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Decellularized tissues have proven to be versatile matrices for the engineering of tissues and organs. These
matrices usually consist of collagens, matrix-specific proteins, and a set of largely undefined growth factors and
signaling molecules. Although several decellularized tissues have found their way to clinical applications, their
use in the engineering of cartilage tissue has only been explored to a limited extent. We set out to generate
hydrogels from several tissue-derived matrices, as hydrogels are the current preferred cell carriers for cartilage
repair. Equine cartilage, meniscus, and tendon tissue was harvested, decellularized, enzymatically digested, and
functionalized with methacrylamide groups. After photo-cross-linking, these tissue digests were mechanically
characterized. Next, gelatin methacrylamide (GelMA) hydrogel was functionalized with these methacrylated
tissue digests. Equine chondrocytes and mesenchymal stromal cells (MSCs) (both from three donors) were
encapsulated and cultured in vitro up to 6 weeks. Gene expression (COL1A1, COL2A1, ACAN, MMP-3,
MMP-13, and MMP-14), cartilage-specific matrix formation, and hydrogel stiffness were analyzed after culture.
The cartilage, meniscus, and tendon digests were successfully photo-cross-linked into hydrogels. The addition
of the tissue-derived matrices to GelMA affected chondrogenic differentiation of MSCs, although no conse-
quent improvement was demonstrated. For chondrocytes, the tissue-derived matrix gels performed worse
compared to GeIMA alone. This work demonstrates for the first time that native tissues can be processed into
crosslinkable hydrogels for the engineering of tissues. Moreover, the differentiation of encapsulated cells can be
influenced in these stable, decellularized matrix hydrogels.

Introduction

N TISSUE ENGINEERING, there is a rationale for designin%

biomimetic materials that recreate the native cell niche."
Tissue-derived matrices, for example, can provide structural
and biological support for matrix formation by embedded or
invading cells.” Native tissues that have been decellularized
while maintaining the natural growth factors and signaling
molecules may thus provide the ultimate biomimetic envi-
ronment.* Despite the clinical translation of decellularized
materials for the repair of skin, bone, heart valves, and so
on, the application in the field of cartilage regeneration has
only been explored to a limited extent.”®

There is a stron; need for novel biomaterials for cartilage
tissue engineering.”® Hydrogels are good potential candidates,
since they can support the chondrogenic morphology and si-
multaneously serve as a temporary scaffold for matrix forma-
tion. Moreover, hydrogels are easily delivered to a cartilage

defect and allow for engineering of advanced cartilage con-
structs.”

Currently, fibrin glue is the clinical standard for cell de-
livery to cartilage defects.'® However, this gel is relatively
unstable with a high degradation rate and is thus a delivery
vehicle rather than a support structure for cartilage matrix
formation.'""'? Therefore, several new hydrogels are being
designed, in which ideally the degradation rate is balanced
with active cartilage matrix formation, and biochemical cues
are incorporated to direct the behavior of encapsulated
cells.">'* Hydrogels derived from natural tissues are inter-
esting candidates to meet these requirements, as they may
form a potential scaffold for cells and include the appro-
priate biochemical cues. To this end, native matrix gels have
been acquired from several tissues through digestion with
pepsin enzymes.'>'® These hydrogels allowed the inva-
sion of cells and subsequent matrix deposition. However,
tissue-derived matrix gels so far have only been physically

'Department of Orthopaedics, University Medical Center Utrecht, Utrecht, The Netherlands.

Institute of Health and Biomedical Innovation, Queensland University of Technology, Queensland, Australia.
3Department of Pharmaceutics, Utrecht University, Utrecht, The Netherlands.

Department of Equine Sciences, Faculty of Veterinary Sciences, Utrecht University, Utrecht, The Netherlands.

1195



1196

cross-linked resulting in low shape stability, which is a se-
rious drawback.

In this study, decellularized matrices were derived from
cartilage, meniscus, and tendon tissues. Cartilage has a high
level of collagen II and glycosaminoglycans (GAGs); me-
niscus has an intermediate level of GAGs, and a mixture of
collagen types I and II, whereas tendon is predominantly
composed of collagen type I and a small amount of GAGs."”
Decellularized cartilage tissue may contain the biochemical
cues that are present in the native chondrocyte niche. In-
tuitively, a collagen type II scaffold would be the scaffold of
choice for cartilage engineering, whereas there are indica-
tions that this type of collagen induces catabolic pathways in
cultured chondrocytes.?*>* On the other hand, collagen type
I scaffolds have proven efficacy in the regeneration of car-
tilage tissue.”>** Therefore, both types of collagen and a
mixed composition (meniscus tissue) were evaluated here.
The tissue-derived matrices were used for the functionali-
zation of gelatin methacrylamide (GelMA) hydrogels. GeIMA
has been identified as a stable, versatile hydrogel for tissue
regeneration.”> %’ It can be synthesized at low cost and gelatin
is widely available as a substrate; cell adhesion sites are
abundant and cells are allowed to migrate through the hydrogel
and remodel the newly formed tissue. We previously showed
that functionalizing GelMA with GAGs can substantially im-
prove cartilage matrix formation in in vitro models.”® In this
study, cartilage, meniscus, and tendon tissues were processed
into hydrogels that were covalently cross-linked to GelMA
hydrogel. The potential of these matrices to enhance cartilage
tissue formation by chondrocytes and mesenchymal stromal
cells (MSCs) in vitro was evaluated.

Materials and Methods

Development of crosslinkable tissue-derived
matrix hydrogels

Stifle joints (n=28; age 3—10 years) were obtained from
horses that had died or were euthanized due to nonorthopedic
ailments. Consent was obtained from the owner before tissue
harvest and tissue was only obtained from macroscopi-
cally healthy joints. The stifle joints were dissected and the
full-thickness cartilage was harvested from the entire femo-
ral condyles. Also, both complete menisci and the patellar
tendons were harvested, 0.5cm from their anchoring site
in the bone. The tissues were dissected into small pieces
(~5x%5x5mm for meniscus and tendon, and ~5 X5 X2 mm
for cartilage tissue) and all donors were pooled. Three random
samples were taken from each tissue type to measure the GAG
and DNA content. The obtained values will thus reflect the
variability between donors and sample location (e.g., carti-
lage from the medial or lateral condyle). Then the tissues were
separately milled in liquid nitrogen (A1l basic analytical
mill; IKA). The cartilage fragments were subsequently sieved
through pores of 710 pm. Cells were removed from the tissues
by treatment with 10 mM Tris/1% triton on a roller bench for
24 h; sonication for 2 h at 55+ 10 kHz and a nuclease solution
consisting of 1 U/mL desoxyribonuclease and 1 U/mL ribo-
nuclease in phosphate-buffered saline (PBS) on a roller bench
for 72 h at 37°C. The resulting matrices (from cartilage, me-
niscus, and tendon tissue) were freeze-dried and digested with
pepsin (Sigma-Aldrich) in a 0.01 M hydrochloric acid solu-
tion at 37°C on a roller bench, until clear suspensions were
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obtained. The pH of the solutions was raised to 9.0 for 1h
(using 1 M NaOH), to irreversibly inactivate the remaining
pepsin enzymes,?® before adjustment to 7.5 (using 1 M HCI).
Next, methacrylic anhydride (Sigma) was added dropwise
(2.5 mL/g matrix) and was allowed to react with the matrices
under constant stirring for 1h. The methacrylated tissue-
derived matrices (CartMA, MenMA and TendMA) were di-
alyzed against distilled water for 7 days at 40°C to remove
unreacted methacrylic acid and anhydride. After freeze-
drying, the tissue digests were dissolved in PBS 10% (w/v),
containing photoinitiator Irgacure 2959 (0.1% [w/v], Ciba;
BASF). A schematic overview of the experimental set-up is
presented in Figure 1.

Characterization of tissue-derived matrices

Collagen type I (rat tail; BD Biosciences), collagen type
II (from chicken sternal cartilage; Sigma), meniscus, tendon,
and cartilage digests (not methacrylated) were electro-
phoresed on a Bolt 4-12% Bis-Tris Plus gel (Novex; Life
Technologies) under reducing conditions (1.25% 2-mer-
captoethanol). The proteins were visualized with Page Blue
(Thermo Scientific) and compared to a multicolor High
Range protein ladder (Thermo Scientific). Images were re-
corded using a Epson perfection 4490 Photo scanner.

The success of the methacrylation procedure was evalu-
ated using proton nuclear magnetic resonance (‘H NMR).
"H NMR spectra of 10 mg/mL solutions of decellularized
cartilage, meniscus, and tendon tissue digests, and their
methacrylated equivalents (respectively cartMA, menMA,
and tendMA), were recorded on a Mercury 300 MHz in-
strument (Varian Associates, Inc.; NMR Instruments).
Chemical shifts were recorded in ppm with reference to the
solvent peak (8=4.8 ppm for D,0).

Blending of tissue digests with GelMA

For cellular differentiation experiments, the methacrylated
tissue digests (cartMA, menMA, and tendMA), were sepa-
rately blended with GelMA at 37°C, and will be referred to as
the cartilage, meniscus, and tendon group, respectively.
GelMA was synthesized by reaction of type A gelatin (Si§ma)
with methacrylic anhydride as described previously.>*' The
final composition of the hydrogels was 8% GelMA and 2%
tissue digest in 1 xXPBS with 0.1% photoinitiator (all w/v).
GelMA (10% w/v) was used as a control.

Photo-cross-linking of hydrogels

Photo-cross-linking of all hydrogels was performed for
15 min in a custom-made Teflon mold (width x height=4x2
mm) using 365 nm UV light in a UVP CL-1000L cross-linker
(UVP). The cross-linked samples were stored overnight at
37°C in PBS before analyzing the compressive modulus.

Compressive mechanical testing

The compressive modulus of all three uncross-linked and
cross-linked (-MA) tissue digests was measured, and com-
pared to cross-linked GelMA gels (all n=15). The compressive
modulus was also measured at day 1 and week 6 of in vitro
culture for all experimental groups (cross-linked cartilage,
meniscus, tendon, and GeIMA gels, all n=>5). Measurements
were performed by uniaxial unconfined compression in air at
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FIG. 1. Experimental setup of the study. Col, collagen; GAG, glycosaminoglycans; ITHC, immunohistochemistry; MES,
mesenchymal stromal cells; n, the number of analyzed samples per donor; NMR, nuclear magnetic resonance; PCR,

polymerase chain reaction.

room temperature. Hydrogels and hydrogel-cell constructs
were compressed to ~20% strain in 2 min using a Dynamic
Mechanical Analyzer (DMA 2980; TA Instruments). The
compressive modulus was calculated from the linear deriva-
tive of the stress/strain curve at 10-15% strain.

Isolation of equine chondrocytes and mesenchymal
stromal cells (MSCs)

Full-thickness cartilage was harvested under sterile con-
ditions from the stifle joint of fresh equine cadavers (n=3,
age 3—10 years) with macroscopically healthy cartilage and
with consent of the owners. After overnight digestion in
0.15% type II collagenase (Worthington Biochemical Corp)
at 37°C, the suspension was filtered, stored at —196°C, and
encapsulated in the hydrogels at passage 1, according to a
previously described protocol.?

With approval of the Institutional Animal Ethical Com-
mittee, bone marrow aspirates were obtained from the iliac

crest of healthy horses under general anesthesia (n=3). The
mononuclear fraction was isolated according to a previously
described protocol.** The cells were stored at —196°C and
encapsulated in the hydrogels at passage 3—4. The multi-
lineage potential of cells cultured from the bone marrow
aspirates was confirmed by a three-way differentiation assay
as previously described.***

Viability assay

To evaluate the effect of the addition of the methacrylated
tissue digests to GelMA on embedded cells, the viability of
chondrocytes and MSCs (both three donors) was analyzed
on day 1. The cells had been encapsulated in the cartilage,
meniscus, tendon, and GeIMA hydrogels at a concentration
of 5x10° cells/mL. A LIVE/DEAD Viability Assay (Mo-
lecular Probes MP03224) was performed according to the
manufacturer’s instructions. Live and dead cells were
counted for three samples per time point, at four locations
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within each construct. Viability was calculated as follows:
(live cells/total cells) x 100.

Cellular differentiation experiments

Equine chondrocytes and MSCs (both three donors, 15 x 10°
cells/mL) were embedded in the cartilage, meniscus, tendon,
and GelMA groups. The gels were cultured in vitro for up to 6
weeks in chondrogenic differentiation medium. For chon-
drocyte-laden hydrogels this consisted of Dulbecco’s modified
Eagle’s medium (DMEM) (41965; Invitrogen) supplemented
with 0.2 mM vL-ascorbic acid 2-phosphate, 0.5% human serum
albumin (SeraCare Life Sciences), 1 xITS-X (Invitrogen),
100 U/mL penicillin, 100 pg/mL streptomycin, 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (Invitrogen),
and 5 ng/mL transforming growth factor -2 (TGFf-2). MSC-
laden samples were cultured in DMEM (31966; Invitrogen)
supplemented with 0.2mM L-ascorbic acid 2-phosphate,
1 xXITS+ premix (BD Biosciences), 0.1 uM dexamethasone,
100 U/mL penicillin and 100 pg/mL streptomycin, and 10 ng/
mL TGF-2 (R&D Systems). Cell-free hydrogels cultured for
6 weeks served as a negative control group.

Histology, immunohistochemistry, and biochemistry

After 4 and 6 weeks of culture (three and five replicates
respectively), the DNA and GAG content was quantified for
all donors and groups. To this end, the samples were di-
gested overnight in papain solution (200 pL per sample
[0.01 M cysteine, 250 pg/mL papain, 0.2 M NaH,PO,, and
0.01 M ethylenediaminetetraacetic acid] at 60°C). Total
DNA was quantified using the Picogreen DNA assay (In-
vitrogen) according to the manufacturer’s instructions. Total
GAG content was determined by photospectrometry at 525
and 595nm, after reaction with dimethyl-methylene blue
using a microplate reader (Biorad). The ratio of both ab-
sorbances was calculated and the GAG content was quan-
tified using a chondroitin sulfate (Sigma) standard. The
concentrations of GAG and DNA in each papain digest were
normalized per donor to the 4-week GeIMA control group.
GAG/DNA was calculated to display the single cell syn-
thetic activity for the production of cartilage-specific matrix.

After 6 weeks of culture, three samples from each donor
were taken for histology and immunohistochemistry. Sam-
ples were dehydrated through a graded ethanol series, cleared
in xylene, and embedded in paraffin. The samples were sec-
tioned into 5pum slices and a triple stain of hematoxylin
(Klinipath BV) fast green and Safranin-O (Merck) was ap-
plied to identify GAG deposition. The stained sections were
examined using a light microscope (Olympus BX51).

Collagen type II was stained by immunohistochemistry
after deparaffinization and rehydration of the sections, ac-
cording to a previously described protocol® (primary anti-
body: 1:100, monoclonal mouse, II-1I6B3; Developmental
Studies Hybridoma Bank (DSHB); secondary antibody:
1:200, P0447; Dako). Isotype controls were performed by
using mouse isotype IgG1 monoclonal antibody at concen-
trations similar to those used for the stainings.

Gene expression

After 6 weeks of culture, the samples were homogenized in
TRIzol reagent (Invitrogen). The best-performing chon-
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drocyte and MSC donors were selected for polymerase chain
reaction (PCR)-analysis, based on a safranin-O staining of the
GelMA control groups at week 6. The RNA was isolated
according to the manufacturer’s guidelines (chloroform was
substituted by 3-bromo-chloropropane®). RNA was cleared
of any DNA contamination by DNase digestion. Total RNA
yield was determined spectrophotometrically (NanoDrop
ND1000; Isogen Life Science) and 500ng total RNA per
sample was reverse transcribed into complementary DNA
(cDNA) using Superscript III (Invitrogen) and random
primers. SybrGreen™ quantitative real-time PCR was sub-
sequently performed on an iQ-5 real time PCR detection
system (Bio-Rad Laboratories). Each sample was run in du-
plicate and a three-fold serial dilution of pooled cDNA was
used as a standard curve.

Primers were designed using computer software (primer
BLAST, www.ncbi.nlm.nih.gov/tools/primer-blast) and ob-
tained from Eurogentec. The specific genes of interest were
collagen type IA1 (COL1A1), collagen type ITA1 (COL2AT1),
aggrecan (ACAN), matrix metalloproteinases-3 (MMP-3),
MMP-13, and MMP-14. Hypoxanthine-guanine-phosphor-
ibosyltransferase 1 (HPRT-1) and signal recognition particle
14 kDa (SRP-14) were selected as reference genes. Following
fold-change calculation using the standard curve method, the
geometric mean of these two reference genes was used to
calculate the normalized mRNA expression of each target
gene. Primer sequences of selected genes are provided in
Supplementary Table S1; Supplementary Data are available
online at www.liebertpub.com/tea.

Statistical analysis

An independent samples 7-test, assuming unequal vari-
ances, was performed to compare the DNA and GAG con-
tent of the tissues before and after the decellularization
protocol and also to compare the stiffness of cross-linked
and uncross-linked cell-free hydrogels. A Univariate Ana-
lysis of Variance with a Tukey HSD post hoc test was
performed to compare GAG, DNA, GAG/DNA, and the
compressive modulus between the groups of the cell cul-
ture experiments. Because the level of matrix formation
differed significantly between the cell donors, a random-
ized block design was used, correcting for donor effects.
GAG and DNA were normalized to the GelMA control
group at week 4 for each separate cell donor; the com-
pressive modulus was normalized to GelMA day 1. The
statistical analyses were done using SPSS statistics (IBM,
version 20). For the PCR data, Kruskal Wallis and Dunn’s
multiple comparison post hoc tests were used to test dif-
ferences between experimental conditions for each primer
pair using Graphpad software (Graphpad Prism version 5.2
for Windows). Differences were considered significant
when p <0.05 for all tests.

Results
Decellularization procedure

The DNA content of the cartilage, meniscus, and tendon
tissues significantly decreased after decellularization, to
values below 50 pg/mg dry weight (Fig. 2A). The DNA
content was unaltered by the subsequent dialysis. The GAG
content of all three tissues showed large variations between
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FIG. 2. The effect of the decellularization protocol on
DNA and GAG content of equine cartilage, meniscus, and
tendon tissues (*p <0.05). (A) The DNA content of all tis-
sues was significantly reduced by the decellularization
protocol. (B) The GAG content of all tissues directly after
harvesting from the knee joint (before decell) shows large
standard deviations, caused by donor and location varia-
tions. The subsequent decellularization procedure signifi-
cantly reduced and standardized the GAG contents.

donors and/or sample location (Fig. 2B). Yet, the variation
and the absolute GAG content decreased considerably after
the decellularization procedure and remained unaltered after
dialysis. About 58 £ 10% of methacrylated and decellularized
material could be obtained from the original tissues (ex-
pressed in dry weight).

Characterization of tissue-derived matrices

The decellularized cartilage, meniscus, and tendon ma-
trices were successfully digested with pepsin enzymes until
clear or close to clear solutions were obtained. Short treat-
ment of the tissue particles (cartilage) or fibers (meniscus
and tendon) with pepsin resulted in viscous substances,
whereas overnight treatment resulted in low-viscosity solu-
tions. Overnight digestion was used to facilitate the me-
thacrylation procedure. Gel electrophoresis showed that all
digested tissues consisted of polymers with a molecular
weight predominantly in the range of 130-300kDa (Fig.
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3A). The profile of the collagen I solution reflects the col-
lagen monomers (two subunits), dimers (two subunits), and
trimers. This typical profile can also be observed in the
tendon and meniscus digests. The collagen type II control
only displays monomers with one subunit. This single unit
monomer can also be found in the cartilage digest. Suc-
cessful methacrylation of the solutions was confirmed with
NMR by the double peak that emerged between 5 and 6 ppm
after methacrylation of all three tissue digests (Fig. 3B-G).
Comparing the stiffness of methacrylated tissue digests (cart-
MA, menMA, and tendMA) with GeIMA and nonmethacrylated
tissue digests revealed significant variations (Fig. 4). CartMA
was stiffer than all other groups (66.2+11.9kPa, p <0.05) and
GelMA was stiffer (33.8+£6.5kPa, p <0.05) compared to men-
MA (15.1£5.4kPa) and tendMA (11.4%0.6kPa). The non-
methacrylated tissue digests remained low-viscosity solutions
after treatment with UV light and, therefore, their stiffness could
not be determined. Considering the variable degree of stiffness
and to functionalize the existing GeIMA hydrogel platform, the
methacrylated tissue digests were blended with GelMA for the
cellular differentiation experiments.

Viability and cartilage matrix formation
by embedded chondrocytes

Encapsulation of chondrocytes resulted in high viability at
day 1 in all tissue-derived matrix hydrogels (Fig. 5A). During
in vitro culture, the tendon samples rapidly disintegrated for all
chondrocyte donors and could, therefore, not be included in the
differentiation analysis. GeIMA gels had a higher stiffness 1 day
after cell encapsulation compared to the cartilage, meniscus,
and tendon groups (Fig. 5B). A comparable pattern was ob-
served after 6 weeks of culture. The DNA and GAG content and
GAG/DNA of hydrogels was comparable for all groups after 4
weeks, but it was significantly higher in the GelMA group
compared with cartilage and meniscus after 6 weeks (Fig. 5C—
E). The absolute GAG content in the GeIMA control samples
was 1.17£0.28 pg/mg wet weight after 4 weeks and increased
t02.73 £2.13 pg/mg after 6 weeks of culture. GAG and DNA in
all experimental groups were significantly higher than the cell
free control samples. The superior cartilage-specific matrix
formation after 6 weeks in the GeIMA group was confirmed by
histology for GAGs (Fig. 5F) and immunohistochemistry for
collagen type II (Fig. 5G). The differences between the exper-
imental groups at week 4 were comparable to week 6. There-
fore, only week 6 data were presented for both cell types. The
cell free cartilage gels contained no significant traces of GAGs
and collagen type II after 6 weeks.

Viability and cartilage matrix formation
by embedded MSCs

MSCs in all experimental groups retained a high viability
1 day after encapsulation in the hydrogels (Fig. 6A). The
stiffness of GeIMA gels was highest 1 day after encapsu-
lation of the MSCs (Fig. 6B). GeIMA and tendon gels
showed superior stiffness after 6 weeks of cell culture. The
DNA content was higher in the tendon and GeIMA gels
compared to the cartilage and meniscus gels, both after 4
and 6 weeks of culture (Fig. 6C). A comparable amount of
GAG was measured for all groups; only the cartilage gels
had a statistically lower amount than the GelMA group



1200 VISSER ET AL.
$ 2 &
§ & &35 5 5

F F & &S g

ﬁlﬂ . —

{ . ~300 kDa

= ~250 kDa

FIG. 3. Characterization of ~130 kDa
tissue-derived matrices. (A)
Protein gel of tissue digests,
collagen type I and II. (B-D)
NMR of the tissue digests
shows an inhomogeneous ~ 50 kD
tissue profile after the decel- S0kDa
lularization procedure, re-
flecting the natural polymers. -
(E-G) The two peaks that B Cartilage digest| C Meniscus digest| ) Tendon digest

appeared after methacryla-
tion (shaded area, between 5
and 6 ppm) show the pres-
ence of vinyl protons, and
confirm the success of the
methacrylation procedure.

E

methacrylation

L
--"“"-—-—-’ "‘?“\v"Wf'r\J‘L." L

CartMA

\ [t

I
e B A AR

F MenMA G

W,/
VIV

TendMA

| “q‘ | J

||
| .l “‘
1, M f \.“
A NV
—~ B NN AL/

(Fig. 6D). The absolute GAG content in the GelMA control
samples was 3.48 +3.62 pg/mg wet weight after 4 weeks and
3.82+4.38 ng/mg after 6 weeks of culture. The GAG/DNA
values for the cartilage and meniscus gels were larger than
found in the GeIMA group (due to a lower DNA content in
cartilage and meniscus gels), although these differences
were not statistically significant. Staining of GAGs and
collagen type II showed abundant cartilage-specific matrix
formation by MSCs in all groups (Fig. 6F, G).
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Gene expression levels

The poor interaction of the chondrocytes with the
various tissue cultures (Fig. 5) led to insufficient RNA
yields in the cartilage and meniscus groups (the tendon
group having disintegrated and not being available for
that reason), so that the chondrocytes were excluded from
the gene expression analysis. In contrast, the RNA yields of
MSCs were sufficient for all samples. ACAN, and COL2
expression was similar for all experimental groups (Fig. 7).
The expression of COL1A1 was significantly lower in me-
niscus than in cartilage gels. Catabolic enzyme MMP-13 and
MMP-14 expression was significantly lower in the tendon
group compared with GeIMA and the cartilage group re-
spectively. These were the only target genes for which a
significant difference existed between the experimental
conditions.

Discussion

In this study, crosslinkable hydrogels were created,
based on matrix derived from cartilage, meniscus, and
tendon tissues. These substrates allowed the biological
functionalization of the existing GelMA hydrogel system,
in which they influenced the quantity and quality of matrix
produced by embedded cells. All tissue types negatively
influenced outcomes for chondrocytes, whereas encapsu-
lated MSCs exhibited variable differentiation patterns,
depending of the type of tissue the matrix gel was derived
from.

To our knowledge, this is the first report in which de-
cellularized tissues are covalently cross-linked into stable
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hydrogels. Previously, the Badylak group has derived hy-
drogels from the extracellular matrix of the dermis, urinary
bladder, and the central nervous system.'>™'7 These hy-
drogels allowed the infiltration and adhesion of cells and
influenced their differentiation. In addition, hydrogels de-
rived from heart, cartilage, and adipose were recently
shown capable of supporting tissue formation by embedded
cells."® Analogous to our work, the hydrogels were ob-
tained by pepsin digestion of the respective tissues. How-
ever, only physical cross-linking of the natural polymers
was accomplished, resulting in considerable contraction of
the hydrogel constructs during culture. This behavior is
comparable to other natural polymer networks like colla-
gen gels and fibrin glue.'**33° The resulting shape insta-
bility, however, is unfavorable for the sustainable filling
and regeneration of a tissue defect, especially for load-
bearing tissues such as cartilage. We have now success-
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DOtendon
OGelMA FIG. 5. Survival and chondro-
genic differentiation of chon-
drocytes embedded in the tissue-
derived matrix gels (*p <0.05). (A)
The cartilage, meniscus, and ten-
\ don gels were not cytotoxic for
wk 6 embedded chondrocytes; (B) the

stiffness of the tissue-derived hy-
drogels was lower than GelMA di-
rectly after encapsulation (day 1)
and after 6 weeks of culture; (C-E)
the DNA, GAG, and GAG/DNA
values after 6 weeks of culture
were lower in both experimental
groups compared with the GeIMA
group; (F) GAG formation (red)
and (G) collagen type II content
(brown) were superior in the Gel-
MA group after 6 weeks. The ten-
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culture of chondrocytes and is
therefore not displayed for GAG
and DNA content. The DNA,
GAG, and GAG/DNA content were
normalized per donor to GelMA
week 4; sample stiffness was nor-
malized to GelMA day 1. All scale
bars are 200 pm; ““cell free”” sam-
ple is cartilage gel. Color images
available online at www.liebertpub
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fully overcome this issue by covalent cross-linking of the
matrix-derived hydrogels through the addition of metha-
crylamide groups. These substrates were subsequently in-
corporated into GelMA hydrogel, because we aimed to
further develop this versatile hydrogel, which was proven
efficient for cartilage matrix formation by embedded
cells.”>?%3! The methacrylation procedure resulted in a
very substantial increase in the compressive modulus,
which was largest in the cartilage-derived matrix and of the
same order of magnitude as occurring in the GeIMA ref-
erence matrix. The methacrylation procedure can hence be
considered as an important asset in the production of ex-
tracellular matrices for tissues that have to withstand bio-
mechanical forces.

The chondrogenic potential of MSCs in extracellular
matrix gels was greater than that of chondrocytes. MSCs
have previously shown capable of forming a cartilage
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specific matrix in 3D-hydrogel systems.”’ The quality and
quantity of cartilaginous tissue formed by MSCs was found
comparable to that of chondrocytes, although dependent on
the type of hydrogel.*® From our work we can conclude that
equine MSCs thrive relatively well in GelMA gels. Never-
theless, chondrocytes from the different donors did show
less donor variation than the MSCs, which is a known
phenomenon for the latter cell type.”” Still, MSCs are of
great interest as an allogeneic cell source for the single-stage
repair of cartilage tissue.*” A limitation for the application
of MSCs in vivo is that they require the addition of growth
factors to be directed toward the chondrogenic lineage.>
Recently, chondrocytes have shown they are capable of
guiding MSC differentiation, and therefore, a coculture
of MSCs and chondrocytes holds promise for the repair of
cartilage tissue.*’

The absolute GAG production by chondrocytes embedded
in the GeIMA hydrogels is similar to the amounts reported
in previous in vitro studies.?®3! However, a consistent
negative effect of the incorporation of all three tissue-de-
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wk 6 cell free wk 4

cell free

wk 6
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rived components was observed on the differentiation of
chondrocytes. This is in line with previous reports on the
culture of chondrocytes on collagen matrices.”*~** Collagen
type II matrix induces catabolic pathways in cultured ar-
ticular chondrocytes, including the upregulation of MMP-3,
MMP-13, and MMP-14."** In addition, earlier work from
our group showed poor GAG production of chondrocytes
cultured on decellularized cartilage matrix scaffolds (colla-
gen tyge I) and even accelerated degradation of the scaf-
folds.”’ In the current work, scaffold (i.e., hydrogel)
disintegration was observed only for the tendon hydrogels
(collagen type I), which may be a result of the catabolic
activities of the chondrocytes, analogous to those observed
in osteoarthritis.*""*? Unfortunately, we were unable to an-
alyze MMP expression by chondrocytes, since the tendon
gels had disintegrated and RNA yield was too low in the
cartilage and meniscus groups. In contradiction to these
findings, successful cultures of chondrocytes were shown on
synthetic collagen type I and II matrices.***® The literature
is thus inconclusive about the effect of collagen matrices on
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FIG. 7. Gene expression by MSCs in tissue-derived matrix gels (¥p <0.05). Gene expressions for aggrecan and collagen
type II were similar in all hydrogels cultured with MSCs. Collagen I expression was higher in the cartilage hydrogel
compared with meniscus. MMP-3 expression was similar in all cultures, whereas expression of MMP-13 and MMP-14 was
lower in tendon gels compared with GeIMA and cartilage respectively. Separate data points were presented (n=>5) including

the median and interquartile range.

chondrocyte behavior, although the upregulation of inflam-
matory pathways has been clearly indicated.

In interpreting cell-matrix interactions, the difference
between pure collagen scaffolds and tissue-derived matri-
ces should be taken into account. In the latter, other matrix
components, growth factors and/or signaling molecules
may contribute to effects on cell behavior.>* For example,
it was shown that several growth factors were retained in
decellularized bladder submucosa matrix*’ and small in-
testinal submucosa matrix.*® The decellularization proto-
col in this study was relatively mild compared to previous
studies.® Therefore, a panel of growth factors is likely to be
retained within the matrix, although this was not specifi-
cally studied here. The main components of the tissue-
derived matrices were shown to be collagens type I and II,
the proportions depending on the original tissue. However,
the exact biochemical composition of the polymers, for
example, the amount of available reactive amines to be
methacrylated, remains unknown. As a result, the degree of
methacrylation of the tissue-derived matrices was not
controlled, and will hence vary between tissue types and
tissue donors. This limitation should be taken into account
during the interpretation of the responses of embedded
cells.

The absence of trypsin as a protein-cleaving enzyme in
the current protocol lead to the preservation of some of the
GAGs (~10%, compared to 0% when treated with tryp-
sin*’) while the DNA content could be decreased to ac-
ceptable standards, that is, below 50pg/mg dry tissue.®

Chondrocytes probably benefit more from GAG than col-
lagen components in hydrogel cultures.®*' Therefore, the
current outcomes could be improved by a modified decel-
lularization protocol, preserving still more GAGs.

For the chondrogenic differentiation of MSCs, our results
show a slight preference for a collagen type I rich matrix
(tendon gels) over collagen type II (cartilage gels). For ex-
ample, MSCs proliferated more in tendon and GeIMA gels
and the sample stiffness was higher after culture, compared
to meniscus and cartilage gels. In addition, MSCs in the
tendon gels showed reduced expression of MMP-13 and
MMP-14, although gene expression of cartilage-specific
matrix genes was similar. Recently, Yang er al. also ana-
lyzed the effects of tendon-derived matrix on MSCs and
found a reduced expression of collagen type I, which is
considered a marker for inferior fibrocartilage formation.*®
The lowest GAG production by MSCs was observed in the
cartilage matrix gels, along with a higher gene expression of
collagen type I. Previous research, however, revealed a
stimulatory effect of cartilage matrix on the chondrogenic
differentiation of MSCs in vivo.**° In addition, other work
showed that chondrogenesis of bovine MSCs was slightly
enhanced in collagen type II compared with collagen type I
gels.”! It appears that certainly collagens influence the dif-
ferentiation of MSCs, yet the optimal collagen composition
still needs to be unraveled and will require specific tailoring
for the target tissue to be engineered.

Further research should identify the specific biological
cues in native tissues that are favorable to cells in tissue
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engineering. Unfortunately, the specific factors responsible
for the cell behavior in decellularized tissues are still largely
unknown. A better understanding of the native cell niche
can guide the process of producing biomimetic materials.

Conclusion

Crosslinkable hydrogels were created from cartilage,
meniscus, and tendon tissue through a process that included
enzymatic digestion and methacrylation. The methacryla-
tion procedure successfully increased the stiffness of these
matrices, which is a critical factor in the manufacturing of
scaffolds for use in musculoskeletal tissue repair. Moreover,
a stable hydrogel platform was created by covalent incor-
poration of these tissue-derived matrices in versatile GelMA
hydrogels. The response of embedded cells to these matrices
depended on the cell type and the matrix components.
Chondrocytes performed relatively poor in the tissue-derived
matrix gels compared with the GeIMA control group. The
chondrogenic differentiation capacity of MSCs was compa-
rable across all hydrogels.
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