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ABSTRACT

Extracellular matrix (ECM) hydrogels have shown remarkable benefit as
new materials for regenerative medicine for multiple applications. However,
for ECM-based materials to be used in vivo, they must possess appropriate
mechanical properties to enable handling during storage and administration,
as well as properties to induce the needed biological responses. The
experiments carried out in this study allowed deeper understanding of the
physical characteristics of gels towards their use in a clinical setting and
subsequent commercialization. Using rheometer and texture analyzer, we
expanded the previously reported mechanical characterization of ECM gels
and here we present data on the new tests such as constant shear at different
temperatures; cross-over temperature/gel point; cohesivity, adhesivity and
hardness; fitting to Burger’s model; and strain-stiffening. We compared the
mechanical properties of ECM hydrogels to collagen hydrogels, the latter
were used as an internal control. Mechanical properties of ECM hydrogels
were measured during different stages of hydrogel formation (pre-gel,
gelation and formed hydrogel). Overall, gel complex modulus measured
using rheometer correlated with hardness measured using texture analyzer
across measured hydrogel concentrations, indicating that the measurements
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done with rheometer and texture analyzer were complementary to each other. In addition, two model drugs
with poor solubility and similar molecular weight, but differing in charge were incorporated into the UBM ECM
hydrogel to study the rheological behavior of the drug-hydrogel composites. The presence and properties of the
drugs were found to have a moderate effect on hydrogel mechanical properties depending on the charge of the
drug.

Key-words: Extracellular matrix (ECM) hydrogels, Rheometer, Texture analyzer

INTRODUCTION

Hydrogels are formed from hydrophilic, water insoluble polymeric matrices that swell under aqueous
conditions (1) and exhibit a wide range of mechanical properties. They have been shown to be safe and
biocompatible, and have generated much interest in the burgeoning field of regenerative medicine (2). Unlike
polymerizing systems thatrequire the addition of external catalysts, copolymerizing agents or photo polymerizing
compounds to initiate gelation, some naturally occurring gels can undergo rapid physical gelation upon a change
in environmental conditions. Thermosensitive hydrogels, which include naturally occurring hydrogels composed
of collagen or extracellular matrix (ECM), undergo phase transition from liquid to solid in response to a change
in temperature, and have drawn particular interest due to their vast potential applications. These hydrogels are
thermoplastic and can be injected as liquids via commonly used gauge needles at an injury site; an increase in
temperature to 37°C will cause them to gel in-situ, thus making them a valuable tool for minimally invasive drug
delivery (3-5).

Whole ECM gels consist of a complex mixture of glycosaminoglycans (GAGs), non-structural proteins and
structural proteins such as collagen, fibronectin, laminin and elastin, each of which has shown some regenerative
capacity (6-9).ECM gels are gaining traction in research and the clinic due to their higher regeneration potential,
e.g. for CNS regeneration (10-13). ECM gels promote regeneration by recruitment of endogenous stem and
progenitor stem cells from the surrounding tissues (14). Soluble proteins in the ECM matrix create a chemotactic
gradient for the stem cells to migrate, whereas insoluble proteins provide a structural and mechanical framework
for the cells to differentiate upon (14). ECM gels characterized in this study were derived from porcine urinary
bladder (UBM ECM) and have shown immense benefit in tissue regeneration in multiple animal models, pre-
clinical trials and small human clinical studies (15-18).In addition to providing chemical signals, the mechanical
properties of the hydrogels have been found to be important in regulating the biological responses (5,19,20).
For example, materials with elastic modulus of about 0.5 MPa have been shown to stimulate neuronal stem cells
to mature into neurons for regeneration (21,22) and be used for the treatment of stroke (23). Or ECM gels with
elastic stiffness of 0.4-0.9 MPa have been shown to have varying regenerative capacity in the liver depending on
formulation composition (24).

In-depth understanding of hydrogel mechanical properties can aid in the optimization of hydrogel preparation
and improve their administration in the clinic. While ECM hydrogel viscoelastic properties by rheology have been
published previously in multiple papers (5,6,25), we expanded our understanding of the mechanical properties
using novel techniques such as constant shear at different temperatures, cross-over temperature or gel point,
cohesivity, adhesivity, and hardness, and strain-stiffening. In addition, while there are studies showing the use
of rheometer (25) and limited studies showing the use of texture analyzer for mechanical characterization of
ECM hydrogels (yield stress, strain, gelation kinetics, etc.) (6), there are no studies providing a direct comparison
between the characterization by rheometer and texture analyzer. We present procedures for characterization of
UBM ECM hydrogels using these two instruments that offer complementary data and tools. Multiple rheological
and texture properties of the hydrogel were measured under surface-parallel shear forces and normal forces
respectively. Furthermore, ECM hydrogel results from both techniques (rheological and texture based) were
compared to that of collagen gels, which have been used extensively by other researchers and provide an internal
reference. In addition, we determined the impact of drug loading on the mechanical properties of the ECM drug-
hydrogel composite using two model drugs, glipizide and tamsulosin, and identified properties of the drugs that
may impact gel formation. Incorporation of drugs into the hydrogel can provide additional therapeutic benefit
when administered at the site of injury. The work presented here might provide a platform for the study of UBM
ECM, collagen or novel hydrogels for therapeutic use.
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EXPERIMENTAL SECTION
Materials

Powdered urinary bladder matrix (UBM) was provided by the Stephen Badylak Laboratory, McGowan Institute
of Regenerative Medicine, University of Pittsburgh (Pittsburgh, PA, USA). FibriCol Bovine Collagen, Type I (10
mg/mL) was obtained from Advanced BioMatrix (Carlsbad, CA, USA). Pepsin, Pluronic F127 and glipizide were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Tamsulosin was obtained from Selleck Chemicals (Houston,
TX, USA). 10x phosphate buffered saline (PBS) was prepared in-house at Vertex Pharmaceuticals and diluted to
1x PBS with water. Nanopure water was used for all preparations unless specified. Stress controlled Discovery
Hybrid Rheometer-1 from TA instruments (New Castle, DE, USA) was used in rheological measurements. The
TA.XTPlus Texture Analyzer (Stable Micro Systems, Godalming, UK) was used for texture analysis.

Preparation of UBM ECM and Collagen Pre-Gel Solutions

Detailed description of ECM pre-gel solution preparation is presented in Freytes et al. (6). In brief, 100 mg of
lyophilized UBM ECM powder was mixed with 10 mg of pepsinin 10 mL of 0.01 N HCl for 48 hat room temperature.
The pre-gel solution was prepared by an acid neutralization method. The stock solution was diluted with 1X PBS
and neutralized with 0.1 N NaOH to pH 7.2-7.4. Collagen pre-gels were also prepared by acid neutralization with
0.1 N NaOH and 1x PBS as per the protocol of the vendor (Advanced BioMatrix) (26). UBM ECM gel and collagen
gels were prepared at 2, 4 and 8 mg/mL for rheological and texture analyzer characterization described below.

Two small molecule model drugs (glipizide and tamsulosin) sparingly soluble in water were incorporated
into the UBM ECM gels. The chosen drugs have similar molecular weight (~400 Da) and logP (~2.8), but
vary in charge. Glipizide is negative at neutral pH, and tamsulosin is positive at neutral pH. These drugs were
incorporated into 4 mg/mL UBM ECM hydrogels at 25 and 50 wt%/wt%. To eliminate the potential effect due to
differences in particle size, the drugs were screened and a particle size fraction of 106 to 212 pum was used for
these experiments for both drugs. Each drug (25 or 50% by total weight) was mixed with Pluronic F127 (6.25%
by total weight) and the drug/Pluronic F127 mixture was subsequently combined with the UBM ECM stock
solution (4 mg/mL). The drug-ECM pre-gel mixture was then neutralized as described above.

Methods

Figure 1 details the various characterizations carried out at the different phases of gel formation and specifies the
instrument used for the respective measurements. For all rheometer tests, measurements were initiated by adding
800 pL of pre-gel solution to the plate and cone (1.995°) geometry on the TA Instruments DHR-1 series rheometer.
The bottom plate of the rheometer was maintained at 4°C until the start of the experiment. The vendor guidelines
were followed for various experiments that were carried out unless specified (27). Gel and hydrogel terminology are
used interchangeably. All terminology used in this study is consistent with the TA manual (27).

Pre-gel |:> Gelation |:> Hydrogel
Properties Properties Properties

 Viscosity R + Visco-elasticity R « Compliance R
« Syringeablity ™ « Temperature R + Phase angle R
e TimeR « Complex modulus R

* Yield stress-strain R
+ Hardness™
« Cohesivity ™A

Figure 1. Description of characterization conducted for each of the hydrogel stages.
Experiment conducted on: R=Rheometer, TA=Texture Analyzer
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Pre-gel solution properties

The UBM ECM and collagen pre-gel solutions were characterized by rheometer for viscosity, and by texture
analyzer for syringeability.

Viscosity: The viscosity of the pre-gel solutions was determined by constant shear and shear ramp methods.
For constant shear measurements, the viscosity was measured at 4°C and 10°C at 1 Pa shear for 5 min. For
shear ramp measurements, the pre-gels were subjected to a shear ramp from 1-1000 1/s. The shear ramping
experiment was conducted at 4°C since the pre-gel solution gels at the higher temperatures. The Herschel-
Bulkley equation was fitted to the data to determine flow indices.

Syringeability: Syringeability (resistance to extrusion) was measured on the UBM ECM and collagen pre-
gel solutions. Syringeability was measured by applying a normal force on the syringe piston using a flat probe
connected to the TA.XTPlus instrument. Approximately 0.5 mL of solution was extruded from a 1%" 21G needle
with a 1mL syringe at a rate of 1 mm/s The mean force produced was recorded with a detection limit set at 0.5
g of force.

Gelation properties
The gel point and temperature-responsiveness of the materials were determined on the rheometer.

Gel Point: The time required for gelation, which is defined as the gel point, was measured by tracking the
storage modulus (G’) of the gel. The gelation process was studied for the UBM ECM and collagen gels on the
rheometer using two methods. In the first method (flash method), the temperature was increased from 4°C to
37°C in less than one minute after introduction of the pre-gel to the rheometer. The pre-gels were exposed to a
strain of 0.1% with a constant angular frequency of 1 rad/s.

Temperature-responsive gelation test: In the second method (ramp method), the pre-gel solutions were
exposed to a strain of 0.1% with a constant angular frequency of 1 rad/s while the temperature was gradually
ramped from 4°C to 37°C at a rate of 0.33°C/min. The storage modulus (G") and loss modulus (G”) were tracked
and the time where G’=G” was determined to be when gelation occurred.

Hydrogel properties

Dynamic mechanical analysis was carried out on the formed UBM ECM and collagen hydrogels on the
rheometer to determine the storage, loss and complex moduli, phase angle, yield strain, and yield stress. The
hardness, cohesivity and adhesivity of both gels were determined on the texture analyzer.

Dynamic mechanical analysis: Storage modulus (G’), loss modulus (G”), complex modulus (G*) and phase
angle (tan 8) were measured by applying a strain of 0.1% with an angular frequency of 1 rad/s.

Yield strain was measured by amplitude sweep, which involves applying a strain from 0.001 to 100% at a
constantangular frequency of 1 rad/s. Alogarithmic exponential decrease in the storage modulus was determined
to be the yield strain (%) value.

Yield stress was measured by creep method, which involves applying incremental stress until strain recovery
was incomplete. The procedure was as follows. A constant stress of 0.1 Pa was initially provided for 60 s followed
by a recovery time of 540 s. The constant stress was ramped up 1.5 fold with each repeat across 20 repeats. Yield
stress was measured as the stress value at which the strain (%) after recovery was incomplete and approximately
equal to or greater than 0.5% strain.

Burger’s model was used to fit the creep data to calculate strain under prolonged stress conditions. Constant
stress creep measurements were performed to compare the predicted strain values from the model to the
measured values for the rheometer.

Hardness, cohesivity and adhesivity: Approximately 750 uL UBM ECM or collagen pre-gel solution were cast
in 2 mL vials for 90 min at 37°C. The gels were impinged with a cylindrical rod on the TA.XTPlus Texture Analyzer
at a rate of 1 mm/s up to a distance of 5 mm into the gel. Force measurement was initiated after reaching the
trigger force of 0.5 g. Initial peak of the force time curve was noted as the hardness peak, area under the positive
region of the curve as cohesivity and area under the negative region of the curve as adhesivity.
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Statistical Analysis

One-way ANOVA was used to compare the different gel properties at three different concentrations. Pairwise
comparisons were performed using Tukey’s multiple comparisons test (Tukey-Kramer method) to understand
the differences between individual concentrations. Significance was defined as p<0.05.

RESULTS AND DISCUSSION

Various hydrogel mechanical properties were measured with rheometer and/or texture analyzer at each
step of hydrogel formation (i.e., pre-gel solution, gelation and hydrogel) (Figure 1). Mechanical properties of
hydrogels have been shown to influence multiple important biological properties such as adhesion and cell
spreading (28), migration (29), proliferation (30) and differentiation (31). In addition to the mentioned biological
properties, adequate mechanical properties are necessary for manufacture, ease of handling and administration.
The experiments carried out in this study allow understanding of the physical characteristics of gels towards
their use in a clinical setting and subsequent commercialization. The characterization results obtained for the
UBM ECM hydrogels are presented first, followed by a comparison with collagen hydrogels.

Pre-Gel Properties
Viscosity

Pre-gel solution viscosity is an important material property to determine the ease of on-site administration
because solutions with high viscosity present a challenge to administration via an appropriately sized needle.
Viscosity was measured by both constant shear and shear ramp methods on the rheometer. The constant shear
method provides the response of viscosity to an increase in temperature and concentration, and the shear ramp
method provides the response of viscosity to an increase in shear.

As seen from the data (Figure 2a), for the constant shear method at 1 Pa, viscosity significantly increased with
concentration but not temperature over the ranges studied. For the shear ramp method, viscosity of the solutions
was seen to decrease with increasing shear rate, indicating that the pre-gel solutions were shear thinning or
thixotropic (Figure 2b). The ECM pre-gels are mostly complex mixtures of randomly oriented proteins and
glycosaminoglycans (GAGs) initially bound together with hydrogen and Van Der Waals interactions that provide
resistance to flow at low shear. Higher shear stresses overcome these bonds and cause the proteins and GAGs to
align, resulting in shear thinning (Figure 2b) (32).

The data obtained from the shear stress vs. shear rate curve was fitted to the Herschel-Bulkley equation
(Equation I) to determine the flow index, which provides information on the extent of shear thinning. Flow
index values suggested that the shear thinning behavior of the ECM pre-gels was more pronounced at higher
concentrations.

a
@) *p=0.01,0ne way ANOVA (b) 10

10 | ] -
0 ® ©
°g 11 @ ] s 1 -8
=0 W 1o0°c P2
83 0.4 . o= =4
6 g o8 0.14
Sy 001 M@ 2

0.001 r ; T T J 0.01 T r 1
0 2 4 6 8 10 1 10 100 1000
ECM pre-gel (mg/mL) Shear rate (1/s)

Figure 2. UBM ECM pre-gel solution viscosity measured (n=3) for with a) Constant shear of 1 Pa at 4 and
10°C, and b) Shear ramp (1-1000 s) at 4°C for 2 (blue), 4 (red) and 8 (green) mg/mL gels. Gels were shown
to be thixotropic, with increasing viscosity at higher concentrations.
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Herschel-Bulkley equation:
o= GO + K'Yn (I)

Where K=Consistency index (consistency index provides information on solution viscosity) and n=Flow index.

Table 1 shows the flow index values for ECM pre-gels at 2, 4 and 8 mg/mL concentrations. Newtonian fluids
have a flow index of 1, whereas shear-thinning pseudoplastic fluids have a flow index less than 1. As seen in
Table 1, the 8 mg/mL pre-gels have the lowest flow index indicating a higher degree of shear thinning. It is likely
that a higher concentration of proteins provides a higher degree of shear thinning in the 8 mg/mL ECM gel. The
shear thinning property at high shear rates of these pre-gels could be beneficial during their administration due
to the reduction in resistance to movement.

Table 1: Flow index of ECM pre-gels measured via shear ramp (n=3). Lower flow index at higher gel
concentrations indicate greater extent of shear thinning.

ECM Concentration (mg/mL) Flow Index (n)
2 0.90
4 0.75
8 0.55

Syringeability

The syringeability force of the ECM pre-gels was compared to a control (D5W) to provide an understanding
about the relative ease of administration. The force required to extrude D5W was measured to be about 146 g.
As seen in Figure 3, the force required to push the pre-gels out of a 1%2" 21G needles was comparable to that of
D5W at 4°C indicating equivalent ease of administration of the ECM pre-gel solutions. We conducted this study
at 4°C since the gel point was found to be approximately 25°C. Syringeability of ECM pre-gels was found to be
independent of concentration, despite significant differences in viscosity (Figure 2a). It is likely that the normal
force applied to the syringe piston caused shear thinning of the pre-gel solution upon its extrusion from the
needle. Further studies are recommended to justify the diameter for the selected gauge of needle, as well as to
optimize the pre-gel handling and administration to prevent its gelling.

150

100

Force (g)

50

2 4 8
ECM Pre-gel (mg/mL)
Figure 3. ECM pre-gel solution syringeability at 2, 4 and 8 mg/mL ECM at 4°C (n=3).

Gelation Properties
Gel point

To mimic the conditions in-vivo after injection of pre-gel solution to the body, temperature was flash ramped
from 4°C to 37°C (flash gelation) in less than one minute, and gelation kinetics were monitored by tracking the
G’ and G” values. Complete gelation was measured by recording the time taken for G’ (storage modulus) to reach
a plateau (Figure 4a) and occurred within 5 min for all gels. There was no difference observed between the 2,
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4 and 8 mg/mL concentration groups (Tukey’s multiple comparisons test) (Figure 4b). In the study by Liang et
al. (33), a gelation time of 5 min was found to be optimal for microinjection of hyaluronic acid-gelatin hydrogels
into spinal cord gray matter of Sprague Dawley (SD) rats.

(a)
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Figure 4. a) Storage modulus during UBM ECM gelation (n=3) due to flash temperature increase from 4°C to
37°C. b) Gel point of UBM ECM gels at: 2 mg/mL (blue), 4 mg/mL (red) and 8 mg/mL (green).

It is likely that the unique composition of these ECM hydrogels plays a major role in impacting their gelation
kinetics. ECM gels were shown to contain mostly collagen with a complex mixture of other soluble and insoluble
proteins (proteoglycans, sulfated GAGs, fibronectin, etc.) (6). It is known that these proteins impact collagen
fibrillogenesis and gelation in multiple complex ways. Collagen gelation takes place via a two-step process of
lag-phase nucleation where thin filaments are formed, followed by a growth phase marked by fibril growth and
interconnections (34,35). Proteoglycans and glycosaminoglycans in the ECM matrix influence the length of both
the lag and growth phases of collagen gelation. These components can act as accelerators and decelerators of
gelation. Chondroitin sulfate and keratin sulfate accelerate the lag phase, whereas heparin sulfate retards it. On
the other hand, chondroitin sulfate delays the growth phase (36). In addition, large proteoglycans/sGAGs can
also retard the free diffusion of self-assembling peptides that cause gelation, leading to weaker gels compared to
single agent gels (i.e., collagen) (35) It is possible that with an increase in ECM concentration, the concentration
of accelerators and decelerators increase equally, thereby having no overall impact on the gelation time. This
property could be leveraged to tune the gelation temperature/time of these ECM gels. On the other hand, single
agent collagen gel does not express this behavior where a concentration dependent decrease in temperature of
gelation has been shown (37).

Temperature-responsiveness of gelation

To assess the temperature-responsiveness of gelation, temperature was increased atarate of 0.33°C/min from
4°C to 37°C to initiate physical gelation. As can be seen in Figure 53, the loss modulus (G”, red) was higher than
the storage modulus (G’, blue) before gelation indicating the liquid-like viscous sol state of the pre-gel solution.
As temperature increased, G’ was seen to rise faster than G” indicating the increase in the elastic energy stored
in the gel as gelation occurred. Gelation occurs when G’ is equal to G”. The gels tested exhibited the cross-over at
approximately 25°C (Figure 5b) and the time to gelation (gel point (G'=G”)) was independent of concentration
(Figure 5c). As seen from Figure 5a, after gelation, the system has higher storage modulus than loss modulus
indicating a switch from liquid-like to solid-like state.

Hydrogel Properties
Gel dynamic mechanical analysis, hardness, cohesivity and adhesivity

To assess the mechanical stiffness of the UBM ECM gels phase angle (§), storage modulus (G’) and hardness
were measured. Phase angle for all the gels was in the range of ~5-10° (Figure 6a). The elastic regime is 0-90°,
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Figure 5. Gelation kinetics (n=3): a) Cross-over temperature during temperature sweep (0.33°C/min). Data
for 8 mg/mL ECM gel is shown. b) Cross-over temperatures for 2, 4 and 8 mg/mL gels are shown. c) Cross-
over time (gel point G’=G") for 2 (blue), 4 (red) and 8 (green) mg/mL gels is shown.

indicating that gels in this study were predominantly elastic. Both the storage and complex modulus for all gels
were in the range of 10-270 Pa (Figure 6b), and showed a concentration dependent increase (p<0.001, one-
way ANOVA). In our case, storage and complex moduli are similar due to elastic nature of the ECM material.
The stiffness of the UBM ECM gels was similar to the stiffness of brain tissue and thus would be appropriate
for neural regeneration. The latter is supported by the study by Saha et al. (22), in which an interpenetrating
polymer network of storage modulus 33-167 Pa was shown to differentiate adult neural stem cells into neurons
in vitro.

While complex modulus measured by rheometer allowed analysis via surface parallel shear forces, texture
analyzer allowed measurement of gel performance under surface normal forces, and was used to measure the gel
hardness, cohesivity and adhesivity. Like the storage modulus, gel hardness was seen to increase with increasing
concentration (p<0.001, one-way ANOVA) (Figure 6¢). Anincrease in gel hardness (measured by texture analyzer)
was seen to positively correlate (R2=0.97) with an increase in modulus (measured by rheometer) indicating the
complementary nature of measurements by these instruments in determining hydrogel properties. An increase
in both modulus (G’ and G*) and hardness with gel concentration indicates a highly cross linked ECM structure.

Cohesivity and adhesivity were calculated from the positive and negative regions of the force-time curve,
respectively. It was seen that cohesivity of the gel increased with concentration and was in the range of 4-30 g.s
(Figure 6d). During the texture analyzer experiments for all concentrations, there was minimal force registered
while retracting the impinging cylindrical rod. Therefore, the registered adhesivity values were low for all the
gels tested and showed no particular trend. The characterization on the texture analyzer clearly show that UBM
ECM gels have a more cohesive than adhesive nature at all concentrations (p<0.05) indicating strong internal
physico-chemical interactions within the crosslinked gel.
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Figure 6. Hydrogel properties for 2 mg/mL (blue), 4 mg/mL (red) and 8 mg/mL (green) (n=3). a) Low
phase angle indicating predominantly elastic gels. A concentration dependent increase was observed for b)
Storage modulus (G’) and complex modulus (G*), c) Hardness, and d) Cohesivity.

Yield stress and yield strain

The rheometer was used to determine yield stress and yield strain. Yield stress is defined as the shear force
required for gels to undergo permanent deformation (38) and was measured using creep studies. Creep is
defined as strain or displacement experienced by a body after the application of stress. The amount of strain
required for catastrophic collapse in a structure is called yield strain and was measured using the amplitude
sweep. As shown in Figure 7a, yield stress increased and yield strain decreased with concentration. In other
words, the gels that were able to bear higher shear forces were more prone to undergoing catastrophic collapse
rather than displacement.

The decrease in yield strain with concentration was attributed to strain stiffening observed at the lower gel
concentration in comparison to strain weakening observed at the higher gel concentration (Figure 7b, compare
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2 and 8 mg/mL gels). Strain stiffening refers to the increase in storage modulus (G’) of gels with applied strain.
It is a property of biological gels such as the collagen gel that is attributed to reversible movements of the
crosslinks before yielding (39). Initial stiffening is likely due to individual fiber stretching followed by network
scale involving reversible fiber rearrangements. In the study by Motte et al. (40), the collagen gels showed slight
strain weakening before yielding, which is similar to what was observed in our study. The 8 mg/mL gels in this
study may be cross-linked to an extent that inhibits reversible movements of the crosslinks, thus reducing the
strain stiffening behavior.

() (b)
251 -8~ Yield stress (Pa) r40 '_< o 10005
—_ i in (¥ o
2 201 —& Yield Strain (%) 20 = E
s ° =
£ 154 s T -
© o o L
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» 10 2 5 . 100;
2 51 £ E .
. S )
0 T T T T 0 w
0 2 4 6 8 10 10.1 o 00
ECM Gel (mg/L) Oscillation strain (%)

Figure 7. (n=3): a) With an increase in the ECM gel concentration, the yield stress (blue) increased and the
yield strain (red) decreased. Yield stress and yield strain showed an inverse relationship with each other. b)
Yield strain of 2 mg/mL (blue) and 8 mg/mL (green) ECM gels. Strain stiffening was not observed at higher
ECM gel concentration.

Creep compliance

After in-situ gelation of the ECM at the site of injury, it is likely that it will experience stresses from nearby
tissues. Hence, understanding the behavior of these gels under constant stress conditions is of importance.
Burger’s model (Equation II) describes the response of a system under stress as a sum of the elastic, visco-elastic
and viscous components (41). The initial spontaneous elastic deformation is quantified by a Maxwell spring
element. The intermediate visco-elastic behavior is characterized as a Kelvin-Voigt viscoelastic element (spring-
dashpot parallel combination) and the viscous behavior is quantified as a dashpot viscous element. G and G, are
the elastic moduli components of the Maxwell and Kelvin-Voigt elements; n, and n are the viscosities of Kelvin-
Voigt and dashpot elements, respectively.

Burger’s model equation:

v(2) =i+ill—e[f;€‘;l]]+M (I

no

Data from creep measurements for UBM ECM gels were fitted to Burger’s model to predict the strain at
different stress and time values (Figure 8) (42). The model parameters (GO, G1,710,n1) were estimated by fitting
the data to the equation, and were subsequently used to evaluate the strain at different values of stress and
time. Among 2, 4 and 8 mg/mL UBM ECM gels, the 2 mg/mL gels had the lowest GO value, which explains its
greatest deformation compared to other gels. All of the Burger’s model parameters increased with concentration,
indicating greater opposition to deformation at higher gel concentrations (Supplementary Table 1).

While Burger’s model helps estimate when permanent deformation occurs, it is important to note that it
does not take into account normal stresses and degradation kinetics of the gel in vivo, which could impact the
strain values upon prolonged stress. Previous work has shown that UBM-ECM gels degrade within 8-10 weeks of
implantation in vivo (43). It is likely that with degradation, the Burger’s model parameters would likely change
due to reduced gel opposition to deformation.
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Figure 8. Creep data used to estimate Burger’s model parameters. Data for 2 mg/mL UBM ECM gel obtained
by applying constant stress of 0.5 Pa for 60 s shown.

Comparison of Collagen and UBM ECM Gels

Collagen has already been shown to be the major component of ECM gels (6). However, there are other
structural and functional proteins and peptides (proteoglycans, sulfated GAGs, and fibronectin, etc.) that
differentiate the ECM gels from collagen gels. It is of importance to study the impact the other proteins (apart
from collagen) have on the different mechanical properties of ECM gels. As seen in Supplementary Figure 1, ECM
pre-gel showed lower viscosity compared to the collagen pre-gel solutions. Similar to the ECM pre-gel solution,
collagen also showed a concentration dependent increase in viscosity.

With regard to gelation kinetics, UBM ECM gels showed no impact of concentration on gelation time between
2 to 8 mg/mL (Figure 5d). On the other hand, an increase in collagen monomer concentration from 2 to 8 mg/
mL resulted in a decrease in gelation time from 14 to 8 min (Supplementary Figure 2). This is due to the higher
concentration of monomers in the collagen matrix, which translates into lower diffusion time scales and faster
gelation. This observation is confirmed in literature (37). It was also observed that at every concentration, UBM
ECM gels showed significantly faster gelation time than collagen gels (p<0.05) (Supplementary Figure 2). In
UBM ECM gels, soluble proteoglycans and sulfated GAGs can electrostatically associate with collagen fibrils and
impact their nucleation and growth leading to the reduction of gelation time (35).

The collagen gels showed higher modulus, hardness, cohesivity and adhesivity compared to UBM ECM at all
concentrations studied, as shown in Supplementary Figure 3. Similar to ECM gels, the collagen gels were found
to have significantly more cohesivity compared to adhesivity albeit significantly higher values for both of these
texture properties compared to the ECM gels. Guarnieri et al (44) showed that the presence of components
such as fibronectin and laminin in the collagen gels can be attributed to weaker and looser cross-links, with a
significant decrease in storage and loss moduli at a concentration of 100 pg/mL. It is likely that the complex
mixture of components in ECM gels decrease the storage and loss moduli, and the texture properties.

The collagen gels showed similar levels of yield stress compared to UBM ECM gels but had significantly higher
yield strain (%) at 4 and 8 mg/mL (Supplementary Figure 4). Though the ECM gels show lower hardness than
the collagen gels, similar yield stress and lower yield strain values indicate that the ECM gels would be able to
resist similar amounts of shear stress compared to the collagen gels. The non-structural components in the ECM
might influence yield stress values and allow them to be equivalent to that of collagen.

The collagen gels at all concentrations showed strain stiffening behavior (Supplementary Figure 5), unlike
the ECM gels that did not show strain stiffening at 8 mg/mL (Figure 7b). It is likely that the inclusion of soluble
proteoglycans and sGAGs lower the ability of ECM gels to undergo strain stiffening by preventing the reversible
movements of the crosslinks. In addition, collagen gels showed a significantly greater extent of strain stiffening
compared to UBM ECM gels at all concentrations (p<0.05, unpaired t-test)
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Supplementary Table 1 shows the Burger’s model fit of creep under constant stress for UBM ECM and collagen
gels. It was broadly seen that all the model parameters were higher for collagen gels compared to the UBM ECM
gels. Higher G, and G, values indicate that the collagen gels show greater opposition to deformation compared
to UBM ECM gels. Overall, the UBM ECM gels were found to be weaker than collagen gels likely due to different
protein fractions present within the ECM gels that inhibit fibril formation.

Drug Loading in to the ECM Gels: Impact on Gelation Kinetics and Complex Modulus

Inclusion of a small molecule drug compound into the ECM gels could augment regenerative capabilities. One
of the ways to incorporate small molecule drugs into the gel is to trap the drug nanoparticles within the network
of the gel. To test the hypothesis that incorporation of drug molecules into the gel would likely disturb its network
and impact its mechanical properties, the rheological response of UBM ECM gels following drug loading was
studied. Two model drugs were incorporated into 4 mg/mL UBM ECM gels. These drugs were selected based on
charge at neutral pH: glipizide is negative and tamsulosin is positive at neutral pH. It was hypothesized that the
charge of the drug molecules might affect the formation of the gel network in different ways. The impact of drug
load (25 or 50 wt%/wt%) was also investigated.

The gelation time for drug-loaded gels (Figure 9) was determined using the same method as for the native
gels. Presence of the drugs did not impact the gelation time compared to the control. An increase in drug load
from 25 to 50 wt%/wt% also did not affect gelation time. The results were tested for statistical significance using
the Tukey-Kramer test and were found to have no statistical significance.

Incorporation of the drugs did affect the complex modulus of the gels (Figure 10a). The glipizide-loaded gels
had a complex modulus that was significantly lower than that of the control at both drug loads. Additionally,
complex modulus decreased as the drug load increased for glipizide. On the other hand, tamsulosin showed the
opposite effect in response to the drug load. Complex modulus for the tamsulosin-loaded gel was slightly lower
(not statistically significant) than the control at 25 wt%/wt% drug loads, but similar to the control at 50 wt%/
wt% drug load.

Complex modulus is described by elastic and viscous components through the storage (Figure 10b) and loss
moduli (Figure 10c), respectively. Since the storage and complex moduli followed the same trend, it can be
concluded that only elastic properties of the gels were affected by drug incorporation.

Glipizide in the gels is negatively charged, and a reduction in storage and/or complex modulus with an
increase in the drug load indicates that the gels are less stable in the presence of the drug. The tamsulosin-loaded
gels undergo less of a change at either drug load, indicating higher stability. The results indicate that the UBM
ECM gels would be more mechanically robust with positively charged drugs such as tamsulosin. For negatively
charged drugs an additional component may be required to maintain the gel properties.

6 00 -
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400 T
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Figure 9. Effect of drug loading on gelation time for 4 mg/mL ECM gels (n=2). No statistically significant
differences between control, naive gel (green), glipizide-loaded (red) and tamsulosin-loaded (blue) gels
was observed.
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Figure 10. a) Complex, b) storage, and c) loss modulus of 4 mg/mL ECM gels with 0, 25 or 50 wt%/wt% drug
load (n=2).

CONCLUSION

This study provides a detailed mechanical assessment of viscoelastic properties of UBM ECM gels by rheometer
and texture analyzer. The tests were conducted for various stages of hydrogel formation in order to understand
nuances of the system behavior as a function of its stages and to aid in proper handling for in vivo studies. The
study was conducted for specific UBM hydrogel and corresponding studies should be done for the select systems.

We determined that:
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- Forall concentrations of UBM ECM gels, rapid gelation was observed around 25°C with a gel point of less
than 5 min.

- Gel complex modulus measured using rheometer correlated with hardness measured using texture
analyzer, indicating that the measurements done with rheometer and texture analyzer were complementary to
each other.

- Yield stress and yield strain were negatively correlated and gels were found to undergo strain stiffening
at lower concentrations.

- The collagen gels in comparison to the UBM ECM gels had higher pre-gel viscosity, modulus, hardness
and gelation time. The collagen gels also showed a greater degree of strain stiffening than the UBM ECM gels.

- Insoluble drugs were loaded into the UBM ECM gels, and impacted the mechanical properties of the gels
depending on the charge of the drug.

Although, a specific hydrogel UBM system was used in this study the recommendation to utilize both
techniques due to their complementary nature can be extended to other hydrogel systems. This would yield a
more comprehensive understanding of mechanical properties of systems and would allow for better development
decisions.
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