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Abstract

Of the 1.5 million emergency room visits each year in the United States due to flexor tendon injuries in the
hand, over 30-40% result in peritendinous adhesions which can limit range of motion (ROM) and severely
impact an individual’s quality of life. Adhesions are fibrous scar-like tissues which can form between
adjacent tissues in the body in response to injury, inflammation, or during normal healing following surgery.
Currently, there is no widespread solution for adhesion prevention in the delicate space of the digit while
allowing a patient full ROM quickly after surgery. There is a clear clinical need for a material capable of
limiting adhesion formation which is simple to apply, does not impair healing, remains at the application
site during motion and initial inflammation (days - weeks), and leaves tendon glide unencumbered. In this
work, we developed dynamically crosslinked, bioresorbable supramolecular hydrogels as easy-to-apply
lubricious barriers to prevent the formation of peritendinous adhesions. These hydrogels exhibit excellent
long-term stability, injectability, and thermally stable viscoelastic properties that allow for simple storage
and facile application. We evaluated interactions at the interface of the hydrogels and relevant tissues,
including human tendon and skin, in shear and extensional stress modes and demonstrated a unique
mechanism of adhesion prevention based on maintenance of a lubricious hydrogel barrier between tissues.
Ex vivo studies show that the hydrogels did not impair the gliding behavior nor mechanical properties of
tendons when applied in cadaveric human hands following clinically relevant flexor tendon repair. We
further applied these hydrogels in a preclinical rat Achilles tendon injury model and observed prolonged
local retention at the repair site as well as improved recovery of key functional metrics, including ROM
and maximal dorsiflexion. Further, these hydrogels were safe and did not impair tendon strength nor healing
compared to the current standard of care. These dynamic, biocompatible hydrogels present a novel solution

to the significant problem of peritendinous adhesions with clear translational potential.
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1. Introduction

Post-operative adhesions represent a major challenge to rehabilitation following surgery. Adhesions are
fibrous bands of scar-like tissue, ranging in severity from wispy filaments to thick and vascularized
connections, which attach previously separate tissues and form as a consequence of injury and inflammation
during normal wound healing following surgical interventions. Adhesions are important contributors to
complications after a wide range of surgeries, from intra-abdominal surgery where they can cause small
bowel obstructions and increased re-operation times, to orthopedic surgery where they often limit functional
recovery.'® Peritendinous adhesions are particularly insidious as these directly restrict normal range of
motion (ROM) after tendon repair, can cause severe pain, and impair patient quality of life.">® In the United
States alone there are 1.5 million emergency room visits per year due to flexor tendon injuries and more
than 30 million people worldwide suffer from tendon injuries every year, accounting for over $140 billion
in healthcare costs.” Of these injuries, more than 30-40% result in peritendinous adhesions which reduce

ROM and grip strength, and may be severe enough to require additional surgery to remove the adhesions.'

The only available treatment for peritendinous adhesions after they are formed is tenolysis, a follow-up
procedure wherein adhesion tissue is surgically removed. Unfortunately, this procedure can maximally
restore ROM to 80% of pre-injury ROM and risks inducing more adhesions.'®'* Considering the
prevalence, risks, and lack of non-invasive treatments for peritendinous adhesions, a prophylactic
intervention would be ideal. However, there are currently no well-studied, widely used products for the
prevention of peritendinous adhesions in the United States."* As a result, patients and providers rely on
early post-operative mobilization to help limit adhesion formation after repair and tenolysis, sometimes
beginning on the same day as the surgery.'*'> These mobilization regimens help to activate intrinsic healing
of the tendon and reduce formation of thick adhesions, but they must balance increased risk of repair rupture
and their efficacy relies on patient compliance, which wanes over time."”'*'> An alternative solution,
employed first for abdominal adhesions, is the use of a barrier to separate healing tissues and prevent

adhesions. Such an intervention could be beneficial for many orthopedic applications, such as injuries to
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flexor tendons, the rotator cuff, and the Achilles tendon. The only FDA-approved products for peritendinous
adhesion prevention are Tenoglide (Integra Lifesciences, NJ, USA) and Versawrap (Alafair Biosciences,
TX, USA), both of which are polymer sheets that lack detailed clinical data for their effectiveness.'>'*"?
Depending on surgical location, it can be difficult to wrap a tendon in a sheet and it is likely that sheet
would dislodge during movement or otherwise prevent early mobilization. For an adhesion barrier to be
efficacious, it must completely cover the injured tissue during critical inflammatory and proliferative
periods of wound healing, roughly 2-3 weeks for tendons, without limiting movement nor impairing the

1,5-7,20

speed and quality of healing.

To attain these results, dynamic hydrogels have been investigated as anti-adhesion barriers. An ideal
hydrogel for preventing peritendinous adhesions would be (i) shear-thinning to be easily spread for
complete tissue coverage and readily incorporated into existing surgical procedures, (ii) tissue adherent to
ensure local retention after application, (iii) viscoelastic to not hinder the motion of dynamic tissues, and
(iv) biocompatible to not impair healing. Our team has previously published a novel approach to prevent
post-operative adhesions leveraging a dynamic, supramolecular polymer-nanoparticle (PNP) hydrogel
which exploits non-specific, multivalent interactions between cellulose-derived polymers and polymeric
nanoparticles.”’ Prior studies showed a significant reduction in post-operative adhesions in both the
pericardial and peritoneal spaces after use of a PNP hydrogel barrier, demonstrating efficacy of dynamic
hydrogels as anti-adhesion barriers.”*** Based on this work, we sought to design a hydrogel suited for

peritendinous applications, where a great unmet clinical need remains.

To this end, our lab has developed a novel hydrogel platform composed of a hydrophobically modified
cellulose derived polymer (HPMC-Cis) and a surfactant excipient commonly used in pharmaceutical
products Tween 20 (Tw20).* Major advantages of these polymer-tween (PTw) formulations are their ease
of synthesis and scalability. Whereas PNP hydrogel manufacturing involves several steps, including
synthesizing each polymeric component, preparing the self-assembled nanoparticles, and finally mixing the

hydrogel, PTw hydrogels can instead be generated from commercially available materials with one mixing
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step. The PTw hydrogel platform allows for facile tuning of stiffness and viscoelasticity by adjusting
concentrations of HPMC-C,g and Tw20. These hydrogels exhibit similar mechanical behaviors to PNP
hydrogels, including shear thinning, facile injectability at the site of repair, and robust tissue adherence,
allowing them to form lubricious barriers between tendon and other tissues while simultaneously allowing
free tendon gliding. In this work, we optimized PTw hydrogels for use in prevention of peritendinous
adhesions and used shear and extensional rheology to characterize their yielding properties on relevant
murine and human tissues. We show feasibility of PTw hydrogel use in human cadaver hands following
clinically relevant flexor tendon injury and repair, demonstrating the material is easy for a surgeon to apply
following surgery and does not impede gliding nor otherwise reduce tissue integrity. We then evaluated the
efficacy and safety of these materials in a preclinical rodent Achilles tendon injury model and found

improved functional recovery at two months as well as no negative impact on tendon healing.

2. Results

2.1 Characterization and stability of dynamic hydrogels

The current standard of care following flexor tendon injury is immediate primary repair of the tendon,
followed by a regimen of early mobilization to promote intrinsic and limit extrinsic healing to reduce
peritendinous adhesion formation. Yet, early mobilization timing and regimen are debated among surgeons
and adhesion formation remains a major concern, particularly in the frequently injured zone II of the hand
where extrinsic healing is supported by the tendon synovial sheath.'**® Once formed, adhesions between
the tendon and surrounding tissues limit tendon movement and digit range of motion. In contrast, we
propose a care solution wherein the surgeon applies a dynamic hydrogel around the tendon following repair,
before skin closure. This material will form a lubricious barrier separating the tendon from surrounding

tissues, limiting adhesion formation, while simultaneously allowing free tendon glide (Figure 1A).

We developed a dynamic hydrogel system composed of stearyl-modified hydroxypropyl methylcellulose
polymers (HPMC-Cs) and tween 20 surfactant (Tw20) (Figure 1B).>* When mixed, Tw20 incorporates

into existing C;s sidechain interactions among the HPMC-C s polymers, adding free volume and producing
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more dynamic crosslinks.** The resulting PTw hydrogels were easily injected through blunt-needles as
small as 30-gauge and reformed as robust solid-like materials following injection (Figure 1C). In this work,
we engineered a PTw hydrogel formulation comprising 1.8 wt% HPMC-Cis and 0.5% Tw20 to closely
match important rheological properties of a previously developed PNP-1-10 hydrogel formulation (1 wt%
HPMC-C,; and 10 wt% PEG-PLA nanoparticles; Figure S1) that was found to be beneficial in limiting

adhesions in the cardiac and peritoneal spaces.”>*

Rheological characterization of these PTw hydrogels showed robust shear-thinning and self-healing
behavior, with viscosity dramatically reduced by over an order of magnitude at high shear rates, followed
by quick recovery during repeated cycling between low and high shear rates (1 and 10 rad s™) (Figure 1D,
E). These properties indicate PTw hydrogels can withstand high-shear events like injection or digit flexion
and recover their pre-shear mechanical properties repeatedly. PTw hydrogels exhibit solid-like mechanical
properties in frequency sweep rheological experiments, with G’ storage modulus larger than G" loss
modulus over several decades of frequency space (Figure 1F). These materials also exhibit an exceptionally
broad linear viscoelastic region (i.e., mechanical properties are independent of strain) up to almost 200%
strains, after which point the materials begin to yield and flow (Figure 1G). For reference, the shear strains
experienced in the tendon sheath can exceed 1000%.%** We hypothesized the shear-thinning behaviors
under these conditions would reduce viscous drag during movement of the digit and the rapid self-healing

behavior would allow the hydrogels to be retained at the application site even after large strains are applied.

For use in peritendinous adhesion prevention, it is important for PTw hydrogels to maintain key mechanical
properties at the different temperatures the materials will be exposed to, from 4 °C refrigeration during
storage to 25 °C during application and 37 °C when in the body (Figure 1H). We conducted frequency and
strain amplitude sweeps at each of these temperatures, extracted the storage modulus, tan 6, and yield strain
values, and found PTw mechanical properties were invariant to temperature in this range (Figure 11, J).
We further stored materials at 4 °C for over a year and tested them at 25 °C and found these properties were

unchanged, indicating PTw hydrogels can be stored for prolonged periods without degradation (Figure S2).
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Figure 1. Characterization of PTw hydrogel. A) Schematic of current standard of care treatment for
injured flexor tendons in the hand compared with our proposed treatment. PTw hydrogel applied at the site
of repair before surgical closure forms a lubricious barrier, allowing unhindered tendon gliding during
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healing and limiting tissue-tissue adhesion formation. B) Chemical composition of dynamic PTw hydrogel.
Tween 20 surfactant introduces free volume into HPMC-Cig crosslinking nodes, forming a dynamic
hydrogel. C) PTw hydrogel is injectable through small gauge (30 gauge) blunt-tipped needles and recovers
as a solid-like depot following injection. D) High-to-low shear rheology shows PTw hydrogels are shear-
thinning, and E) step-shear rheology shows the viscosity drops an order of magnitude under high shear (10
s') and recovers rapidly at low shear (1 s™') over repeated cycles. F) Frequency sweep shows PTw is
dynamic and solid-like (G’ larger than G") over relevant time scales. G) Amplitude sweep shows PTw is
solid-like over relevant strains. H) Schematic of temperatures PTw hydrogels are subject to through storage
and application. I) G’ and tan & at 40 rad-s™' and J) yield strain (strain where G’ < 0.85 * max(G")) for PTw
at4, 25, 37 °C. Data shown as mean + SD, n=3.

2.2 Tissue adhesive properties of PTw hydrogels

One important property of an adhesion barrier is its ability to adhere to tissue and be retained at the surgical
site after application, maintaining a lubricious barrier between tissues. This property is particularly relevant
in the peritendinous space, where a hydrogel would regularly experience strains as digits flex and extend.
Under shear stress, cohesive yielding of the hydrogel is desirable and indicates good adhesion at the
hydrogel-tissue interface, whereas adhesive failure at the interface is undesirable and would lead to
hydrogel dislodging from the application site over time by slipping against tissue motion (Figure 2A). To
probe this behavior, we assessed the yield stress of PTw hydrogels on a standard serrated parallel plate
geometry and three relevant tissues: human hypodermis, human tendon, and murine hypodermis (Figure
2B). In the event of adhesive failure on tissue, slippage would cause the apparent yield stress to be less than
the value measured on a standard geometry. We found the yield stress for PTw hydrogels on all tissue
substrates was greater than or equal to that on a standard geometry, indicating cohesive yielding under shear
deformation (Figure 2E-F). Additionally, we investigated the tissue adhesiveness of PTw hydrogels under
normal stress with filament stretching extensional rheometry. In the case of cohesive yielding, the hydrogel
filament should break at a given strain, but in the undesirable case of adhesive failure, the hydrogel will
separate from the substrate (Figure 2C). We conducted these experiments on a standard geometry, as well
as human hypodermis, human tendon, and murine hypodermis, and observed cohesive yielding on all
substrates, highlighting that PTw hydrogel will adhere to the tissue it is applied to even if it is pulled away

from it (Figure 2D). Further, the extensional strain at break was roughly equivalent for all tested surfaces,
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with PTw hydrogel extending to upwards of 16 times its original length (Figure 2G). We also tested the
tissue adhesive properties of our previously-reported PNP hydrogels and confirmed they exhibit similar
behaviors to PTw hydrogels, likely due to the broadly tissue adherent properties of the HPMC polymers
comprising both of these gels (Figure $3).°**' The demonstrated tissue adhesive properties of PTw

hydrogels ultimately promote their local retention and performance as lubricious anti-adhesion barriers.
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Figure 2. Tissue adhesiveness of PTw hydrogel. A) Schematic demonstrating cohesive yielding vs.
adhesive failure of PTw hydrogel under shear stress. B) Photos showing (i) shear stress ramp on human
cadaver tissue and (ii) lifting geometry after stress ramp experiment. C) Schematic demonstrating cohesive
yielding vs. adhesive failure under extensional stress. D) Photos of (i) extensional rheometry of PTw
hydrogel during (ii) extension and (iii) cohesive yielding of PTw. E) Yielding behavior of PTw hydrogel in
a serrated parallel plate geometry and on various tissue substrates in a stress-ramp experiment with F)
quantified yield stress values (defined at a 15% decrease from the peak viscosity). G) Extensional strain at
break for PTw hydrogels before cohesive failure with various substrates. Data shown as mean + SD, n=3.
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2.3 PTw hydrogel compatibility in human cadaver digits

A key concern when introducing material to limit peritendinous adhesions is that the space surrounding
tendons in the digit is limited by the tendon sheath and any physical barrier should be able to coat a tendon
while allowing it to glide freely within the pulleys. To evaluate these behaviors, we performed clinically
relevant zone II flexor tendon repair in human cadaver arms and evaluated several metrics to determine
how applied PTw material impacted tendon glide. The flexor digitorum profundus (FDP) tendon was
visualized and transected between the annular pulleys A2 and A4, then repaired with a modified Kessler
stitch and a horizontal mattress to recapitulate the most common clinically observed zone II flexor tendon
injuries with a 4-strand repair (Figure 3A).>>** For PTw treated digits, hydrogel was injected at the repair
site and spread to ensure full coverage of the FDP tendon and repair on all sides, including underneath at
the interface with the flexor digitorum superficialis (FDS) tendon, then the skin was sutured closed. For
better visualization in these experiments, PTw hydrogels were formulated with rhodamine-tagged HPMC-
Cis, giving the PTw hydrogel a pink color that was easily distinguishable from the surrounding tissue.
Cadaver arms were set in a custom rig which connected the FDP tendon to a material testing system (MTS)
on one side and the target digit to a counterweight at the other (fingertip) (Figure 3B). The MTS measured
the encountered forces as it moved up, flexing the digit, and down, extending the digit with aid of the
counterweight. Each digit produced a unique force trace, and we extracted three metrics to allow cross-digit
comparison: (i) initial slope, (ii) peak load, and (iii) average work over the first 2.5 mm following peak load
(Figure 3C). We performed testing prior to surgery, post-injury and repair without added material, and
following PTw application. Force traces from a single digit under all conditions showed tendon injury and
repair altered the initial load onset, the excursion distance the digit began to flex, possibly reflecting a slight
shortening of the tendon due to the repair (Figure 3D). Load slope was not significantly impacted by injury
or material, but peak load and average work were significantly reduced following injury (p=0.018 and
0.024). PTw hydrogel did not significantly change peak load nor average work compared to injury without
material (p=0.67 and 0.46) (Figure 3E - G). Following repeated cycles of flexion and extension on the
MTS, incisions in each digit were reopened to visually evaluate the PTw material. It was visually observed
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that the PTw hydrogel remained at the application site, coating the tendon and sutures as well as between
the FDP and FDS tendons, as highlighted by white arrows in Figure 3A (v). We additionally subjected PNP
hydrogel to the same testing in cadaver digits and found it performed similarly, with no impact on tendon
peak load, slope, or average work compared to injury only, and did not reduce the stiffness or elasticity of

the tendons (Figure S4).

In addition to showing PTw did not impair normal digit motion, we investigated the impact of prolonged
exposure to PTw material on tendon integrity. Following excision, we soaked FDP tendon sections in PBS-
soaked gauze or PTw hydrogel for 48 hours at 4 °C and assessed tendon mechanical properties by dynamic
mechanical analysis (DMA) (Figure 3H). The frequency response of tendons remained the same for PBS
or PTw soaked samples, with no significant difference in stiffness, as measured by storage modulus E’, nor
elasticity represented by tan 6 (Figure 31, J). These studies demonstrate that PTw hydrogel is simple for a
surgeon to apply with precision in the limited space of the digit, remains at the site of application following
repeated cycles of digit flexion and extension, and does not impair meaningful metrics of digit motion like
peak force or average work. Furthermore, PTw material does not impact tendon integrity following

prolonged exposure times.
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Figure 3. PTw application in human cadaver hands. A) Photos of (i-ii) tenotomy with repair followed
by (iii) PTw hydrogel application, (iv) mechanical testing, and (v) evaluation of PTw retention around FDP.
PTw hydrogel contains rhodamine-tagged HPMC-C;s for visualization and is denoted by dashed outline in
(ii1) and white arrows to regions with more difficult to see material in (v). B) Schematic of MTS setup with
human cadaver arm. C) A single force trace for an uninjured ring digit showing curve direction as the digit
is flexed and extended, as well as extracted parameters for load slope, peak load, and average work. D)
Force traces of five replicate tests at 15 mm s for a ring digit pre-injury (black or open bar), post-repair
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but before PTw application (grey), and after PTw application (orange). E) Extracted load slope, F) peak
load, and G) average work across digits. Data presented as mean + SEM, n = 5 - 8 across twelve unique
digits from four arms and two patients. Statistical values shown are p values obtained from GLM fitting
and Tukey HSD multiple comparison test in JMP (blocking by digit). H) Photo of excised FDP tendon
mounted for DMA after 48 hrs soaking in PBS (grey) or PTw hydrogel (orange). I) Full frequency sweep
and J) extracted values of E’ and tan § at 40 rad-s™ showing relative stiffness and elasticity of tendons is
not impacted by hydrogel material compared with PBS. Data shown as mean + SEM, n=3, statistical values
are p values obtained from unpaired, two-tailed t-tests performed in GraphPad Prism.

2.4 Evaluation of PTw in preclinical rodent Achilles tendon repair model

Having demonstrated key mechanical properties of PTw hydrogels which enable them to act as lubricious
physical barriers when applied to human tendons without impeding gliding, we next evaluated the local
retention and efficacy of PTw hydrogels in a preclinical rodent tendon injury model. We performed
tenotomies on the left leg of Sprague-Dawley rats (N=24) wherein the Achilles tendon was completely
divided and repaired with a standard modified Kessler suture. Following repair, eight control animals
received no additional treatment prior to skin closure in accordance with the current clinical standard, and
eight animals had PTw applied atop and around the tendon surgical site prior to skin closure. An additional
eight animals were treated with PNP hydrogel in the same fashion as PTw hydrogel. To track retention of
the material over time, PTw hydrogel was formulated with a NIR dye tagged HPMC-C;s and animals were
imaged using in vivo imaging system (IVIS) for three weeks. Functional metrics of recovery were assessed
with a catwalk and video gait analysis at week one prior to surgery and weeks one and eight following
surgery. Animals were euthanized at week eight following surgery to evaluate hydrogel impacts on tendon
healing (Figure 4A). Due to its facile injectability and tissue adhesive properties, the PTw hydrogel was

easy to apply with precision in the small space of the rat ankle and remained adherent to the tissues during

gentle spreading, ensuring all surfaces were covered (Figure 4B).

We first characterized local retention of PTw hydrogel in the rat ankle and evaluated if the material remained
present during crucial early stages of healing which are dominated by inflammation and high likelihood of
adhesion initiation."*>?¢ Daily IVIS imaging for two weeks and once more at week three revealed a strong

fluorescent signal at the application site even after one week (Figure 4C). We fit normalized fluorescence
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for each animal with an exponential decay and found the average half-life of PTw material to be 4.7 days,
covering the key early inflammatory stage of healing (Figure 4D, E). Further, PTw-treated animals retained
significant fluorescence signal throughout the entire three-week period, with more than half of the animals
showing signals greater than 25% above the background from control animals with no hydrogel treatment
at weeks two and three (5 in 8 animals) (Figure 4F). We additionally gauged retention of PNP hydrogel

material and found a similar half-life of 5.5 days (Figure S5).

We next examined how PTw treatment impacted crucial recovery metrics by evaluating how each rat walked
before injury and at weeks one and eight after injury using a catwalk setup and video gait analysis. We used
three markers on each rat as reference points for image processing (the proximal point of the tibia or the
lateral epicondyle, the calcaneus, and the fifth metatarsal head) and extracted the ankle angle throughout
each gait. We defined the ankle angle according to A. S. P. Varejdo and coworkers, where a value of 0°
marked a neutral position of 90° between the leg and foot, negative values represented obtuse angles or
plantar flexion, and positive values indicated acute angles or dorsiflexion (Figure 4G, H).>* One week after
surgery we saw a substantial loss of range of motion (ROM) for all rats, with an average loss of -19.0° for
control animals which received no treatment and a mitigated average loss of -16.7° for PTw treated animals.
By week eight, the reduction in ROM was lower as the animals healed and recovered, but the no treatment
animals maintained a greater average loss at -4.4° while PTw animals continued to show mitigated loss at
an average of only -2.5° (Figure 4I). Given dorsiflexion represents a state of high strain for the Achilles
tendon as it is stretched to bring the toes closer to the knee, we evaluated changes in the dorsiflexion angles
for animals. The median dorsiflexion angle in no treatment animals at week eight was lower than the median
of all animals pre-injury by -2.5°, indicating reduced dorsiflexion capacity, while the median angle for PTw
animals was equivalent to pre-injury around 50.5°. Additionally, the spread of dorsiflexion angles
represented by the interquartile range (IQR) was almost twice as large for no treatment animals at week
eight than for PTw animals (7.5° compared to 4.1°), indicating PTw treatment contributed to more

consistent recovery of dorsiflexion across animals (Figure 4J, Table S1). We also examined the ratio of
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dorsiflexion angles for each animal at weeks one and eight relative to pre-injury (Figure 4K). No treatment
and PTw treated animals both showed increases in dorsiflexion at week one of 9% and 37% on average, but
only PTw treated animals had significantly greater dorsiflexion than pre-injury (»p=0.0004, Table S2), likely
due to the lubricious nature of the PTw hydrogel treatment. By week eight, dorsiflexion worsened in the
control animals to lower than pre-injury values, with an average loss of -12% (p=0.086) compared to pre-
injury and a three-fold loss of -21% from week one, likely due to adhesion formation and maturation
limiting the Achilles tendon’s motion and stretch in dorsiflexion. On the other hand, PTw treated animals
maintained increases in dorsiflexion at week eight, with an average increase of 19% compared to pre-injury
(p=0.10), a significant difference compared to no treatment (p=0.028, Figure 4K). We also assessed these
functional metrics for PNP hydrogel treated animals and found a similar trend wherein PNP material
allowed for improved dorsiflexion immediately following surgery at week one (by 19%), but this benefit
was reduced by week eight with PNP treated animals showing only a slight improvement in dorsiflexion
angle over no treatment animals with a loss of -10% compared to -12% (Figure SSD). These studies showed
PTw hydrogel treatment could be applied with precision in a preclinical tendon injury model and be retained
at the application site for critical healing time frames, mitigating losses in key functional readouts like ROM

and dorsiflexion.
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Figure 4. PTw retention and impact on rat Achilles tendon injury recovery. A) Timeline for rat Achilles
tendon injury experiments involving tendon injury and repair followed by application of no treatment as a
clinical standard control or PTw hydrogel and assessment of hydrogel retention via IVIS imaging and rat
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functional recovery with gait analysis experiments. B) Photos of surgical transection and repair of rat
Achilles tendon followed by simple application of PTw hydrogel via injection and spreading before skin
closure. C) Representative images of rats with PTw hydrogel on days zero and seven following surgery. D)
Normalized fluorescent signal plotted over time along with E) extracted half-lives and F) fraction of animals
with signal at least 125% of background animal signal. Total radiant efficiency of equal sized regions of
interest was normalized to day 1 signal and half-lives extracted by fitting one-phase exponential decay in
GraphPad Prism. Data in E shown as half-life for individual animals along with mean £ SEM. G) Photos
showing a rat’s single stride and the vectors and angle from the knee to toes. H) Schematic explanation of
the ankle angle, plantar or dorsiflexion, and range of motion (ROM). I) ROM difference in degrees for each
rat at weeks one and eight compared to pre-injury. J) Dorsiflexion angle for all rats pre-injury and those in
no treatment or PTw hydrogel groups at week eight post-injury. K) Fractional change in the dorsiflexion
angle for rats at weeks one and eight normalized to pre-injury. Data presented as mean + SEM, n=S8.
Statistical values are p values obtained from unpaired, two-tailed t-tests performed in GraphPad Prism.

2.5 Impact of PTw on healing of rodent Achilles tendon

Following functional evaluation of PTw hydrogel in rodent Achilles tendon injury, we further investigated
PTw hydrogel biocompatibility in this peritendinous application. We carefully harvested the Achilles
tendons of rats eight weeks after surgery and assessed the tendon repair strength and healing (Figure SA).
The original surgical suture used to repair the Achilles tendon was visible upon harvest and injured tendons
were typically covered in adhesions which connected to the hypodermis as well as the fascia and muscle
within the leg, regardless of treatment group. Consistent with other Achilles injury studies in rats, injured
tendons tended to have a larger cross-sectional area than uninjured tendons due to generation of adhesion
tissue around the repair (Figure $6).>>*° We mechanically characterized the elastic properties and ultimate
strength of injured and uninjured tendons using tensile testing. Tendon samples were mounted with the
calcaneus set at a 90° angle to the tendon-gastrocnemius insertion to better recapitulate physiological
loading of the Achilles tendon at the tendon-bone interface (TBI) and pulled to failure (Figure 5B).
Uninjured tendons consistently had higher strength and modulus than injured tendons, as would be expected
after complete transection and repair (Figure SC-E). PTw hydrogel treatment following injury did not have
a significant impact on the strength nor modulus of healed tendons, demonstrating PTw hydrogel did not
impair healing or reduce tendon mechanical integrity beyond reductions resulting from the surgery itself

(Figure 5D- E). We additionally evaluated tendons treated with PNP hydrogel and similarly found no

reduction in mechanical properties, indicating comparable healing to untreated controls (Figure S7).
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We further evaluated the adhesions and healing of tendons with gross adhesion scoring and histological
examination of hematoxylin and eosin (H&E) and picrosirius red (PSR) stained sections. For both
hydrogels, gross adhesion scores were not severe (< 4) and not significantly different from untreated
tendons (Figure S8). Blinded histological analysis by a pathologist indicated tendons in all treatment groups
were well healed by week eight and there were no observable differences among groups (n=3 tendons per
group) (Figure SF). There was evidence of chondroid and osseus metaplasia in injured tendons; however,
this was found in all samples and unrelated to PTw or PNP hydrogel material (Figure S9). Inflammation
observed in H&E sections was limited to suture sites, with no indications of inflammation near tendon
edges where there was contact with hydrogel material. In summary, these studies demonstrated PTw
hydrogel as a safe, clinically effective, easy-to-apply treatment that reduced the impact of post-operative
adhesions in a pre-clinical tendon surgery model and did not impar tendon healing relative to standard of

carc.
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Figure 5. Harvest and mechanical testing of injured rat tendons. A) Excision of rat tendon (i) during
adhesion scoring and representative images of (ii) healthy and injured tendons with adhesions labeled. B)
Tensile testing of tendon with i) schematic of mounting, (ii) front view of tendon during testing, and (iii)
side view after testing. C) Representative stress-strain curves for uninjured and injured tendons with
relevant metrics represented schematically. D) Ultimate tensile strength and E) linear modulus of uninjured
tendons and injured tendons. Data presented as mean = SEM, n=3 for uninjured group, else n=5. Statistical
values are p values obtained using GLM with Tukey’s test performed in JMP. F) Representative histology
images (2.5x zoom) of injured tendons in each treatment group at week 8 with H&E staining (i, ii) and
picrosirius red (iii, iv) showing no observable differences in healing.

3. Discussion
In considering a biomaterial solution to peritendinous adhesions, several key desirable traits should be

targeted: (i) simple application during surgery, (ii) retention at application site throughout the critical early
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inflammatory and proliferative time frames, (iii) improvement of clinically relevant functional outcomes
such as ROM, and (iv) safety, showing no negative impact on tendon healing or repair strength. In this work
we present a dynamic hydrogel, PTw, which meets these criteria and shows promise as an anti-adhesion
intervention following tendon surgery. PTw mechanical properties were invariant to temperature, ensuring
the material behaved the same during prolonged refrigerated storage, room temperature application, and in
vivo usage. Shear and extensional rheology elucidated the tissue-adhesive properties of PTw hydrogels
which ensured the material adhered to relevant tissues following application but allowed tissues to easily
slide past one another with bulk material yielding. These properties are crucial for application in the limited
and highly mobile space surrounding the digital flexor tendon, where the tendon must glide freely through
pulleys and the applied material must remain at the application site while withstanding the strains of that
motion. Indeed, PTw hydrogel formed a lubricious barrier which enabled early mobilization following
surgery, an important rehabilitation regiment aimed at reducing adhesions.'*!> We confirmed in human
cadaver digits following clinically relevant injury and repair to zone II FDP tendons that PTw application
did not impair tendon glide nor reduce tendon strength and integrity after prolonged contact. We next
determined the efficacy and safety of PTw hydrogels in a preclinical rat Achilles tendon injury model and
found improved range of motion and significantly improved dorsiflexion compared to control animals
following eight weeks of healing. PTw material was simple to apply and remained at the repair site for over
three weeks, covering critical stages in tendon healing that may lead to adhesion formation. PTw hydrogel
was also safe and did not impair tendon healing nor strength. Overall, this work reports a novel solution to
the problem of peritendinous adhesions and elucidates the viscoelastic and flow properties that make PTw

hydrogel suited for this application.

Hydrogels have been increasingly explored as materials to limit adhesions following tendon surgery owing
to their tunability and biocompatibility.”’* Investigated materials range widely in composition and utilize
synthetic components like Prussian blue nanoparticles and blood-derived platelet lysate, chitosan and

hyaluronic acid-grafted poly(N-isopropylacrylamide) (PNIPAM), or polyglycerol-grafted graphene and
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molybdenum disulfide.’”*"** While the diversity of hydrogel materials being explored for this application
is encouraging, many are complex and bespoke, making a path to good manufacturing practice (GMP) and
clinical approval difficult. In addition to hydrogels, electrospun fibers are another material modality heavily
explored in the literature.”** Unfortunately, there remain to date no materials on the market with FDA
approval to prevent peritendinous adhesions, due in part to the cost and complexity of manufacturing for
many materials, including electrospun fibers.”** PTw hydrogels, in contrast, are composed of two simple
and commercially available components, a cellulose derivative and tween 20, both of which are produced

at large scales as cosmetic additives and drug excipients.*>*®

Another major drawback of many preclinical animal studies of peritendinous adhesions is a lack of evidence
for functional recovery. Many studies primarily measure the gross incidence of adhesions upon visual
observation, but this metric is subjective and imprecise compared to a quantitative measure of function
recovery.’’ Additionally, while there is currently no regulatory guidance from the FDA on how to best
design or execute clinical trials for anti-adhesion agents, the assessment of adhesion score by non-invasive
means should complement patient functional outcome metrics, like ROM.* Interestingly, in this work we
found clear improvement in functional outcomes but no significant change in adhesion incidence scores
with PTw or PNP hydrogel treatment (Figure 4, Figure S8). Here it should be noted that the Achilles tendon
of a rat does not possess the same synovial sheath anatomy as a human flexor tendon or the flexor tendons
of larger animals such as turkeys, rabbits, or dogs.'®*'#"#2 Though, the rat Achilles injury model is well
suited for assessment of functional recovery over time as well as investigating the safety profile of
hydrogels.™** Future studies should be conducted in larger animal models focused on assessing gross
adhesion severity along with functional recovery, as well as modulating the formulation of PTw to optimize

its mechanical properties for this application.

It is likely that a successful platform for preventing peritendinous adhesions following surgery will combine
a physical barrier with delivery of molecules to modulate the inflammatory and cellular responses.”** We

have previously shown that dynamic hydrogels including and similar to PTw and PNP are amenable to long
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term delivery of various cargos, including small molecules and proteins.*®>3>” Future work could expand
the PTw platform for sustained local delivery of small molecule modulators of inflammation, like
corticosteroids or ibuprofen to reduce initial inflammation, or protein therapeutics like vascular endothelial

growth factor (VEGF) or other growth factors to promote healing, while acting as a lubricious barrier.”®®

4. Materials and Methods

Hydrogel formulations: PTw hydrogels were prepared as previously described.”* HPMC-C;s (Sangelose
90L, Daido chemical corp.) was dissolved in phosphate buffered saline (PBS, pH 7.4) at 4 wt% and loaded
into a luer-lock syringe. Tween 20 (Sigma-Aldrich) was diluted in PBS to a concentration of 10% v/v, then
diluted further for each hydrogel prepared such that the final concentration in the hydrogel was 0.5%. This
Tween 20 - PBS solution was loaded into a second syringe and the two syringes were connected with a
female-female luer lock elbow with care to avoid air at the interface. The solutions were mixed until a
homogenous PTw hydrogel was formed. All PTw hydrogels were formulated at 1.8 wt% HPMC-Cis and
0.5% Tween 20. Hydrogels were stored at 4 °C until use. PNP hydrogels were prepared as previously
reported and PNP-1-10 (1 wt% HPMC-C; and 10 wt% PEG-PLA NPs) was the only formulation used in

this work.®*

Fluorescent hydrogel formulations: HPMC-C g and C;, were fluorescently tagged with NIR and rhodamine
for visualization in cadaver experiments and IVIS imaging in rats. First, 1 g HPMC-C, was dissolved in
NMP (40 mL) at room temperature with stirring. Once the polymer had completely dissolved, the reaction
was brought to 50 °C and a solution of either NIR-797 isothiocyanate or thodamine B isothiocyanate (Santa
Cruz Biotechnology, 1 mg / mL or 1.14 mmol and 1.86 mmol respectively) in NMP (10 mL) was added
dropwise, followed by DIPEA (catalyst, 125 pL). The reaction was maintained at 50 °C for 30 minutes,
then heat was shut off and mixture was left stirring overnight at room temp. The solution was then
precipitated from acetone and polymer-NIR 797 or -rhodamine was purified by dialysis against MilliQ

water for 4 - 7 days (MWCO 3.5 kDa) and lyophilized, yielding polymer as a green (NIR) or pink
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(rhodamine) powder. Each polymer was dissolved in sterile PBS, pH 7.4, prior to use in hydrogels. For
cadaver application, PTw hydrogels were formulated with 1.8 wt% HPMC-Cs-rhodamine and PNP with 1
wt% HPMC-Ci,-thodamine. For rat studies, PTw hydrogels were formulated with 1.8 wt% HPMC-C;s-NIR

797 and PNP with 1 wt% HPMC-C;,-NIR 797.

Hydrogel rheological characterization: Rheological characterization was performed on hydrogels using a
TA Instruments DHR-2 stress-controlled rheometer. All experiments were performed using a 20 mm
diameter serrated plate geometry at 25 °C with a 500 pm gap. Flow sweeps were performed from high to
low shear rates. Step shear experiments were performed by alternating between a low shear rate (0.1 s™'; 60
s) and a high shear rate (10 s '; 60 s) for three cycles. Frequency sweep measurements were performed at a
constant 1% strain in the linear viscoelastic regime. Amplitude sweeps were performed 10 rad s”'. Values
for storage modulus and tan § were reported from frequency sweeps at the 40 rad s frequency. Yield strain
was defined as the first strain value after G’ <0.85 * maximal pre-yield G’ value. For temperature controlled

experiments, temperature was set to 4, 25, or 37 °C.

Tissue adhesion characterization: Stress sweeps were performed from low to high with steady state sensing
and yield stress was defined as the first stress value after viscosity < 0.85 * maximal pre-yield viscosity
value. For control runs, two 20 mm serrated parallel plates were used. For tissue runs, cadaver skin, murine
skin, or cadaver tendon tissue was positioned in place of the bottom rheometer plate. Before loading
hydrogels onto cadaver skin, sutures were sewn into the edges of the sample to act as anchors, which were
then taped down to flatten the tissue under the geometry. Kimwipes were used to remove excess fluid from
the surface of tissue samples and fatty protrusions were removed with a scalpel to further flatten the tissue
surface. For tendon tissue, multiple tendons were arranged with minimal gapping and as flat a surface as

possible. All experiments were performed at 25 °C with a 500 pm gap.

Extensional rheology: Filament stretching extensional rheometry was performed on a TA Instruments

ARES-G2 in axial mode using an 8§ mm plate geometry starting with a 4 mm gap to test an initial radius-
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to-height aspect ratio of 1:1. All experiments were conducted at 25 °C with a Hencky (exponential) strain
rate of 0.1 s™. Experiments were recorded with a DSLR camera and the peak extension of the hydrogel was
measured using Tracker 6.1.3 software (Open Source Physics). The reported strain is the ratio of extension

at break to the initial length of 4 mm.

MTS studies on cadaver arms: A custom rig was engineered to secure cadaver arms for testing glide friction
of tendons following repair and hydrogel application. To simulate injury, flexor digitorum profundus (FDP)
tendons in the index, middle, and ring digits were isolated and severed between the A2 and A4 pulleys
(n=12 digits, 4 arms, 2 individuals). Tendons were then repaired with a modified Kesler knot using 4-0
polypropylene sutures (Ethicon) and the skin sutured closed. In treatment groups, 200 — 300 pL. hydrogel
was injected on top of and around the repaired tendon and manipulated to coat the tendon before the skin
was closed. An MTS Bionix 200 test system was used to apply displacement and measure force. The
cadaver arm was positioned atop an optical table (Thorlabs) and secured with two S-brackets (forming an
arch) and bolts from the S-brackets to the pisiform and scaphoid wrist bones. An incision was made in the
forearm to access the FDP tendons, which were severed at the proximal end, wrapped in sandpaper, and
secured by an alligator clip to a nylon string fed through a pulley and into the MTS clamp. Nylon string
was also tied to a suture loop on each fingertip, passed over a pulley, and attached to a 100 g counterweight
to fully extend the digit being tested and allow full range of motion during glide experiments. Force was
tared and slack removed from the string and tendon before each experiment. Experiments were conducted
to an excursion of 35 - 40 mm at speeds of 5 and 15 mm s™'. Bolts, brackets, nuts, alligator clips, and string

were purchased from McMaster-Carr.

MTS data processing: Force vs. displacement traces were analyzed using custom code in MATLAB
(MathWorks, Natick, MA). The load slope was calculated as the slope of the line from 0.5 N of loading to
4.5 N of loading for each curve. The peak load was defined as either the first local maximum of the loading
curve or, in cases where the curve did not have a local maximum before unloading, the point on the curve

at which the slope decreased to 40% of the load slope. The excursion corresponding to the peak load was
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determined to be the start of the plateau region. Work of flexion was defined as the area under the curve to
an excursion of 2.5 mm past the start of the plateau region. All extracted metrics are the average of 9-10

loading and unloading cycles.

DMA on cadaver tendons: After MTS studies were performed, uninjured 4 cm segments of FDP tendons
were secured from all digits and either wrapped in PBS-soaked gauze or immersed in PNP or PTw hydrogels
for 48 hours at 4 °C. Tendons were mounted on a TA Instruments ARES-G2 strain-controlled rheometer-
DMA with 150 grit sandpaper (3M Company) to prevent slip within the grips. Samples were pre-loaded to
0.1 N before testing and frequency sweeps were performed at an oscillation strain of 0.1%. Values for

storage modulus and tan & were reported from frequency sweeps at 40 rad s™'.

Rat Achilles tendon injury and repair model: All animal studies were performed in accordance with the
National Institutes of Health (NIH) guidelines, with the approval of the Stanford Administrative Panel on
Laboratory Animal Care. Adult male Sprague-Dawley rats (450-600 g, 15-17 weeks, n=24) were purchased
from Charles River and housed in the animal facility at Stanford University. Animals were randomly
assigned to treatment groups (n=8 each) and housed such that each cage had two animals with different
treatments to mitigate cage effects. For surgery, animals were anesthetized under 3.5% (v/v) isoflurane,
their left hind leg shaved and aseptically prepared, and a longitudinal incision made to expose the Achilles
tendon. The accessory Achilles was first isolated and removed (~8 mm), then the Achilles tendon was
isolated, transected approximately 5 mm above its insertion site into the calcaneus, and repaired with 5-0
ethibond sutures (Ethicon) using a modified Kessler suture. Following repair, approximately 100 pL
hydrogel was applied to the repair site and manipulated to fully coat the repaired tendon in treatment
animals (n=8 with PTw and n=8 with PNP). Skin was then sutured closed with 5-0 nylon sutures (Ethicon)
and animals were returned to paired housing without leg immobilization. Animal gait analysis was
performed at week one prior to surgery and again at weeks 1 and 8 following surgery. IVIS imaging was
performed immediately following surgery and then daily for two weeks with a final time point at three

weeks. Animals were euthanized eight weeks following surgery, to allow for sufficient healing and adhesion
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maturation, and their injured leg dissected and tissues harvested for histological processing (n=3 each
treatment) and mechanical testing (n=5 each treatment). Contralateral uninjured tendons were also

harvested for controls from randomized animals.

1VIS imaging: Rats were imaged using an IVIS (model, Lago) daily for two weeks and again at week three.
Rats were anesthetized with 2.5% (v/v) isoflurane and imaged with auto exposure settings at an excitation
wavelength of 780 nm and emission wavelength of 845 nm. Adaptive fluorescent background subtraction
was applied and total radiant efficiency ([p/s] / [uW/cm?]) was quantified using an equal-sized region of
interest around the left leg for each rat (the injury site). This was also done for rats that did not receive
hydrogel material to provide an average background signal which was subtracted from the signal for rats
that did receive hydrogels. Because some animals had fluorescence increase between day 0 and 1, the
background-subtracted total radiant efficiency at each time point was normalized to that animals’ signal on
day 1. Normalized values were then fit to a one-phase exponential decay and half-lives calculated for each

animal in GraphPad Prism.

Functional recovery following rat tendon injury: A transparent walkway (91 cm x 14 cm x 10 cm) was
constructed from plexiglass to record the gait of rats for this study. Before recording, rats were anesthetized
with 2.5% (v/v) isoflurane, their left hind limb shaved, and three points marked with red sharpie for video
analysis: the proximal tibia, calcaneus, and fifth metatarsal head. Rats were placed at one end of the
walkway and their home cage placed at the other end to encourage walking. At each time point, each animal
was recorded walking with a DSLR camera at 60 frames per second and a shutter speed of 2000 s'. A walk
was considered successful if at least three consecutive steps were taken. At least two steps were analyzed
for each rat. All data were processed first by marking the proximal tibia, calcaneus, and fifth metatarsal
positions with Tracker 6.1.3 software. The positions of these points were then processed using custom
MATLAB code to identify the foot and leg angles and calculate the ankle angle. The clockwise leg angle
from horizontal was subtracted by the clockwise foot angle from horizontal and 90° was further subtracted

from this to set a neutral angle of 0° when the foot and leg segments made a 90° angle. A rat’s leg was
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defined as dorsiflexed when the ankle angle was greater than 0° and plantarflexed when the ankle angle was
less than 0°. Active range of motion was calculated by the difference between maximum dorsiflexion and

plantarflexion angles.

Mechanical testing of rat tendon: Following tendon injury, repair, and eight weeks of healing, the Achilles
tendons of Sprague-Dawley rats were excised by cutting at the gastrocnemius and fine dissection of the
calcaneus. Samples were refrigerated for 2-3 days before testing. The muscle end of the tendon was secured
in the clamps after being coated with OCT Compound (Agar Scientific). The metal clamps were then dipped
in liquid nitrogen, taking care not to submerge the tendon sample. After freezing, the frozen clamps were
further tightened around the muscle. The calcaneus bone was secured within the clamps at a 90° angle to
the direction of force, recapitulating the neutral angle of the leg. Tendon length was measured before
mounting into the grips and samples were (1) preloaded to 0.1 N; (2) measured using calipers; (3) subjected
to 10 cycles of preconditioning to 2% strain; and (4) pulled to failure. The strain rate was set to 4% s for
all steps. All samples failed at the tendon-bone interface. The linear modulus was calculated by extracting
the slope of the resultant stress-strain curves in the linear regime and the ultimate tensile strength was

defined as the peak of the stress-strain curve.

Tendon histology: Following tendon injury, repair, and eight weeks of healing, the Achilles tendons of nine
Sprague-Dawley rats (three per treatment group) were excised by cutting at the gastrocnemius and fine
dissection of the calcaneus. Samples were fixed in cassettes for 24 hrs in 10% neutral buffered formalin.
Fixed samples were submitted to Histo-Tec Laboratory Inc. (Hayward, CA, USA) for decalcification,
paraffin embedding, slicing (foot-based coronal plane), and H&E and PSR staining. Returned slides were
imaged on a Leica LC221 THUNDER Imager using 2.5x and 10x objectives and individual fields of view
were deconvoluted and stitched together to construct images of large tissue segments using built-in

functionality of the LASX software.
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Statistics: For in vivo experiments, animal treatments were randomized across cages and data is presented
as mean = SEM. Comparisons between multiple groups were conducted with the general linear model
(GLM) and Tukey HSD test in JM P, accounting for digit blocking in the case of experiments on human
cadaver hands. Comparisons between two groups were conducted with unpaired two-tailed t-tests run in
GraphPad Prism. Select p values are shown in the text and figures and all p values are in the supporting

information.
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