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ABSTRACT: Injectable hydrogels have gained popularity as a
vehicle for the delivery of cells, growth factors, and other
molecules to localize and improve their retention at the injection
site, as well as for the mechanical bulking of tissues. However,
there are many factors, such as viscosity, storage and loss moduli,
and injection force, to consider when evaluating hydrogels
for such applications. There are now numerous tools that can be
used to quantitatively assess these factors, including for shear-
thinning hydrogels because their properties change under
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mechanical load. Here, we describe relevant rheological tests and ways to measure injection force using a force sensor or a
mechanical testing machine toward the evaluation of injectable hydrogels. Injectable, shear-thinning hydrogels can be used in a
variety of clinical applications, and as an example we focus on methods for injection into the heart, where an understanding of
injection properties and mechanical forces is imperative for consistent hydrogel delivery and retention. We discuss methods for
delivery of hydrogels to mouse, rat, and pig hearts in models of myocardial infarction, and compare methods of tissue
postprocessing for hydrogel preservation. Our intent is that the methods described herein can be helpful in the design and
assessment of shear-thinning hydrogels for widespread biomedical applications.
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B INTRODUCTION

Hydrogels are water-swollen polymer networks with wide-
spread applications in the biomedical sciences, including drug
delivery and tissue regeneration."”” Their high water content
and mechanical properties make hydrogels natural mimetics of
extracellular matrices. Acellular hydrogels can be delivered for
tissue bulking or as artificial tissue mimetics.”* Hydrogels can
also be loaded with cells for therapeutic effect, and may
promote additional infiltration of cells upon implantation.>®
Therapeutic molecules can also be encapsulated within hydro-
gels and released with highly tunable, controlled profiles
in response to erosion, swelling, or external stimuli such as
enzymes or light.” "

Over the past few decades, injectable hydrogels have become
increasingly popular for their ability to be delivered via
minimally invasive approaches.1 In this context, two major
routes for injection have been explored. The first approach is
the engineering of hydrogels that gel in situ after injection,
through chemical or physical cross-linking mechanisms that
occur either during or after injection of the hydrogel pre-
cursors.' Although many hydrogels can be delivered in this
fashion, they often require the use of multibarrel syringes for
mixing during injection or an external trigger to induce gelation.
Gelation is also time sensitive, as cross-linking that occurs too
slowly can lead to rapid material dispersion upon injection
and prior to gelation, leading to cargo loss.'> Alternatively,
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cross-linking that occurs too quickly can clog the needle or
syringe before hydrogel deposition."”

To overcome limitations of in situ cross-linking systems,
hydrogels have also been engineered to be shear-thinning,
which is defined as the ability of a material to decrease
in viscosity with increasing shear. Such hydrogels can be
preformed into syringes, extruded upon application of shear,
and rapidly reform upon cessation of mechanical load, a process
known as self-healing. The self-healing nature of these hydro-
gels allows for improved material retention upon injection
and offers advantages to in situ gelation systems, including
minimization of potential embolization into the systemic
circulation. However, these self-healing systems are often
mediated by physical cross-links and may not confer the
mechanical stability of in situ cross-linking covalent systems.
To overcome this, researchers have explored secondary cross-
linking techniques toward stabilizing physically assembled
hydrogels after injection.”"*

Shear-thinning and self-healing hydrogels have been investi-
gated in various biomedical applications includin% drug delivery,”'
tissue regeneration,”'® mechanical bulking,”*'” and extru-
sion-based bioprinting.'®'? These systems include hydrogels
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cross-linked throu§h peptide assembly,””*" recombinant

protein assembly,zz’ * jonic interactions,”* thermal assembly,25
electrostatic interactions between colloidal systems,”® and
supramolecular chemistry.”’ ' Dynamic covalent cross-links
have also been explored for injection, where their dynamic
nature confers shear-thinning during injection and then slow
self-healing after injection.”””

For translation, the injectability of shear-thinning hydrogels
plays a major role in enabling minimally invasive delivery
(ie,, through percutaneous catheters or via minimally invasive
or robotic surgical techniques).>*** For tissue regeneration, the
encapsulation of cells within hydrogels also requires specific
injection parameters that can influence viability.”* For bio-
printing applications, injection parameters are also important
in modulating both the resolution and stability of printed
structures, as well as cellular viability.””** For these reasons, it is
important to engineer and tune hydrogels for injection and to
understand how various design parameters influence these
outcomes, using both quantitative and qualitative techniques.
In this methods paper, we detail techniques useful for explor-
ing the mechanical properties that enable shear-thinning and
self-healing and demonstrate protocols that can be employed to
ensure consistent hydrogel injection and retention.

As a model system, we investigated these properties for
hydrogels assembled through guest—host chemistry, which we
have previously described, including in a detailed protocols
paper on the synthesis of these hydrogel components.'”*"*’
Specifically, hyaluronic acid (HA) was modified with either
B-cyclodextrin (CD, host, 28% of disaccharide repeats) or
adamantane (Ad, guest, 22% of disaccharide repeats) to form
CD-HA and Ad-HA, respectively, and assembled through
supramolecular hydrophobic interactions to form hydrogels
that are shear-thinning and self-healing (Figure S1). These
materials are only a representative example of the many types of
shear-thinning and injectable hydrogels that are available, and
the techniques used for their characterization can be applied to
other injectable hydrogels. We organize this work into three
main methods, including (i) rheological characterization of
hydrogels, (ii) measurement of hydrogel injection forces, and
(iii) injection of hydrogels into cardiac tissue.

B METHOD 1: RHEOLOGICAL CHARACTERIZATION
OF HYDROGELS

Rheology is a tool that can be used to quantitatively measure
parameters of hydrogels such as viscosity and storage and loss
moduli, which are important determinants of hydrogel
injectability. Viscosity is a direct measurement of the ability
of a material to resist deformation in response to stress, and is a
direct measurement of the relative ability of hydrogel formu-
lations to respond to changes in shear stress during injection.
Storage and loss moduli provide information about the elastic
and viscous response behaviors of a hydrogel, respectively, in
response to oscillatory shear. In particular, they measure the
extent to which a hydrogel is able to respond to stress and
either absorb energy (storage modulus) or undergo stress
relaxation to dissipate energy (loss modulus). This information
is relevant to better understand the behavior of hydrogels
during the injection process.

There are certain steps that must be taken in hydrogel
sample preparation, hydrogel loading onto the rheometer, and
rheometer data acquisition that are crucial to precise data
collection and analysis. In this section, we describe a method
for rheological analysis of injectable hydrogels that can be used
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to determine compatibility of hydrogels for future injection,
including in vivo delivery.

Materials. Reagents.

e Adamantane-modified HA (Ad-HA), ~ 22% of repeat
units modified, synthesis described elsewhere with
reagents available from Sigma (St. Louis, MO)™
Cyclodextrin-modified HA (CD-HA), ~ 28% of repeat
units modified, synthesis described elsewhere with
reagents available from Sigma (St. Louis, MO)*
Phosphate buffered saline (PBS) (Thermo Fisher
Scientific, Waltham, MA, cat no: 14190—136)

e Deionized water

Equipment.

e Forceps (e.g., Fine Science Tools, Foster City, CA, cat
no: 11008—15)

1.5 mL microcentrifuge tubes (e.g, Thermo Fisher
Scientific, Waltham, MA, cat no: 05—408—129)

Vortex (e.g,, Thermo Fisher Scientific, Waltham, MA, cat
no: 02—215—414) with microcentrifuge tube holder
(e.g, Thermo Fisher Scientific, Waltham, MA, cat no:
11-676—363)

Sonicator (e.g, Branson Ultrasonics, Danbury, CT,
model no: CPXS800H)

Microcentrifuge (e.g, Eppendorf Refrigerated Micro-
centrifuge 5417R, Eppendorf, Hamburg, Germany)

e Scoopula (made from a cut 1 mL pipet tip)*”
Rheometer (AR 2000 EX, TA Instruments, New Castle,
DE)

Procedure. Overview.

Step 1:
Step 2:
Step 3:
Step 4:
Step S:
Step 6:

Step 1: Hydrogel Preparation (2 h). Thaw materials
(ie, Ad-HA, CD-HA) from storage as a dry powder at —20 °C
until they reach room temperature. For guest—host hydrogels,
the mixing of Ad-HA with CD-HA in aqueous solution forms
an injectable hydrogel. Weigh materials separately into two
microcentrifuge tubes and dissolve them in PBS at the desired
concentration on a vortex for at least 30 min or until dissolved.
Transfer the Ad-HA solution into the CD-HA solution and mix
the components with a pipet until the hydrogel is formed.
Vortex the hydrogel for 30 min. Then, sonicate the hydrogel for
at least 10 min at 50 °C to completely dissolve the hydrogel
components. Mix the hydrogel again with a pipet, and then
centrifuge for 2 min at 25000 RCF to remove any bubbles.
The components and concentrations can be varied depending
on the shear-thinning hydrogel that is being investigated.

Critical step: For reproducibility between samples, it is
important that the hydrogel components are weighed accu-
rately. It is recommended to prepare solutions of Ad-HA and
CD-HA and aliquot these solutions into microcentrifuge tubes
so that each tube contains the desired polymer mass. Tubes can
then be frozen, lyophilized, and stored under nitrogen until
needed. Each aliquot serves as an independent preparation of
the hydrogel, and a minimum of three preparations should
be tested to investigate the variability in material properties.
Additional preparations or technical replicates should be used if
large variability is observed between formulations. In addition,

Hydrogel preparation

Rheometer setup and calibration
Hydrogel loading onto rheometer
Rheometer data acquisition

Clean-up and next sample preparation
Rheometer data analysis
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both components of the hydrogel must be thoroughly dissolved
and mixed together, without air bubbles. Any inconsistencies
in hydrogel preparation will result in poor reproducibility in
subsequent experiments.

Step 2: Rheometer Setup and Calibration (15—30 min).
2-1. Rheometer Setup. The following steps are specific to the
AR 2000 EX rheometer. These directions are to be taken in
addition to steps provided by the manufacturer for rheo-
meter setup and calibration. Close vent and turn on com-
pressor. The pressure should reach 30 PSI for rheometer
operation. Connect the geometry and the Peltier plate stage
to the rheometer. Depending on the application, the Peltier
plate temperature should be set to 25 or 37 °C. For our experi-
ments, the temperature was set to 25 °C, as this is the ambient
temperature in which an injection would be performed.

Critical step: Rheometer geometry is important and is
determined by sample viscosity, shear rates, and shear stresses
desired, as well as sample volumes. For these studies, a cone
and plate geometry was chosen because this geometry nor-
malizes shear rates across the entire sample, allowing for an
accurate determination of true sample viscosity (as opposed to
parallel plate geometries, where shear rates vary across the
sample). Cone angle (0° S9' 42”) and diameter (20 mm) were
chosen based on shear rates and shear stresses desired and to
minimize sample volumes needed. The truncation height or gap
for this geometry is 27 ym. The gap height must be greater
than or equal to ten times the particle size, if particulate-based
hydrogels are investigated. Rheometer geometry may need to
be adjusted depending on hydrogel properties.

2-2. Calibration. Open the instrument control program on
the computer and calibrate instrument inertia, geometry inertia,
and bearing friction. Use rotational mapping to calibrate the
geometry, then zero the geometry gap to prepare for sample
loading.

Critical step: Because the geometry is removed for cleaning
after every sample, all calibrations except for the instrument
inertia should be repeated between each sample.

Step 3: Hydrogel Loading onto Rheometer (10 min).
Remove the hydrogel from the microcentrifuge tube using a
scoopula. Load the hydrogel onto the Peltier plate, taking care
not to introduce air or bubbles into the hydrogel. Place the
hydrogel in the center of the plate. When centered, use the
program to set the height of the cone to the gap height
(27 pm). Spin the geometry so that it is turning while it contacts
the hydrogel for more even hydrogel flattening (Figure la).
Either right before (~5% higher) or when the gap height is
reached, trim the edges of the hydrogel with a pipet tip so that

% Overfilling
% Under-filling

Loading

Figure 1. Hydrogel loading onto the rheometer stage. (a) When lowering
the geometry onto the hydrogel, spin the geometry slightly for more even
hydrogel loading. (b) Over-filling and under-filling of the sample results in
increased and decreased forces, respectively. The hydrogel sample must
fill the space between the geometry and the rheometer stage correctly for
accurate measurements.
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the hydrogel correctly fills the geometry (Figure 1b). Place the
solvent trap over the geometry and onto the Peltier plate and
surround the outer edges of the solvent trap with water to keep
the hydrogel hydrated during data acquisition.

Critical step: Correct filling of the geometry by the hydrogel
is important for accurate rheological data acquisition. An over-
filled sample overestimates mechanical values, while an under-
filled sample underestimates mechanical values. A correctly filled
sample can be difficult to obtain by trimming. Hydrogel loading
volume may need to be optimized based on the geometry used.

Step 4: Rheometer Data Acquisition (Variable). Open the
procedure desired and start the protocol. Depending on the
tests chosen, the procedure length will vary. For these studies,
we used the following protocol:

A. Time sweep (2 min) at 0.2% strain, 10 Hz
a. Note that % strain is determined using strain sweeps
to select a % strain lower than the yield strain. A
consistently nondeforming strain in our system is
<1%. Similarly, the frequency is determined from
frequency sweeps by selecting a frequency greater
than the crossover frequency.

B. Frequency sweep from 0.01 to 100 Hz at 0.2% strain
with a conditioning time of 3 s, a sampling time of 3 s,
and 10 points per decade

a. Note that the % strain is the same as for the time
sweep.

C. Time sweep (2 min) at 0.2% strain, 10 Hz to recondition
the hydrogel

D. Strain sweep from 0.01% to 500% strain at 10 Hz with a
conditioning time of 3 s, a sampling time of 3 s, and
10 points per decade

a. Note that the frequency is the same as for the time
sweep

E. Low strain (cychc strain) time sweep (2 min) at 0.2%
strain, 10 Hz

F. High strain (cyclic strain) time sweep (1 min) at 500%
strain, 10 Hz

G. Repeat E, F 5 times for cyclic strain test

H. Time sweep (2 min) at 0.2% strain, 10 Hz to recondition

hydrogel

L. Continuous ramp from shear rates of 0 to 50 s™*
min 30 s with 20 points per decade

J. Continuous ramp from shear rates of 50 to 0 s™*
min 30 s with 20 points per decade

Step 5: Clean-up and Next Sample Preparation (10 min).
Raise the geometry using controls on the machine. Remove the
hydrogel from the stage and clean up any excess water around
the solvent trap. Remove the geometry carefully from the
bearing and wipe dry. Repeat steps starting at rheometer
calibration for all remaining samples.

Critical step: Be sure to clean the stage and complete all
calibration steps fully between each sample.

Step 6: Rheometer Data Analysis (Variable). Export data as
text files from the computer program. Import files into graphing
software and create plots based on tests completed.

Critical step: TA Instruments includes a data analysis
program, but this program does not allow you to fully
manipulate graphs and graph settings.

Troubleshooting.

over 2

over 2

e Air bubbles within hydrogel prior to loading onto
rheometer. After the hydrogel is mixed, spin down the
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hydrogel at 25 000 RCF for 2 min to remove any bubbles
accumulated during mixing. Note that centrifugation
speeds for hydrogels with encapsulated therapeutics
should be determined empirically, as small molecules or
cells may settle in the hydrogel during centrifugation.

o Difficulties in hydrogel loading or hydrogel trimming
on the rheometer stage. Change the volume of hydrogel
prepared to match the amount of hydrogel that is needed
for the specific geometry chosen to limit the need to trim
the hydrogel. Take care to load the hydrogel onto the
center of the plate and make sure the geometry is slightly
spinning when it touches the hydrogel.

e Hydrogel dries out during testing. Make sure to add
water to the top of geometry and use the solvent trap.
Surround the edges of the solvent trap with water
to provide a humidified environment for the hydrogel
during testing. Lowering the temperature of the Peltier
stage may also be helpful for longer studies, as long as
the temperature change does not affect the mechanical
properties of the hydrogel.

Anticipated Results. For demonstration, we prepared
guest—host hydrogels of varying material concentrations for
rheological analysis. Using the materials previously described,
we formed hydrogels with a total (Ad-HA and CD-HA)
polymer content of 5 or 7.5 wt %. Following hydrogel pre-
paration, we loaded these hydrogels onto the rheometer and
ran the tests outlined above. The results from these tests are
shown in Figure 2. Frequency sweeps (Figure 2a), strain sweeps
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Figure 2. Results of (a) frequency sweep, (b) strain sweep, (c) con-
tinuous flow, and (d) cyclic strain time sweep rheology experiments for
hydrogels of S and 7.5 wt % material concentration, using the described
method and rheological parameters. For cyclic strain, shaded regions are
high strain (500%) and unshaded regions are low strain (0.2%).

(Figure 2b), continuous flow experiments (Figure 2¢), and
cyclic strain time sweeps (Figure 2d) are highlighted here.
The frequency sweep indicates that both hydrogels transition
from a primarily liquid to a primarily solid state with increasing
frequencies, and that the relaxation time for the 5 wt % hydro-
gel is shorter than that of the 7.5 wt % hydrogel (Figure 2a).
Frequency sweeps provide a relative ranking of elastic and
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viscous properties under constant strain. Increasing frequen-
cies decrease relaxation times and favor elastic properties
(G', storage modulus) over viscous properties (G”, loss
modulus) as there is minimal time for energy to dissipate or
for hydrogels to flow during testing. These results indicate that
the S wt % hydrogel flows more readily than the 7.5 wt %
hydrogel. From the strain sweep, we observe that both hydrogels
experience a steep drop in storage and loss moduli after a certain
yield strain, indicating material yielding (Figure 2b). This yield
strain is lower for the 5 wt % hydrogel, indicating that the S wt %
hydrogel may be easier to inject than the 7.5 wt % hydrogel.

An important factor for injectability from the rheology data is
whether the hydrogel is shear-thinning. Shear-thinning hydro-
gels experience decreases in viscosity upon application of shear,
which are enabled by reversible cross-linking mechanisms.
From the continuous flow experiments, we observe that the
viscosity decreases as shear rate increases for both the S and
7.5 wt % hydrogels, indicating that both hydrogels are shear-
thinning (Figure 2c). Similarly, the cyclic strain sweeps show
that at high strains, both of these hydrogels yield and show
sharp decreases in storage and loss moduli, which are recovered
instantly at low strains upon cessation of shear (Figure 2d,
Figure S2b, c). This displays the ability of a hydrogel to tran-
sition from a predominantly elastic material to a predominantly
viscous one, and demonstrates the rapid self-healing properties
of this hydrogel. From the continuous flow experiments, we can
also observe that the 5 wt % hydrogel displays shear banding,
or a precipitous drop in shear stress for certain shear rates
(Figure S$2a).*’ This also indicates injectability.

Hydrogels with a lower viscosity and lower storage and loss
moduli are typically easier to inject than hydrogels of a high
viscosity and high storage and loss moduli. The viscosity of the
5 wt % hydrogel is lower than that of the 7.5 wt % hydrogel,
indicating that the S wt % hydrogel would be easier to inject
(Figure 2c). From the cyclic strain time sweeps, we observe that
the storage modulus of both hydrogels change with strain and
that the 5 wt % hydrogel has a lower storage modulus than the
7.5 wt % hydrogel, indicating that the S wt % hydrogel may be
easier to inject (Figure 2d). Cyclic strain time sweeps showing
both storage and loss moduli for 5 and 7.5 wt % hydrogels can
be found in Figure S2b, c.

B METHOD 2: MEASUREMENT OF HYDROGEL
INJECTION FORCES

Although material properties such as viscosity, storage modulus,
and loss modulus are important for determining injectability,
injection force determines whether or not a material is clinically
relevant for injection. Controlled methods to measure injection
force, such as a force sensor or a material testing machine, allow
us to compare quantitatively the injectability of various hydro-
gels of differing material formulations. In this section, we
describe a protocol for determining injection force using both a
versatile, inexpensive force sensor and using an established
materials testing machine. We also describe factors that
influence injection force, such as flow rate, needle gauge, and
needle length. Injection force is not only relevant as a physical
property but also has effects on hydrogel contents, such as cells.
Materials. Reagents for Hydrogel Formation.

e Adamantane-modified HA (Ad-HA), ~22% of repeat units
modified, synthesis described elsewhere with reagents
available from Sigma (St. Louis, MO)™
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e Cyclodextrin-modified HA (CD-HA), ~28% of repeat
units modified, synthesis described elsewhere with
reagents available from Sigma (St. Louis, MO)™

e Phosphate buffered saline (PBS) (Thermo Fisher
Scientific, Waltham, MA, cat no: 14190—136)

Equipment.

e Forceps (e.g., Fine Science Tools, Foster City, CA, cat
no: 11008—15)

e 1.5 mL microcentrifuge tubes (e.g, Thermo Fisher
Scientific, Waltham, MA, cat no: 05—408—129)

e Vortex (e.g., Thermo Fisher Scientific, Waltham, MA, cat
no: 02—215—414) with microcentrifuge tube holder
(e.g, Thermo Fisher Scientific, Waltham, MA, cat no:
11-676—363)

e Sonicator (e.g, Branson Ultrasonics, Danbury, CT,
model no: CPXS800H)

e Microcentrifuge (e.g, Eppendorf Refrigerated Micro-
centrifuge 5417R, Eppendorf, Hamburg, Germany)

e Scoopula (made from a cut 1 mL pipet tip)*”

e Various syringes and needles for gel preparation or
testing

e 1 mL syringe (BD, Franklin Lakes, NJ, cat no:
309628)

e 1/2ml, 27G x 1/2" tuberculin syringe (BD, Franklin
Lakes, NJ, cat no: 305620)

e 18G x 1/4” needle (McMaster-Carr, Elmhurst, IL,
cat no: 75165A121)

e 25G x 1/4” needle (McMaster-Carr, Elmhurst, IL,
cat no: 75165A127)

e 27G x 1/4” needle (McMaster-Carr, Elmhurst, IL,
cat no: 75165A128)

e 25G x 1 1/2” needle (BD, Franklin Lakes, NJ, cat

no: 305127)
e Force Sensor (Tekscan, Boston, MA, FlexiForce

Quickstart Board)

e myDAQ Data Acquisition Device (National Instruments,
Austin, TX)

e Syringe pump (e.g, New Era Pump Systems Inc.,
Farmingdale, NY, model no: NE-300)

e Mechanical testing machine (Instron, Norwood, MA,
model no: 5848)

Procedure. Overview.
e Step 1: Hydrogel preparation
e Step 2: Hydrogel loading into syringe for testing

e Step 3: Force testing by force sensor or mechanical
testing machine

Step 1: Hydrogel Preparation (2 h). Hydrogels are prepared
the same way as described for Method 1. Briefly, weigh Ad-HA
and CD-HA materials into separate microcentrifuge tubes
and dissolve in PBS on a vortex. Mix Ad-HA and CD-HA
components together using a pipet. Vortex the hydrogel for
30 min, then sonicate at 50 °C for 10 min. Mix the hydrogel
again with a pipet and centrifuge at 25 000 RCF for 2 min to
remove entrapped air. Refer to Step 1 of Method 1 for more
details and critical steps.

Step 2: Hydrogel Loading into Syringe for Testing (20 min +
Overnight Incubation). Cut the needle off of a 1/2 ml,
27G X 1/2 in. tuberculin syringe. Remove the hydrogel from
the microcentrifuge tube using a scoopula and load it onto the
cut end of the syringe. Pull back on the plunger to load the
hydrogel into the syringe. After the hydrogel is loaded, paraffin
the open end of the syringe and cut the excess plunger using
wire cutters. Centrifuge at 1000 RCF for 3 min to remove
bubbles. Then, using the cut portion of the plunger, depress the
plunger to load the hydrogel into a 1 mL syringe for testing.
We use a 1 mL Luer lock syringe that can be connected to
a wide variety of needles with different gauges and lengths.
After loading the syringe and attaching the desired needle, wrap
the needle with a hydrated wipe and cover with aluminum foil
to prevent the hydrogel from drying. Store at 4 °C overnight to
allow any remaining bubbles to rise to the top of the syringe
barrel.

Critical step: Any imperfections in hydrogel loading and
hydrogel preparation (bubbles, dust, etc.) will affect injection
force so take care to load the hydrogel into the testing syringe
homogeneously. The overnight incubation time is crucial for
removing any air taken in during the hydrogel loading process.

Step 3: Force Testing (Variable by Sample Number).
By Force Sensor (Figure 3a). For best results, use a syringe
pump to standardize the application of force to the syringe.
Connect the force sensor to myDAQ_ for data acquisition.
For sample MATLAB codes, see Code S1. Create a standard
curve by placing weights that correspond to the injection forces
that will be measured onto the sensor. Record voltages, and
adjust sensitivity of the force sensor if the voltages are out of
range. Prime syringes, then place samples onto the syringe
pump, and place the force sensor between the plunger of the
syringe and the syringe pump. Start the syringe pump and

Syringe
(a) Pump (b)
50 ] 5wt% - 2 mL/hr
Center syringe = 5wt% - 8 mL/hr
plunger on sensor s 40 E " 7.5wt% - 2 mL/hr
:é‘ 30 ] ©7.5wt% -8 mL/hr
\ s 3 B 5
« Force sensor o ]zs
(FlexiForce) ‘g’ 20 {5
g
10 1
Connected to 0 E.
myDAQ and
Stage ’\ computer for data 0 10 20 30 40 50 60

Table |

acquisition

Time (s)

Figure 3. (a) Schematic of the setup for measuring injection force using a force sensor. (b) Plot of injection force over time for hydrogels with
varying material concentrations (S wt %, 7.5 wt %) and different flow rates (2 mL/h, 8 mL/h).
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Figure 4. (a) Schematic of the setup for measuring injection force with a mechanical testing machine. (b) Plot showing injection force over time for
hydrogels injected from a 1 mL syringe with 1/4 in. needles of 18G, 25G, and 27G. (c) Injection force over time for hydrogels injected from a 1 mL
syringe with a 25G needle of 1/4 in. and 1 1/2 in. lengths. All measurements were taken at a flow rate of 2 mL/h.

record voltages for 1—2 min. Convert the voltage to force using
the standard curve and plot the force over time.

By Mechanical Testing Machine (Figure 4a). The use of a
mechanical testing machine negates the use of a syringe pump,
since the load cell will apply even forces. Prime the syringe and
place into the stage of the mechanical testing machine. We used
the base test frame as a stage with no accompaniments. Zero
the force from the load cell and then maneuver the load cell so
that it is just touching the syringe, which can be detected by an
increase in force. Using the tensile extension mode, set the linear
rate to match a flow rate desired for testing. Start applying
displacement and record the force over time for 1—2 min.
Extract data and plot force over time.

Critical step: For most accurate results, run each trial with
the same starting volume of hydrogel. The distance traveled by
the plunger will affect the forces applied.

Troubleshooting.

e Force changes over time. Over time, injection force
should plateau for most hydrogel samples. If the force
continues to rise, let the test run for a longer period
of time. If the force declines unexpectedly and then
increases, there may be imperfections in hydrogel loading.
Ensure that the hydrogel is adequately mixed and that
there are no bubbles in the testing syringe for the most
accurate measurements.

o Needle detaches from syringe. Because of the nature of
Luer-Lock needles, they can become detached from the
syringe upon the application of extreme forces. In these
cases, the hydrogel requires a high amount of force for
injection. Although this may not be practical for eventual
clinical application, to measure this force, use a needle
and syringe combination that is not detachable, such as
an insulin syringe, to obtain measurements. Note that
differences in syringes include barrel diameter, needle
gauge, and needle length, all of which are variables that
can affect injection force and that need to be controlled
between samples for comparison.

Anticipated Results. We tested the injection force
necessary to eject both S and 7.5 wt % guest—host hydrogels
from 1 mL plastic syringes at different flow rates and with
differing needle gauges and needle lengths, using both a force
sensor and a mechanical testing machine. We observed that, at
a flow rate of 2 mL/h, the injection force required for a
S wt % hydrogel was close to SN. At the same flow rate, the
injection force required for a 7.5 wt % hydrogel was close to
15N (Figure 3b). From rheology we know that the 7.5 wt %
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hydrogel has a higher viscosity and a higher storage and loss
modulus than the 5 wt % hydrogel, both of which contribute to
its higher injection force.

Higher flow rates also lead to higher injection forces, and this
effect was dependent on weight percent. For the 5 wt %
hydrogels, increasing flow rate from 2 to 8 mL/h minimally
increased injection force. For the 7.5 wt % hydrogels, increasing
the flow rate from 2 to 8 mL/h increased injection force. Other
factors that affect injection force include needle gauge and
needle length. Increasing needle gauge, and thereby reducing
needle diameter, increased injection force. For a 5 wt %
hydrogel with a flow rate of 2 mL/h, reducing the needle
diameter from 18G (0.84 mm) to 25G (0.26 mm) to 27G
(0.21 mm) increased the injection force from 0.4 to 4 to 7 N,
respectively (Figure 4b). We also found that increasing the
needle length from 1/4” to 1 1/2” drastically increased
injection force for a 5 wt % hydrogel at 2 mL/h from 4N to
13N (Figure 4c). Blips in the force profile as it builds up can be
attributed to heterogeneity in hydrogel preparations or
improper loading. Care should be taken to ensure hydrogels
are adequately mixed prior to testing, and that the syringe is
properly loaded to ensure even contact between the load cell
and syringe barrel. New syringes and needles should also be
used for each independent hydrogel preparation. Single blips
may be caused by one of the above issues, but multiple blips
within the same profile may indicate problems such as phase
separation.

Injection force is not only an important mechanical measure
of hydrogel injectability but also affects the ability of the
hydrogel to carry certain types of cargo that are sensitive to
force, such as cells. When we encapsulated cells within hydro-
gels using an established protocol, we observed that the viability
of cells delivered using a 5 wt % hydrogel was significantly
higher than that of cells delivered using a 7.5 wt % hydrogel
(Figure S3a, b).>” We determined cell viability after injection
using a live/dead assay and CellProfiler to quantify cell counts,
as previously described.”” However, not all increases in injec-
tion force have a deleterious effect on cargo. When we assessed
cell viability after injection at 2 or 40 mL/h, we observed that cell
viability was not significantly different at the two flow rates, even
though injection force increased with flow rate (Figure S3c—e).

Many factors, such as flow rate, needle gauge, and needle
length can affect injection force for the same hydrogel in the
same syringe. Using a force sensor or mechanical testing machine
to measure injection force can allow for quantifiable measures
of injectability that, when other variables are controlled, can be
used to compare ease of injection between different hydrogels.
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While these tests were done injecting into air, injections
into liquids or tissues would more accurately mimic in vivo
conditions. Clinically relevant injection forces typically are <20
N*"** but actual injectability can depend not only on force but
also on the ergonomics of the syringe, which can affect the
force applied. The methods described here for characterizing
injectable hydrogels using rheology and measurements of
injection force can also be utilized for applications other than
in vivo delivery that include ejection of hydrogels, such as 3D
printing.

Additional Consideration: Qualitative Assessment of
Hydrogel Injectability. Although quantitative assessments of
parameters are important for evaluating injectability,
we recommend assessment of injections in vitro and ex vivo
prior to any in vivo application. Using techniques previously
described for loading hydrogels into syringes, we suggest
injecting hydrogels into PBS, a buffer mimicking physiological
pH and osmolarity. Injections into PBS allow for the assess-
ment of the forces required to manually extrude hydrogels from
syringes with various parameters, and for the assessment of self-
healing after injection. A dye can be used to visualize hydrogels
during these assessments. For self-healing materials, hydrogels
are expected to retain their shape after injection and, if dyed,
should not lead to dispersion of polymer or dye into the PBS
solution. Here, we demonstrate injections of guest—host-
modified HA (green) or polyethylenimine (PEI, red) hydrogels
into PBS, where both demonstrate rapid self-healing after injec-
tion with no dispersion of payload (Figure Sa).

Ex vivo experiments may also play an important role in
understanding self-healing and retention after injection. In our
example, we used explanted porcine cardiac tissue as an ex vivo
model for in vivo injections, and injected both HA and PEI
hydrogels into the tissue. Following injection, tissue can be
incubated in PBS and imaged using techniques such as MRI
(Figure Sb). A variety of methods exist to visualize or recon-
struct MRI data into 3D images that allow for quantification
of hydrogel retention or shape (Figure 5c¢).** Injections of
hydrogel into ex vivo tissue are important for measuring
hydrogel retention, distribution, swelling, and leakage after
delivery, all of which are important to understand for predicting
hydrogel behavior in dynamic, in vivo systems.

B METHOD 3: INJECTION OF HYDROGELS INTO
CARDIAC TISSUES

Although hydrogels have been investigated in vivo in various
types of tissue, one area in which injectable hydrogels have
been widely investigated is cardiac tissue,”*’>** and there are

several hydrogel formulations that have undergone testing in
clinical trials (NCT01311791, NCT02305602). Here, hydro-
gels are used for mechanical bulking,>**° modulating
remodeling,7'17 or therapeutic delivery (cells, small molecules,
RNAs) after infarction.”’>* An additional advantage of
injectable hydrogels in cardiac disease is the potential to deliver
material through minimally invasive approaches, such as
percutaneously through a catheter.”*> Toward their assess-
ment in vivo, hydrogels have been used in small and large
animal models in which they are injected intramyocardially
into the infarct or into the border zone around the infarct.
Although delivery through catheters has been investigated in
larger animal models, most current models of hydrogel injec-
tions are still through thoracotomy and myocardial injection,
which is an open-heart surgery and will be the focus of this
section.

To implement hydrogel injections in models of infarction,
investigators should understand differences between various
animal models, when they are used, and their implications for
intramyocardial hydrogel injections. Here, we outline the steps
necessary for injection of hydrogels into small and large animal
models of myocardial infarction. These protocols focus on the
injection of hydrogels, and additional protocols regarding
the surgeries themselves (anesthesia, intubation, thoracotomy,
closure, and postoperative care) can complement these
methods.*™* We have found that the steps listed below lead
to reproducible and reliable hydrogel injection models.
However, these steps should be used as guidelines for other
hydrogel injections and can be adapted as necessary on a case-
by-case basis, where variations in the method (e.g., location,
number, volume, or timing of injections) are desired. We note
that investigators should obtain IACUC or similar approval and
training prior to animal testing.

B SMALL ANIMAL CARDIAC INJECTIONS

The small animal cardiac models we employ for assessment of
our injectable hydrogels are mouse and rat. While the mouse
has been a model organism for studying heart disease, it is also
the farthest from translatability to humans due to its small
size. The main advantage is in the use of transgenic mice that
allow for lineage tracing strategies or other gene manipulation
techniques that can lead to dilated, hypertrophic, autoimmune,
or other models of heart failure.’”>" Because the majority of
human genes have murine orthologs, the roles of pathologic
targets in humans can be studied at an accelerated pace in mice.
However, mouse models of infarction are technically challenging,
requiring significant expertise given the mouse myocardium is

(a) Guesthost Guest-host
modified HA gel modified PEl gel

(b) Exvivocardiacinjection (C)

ITK-SNAP 3D

by MRI Reconstruction

Figure S. In vitro and ex vivo injections from 27G X 1/2 in. tuberculin syringes. (a) Manual injections of guest—host-modified HA hydrogels (green)
or PEI hydrogels (orange) injected into PBS from 27G X 1/2 in. tuberculin syringes, demonstrating retention of dye and no dispersion of material
after injection. (b) T2 weighted MRI visualization of HA and PEI hydrogels 24 h after injection into porcine cardiac tissue. Tissue was submerged in
PBS for 24 h before imaging. (c) 3D reconstruction of hydrogel plugs from ITK-SNAP using automated segmentation with manual edge correction

in porcine cardiac tissue ex vivo after injection.
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very thin, which can complicate injection.”> Moreover, the
small size of the mouse heart leads to limited tissue post-
mortem for histological analysis. Rats are larger than mice and
are used because they enable easier hemodynamic modalities
(such as pressure—volume catheterization) to assess cardiovas-
cular function, and surgical techniques are often technically
easier than in mice, leading to decreased noise and variability in
studies. Rat studies also enable greater quantities of myocardial
tissue for post-mortem histological analyses.”> However, costs
associated with rat models may be higher and favorable results
may not always be reproducible in clinical studies. Moreover,
although transgenic rat models exist, a high cost is associated
with generating and maintaining these colonies and there are
appreciably fewer models in rats than in mice.*’~°
Materials. Reagents.

e Adamantane-modified HA (Ad-HA), ~ 22% of repeat
units modified, synthesis described elsewhere with
reagents available from Sigma (St. Louis, MO)*

e Cyclodextrin-modified HA (CD-HA), ~ 28% of repeat
units modified, synthesis described elsewhere with
reagents available from Sigma (St. Louis, MO)™

e Phosphate buffered saline (PBS) (Thermo Fisher
Scientific, Waltham, MA, cat no: 14190—136)

e Analgesics as listed below or a comparable and approved
pain control regimen

e Meloxicam (Norbrook Laboratories, Newry,
United Kingdom, 5 mg/mL solution for injec-

tion)

e Buprenorphine (ZooPharm, Windsor, CO,
1 mg/mL)

e Bupivacaine (Hospira, Inc., Lake Forest, IL, 0.25%,
2.5 mg/mL)

e Betadine solution swab stick (Purdue Pharma LP,
Stamford, CT)

e Isoflurane (Piramal Enterprises Ltd, Mumbai, India,
250 mL)

Equipment.

e Hydrogel preparation

e Forceps (e.g., Fine Science Tools, Foster City, CA,
cat no: 11008—15)

e 1.5 mL microcentrifuge tubes (e.g., Thermo Fisher
Scientific, Waltham, MA, cat no: 05—408—129)

o Vortex (e.g, Thermo Fisher Scientific, Waltham,
MA, cat no: 02—215—414) with microcentrifuge
tube holder (e.g, Thermo Fisher Scientific,
Waltham, MA, cat no: 11—676—363)

o Sonicator (e.g.,, Branson Ultrasonics, Danbury, CT,
model no: CPXS800H)

e Microcentrifuge (e.g, Eppendorf Refrigerated
Microcentrifuge 5417R, Eppendorf, Hamburg,
Germany)

e Scoopula (made from a cut 1 mL pipet tip)*>”

e 1/2 mL, 27G X 1/2 in. tuberculin syringe
(e.g, BD, Franklin Lakes, NJ, cat no: 305620)

e 1/2 mL, 28G X 1/2 in. insulin syringe (e.g., BD,
Franklin Lakes, NJ, cat no: 329420)

. 46,54
e In vivo mouse or rat surgery setup

e Mouse/rat ventilator with isoflurane (Isoflurane
VIP 3000 Vaporizer, Midmark Co, Dayton, OH;
Anesthesia workstation, Halowell EMC, Pittsfield,
MA, cat no: 000AS5653)
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e Endotracheal tube
e Mice: 20G X 1 1/4 in. IV catheter (NIPRO,
Bridgewater, NJ, Nipro Safelet IV Catheter)
e Rats: 16G X 2 in. IV catheter (Terumo,
Tokyo, Japan, Surflo IV Catheter)

o Electrical clippers/shaver (Wahl Clipper Co, Sterling, IL)

e 45° Angled Potts scissors (Teleflex, Wayne, PA, Pilling
35-2166 N22)

e Blunt-tip scissors (Integra Miltex, York, PA, cat no:

5-SC-16)

e Blunt-tip forceps (Integra Miltex, York, PA, cat no:
6-30)

o Eye retractor (for mice, Integra Miltex, York, PA, cat no:
11-12)

e Weitlaner retractor (for rats, Fine Science Tools, Foster

City, CA, cat no: 17012—11)

Sutures (Medtronic, Fridley, MN, for mouse ligation:

SurgiPro II 8—0 VP-900-X, rat ligation: SurgiPro II 7—0

VPF-702-X, closing: SurgiPro II 4—0 VP-583-X)

o Sterile gauze (Thermo Fisher Scientific, Waltham, MA,
cat no: 22—362—178)

Procedure. Overview.

Step 1:
Step 2:
Step 3:
Step 4:
Step S:
Step 6:
Step 7:

Hydrogel preparation and syringe loading
Anesthesia

Infarct induction

Syringe inspection

Syringe priming

Stay suture placement

Needle insertion

Step 8: Hydrogel extrusion

e Step 9: Needle withdrawal

Step 1. Hydrogel Preparation and Syringe Loading (2 h).
Polymers should be sterilized under germicidal UV irradiation
for at minimum 30 min and subsequently dissolved in sterile
PBS solution and loaded into syringes as previously
described.” Cells or therapeutics that are to be encapsulated
should be included at this step. Hydrogels should be kept on ice
if biologics are included. For mice, up to 10 uL of gel are
typically injected per animal, with no more than 5 uL per
injection site. In rats, depending on the hydrogel properties,
50—100 pL can be injected in 20 uL increments. Hydrogels are
usually prepared for a single mouse or rat in a 1/2 mL, 1/2 in,,
27G or 28G insulin or tuberculin syringe (Figure 6a). Separate
hydrogels should be made for each animal to maintain sterility
and avoid cross-contamination.

Step 2. Anesthesia (5 min). A method of anesthesia should
be selected in accordance with animal health and safety
protocols. In our animal models, mice or rats are anesthetized
under 1-3% isoflurane, intubated with an endotracheal tube,
and maintained under 1-3% isoflurane and positive pressure
ventilation.

Step 3. Infarct Induction (5 min). The animal should be
placed in right lateral recumbency. Shave the left anterior and
lateral thorax and disinfect with iodine. Incise the skin and
subcutaneous tissues with heavy scissors to expose the ribcage.
The thoracic cavity should be entered between the fourth and
fifth ribs in the fourth intercostal space. Using the forceps to
grab the fourth rib, elevate the ribcage to provide room
between the chest wall and underlying heart and lungs and
carefully insert one blade of the Potts scissor, taking care not to
injure the intrathoracic structures. Extend the incision to
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(a) Mouse Injection
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Figure 6. Intramyocardial hydrogel injections in mouse and rat models. (a) Schematic of ligation and injection sites in mouse and rat models.
A representative mouse model uses 2 X 5 uL injections lateral to the border zone, and rat models use 5 X 20 uL injections circumferentially around
the infarct. (b) Technique for localizing gel to infarct border zone, where needle is angled and inserted into the infarct as parallel as possible to the
tissue. With the bevel pointing upward toward the epicardium, the hydrogel remains in constant view of the operator. (c) Schematic of injection sites
and direction of arrow insertion in a radial pattern for targeting of the border zone in a rat infarct model. (d) Injection of HA hydrogel into a mouse
heart and subsequent visualization. (e) Injection of HA hydrogel into a rat heart, demonstrating needle angling, stay suture placement, heart

elevation from the thoracic cavity, and hydrogel localization.

provide adequate exposure to the heart. Place the retractors
between the cut ribs and spread carefully to achieve
visualization of the target organ. Using blunt forceps, lift the
pericardium off the surface of the heart and cut a generous
window into the tissue using blunt-tip scissors.* Using anato-
mic landmarks, identify the artery of interest and perform a
suture ligation of a major arterial branch in as consistent a
manner as possible to ensure relatively reproducible regions of
infarction. This is traditionally done through ligation of the left
anterior descending artery, 1—2 mm below the level of the left
atrial appendage (Figure 6a).>*

Step 4. Syringe Inspection (<1 min). Inspect the syringe for
damage and air bubbles, and ensure that adequate volumes have
been prepared for injection.

Critical step: Air bubbles in the hydrogel have the potential
to cause embolization. Thus, routine inspection of syringes for
air bubbles and subsequent centrifugation is necessary.

Step 5. Syringe Priming (<1 min). Prime the syringe by
manually applying pressure until the hydrogel begins to extrude
from the needle. It is important to be familiar with the forces
required prior to the cardiac injection.

Step 6. Stay Suture Placement (5 min). Using a stay suture
or the ligation suture, manually orient the heart so that the
injection site is in clear view of the operator. This may require
externalizing the heart from within the chest cavity, especially
for posterior injections that would otherwise be inaccessible.
Use gentle and controlled movements to prevent tearing of the
myocardium and bleeding.

Step 7. Needle Insertion (<1 min). While stabilizing the
heart in the desired position, insert the needle tip either parallel
or as close to parallel to the injection site as possible, avoiding
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any visible surface vessels. It may be necessary to introduce a
gentle bend in the needle to achieve the appropriate angle for
insertion (0—45 degrees). This step ensures that any penetration
by the needle does not lead to ventricular puncture (Figure 6b).

Critical step: Throughout the duration of needle insertion,
the needle tip should remain superficial enough to be visible to
the operator through the overlying myocardium. The bevel
should always be inserted face up in clear view of the operator
so that it is apparent when the hydrogel begins to extrude.
During the hydrogel injection, a visible wheal should form at
the needle tip. If not visible, the needle has been inserted too
deep and should be repositioned.

Critical step: To target the border zone, the needle should
be inserted into the infarct and directed radially into the border
zone. This improves targeting as the infarct is akinetic, allowing
for easier insertion. This also minimizes any potential damage
from the needle to noninfarcted myocardium (Figure 6¢).

Step 8. Hydrogel Extrusion (<1 min). After ensuring that
the entire length of the bevel is buried within tissue, inject
slowly with controlled, manual pressure until adequate volumes
have been injected. We recommend one hand be used to
stabilize the needle in the heart while the other is used to inject
material (Figure 6d, e, Video S1 and Video S2).

Step 9. Needle Withdrawal (<1 min). After the injection is
complete, wait for 12 s before withdrawing the needle so that
the hydrogel can disperse into the tissue. Withdraw the needle
slowly to prevent material leakage. Manual pressure can be
applied after injection also to limit material leakage.

Troubleshooting.

e Hydrogel cannot be visualized during injection. The

needle is inserted too far into the tissue, which increases
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likelihood of ventricular puncture and embolization.
Remove the syringe and reinsert as needed. If bleeding
occurs, apply manual pressure with gauze until bleeding
stops.

Hydrogel causes excessive bleeding or damage. This is
an unlikely scenario where there has likely been damage
to the ventricle caused by needle movement during
placement or injection. To prevent this, it is important
that the hand controlling the syringe be rested on a solid
immobile surface to prevent small movements during
needle insertion and injection. A controlled injection
using two hands, one to stabilize the syringe in the heart
and one to apply pressure, may be necessary for some
operators. If this occurs, gentle compression with a dry
gauze will most often achieve hemostasis.

Hydrogel leaking from injection sites. This can occur
when needles are too quickly removed following injec-
tion or if the hydrogel used has slow self-healing prop-
erties. To prevent this, slowly withdraw the needle from
the injection site 1—2 s after the injection is complete.
Manual pressure can be applied over the hydrogel as the
needle is withdrawn. Occasionally, this is due to the bevel
not being fully inserted into the tissue during the
injection. In this case, reinsert the needle and ensure that
the bevel is fully buried within the tissue. Leaked hydro-
gel can be easily wiped away with a gauze pad.

B LARGE ANIMAL CARDIAC INJECTIONS

Pig and to a lesser extent sheep hearts exhibit anatomy similar
to that of humans and are much more relevant models for
assessing hydrogel injections and effects of encapsulated
therapeutics, although we note there is still variance in coronary
anatomy from animal to animal.*>*® For infarct models, it is
imperative to select reproducible models that promote
consistently equal-sized infarcts in the same location. Typically,
this involves manipulation and standardization of one or more
accessory vessels and surgeons must be knowledgeable about
cardiac anatomy. The decision between pig and sheep is largely
one of preference, as they are both structurally similar and
mimic human anatomy, although we note that pig valves are
used as xenografts in the human heart. Pigs are predisposed to
arrhythmias, and precautions must be taken to avoid them or
treat them. Sheep are prone to zoonotic disease, and may be
more difficult to image because of their anatomy.”” Because the
myocardial infarction model in large animals is complex both
medically and surgically, we have only included the steps here
that are relevant to hydrogel injections following thoracotomy
and exposure of the heart. Well-described protocols for
preparation of animals for large animal myocardial infarctions
should be used to supplement these methods.”’ ™" With
protocol modification, the hydrogel can be injected soon after
infarction or at a later time point, depending on the stage of
remodeling that is desired for treatment. Also, hydrogel
preparation and syringe loading is the same for large animal
models as described in Step 1 for small animal models.
Materials. Reagents.

e Hydrogels prepared in 1/2 mL, 27G X 1/2 in. tuberculin
syringes (e.g., BD, Franklin Lakes, NJ, cat no: 305620) or
1/2 mL, 28G X 1/2 in. insulin syringes (e.g, BD,
Franklin Lakes, NJ, cat no: 329420), with one syringe per
injection site

e Titanium markers
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Equipment.
47—49

o Sheep or pig surgery setup
Procedure. Overview.

Step 1:
Step 2:
Step 3:
Step 4:
Step S:

Infarct induction and closure if necessary
Syringe inspection

Syringe priming

Marker placement

Needle insertion

Step 6: Hydrogel extrusion

Step 7: Needle withdrawal

Step 1. Infarct Induction and Closure if Necessary (1 h).
An example pig infarction model consists of ligation of three
obtuse marginal branches (OM1, OM2, OM4) of the left
circumflex artery and a diagonal branch (D1) of the left anterior
descending artery to create a reliable infarct size of ~20%
(Figure 7a). Alternative strategies to induce infarction such as
occlusion of the left circumflex exist, and these should be
considered on a case-by-case basis. Titanium markers are placed
to surround the infarct site for delineation of infarct. These
markers are sutured into the tissue (up to 6—10, depending on
infarct size). It is important that these markers be made from a
nonferromagnetic metal so that they do not prohibit
subsequent MRI analyses. Hydrogel injections can then be
made immediately after infarction or at a later time point, in
which case the thoracotomy should be closed. In this example
model, hydrogel injections are made 3 days after ligation and
infarct induction.

Step 2. Syringe Inspection (<1 min). Inspect the syringe for

damage and air bubbles, and ensure that adequate volumes have
been prepared for injection.
Critical step: Air bubbles in the hydrogel have the potential to
cause embolization. However, because of the sensitivity of large
animals to environmental sterility, we suggest the preparation
of extra replacement syringes with hydrogels. Typically 1-2
replacement syringes are prepared per animal.

Step 3. Syringe Priming (<1 min). Prime the syringe by
manually applying pressure until hydrogel begins to extrude
from the needle. It is important to be familiar with the forces
required prior to the cardiac injection.

Step 4. Marker Placement (10 min). Prior to hydrogel
injections, place titanium markers over the planned injection
sites for post-mortem histological analyses. These should be
sutured into the tissue as described in Step 1. (Figure 7b).

Step 5. Needle Insertion (<1 min). Insert the needle tip
either parallel or as close to parallel to the injection site as
possible (0—45°). Again, it may be necessary to introduce a
gentle bend in the needle to achieve the appropriate angle for
insertion (0—45°). This step ensures that any accidental
penetration by the needle does not lead to ventricular puncture
or hydrogel injection into the ventricle. For large animal models
with thicker ventricular walls, the needle can also be inserted
perpendicular to the tissue with a foam spacer to prevent
ventricular puncture (Figure 7¢).

Critical step: Because infarct tissue will thin over time as the
heart dilates after infarction, the ability to insert the needle
perpendicularly without overpenetration depends on when the
injections are performed. If immediately after infarct induction,
the ventricle is still thick and overpenetration is unlikely.
If weeks after infarct induction, the ventricle is likely thin and
fibrotic and needles may overpenetrate easily. In these cases,
the syringe should be inserted as close to parallel to the tissue
as possible.
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Figure 7. Intramyocardial hydrogel injection in a pig model of myocardial infarction. (a) Schematic of ligation sites in obtuse marginal branches of the
left circumflex artery and diagonal branches of the left anterior descending artery. Titanium markers are placed circumferentially around the infarct for
visualization after injection. (b) Traditional injection model for porcine infarct models, consisting of 9 X 100 yL injections. Titanium markers are placed
over injection sites prior to hydrogel injection to ensure consistent spacing and to avoid vasculature during injection. (c) Techniques for injection into
porcine tissue. Angling the needle parallel to myocardium will allow for penetration directly into myocardium without injection into the ventricle.
A foam spacer can also be placed on the needle to permit injection directly into the epicardium without angling the needle. (d) Photos of injection,
demonstrating needle position and hydrogel injection into sites marked by titanium markers, finger placement to prevent leak of material after injection
as the needle is withdrawn, and 9 injection sites marked by titanium markers following injection into the infarct.

Step 6. Hydrogel Extrusion (<1 min). Inject slowly with
controlled, manual pressure until adequate volumes have
been injected (Figure 7d, Video S3). Injecting slowly allows
the hydrogel to better disperse into the tissue. Injecting
too rapidly can cause the hydrogel to leak from the injection
site.

Critical step: Hydrogel injection into the infarct (especially
at earlier time points) is challenging due to the degree of
movement intrinsic to the cardiac cycle. It is important to
establish a technique that allows the needle to be maintained in
the same location during the injection that is not affected by
movement of the heart. One technique to overcome this is to
place sterile gauze pads under and/or around the heart to limit
movement. Once the needle has been inserted, hydrogels
should be injected immediately.

Step 7. Needle Withdrawal (<1 min). After the injection is
complete, manually apply pressure over the injection site with
a finger as the needle is withdrawn or after the needle is
withdrawn to prevent material leakage (Figure SS).

Critical step: Placing a finger over the injection site as the
needle is withdrawn or after the needle is withdrawn is needed
due to the large volumes that are injected in larger animal
models. Negligence here will result in inconsistent injections.
Leaked gel can be wiped away with a gauze pad. Anisotropy in

the heart means certain injection sites are more susceptible to
leaking than others.
Troubleshooting.

e Excess bleeding during injection. Recognition of
coronary landmarks and major vascular structures can
help to prevent bleeding during injection. If blood vessels
are entered, this can increase risk for both bleeding and
embolization. Major venous and arteriolar structures are
visible to the naked eye so operators should examine the
heart for such structures before injections are made.

e Hydrogel leakage from injection sites. When hydrogel
leakage is observed, injection should be done slower.
Allow the needle to remain in the tissue for several
seconds after injection, then withdraw the needle slowly
with manual pressure placed by a finger over the injec-
tion site. If this continues to be a problem, place a finger
over the injection site above the needle tip during the
injection itself. Leaked gel can be wiped away by a gauze
pad. Sites where the hydrogel leaks should be recorded.

Additional Consideration: Hydrogel Processing after
Cardiac Injection. In addition to assessing functional outcomes
of cardiac remodeling after MI, most studies involve inves-
tigating tissue outcomes of cardiac remodeling. These outcomes
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Figure 8. Hydrogel and tissue preservation after embedding, sectioning, and staining. Ex vivo tissue after being (a—c) snap-frozen in OCT,
(d—f) frozen in OCT following sucrose infiltration, or (g—i) embedded in paraffin. (a, d, g) H&E, (b, e, h) Masson’s Trichrome, and (¢, f, i) Alcian
Blue staining was performed to visualize the hydrogel within the tissue. Scale bar: 200 ym.

are often measured through stains, such as Masson’s Trichrome,
to assess collagen content and scar fraction, as well as immuno-
histochemistry. All of these outcomes involve a tissue preserva-
tion step, followed by sectioning, and then a staining process.
Because of the weak mechanics and hydrophilicity of hydrogels
described in these methods, typical processing can be chal-
lenging. Guest—host hydrogel was injected into ex vivo porcine
cardiac tissue and then, for preservation, was embedded into
OCT either via snap-freezing (Figure 8a—c) or via freezing after
sucrose infiltration (Figure 8d—f). Tissue was also embedded in
paraffin (Figure 8g—i). Next, to compare hydrogel and tissue
morphology after tissue preservation, we performed hemotoxylin
and eosin (H&E), Masson’s Trichrome, and Alcian blue stains.

Tissue preservation was poorest in snap-frozen OCT samples,
and improved in sucrose infiltration samples. Sucrose infiltration
prevents tissue expansion during freezing, which can help reduce
tissue artifacts. However, tissue morphology was most preserved
in paraffin-embedded samples. The same trends followed for
hydrogel morphology. Hydrogel was not observed at all in the
snap-frozen OCT samples or sucrose infiltration samples, and was
only visible in the paraffin-embedded samples. Alcian blue was
used to confirm the presence of glycosaminoglycans, such as the
hyaluronic acid we would expect from our hydrogel, on the slides.

Because paraffin embedding completely dehydrates the tissue
and the hydrogel, it decreases the likelihood that the hydrogel
will be washed away in subsequent staining steps, even if it is
preserved after sectioning. Placing paraffin slides into a 37 °C
oven for 15 min prior to staining can help completely remove
any remaining water beneath the tissue and the slide, effectively
securing the tissue to the slide. However, paraffin embedding is
much more tedious than the other methods. Snap-freezing is
the fastest (only a few hours), followed by sucrose infiltration
(3 days), and then paraffin embedding (4—6 days, depending
on tissue size). For paraffin embedding, it is crucial to allow
each of the many solutions to fully diffuse within the tissue,
which can take days. Still, we recommend paraffin-embedding
tissue when it is preferred to preserve the hydrogel within the
tissue sections.

Additional Consideration: Hydrogel Injection into
Other Tissues. Injectable hydrogels maintain great utility
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outside of the heart due to their applicability for tissue engi-
neering and drug delivery. Whereas every organ will necessitate
its own protocols for injection, there are several considerations
that can be generalized toward other organs and tissues.

Dynamic tissues may necessitate different hydrogel proper-
ties. Hydrogels injected into load-bearing tissue like the
knee joint may require additional mechanical properties,
like toughness, in order to respond to cyclic loading.””®
The ability to confer such mechanics may limit injection, and
thus adequate quantitative and qualitative assessments are
necessary. Kinetic tissue like the heart, skeletal muscle, or joints
may have higher clearance rates in vivo, and these properties
should also be assessed quantitatively in vitro and in vivo.

Hydrogel swelling should also be considered. High swelling
rates may elevate pressures in closed environments, potentially
leading to elevated intracranial pressure and complications such
as edema, herniation, or cauda equina in the central nervous
system™ or elevated intraocular pressure for intravitreal
injections in the eye.” Uncontrolled swelling can also compress
nearby tissue and compromise blood and lymphatic flow.’!
These properties should be measured in vitro prior to hydrogel
injection in vivo. The use of nonswelling injectable hydrogels
may be better suited for such applications.

Avoiding vasculature during hydrogel injection is also
important, as major bleeding events or embolization may
occur if materials are injected too close to vascular structures.
Embolization events continue to be a complication even for
clinically-approved, injectable materials.”> Thus, knowledge of
vascular anatomy is crucial for proper injection techniques.
For cardiac injections, angiography can be used to visualize
coronary anatomy.

B SUMMARY

Injectable hydrogels are useful delivery vehicles and have been
used in many clinical applications to improve cargo retention at
the injection site. Using rheology and injection force measure-
ments to characterize these hydrogels can be helpful to determine
which material formulation is best suited for an application,
as long as considerations are taken to carefully prepare hydrogel
samples for accuracy and reproducibility. However, it can be
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difficult to definitively establish minimum or maximum values
for viscosity or storage and loss moduli, for example, that will
render the hydrogel to be injectable, since those values will
vary depending on the shear forces applied. While it may be
easier to define clinically relevant limits for injection force,
every clinician will handle these hydrogels differently and the
maximum amount of force a clinician can apply will depend
also on the ergonomics of the syringe.

More qualitative techniques, such as in vitro injections into
water or ex vivo injections into tissue can provide even more
information about how an injectable hydrogel will behave
in vivo, providing insight into qualities such as gelation time,
swelling, and hydrogel retention. Characterizing an injectable
hydrogel prior to conducting in vivo experiments in these ways
can help researchers avoid challenges they would otherwise
encounter later, such as slow gelation times that lead to
hydrogel leakage or stiff hydrogels that are impossible to inject
with control by hand.

For delivery in vivo, special care must be taken both to avoid
damage to healthy native tissue during injection and to
retain the hydrogel in the delivery site. These considerations
are especially important for cardiac delivery, where mechanical
forces can make it difficult to control injection and to localize
the hydrogel where desired. We describe techniques here that
can be used for cardiac delivery in mouse, rat, and pig animal
models, as well as considerations for tissue postprocessing if
hydrogel visualization is desired. Paraffin embedding of tissues,
although time-intensive, best preserves hydrogel morphology
by removing water which can make the hydrogel susceptible to
washing during staining.

In conclusion, we describe here quantitative and qualitative
in vitro techniques for characterizing injectable hydrogels.
These techniques can be valuable for exploring the capabilities
of an injectable hydrogel or comparing formulations of the
same hydrogel prior to in vivo studies. We also describe here
technical methods for in vivo delivery to the heart in mice, rats,
and pigs. The techniques described in this paper can also be
applied to the delivery of injectable hydrogels in other clinical
applications, as well as for the evaluation of injectable hydrogels
as printing bioinks.
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