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Abstract

Heart disease is the leading cause of death globally, and delivery of therapeutic cargo (e.g.,
particles loaded with proteins, drugs, cells, or genes) through direct injection into the myocardium
is a promising clinical intervention. However, retention of deliverables to the contracting
myocardium is low, with as much as 60 — 90% of payload being lost within 24 hours.
Commercially-available injectable hydrogels, including Matrigel, have been hypothesized to
increase payload retention, but have not yielded significant improvements in quantified analyses.
Here, we assess a recombinant hydrogel composed of chemically modified hyaluronan and
elastin-like protein (HELP) as an alternative injectable carrier to increase cargo retention.

HELP is crosslinked using dynamic covalent bonds, and tuning the hyaluronan chemistry
significantly alters hydrogel mechanical properties including stiffness, stress-relaxation rate, and
ease of injectability through a needle or catheter. These materials can be injected even after
complete crosslinking, extending the time window for surgical delivery. We show that HELP gels
significantly improve /in vivo retention of microsphere cargo compared to Matrigel, both 1 day and
7 days post-injection directly into the rat myocardium. These data suggest that HELP gels may
assist with the clinical translation of therapeutic cargo designed for delivery into the contracting
myocardium by preventing acute cargo loss.
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1. Introduction

The Global Burden of Disease Study in 2017 found that 31.8% of all deaths worldwide
were from cardiovascular disease, over half of which were the direct result of ischemic
heart disease [1]. Since the 1960’s, the short-term (< 1 year) survival rate following a
myocardial infarction (MI) has increased world-wide [2—4]. Despite these improvements,
mortality from end-stage heart failure (HF) following Ml is still very high, with 13% of
patients being diagnosed with HF within 30 days of the initial infarction and 20-30% within
the first year [5,6]. Surgical interventions such as cardiac restraints have been shown to be
insufficient at limiting HF [7,8], and heart transplants are an unsustainable practice because
of severe organ shortages [8,9]. Direct injection of therapeutic agents into the myocardium
to prevent HF can be surgically accomplished through noninvasive catheterization, making
this strategy an attractive clinical option. To this end, the regenerative potential of a
multitude of therapies have been studied as a means to improve cardiac function and
prevent HF. In particular, microspheres loaded with various bioactive compounds, including
cells [10-12], gene therapy [13,14], proteins [15,16], drugs [17], and exosomes [18], have
gained considerable interest. However, many of these therapies, which typically use saline or
aqueous medium as a carrier, are severely limited because of their low retention within

the contracting myocardium (Figure 1A) [10,12,19-22]. While direct quantification of
microsphere retention is rare in the literature, data on acute retention of cell therapies
highlights the challenges of delivery within a mechanically active tissue. For example, a
clinical trial studying the distribution of radio-labeled bone marrow cells injected directly
into the myocardium with a liquid medium carrier found that within 1 hour as much as
~90% of cells had been ejected [23]. Other human and animal trials studying cargo retention
have shown similar results [24-27]. As cargo retention has been correlated with cardiac
function and repair [28,29], it is vital that we develop systems which improve retention
post-injection.

It is commonly hypothesized that injectable hydrogels may be able to increase cargo
retention by physically anchoring the injected cargo within the delivery site and resisting
mechanical expulsion [30,31]. However, retention of therapeutic agents is highly variable
between studies, in part due to variations in quantification methods and surgical technique
[32]. Additionally, there are very few head-to-head studies comparing retention rates of
different hydrogel carriers, which makes direct comparisons particularly difficult. One study
showed that the use of commercially available hydrogels (either Matrigel or Pluronic F127)
showed qualitative reduction in acute expulsion of fluorescent microspheres compared with
saline, but the differences were not statistically significant [30]. Interestingly, microsphere
retention did not significantly change between the acute phase (10 minutes) and later time
points (1 week), suggesting that the majority of cargo loss occurred at the time of injection
and shortly thereafter. These findings correlate with clinical observations, which highlight
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the importance of improving retention at the time of injection [23-27]. Mechanical beating
of the heart and evacuation, either through ruptured blood vessels or the needle tract, have
been identified as key modes of acute cargo loss [27,33]. In response, some have posited that
hydrogels with more robust mechanics may better resist these mechanical challenges and
therefore improve acute retention [30,34].

We have recently developed a two-part, hyaluronan and elastin-like protein (HELP)
hydrogel system (Figure 1B) that is injectable, cell-compatible, and has independently
tunable mechanical and biochemical properties [35-37]. Briefly, the hyaluronan (also
termed hyaluronic acid, HA) component can be functionalized either through oxidation or
conjugation chemistry to have a pendant aldehyde moiety. The elastin-like protein (ELP)

is a recombinantly derived protein that contains (I) a bio-active region with a human
fibronectin-derived, cell-adhesive, extended RGD sequence and (11) an elastin-like region
that includes multiple lysine residues (Figure S1). The lysine residues are functionalized
with a hydrazine moiety, which form hydrazone bonds when mixed with aldehyde groups
to spontaneously form a dynamic covalently crosslinked polymer network. Here, we expand
upon our previously reported system by formulating five different HELP variants with
distinct material properties to identify underlying material design rules that significantly
improve cargo delivery to and retention within the contractile myocardium. In particular,
we demonstrate that by careful tuning of the HA component, we can significantly alter the
matrix stiffness, stress-relaxation rate, and ease of injectability of HELP hydrogels through
needles and catheters. We further show that HELP gels significantly increase the retention
of fluorescent microspheres in the contracting myocardium /n vivo compared to Matrigel.
These data suggest that HELP gels may assist with the clinical translation of therapeutic
cargo designed for delivery into the contracting myocardium by preventing acute cargo loss.

Materials and Methods

2.1 Expression of Elastin Like Protein:

Our elastin-like proteins (ELP) are expressed in BL21 (DE3) pLysS Escherichia coli
(Invitrogen, 1931008) under control of the T7 promoter, as previously described [38].
Briefly, an ELP plasmid containing stock is streaked across a co- ampicillin and
chloramphenicol infused and incubated over-night at 37 °C. The following morning, a
single colony is selected and used to inoculate a starter culture with ampicillin, and

grown overnight at 37°C under constant agitation. 20 mL of starter culture is subsequently
dispersed into 12, 1L baffled flasks and at 37 °C to an optical density (A = 600 nm) of 0.8.
Expression is induced by addition of 1 mM Isopropyl p-d-1-thiogalactopyranoside (IPTG;
Thermo, BP1755-100). After 7 hours of expression at 32 °C, ELP-containing £. coli cells
are collected by centrifugation, re-suspended in TEN buffer (0.1 M Tris-Cl, 0.01 M EDTA, 1
M NaCl, pH 8.0) and then frozen at —80 °C.

The E. colicells are lysed via repeated freeze-thaw cycles. 1 mM phenylmethylsulfonyl
fluoride (PMSF; ThermoScientific, 36978) and ~ 30 mg deoxyribonuclease | (Sigma, DN25)
is added after the first cycle. After the completion of the freeze-thaw cycles, the ELP-lysate
mixture is cooled to 4°C and then centrifuged at = 15,000 x g at 4 °C for 1 hour. The
supernatant is then incubated at 37°C for 4 hours under constant agitation. Precipitation is
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further assisted by the addition 0.1 M NaCl. Combined, this induces the LCST behavior
which results in a two-phase mixture of un-solubilized ELP and solution. The resulting
mixture is centrifuged at > 15,000 x g, 37 °C, for 1 hour and the ELP-rich pellet is then
manually broken up with a small spatula to assist in re-solubilization. The mashed pellet
is then mixed with ultra-pure distilled (DI) water (10 mL g~1) and mixed overnight on an
orbital shaker at 4 °C. This thermal cycling procedure is repeated a total of 3 times. The
resulting solution is dialyzed against 4 L of DI water at 4°. The 4-L of dialysis water is
routinely refreshed every 12 hours over the course of 3 days. The dialyzed product is then
sterilized using a 0.22-um syringe filter, frozen, and lyophilized for 3 days.

2.2 Functionalization of Elastin-Like Protein with Hydrazine:

The ELP used presently contains a central lysine (K) group within the elastin-like

region. These lysine moieties were functionalized with hydrazine groups according to the
following protocol [35,37]. First, ELP wass dissolved in anhydrous dimethyl sulfoxide
(DMSO) at 6% (w/v). Following complete dissolution of the ELP, an equal volume of
N,N-dimethylformamide (DMF) was added to the reaction mixture. In a separate round-
bottom flask: (1) tri-Boc-hydrazinoacetic acid (Tri-Boc; 2 equiv:ELP amine (14 total amine/
ELP); ChemImpex, 16931), (2) hexafluorophosphate azabenzotriazole tetramethyl uronium
(HATU; 2 equiv:ELP amine, Sigma, 445460), and (3) 4-methylmorpholine (4.5 equiv:ELP
amine; Sigma, M56557) were dissolved in DMF at room temperature (RT) to allow for the
activation of free acid groups on the Tri-Boc molecule by HATU. The reagent solution is
added, dropwise, to the ELP resulting in a final ELP concentration of 2% (w/v). The reaction
was carried out overnight at RT under constant agitation.

The reaction solution was then added dropwise into ice-cold diethyl ether to a

final volumetric ratio of 1:5 (reaction volume:ether). Modified ELP was collected by
centrifugation (>18000 x g) at 4 °C for 30 minutes, decanted, and dried over-night yielding
a Boc-protected intermediate. A small sample (~10 mg) was collected for downstream
analysis of functionalization efficiency via NMR (below). To remove the Boc protecting
groups, the ELP-hydrazine intermediate was dissolved at 2% (w/v) in a 1:1 mixture

of Dichloromethane and trifluoroacetic acid with 2.5% v/v tri-isopropylsilane (Sigma,
233781) and stirred at RT for 4 hours. The de-protected product (ELP-Hydrazine) was
then precipitated in chilled diethyl ether and centrifuged as described above. The final
product was then dissolved in DI water at 2% (w/v) and dialyzed against 4-L of DI. The
4-L of dialysis water is routinely refreshed every 12 hours over the course of 3 days. The
final dialyzed product is then sterilized using a 0.22-um syringe filter, frozen, and finally
lyophilized for 3 days in a sterile, filtered 50 mL tube (Millipore, SCGP00525).

2.3 Functionalization of Hyaluronic Acid with Aldehyde and Benzaldehyde Moieties via
Copper-Click Reaction:

Hyaluronan (HA) was functionalized with either a aldehyde (HA-A) or benzaldehyde
(HA-B) groups via copper-click chemistry is achieved with a two-part reaction. First,
commercially available 100 kDa HA (Lifecore) was functionalized via EDC chemistry with
alkyne groups. Second, a commercial small molecule with either a pendant benzaldehyde
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group or a pendant aldehyde group is used to functionalize the alkyne groups via standard
copper-click chemistry.

The procedure for alkyne modification has been described elsewhere [37]. Briefly, 100 kDa
HA (sodium salt) was dissolved in MES buffer (0.2 M MES hydrate, 0.15 M NaCl in DI
water; pH 4.5) at a concentration of 1% (w/v). Once dissolved, sufficient propargylamine
(0.8 molar equivalent; Sigma Aldrich, P50900-5G) to functionalize 12% of the available
carboxylic acid groups was added directly, and immediately following the pH was adjusted
to 6.0 with 1M NaOH. N-hydroxysuccinimide (NHS; 0.8 molar equivalent) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC; 0.8 molar equivalent) were
added sequentially and allowed to react for 4 hours at RT with constant agitation. The
reaction was then dialyzed against 4-L of DI water. The 4-L of dialysis water was routinely
refreshed every 12 hours over the course of 3 days. The final dialyzed product was then
sterile filtered using a 0.22-pm syringe filter, frozen, and finally lyophilized for 3 days,
yielding HA-Alkyne.

Pendant aldehyde or benzaldehyde groups were attached to HA-Alkyne via standard copper-
click chemistry to yield HA-A and HA-B, respectively. Briefly, HA-Alkyne was dissolved at
2.5% (W/v) in 10X isotonic phosphate buffered saline (10X PBS) with 0.85 mg mL™1 beta-
cyclodextran supplement. After complete dissolution, the reaction mixture was degassed.
2.4 mM copper sulfate and 45.2 mM sodium ascorbate solutions were additionally prepared
and degassed to remove excess oxygen. Depending on the intended modification scheme,

a 2-molar equivalent (reagent:alkyne) of 4-azidobenzaldehyde (Santa Cruz Biotechnology,
sc-503201) or Ald-CH»-PEG3-Azide (BroadPharm, BP-21715) was dissolved in DMSO
(100 mg mL~1). Sodium ascorbate and copper stock solutions were then added to a final
concentration of 4.52 mM and 0.24 mM, respectively. Lastly, the Bza- or Ald- containing
small molecule was added and the solution was then degassed and left to reaction for 24
hours at RT in the dark.

After 24 hours, an equal volume amount of 50 MM EDTA pH 7.0 was added to the reaction
and stirred at RT for 1 hour. The solution was then further diluted ~5X with DI water

and sterile filtered using a 0.22-um filter to remove any copper precipitates. The resulting
solution was dialyzed against 4-L of ultra-pure deionized water that was routinely changed
every 12 hours over the course of 3 days. The final dialyzed product was then sterilized
using a 0.22-um syringe filter, frozen, and lyophilized for 3 days in a sterile, filtered 50 mL
tube.

2.4 Oxidation of Hyaluronic Acid:

The oxidation reaction of HA has previously been reported elsewhere [39,40]. In short, 1.5
MDa HA (sodium salt) (Millipore, 53747) is first dissolved in DI water at 4 mg mL™1,
overnight, at 4 °C with constant agitation. The following day, sodium periodate is dissolved
in DI water to a final concentration of 0.1 M, and added dropwise to the HA solution to a
final volumetric ratio of 1:5. After addition of sodium periodate, the reaction vial is covered
in aluminum foil and left to react for the desired amount of time at RT. In the present
manuscript, HA was oxidized for either: 8 hours (HA8), 16 hours (HA16), or 24 hours
(HA24). Following the desired oxidation time, ethylene glycol is added to inactivate any
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unreacted periodate. After one hour of deactivation, the reaction volume is transferred to
dialysis tubing and dialyzed against 4-L of ultra-pure deionized water. The 4-L of dialysis
water is routinely refreshed every 12 hours over the course of 3 days. The final dialyzed
product is then sterile filtered using a 0.22-um syringe filter, frozen, and lyophilized for 3
days.

2.5 Hydrogel Formation:

For the HELP system, ELP is dissolved over night at a concentration of 4% (w/v) in sterile
1X PBS at 4 °C. In tandem, HA is dissolved over-night at 4% (w/v) in 10X PBS at 4

°C. The following day, equal-volume amounts of HA and pre-chilled 1X PBS are mixed

on ice. The resulting 2% HA solution is then mixed with an equal-volume amount of 4%
ELP on ice by careful pipetting to produce a final concentration of 2% ELP and 1% HA in
2.5X PBS. For the Matrigel hydrogels, appropriately sized aliquots of commercial Matrigel
(Thermo, CB-40230) are thawed overnight. Then, the thawed Matrigel is supplemented with
1X PBS (final: 12.5% (v/v)) and mixed on ice by careful pipetting, ensuring no bubbles are
introduced.

2.6 Hydrogel Stiffness and Stress-Relaxation Measurements:

Shear-rheology was carried out on a stress-controlled ARG2 rheometer (TA Instruments)
using a 20-mm diameter, cone-on-plate geometry. All tests were conducted on 50-uL
hydrogel samples, and heavy mineral oil was used to fill the gap between the rheometer
geometry and external environment to ensure hydration over the course of all measurements.
Representative values are composed of 3 — 5 replicates per gel formulation.

Samples were first crosslinked at RT, and a time sweep was measured over the duration

at a strain of 1% and oscillatory frequency of 1 rad s~1. Gelation was first indicated by

the crossover point, where the storage modulus (G") was observed to be greater than the
loss modulus (G”). After sufficient time (HELP Gels, 30 min; Matrigel, 1 hour) all gels
reached a stable plateau modulus, and the sample temperature was ramped to 37 °C (3 °C
min~1). Gels were then incubated at 15 min at 37 °C to ensure complete cross-linking. The
shear modulus for each sample was measured at 37 °C using a frequency sweep over the
oscillatory frequency range of 0.1 — 10 rad s~ at a fixed strain of 10%. Complete gelation at
this stage was further confirmed by demonstration of a stable (linear) G’ over the measured
frequency range, and a final stiffness value for each gel was reported as the shear moduli at
1 rad s~1 and average. Following each frequency sweep, samples were incubated at 37 °C
for 5 minutes at 1% strain and a frequency of 1 rad s1. Afterwards, the sample was strained
to 10% and the stress was measured as a function of time over 12 hours. As an indicator of
the stress-relaxation property for each gel, the time to reach half of the initial stress (tg 5) has
been reported.

2.7 Hydrogel Injectability Screening:

Prior to /n vivotesting, we screened our HELP gels for relative ease of injectability. Three
criteria were used to assess ease of injectability: (1) Injectability post complete gelation
(terosslink > 30 min), (2) injectability with one hand through a 30 G, hooked, needle and
(3) degree of “‘burst’ injection. For testing, 50-uL samples of HA24, HA16, HA8, HA-A,
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and HA-B hydrogels supplemented with food coloring (Market Pantry) were loaded into
the back of a 30-G syringe (Fisher, 13-689-15). Following back loading, HELP gels were
crosslinked at RT for 30 minutes. The needle tip was carefully hooked using a pair of
surgical forceps to an angle of approximately 90° with a 2 mm tip to simulate injection
conditions. Each hydrogel was then injected by hand, and a video was recorded for future
assessment and reference. Immediately following injection, successful completion or failure
of each criterion was rated, with a check mark (v') being given for complete success and a
x-mark (x) being given for a non-satisfactory result, respectively.

2.8 Fracture Stress Measurement:

Fracture stress measurements were carried out on a stress-controlled ARG2 rheometer (TA
Instruments) using a 20-mm diameter, cone-on-plate geometry. All tests were conducted on
50-uL samples prepared in accordance with the above protocols. Heavy mineral oil was used
to fill the gap between the rheometer geometry and external environment to ensure hydration
over the course of all measurements. Samples were first crosslinked at RT, and a 30-minute
time-sweep was measured at a strain of 1% and oscillatory frequency of 1 rad s™1. Following
30 minutes of crosslinking, HELP gels were exposed to a repeated creep test wherein the

% strain () was measured over the course of a three-minute duration of an applied, fixed,
stress (o). After each stress step the material was allowed to relax (o= Q) for 15 min to
recover any accumulated strains. This cycle was repeated, with each subsequent stress being
twice as high as the former (e.g., =1 Pa, 2 Pa, 4 Pa, 8 Pa), up until a stress that finally
induced failure of the material (% strain > 2000%).

From these data, we generated plots of the viscosity as a function of the applied stress.
Using Newton’s law of viscosity, we calculated a strain rate (dy/dt = y) and subsequently the
apparent viscosity (n = o/y) as a function of stress (Eq. 1). The stress state that induced an
abrupt decline in viscosity (7 — 0 Pa s) was taken to indicate the fracture stress (og) of the
material. Reported values are composed of 4 — 5 replicates per gel formulation and averaged.

6=n‘7—>n=% Eq.1

2.9 PEGylation of Fluorescent Microspheres:

To serve as a simulated cargo encapsulated fluorescent 10-um diameter polystyrene latex
microspheres (Polysciences, 18142-2) in our HELP gels. To facilitate a monodisperse
mixture, the microspheres were PEGylated with 2,000 Da Poly(ethylene)glycol (PEG)
diamine molecules (Sigma, 753084). This protocol has been reported previously [41]. First,
the microsphere stock solution was vigorously vortexed for 60 seconds. After vortexing, 100
pL of stock suspension was transferred to a 1.5 mL tube, centrifuged, and pelleted. The
storage buffer was carefully decanted, and then the pelleted microspheres were resuspended
with 200 pL of 50 mM MES buffer, pH 6.0, and washed. Washing is repeated for a total

of three cycles, and the microspheres are finally re-suspended in 200 UL MES buffer. Next:
(1) 2 mM solution of bifunctional, amine-terminated PEG in 100 mM bicarbonate buffer,
(2) 200 mM EDC (Thermo, 22980) suspended in 50 mM MES buffer, and (3) 500 mM
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sulfo-NHS (Thermo, 24510) in 50 mM MES buffer were prepared. 2 pL NHS (final: 5
mM) and 2 uL EDC (final: 4 mM) were added sequentially and vortexed. The reaction
proceeded for 30 minutes at RT. After reacting, 200 L PEG-diamine (final: 50mM) was
added and mixed by vortexing before incubating for 30 at RT. The reaction was quenches
by the addition of 400 uL 200 mM glycine in PBS (final: 100 mM) and mixed by vortexing.
A final 30 minute RT incubation step was then conducted. The microsphere solution was
then centrifuged at 9,000 x g for 3 minutes and carefully decanted. Microspheres were
re-suspended in 800 uL ultra-pure DI water and mixe by gentle pipetting. This process

was repeated, each time lowering the suspension volume by 200 pL. After the 4™ wash
(re-suspending in 200 uL ultra-pure DI water), two additional washes were performed. The
microspheres were then centrifuged at 9,000 x g for 3 minutes, aspirated, and re-suspend in
ultra-pure DI water to a final concentration of 2% (w/v).

2.10 Surgical Procedure, Animal Post-Op Care, and Euthanasia:

This protocol was approved by the Stanford Administrative Panel on Laboratory Animal
Care. The National Institutes of Health (NIH) guidelines for the care and use of laboratory
animals were observed (NIH publication no. 85-23 Rev. 1985). All animals were purchased
from Charles River and caged in gender-matched pairs for the duration of this protocol.
Food and water were administered ad libitum, and their environment was temperature and
humidity controlled with a 12-hour on, 12-hour off light schedule. Animals were checked
every day over the course of the experiment for any signs of distress or injury to ensure a
safe environment. Animals that showed evidence of distress or injury were euthanized.

First, mixed-gender Sprague Dawley rats (10-week-old, n=38; 195" 199) were anesthetized
using 3% isoflurane mixed with 1% oxygen for 10 minutes and then intubated using a
silicone, 16-G catheter sheath (Santa Cruz Biotech, sc-360107). Rats were hooked up to a
mechanical respirator (Harvard Apparatus, 55-7040) with 1 — 2% isoflurane and 1% oxygen
to allow for mechanical ventilation (~2 — 3 mL push volume, 80 BPM). The chest was
cleared of all fur and a left thoracotomy was performed to expose the heart. Once the wall
of the left ventricle was identified, an injection of 50 uL of hydrogel was administered. All
injections were carried out by hand, and the needle tip was left inside the heart wall for
approximately ~10 seconds to minimize acute reflux. After stable cardiac rhythm had been
recovered, the chest cavity was closed with 4-0 absorbable sutures (Thermo, NC1656516)
and the negative pressure of the chest cavity was restored. The chest muscles and skin were
closed using 4-0 absorbable sutures. Following skin closure, rats received subcutaneous
injections of buprenorphine SR (1.5 mg kg™1), bupivacaine (0.25%), and carprofen (0.5 mg
mL™1). The isoflurane gas was then cut off and the animal was mechanically ventilated
with 1% oxygen until they woke. Animals were then placed into a warm recovery chamber
with circulating 1% oxygen for an additional 15 — 30 minutes and monitored for signs of
movement and recovery, after which the rat was returned to their housing which was warmed
with a heating pad. For 3 days post-surgery, rats received a daily injection of carprofen (0.5
mg mL™1) while under light passive inhalation anesthesia (1.5% isoflurane). If any animal
was found in catatonia, immobile/paralyzed, and/or lost more than 10% of its pre-operative
body weight, it was euthanized as per the Stanford Administrative Panel on Laboratory
Animal Care.
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Prior to euthanasia, rats underwent inhalation anesthesia using 3% isoflurane within a
knock-down chamber and were then transferred to a standard nose cone. The lateral tail
veins were visualized by placing the tails in a beaker of warm water to promote vasodilation.
Once the veins were adequately visualized, rats were euthanized via intravenous injection of
potassium chloride (90 mg mL™1) using a 26-G needle.

2.11 Heart Dissection and Fixation:

Following euthanasia, the chest was shaved of all fur and cleaned using 70% ethanol. The
skin, underlying muscle, and bones of the rib cage were removed, and the exposed heart

was excised using surgical scissors. The outside of the heart was washed with fresh, sterile,
1X PBS, and then manually perfused with gentle prodding. After perfusion, a 5-mm section
of the heart, roughly centered around the injection site, was removed using a pair of fresh
razor blades and a heart matrix sectioning tool (Zivic Instruments, HSRS001-1). The 5-mm
section of heart was immersed in 40 mL of ice-cold, freshly prepared 4% paraformaldehyde
and fixed for 72 hours at 4 °C. After fixation, the tissue section was transferred to fresh, 30%
sucrose in PBS for 72 hours.

2.12 Tissue Embedding, Gelatin-Coating Slides, and Tissue Sectioning:

All tissue sections were embedded in optimal cutting temperature (O.C.T.; Thermo, 23—
730-571) by snap freezing. A metal bowl was filled with 100% ethanol and rapidly cooled
by chilling with dry ice. Tissue sections were removed from 30% sucrose solution, gently
dried, and immersed in O.C.T. media in a disposable embedding mold (Fisher, 1380). Molds
were then carefully placed into chilled, 100% ethanol. Once the sample block was frozen
samples were then stored in a —80 °C freezer until sectioning (minimum of 24 hours)

All tissue samples presented herein were sectioned on a cryostat (Leica). Prior to sectioning,
tissue samples were transferred to —20 °C for 48 hours. Sections were then mounted on

a metal puck with excess O.C.T. and sectioned into 20-um thick slices. Because of the
relatively large volume of the injection site, tissue samples were collected at semi-regular
intervals with a target spacing of 120 um between cuts and a total of ~45 tissue sections
collected from each heart.

2.13 Tissue Imaging:

To ensure an approximately equal number of sections were imaged for microsphere and
hydrogel retention, 8 slides with 2 — 3 semi-regularly sectioned tissue slices were selected
from 15 total slides collected per animal. After warming slides to RT, they were then
incubated at 37 °C for 30 minutes and subsequently rinsed in tap water for 5 minutes.
ProLong Gold anti-fade media (Cell Signaling, 9071S) and a coverslip (Thermo, 3323) were
used for mounting and sealing. Slides were left to cure at RT in a shadow box for 72 hours.

Fluorescent imaging was performed on a Leica Thunder Inverted microscope. Images were
taken as tile scans that varied in physical dimensions based on the area of injectate, but

on average had dept physical height of ~60 pm (3.80-um step size). Tile-scans were

stitched together within the Leica software (LASX) and additionally clarified using the
Leica Thunder & Lightening computational clearing algorithm to remove background noise.
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All images are presented as max projections, compiled, and exported in ImageJ (ImageJ
opensource software) [42].

2.14 Microsphere Retention Quantification:

Quantification was carried out in three steps: (1) image analysis in Fiji (ImageJ opensource
software) [42] (2) post-processing data with an automated Python script and (3) final
tabulations in Excel (Windows). First, the microsphere channel was isolated. Using ImageJ
macro scripting all images to binary images and quantified for microsphere content using
a particle counter script in Fiji (ImageJ opensource software) [42,43]. To account for
microsphere clustering, we used a secondary Python script that divided the calculated area
(px?) of every particle in an image by the average cross-sectional area of a microsphere

(~ 71 px?). Based on these values, we were able to estimate the number of microspheres
that were undercounted in each image from clustering and then added these values to the
respective image count to obtain a more accurate estimate.

To tabulate the number of microspheres within the injection site, we summed two values
over the total number of images (A): (1) the total microsphere count from each individual
image (B)) and (2) an estimation of the microsphere count between two image slices (Bjy ;
Eq. 2). To estimate the number of microspheres between two sequential tissue slices, we
assumed that there was a linear transition in the microsphere count between them. By
recording the number of tissue slices () that were discarded between two adjacent sections
we estimated the number of microspheres in each slice and summed them (B;,). The general
form of this equation has been provided (Eg. 3).

N N-1
Beads = z B; + z By, j Eq.2
i=1 i=1

n
A 1
Bint,j= Y, [Bi+J(Bi+l_Bi)(m)]
i<

Bip, j = %(Bi +Biy1) Eq.3

2.15 Hematoxylin and Eosin Staining:

From each animal, a single representative slide with 2 — 3, 20-um, thick heart sections were
removed from —80 °C storage. The slide was warmed to RT, incubated at 37 °C for 30
minutes and subsequently rinsed in tap water for 5 minutes. After washing, all slides were
carried through the following general protocol. Hematoxylin stain for 3 minutes; rinse with
tap water for 1 minute; immerse in clarifying solution for 1 minute; rinse in 95% ethanol for
1 minute; stain with eosin for 30 seconds. Slides were then dehydrated through a step-down
process. Briefly, 95% ethanol for 1 minute; two successive washes with 100% ethanol for 1
minute each; 2 successive washes with Xylene for 2 minutes each. After dehydration, slides
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were left to dry then covered with mounting media and a coverslip. All slides were imaged
and digitized on an Aperio AT2 (Leica) slide scanner using a 50X air objective and stitched
together and viewed in Image Scope (Leica).

2.16 Data Analysis and Statistics:

All data are presented as mean + standard deviation (SD), with individual replicate values
indicated by a black circle (¢). Replicate count is either listed in the figure directly or in a
corresponding methods section. Statistical significance testing for all data was performed in
the GraphPad Prism 9 software package. The specific test for each data has been listed in
the corresponding figure cation. Presently we use a significance cutoff of a = 0.05and a
relevant post-hoc test. In all figures, significance cutoffs are defined as follows: * p < 0.05;
**p <0.01, *** p <0.001, **** p < 0.0001, or ns for not significant.

3. Results and Discussion.

3.1 HELP variant synthesis and mechanical characterization:

Our work was motivated by the clinical need for materials with mechanical properties that
both allow catheter injectability and significant retention within the contracting myocardium.
Due to their low viscosity, saline or medium are commonly used as a catheter-injectable
delivery systems, yet their ability to retain therapeutics within the myocardium is low
[44-49]. Previously, our two-component hyaluronan (HA) and elastin-like protein (ELP)
hydrogel (HELP) system was used to deliver cells and miRNA to the heart [50], yet no
quantitative measurements of retention were performed. This leaves it unclear as to which
material properties were most relevant for allowing injectability and affecting down-stream
retention. To address these questions, we synthesized a family of five HELP hydrogel
variants with distinct material properties to determine their effects on injectability.

Our HELP gel system is a dynamic covalently crosslinked (DCC) polymer network. Upon
mixing, the hydrazine-functionalized elastin-like protein (ELP) forms a DCC hydrazone
linkage with aldehyde-functionalized hyaluronan (HA). The recombinant ELP (full amino
acid sequence in Figure S1) was expressed in Escherichia coli, purified through temperature
cycling, and conjugated with hydrazine moieties [38] (12.28 hydrazine groups per ELP;
representative NMR in Figure S2). To modulate the final gel mechanics, we synthesized 5
distinct HA variants that would allow us to systematically study the effects of gel material
properties on injectability and down-stream retention.

We employed two HA modification schemes to add aldehyde moieties: 1) sodium periodate
oxidation and 2) bio-conjugation. Oxidizing HA with sodium periodate results in opening
of the HA carbon rings and formation of a di-aldehyde group at the oxidation site [51].

In addition, extensive oxidation leads to backbone cleavage and chain length shortening
[51,52]. Importantly, these changes are expected to vary with oxidation time. To provide

a range of HA properties we tested three oxidation times: 8, 16, and 24 hours yielding
HA8, HA16, and HA24, respectively. As an alternative to oxidation, we employed bio-
conjugation, which positions the aldehyde moieties as pendant side-groups and conserves
the structure of the HA rings. We made use of two commercially available small molecules
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to append either aldehyde (HA-A) or benzaldehyde (HA-B) side-groups, which are known
to have fast and slow exchange Kinetics, respectively [53]. Together, these 5 polymers were
expected to present a spectrum of material properties, allowing us to study the underlying
materials science design rules that improve hydrogel injectability and myocardial retention.
A schematic representation of these modification routes are summarized in Figure S3.

The degree of functionalization for our oxidized groups was quantified using a modified
TNBS assay [40]. Our results, interestingly, show a decrease in observed oxidation with
oxidation time, with measured oxidation levels of 29.2%, 14.1%, and 10.4% for HAS,
HA16, and HA24, respectively (Figure S4). To our knowledge this trend has not been
reported elsewhere. However, others have reported a diminishing return in terms of predicted
oxidation versus that observed, with higher molar ratios of periodate to HA yielding
progressively lower efficiencies of oxidation [54]. This plateauing effect as observed by
others may suggest a theoretical maximum degree of oxidation for a given molar ratio
(here we use 1:1 periodate:HA monomer), after which the number of available aldehydes
may begin to decline due to side reactions with hydroxides on unoxidized hydroxyl
residues forming HA rings [51]. We additionally quantified the degree of functionalization
of our bio-conjugated HA through NMR, and measured an approximate 12% degree of
modification (Figure S5). An important consideration is that oxidation results in formation
of two aldehyde groups, so the number of aldehyde groups available for crosslinking in
HA24 and HA16 is almost twice as high as our bio-conjugated groups, and HA8 has nearly
4 times more aldehydes, which is expected to impact the resulting stiffness.

The oxidation of HA is also known to significantly reduce the molecular weight [55],
compared to bio-conjugation which is not expected to alter the overall HA M,,. Using

gel permeation chromatography (GPC), we characterized the molecular weight of our
experimental HA groups as well as an array of commercially available, unmodified, HA
samples (Myy range of 20 kDa to 1.5 MDa) as controls (Figure S6A — C). Consistent with
the work of others, we found that the molecular weight of our oxidized variants significantly
decreased with oxidation time, with the initial Myy of 1.5 MDa dropping to an apparent M,
of 177 kDa, 80.1 kDa, and 56.8 kDa for HA8, HA16, and HA24, respectively. Interestingly,
the HA variants synthesized by bio-conjugation chemistry appeared to have an increase in
M, shifting from an initial Myy of 100 kDa to an apparent Myy, of 221 kDa and 141 kDa

for HA-A and HA-B, respectively. These observed molecular weights are somewhat larger
than the theoretically predicted Myy for a 12% HA modification reaction, which are 115 kDa
and 105 kDa for HA-A and HA-B when accounting for additional mass from side groups.
This discrepancy is likely due to the bulky and hydrophilic side-chains causing the HA
polymer chain to expand and produce an artificially high M,, in GPC, which is size-based.
We further confirmed this by using dynamic light scattering (DLS) wherein we measured the
hydrodynamic radius (Ry,) of our different groups (Figure S6D — F). Consistent with our My,
trends in GPC, unmodified, 100 kDa HA and 12% modified HA-Alkyne had a measured Ry,
of 10.56 nm and 10.95 nm, respectively, while HA-A and HA-B had Ry, of 14.48 nm and
11.51 nm, respectively. Collectively, these data suggest that there was a greater change in the
HA M,, following the addition of the final side groups, which in turn likely contributed to an
over-prediction of the observed M, by GPC.
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To probe how these different modification schemes influenced gel mechanics, we kept

the overall gel concentration the same: 2% (w/v) ELP and 1% (w/v) HA but varied the

HA type. Using oscillatory shear rheology, we found that all five formulations showed
evidence of gelation (storage modulus (G”) > loss modulus (G™)) in under 30 seconds
(Figure S7); Additionally, after 30 minutes of crosslinking at room temperature (RT), all
five gels had reached a stable plateau modulus suggesting complete gelation (Figure S6).
Following a final heating step to 37 °C we tabulated a maximum shear modulus (Figure
2A) and stress-relaxation rate (Figure 2B) from 3 — 5 independent replicates and found that
both properties can be significantly changed by altering the identity of the HA component.
Tabulated averages are presented in Figure 2C, and representative frequency sweeps (Figure
2D), and normalized stress-relaxation curves (Figure 2E) are provided for reference.

These data indicate that by changing the degree of modification, M,,, and crosslinking
kinetics of the HA component, we can significantly modulate the resulting shear modulus
between ~490 Pa and ~3200 Pa. For our oxidized HA variants, increased oxidation

time resulted in more compliant gels, which is attributed to 1) fewer available aldehyde
crosslinking sites (Figure S4) and 2) shorter HA M, (Figure S6). It is interesting to
compare the HA-A and HA24 formulations, which have similar shear moduli (~500 Pa).
The HA-A formulation has an aldehyde:hydrazine ratio ~1:2 and HA M,, of ~100 kDa.

In comparison, the HA24 formulation has an aldehyde:hydrazine ratio ~1:1 and HA My,

of ~40 kDa. Taken together, this suggests that despite the potential for more complete
crosslinking in HA24 due to the ideal stoichiometric ratio, the decreased M,, may lead to
defects in the network structure, such as looping of a single HA chain back to the same ELP
polymer, which decreases overall stiffness. Another interesting comparison is the HA-A and
HA-B formulations. Despite having similar stoichiometric ratios of crosslinking functional
groups, HA-A had a significantly lower shear modulus than HA-B. Consistent with reports
from others comparing aldehydes and benzaldehydes [53], HA-A had much faster reaction
kinetics than HA-B (gelation time < 30 sec for HA-A and 3 minutes for HA-B, Figure

S7). Thus, HA-B is likely to form a more homogenous network, which would lead to more
effective crosslinking and a stiffer gel.

Similar to matrix stiffness, we see that HA material properties significantly influence the
final gel stress-relaxation time, with tg 5 ranging between ~0.51 hr to ~13.6 hr. As excepted,
the biggest determining factor in stress-relaxation rate is bond kinetics, with the HA-B
formulation exhibiting the longest ty 5 owing to its relatively slow exchange kinetics. Within
the faster kinetics, aldehyde-bearing formulations (HA24, HA16, HA8, and HA-A) the
trend in observed stress-relaxation time is similar to matrix stiffness: HA24 and HA-A are
statistically similar, and HA16 and HA8 have progressively longer stress-relaxation times.

As a point of comparison, Matrigel, a common injectable hydrogel, has a measured shear
stiffness that is an order of magnitude lower than our softest HELP gel variant; ~39

Pa). Similarly, when using the same testing protocol to characterize stress-relaxation we
found that it was much faster having a tg 5 (at 10% strain) of ~67 (Figure S8). It is
commonly hypothesized that hydrogels with more robust (i.e., stiffer) mechanical properties
may increase retention due to its ability to resist mechanical expulsion from the beating
myocardium. Similarly, the rate of erosion of hydrogels using reversible linkages (such
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as those in HELP gels) have been linked to stress-relaxation in the literature [56], with
faster exchange kinetics leading to a more rapid erosion which may have implications for
long-term retention. Taken together, injectable gels that have both a higher stiffness and
slower stress-relaxation may be able to increase both acute and long-term retention. As
highlighted here, both of these properties are subject to significant changes based on the
modification scheme which further shows the importance in a meticulous understanding
of structure-processing relations in altering the final hydrogel mechanics to maximize
retention.

3.2 Qualitative evaluation of in vitro injectability:

Following mechanical characterization, we further screened our HELP gel variants for ease
of injectability. DCC polymer networks based on hydrazone linkages have been shown

by our group to be shear thinning and injectable [35]. However, ‘ease’ of injectability is
nebulous. To better rate the qualitative injectability of our materials, we identified three
criteria vital to facilitating repeatable injections (Figure 3A). First, (1) we assessed which
gels were injectable through a 30-G needle following complete crosslinking (30 minutes).
While many injectable gel formulations are designed to crosslink 7n situ, this often results
in a narrow time window within which the gel can be injected. If injection is carried out
prior to gelation, the material can flow away from the target injection site or be ejected out
of the contracting myocardium. In contrast, if the surgeon injects too late or too slowly, then
premature crosslinking can result in a clogged needle and failed delivery. Designing a gel
that can be injected post-crosslinking overcomes these limitations. (2) Of those formulations
that are injectable post-gelation, we assessed which gel formulations could be injected with
only one hand by an experienced surgeon. (3) Finally, as a third criterion, we characterized
of the gels that could be injected, which of them had evidence of a ‘burst” injection. While
excessive force can be used to pass a material through a needle deeming it “injectable’,
materials that require a higher amount of force may inadvertently cause trauma to the local
tissue environment due to the ejection pressure.

As an additional consideration, it is known that our unmodified ELP undergo a lower critical
solution temperature (LCST) phase transition into protein-rich and protein-lean regions at
approximately ~32 °C — 33 °C [57]. This temperature shift, theoretically, could impact the
relative ease of injectability depending on the temperature at which injections are performed.
From a translational perspective, most injections are expected to occur at room temperature
making it a potentially more relevant injection condition to test. However, to give better
context to our injection testing in light of the mechanics measured previously we opted to
measure the LCST of our ELP pre- and post-modification as the LCST range is related to
the overall hydrophobicity of the protein which is modified by functionalization. Our optical
density measurements indicate that following functionalization, the LCST of ELP increased
to approximately 38 °C - 39 °C (Figure S9A), suggesting that thermal aggregation would

be expected to minimally impact the final mechanical property of our hydrogels. We further
verified this by comparing the shear moduli pre- and post-thermal incubation at 37 °C
(Figure S9B). Taken together, we posit that the mechanical properties measured previously
(at 37 °C) are expected to be similar to those injected presently at room temperature.
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To mimic the protocol for preclinical injection studies, 50 uL of HELP gel at a final
concentration of 2% (w/v) ELP and 1% (w/v) HA was made for each HA-variant and
injections were repeated in triplicate (Figure S10, Figure 3B, 3C). From our test groups, we
found that only two of our five HA-variants, HA24 and HA16, met all three criteria. The
HA-8 and HA-A variants could be injected post-crosslinking, but required the surgeon to
use both hands to apply an adequate amount of force. In our experience, stabilization of the
injecting hand is required to limit tissue damage and ensure smooth injection, and so gels
that require the use of both hands pose increased risk to the animal and a higher degree

of variability. We additionally found that both HA8 and HA-A had evidence of a ‘burst’
injection where all (HA8) or a large fraction (HA-A) of the material appeared to shoot out of
the needle during. Further, we found that HA-B could not be injected.

Based on the encouraging results of our injectability study with a 30-G needle we aimed
to validate clinical feasibility using a catheter delivery system. As a proof-of-concept
demonstration, we injected 700 pL of HA16 through a 150-cm medical catheter (Figure
S11). While a greater amount of hand force was needed to move the material through the
entire length of the catheter compared to the shorter, 30-G needles, the gel was smoothly
ejected with a steady flow from the tip of the catheter (/.e., no “burst” injection). This
suggested that HELP gels could potentially be implanted via intravenous delivery which is
vital to side-stepping the need for thoracic-level surgeries for implantation.

3.3 Quantitative assessment of gel failure stress and yield stress:

Following our in vitro injectability study, we sought to characterize which mechanical
properties of our five hydrogel systems best served as a “predictor’ for injectability. Based
on our initial mechanical characterization, there did not appear to be a direct relationship
between either the initial matrix stiffness nor the stress-relaxation time (as indicated by tg 5)
(Figure 2C,E) and ease of injection. HA-A, for example, was both ‘softer’ (more compliant)
and had a shorter stress-relaxation time than HA16, but was markedly harder to inject
through a 30-G needle. Given that the injection occurs post complete cross-linking, and

on a time scale that is much faster than the stress-relaxation time of our hydrogels, we
hypothesized that injectability is not tied to the reversibility of the hydrazone linkages and
thus may be plastically deforming the hydrogel through a mix of bond and chain breaking,
as has been suggested previously [55,58,59].

To test this hypothesis, we ran a two-part recovery experiment looking at mechanics
immediately following injection of HA24 and HA16 using a low stain (1%) time sweep, and
then assessed hydrogel bulk mechanics using a high strain (10%) frequency sweep following
24 hours of recovery. Our measurements show that post-injection the gels rapidly begin

to self-heal after injection, as evidenced by G’ > G”(Figure S12A, B). After 24 hours of
incubation post-injection, both gels reached an approximate plateau shear modulus of ~300
Pa. Notably, this plateau shear modulus is lower than the pre-injection plateau modulus;
~450 Pa and ~730 Pa for HA24 and HA16, respectively (Figure S7), suggesting that full
network recovery is not achieved. Consistent with these data, our post-recovery high strain
test (10%) shows that both HA16 and HA24 cannot sustain high strain deformation and
enter the sol phase (G” > G’, Figure S13A, B, respectively) under this condition.
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Taken together these data support the conclusion that injection of HELP gels plastically
deform the network leading to a state of flow, potentially breaking the into discrete gel
“blobs” that flow with “plug-flow” fluid dynamics [60]. Following ejection, the observed
recovery in bulk gel mechanics is potentially facilitated through hydrazone bond formation
due to dense microgel packing (sometimes termed a “granular hydrogel” [61,62]). Other
dynamic hydrogels, including those formed through peptide and protein self-assembly
mechanisms, have been reported to have similar flow mechanisms [55,58,59].

To probe this theory of gel failure stress being tied to injectability, we ran a series of
successive creep tests at progressively higher stress (o) states and measured the responsive
strain () of our hydrogels (representative tests reproduced in Figure S14) to investigate for
yielding behavior, which would suggest the onset of plastic deformation. From these data,
we calculated a strain rate (dy/dt = y) for each stress state, and by applying Newton’s law of
viscosity (Eg. 1), we determined the apparent viscosity (7). Given that the apparent viscosity
is linear within the elastic regime (y = o/y), we aimed to estimate the apparent yield stress
(oy) and fracture stress (o) by monitoring for deviation from linearity in 7. In the present
work, we define n oy, as the stress-step that induces a permanent deformation (% » >> 0 after
the relaxation period) and o£as the stress-step that induces failure of the gel (—0).

For all five HELP gels, prior to yielding, the apparent viscosity calculated across successive
stress steps was linear (Figure 4A), suggesting that our testing parameters were appropriate.
For HELP gels produced through oxidation chemistry (HA24, HA16, HA8), we did

not observe evidence of yielding behavior across this range of applied stresses whereas
HELP gels produced through bio-conjugation reactions (HA-A and HA-B) showed signs

of yielding as evidenced by an irrecoverable strain above a certain applied load (Figure
S14). Multiple, independent replicates (n = 4 — 5) of each HELP gel variant were tested

to characterize the average fractures stress (Figure 4B), which was tabulated for all gels
(Figure 4C). The observed fracture stress ranged from approximately ~170 Pa to ~12,000 Pa,
following HA24 < HA16 < HA8 < HA-A < HA-B. Importantly, we point out that these data
parallel our qualitative /n7 vitro screening of injectability (Figure 3). Taken together, our data
suggest that o-may be a critical indictor of HELP gel injectability, which is consistent with
similar findings in the literature [55].

It is interesting to consider, how the different HA polymeric properties (Figures S4, S5, and
S6) may be influencing injectability. First, there does not appear to be a direct relationship
between the observed stress-relaxation time and injectability, as both our fastest (HA-A)
and slowest (HA-B) stress-relaxing gels had the two highest reported o values and were
not injectable with only one hand. Within our oxidized gels (HA8, HA16, and HA24), we
observe that gels using HA with longer oxidation times have lower fracture stress and easier
injectability (Figures S14, Figures 3, 4). This is likely due to a combination of both (1)

a reduction in chain entanglements due to lower M, and (2) fewer aldehyde functional
groups available for crosslinking. An additional interesting observation is the difference in
mechanism of failure: our oxidized systems (HA8, HA16, and HA8) appear brittle with a
lower failure stress, while our bio-conjugated formulations (HA-A and HA-B) display some
yielding behavior before failure and a higher failure stress. One possible explanation for this
is the difference in the HA backbone structure; the oxidized chains likely have greater chain
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flexibility and a higher propensity for cleavage due to the opening of their HA carbon ring
structure during oxidation.

In vivo preclinical retention study

To test the /n vivo efficacy of our injectable HELP variants (HA24 and HA16), we
quantified the relative retention of 10-um fluorescent microspheres injected directly into
healthy, beating rat myocardium both 1 day and 7 days post-injection. As a control we have
also chosen to include Matrigel which is a frequently used delivery vehicle [30,63,64]. The
choice of using a healthy, rather than a diseased or injured, murine model was made (1) to
increase reproducibility (injury models like typically result in a range of infarct lesion sizes
[65]), and (2) to test injection and retention of cargo in the most challenging /in vivo system,
the strongly contractile healthy myocardium [26,27], allowing us to expose our materials to
a reproducible, challenging mechanical environment.

For cargo quantification, all gel samples (HA16, HA24, and Matrigel) were loaded with
the same concentration of fluorescent beads, 1.25 mg mL™1, to allow cross-comparisons.
Additionally, for HELP gels (HA16 and HA24), 20% (v/v) of the ELP peptides were
labeled with a fluorescent cyanine-5 group to allow for easier visualization of the gel.
These concentrations and degree of labeling were determined through ex vivo screening

to identify values that would enable automated image quantification (Figure S15). For

our animal groups, 10-week-old Sprague Dawley rats were randomly divided into three,
sex-matched tests groups: 1) HA16, 2) HA24, and 3) Matrigel, each with two cohorts for
eventual end-point evaluation on either 1 day (Cohort 1) or 7 days (Cohort 2) post-injection
(Table 1). A summary of mechanical properties (shear modulus and stress-relaxation) for our
three test groups pre-injection have been reproduced for reference in Figure S16 for ease of
comparison.”

Following a left thoracotomy, 50 pL of hydrogel with 1.25 mg mL~1 microspheres were
injected by hand into the wall of the beating myocardium through a 30-G, manually hooked,
needle (Figure S17). As a first point of measurement, we devised a four-part scoring system
to rate the quality of our injections. The four criteria were: 1) degree of material ‘reflux’

out of the heart at the time of injection, 2) perceived ease of hand-injection into the heart

by the surgeon, 3) degree of bleeding immediately following injection, and 4) accuracy of
injection location within the wall of the left ventricle as determined by relative position

to the left descending coronary artery. Across all three hydrogels, we did not observe a
significant difference in the quality of injection for either cohort 1 or 2 (Figure S18). We
observed similar degrees of bleeding post-injection across all three systems, suggesting that
the observable trauma to local tissue may be invariant to the identity of the gel and that
variability in bleeding is likely more closely tied to inherent variation in the local vasculature
of the animals themselves. This further emphasizes the need for gels which can hold cargo
at the injection site, as it has been proposed that one of the primary modes of cargo loss
may come from rupturing the local heart vasculature and which results in injectate being
evacuated from the injection site out of ruptured vessels [30,66,67]

Post euthanasia, hearts were excised, sectioned, and prepared (Figure S19). Microspheres
were tabulated using a particle counter script in Fiji [42,43] (Figure S20), and quality
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checked using a secondary Python script to account for microsphere clustering (Figure S21).
Following image quantification, the approximate bead count was determined using Eq. 2 -
3 by summing the beads measured in each tissue section and interpolating the bead count
between them (Figure 5A — F).

Qualitatively, we observed that HA16 and HA24 had a greater degree of spreading than
Matrigel at both 1-day and 7-days post-injection. This was evidenced by (1) the relatively
higher density of beads in Matrigel as compared to HA16 and HA24 as well as (2) the
relative size of the injection cross section.

Based on our quantification, HA16 significantly improved the retention of fluorescent
microspheres both 1- and 7-days post injection compared to Matrigel (Figure 6A). Based
on our microparticle concentration, our intended cargo dosage is approximately ~70,110
microspheres per injection (Figure S15B). One-day post-injection, Matrigel retained
approximately 16.9% + 12.6% of the delivered microspheres compared to 53.6% +
24.6% and 43.1% + 30.3% retention for HA16 and HA24, respectively (Figure 6B, C).
Interestingly, though non-intuitively, the target bead count increased at our 7-day time
point for all three hydrogels; however, these differences were not found to be statistically
significant (two-way ANOVA, post-hoc Tukey test) and are likely due to experimental error.
We additionally note that when subdividing the animal cohorts by sex, we observed no
differences in cargo retention (Figure S22).

As a final qualitative characterization, we stained representative sections with Hematoxylin
and Eosin (H&E) (Figure 7). For all three hydrogels, we observed a clear increase in cell
infiltration between 1- and 7-days post-injection, indicated by the increased number of
nuclei (purple) within the bulk of the hydrogel. This cell infiltration may be assisted by

the presence of the RGD cell-adhesive ligand present in the bio-active domain of the ELP.
Future studies may explore using a previously reported, non-cell adhesive ELP variant, that
includes a scrambled, RDG-sequence [38], to evaluate potential impacts on cell infiltration.
We did not observe evidence of any uniform, fibrotic region surrounding the injected gels.
These data encourage future detailed studies of gel biodegradation and the local immune
response over time.

4. Conclusion

The hyaluronan and elastin-like protein (HELP) gel system presented here has several
benefits compared to other currently available, injectable hydrogel systems. These include:
(1) independent tuning of biochemical and biomechanical cues [36], (2) high degree

of cell-compatibility [35-37], and (3) cell membrane protection during injection [35].
Additionally, hyaluronan (HA) has been shown to promote angiogenesis, suppress fibrous
tissue formation, and natively bind water to the heart muscle, which improves mechanical
and electrophysiological properties of the heart muscle [68—70]. While this injectable system
has been shown to facilitate injection of cells and mRNA into the contracting myocardium
[50], no quantification of retention was conducted, nor has there been any study of how
processing affects injectability and retention leaving pathways for optimization unclear.
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In the present manuscript, we screened a series of formulations of our two-component
HELP hydrogel system for their mechanical properties (e.g., stress relaxation and matrix
stiffness), /n vitro injectability (qualitative injectability and failure stress), and finally the

in vivo retention of microspheres following injection into the rat myocardium. Specifically,
we modulated hydrogel mechanics by altering the HA modification scheme using both 1)
sodium periodate oxidation and 2) bio-conjugation methods. Within our oxidized group,

we generated three HAs by oxidizing HA for 8 ours (HA8), 16 hours (HA16), and 24

hours (HA24). Within our bio-conjugation group, we used a two-part chemical modification
scheme where we ultimately attached fast (aldehyde; HA-A) or slow (benzaldehyde; HA-B)
exchange rate groups to HA. Our mechanical testing indicated that both the shear modulus
and stress-relaxation could be significantly altered by the modification scheme. Importantly,
we show that the final structure of the HA following modification is critical in altering
either of these properties Through a series of test-injections, we found that two formulations
(HA16 and HA24) could be injected easily by hand through a 30-G needle, whereas the
other systems either required excessive force resulting in a ‘burst’ injection (HA8, HA-A)
or could not be injected at all (HA-B). Thus, lower polymer molecular weight and greater
breakdown of the HA carbon ring structure are implicated in altering the ease of injection.
In further probing the mechanics of injection, we found that injectability of our hydrogels
correlated with failure stress (of) as determined by shear rheology, suggesting that injection
necessarily results in plastic deformation of our HELP gels. Finally, we conducted an /n
vivo retention study where we looked at the retention of 10-pum microspheres when delivered
with (1) HA16, (2) HA24, or (3) commercial Matrigel directly into the healthy, contracting
rat myocardium. Our results show that HA16 significantly improved cargo retention over
Matrigel at both 1- and 7-days post injection, suggesting that HELP gels both inhibit acute
reflux from the myocardium and may assist in long-term retention.

Looking ahead at translation of these gels to a preclinical injury model, some practical
considerations may present limitations. First, the rate of gelation of our HELP gels is rapid
(< 30 s), which makes homogenous mixing a challenge, especially for larger gel volumes,
which would be required for any clinical-scale trials. A potential strategy to overcome this
limitation could include use of static mixers to permit rapid, homogenous mixing. Another
point of consideration is that when working with DCC networks, the stress-relaxation effect
can be used to modulate cellular response, but it could also significantly influence the
stability of the gels /n vivo. On one hand, stress-relaxation has been shown to significantly
influence cell-behavior and is a valuable control point when trying to modulate cell behavior
for a given application [71]. However, from the standpoint of retention post-injection, DCC
polymer networks, as with all dynamic networks, are susceptible to erosion and potentially
more rapid biodegradation. Thus, future translation of DCC-based networks will need to
carefully evaluate the /in vivo erosion and biodegradation rate for optimization with the
intended timeline of the therapy.

In summary, the HELP gel system was found to be easily hand-injectable through both
syringe needles and catheters and to significantly improve the acute retention of cargo
in the contractile myocardium. These data strongly support the future investigation of
these materials for delivery of therapeutic agents to challenging environments such as
mechanically active tissues.
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Therapeutic Agents in Saline have Low Retention Payload in Saline
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Figure 1. Injectable hydrogel strategy to improve myocardium retention:
(A) Schematic of acute reflux following injection of therapeutic agents (cells (blue) and/or

drug-loaded particles (red)) suspended in saline. (B) A two-part hydrogel (termed HELP,
hyaluronan and elastin-like protein) is designed to improve the retention of therapeutic
agents injected into the myocardium. Hyaluronan (also called hyaluronic acid; HA)

is modified via oxidation or bio-conjugation reaction to display aldehydes, while the
recombinant elastin-like protein (ELP) presents hydrazine moieties allowing formation of
hydrazone bonds upon mixing.
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Figure 2. Hyaluronic acid and Elastin-Like Protein (HELP) Hydrogel Mechanics:
(A) Summary frequency sweep and (B) stress relaxation data. (C) Average values of

maximum storage moduli and stress relaxation time (tg 5) for each gel variant are
summarized. Representative (D) frequency sweep and | normalized stress-relaxation curves
are additionally presented for reference. The HELP systems presented here form robust gels
with a shear modulus range from ~490 Pa to ~3200 Pa and stress relaxation (ty 5) times from
~0.51 hr. to 13.6 hr. One-way ANOVA, a = 0.05, post-hoc Tukey test, ** p < 0.01, *** p <
0.001, **** p < 0.0001.
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Injection Criterion

1. Injectable after complete gelation.

2. Injectable with one hand through a 30-G needle.
3. Must have no “burst” injection.

B ,ti E
HA24 HA16 HA8
*
| .
HA-A ' HA-B
C
Injection Scording
HA-Variant 1 2 3
HA24 s v v
HA16 v v v
HA8 v x x
HA-A v x x
HA-B x - -

Figure 3. Hydrogel Injectability Screening and Qualitative Assessment:
The qualitative injectability of HELP gels were tested by injecting each formulation

following complete crosslinking (30 min) through a hooked, 30-G insulin needle. (A)
Injectability criteria included: (1) ability to be injectable after complete gelation, with one
or two hands, (2) injectable with one hand, and (3) no evidence of a sudden burst injection.
(B) Qualitative stills taken from recordings of each injection. Note: brightness has been
artificially increased for ease of viewing. Additionally, each gel has been dyed with food
coloring to match their prescribed color scheme as presented in this manuscript. (C) Table
summarizing the qualitative assessment, where a check mark (v) and a cross (x) signify
satisfying or failing a criterion, respectively.
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Figure 4. Hydrogel Fracture Stress:
To quantify fracture stress (oF) we measured the gel apparent viscosity (n=o /v ) asa

function of stress, with increasing stress intervals. The gel fracture stress (o™) was defined as
the stress step that led to an abrupt decrease in viscosity. (A) Representative measurements
of apparent viscosity at increasing stress step intervals. or denotes failure stress; oy, denotes
yield stress. (B) Average fracture stress for each HELP gel formulation (n = 4 - 5). (C)
Tabulated fracture stress values demonstrate that the two injectable formulations identified
previously (HA24 and HA16, designated with a dotted outline) have the lowest fracture
stress. Kruskal-Wallis test a = 0.05, with post-hoc Dunn’s test, ** p < 0.01, *** p < 0.001.
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Figure 5. Gel-mediated cargo retention in myocardium:
Representative fluorescence images (elastin-like protein (ELP), cyan; microspheres, yellow),

of tissue sections collected from hearts at 1 day and 7 days post-injection with HA16 (A,
B), HA24 (C, D) and Matrigel (E, F). For ease of viewing, a single low-magnification and
four high-magnification (indicated by a white outline and corresponding number) fields of
view are shown. Scale bar on low and high magnification images are 1-mm and 100-um,
respectively.
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Matrigel 16.9% + 12.6% 6 35.2%-23.7% 6

Figure 6. Quantified microsphere and hydrogel retention:
(A) HAL16 significantly increased cargo retention over Matrigel at both time points.

Summary of the approximate bead count and percent retention have been provided for
reference in (B) and (C), respectively. One-way ANOVA, a = 0.05, post-hoc Tukey test, * p
< 0.05, ns = not significant.
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Matrigel - 1 Day ’ ' Matrigel - 7 Day

Figure 7. Hematoxylin and Eosin Staining of Representative Tissue Sections:
Representative Hematoxylin & Eosin (H&E) stains of tissue sections from hearts 1-day (left)

and 7 days (right) after injection with HA16 (A, B), HA24 (C, D) and Matrigel (E, F).

For ease of viewing, a single low-magnification and four high-magnification (indicated by a
black outline and corresponding numbers) have been generated. Of note, in all cases, there is
an increase in cell-infiltration between Day 1 (A, C, E) and Day 7 (B, D, F) post-injection,
indicated by the increase of cell nuclei (purple) in and around the implanted hydrogels.

In addition, while there does not appear to be a qualitative difference in gel area between
HA16 and HA24 both appear to have a greater gel cross-section than Matrigel. Note: scale
bar on low magnification images represents 2-mm, scale bar on high-magnification images
represents 200-pm.
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Table 1.

In vivo Test Groups: Following our injection study, both the HA16 and HA24 were selected for in vivo
testing along with Matrigel as a control. For testing, 38, 10-week-old, Sprague Dawley rats were divided into
sex-matched cohorts: 1 and 2, which were allocated to endpoint analyses at day 1 and day 7 post-injection,
respectively.

Test Groups

Cohort 1 Cohort 2

Hydrogel n Endpoint n Endpoint
HA16 R3 1Dy R3I  7Day
HA24 R 45 1 Day R 3 7 Day

Matrigel R 3 1 Day R 7 Day
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