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1 | INTRODUCTION

Scott R. McClure? | Lawrence J. Bonassar>*

Abstract

Intra-articular injections of hyaluronic acid (HA) are the cornerstone of osteoarthritis
(OA) treatments. However, the mechanism of action and efficacy of HA viscosupple-
mentation are debated. As such, there has been recent interest in developing syn-
thetic viscosupplements. Recently, a synthetic 4 wt% polyacrylamide (pAAm)
hydrogel was shown to effectively lubricate and bind to the surface of cartilage
in vitro. However, its ability to localize to cartilage and alter the tribological proper-
ties of the tissue in a live articulating large animal joint is not known. The goal of this
study was to quantify the distribution and extent of localization of pAAm in the
equine metacarpophalangeal or metatarsophalangeal joint (fetlock joint), and deter-
mine whether preferential localization of pAAm influences the tribological properties
of the tissue. An established planar fluorescence imaging technique was used to
visualize and quantify the distribution of fluorescently labeled pAAm within the joint.
While the pAAm hydrogel was present on all surfaces, it was not uniformly distrib-
uted, with more material present near the site of the injection. The lubricating ability
of the cartilage in the joint was then assessed using a custom tribometer across two
orders of magnitude of sliding speed in healthy synovial fluid. Cartilage regions with a
greater coverage of pAAm, that is, higher fluorescent intensities, exhibited friction
coefficients nearly 2-fold lower than regions with lesser pAAm (R, = —0.59,
p < 0.001). Collectively, the findings from this study indicate that intra-articular visco-
supplement injections are not evenly distributed inside a joint, and the tribological
outcomes of these materials is strongly determined by the ability of the material to

localize to the articulating surfaces in the joint.
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supports boundary mode lubrication, and phospholipids, which support
hydration lubrication.?”” The lubricating ability of SF varies widely after

Articular cartilage is a remarkable load-bearing material that exhibits one
of the lowest reported coefficients of friction in nature, even over
decades of activity.! The synovial fluid (SF) in the joint is a viscous, non-
Newtonian fluid that lubricates the cartilage, meniscus, and synovium.
The lubricating ability of SF is mediated by the action of hyaluronic acid
(HA), the viscous component of SF, lubricin (or proteoglycan 4) which

injury or inflammation, with several studies reporting an increase in the
coefficient of friction, and dramatic changes in the viscoelastic proper-
ties like the viscosity of the SF via the breakdown of high molecular
weight HA to lower molecular weight HA fragments 812

To address this drop in viscosity, intra-articular injections of HA

commonly known as viscosupplementation, have been the cornerstone
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of arthritis treatments for decades.'*"'” Viscosupplementation hinges
on the idea that the restoration of the viscosity of inflamed or injured
SF can restore cartilage lubrication, and thereby restore mechanical
function. However, the efficacy and mechanism of action of HA visco-
supplementation is poorly understood and widely debated, with several
clinical societies offering varying recommendations for its use.'®2° HA
is also susceptible to enzymatic degradation by hyaluronidase, which
can affect the distribution of the injected material within the joint and
may play a role in the long term clinical outcomes.2*"2¢ Additionally,
most commercially available HA viscosupplements have varying chemi-
cal structures with wide ranges of molecular weights, crosslinking den-
sities, and chemical modifications.?”"?° These large differences in
chemical structure may be responsible for the wide range of clinical
outcomes associated with these products.

Despite being used in the clinic for decades, only a few studies
have examined and quantified the distribution of injected HA visco-
supplements inside articulating joints. A recent study examined the
distribution of an HA-methylene blue mixture inside human cadaveric
knee joints after administration, and characterized the aggregation of
the mixture at various sites using gross images of the joint.%° Other
studies have used chemically modified HA hydrogels in small animal
models and showed that the gels were present inside the injected
limbs for several days after administration.®* However, these studies
did not assess the distribution of the viscosupplement within the joint,
particularly in identifying whether there are differences in the distri-
bution or aggregation of the injected material at the articulating sur-
faces or in the surrounding soft tissues of the joint capsule.

While a greater localization of injected viscosupplements at the
articulating surface of cartilage could potentially improve mechanical
outcomes, the extent to which such intra-articular therapies interact
with cartilage is complex, unclear, and vastly understudied. These chal-
lenges surrounding the establishment of a clear mechanism of action of
viscosupplementation have led to an increased interest in the develop-
ment of synthetic viscosupplements. These materials are synthetic bio-
compatible polymers, designed to have a very specific chemical
structure with controlled molecular weights and cross-linking densities,
and can mimic the structure of native HA or other biolubricants, with
added functionality like resistance to enzymatic degradation.®2-3#
Recently, a 4 wt% highly crosslinked viscous polyacrylamide (pAAm)
hydrogel viscosupplement was shown to substantially decrease symp-
toms of lameness in a cohort of 43 horses, up to 2 years after follow
up.2>~%7 Additionally, the hydrogel was shown to effectively lubricate
healthy and degraded cartilage explants and was characterized as a vis-
cous lubricant.®” Strikingly, the hydrogel was found to adhere to the
surface of cartilage explants after friction tests and even survived histo-
logical processing. But, several questions remain about the ability of the
pAAm hydrogel to interface with the articulating cartilage surfaces
inside a live, articulating equine joint. Moreover, understanding the
guantitative distribution of these injections within a joint would provide
vital insight into the potential mechanism of action of such materials,
and could inform the design of viscosupplements that preferentially
localize to damaged articulating surfaces in a joint.

While there is some qualitative information about the distribution
and coverage of HA inside a joint,>°>! there is no information about

the localization of synthetic viscosupplements like pAAm. The goal of
this study was to measure the distribution of a fluorescently labeled
pAAm hydrogel 48 h after being injected into a live equine metacar-
pophalangeal or metatarsophalangeal (fetlock) joint (MC/MTIII joint)
and determine (1) the extent of localization of the pAAm to the articu-
lating cartilage and surrounding soft tissue surfaces in the fetlock
joint, and (2) determine whether preferential localization of pAAm on
the cartilage surfaces influences the tribological properties of the

tissue.

2 | MATERIALS AND METHODS

21 | Experimental design

To assess the quantitative distribution of pAAm viscosupplements
(NoltrexVet, Nucleus ProVets, Kennesaw, GA) in an equine model,
2.5 mL of a fluorescently labeled (pAAm-Cy5.5, injected in n =4
joints see Supporting Information about dye conjugation protocol),
2.5 mL of a vehicle control unlabeled (pAAm, injected in n = 4 joints),
and a 2.5 mL of Cy5.5 dye (injected in n = 2 joints) at a concentration
of 2.7 uM dissolved in sterile phosphate buffered saline (matched to
concentration of dye in the pAAm-Cy5.5 conjugate, see Figure S1 in
the Supporting Information) were administered using a lateral
approach with the joint in flexion.®® The fetlock joints were adminis-
tered the assigned treatment in four skeletally mature horses (two
geldings and two mares, 13 + 8 years old) 48 h prior to sacrifice.

Each horse had an uninjected fetlock (n = 4 fetlocks) to serve as a
control to account for the background tissue fluorescence during fluores-
cence imaging. The fetlocks in the Cy5.5 dye group (h = 2 injected fet-
locks) served as positive controls for in vivo fluorescence, and were used
to confirm the conjugation of the Cy5.5-NHS ester dye to the pAAm
hydrogel. After intra-articular administration of the treatment groups, all
horses were euthanized for reasons unrelated to this study using the
AVMA approved method of euthanasia with a barbiturate overdose
(additional information about the horses can be found in Table S1). Intact
fetlock joints from each limb were harvested immediately after euthana-
sia, and dissected after 24 h to image the cartilage and surrounding soft
tissue regions lining the cannon bone (third metacarpal/metatarsal bone,
MC/MTIII), the short pastern bone (proximal phalanx, P1), and the proxi-
mal sesamoid bones (PSB) as shown in Figure 1.

3 | IVISIMAGING

All four sections of each fetlock were imaged using the in vivo
imaging (IVIS) Spectrum system (Perkin-Elmer) to determine the fluo-
rescent distribution of each treatment group on the cartilage and soft
tissue regions within the joint. To thoroughly characterize the
MC/MTIII section, it was split into the MC/MTIII-a, which is the sur-
face of the phalangeal groove of the cannon bone and is the distal
weightbearing surface, and the MC/MTIII-b section, which is the soft
tissues at the articulation of the MC/MTIII and PSB regions near the
injection site (Figure 1B).
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(A) In vivo Study Design

Treatment Groups

7% Polyacrylamide (pAAm) %
@  cy5.5-NHS Ester Dye /'\

pAAM-Cy5.5 Injected
Conjugate laterally into
fetlock joints
att=0 days

N =4 Horses

Y vt W LEYJ—3

Third metatarsal
Or Cannon Bone (MC/MTIII)

Fetlock joints
harvested at
t=2days

One fetlock left as

uninjected control

Pastern Bone (P1)

(B) Image Analysis and Outcomes

Proximal
Caudal Cranial Each fetlock was dissected to
analyze 4 distinct regions
Distal s SR 4

FIGURE 1

Planar Fluorescence Imaging (IVIS)
Quantification via area normalized radiant efficiency
«  Cartilage (blue ROI)

«  Soft Tissues (red ROI)

Tribological Evaluation of Osteochondral Cores
Coefficient of Friction measured in

« Healthy bovine synovial fluid (BSF)

« At0.1,1,and 10 mm/s

30% Axial Compression

Biaxial
Load Cell

Lubricated in healthy
bovine synovial fluid
(BSF)

(A) Schematic indicating the treatment groups in each fetlock joint in each horse. (B) Overview of the fluorescent imaging and

tribological outcomes of the cartilage regions in the fetlock 48 h after polyacrylamide administration.

Each region from each fetlock, from all treatment groups were
imaged on the IVIS Spectrum system using the 675-720 nm fluores-
cence filter pair for the Cy5.5 dye beside the uninjected control
section to remove any tissue autofluorescence at this excitation
wavelength. While automatically accounted for by the IVIS Living
Image software, each photograph and fluorescence overlay image was
acquired at a 0.5 s exposure time, medium pixel binning, and the same
camera aperture settings to enable comparisons between treatment
groups and fetlock sections. Fluorescent intensity was measured in
the units of radiant efficiency, a ratio of the emitted to absorbed
intensity of the fluorophore and commonly used to measure of the
extent of localization or aggregation of fluorescent materials in tis-
sues.>?*° Radiant efficiency data was normalized to the area of the

region-of-interest (ROI) to account for differences in sample geometry
between fetlocks and horses. After IVIS imaging, each fetlock
section was frozen at —20°C in opaque plastic bags for further tribo-

logical evaluation and histological analysis.

3.1 | Tissue harvest

3.1.1 | Osteochondral cores

Osteochondral cores (6 mm diameter) were isolated from the cartilage
regions lining the MC/MTIII, P1, and PSB regions in the fetlock joint
using a drill press (JET Tools) while cooling with room temperature
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phosphate buffered saline (MediaTech). All osteochondral cores
(n = 21 total) were trimmed down to a height of approximately 4 mm

and then frozen at —20°C prior to tribological evaluation.

3.2 | Tribological evaluation

Tribological characterization of the osteochondral cores was
performed using a previously described, custom cartilage-on-glass
tribometer.** Frozen osteochondral cores from each region of each
fetlock were thawed in PBS with protease inhibitors (Thermo Fisher
Scientific) prior to the friction tests. The samples were glued to brass
pivots (6 mm diameter), mated against a polished glass surface and
tested in healthy bovine synovial fluid (BSF, Lampire Biologics,
Pipersville, PA). The cores were then compressed to 30% axial strain
(relative to the cartilage thickness) and allowed to stress relax for 1 h.
After equilibration, the glass counterface was reciprocated at linear
sliding speeds ranging from 0.1-10 mm/s using a DC motor. These
compression levels and sliding speeds were chosen based on the
strong correlation of the reported friction data to clinical outcomes.?”
The coefficient of friction (1) was recorded as the ratio of shear to
normal force measured by a biaxial load cell. All friction coefficients
were calculated at the end of sliding when friction reached an equilib-
rium value and then averaged in the forward and reverse sliding direc-
tions to give a mean value for the coefficient of friction at each

speed.8‘37‘42‘43

3.3 | Statistical analysis

3.3.1 | VIS fluorescence data

Fluorescent intensity was quantified using the in vivo imaging system
(IVIS) Living Image software (Perkin-Elmer). The ROI tool was used to
manually draw areas around the condyles and soft tissues on each fet-
lock section (example ROIs of cartilage in blue, soft tissues in red are
shown in Figure 1B). Fluorescent intensity was calculated in the units
of radiant efficiency per unit area which is a ratio of emitted to excited
fluorescent light intensity normalized to the surface area of each ROI.
The radiant efficiency data was used as a proxy to measure the extent
of surface localization of the pAAm-Cy5.5 conjugate. Tissue autofluor-
escence in each region was accounted for by subtracting the back-
ground fluorescent intensity of the uninjected controls in each
section and each region. A linear mixed-effects regression model was
used to fit In(radiant efficiency) as a function of the treatment, region,
and age of each horse. Random effects in the model included the
fetlock region, nested within each horse. Post-hoc pairwise compari-
sons (Student's t-test adjusted for multiple comparisons between
groups) were conducted to estimate the difference in marginal means
of the area-averaged radiant efficiency of the cartilage and soft tissues
in each treatment group within each region of the fetlock. Statistical

significance was evaluated at p < 0.05 using RStudio (version 4.3.2).

3.3.2 | Tribology data

A linear mixed-effects regression model was used to fit coefficient of
friction as a function of the sliding speed, treatment, and region. Ran-
dom effects in the model included the fetlock and limb, nested within
each horse. Post-hoc pairwise comparisons (Student's t-tests) were
conducted to estimate the difference in marginal means of the coeffi-
cient of friction between the pAAm treated and control/Cy5.5 treat-
ment groups. Statistical significance was evaluated at p < 0.05. A
repeated measures Pearson correlation analysis in conjunction with
a linear mixed effects regression model was conducted in RStudio
using the rmcorr and Ime4 packages to assess the relationship
between the measured fluorescent radiant efficiency and coefficient
of friction of the cores, with the articulation speeds used as the

repeated measure in the analysis.

4 | RESULTS

4.1 | Planar fluorescent imaging

To determine the distribution of the fluorescently labeled pAAm
hydrogel on the various surfaces within the fetlock following intra-
articular administration, 2D planar fluorescence imaging was con-
ducted on all regions from all fetlocks (n = 14 total fetlocks, 4 regions
per fetlock). Even 2 days post intra-articular administration, the
regions closest to the site of the injection exhibited a greater propor-
tion of the injected material (Figure 2, indicated by the red on the
heatmap), and the distribution of the injected pAAm hydrogel on
the various surfaces of the fetlock joint was not uniform.

The fluorescently labeled (pAAmM-Cy5.5) was consistently present
on all 4 sections of each fetlock and had higher area-normalized
fluorescent intensities compared to the other treatment groups, with
radiant efficiencies ranging from 0.5 to 5 x 10 p/s/sr/cm?/uW/cm?
for the cartilage and surrounding soft tissue regions (Figure 3A,B).
While the Cy5.5 injected fetlocks exhibited moderate fluorescence
especially at the articulation of the MC/MTIII-b and PSB regions, the
distribution was limited to the soft tissue and synovium in the synovial
pouch (Figure 2, rows 3, and 4), with most of the dye being cleared
within 48 h.

Unsurprisingly, the uninjected control fetlocks and the unlabeled
pAAm injected fetlocks exhibited the lowest fluorescent intensities
across all three regions, with baseline area normalized radiant efficien-
cies ranging from 0.4 to 1 x 108 p/s/sr/cm?/(uW/cm?), two orders of
magnitude lower than the Cy5.5 or pAAm-Cy5.5 groups (Figure 3A,B).
In contrast, the positive control Cy5.5 treated fetlocks exhibited mod-
erate fluorescent intensities in the synovium regions at the articula-
tion of the PSB and MC/MTIII-b regions, with radiant efficiencies
ranging from 2 to 5 x 10% p/s/sr/cm?/(uW/cm?) as shown in
Figure 3A. However, the fluorescent intensity of the Cy5.5 group was
near baseline levels similar to the uninjected control group in the
MC/MTIIl-a and P1 regions.
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FIGURE 2 Representative IVIS
Spectrum fluorescence images of the
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Notably, the fluorescently labeled pAAm hydrogel was not uni-
formly distributed on the cartilage or soft tissue regions within the
fetlock 48 h after administration. The fluorescent intensity of
the pAAm-Cy5.5 group on the cartilage regions were consistently
three to fourfold higher than the uninjected control and vehicle con-
trol pAAm group within each fetlock region (Figure 3A, p < 0.05). The
highest radiant efficiency of the pAAm-Cy5.5 group was in the soft
tissues at the articulation of the MC/MTIII-b and PSB regions, approx-
imately fourfold higher than the pAAm-Cy5.5 intensity in the
MC/MTIII-a and P1 regions (Figures 3 and 4A).

To remove the influence of tissue autofluorescence (background
signal) on the acquired planar fluorescence data, the average area nor-
malized radiant efficiency of cartilage and soft tissue ROIs from the
uninjected control group was subtracted from the radiant efficiency
data for all the treatment groups (Figure 3B). After subtraction, the
vehicle control pAAm group had no fluorescence since the baseline
radiant efficiencies for this group was within 10% of the uninjected
control group (Figure 3A). With the exception of the soft tissues in
the MC/MTIII-a region, the fluorescent intensities of the pAAm-Cy5.5
treated fetlocks were consistently 2-6 times higher than the Cy5.5
injected fetlocks on both the cartilage and soft tissue regions
(Figure 3B, B > A, p < 0.05). As expected, a greater amount of the
pAAmM-Cy5.5 conjugate was present in the soft tissue and synovium
regions at the articulation of the PSB and MC/MTIII-b regions, near
the site of the injection. This difference in background corrected radi-

ant efficiency between the pAAm-Cy5.5 and Cy5.5 treated fetlocks

was observed on the cartilage and surrounding soft tissues in all

regions of the fetlock (Figure 3B).

4.2 | Tribological characterization of
osteochondral cores

To assess whether localization of pAAm on the cartilage surface could
have a functional impact, the ex vivo frictional properties of the
osteochondral cores from all regions were measured on a custom
cartilage-on-glass tribometer.** Tribological evaluation revealed dis-
tinct regional differences in friction coefficient between the controls
(uninjected and Cy5.5) and pAAm treated (pAAm and pAAm-Cy5.5
fetlocks) joints when lubricated in healthy BSF.

There were no differences in the measured coefficients of friction
of the osteochondral cores extracted from the MC/MTIII, P1, and PSB
regions from the control fetlock groups (Figure 4A-C, n.s) with friction
ranging from [, = 0.07-0.09 across two orders of magnitude of
sliding speed from all three regions. These measured coefficients of
friction are within 10% of the friction coefficients of neonatal bovine
articular cartilage lubricated by BSF in this system.2343

In contrast, the friction coefficients of the pAAm and pAAm-
Cy5.5 treated fetlocks varied by region, with the P1 and PSB regions
exhibiting lower friction than the MC/MTIII regions depending on the
articulation speed. At lower sliding speeds (0.1 and 1 mm/s), the fric-

tion coefficients of the osteochondral cores from the P1 (i, = 0.07)
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(A) Raw IVIS Spectrum Fluorescence Data
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FIGURE 3

(A) Raw IVIS radiant efficiency data of the cartilage and soft tissues from all four treatment groups in each region in each fetlock

(n = 4 per treatment except n = 2 for the Cy5.5 group, per region). Data represents the median radiant efficiency and the range. Statistical
comparisons were conducted between treatments within each region. Shared letters denote no statistically significant differences in area
normalized radiant efficiency between groups. (B) Background subtraction of tissue autofluorescence revealed the pAAm-Cy5.5 conjugate
exhibited significantly higher fluorescence compared to the Cy5.5 only injection group in all four regions of the fetlock, except the MC/MTIII-a
soft tissue region. Highest signal strength was observed at the site of injection (at the articulation of the P1 and proximal sesamoid bones).

and PSB (1avg = 0.06) regions were around 45%-50% lower than the
MC/MTIII (uayg = 0.12) regions (Figure 4A,B, p < 0.05), with no statis-
tically significant difference between the P1 and PSB regions. At
higher sliding speeds (10 mm/s), the coefficient of friction of the P1
region (Mg = 0.05) was around 50% lower than the MC/MTIII region
(Uavg = 0.1) (Figure 4C,p < 0.01), and around 37% lower than the PSB
region (Uavg = 0.08) (Figure 4C, p < 0.05). While the coefficient of fric-
tion of the PSB region was approximately 20% lower than the
MC/MTIII region, this difference was not statistically significant
(Figure 4C, p > 0.05). The osteochondral cores from the MC/MTIII
regions in the pAAm fetlocks exhibited slightly higher friction coeffi-
cients than the MC/MTIII regions from the control fetlocks across all
sliding speeds (Figure 4A-C) however this difference was not statisti-

cally significant (p > 0.1).

Collectively, these data show that fetlocks injected with the
pAAmM exhibit regional differences in frictional properties, and these
differences can be explained by the varying degrees of localization on
the articulating surfaces within the fetlock. Specifically, the P1 and
PSB regions had a greater amount of pAAm gel on the surface,

and improved tribological outcomes relative to the MC/MTIII regions.

4.3 | Repeated measures correlation analysis

To understand the functional implications of lubricant localization
on the cartilage surfaces in vivo, a repeated measures Pearson cor-
relation analysis was conducted on a sample-by-sample basis
between the coefficients of friction measured at 0.1, 1, and
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FIGURE 4 Measured coefficients of friction of osteochondral
cores extracted from the MC/MTIII, P1, and proximal sesamoid bones
regions (n = 21 total) evaluated at (A) 0.1, (B) 1, and (C) 10 mm/s in
healthy bovine synovial fluid. Data represents the mean + standard
deviation. Statistically significant differences in the mean friction
coefficients are represented using asterisks. Significance was
evaluated at p < 0.05.

10 mm/s, and fluorescent radiant efficiency of the cartilage from
the MC/MTIII-a, P1, and PSB regions from the pAAm-Cy5.5, Cy5.5
only, and control uninjected fetlocks. The pAAm only treated fet-

locks were excluded from this analysis since we expect no
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FIGURE 5 A combined mixed effect regression and repeated
measured Pearson correlation analysis between the measured
coefficient of friction and the radiant efficiency of the cartilage from
all regions within the fetlock. Solid lines represent repeated measures
linear correlations at 0.1,1, and 10 mm/s.

correlation between a label-free cartilage lubricant and fluorescent
radiant efficiency.

Overall, the repeated measures Pearson correlation analysis
revealed a moderately negative and statistically significant correlation
between the measured friction and fluorescent radiant efficiency
(Rem = —0.59, p < 0.001, Figure 5). Osteochondral cores extracted
from cartilage regions that had a greater fluorescent radiant efficiency
(greater than 5 x 108 p/s/sr/cm?/(uW/cm?)), which was concomitant
with a higher amount of material present on the surface (see
Figure S1), exhibited lower coefficients of friction of i,,s-0.05 across
two orders of magnitude of sliding speed than those with lowest radi-
ant efficiencies (less than 10%), with Mavg—0.08. As observed in
Figure 5 friction coefficients of cartilage cores obtained from the P1
and PSB regions of the pAAm-Cy5.5 treated fetlocks exhibited the
lowest coefficients of friction when tested across 0.1-10 mm/s in
healthy BSF.

Regardless of the treatment, osteochondral cores from the
MC/MTIII regions (in yellow) exhibited higher coefficients of friction
and low to moderate radiant efficiencies, suggesting that even when
pAAm was injected into the fetlock, it is unable to reach the groove of
the MC/MTIII bone.

5 | DISCUSSION

The purpose of this study was to develop a method to quantify the
distribution of an injectable pAAm viscosupplement 48 h after admin-
istration in a large animal joint, and to assess the functional conse-
quence of pAAm localization on cartilage lubrication. Fluorescently
labeled pAAm was detected in the joints after 48 h in vivo, but the
distribution of the material was heterogeneous, with more injected

material present in the regions close to the injection site (Figures 2
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and 3). In contrast, the positive control dye group had a moderate
fluorescent intensity near the injection site, with most of the dye
being cleared within 48 h after administration (Figures 2 and 3).
Frictional characterization of osteochondral cores revealed regional
differences in the coefficient of friction depending on the treatment
group (Figure 4). While there were no differences in the friction
behavior of osteochondral cores extracted from all regions of the
control-treated fetlocks (uninjected or Cy5.5 dye injected), cores
extracted from the proximal sesamoid and pastern bones (PSB and P1
regions) of the pAAm-treated fetlocks exhibited significantly lower
friction coefficients than cores extracted from the groove of the
metacarpal or metatarsal bones (MC/MTIII-a), depending on the artic-
ulation speed. Moreover, a repeated measures Pearson correlation
analysis between the planar fluorescent intensity and measured coef-
ficient of friction of the cartilage from all regions revealed a moderate
and statistically significant correlation between the amount of pAAm
present on the cartilage surface and the ex vivo tribological outcomes
of the tissue (Figure 5). Collectively, these results indicate that the
lubricating efficacy of intra-articularly administered viscosupplements
may strongly depend on their ability to localize to the articulating sur-
faces within a joint in vivo.

The heterogenous distribution of injected pAAm in the fetlock is
striking. The flexed lateral injection method is a common technique
for equine fetlock joints owing to its ease of application, and ability to
access the synovial capsule in the fetlock directly. However, the
results from our study suggest that viscosupplements injected using
conventional techniques may not localize to all articulating surfaces in
the joint evenly. This heterogeneity in coverage could be related to
injection technique, the relatively short 48 h interval from administra-
tion to evaluation, and the amount of pAAm administered. In osteoar-
thritic equine fetlocks, the cartilage that lines the MC/MTIII, P1, PSB
bones can develop osteochondral fragments, wear lines, and erosions,
and ultimately leads to subchondral pathology and catastrophic
fracture.**=%” To alleviate and prevent these degenerative changes to
the joint, viscosupplements are administered to restore the tribologi-
cal function of the joint and possibly reduce pain, mitigate wear, and
ultimately improve the quality of life of the subject/patient.28484?
However, our data indicates that a majority of the injected material is
in the synovial pouch, and only a smaller fraction is present on the car-
tilage regions closest to the injection site. Notably, the horses in this
study did not have any underlying pathology that could affect the dis-
tribution of the pAAm gel on the surface of the cartilage in spite of
the gel's previously characterized affinity for damaged cartilage sur-
faces.®” In summary, this finding suggests that the injection route and
joint orientation could strongly affect the coverage of material on the
articulating surfaces, and ultimately play a factor in the long term clini-
cal outcomes of this class of viscosupplements.

In this study, the cartilage in the MC/MTIII region had the least
amount of fluorescently conjugated pAAm and this can be attributed
to differences in biomechanical properties of the canon, pastern and
PSB, as well as the limited space at the articulation of these bones
within the fetlock. Moreover, since the MC/MTIII groove cartilage is

located away from the injection site, gravity could also play a role in

the lack of material coverage on this surface. In contrast, a greater
amount of the Cy5.5 dye and pAAmM-Cy5.5 conjugate was present in
the synovium and synovial capsule. It is well established that intra-
articularly injected materials are cleared via the lymph nodes and the
vascular system in the synovium and sub-synovial layers.*>>0->2 pre-
vious studies with this pAAm hydrogel have shown it is present in the
synovium even 56 days after administration.>® Additionally, the heter-
ogenous morphology of the synovial membrane could make it an
attractive site for aggregation of viscous high molecular weight and
heavily crosslinked hydrogels like pAAm immediately after injection.

Intra-articular injections of HA are the gold standard of viscosup-
plements, and have been used clinically for several decades, with
nearly 80 approved formulations of HA available globally.144853
Owing to HA's susceptibility to enzymatic degradation, previous stud-
ies have evaluated the intra-articular residence time of crosslinked
formulations of HA, other macromolecules like fluorescently labeled
dextrans, and chondrocyte targeting nanoparticles using the IVIS pla-
nar fluorescence imaging technique used in this study.®%4%>? How-
ever, most of these studies were conducted in small animal models
(murine or rodent), and did not directly quantify the presence of these
materials on the articulating surfaces within the joint, nor did they
assess the associated biomechanical outcomes of these injections.
Similarly, a recent study by Xiao et al. examined the macroscale distri-
bution of an HA-methylene blue mixture on the surfaces within
human cadaveric knee joints and revealed that injection technique
can strongly influence the coverage and distribution of these materials
in the joint space.®° To the best of our knowledge, a thorough analysis
of site-specific distribution and mechanical characterization of HA or
viscosupplements within a large animal joint has not been conducted.
In this study, we developed a new method to establish a relationship
between the distribution of an intra-articularly administered lubricant
on a surface inside a large animal joint 2 days after administration, and
the tribological properties of the cartilage from various articulating
surfaces in the joint. Using this technique to further study temporal
trends in the distribution, localization, and mechanical or functional
outcomes of the cartilage associated with HA injections, tribosupple-
ments, and other synthetic lubricants could greatly improve our
understanding of the mechanisms of action of these therapies.

A clinically relevant question is whether the heterogeneity in
lubricant localization within a joint can influence clinical outcomes
overall. Previous work by Xiao et al showed that the coverage of a
high molecular weight HA-methylene blue mixture inside cadaveric
human knee joints is altered depending on the route of administra-
tion.2° Further, the clinical component of the study also revealed that
commercially available HA viscosupplements injected via the medial
midpatellar injection route yielded greater improvements in clinical
outcomes like Western Ontario and McMaster Universities Osteo-
arthritis Score Index (WOMAC) and pain scores compared to the ante-
romedial injection route. Collectively, the findings from the Xiao et al.
study and the present study indicate that method of injection can
strongly influence clinical outcomes, and also alters local tribological
properties of the cartilage within the articulating joint. Our previous

work characterized the variation in frictional properties of seven
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commercially available HA formulations and found a strong relation-
ship between the measured friction coefficient on our custom trib-
ometer system and improvements in patient WOMAC scores?”
(R? = 0.7). Using this relationship, a three-fold drop in the friction
coefficient of HA (0.15 to 0.05), was associated with a nearly 25-point
improvement in patient WOMAC score, with coefficient of friction
accounting for 70% of the variability in WOMAC scores. Putting the
data from the present study in the context of this established relation-
ship in our system, it is quite plausible then that a two-fold reduction
in the friction could lead to improved clinical outcomes. The data from
this study indicates that the articulation regions within a fetlock that
had a greater localization of pAAm exhibited a nearly two-fold lower
friction than the regions lacking it. This two-fold reduction in friction
could imply that the pAAm present in these regions is protecting the
cartilage better, and may possibly lead to improved clinical outcomes
for these joints. The repeated measures correlation analysis revealed
that nearly 36% of the variability in the amount of material on a sur-
face could confidently be explained by the regional differences in the
coefficient of friction.

The method of administration on material localization within an
articulating joint could have important clinical implications. The data
from this study suggest that regardless of the injection site, the major-
ity of the pAAm hydrogel tends to be distributed in the soft tissue
regions near the injection site, particularly in the folds that line the
synovium. Indeed, the distribution of injected materials inside an artic-
ulating joint can strongly depend on the joint's geometry and the ana-
tomical space limitations within the joint. Although the distribution
pattern of the fluorescently labeled pAAm hydrogel was heteroge-
neous, with the PSB and P1 cartilage regions exhibiting more localiza-
tion than the PSB region, other injection approaches could potentially
result in a different distribution, with the injected material migrating
dorsally depending on the viscosity of the material and access to the
synovial folds. Future studies should evaluate the influence of injec-
tion method, joint anatomy, and viscoelasticity of the material when
evaluating the in vivo efficacy of an intra-articular viscosupplement.

While our study provides valuable insights into the distribution
and mechanical efficacy of the injectable pAAm viscosupplement in
equine fetlock joints, it is important to acknowledge the limitation of
our small sample size. The cohort of horses utilized in this study was
randomly selected, encompassing varying degrees of disease severity,
age, and sex. While the relatively small number of subjects may limit
the generalizability of our findings, the extensive analysis of distribu-
tion and mechanics of the fetlocks from all limbs and horses gives us
more insight into regional differences in articulating surfaces within
each joint. Future studies with larger sample sizes, more diverse popu-
lations of equine subjects, and at later time points are warranted to
further validate our results and enhance the robustness of our conclu-
sions. Another limitation is the efficiency of the dye conjugation reac-
tion. The fluorescent labeling reaction of the dye to the pAAm
hydrogel occurs post gelation, and not at the synthesis stage of the
polymer which can prevent a full characterization of the molar ratio of

dye bound to the polymer. However extensive dialysis during the
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reaction was able to remove any excess unbound dye making the con-
jugate stable for in vivo imaging analysis (see Supporting Information).
The use of a cartilage-on-glass tribometer system is also a limitation.
However, the friction measurements involving equine cartilage on
glass in this system are comparable to adult human-on-human and
equine-on-equine cartilage, and have been shown to be predictive of
changes in clinical outcome WOMAC scores in humans. 232741 |t s
also important to underscore the context of using the equine fetlock
joint model. While not a proxy for the stifle or human knee joint,
equine cartilage has similar appearance, thickness, and biomechanical

properties to human articular cartilage,>*>¢

making it an appropriate
animal model to study the tribological changes after the administra-

tion of a viscosupplement.

6 | CONCLUSION

In conclusion, we have shown the pAAm hydrogel localizes to various
surfaces within an articulating joint. Two days after administration,
the hydrogel was found to be heterogeneously distributed within the
joint, with cartilage regions that had more localization exhibiting lower
ex vivo coefficients of friction. Collectively, the findings from this
study suggest that intra-articular injections are not evenly distributed
inside a joint, and the tribological outcomes of these materials is
strongly determined by the ability of the material to interface with the
articulating surfaces in the joint. These findings could be applied to
the development of a new class of viscosupplements; hydrogels that
can improve the biomechanical and tribological outcomes of the artic-
ular cartilage via the use of cartilage binding strategies, and also
potentially serve as drug delivery vehicles that can alter OA inflamma-
tory mechanisms in the fat pad and synovium, to ultimately address
and study several disease mechanisms in the different tissues in artic-

ulating joints.
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