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Abstract

Ischemic cardiomyopathies, such as myocardial infarction (Ml), are a leading cause of
heart failure in both men and women throughout the world. Despite timely intervention post-Ml,
the loss of viable myocardium can lead to global remodeling and loss of function in many
patients due to the limited regenerative potential of heart tissue. Thus, there is a critical need to
better understand the repair mechanisms involved and to develop new preventative and
reparative therapies for treating M1 and preventing progression to heart failure.

Methylglyoxal (MG) is a highly reactive dicarbonyl metabolite of glycolysis and the
main precursor of advanced glycation end-products (AGEs), which can cause oxidative stress
and wound healing delay. MG was shown to play an important causative role in the cellular
changes, adverse remodeling and functional loss of the infarcted heart. This suggests MG as a
target for therapy to restore cell-ECM signaling, inhibit oxidative stress and improve cardiac
function post-Ml.

The aim of this PhD project was to develop new biomaterial therapies that can reduce the
effects of MG, decrease oxidative stress, enhance electrical conductivity and improve cardiac
contractility and function post-MI. There were three primary objectives: 1) To develop an
injectable antioxidant and hydrogel system for minimizing the effects of MG and promoting
cardiac repair post-Ml; 2) To synthesize a nanoparticle system for targeted delivery of
Glyoxalase-1 (Glol) enzyme to cardiac tissue for reducing the accumulation of MG, limiting
adverse remodeling and preserving cardiac function following MI; and 3) To design a sprayable
nano-therapeutic that uses surface engineered custom designed multi-armed peptide grafted
nanogold for on-the-spot coating of infarcted myocardial surface for increasing contractility of

the myocardium post-Ml.

XVii



In the first study, a fisetin-loaded collagen type | hydrogel (fisetin-HG) was injected
intramyocardially in mice at 3h post-MI, and compared to fisetin-alone, hydrogel-alone, or saline
treatment. The fisetin-HG treatment increased the level of glyoxalase-1 (the main MG-
metabolizing enzyme), reduced MG-AGE accumulation, and decreased oxidative stress in the
MI heart, which was associated with smaller scar size and improved cardiac function. Treatment
with fisetin-HG also promoted neovascularization and increased the number of pro-healing
macrophages in the infarct area, while reducing the number of pro-inflammatory macrophages.

The second study revealed that when delivered intravenously at 3h post-MlI, our Glol-
loaded nanoparticles specifically targeted the damaged cardiac tissue, led to improved cardiac
function, protected cell viability and limited infarct expansion by reducing oxidative stress post-
MI.

Lastly, the third study showed that, when applied at 1-week post-MI, the sprayed
nanogold treatment remained at the treatment site for at least 28 days with no significant off-
target organ infiltration. Our results demonstrated a remarkable increase in cardiac function,
muscle contractility, and myocardial electrical conductivity post-MI.

Overall, these findings show that reducing MG levels through both increased activity of
Glol and direct MG scavenging as well as increasing cardiac contractility may be a promising
approach to limit adverse cardiac remodeling, prevent damage, and preserve function of the

infarcted heart.
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1 General Introduction
1.1 Myocardial Infarction and Heart Failure

Cardiovascular disease is a condition that involves the impaired function of the heart
and/or blood vessels. It is a leading cause of death of both men and women throughout the world
resulting in over 17 million annual deaths.* Myocardial infarction (MI), also known as a heart
attack, occurs due to occlusion of one of the coronary arteries that supply the oxygen-rich blood
to the heart muscle which leads to the formation of a fibrotic collagen scar and such scar
substitutes the dead cardiac area post-MI.> However, as scar tissue is not able to actively
contract, its presence decreases the overall contractile capacity of the heart, thus aggravating the
function of the heart as a pump.* As such, acute MI is associated with high mortality and
morbidity if not treated with appropriate reperfusion therapy in a timely manner. Major
developments in non-invasive and invasive treatment methods have greatly increased the

survival and quality of life of many patients suffering from M.

Current treatments for MI include angioplasty, pharmacotherapy and bypass surgery,
which aim to revascularize the heart, limit ongoing cell death and prevent loss of cardiac
function.>” Despite the success of early revascularization therapy to restore blood flow, 10% of
the MI patients still suffer irreversible heart damage, leading to adverse ventricular remodeling
and eventually, heart failure.>® Therefore, novel therapeutic approaches are urgently needed to
improve cardiac tissue repair and functional restoration post-MI. Therapies that limit infarct
evolution and remodeling would greatly help to reduce the number of patients at risk of heart

failure.



1.2 Phases of Infarct Evolution

The human heart has an insufficient ability to replace lost cardiac tissue due to its limited
capacity for regeneration. Damaged heart tissue is initially comprised of a necrotic core
surrounded by a marginal (or border) zone that can either recover to normal function or become
irreversibly damaged. Collateral blood flow is an important determinant of infarct size and
whether or not the border zone becomes seriously injured.’® The infarcted tissue does not
contribute to tension generation during systole and therefore can alter the ventricular systolic and
diastolic function and put stress on the heart. As a result, after several weeks, the infarcted tissue

forms a fibrotic scar.*!

Cardiac repair/healing can simply be divided into three distinct but overlapping phases:
the inflammatory phase, proliferative phase and maturation phase (Figure 1.1).* The acute
repair process is called the inflammatory phase, which is mediated by cytokines and
inflammatory cells. Since cell death begins within minutes after injury, induction of pro-
inflammatory mediators and leukocyte infiltration into the infarcted myocardium plays a crucial
role in phagocytosis and removal of necrotic cells and debris, and this action cascade promotes
tissue repair and scar formation.®* As a result of these changes, an infarct region is formed with
high levels of necrosis and apoptosis.'* Another important factor, oxidative stress, is dramatically
increased following an MI. The predominant cells at work here are the phagocytic cells, the
neutrophils and macrophages, which lyse tissue debris and necrotic material to clear the infarct

region of necrotic cells and debris in order to facilitate scar formation.™

During the proliferative phase, the wound is rebuilt with new granulation tissue, which is
comprised of various cells and collagen and other extracellular matrix (ECM) proteins and into
which a new network of blood vessels grows, a process known as neovascularization. The
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deposition of ECM is mediated primarily by fibroblasts that differentiate into contractile
myofibroblasts. Additionally, endothelial cells play an essential role in post-MI healing, not only
through the supply of blood to the infarcted myocardium, but also in the way that endothelial
cells guide cardiomyocyte organization.'® Endothelial cells also proliferate in the region of the

myocardium bordering the infarct, increasing blood vessel formation and nutrient flow."’

The last phase, the maturation phase, involves excessive fibrosis and remodeling of the
deposited ECM into the form of a stiff scar. Cellular activity within the scar is reduced and the
fibroblasts and blood vessels in the scar area regress.*® Pathological remodeling of the
myocardium begins during the wound healing process and can continue post-MlI, leading to
progressive loss of cardiac function and heart failure.'® Therefore, improving infarct repair and

wound healing post-Ml is a critical therapeutic opportunity to prevent heart failure progression.



Initial infarct Global remodeling

——  Time After Ischemic Injury w—————————)

Figure 1.1 Illustration of ventricular remodeling after myocardial infarction. MI results in the activation of a
multiphase healing process, involving three overlapping phases: the inflammatory, proliferation, and
maturation phases. This repair process prevents ventricular rupture, but it is insufficient to protect the
myocardium from massive tissue loss, dilation and adverse remodeling. The dilated left ventricle has reduced
cardiac function and results in systolic heart failure. Adapted from (Jessup, M., and Brozena, S., 2003). With

permission, New England Journal of Medicine 348, 2007-2018.



1.3 The Role of Cardiac ECM

The ECM is involved in nearly all cellular activities, such as cell adhesion, migration,
survival, proliferation, and differentiation.”’ The cardiac ECM is a complex meshwork of
structural and non-structural proteins and sugars that are further subdivided into glycoproteins,
proteoglycans, and glycosaminoglycans. Some proteins serve a structural function in the ECM
(e.g., collagen, elastin), whereas others have non-structural roles, such as matricellular proteins.
In addition, there are glycoproteins such as fibronectin that can act as both. This reservoir of
glycosylated proteins allows for flexibility and diversity in how cardiac ECM functions in
different tissues in health and disease.?" During tissue development and regeneration, the ECM
not only serves as a scaffold to support proliferating and migrating cells but also provides a wide

variety of biochemical and physical signaling to facilitate the processes.??

The human heart is composed of several major cell types including cardiomyocytes,
fibroblasts, endothelial cells, smooth muscle cells and macrophages 2*** (Figure 1.2).
Cardiomyocytes and fibroblasts constitute the largest cellular populations of the heart and
produce most of the enzymes that regulate ECM remodeling, such as matrix metalloproteinases
(MMPs) that degrade the ECM, and their inhibitors, the tissue inhibitors of metalloproteinases
(TIMPs).? Cardiac endothelial cells express and release a variety of auto- and paracrine agents,
such as nitric oxide, endothelin, prostaglandin 12, and angiotensin Il, which directly influence

cardiac metabolism, growth, contractile performance, and rhythmicity of the adult heart.?®%’

In the case of injury, ECM proteins interact with cell surface receptors such as integrins
to regulate various signaling pathways in order to initiate repair processes.®® The primary
components of the ventricular ECM network are collagen | and Ill, among other structural
proteins. Collagen | predominates in healthy myocardium comprising about 70% of the ECM,
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and type I is the second most abundant collagen in cardiac ECM at 12%.** Collagen type |
helps the heart to maintain its structural integrity, whereas collagen type Il provides primarily
elasticity.** Both the ratio of collagen Il : | and MMP/TIMP increase when the heart is
injured, causing ECM degradation and physiological stress on the ventricle wall.** In addition
to collagens, elastin, proteoglycans and adhesive proteins such as laminin and fibronectin
constitute a dynamic structure of cardiac ECM.*® Post-MI, cell-ECM interactions are disrupted,
which damages homeostatic mechanisms. Another factor that plays an important role in the

composition of the cardiac ECM is aging.

With age, oxidative stress and inflammation is increased, resulting in gradual cell loss
and the development of cardiac fibrosis.*” In order to compensate progressive cardiomyocyte
loss, the ECM content increases, in particular collagen 1. Along with the increased collagen
deposition and cross-linking, the ECM degradation capacity also augments through the
production of MMPs.® Increased MMP activity also attenuates angiogenic activity, contributing
to the formation of a hypoxic environment. The excessive accumulation of ECM and imbalance
on ECM degradation can lead to tissue scarring and cardiac dysfunction. Interstitial fibrosis has a
detrimental effect on myocardial function by interfering with cardiomyocyte -electrical

coupling.®®

Our growing knowledge on cardiac ECM function paves the way for new and promising
therapeutic targets that can limit the extent of damage post-MI and repair the injured heart. As
ECM intrinsically maintains environmental homeostasis and assists cardiac remodeling upon M,
the use of ECM-like or ECM-supporting biomaterials is an attractive therapeutic strategy for

regenerative medicine applications.?24042
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Figure 1.2 Cardiac ECM and cell composition. Schematic representation of the main cardiac extracellular
matrix components and their direct interaction with endothelial cells, cardiomyocytes and fibroblasts.
Myocardial ECM connects cardiomyocytes, provides structural stability, and enables the transmission of
chemical signals and contractile forces. The ECM contains structural proteins such as collagen and elastin,
proteoglycans such as heparan sulfate, and adhesive glycoproteins such as fibronectin and laminin.

Illustration was created with BioRender.com



1.4 Methylglyoxal, Advanced Glycation End-products and Glyoxalase-1 Enzyme

Methylglyoxal (MG) is a highly reactive dicarbonyl compound, which is formed mostly as
a by-product of glycolysis. It is involved in the formation of advanced glycation end-products
(AGEs), reacting with free amino groups of lysine and arginine and with thiol groups of
cysteine.** AGEs are proteins or lipids that become glycated as a result of exposure to free sugars
and reactive carbonyls.** The accumulation of AGEs has been shown to cause inflammation and
wound healing delay during tissue regeneration.”> AGEs can also bind to the receptor for
advanced glycation end products (RAGE), which then contributes to age- and diabetes-related
chronic inflammatory diseases.*® Notably, AGEs have been linked with the severity and
prognosis of heart failure, and AGE accumulation has been associated with a one-year incidence
of major cardiac events and death following ST-elevated M1.*"*® However, a mechanistic or

causative role of AGEs in cardiovascular diseases, particularly in Ml, is unclear.

Glyoxalase-1 (Glol) is a ubiquitous cellular enzyme that under normal physiological
conditions renders MG inert via the glyoxalase pathway.*® Stress factors such as hyperglycaemia,
hypoxia, ischemia, inflammation and oxidative stress stimulate MG production, while inhibiting
the activity of Glol, leading to intra- and extra-cellular accumulation of MG and MG-derived
AGEs (MG-AGEs).>>** Although AGEs are not membrane permeable, most of their precursors,
including MG, are. The majority of MG basally produced is metabolized and rendered inert by
the glyoxalase system through a 2-step process (Figure 1.3). In the first step, Glol facilitates the
formation of an S-D-lactoylglutathione intermediate from the hemithioacetal that is formed by
the non-enzymatic reaction between MG and glutathione (GSH). During the second step Glo2

hydrolyzes the S-D-lactoylgutathione to D-lactate and thus recycles the GSH that was used to



create the hemithioacetal intermediate.’®*® Glo1 is the rate limiting enzyme, and its activity is

proportional to the cellular concentration of GSH.

MG accumulates during periods of oxidative stress and anaerobic glycolytic metabolism
and can contribute to oxidant-induced cytotoxicity.>*>> The major route through which MG
generates ROS is by the direct modification of proteins like mitochondrial and antioxidant
enzymes.>**® Besides being a major precursor in the formation of AGEs, MG is also a key factor
in the acceleration of oxidative stress. MG can be subjected to auto-oxidation and can thereby
generate ROS. Additional free radicals can be generated from MG via various pathways. Studies
have shown that during the conversion of aminoacetone and acetol to MG, H,O, can be
formed.>” In addition, the breakdown of MG also produces free radicals. Interestingly, MG

formation can be stimulated by ROS, thereby creating a vicious cycle.”®

The harmful effects of MG accumulation can be reduced by the prevention of AGE
formation, the direct scavenging of MG and/or by enhancing the expression of the detoxifying
enzyme Glol. Chronic hyperglycaemia or an acute ischemic injury stimulate the production of
MG and the depletion of GSH, while also down-regulating the expression of Glo1.*® Ischemia,
inflammation and oxidative stress are all present post-MI. Moreover, as the infarcted heart also
undergoes a metabolic shift to derive ATP from anaerobic glycolysis.®®* Taken all together, this
strongly suggests that MG and its AGEs are produced post-MI and contribute to heart failure
progression. Indeed, data from our lab showed that MG-AGEs accumulate in the heart post-MI
and that preventing this accumulation by Glol overexpression resulted in less adverse
remodeling and led to improved cardiac function, suggesting MG as a target for therapy to
restore cell-ECM signaling, improve endogenous repair responses and limit cellular and

functional loss post-MI.%2
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Figure 1.3 Methylglyoxal and Glyoxalase System. The glyoxalase cyclic pathway consists of two enzymes
(Glyoxalase | and Glyoxalase I1), and is responsible for the detoxification of MG. In normal physiological
conditions, MG is eliminated via the glyoxalase system. The first step involves the production of a
hemithioacetal intermediate from the reaction between MG and GSH, which is converted to S-D-
lactoylglutathione. The second step involves the production of D-lactate, while recycling GSH. GSH:
glutathione; AGEs: advanced glycation end-products; ROS: reactive oxygen species. Adapted from

BioVision’s website https://www.biovision.com/glyoxalase-pathway.

10



1.5 Antioxidant Molecules and Fisetin

Following MI, reactive oxygen species (ROS) are produced, which then initiate a wide
range of toxic oxidative reactions.”® The extent of ROS-induced oxidative damage can be
exacerbated by a decreased efficiency of antioxidant defense mechanisms. Antioxidant
molecules are protective agents against cardiac necrosis and free radical production, and have

shown to be beneficial in preventing complications and cardiac event rate in M1 patients.®*®

Fisetin is an organic dietary flavonoid present in numerous fruits and vegetables such as
strawberries, mangoes and cucumbers. Fisetin has been shown to reduce inflammation in vitro
and extend the life of simple organisms like yeast, worms and flies.®®®’ It can also reduce MG
levels through both increased Glo1 activity and direct MG scavenging (Figure 1.4).%® It has been
shown to upregulate the levels of an endogenous antioxidant, glutathione, by inducing Nrf2
protein expression.®®’® Nrf2 is a transcription factor that binds to the antioxidant response
element (ARE), stimulating the transcription of several protective genes. This makes Nrf2 a key
element in mediating oxidative stress. Considering that Nrf2 levels can be increased by fisetin,

this flavonoid is able to maintain GSH levels and Glo1l activity under conditions of stress.
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Figure 1.4 Fisetin reduces MG levels by upregulating Nrf2 or direct MG scavenging. Fisetin regulates Nrf2
levels which is responsible for the enhancement of GSH levels. GSH is a glyoxalase pathway element that
controls MG levels. Reduction of MG protects cells from oxidative stress. GSH: glutathione; MG:

methylglyoxal; Nrf2: nuclear factor erythroid 2-related factor 2. lllustration was created with BioRender.com
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1.6 Biomaterial Therapies for Cardiac Regeneration

Biomaterials are synthetic or natural materials that have been engineered to interact with
biological systems to evaluate, treat, augment or replace any tissue, organ or function of the body
for a medical purpose.”t The biomaterial field remains a rich area for research and invention
because no material alone is suitable for all biomaterial applications, and new applications are
continually being developed as medicine advances. Developments in biomaterial technology
have made it possible to fabricate materials that can efficiently facilitate the repair and/or
regeneration of different tissue types by mimicking architectural and biomechanical features of

the ECM.

Biomaterial-based applications for cardiac repair can simply be divided into 4 main
categories based on their delivery and therapeutic strategies: a) injectable hydrogels; b) cell /
protein delivery vehicles; iii) 3D patch / matrix; and iv) drug delivery systems (Figure 1.5).
Various injectable hydrogels have been shown to provide physical support, reduce scar
formation and stimulate repair signals by mimicking ECM elements. Cell- or protein-delivering
biomaterials can improve cell and/or protein retention within the heart and improve cell survival
after transplantation. Three-dimensional matrices can be fabricated with or without cells, then
implanted to the heart’s surface as patches to improve cardiac function. Lastly, biomaterials
designed to release drugs and bioactive molecules may induce cardiac repair in a sustained
effective manner.”>"* The ability to support vascularization is one of the most important
requirements for biomaterials or any type of tissue engineering constructs in order to support
tissue repair in the damaged myocardium.” In this thesis work, we present examples of an
injectable hydrogel system (article 1), a protein delivery vehicle (article 2) and a 3D patch

system (article 3).
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Another way to classify biomaterials in cardiac tissue engineering can be based on the
manufacturing methods, i.e., naturally derived biomaterials, synthetic scaffolds and composite
(hybrid) scaffold. Naturally-derived scaffolds have been used to advance cardiac regenerative
medicine by creating biomimetic organ scaffolds at clinically relevant scales.”® Such materials
are popular scaffolding options to integrate cells or other molecules for a functional organ
analog. For cardiac tissue engineering, natural biomaterials include those made from well-
characterized biopolymers such as chitosan, collagen, gelatin, Matrigel, chitosan, alginate, and
decellularized ECM.""" Their ease of use, their biocompatibility, their biodegradability, the ease
with which therapeutic agents can be encapsulated within their network formation, as well as
their ability to be delivered to the target tissue using minimally invasive techniques, make
hydrogel-based therapy a promising alternative or concomitant treatment for cardiomyopathies.
Several studies have shown that injectable biomaterials successfully provided physical stability
to the infarcted myocardium, improved cardiac function, increased vascularization and limited

adverse remodeling in pre-clinical models.”®"

Incorporating conductive elements (often at the nanoscale level) to biomaterial systems
has been successful in improving electrical propagation in cardiac tissue. For example, gold
nanowire-infused alginate has been shown to improve electrical propagation in porous matrices
that otherwise interfere with cell-cell connections.®® Cardiac patches generated from these
materials showed enhanced synchronized contractile function. The incorporation of gold
nanorods into hydrogels has also yielded increased mechanical stability and electric
conductivity.®* These are just a few examples of the many strategies being investigated for

improving electroconductive properties of biomaterials for cardiac applications.® 2
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A) Injectable Hydrogel B) Cell / Protein Delivery Vehicle

Figure 1.5 Biomaterial-based applications for cardiac tissue engineering. (A) Biomaterials can be injected
alone into the infarcted region to promote tissue repair; (B) cell- or protein-delivery using injectable
hydrogels can improve retention of the therapeutic product and promote cell survival after transplantation;
(C) three-dimensional matrices can be fabricated with or without cells, then implanted as cardiac patches to
improve cardiac function; and (D) biomaterials can be designed to encapsulate and sustainably release drugs
and bioactive molecules for cardiac repair. lllustration was adapted and re-created from DOI:

10.3389/fbioe.2020.00126
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1.7 Nanoparticle Technology

Research into the use of nanoparticles (NPs) for treating cardiovascular disease, and more
specifically for drug or small molecule delivery, is expanding rapidly owing to the unique
capabilities of NP delivery compared to traditional drug administration methods. In addition to
drug delivery, nanoparticles can also be added to biomaterials to modify their physical and
biological properties, making them stable, non-toxic and biodegradable. Thus, different hybrid
scaffolds containing various types of nanomaterials, with mechanical and/or electroconductive

properties, have been receiving increasing attention in cardiac tissue engineering applications.®

Depending on the formulation, the NPs can be injected directly into the heart alone or
combined with another material, or they can be designed to accumulate at a target site following
intravenous injection.?® NPs have been shown to improve protein bioavailability and decrease
their potential toxic effects due to lower dosages required when encapsulated and delivered in
NPs.2” NP systems allow researchers to control the size and route of administration of the
therapy in a predefined, targeted and versatile way.®® By controlling the design, NPs can be
surface-modified to target specific receptors, epitopes or cell types. All of these properties make
NPs promising agents for cardiac tissue engineering applications. Nanoparticle technology in

cardiac tissue engineering is more widely discussed in Chapter 4 (article #2) of this thesis.
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2 Rationale, Hypotheses and Aims

The main aim of this thesis was to further elucidate the role of MG, MG-related AGEs and
oxidative stress in post-MI cardiac remodeling and to test biomaterial therapies that could reduce
the effects of MG and protect the infarcted myocardium, and promote cardiac function. The
second aim was to develop a sprayable biomaterial coating that could improve electrical
propagation and contractility of the infarcted heart. To accomplish these objectives, a mouse Ml
model was used to test three types of biomaterial systems that were developed to reduce adverse
ventricular remodeling and improve cardiac function. The studies in this thesis were designed to

address three specific aims:

Aim 1: Evaluate a combined fisetin and hydrogel therapy for reducing the effects of MG
and improving repair of the post-MI myocardium, and elucidate some underlying mechanisms.
We hypothesized that combining an injectable collagen hydrogel with an MG scavenger, fisetin,
would improve cardiac function post-MI by reducing oxidative stress-related damage and

limiting tissue loss and adverse remodeling.

Aim 2: Design and synthesize Glol-loaded NPs that can be delivered intravenously and
target CD44-expressing cells in the infarcted myocardium, and to assess the ability of this
therapy to reduce MG-induced damage and promote repair. Our hypothesis was that Glo1-NPs
would target CD44 expressing cells in the heart, deliver Glol into the damaged tissue and

improve cardiac function by reducing MG levels post-Ml.

Aim_3: Develop a peptide-based gold nanoparticle engineered sprayable material for
increasing electroconductivity post-MI and determine its therapeutic effects on the infarcted
myocardium when sprayed directly onto the heart’s surface. We hypothesized that spraying gold

NP-based peptides would enhance electroconductivity and contractility of the heart post-MI.
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Article I - Abstract

Methylglyoxal (MG) is a highly reactive dicarbonyl and the main precursor of advanced
glycation end-products (AGEs). After myocardial infarction (MI), MG-derived AGEs
accumulate in the heart and contribute to adverse remodeling and loss of cardiac function. In this
study, the flavonoid fisetin, a dicarbonyl scavenger, is used to reduce the negative effects of MG
in the post-MI heart. A fisetin-loaded collagen type | hydrogel (fisetin-HG) is injected
intramyocardially in mice at 3 h post-MI, and compared to fisetin-alone, hydrogel-alone, or
saline treatment. Fisetin-HG treatment increases the level of glyoxalase-1 (the main MG-
metabolizing enzyme), reduces MG-AGE accumulation, and decreases oxidative stress in the Ml
heart, which is associated with smaller scar size and improved cardiac function. Treatment with
fisetin-HG also promotes neovascularization and increases the number of pro-healing
macrophages in the infarct area, while reducing the number of pro-inflammatory macrophages.
Taken together, the results demonstrate that the fisetin-collagen hydrogel therapy can reduce the
accumulation and negative effects of MG post-MI. This therapy may be a promising approach to

limit adverse cardiac remodeling, prevent damage, and preserve function of the infarcted heart.
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3.1 Introduction

Cardiovascular disease (CVD) is the most common underlying cause of death globally,

accounting for an estimated 32% of all deaths worldwide.®® Occlusion of one or more coronary

arteries is the most common consequence of CVD, which restricts blood flow to the heart,

leading to myocardial infarction (M1).*> Ml results in the loss of viable myocardium from both

the initial ischemic event and subsequent infarct expansion. Timely pharmacological or surgical

intervention post-MI can restore perfusion and improve post-MI outcomes in patients, but they

do not address the loss of viable myocardium. The extensive cell death can lead to adverse

ventricular remodeling, loss of cardiac function, and ultimately heart failure in many patients.

Thus, there is a need to develop new therapies that can limit cell death and prevent adverse

remodeling post-M1.%
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Advanced glycation end-products (AGESs) are proteins or lipids that become glycated from
exposure to free sugars and reactive carbonyls. They are a primary cause of metabolic and
oxidative stress, and lead to wound healing delay during tissue repair and regeneration.***°
AGEs have been linked to the severity and prognosis of heart failure, and their accumulation was
associated with a greater incidence of major cardiac events and death at 1-year following ST-
elevated M1.*"*® Therefore, AGEs represent a potential therapeutic target for improving cardiac
repair and preventing heart failure progression in Ml patients.

Methylglyoxal (MG) is a highly reactive dicarbonyl compound, which is formed mostly as a
by-product of glycolysis. It is considered to be the most significant precursor for AGEs, reacting
with free amino groups of lysine and arginine and with thiol groups of cysteine.? Under normal
physiological conditions, MG is metabolized mainly by the enzyme glyoxalase-1 (Glol).
However, in conditions of oxidative stress, factors such as hypoxia, ischemia, inflammation and
hyperglycaemia all stimulate MG production in the body, while also limiting the activity of
Glol. As a result, MG accumulation leads to MG-derived AGE production (MG-AGEs), with
MG-derived hydroimidazolone-1 (MG-H1) as the main MG-AGE formed.*®°%% We previously
demonstrated that MG-AGEs accumulate in the heart acutely post-MlI, and that they contribute to
the cellular changes, adverse remodeling and loss of cardiac function in the infarcted heart.®?
Therefore, it is likely that the repair and function of the post-MI heart could be improved through
strategies that aim to reduce MG and its detrimental effects.

The use of naturally occurring compounds, such as the dietary flavonoid fisetin, for reducing
MG toxicity is an attractive and clinically translational strategy. Fisetin is able to decrease MG
levels through both increased activity of Glol and direct MG scavenging.®® It has also been

reported to upregulate glutathione, an endogenous antioxidant and co-factor of Glo1.®® While
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fisetin has been shown to reduce MG levels and improve outcomes in experimental models of
neurodegenerative disorders (as reviewed in Nabavi et al.*®), it has seen limited testing for the
treatment of cardiovascular disease, particularly after MI.

Intrapericardial, epicardial, intracoronary and intramyocardial administration strategies are
being investigated for the delivery of therapeutics to the injured heart with minimal side-
effects.®® However, factors such as size of the therapeutic agent, solubility and high cardiac
blood perfusion limit retention within the myocardium. Therefore, to achieve greater persistence
and/or sustained delivery, therapeutics are being combined with vehicles, such as biomaterials
and micro- or nanoparticles.”* Micro- and nanoparticles can be liposomal, metallic, silica or
polymeric and can be manufactured using various techniques including self-assembly for the
generation of complex hierarchal assemblies with superior tunability and functionality.®*’
Biomaterials offer tailorable carrier properties and can also provide mechanical support to the
injured area and bioactive cues for cell adhesion, survival, or differentiation.”® They can be
synthetic or natural, with peptide- and protein-based materials being among the most popular for
use in cardiac repair.”**® Collagen is the primary structural protein of the heart that also supports
the function of neighboring cells.®® As a stand-alone therapy, collagen hydrogels have been
shown to promote post-MI repair and improve cardiac function.'®* %3

Herein we report, for the first time, the use of fisetin administered directly to the myocardium
within a thermoresponsive collagen hydrogel for treating M1 at a clinically relevant time-point.
In this study, a combined fisetin-collagen hydrogel treatment delivered at 3h post-MI reduced
MG toxicity, minimized inflammation and promoted vascularization, resulting in improved

cardiac function of the infarcted mouse heart, which was superior to either treatment alone. This

highlights that a combined collagen hydrogel and MG scavenging therapy could act together to
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improve cardiac repair and function and constitutes a promising approach for treating MI

patients.

3.2 Results

3.2.1 Fisetin-HG Characterization

Fisetin-loaded collagen HG (fisetin-HG) and collagen HG matrices were synthesized as
thermoresponsive biomaterials; they are kept on ice in the liquid state until the time of injection
and then solidify into a gel upon exposure to physiological temperatures (=37 °C). Our data
shows that once crosslinked, there was a trend (p = 0.06) for lower viscosity in the HG group
compared to fisetin-HG (Figure 3.1A). The water content of the 2 HG systems was similar and
calculated to be ~94% (Figure 3.1B). Their degradation rate was evaluated by exposure to
collagenase and was similar between fisetin-HG and HG (0.53 and 0.45 mg min—1, respectively;
Figure 3.1C). In order to characterize the fisetin release profile, fisetin-HG was degraded with or
without collagenase and free fisetin was measured over time. The results showed that 98% of the
fisetin was released over 24 h in the presence of collagenase, but only 19% of the fisetin was
released over 24 h in the absence of collagenase (Figure 3.1D). Overall, our fisetin-HG system
presented suitable characteristics for in vivo application, which included its high water content,

biodegradability and steady release kinetics.
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Figure 3.1 Hydrogel characterization. A) Viscosity measurements for fisetin-HG and hydrogel alone (HG;
n=>5). B) Total water content of the hydrogels (n=4). C) In vitro degradation rate of hydrogels in collagenase
(n=4). D) Fisetin release profile from HGs with/without collagenase measured in the supernatant over a

period of 24 hours (n=3)

3.2.2 Effect of Fisetin-HG on Cell Viability, Angiogenesis and Intracellular MG Level

To assess the ability of fisetin to prevent MG effects on cell viability, HUVECs without any

treatment were compared to cells treated with MG alone, fisetin alone or a combination of MG +
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fisetin (Figure 3.2A). Exposure to 25 pM MG resulted in a 1.4-fold decrease in HUVEC
viability, which was prevented by fisetin treatment (Figure 3.2B). In the in vitro angiogenesis
assay, HUVEC capillary-like network formation was reduced by 1.3-fold when the cells were
treated with 25 uM MG, whereas fisetin alone and MG + fisetin treated HUVECSs had equivalent
angiogenic potential compared to the control group (Figure 3.2C and 3.2D).

Having established that fisetin is capable of preserving the viability and angiogenic function
of MG-treated endothelial cells, we then used a fluorescent MBo probe to test the ability of
fisetin released from our hydrogel to reduce intracellular MG levels. The MBo probe emits a
detectable fluorescent signal upon reaction with MG, but exhibits some cross-reactivity with
nitric oxide.'® Since endothelial cells produce high levels of nitric oxide, we performed this
assay using cardiac fibroblasts, which have low nitric oxide expression (see Methodology for
more details). MG levels were reduced over time in both the fisetin-HG and fisetin-alone groups
with a reduction of = 15% at 1 hour up to a reduction of = 40% after 6 hours compared to the HG
and control groups (Figure 3.2E). This demonstrates that our fisetin-hydrogel can reduce

intracellular MG levels.
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Figure 3.2 Viability and angiogenesis results. A) Representative live/dead assay images of cultured HUVECs
at 24 h. Fisetin treatment rescued endothelial cell viability after MG treatment in vitro. Scale bar = 100 pm.
B) Quantification of cell viability data (n = 6). C) In vitro angiogenesis assay shows that fisetin treatment
reversed the anti-angiogenic effects of MG. Scale bar = 1 mm. D) Quantification of in vitro angiogenesis (total
capillary-like network length was determined; n = 3). E) An MBo probe assay revealed that fisetin treatment
reduced the intracellular MG concentration in MG-treated cardiac fibroblasts in vitro starting at 1 h post-

treatment (n = 6; ***p < 0.001, *p < 0.05, compared to media control and HG).
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3.2.3 HG Delivery Increases Retention of Fisetin

The hydrogels and fisetin were chemically tagged with AF594 (which labels both the hydrogel
and fisetin) to monitor their distribution and retention ex vivo over time. IVIS images showed
that the treatment spread throughout the left ventricle upon injection (Figure 3.3A). Quantitative
analysis of the images revealed that 85.3% of fisetin-HG is present in the myocardium at 1-day
post-injection, which dropped to 15.4% at day 3 (Figure 3.3B). The retention of HG alone was
68.1% at day 1 and 8.6% at day 3, while fisetin retention was 5.9% at day 1 and 0.3% at day 3.
Since AF594 labels both the hydrogel and fisetin, we performed ultra-performance liquid
chromatography to measure fisetin more accurately in the heart at 1- and 3-days post-treatment.
When delivered with the hydrogel, 42.2% and 14.1% of the injected fisetin was present in the
myocardium at day 1 and day 3, respectively, which was greater than the 5.0% and 2.8% that

was present at day 1 and day 3 when fisetin was delivered alone (Figure 3.3C).
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Figure 3.3 HG delivery increases fisetin retention in the heart post-MI A) Representative 1VIS images of ex
vivo MI mouse hearts taken 1 and 3 days after treatment with fisetin, HG, or fisetin-HG, labeled with Alexa-
Fluor 594-NHS dye. A heart injected with HG ex vivo was used as the 100% positive control. B)
Quantification of VIS data reported as radiant efficiency for the different time points relative to the 100%
control (n = 4). C) Ultra performance liquid chromatography of harvested myocardial tissue showed
increased fisetin retention at 1 day and 3 days post-injection when delivered with the HG (n = 3). Data was

normalized to hearts injected with fisetin ex vivo representing a 100% positive control group.

3.2.4 Fisetin-HG Matrix Improves Cardiac Function Post-MI

M1 surgeries were performed at day 0 with a 94% overall postsurgical survival rate. The survival
rates after treatment injections (performed at 3 h post-MI) were 94% for fisetin-HG, 95% for
HG, 94% for fisetin, and 95% for phosphate buffered saline (PBS), with no statistical difference
between the treatment groups. Echocardiographic measurements were taken at 3 h and 5 weeks

post-MI and mice were sacrificed at 5 weeks (Figure 3.4A). Baseline values of left ventricular
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ejection fraction (LVEF) were comparable for all treatment groups (Figure S1A, Supporting
Information). Treatment with fisetin-HG significantly improved LVEF from 38.1 + 1.5% at
baseline to 46.7 = 2.1% at 5 weeks (p = 0.0026). Also, LVEF was superior in the fisetin-HG
group compared to all other treatment groups (Figure 3.4B). Notably, LVEF between baseline
and 5 weeks deteriorated in mice that were treated with fisetin-alone or PBS (p = 0.001 and p =

0.0009, respectively).

Other determinants of cardiac function including cardiac output (CO), stroke volume (SV), end-
systolic volume (ESV) and end-diastolic volume (EDV) were also calculated. Fisetin-HG
treatment improved CO and SV compared to the other treatments (Figure 3.4C and 3.4D). The
change in ESV was reduced in fisetin-HG treated hearts compared to the fisetin-alone and PBS
treatment groups (Figure 3.4E), whereas no difference in EDV fold-change was observed

between the groups after 5 weeks (Figure 3.4F).

Longitudinal endocardial strain values were measured at the anterior apex region at aortic valve
closure (AVC) and were comparable for all treatment groups at baseline and ranged from ~—0.7
to —1.3% (Figure S1B, Supporting Information). Results showed that fisetin-HG treatment
significantly improved the cardiac strain from =—1.1% at baseline to —5.7% at 5 weeks post
treatment (p = 0.013); negative strain values indicate better cardiac contractility. Notably, cardiac
strain (i.e., contractility) was significantly greater in fisetin-HG treated mice compared to those
that received fisetin-alone or PBS treatment (Figure 3.4G). For this analysis, the anterior apex
segment of the myocardium was targeted as it contains the injection sites and the infarct zone
(Figure S1C, Supporting Information). This segment is represented as the purple trace by the
Vevo Strain analysis software, showing the peak longitudinal endocardial strain during cardiac

shortening (Figure 3.4H).
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at AVC within the anterior apex segment at 5 weeks post-MI (n = 7). H) Representative longitudinal strain
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the anterior apex segment. ***p < 0.001, **p < 0.01, *p < 0.05.
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3.2.5 Fisetin-HG Treatment Reduces Scar Size and Prevents Cell Death

Masson’s Trichrome staining revealed that the fisetin-HG and HG treatment groups had a
reduction in final scar size compared to control hearts at 5 weeks post-MI (by 20.3% and 17.2%,
respectively; Figure 3.5A and 3.5B). Additionally, fisetin- HG treated hearts had increased
remote ventricular wall and scar wall thickness compared to all other treatment groups (Figure
3.5C and 3.5D). The Fisetin-HG treatment also resulted in a greater area of viable myocardium
compared to the fisetin and PBS groups (Figure 3.5E). This was associated with reduced
ongoing cell death in the myocardium of fisetin-HG treated mice at 5 weeks post-MI.
Specifically, the scar area of fisetin-HG mice contained 33.7%, 64.3%, and 65.1% less active
caspase-3+ apoptotic cells compared to the HG, fisetin-alone and PBS treatment groups,
respectively (Figure 3.5F). TUNEL and wheat germ agglutinin (WGA) staining revealed less
death specifically in cardiomyocytes in Fisetin-HG treated mice by 19.1%, 68.9%, and 68.5%
compared to HG, fisetin, and PBS groups, respectively (Figure 3.5G). Overall, treating the Ml
mouse heart with fisetin-HG decreased final scar size, reduced on-going cardiomyocyte cell

death and preserved viable myocardium.
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< 0.05.
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3.2.6 Fisetin-HG Improves Vascular Density, Reduces Inflammation, and Promotes
Polarization of Pro-Wound Healing Macrophages
As MG has been shown to impair angiogenesis and promote inflammation at the cellular level in
the MI heart,®> we performed immunohistochemistry at 5 weeks post-MI to assess the effect of
fisetin-HG treatment on vascularity and the inflammatory response. Our results showed that
fisetin-HG treated hearts had a greater number of CD31+0a-SMA+ arterioles in the scar region
compared to HG, fisetin-alone, and PBS treated groups (by 1.6-fold, 2.0-fold, and 2.1-fold,
respectively; Figure 3.6A (upper panel),3.6B). A vascular permeability assay using Evans blue
(EB) administered to mice via tail vein injection prior to sacrifice at 5 weeks post-MlI
demonstrated that the vasculature was functional (Figure 3.6A, lower panel). There were no
differences detected in the number of a-SMA+ myofibroblasts between groups at 5 weeks post-

treatment (Figure 3.6C).

The transition of pro-inflammatory M1 macrophages to pro-wound healing M2 macrophages
leads to the resolution of inflammation and plays a critical role in MI repair.*®'% Thus, we
assessed the number of CD86" pro-inflammatory M1 macrophages and CD206" pro-wound
healing M2 macrophages in mouse hearts 5 weeks after treatment. The number of CD86" cells
was lower in hearts treated with fisetin-HG or HG compared to fisetin-alone and PBS groups (by
up to 1.5-fold and 1.4-fold, respectively), suggesting that inflammation is suppressed by matrix
treatment (Figure 3.7A). We also observed an increase in the number of CD206" M2
macrophages (up to 2.4-fold) in the infarct region of the fisetin-HG group compared to all other
treatment groups at 5 weeks post-MI (Figure 3.7B). Taken together, these results suggest that
fisetin-HG treatment enhances vascularization, reduces inflammation and promotes a pro-healing

environment post-Ml.
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Figure 3.6 Fisetin-HG treatment increases myocardial vascularity.A) Upper panel: Representative

immunohistochemistry images of double positive a-SMA+ (green) and CD31+ (red) arterioles, CD31+

capillaries (red) and DAPI stained cell nuclei (blue). Scale bar = 100 pm. Lower Panel: EB (red) positive cells,

DAPI (blue). Scale bar = 300 pm. B) Quantification of arteriole density (number cells mm-2). C)

Myofibroblast density (number cells mm—2). (n = 6-9) ***p < 0.001, **p < 0.01, *p < 0.05.

3.2.7 Fisetin-HG Treatment Reduces MG-AGEs and Oxidative Stress Post-M|

We next assessed how fisetin-HG treatment may be affecting molecular factors underlying

oxidative stress by evaluating the expression of oxidative stress markers at 5 weeks post-Ml.
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Since MG-derived AGEs play a critical role in oxidative stress, we first determined the protein
levels of MG-derived hydroimidazolone-1 (MG-H1), the primary MG-specific adduct. The level
of MG-HL1 in fisetin-HG treated hearts was significantly lower compared to all other treatment
groups (by 5.1-fold, 4.3-fold and 1.7-fold vs. PBS, fisetin, and HG treatment, respectively;
Figure 3.8A). We then assessed the effect of treatment on the activation of Nrf2, a transcription
factor and antioxidant response element that protects against oxidative damage, in part by
reducing AGE levels.’® Notably, Nrf2 protein levels in the myocardium were significantly
increased in the fisetin-HG group compared to hearts treated with HG, fisetin or PBS (Figure
3.8B). We also examined the levels of Glol, the primary enzyme responsible for MG
metabolism. Our results show that Glol protein levels were markedly higher in the fisetin-HG
treated group compared to all other three treatment groups (Figure 3.8C). Lastly, we measured
glutathione (GSH) levels as indicator of the oxidative stress status. GSH is an endogenous
antioxidant, and co-factor in the glyoxalase pathway that detoxifies MG and protects cells from
oxidative damage.’® We detected a significantly higher ratio of GSH/GSSG (reduced/oxidized
GSH) in the myocardium of the fisetin-HG group compared to the HG, fisetin and PBS treatment
groups (Figure 3.8D). Since the fisetin-HG treatment promoted greater vascularity and reduced
cardiomyocyte death, it was of interest to examine the effect of treatment on the level of the pro-
survival factor neuregulin (NRG) in the myocardium. We observed that the fisetin-HG treatment
resulted in increased NRG protein levels at 5 weeks post-treatment compared to all other
treatment groups (Figure 3.8E). Taken together, these results demonstrate that the myocardium
of fisetin-HG treated mice had a greater activation of factors regulating MG metabolism and

superior reduction of oxidative stress post-Ml.
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3.3 Discussion

Methylglyoxal is a reactive dicarbonyl mostly produced as a degradation product during
glycolysis, which accumulates during periods of oxidative stress and anaerobic glycolytic
metabolism, contributing to oxidant-induced cytotoxicity.>*>> MG is typically present at very
low levels and is primarily eliminated by the glyoxalase system in healthy tissue; however, stress
conditions (such as ischemia) can lead to increased MG and AGE production and compromised
tissue function.**%!1% We previously identified that MG accumulates acutely post-MI, which
contributes to the adverse cardiac remodeling and functional loss of the infarcted heart.® In this
study, we developed a therapy that aimed to reduce methylglyoxal-induced damage as an
approach to improve the endogenous repair response and restore LV function post-MI. We
demonstrated that the flavonoid fisetin delivered to the myocardium within a collagen hydrogel
can reduce methylglyoxal-related oxidative stress, minimize inflammation, promote
neovascularization, and improve LV function and cardiac contractility of the infarcted heart.
Fisetin was our chosen therapeutic due to its antioxidant properties and ability to reduce
inflammation. It performs these functions through its ability to upregulate glutathione levels,
increase Glo1 activity and directly scavenge MG.%® To-date, only a few studies have examined
its therapeutic effects in the context of heart disease. For example, Garg et al. showed that oral
administration of fisetin (prior to induction of cardiac injury) could protect the heart from
ischemia-reperfusion injury in a PPAR-y dependent manner by suppressing oxidative stress and

reducing inflammation and scar size.'*

Other studies have similarly shown protective effects of
fisetin through anti-hypertrophic effects, suppression of oxidative stress, inhibition of
inflammation and/or reduced apoptosis in models of ischemia-reperfusion injury, doxorubicin-

induced cardiotoxicity, pressure overload-induced cardiac hypertrophy and isoproterenol-
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induced cardiac-ischemic injury.**™* In in vitro studies, fisetin treatment was shown to enhance
the viability of cultured cardiomyocytes after hypoxia/starvation and re-oxygenation by
decreasing the generation of reactive oxygen species, inhibiting apoptosis and protecting the
cells from DNA damage.'*® To our knowledge, our study is the first to evaluate the effect of
fisetin administered directly into the injured myocardium after myocardial infarction at a
clinically relevant time.

Prior to the in vivo experiments, the hydrogels were first characterized and tested in vitro for
their ability to reduce the effects of MG in cultured cells. Characterization experiments were
performed to determine if the addition of fisetin had any significant effect on the physical
properties of the hydrogel. The fisetin-loaded collagen hydrogel (fisetin-HG) and the control
hydrogel (HG) exhibited comparable properties in terms of viscosity, water content and
enzymatic degradation rate. Their high water content and mechanical properties make collagen
hydrogels ideal for injection to the myocardium following M1, as previously reported.’® The
release assay showed a steady release of fisetin from the hydrogel over 24 hours in untreated
conditions. As expected, exposure to collagenase resulted in an initial burst release of fisetin
from the hydrogel up to 6 hours, followed by a steady release over 24 hours. The release profile
in vivo may be affected by the more complex tissue environment compared to the simpler in vitro
conditions tested; however, given that the majority of the collagen hydrogel has been shown to
be degraded in vivo within 2-7 days post-injection to the myocardium,'® fisetin is likely to be
fully released within this time. The expected degradation/loss of the injected hydrogel was
demonstrated by ex vivo fluorescence imaging showing that the hydrogel was localized within
the myocardium upon injection and that the amount remaining dropped from 68.1% at day 1 to

8.6% at day 3. The imaging results also showed that fisetin retention in the myocardium was
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increased when delivered with the hydrogel compared to fisetin delivery alone, which was
confirmed by the more accurate UPLC analysis for fisetin content in myocardial tissue. Given
these retention results, we expect that most of the fisetin was released from the HG and
metabolized within the myocardium and that only minimal off-target accumulation occurred,;
however, a tissue biodistribution analysis was not performed to confirm this. Upon its release
from the HG, any fisetin that managed to escape the myocardium into the circulation likely
localized primarily in the liver, as has been shown previously with intraperitoneal delivery.™’
Toxicity concerns for off-target fisetin accumulation would be deemed negligible since its
administration at doses up to 2 g kg™ has been reported to be non-toxic when examined in
multiple tissues (lungs, spleen, liver, kidneys, heart, stomach, intestine, testes, and ovary) in
mice.117'118

To establish that fisetin could prevent MG-induced toxicity, we initially demonstrated that
MG exposure reduced the viability of cultured endothelial cells and that this was prevented by
treatment with fisetin. We also observed that total network length in an in vitro angiogenesis
assay was reduced after MG treatment, and that this reduction was prevented by the addition of
fisetin. These findings are similar to previous reports showing that protecting cells from the
effects of MG can reduce cell death and increase angiogenesis.>*®° Not surprisingly, our MBo
probe assay confirmed that treatment with fisetin alone or released from the hydrogel
significantly lowered the intracellular concentration of MG in cultured cells. This supports that
fisetin’s rescue effect is mediated in part through its ability to reduce cellular levels of MG.

Having established that the fisetin-HG system can reduce MG levels and its negative cellular
effects, we tested its therapeutic efficacy in treating MI mouse hearts. We assessed the

performance of our therapy administered during the inflammatory phase (at 3 hours post-Ml), as
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it was previously shown that the therapeutic efficacy of our collagen hydrogel was greatest when
delivered at this time.’® Given that healing of the infarcted mouse heart occurs about twice as
fast compared to humans, this time-point is equivalent to ~6 h in humans.*> Therefore, our
treatment protocol is clinically relevant as it mimics the setting of an acute Ml patient presenting
to the emergency room. In terms of administration of the treatment, the intramyocardial injection
method used in our study is a minimally invasive ultrasound-guided procedure, which could be
translated into clinical practice using catheter-based delivery approaches, which are becoming
more routine in cardiac procedures. Similar to our previous study,’®* functional analyses
demonstrated that treatment with the HG alone administered at 3 hours post-MI resulted in
improved cardiac function 5 weeks later. Notably, treatment with fisetin-HG conferred an even
greater increase in LVEF. Improvements in cardiac output, stroke volume and end-systolic
volume were also observed in only the fisetin-HG group, suggesting overall superior cardiac
function with this treatment. We also assessed the longitudinal strain of the endocardium at

120 and observed an

aortic valve closure, which is representative of cardiac contractility,
improvement only in the fisetin-HG group. It is important to note that negative strain represents
better contractility, indicating superior in vivo functional outcomes. Histological analyses
revealed a decrease in the scar size, and an increase in remote myocardium thickness in the
fisetin-HG treated group. Taken together, it was demonstrated that fisetin-HG treatment reduces
adverse ventricular remodeling, limits cardiac dilation and improves contractility post-Ml,
leading to superior cardiac function. These results highlight the synergistic effect of a combined

fisetin and collagen hydrogel treatment in vivo and demonstrate its potential for future clinical

applications.
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To gain mechanistic insight into our therapy, we examined processes reported in the literature
that are associated with detrimental MG effects. MG-AGEs have been shown to trigger cell
death and apoptosis via oxidative stress in the body.'**? In our study, we observed reduced
levels of active caspase-3 at 5 weeks post-treatment in mice receiving fisetin-HG treatment.
Notably, we observed greater viable myocardium and less death specifically in cardiomyocytes
(by TUNEL and WGA staining) after treatment with fisetin-HG. This greater survival of
cardiomyocytes may be partially attributed to the associated increase in NRG observed in fisetin-
HG treated hearts. NRG is a pro-survival factor produced by endothelial cells adjacent to
cardiomyocytes that acts in a paracrine fashion to preserve cardiomyocyte viability.'?'* MG
has been shown to reduce NRG expression in the myocardium,™® and NRG therapy for MI
improves cardiomyocyte survival.*?>*?° Taken together, the data suggests that reducing MG with
the fisetin-HG treatment limits on-going cell death in the myocardium, which leads to less
ventricular remodeling, less scar expansion and overall smaller scar size.?*?’

Another important healing process post-MI is angiogenesis. Endothelial cells have been
identified as a therapeutic target for treating MI and preventing the progression to heart
failure.®'* Angiogenesis has been shown to be negatively impacted by MG accumulation, in
part through the up-regulation of anti-angiogenic factors and dysregulation of VEGF
signaling.™****" Our in vitro results showed that fisetin-HG can prevent MG-induced defective
angiogenesis in cultured endothelial cells, and we observed an increase in arteriole density in the
MI mouse model after fisetin-HG treatment. EB staining demonstrated the functionality of the
vessels. This suggests that fisetin-HG can promote vascularization, thus improving the supply of

oxygen and nutrients to the myocardium.
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MG can activate an inflammatory response in the heart,”™ and chronic inflammation post-MI

is associated with adverse ventricular remodeling, which can progress to heart failure.**
Treatment of the MI mouse heart with fisetin-HG resulted in a decrease in the number of CD86+
pro-inflammatory M1 macrophages and an increase in the number of pro-healing CD206+ M2
macrophages in the infarcted myocardium. The promotion of wound healing versus
inflammatory macrophages is likely induced by both the fisetin and the collagen HG. It has been
shown that MG glycation of macrophages promotes their pro-inflammatory function.'*® Fisetin
has been reported to reduce the expression of pro-inflammatory genes in macrophages, such as
tumor necrosis factor-a and interleukin-6, which are involved in the inflammatory response post-
M|.581341% Fisetin exerts its anti-inflammatory effects through the suppression of the
transcription factors NF-kB and AP-1. Specifically, fisetin directly inhibits the kinase activity of

Src and Syk, which are involved in the NF-kB cascade,'®*

and it reduces the phosphorylation of
c-Jun N-terminal kinase (JNK) and its target c-Jun, which are key mediators of the AP-1
signaling pathway.®

We and others have previously reported that collagen biomaterials can reduce inflammatory
M1 macrophage numbers, induce M2 macrophage polarization, and promote anti-inflammatory
cytokine production by macrophages while reducing the production of pro-inflammatory
factors.}02103137138 Thiq effect could be due to collagen-mediated activation of AKT and/or miR-
21-JNK signaling pathways that lead to M2 polarization, the production of anti-inflammatory
cytokines and improved efferocytosis.’****® Given that the M1-to-M2 macrophage phenotype

transition corresponds to a change from a pro-inflammatory to pro-healing status,'®*4

it appears
that the fisetin-HG can promote healing and the resolution of inflammation. While the literature

provides compelling mechanistic insight, an evaluation of how the fisetin-HG treatment
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specifically mediates macrophage phenotype and inflammation in the context of MI repair
constitutes an area of future investigation.

Oxidative stress plays a pivotal role in the pathophysiology of MI; and the accumulation of
MG and its AGEs has been shown to promote oxidative stress.***** Fisetin has been shown
previously to reduce MG by direct scavenging, and also by increasing Glo1 levels.®® Therefore,
we expected that our fisetin-HG treatment would reduce MG levels leading to less MG-AGE
formation and oxidative stress within the infarcted heart. We observed an increase in Glol
expression in fisetin-HG treated hearts, suggesting that the glyoxalase system may be activated
by the treatment to detoxify MG through its conversion D-lactate.**® This was accompanied by a
reduction in MG-H1 (the primary MG adducts) in fisetin-HG treated hearts. Further supporting
this mechanism, we found an increase in the levels of Nrf2, a transcription factor that regulates

144,195 \which has also been

Glol expression and induces Glol activity leading to MG metabolism,
shown to be upregulated by fisetin.'*® As expected, the reduction of MG and its AGEs correlated
with less oxidative stress (as determined by the GSH/GSSG ratio) in the myocardium of the
fisetin-HG group. Notably, HG treatment alone also reduced MG-H1 levels and oxidative stress
but had no effect on Glol or Nrf2 expression. Collagen, and in particular its arginine residues, is

a major target for MG glycation, "

which has been demonstrated in the post-MI
myocardium.® It is hypothesized that the injected collagen hydrogel is targeted by MG, thus
sequestering it away from the myocardial tissue and reducing its contribution to the formation of
MG-AGEs and induction of oxidative stress. As the hydrogel is degraded within a week of
injection,'® the “trapped” MG is then removed from the tissue. Altogether, our results suggest
that fisetin-HG treatment reduces the accumulation of MG and its AGEs through increased Nrf2,

GSH and Glo1l levels.
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3.4 Conclusion

In this study, we demonstrated that a combination of the antioxidant fisetin with a collagen HG
acted synergistically to decrease MG-related oxidative stress, reduce inflammation, increase cell
survival, limit adverse cardiac remodeling and improve cardiac function when administered
during the inflammatory phase post-MI. In addition to its MG scavenging function, the fisetin-
HG treatment was shown to increase the activity of Nrf2, GSH, and Glol, factors known to
contribute to MG detoxification. Taken together, the results suggest that targeting MG
metabolism may be a promising approach to limit adverse cardiac remodeling, prevent damage
and preserve function of the infarcted heart. These findings may help guide the development of
new strategies, such as the fisetin-biomaterial therapy, for treating MI patients and reducing the

incidence of heart failure.

3.5 Experimental Section

Preparation and characterization of fisetin hydrogel: Fisetin stock solution (10 mm) was

prepared by dissolving 2.87 g of fisetin (Sigma Aldrich) in 1 ml of sterile dimethyl sulfoxide
(DMSO). Chondroitin sulphate (CS) solution (40%) was prepared by dissolving 40 g of CS
(Wako) in 100 ml phosphate buffered saline (PBS, calcium and magnesium free). The fisetin-
loaded collagen hydrogel (fisetin-HG) was prepared on ice using an enclosed syringe system that
allows homogenous mixing without introducing bubbles. Briefly, 1% rat-tail collagen type |
(Corning®, Cat#354236), fisetin (diluted to 100 pM), 40% CS, N-ethyl-N-(3-
dimethylaminopropyl) Carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were added to
produce a final mixture with a mass ratio of 1:4:0.5:0.3 for collagen, CS, NHS, and EDC,
respectively. After thorough mixing, the pH was adjusted to 7.4 by adding NaOH (1.0 N).

Collagen hydrogel (HG) without fisetin was also prepared following the same protocol.
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Viscosity measurement: Viscosity measurements of hydrogels (fisetin-HG and HG) were carried

out using a Brookfield R/S plus rheometer (Brookfield) at 37°C. A C25-2/30 conical spindle was
used to compress the material (50 um displacement) onto a temperature-controlled pedestal.
Viscosity was measured with a ramp rotational block at a speed of 1/min units pre-set at a shear

rate of five units over a time of 30 min.

Equilibrium water content: Water content of the hydrogels was measured by measuring the wet

weight (W) of the sample, equilibrated in PBS for 96 h at 4°C. The material was then vacuum-

dried at room temperature for 96 h to obtain the dry mass (W). The total water content of the

hydrogels (W;) was then calculated according to the equation: W, = (WI‘:V—_W) x 100
0

Hydrogel degradation and fisetin release assay: Enzymatic degradation was measured using 50—

100 mg of hydrogel placed in 5ml of type I collagenase (10 U/ml in PBS) at 37 °C. The
remaining solid mass was measured over a period of up to 24 h. The degradation rate is
calculated from the initial slope of the plots of remaining mass vs. time and reported as mg/min.
The fisetin release profile was also assessed by measuring the amount of fisetin in the
supernatant with/without type | collagenase (10 U/ml in PBS) at 37 °C. For this, fisetin-HG
(containing 100 puM of fisetin) was prepared and the released fisetin concentration was

determined using UV-Vis spectroscopy at 360 nm over a period of up to 24 h.

In vitro endothelial cell cultures and viability assay: Human umbilical vein endothelial cells

(HUVECs; Life Technologies) were cultured in tissue culture plates for 24 h and maintained in
HUVEC media (10% FBS, 1% L-glutamine, 2 pg/ml sodium heparin, 1%
penicillin/streptomycin, 30 pg/ml endothelial growth supplement (BD Biosciences) in M199

media, pH 7.2).
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To establish a toxic dose of MG for cell culture experiments, HUVECs were treated with
increasing concentrations of MG (from 0 to 100 puM, in HUVEC media) and subjected to an in
vitro viability assay. Briefly, HUVECs were stained using a Calcein-AM and Ethidium
Homodimer-1 (CaAM/EthD-1) viability kit (ThermoFisher Scientific, Cat# L3224) according to
the manufacturer’s instructions. Stained cells were imaged by fluorescence microscopy, and
fifteen random images were taken for each experimental group. Total cell numbers were
calculated using ImageJ2® software (NIH, USA). Each condition was performed in triplicate. It
was observed that MG at a concentration > 10 M reduced endothelial cell viability (Figure S2A
and S2B). A MG concentration of > 10 puM also impaired network-like formation in
ECMatrix™ angiogenesis plates (procedure described below; results shown in Figure S2C and
S2D). Based on these viability and angiogenesis results, and in consultation with the literature,**°
we carried out further in vitro experiments using a “toxic” MG dose of 25 UM. To assess the
effect of fisetin on cell viability, HUVECs were treated with 25 M MG =fisetin (10 pM) and the

same CaAM/EthD-1 assay as described above was performed.

In vitro angiogenesis assay: An in vitro angiogenesis network formation assay (Ibidi® p-Plate

angiogenesis slides, Cat# 81506) was performed following the manufacturer’s protocol. First,
wells were coated with 10 uL of ECMatrix™ and HUVECs were seeded at a density of 5x10°
cells/well. To test fisetin effects, HUVECs were treated with 25 pM MG =fisetin (10 uM) and
compared to cells without MG exposure. Total capillary-like network length was quantified per

field-of-view (1.25x using light microscopy). Each condition was performed in triplicate.

Animal experiments: All procedures were approved by the University of Ottawa Animal Care

Committee and performed in accordance with the National Institute of Health Guide for the Care

and Use of Laboratory Animals.
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Mouse cardiac fibroblast isolation and culture: Hearts of 8-week old wild-type C57BL/6 mice

were perfused with ice-cold PBS, harvested and kept in PBS on ice. Next, the hearts were cut
into small pieces, resuspended in lysis buffer containing 0.08% DNase | (20U/mL), 0.9% of 1 M
HEPES and 2.5% of collagenase blend (Liberase Blendzyme 3 TH, Roche) in sterile Hanks'
Balanced Salt solution (HBSS) and incubated for 45 min at 37°C. Enzymatic digestion was
supported by vortexing every 5 minutes. Digested tissue was filtered through a 70 pum cell
strainer followed by centrifugation for 2 min at 50 g to remove remaining undigested tissue. The
supernatant was then filtered through a 40 pum cell strainer, centrifuged at 450 g for 5 min and
washed with PBS two times. Cells were resuspended and cultured in Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM/F-12, Sigma) supplemented with 1%
penicillin/streptomycin and 10% FBS. Non-adherent cells were removed after 2 days by washing
with PBS and the medium was replenished. The adherent fibroblasts were maintained with the

medium changed every 3 days.

Detection of MG in live cells using MBo fluorescence probe: To evaluate the ability of fisetin

released from the hydrogel to reduce intracellular MG levels, a “turn on” fluorescent sensor
methyl diaminobenzene-BODIPY (MBo) was used as described.’® The MBo probe exhibits
some cross-reactivity with nitric oxide.’® Since endothelial cells produce high levels of nitric
oxide, we performed the MBo studies using cardiac fibroblasts, which have low nitric oxide
expression. Briefly, one of the following was added to the wells of tissue culture plates: 1)
fisetin-HG, 2) HG, 3) fisetin, or 4) nothing. Next, plates were incubated for 30 min, and then
fibroblasts were seeded at a density of 5x10° cells/well and cultured with 25 uM MG in
DMEM/F-12 supplemented with (1% pen/strep, 10% FBS). After 24 h, the media was replaced

with 1 ml of HEPES-Krebs-Ringer’s buffer (HKR) (140 mM NaCl, 2 mM KCI, 1 mM CaCly, 1
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mM MgCl,, 10 mM HEPES pH 7.4) and 5 uM of MBo fluorophore in complete medium (from
stock in DMSQO) was added and incubated for 1 h. Cells were then rinsed once with HKR buffer,
and incubated for an additional 1 h in 5 uM of MBo fluorophore containing phenol-free media to
prevent background fluorescence. The fluorescence signal was then measured using a plate
reader at 470£40 nm / 540£50 nm at baseline (0 min), 30 min, 1 h, 3 h and 6 h, and expressed as
a fold-change relative to baseline for each group. Data are represented as mean = SEM of at least
three replicates.

Myocardial infarction model and intramyocardial injection: MI was induced in 8-week old

C57BL/6 female mice (Charles River) and treatment delivery was performed using a previously
established intramyocardial injection protocol.’***% Briefly, mice were anesthetized (2%
isoflurane), intubated, and the heart was exposed via a fourth intercostal thoracotomy. The left
anterior descending coronary artery (LAD) was then ligated just below its emergence from the
left atrium. This procedure results in a mid/large MI involving the anterolateral, posterior, and
apical parts of the left ventricle. Ml size was confirmed at the time of surgery by myocardial
blanching in the region supplied by the artery. Short-acting buprenorphine was administered at
least an hour prior to surgery, and long-acting buprenorphine was administered subcutaneously
immediately before surgery for perioperative analgesia. Immediately following the MI surgery,
the chest was closed and sutured. At 3h post-MI (baseline), mice were randomly assigned to
receive one of 4 treatments: 1) PBS (control); 2) fisetin-alone; 3) collagen hydrogel (HG); or 4)
fisetin-hydrogel (fisetin-HG). The treatment was administered in five equivolumetric
intramyocardial injections (10 ul each site, 50 ul total) through a 27-G needle using a minimally
invasive echocardiography-guided closed-chest procedure, established by our group.'®*® The

syringe is secured in a micromanipulator (VisualSonics, USA) and the needle and MX400
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scanhead probe are aligned along the heart long-axis. Via the ultrasound field-of-view, the
micromanipulator is used to position the needle tip in the desired location within the myocardium
for injection of the treatment. Mice were euthanized by terminal anesthesia at 5 weeks post-
treatment and hearts were collected for histology and/or molecular analysis.

Echocardiography and strain analysis: Transthoracic echocardiography was performed on

parasternal long-axis views using a Vevo3100 system in B mode with a MX400 series real-time
microvisualization scanhead probe and analysis performed with its accompanying Vevo LAB
3.1.1 software (VisualSonics). The imaging was carried out at 3 hours (right before the
treatment) and 5 weeks post-MI to determine left ventricular ejection fraction (LVEF), stroke
volume (SV), cardiac output (CO), left ventricular end systolic volume (ESV) and end diastolic
volume (EDV). To assess contractility, cardiac strain analysis was performed through the
longitudinal axis since longitudinal strain is most representative of myocardial shortening at the
level of the endocardium.?®**® The longitudinal endocardial strain at the time of aortic valve
closure (representing end systole) in segment 6 (anterior apex segment), corresponding to the
infarct zone area, was calculated. As strain is calculated as the final length [L]/initial length [Lo],
negative strain values represent improved contractility (shortening of a given myocardial
segment relative to its original length).™ Results for both echocardiography and strain analyses
were analyzed by a researcher blinded to the treatment groups.

Hydrogel imaging: The fluorescently tagged HG and Fisetin-HG matrices (25 nmol of Alexa-

Fluor®594 dye per hydrogel) were injected to the infarcted mouse heart as described above.
Animals were euthanized 1 and 3 days after treatment, and hearts were harvested and imaged ex
vivo by IVIS® Spectrum (PerkinElmer) to visualize HG and Fisetin-HG distribution and

retention within the hearts (A excitation: 570 nm; A emission: 640 nm). As a positive control
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group, untreated hearts were collected, and the injection of hydrogel was performed ex vivo.
These were immediately imaged by IVIS and used to represent 100% HG retention. The data
was reported as relative radiant efficiency (%) and normalized to the positive control hearts.

Ultra-performance liquid chromatography: Heart tissue samples were collected at day 1 and

day 3 post-treatment. Tissue preparation followed a previously described protocol with some
modification.? Briefly, two liquid extraction solutions were prepared. Extraction solution A was
made of methanol/water (50/50) with Chrysin (500 ng/mL) added as an internal standard.
Extraction solution B was made of dichloromethane/methanol (50/50) with Chrysin (500 ng/mL)
added as an internal standard. Heart samples were kept on ice immediately after harvest to avoid
molecular degradation. The heart was surface blotted, weighed, and transferred to a pre-cooled 2
mL glass tissue grinder (Tenbroeck type). Pre-cooled extraction solution A (250 uL) was added
to the tissue grinder, the sample was homogenized with 10 vertical and 10 rotational shear
movements, and the liquid phase was collected. The extraction with solution A was performed
twice, and then repeated twice with 250 pL of extraction solution B. All the collected liquid
extractions were mixed, sonicated for 1 minute, and centrifuged for 15 minutes at 12,000 RPM.
The supernatant was filtered through 0.45 pum filter and centrifuged for another 15 minutes at
12,000 RPM. This supernatant was injected directly into the UPLC.

Sample analysis was performed with a RP-UPLC-MSMS Waters Acquity UPLC Xevo TQD
system using a 2.1x100 mm UPLC BEH C8 column. The analysis conditions were modified
from a previous report.'>® Briefly, the extracted solution was placed in sealed vials and 2 pL was
injected for each analysis. The autosampler was set to cold temperature to avoid evaporation, and
the flow was set to 0.5 mL/min. Water, acetonitrile, and formic acid 5% (in water) were used as

eluents. The initial flow conditions were: water 96%, acetonitrile 2%, and formic acid 2% (last

51



one was kept constant in all runs). Acetonitrile was increased up to 60% over a period of 10.5
min with linear gradient. A column washing step was then performed: acetonitrile was increased
to 96% min and kept for 1 min, followed by a re-equilibration step back to the initial conditions
for 2.5 min. The column was kept at 35°C. A multi reaction monitoring analysis (MRM) was set
up for fisetin and chrysin (internal standard). The analysis was performed in MSMS ESI mode
with a capillary voltage of 3.50 kV, a source temperature of 500°C, a desolvation gas flow of 600
mL/h, and a cone flow of 25 mL/h. The first quadruple analyzer was set to LM resolution of 13,
HM 11.5, and ion energy of 0.3. Argon was used for gas collision in the second quadruple. The
third quadruple was set up to LM of 12, HM 13, and 2.5 of ion source. For fisetin, the cone
voltage was 40V, and the collision energy was 20V. For chrysin, the cone voltage was 20V, and
the collision energy was 17V. Representatives MRM analysis for fisetin and chrysin can be seen
in Figures S3A and S3B. The calibration curve was prepared by triplicate analysis of several
calibration concentrations of fisetin. Chrysin was used as internal standard (IS) at a concentration
of 500 ng/mL, and the following was plotted: (fisetin area)x([IS concentration]/[IS area]) vs. the
concentration of fisetin. The calculated limit of detection (LOD) and limit of quantification
(LOQ) were 6.4 ng/mL and 6.9 ng/mL, respectively. The calibration curve was reported in

Figure S3C.

Vascular Permeability Assay: Vascular permeability was performed using Evans blue (EB)
dye delivered by intravenous lateral tail vein injection at 5 weeks post-treatment. Briefly, 2%
sterile EB dye was prepared in PBS and filter sterilized to remove any undissolved particles.
Mice were placed into a restraint device that allows the tail to be handled. EB dye (4 ml/kg) was

then slowly injected using a 27G needle via the lateral tail vein. Mice were put back into their
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cages for 20 minutes and then sacrificed. Hearts were collected, fixed in 4% PFA and embedded
for histology sectioning. Sections were imaged using a fluorescence microscope at 590 nm.

Histology and immunohistochemistry: Hearts were harvested at 5 weeks post-MI, embedded

in OCT compound (Fisher Scientific), and snap frozen in liquid nitrogen. Sections (10 pum) were
cut using a Thermo Scientific HM550 Cryostat. To evaluate scar size, tissue sections were fixed
in 4% PFA for 1 h and stained with Masson’s Trichrome stain (Electron Microscopy Sciences).
Images were taken with a Celestron Handheld Digital Microscope Pro, and 8 sections per mouse
were used to measure remote wall thickness and to determine scar size by the mid-line arc
method using ImageJ2® software.”** For immunohistochemistry, tissue sections were fixed in
acetone for 20 min, washed with 0.05% Tween-20 in PBS, permeabilized with 0.1% Triton X-
100 for 10 min and then blocked in 10% serum in PBS for 1 h at room temperature. Primary
antibodies were applied overnight at 4°C in 10% serum, and then slides were rinsed and treated
with secondary antibodies for 1 h in the dark at room temperature. Nuclei were stained with
DAPI (1:1000) before being mounted with ProLongTM® Gold antifade reagent (Invitrogen). For
the detection of apoptotic cells, an anti-active caspase-3 primary antibody (Abcam, Rabbit,
Cat#ab2302 at 1:250 dilution) was used with AF488 anti-rabbit secondary (ThermoFisher,
Cat#A-11008 at 1:1000 dilution). A TUNEL kit (Abcam, Cat#ah66108) was used together with
wheat germ agglutinin (WGA; Alexa Fluor™ 594 Conjugate, ThermoFisher Cat# W11262) to
assess cardiomyocyte cell death. For the detection of blood vessels and myofibroblasts, anti-
CD31 (also known as PECAM-1, Santa Cruz, Rat, Cat#sc-101454 at 1:100 dilution) and anti-a-
smooth muscle actin (a-SMA; Abcam, Rabbit, Cat#ab5694 at 1:250 dilution) primary antibodies
were used and detected with AF594 anti-rat secondary (ThermoFisher, Cat#A-11007 at 1:1000

dilution) and AF488 anti-rabbit secondary (ThermoFisher, Cat#A-11008 at 1:1000 dilution),
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respectively. To detect inflammation, M1 macrophages were detected with an anti-CD86
primary antibody (Abcam, Rat, Cat#119857 at 1:200 dilution) and visualized by AF488 anti-rat
secondary (Invitrogen, Cat#A-11007 at 1:600 dilution). M2 macrophages were detected by an
AF488-conjugated anti-CD206 antibody (BioLegend, Cat#141710 at 1:100 dilution). Fluorescent
images were obtained using a Zeiss Axio Observer upright microscope with a x20 objective. For
all samples, four sections per mouse were analyzed and for each section 3 images within the
infarct region were used for quantification.

Western blot: Total proteins were extracted from LV tissue samples using RIPA buffer
(supplemented with protease inhibitor cocktail) and protein concentrations were determined by
the Bicinchoninic acid (BCA) protein quantification method. Equal amounts of protein (20 pg)
were denatured and loaded onto SDS polyacrylamide gels, subjected to electrophoresis, and
transferred to a polyvinylidene fluoride (PVDF) membrane. Protein samples were probed with
anti-MG derived AGE Antibody (Cell Biolabs, Mouse, Cat#STA-011 at 1:1000 dilution), anti-
Nrf2 (Abcam, Rabbit, Cat#ab137550 at 1:1000 dilution), anti-Glol (Abcam, Rabbit,
Cat#ab96032 at 1:1000 dilution), anti-NRG (Abcam, Rabbit, Cat#ab180808 at 1:100 dilution)
and anti-a-tubulin (Cell Signaling, Rabbit, Cat#2125 at 1:1000 dilution) primary antibodies
overnight. After washing with TBS-T several times, membranes were incubated with anti-rabbit
(Novus Biologicals, HRP, Cat#N7185 at 1:10000 dilution) or anti-mouse (Abcam, HRP,
Cat#ab205719 at 1:5000 dilution) secondary antibodies for 1 hour at RT. Bands were quantified
by densitometry analysis using ImageJ2® software and intensities of the bands were normalized
to a-tubulin.

Oxidative stress analysis: Tissue lysates of LV samples were prepared in mammalian lysis

buffer (Abcam Cat#ab179835) and enzymes were subsequently removed by using a
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deproteinizing sample kit (Abcam Cat# ab204708). Reduced glutathione (GSH) and oxidized
glutathione disulfide (GSSG) levels were measured with the GSH/GSSG ratio detection assay kit
Il (Fluorometric — Green; Abcam Cat#ab205811) according to the manufacturer’s instructions.
The standard curve method was applied to calculate RFU readings. The concentration of GSSG
(UM) in the test samples was calculated as: GSSG = (total glutathione — GSH)/2 and the ratio of
GSH/GSSG was plotted.

Statistical analysis: Statistical analysis was performed using GraphPad Prism 8.0° software.

All data are presented as the mean = SEM. Outliers were identified using Tukey’s fences (inter-
quartile range) method for each measurement and removed from the statistical analysis. For the
comparison of data between treatments, a one-way ANOVA was used followed by Bonferroni’s
correction for multiple comparisons. Scar size was analyzed using a multiple regression,

including treatment group (HG, fisetin-HG, fisetin, and PBS) and baseline LVEF.

55



3.6 Supporting Information

Supporting Information of this article is available in Chapter 8 — Appendices section 8.1 at the

end of this thesis.
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Article Il — Abstract

The targeted delivery of protein therapeutics using nanoparticles (NPs) may offer highly specific
treatments for several diseases. However, only a few are being used in the clinical setting
because of their potential side effects and difficulty in tracking their localization. Here we report
on cross-linked multifunctional CD44 targeting hyaluronic acid NPs carrying glyoxylase-1
(Glo1-NPs) protein for reducing methylglyoxal (MG), which accumulates in cardiac tissue
following myocardial infarction (MI). When delivered intravenously in mice at 3 hours post-Ml,
the Glo1-NPs specifically targeted damaged cardiac tissue, protected cell viability and limited
infarct expansion by reducing oxidative stress, and led to improved cardiac function. These
findings demonstrate the potential of NP-based targeted-delivery of Glol as a new approach for

treating M1 with promising implications for clinical translation due to its ease of application.
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4.1 Introduction

Cardiovascular disease is a leading cause of death, constituting ~32% of the deaths worldwide;
and nearly 70% of heart failure cases are attributed to adverse left ventricle (LV) remodeling
caused by myocardial infarction (M1).2%>° After MI, ischemia-mediated cell death leads to tissue
necrosis, adverse LV remodeling, and contractile and functional loss of the myocardium.*®
Hypoxia post-MI inhibits oxidative phosphorylation, resulting in higher glycolytic activity,
excess production of reactive oxygen species (ROS) (oxidative stress) and accumulation of

advanced glycation end-products (AGESs) that are normally cleared from healthy tissue.™"**

Methylglyoxal (MG), a highly reactive dicarbonyl compound that is formed mainly as a by-
product of glycolysis, is the primary precursor of AGEs.” In normal physiological conditions,
MG is metabolized primarily by the glyoxalase-1 enzyme (Glol). However, conditions such as
hypoxia, inflammation, ischemia and oxidative stress augment MG production, while also
limiting Glo1 activity, leading to increased MG-derived AGE (MG-AGE) formation.>®**% MG
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119.159-161 and we have

can lead to inflammation and endothelial cell (EC) damage and loss,
previously shown that MG-AGEs accumulate acutely in the heart post-MI and that they
contribute to reduced vascularization, adverse remodeling and loss of cardiac function.®> The
evidence identifies that the reduction of MG could be a potential therapeutic target for promoting

vascular repair and cardiac function of the post-MI heart.'*?

Recent advances in nanoparticle technology have created considerable optimism for the
development of new diagnosis tools and therapies for many conditions including cancer,
neurodegenerative diseases, and fighting human pathogens like bacteria or viruses.****"® While
these therapies have demonstrated great potential, there are still challenges to meet. Additionally,
current approaches for delivering cardioprotective agents have relied mainly on surgical
interventions or catheters to find the target tissue, and often do not have a way of being tracked
after delivery.!” " Thus, actively targeting the damaged tissue while being able to monitor the

NPs and/or their contents is immensely desired.

In this study, we developed Glol-loaded CD44-targeting nanoparticle (Glo1-NP) therapy for
reducing the effects of MG and enhancing vascular repair and cardiac function post-MI. Our NPs
are cross-linked particles with high water content, offering excellent biocompatibility and
suitable interior space for protein loading and delivery.’*""*1™> Additionally, the pyrazoline
cycloadducts in their structure, which are formed by “tetrazole-alkene” photoclick reaction, give
the NPs an intrinsic fluorescence that allow them to be visualized and tracked in vitro and in
vivo, 166167176177 1t is also possible to modify and/or control the size, charge and release profile by
changing the precursor molecule concentrations. The NPs have been designed with hyaluronic
acid (HA), which is natural non-immunogenic, biocompatible and biodegradable

glycosaminoglycan present in the human body, and a ligand for the cell surface receptor
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CD44.17817° CD44 is expressed by ECs of the myocardium upon cardiac injury, whereas healthy
ECs express little to no CD44."®18 Taking advantage of the HA-CD44 interaction, the NP
system we develop successfully targeted the infarct region post-Ml, reduced the negative effects

of MG and improved cardiac function.

4.2 Results

4.2.1 Characterizations of Empty and Glol-loaded NPs

Empty nanoparticles (NPs) and Glol1-loaded nanoparticles (Glo1-NPs) were prepared via inverse
nanoprecipitation and photoclick reaction followed by UV irradiation. They were synthesized
from hyaluronic acid (HA)-based precursor molecules: hyaluronic acid grafted with lysine
tetrazole (HA-Lys-Tet) and hyaluronic acid grafted with cystamine methacrylamide (HA-Cys-
MA) (Figure 4.1A). When the precursors self-assemble, the encapsulated protein, Glol, is
trapped in the core of the NP, and HA chains stay on the surface, allowing the nanoparticle to
interact with available CD44 receptors (Figure 4.1B). After the crosslinking step, UV-Vis
measurement showed that the NPs emit green fluorescence light (Excitation: 405, Emission:
450), while non-crosslinked NPs remained non-fluorescent, demonstrating that the crosslinked

NPs are fluorescent by nature (Figure 4.1C).

Dynamic light scattering (DLS) showed that empty NPs have an average size of 189 nm with a
narrow polydispersity index (PDI) of 0.036 and zeta potential of -18.2 mV. Glo1-NPs were
slightly larger (213 nm), with a PDI of 0.102 and zeta potential of -21.5 mV (Figure 4.1D and

4.1E). Our results indicate that the NPs are small and suitable for systemic administration.
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Figure 4.1 Synthesis and characterization data of nanoparticles. (A) ChemDraw illustrations of precursor
molecules HA-Lys-Tet and HA-Cys-MA. (B) BioRender illustration of Glol-NPs. (C) UV-vis
spectrophotometric analyses of non-crosslinked and crosslinked nanoparticles. (D) DLS size measurement of
empty (left) and Glol-loaded (right) nanoparticles. (E) Zeta potential graphs of empty (left) and Glol-loaded

(right) nanoparticles.
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4.2.2 Invitro Assessment of Glo1-NP Treatment on ECs

To evaluate the effects of NPs on cell viability, human umbilical vein endothelial cells
(HUVECSs) without any pre-treatment were compared to HUVECSs treated with MG (100 puM).
The cells were then exposed to empty NPs, Glo1-NPs or no NPS (Figure 4.2A). After 24 hours,
there was no difference between treatment groups in the viability of HUVECs grown in the non-
MG environment with an average viability of ~95%. However, MG treatment lowered the
viability by 7.4 % in the control (no NPs) and by 6.3 % in the NPs group, while this negative

effect was prevented by Glo1-NPs treatment (Figure 4.2B).

The adhesive property of ECs was then evaluated with the same treatment groups (no NP, empty
NPs and Glo1-NPS) (Figure 4.2C). Two hours after cell seeding, HUVECs showed comparable
adhesion for all of the treatment groups when the cells were not exposed to MG. MG exposure
reduced EC adhesion by 65.1 % in the control (no NPs) and by 69.3% in the empty NP group,
whereas ECs treated with Glo1-NPs did not exhibit a reduction in adhesion (Figure 4.2D).
Overall, these results demonstrate that our Glo1-NPs can preserve the viability and adhesion of

ECs exposed to MG.
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taken from each well; ***p < 0.001, *p < 0.05)
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4.2.3 MG Exposure Increases CD44 Expression in ECs

We then tested the effect of MG on CD44 expression in cultured ECs by immunostaining.
Taking advantage of their fluorescent nature, we also visualized the presence of NPs in the
cytoplasm after treatment. CD44 expression increased in ECs after MG exposure. Notably, the
increased CD44 expression led to greater uptake of NPs into ECs, while limited numbers of NPs
were taken up by untreated ECs (Figure 4.3A). Our results show that high MG levels increase

CD44 expression.

4.2.4 CDA44 Receptor is Responsible for Nanoparticle Uptake

We next designed an experiment to confirm that CD44 acts as the primary target for NP uptake.
With the use of a CD44 blocker, we blocked the CD44 receptor in cultured ECs. Interestingly,
for ECs treated with MG and CD44 blocker, NP uptake was significantly reduced (Figure 4.3B).
These results indicate that the CD44 receptor is responsible for NP uptake into the cells. Our
Glol ELISA results showed that Glol1 uptake was facilitated in +MG treated cells when treated

with Glo1-NPs, suggesting that NPs deliver Glol into ECs under MG stress (Figure 4.3C).
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Figure 4.3 Representative immunostaining images of CD44 expression and NP accumulation in cultured ECs.
(A) CD44 expression in ECs increases following MG treatment leading to increased NP uptake. (B) NP
uptake was significantly reduced upon CD44 blocking, showing that the CD44 receptor is responsible for NP
uptake. (Green=NPs, DAPI=Nuclei, Red=CD44) (C) In vitro Glol ELISA assay performed for ECs cultured

with and without MG and treated with Glo1-NPs, empty NPs or no NPs.

4.25 Glol-NPs Improve Cardiac Function Post-Ml

MI surgeries were performed at day 0 with a 95% survival rate. Mice were randomized into
3 groups and 50 pl of each treatment (PBS, NPs and Glo1-NPs) were administered via tail-vein
injection at 3 hours post-MI. Echocardiographic measurements were taken and tissue collection
was performed at 4 weeks post-MI (see experimental timeline in Figure 4.4A). Left ventricular
ejection fraction (%LVEF) values were comparable for all treatment groups at the beginning of
the study (baseline). LVEF was significantly greater in the Glo1-NP mice (41.8 %) compared to
the NP (30.8 %) and PBS (26.5 %) treatment groups at 4 weeks (Figure 4.4B). Notably, the
Glo1-NP treatment significantly increased LVEF by 14.7% after 4 weeks compared to its own
baseline, whereas the NP and PBS treatments resulted in no change over time (Figure 4.4B). No
difference in fractional shortening (FS) was observed between the treatment groups after 4 weeks
(Figure 4.4C), whereas cardiac output (CO) was significantly improved in the Glo1-NP group

CO compared to PBS (by 42 %) and NPs alone (by 15.8 %) (Figure 4.4D).

To evaluate cardiac contractility, echocardiographic recordings were used to calculate
longitudinal endocardial strain values at the anterior apex region at aortic valve closure (AVC).
Results showed that the baseline values were comparable with mean values ranging around zero.
Notably, Glo1-NPs treatment significantly improved the cardiac strain from =0.2% at baseline to

=-7.2% at endpoint (Figure 4.4E and 4.4F). Cardiac strain remained unchanged between
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baseline to endpoint for the NP group (from =0.3% to =-0.2%) and for the PBS group (from
~0.4% to =~0.04%). The anterior apex segment of the myocardium was targeted for strain
analysis as it comprises the infarct zone and that region is represented as the purple trace. A
negative peak in longitudinal endocardial strain during cardiac shortening indicates better
contractility. Overall, our findings showed that in vivo application of Glol-NPs treatment

improves cardiac function and contractility post-MI.
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Figure 4.4 Glo1-NP treatment improves cardiac function and contractility post-M1. (A) Illustration of the in

vivo study timeline. (B) %LVEF values at baseline and 4 weeks post-treatment. (C) %FS values at baseline
and 4 weeks post-treatment. (C) CO values at baseline and 4 weeks post-treatment. (E) Endocardial
longitudinal strain reached at AVC within the anterior apex segment at 4 weeks post-MI. (F) Representative
longitudinal strain curves over the course of a single contraction for the 3 treatment groups. The purple

traces correspond to the anterior apex segment. ***p < 0.001, **p < 0.01, *p < 0.05.

4.2.6 Glol-NPs Find Their Target When Delivered Intravenously

We used NPs’ intrinsic fluorescence ability to monitor their distribution and
accumulation in the infarct region ex vivo. Treatments were injected to infarcted hearts 3 hours
post-MI and hearts were extracted 3 hours after treatments. VIS images showed that, 3 hours
after injection, NPs accumulated in the heart; mainly in the infarct region meanwhile the PBS
group has not shown any signal as expected (Figure 4.5A). Quantitative analysis of the IVIS
data showed no difference in NP accumulation between NPs and Glol-NPs injected groups,
suggesting that the Glol encapsulation has no additional effect in targeted delivery (Figure

4.5B).

4.2.7 Glol-NP Treatment Reduces Scar Size and Prevents Cell Death

Masson’s Trichrome staining showed that the Glo1-NP treatment group had a significant
reduction in final scar size compared to PBS and NPs treated hearts at 4 weeks post-MI (by
31.3% and 24.9%, respectively; Figure 4.5C and 4.5D). The calculations of scar wall thickness
also demonstrated that Glo1-NPs better protected the scar wall compared to PBS and NPs treated
groups (Figure 4.5E). Although no significant difference in remote wall thicknesses was
observed between treatments, Glo1-NP treated hearts had a greater thickness of viable tissue

areas compared to PBS and NPs groups, respectively (Figure 4.5G).
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In terms of cell death, active caspase-3 staining showed that the borderzone area of Glo1-NP
treated hearts contained 54.5% and 32.4% less active caspase-3" apoptotic cells compared to
PBS and NPs alone. There was no difference detected in the number of caspase-3" cells between
groups in the infarct zone areas (Figure 4.5H and 4.51). This indicates that treating mouse hearts

with Glo1-NPs at 3h post-MI limits cell death and decreases the final scar size.
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Figure 4.5 In vivo delivery of Glo1-NPs and histology analyses post-MI. (A) Representative VIS images of ex
vivo MI mouse hearts taken 3 hours after treatment with NPs and Glo1-NPs. PBS hearts were also collected
as control. Nanoparticles show intrinsic green fluorescence and they target infarcted tissue when delivered
intravenously. (B) Quantification of IVIS data reported as average radiant efficiency. (C) Representative
Masson’s Trichrome images 4 weeks after PBS, NP and Glo1-NP treatment. Multiple sections were shown
from apex to base. (D) Scar size calculated as the % of section circumference. (E) Scar wall thickness, (F)

remote wall thickness of the myocardium and (G) viable area were calculated from histology images. (H)
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Representative images of active caspase-3 staining to identify apoptotic cells. (Green=active caspase-3*,

Blue=DAPI) () Quantification of active caspase-3" cells per FOV. ***p < 0.001, **p < 0.01, *p < 0.05.

4.2.8 Glol-NP Treatment Reduces Inflammation and Promotes the Recruitment of Pro-
Wound Healing Macrophages

As Glol functions to reduce MG levels, and MG has been shown to promote the
inflammatory response post-MI, we performed immunohistochemistry at 4 weeks to assess the
effects of Glo1-NP treatment on chronic inflammation. We evaluated both infarct and border
areas and our results showed that Glo1-NP treated hearts had significantly fewer CD86" pro-
inflammatory M1 macrophages at the borderzone (1/4 and 1/2 the number vs. PBS and NPs,
respectively), whereas its expression was comparable for all treatment groups within the infarct
region 4 weeks post-MI. This finding suggests that inflammation is suppressed by Glo1-NP
treatment mainly at the borderzone (Figure 4.6A). We also calculated the number of CD206"
anti-inflammatory M2 macrophages and observed that Glo1-NP treated hearts had a greater
number of these cells within the borderzone compared to PBS and NPs (by 2.2-fold and 1.6-fold,
respectively). In the infarct region, the Glo1-NP treated group had significantly more CD206"
cells compared to PBS (by 2.1-fold; Figure 4.6B). Taken together, these results suggest that
Glo1-NP treatment reduces inflammation and promotes a pro-healing environment post-Ml,

primarily in the border zone.
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Figure 4.6 Glo1-NP treatment promotes anti-inflammatory macrophage recruitment at 4 weeks post-MI. (A)
Representative images and quantification of CD86" pro-inflammatory M1 macrophages (red). (B)
Representative images and quantification of CD206" anti-inflammatory M2 macrophages (green). Scale bars

=100 pm. Data is presented as the number of cells per mm?. ***p < 0.001, **p < 0.01, *p < 0.05

4.2.9 Glol-NPs Increase Glol levels in MI hearts

To assess Glol function after treatment with our NPs, a Glo1l ELISA assay was performed
in vivo. Our results indicate that in the presence of MG, Glo1-NP treatment increased Glo1 levels
in vivo (Figure 4.7A). Notably, no change in Glo1 concentration was observed when mice with
healthy hearts were treated with Glo1-NPs, suggesting that the MI-induced upregulation of

CD44 in the myocardium leads to increased Glo1-NP recruitment and localization in the heart.
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4.2.10 Glol1-NPs Inhibit MG-AGEs and Oxidative Stress Post-M|

We measured GSH levels at 3 hours and 28 days post-MI as an indicator of oxidative
stress in the myocardium. GSH is an endogenous antioxidant, and co-factor in the glyoxalase
pathway that detoxifies MG and protects tissues from oxidative damage.'® We detected a
significantly higher ratio of GSH/GSSG (reduced/oxidized GSH) in the myocardium of the

Glo1-NP group compared to PBS and NP treatment groups at both time-points (Figure 4.7B).

Finally, we assessed how Glol-NPs treatment could be affecting the generation of MG-
AGEs by evaluating the levels of MG-H1 at 4 weeks post-MI. Our western blot results showed
that the level of MG-HL1 in Glo1-NP treated tissues was significantly lower compared to the PBS
and NP treatment groups (by 1.5-fold and 1.4-fold, respectively; Figure 4.7C and 4.7D),
indicating that less MG-related AGEs had accumulated after Glo1-NP treatment. Taken together,
our results suggest that the Glo1-NP treatment inhibits oxidative stress by increasing anti-oxidant

molecules post-MI.
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Figure 4.7 Glol-NP treatment increased Glol levels and reduced oxidative stress. (A) In vivo Glol ELISA
assay performed using tissue harvested from healthy hearts and at 3h in post-MI hearts following treatment
with PBS, NPs or Glol-NPs. (B) The GSH/GSSG ratio (for measuring the reduced versus oxidized GSH
levels), showed increased glutathione levels in Glo1-NP treated hearts at 3 h and 28 days. (C) Representative
western blots for MG-H1 protein expression and (D) quantification at 4 weeks post-MI, normalized to a-

tubulin. ***p < 0.001, **p < 0.01, *p < 0.05.
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4.3 Discussion

Nano-based delivery systems offer multiple benefits including, but not limited to, small size,
biosafety, biodegradability, bioactivity and versatility of their design.'® Recently, there has been
great developments in the field of delivery systems particularly in the active-compound
containing bioagent area for the diagnosis and treatment of various diseases. *® Although many
effective applications of nanoparticle systems have been reported previously, mainly in
theranostic applications, there are still certain challenges that need to be addressed. For example,
a more advanced technology is needed to develop delivery systems that able to reach their target
sites more effectively.’®"'® The ability to track the nanocarriers is another important issue as
confirmation of the delivery location could provide insight into the treatment response. In this
study, we developed a Glol-loaded, fluorescent, HA-based nanoparticle therapy that targets the
CD44 receptor as an approach to reduce oxidative and protect the myocardium post-MI. We
demonstrated that the Glol-NP treatment decreased MG-related oxidative stress, reduced
inflammation, limited apoptotic activity and improved cardiac function and contractility of the

infarcted mouse myocardium.

The NPs were synthesized by following a previously established protocol, using HA-Lys-
Tet and HA-Cys-MA precursor molecules in an inverse nanoprecipitation reaction, allowing the
particles to be photo-crosslinked via tetrazole-alkene chemistry that provides great specificity,
allowing encapsulated proteins to maintain their bioactivity.*****"*"" As anticipated, the cross-
linked NPs exhibited strong fluorescence with excitation at 405 and emission at 450, similar to
those previously reported,’®"*"® whereas non-crosslinked NPs did not exhibit fluorescence,
suggesting that the pyrazoline cycloadducts could only form the fluorescent core when

crosslinked. This useful feature gives the NPs an intrinsic fluorescence that make them traceable
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in vitro and in vivo.'®®!®7"17%177 The DS measurements showed that Glo1-NPs had slightly
larger size (213 nm) compared to empty NPs (189 nm), confirming that the Glo1 encapsulation
caused the NP to grow in size as expected. The empty NPs exhibited a negative surface charge (-
18.2 mV) caused by the HA carboxyl groups on the surface, as observed previously for other
HA-based NPs.'”"181% The Glo1-NPs exhibited an even greater negative surface charge of
about -21.5 mV. The negative zeta potential of Glo1-NPs also supports that the negatively
charged Glol protein was loaded into NPs successfully.*®* By its loading into NPs, Glol is
protected from degradation and provides excellent colloidal stability to NPs.**> Overall, our
results support that NPs are small with a narrow size distribution suitable for systemic

administration, and are able to be loaded with the bioactive Glo1 protein.

To show that the Glo1-NPs could prevent MG-induced cellular toxicity, we applied them to
cultured endothelial cells (ECs) with and without exposure to MG. MG exposure reduced the
viability of cultured ECs and this was prevented by Glol-NP treatment. These findings are
similar to previous reports showing that protecting the cells from the negative effects of MG can

reduce cell death.>1161%3

In order to validate that NP uptake by ECs is through the targeting of CD44 on the cell
surface, we performed culture experiments. It is known that healthy ECs express little to no
CD44, and that its expression is increased in response to stress or injury, such as ischemia.®* 8
Our confocal images showed that non-treated ECs express very little CD44, while CD44
expression was markedly increased in ECs after treatment with MG, suggesting that a MG
exposure induces CD44 expression. Concurrently, limited numbers of NPs were taken up by

untreated ECs, whereas MG-treatment significantly increased NP uptake. Moreover, for ECs

treated with MG and a CD44 blocking agent, NP uptake was reduced, indicating that the CD44
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receptor is primarily responsible for NP trafficking. Additionally, our Glol ELISA results
showed that Glo1-NP treatment significantly enhanced Glo1 levels in ECs exposed to MG stress.
Non-MG stressed ECs showed no increase in Glol content compared to empty NPs, confirming
that Glo1-NPs are taken up by ECs via CD44 receptor-mediated endocytosis. Our results are
consistent with previous studies that investigated NPs that target the CD44 receptor. 4162167
Overall, the specificity of the NPs to target the CD44 receptor make them promising vehicles for

the targeted delivery of therapeutics in cardiovascular disease or other settings in which CD44

expression is augmented.

Having established that Glo1-NP cellular uptake is mediated by NP-CD44 interaction, we
tested its therapeutic effect in vivo using a mouse MI model. We administered the NPs via tail-
vein injection, which is a commonly used minimally invasive approach for administering
targeted delivery agents.”**'® For example, the tail vein route has been used previously in

® and targeted antitumor therapies.”*"'*®® To our

studies of organ-targeting gene delivery™®
knowledge, the direct targeting of the damaged myocardium by nanocarrier systems injected via
the tail vein has not yet received much attention. We injected our NP therapy 3 hours post-Ml,
during the inflammatory phase, as it was previously shown that MG accumulates soon after Ml

and MG-targeted treatments are effective when delivered in the early inflammatory phase.®?*%

Functional analyses demonstrated that the Glo1-NP treatment resulted in improved cardiac
function at 4 weeks post-treatment. When compared to their baseline values, Glo1-NP treated
hearts showed an increase in %LVEF and CO, suggesting that the overall cardiac function was
improved after Glo1-NP treatment. Additionally, cardiac strain of the endocardium in the infarct
region was significantly improved after Glo1-NP treatment. Cardiac strain represents cardiac

contractility and negative strain values, such as observed with NP treatment, indicate better
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contractility.® Thus, it could be concluded that our Glo1-NP treatment resulted in superior in

vivo functional outcomes when compared to NPs only and PBS control groups.

Taking advantage of their green fluorescence, NPs were tracked in vivo and their homing is
monitored while PBS injection was used as a negative control. Strikingly, IVIS images showed
that both NPs and Glo1-NPs accumulated in the heart 3 h post treatment, indicating that the
treatment systems target cardiac tissue when injected intravenously. A very important
observation is that the NPs mainly observed in the center of the infarct region but they also
spreaded into the right ventricle and atrial regions as well. This indicates the main difference
between myocardial injection vs tail-vein injection as we previously observed our treatment
localized predominantly in myocardial area.'®® Because of their ability to target CD44+ cells,
NPs appear to deliver Glol into the whole heart starting from the MI region. This pattern
allowed us to confirm the upregulation of CD44 at the cardiac tissue following MI. Lastly, we
did not observe any difference between Glo1-NPs and NPs in terms of their targeting abilities,

suggesting that the Glo1 encapsulation has no negative effects on the NP’s surface structure.

Histological analyses revealed a decrease in scar size, and increases to scar wall thickness
and viable tissue area in Glo1-NP treated hearts. Taken together with the strain results, Glo1-NP
treatment reduces the scarring, limits cardiac dilation, prevents adverse remodeling and improves
cardiac contractility post-MI, leading to superior cardiac function. Additionally, we measured the
apoptotic activity in the myocardium to better elucidate a potential mechanism for the observed
increase in viable tissue in response to our therapy. It has been previously shown that MG and its
AGEs trigger cell death and apoptosis via oxidative stress.*?*'?> Our findings indicated that
Glo1-NP treatment significantly reduced the number of active caspase-3" cells in the borderzone,

suggesting that reducing MG with Glo1-NP treatment may prevent on-going cell death and
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expansion of the infarct. It is worth noting that we previously showed that transgenic
overexpression of Glol in mice reduced MG-AGE levels, limited apoptosis and exhibited
superior cardiac function post-M1.%? Thus, the benefit of our Glo1-NP treatment is likely due, in

part, to reducing MG-AGEs and promoting cell survival.

Another important factor contributing to myocardial damage post-MI is persistent
inflammation, which can be activated by excess MG in the heart.**!** MG and its AGEs have
been shown to promote the polarization of M1 inflammatory macrophages, repress wound
healing M2 macrophage polarization, increase inflammatory cytokine production in
macrophages, impair their ability to clear cellular debris, and lead to a delay in wound
healing.”***® Our Glo1-NP treatment resulted in a decrease in the number of CD86* pro-
inflammatory M1 macrophages at the borderzone. Furthermore, we observed an increase in
CD206" anti-inflammatory M2 macrophage numbers in both the infarct and border zones,
suggesting that the Glol-NP treatment reduces inflammation and activates wound healing
macrophages post-MlI. This is likely induced by Glol-related inhibition of MG-AGE production
post-MI. To further evaluate this, we measured Glol levels and oxidative stress in the
myocardium post-MI. The concentration of Glol was increased in MI hearts compared to the
hearts of healthy animals. Notably, MI hearts of mice treated with Glo1-NPs had the highest
concentration of Glol, indicating that the NPs were successful in delivering and releasing their

Glol contents into cells of the infarcted myocardium.

Oxidative stress is caused by the imbalance between the production of reactive oxygen
species (ROS) and the endogenous antioxidant defence system, and the accumulation of MG and
its AGEs has been shown to promote oxidative stress.**"'** As Glol reduces MG levels, we

expected that our Glo1-NP treatment would also reduce MG-AGE formation and oxidative stress
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post-MI. MG detoxification by the glyoxalase pathway begins with the conjugation of MG and
glutathione (GSH), yielding a hemithioacetal product that is subsequently transformed by the

glyoxalase enzymes into d-lactate and GSH.”%*%%

As such, we examined the levels of
glutathione in the treated hearts by calculating the GSH/GSSG ratio. We observed that Glo1-NP
treatment resulted in greater antioxidant activity (higher GSH/GSSG ratio), suggestive of
increased glyoxalase pathway activity and MG metabolism. Lastly, we measured the protein
level of MG-H1, which is the primary MG adduct and an indicator of MG-related oxidative

stress. 2%

We observed that MG-H1 levels were significantly reduced in Glo1-NP treated hearts.
Taken together, our results demonstrate that Glo1-NP treatment reduces oxidative stress and the

accumulation of MG-AGEs in the post-MI myocardium.

4.4 Conclusion

In this study, we have demonstrated that a Glol-loaded CD44-interacting nanoparticle system
can target the infarcted myocardium when delivered intravenously. Glo1-NP treatment decreased
MG-related oxidative stress, reduced inflammation, inhibited apoptotic activity and improved
cardiac function and contractility post-MI. Through its minimally invasive intravenous
application, this treatment does not require any surgical intervention. In summary, our Glo1-NP
system represents a promising nanoplatform for targeted, traceable, safe and efficient
intracellular delivery of cardiovascular therapeutics for treating and improving the health of

patients with MI.
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4.5 Experimental Section

Formation of Precursor Molecules: Firstly, the two precursor molecules HA-Lys-Tet

(Hyaluronic Acid - Lysine - Tetrazole) and HA-Cys-MA (Hyaluronic Acid - Cystamine -
Methacrylamide) were synthesized by following a previously established protocol.*®365167
Briefly, HA-Lys-Tet was prepared by conjugating Tet to HA-Lys-NH, by using 1,3-dicyclohexyl
Carbodiimide (DCC,99%) and N-hydroxysuccinimide (NHS, 98%) as coupling agents. DCC
(232 mg, 1.12 mmol) was then added to Tet (608 mg, 58 umol) in dimethyl sulfoxide (DMSO,
10.0 ml) under a nitrogen atmosphere. The reaction proceeded for 12 hours at room temperature
in the dark. Then, HA-Lys- NH; (400 mg, 195 umol of amino groups) in 30.0 ml of anhydrous
formamide and 4-(dimethylamino)-pyridine (DMAP, 80 mg, 655 umol) was added to that
mixture and allowed to react for 48 hours at 40°C. The final HA-Lys-Tet was obtained by

dialysis (Spectro/Pore, molecular weight cutoff, MWCO of 3500) in deionized water and DMSO

mixture (1:1, v/v). Lastly, HA-Lys-Tet was freeze-dried for long-term storage.

The second precursor molecule, HA-Cys-MA, was synthesized in two steps. First, MA-
Cys-NH; was obtained by the reaction of Boc-Cys-NH; with methacrylic anhydride followed by
the deprotection of Boc groups in TFA/Methanol (1:1, v/v) mixed solution. Under a nitrogen
atmosphere, a HA (50 mg, 1.43 umol) solution in 5 ml deionized water activated by EDC (75.9
mg, 0.396 mmol) and NHS (22.8 mg, 0.198 mmol) was slowly added to the MA-Cys-NH,
solution and the reaction was allowed to proceed at 40°C for 24 hours in the dark. The final HA-
Cys-MA was obtained by dialysis (Spectro/Pore, molecular weight cutoff, MWCO of 3500) in
deionized water and methanol mixture (1:1, v/v). Lastly, HA-Cys-MA was freeze-dried for long-

term storage.
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Synthesis and Characterization of Glol-loaded, CD44-targeting Fluorescent Nanoparticles:

Fluorescent NPs were synthesized by a combined inverse nanoprecipitation and catalyst-free
“tetrazole-alkene” photoclick reaction by following a previously described protocol.*?%167177
Briefly, HA was grafted with tetrazole (HA-Lys-Tet) and HA with cystamine methacrylamide
(HA-Cys-MA) and dissolved in sterile phosphate buffer (PBS buffer, pH 7.4, 10 mM) at 1:1
Tet:MA ratio in order to obtain 1.25 mg/ml polymer solution. 1 ml of the polymer solution was
then injected into 100 ml acetone to form a homogenous solution, followed by UV irradiation
(320-390 nm, 50 mW/cm?) for 3 minutes with 60 seconds intervals. The NPs were then isolated
by evaporation of acetone via rotary evaporator, followed by an extensive dialysis (Spectrum™
Spectra/Por™ 3 RC Dialysis Membrane Tubing 3500 Dalton MWCO) in DI water for 24 hours

with constant stirring.

For the preparation of Glol-loaded NPs (Glo1-NPs), 500 pug/ml Glol protein solution was
added into the HA derivative mixture in PBS solution and the same steps were followed as
described above for the empty NPs. Fluorescent properties of NPs were measured by UV-Vis
(Ex: 405, Em: 450). The size and charge of NPs were evaluated by dynamic light scattering

(DLS) and zeta potential measurement system (Malvern Instruments).

Cellular Toxicity Assessment by Live/Dead Assay: HUVECs were separated into two groups and

cultured in tissue culture plates for 24 hours (seeded at a density of 2.5x10? cells/cm?). One
group was maintained in regular HUVEC media (M200 media supplemented with LSGS
supplement kit, Gibco) while the other group was maintained in 100 uM MG supplemented
HUVEC media. After 24 hours, the cells in each group were treated with NPs, Glo1-NPs or left
untreated (TCP). The following day, the cells were subjected to an in vitro viability assay.

Briefly, HUVECs were washed with 1x PBS and stained with Calcein-AM and Ethidium
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Homodimer-1 (CaAM/EthD-1) viability dyes (ThermoFisher Scientific Cat#L.3224) by following
manufacturer’s instructions. Stained cells then were imaged by fluorescence microscopy and
nine random images were taken from each experimental well. Each condition was performed in
triplicate. Total live and dead cell numbers were counted using ImageJ software (NIH, USA) and

the % viability was calculated for each group.

Adhesion Assay: The adhesion of HUVECs was assessed Following treatment with each

condition described above. Prior to the experiment, cells were treated with/without MG
overnight, and then NPs and Glo1-NPs were added into wells or some wells left untreated (TCP).
Cells were then trypsinized, lifted and seeded onto new wells followed by incubation at 37°C
and 5% CO, in serum-free medium for 2 hours. Plates were next washed with 1x PBS and the
attached cells were stained with CellTracker™ Orange CMTMR Dye (ThermoFisher Scientific,
Cat#C2927). Cells were visualized under fluorescence microscope at excitation/emission spectra
of 541/565 nm. Images were taken from 5 different random locations per well, and the
experiment was carried out with n=3. Cell adhesion was quantified directly by counting the

number of cells using ImageJ software.

CD44 Immunostaining and NP Localization by Confocal Microscopy: For the detection of CD44

expression in cells, cells were fixed in 4% PFA and permeabilized with 0.1% Triton X-100 for
15 minutes. Samples were then blocked with 10% BSA in PBS for 30 minutes and CD44
primary antibody (ab189524, 1:500 dilution) incubation was performed overnight. The following
day, goat anti-Rabbit IgG (H+L) Alexa Fluor 594 secondary antibody incubation was performed
(A-32740, 1:600 dilution). CD44 blocking experiments were also conducted to confirm the role
of CD44 in NP trafficking. Hyaluronic acid solution (HA) was used to block CD44 receptor on

cell surface. Six hours after blocking, immunostaining was performed by using the same
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antibodies and steps listed above. DAPI was used for marking the nuclei of cells and high
magnification images were taken using confocal microscopy (Zeiss LSM 880 System) with
appropriate filters. In addition to red and blue filter sets, the green filter was also used to image
the naturally fluorescent NPs. Images were presented both individually and merged format in

order to show NP accumulation clearly.

Myocardial Infarction and Intravenous Administration of NPs: MI was induced in 10-week old

C57BL/6 female mice (Charles River) and NP delivery was performed via tail-vein injection at 3
hours post-MI. Briefly, mice were anesthetized (2% isoflurane), intubated, and the heart was
exposed via a fourth intercostal thoracotomy. The left anterior descending coronary artery was
then ligated just below its emergence from the left atrium. This procedure resulted in a mid/large
MI involving the anterolateral, posterior, and apical parts of the left ventricle. Ml size was
confirmed at the time of surgery by myocardial blanching in the region supplied by the artery.
Short-acting buprenorphine was administered at least an hour prior to surgery, and long-acting
buprenorphine was administered subcutaneously immediately before surgery for perioperative
analgesia. Immediately following the M1 surgery, the chest was closed and sutured. At 3 h post-
M1 (baseline), mice were randomly assigned to receive one of 3 treatments: 1) PBS (control); 2)
NPs (empty nanoparticles); or 3) Glo1-NPs (Glol-loaded nanoparticles). Animals were placed
into an animal restraint device for proper injection. The treatments were administered via tail-
vein injection (50uL total) using a 27-G needle.?®® Mice were euthanized at 4 weeks post-

treatment and hearts were collected for histology and/or molecular analysis.

Echocardiography and Strain Analysis: Transthoracic echocardiography was performed on

parasternal long-axis views using a Vevo3100 system in B mode with a MX400 series real-time

microvisualization scanhead probe and analysis performed with its accompanying Vevo LAB
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3.1.1 software (VisualSonics). The imaging was carried out at 3 h (right before the treatment)
and 4 weeks post-MI to determine cardiac function determinants such as: LVEF, FS and CO. To
assess contractility, cardiac strain analysis was performed through the longitudinal axis since
longitudinal strain is most representative of myocardial shortening at the level of the
endocardium.’®*® The longitudinal endocardial strain at the time of AVC (representing end
systole) in segment 6 (anterior apex segment), corresponding to the infarct zone area, was
calculated. As strain is calculated as the final length [L]/initial length [LO], negative strain values
represent improved contractility (shortening of a given myocardial segment relative to its
original length).’ Results for both echocardiography and strain analyses were analyzed using

Vevo LAB Software (FUJIFILM, VisualSonics).

Ex vivo Nanoparticle Tracking: Taking advantage of their natural fluorescence, NPs were
monitored in the heart by IVIS Spectrum bioluminescence imaging (PerkinElmer) following
intravenous administration. To increase the intensity of the fluorescent signal for imaging
purposes, a concentration of NPs that was 5x greater than the therapeutic dose was used. Three
hours after the tail-vein injection, animals were euthanized and hearts were extracted and
immediately imaged ex vivo by IVIS. Intravenous delivery of PBS was used as a negative control

group and the data was reported as average radiant efficiency.

Histology and Immunohistochemistry: Hearts were harvested at 4 weeks post-MI, embedded in
OCT compound (Fisher Scientific), and snap frozen in liquid nitrogen. 10 pm sections were cut
using a Thermo Scientific HM550 Cryostat. To evaluate scar size, tissue sections were fixed in
4% PFA for 1 h and stained with Masson’s trichrome stain (Electron Microscopy Sciences).
Images were taken with Leica Aperio VERSA slide scanner, and four sections per mouse were

used to measure scar size by applying the mid-line arc method using ImageJ2 software.** Scar
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wall thickness, remote wall thickness and viable area were also measured from the same images.
For immunohistochemistry, tissue sections were fixed in acetone for 20 min, washed with 0.05%
Tween-20 in PBS, permeabilized with 0.1% Triton X-100 for 10 min and then blocked in 10%
serum in PBS for 1 h at room temperature. Primary antibodies were applied overnight at 4 °C in
10% serum, and then slides were rinsed and treated with secondary antibodies for 1 h in the dark
at room temperature. Nuclei were stained with DAPI (1:1000) before being mounted with
ProLongTM Gold antifade reagent (Invitrogen). For the detection of apoptotic cells, an anti-
active caspase-3 primary antibody (Abcam, Rabbit, Cat#ab2302 at 1:250 dilution) was used with
AF488 anti-rabbit secondary (ThermoFisher, Cat#A-11008 at 1:1000 dilution). To detect
inflammation, M1 macrophages were stained with an anti-CD86 primary antibody (Abcam, Rat,
Cat# 119 857 at 1:200 dilution) and visualized by AF594 anti-rat secondary (Invitrogen, Cat#A-
48264 at 1:600 dilution). M2 macrophages were detected by an AF488-conjugated anti-CD206
antibody (BioLegend, Cat#141 710 at 1:100 dilution). Fluorescent images were obtained using a
Zeiss Axio Observer upright microscope with a 20x objective. For all samples, three sections per
mouse were analyzed by ImageJ and for each section, 3 random images within the border zone

and the infarct zone regions were captured and used for quantification.

Glol ELISA Assay: For in vitro Glol concentration assay, cells were incubated with and without
MG, and then one of the following treatments was applied: i) no NPs (TCP control), ii) NPs, or
iii) Glo1-NPs. After 24 hours , cells were detached from the surface, centrifuged and washed 3
times in cold PBS. Cells were then freeze-thawed and sonicated to form lysates. Finally, the
lysates were centrifuged to remove cellular debris, and the supernatant was collected and used in

ELISA assay.
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For in vivo Glol ELISA assay, healthy and MI mice received tail-vein injection with one of three
treatments: i) PBS, ii) NPs, or iii) Glo1-NPs. After 3 hours, hearts were collected and rinsed with
ice-cold PBS to remove excess blood. Next, the tissues were minced and homogenized in tissue
homogenizer on ice followed by a sonication step. Homogenates were centrifuged and the

supernatant was collected for ELISA assay.

To assess the Glol levels, a colorimetric Glol ELISA kit was used (Abbexa, abx252549) by
following the manufacturer’s instructions.?%* Briefly, the Kit is based on sandwich ELISA which
contains pre-coated Glol antibody onto a 96-well plate, which was equilibrated to room
temperature. Standards, test samples, and biotin-conjugated reagent were added to the wells as
duplicates and incubated. The HRP-conjugated reagent was then added, and the whole plate was
incubated. Unbound conjugates were removed using wash buffer at each stage. TMB substrate
was used to quantify the HRP enzymatic reaction. After TMB substrate was added, only wells
that contain sufficient Glo1 will produce a blue-colored product, which then changes to yellow
after adding the acidic stop solution. The intensity of the yellow color is proportional to the
amount of Glol bound on the plate. The Optical Density (OD) is measured
spectrophotometrically at 450 nm using a microplate reader, from which the concentration of

Glol was calculated from the standard curve.

Oxidative Stress Analysis: Tissue lysates of LV samples were collected at 3 hours and 4 weeks

post-treatment to assess oxidative stress levels. Tissue samples were digested in mammalian lysis
buffer (Abcam Cat#ab179835) and enzymes were subsequently removed by using a
deproteinizing sample kit (Abcam Cat# ab204708). Reduced GSH and oxidized glutathione
disulfide (GSSG) levels were measured with the GSH/GSSG ratio detection assay kit Il

(Fluorometric—Green; Abcam Cat#ab205811) according to the manufacturer’s instructions. The
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standard curve method was applied to calculate RFU readings. The concentration of GSSG (pm)
in the test samples was calculated as: GSSG = (total glutathione — GSH)/2 and the ratio of

GSH/GSSG were plotted.

Protein Identification by Western Blot: Total proteins were extracted from LV tissue samples

using RIPA buffer (supplemented with protease inhibitor cocktail) and protein concentrations
were determined by the bicinchoninic acid protein quantification method (BCA). Equal amounts
of protein (20 pg) were denatured and loaded onto SDS polyacrylamide gels, subjected to
electrophoresis, and transferred to a polyvinylidene fluoride membrane (PVDF). Protein samples
were probed with anti-MG derived AGE Antibody (Cell Biolabs, Mouse, Cat#STA-011 at
1:1000 dilution), and with anti-a-tubulin (Cell Signaling, Rabbit, Cat#2125 at 1:1000 dilution)
primary antibodies overnight. After washing with TBS-T three times, membranes were incubated
with anti-rabbit (Novus Biologicals, HRP, Cat#N7185 at 1:10,000 dilution) or anti-mouse
(Abcam, HRP, Cat#ab205719 at 1:5000 dilution) secondary antibodies for 1 h at RT. Bands were
quantified by densitometry analysis using ImageJ2 software and intensities of the bands were

normalized to a-tubulin.

Statistical Analysis: Statistical analysis was performed using GraphPad Prism 8.0 software. All

data are presented as the mean + SEM. Outliers were identified using Tukey’s fences (inter-
quartile range) method for each measurement and removed from the statistical analysis. For the
comparison of data between the treatments, a one-way ANOVA was used followed by
Bonferroni’s correction for multiple comparisons. Echocardiography and cardiac strain data was

analyzed by Vevo LAB software.
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Article 111 — Abstract

We report the development, as well as the in vitro and in vivo testing, of a sprayable nano-
therapeutic that uses surface engineered custom designed multi-armed peptide grafted nanogold
for on-the-spot coating of infarcted myocardial surface. When applied to mouse hearts, 1-week

after infarction, the spray-on treatment resulted in a remarkable increase in cardiac function (2.4-
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fold), muscle contractility, and myocardial electrical conductivity. The applied nanogold
remaining at the treatment site 28 days post application with no off-target organ infiltration.
Further, infarct size in the mice that received treatment was found to be <10% of the total left
ventricle area, while the number of blood vessels, pro-healing macrophages, and cardiomyocytes
increased to levels comparable to that of a healthy animal. Our cumulative data suggests that the
therapeutic action of our spray-on nanotherapeutic is highly effective and in practice its

application is simpler than other regenerative approaches for treating the infarcted heart.
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5.1 Introduction

Cardiovascular disease (CVD) continues to lead worldwide mortality statistics.””” In Canada,
for example, an adult is diagnosed with heart disease every five minutes and CVD is the second
most common cause of death. Among CVD patients, myocardial infarction (MI) due to coronary
blood flow blockage, commonly known as a heart attack, ranks at the top in the number of
annual deaths.>**® While surgical procedures can re-establish the blood supply to the
myocardium, restoring cardiac function including electroconductivity and electrical synchrony
within the ventricle remains a challenge post-MI.*"” Treatments able to improve tissue integrity
and cardiac function post-MI have the potential of reducing intramural strain, which may prevent
heart failure (HF) that has a five-year mortality of ~50%.” In Canada alone, ~50,000 new cases
of HF are added every year with over a half million people currently living with HF and it is
estimated that heart failure results in direct costs of more than $2.8 billion per year in Canada.**®
This number could further increase given that: (i) heart muscle inflammation persists in patients

2
2’ 09

who have recently recovered from SARS-CoV- and (i1) patients are delaying seeking and/or

receiving treatment for cardiac events during the COVID-19 pandemic.*'**"!

The promise of using premade cardiac patches as therapeutics for repair of the infarcted

80,212-214 . .
’ However, despite being

myocardium has been demonstrated in pre-clinical studies.
potentially effective, these materials must be sutured or glued to the heart, which can be
surgically challenging for implantation. Further, in designing pre-made cardiac patches, it has not
been considered that the implant should be customized to the shape, size, and location of the

infarcted area. For these reasons, pre-made implants may be impractical and overcomplicated for

clinical use. Thus, there is an urgent need to develop an in-situ therapy capable of restoring
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cardiac function that is also suitable for efficient use in treating infarcts of different geometries

and sizes.

In this work, we present the first nano-engineered sprayable therapy for on-the spot-repair of
the damaged heart. Our sprayable therapy uses a new generation of nano-engineered peptide-
based materials (Figure 5.1a), where nanomolar concentrations of surface engineered spherical
nanogold are used to coat the surface of the cardiac muscle. The spray-on treatment was applied
in a clinically relevant murine myocardial infarction model at the time when scar formation is

14,35,215,216

typically initiated (mice: 2-7 days; humans: 4-14 days), which is a prime opportunity to

intervene to limit pathological cardiac remodeling and promote infarct repair.

5.2 Results and Discussion

5.2.1 Custom designed peptides for nanogold

Our group and others have explored the surface modification of colloidal nanostructures as a
cost-effective route for developing functional materials used in diverse purposes ranging from
catalysis to biomedical engineering.32%1222>221.211-224 Amongst the available low molecular
weight molecules, using peptides as functional structures for nanosurface engineering presents
several advantages, particularly when considering the flexibility that peptide synthesis has
achieved during the last 10 years, and especially for large scale production. Our team reported
the use of multi-armed peptide-based structures for the stabilization of nanosilver.?* In this
work, we present further advancements on the specific design of peptides for surface engineering
that maximizes the capping of the nanogold surface, while also incorporating free amine groups

that are key for in vivo tethering of those structures to the infarcted myocardium.

Figure 5.1a includes the schematic for the preparation of 9.8+2.2 nm (see TEM images in Sl

Figure S4) nm colloidal spherical nanogold and the one-pot post-surface functionalization
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method using our custom-designed peptides. TEM imaging for nanogold indicates that capping
the nanoparticles (=10 nm in diameter) with the multi-armed peptides does not modify their sizes
or shapes (see supplementary Figure S3). Colloidal stability was evaluated by monitoring
changes in the surface plasmon band (see supplementary Figure S5 for representative images of
the solutions) using different concentrations of the peptides under study (see Figure 5.1b and
supplementary Figure S6). Multiarmed peptides 4-Leg and Multi-2 stabilized the nanoparticle at
concentrations of 3.0 and 0.5 puM, respectively with the lower concentrations of peptide (Figures
5.1b and S6). Further experiments for monitoring nanoparticle aggregation at 37°C indicated
that only the multi-2 peptide can produce stable colloidal solutions (Figure 5.1c). AuNPs
stability was also evaluated with the peptide 4-Leg at 3.0 uM, but show instability over time (see
Figure S7). Unprotected AuNP have a negative surface,?® while the addition of the peptides
increases it to positive values, with 4-Leg and Multi-2 peptides showing larger shifts (see Figure
5.1d). Molecular modeling was also performed to gain further insights on the peptide attachment
to the AuNP surface (Figure 5.1e). Multi-2 displayed the larger surface coverage, and
consequently exposes the most amine groups, which aligns well with the increased z-potential
values measured. Molecular dynamics simulations for the peptides using a gold nanosurface
indicate that the inclusion of additional terminal cysteine groups increases the extent of surface
coverage (Figure 5.1b). However, only a slight increase in the number of available amine groups
on the surface of the nanogold was observed. From the molecular dynamic analysis of the
peptide structures, we observed that the short cysteine-bearing chains (in the 4-Leg peptide, for
example) have a reduced mobility. This could hinder the amine residues’ exposure, something
that we have report-ed as critical for surface stabilization in other systems.?*?*° Qur calculations

also indicated that the distance between the nanogold surface and the center of mass for the
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peptides is found between 5 and 7A (see supplementary Figure S8). Further, isothermal titration
calorimetry (Figure 5.1f) showed that the addition of the Multi-2 peptide to colloidal nanogold
produced greater changes in the heat of the solution as compared to the addition of the 4-Leg
peptide (Figure 5.1f and inset). These observed differences correlate well with the enhanced
stability of the colloidal nanogold illustrated in Figures 5.1c and 5.1d. Thus, based on the
findings reported in Figure 5.1 and Supplementary Figures S4-S8, the peptides that can stabilize
the AuNPs with the lower concentration of peptide and obtain the larger values of Z-potential are
the 4-Leg and Multi-2 (referred hereafter as “Multi”) peptides were selected for further in vitro

and in vivo experimentation.
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Figure 5.1 Gold Nanoparticle Characterizations. (a) Colloidal nanogold was prepared using photochemical
reduction of a gold salt in water. This protocol renders nanoparticles with good size dispersity (PDI<0.1) in
minutes.44 Subsequent surface modification of these nanoparticles was carried out using engineered peptides
with different architectures containing terminal cysteines (b). The number of cysteines per peptide is
indicated by the number before Leg in the abbreviation. The peptides Multi-1 and Multi-2 bear the same
number of cysteines but contain different connecting amino acid residues in their chains (K = Lysine, D =
Aspartic acid). The concentrations of peptide required to stabilize the AuNP is described under each peptide.
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(c) AuNPs stability under the different peptides at time 0 and 96 hours at 37°C under the same peptide
concentration (0.5 uM). Changes were measured in 96-well plates at different incubation times (n=3) (d) Z-
potential of the AuNPs capped with the different pep-tides. Measurements were performed immediately after
mixing with the peptide. (e) Top: Surface coverage of the modelled nanogold surface observed for the
different modelled peptides. Inset: Representative molecular dynamic simulations for the interaction of the
engineered peptides and a gold nanosurface. (Bottom) Total numbers of available NH2 groups once the
peptides are covering the surface. (f) Changes in heat upon the addition of increasing peptide concentrations
up to 5.0 and 30 uM, for 4-Leg and Multi-2 peptides, respectively. Inset: Isothermal titration calorimetry

curves for nanogold in the presence of Multi-2.

5.2.2 Spray-on miniaturization and optimization

To apply our spray-on technology, a miniaturized spray nozzle was developed with two main
objectives: (1) being suitable for future minimally invasive surgical procedures; and (2)
dispensing in a homogenous coating pattern. Figure 5.2a depicts a schematic summary for the in
situ colloidal nanogold surface modification with our engineered peptides. The details for the
spray nozzle design and operation instructions are found in the supplementary information (see
supplementary Figure S9). The total volume of the spray-on treatment used was 4.0 pL
containing a 90 nM solution of freshly prepared nanogold particles and a peptide solution (3.0
MM 4-Leg or 0.5 uM Multi) with 1.0 nM tris (2—carboxyethyl) phosphine hydrochloride (TCEP),
a non-toxic reducing agent that prevents thiol oxidation.?®?*! To this solution, an equimolar
solution of 1-ethyl-3-(3-dimethylaminopropyl) (EDC) and N-hydroxysuccinimide (NHS) was
added and rapidly transferred to the spray system. NHS is approved for use in humans.?*? EDC is

233,234

considered non-toxic at the micromolar concentration we used (see methodology); while

some reports have reported toxic effects of EDC when used in the mM range.?*>?*” Qur spray-on

approach for surface grafting takes advantage of the low equimolar concentration of EDC and

238

NHS and the rapid activation of reactions (in seconds)*™ to increase the retention of the
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nanogold upon the surface of the myocardium. The spray-on nozzle was optimized for delivering
volumes as small as 4 uL with a homogenous pattern formation when sprayed at a 1 cm distance
from the target (Figure 5.2b). This resulted in a =7.5 mm diameter circular pattern that is

approximately the size of the akinetic region of the infarcted mouse hearts used in this study.

Collagen hydrogels were used as a biomimetic translucent model for assessing the spray-on
application procedure. Surface plasmon absorbance measurements showed that upon spraying
the collagen hydrogel surface with nanogold (functionalized with the Multi peptide), the
characteristic nanogold plasmon band centered at 550 nm (Figure 5.2c) was present. Additional
macroscopic measurements for the electrical resistivity of collagen materials treated with
nanogold indicate a net decrease in the electrical resistivity of the materials upon addition of the
nanoparticles functionalized with Multi peptide from 975.512 Q « cm to 824.242 Q * cm (see
Figure 5.2d). Furthermore, the capacitance’s property at the collagen’s transition point increased
from 180 nF to 236 nF with the addition of the Multi-2-AuNP (see supplementary Figure S10).

This change in capacitance properties increases the phase angle of impedance by >+2.5°.
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Figure 5.2 Spray-on Nozzle Design (a) Schematic representation of the main steps involved in the preparation
of the nanoengineered spray-on therapeutic. Note that sprayed volumes were 4.0 puL in all cases. (b)
Uniformity of spray-on pattern at three differ-ent distances from the target surface. Left top: Repre-sentative
photographs of spray patterns obtained at dis-tances of 4, 2, and 1 cm. Scale bar = 1 cm. Left middle: 3D
surface plot illustrating the intensity of spray patterns as measured using Image-J. Left bottom: Intensity
profile of a transverse section of the spray pattern. Right: full width half maximum (FWHM) of the spray
patterns as measured from the profile plots. n=4, for all groups, ** p < 0.01 and *** p < 0.001 calculated via

ANOVA with Tukey post-hoc analysis. (c) Surface plasmon absorption of a type I collagen hydrogel pre- and
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post-modification with the Multi peptide modified nanogold spray-on. Insets: Representatives images for the
type I collagen surfaces with and without the spray-on treatment. The red arrows in the top image outline the
region that received the spray-on treatment. (d) Electrical resistivity for collagen matrices treated and
embedded with peptide-modified nanogold. P values were calculated using a t-test (n=3). Values in c are
represented as box plots where the box encloses 50% of the data, upper and lower quartile, with the median
value of the variable displayed as a line inside the box. The bars extending from the top and bottom of each

box mark the minimum and maximum values within the data set.

5.2.3 Invitro and in vivo performance of the spray-on nanotherapeutic

In vitro experiments were performed to assess the toxicity effects of our spray-on therapeutic.
Endothelial and cardiac cells (cardiac fibroblasts and cardiomyocytes) embedded in a 3D
collagen matrix did not show any toxic effects upon exposure to the 4-Leg or Multi pep-tide
capped nanogold (see supplementary Figure S11). We then moved on to test the spray-on

103 o 1
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nanogold in vivo using a clinically relevant mouse model of myocardial infarction.
treated at 7 days after myocardial infarction (Figure 5.3a), which recapitulates patients who have
not responded to revascularization therapy or those who have had a delay in seeking medical
attention. Our in vivo functional assessment showed that all animals experienced a comparable
loss in left ventricular ejection fraction (LVEF) at 1-week post-MI, representing baseline
function on the day that treatment was administered (Figure 5.3b, left). At 28 days post-
treatment, LVEF was significantly improved in the Multi-AuNP treated group compared to PBS,
AuNP, 4-Leg and Multi peptide only groups (Figure 5.3b, right). In terms of LVEF fold change
(between baseline and follow-up within each group), the Multi-AuNP treated mice showed a

significant improvement compared to all the other experimental groups, except the 4-Leg AuNP

group, for which there was a trend for improved LVEF (p=0.07; Figure 5.3¢).

100



The change in ESV was reduced in Multi-AuNP treated hearts compared to other treatment
groups (Figure 5.3d), whereas no difference in EDV fold-change was observed between the
groups after 4 weeks (Figure 5.3e). We also measured cardiac contractility using stress/strain
analysis from B-mode echocardiographic recordings. The Multi-AuNP treatment showed
significant improvement in cardiac strain force, reaching values closer to those observed for the
SHAM mice (Figure 5.3f). Note that a negative strain force is indicative of greater contractility.
Our electrocardiogram (ECG) analysis at 28 days post-treatment showed that the Multi-AuNP
group has a signal profile that most closely resembles that of the SHAM animals (Figure 5.39g).
In line with this finding, the QRS interval assessment indicated that the Multi-AuNP group
reached ms values comparable to those obtained from SHAM mice, and showed a significant
decrease compared to the other treatment groups (Figure 5.3h). Total gold content within
harvested tissues was next evaluated using inductively coupled plasma (ICP) mass spectroscopy
(Figure 5.3i). No significant differences were observed for remote MI heart tissue or lungs as
well as for liver, spleen, and kidney (see Supplementary Information Table S2). However, the
retention of gold within the infarcted myocardial tissue was higher for the Multi-AuNP group in
comparison to the 4-Leg AuNP (p=0.03 Figure 5.3i). Further, the unprotected nanogold group
(AuNP) showed very high gold content in the lymph nodes (p<0.05 vs. the other two groups),
which illustrates the superiority of using our approach for tethering nanogold on the heart
muscle. In vivo excretion of nanogold has been documented to take place via urine and/or
accumulation in the lymphatic and hepatic system, such as the case of unprotected nanogold

239,240

observed herein, and the main cause of toxicity that limits the translation of gold-therapies

to the clinic.?4?%2
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Figure 5.3 In vivo applications of spray-on treatment. (a) Schematic of the in vivo study timeline. The
different treatments were sprayed onto the surface of the infarcted myocardium at 7 days post-Ml. (b) Left
ventricular ejection fraction (LVEF) at 28 days post-treatment. Note that the horizontal blue line represents
values for SHAM mice. (c) Fold change in LVEF at 28 days post-treatment. (d) End systolic volume (ESV)
fold change at 28 days post-treatment. () End diastolic volume (EDV) fold change at 28 days post-treatment.
(f) Endocardial longitudinal strain reached at aortic valve closure within the anterior apex segment at 28 days
post-treatment. Note that the horizontal blue line represents values for SHAM mice. (g) Sample ECG profiles
for the different treatment groups collected at 28 days post-treatment. (h) QRS interval in ms, calculated
from ECG signals at 28 days post-treatment. Note that the horizontal blue line represents values for SHAM
mice. (i) Total gold content determined in selected organs collected 28 days post-treatment (n=3). Values in b,
c, d, e, f, hand i are represented as box plots where the box encloses 50% of the data, upper and lower
quartile, with the median value of the variable displayed as a line inside the box. The bars extending from the

top and bottom of each box mark the minimum and maximum values within the data set. Otherwise indicated
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group sizes were, n=6-12. P values for b-h were calculated via ANOVA with Holms post-hoc analysis. P values
for i were calculated via t-test for unpaired data with unequal variance. Scheme in 3a was generated using
BioRender.

Previous work by our team indicates that tethering nanogold to collagen materials result in
improved conductivity.?*> However, in situ coating of a tissue, such as the cardiac muscle with
nanoparticles, requires use of a capping agent to avoid aggregation while being able to
chemically tether the particles to the heart muscle. The lack of cardiac functional restorative
properties displayed by gold nanoparticles alone clearly illustrates the relevance of having
multifunctional capping agents that can serve as stabilizers and tethering points. The cardiac
restorative properties for the Multi-AuNP could be the result of a combination of factors,
including: (1) increased incorporation and retention in tissues, which is facilitated by the positive

charge of the particles (ICP data),?*

(2) increased stability of the AuNPs and resistance to
aggregation due to the peptide surface coating (see Figure 5.1), and (3) increased stability of the
peptides against enzymatic degradation conferred by the nanogold (see Figure S12). Others have
reported that cationic peptides can recover cardiac function post-MI;?**?** however, we
hypothesize that our positively charged Multi-2 peptide is not able to promote recovery when
delivered alone due to the inflammatory environment within the infarcted area which might
result in rapid enzymatic clearance, thus limiting any potential beneficial effect. The combination
of the peptide with nanogold could result in a cooperative effect, yet to be elucidated, that allows

for functional recovery of cardiac function and electrical signal propagation using

submicromolar concentrations of both peptide and nanogold.

Spray-on cardiac nanotherapeutic increases heart wall-thickness and reduces infarct size. At 28

days post-treatment, we collected the hearts and performed histological analyses. Masson’s
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Trichrome staining results showed that the Multi-AuNP and 4-Leg AuNP treatment groups have
a thicker viable remote myocardium compared to PBS, AuNP, 4-Leg and Multi peptide
treatment groups (Figures 5.4a and 5.4b). Strikingly, with a scar size of =10%, the Multi-

AuNP-treated hearts had reduced scar size compared to the other treatment groups (Figure 5.4c).
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Figure 5.4 Multi-AuNP treatment reduces the scar size in vivo. (a) Representative images of Masson’s
trichrome stained cardiac tissue sections treated with PBS, AuNP, 4-Leg, Multi, 4-Leg AuNP and Multi
AUNP. Scale bar = 2 mm. (b) Remote wall thickness of the myocardium measured in Masson’s trichrome
stained tissue sections at 28 days post-treatment. (c) Scar size (%0LV) measured at 28 days post-treatment in
Masson’s trichrome stained tissue sections. Values in b and ¢ are represented as box plots where the box
encloses 50% of the data, upper and lower quartile, with the median value of the variable displayed as a line
inside the box. The bars extending from the top and bottom of each box mark the minimum and maximum
values within the data set. P values were calculated via ANOVA with Holms post-hoc analysis. Group sizes

n=6-12.
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5.2.4 Spray-on nanotherapeutic application improves vascularization and increases
number of pro-healing macrophages
Immunostaining analysis of tissue sections at 28 days post-treatment showed that the Multi-
AUNP or 4-Leg AuNP spray-on increased the number of capillaries and arterioles in the scar
region compared to the other treatments, while capillary and arteriole numbers were also greater
for the Multi-AuNP compared to the 4-Leg AuNP (Figure 5.5a). Although we did not observe
any difference in early inflammation between the treatment groups at 2 days (supplementary
Figure S13), the number of CD206+ wound healing macrophages was increased for the Multi-
AUNP treatment compared to all other groups, and the 4-Leg AuNP treatment resulted in greater
numbers of these cells compared to the PBS, AuNP, 4Leg and Multi peptide treatment groups in
4 weeks (Figure 5.5b). Furthermore, the Multi-AuNP and 4-Leg AuNP treatment resulted in a

lower density of CD86+ pro-inflammatory macrophages (Figure 5.5b).
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Figure 5.5 Assessment of vascularization and macrophages. (a) Representative immunohistochemistry images
and quantification of double positive a-SMA+ (green) and CD31+ (red) arterioles, CD31+ capillaries (red)
and DAPI-stained cell nuclei (blue). Scale bar = 100 um. Representative images for the treatment groups not
shown in the main manuscript can be found in supplementary Info (see Supplementary Figure S14). (b)
Representative immunohistochemistry images and quantification of CD86+ pro-inflammatory macrophages
(green) and CD206+ pro-wound healing macrophages (green). Scale bar = 100 um. Representative images for
the treatment groups not shown in the main manuscript can be found in supplementary information Figure
S115. Values plotted are presented as the number of cellsfmm2 represented in box plots where the box
encloses 50% of the data, upper and lower quartile, with the median value of the variable displayed as a line
inside the box. The bars extending from the top and bottom of each box indicate the minimum and maximum
values within the data set that fall within an acceptable range. P values were calculated via ANOVA with

Holms post-hoc analysis. Samples sizes n=6 for each treatment group.
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5.2.5 Spray-on nanotherapeutic application increases number of cardiomyocytes and
supports gap junction formation in the border zone post-Ml
To further explore possible mechanisms underlying the functional benefit of the spray-on
nanotherapeutic application, immunohistochemistry was performed to assess cardiomyocyte
preservation and gap junction formation in the border zone at 28 days post-treatment (Figure
5.6a). The area of cardiac troponin T (cTnT) expression, a cardiomyocyte marker, was shown to
be greater in the border zone of hearts treated with the Multi-AuNP compared to PBS and gold
treatment (Figure 5.6b), suggesting greater preservation of cardiomyocytes. Notably, the level of
the gap junction protein connexin-43 (Cx43) expression was significantly greater in the border
zone for the Multi-AuNP group compared to all other treatment groups (Figure 5.6¢). This is
indicative of re-establishment or preservation of the gap junctions and intracellular

communication in ventricular myocardium.

Tissue engineering seeks to repair or replace damaged tissues by using biomimetic structures that
will integrate and function within the recipient. The human heart has a limited capacity to
regenerate cardiomyocytes; as such the loss of cardiomyocytes and their intercellular coupling
and electrical conduction post-MI are fundamental in the lack of recovery of cardiac function.?*®
Electrical stimuli play a key role in the development and maintenance of cardiomyocyte
function, which includes regulation of subcellular cues, protein and gene expression, metal ion
content, and action potential propagation.?*’ Many biomaterial-based therapies for treating Ml
have shown potential in pre-clinical settings, with some of them even being currently clinically
tested.”1"1248-2%0 However, the biopolymers that are often used in such applications, such as
collagens, typically lack one important property for achieving functional cardiac recovery, which

is that they do not support electrical conductivity.??*® Furthermore, in designing a therapy for
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cardiac repair that is applied to the surface of the heart, consideration should be given to a
material that is able to rapidly coat the infarcted region while boosting the electrical conductivity
within the infarcted tissue.?? Thus, the ideal biomimetic therapy for repairing the infarcted
myocardium should: (i) efficiently coat the surface of the infarcted myocardium; (ii) not interfere
with muscle con-traction; and (iii) improve electrical conductivity but not be a source of cardiac

arrhythmias.
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Figure 5.6 Connexin 43 staining and quantification. (a) Representative immunohistochemistry staining
images for cardiac troponin T (cTnT) and connexin 43 (Cx43) in the border zone after treatment with PBS,

AUNP, 4-Leg, Multi, 4-Leg AuNP and Multi-AuNP; red: cTnT, green: Cx43, blue: DAPI. Scale bar = 100 pm.
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(b) Quantification of total cardiac troponin T (cTnT) positive area (in mmz2). (¢) Quantification of connexin
43+ (Cx43) cells in the remote area. Values in (c) are represented as box plots where the box encloses 50% of
the data, upper and lower quartile, with the median value of the variable dis-played as a line inside the box.
The bars extending from the top and bottom of each box mark the minimum and maximum values within the
data set. Statistical values were determined by one-way ANOVA using Holm’s post-hoc analysis. Samples

sizes n=6 for each group.

Thus, electroconductive biomatrices prepared using supramolecular aligned structures have
gained much attention for heart repair.?*"?**?° For example, the development of a number of
hybrid composite materials with enhanced electroconductive properties have been reported,

256-260

including synthetic polymers, collagen-nanofibers containing nanosilver,? collagen-based

0 246,258,261

nanosilver and nanogold injectable matrices,?° nanotube-based composites, carbon

262-264 265-267

nanofibers, graphene and graphene oxide surface modified materials, and nanogold
containing materials.?>#3?®® However, metal nanoparticles such as silver and copper have
demonstrated poor stability under physiological conditions, leading to toxicity.?*?*® Some
reports indicate that spherical nanogold with diameters smaller than 20 nm are not toxic in
vitro?™® and in vivo.?"* In addition to the nanoparticle size and/or shape, the surface composition
of nanomaterials, meaning the capping agent, also plays a key role in dictating nanoparticle
stability and ultimately its toxicity. 2" 221:223224272°214 A5 for the in vivo evaluation of gold
toxicity, single-dose therapies for other applications have used standard dosages of several
mg/kg.2**#">?® In our work, we used 240 ng of gold delivered per treatment, which is the
equivalent of 2.4 pg/kg, and in terms of body mass of the animal, far below the dosage evaluated
for other AuNP therapies reported in the literature. Further, using our nanoengineered peptide-

based approach allows for superior retention of such a small quantity of gold to remain on the

target heart muscle tissue. Thus, although we used several orders of magnitude smaller quantities
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than other nanogold based-therapeutics,?”’

this was sufficient to produce a beneficial effect on
cardiac function. Also, our on-site local application presents a practical solution for reducing the
dosage, which, when using our multi-armed peptide, limits off-target gold biodistribution to
other tissues and risk for organ toxicity, as demonstrated by the gold infiltration to lymph nodes

and liver observed for the non-protected nanogold.

Using our spray-on approach allows us to deliver very small volumes (<10 pL) that can coat the
heart surface within seconds. This methodology has several advantages over direct injection,
where larger volumes and concentrations of nanoparticles are needed, which brings a greater risk
of off-target accumulation.?®*?® Furthermore, the novelty of our on-site local application
presents a practical solution for reducing the dosage, which when using our multi-armed peptide
limits off-target gold biodistribution to other tissues and risk for organ toxicity, as demonstrated
by the gold infiltration to lymph nodes and liver observed for the non-protected nanogold.
Although several orders of magnitude smaller than other nanogold based-therapeutics®’’, our
delivered amount was sufficient to produce a beneficial effect on cardiac function. Also, our on-
site local application presents a practical solution for reducing the dosage, which limits off-target
gold biodistribution to other tissues and risk for organ toxicity, as demonstrated by the gold
infiltration to lymph nodes observed for the non-protected nanogold. Also, the contactless nature
of the spray-on application has a competitive edge over other delivery techniques such as
intramyocardial injection, which punctures the damaged cardiac muscle to deliver therapeutic
molecules and provides a more localized treatment within the injection area.’”*?” In addition,
smearing directly on the heart surface would need considerably larger volumes of solution to

effectively cover the total surface of the damaged muscle.
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As an alternative to synthetic electroconductive polymers, we have previously reported a patch
material that uses collagen fibres containing sub-nanomolar non-toxic nanogold that are
combined with an elastic microporous collagen hydrogel?. These acellular cardiac patches were

able to restore cardiac function when applied to a 7-day old scar (equivalent =14 days in

14,215 212

humans**#*®) in a murine MI model®®®. Despite these promising results®*2, surgical implantation
of the patch remains challenging. Further-more, most of the nanogold in this prior patch is
contained within the collagenous fiber structure???. There are some other sprayable materials that
have been proposed for treating the MI heart. For example, Tang et al. reported a sprayable
polymer biomaterial system for cardiac regeneration.?®® These types of systems are promising yet
can be improved as they are lacking electroconductive elements and use extracted proteins at

high concentrations, which may be limiting for future clinical translation.

In contractile tissues, like the heart muscle, phase change between the voltage and current
through the tissue due to capacitance effects of the cell membranes and tissue impedance is
directly involved in tissue contraction.”®® In vitro experiments for our spray-on material using a
fibrotic mimetic model (i.e. a collagen matrix) demonstrated an improved conductivity, increased
capacitance and phase angle of impedance for the resulting material when evaluated under
alternating voltage, mimicking the oscillatory conductivity conditions of the heart. The collagen
matrix possesses resistance and capacitance properties, so it can be evaluated as a simplified
resistor—capacitance unit, similar to the infarcted cardiac tissue.”®* This suggests the Multi-2—
AUNP is acting as an external nano-capacitor that supports both charge accumulation and release.
Note that the resistivity of the heart tissue changes upon myocardial infarction.?*? Thus, for
example, in the acute phase post-Ml, there is an increase in tissue resistivity at the infarcted site,

with a severe reduction in the phase angle (between 2° and 10°)%%>%%_ Once the myocardial scar

112



has been established, the resistivity reduces below the values of the healthy muscle and with no
detectable phase angle.?®* In terms of tissue conductivity in the infarct tissue, in the maturation
phase of post-ischemic event, cardiomyocyte cell survival and cell-to-cell gap junctions are

reduced, which decreases tissue conductivity.”®’

Gap junctions are instrumental for conductivity
within the heart muscle tissue.?”** Our experimental data suggests that a reduction in tissue
resistivity with increasing impedance dephasing effect could be a potential mechanism

underlying the benefits achieved with use of this therapy in vivo.

The therapeutic approach reported here presents an advancement in the field of cardiac repair
since it encompassed: (i) the use of nanoengineered material surfaces using peptides; and (ii) a
micrometric nozzle that produces homogenous and consistent patterns for coating the heart
muscle in less than 10 seconds, without the need for puncturing, gluing, or suturing. Our therapy
does not affect cellular viability as determined by a viability assay using cardiac fibroblasts and
HUVECs. The assessment of the in vivo performance for our spray-on treatment was conducted
in MI mouse hearts at 1 week following MI, which corresponds to the early proliferative healing
phase' and it is considered clinically relevant as it represents the patient population who could
not receive immediate medical attention or who have not responded adequately to initial
revascularization procedures. Further, this time point has become more important as the COVID-
19 pandemic has had a significant effect in hospital admission rates. It has been reported that

STEMI admissions markedly declined from 48% to 18% during the pandemic.?*%%?

Our in vivo data indicated that only the Multi-AuNP improved LVEF compared to all the other
groups, suggesting that grafting the surface of nanogold using the Multi pep-tide is able to
effectively enhance the pro-reparative properties of nanogold. This effect could be a direct

consequence of the greater retention of gold on the myocardial surface. In particular, the

113



improved function with the Multi-AuNP treatment was also observed in the analysis of
stress/strain forces at aortic valve closure, where the mechanical properties of the cardiac muscle
in the treated animals' border zone resembled those of SHAM animals. As strain force represents

2% it can be concluded that Multi-AuNP treatment was exceptionally

myocardial contractility,
effective at improving cardiac function within the border zone compared to the other treatment
groups. Furthermore, as determined by ECG tracing, hearts treated with the Multi-AuNP

displayed in vivo electrical propagation that closely resembled that from healthy hearts,

suggesting an improvement in electrical conductivity within the left ventricle.

It has been demonstrated that MI impairs the conductivity of the left ventricle after several days,
resulting in an increase in the QRS interval time.”®* At 28 days post-treatment, there was a
significant increase in QRS time and qualitative reduction in the QRS signal intensity compared
to the healthy group for all groups except the Multi-AuNP group. An increase in QRS interval
corresponds to a conductivity disturbance of the ventricular area, associated with a reduction in
the amplitude of the R and S wave after M1.2°>?® Multi-AuNP did not recover the conductivity
properties of the hearts 1 day after treatment (see Supplementary Figure S13), suggesting that its
application may activate a biological pathway leading to the recovery of electroconductivity that
was observed after 28 days (Figures 5.3e - 5.3f). This aligns well with the immunostaining
findings showing an increased number of cardiomyocytes and connexin-43, which are key for
muscle contraction and electrical signal propagation.?®” Connexin-43 expressing cardiomyocytes
represent increased propagation speed and better dispersion of repolarization, both of which are
indicators of effective myocardial repair at the molecular level.**?*® Immunostaining of heart
sections also indicated an increased vascular density and greater numbers of pro-wound healing

M2 macrophages within the infarct region. This pro-healing environment is like previous studies
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that reported a reduced inflammatory environment with the use of a nanogold treatment.?’”*%

Macrophages of various phenotypes participate in important ways at different times of wound
healing.®* It is important to note that macrophage polarization toward the pro-healing M2 profile
has been associated with the tissue healing response, in part as a key factor in vascularization.***
9% This could be related to the observed increase in capillary and arteriole density following
Multi-AuNP treatment. Additionally, we found that pro-inflammatory M1 macrophage numbers
were reduced with Multi-AuNP treatment. It has been shown that a low or moderate density of
M1 macrophages can support tissue repair through the secretion of VEGF, making them relevant
in the angiogenesis process.®*% This indicates that the use of the Multi-AuNP nanotherapeutic
could improve the balance between M1 and M2 macrophage polarization to promote wound
healing and vascular remodeling. We also observed that the early inflammation rates were

comparable between all the treatment groups, suggesting that the repair at 4 weeks was not a

consequence of changes in inflammation following spray-on treatment.
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5.3 Conclusion

In summary, we have demonstrated that by combining peptide design and an on-the-spot
application, a therapeutic approach was developed that allows nanomolar concentrations of
nanogold to restore cardiac function in a clinically relevant animal model of myocardial
infarction. While the mechanism of action by which application of nanogold restores cardiac
function post-myocardial infarction remains to be fully elucidated, including delivery of the
therapy at different timepoints after heart injury. Our findings illustrate how peptide engineering
can finely tune the properties of nanomaterials for use in therapeutic applications that in our case

improved cardiac contractility and electrical signal propagation.

It is worth emphasizing that despite the progress of cardiac treatments over the last decades, the

7

prevalence of heart failure is on the rise,® with significant mortality rates in the elderly

%% \While interventional procedures can restore blood supply after a myocardial

population.
infarction, patients who do not have immediate access or do not respond adequately to such
procedures are at higher risk to develop heart failure, which has a mortality rate of 50% over the
first 5 years in patients with non-preserved ejection fraction HF.>* Thus, a non-invasive spray-
on technology that uses a miniaturized nozzle catheter-guided system could be used in

conjunction with current minimally invasive surgical procedures such as coronary artery bypass

surgery.
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5.4 Experimental Section

Study design: Here, we conducted a study to (i) develop a new generation of peptides for
stabilizing and anchoring nanogold to the cardiac muscle; (ii) design a sprayable therapy for
treating infarcted myocardium; (iii) evaluate the therapeutic potential of the materials for treating
infarcted murine hearts; and (iv) explore the biological response of this new therapy in our
animal model. For in vivo experiments, ligation of the artery descending in mice was chosen as a
clinically relevant and well-established animal model. In our in vivo experiments, the number of
animals per group was minimized to nine to twelve mice, as specified in the figure legends. Mice
were randomly assigned to treatment groups. During the surgical procedure the operator was

blinded to the treatment being used. All analyses were performed in a blinded fashion.

Nozzle printing: The nozzle was designed and customized for the present application. Briefly, at

the tip, 2 streamlines generate the micro spray. The internal channel of 337 um carries the 4 pL
liquid, and the external line of 900 um carries the air pressure. The 3D printed model was
fabricated in a Formlabs Form 3 with clear resin. After the print was complete, it was washed
with isopropanol, and all the internal channels were flushed with methanol. The device was dried
under a stream of nitrogen and cured in a UVA curing device for 1 hour at 60°C (further details

on this device can be found in the supplementary information and supplementary Figure S9).

Gold nanopatrticles synthesis: 6 mg of NaAuCls;x2H,O were dissolved in 50 mL of Milli-Q

water. 5 mL of 10 mM 1-2959 were added to the mix. The solution was transferred to a 24-well
plate (2 mL per well) and irradiated in a photoreactor with UVA light for 15 min at 37°C

(LZC4V, Luzchem Inc.). Color change is indicative of nanoparticles formation.
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Peptide synthesis: Peptide synthesis was carried out in-house. All peptides were synthesized

using microwave assisted Fmoc solid phase peptide synthesis in a Liberty Blue automated
system. Fmoc protected amino acids and Wang resins with preloaded amino acids were
purchased from CEM. Briefly, the required amount of resin was swelled with DMF in the system
for 5 min. Next, Fmoc deprotection was carried out with 20% piperidine at 90°C for 60s while
standard coupling cycles using DIC/Oxyma Pure were run at 90°C for 240s for each amino acid
that was added to the sequence. Peptides were cleaved from the resin and deprotected with
92.5/2.5/2.5/2.5% vIv TFAITIS/EDT/H20 at 42°C for 30 minutes and then pre-cipitated in -
20°C diethyl ether. Peptide crude products were then dried under vacuum overnight and purified
by RP-HLPC in a Waters 1525EF semi-preparative system with a 21.6x250 mm C18 column at
20 mL/min. Peptide purity and identity was confirmed via RP-UPLC-UV/MS in a Waters
Acquity UPLC Xevo TQD using a 2.1x100 mm UPLC BEH C8 column. A purity of >95% was
determined through UV peak analysis. The molecular ion found [M+H]+ for each peptide after
deconvolution calculation is [molecular ion found m/z [M+H]+ / theoretical molecular ion m/z
[M+H]+ (see supplementary Figure S16)]: 1-Leg (CLKRS): 606.62 / 606.76. 2-Leg
((CLK)2KRS): 1079.52 / 1079.41. 3-Leg ((CLK)2K(CLK)KRS): 1551.74 / 1552.05. 4-Leg
(((CLK)2K)2KRS): 2024.62 / 2024.70. Multi-1 (((CLKRS-Ahx-KD)2KD)2KD): 4861.26 /

4861.76. Multi-2 (((CLKRS-Ahx-KK)2KK)2KK): 4953.72 / 4953.37.

Spray-on setup: The peptide solution (0.5 uM for Multi or 3.0 uM for 4-Leg) is mixed with

TCEP (to prevent thiol oxidation) and then added to the nanoparticle solution (1.0 nM final
concentration). To this new solution an equimolar concentration of EDC and NHS (=20 uM) is

added and rapidly transferred to the spray system (Figure 5.2a). Our device has a miniaturized
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camera and distance sensor that allows for homogenous distribution upon application of the

spray-on nanotherapeutic.

Plasmon band measurements: Absorbance measurements were performed in a 96-well plate

reader between 450 and 600 nm in a SpectraMax MZ2e instrument and analyzed with the
SoftMax® Pro 7 software (Molecular Devices®). Corrections using blanks were performed

accordingly in each condition.

Isothermal titration calorimetry (ITC): Changes in heat from 4-Leg and Multi peptide

association to nanogold colloidal solutions were analyzed using a VP-ITC MicroCalorimeter
Malvern Isothermal titration calorimeter system. Briefly, 2 mL of a freshly prepared nanogold
solution and 2 mL ultrapure water were degassed for 15 min and loaded into the ITC sample cell
and reference cell, respectively. The temperature was calibrated to 25 °C and the injection
syringe was loaded with 300 pL of the peptides (250 uM). Parameters were set as: 20 injections,
1 uL per injection, 10 s injection time, and 600 s injection spacing. Each run was analyzed using
Microcal Origin and data extracted for plotting in Kaleida Graph 4.5 (see below). Enzymatic ITC
measurements were performed at 37°C. 1 nM of trypsin solution (in PBS and degassed) was
placed in the cell and equilibrated. In the syringe Multi-2 peptide with and with-out AuNPs was
loaded in concentration of 0.5 uM. After system equilibration, 25 pL of peptide were injected in
10 seconds and the reading followed up to 10 min. This was performed in triplicate. AH was
obtained directly from the software in each measurement and subtracted from the proper blank

sample.

Dynamic light scattering (DLS) and zeta potential: DLS measurements for stability of the

surface modified nanogold were carried out in a DynaPro PlateReader-11 DLS system with a 96-

well plate (Wyatt® Technologies). Gold nanoparticles stabilized with 4-Leg peptide (3.0 uM)
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and Multi-2 peptide (0.5 uM) was added in triplicate to the well plate up to 100 puL. A small
layer of 50 pL of light weight mineral oil was gently added to the top of the wells top to avoid
evaporation. No particles were found on the control well with water and mineral oil (no AuNP
added), or peptides solution without AUNP. The size was measured every hour for up to 90 hours

at 37°C.

Zeta potential measurements were performed out in a Malvern Zetasizer Nano ZS at 25 °C in
cuvettes DTS1070. Samples were measured by triplicate from different batches, and

accumulation from each measurement was up to 20 readings.

Transmission electron microscopy (TEM): Samples for TEM were prepared by delivering 10 pL

of solution to carbon-coated copper grids (400-mesh) and dried in vacuum overnight. TEM
images were taken in an FEI Tecnai G2 F20 Field Emission Transmission Electron Microscope
(FETEM) at a 200KV acceleration voltage. Nanoparticle mean size was obtained using ImageJ,
were a minimum of 100 particles for group were assessed. A normal distribution statistical
system was obtained from each samples, and compared using t-test system, P<0.05 for

significance difference (Kaleida Graph 4.5).

Electrical resistivity: 10% Collagen type | disks (Theracol®) of 6 mm diameter and 1 mm

thickness were fabricated for this experiment and used as is or with an embedded addition of
Multi-2—AuNP at a concentration of 150 ng per gram of material. The samples were swelled in
milli-Q water at 4°C and surface blotted. The disk was then placed in a glass custom made
support that has 2 copper strips per side, with the larger area of the disks in contact with the
strips (copper conductive tape from Electron Microscope Sciences®, was used only once per
sample, n=3 samples per condition). The samples were measured at 25°C in a Potentiostat Parstat

2273 (Princeton Applied Research) with a scan frequency from 100 kHz to 100 mHz. Electrical
120



resistivity was calculated based on the disk measurements at 9.326 kHz. The transition point was
calculated from the Bode Plot at the second derivative point equal to 0 and max phase angle,

from where the capacitor and phase angle value were extracted (see Supplementary Figure S8).

Computational simulations: All simulations were performed using NAMD 2.131 software,

including the CHARMMS36 force field®', the particle-mesh Ewald electrostatics®*?, Langevin

313 and a 4fs time step scheme.®** Initial equilibrium

thermostat, and Langevin piston barostat
simulations of each free peptide with an explicit box water were developed in a simulation time
of 500 ns. Next, simulations including solvated AuNP-peptide complexes were carried out using
a planar AuNP-111 surface model (50x50 A2 for 1 to 4-Leg and 78x78 A2 for Multi-1 and
Multi-2) adding the GolP-CHARMM force field parameters®™. The surface model incorporates
charged virtual particles rigidly bonded to each gold atom to model polarizability and to include
the image charge effects, as well as virtual interaction sites for Au-111 and Au-100 facets, to
ensure the correct absorption on top of gold atoms and not between them. Unrestrained
equilibrium simulations were performed for additional 500 ns including five replicas for each
system. Each replica was constructed by extracting frames from the initial free-peptide

trajectories. All structural and statistical analyses over trajectories were performed using VMD

software.3®

Live/dead viability assay: HUVECs and cardiac fibro-blasts were separately maintained in T-75

cm? filter cap flasks in DMEM supplemented with 1% Penicillin Streptomycin / L-glutamine and
10% heat inactivated Fetal Bovine Serum (56°C, 30 min). After reaching 80% confluency, cells
were mixed with hydrogel solution and plated into 24-well culture plates. The 3D hydrogel was
prepared based on our previously published protocol19 by mixing the following on ice: Theracol,

Collagen Medium, Glutaraldehyde, Glycine, PBS and NaOH to reach a pH of ~7.4. The gels
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within the wells were then sprayed with PBS, AuNP, 4-Leg, Multi, 4-Leg AuNP or Multi-AuNP
and cultured for 24 hours (n=3 for each treatment group). The following day, the culture media
was aspirated, and wells were washed with PBS. Cells were then treated with the LIVE/DEAD®
assay reagents, 2 uM Calcein AM and 4 uM EthD-1 solutions were dissolved in sterile PBS and
incubated for 30 mins at 37°C. Fluorescent imaging was performed for Calcein AM at 530 +
12.5 nm and EthD-1 at 645 + 20 nm via inverted microscope (Zeiss AXIO Observer Z1). Three
representative images were taken from each well and images were quantified by counting the

number of live vs. dead cells.

Cardiomyocyte isolation and culture: Cardiomyocytes were isolated from 8-week old mouse

hearts. Briefly, hearts were extracted and placed in a culture dish containing 1x PBS (without
Ca®* Mg*") with 20 mM BDM (2,3-Butanedione Monoxime) on ice. Next, cardiac tissues were
minced in 250 pl isolation medium, and incubated on ice for 6 hours. The pellet was digested
enzymatically with collagenase/dispase mixture (Roche) supplemented with BDM. Cardiac
tissue fragments were digested at 37 °C with gentle agitation for 20-30 min. Cells were then
filtered through 70 um cell strainer and centrifuged for 5 min at 300 rpm. The supernatant was
discarded, and the pellet was dissolved in plating medium. Cells were then plated for 1-3 hours
for removal of fibroblasts and endothelial cells which will adhere to the cell culture dish quickly.
After this incubation, non-adherent cardiomyocytes were collected and transferred onto collagen-
coated plates with a density of approximately 1.5 x 10° cells per cm?. Cardiomyocytes were left
undisturbed for 12-18 hours to allow for adherence and spreading. Once they reached
confluency, the cells were lifted, counted and seeded for live-dead viability assay as explained

previously.
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Animal experiments: All procedures were approved by the University of Ottawa Animal Care

Committee (ACC) and performed in accordance with the National Institute of Health Guide for

the Care and Use of Laboratory Animals.

Animal model: After approval from ACC, a clinically relevant mouse model of MI was used, as
we have previously reported.®3' Briefly, 6-8-week-old female C57BL/6 mice (Charles River)
were anaesthetized (2% isoflurane), intubated, and the heart was exposed via fourth intercostal
thoracotomy. The left coronary artery (LCA) was then ligated just below its emergence from the
left atrium, which produces a large Ml involving the anterolateral, posterior, and apical parts of

the heart.>*8

Spray-on cardiac nanotherapeutic: The spray-on application involves exposing the heart at 1-

week post-MI via a fourth intercostal re-do thoracotomy, removing the pericardium over the
infarcted akinetic area and applying the spray-on using our spray nozzle at a 1 cm distance from
the heart’s surface. Mice were randomly divided into 6 groups to receive one of the following
treatments: PBS, AuNP, 4-Leg, Multi, 4-Leg AuNP or Multi-AuNP. All solutions were prepared
fresh and stored on ice prior to their addition to the spray system. Surgical mortality was
calculated as 3% and those animals were excluded from the study. The mice were monitored for

up to 4 weeks post-treatment, and then sacrificed. Hearts were collected for further analysis.

Assessment of cardiac function: Cardiac function was evaluated by long axis echocardiography

in B-mode using a Vevo3100 system (VisualSonics, Toronto, Canada) with a MX400 series real-
time microvisualization scanhead probe. Measurements were taken at baseline (at 7 days post-MlI
before treatment), and at day 1 and day 28 (end-point) post-application. Cardiac function and
ventricular remodeling were evaluated by determining left ventricular ejection fraction (LVEF),

fractional area change (FAC), end systolic volume (ESV), and end diastolic volume (EDV). High
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sensitivity electrocardiograms (ECG) were recorded using MLA1203 Needle electrodes (29-
gauge, 12 mm) accessorized with MLAC29 and MLACA49 octal bio linking cables connected to a
PowerLab OctalBio Amp (FE238) bio-amplifier for 12-lead ECG recording. Data processing
was carried out using LabChart 8.1 data acquisition and analysis software. ECG data at 28 days
after treatment was extracted for all the groups. Briefly, 20 beats were averaged using a
LabChart 8.1 algorithm. Each point of the ECG was certified by 3 independent specialists. A

representative ECG tracing of the Multi—-AuNP is presented in supplementary Figure S17.

Inductively coupled plasma assay for systemic distribution of gold: The total gold concentration
in the different tissues was determined using an inductively coupled plasma mass spectroscopy
system (ICP-MS; Agilent 7700x). Organs were harvested from freshly euthanized mice (n=3 in
each group), flash-frozen, powdered and subsequently freeze-dried for 96 hours. Samples were
weighed and homogenized to produce a powder that was digested in a Digi-PREP MS System
(SCP Science). Gold was detected using 197 m/z. Samples were processed using argon carrier

gas: 0.85 ml min—1, argon plasma gas flow: 15 L min—1.

Strain analysis: Transthoracic echocardiography was performed on long-axis views using a

Vevo3100 system in B mode with an M X400 series real-time microvisualization scanhead probe
(VisualSonics). The imaging was performed at baseline before treatment injection (7 days post-
MI) and at 4 weeks post-application to determine longitudinal endocardial strain at the time of
aortic valve closure (representing end systole). Strain in Segment 6 (the anterior apex segment),
corresponding to the infarct area targeted for treatment, was analyzed using the VevoStrain

application of Vevo LAB 3.1.1 software (VisualSonics), as previously reported.129

Histology and immunohistochemistry: Hearts were harvested at 4 weeks post-treatment,

embedded in OCT compound (Fisher Scientific), and snap frozen in liquid nitrogen. Sections (10
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pm) were cut using a Thermo Scientific HM550 Cryostat. To evaluate scar size, tissue sections
were fixed in 4% PFA for 1 h and stained with Masson’s Trichrome stain (Electron Microscopy
Sciences). Images were taken with a Celestron Handheld Digital Microscope Pro, and 4 sections
per mouse were used to measure remote wall thickness and to determine scar size by the mid-line
arc method using ImageJ2® software.*** For immunohistochemistry, tissue sections were fixed
in acetone for 20 min, washed with 0.05% Tween-20 in PBS, permeabilized with 0.1% Triton X-
100 for 10 min and then blocked in 10% serum in PBS for 1 h at room temperature. Primary
antibodies were applied overnight at 4°C in 10% serum, and then slides were rinsed and treated
with secondary antibodies for 1 h in the dark at room temperature. Nuclei were stained with
DAPI (1:1000) before being mounted with ProLongTM® Gold antifade reagent (Invitrogen). To
detect inflammation, M1 macrophages were detected with an anti-CD86 primary antibody
(Abcam, Rat, Cat#119857 at 1:200 dilution) and visualized by AF488 anti-rat secondary
(Invitrogen, Cat#A-11007 at 1:600 dilution). M2 macrophages were detected by an AF488-
conjugated anti-CD206 antibody (BioLegend, Cat#141710 at 1:100 dilution). Fluorescent images
were obtained using a Zeiss Axio Observer upright microscope with a x20 objective. For the
detection of blood vessels and myofibroblasts, anti-CD31 (also known as PECAM-1, Santa Cruz,
Rat, Cat#sc-101454 at 1:100 dilution) and anti-a-smooth muscle actin (a-SMA; Abcam, Rabbit,
Cat#ab5694 at 1:250 dilution) primary antibodies were used and detected with AF594 anti-rat
secondary (ThermoFisher, Cat#A-11007 at 1:1000 dilution) and AF488 anti-rabbit secondary
(ThermoFisher, Cat#A-11008 at 1:1000 dilution), respectively. For cardiac troponin T staining,
sections were incubated with rabbit cardiac troponin T primary antibody (Abcam ab209813,
1:400) and detected by anti-rabbit AF594 secondary antibody (Abcam, Cat#ab150080 at 1:700

dilution). Finally, for connexin 43 staining, sections were incubated with rabbit connexin
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43/GJAL (Abcam Cat#ab11370, 1:400) antibody followed by detection with AF488 anti-rabbit
(Life Technologies Cat#A11007, 1:500). For all samples, 3 sections per mouse were analyzed

and for each section 3 images within the infarct region were used for quantification.

5.5 Supporting Information

Supporting Information of this article is available in Chapter 8 — Appendices section 8.2 at the

end of this thesis.
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6 General Discussion
While the data for each study were discussed within their respective chapters, this general
discussion is meant to summarize and compare the work in a broader context, address

limitations, as well as to discuss potential future related studies.

In this thesis, three new biomaterial systems for oxidative stress elimination and cardiac
infarct repair were developed and tested in a clinically relevant mouse model of myocardial
infarction. The overall aim was to determine their therapeutic efficacy, understand their
mechanism of action and address some of the challenges in order to facilitate clinical translation.
We developed and presented a different biomaterial system in each chapter focusing on three

unique objectives:

1) To develop an injectable antioxidant (fisetin) and hydrogel system for minimizing the

effects of MG and promoting cardiac repair post-MI.

2) To synthesize a nanoparticle system for targeted delivery of therapeutics to cardiac
tissue following MI in vivo. We encapsulated the Glol enzyme within hyaluronic acid-based
nanoparticles for reducing the accumulation of MG, limiting adverse remodeling and preserving

cardiac function post-Ml; and

3) To design a sprayable nano-therapeutic that uses surface engineered custom-designed
multi-armed peptide grafted nanogold for on-the-spot coating of the infarcted myocardial surface

for increasing contractility of the myocardium post-Ml.

The unique properties of each biomaterial presented in this thesis work can be found

summarized in Table 2 below.
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Table 2 Summary table comparing the biomaterial systems that were developed in this dissertation

Article ID Biomaterial Type Delivery Method Cargo or Active Ingredient Target Effect

Article | Natural biomaterial Intramyocardial Injection o o Reducing MG levels and oxidative
) Fisetin (antioxidant)
(Fisetin) (hydrogel) (echo guided) stress post-Ml
Article 11 Natural biomaterial Intravenous Injection Glol Targeting CD44, reducing MG-
(NPs) (nanoparticle) (Tail-vein) (MG metabolizing enzyme) related oxidative stress
: Hybrid biomaterial . ) .
Article 111 ) Direct spray onto heart AuNP Increasing electroconductivity,
(Gold conjugated ) ) . . ;
(Spray-on) tide) (3D patch) (electrically conductive) providing tissue integrity
peptide
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The fisetin-hydrogel biomaterial system presented in Article 1 was crosslinked using
EDC/NHS chemistry and intramyocardially injected into the heart 3 hours post-MI. Hydrogel
materials used in cardiac tissue engineering have been tested as stand-alone therapies and
demonstrated promising results.***3% QOur results showed that the fisetin-hydrogel system was
superior to hydrogel alone since the antioxidant fisetin not only just scavenged excess MG but
also activated the Glol pathway, leading to a decrease in MG levels. A few studies have shown
that MG levels are elevated in cardiac disease patients compared to healthy subjects, and have
attempted to elucidate how MG-AGEs and oxidative stress may contribute to cardiovascular
dysfunction.®**** Qur results fill a mechanistic information gap in the literature regarding the
effects of MG and oxidative stress regulation post-MI. Future pre-clinical studies can be
designed to test if the fisetin-hydrogel system can improve cardiac function in more mature scar
and/or advanced heart failure models, such as 1-5 weeks post-MI. Additionally, larger animal
model studies (such as pig models), and testing the delivery of the hydrogel using catheter

technology will be needed to further advance this therapy for use in the clinic.

Transgenic Glol overexpression has been shown to decrease oxidative damage while
restoring cardiac function, which was also associated with enhanced production of pro-healing
factors.>®* Thus, we developed a new biomaterial system, described in Article II, which
utilized NPs to deliver Glol to the heart. These NPs were self-assembled by tetrazole-alkene

click chemistry™®4167177

and the Glol enzyme was encapsulated during the self-assembly step,
giving them excellent stability. Another important feature of Glo1l-NPs was their natural
fluorescence, allowing them to be visualized under the microscope. We tracked Glo1-NPs ex
vivo and monitored their localization. When delivered intravenously in mice at 3 hours post-Ml,

the Glo1-NPs specifically targeted damaged cardiac tissue via HA-CD44 specific interaction,
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protected cell viability and limited infarct expansion by reducing the oxidative stress, leading to

improved cardiac function.

Our findings demonstrate the potential of NP-based targeted delivery of Glol as a new
approach for treating MI with promising implications for clinical translation due to its ease of
application. One limitation to be considered for this study is that Glo1-NP localization was
measured ex vivo by IVIS. In vivo imaging or histology staining would provide more accurate
localization data for the NPs. Another potential limitation of this study is that Glol-NP
retention/distribution was not quantified for each vital organ such as liver, kidney, spleen and
lungs. Although Glo1-NPs have been found to be non-toxic, their body distribution would give
valuable information on how efficiently any administered NP dose is reaching the target tissue.
Future studies can explore CD44 expression and NP uptake in particular cell types and tissues,
since CD44 expression has been shown in cardiac fibroblasts and circulating leukocytes, in
addition to ECs post-MI."®"*% As NPs were delivered via the circulation, we expect enriched NP
uptake in CD44" ECs of the myocardial vasculature post-MI, as well as uptake by leukocytes.
We don’t expect that Glo1-NP therapy success requires exclusive EC targeting, and the results
we presented provide strong evidence of the benefits associated with our CD44 targeting Glol-

NP therapy for post-MI remodeling.

In Article Ill, the focus moved away from therapeutics targeted at MG and oxidative
stress, and instead looked into designing a biomaterial to improve electroconductivity of the
heart post-MI. The loss of blood circulation to regions of the heart muscle due to coronary artery
occlusion can damage the myocardium, causing electrophysiological and morphological
disorders.>***** Thus, electroconductivity is an important property for healthy myocardial

function that was not directly addressed with the 2 other therapies reported herein.
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We designed and developed a spray-on device and AuNP-peptide system that can
increase electroconductivity post-MI when delivered via spraying directly onto the surface of the
infarcted tissue. This biomaterial system acts as a 3D patch system, adheres to the surface of the
heart and stays at the target location with a high retention rate. Our results showed that the
AUNP-peptide system increases electrical conductivity, increases left ventricular ejection fraction
and improves cardiac ECG post-MI. One limitation of this system is that the procedure currently
requires an open-chest surgical procedure. By developing more advanced application devices and
approaches, our treatment could be delivered with less invasive techniques (e.g. catheter
technology). Another limitation that can be noted for all 3 articles is the use of female mice only.
We have performed our proof-of-principal experiments for all three projects using females as
they exhibit less fighting, chasing and mounting behaviors and they have a higher survival rate
than males after M1.2>32° As the evidence demonstrates that our biomaterials are safe and they
work effectively, future experiments should include a comparison between male and female

mice.

AuNPs constitute the electroconductive component of our biomaterial system'’® and it
seems likely that the infarct region was also mechanically stabilized with the patch application,
causing an acute functional improvement. The incorporation of electrically conductive nano-
biomaterials into biocompatible and biodegradable peptide systems not only improves the
electrical or electrochemical properties, it can also modify the mechanical properties of
hydrogels and introduce topographical cues that resemble the native ECM.**" This could be a
contributing factor for the improved contractility and ECG signals we observed in this study. Lin
et al. also showed that hydrogel patches increase the mechanical integrity of the left ventricle and

restore cardiac function.*?® Future studies could involve the use of RNA sequencing at various
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time-points post-treatment to elucidate mechanisms underlying the benefits conferred by the

treatment.

Another potential application of our electroconductive biomaterials could be in 3D
bioprinting. The electrically conductive nano-biomaterials may be an excellent candidate for use
as a bioink, allowing researchers to build a contractile vascularized myocardium or full-size
human heart through advanced 3D bioprinting techniques. Moreover, this research could be
translated for use in heart-on-a-chip models to study the interaction of different cell types with

the scaffold, to develop and test new drugs, or to assess the cardiotoxicity of anticancer drugs.**’

The papers presented in this dissertation demonstrate three different biomaterial systems
designed for specific regenerative medicine applications: biomaterial therapy, protein/cargo
delivery, and tissue bonding. Although all the described hydrogels are based on different
chemical arrangements, the biomaterial designs were developed with consideration for each
intended application and potential for clinical translation. Hopefully, the work conducted in this
thesis will rationalize the design of therapies that could target MG-AGE accumulation post-MI,

resulting in more advantageous resolution of Ml repair processes for cardiac patients.
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7 Conclusions

Overall, the results presented in this thesis have established that:

Paper | — The combination of the antioxidant fisetin with a collagen HG acted synergistically to
decrease MG-related oxidative stress by increasing the activity of Nrf2, GSH and Glol. Our
system reduces inflammation, increases cell survival, limits adverse cardiac remodeling and

improves cardiac function when administered during the inflammatory phase post-Ml.

Paper Il — Our Glol-loaded CD44-interacting NP system can target the infarcted myocardium
when delivered intravenously. Glol-NP treatment decreased MG-related oxidative stress,
reduced inflammation, inhibited apoptotic activity and improved cardiac function and
contractility post-Ml, representing a promising nanoplatform for targeted, trackable, safe and
efficient intracellular delivery of cardiovascular therapeutics for treating and improving the

health of patients with MI.

Paper 11l — The combined peptide and gold NP spray-on application showed an excellent
retention rate, increased muscle contractility and myocardial electrical conductivity and
improved cardiac function when delivered to a mature scar at a clinically relevant time-point

post-MI.

Taken together, the results suggest that targeting MG and/or improving electroconductivity of
the infarct area may be promising approaches to limit adverse cardiac remodeling, prevent
damage and preserve the function of the infarcted heart. These findings may help guide the
development of new strategies for treating MI patients and reducing the incidence of heart

failure.
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8 Appendices

Supplementary information of the articles presented in this thesis can be found in this section.

8.1 Supplementary Information for Article |

For Advanced Functional Materials, DOI: 10.1002/adfm.202108630 Combined Methylglyoxal
Scavenger and Collagen Hydrogel Therapy Prevents Adverse Remodeling and Improves Cardiac

Function Post-Myocardial Infarction

Cagla Eren Cimenci, Nick J. R. Blackburn, Veronika Sedlakova, Justina Pupkaite, Marcelo

Munoz, Benjamin H. Rotstein, David A. Spiegel, Emilio I. Alarcon, and Erik J. Suuronen*
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Sl Figure S 1 (A) Echocardiography results (% left ventricular ejection fraction (LVEF)) shows no statistical
difference between treatment groups at baseline (n=13-16). (B) Longitudinal endocardial strain at aortic
valve closure (%) calculated from the anterior apex region (injection site) showing that the contractile
function of the hearts was comparable at baseline (n=7). Error bars represent mean + SEM. (C) Figure

showing the different longitudinal LV strain analysis segments of the heart: BA, basal anterior; MA, mid

BA: Basal anterior
MA: Mid anterior

AA: Anterior Apex (MI)
Al: Apical inferior

MI: Mid inferior

Bl: Basal inferior

anterior; AA, anterior apex; Al, apical inferior; MI, mid inferior; Bl, basal inferior.
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SI Figure S 2 (A) Representative images of a live/dead viability assay for HUVECs treated with different
concentrations of MG. Scale bar = 200um. (B) Quantification of viability data presented as the percentage of
viable cells at 24 hours after treatment (n=3). (C) Representative images of an in vitro angiogenesis assay
performed with HUVECs treated with different concentrations of MG. Scale bar = 1 mm. (D) Total network

length calculated for the in vitro angiogenesis assay images (n=3). (***p<0.05)
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SI Figure S 3 Quantification analysis of fisetin using RP-UPLC-MSMS Waters Acquity UPLC Xevo TQD.

0

(A) Representative multiple reaction monitoring analysis data of fisetin. (B) Representative multiple reaction
monitoring data analysis of chrysin. (C) The calibration curve obtained by triplicate analysis of several
calibration concentrations of fisetin up to 1000 ng/mL. Chrysin was used as internal standard (IS) at a
concentration of 500 ng/mL. (Fisetin Area)*([IS Concentration]/[IS Area]) vs. concentration of fisetin was
plotted. The calculated limit of detection (LOD) was 6.4 ng/mL and the limit of quantification (LOQ) was 6.9

ng/mL
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8.2 Supplementary Information for Article 111

For ACS Nano, Nanoengineered Sprayable Therapy for Treating Myocardial Infarction,

Marcelo Mufioz’’, Cagla Eren Cimenci*?, Keshav Goel', Maxime Comtois-Bona', Mahir
Hossain', Christopher D. McTiernan®, Matias Zufiiga-Bustos®, Alex Ross', Brenda Truong?,
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S| Figure S 4 Transmission Electron Microscopy (TEM) of the AUNP uncoated and in the presence of the

different coating peptides. Values calculated from measuring 100 individual nanoparticles from different

areas in the grid.
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Sl Figure S 5 Representative images for colloidal nanogold in 96 well-plates in the presence of different
concentrations of peptides (UM as indicated in each image). Nanogold characteristic red colour turns violet or

black upon aggregation.
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Sl Figure S 6 Stability plots for nanogold as a function of the peptide concentration (in logarithmic scale). A

change in AA > 10.0 (green area) indicates no stable nanoparticles.
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Sl Figure S 7 Nanogold hydrodynamic diameter after incubation at 37°C with 3uM of 4-Leg peptide and 0.5

pM of Multi-2. Diameters measured at different time points post incubation (n=6).

o

Distance from surface (A)
N
o

—
(@]

0
0 100 200 300 400
Time (ns)

Sl Figure S 8 Average distance between the nanogold surface and the center of mass for the peptides tested in
this study. Plots were produced from molecular dynamic simulations for up to 500 ns from the initial peptide-

nanogold surface interaction.
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SI Figure S 9 (Top left) Orthogonal View of the nozzle. (Top right) Section view of the nozzle. Output of the
nozzle (1), stainless-steel connector to the liquid chamber (2), air inlet for the liquid port (3), liquid reservoir
(4), atomizing air inlet (5). (Bottom) Tip of the spray nozzle. Low velocity liquid outlet of the nozzle (1), High

velocity atomizing air outlet of the nozzle (2).
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SI Figure S 10 Impedance spectra of a 10% collagen disk (diameter = 6 mm and thickness = 1 mm). (A) The
collagen disk was swelled overnight with Milli-Q water overnight at 4°C and blotted before measurements in
a Potentiostat Parstat 2273 (Princeton Applied Research - see methodology). (B) Same as condition (A)
including and embedded amount of 150 ng of Multi-2-AuNP per gram of material. Values = mean £ SD. n =

3. Statistical analysis performed with t-test between groups.
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S| Figure S 11 Spray-on treatments were not found to be toxic for the cells. (A) Representative live/dead
images and viability quantification data of cardiac fibroblasts sprayed with a treatment of PBS, AuNP, 4-Leg,
Multi, 4-Leg AuNP or Multi AuNP. (B) Representative live/dead images and viability quantification data of
HUVECs sprayed with a treatment of PBS, AuNP, 4-Leg, Multi, 4-Leg AuNP or Multi AuNP. (C)
Representative live/dead images and viability quantification data of cardiomyocytes pre- or post-sprayed with
PBS, Multi and Multi AUNP. Cell viability is comparable between the different treatment groups. Scale bar =

100pum. Values are represented as Mean + SD.
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SI Figure S 12 Isothermal Titration Calorimetry (ITC) curves for the Multi-2 (0.5 uM) without and with a

hydrolytic enzyme (Trypsin 1 nM). Changes in heat were measured with and without the AuNPs (37°C).
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Sl Figure S 13 Representative images of macrophage density in M1 hearts after PBS, Multi and Multi-AuNP
treatments. Representative images of CD86+ (green) and CD206+ (red) immunostained tissue sections

collected 2 days after spray-on treatment showed no difference in early inflammation. Scale bar = 100 um.
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SI Figure S 14 Representative images of vascular density in the infarcted heart after AUNP, 4-Leg, Multi or 4-
Leg AuNP treatment. Representative images of a-SMA and CD31 immunostained tissue sections collected 28

days after spray-on treatment with AuNP, 4-Leg, Multi and 4-Leg AuNP. Scale bar = 100 pm.

147



AuNP 4-Leg Multi 4-Leg AuNP

CD206+

CD86+

S| Figure S 15 Representative images of macrophage density in Ml hearts after AuNP, 4-Leg, Multi and 4-
Leg AuNP treatments. Representative images of CD206+ and CD86+ immunostained tissue sections collected

28 days after spray-on treatment. Scale bar = 100 um.
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Sl Figure S 16 Representative mass spectra with molecular ions description for the peptides prepared in this

article. The insets in each plot show the simplified structure of the peptides
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SI Figure S 17 Representative ECG Lead Il tracings for animals treated with Multi-2-AuNP from before
myocardial infarction (MI), 1 day after Ml, 1 day after treatment (8 days after MI), and 28 days after

treatment (35 days after M1).
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