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Introduction

Chondrogenic and chondroprotective response
of composite collagen I/ll-hyaluronic acid
scaffolds within an inflammatory osteoarthritic
environment+

@ Javier Munoz Briones, bde

*a,b

Carly M. Battistoni, ®€ Douglas K. Brubaker,

Alyssa Panitch @ " and Julie C. Liu

Inflammation plays a key role in cartilage damage that occurs in osteoarthritis (OA). However, in vitro
assessments of tissue-engineered constructs for cartilage regeneration generally do not consider their
performance in the presence of inflammation. In this work, the chondrogenic differentiation potential of
mesenchymal stromal cells (MSCs) was evaluated in the presence of both chondrogenic factors and
inflammatory cytokines, and cartilage formation, degradative response, and inflammatory response were
characterized. The addition of cytokines reduced cartilage production, increased cell proliferation, and
resulted in an increase in inflammatory markers. Incorporation of hyaluronic acid (HA) had little impact on
both collagen fibril microstructure and mechanical properties, two gel properties known to affect cell
response, and thus allows the work to probe the biological impact of HA without the confounding effect
of these gel properties. Regardless of in vitro environment, HA did not change cartilage production. The
inflammatory response was similar with or without HA in terms of IL-6 and IL-10 secretion whereas IL-8
production exhibited some correlation with HA concentration as observed via a linear regression model.
Additionally, in the presence of cytokines, inclusion of HA statistically decreased the gene- and protein-
level expression of matrix metalloproteinase-13 (MMP-13). Thus, when exposed to both chondrogenic
growth factors and inflammatory cytokines within a chondrogenic-promoting collagen I/Il blended
hydrogel, chondrogenic differentiation of MSCs was limited by the inflammatory environment. These
findings emphasize the importance of understanding how biomaterials affect cell responses within
disease-relevant inflammatory environments.

cartilage.” In vivo, the few chondrocytes present cannot
produce enough matrix to overcome the amount of matrix

Osteoarthritis (OA) is a disease of the joints that impacts
greater than 500 million people globally." OA is characterized
by synovial inflammation and cyclic degradation of articular

“Davidson School of Chemical Engineering, Purdue University, West Lafayette, IN
47907, USA. E-mail: julieliu@purdue.edu; Tel: +765-494-1935

bWeldon School of Biomedical Engineering, Purdue University, West Lafayette, IN
47907, USA

‘Purdue Interdisciplinary Life Science Program, Purdue University, West Lafayette, IN
47907, USA

dCenter for Global Health and Diseases, Department of Pathology, Case Western
Reserve University, Cleveland, OH 44016, USA

Blood Heart Lung Immunology Research Center, University Hospitals, Cleveland,
OH 44106, USA

fWallace H. Coulter Department of Biomedical Engineering, Georgia Institute of
Technology and Emory University, Atlanta, Georgia 30332, USA

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5bm00033e

3252 | Biomater. Sci, 2025, 13, 3252-3263

degradation that occurs.®* Meanwhile, chondrocytes release
inflammatory molecules, cytokines, and chemokines that
disrupt homeostasis and recruit immune cells to the diseased
site.>* Currently, there are no clinically available treatments
that successfully restore damaged articular cartilage. Instead,
treatments are palliative and serve to alleviate pain.*” Tissue-
engineered therapies offer the potential of regenerating
damaged articular cartilage in patients with OA.

Since cartilage damage during OA is driven by inflam-
mation, the environment poses an additional challenge for
potential tissue-engineered therapies.® The inflammatory
environment leads to difficulties with treatment implantation
and sustained repair. In general, research has investigated pro-
moting cartilage formation or reducing inflammation.
Recently, researchers have begun to include anti-inflammatory
treatments within tissue-engineered platforms through drug
encapsulation or other inhibitors.” However, the in vitro effect
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of inflammation on tissue-engineered constructs that have
been designed to promote chondrogenesis has been minimally
explored.

In vitro OA models include cartilage explants with different
combinations of cytokines.® The combination of 10 ng mL™
of oncostatin-M (OSM) and 20 ng mL™" of tumor necrosis
factor-a (TNF-or) was verified in vitro *'° and in vivo '* to induce
key OA characteristics, including upregulation of degradative
enzymes and subsequent cartilage degradation. OSM is part of
the interleukin-1 (IL-1) family and is upregulated in OA."
Similarly, TNF-a is upregulated during OA and is therefore a
natural choice to mimic OA in vitro.'> Other OA models
include the use of mesenchymal stromal cells (MSCs), a
popular cell choice for cartilage tissue engineering, in pellet
culture using similar cytokine systems, such as IL-1f and
TNF-o.'® However, the use of these OA models has not con-
sidered how MSCs within tissue-engineered constructs are
affected by these cytokines while undergoing chondrogenic
differentiation.

Hyaluronic acid (HA), a glycosaminoglycan (GAG) found in
healthy hyaline cartilage, improves chondrogenic differen-
tiation of MSCs'* and can be incorporated into treatments to
impart anti-inflammatory effects to counter inflammation
found in OA." During OA, native HA is broken down into
smaller molecular weight (MW) fragments and contributes to
the degradation cycle of OA via HA-cell-receptor interactions.*®
Thus, one palliative treatment for OA patients is viscosupple-
mentation, or the injection of HA into the knee joint to
increase lubrication and suppress inflaimmation."” Higher
MWs (>1 MDa) of HA are anti-inflammatory, whereas lower
molecular weight fragments of HA elicit a pro-inflammatory
response.'>'®

Within cartilage tissue engineering applications, HA hydro-
gels have been created through various forms of crosslinking
such as thiolation, hydrazine linkages, and methacrylation.®
Chemically modified HA has been included in composite gels
with collagen I, collagen II, and collagen I/II to enhance recapi-
tulation of the native cartilage environment.’®?° One major
downside to crosslinking HA is that extensive modification
reduces its bioactivity.>! For example, increased HA modifi-
cation decreased HA binding to cell surface receptors and
reduced MSC chondrogenesis within crosslinked HA gels.>?
Alternatively, another study showed that, when HA was added
to chondrogenic media, it promoted cartilage formation in
chondrocyte-embedded collagen hydrogels.>® In contrast, this
work encapsulates unmodified, high molecular weight (1.5
MDa) HA within a collagen I/II hydrogel to allow for access to
all bioactive sites in HA molecules.

In this work, we focus on bridging the gap between carti-
lage regeneration and resisting inflammation by assessing car-
tilage formation within an in vitro inflammatory environment.
Our lab previously developed a blended collagen (col) I/II con-
struct with encapsulated MSCs that promoted cartilage regen-
eration within an in vivo rabbit model compared to col I
alone.>* Here, we expanded on our system via incorporation of
high MW (1.5 MDa) HA to impart anti-inflammatory properties
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to our blended col I/IT hydrogel. To evaluate if the addition of
HA reduces degradation and inflammation, hydrogels were
studied within an in vitro OA model of OSM and TNF-a°** to
assess MSC chondrogenic differentiation within an inflamma-
tory environment. Matrix deposition and chondrogenic gene
expression were quantified after 4 weeks and 1 week in
culture, respectively. The inflammatory response was assessed
at both the gene and protein levels. Finally, degradation, an
important attribute of OA, was evaluated.

Materials & methods
Materials

Unless otherwise noted, all materials were purchased from
Sigma-Aldrich (St. Louis, MO).

Hydrogel fabrication

The hydrogels were prepared using a protocol described in
detail in Kilmer et al. with slight modification to include HA.>*
Briefly, col II from lyophilized chicken sternum was prepared
at the same concentration (9.44 mg mL™") as the col I solution
(Corning, Corning, NY) by reconstitution in 20 mM acetic acid
and was sterile filtered for experiments involving cells. HA
(MW of 1.5 MDa, Lifecore Biomedical, Chaska, MN) was recon-
stituted in sterile phosphate-buffered saline (PBS) (Gibco,
ThermoFisher Scientific, Waltham, MA). A neutralization solu-
tion consisting of PBS and NaOH was used to adjust hydrogels
to a physiological pH of 7.4. Neutralization solution was pre-
pared fresh for all experiments and was mixed and kept on ice
prior to use. For formulations with HA (“+HA”), HA dissolved
in 1x PBS was added, whereas 1x PBS was added for hydrogels
without HA (“—HA”). The final gel formulations consisted of
3mg mL™" col I, 1 mg mL™" col II, 0.1 mg mL™" HA, and 1.1x
PBS. Hydrogels were polymerized at 25 °C for 3 hours for all
experiments. Hydrogels were then moved to 37 °C after 1x PBS
or media was added on top for hydration or cell feeding,
respectively.

Confocal microscopy

Ten pL hydrogels were prepared in Ibidi angiogenesis slides
(Cat. No. 81507, Ibidi, Grifelfing, Germany). After three hours
of polymerization, 40 pL of media was added to the top of the
hydrogel to simulate the environment during cell studies and
to allow gels to reach an equilibrium state (48 h at 37 °C)
before imaging. Reflectance images were taken with a Zeiss
900 microscope (Carl Zeiss Microscopy, White Plains, NY).
Images were taken at a step size of 50 pm from the bottom of
the well for a total of 4 images (bottom of the well, 50 pm,
100 pm, and 150 pm). Images taken 50 pm from the bottom of
the well are presented in this work.

Rheology

Frequency sweeps were performed on a Discovery HR-2
Rheometer (TA Instruments, New Castle, DE) using a 20 mm
cone geometry and a constant strain of 0.1%. Hydrogels
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were polymerized on a Teflon-coated microscope slide
(Tekdon, Myakka City, FL) with a volume of 500 pL. The
Peltier plate was set to 5 °C prior to placing the Tekdon
slide and was set to 37 °C before the start of the sweep. The
Tekdon slide was held in place via a 3D-printed slide holder
made to fit over the Peltier plate. A 10 second hold was
implemented before the start of each frequency sweep to
ensure temperature was reached and that the hydrogel-geo-
metry contact was stable.

MSC encapsulation

Human mesenchymal stromal cells (MSCs, Lonza,
Walkersville, MD, Cat. No. PT-2501; one lot was used for all
experiments) were expanded to passage four in low glucose
Dulbecco’s Modified Eagle Medium supplemented with 10%
fetal bovine serum (Lonza, Walkersville, MD), 1% penicillin-
streptomycin (Corning), and 10 ng mL™" fibroblast growth
factor 2 (PeproTech, Rocky Hill, NJ). MSCs were encapsulated
within hydrogels at a cell density of 5 x 10° cells mL™". Then,
50 pL gels were aliquoted into a 96-well tissue-culture plate.
After polymerization for three hours in a humidified incubator
with 5% CO, at 25 °C, 200 pL of chondrogenic medium
without (“—cyto”) or with cytokines (10 ng mL™' OSM
(PeproTech, Rocky Hill, NJ), 20 ng mL™~" TNF-a (PeproTech),
“+cyto”) was added, and the plates were moved to 37 °C.
Chondrogenic medium was composed of high glucose
Dulbecco’s Modified Eagle Medium supplemented with 1%
ITS (insulin transferrin selenous) acid+ Premix (BD
Biosciences, San Jose, CA), 1% penicillin-streptomycin
(Corning), 50 pg mL™' r-ascorbic acid 2-phosphate, 0.1 pM
dexamethasone, 1 mM sodium pyruvate, 50 uM proline, 4 mM
r-glutamine (Corning), and 10 ng mL™" transforming growth
factor (TGF)-p3 (PeproTech). L-Ascorbic acid 2-phosphate, dexa-
methasone, TGF-f3, and cytokines were added fresh to the
medium at each feeding. Medium was changed 3 times each
week and collected in pre-weighed microcentrifuge tubes,
weighed, and stored at —80 °C until future analysis. The
naming convention used for medium analysis is by day col-
lected (e.g., media collected on day 6 is called “Day 6”).
Experimental gel groups were compared to a high-throughput
pellet culture.® A negative pellet control (chondrogenic
medium without TGF-$3, “neg”) and a positive pellet control
(chondrogenic medium with TGF-B3, “pos”) were made.

Gel contraction

Gel contraction was monitored during each culture period.
Plates were scanned after encapsulation before the first
medium addition at 3 hours, after 1 day, and every time
media was exchanged thereafter. Gel contraction was quanti-
fied with Image] (NIH) as the percentage of the original pro-
jected area, which was defined as the area after 3 hours of
polymerization. When hydrogels were fragmented, the total
projected areas were summed. Contraction was monitored
in two separate experiments, and a representative data set is
shown.
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Matrix quantification: glycosaminoglycan (GAG), col, and DNA
quantification

Hydrogels with encapsulated human MSCs (prepared as
described above) and neg and pos pellets were maintained for
28 days and harvested. Hydrogels and pellets were rinsed with
1x PBS and digested with 125 pg mL™" of activated papain
solution (papain in buffer consisting of: 5 mM ethylenediami-
netetraacetic acid (EDTA), 5 mM L-cysteine (Alfa Aesar, Ward
Hill, MA), and 100 mM NaH,PO,) at 60 °C for 24 h. After lyo-
philization, digested cell-hydrogel constructs were reconsti-
tuted in MilliQ water and characterized as described below.

Sulfated GAG, within hydrogels and released into media,
was quantified via a dimethyl methylene blue (DMMB) assay.
DMMB solution at pH 3.0 was prepared by combining 3.04 g
L' glycine, 2.37 g L' NaCl, 16 mg L™ dimethyl-methylene
blue, and 0.1 M HCI. Twenty pL of sample or the standard
solutions, which were formulated with chondroitin sulfate (CS)
from shark cartilage (Seikagaku, Tokyo, Japan), was combined
with 250 pL of DMMB solution in a 96-well plate, and the
absorbance was read immediately at 525 nm.

Col, in hydrogels and media, was determined using a modi-
fied hydroxyproline assay.>® Given that all gels start with the
same mass of col, this assay allow us to measure relative
changes in col content in the gels and media. Col samples and
standard solutions (stock col I) were broken down overnight at
98 °C by combining equal volumes of the sample/standard
with 5 N NaOH. Solutions were cooled to room temperature
and neutralized using 5 N HCIL. Chloramine-T solution (0.05 M
chloramine-T, 0.629 M sodium hydroxide, 0.140 M citric acid,
0.453 M sodium acetate, 0.112 M glacial acetic acid in 74% DI
water and 26% isopropanol) was added to each tube, and the
tubes were vortexed and left at room temperature for
20 minutes. Ehlrich solution (1 M p-dimethyl-
aminobenzaldehyde in 70% isopropanol and 30% concen-
trated HCl) was added, and the solutions were vortexed and
incubated in a heat block at 65 °C for 15 minutes. The reaction
was quenched in water, and the absorbance was read at
560 nm.

DNA was measured as previously described.”” For DNA
quantification, 50 pL of standards, which were prepared from
calf thymus DNA, and samples were added to a completely
black 96-well plate, and 50 pL of Hoechst dye solution was
added to each well. Fluorescence was measured at an exci-
tation wavelength of 340 nm and an emission wavelength of
465 nm. GAG and col content were normalized to DNA
content.

Col and GAG released into the media were quantified in
two separate experiments over 1 week in culture, and a repre-
sentative data set is shown. One of the two experiments contin-
ued for 4 weeks, and data from that experiment is shown.

Gene expression

After one week in culture, both pellets and gels were washed
with PBS then homogenized in LS TRIzol (Ambion, Life
Technologies, Carlsbad, CA) buffer using a homogenizer

This journal is © The Royal Society of Chemistry 2025
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(ThermoFisher Scientific) followed by pipetting up and down
with a positive displacement pipette to further break down the
hydrogels. Two hydrogels were combined for each replicate
(n = 7). Single negative control (—TGF-p3) and positive control
(+*TGF-p3) pellets were used for each replicate (n = 8). The
Direct-zol RNA MiniPrep kit from Zymo Research (Irvine, CA)
was used to isolate and purify RNA. A High Capacity cDNA
Reverse Transcription kit from Applied Biosystems (Foster City,
CA) was used. Relative expression levels were measured using
gRT-PCR for cartilage-related genes: ACAN (aggrecan) and
SOX9, degradative enzymes: matrix metalloproteinase-13
(MMP-13) and a disintegrin and metalloproteinase with throm-
bospondin motifs 5 (ADAMTS-5), inflammatory markers: inter-
leukin-10 (IL-10) and interleukin-6 (IL-6), and a housekeeping
gene: glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
with TaqMan probes (ThermoFisher Scientific Assay
IDs: Hs00153936_m1, Hs00165814_m1, Hs00942584_m1,
Hs01095518_m1, Hs00961622_m1, Hs00174131_m1, and
Hs02758991_g1, respectively) and a QuantStudio 3 instru-
ment (Applied Biosystems, Foster City, CA). The samples were
heated for 20 s at 95 °C followed by 40 cycles for 1 s at 95 °C
and 20 s at 60 °C. All values were normalized to GAPDH levels
with an average Ct value of 22.5 cycles and a standard devi-
ation of 0.86 cycles. All differences in gene expression were cal-
culated relative to a control (positive pellet, “pos pel”) using
the AACt method.?®

Cytokine quantification

Cytokine levels in the medium were quantified via Luminex
(Bio-Plex 3D, Bio-Rad, Hercules, CA) and a Bio-Plex Pro Human
Cytokine Assay 8-plex (Bio-Rad, #M50000007A). The cytokines
quantified were granulocyte-macrophage colony-stimulating
factor, interferon-gamma, IL-2, IL-4, IL-6, IL-8, IL-10, and TNF-a.
Manufacturer protocols were followed. Briefly, diluent hetero-
philic binding (HB) buffer was used for dilutions of all stan-
dards, samples, and controls. Samples were assayed in duplicate
by incubating 50 puL of 1x antibody-coupled magnetic beads in
the 96-well plate for 1 h at room temperature (RT) with shaking
at 850 rpm. The plate was washed three times with 100 pL of
Bio-plex wash buffer using a HydroSpeed plate washer (Tecan,
Minnedorf, Switzerland). After the addition of 25 pL of 1x
detection antibody, the plate was incubated for 30 min at RT
with shaking at 850 rpm. Streptavidin-PE 1x was added to each
well and incubated for 10 min at RT with shaking at 850 rpm.
Next, 125 pL of assay buffer was added to each well and incu-
bated at 850 rpm on the shaker for 30 s. Bio-Plex 3D xXMAP
technology was used to measure bound molecules on the beads
by using a dual laser. Eight-point standard curves and blank
medium were included for quantification and prepared accord-
ing to manufacturer’s instructions. Biological replicates (n = 7)
were analyzed in duplicate. For each cytokine, 5-parameter logis-
tic curves were fit to the standards (5-PL regression) using Bio-
Plex Manager™ Software (Bio-Rad, Hercules, CA). Curves were
used to calculate concentrations for each sample replicate. The
comparison of mean between two groups was performed using
Wilcoxon rank-sum test per cytokine concentration. To account
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for multiple testing, the Benjamini-Hochberg (BH) correction
was applied to adjust the p-values, ensuring the controlled false
discovery rate (FDR).

Principal components analysis

Technical replicates were averaged, and each signal was mean-
centered and variance-scaled. Principal Component analysis
(PCA) was performed using the PCA function in R program-
ming. PCA results are from normalized data.

Modeling cytokine responses and linear models

For univariate cytokine analysis, we fit a generalized linear
model for each cytokine with the concentration modeled as a
function of experimental conditions (eqn (1)):

[Interleukin of interest]; = §, + f, (TNF-),
+ po(HA x cyto); + fB3(HA); (1)
+p,(cyto); +& i=1,...N

HA represents hyaluronic acid dose and cyto represents the
cytokine application. Models were constructed from normal-
ized data. Models were computed using the glm function in R
programming, and all code and data necessary to reproduce
the results are deposited on the Brubaker Lab GitHub.*®

MMP-13 and ADAMTS-5 quantification

MMP-13 release into media was quantified using a sandwich
enzyme-linked immunosorbent assay (ELISA) kit from
Invitrogen (Cat. No. EHMMP13, Fisher Scientific). The manu-
facturer’s protocol was followed, and samples were diluted in
assay buffer to fall within the standard curve.

ADAMTS-5 release into the media was quantified via ELISA
(Cat No. DY2198-05, R&D Systems, Minneapolis, MN). The
manufacturer’s protocol was followed.

Statistics

All acellular experiments were performed with 3-4 replicates.
Matrix quantification experiments were performed with 4 repli-
cates. Luminex and gene expression experiments were per-
formed with 7-8 replicates. All data are shown as means with
error bars representing one standard deviation. Statistical ana-
lysis was evaluated in Minitab (Minitab, LLC, State College,
PA). Data was first tested for outliers using Grubb’s test. Equal
variances, tested via Levene’s test, were assumed when appro-
priate. Two-tailed student’s ¢-tests were evaluated with a critical
value of @ = 0.05 and compared +cyto and +HA independently.
Residual normality was assessed via Anderson-Darling.

Results & discussion

—HA and +HA col gels exhibited similar microstructure and
mechanical properties

Because the microstructure and mechanical properties of col
hydrogels impact cell response,®® we characterized our gels to
determine whether there were differences when HA was added

Biomater. Sci,, 2025, 13, 3252-3263 | 3255
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to the col I/II blended gel. The microstructures of -HA and
+HA were qualitatively similar (Fig. 1A andB).

Frequency sweeps revealed statistically similar storage
moduli for —HA and +HA groups (Fig. 1C). Given the similar
values, the influence of mechanical property differences on
cell response was deemed negligible, and literature supports
this assumption since large differences (i.e., order of magni-
tude differences) are needed to elicit major differences in cell
response.’’ The similar fibril formation and mechanical pro-
perties of —HA and +HA gels allow us to independently assess
the impact of HA on cell response irrespective of gel
properties.

Other studies have found similar results: low concen-
trations of HA have little impact on col microstructure and
mechanical properties.’® For example, Matsiko et al. found no
statistical differences in pore size or compressive moduli
between 5 mg mL™" col gels without or with 0.5 mg mL™"
HA.*?> In col I gels without and with 0.1 mg mL™" HA (1.52
MDa), there was no statistical change in col fibril volume frac-
tion, but there were small statistical changes in fibril and pore
diameters that the authors deemed negligible.?*

Cytokines increased cell proliferation and suppressed cartilage
differentiation but resulted in similar overall cartilage matrix
levels

Prior to conducting cell studies, we verified the differentiation
potential of the MSCs using negative and positive control
pellets. As expected, pos exhibited statistically higher GAG/
DNA compared to neg (Fig. S2t).

Gel contraction is an early indicator of MSC chondrogen-
esis.>® As expected, treatments without cytokines (—cyto) con-
tracted more quickly than gels with cytokines (+cyto)
(Fig. S3AT). From days 4-8, in the presence of cytokines (+cyto),
gels with HA (+HA) contracted more than gels without HA
(-HA) and were statistically smaller after 6 and 8 days
(Fig. S3At). Additionally, although gels for all conditions
looked similar and completely filled the well after polymeriz-
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ation, during the contraction process the gels for the —HA
+cyto groups did not contract into one homogeneous hydrogel
but rather smaller gel fragments (Fig. S3Bf) that suggest a
weaker, less connected matrix. Furthermore, the results for the
—HA +cyto groups on days 8, 10, and 12 may be influenced by
different cell and gel densities, ratios of surface area to
volume, and contractile forces needed to contract smaller
versus larger gels.

Chondrogenic genes, aggrecan (ACAN) and SOX9, were eval-
uated after one week (Fig. S4At). Both aggrecan and SOX9 gene
expression levels were affected by the presence of cytokines,
and —cyto groups were statistically higher than their corres-
ponding +cyto group (aside from —HA for ACAN expression, p =
0.076). When comparing gel types, no difference was observed
for —HA compared to +HA.

DNA was statistically higher for +cyto groups (Fig. 2A).
These results suggest that the cells were proliferating instead
of undergoing chondrogenic differentiation when exposed to
the cytokine cocktail. A similar increase in DNA was observed
in literature with chondrocyte-laden col gels under
IL-1p-stimulation.®® DNA proliferation correlates with the
limited contraction observed by +cyto gels at early time points.
Thus, it is possible that the addition of cytokines delayed
differentiation in favor of proliferation.

In terms of cartilage matrix, we expected that the addition
of cytokines would reduce the col and GAG levels since TNF-o
is known to reduce col production.> When normalized to DNA,
the results aligned with our expectations since both col/DNA
and sulfated GAG/DNA were statistically higher for —cyto treat-
ments compared to +cyto treatments (Fig. 2B and C). These
results correlate with the lower chondrogenic gene expression
in the presence of cytokines. Interestingly, when looking at
overall matrix levels, there was no statistical difference for col
and GAG amounts for +HA gels when cytokines were present
or absent (Fig. S4B and Ct). Furthermore, —HA gels had stat-
istically higher col and GAG levels when cytokines were added
compared to conditions without cytokines. It thus appears

0.1

Modulus (Pa)

0.01

0.001 T T 1
0.01 0.1 1 10

Frequency (Hz)

Fig. 1 The addition of a low concentration of HA did not alter gel microstructure or mechanical properties. Representative confocal microscopy
images of (A) —HA and (B) +HA. Images taken 50 pm into hydrogel. Scale bar represents 50 um. (C) Frequency sweeps with constant strain of 0.1%.
—HA in yellow and +HA in blue (n = 3). Replicate sweeps are shown in Fig. S1.1 Closed symbols represent storage moduli (G') and open symbols rep-

resent loss moduli (G"). Data points represent mean + standard deviation.
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Fig. 2 DNA and normalized col and GAG levels in hydrogels after 28 days in culture. (A) DNA in constructs was statistically higher when cytokines
were added. (B) Col content and (C) sulfated GAG content normalized to DNA (ng ng™*) was statistically higher in gels cultured without cytokines
(—cyto) compared to those with cytokines (+cyto). —HA is shown in yellow and +HA in blue. Bars with stripes represent cytokine media treatment
(+cyto). Statistical significance is denoted as *p < 0.05, **p < 0.01, and ***p < 0.001. Values represent mean + standard deviation (n = 4).

that, in response to cytokines, each cell produced less col and
GAG, but since there were more cells in the cytokine treatment
groups, the overall amount of matrix was similar or higher in
groups with cytokines.

Given that prior studies examined the effect of adding this
combination of cytokines to pre-existing cartilage matrix,” " it
was unknown if the MSC response would be dominated by the
inflammatory cytokines in the system or the chondrogenic
growth factor TGF-f3 and cartilage-promoting biomolecules
col IT and HA. It is important to note that the effects of other
cytokines, such as IL-1a*® and the combination of IL-1p and
TNF-a,'? in combination with chondrogenic growth factors on
MSCs have been explored in other systems. The cytokines TNF-
o and IL-1B are known to inhibit col II gene expression.?
Similarly, the cytokine cocktail used in this study reduced
chondrogenic gene and matrix expression per cell. On the
other hand, literature has previously shown that even small
amounts of HA stimulate cartilage matrix production by chon-
drocytes.”® In this study, however, HA did not dramatically
alter the chondrogenic behavior of MSCs, and differences in
cell response to the gel types were only observed in gel contrac-
tion. Finally, dexamethasone, a corticosteroid used as an anti-
inflammatory treatment for OA,*” was administered to all treat-
ment groups because it is an important component for stimu-
lating MSC chondrogenic differentiation.

Immunomodulation: adding HA had little impact on IL-6 but
correlated with IL-8

Inflammation is a key component of the sustained cycle of OA
disease progression.® Thus, the impact of HA on the inflam-
matory cycle was assessed via cytokine gene expression and
protein-level production. Gene and protein expression for IL-6
and IL-10 were evaluated as representative pro- and anti-
inflammatory cytokines, respectively, that are implicated in
OA.? Both IL-6 and IL-10 gene expression levels were statisti-
cally elevated at 7 days in +cyto treatment groups compared to
the respective —cyto counterpart treatment (Fig. 3A and B). IL-6

This journal is © The Royal Society of Chemistry 2025

protein expression at 6 days followed a trend similar to
IL-6 gene expression but was not statistically significant
(Fig. 3C). When cytokines were added, IL-6 gene expression
levels (Fig. 3A) and IL-10 protein production (Fig. 3D) trended
lower when HA was added to gels, but these trends were not
statistically significant. Based on literature, we expected HA to
have more of an effect on suppressing IL-6 and promoting
IL-10. However, our experimental system differed from litera-
ture in that HA was incorporated in the gel rather than being
administered orally®® or injected**°
moted chondrogenic differentiation of MSCs and inflam-

and because we pro-

mation concurrently, and these distinctions may explain the
discrepancy in HA impact.

Protein-level expression of inflammatory markers was ana-
lyzed using PCA and then fit to a generalized linear model.
PCA identified two principal components (PCs) that collec-
tively explained 70.8% of the total variance in the system and
resulted in outputs grouped by presence or absence of cyto-
kines (Fig. 4A). Using a linear model with cytokine concen-
tration as a function of experimental conditions (eqn (1) and
Table S1t), associations were found between IL-6 and +cyto
treatment (p < 0.001), IL-4 and +cyto (p < 0.001), and IL-8 and
+HA (p < 0.1) (Fig. 4B). The correlations between adding cyto-
kines (+cyto) and the production of IL-6 and IL-4 were expected
as both are increased in OA.*' The observed increment of IL-8
under +HA is contradictory to several studies that demonstrate
HA plays an anti-inflammatory role by decreasing the pro-
duction of proinflammatory mediators (e.g., IL-6"° and
IL-8***) and M1 macrophages.’’ Additionally, it is worth
noting that other literature shows that, similar to our results,
HA induces an inflammatory response by upregulating IL-8;
however, the literature results were associated with low MW
HA® and thus suggest that the HA in our hydrogels may have
broken down into lower MW fragments. Given the association
between IL-8 and HA in our linear model, it is likely that other
concentrations or presentations of HA within this system
would alter the resultant IL-8 response.”® Interestingly, the

Biomater. Sci., 2025,13, 3252-3263 | 3257
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Statistical significance is denoted by **p < 0.01.

interaction between HA and cyto suggests a potential dampen-
ing effect on IL-8 levels compared to HA alone, but the evi-
dence is not strong enough to confirm this effect statistically
(p = 0.178). The lack of a significant interaction suggests that
HA and cyto treatment may act through independent biologi-
cal pathways.

Chondroprotection: adding HA reduced MMP-13 production
and gene expression but had no effect on ADAMTS-5

Matrix degradation is a key component of the progression of
OA and is exacerbated via the inflammatory environment of

3258 | Biomater. Sci, 2025, 13, 3252-3263

OA."” Thus, the effect of the cytokine-induced inflammatory
environment on matrix degradation was assessed. Overall, all
conditions led to some col and GAG being released into the
media (Fig. S5A and Bf). Low levels of col and GAG were
detected and generally suggest matrix turnover occurred in all
treatments or that newly formed matrix components did not
incorporate within the scaffold.

Two degradative enzymes that are upregulated during OA
are MMP-13 and ADAMTS-5, which degrade col and aggrecan,
respectively."”” In the presence of cytokines, MMP-13 gene
expression after 7 days was statistically lower for +HA com-

This journal is © The Royal Society of Chemistry 2025
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pared to —HA (Fig. 5A). In the media harvested on day 6,
MMP-13 protein production was statistically higher for +cyto
treatments compared to —cyto treatments and, when cytokines
were present, trended higher for —HA compared to +HA gels
(Fig. 5B). By day 8, MMP-13 protein-level production was stat-
istically higher for gels without HA compared to gels with HA
(Fig. 5C). Other studies have similarly observed a decrease in
MMP-13 production in the presence of high MW HA."® By two
weeks, MMP-13 production was similar, and lower, across all
treatment groups (Fig. S5Ct). TNF-a is known to increase
MMP-13 expression,** and thus it was unsurprising that +cyto
treatments initially resulted in an increase in MMP-13 pro-
duction and expression. The subsequent decrease in MMP-13
production may be similar to OA progression wherein MMP-13
production is upregulated in early diseased states and downre-
gulated in later disease progression.*®

ADAMTS-5 gene (Fig. 5D) and protein (Fig. 5E) levels were
only affected by the addition of cytokines and were similar in
—HA and +HA gels. Although GAG release within the first week
in culture was largely not different across groups, after 4 weeks
in culture there was statistically more GAG released for +cyto
groups (Fig. S5BY). This difference at later time points could
be explained by the statistical increase in ADAMTS-5 after ~1
week in culture for +cyto groups. The increase in both MMP-13
and ADAMTS-5 for all +cyto treatments was expected and is
indicative of an OA disease state.”® There are many pathways
that can alter MMP-13 and ADAMTS-5 expression,” and it was
interesting that HA only statistically lowered MMP-13 within
+cyto treatments and not ADAMTS-5. Different gene expression
patterns for MMP-13 and ADAMTS-5 were observed in another
GAG/col hydrogel system that was stimulated with IL-1p.%

This journal is © The Royal Society of Chemistry 2025

Previously, the inflammatory cytokine model used in this
study was validated in vitro using cartilage explants and

in vivo.” ™

It was unclear if this cytokine model would have
the same impact on differentiating MSCs within col hydrogels.
It is apparent that the inflammatory cytokines elicited a pro-
inflammatory state as evidenced by an increase in pro-inflam-
matory gene expression (Fig. 3A) and protein expression
(Fig. 4B) and higher degradative enzyme production and gene
expression (Fig. 5). Comparing these observations to cartilage
explant models treated with the same concentrations of OSM
and TNF-a, one study found that active forms of ADAMTS-4,
MMP-9, and MMP-13 increased over time but at a different
time scale from our experiment.’ Active ADAMTS-4, MMP-9,
and MMP-13 were not detectable in the bovine explants until
~14 days in culture, whereas in our work MMP-13 levels were
much higher after 6-8 days compared to after 14 days.
Furthermore, no active ADAMTS-5 was detected in the media
from cartilage explants over 21 days. The discrepancy between
these findings and our work may be due to differences
between explants and MSCs in hydrogels. Another study with
bovine explants and OSM and TNF-a treatment observed a stat-
istical increase in MMP-13 gene expression compared to con-
trols,"® and these results are similar to our findings of
increased MMP-13 in +cyto treatments compared to —cyto
treatments.

Since this cytokine system elicited an inflammatory
response similar to that observed in OA,” with increasing
MMP-13, ADAMTS-5, IL-6, and IL-8, it serves as a promising
OA model of cartilage regeneration and can be used to study
hydrogel formulations intended to support cartilage tissue
engineering. Furthermore, the ability of HA within hydrogels

Biomater. Sci,, 2025, 13, 3252-3263 | 3259
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to decrease MMP-13 production could be vital for limiting the
degradative cycle of OA as the degradation of col II is often
viewed as a point of no return in OA."”

Conclusion

In this work, MSCs were encapsulated in blended col I/II
hydrogels, which promote chondrogenesis, with and without
HA and were exposed to an osteoarthritic, inflammatory
environment. Although the hydrogels were simultaneously
exposed to both pro-chondrogenic factors and inflammatory
factors, the in vitro inflammatory environment of OSM and
TNF-o0 dominated the cell response. The MSCs under pro-
inflammatory conditions generated statistically lower col/DNA,
GAG/DNA, and SOX9 gene expression compared to MSCs not
under inflammatory conditions. However, hydrogels within
the inflammatory environment resulted in statistically higher
DNA amounts compared to their non-inflammatory counter-

3260 | Biomater. Sci., 2025, 13, 3252-3263

parts. The inflammatory environment promoted an increase in
IL-6 and IL-10 gene expression, and PCA revealed clustering
based on the presence or absence of cytokines. The addition of
HA in gels affected MSC response in a few ways: MMP-13
protein and gene expression levels after 7 days in culture with
pro-inflammatory cytokines were statistically lower for gels
with HA, and a linear model revealed an association between
IL-8 protein expression and HA. Taken together, this work
suggests that the effect of HA on the response of MSCs within
the context of inflammation should be explored further, and
this in vitro cytokine treatment model of OA can be extended
to study other tissue-engineered therapies.
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