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ARTICLE INFO ABSTRACT

Keywords: Cardiac fibrosis is characterized by excessive accumulation and deposition of ECM proteins. Cardiac fibrosis is
Myocardial infarction commonly implicated in a variety of cardiovascular diseases, including post-myocardial infarction (MI). We have
Nanogel

previously developed a dual-delivery nanogel therapeutic to deliver tissue plasminogen activator (tPA) and Y-
27632 (a ROCK inhibitor) to address MI-associated coronary artery occlusion and downregulate cell-contractility
mediated fibrotic responses. Initial in vitro studies were conducted on glass substrates. The study presented here
employs the use of polyacrylamide (PA) gels and microgel thin films to mimic healthy and fibrotic cardiac tissue
mechanics. Soft and stiff polyacrylamide substrates or high and low loss tangent microgel thin films were utilized
to examine the influence of cell-substrate interactions on dual-loaded nanogel therapeutic efficacy. In the
presence of Y-27632 containing nanogels, a reduction of fibrotic marker expression was noted on traditional PA
gels mimicking healthy and fibrotic cardiac tissue mechanics. These findings differed on more physiologically
relevant microgel thin films, where early treatment with the ROCK inhibitor intensified the fibrotic related
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responses.

Introduction

Cardiac fibrosis results in the excessive synthesis of extracellular
matrix (ECM) proteins, which impairs cardiac function. Cardiac fibrosis
is implicated in numerous cardiovascular diseases, including after
myocardial infarction (MI). Coronary artery disease is the number one
cause of death in both the United States and Europe. Approximately 1.5
million people annually experience MI in the United States. During ML, a
fibrin-rich thrombus occludes coronary arteries causing ischemic dam-
age [1]. Subsequently, fibrosis can occur after MI during the repair and
remodeling process. Following injury, cardiac fibroblasts proliferate,
differentiate into myofibroblasts, and secrete additional ECM to repair
the damaged tissue [2]. While critical to cardiac healing post-MI, these
processes can easily become uncontrolled, resulting in stiffening of
cardiac tissue and loss of cardiac function [2,3]. The mechanical prop-
erties of the ECM change during these fibrotic processes, leading to
increased stiffness and decreased viscosity; these mechanical changes in

the ECM are known to further perpetuate the fibrotic process by pro-
moting enhanced cell contractility, myofibroblastic differentiation, cell
mediated activation of TGFp, and additional ECM production [3-5].
TGFp is a key mediator of fibrotic responses and has been implicated
in post-MI fibrosis. [2,6,7] Previous studies have shown that TGFf
activation is sensitive to mechanical changes in the ECM microenvi-
ronment; increased ECM stiffness and decreased ECM viscosity drives
Rho-associated kinase (ROCK) mediated increases in cell contractility,
which increases cell contractility mediated activation of the latent form
of TGFp [3,8-10]. For these reasons, inhibiting the ROCK pathway is a
promising strategy for mitigating fibrotic responses post-MI. However,
systemic inhibition of ROCK signaling is problematic and could lead to
deleterious off-target effects. Therefore, in prior studies we developed a
fibrin-targeting core—shell (C/S) nanogel therapeutic to site-specifically
deliver a small molecule ROCK inhibitor (Y-27632) to mitigate cardiac
fibrosis post-MI. This nanogel therapeutic also contained tissue plas-
minogen activator (tPA) to lyse the occlusive thrombus and re-establish
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blood flow and attenuate any additional fibrin deposition. These C/S
fibrin-specific nanogels (FSNs) were found to downregulate fibroblast
a-smooth muscle actin (a-SMA) expression in vitro and mitigate scar
tissue formation post-MI in vivo in a rat ischemia-reperfusion model
[11]. However, more detailed understanding of cellular responses of
relevant cardiac cells to dual-loaded nanogels remain to be elucidated.
Additionally, our prior in vitro experiments were performed on glass and
tissue culture plastic surfaces.

Indeed, most in vitro studies evaluating new anti-fibrotic therapeutics
evaluate cellular responses of cells cultured on glass or tissue culture
plastic, which represent stiffness values several orders of magnitude
higher than those observed in healthy or fibrotic cardiac tissue. In
studying cellular responses in vitro, fibrotic conditions can be mimicked
by culturing cells on PA gels and microgel thin films that span the range
of mechanics observed in healthy and fibrotic ECMs. Traditionally, to
examine the relationship between ECM changes and cellular response,
polyacrylamide (PA) [12] or polyethylene glycol (PEG) [13] hydrogels
have been utilized. These platforms employ consistent and reproducible
Young’s (or elastic) Modulus. The Young’s Modulus defines the ratio of
stress versus strain and describes the relative stiffness of elastic
materials.

To investigate the utility of drug carrying nanogels in healthy and
fibrotic environments, a broad survey of relevant cardiac cell lines was
performed to examine their responses on PA gels and microgel thin
films. Our group has utilized microgel thin films with easily tunable
viscoelastic properties to employ healthy and fibrotic mimetics with
viscoelastic material properties [14]. Viscoelastic material properties
refer to the ability of materials to undergo gradual deformation with a
constant applied stress. Previously, our group has characterized 4-layer
microgel thin films composed of different degrees of crosslinking and
found an increase in intraparticle crosslinking (% bisacrylamide) led to a
decrease in film loss tangent and viscosity. The microgel thin films
Young’s Modulus and loss tangent values for low (1 % BIS), middle (2 %
BIS), and high (7 % BIS) intraparticle crosslinked films were measured to
be low (1 % BIS): 95 +/- 20 kPa and 1.8 +/- 0.1; middle (2 % BIS): 107
+/- 8 kPa and 1.5 +/- 0.1, and high (7 % BIS): 114 +/- 14 kPa and 0.9
+/- 0.2, respectively. Loss tangent is defined as the ratio of loss modulus
E” to storage modulus E’. The Young’s Modulus of the films are similar,
while the loss tangent decreases as a function of intraparticle cross-
linking, suggesting that film viscosity is decreasing with increasing
particle crosslinking. Biological tissues are viscoelastic, however, con-
trolling the viscous component of materials in a narrow range at which
cells” response is challenging; especially while controlling the elastic
modulus. These microgel thin films allow for fine control over material
viscosity, and are therefore, an ideal material for studying how these
mechanical properties of the ECM microenvironment influence cellular
outcomes and efficacy of novel therapeutics. Here, we used PA gels and
microgel thin films with a range of mechanical properties to evaluate the
responses of cardiac cell lines to dual-loaded microgels to gain a broad
understanding of the functionality of these novel therapeutics in mi-
croenvironments with mechanics spanning values observed for healthy
and fibrotic tissue.

Materials and methods
Core-Shell nanogel synthesis and drug-loading

Core-shell (C/S) poly(N-isopropylacrylamide) (NIPAM) nanogels
were synthesized through two sequential precipitation-polymerization
reactions [11]. The initial reaction utilized 10 % BIS crosslinker to
create a highly crosslinked nanogel core to facilitate optimal uptake and
release of the small molecule Y-27632. After synthesis and purification
of the nanogel core, a second reaction was performed to add a loosely
crosslinked nanogel shell; the nanogel shell contained 2 % BIS cross-
linker and 5 % Acrylic Acid (AAc). To facilitate fluorescent detection of
nanogels, 0.1 % methacryloxyethyl thiocarbamoyl rhodamine B

Matrix Biology Plus 23 (2024) 100150

monomer (PolyScience) was added during core syntheses. Y-27632
(Fisher Scientific) and tPA (Sigma) were loaded into nanogels using a
one-step swelling method, as previously published!”. Prior studies
demonstrated that this method results in partitioning of tPA into the
loosely crosslinked shell, while Y-27632 can penetrate the highly
crosslinked core. After drug loading, nanogels were purified via centri-
fugation then lyophilized and stored until use.

Polyacrylamide gel fabrication

Polyacrylamide (PA) gels were fabricated using a well-established
method [15]. Briefly, coverslips were cleaned by sonicating in solu-
tions of 3 % alconox, deionized water, acetone, ethanol, and iso-
propanol. Coverslips were dried then treated with 0.1 M NaOH, followed
by APTMS, rinsing with deionized water, and treatment with 0.5 %
glutaraldehyde for 30 min. PA gel solutions were then pipetted onto the
treated coverslips and covered with DCDMS-treated coverslips during
polymerization. Stiff PA gels were created using a solution of 2 mL
acrylamide (40 %), 5.8298 mL bis-acrylamide (2 %), and 2.1702 mL
deionized water polymerized with 100 pL. ammonium persulfate (APS)
(10 % w/v) and 10 pL tetramethylethylenediamine (TEMED). Soft PA
gels were created using a solution of 2 mL acrylamide (40 %), 0.6998 mL
bis-acrylamide (2 %), and 7.3002 mL deionized water polymerized with
100 pL APS (10 % w/v) and 10 pL TEMED. Following polymerization,
PA gels were rinsed with deionized water and incubated in 0.2 mg/mL
sulfo-SANPAH under UV light for 8 min; this treatment was performed
twice. Next, two washes with 50 mM HEPES, pH 8.5 were performed and
then gels were incubated with 40 pg/mL rat tail collagen type I (Enzo
Life Sciences) in HEPES buffer overnight at 4 °C. Prior to cell culture,
gels were washed twice with sterile PBS then UV sterilized for 30 min.
Young’s modulus characterization of PA gels was conducted via atomic
force microscopy (AFM) using a 16 x 16 pm area in Contact Mode
Topography. Single-force measurements were captured using cantilever
tips (CP-qp-CONT-PS-A-5) with a spring constant of 30 kHz and diam-
eter of 1.98 pum. Duplicate measurements were performed for each
sample and the Young’s modulus was determined by fitting the data
using the Hertz model. The Young’s modulus +/- standard error of the
mean of soft PA gel substrates was 20.4 + 0.52 and stiff PA gel substrates
was 106.2 + 4.85 kPa (Supplementary Figure 1). This data was analyzed
via a nonparametric Mann-Whitney test, displaying a p value < 0.0001.

Single microgel synthesis

Single microgels used for film fabrication were synthesized via a
precipitation-polymerization reaction [14] using a total monomer con-
centration of 140 mM. The reaction contained 1 %, 2 %, or 7 % N,N’-
methylenebis(acrylamide) (BIS), 5 % Acrylic Acid (AAc), 94 %, 93 %, or
88 % Poly(N-isopropylacrylamide)(poly-NIPam), and 0.75 and 0.3 mM
sodium dodecyl sulfate (SDS), respectively. A reaction volume of 100 mL
was used. Poly-NIPam, BIS, and SDS were mixed in ultrapure water,
filtered using a 0.22 um Steriflip-GP Polyethersulfone (PES) filter, and
added to a three-necked reaction vessel. Following a 1-hour equilibra-
tion at 70 °C, 5 % AAc and 1 mM ammonium persulfate (APS) were
added to the reaction. The solution was stirred at 450 RPM for 5.5 h.
Subsequently, the solution was filtered with glass wool to remove large
aggregates then dialysis into deionized, ultrapure water with 1000 kDa
dialysis tubing was used for further purification. Dialysis proceeded for
72 h with three buffer exchanges. Samples were then collected, lyoph-
ilized, and stored until further use.

Construction of viscoelastic Four-Layer film

Four-layer microgel thin films were created using centrifugal depo-
sition. Glass coverslips were functionalized using a 1 % solution of (3-
Aminopropyl) trimethoxysilane (APTMS) in 200 Proof Ethanol, for 2 h
shaking at 50 RPM. Following functionalization, glass coverslips were
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washed once with DI water and transferred to a new 12-well plate. Next,
a 0.1 mg/mL of 1 %, 2 % or 7 % BIS microgel solution was added to the
functionalized coverslips and centrifuged at 3000g for 10 min.
Following centrifugation, the microgel solution was removed, coverslips
washed once with DI water and a 0.05 monomolar polyethyleneimine
(PEI) solution was added. The coverslips were placed on a shaker for 30
min at 50 RPM. The PEI solution was then removed, and the coverslips
washed again with DI water. This process was repeated until 4 microgel
layers were constructed, with the final layer being microgel particles. 4-
layer thin films were sterilized for 30 min in 30 % Ethanol solution, and
then incubated overnight in PBS at 4 °C. The microgel thin films Young’s
Modulus and Loss Tangent values for low, middle, and high intraparticle
crosslinked films were 1 %: 95 +/- 20 kPa and 1.8 +/- 0.1, 2 %: 107 +/-
8 kPa and 1.5 +/- 0.1, and 7 %: 114 +/- 14 kPa and 0.9 +/- 0.2,
respectively [14].

Cell culture

Neonatal rat cardiac fibroblasts (NRCF) (obtained as previously
described [16]), human umbilical vein endothelial cells (HUVEC), and
human aortic smooth muscle cells (HASMC) (ATCC) were evaluated in
these studies. NRCF and HASMC were seeded onto PA gels or microgel
thin films in a 12 well plate at 12,000 cells per well. HUVEC were seeded
onto PA gels and microgel thin films in a 12 well plate at 200,000 and
100,000 cells per well, respectively. NRCFs and HASMCs were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Caisson Labs) with 2
mM L-glutamine, 1 % penicillin—streptomycin, and 10 % or 20 % fetal
bovine serum (FBS, Genesee Scientific), respectively. HUVECs were
cultured in endothelial cell growth media (Sigma Aldrich 211-500) with
10 % FBS, 2 mM L-glutamine, and 1 % penicillin—streptomycin.

Cells were cultured overnight, 24 h, or 48 h then washed twice with
sterile PBS, fixed in 4 % paraformaldehyde (PFA) on PA gels or 95 %
Methanol and 5 % Glacial Acetic Acid on microgel thin films, and then
washed three times with PBS prior to immunofluorescent staining. A
minimum of 4 wells per condition were analyzed, conducted in two
duplicate sets of experiments for each cell type. Nanogel treatments
(unloaded nanogels, tPA-loaded C/S nanogels, Y-27632-loaded C/S
nanogels, or tPA and Y-27632C/S nanogels) were added to cells at a
concentration of 1 mg/mL.

Fibrotic marker expression and morphology Quantification

Expression of fibrotic markers aSMA and connective tissue growth
factor (CTGF) were analyzed for NRCF and HASMCs via immunofluo-
rescent staining. Fixed cells were permeabilized with 0.1 % Triton-X
100, blocked with 1 % BSA in PBS with 0.1 % tween (PBST), and
incubated with anti-actin, aSMA, clone 1A4 1:200 dilution (Sigma-
Aldrich) and anti-CTGF antibody ab6992 1:200 dilution (Abcam) in 1-2
% BSA in PBST for 2 h at room temperature. Cells were treated with
AlexaFluor 488 goat anti-mouse (Invitrogen) or AlexaFluor 594 goat
anti-rabbit (Invitrogen) and a NucBlue Live stain (Invitrogen) in 1 % BSA
in PBST for 1 h at room temperature. The protocol was consistent on
microgel thin films but omitted treatment with 0.1 % Triton-X 100.
Actin and VE Cadherin were measured via immunofluorescent staining
for HUVECs. Following fixation, HUVECs were incubated with 2 % BSA
in PBS followed by an overnight treatment at 4 °C with 1x AlexaFluor
488 Phalloidin (Thermo Fisher Scientific) and 1:100 CD144 (VE Cad-
herin 14-1449-82 Thermo Fisher Scientific) in 0.1 % BSA in PBS.
Samples were then treated with AlexaFluor 594 goat anti-mouse (Invi-
trogen) in 0.1 % BSA in PBS at 4 °C overnight, followed by NucBlue Live
stain. Samples were mounted in Fluoromount-G mounting medium and
imaged with an ECHO labs Revolve Fluorescence Microscope (PA Gel
samples), and EVOS FL Auto (microgel thin film samples). Image J was
used to quantify morphological parameters, including circularity. The
parameter for perfect cell circularity is 1.0. Circularity was defined as
circularity = 4n(area/perimeter2), with lower values indicating more
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polygon shaped cells, which are associated with fibrotic phenotypes.
Quantification of ®SMA, CTGF, actin (phalloidin), and VE Cadherin was
conducted by measuring corrected total cell fluorescence using the
following equation: integrated density of cell — (cell area x mean gray
value of background). At least 10 cells per well were analyzed per
condition.

Analysis of cell viability and nanogel endocytosis

To analyze cell viability, cells were seeded on soft and stiff PA gels
coated in collagen. Following a 48-hour incubation, cells were treated
with 1 mg/mL of tPA and Y-27632 nanogels. After an additional 24 h
incubation, cells were stained with NucBlue Live and NucGreen Dead
ReadyProbes™ then imaged using an ECHO labs Revolve Fluorescence
Microscope. To evaluate potential nanogel endocytosis, cells were
cultured on soft or stiff PA gels. 7 h after plating cells were treated with
PBS or 1 mg/mL of nanogel groups, which included rhodamine B C/S
nanogels, or rhodamine B C/S nanogels conjugated to fibrin-targeting
element (fibrin fragment E antibody, Affinity Biologicals). After a 24-
hour incubation, cells were fixed in 4 % PFA, stained with 488 phal-
loidin and imaged with a Zeiss Laser Scanning Microscopy (LSM 710,
Zeiss Inc., White Plains, NY). A minimum of 4 samples were analyzed per
treatment group.

Evaluation of endogenous fibrinolysis

C/S nanogels were loaded with 0.029 mg/mL tPA, tPA and 0.414 mM
Y-27632, 0.029 mg/mL or 0.120 mg/mL plasmin, plasmin and Y-27632
via the rehydration method described above. An absorbance-based
endogenous fibrinolysis assay was then performed to measure in vitro
clot degradation in the absence or presence of drug-loaded nanogels
[17]. 1 mg/mL fibrinogen, 10.8 pg/mL plasminogen, 1 or 3 mg/mL drug
loaded nanogels, and 2.5 U/mL thrombin were combined in 25 mM
HEPES, 150 mM NaCl, 5 mM CaCl2 buffer and then dynamics of clot
polymerization/degradation were determined by measuring absorbance
at 350 nm every 30 s for 2 h. Negative controls included fibrinogen
without thrombin and positive controls included fibrinogen without
nanogels. Experiments were performed in triplicate.

Statistical analysis

Statistical analysis was performed by using GraphPad Prism 8
(GraphPad, San Diego, CA). Outlier tests were performed on all data sets
prior to statistical analysis. Data was analyzed via a one-way analysis of
variance with a Tukey’s post-hoc test using a 95 % confidence interval.
All data are presented as average + standard deviation.

Results
Emergent fibrotic phenotype in the absence of nanogel treatment

Fibrotic marker expression and morphological differences were first
evaluated in the absence of nanogel therapeutics on PA gels and
microgel thin films at various time points. Neonatal rat cardiac fibro-
blasts (NRCF) on stiff PA gels and low loss tangent films, compared to
healthy cardiac mimetics, showed significant increases in expression of
representative fibrotic markers alpha smooth muscle actin (¢(SMA) and
connective tissue growth factor (CTGF) at all time points (t = overnight
(O/N), 24-hours, and 48-hours) on stiffer PA gels (p < 0.0001) and 24-
hours on low loss tangent films. Expression of «SMA and CTGF on stiff
compared to soft PA gels was increased after 48 h (53,313 +/- 39,487 to
623,893 +/- 500,212 and 32,509 +/- 19,261 to 276,104 +/- 166,535,
respectively) (Fig. 1). For analysis on microgel thin film cardiac mi-
metics, expression of aSMA at 24-hours increased with decreasing loss
tangent (High (1 % BIS): 374,085 +/- 183,875, Medium (2 % BIS):
472,758 +/- 264,525, Low (7 % BIS): 517,384 +/- 212,574) (Fig. 2).
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Fig. 1. Time course experiments on PA gels for cell types. (A-C) Quantification of immunofluorescent staining and morphological measurements evaluating neonatal
rat cardiac fibroblasts (NRCF), human aortic smooth muscle cells (HASMC), and human umbilical vein endothelial cells (HUVEC) on soft and stiff PA gels following
overnight, 24-, or 48-hours culture. A one-way analysis of variance was conducted with a Tukey’s post-hoc test using a 95 % confidence interval. Mean =+ standard

deviation is shown. **p < 0.01, ***p < 0.001, ****p < 0.0001.

Similarly, CTGF on high loss tangent films, compared to low loss tangent
films, at 24-hours was increased by factor of ~ 1.5.

Similarly, human aortic smooth muscle cells (HASMCs) cultured on
stiff PA gels showed significant increases in expression of «SMA and
CTGF at all time points compared to cells cultured on soft PA gels.
Specifically analyzing the fibrotic marker expression of aSMA and CTGF,
following a 48 h incubation a respective 2.9 and 2.6 factor increase was
noted (33,902 +/- 24,743 to 98,729 +/- 60,005 and 52,606 +/- 31,288
to 134,501 +/- 85,998 respectively). However, for HASMCs, the
expression of aSMA decreased with increasing loss tangent at 24-hours
(High (1 % BIS): 316,600 +/-220,847, Medium (2 % BIS): 130,122+/-
142,797, Low (7 % BIS): 139,605 +/-96,146) (Fig. 2). Similarly, CTGF
on high loss tangent films, compared to low loss tangent films, at 24hrs
was decreased by factor of ~ 0.64. No significant cellular morphological
changes were noted in cell circularity of HASMCs at all time points. At
timepoints overnight, 24-hours, and 48-hours, an increase was observed
in cell area and perimeter on stiff compared to soft PA gels (Fig. 1). On
microgel thin films, a slight difference was noticed in cell area and
perimeter following incubation on high loss tangent at t = O/N, 24-
hours, and 48-hours in comparison to medium and low loss tangent
substrates. Additionally, no statistical differences were noted between
samples at overnight and 48-hours. Interestingly, in the absence of
loaded nanogels, differences are noted in the expression of «aSMA and
CTGF on PA gels and microgel thin films. The comparison of different
substrates allows for in vitro examination in the influence of

viscoelasticity on markers of cardiac fibrosis.

Human umbilical vein endothelial (HUVEC) cellular responses were
also evaluated on PA gels and microgel thin films. On PA gels, minimal
differences were observed in HUVEC actin expression at 24 and 48-
hours. However, a significant decrease in vascular endothelial (VE)-
cadherin expression was noted for HUVECs cultured on stiff PA gels
compared to soft PA gels, with fluorescence values of 745,090 -+/-
376,036 decreasing to 531,246 +/- 301,232. On microgel thin films, the
largest differences in HUVEC actin and VE Cadherin expression were
noted after 24-hours. There was a significant decrease in actin expres-
sion on medium and low loss tangent films, compared to high loss
tangent substrates, with a corrected total cell fluorescence value of
351,145 +/- 415,807 decreasing to 199,917 +/- 275,977 (~54 %) and
54,095 +/- 25,455 (~147 %). Of note, VE Cadherin immunofluorescent
staining was conducted without cell permeabilization. Decreases in VE
Cadherin shown here mirror the response of impaired vascular integrity
[18,19]. Examining cell morphology changes on PA gels, a significant
increase in HUVEC cell area and cell perimeter was observed at all time
points, and a significant reduction in cell circularity was observed after
24 and 48-hours on stiff PA gels compared to soft gels (Fig. 1), similar to
previous studies [20]. The largest differences in cell area and perimeters
was observed at 24hrs on microgel thin films. These data suggest a
strong trend that fibroblasts, smooth muscle cells, and endothelial cells
cultured using these traditional in vitro models mirror known responses
in fibrosis.



A. Simpson et al.

A NRCF

Matrix Biology Plus 23 (2024) 100150

aSMA Expression CTGF Expression Cell Area Cell Pon'melﬂ Cell Circularity
= o ped . £ . 4
- o 2e0% "= oo | - — e P 10.
i i :
%5 © = oM B H
F-] 5 a8 § ; Ses
-1 5 3 o0 - |4
43 gE g W 0
53 85 & el i T
& LL&LL L8880 P LEL LLE T \’(’0 \"«"0 S8 L8 & L&
ST STTLHEHET IV J_d,(, A A 2 Xy S
“’f"\ ,..km_,. wagege BN f\,, ':a,-,t.,-‘\do AC"‘\ J,.k«,?,, Jn,:@(ﬂ W ,fn... Dap "L s,. a apeor
aSMA Expression CTGF Expression Cell Area Cell Perimeter Cell Circularity
- AL — = Lo * 1500000, —
4 8¢ s :
o 3 reonce. s ’3 2 1ose00 = a
af 2§ 8 F
2 s 2 -~ -~
B oo | & seeo0 g £
8 = | g = < 3
5 3 &
ARD oo &o8 DA & o8
ST BB S dod“e v‘ S5 do‘e\*.@
Segege R ‘?_ i ""'i‘“\“‘ e "’3" -«"“f"\"‘ Ve >
Serpre g PAREAS e o A «»
Actin VE Cadherin Cell Area Cell Perimeter Cell Circularity
bty ose . e
o 1000000,y = - — o Miton [ — 00y oy ) —
3£ | 3€ ; % .
= 2 1ac00 i = 2 20000 ; 3 g
e o . i ~
&3 ! ay 5 10 s
EE 20030 ! Eé‘ 130003 s 5
83 [ 83 | o
s ooy I S . <
S \"0'«9 So8 \““ SEL LEE A I X X g R R R R B \’\” LR o
SSTTGRET T sg.‘.}zﬁm- Naid ,.e,g‘, R ( Wi
Qrgte ngece Qegge oot e’ dngog B cngage e dgege

Fig. 2. Time course experiments on microgel thin films for cell types. (A-C) Quantification from immunofluorescent staining and morphological measurements

evaluating neonatal rat cardiac fibroblasts (NRCF), human aortic smooth muscle c

ells (HASMC), and human umbilical vein endothelial cells (HUVEC) on high,

medium, and low loss tangent films at various time points (overnight, 24-, and 48-hours). A one-way analysis of variance was conducted with a Tukey’s post-hoc test

using a 95 % confidence interval. Mean =+ standard deviation is shown. *p < 0.05,
Fibroblast responses to drug-loaded nanogels

Relevant cardiac cells were treated with antifibrotic and fibrinolytic
drug-loaded C/S nanogel therapeutic on PA gels and microgel thin films
(Fig. 3). In the presence of Y-27632 loaded nanogels on traditional PA
gels, either delivered alone or in combination with loaded tPA, NRCF
demonstrated a significant reduction in XSMA and CTGF expression both
on the soft and stiff PA gels. On soft PA gels aSMA fluorescence was
reduced by 80 %, from 124,213 +/- 88,902 in control samples to 53,249
+/- 33,320 in samples treated with dual-loaded nanogels. On stiff PA
gels aSMA fluorescence was reduced by 142 %, going from 571,365 +/-
397,041 in control samples to 97,468 +/- 54,943 in samples treated
with dual-loaded nanogels. CTGF expression was reduced by 34 % from
29,710 +/- 14,895 in control samples to 19,721 +/- 8,596 in samples
treated with dual-loaded nanogels on soft PA gels and reduced from
119,033 +/- 75,346 in controls to 21,312 +/- 14,936 (139 %) in dual-
loaded nanogel conditions on stiff PA gels. Conversely, the Y-27632
loaded nanogels on microgel thin films, in combination or alone,
demonstrated a significant increase in ®SMA and CTGF expression on
high and low loss tangent substrates. On high loss tangent films, aSMA
expression was increased from 103,046 +/- 57,074 in controls to
320,170 +/- 166,031 following dual-loaded nanogel treatment. On low

**p < 0.01, ***p < 0.001, ****p < 0.0001.

loss tangent films, similar values in total corrected cell fluorescence
were displayed with 100,590 +/- 53,620 in controls to 255,832 +/-
163,143 following dual-loaded nanogel treatment. There was approxi-
mately a 103 % and 87 % increase respectively on high and low loss
tangent substrates. This trend was also noted in CTGF expression, on
high loss tangent films, the total corrected cell fluorescence increased
from 46,525 +/- 31,238 in controls to 70,028 +/- 35,635 in dual-loaded
nanogel conditions. On low loss tangent films, an increase from 38,980
+/- 24,095 in controls to 53,324 +/- 28,655 following dual-loaded
nanogel treatment. These results provide insight into notable varia-
tions in the therapeutic efficacy depending on the in vitro model used.
Examining the cell morphology on PA gels, a significant reduction in cell
area and cell perimeter were observed with both Y-27632 containing
nanogel treatments compared to controls, unloaded nanogels, and tPA-
loaded nanogels on both softer and stiffer substrates. (Fig. 4). On
microgel thin films, cell area and perimeter demonstrated a significant
increase following dual-loaded nanogel treatment compared to controls
and unloaded nanogels (Fig. 5). Together, this data suggests that Y-
27632 therapeutics mitigate NRCF fibrotic markers on PA gels but might
promote fibrotic progression on more physiological relevant microgel
thin films.
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Fig. 3. Design overview for therapeutic experiments performed on PA gels and microgel thin films. A) An overview of the experimental schematic for the therapeutic
experiments performed on soft (~20 kPa) and stiff (~100 kPa) PA gels. B) An overview of the experimental schematic for the therapeutic experiments performed on

high loss tangent (1 % BIS) and low loss tangent (7 % BIS) microgel thin films.

Smooth muscle cell response to antifibrotic therapeutics

In the presence of drug-loaded nanogels, on both soft and stiff PA
gels, a significant reduction in HASMC aSMA and CTGF expression was
observed. aSMA fluorescence was reduced by 63 %, from 48,506 +/-
29,798 in controls to 25,158 +/- 17,250 in cells treated with dual-
loaded nanogels on soft PA gels. Further, a reduction of 134 % from
104,239 +/- 77,472 in control samples to 20,583 +/- 17,508 in samples
treated with dual-loaded nanogels on stiff PA gels. Expression of CTGF
was reduced by 94 %, from 66,291 +/- 41,056 in controls to 23,961 +/-
16,559 in samples treated with dual-loaded nanogels on soft PA gels.
Additional observations were noted on stiff PA gels, with a reduction by
105 % from 100,580 +/- 67,562 in control samples to 31,223 +/-
20,034 in cells treated with dual-loaded nanogel. In the presence of
drug-loaded nanogels on high and low loss tangent microgel thin films, a
slight increase in HASMC oaSMA and CTGF expression was observed.
Measuring aSMA expression, on high loss tangent films, corrected total
cell fluorescence increased from 123,530 +/- 92,252 in controls to
149,403 +/- 106,755 in dual-loaded nanogel conditions (19 %). Simi-
larly, on low loss tangent films, cell fluorescence increased from 97,384
+/- 76,222 in controls to 141,907 +/- 105,410 in dual-loaded nanogel
conditions (37 %). With morphology measurements, no significant dif-
ferences in HASMC cell perimeter were observed on soft PA gels, sig-
nificant decreases in cell perimeter were observed on stiff PA gels with
tPA and Y-27632 nanogels compared to controls. Reductions in HASMC
cell circularity were also observed on both soft and stiff PA gels upon
treatment with Y-27632 containing nanogels. On soft PA gels, decreased
cell circularity was observed with Y-27632 nanogels with or without

dual-delivery of tPA, but on stiff PA gels, decreased cell circularity was
more apparent with tPA and Y-27632 nanogels (Fig. 6). On high loss
tangent films, a significant increase was detected in cell area and
perimeter between controls compared to single or dual-loaded Y-27632
nanogels. Similarly, a significant decrease in cell circularity was noted.
On low loss tangent films, analyzing cell area and perimeter, there was a
significant increase between controls compared to single and dual-
loaded Y-27632 nanogels. Similar to responses on high loss tangent
films, a significant decrease in cell circularity was noted on single and
dual-loaded Y-27632 nanogels (Fig. 7).

HUVEC response to antifibrotic therapeutic

HUVEC responses to antifibrotic drug-loaded nanogels were less
apparent on soft compared to stiff PA gels. However, on soft PA gels
there were some changes in cell morphology, including cell area, cell
perimeter, and cell circularity when cultured with Y-27632-loaded
nanogels compared to controls and/or tPA-loaded nanogels. On stiff PA
gels, a significant increase in VE Cadherin expression was observed with
Y-27632 nanogels with or without dual-delivery of tPA compared to
controls, unloaded nanogels, and tPA-loaded nanogels (p < 0.0001)
(Fig. 8). Interestingly, on microgel thin films, HUVECs responded posi-
tively to antifibrotic drug-loaded nanogels on both high and low loss
tangent films. On high loss tangent films, there was a significant
decrease in Actin expression and no change in VE Cadherin for controls
compared to single and dual-loaded Y-27623 nanogels. On low loss
tangent films, there was no change in Actin expression and a significant
decrease in VE Cadherin expression on single-loaded Y-27632 nanogels
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Representative images of NRCF on soft and stiff PA gels. (B) Quantification of NRCF fibrotic markers on soft (blue) and stiff (red) PA gels with drug-loaded nanogel
samples after 48 h. aSMA, CTGF, cell area, cell perimeter, and cell circularity measurements are shown. Stress fiber positive cells are indicated by white arrowheads.
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this article.)
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Fig. 5. Evaluation of neonatal rat cardiac fibroblasts comparing fibrotic markers and cell morphology on high and low loss tangent microgel thin films with drug-
loaded nanogels. (A) Representative images of NRCF on high and low loss tangent microgel thin films. (B) Quantification of NRCF fibrotic markers on high (blue) and
low (red) loss tangent microgel thin films with drug-loaded nanogel samples after 48 h. xSMA, CTGF, cell area, cell perimeter, and cell circularity measurements are
shown. Stress fiber positive cells are indicated by white arrowheads. A one-way analysis of variance was conducted with a Tukey’s post-hoc test using a 95 %
confidence interval. Mean =+ standard deviation is shown. {p < 0.05, {p < 0.01, Qp < 0.001, wp < 0.0001. Scale bar = 100 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 9). Again, there was a morphological difference noted between decreased, and cell circularity significantly increased for cells treated
HUVECs seeded on traditional and physiologically relevant in vitro with Y-27632 nanogels compared to controls. On high and low loss
platforms. On soft and stiff PA gels, HUVEC cell area and perimeter tangent films, there was an increase in cell area and perimeter, with a
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Fig. 7. Evaluation of human aortic smooth muscle cells (HASMC) comparing fibrotic markers and cell morphology on high and low loss tangent microgel thin films
with drug-loaded nanogels. (A) Representative images of HASMC on high and low loss tangent microgel thin films. (B) Quantification of HASMC fibrotic markers on
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measurements are shown. A one-way analysis of variance was conducted with a Tukey’s post-hoc test using a 95 % confidence interval. {p < 0.05, {p < 0.01, Qp <
0.001, wp < 0.0001. Scale bar = 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

decrease in cell circularity, on controls samples compared to cells mitigated on traditional PA gels, where therapeutic efficiency decreases

treated with Y-27632 nanogels. The models examined in this study on microgel thin films.
demonstrate trends of antifibrotic drug delivery therapeutics will vary
depending on the in vitro model used. Fibrotic response appears to be
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Fig. 8. Evaluation of human umbilical vein endothelial cells (HUVEC) comparing endothelial markers and cell morphology on soft and stiff PA gels with drug-loaded
nanogels. (A) Representative images of HUVECs on soft and stiff PA gels. (B) Quantification of HASMC fibrotic markers on soft (blue) and stiff (red) PA gels with
drug-loaded nanogel samples after 48 h. Phalloidin, VE Cadherin, cell area, cell perimeter, and cell circularity measurements are shown. A one-way analysis of
variance was conducted with a Tukey’s post-hoc test using a 95 % confidence interval. Mean =+ standard deviation is shown. {p < 0.05, {p < 0.01, Qp < 0.001, wp <
0.0001. Scale bar = 400 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Evaluation of human umbilical vein endothelial cells (HUVEC) comparing endothelial markers and cell morphology on high and low loss tangent microgel
thin films with drug-loaded nanogels. (A) Representative images of HUVECs on high and low loss tangent microgel thin films. (B) Quantification of HUVECs fibrotic
markers on high (blue) and low (red) loss tangent microgel thin films with drug-loaded nanogel samples after 48 h. Phalloidin, VE Cadherin, cell area, cell perimeter,
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tPA containing nanogels facilitate endogenous fibrinolysis efficacy of dual-loaded nanogels, the fibrinolytic functionality of these
particles is also a key component of this therapeutic for treating MI,
While the primary focus of these studies was to study anti-fibrotic therefore we also evaluated fibrinolysis of the particles. Endogenous
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fibrinolysis was evaluated for C/S nanogels dual loaded nanogels with Y-
27632 or tPA. Results from these studies (Supplementary Figure 2)
demonstrated that C/S nanogels single loaded with tPA and C/S nano-
gels dual loaded with tPA + Y-27632 loaded nanogels demonstrate that
tPA promotes clot degradation, as expected. In these studies, we also
evaluated how loading plasmin into the nanogels, instead of tPA,
influenced fibrinolytic capabilities. We found little evidence of degra-
dation in the presence of lower concentrations (1 mg/mL) of nanogels
single loaded with lower concentrations of plasmin or dual-loaded with
plasmin and Y-27632. These results may be due to low concentrations of
nanogels used and/or a low concentration of plasmin loaded into the
nanogels. Increasing the plasmin concentration in loading solutions and
increasing the nanogel concentration to 3 mg/mL in the fibrinolysis
assay did lead to inhibition of clot polymerization, showing that plasmin
could be used as an alternative to tPA in this dual loaded nanogel
approach.

Evaluation of cell viability and nanogel endocytosis

We evaluated cell viability and potential nanogel endocytosis on soft
and stiff PA gels. Cell viability was found to be 89 +/- 8 % and 71 +/- 17
% for HASMCs and 96 +/- 3 % and 82 +/- 17 % for HUVECs, on soft and
stiff PA substrates, respectively. When cells were treated with dual-
loaded nanogels, cell viability was found to be 87 +/- 13 %, 59 +/-
37 %, 91 +/- 8 %, and 84 +/- 18 %. We next evaluated the potential for
nanogel endocytosis through confocal microscopy. Cells were incubated
for 24 h with PBS of fluorescently labeled nanogels. Results showed
evidence of endocytosis for both C/S nanogels and FSNs in all cell types
on both soft and stiff substrates (Supplementary Figure 3). Fluorescent
nanogels were observed within cells. Endocytosis of the nanogels could
enhance drug delivery strategies when using these therapeutics in the
future.

Discussion

In normal tissue repair and wound healing processes, regulated
fibrosis is key to replacing the structural components of damaged tissue.
Unfortunately, continued abnormal fibrosis leads to accumulation and
deposition of ECM components, tissue scarring, and reduced tissue
function. A common example of a progressive fibrotic disease is cardiac
fibrosis, which occurs frequently after myocardial infarction. This
enhanced scarring is mainly the role of differentiated cardiac fibroblasts
(myofibroblasts), but other relevant cardiac cells will respond to
changes in the chemical and mechanical microenvironment. Previous
research has demonstrated actin stress fiber positive smooth muscle cells
following exposure to platelet-derived growth factors (PDGF) [21]; a
family of growth factors implicated in tissue fibrosis. Finally, research
has also described the critical interactions of endothelial cells and
smooth muscle cells for vascular homeostasis. In assessing the thera-
peutic efficacy of preventing cardiac fibrosis, we employed all three
cardiac cell types (fibroblasts, smooth muscle, and endothelial cells).

A rat myocardium displays elastic modulus values of 10-20 kPa [22].
Additionally, nanoscale characterization of rat cardiac myocytes dis-
played a Young’s Modulus of ~ 36 kPa [23]. With aging, or fibrotic
diseases, an increased stiffness is anticipated due to cardiac ECM
remodeling. In recapitulating the healthy and fibrotic cardiac microen-
vironment, this study utilized soft (~20 kPa) and stiff (~100 kPa) PA
gels spanning this range. As a comparative analysis, to examine the in-
fluence of changes in viscosity during fibrosis on cellular response,
viscoelasticity microgel thin films were also utilized. Currently the role
of myocardial viscoelasticity is not well understood, but previous
research has described changes in tissue viscoelasticity with increased
fibrotic progression. Previous studies have noted a significant decrease
in fibrotic liver (0.03) loss tangent values in comparison to healthy tissue
(0.06) [24]. The loss tangent of the microgel thin films utilized for these
studies were 1 % BIS (low): 1.8 +/- 0.1, 2 % BIS (medium): 1.5 +/- 0.1,
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7 % BIS (high): 0.9 +/- 0.2. The film loss tangent implemented spans the
magnitude difference noted between fibrotic and healthy tissue in pre-
vious studies.

These studies employ the use of two different viscoelastic substrates
to mimic a range of ECM mechanics to examine the therapeutic efficacy
of Y-27632 and tPA-loaded nanogels in various microenvironmental
conditions. The cell types examined included NRCF, HASMC, and
HUVECs cultured on soft and stiff PA gels compared to high and low loss
tangent microgel thin films. A limitation of this study is only using
immunofluorescence staining to evaluate cellular responses. The focus
of this study was to gain a broad understanding of how different cardiac
cell types respond to different mechanical environments by culturing
cells on PA gels with varying Young’s moduli and microgel thin films
with varying loss tangents. We then evaluated how these different me-
chanical environments influence cellular responses to drugs. Due to the
large number of conditions evaluated in these studies, we only used
immunofluorescence staining to evaluate outcomes; however, future
studies should also verify results by western blotting, quantitative PCR
(gPCR), and functional assays such as fibroblast contraction. Our prior
studies showed that aSMA expression, evaluated by qPCR [25], was
influenced by both PA gel Young’s moduli and microgel thin film loss
tangent. Also, with decreasing loss tangent, an increase in fibroblast
stiffness and contraction was noted [14]. Therefore, we expect these
parameters to have a similar influence in the cell types utilized for these
experiments.

The comparisons between responses on PA gels and microgel thin
films allows for identification of how viscosity of the microenvironment
influences cells responses to therapeutics. For the PA gel formulations
used, the loss modulus values (G’’) would be near 0 [26]. Previous
studies have demonstrated the mostly elastic nature of PA gels [27].
Expressing loss tangent as the ratio of G’/G’ (loss/storage modulus),
with the loss modulus approaching 0, the loss tangent values for these
PA gels would be near zero. However, with a similar elastic modulus for
the fibrotic mimetics explored: 7 % microgel thin films and 100 kPa PA
gels, we anticipate some result similarities. Our studies demonstrate a
similar CTGF expression for NRCF, displaying a corrected fluorescence
of 7 %: 118,907 +/- 76,654 (Fig. 1) and 100 kPa: 133,769 +/- 79,228
(Fig. 2). This trend is switched for HASMC, where CTGF expression is
significantly higher on 100 kPa PA gels (Fig. 1). However, the aSMA
expression is consistently higher on 7 % films in comparison to 100 kPa
PA gels, for both HASMC and NRCF (Fig. 2). Again, these findings differ
for HUVECs, where the Actin and VE Cadherin expression is significantly
higher on 100 kPa PA gels (Fig. 1). Analyzing cell morphology results,
for all cardiac cell lines explored, a significantly higher cell area and
lower cell circularity was noted on stiff PA Gels (Fig. 1). This indicates
that on 100kPA PA gels, the cells display more elongation which may
provide insight into a myofibroblast phenotype.

While some similarities are noted between the 7 % 4-layer film and
100 kPa PA gel compared to less crosslinked films, they were not
identical. Even the low loss tangent films have some degree of fluidity,
highlighting that even small degrees of viscosity in the cellular envi-
ronment can influence cellular responses. These nuances again highlight
the importance of investigating cells in physiologically relevant envi-
ronments, which employ the viscoelasticity of the microenvironment.

Conclusion

In previous studies administering tPA and Y-27632 nanogel carriers
in an I/R injury rat model, significant reduction in infarct area and
improved left ventricular ejection fraction (LVEF) was observed. How-
ever, Y-27632 administered alone was not sufficient to significantly
reduce infarct size or fibrotic markers or improve LVEF 4 weeks post I/R
injury, suggesting fibrinolysis may be a critical step in preventing
fibrosis following MI and I/R injury®.

The results presented in this study highlight the importance of
accurately representing healthy and fibrotic cardiac ECM mechanics.
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Utilizing single loaded Y-27632 nanogels, reduced fibrotic markers on
soft substrates and emerging fibrotic phenotypes on stiff PA gel sub-
strates were noted in NRCF and HASMC. HUVECs did not show drastic
changes in VE Cadherin expression on soft substrates, with a similar
trend noted in Actin expression on stiff substrates. Additionally, on soft
substrates there was not a significant change in cell morphology.
Interestingly, treatment with single loaded Y-27632 nanogels encour-
aged fibrotic progression in NRCF and HASMC; noting an increase in
aSMA and CTGF expression. However, differing results were observed
when cells were cultured on physiologically relevant thin films. Spe-
cifically, HUVECs, on high loss tangent films, reduced actin and VE
Cadherin expression with Y-27632 loaded nanogel treatment. On PA
gels and microgel thin films, the development of actin stress fibers was
noted in samples: 1) NRCF: Soft + Control, Soft + C/S, Soft + tPA-C/S,
Stiff + Control, Stiff + C/S, and Stiff + tPA-C/S. 2) HASMC: Soft +
Control, and Soft 4+ tPA — C/S. 3) NRCF: High tan(8) + tPA-C/S. These
studies present an attractive therapeutic to mitigate fibrotic responses,
using a Y-27632 ROCK inhibitor. Clinically, inhibition of Rho/ROCK
pathway is not feasible. In previously published studies administering
tPA and Y-27632 to treat ischemic and fibrotic related complications
associated with MI, fibrin specificity was added to nanogel drug careers
to limit drug release to areas of fibrin rich thrombus and deposition.

Overall, we found that in the presence of Y-27632 containing
nanogels, a reduction of fibrotic marker expression was noted on
traditional healthy and fibrotic cardiac mimetics. These findings differed
on physiologically relevant cardiac mimetics, where early treatment
with the ROCK inhibitor intensified the fibrotic related responses.
Because most natural ECMs are viscoelastic, these results demonstrate
the importance of developing biomaterial systems that more closely
match natural ECM mechanics to 1) better understand how ECM me-
chanics influence fibrosis related outcomes and 2) develop in vitro sys-
tems that more closely mimic in vivo ECM mechanics to evaluate
therapeutic efficacy prior to in vivo studies. In conclusion, this work
highlights novel developments in biomaterial design for mimicking ECM
mechanics in vitro and investigating how ECM mechanics influence
cellular responses and response to therapeutics.
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