprised of both the fetal and adult DEM, fetal and adult DEM
(FADEM), the prepared FDEM and ADEM pre-gels were mixed in a 1:1
ratio. A 1.5 wt% concentration of FADEM was used for experiments
[44]. To examine fibrous structures in DEM, the fabricated DEM gels
were dried at room temperature, coated with platinum using a sputter
coater, and imaged using a FEI Quanta FEG 250 scanning electron mi-
croscope (SEM; ThermoFisher, USA) at magnification of 5000x. The
distribution of fiber diameters was analyzed using ImageJ (National
Institutes of Health, USA).

4.3. Protein identification by mass spectrometry (LC-MS/MS)

To analysis protein components in the fabricated Fetal and Adult
DEM, proteomic analysis was performed. To prepare samples, the fetal
and adult bovine menisci with four different donors were decellularized
in the same protocol as prementioned. The DEM powder was fabricated
through the lyophilization and cryomill procedures and used for the
proteomic analysis. A mass spectrometry (LC-MS/MS) was performed as
described in Supplementary information. Only proteins detected in two
or more of the four different donors were processed for analysis. Dif-
ferential level of proteins was identified with criteria of p-value <0.05
and absolute logy (Fold change) > 1.0 for volcano plot. Gene symbols
corresponding to the identified proteins were input into the STRING web
tool (version 10.0, http://string.embl.de, String Consortium 2020) to
obtain data on protein-protein networks [48]. The acquired data were
then imported into Cytoscape (Version 3.10.1) for visualization and
annotation [49]. Gene ontology (GO) analysis was conducted using the
STRING web tool, which identified biological process (BP), cellular
component (CC), and molecular function (MF) terms with a corrected
p-value <0.05.

4.4. Fabrication and characterization of stiffness tunable DEM-based
MeHA hydrogels

Sodium hyaluronic acid (HA; Lifecore Biomedical, USA) was meth-
acrylated as previously described [43,50,51]. Briefly, methacrylate HA
(MeHA) was obtained by methacrylate esterification with the hydroxyl
group of the 68 kDa sodium HA. The degree of the methacrylation was
controlled by adjusting the amount of methacrylic anhydride (Sigma
Aldrich, USA), with target methacrylation degrees of ~30 % (‘soft’) and
100 % (‘stiff’). After dialysis at room temperature, stiffness-modulated
MeHA macromers were isolated by freezing and lyophilizing. Lyophi-
lized polymers were dissolved in deuterium oxide (Sigma Aldrich, USA)
at a concentration of 10 mg/mL and analyzed using 'H NMR (Bruker
NEO400, USA) to determine the degree of modification [52].

To fabricate DEM-based MeHA hydrogels with different stiffness,
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Fetal and adult DEM and the stiffness-tuned MeHA system (soft or stiff)
was blended to a final concentration of 1.5 wt% and 1.0 wt% final
concentrations, respectively. In another group, soft and stiff MeHA were
mixed at a 1:1 ratio. Thiolated fluorescein peptide (GenScript, USA,
2.0-2.5 %) was incorporated during crosslinking to observe the homo-
geneous blending of the FITC-Soft/Stiff MeHA and DEM. The thiol
groups from the fluorescein peptide and the methacrylate groups from
the MeHA macromers were conjugated via Michael addition reactions
[53]. After dialysis, the fluorescein peptide-conjugated MeHA macro-
mers were isolated through freezing and lyophilization. To assess the
homogeneity of these macromers, a confocal microscope (TCS SP8
STED, Leica, Germany) was employed. The macromers were scanned
over an area of 1.5 mm x 1.5 mm to a depth of 200 pm (Z stack; 10x
magnification) to evaluate their distribution and uniformity.

A custom mechanical testing device was used to evaluate compres-
sive moduli of the fabricated hydrogels [54]. For this, the hydrogel
samples were prepared in cylindrical molds measuring 5 mm diameter
and 2 mm thickness. Samples were equilibrated in creep under a static
load of 0.1 g for 5 min. After creep, samples were subjected to 50 %
strain applied at 0.5 %/s. The compressive modulus was determined
from the stress (minus tare stress) normalized to the applied strain in the
linear region.

4.5. Cell isolation and in vitro culture

Cell isolation for in-vitro testing was performed as previously re-
ported [55,56]. Briefly, juvenile bovine knee joints (2-3 months old;
Research 87, USA) were acquired. Bone marrow derived mesenchymal
stem cells (MSCs) were isolated from the femur and tibia, and meniscal
fibrochondrocytes (MFCs) were isolated from the meniscus. Cells were
cultured in basal growth media [BM; Dulbecco’s modified Eagle’s me-
dium (DMEM; Gibco, USA) supplemented with 10 % fetal bovine serum
(R&D systems, USA) and 1 % Penicillin Streptomycin (Gibco, USA)].
Cells at passage 2 were used for in-vitro experiments. To prepare
ADEM-conditioned media (ACM), ADEM was added to fresh BM and
incubated at 37 °C with shaking for 5 days. Concurrently, fresh BM was
also incubated under the same conditions with ACM, serving as the
control group (Ctrl). After filtration through a 40 pm pore mesh, the
ACM with a 3.3 % v/v concentration was used for the dissolution test in
vitro, having confirmed its low cytotoxicity via a Live/Dead assay. The
DEM system was coated onto a 24-well tissue culture plate and cross-
linked in a CO2 incubator for 30 min. For the DEM-based MeHA system,
an additional crosslinking step was performed by exposing it to 15-20
mW/cm? UV light (Omnicure S2000-XLA, Lumen Dynamics, Canada)
for 30 min. Following crosslinking, cells were seeded on the surface of
the coated DEM or DEM-based MeHA systems and cultured in either BM
or ACM.

4.6. Metabolic and cytotoxicity assays

The DEM-based MeHA hydrogel was added to a 24-well plate to
completely cover the bottom surface. Cells were then seeded at a density
of 1 x 10° cells per well (n = 5/group). Proliferation of seeded cells was
determined using a Cell Counting Kit-8 assay (CCK-8; Dojindo, Japan).
After 1, 3, and 7 days, medium containing 10 % CCK-8 agent was added
to each well and incubated at 37 °C for 4 h. The absorbance of each well
was measured at 450 nm using a Synergy H1 microplate reader (BioTek,
USA). Cell viability was assessed using the Live/dead kit (Invitrogen,
USA). Live cells were stained by Calcein AM and dead cells were stained
by Ethidium homodimer-1. After imaging, quantification was performed
in ImageJ (n = 5).

4.7. Analysis of cell morphology and YAP nuclear localization

Immunofluorescence staining was performed to measure cell
morphology and YAP (Yes-associated protein) in cells cultured on
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hydrogels. Cells were fixed at day 3 with 4 % paraformaldehyde (PFA).
To examine cell morphology, cells were permeabilized with Triton X-
100 and stained with Phalloidin-Alexa488 (Invitrogen, USA) to visualize
actin. Nuclei were labeled with ProLong™ Gold antifade reagent with
DAPI (Invitrogen, USA). For YAP staining, cells were incubated with
anti-YAP antibody (Santa Cruz Biotechnology, USA) followed by Alexa
Fluor546-goat anti-mouse IgG (Life technologies, USA). Images were
obtained using a widefield fluorescent microscope (Leica, Germany).
Cell morphology and YAP nuclear localization were analyzed with
ImagelJ.

4.8. Gene expression analysis

Messenger RNA was extracted from the MSCs or MFCs cultured on
hydrogels using the TRIzol/chloroform method [54]. The concentration
of the total RNA was determined using a spectrophotometer (Nano-drop
Technologies, USA) [50]. Subsequently, cDNA was synthesized using
PhotoScript II First-Strand cDNA Synthesis Kit (New England BioLabs,
USA). Reverse transcription-polymerase chain reaction (RT-PCR) was
performed on a QuantStudio 6 Pro (Applied Biosystems, USA) with Fast
SYBR Green Master Mix (Applied Biosystems, USA). The expression of
collagen type I alpha 2 chain (COL1A2), Collagen Type-2 (COL2),
Collagen Type-3 (COL3), Connective tissue growth factor (CTGF),
Aggrecan (ACAN), SRY-box Transcription Factor 9 (SOX9), and Trans-
forming growth factor (TGF) were determined. Expression levels were
normalized to the house-keeping gene Glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH). Primer sequences are provided in Table 1.

4.9. RNA sequencing

RNA sequencing was carried out with the MSCs cultured on FADEM-
based ‘Soft’, ‘Stiff” hydrogels. Each type of hydrogel was coated on the
bottom surface of 24-well tissue culture plates and cross-linked under
UV and 37 °C. Passage 2 (P.2) cells were seeded in the 24-well tissue
culture dishes at a density of 1 x 10° cells per well. The cells were
cultured in basal growth media for 7 days. Total RNA was extracted from
the cells on the hydrogel surface using the TRIzol/chloroform method
[54]. RNA-Seq library preparation (including rRNA depletion) and
sequencing (150 bp paired-end) were performed at Genewiz (South
Plainfield, New Jersey). Sequence reads were processed using Trim-
momatic v.0.36 to trim potential adapter sequences and low-quality
nucleotides. The processed reads were aligned to the Bos taurus refer-
ence genome (available on Ensembl) with the STAR aligner v.2.5.2b.
Unique gene hit counts were determined using featureCounts from the
Subread package v.1.5.2. Differential expression analysis between the
experimental conditions, FADEM-based Soft MeHA and FADEM-based
Stiff MeHA, was conducted using the DESeq2 package in R. Global

Table 1
Primer sequence for quantitative real-time PCR analysis.
Gene Sequence
Bovine-COL1A2 Forward AATTCCAAGGCCAAGAAGCATG
Reverse GGTAGCCATTTCCTTGGTGGTT
Bovine-COL2 Forward GTGTCAGGGCCAGGATGTC
Reverse GCAGAGGACAGTCCCAGTGT
Bovine-COL3 Forward CTGACATTTAGACATGATGAG
Reverse ACTGACCGAGATGGGAGCAT
Bovine-CTGF Forward CGTGTGCACCGCTAAAGATG
Reverse GGAAAGACTCTCCGCTCTGG
Bovine-ACAN Forward CCTGAACGACAAGACCATCGA
Reverse TGGCAAAGAAGTTGTCAGGCT
Bovine-SOX9 Forward TGAAGAAGGAGAGCGAGGAG
Reverse GTCCAGTCGTAGCCCTTGAG
Bovine-TGF Forward CACGTGGAGCTGTACCAGAA
Reverse ACGTCAAAGGACAGCCACTC
Bovine-GAPDH Forward ATCAAGAAGGTGGTGAAGCAGG
Reverse TGAGTGTCGCTGTTGAAGTCG
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transcriptional changes across the groups were visualized with Graph-
Pad Prism. The DESeq2 Likelihood Ratio Test (LRT) was employed to
assess differential expression between the contrasts of interest, with a
stringent significance threshold of p < 0.05 to ensure a high level of
confidence in rejecting the null hypothesis. Differentially expressed
genes (DEGs) were identified using the DESeq2 package with criteria of
Benjamini-Hochberg adjusted p-value <0.05 and absolute log2 (fold
change) > 1.0. The R pheatmap package was utilized to illustrate the
expression patterns, clusters, and distribution of significant genes from
the LRT analysis. To achieve a deeper insight into the functional
profiling of genes significant in the LRT analysis, a gene enrichment
analysis was conducted to identify highly enriched biological processes.
This analysis was performed using the g function on the gProfiler web
server (https://biit.cs.ut.ee/gprofiler/gost). The significance threshold
was set using the Benjamini-Hochberg FDR (false discovery rate), with
significant Gene Ontology (GO) terms defined by an adjusted p-value of
<0.05. For visualization, the significant GO terms were created using the
ggplot2 package in R.

4.10. Ex-vivo evaluation of fetal and adult meniscus DEM hydrogels in
meniscus defects

Whole menisci were dissected from fresh juvenile bovine knees, and
radial incisions were made. Using biopsy punches, a 3 mm diameter hole
was created in the avascular zone of each cross-section, and the DEM-
based hydrogel was injected into the holes [57]. (Fig. 2i). The defect
group, serving as a control, was left unfilled. The tissues were cultured
for 3 weeks in basal growth media. For histological analysis, tissues were
fixed in 4 % paraformaldehyde, embedded in Cryoprep frozen section
embedding medium, and sectioned at a thickness of 8 pm. Hematoxylin
and eosin (H&E) staining was carried out to evaluate the DEM matrix
preservation and cell infiltration during the culture period. The number
of nuclei present in the H&E images was counted using ImageJ. Pic-
rosirius red (PSR) staining was performed to visualize collagen. Addi-
tional tissues with injected DEM gel were fixed in 4 %
paraformaldehyde, infiltrated with Citrisolv, embedded in paraffin, and
sectioned at 3 weeks. H&E staining was conducted to confirm cell
recruitment into the injected DEM gel. The nuclear area on the H&E
images was measured in ImageJ, and the PSR staining was performed to
visualize collagen.

4.11. Extrusion-based 3D printing

FADEM-based hydrogels were printed using a BIO X 3D bioprinter
(Cellink, Sweden). To prepare the FADEM-based MeHA hydrogel, FDEM
and ADEM hydrogels were neutralized with 10 M NaOH. A blend of
FADEM blended with ’soft,” *soft/stiff,” or ’stiff” MeHA was created, and
the final concentration was designed to be 1.5 wt% FADEM-1.0 wt%
MeHA. Then, they were loaded into syringes and stored at 4 °C. Extru-
sion was performed using 22 G nozzles with pneumatic pressures
ranging from 10 to 30 kPa. The formed hydrogels were exposed to
18-24 mW/cm? UV light (365 nm wavelength) during the extrusion
process. To distinguish the printed materials, Rhodamine B and Fluo-
rescein disodium salt (AquaPhoenix Scientific, USA) were added before
the 3D printing process. To enhance the printability of the DEM-based
hydrogel systems, Ruthenium/sodium persulfate (RS, 1/10 x 10 M
R/S) was added to the DEM-MeHA hydrogels. The same printing con-
ditions were maintained, with visible light (>405-450 nm wavelength)
at 10-30 mW/cm? applied simultaneously during material extrusion
[41].

4.12. Statistical analysis
All data are presented as the mean + standard deviation. Statistical

analysis was performed using one-way analysis of variance (ANOVA)
with Tukey’s post hoc testing with a 95 % confidence interval via
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GraphPad Prism version 9 software (San Diego, USA). A p-value less
than 0.05 was considered statistically significant.
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