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Chondroinduction from Naturally Derived Cartilage Matrix:
A Comparison Between Devitalized and Decellularized
Cartilage Encapsulated in Hydrogel Pastes

Emily C. Beck, PhD,1 Marilyn Barragan,2 Tony B. Libeer,3 Sarah L. Kieweg, PhD,4 Gabriel L. Converse, PhD,5

Richard A. Hopkins, MD,5 Cory J. Berkland, PhD,3,6 and Michael S. Detamore, PhD4

Hydrogel precursors are liquid solutions that are prone to leaking after surgical placement. This problem was
overcome by incorporating either decellularized cartilage (DCC) or devitalized cartilage (DVC) microparticles
into traditional photocrosslinkable hydrogel precursors in an effort to achieve a paste-like hydrogel precursor.
DCC and DVC were selected specifically for their potential to induce chondrogenesis of stem cells, given that
materials that are chondroinductive on their own without growth factors are a revolutionary goal in orthopedic
medicine. We hypothesized that DVC, lacking the additional chemical processing steps in DCC to remove cell
content, would lead to a more chondroinductive hydrogel with rat bone marrow-derived mesenchymal stem
cells. Hydrogels composed of methacrylated hyaluronic acid (MeHA) and either DCC or DVC microparticles
were tested with and without exposure to transforming growth factor (TGF)-b3 over a 6 week culture period,
where swelling, mechanical analysis, and gene expression were observed. For collagen II, Sox-9, and aggrecan
expression, MeHA precursors containing DVC consistently outperformed the DCC-containing groups, even
when the DCC groups were exposed to TGF-b3. DVC consistently outperformed all TGF-b3-exposed groups in
aggrecan and collagen II gene expression as well. In addition, when the same concentrations of MeHA with
DCC or DVC microparticles were evaluated for yield stress, the yield stress with the DVC microparticles was
2.7 times greater. Furthermore, the only MeHA-containing group that exhibited shape retention was the group
containing DVC microparticles. DVC appeared to be superior to DCC in both chondroinductivity and rheo-
logical performance of hydrogel precursors, and therefore DVC microparticles may hold translational potential
for cartilage regeneration.

Introduction

Traditional hydrogels are a promising class of re-
generative materials for cartilage regeneration, but they

lack the ability to be molded into a defect site by a surgeon
because hydrogel precursors are liquid solutions that are
prone to leaking after placement.1,2 To overcome this draw-
back, we recently introduced a method to achieve paste-like
hydrogel precursor solutions by combining hyaluronic acid
nanoparticles with traditional crosslinked hyaluronic acid
hydrogels, where the paste-like behavior was induced by the
presence of the hyaluronic acid nanoparticles.3 These hya-
luronic acid formulations were then crosslinked to form a

rigid traditional hydrogel structure. In an effort to introduce
bioactivity to the material, in this study we substituted the
hyaluronic acid nanoparticles for particles made from natu-
rally derived cartilage extracellular matrix (ECM).

ECM-based materials are attractive for regenerative
medicine because of their ability to potentially aid in stem
cell recruitment, infiltration, and differentiation without
supplementing with additional biological factors.4–6 These
ECM materials can be obtained from cell-derived matrices
secreted during in vitro culture or from native tissue,4,7–11

and they have either been decellularized to remove cellular
components and nucleic acids or they have been devitalized
to kill but not necessarily remove cells within the matrix.12
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We and other groups have already established that cartilage
matrix has chondroinductive potential,7,13–17 and we re-
cently were the first to compare the chondroinductive po-
tential of two different types of cartilage matrix in pellet
culture: devitalized cartilage (DVC), where the matrix was
exposed to a freeze/thaw process to devitalize the living
chondrocytes within the matrix, and decellularized cartilage
(DCC), in which the cells were not only devitalized but also
removed from the matrix entirely.17

In the pellet culture study, we observed that rat bone
marrow stem cells (rBMSCs) exposed to DCC outperformed
those cells exposed to DVC or transforming growth factor-
b3 (TGF-b3) in chondroinductivity.17 However, gene ex-
pression was only observed over a period of 7 days and was
only monitored for cells in pellet culture and not within a 3D
scaffold.

Although it is widely emphasized that for ECM-based
tissues, in general, improper decellularization can result in
detrimental inflammatory responses and hinder tissue re-
generation,18 cartilage matrix is uniquely immunoprivileged,
in part, because cartilage matrix is so dense that it protects
chondrocytes from T and natural killer cells that are released
in graft rejection.19 Regarding immune response of allogeneic
cartilage matrix, the success of Zimmer’s DeNovo� product
supports the potential for DVC, as DeNovo relies on juvenile
human cartilage donation with living chondrocytes and has
no reports of allograft rejection or disease transmission.

In addition, DeNovo cartilage has been observed to create
hyaline-like cartilage in goats, where no T-cell-mediated
response was noted.20 Therefore, for some cartilage tissue
applications, this success with a technology that includes
cells brings up the question of whether or not decellular-
ization is even necessary. Although the goal of decellular-
ization is to remove all of the cells without destroying the
structure and composition of the ECM, all decellularization
processes inevitably cause some disruption to the matrix
architecture, orientation, and surface landscape,21 which
may ultimately limit or hinder the chondroinductive poten-
tial of the matrix, especially if the decellularization removes
or alters the bioactive molecules that are responsible for
inducing chondrogenesis.

Therefore, because the long-term chondroinductive po-
tential of DCC and DVC has yet to be explored, the objective
of this work was to compare the chondroinductivity of DVC
versus DCC in a ‘‘generic’’ hydrogel (i.e., a hydrogel not
known for superior mechanical or chondroinductive perfor-
mance) composed of methacrylated hyaluronic acid (MeHA)
for 6 weeks in vitro to aid in determining whether one of these
ECM-based materials may be superior for future cartilage
tissue engineering applications. In addition, another objective
was to observe how DVC and DCC affected the rheology of
the hydrogel precursors. We hypothesized that a paste-like
material composed of DVC would induce superior chon-
drogenesis compared with that of DCC and compared with
hydrogels exposed to TGF-b3 or the combination of DCC and
TGF-b3 over the 6-week period.

Materials and Methods

Synthesis and characterization of MeHA

MeHA was prepared by reacting hyaluronic acid (MW 1
MDa, Lifecore Biomedical, Chaska, MN) with 20-fold molar

excess glycidyl methacrylate (Sigma-Aldrich, St. Louis, MO)
in the presence of triethylamine and tetrabutyl ammonium
bromide (Sigma-Aldrich) in a 50:50 water:acetone mixture
and stirring at 200 rpm for 12 days. MeHA was then dialyzed
against deionized (DI) water for 2 days and then frozen at
-80�C and lyophilized. The degree of methacrylation was
determined using 1H NMR (Avance AV-III 500; Bruker) by
calculating the ratio of the relative peak area of methacrylate
protons to methyl protons.22

Tissue retrieval, devitalization, and decellularization

Ten porcine knees obtained from Berkshire hogs (castrated
males that were *7–8 months old and 120 kg) were pur-
chased from a local abattoir (Bichelmeyer Meats, Kansas
City, KS). Articular cartilage from both the knee and hip joints
was carefully removed and collected with a scalpel. The
cartilage was rinsed twice in DI water and stored at -20�C.
After freezing overnight, the cartilage was thawed and then
coarsely cryoground with dry ice pellets using a cryogenic
tissue grinder (BioSpec Products, Bartlesville, OK). The dry
ice was allowed to sublime overnight in the freezer and at this
point all of the cartilage was devitalized because of under-
going the freeze/thaw processes. Some of the DVC was saved
for the study and the rest was processed to make DCC.

To decellularize the cartilage, the coarse ground cartilage
was packed into dialysis tubing (3500 MWCO) and decel-
lularized by an adapted version of our previously established
method using osmotic shock, detergent, and enzymatic
washes.23 The packets were placed in a hypertonic salt so-
lution (HSS) overnight at room temperature under gentle
agitation (70 rpm). The packets were then subjected to
220 rpm agitation with two reciprocating washes, encom-
passing triton X-100 (0.01% v/v) followed by HSS, to
permeabilize intact cellular membranes. The tissue was then
treated overnight with benzonase (0.0625 KU/mL) at 37�C
and then the tissue was treated with sodium-lauroylsarcosine
(NLS, 1% v/v) overnight to further lyse cells and denature
cellular proteins. After NLS exposure, the tissue was wa-
shed with ethanol (40% v/v) at 50 rpm and then was sub-
jected to organic exchange resins to extract the organic
solvents at 65 rpm. The tissue was then washed in saline-
mannitol solution at 50 rpm followed by 2 h of rinsing with
DI water at 220 rpm. The tissue was then removed from the
packets and was then frozen and lyophilized.

Both the DVC and DCC were then further cryoground
into a fine powder with a freezer-mill (SPEX SamplePrep,
Metuchen, NJ) and then lyophilized. The DCC and DVC
powders were filtered using a 45mm mesh (ThermoFisher
Scientific, Waltham, MA) to remove large particles and then
frozen until use.

Scanning electron microscopy

DCC and DVC microparticles were sputter coated with
gold and imaged with a Versa 3D Dual Beam (FEI, Hills-
boro, OR) to observe their surface morphology and size.

rBMSC harvest and culture

rBMSCs were harvested from the femurs of three male
Sprague-Dawley rats (200–250 g) following an approved
IACUC protocol at the University of Kansas. The rBMSCs
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were first harvested in minimum essential medium-a (MEM-
a; ThermoFisher) with 10% fetal bovine serum (FBS, MSC
qualified, ThermoFisher) and 1% antibiotic–antimycotic
(ThermoFisher) and then cultured in this medium for 1 week
to ensure no mycotic contamination from harvesting. The
rBMSCs were then cultured in MEM-a supplemented with
10% FBS and 1% penicillin/streptomycin (ThermoFisher)
until the cells reached passage 4 for cell encapsulation into
the hydrogels.

Description of experimental groups

The four formulations tested for the cell-based analyses
using crosslinked hydrogels were 3% (by weight) MeHA, 3%
MeHA + 5% DCC, 3% MeHA + 10% DCC, and 3% MeHA
+ 10% DVC. Because native ECM is incorporated into the
pastes, acellular formulations of the same four groups were
prepared and analyzed with the cellular groups to quantify the
acellular biochemical content and to analyze the effect of
cells encapsulated in the networks. The 3% concentration was
chosen for MeHA as it was near the reconstitution limit of
MeHA at its particular molecular weight. The 10% concen-
tration was chosen for DCC and DVC because it was the
percentage that yielded a moderate yield stress (e.g., 100 Pa)
without affecting the ability to crosslink the paste when ex-
posed to UV light as the particles are not transparent and
concentrations more than 10% were difficult to crosslink.

Both the MeHA and MeHA + 10% DCC groups were
tested with and without exposure to 10 ng/mL human TGF-
b3 (PeproTech, Inc., Rocky Hill, NJ). For the rheological
testing before crosslinking, additional groups of 2.5% DCC,
5% DCC, and 10% DCC, all of which did not contain
MeHA, were tested. DCC and DVC alone cannot be
crosslinked into a hydrogel network, which is why these
three DCC groups were only tested rheologically.

Preparation of hydrogel pastes, cell encapsulation,
and hydrogel culture conditions

Hydrogel pastes were made first by measuring out the
desired weight percentages of MeHA, DVC, or DCC into
a mini-centrifuge tube. All materials for cellular analyses
were then sterilized with ethylene oxide before use and were
handled under sterile conditions thereafter. All gels were
mixed in two stages (e.g., in photoinitiator solution overnight
and then more photoinitiator or cell suspension on the day of
testing) because some of the samples required mixing with
cells and the time it took for MeHA to dissolve to ensure
mixture homogeneity (i.e., overnight) was deemed too long
for adequate cell survival. Therefore, cell mixtures were ad-
ded the next day after the MeHA was given a chance to
dissolve in half of the final solution.

For acellular rheological testing, sterile 0.01 M phosphate-
buffered saline (PBS) containing 0.05% (w/v) Irgacure (I-
2959) photoinitiator was added until the concentration of
MeHA and DCC was twice the desired concentration. The
samples were mixed, centrifuged, and placed in 4�C over-
night to allow time for the MeHA to dissolve. Before test-
ing, more photoinitiator solution was added until the desired
concentration was reached and the samples were again
mixed and centrifuged to remove air bubbles. For example,
to make a 3% MeHA solution, 12 mg MeHA and 200mL
photoinitiator solution were mixed and allowed to dissolve

overnight and then another 200 mL photoinitiator solution
was added to make the final concentration at 3% MeHA.

For cellular testing, the samples were mixed with 0.1%
(w/v) Irgacure photoinitiator in PBS until the concentration of
MeHA and DCC was twice the desired final concentration,
and then the solutions were centrifuged and stored at 4�C
overnight. Passage 4 rBMSCs were then suspended at 20
million cells/mL in incomplete chondrogenic medium con-
sisting of high glucose DMEM (ThermoFisher) with 4.5 g/L d

glucose supplemented with 10% FBS, 1% nonessential amino
acids, 1% sodium pyruvate, 50 mg/mL ascorbic acid, and
0.25 mg/mL penicillin/streptomycin. This cell solution was
then added to the hydrogel paste solutions until the desired
concentration of MeHA and DCC or DVC was reached and
the final cell concentration and photoinitiator concentrations
were 10 million cells/mL and 0.05%, respectively.

The solutions were then either tested rheologically or
crosslinked with UV light and further characterized as sol-
ids. For gels undergoing crosslinking, hydrogel precursor
pastes were loaded into 2 mm thick molds between glass
slides and exposed to 312 nm UV light at 3.0 mW/cm2 in a
UV crosslinker (Spectrolinker XL-100; Spectronics Cor-
poration, Westbury, NY) for 2.5 min on each side. Each gel
was then cut using a 4 mm biopsy punch and placed in one
well of a 24 well, nontissue culture-treated plate (Corning
Incorporated, Corning, NY). Each gel was exposed to 1 mL
of incomplete chondrogenic medium or 1 mL of complete
chondrogenic medium, which consisted of incomplete
chondrogenic medium plus 0.1 mg/mL dexamethasone and
10 ng/mL TGF-b3. The medium was replaced every other
day throughout the 6 weeks of culture.

Rheological testing of hydrogel precursors

Before crosslinking the hydrogels, the precursor solutions
were loaded into a 3 mL syringe and extruded onto a glass
slide to macroscopically observe shape retention. The gels
were extruded in a wavy line appearance to observe whether
the formulations maintained their shape after crosslinking.

Using an AR-2000 rheometer (TA Instruments, New
Castle, DE), the oscillatory shear stress of the precursor
solutions (n = 5) was measured over an oscillatory shear
stress sweep of 1–600 Pa at 37�C, where the rheometer was
equipped with a 20 mm diameter roughened plate and a
roughened Peltier plate cover using a gap of 500 mm. Frozen
rBMSCs that were thawed and cultured to passage 4 were
used to make cellular samples for rheological testing. The
pastes were then created as previously mentioned for in vitro
culture. The yield stress was interpolated from the oscilla-
tory stress at which the storage (G¢) and loss (G") modulus
crossed.24 An oscillatory shear stress sweep of 0.1–10 Pa
was performed to assess the linear viscoelastic region of the
solutions to determine the value of the storage modulus of
each solution.

Mechanical testing of crosslinked hydrogels

The gels were allowed to swell to equilibrium for 1 day in
either complete or incomplete chondrogenic medium and
mechanical testing was performed at day 1 and 6 weeks. The
geometric mean diameter of the gels was first determined
using forceps and a stereomicroscope (20· magnification)
and the height of each gel was measured directly with an
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RSA-III dynamic mechanical analyzer (DMA; TA Instru-
ments). The gels (n = 5) were compressed on the DMA at a
rate of 0.01 mm/s until mechanical failure and the modulus
was calculated as the slope under the linear portion of the
stress–strain curve (i.e., 0–10% strain).

Swelling degree and volume

To calculate the swelling degree, the swollen gels (swollen
to equilibrium) were weighed after 1 day of swelling and then
frozen and lyophilized. The dry weight was recorded after
lyophilization and the swelling degree was calculated as the
ratio of total wet mass to dry mass. The volume of the gels
was recorded at day 1 and after 6 weeks of culture and was
calculated from the diameter and height of the gels recorded
during mechanical testing.

Biochemical content analysis

The biochemical content of the MeHA, DVC, and DCC
and the biochemical content of the gels at day 1, 3 weeks, and
6 weeks were quantified (n = 5). The gels were digested over-
night in a 1.5 mL papain mixture consisting of 125 mg/mL
papain from papaya latex, 5 mM N-acetyl cysteine, 5 mM
EDTA, and 100 mM potassium PBS at 65�C. Because some
gels remained undigested, the remaining undigested gels
were removed from the digestion medium and redigested
overnight at 37�C in 0.5 mL hyaluronidase (Sigma-Aldrich,
at a concentration of 500 U/mL) in 0.1M PBS. Then 1 mL of
fresh papain mixture was added to the hyaluronidase solution
and allowed to digest overnight at 65�C. Both the first and
second digestion solutions were stored at -20�C. Before
biochemical analysis, all digestion solutions were allowed to
thaw to room temperature and then vortexed and centrifuged
at 10,000 rpm for 10 min to pellet fragments of polymers. The
supernatant was then used to quantify biochemical contents.

According to manufacturer instructions and using a
Cytation 5 Cell-Imaging Multi-Mode reader (Bio-Tek,
Winooski, VT), DNA content was quantified with the
PicoGreen assay (Molecular Probes, Eugene, OR), glycos-
aminoglycan (GAG) content was determined with the di-
methylmethylene (DMMB) assay (Biocolor, Newtownabby,
Northern Ireland) using a chondroitin sulfate standard, and
hydroxyproline content was quantified with a hydroxypro-
line detection kit (Sigma-Aldrich). To obtain the total bio-
chemical content for each gel, each of the two digestions for
each gel was quantified and later added together. GAG and
hydroxyproline contents were not normalized to DNA and
are rather shown in total because of the gels’ inherent initial
DNA contents.

Gene expression analysis

RNA was isolated and purified using Qiagen QIAshredders
and an RNeasy Kit (Valencia, CA) according to the manu-
facturer’s guidelines (n = 6). A high capacity cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA) was
used to convert isolated RNA into cDNA. Real-time quanti-
tative polymerase chain reaction (PCR) was performed using a
RealPlex MasterCycler (Eppendorf, Hauppauge, NY) and using
TaqMan gene expression assays from Applied Biosystems
for Sox-9 (Rn01751070_m1), aggrecan (Rn00573424_m1),
collagens types I (Rn01463848_m1) and II (Rn01637087_m1),

and GAPDH (Rn01775763_g1). The 2-DDCt method was used
to quantify relative expression levels for each gene, where the
MeHA gels at day 1 were designated as the calibrator group and
GAPDH expression was used as the endogenous control.25

Last, RNA from DVC and DCC (i.e., no rBMSCs) was
isolated, converted to DNA, and then PCR was performed
with the same previously mentioned TaqMan assays, where
it was confirmed that all gene expression observed in this
study was due to rBMSCs.

Histological analysis

Gels at day 1 and cellular gels at 6 weeks were fixed in 10%
formalin for 15 min and then embedded in optimal tempera-
ture cutting medium (TissueTek, Torrance, CA) overnight at
37�C, frozen at -20�C, and were sectioned at a thickness of
10 mm using a cryostat (Microm HM-550 OMP, Vista, CA).
The sections were stained with the standard hematoxylin and
eosin stain, which stains the nuclei purple and the cytoplasm,
connective tissues, and other extracellular substances red or
pink. The sections were stained with the standard Safranin-O/
Fast Green stain, which stains negatively charged GAGs
orange.

The sections were stained immunohistochemically using
primary antibodies that target both rat and porcine tissues
for collagen I (NB600408, 1:200 dilution; ThermoFisher),
collagen II (ab34712, 1:200 dilution; Abcam), and aggrecan
(MA3-16888, 1:100 dilution; ThermoFisher). Before pri-
mary antibody incubation, the slides were fixed in chilled
acetone (-20�C), treated with proteinase K (Abcam), and
exposed to 0.3% hydrogen peroxide (Abcam) to suppress
endogenous peroxidase activity. Sections were blocked with
serum according to the Vectastain ABC kit (Vector Labo-
ratories, Burlingame, CA) following the manufacturer’s in-
structions and then incubated with primary antibody. After
incubation with the primary antibodies, the sections were
exposed to biotinylated secondary antibodies (horse anti-
rabbit or mouse) and ABC reagent according to the manu-
facturer’s protocol.

The antibodies were observed using the ImmPact DAB
peroxidase substrate (Vector), rinsed in DI water, counter-
stained with VECTOR hematoxylin QS stain, and then
dehydrated and mounted. Negative controls consisted of
substituting primary antibody exposure with exposure to a
rabbit IgG isotype control (for collagens I and II, ab27478;
Abcam) at an antibody concentration calculated to be the
same used for the corresponding antibodies and omitting the
primary antibody for aggrecan.

Statistical analysis

GraphPad Prism 6 statistical software (GraphPad Soft-
ware, Inc., La Jolla, CA) was used to compare experimental
groups using a one-factor ANOVA (for analyses with one
time point) or a two-factor ANOVA (for analyses with two
or more time points) followed by a Sidak’s post hoc test (for
two-way ANOVAs with two time points only) or a Tukey’s
post hoc test (for all other ANOVAs), where p £ 0.05 was
considered significant. In addition, standard box plots were
constructed to eliminate outliers. All quantitative results
are reported as mean – standard deviation within text or as
mean + standard deviation within figures.
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Results

Characterization of MeHA, DVC, and DCC
microparticles

Analyzing the ratio of the relative peak area of methacry-
late protons to methyl protons of MeHA revealed that the
MeHA had a 1.2% degree of methacrylation and the DNA and
hydroxyproline contents were determined to be 9.2 – 3.7 ng
DNA/mg MeHA and 0.74 – 0.14 mg hydroxyproline/mg
MeHA, respectively (Fig. 1A–C). Because the GAG assay
only detects sulfated GAGs and hyaluronic acid is a non-
sulfated GAG, the GAG content of MeHA was not detected.
The DNA, GAG, and hydroxyproline contents of DVC
were determined to be 1151 – 51 ng DNA/mg dry DVC,
252 – 16mg GAG/mg dry DVC, and 56.1 – 3.9 mg hydroxy-
proline/mg dry DVC, respectively (Fig. 1A–C).

After decellularization and cryogrinding to create DCC
powder, there was a 44% reduction in DNA, a 23% reduc-
tion in GAG, and a 23% reduction in hydroxyproline
( p < 0.05) (Fig. 1A–C). In prior work, it was established that

no significant reduction in biochemical content was ob-
served between native cartilage and cartilage that was
cryoground,17 so the prior mentioned reductions are in ref-
erence to DVC powder.

Scanning electron microscope (SEM) imaging revealed
that DVC and DCC microparticles were *45mm in diam-
eter or smaller and were noted to be heterogeneous in size
and morphology (Fig. 1D). The DCC microparticles were
observed to have smoother surfaces overall in comparison
with the DVC microparticles (Fig. 1D). Under higher
magnification, observing the surface morphology revealed a
grain-like appearance to the surface of the DCC micropar-
ticles that was not observed on the DVC microparticles
(Fig. 1D).

Macroscopic observation and rheological testing
of hydrogel precursor pastes

Macroscopic observation of hydrogel precursor formula-
tions revealed non-Newtonian and paste-like behavior in

FIG. 1. Biochemical contents and SEM images of hydrogel paste components. (A) PicoGreen content, (B) GAG content,
and (C) Hydroxyproline content of DVC, DCC, and MeHA. After decellularization, there was a 44% reduction in DNA, a
23% reduction in GAG, and a 23% reduction in hydroxyproline content. Data are reported as mean + standard deviation
(n = 5); ^below detectable limit; *significantly different from DVC ( p < 0.05); #significantly different from DCC ( p < 0.05).
(D) SEM images of DCC and DVC microparticles under 500· and 12,000· magnifications. Under 500· magnification, the
DCC microparticles were noted to have more smooth surfaces overall than the DVC microparticles, and under 12,000·
magnification, the surfaces of the DCC microparticles were noted to have a grain-like appearance that was nonexistent in the
DVC microparticles. Scale bars for the 500· and 12,000· magnifications are 100 and 5mm, respectively. DCC, decel-
lularized cartilage; DVC, devitalized cartilage; GAG, glycosaminoglycan; SEM, scanning electron microscope.
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precursors containing at least 5% DCC (Fig. 2). Shape reten-
tion after extrusion through a 3 mL syringe, which was in-
dicated by the fluid retaining the diameter of the syringe
orifice after extrusion and after crosslinking, was noted in the
10% DCC and MeHA + DVC acellular groups (Fig. 2). The
remaining solutions spread out to two to three times the di-
ameter of the syringe orifice. All formulations containing
MeHA were able to be crosslinked to maintain extrusion
shape.

Solutions exhibiting a measurable yield stress were the
10% DCC, MeHA + 10% DCC, and MeHA + DVC formu-
lations (Fig. 3A). The 10% DCC had a yield stress of
143 – 33 Pa, whereas adding MeHA to 10% DCC reduced

the yield stress to 92 – 88 Pa, although the reduction was not
significant. The yield stress of the MeHA + DVC group was
2.7 and 1.7 times greater than that of the MeHA + 10% DCC
and 10% DCC groups, respectively ( p < 0.05) (Fig. 3A).

All of the groups exhibited viscoelastic behavior, as in-
dicated by a measurable storage modulus. However, the
storage modulus of the MeHA + DVC group was signifi-
cantly higher than all of the other groups at 1240 – 520 Pa,
which was 58, 2.4, 2.6, and 8.8 times higher than the MeHA
+ 5% DCC, 10% DCC, MeHA + 10% DCC, and the cellular
MeHA + 10% DCC cellular groups, respectively, which
were the groups that had a storage modulus greater than
20 Pa ( p < 0.05) (Fig. 3B).

FIG. 2. Macroscopic rheological evaluation of hydrogel precursors before and after crosslinking. All formulations were
acellular unless noted. Non-Newtonian behavior was observed in solutions containing at least 5% DCC, whereas shape
retention (indicated by the solution retaining extrusion orifice diameter) was only noted in 10% DCC and 3% MeHA + 10%
DVC acellular formulations. All formulations containing MeHA retained their shape after crosslinking. Color images
available online at www.liebertpub.com/tea

FIG. 3. Yield stress (A)
and storage modulus (B) of
hydrogel precursor solutions.
Only the 10% DCC, 3%
MeHA + 10% DCC, and 3%
MeHA + 10% DVC groups
exhibited a measurable yield
stress, whereas all groups had
a measurable storage modu-
lus. Data are reported as
mean + standard deviation
(n = 5); *significantly differ-
ent from 3% MeHA acellular
group ( p < 0.05); #sig-
nificantly different from 3%
MeHA + 10% DCC acellular
group ( p < 0.05); $signifi-
cantly different from 10%
DCC group ( p < 0.05);
&significantly different from
all other groups ( p < 0.05).
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Mechanical testing of crosslinked hydrogels

One day after crosslinking, all of the groups except for the
acellular MeHA group had a compressive modulus signifi-
cantly higher than that of the MeHA group ( p < 0.05), which
had a compressive modulus of 1.94 – 0.13 kPa (Fig. 4). The
compressive modulus of the MeHA + DVC group was
6.82 – 0.79 kPa (Fig. 4), which was 3.5, 2.2, and 1.8 times
larger than the compressive moduli of MeHA, MeHA + 5%
DCC, and MeHA + 10% DCC groups, respectively ( p < 0.05).
Furthermore, the modulus of the MeHA + DVC group was
2.3 and 1.7 times larger than that of the MeHA + TGF-b3 and
MeHA + 10% DCC + TGF-b3 groups, respectively. Finally,
the moduli of the MeHA + DVC and MeHA + TGF-b3 groups
were 1.7 and 1.6 times, respectively, larger than those of their
acellular controls ( p < 0.05).

At 6 weeks, the MeHA + 5% DCC acellular group, both
cellular groups composed of MeHA + 10% DCC, and the
DVC groups had at least four times larger compressive moduli
than that of the MeHA group, which had a compressive
modulus of 0.31 – 0.13 kPa ( p < 0.05). The MeHA + DVC
group had a compressive modulus of 2.964 – 0.056 kPa, which
was 9.1 times larger than that of the MeHA group ( p < 0.05),
but was not significantly different from that of the MeHA +
10% DCC + TGF-b3 group. The modulus of the MeHA + 10%
DCC + TGF-b3 group was 2.55 – 0.39 kPa, which was two
times larger than that of its acellular control ( p < 0.05). The
MeHA + DVC acellular group had a compressive modulus of
2.40 – 0.44 kPa, which was 1.9 times larger than that of the
MeHA + 10% DCC group ( p < 0.05) (Fig. 4).

Over the 6 week culture period, all of the groups had a
significant reduction in their compressive moduli ( p < 0.05).
However, although the acellular MeHA, MeHA, and MeHA +
TGF-b3 groups experienced 90%, 83%, and 73% respective
reductions in their compressive moduli over the culture
period ( p < 0.05), all of the other groups experienced less
than 65% reductions in their respective compressive moduli
( p < 0.05). At 6 weeks, the compressive modulus of the
MeHA + 10% DCC + TGF-b3 group was 37% less than its
original value at day 1 ( p < 0.05), whereas the modulus of its
respective acellular group was 64% less than its original
value ( p < 0.05) (Fig. 4).

Swelling and volume analysis of crosslinked
hydrogel pastes

After swelling to equilibrium for 24 h, the swelling degree
of the MeHA group was 34 – 13 (Fig. 5A). The only groups
that had significantly smaller swelling degrees were the MeHA
+ 10% DCC acellular group and the MeHA + DVC acellular
and cellular groups, which had swelling degrees of 17.9 – 3.1,
15.6 – 1.3, and 13.27 – 0.88, respectively ( p < 0.05) (Fig. 5A).

At day 1 after crosslinking, none of the gel volumes de-
viated significantly from the volume of the MeHA group,
which was 40.5 – 2.7mL ( p < 0.05) (Fig. 5B). However, at 6
weeks after crosslinking, the MeHA group had a volume of
82.7 – 11.6mL. The volumes of the MeHA + 5% DCC, MeHA
+ 10% DCC, and MeHA + DVC were 26%, 31.5%, and 43%
lower than that of the MeHA group, respectively ( p < 0.05)
(Fig. 5B). In addition, the volume of the MeHA + TGF-b3

group was 20.5% and 21.2% lower than that of the MeHA
acellular and cellular groups, respectively ( p < 0.05). The
DVC group was not significantly different from the
MeHA + 10% DCC + TGF-b3 group, but the volume of the
MeHA + 10% DCC + TGF-b3 group was 31% less and 20%
less than that of the MeHA + TGF-b3 and the MeHA + 10%
DCC groups, respectively.

Over the 6 week culture period, the volumes of all gels,
with the exception of the MeHA + 10% DCC + TGF-b3 and
the acellular MeHA + DVC groups, increased significantly
( p < 0.05). The volume of the MeHA group increased by 2.1
times compared with its original volume, whereas the vol-
umes of the MeHA + TGF-b3, the MeHA + 5% DCC, and
the MeHA + 10% DCC groups only increased by 49%, 47%,
and 45%, respectively ( p < 0.05) (Fig. 5B).

Biochemical content of crosslinked hydrogels

All of the cellular groups had significantly higher DNA
content than their respective acellular groups at all time
points ( p < 0.05). At day 1 after crosslinking, the MeHA +
10% DCC group had 570 – 130 ng DNA per gel, and the
only gels with a significantly different DNA content from
this group were the MeHA + 10% DCC + TGF-b3 and
MeHA + DVC groups, which had DNA contents 45% and

FIG. 4. Compressive moduli of crosslinked hydrogels after 1 day and 6 weeks of culture. Gels containing at least 10% DCC
or DVC microparticles had significantly larger moduli than 3% MeHA gels alone. Data are reported as mean + standard
deviation (n = 5); *significantly different from 3% MeHA at same time point ( p < 0.05); %significantly different from acellular
group of same formulation at same time point ( p < 0.05); #significantly different from all other groups at same time point
( p < 0.05); $significantly different from 3% MeHA + 10% DCC at same time point ( p < 0.05); @significantly different from 3%
MeHA + TGF-b3 and 3% MeHA + 5% DCC at same time point ( p < 0.05); &p < 0.05 for specified comparison; !significantly
different from same group at first time point ( p < 0.05). TGF-b3, transforming growth factor-b3.
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FIG. 5. Swelling degree
(A) and volume (B) of
crosslinked hydrogels. The
only gels with significantly
smaller swelling degrees than
the 3% MeHA gels were the
3% MeHA + 10% DCC acel-
lular group and the 3%
MeHA + 10% DVC acellular
and cellular groups. At day 1,
there were no significant
differences between groups.
However, the inclusion of
DCC or DVC or exposure to
TGF-b3 significantly reduced
the volume at 6 weeks. Data
are reported as mean + stan-
dard deviation (n = 5); *sig-
nificantly different from 3%
MeHA at same time point
( p < 0.05); %significantly
different from acellular
group of same formulation at
same time point ( p < 0.05);
$significantly different from
3% MeHA + 10% DCC at
same time point ( p < 0.05);
!significantly different from
same group at first time point
( p < 0.05).

FIG. 6. Biochemical content of gels over the 6 week culture period. (A) DNA content, (B) GAG content, and (C)
hydroxyproline content. All gels contained significantly higher DNA content than their respective acellular groups at all
time points, and all gels containing DCC or DVC had significant reductions in GAG over the 6 week culture period. Data are
reported as mean + standard deviation (n = 5); ^below detectable limit; *significantly different from 3% MeHA at same time
point ( p < 0.05); %significantly different from acellular group of same formulation at same time point ( p < 0.05); #sig-
nificantly different from all other groups at same time point ( p < 0.05); $significantly different from 3% MeHA + 10% DCC
at same time point ( p < 0.05); !significantly different from same group at first time point ( p < 0.05); +significantly different
from same group at previous time point ( p < 0.05).

672 BECK ET AL.



82% higher per gel, respectively ( p < 0.05) (Fig. 6A). There
was no significant difference between the MeHA + 10%
DCC + TGF-b3 and MeHA + DVC groups, however. At 3
weeks after crosslinking, the MeHA + DVC group had a
DNA content of 386 – 73 ng DNA per gel, which was 36%,
49%, and 35% less than the DNA content of the MeHA +
TGF-b3, MeHA + 5% DCC, and MeHA + 10% DCC + TGF-
b3 groups, respectively ( p < 0.05) (Fig. 6A). There was no
significant difference between the MeHA + DVC group and
the MeHA + 10% DCC group, however. After 6 weeks of
culture, the MeHA + 5% DCC group contained 1.8 times
more DNA than the MeHA + 10% DCC group ( p < 0.05)
(Fig. 6A). However, no other cellular groups were signifi-
cantly different from the MeHA + 10% DCC group.

Over the course of the 6 week culture period, all of the
cellular groups had a significant reduction in DNA con-
tent ( p < 0.05), where the DNA content in the MeHA,
MeHA + TGF-b3, MeHA + 5% DCC, MeHA + 10% DCC,
MeHA + 10% DCC + TGF-b3, and MeHA + DVC groups
reduced by 45%, 31%, 16%, 43%, 38%, and 55% compared
with their original DNA contents, respectively ( p < 0.05).
The acellular groups did not have any significant reduction
in DNA content over the culture period (Fig. 6A).

All of the groups with DCC and DVC had significantly
higher initial GAG contents at day 1 than the MeHA group
( p < 0.05), which had a GAG content of 15.5– 4.6mg GAG per
gel. Compared with the GAG content of the MeHA group, the
GAG content of the MeHA + 5% DCC, MeHA + 10% DCC,
MeHA + 10% DCC + TGF-b3, and MeHA + DVC groups were
4.9, 6.3, 6.7, and 12.9 times larger, respectively (Fig. 6B).

At day 1, the GAG content of the MeHA + DVC group
was 16.6% higher than that of its respective acellular group
( p < 0.05). Furthermore, the GAG content of the MeHA +
DVC group was 15, 2.1, and 1.9 times larger than that of the
MeHA + TGF-b3, MeHA + 10% DCC, and the MeHA + 10%
DCC + TGF-b3 groups, respectively.

At 3 weeks, all of the groups with DCC and DVC con-
tained significantly larger GAG contents than the MeHA
group ( p < 0.05), which had a GAG content of 12.5 – 4.6 mg
GAG per gel. The GAG contents of the MeHA + 5% DCC,
MeHA + 10% DCC, MeHA + 10% DCC + TGF-b3, and
MeHA + DVC groups were 3.2, 4, 3.6, and 4.1 times larger
than that of MeHA group, respectively (Fig. 6B). In addi-
tion, the GAG content of the MeHA + DVC group was 52%
less than that of its respective acellular control ( p < 0.05).
Furthermore, there were no significant differences among
the MeHA + DVC, the MeHA + 10% DCC + TGF-b3, and
the MeHA + 10% DCC groups.

At 6 weeks, again all of the groups with DCC and DVC
contained significantly larger GAG content than the MeHA
group ( p < 0.05), which had a GAG content of 1.7 – 1.2mg
GAG per gel. Compared with the GAG content of the MeHA
group, the GAG content of the MeHA + 5% DCC, MeHA +
10% DCC, MeHA + 10% DCC + TGF-b3, and MeHA + DVC
groups was 17, 24, 20, and 29 times larger, respectively
(Fig. 6B). The GAG content of the MeHA + DVC group was
48% less than that of its respective acellular control
( p < 0.05), but there were no significant differences among
the MeHA + DVC, the MeHA + 10% DCC + TGF-b3, and the
MeHA + 10% DCC groups.

Over the 6 week culture period, all of the groups with
DCC and DVC had significant reductions in GAG content,

where the GAG content of the MeHA + 5% DCC acellular
and cellular groups, the MeHA + 10% DCC acellular, cel-
lular, and TGF-b3-exposed groups, and the acellular and
cellular MeHA + DVC groups reduced by 54%, 62%, 69%,
58%, 66%, 44%, and 75%, respectively.

Furthermore, all of the groups with DCC and DVC had
significantly higher initial hydroxyproline content at day 1
than the MeHA group ( p < 0.05), which had a content of
2.57 – 0.23 mg hydroxyproline per gel. Compared with the
hydroxyproline content of the MeHA group, the hydro-
xyproline content of the MeHA + 5% DCC, MeHA + 10%
DCC, MeHA + 10% DCC + TGF-b3, and MeHA + DVC groups
was 15, 32, 34, and 43 times larger, respectively (Fig. 6C).

At day 1, the hydroxyproline content of the MeHA + DVC
group was 1.3 times higher than that of the MeHA + 10%
DCC group ( p < 0.05). In addition, the MeHA + 10% DCC
group contained 2.1 times the amount of hydroxyproline of
the MeHA + 5% DCC group ( p < 0.05).

At 3 weeks, all of the DCC and DVC groups contained
significantly larger hydroxyproline contents than the MeHA
group ( p < 0.05), which contained 1.90 – 0.40mg hydro-
xyproline per gel. Compared with the hydroxyproline con-
tent of the MeHA group, the hydroxyproline content of
the MeHA + 5% DCC, MeHA + 10% DCC, MeHA + 10%
DCC + TGF-b3, and MeHA + DVC groups was 16, 36, 33,
and 29 times larger, respectively (Fig. 6C). In addition, the
hydroxyproline content of the MeHA + DVC group was
27.4% less than that of its respective acellular control
( p < 0.05), and the MeHA + 10% DCC group contained 2.2
times the amount of hydroxyproline found in the MeHA +
5% DCC group ( p < 0.05). However, there were no signif-
icant differences among the MeHA + DVC, the MeHA +
10% DCC, and the MeHA + 10% DCC + TGF-b3 groups.

At 6 weeks, again all of the groups with DCC and DVC
contained significantly larger hydroxyproline content than
the MeHA group ( p < 0.05), which contained 1.64 – 0.24 mg
hydroxyproline per gel. Compared with the hydroxyproline
content of the MeHA group, the hydroxyproline content of
the MeHA + 5% DCC, MeHA + 10% DCC, MeHA + 10%
DCC + TGF-b3, and MeHA + DVC groups was 21, 49, 34,
and 38 times larger, respectively (Fig. 6C). The hydro-
xyproline content of the MeHA + 10% DCC group was 2.4
and 1.5 times larger than that of the MeHA + 5% DCC and
MeHA + 10% DCC + TGF-b3 groups, respectively ( p < 0.05).
However, there was no significant difference between the
MeHA + DVC and the MeHA + 10% DCC + TGF-b3 groups.

Over the 6 week culture period, the groups that did not
have a significant reduction in hydroxyproline content were
all three MeHA groups, both MeHA + 5% DCC groups, and
the MeHA + 10% DCC group. The hydroxyproline content
of the MeHA + DVC group reduced to 56% of its original
content over the 6 weeks period ( p < 0.05).

Gene expression

Throughout the entire culture period, the MeHA + 5% DCC
and MeHA + 10% DCC groups never expressed collagen II. At
day 1, the rest of the groups did not have any significant dif-
ferences. At 1 week, the MeHA + TGF-b3 group did not ex-
press collagen II, and there were no significant differences in
expression between the remaining groups. At 2 weeks, the only
groups expressing collagen II were the MeHA + 10% DCC +
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TGF-b3 and the MeHA + DVC groups, although the difference
between them was not significant. At 3 and 6 weeks, the only
group expressing collagen II was the MeHA + DVC group,
which had a relative collagen II expression that was 180 and
320 times larger than that of the calibrator group (i.e., MeHA
group at day 1), respectively ( p < 0.05) (Fig. 7A).

At day 1, the DCC-containing groups had at least 98%
less collagen I expression than the MeHA group ( p < 0.05)
(Fig. 7B). By 2 weeks, the relative collagen I expression of
MeHA + DVC increased to 304 times the MeHA group
value. However, that expression significantly decreased by
86% at 3 weeks, but was still 99 times larger than the rel-
ative expression of the MeHA group. Although the collagen
I expression reduced significantly from day 1 to 1 week for
both the cellular and acellular MeHA groups ( p < 0.05), the
collagen I expression for these and all groups but the
MeHA + DVC groups remained steady during the rest of the
6 weeks.

The MeHA + TGF-b3 and MeHA + DVC groups had sig-
nificantly higher Sox-9 expression than the groups containing
DCC from day 1 to 3 weeks, where the relative expression
was 2 and 1.3 times the MeHA group, respectively, at day 1,
and was 3.7 and 3 times larger than the MeHA group at 3
weeks ( p < 0.05) (Fig. 7C). At 6 weeks, the DVC group had
significantly higher Sox-9 expression than all other groups,
where its expression was 4.4 and 109 times higher than that of
the MeHA + TGF-b3 and the MeHA + 10% DCC + TGF-b3

groups, respectively ( p < 0.05).

At day 1, the relative aggrecan expression of the DCC-
containing groups was significantly lower than that of the
MeHA group, whereas the relative expression of the MeHA +
DVC group was two times higher than that of the MeHA
group ( p < 0.05) (Fig. 7D). Over the culture period, both the
cellular and acellular MeHA groups significantly reduced
their aggrecan expression; however, the aggrecan expression
of the MeHA + DVC group remained significantly higher
than that of MeHA and all DCC groups over the 6 weeks
( p < 0.05). In addition, the MeHA + DVC group’s relative
aggrecan expression was 2, 17, 22, 34, and 410 times higher
than that of MeHA at day 1, 1 week, 2 weeks, 3 weeks, and 6
weeks, respectively ( p < 0.05). Lastly, the relative aggrecan
expression of the MeHA + DVC group at 6 weeks was 80 and
585 times higher than that of the MeHA + TGF-b3 and the
MeHA + 10% DCC + TGF-b3 groups, respectively.

Histological evaluation

Saf-O staining did not reveal an increase in Saf-O staining
intensity over the culture period. However, at 6 weeks,
some nodular Saf-O staining was noted in the MeHA + TGF-
b3 group (Fig. 8). All DCC- and DVC-containing groups
stained for collagen II; however, no changes were noted in
the location and intensity of collagen II staining over the
culture period (Fig. 8).

Collagen I staining was noted again in all of the DCC-
and DVC-containing groups. However, the intensity of

FIG. 7. Relative gene expression of (A) collagen II, (B) collagen I, (C) Sox-9, and (D) aggrecan. The DVC group
consistently outperformed the other groups in collagen II, Sox-9, and aggrecan expression, even when compared with TGF-
b3 exposed groups. Data are reported as mean + standard deviation (n = 5); *significantly different from 3% MeHA at same
time point ( p < 0.05); #significantly different from 3% MeHA + TGF-b3 at same time point ( p < 0.05); @significantly
different from all DCC-containing groups at same time point ( p < 0.05); %significantly higher than same group at previous
time point ( p < 0.05); $significantly higher than same group at first time point ( p < 0.05), !significantly lower than same
group at previous time point ( p < 0.05); ^expression not detected.

674 BECK ET AL.



FIG. 8. Histological analysis of gels. All gels stained red/orange for GAGs, although no increase in the amount of staining
was noted over the culture period. However, nodular Saf-O staining was noted in the 3% MeHA + TGF-b3 group. All DCC-
and DVC-containing groups were stained for collagen II; however, no changes were noted in the location and intensity of
collagen II staining over the culture period. Collagen I staining was noted again in all DCC- and DVC-containing groups.
However, the intensity of collagen I staining decreased over the culture period for the 3% MeHA + 5% DCC and 3%
MeHA + 10% DCC groups and appeared to increase slightly for the 3% MeHA + 10% DVC group. Aggrecan staining was
noted in all DCC- and DVC-containing groups, where the aggrecan staining became more intense near the DCC and DVC
microparticles in the 3% MeHA + 10% DCC + TGF-b3 and 3% MeHA + 10% DVC groups over the culture period. Scale bars
are 200mm. Color images available online at www.liebertpub.com/tea
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collagen I staining decreased over the culture period for the
MeHA + 5% DCC and MeHA + 10% DCC groups (Fig. 8).
The intensity of the collagen I staining appeared to increase
slightly for the MeHA + DVC group. This slight increase in
intensity was noted near and within the DVC microparti-
cles. Aggrecan staining was noted in all DCC- and DVC-
containing groups, where notably the aggrecan staining
became more intense near the DCC and DVC microparti-
cles in the MeHA + 10% DCC + TGF-b3 and MeHA + DVC
groups over the culture period (Fig. 8).

Discussion

We have introduced not only a method to overcome the
drawbacks of implanting hydrogels in situ (i.e., leaking from
the defect site), but in addition, we have introduced a method
to induce chondrogenesis of cells encapsulated within the
networks. Previous studies have explored the chondrogenic
potential of DCC and DVC.8,26–30 Cheng et al.30 reported
using a porous cartilage matrix composed of homogenized
and then lyophilized DVC matrix, of which chondrogenesis
was observed even without growth factor supplementation.
However, these matrices succumbed to cell-mediated con-
traction, but when the matrices were further crosslinked with
genipin, they found that the materials did not exhibit con-
traction and were chondroinductive.8 The same group infil-
trated cartilage matrix with woven poly(e-caprolactone) and
observed cartilaginous matrix production.28 Zheng et al.26

reported using DCC to create nanofibrous ECM scaffolds that
induced mesenchymal stem cell chondrogenesis. Our group
was the first to explore the short-term chondrogenic potential
of DCC versus DVC.17 However, for the first time in this
study, not only were DVC and DCC compared for their long-
term chondrogenic potential, but they were also evaluated for
their ability to exhibit a yield stress in hydrogel precursor
solutions. In this study, chondrogenesis was induced through
incorporating native cartilage ECM into the MeHA/cartilage
matrix gel networks, which furthermore resulted in the paste-
like behavior and yield stress that was observed before
crosslinking. The yield stress denotes the threshold where a
solution transitions between an elastic solid and a pseudo-
plastic liquid, and exhibiting a yield stress is crucial because
it will prevent the hydrogel precursor from flowing away,
keeping the material at the site of interest until crosslinking.
In a surgical context, a material that exhibits a yield stress
would allow a surgeon to appropriately shape and contour the
material to the defect site before crosslinking it in place. The
paste-like precursor solutions were able to obtain yield
stresses of more than 200 Pa with MeHA mixed with DVC
microparticles. For context, the yield stress for a common
paste-like material such as toothpaste is approximately 200
Pa. However, we did not achieve toothpaste consistency with
the incorporation of DCC microparticles, although we still
noted that these materials did have a yield stress. Although at
this point without further testing it is uncertain why the DCC
microparticles did not impart as high of a yield stress on the
pastes as the DVC microparticles, the SEM images revealed
subtle differences between the DCC and DVC, which may
provide clues to understanding the observed rheological
differences. A grain-like appearance was noted only on the
DCC and that the DCC microparticles had, in general,
smoother surfaces than the DVC microparticles. Because it is

known that decellularization can result in changes in matrix
architecture and surface ligand landscape,21 it is possible that
these entities were altered in the decellularization process,
and thus the decellularization process may have played a role
in the reduction of yield stress that we observed. It was noted
that the yield stress of DCC microparticles alone was higher
than the yield stress of MeHA combined with the DCC, and
this reduction in yield stress when MeHA and particles were
combined differs from what was noted in previous work,
where a 3.4-fold increase was observed in the yield stress of
hyaluronic acid nanoparticles combined with MeHA in
comparison with the nanoparticles alone, where the MeHA
alone had no measurable yield stress.3 That work suggested
that the hyaluronic acid nanoparticles had some physical or
chemical interactions with the MeHA in addition to the in-
teractions with the other nanoparticles, whereas in this study,
the interactions between particles and MeHA were likely
negligible. Of concern is that when rBMSCs were mixed in
with the DCC group, the precursor had no measurable yield
stress, although it still exhibited some viscoelastic behavior,
evident by its measurable storage modulus and macroscopi-
cally observed non-Newtonian behavior. Lastly, although it
was not performed in this study, future quantification of
syringeability would be of value.

In addition to DVC having superior rheological properties,
the DVC invoked superior chondroinductivity than DCC
microparticles. For collagen II, Sox-9, and aggrecan ex-
pression, the MeHA + DVC group repeatedly outperformed
the DCC-containing groups, even when the DCC groups
were exposed to TGF-b3. Interestingly, we only performed a
mild decellularization by removing only 44% of the initial
DNA, 23% of the initial GAG, and 23% of the initial hy-
droxyproline, and even though the initial biochemical con-
tents were not drastically altered, the cellular response to
these materials was severely affected. The current finding of
DVC outperforming DCC in chondroinduction is in con-
tradiction to our previously reported increase in chon-
droinductivity of DCC over DVC,17 but we hypothesize that
the differences between the previous and this study are that,
currently, rBMSCs were encapsulated within a 3D scaffold
rather than studied in pellet culture and the long-term gene
expression over a 6 week period rather than only 1 week as in
the prior study was observed. Moreover, under biochemical
and histological analysis, other than a slight increase in ag-
grecan staining near the cartilage microparticles over the
6 week culture period, significant tissue synthesis overall was
not observed, which suggests that although the cells may
have been chondroinduced, they were not actively secreting
large amounts of cartilage matrix. However, it is possible that
either some of the matrix was being remodeled so a net in-
crease in the amount of staining could not be observed even
though matrix secretion might have been present, or a net
increase was not able to be detected because of the large
amount of matrix initially present in the hydrogel. Ulti-
mately, without further testing, it still remains unclear as to
whether decellularization is necessary for cartilage tissue
engineering.

The question of whether or not decellularization is needed
is complex and will depend upon each application of car-
tilage ECM. It has been established that cells exposed to a
target ECM will more easily differentiate toward the target
tissue,31,32 where one of the reasons for this ECM-specific
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differentiation may be because native ECM may have the
potential to retain the growth factors that will steer the
differentiation toward the specific target tissue.4 Decel-
lularizing cartilage ECM may not only alter the matrix ar-
chitecture but it may also furthermore remove some of these
important growth factors, affecting the bioactivity of the
cartilage ECM. Furthermore, altering the architecture may
hinder growth factor retention. For example, proteoglycans,
specifically aggrecan in cartilage matrix, are well known for
how they affect the mechanical properties of tissues and
found extensively in native cartilage matrix and are thought
to be a reservoir of several growth factors,33,34 and thus, the
preservation of these proteoglycans may be crucial to suc-
cessful tissue regeneration. Therefore, although we are still
in the beginning stages of determining the appropriate ECM
processing protocol for cartilage tissue, it may prove to be
ideal to use unaltered, non-DCC tissue for certain applica-
tions. Applications such as cell-derived matrix, where car-
tilage ECM can be grown from a patient’s own cells,12

would not need to be decellularized since the tissue source
would be autogenous. In addition, through the successful
use of allograft cartilage as evidenced by the success of
current allograft products like Zimmer’s DeNovo, if the
cartilage tissue would be used for articular cartilage appli-
cations, it may not need to be decellularized.

However, on the opposing side of whether or not to de-
cellularize cartilage tissue are cases where cartilage is being
used for bone regeneration through endochondral ossifica-
tion. In these applications where the cartilage will be more
exposed to host immunogenic cells,35 decellularization may
be necessary. In addition, decellularization may be neces-
sary for cartilage derived from xenogeneic sources. In this
study, we used porcine cartilage as proof of concept for
comparing DCC with DVC. However, ultimately it may or
may not be desired to use xenograft sources for future work.
Using xenografts comes with its own challenges, such as the
need to remove the alpha-Gal epitope, a carbohydrate found
within xenograft ECM that is known to cause graft failure if
not successfully removed.12

Although graft failure can be caused through biochemical
entities, it is possible for graft failure to occur biomechan-
ically. For this reason, we tested the mechanical and
swelling properties of DCC- and DVC-incorporated hydro-
gel networks after crosslinking. Native cartilage is *80%
water, which equates to a swelling degree of *5, and has an
elastic compressive modulus ranging from 240 to
1000 kPa.36–38 However, it must be noted that the biome-
chanical properties can vary depending on parameters such
as the method of testing, the strain rate of testing, and car-
tilage zone depth.39 In this work, the swelling degree was
significantly lowered from more than 30 to between 10 and
20 by incorporating 10% DCC or DVC. For tissue engi-
neering, it is neither desired for scaffold constructs to swell
from the defect site nor is it desirable for the constructs to
shrink within the defect site, because in both instances it can
cause disintegration of the scaffold with host tissue, and thus
may hinder cartilage regeneration.8 In this study, it was
noted that the inclusion of DVC resulted in the gels re-
taining their original volumes throughout culture. However,
it was noted that the elastic compressive moduli obtained in
this study (ranging from *2 to 8 kPa at day 1) were no-
where near that of native cartilage. Including DCC and DVC

with MeHA significantly increased the compressive modu-
lus. Interestingly, encapsulation of DVC and cells together
significantly increased the compressive modulus compared
with that of the acellular MeHA + DVC control and all
MeHA + DCC groups, which suggests that there may be
superior cell–matrix interaction by incorporating DVC ra-
ther than DCC with cells and gives further reasoning to
support the use of DVC over DCC. Overall, in this study,
although incorporating DVC and DCC may prove to be
beneficial for tissue engineering, to ultimately obtain me-
chanical properties to that of native cartilage ECM, it may
be necessary to increase the degree of methacrylation or to
change the photocrosslinkable polymer to a polymer that has
an inherently higher compressive modulus.40

Conclusions

ECM-based materials are gaining widespread attention in
the regenerative medicine field and they continue to show
great promise toward cartilage regeneration applications. In
this study, cartilage matrix microparticles not only induced
cells to differentiate toward a chondrogenic lineage but they
also concurrently provided the hydrogel precursor solutions
with a yield stress (i.e., paste-like consistency), which
translates to a tremendous advantage for material placement
in clinical applications. In addition, although significant
emphasis has been placed on the necessity to decellularize
ECM components that are used in regenerative medicine
products, we challenged that paradigm by providing the first
direct comparison of the long-term bioactivity of DCC and
DVC and thereby demonstrating that DVC may be superior in
promoting chondrogenesis than DCC. Moreover, DVC con-
sistently outperformed all TGF-b3-exposed groups in ag-
grecan and collagen II gene expression, which may present
significant advantages in cost and regulatory approval of
chondroinductive strategies for cartilage regeneration be-
cause of eliminating the need for costly growth factors.41

Certainly, future work will need to address improving the
mechanical properties of these networks, whereby choosing a
higher mechanically performing hydrogel, such as an inter-
penetrating network hydrogel,42–46 could be considered. In
addition, overall matrix production will need to be addressed,
where in vivo studies will be paramount because immuno-
genicity as well as how biomechanical stimulation of DCC
and DVC may affect chondroinductivity and therefore,
hyaline-like cartilage regeneration can be tested. Further-
more, the reproducibility and shelf life of these materials
must be tested because the heterogeneity of cartilage matrix
and differences in the quality of cartilage ECM from one hog
to another may vary and may affect the ability to reproduce
similar particles every time. Overall, the results of this study
suggest that DVC may be a promising chondroinductive
material for some cartilage tissue engineering strategies.
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