Cartilage, Meniscus and Disc

Emily E. Sharp, PhD'?
Lorielle Laforest, BS?

Yuqi Zhang, BS"*

Karen L. Xu, PhD"*

Jason A. Burdick, PhD*
Robert L. Mauck, PhD'*
Sarah E. Gullbrand, PhD*}

'Dept. of Bioengineering,
University of Pennsylvania,
Philadelphia, PA

“Dept. of Orthopaedic Surgery,
University of Pennsylvania,
Philadelphia, PA

“Translational Musculoskeletal Research Center,
Corporal Michael J. Crescenz VA Medical Center,
Philadelphia, PA

“BioFrontiers Institute and Dept. of Chemical and
Biological Engineering,
University of Colorado, Boulder, CO

A Novel Approach to Annulus Fibrosus
Repair via Streptavidin Functionalized

Hydrogels

Disclosures

RLM (4, 5, 8 — Mechano -Therapeutics,
4Web, and JOR Spine), SEG (6 - DiscGenics
and Zurimed)

Introduction

Intervertebral disc (VD) herniations,
where the nucleus pulposus (NP) extrudes
beyond the boundaries of the annulus fibrosus
(AF), disrupts IVD mechanical function and
results in significant pain for patients. The
gold standard of care, microdiscectomy, is
effective in relieving the immediate symptoms
of herniation, however, long -term outcomes
can be poor, with patients experiencing
as much, if not more, pain at one-year
compared to those who did not undergo
microdiscectomy.' Moreover, microdiscectomy
does not restore the mechanical integrity of
the AF, allowing for reherniations to occur
through the unrepaired defect , and it does
not address the inflammatory cascade that
accompanies herniation and complicates
endogenous healing.? A variety of biomaterial
-based strategies for AF repair have been
explored in recent years, but generally lack
functionality for therapeutic delivery.>* We
developed a norbornene -modified hyaluronic
acid (NorHA) hydrogel that satisfies AF
repair crite ria (biocompatible, injectable,
mechanical compatibility)> and is capable
of spatiotemporal controlled delivery via
secondary reactions between the hydrogel
and a desired therapeutic (drug, biologic,
nanocarrier, etc.). This delivery system
employs biotin -streptavidin chemistry, where
the hydrogel is modified with streptavidin
and the desired therapeutic is modified with
biotin. Here, we evaluated the effect of NorHA
functionalization, durability of the biotin-
streptavidin reaction with time in vitro, and
the behavior of the hydrogel in vivo.

Methods

Hydrogel Synthesis and
Functionalization
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NorHA synthesis and hydrogel fabrication
were accomplished using  established
protocols.® Percent crosslinking was 50% and
weight percent was 3% (unless otherwise
specified). NorHA functionalization was
achieved by incorporating thiol-streptavidin
(TS) into the precursor solution. Percent
functionalization is referred to in units of
TS where 1 unit is roughly equivalent to
3.3% functionalization. Upon UV exposure,
hydrogel photocrosslinking and streptavidin
functionalization occur simultaneously.

Mechanical Characterization

Three and five wt% hydrogels with varying
degrees of TS functionalization (3, 6, and 9 TS)
were tested using a stress relaxation protocol
(10% strain at 0.05% per second followed by
stress relaxation for 10 minutes) to determine
equilibrium modulus.

Secondary Reaction Validation

NorHA hydrogels with varying levels of
functionalization (0, 3, 6, and 9 TS) were
fabricated and allowed to swell overnight
prior to being incubated in 30 uM biotin-
modified Cy5 fluorophore for 1 hour at room
tempe rature. Hydrogels were then washed
in PBS with 10% fetal bovine serum and 2%
penicillin-streptomycin at 37°C overnight
before imaging via Axio Zoom microscope.
Images were taken every 7 days, with media
changed every 3-4 days for 4 weeks. Media
was collected to measure fluorescence loss
with time using a microplate reader. Images
were quantified with Image]J and NorHA
fluorescent intensity values were subtracted
out to account for non-specific fluorescence
attachment at each timepoint.

In vivo Evaluation

NorHA and NorHA -TS4 hydrogels were
implanted subcutaneously into Sprague
-Dawley rats for 7 and 28 days, monitoring
hydrogel mechanical properties and retention
of biotin-modified fluorophore to the
hydrogels, as detailed previously.
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Statistical Analysis

All statistics were conducted in GraphPad Prism with a
significance threshold of p <0.05. Outliers were removed
from each dataset and significant differences were detected
using the appropriate ANOVA test.

Results

As anticipated, the incorporation of TS did not
significantly alter the mechanical properties of the
hydrogels while still allowing for mechanical tunability
via a change in weight percent (Figure 1A). Varying the
degree of TS functionalization at a constant weight percent
did not meaningfully alter the mechanical properties of
the hydrogel (Figure 1B). After incubation in a biotin-
modified fluorophore, NorHA hydrogels showed increased
fluorescence at Day 1 compared TS hydrogels but lost
all fluorescence by Day 7 (Figure 2A). Hydrogels with
TS functionalization had stable attachment of the biotin
-modified fluorophore for at least 28 days (Figure 2A-B).
Importantly, varying the degree of TS functionalization
result ed in different ial release of the biotin -modified
fluorophore, with increased TS functionalization resulting
in decreased percent loss at each timepoint (Figure 2C).

TS6 and TS9 hydrogels lost significantly less fluorophore
into the washing media compared to non -modified
controls across all time points, while fluorescence loss
from TS3 hydrogels was not statistically significant from
that of non-modified hydrogels at any timepoint. In vivo
evaluation demonstrated that the mechanical properties
of the hydrogels do not significantly change with
implantation time, but there was a decreasing trend with
time that suggests hydrogel degradation (Figure 3A). As
with in vitro examinations, TS hydrogels maintained their
fluorophore attachment for 28 days in vivo compared to
NorHA hydrogels (Figure 3B).

Discussion

NorHA hydrogels are promising candidates for tissue
repair due to their injectability, biocompatibility, and
biodegradability; yet are lacking in controlled delivery
capacity. Here, we demonstrate that functionalization
of NorHA hydrogels with TS does not adversely impact
hydrogel mechanics or mechanical tunability. The addition
of TS enables a strong, precise secondary reaction
between the functionalized hydrogel and a biotin-modified
fluorophore that is customizable based on the extent of
TS functionalization and is stable both in vitro and in
vivo. This suggests that this secondary reaction could be
utilized to localize a therapeutic or delivery carrier to the
hydrogel utilizing this same mechanism. Future work will
evaluate how effective TS hydrogels are in the repair an
AF defect under physiologic load ex vivo as well as more

A e NorHA ® NorHA-TS6
=
[
=
y 150+
£ |
w
3 E
3 1004
o
=
B e
£ 501 -
3 - =
- 9
3 wt% 5 wt%
B e NorHA ® NorHA-TS6
» NorHA-TS3 = NorHA-TS9
i =
a 507
= =
S 40-
E
S 30+
o] BT
E -
5
3 10-
]
0 L} LJ L | L
0 10 20 30

TS Functionalization (%)

Figure 1. Mechanical characterization of hydrogels when varying (A) weight percent and (B) TS
functionalization in 3 wt% hydrogels. n>>4 hydrogels/group.

exhaustively characterize the attachment and subsequent
release of a therapeutic using this delivery system prior to
proceeding to additional in vivo evaluations.

Significance

Our TS functionalized hydrogels have the potential to
effectively repair the AF or other dense connective tissues
through achieving spatiotemporal controlled delivery of
a therapeutic to engage endogenous healing capabilities.
Ultimately, this could transform clinical practice, creating
superior surgical alternatives and outcomes for patients.
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Figure 2. (A) Biotin-Cy5 attachment to hydrogels with varying levels of
TS functionalization (Scale = 2mm) and their (B) normalized fluorescent
intensity (with SD) and (C) percent loss of fluorescence (with SEM). n >
3 hydrogels/group.
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Figure 3. (A) Changes in hydrogel mechanics and (B) normalized fluorescent intensity with implantation time. n > 3 hydrogels/group.
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