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Abstract

Articular cartilage injuries have a limited healing capacity and, due to inflammatory and catabolic
activities, often experience progressive degeneration towards osteoarthritis. Current repair techniques
generally provide short-term symptomatic relief, however, the regeneration of hyaline cartilage remains
elusive, leaving both the repair tissue and surrounding healthy tissue susceptible to long-term wear.
Therefore, methods to preserve cartilage following injury, especially from matrix loss and catabolism, are
needed to delay, or even prevent, the deteriorative process. The goal of this study was to develop and
evaluate a cartiage-penetrating hyaluronic-acid (HA) hydrogel to improve damaged cartilage
biomechanics and prevent tissue degeneration. At time zero, the HA-based hydrogel provided a 46.5%
increase in compressive modulus and a decrease in permeability after simulated degeneration of
explants (collagenase application). Next, in a degenerative culture model (interleukin-1 3 [IL-1] for 2
weeks), hydrogel application prior to or midway through the culture mitigated detrimental changes to
compressive modulus and permeability observed in non-treated explants. Furthermore, localized loss of
proteoglycan was observed in degenerative culture conditions alone (non-treated), but hydrogel
administration significantly improved the retention of matrix elements. Finally, NITEGE staining and gene
expression analysis showed the ability of the HA gel to decrease chondrocyte catabolic activity. These
results highlight the importance of reinforcing damaged cartilage with a biomaterial system to both

preserve tissue content and reduce catabolism associated with injury and inflammation.
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Abbreviations

HA: Hyaluronic Acid

IL: Interleukin

NITEGE: C-terminal neoepitope

MeHA: Methacrylated hyaluronic acid
kDa: kilodalton

w/v: weight per volume

MWCO: molecular-weight cutoff

NMR: nuclear magnetic resonance
LAP: Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
mW: milli Watts

PBS: phosphate-buffered saline

UV: ultraviolet

DMEM: Dulbecco’s Modified Eagle’s Medium
FBS: Fetal bovine serum

PSF: penicillin-streptomyscin-fungizone
GAG: glycosaminoglycan

s-GAG: sulfated glycosaminoglycan
DMMB: dimethylmethylene blue

EDTA: Ethylenediaminetetraacetic acid
OCT: optimal cutting temperature

BSA: bovine serum albumin

DAPI: 4',6-diamidino-2-phenylindole
RNA: ribonucleic acid

DNA: deoxyribonucleic acid

MMP: matrix metalloproteinase

ROUT: regression and outlier

ANOVA: analysis of variance

PCM: pericellular matrix

PEG: polyethylene glycol

ECM: extracellular matrix
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1. Introduction

Articular cartilage injuries primarily occur through either traumatic or degenerative events, often
creating focal defects in the cartilage surface [1]. The relative avascularity of cartilage leaves it incapable
of self-repair, often necessitating intervention following injury. Post-injury, increased stresses and
inflammation often lead to upregulation of catabolic genes in chondrocytes and increased enzymatic
degradation from matrix proteases [2—4]. These events have a pronounced impact on reducing the
inherently robust mechanical integrity of cartilage [5], which in healthy tissue is a result of a dense
extracellular matrix rich in proteoglycans [6]. The high fluid pressurization potential of healthy cartilage in
compromised following injury and matrix degradation [7], leaving the tissue susceptible to wear and
further cell-mediated catabolism. The resulting degenerative cycle often develops into whole-joint
osteoarthritis, which affects over 300 million people worldwide [8]. Thus, there is a clear need to develop
novel techniques and methods to prevent, slow, or even reverse this degenerative cascade.

Currently, cartilage injuries are surgically treated through four primary means; removal of the
damaged tissue, repair via direct fixation, marrow stimulation, and lastly via transplantation utilizing
autograft or allograft tissue [9]. However, these treatments are relatively ineffective in long-term outcomes
and/or provide only short term symptomatic relief [10]. Also, the repair tissue often lacks the mechanical
rigidity of healthy hyaline cartilage, leaving it vulnerable to long-term wear [9,11,12]. Due to the
challenges in hyaline cartilage regeneration, slowing or even preventing progressive deterioration of
cartilage is of significant value to the field. Several groups have utilized biomaterials and crosslinking
methods to “stabilize” existing cartilage, focusing on biomechanical fortification of the tissue. Specifically,
genipin crosslinking can improve the mechanical properties of degraded cartilage, but at the expense of
chondrocyte viability [13]. Other techniques have shown that both natural and synthetic hydrogels could
be used to resurface [14] or interpenetrate [15—17] damaged cartilage, improving the biphasic mechanical
properties of degenerated cartilage tissue at time-zero. However, to our knowledge, the response of
chondrocytes past this initial application, especially in inflammatory conditions that are often present post-

injury, is relatively unexplored. Thus, there is a need to establish cartilage-fortifying strategies that not
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only provide initial reinforcement, but also provide prolonged preservation of the biomechanical and
biochemical health of cartilage.

Previously, a similar hyaluronic acid (HA) hydrogel biomaterial diffused into a defected cartilage,
improved initial mechanics of degenerated cartilage, and remained for at least 7 days in vivo [17]. In the
present study, we evaluated a HA-based hydrogel application to reinforce surface damaged cartilage and
prevent catabolic deterioration. Specifically, this study confirmed hydrogel interpenetration with cartilage
tissue and improved biphasic mechanical properties of degenerated tissue after application. In a
degenerative culture model, HA application mitigated biomechanical and biochemical loss and reduced
chondrocyte catabolic response. These results present evidence of both time-zero and prolonged
benefits from an HA-based cartilage stabilization strategy to potentially delay the progression of cartilage

deterioration.

2. Materials and Methods
2.1 Hyaluronic Acid Synthesis

Methacrylated hyaluronic acid (MeHA; Fig 1A) was synthesized from sodium hyaluronate (75kDa;
LifeCore Biomedical) and methacrylic anhydride [18,19]. Sodium hyaluronate was dissolved in deionized
water (10 mg/mL, 1% w/v), to which a 20-fold excess of methacrylic anhydride was added. The reaction
was maintained at a pH of 8.0-9.0 for 6 hours at 4°C. At the end of the reaction, the solution was stirred
vigorously overnight at room temperature to degrade the methacrylic anhydride. The solution was
dialyzed (MWCO: 6,500) for 10 days, followed by freezing at -20°C for 6 hours and lyophilization (-50°C,
0.05mbar) for 5 days to produce dry MeHA (100% modification confirmed with nuclear magnetic
resonance [NMR]; Supplementary Figure 1). Throughout this study, MeHA solution (4% wi/v, unless
otherwise noted) with LAP photo-initiator (0.05% w/v) was applied to the surface of cartilage explants,

given 5-10 minutes to diffuse and photo-crosslinked (3 minutes, 25mW/cm?; Fig 1B).

2.2 Explant Dissection and Processing
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Juvenile bovine (3-6 weeks; Research 87; Boylston MA) cartilage explants (full thickness, 6mm
diameter) were harvested from the trochlear groove. After harvest, the calcified cartilage region was
removed, leaving the top 3mm of cartilage tissue. Next, the superficial 1mm of cartilage was removed to
create a consistent cartilage defect model (Fig 1C). To verify diffusion and retention of the hydrogel in
the explants, methacrylated rhodamine (0.025% w/v) was added to the MeHA solution, allowing for
visualization of hydrogel interdigitation. After verification of gel interpenetration, functional outcome
metrics in two studies (initial explant and degenerative culture) were conducted to assess the mechanical

properties, cartilage health, and the efficacy of reinforcement of the cartilage tissue (Fig 1C).
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Fig 1. Biomaterial Design, Application, and Study Overview. A) Methacrylated hyaluronic acid
backbone to enable photocrosslinking via UV light. B) Schematic depicting biomaterial solution applied

to surface of explant, diffusion into cartilage tissue, and photocrosslinking to form interpenetrating gel.
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C) Study design depicting processing of explants and outline for the initial explant (time-zero

mechanics) and degenerative culture studies.

2.3 Time-Zero Explant Mechanical Testing

We performed an initial study to assess the reinforcement that the MeHA hydrogel provides to
degenerated cartilage explants. Cartilage explants were subjected to sequential Hertzian Indentation
creep tests following processing (defect condition), degeneration (digestion in 0.1% collagenase for 45
minutes), and biomaterial application (digested explant reinforced with MeHA). Creep testing involved
applying a 0.25N constant load (Biomomentum Mach-1) on the explant surface for 15 minutes with a
spherical indenter (r=2mm), which was fit with a Hertzian biphasic creep model [20] to determine the

compressive modulus and permeability (Fig 1C).

2.4 Degenerative Culture

To emphasize media exposure to the surface of explants, we utilized agarose wells to confine
cartilage samples. We added 1 mL of sterile, liquid agarose to each well of a 24-well non-treated tissue
culture plate, and allowed cooling until gel formation. A 6mm biopsy punch was then used to excise
agarose to create a well matched to the size of explants. Explants were then treated with either basal
media as a control (Dulbecco’s Modified Eagle’s Medium [DMEM], 10% Fetal Bovine Serum [FBS], and
1% penicillin-streptomycin-fungizone [PSF]) or basal media supplemented with 10 ng/mL of IL-13 (human
recombinant; Tonbo Bioscience 218018U010) for 2 weeks. In addition to a degenerated condition alone
(IL-1B with no MeHA), and two MeHA application windows were tested. To mimic a focal defect scenario
(with little surface degeneration), MeHA was applied at the start of the study (t0), followed by 2 weeks of
culture in IL-1B). To mimic a more intermediate state of degeneration, MeHA was applied one-week into
IL-1B culture (t1), and cultured for an additional week in IL-13. After the conclusion of the culture, explants
were subjected to the Hertzian creep indentation testing described previously, as well as
glycosaminoglycan (GAG) quantification, histological analysis, immunofluorescence staining, and gene

expression (Fig 1C).
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2.5 DMMB Assay

To determine sulfated GAG (s-GAG) content of cultured explants, a dimethylmethylene blue
(DMMB) assay was performed. At 2 weeks of culture, explants were digested in buffered papain solution
(0.1M Sodium Acetate (anhydrous), 10mM Cysteine Hydrochloride, 50mM EDTA, pH 6, 2% v/v papain)
at 25mg dry tissue per 1mL papain solution (48 hours at 60°C). Following digestion, the solution was
plated in duplicate in a 96-well assay plate (5uL), followed by addition of 200uL of 1,9-dimethylmethylene
blue (8mg DMMB, 2.5mL ethanol, 1g sodium formate, 1mL formic acid, and 496.5mL deionized water).
Absorbance values at 525nm were quantified relative to a standard curve of chondroitin sulfate (Sigma

C-4384). s-GAG content was normalized as mass per dry weight of tissue.

2.6 Safranin-O Fast Green Staining

To determine spatial proteoglycan content, especially relative to the tissue surface, Safranin-O
Fast Green staining was performed. Solutions of 0.05% w/v Fast green, 0.1% w/v Safranin O, and 1%
v/v acetic acid were used. After mechanical testing, cartilage explants were fixed in formalin, frozen in
optical cutting temperature (OCT) compound, sectioned at 20um, and rinsed twice with DI H,O. The
sections were then sequentially submerged for 5 minutes in Fast Green (0.05% w/v), 20 seconds in acetic
acid (1% v/v), and 10 minutes in Safranin O (0.1% w/v), followed by 2 tap water rinses, dehydration (95%,
100%, 2X each), clearing with Xylene, and mounting and coverslipping.

To quantify the Safranin-O images, a custom written MATLAB code was developed. The code
first inputs the grayscale image of red pixels from the original histology image. Next, the code allows the
user to create 5 lines from the surface of the explant through the depth of the tissue. The code then takes
average pixel intensities (the 10 nearest pixels) every micron along each of the 5 lines, until a depth
500um. Thus, the code plots the average red pixel intensity (indicative of remaining proteoglycan) as a

function of depth from the cartilage surface.

2.7 Immunofluorescence Staining
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Additional 20um histological sections were rinsed (3X PBS). Antigen retrieval was performed via
digestion with Proteinase K (0.1% v/v) for 5 minutes, followed by 3X PBS rinses. Next, to prevent non-
specific binding, a blocking step with 1% bovine serum albumin (BSA) in PBS was applied for 30 minutes.
Primary antibodies were applied in 1% BSA for 1 hour at room temperature, and included type VI
collagen(rabbit monoclonal; Abcam ab182744; 1:200) for detection of the pericellular matrix during
interdigitation verification and NITEGE (rabbit polyclonal; Fisher PA1-1746; 1:200) for detection of
aggrecan breakdown via aggrecanases [21,22]. Following 3x PBS rinses, sections were stained with
secondary antibody in 1% BSA for 1 hour, rinsed 3X PBS, and mounted with Prolong Gold Antifade
Reagent with DAPI and cover-slipped. To quantify the relative NITEGE staining between groups, a
histogram plot of the intensity values was plotted in FIJI, quantifying the intensity and area of NITEGE

positive staining [23].

2.8 Gene Expression

Another set of cartilage explants were harvested for gene expression of catabolic markers. The
top ~500um of tissue was placed in TRIzol (Invitrogen) for RNA isolation according to the manufacturer’s
protocol (the remaining tissue was discarded). Following RNA quantification, cDNA was synthesized
using oligo(dT) and random primers with qScript cDNA SuperMix (Quantabio). Finally, the Applied
Biosystems 7500 Real-Time PCR System was used with PowerUP SYBR green master mix (Applied
Biosystems) to perform all gPCR reactions. Melt curve analysis was performed to confirm amplicon
authenticity and the AACt method [24] was used for fold change analyses. Expression of MMP-13, MMP-

3, and NF-kB were analyzed, with -actin serving as a housing keeping gene.

2.9 Statistical Analysis and Rigor

Explants from at least 3 donors were included for each analysis to account for donor variability.
All data was subject to outlier (ROUT method) and normality (Shapiro-Wilk) testing. Parametric, normal
datasets were analyzed with a one-way analysis of variance (ANOVA) with post-hoc Tukey’s testing.

Nonparametric or non-normal datasets were analyzed with a Kruskal-Wallis test with post-hoc Dunn’s
9
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Multiple Comparison Test. All data are shown as dot plots for transparency, and p<0.05 was chosen as

a threshold for statistical significance.

3. Results
3.1 Time-Zero Interpenetration and Reinforcement

Fluorescence imaging showed retention of the gel in the first few hundred um of explants (Fig
2A). Upon closer examination, the MeHA gel showed a greater localization to the area around each
chondrocyte, as depicted by type VI collagen, a marker of the chondrocyte pericellular matrix (PCM) (Fig
2B). The MeHA gel diffuses an average of 156.39um from the surface of application (Supplementary
Figure 2). Next, defected cartilage explants (“Defect”) were tested with indentation creep testing, showing
some variability in compressive modulus (112 — 376 kPa). For this reason, sequential testing after both
degeneration and reinforcement was performed. Degeneration in collagenase led to a 19.5% decrease
in compressive modulus (p = 0.0078); reinforcement with the MeHA gel following this simulated
degeneration led to a 46.5% increase over their prior degenerated state (p = 0.082) (Fig 2C). Permeability
values showed an opposite trend, with an increase after degeneration and recuperation after
reinforcement (Defect vs. Degenerated - p = 0.0029; Degenerated vs. Reinforced - p = 0.0065) (Fig 2D).
As a result of improved mechanical properties following gel application, other concentrations of the MeHA
gel (1, 2% w/v) were also tested. Both 1% and 2% gel application led to partial recovery of compressive
modulus, while only the 2% application led to partial recovery of permeability (Supplementary Figure 3).
For comparison, we took the average loss in compressive modulus following degeneration and
determined how much of this loss was recovered by reinforcement. The 4% gel showed the highest

recovery in compressive modulus (Fig 2E); thus, the 4% gel was used for the degenerative culture model.

10
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Fig 2. Biomaterial Interdigitation and Mechanical Reinforcement. A) Immunofluorescent image of
MeHA gel (green) interpenetrating with cartilage tissue (chondrocyte nuclei in blue; DAPI). Scale bar =
100um. B) Immunofluorescent image of MeHA gel (green) colocalizing with chondrocyte pericellular
matrix shown via a type VI collagen stain (yellow). Scale bar = 10um. Insets show MeHA and type VI
collagen individually. C) Compressive modulus and D) permeability of cartilage tissue in defected,
degenerated, and reinforced scenarios. n=12 per group. E) Mechanical recovery of compressive
modulus, defined by the percentage modulus recovered after reinforcement (1, 2, 4% MeHA; n=6,6,12

per group, respectively) of degenerated explants. #, *, ** represent p<0.10, 0.05, and 0.01, respectively.

3.2 Tissue Preservation in Degenerative Culture

11
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Next, we investigated the cartilage-preserving aspects of the MeHA biomaterial in a two-week
inflammatory culture. Cell viability of post processed explants and application of biomaterial was
assessed following 24 hours of basal media culture to ensure significantly different viability was not
observed following biomaterial application (Supplementary Figure 4). A significant decrease (67.8%,
p<0.0001) in compressive modulus was observed as a result of IL-13 treatment; however, MeHA gel
application at the start of inflammatory culture mitigated (52.5% recovery, IL-1 vs t0; p = 0.0125) much
of this mechanical loss (Fig 3A). MeHA application at 1-week into the inflammatory culture produced a
trend (36.4% recovery, IL-1 vs t1; p = 0.1277) in retainment of compressive modulus. Similar trends were
seen with regards to permeability (Fig 3B), with worsening permeability (increased permeability; p =
0.0002) with IL-1B treatment alone, and mitigation of this increase with both t0 (p = 0.0128) and t1 (p =
0.023) MeHA application.

To assess spatial and bulk biochemical changes in explants, Safranin O-Fast Green staining and
a DDMB assay were performed. In comparison to healthy proteoglycan content in controls indicated by
a deep red stain, after inflammatory culture explants showed a loss of Safranin O staining, particularly at
the surface exposed to media (Fig 3C). Application of the MeHA biomaterial (10 and t1) led to the retention
of red proteoglycan staining, with a slight observable loss of red staining in the t1 explants. Biomaterial
application at time-zero showed the potential for reduced biochemical degradation in an extreme
inflammatory state (20 ng/mL IL-1B for 3 weeks, Supplementary Figure 5). Quantification of the pixel
intensity as a function of depth confirmed these findings, where application of the biomaterial at t0 and t1
timepoints led to complete and partial retention, respectively, of proteoglycan content in the first ~300um
of the tissue (Fig 3D). Five 500um lines were selected for each image and each pixel on the line was
averaged with the ten pixels around it to achieve a pixel intensity metric by depth (Supplementary Figure
6). Red pixel intensity at 100um from the surface showed a significant decrease from control with IL-1
treatment (p-value < 0.0001), but a retention of pixel intensity following application of explants at both
time points compared to IL-1 treatment (p-values < 0.0001). Control explants and application prior to
inflammatory culture showed no significant difference in pixel intensity indicating proteoglycan retention

similar to control explants (p-value > 0.9999). Application timepoints prior to culture and one week in to
12
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culture showed a significant difference in proteoglycan positive staining (p-value = 0.0008). Also,
application one week into inflammatory culture showed a significant red pixel intensity decrease from
culture explants (p-value = 0.0076). The s-GAG content in entire explants showed no significant

differences between groups (Supplementary Figure 7).
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Fig 3. Cartilage Tissue Preservation in Degenerative Culture via MeHA Gel. A) Compressive
modulus and B) permeability of explants cultured in control media, IL-18 media (no gel), and IL-113
media with the 2 MeHA gel application points (10, t1). n=12 per group. C) Safranin O-Fast Green
stained sections from the 4 groups. Scale Bar = 500um. D) Quantification of red channel intensity as a
function of depth from the surface (average profile shown, n=8 per group). E) Bar graph of red pixel
intensity 100um from the cartilage surface (n=8 per group). *, **, ***, **** represent p<0.05, 0.01, 0.001,

and 0.0001, respectively.

3.3 Matrix and Chondrocyte Catabolism

To better characterize signs of matrix and cell catabolism, we investigated key markers of
aggrecan degradation (NITEGE) and multiple catabolic markers NF-«kB, MMP-3 and MMP-13
downstream of IL-1p [21,25]. Exposure to IL-1B for 2-weeks showed a drastic increase in NITEGE
staining, which was nearly completely diminished by MeHA gel application at either timepoint (Fig 4A).
Quantification of NITEGE showed a significant reduction of the number of high-intensity pixels (Intensity:
200-255) in gel application samples compared to IL-1[ stimulated samples (Fig 4B,C). To further explore
the catabolic activity occurring at the cellular level, gene expression analysis of MMP-13, NF-kB, and
MMP-3 were conducted. IL-1B exposure significantly increased total MMP-13 and NF-kB expression
(26.86- and 4.2-fold, p< 0.0001 and p = 0.0005, respectively) (Fig 4D, F). MeHA gel application provided
a significant reduction in expression of NF-kB (0.363- and 0.347- fold, for both conditions t0 and t1, p =
0.0023) (Fig 4D) and a trend of reduction in expression of MMP-13 (0.457- and 0.448- fold, p = 0.0976
and p = 0.1950, for t0 and t1, respectively) (Fig 4F). MMP-3 showed a significant increase (p=0.0035) in
expression in chondrocytes when stimulated with IL-1B and MeHA application reduced MMP-3

expression, albeit not significantly (t1 application, p = 0.1103) (Fig 4E).
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Fig 4. Catabolic Attenuation in Degenerative Culture. A) Immunofluorescence staining of NITEGE

neo-epitope (aggrecan degradation) in the 4 groups. Scale bar = 100um. B) Quantification of NITEGE

pixel intensity (average profile shown, n=5 per group) from grayscale value 200-255. C) Quantification

of the area under each line graph of NITEGE quantification in arbitrary units (pixels*intensity; n=5 per

group). D) NF-kB, E) MMP-3, and MMP-13 gene expression (top 500um of explants) in the 4 groups.

n=14 per group. A, **, ***, **** represent p< 0.1, 0.01, 0.001, 0.0001, respectively.
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5. Discussion

Due to the progressive deterioration that cartilage injuries often undergo, it is imperative to identify
solutions that stabilize the damaged tissue and prevent degeneration that results from inflammation,
catabolic activities, and compromised joint loading [26]. Fortifying the injured tissue as early as possible
could provide increased stability and restore mechanical properties (including fluid pressurization via low
permeability) to near-healthy levels. This would also translate to less stress on chondrocytes in the injured
tissue, potentially preventing the production of catabolic factors in stress-elevated environments [27,28].
While time-zero mechanical properties of cartilage tissue have been improved with various techniques,
the response of cells within and maintenance of tissue properties have not, to our knowledge, been
reported. In the present study, we verified the ability of a MeHA hydrogel to interdigitate with and reinforce
degenerated cartilage [17]. Further, in a degenerative cartilage explant model, we demonstrated the
maintenance of matrix elements and reduced catabolic cell activity [29]. Overall, this initial reinforcement,
combined with lower tissue degradation and chondrocyte catabolism, could offer a method to delay, or
even prevent, the post-injury deteriorative process.

Penetration on small molecules into cartilage tissue is of great interest in treatment modalities.
Previous literature shows nanoparticles can diffuse into cartilage tissue and present an opportunity for
using cartilage penetration strategies to deliver bioactive factors [30]. Other diffusing materials have
provided a mechanical benefit to the damaged tissue [16,31]. Through fortification strategies, researchers
have provided increased stability and restored mechanical properties (including fluid pressurization via
low permeability) to near-healthy levels. Polyethylene glycol (PEG) hydrogels of varying concentrations
have been shown to improve the mechanical modulus of cartilage from 30-286% [16]. Genipin
crosslinking has also been shown to improve the mechanical modulus of cartilage anywhere from 20-
80% post treatment [32]. The present study similarly restored, at least partially, the compressive modulus
of cartilage that is compromised after degeneration, also shown previously with MeHA hydrogels [17].

Recovery of low permeability, similar to native cartilage, was also observed after hydrogel application.
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This study then investigated the continuing effects of hydrogel reinforcement on cartilage
biochemistry and biomechanics in a severe inflammatory state, a new line of experiments not performed
by prior cartilage reinforcement techniques. Increased inflammation in the synovium and joint often
accompany cartilage and other joint injuries [33]. As a result, these inflammatory factors (e.g. IL-13) often
contribute to further degradation of the tissue and its function [34]. Previous in vitro degeneration models
have shown similar loss of proteoglycan content and Young’s modulus, and an upregulation of catabolic
activities through IL-1( treatment [35-37]. In the degenerative culture environment in this study, the
interpenetrating HA hydrogel preserved the mechanical integrity and matrix content of the tissue. This
could be the result of stabilization of the tissue in the initial injury state and sustained reinforcement of
the tissue to prevent extreme degradation resulting from injury, inflammation, or increased loading stress.
This reinforcement may also provide protection of cell activity from catabolism through specific
reinforcement of the PCM around chondrocytes [29,38], positively benefiting their mechano-transduction.

Another potential contributing factor to both biomechanical and biochemical benefit in the
degenerative culture is hyaluronic acid signaling, which has been shown to have an anti-inflammatory
effect in cartilage tissue [39]. In healthy tissue, HA is an extremely abundant glycosaminoglycan and
provides lubrication in the joint synovium via lubricin, making it vital to cartilage health [40]. Furthermore,
chondrocytes interact with HA through CD44 signaling, which is proven to affect cell function and
chondrogenesis [41,42]. Injections of hyaluronic acid have proven inconsistent in providing a therapeutic
effect for patients with osteoarthritis; this is likely attributed to the fast clearance out of the joint [43]. Our
study provides an option for sustained HA therapy through crosslinking of a hydrogel within damaged
tissue, potentially provide anti-inflammatory signaling to the chondrocytes exposed to a degenerative
environment. The biomechanical benefits observed by applying gel can likely be attributed to a
biochemical benefit in terms of localized s-GAG retention in the surface of explants (where both
degenerative media and hydrogel application are focused). This anti-inflammatory effect was also
observed at the cellular level with NITEGE staining (neoepitopes of aggrecan degradation), which
showed significant staining in the inflammatory condition, but was drastically reduced in application

conditions. Gene expression of surface chondrocytes confirmed this trend, with NF-kB (downstream of
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IL-1B signaling) expression significantly reduced and MMP-13 showing a trend of reduction in hydrogel
application groups.

In the present study, hydrogel interdigitation with cartilage provided promise in preventing
degradative changes, potentially due to both reinforcement and anti-catabolic effects. In the future, the
biomaterial can be uniquely tailored to patients due to the easily modifiable nature of HA. Specifically,
the level of fortification can be readily modified by changing the degree of modification, gel concentration,
and photocrosslinking parameters [44]. As a result, gels can be formulated to treat various injury types
that would require a specific degree of reinforcement. Another aspect worth exploration includes
understanding how the MeHA gel application affects cell behavior and interacts with the extracellular
matrix (ECM) and PCM. Specifically, localization of the material to the PCM brings new questions
regarding whether the observed protective effect is through reinforcement of PCM mechanics, through
prolonged HA signaling, or perhaps both. Thus, future work will aim to study the mechanism behind the
protective effects of our MeHA hydrogel, as well as translate this approach to animal models for functional
evaluation.

The results of this study clearly demonstrate that a cartilage-interdigitating MeHA hydrogel can
reinforce the tissue initially and mitigate cartilage degeneration. Certainly, there were a few limitations
regarding our approach: in vitro nature of all assays, simple degenerative model, and juvenile bovine
cartilage explants. In vitro studies fail to replicate the actual conditions that occur in the cartilage and joint
injuries that could alter the effect of the application. A simple degenerative model using only one
inflammatory factor also fails to recapitulate the joint and cartilage lesion environment post injury due to
the multitude of inflammatory factors that are present in the joint and synovium. This is certainly seen as
a next step, to evaluate the therapy in a more complex degenerative explant model, and even in a small
animal cartilage defect study. Finally, variability between donors can lead to a large range of mechanical
properties and responses to degenerative culture/ treatment present another limitation when using an
explant model, though these concerns were mitigated by performing analyses in at least 3 donors per

assay.
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5. Conclusion
In summary, we demonstrated that MeHA hydrogel provides initial mechanical benefits to damaged
cartilage and mitigates tissue loss in an inflammatory culture. We also demonstrated that the MeHA
biomaterial provides matrix-protective effects of effectors downstream of IL-1f3 like MMP-13 and NF-kB,
while reducing the expression of aggrecanase products. As a result, we believe that this MeHA hydrogel

application system is a promising biomaterial approach to delaying the onset of osteoarthritis.
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