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ABSTRACT

NANOPARTICLE-BASED APPROACHES IN CARDIOVASCULAR DISEASES
Aneetta E. Kuriakose, Ph.D.
The University of Texas at Arlington, 2020
Supervising Professor: Kytai T. Nguyen

Percutaneous coronary intervention (PCI) such as balloon angioplasty and stent placement are
commonly employed for myocardial revascularization. These strategies, however, injure the arterial wall
initiating a cascade of inflammatory responses that culminates in restenosis. Attempts are currently being
made to improve the stents/balloon designs such that they suppress the inflammatory responses and
support/enhance in situ reendothelialization. But the healing of the injured artery remains a major challenge.
Therefore, in this work, we propose to characterize and identify a suitable fluorescent nanoparticle system
that has potential to be used as vascular drug carriers. We also developed nanoparticles (NPs) that could
enhance homing of more endothelial cells towards the injured arterial wall and facilitate their retention at

that site, thereby promoting accelerated reendothelialization.

In the first approach, biodegradable photo-luminescent polylactone (BPLP) copolymers such as
BPLP-co-poly (L-lactide) (BPLP-PLLA) and BPLP-co-poly(lactic-co-glycolic) acid (BPLP-PLGA50:50 and
BPLP-PLGA75:25), that have intrinsic fluorescent properties were utilized to prepare fluorescent
nanoparticles. These NPs would allow us to not only track their location following transplantation, but to
also estimate the required dosing for administering and to assess the therapeutic outcome. Based on
physical and in vitro compatibility properties of these investigated NPs, BPLP-PLGA NPs demonstrated as
optimal fluorescent NPs with potential to be utilized for diagnosis and treatment of cardiovascular diseases.
In the second approach, we created a nanoparticle system that enabled fast capture of endothelial cells by
incorporating highly selective biorthogonal click chemistry between tetrazines and transcyclooctene. Our
strategy of pre-targeting tetrazine modified nanoparticles demonstrates the specific binding of these NPs

onto the injured arterial wall and then capturing and retaining transcyclooctene modified endothelial cells



to promote faster vascular healing. Taken together, these two approaches have outstanding potential

applications in the detection and treatment of cardiovascular diseases.
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Chapter 1. INTRODUCTION

1.1 STATISTICS OF CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD) accounts for the highest number of deaths in the United States. In
fact, based on AHA statistics, CVD claims more lives each year than all forms of cancer and chronic lower
respiratory diseases combined." It is estimated that >130 million of the adult population of the U.S. will have
some form of CVD by the year 2035.2 The prevalence increases with advancing age and varies within
racial, ethnic, geographic, and sociodemographic groups.® Among the different types of CVD, coronary
heart disease mostly affects human lives, followed by stroke and heart failure. In 2015, 7.4 million out of
the 17.7 million people that died from CVDs were due to coronary heart disease. Although this trend in
rate of deaths associated with coronary heart disease has declined since 2004, the burden and risk factors
remain alarmingly high." Furthermore, the medical costs associated with management and treatment of
coronary artery disease were calculated to be >$100 billion annually; and they were expected to increase
by about 100 percent by the year 2030." 5 Overall, these statistics suggest the significance of developing
effective, preventive care measures to substantially reduce the mortality and morbidity associated with CVD

events.

1.2 CORONARY ARTERY DISEASE

Coronary artery disease (CAD) is characterized by the formation of atherosclerotic plaque within
the lining of the coronary arteries resulting in constricted blood vessels. This limits the adequate supply of
oxygen-rich blood to the heart muscle, thereby affecting functionality. Eventually, the reduced blood supply
to the heart causes chest pain (angina), shortness of breath, myocardial infarction (Ml), or sudden cardiac
death. Some of the conventional risk factors that contribute to CAD include hypertension, hyperlipidemia,
diabetes mellitus, smoking, and family history of CAD or MI; and it is estimated that these risk factors only
account for 50% of the total risk of CAD, suggesting that some of the main causative factors have yet to be

identified.5 7

Atherosclerosis is initiated when the endothelium lining the blood vessel gets disrupted or activated

as it encounters certain bacterial products or risk factors as diverse as dyslipidemia, vasoconstrictor



hormones inculpated in hypertension, the products of glycoxidation associated with hyperglycemia, or
proinflammatory cytokines derived from excess adipose tissue.® ® As a result, endothelial cells highly
express the adhesion molecules such as P-selectin and vascular cell adhesion molecules-1 (VCAM-1),
which mediate the attachment and recruitment of monocytes and lymphocytes to the region. Furthermore,
low density lipoproteins (LDL) can permeate through the endothelial layer, accumulate in the intimal layer,
and undergo oxidation. In response to the modified lipoproteins, vascular cells produce chemoattractant
factors, which include monocyte chemoattractant protein-1 to direct the migration and diapedesis of
adherent monocytes. Those monocytes that interact with endothelial cells increase their production of
matrix metalloproteinase 9 (MMP-9) supporting the transmigration of leukocytes through the endothelial
layer and their basement membrane. Within the intima, monocytes mature to become macrophages that
scavenge the modified lipoproteins, leading to their formation of foamy cells. These foamy texture cells
replicate and amplify the inflammatory response via secretion of various growth factors and cytokines. T
cells that also recruit to the intimal region of blood vessels get activated and differentiate into T- helper 1
effector cells and amplify inflammatory activity with increased production of proinflammatory cytokines. As
a result of increasing proinflammatory stimuli, smooth muscle cells (SMCs) get attracted to the site of a
fatty streak; hence, they start to rapidly proliferate and produce extracellular matrix, mainly collagen and
proteoglycans. This process leads to the progression of the lipid-rich lesion to fibrous plaque that
encroaches the lumen of coronary vessels. As the lesion progresses, calcification occurs, and the final
lesion formed consists of a fibrous cap with an overlying lipid rich core containing necrotic material that may

be highly thrombogenic.'°

1.21 Treatment Options and Limitations

Depending on the patient diagnosis and the extent of plaque buildup, current clinical treatments
include medical therapy (MED), percutaneous coronary interventions (PCI) and coronary artery bypass
grafting (CABG). In medical therapy, generally, antithrombotic drugs including aspirin and clopidogrel are
prescribed aiming to control angina and prevent or reverse plaque progression. Although they have
contributed towards substantial reduction of serious cardiovascular events and reduced all-cause mortality,

there is a significant increase in risk of bleeding. Next to MED, PCIl and CABG focus on re-establishing



adequate blood supply to the infarcted heart. CABG is a highly invasive procedure which utilizes the
autologous arteries or veins as grafts to bypass the diseased coronary arteries to restore the blood flow. !
It is generally recommended for many patients with the presence of severe left main stem artery stenosis,
or left main equivalent disease and multi-vessels.'? 13 Some of the main limitations with CABG include
donor site morbidity, graft failure, and unavailability of suitable vessels for replacements especially with

patients with underlying chronic conditions.'" 4. 15

PCI, on other hand, is a much less invasive procedure where the occluded arteries are opened
using angioplasty balloons or stenting. Various clinical trials and meta-analyses have shown the improved
outcomes of PCI when treated for acute coronary syndromes.'® However, one of the main challenges with
PCl is that it can inevitably damage and remove the endothelial cells lining the lumen of the blood vessel,
initiating a cascade of inflammatory events culminating in thrombosis and restenosis. To overcome this, a
new generation of drug eluting stents (DES) have been designed to locally deliver anti-proliferative drugs
and have shown significant improvement in the clinical outcome.'” Despite this, due to the non-specific
action of these drugs on the endothelial cells, they prolong the healing of the vessel after implantation of
DES resulting in late stage thrombotic events.'® According to a recent in vivo case-controlled study, ~80%
of patients diagnosed with late stent thrombosis were found to have uncovered struts that exposed foreign
materials to the immune cells.'® Furthermore, long-term anti-thrombogenic therapies increase the risk of
serious bleeding complications in patients,?® so rapid restoration of the functional endothelial layer can

significantly prevent undesired late stage inflammatory responses following vascular interventions.

1.2.2 Restenosis and Intimal Hyperplasia

The vascular endothelium plays a pivotal role in maintaining homeostasis, regulates vascular tone
as well as supports critical antithrombotic functions by producing various vasoactive molecules including
nitric oxide, thrombomodulin, prostaglandins, tissue plasminogen activator and vasoconstrictors. When
these endothelial cells get damaged due to a balloon injury or stent implantation, cells get activated to
express the adhesion markers including ICAM-1, VCAM-1, and P-selectin or to detach to expose the
underlying subendothelial collagen matrix. Platelets, under physiological conditions, are relatively inert

circulating cells constantly 'surveying' the vasculature for any damage to the endothelium.?" In response to

3



the endothelium denudation, the platelets adhere and activate to release mediators such as ADP and
thromboxane, which eventually leads to platelet aggregation.?? Platelet aggregates then interact with other
inflammatory cells and support their infiltration. The initial tethering of platelets to the site of injury is
mediated by the interaction of the glycoprotein (GP)Ib-IX-V complex on the platelet membrane with the A1
domain of VWF in the exposed sub endothelium.?2 This interaction further facilitates other platelet receptors
including GPVI and a2+ engages with the collagen matrix for firmly adhering the platelets to the vasculature
wall.22 Due to this innate characteristic of platelets in recognizing the injury, it has paved the way to develop
platelet mimicking drug delivery vehicles to treat various ailments such as wound healing, regeneration,
thrombosis, and cancer. Following the platelet adherence, more leukocytes including monocytes and
neutrophils are recruited and interact with the subendothelial matrix, thereby aggravating the inflammatory
responses post PCI procedure.?® In addition, smooth muscle cells (SMCs) in the medial layer of blood
vessels respond to platelet derived growth factors (PDGF) and other growth factors released by adherent
platelets by rapid proliferation, and deposition of extracellular matrix protein contributing to intimal

thickening, neointimal hyperplasia and finally the development of restenosis following PCI.24

Delayed reconstruction of the endothelial layer has been identified as one of the major contributing
factors for the late thrombosis.?% 26 To improve reendothelialization, stent designs have been improvised to
incorporate the following features: (a) stents with thin struts and streamlined geometry to improve the local
vascular flow conditions2*; (b) drug eluting stents to release anti-inflammatory agents including paclitaxel,
dexamethasone, sirolimus or one of its analogues (everolimus, zotarolimus, or biolimus) to inhibit the
progression of intimal hyperplasia?’; and (c) cell-capturing stents that are immobilized with endothelial
progenitor cells (EPCs) specific antibodies to support in situ endothelialization. For instance, the Genous®
(OrbusNeich) stent, which is coated with anti-CD34 antibodies, is the first device of its kind evaluated in
humans.27-29 But the clinical data with the usage of Genous stents is not very promising, especially because
CD34 is not an EPC specific marker, but rather a pluripotent stem cell marker. Hence, only a small
population of CD34 positive cells form endothelial cells, whereas the rest can differentiate into various types
of cells including inflammatory cells and vascular smooth muscle cells that exaggerate restenosis. Hence,
other endothelial specific antibodies including anti-VEGFR2, anti-CD133 and anti VE-cadherin have been

investigated for their potential to specifically capture progenitor cells to the injured site.?’-2° With the advent
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of nanotechnology, newer modalities using magnetic targeting have also been explored to attract and

capture transplanted endothelial cells effectively onto stents and vascular grafts.30. 31

1.3 NANOTECHNOLOGY IN TREATMENT AND DIAGNOSIS OF CVD

Nanoparticles (NPs) put forward many attractive features for drug delivery such as a high drug
loading capacity, drug protection from a harsh biological environment, reduced off-target cytotoxicity of
drugs, improved drug solubility, controlled drug release kinetics, and specific disease targeting.32 Hence, in
the past years, many efforts have been made to develop nanomedicines for treatment and diagnosis of
various ailments including CVD. A diverse range of nanoparticle formulations of different composition, sizes
and shapes have been utilized for this purpose. This includes liposomes, micelles, polymeric nanoparticles,

dendrimers, gel like nanoparticles and magnetic nanoparticles.33

To minimize the harmful side effects and non-specific interaction of therapeutics, targeted delivery
of nanomedicine is highly desirable. In targeted drug delivery, nanoparticles are expected to deliver
payloads specifically to the diseased regions following systemic administration. To achieve this, nano
systems were functionalized with proteins or antibodies to recognize their antigen or ligands highly
expressed in the injured tissues. For instance, collagen IV represents 50% of the vascular basement
membrane, and following PCI, this layer is generally exposed to the circulation. Chan et al. (2011) designed
paclitaxel loaded nano burrs modified with collagen IV targeting peptides and showed them to be effective
in suppressing stenosis following balloon angioplasty.3* On the other hand, Kona et al. (2013) developed
Gp1ba functionalized nanoparticles targeted towards vWF deposited onto a vascular basement membrane
to deliver dexamethasone for inhibiting restenosis and intimal hyperplasia.3® In another instance,
alendronate loaded liposomes were modified with ligands to recognize the surface receptors present on
activated platelets (e.g. Gpllb/llla and P-selectin) and demonstrated it to be effective in reducing in stent
restenosis to 30% when compared to empty liposomes.3 Biomimetic nano systems have also been
increasingly researched in recent years, due to their innate characteristics to specifically accumulate at the
diseased sites and their increased circulation time compared to other drug delivery systems. Hu et al. (2016)
cloaked the docetaxel loaded PLGA nanoparticles with platelet membranes and demonstrated them to have

platelet mimicking properties including selective adhesion to the damaged vasculature and improved



binding to platelet-adhering pathogens.?” Docetaxel exhibited enhanced therapeutic efficacy in inhibiting
restenosis when delivered by these platelet-mimetic nanoparticles. Xu et al. (2019) utilized similar
biomimetic systems to deliver recombinant tissue plasminogen activator (rt-PA) to reverse thrombosis and
simultaneously decreased potential side effects as well prolong the half-life of thrombolytic agents.38 In
another approach by Anselmo et al. (2014), they applied key attributes of natural platelets such as discoidal
morphology, mechanical flexibility, biophysical and biochemical mediated aggregation; and
heteromultivalent presentation of ligands to adhere onto VWF and collagen to develop synthetic platelets.
Their “platelet-like” nanoparticles exhibited superior binding characteristics compared to spherical and rigid
discoidal counterparts as well as demonstrated site selective adhesive and platelet-aggregatory properties
under physiological flow conditions. Such nanoparticle systems were utilized to mimic and improve the

hemostatic function of natural platelets.®

Localized drug delivery can also be achieved by coating the angioplasty balloons and stents with
drug loaded nanoparticles. For instance, lyer et al. (2019) transferred unconjugated nanoparticles to the
arterial wall utilizing hydrogel coated angioplasty balloons and demonstrated long term retention on the
vasculature, even under a physiological flow condition using ex vivo rat arteries.*? Bioresorbable stents
modified to elute the therapeutic loaded nanoparticles have also been developed to prevent stenosis after
stent implantation.4' Chorny et al. (2010) utilized magnetic nanoparticles and guided them to stented
arteries using an external magnetic field for localized delivery of paclitaxel.#? Such an approach also
demonstrated an effective treatment efficacy by inhibiting in-stent stenosis at drug doses below those
provided by paclitaxel-eluting stents. Furthermore, other stimuli responsive systems based on various
triggers such as light irradiation, shear stress, pH alteration, change in temperature or response to redox
potential were also investigated to support localized drug delivery for the treatment of cardiovascular
disease.®® An innovative strategy by Korin et al. (2012) was the development of shear-responsive
microaggregates that break up into nanoscale components when exposed to abnormally high fluid shear
stress present at highly constricted blood vessels.*® These novel microaggregates were utilized to deliver
tPA, which exhibited superior delivery of therapeutics at diseased regions with minimal side effects and

maximum drug efficacy.



In addition to their capability as drug carriers, multifunctional nanoparticles are used to support cell
delivery, capture, and retain at diseased sites for reendothelialization, angiogenesis and tissue
regeneration. Magnetically mediated delivery of endothelial cells is one such instance where
superparamagnetic nanoparticles (MNPs) were utilized to guide transplanted cells to the injured region.
Polyak et al. (2016) and others have incorporated biodegradable MNPs into endothelial cells and localized
them to stents using a brief exposure to a uniform magnetic field.*+ 45 It was proven that magnetically
assisted delivery of endothelial cells had potential for homing cells to the injured vasculature and prevented
in-stent stenosis. In another instance, bi-functionalized nano scaffolds were designed to engage with an
injured artery, and at the same time, support the enrichment of endogenous or exogenously delivered

therapeutic stem cells for in situ arterial wall regeneration following PCI.46

Increasing research focuses on utilizing nanoparticles to meet unmet needs in cardiovascular
imaging. Especially due to the specific features provided by nanoparticles such as atypical size distribution,
targeted specific delivery, high contrast capability, and an increased lifetime make them an indispensable
tool in the future of medical imaging.*” Nanoparticles can be labeled with a variety of imaging agents to
enable their detection with computer tomography (CT), magnetic resonance imaging (MRI), optical
methods, or nuclear imaging such as PET and SPECT. Most of the clinically applied contrast agents have
two main limitations that can be improved with the use of nanoparticles: the first is toxic effects and the
second is non-target specificity. For instance, the contrast agent gadolinium is used to detect plaque with
cardiac resonance imaging; however, gadolinium releases free ions inducing toxic effects in the body.*8
Recently, it was found that self-assembled gadolinium nanoparticles have enhanced MRI contrast ability
with reduced toxicity.*® Another way to counteract the toxicity is by incorporating gadolinium into polymeric
nanoparticles as demonstrated by Menon et al. (2016) and showing cytocompatibility and imaging
capabilities following encapsulation within nanoparticles.®® Superparamagnetic iron oxide nanoparticles
were also utilized as contrast agents and served to be a safer alternative to gadolinium. Small sized dextran
coated magnetic nanoparticles are clinically utilized to passively target intraplaque macrophages. However,
these nanoparticles are amenable for surface modification, enabling them to actively target any biomarkers
of interest for the diagnosis and imaging of cardiovascular diseases.?! Iron oxide nanocrystals can also be

incorporated into functionalized drug delivery systems such as micelles, liposomes, nano emulsion and
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high-density lipoproteins to promote active targeting for in vivo imaging.5' In addition to iron oxide
nanoparticles, gold nanoparticles demonstrated favorable biocompatibility and versatility; hence, recently
these particles have been applied to the cardiovascular field especially for CT and optical imaging.52
Additionally, carbon nanotubes have been employed for the imaging application. Due to the high echogenic
property of these nanostructures, they are able to be used as contrast agents for ultrasonography and
demonstrated their capability to generate an ultrasound signal comparable with commercially available

contrast agents without causing any toxicity.53

1.4 CELL THERAPY FOR TREATMENT OF CVD

Stem cell therapy has shown to be an attractive therapeutic approach to prevent and treat CVD.%*
A spectrum of stem cells from various sources has been investigated for their application in CVD. This
includes skeletal myoblasts, bone marrow mononuclear cells, resident cardiac stem cells, adipose stem
cells and embryonic progenitor cells.5> Stem cell therapy has been used as treatment for various kinds of
CVD; however, our focus in the following review will be upon their utilization in supporting the rapid
reendothelialization process in preventing restenosis. Mostly, endothelial progenitor cells (EPCs),
outgrowth endothelial cells (OECs), mesenchymal stem cells (MSCs) or induced pluripotent stem cells
(iPSCs) are administered to treat an arterial injury following PCI.31.45.56-60 A successful regeneration occurs
when these exogenously delivered stem cells or endogenous cells differentiate into functional endothelial
cells. Although MSCs were shown to be promising due to their high adhesive capacity and regeneration-
promoting paracrine activities, these cells can potentially differentiate into smooth muscle cells and
aggravates the arterial injury.8" Therefore, Wang et al. (2007) co-delivered both MSCs along with OECs,
and demonstrated that OECs can significantly modulate and attenuate intimal hyperplasia contributed by
MSCs following vascular injury.®" In another instance, Chang et al. (2018) utilized genetically modified
MSCs secreting growth factors that not only supported increased reendothelialization and reduced
restenosis, but also helped in specific differentiation of MSCs into mature endothelial cells lining the arterial

lumen.82

Upon an arterial or tissue injury, stem cells mobilize from bone marrow into circulation and

accumulate in diseased regions due to their interaction with chemokines and growth factors released by



injured tissues or inflammatory cells. To improve their homing, stents have been modified to express EPC
specific antibodies as earlier mentioned. In another approach, Li et al. (2018) developed click chemistry
moieties tagged antibodies to interlink circulating stem cells to the activated platelets at the site of the
arterial injury.®® Some of the issues utilizing endogenous stem cells are: 1) a decrease in cell signaling
molecules that direct stem cell mobilization over time following the injury, and 2) poor functionality of
mobilized stem cells in aged patients or patients with underlying health conditions. However, for the
exogenous transfer of stem cells, the primary concern is still due to the poor cell homing and engraftment
in the diseased regions following transplantation.5® Several methodologies are investigated to overcome
this challenge. The application of MNP laden stem cells is one such approach that has demonstrated the
feasibility of using external stimuli to direct the homing of transplanted cells to the desired region.31. 45 64
Another novel approach is by modifying the stem cell surface to present receptors to target one of the
biomarkers of the injured sites. Giordano et al. (2016) generally modified ECs to highly express interleukin
(IL)-8 receptors such as ILBRA and RB on their membrane to attract the cells towards injured arteries that
overexpress IL-8 following PCI.6° Non-genetic mediated approaches were also employed to incorporate the
desired proteins on the cell surface that may improve stem cells’ homing.8® For instance, Lo et al. (2013)
integrated P-selectin glycoprotein ligand-1 onto MSCs using palmitated protein G and demonstrated their
effective capture and rolling onto injured endothelial cell monolayers at physiological relevant wall shear
stress.% Tang et al. (2018), on other hand, had an interesting approach to improve the homing of stem cells
to injured tissue.®” In their work, platelet vesicles were fused with cardiac stem cells to instill the platelets’

natural homing capability into the stem cell to recognize and accumulate onto the denuded endothelium.

1.5 RESEARCH OVERVIEW

Our long-term goal of our research is to develop a multifunctional nanoparticle system to be used
for treatment and imaging applications for better management of cardiovascular disease. To achieve our
goal, in this research project, two different kinds of novel nanoparticle systems that have potential
application in CVD were developed: (1) nanoparticles that can be utilized for in vivo imaging purposes by
utilizing biodegradable photoluminescent polymers, and (2) nanoparticles that can support rapid cell

capture to promote reendothelialization following PCI procedures by incorporating highly selective



biorthogonal click chemistry with nanotechnology and cell therapy. Our strategy will ensure in vivo tracking

as well as a cell homing system to improve the therapeutic outcomes of cell therapy.
To achieve our long-term goal, the following specific aims were developed:

Aim 1. Fabrication and evaluation of photoluminescent polylactones for their potential as
theranostic vascular nanoparticles. In this aim, we will fabricate and screen three different
photoluminescent polylactones such as BPLPL-PLGA 50:50, BPLPL-PLGA 75:25 and BPLPL-PLLA for
their physical properties including sizing, stability, degradation, and payload release kinetics. In
addition, the cyto-/hemocompatibility of these fluorescent nanocarriers will be evaluated in terms of cellular

growth and immune cells’ activation.

Aim 2. Development of multifunctional nanoparticles to mediate endothelial cell homing to the
injured vasculature. In this aim, we will fabricate multifunctional nanoparticles that can target a vWF
coated surface representing the injured vasculature as well as interlink with engineered endothelial cells
via click chemistry coupling. Nanoparticles with different amounts of surface tetrazine moieties will be
fabricated and characterized for their biological properties in vitro. In parallel, endothelial cells will be
engineered to present transcyclooctene (TCO) hooks and evaluated for their functional properties. In
addition, the capability and specificity of multifunctional nanoparticles to home engineered cells will be

evaluated using in vitro and ex vivo models.
The main innovative highlights and significant aspects of our research are as follows:

e The utilization of biocompatible polylactones with an intrinsic and stable photoluminescent capability to
synthesize vascular drug carriers. The optimal nanoparticle system that can potentially be utilized to
monitor their pharmacokinetics and distribution after in vivo delivery. Furthermore, it helps us to
estimate the required dosing of the therapeutic candidates to be administered at the injured site and
assess the outcome of the therapy.

o The combination of nanotechnology and cell therapy mediated by a click chemistry-based interaction
is the first of its kind. Our approach can promote stable interaction of the cells to the extracellular matrix

and promote efficient cell homing and retention onto the injured vasculature.
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Chapter 2. CHARACTERIZATION OF PHOTOLUMINESCENT POLYLACTONE-

BASED NANOPARTICLES FOR THEIR APPLICATIONS IN CARDIOVASCULAR

DISEASES

2.1 SIGNIFICANCE

The real time, non-invasive monitoring of transplanted cells and nanocarriers after delivery would
help us to determine their pharmacokinetics and tissue distribution in vivo. In addition, we can estimate the
required dosing of the therapeutic candidates to be administered at the injured site, assess the outcome of
the therapy, and develop more efficient treatment/ delivery strategies. A common strategy employed in
labeling cells or drug carriers for imaging applications is by directly incorporating fluorophores,
radioisotopes, quantum dots, and paramagnetic nanoparticles within them. However, major concerns
involved with these imaging agents are often associated with their poor photobleaching-resistance and
substantial cytotoxicity, which limit their applications for long-term in vivo tracking of cells and/or drug
carriers. Another technique to image living cells involves genetic modification by introducing reporter genes
into the cells’ genome to express specific fluorescent/bioluminescent proteins or enzymes required for
signal generation. This approach is less favorable as it produces gene alteration, and often requires viral
vectors for gene transduction, which may cause immunogenicity and mutagenesis. Therefore, this strategy
of imaging is only approved in terminally ill patients.®® Considering the issues associated with the tracking
of cells and/or drug carriers using the aforementioned strategies, the development of biodegradable and
biocompatible materials that allows non-invasive, stable and long-term imaging capabilities has become

increasingly desirable.

Earlier, we developed citrate-based biomaterials, known as biodegradable photoluminescent
polymers (BPLPs), that possessed a strong and tunable photoluminescence phenomenon; and we
demonstrated their potential use in bioimaging, drug delivery and tissue engineering.®® Unlike other imaging
agents that are not degradable, BPLPs are created from biocompatible monomers via a convenient thermal
polycondensation reaction and are shown to have controlled degradability properties. However, the main

challenge of using BPLPs for nanoparticle fabrication was associated with their low molecular weight, which
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resulted in nanoparticle aggregation in physiological conditions, hence limiting their use as an imaging
probe. To overcome this, we synthesized new polymers by incorporating BPLPs into the widely used
biodegradable polylactones, referred to as biodegradable photoluminescent polylactones (BPLPLs) that
showed higher molecular weight, improved mechanical strength, and had favorable processability over
BPLPs.”% 7' The intrinsic and stable fluorescent property of BPLPs is well preserved in BPLPLs.
Furthermore, the BPLPLs fluorescence emission ranging from blue to red can be adjusted by varying

different amino acids in the syntheses of BPLPs.%% 72

In this research, we developed three different nanoparticles based on BPLPLs including BPLP-co-
poly (L-lactic acid) (BPLPL-PLLA) and BPLP-co-poly (lactic-co-glycolic acid) copolymers with lactic acid
and glycolic acid ratios of 75:25 (BPLPL-PLGA75:25) as well as 50:50 (BPLPL-PLGA50:50). Furthermore,
we characterized their physical properties and biocompatibility with the blood cells and endothelial cells and
investigated their bioimaging applications. Our preliminary characterization studies would help us to identify
a suitable BPLPL-based material to synthesize theranostic NPs that can be utilized both as an imaging
agent to track the EC delivery and as a vascular drug carrier to promote in situ reendothelialization post

arterial injury.

2.2 MATERIALS AND METHODS

Synthesis of BPLPLs such as BPLPL-PLLA (1:100), BPLPL-PLGA50:50 (1:100), BPLPL-
PLGA75:25 (1:100) was described previously.”® 7" The ratio of 1:100 represents the feeding molar ratio of
BPLP either with lactic acid or a combination of lactic acid and glycolic acid. PLGA50:50 of molecular weight
55-65kDa was purchased from Akina, Inc (West Lafayette, IN). Other reagents including bovine serum
albumin (BSA) and polyvinyl alcohol (PVA) of molecular weight 31-50kDa were bought from Sigma-Aldrich
(St. Louis, MO). MTS reagent (CellTiter 96®AQueous One Solution Cell Proliferation Assay) and Pierce
BCA protein assay were obtained from Promega (Madison, WI) and ThermoFisher Scientific (Grand Island,
NY), respectively. OxiSelect™ Intracellular Nitric Oxide (NO) Fluorometric Assay Kits were purchased from
CellBioLabs, Inc (San Diego, CA). Furthermore, human umbilical vein endothelial cells (HUVECs) were

purchased from American Type Culture Collection (ATCC, Manassas, VA), while the culture media
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(Vasculife Basal Medium) and supplemental kits (Vasculife VEGF Lifefactors) were purchased from Lifeline

Cell Technology (Frederick, MD). Other chemicals, if not specified were purchased from Sigma Aldrich.

2.2.1 Synthesis of BPLPL-based Nanoparticles

BSA was selected as the model protein to be encapsulated into BPLPL nanoparticles, which were
synthesized by a standard double emulsion technique. For this procedure, BSA solution (20 mg of BSA
dissolved in 0.2 ml of DI water) was emulsified into 2% (w/v) BPLP-polylactones solution prepared in 5 ml
of chloroform and sonicated. This primary emulsion was added drop wise into 12 ml of 5% (w/v) PVA and
sonicated again at 30 W for 5 minutes. Following the overnight stirring to evaporate organic solvents, the
nanoparticles were washed and isolated by centrifugation at 15,000 rpm for 30 minutes, and protein (BSA)-
loaded BPLPL based NPs were collected via freeze-drying. Blank BPLPL NPs as well as PLGA50:50 NPs
were also fabricated using similar procedures without adding BSA to be utilized for in vitro cells- and blood-

based studies.

2.2.2 Physical Characterization of BPLPL-based Nanoparticles

The nanoparticles were characterized for their particle size, polydispersity and zeta potential via a
dynamic light scattering (DLS) method using Zeta PALS zeta potential analyzer (Brookhaven Instruments,
Holtsville, NY). The size and morphology of the nanoparticles were also observed using transmission
electron microscopy (TEM). The stability of particles was determined by observing the variation in their size
while suspended in various formulations such as DI water, saline (0.9% sodium chloride solution), 10%
Fetal Bovine Serum (FBS, Atlanta Biological, Lawrenceville, GA), or simulated body fluid with similar
composition of blood plasma, prepared as described previously).”® The particles were incubated at 37°C
and their sizes were measured using DLS every 12 hours up to 3 days. Furthermore, the amount of BSA
encapsulated into BPLPL-based particles was estimated based on unentrapped BSA in PVA solution after
centrifugation. The percentage of loading efficiency was calculated as actual amount of BSA loaded with
respect to the initial amount of BSA used to prepare NPs. For the in vitro release study of BSA, 1 mg/ml of
particle solution in PBS suspended in a 100 kDa dialysis bag (Spectrum Laboratories Inc., Rancho
Dominguez, CA) was dialyzed against phosphate buffer saline (PBS) solution. At each predetermined time

point, 1 ml of dialysate solution was collected and replaced with fresh PBS solution. BSA content in the
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collected solution was quantified using BCA protein assays following manufacturer’s instructions, and
cumulative BSA release over the time was analyzed based on BSA standards. In vitro degradation of
nanoparticles in DI water was analyzed over a period of 4 weeks. Briefly, NPs were suspended in DI water
and incubated at 37°C for predetermined times. At each time point, particles were collected and freeze

dried. The degradation was determined based on the remaining mass of NPs.

2.2.3 In Vitro Cell Studies of BPLPL-based Nanoparticles

Cytocompatibility: To evaluate the cytotoxicity of BPLPL-based nanoparticles with human umbilical vein
endothelial cells (HUVEC), cells were seeded in 96 well plates at a seeding density of 30,000 cells/cm? and
incubated in 37°C for 24 hours. Following incubation, cell culture media was replaced with increasing
concentrations of nanoparticle suspension (in media) for 24 hours. The cells were then washed and
incubated with MTS assay reagents for 3 hours. Absorbance readings were measured at 490 nm using UV-
Vis spectrophotometer (Infinite M200 plate reader, Tecan, Durham, NC), and the percent of cell viability

was determined with respect to untreated cells.

Cellular uptake: The efficiency of HUVECs to internalize BPLPL-based nanoparticles was determined.
Briefly, HUVECs of density 30,000 cells/cm? were initially seeded in to 96 well plates and allowed to attach
for 24 hours. The cell culture media was then replaced with nanoparticle suspensions of various
concentrations, and the plates were incubated for 4 hours. After treatment, cells were washed with PBS
and lysed with 1% Triton X-100 for 30 minutes at 37°C, and lysate was utilized to measure the nanoparticles’
fluorescence intensities at excitation and emission wavelengths of 377 nm and 431 nm, respectively. These
measurements were analyzed against a nanoparticle standard. These fluorescence intensity values were
then normalized with the total protein content per sample using BCA assays following manufacturer’s
instructions. In parallel, the nanoparticle interactions with endothelial cells were imaged using a

fluorescence microscope under a FITC channel.

Cellular functionality: HUVEC functionality in the presence of BPLPL-based nanoparticles was
determined based on nitric oxide (NO) production. Nanoparticles (1 mg/ml) were incubated with cells for 24
hours, following which nitric oxide production of exposed cells was quantified using Intracellular Nitric Oxide

Fluorometric Assay kits (Cell Biolabs, Inc., San Diego, CA) following the manufacturer’s instructions. In
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brief, an NO fluorometric probe (provided with the kit) enters the cells and deacetylates by intracellular
esterase to a non-fluorescent intermediate, which is rapidly oxidized by nitric oxide into a fluorescent
triazolo-fluorescein analog. The fluorescence intensity is proportional to NO levels within the cell cytosol,
which can be quantified at a wavelength of 480 nm (excitation)/530 nm(emission) using UV/vis
spectrophotometer (Infinite M200 plate reader, Tecan, Durham, NC). Cells grown on tissue culture plates

without any treatment served as control.

2.2.4 In Vitro Blood Studies of BPLPL-based Nanoparticles

Blood collection: Whole blood was drawn from healthy adult volunteers into acid citrate dextrose
anticoagulant tubes (ACD, Solution A; BD Franklin Lakes, NJ). Consent from the volunteers was obtained
prior to the blood collection, and all the procedures strictly adhered to the IRB standards approved at the

University of Texas at Arlington.

Whole blood clotting kinetics and hemolysis: Briefly, in hemolysis, 10 ul of various concentrations of
nanoparticles ranging from 0-1000 pg/ml were incubated with 200 pl of blood for 2 hours at 37°C. The
nanoparticles were centrifuged at 1000 rpm for 5 minutes and absorbance of the supernatant was obtained
using UV-Vis Spectrophotometer at a wavelength of 545 nm. Blood diluted in DI water served as the positive
control, whereas saline diluted blood as the negative control for hemolysis studies. Percentage of hemolysis
due to each sample was quantified based on Eq. (1). In the whole blood clotting study, we studied the
effects of particles on normal blood clotting kinetics, which was measured as blood clotting index (BCI).
Here, whole blood initially activated by adding 0.01 M of calcium chloride, and 50 pl of activated blood was
then treated with 10 pl of 0.5 mg/ml of nanoparticles at predetermined time points. At each time point, 1.5
ml of DI water was added to lyse the un-clotted blood, and absorbance of the supernatant was measured
at 540 nm. Untreated blood served as a control. The absorbance of whole blood (without any addition of

calcium chloride) in water at 540 nm was applied as a reference value. The BCI can be quantified from Eq.

().

. Absorbance of sample—Absorbance of negative control
(1) Hemolysis (%) = f samp S neg X 100%

Absorbance of positive control—Absorbance of negative control
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Absorbance of blood in contact with samples at set time points at 545nm

(2) BCI =

Absorbance of whole blood in water at 545nm at time 0

Platelet adhesion and aggregation: We further investigated the hemocompatibility of BPLPL materials
based on the platelet adhesion and activation. For this study, platelet rich plasma (PRP) was collected by
centrifuging whole blood at 190 g for 12 minutes. PRP was incubated with BPLPL films for 1 hour at 37°C
under static conditions. After 1 hour, films were rinsed carefully with PBS and attached platelets were lysed
using a cell lysis solution for 1 hour. The LDH release corresponding to platelet adhesion was quantified by
detecting the amount of lactate dehydrogenase (LDH) present in the lysate solution using CytoTox 96®
Non-Radioactive Cytotoxicity Assays according to the manufacturer’s instructions. Glass served as the
positive control for comparison. The morphology of platelet adhesion on the polymer films was also
visualized using scanning electron microscopy (SEM) imaging. Briefly, platelets on films were fixed with
2.5% glutaraldehyde (Electron Microscopy Science, 16536-15) overnight, post fixed with 1% Osmium
tetroxide in 0.1M Cacodylate buffer (Electron Microscopy Sciences, 19150) for 1 hour, dehydrated with a
graded series of ethanol (50%, 75%, 95%, 100%) for 15 minutes at each step, and further dried using
varying ratios of hexamethyldisilane (HMDS) in ethanol (1:2, 1:1, 2:1) for 15 minutes at each step. Finally,
the films were dried using 100% HMDS for 30 minutes and then sputter-coated with silver for SEM. In
addition, after incubating PRP with polymer films for 1 hour, 5 pl of suspension was collected and incubated
with saturating concentrations of CD42b-PE (platelet marker) and PAC1- FITC (activated glycoprotein GP
lIb/llla receptor marker) for 20 minutes. The antibodies were obtained from BD Biosciences. The platelets
were fixed with 1% paraformaldehyde for 2 hours in 4°C and were analyzed on a BD LSRII flow cytometer.
At least 10,000 events per sample were analyzed and identified based on their forward and side scattering
characteristics and by positive staining with anti-CD42b-PE antibodies. The percentage of Gpllb/llla

expressing platelets was calculated relative to the total number of platelets (CD42b positive cells).

2.2.5 Statistical Analysis

All the experiments were performed with n=3-6 if not specified. Data were expressed as
mean = SEM. The statistical analysis was assessed using ANOVA followed by post hoc Pairwise Multiple
Comparisons using the Holm-Sidak method on GraphPad Prism (GraphPad Software Inc, CA). A significant

difference was considered where P values appeared < 0.05.
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2.3 RESULTS

2.3.1 Physical Characterization of BPLPL-based Nanoparticles

DLS results show that the BPLPL-PLGAS50:50, BPLPL-PLGA75:25 and BPLPL-PLLA based
nanoparticles suspended in DI water have hydrodynamic sizes of 157 nm, 149 nm and 145 nm, respectively
(Table 2.1). The polydispersity values ranging from 0.10-0.17 suggest the particles were well dispersed.
TEM images of BPLPL nanoparticles also confirm the uniform distribution of NPs with smooth and spherical
morphology (Figures 2.1 A-C). Zeta potential for BPLPL-PLGA 50:50, BPLPL-PLGA 75:25 and BPLPL-
PLLA based nanoparticles were -24.7, -23.9, and -21.9 mV, respectively, suggesting that the particles might
be stable in physiological solutions.”* In addition, the stability of BPLPL based nanoparticles was evaluated
at various formulations including DI water, 10% FBS, 0.9% saline and simulated body fluid by recording the
nanoparticles diameter at fixed time intervals. We have observed that BPLPL-PLGA NPs were stable in all

Table 2.1. DLS measurements of BPLPL based NPs

Polymeric Nanoparticles Size (nm) Polydispersity Zeta
potential (mV)
BPLP-cys-PLLA (1:100) NPs 145 + 26 0.129 £ 0.035 -21.85+2.16
BPLP-cys-PLGA75:25 (1:100) NPs 149 + 37 0.116 £ 0.032 -23.85+ 1.32
BPLP-cys-PLGA50:50 (1:100) NPs 157 + 44 0.164 £ 0.010 -24.72 £ 0.82

(A) BPLPL-PLGA 50:50 NPs  (B) BPLPL-PLGA 75:25 NPs (C) BPLPL-PLLA NPs

Figure 2.1 Morphological characterization of BPLPL-based NPs. TEM images of (A) BPLPL-PLGA50:50
(1:100), (B) BPLPL-PLGA75:25(1:100), (C) BPLPL-PLLA (1:100) show uniform sized and spherical
morphology of nanoparticles. The scale bar represents 200 nm.

formulations for 48 hours with no significant aggregation or change in size. Although BPLPL-PLLA NPs
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remained relatively stable in DI water, saline and serum, they tended to have some aggregation in simulated
body fluid at 48 hours (Figure 2.2).
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Figure 2.2 Stability of BPLPL-based NPs. NP stability in various formulations such as (A) 10% serum, (B)
Saline (0.9% NaCl), (C) Dil-water, and (D) Stimulated body fluid based on particle size measured over
periods of 48 hours. Graph plot as average + SD of n = 3 samples. Asterisk (*) represents p < 0.05 in
comparison to size of BPLPL-PLLA NPs at the initial time point.

To determine if these nanoparticles could be utilized for drug delivery applications, their drug release
kinetics and degradation studies were conducted. BSA was chosen as the model growth factor. BPLPL-
PLGA 50:50, BPLPL-PLGA 75:25 and BPLPL-PLLA showed a loading efficiency of 70%, 69%, and 77%,
respectively. Figure 2.3A showed that both BPLPL-PLGA nanoparticles could release ~50% content within
24 hours, and the complete release was achieved in 7 days. On the other hand, BPLPL-PLLA nanoparticles
demonstrated comparatively lower release kinetics, and only 50% BSA release was achieved in 2 weeks
(Figure 2.3A). The in vitro degradation study also emphasizes the role of polymer composition on particle
behavior (Figure 2.3B), where BPLPL-PLGA particles showed a similar degradation rate and almost ~80%
degraded in 4 weeks. However, BPLPL-PLLA degraded slowly with only ~30% lost in weight when observed
after 4 weeks. Furthermore, all BPLP-cys-polylactone based nanoparticles showed maximum excitation

and emission wavelength at 374 and 441 nm, respectively (Figure 2.3C).
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Figure 2.4 Physical characterization of BPLPL-based NPs. (A) BSA release kinetics from BPLPL-based
nanoparticles in PBS solution at 37°C for 2 weeks, (B) Degradation of NPs in water at 37°C for 4 weeks, and
(C) Fluorescence spectrum of cysteine derived BPLPL-based NPs (1 mg/ml) has an excitation and emission
at 377 and 441 nm, respectively. Graph plot as average = SD of n = 3 samples.

(A)

110
100

HUVEC Viability

(as % of control)

BPLPL-PLGAS50:50 NPs
OBPLPL-PLLA NPs

50

BPLGAS50:50 NPs

N

N

100 250 500
NP Concentrations (ng/ml)

1000

B BPLPL-PLGA75:25 NPs

(B)
*
800001
.Eh |_|_|
R
%5%60000- T
£EE
o =
2 § 5 400004
= a2
ot &
i—ji&zoooo- s
3
(- - r
B > < o
PO A
o /D N
\& N Q- - v
TS
¢ F T N
& 5 & <
Y ¥ P ¥
Q\) q\) )
QV Q\)
& 9

Figure 2.3 Cytocompatibility of BPLPL-based nanoparticles. (A) HUVEC viability in the presence of
various concentrations of nanoparticles as quantified using MTS assays. (B) Intracellular NOS activity within
HUVECs was quantified after incubation with 1,000 ug/ml of BPLPL-based NPs for 24 hours. Fluorescence
intensity correlates with NOS activity or NO production within cells. *Represents significance with respect to
cells treated to BPLPL-PLLA. Graph plotted in terms of average * standard error mean (SEM).
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2.3.2 In Vitro Cell Studies with BPLPL-based Nanoparticles

Cytocompatibility evaluation of BPLPL-based NPs at various concentrations after 24 hours
incubation with HUVECs was conducted. Accordingly, BPLPL NPs at all concentrations ranging from 50-
1000 pg/ml was shown to be compatible with HUVECs with >80% viable cells after NP exposure (Figure
2.4 A). In addition, the functional status of endothelial cells in the presence of BPLPL-based NPs was
studied by assessing the nitric oxide (NO) production. Accordingly, we noted that NO production by
HUVECSs treated with BPLPL-PLLA NPs at 1000 pg/ml for 24 hours was significantly lower than that of cells
treated with BPLPL-PLGA NPs and untreated cells (Figure 2.4 B). On the other hand, NOS activity
quantified for HUVECs in the presence of both BPLPL-PLGA50:50 and BPLPL-PLGA75:25 demonstrated

no negative effects on cellular function.

(A) (B)
=
= £
@BPLPL-PLGAS0:50 NPs ~ WBPLPL-PLGA75:25 NPs = 3
OBPLPL-PLLA NPs =k
_ 48 T * M
= *
242 1 %
E s N
= . f «
4 8 Z Z O o
2: 0] 7N =5
2247 . e
A I 2
£ 18 1 g é g’ ~4
7 ==}
=124 1 7 7 .
2 % 7 é é g
206 1P 7 % 7 Z
7 7 Z Z 7

50 100 250 500 1000
NP Concentration (ng/ml)

BPLPL-PLLA NPs

Figure 2.5 Cellular uptake of BPLPL-based nanoparticles. (A) Nanoparticle uptake by endothelial cells
(HUVECs) at various concentrations after incubation for 4 hours in 37°C was quantified in terms of amount
of nanoparticles relative to protein amount per sample. $ and # represent significance with respect to
BPLPL-PLGA50:50 NPs at concentrations of 100 and 250 ug/ml, respectively; whereas * represents
significance between BPLPL-PLGA50:50 NPs and BPLPL-PLLA NPs. (B) Fluorescent images of
nanoparticles internalized HUVECs at 60X, green represents nanoparticles and blue for cell nuclei. The
scale bar is 25 um in length. Graph plotted in terms of average + SEM.
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Lastly, the uptake of BPLPL-based NPs by vascular endothelial cells (HUVECs) was studied by
incubating cells with various concentrations of NPs over 4 hours. All NP formulations showed dose-
dependent cellular uptake up to a concentration of 1000 ug/ml (Figure 2.5 A). Fluorescence images also
showed the internalization of BPLPL-based nanoparticles by endothelial cells and their subsequent

localization in the cytoplasmic region of cells after a 4-hour incubation with particles (Figure 2.5 B).

2.3.3 Hemocompatibility of BPLPL-based Nanoparticles

Hemocompatibility of nanoparticles was determined based on whole blood clotting kinetics, a
hemolysis study, and platelet responses. Blood clotting time reflects the thromboresistance property of
nanoparticles, and high thromboresistance; (Blood clot index, BCI value) means high blood compatibility.
All BPLPL-based nanoparticles showed similar BCl values with each other and when compared to

untreated blood samples (Figure 2.6A). This suggests that particles have no significant effect on the normal
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Figure 2.6 Hemocompatibility of BPLPL-based NPs. NP compatibility in whole blood was assessed based
on (A) the clotting kinetic profile in the presence of 1 mg/ml of NPs and (B) hemolysis after incubating with
nanoparticles of various concentrations for predetermined timepoints. Graph plot as average + SEM

blood clotting kinetics. Furthermore, BPLPL-based NPs at all tested concentrations proved to be
nonhemolytic with a maximum of 0.4%, which was well within the standardized ISO values for nonhemolytic
materials, which is 0-2% (Figure 2.6B).”> To assess the compatibility of BPLPL-based materials with
platelets, BPLPL films were incubated with PRP at 37°C for 1 hour. Based on the analysis, BPLPL-PLLA
showed a significantly higher number of platelets adhered onto its surface than those of BPLPL-PLGA
counterparts (Figure 2.7A). As platelets get activated, P-selectin translocates from intracellular granules to

the external membrane, whereas fibrinogen aggregates platelets by bridging glycoprotein GPIIb/llla
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between adjacent platelets 6. Based on flow cytometric analysis, a significant amount of platelet activation
was seen on the glass surface as a positive control (Figure 2.7B). The amount of activation seen on the
BPLPL-PLGA surface was similar to those on PLGA surfaces. In accordance with these observations, SEM
images also showed significantly higher platelet attachment on glass and BPLPL-PLLA surfaces than
others. Closer observation of these images (Figure 2.7C) shows that platelets are spreading and
aggregating on glass and BPLPL-PLLA surfaces. Other surfaces such as PLGA 50:50, BPLPL-PLGA 75:25
and BPLPL-PLGA 50:50 also presented a platelet shape change representing the early stage of platelet
activation, which was characterized by transformation from a discoid to spheroid form with small bulbous

protrusions distributed over the platelet surface 77.
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Figure 2.7 Platelet responses to BPLPL-based materials. (A) Platelet adhesion to BPLPL-based
materials after 1 hour incubation at 37°C quantified using LDH assays, (B) Platelet activation quantified
based on expression of GPIIb/llla surface markers using flow cytometry, and (C) SEM images to
demonstrate platelet morphological changes and interactions with BPLPL-based materials. *and #
represent significance value of p < 0.05 with respect to glass and BPLPL-PLLA, respectively. Graph plot as
average + SEM, and scale bar for SEM images represents length of 10 um.
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2.4 DISCUSSION

Bioimaging holds huge potential in the field of drug delivery, tissue engineering and regenerative
medicine. During the last decade, several functional polymers with imaging capabilities were investigated
to understand the biological processes and their potential applications for image-guided surgery and
therapy.’® 7° The BPLP is one such novel biomaterial with intrinsic and excellent photoluminescent
properties that can be used as a label-free in vivo imaging tool for disease detection and treatment. The
components that are utilized to develop BPLPs include citric acid, amino acids, and aliphatic diols, which
are all commonly used in many FDA-regulated devices.®® 8 Recently, a family of biodegradable
photoluminescent polylactones based on BPLP have been reported.”! This new class of materials can be
utilized to fabricate theranostic nanoparticles which can be tracked with a variety of microscopy techniques,

including fluorescent microscopy, confocal laser scanning microscopy and two-photon microscopy.&°

In our present work, we screened three different BPLPL-based nanoparticles (BPLPL-NPs) including
BPLPL-PLLA, BPLPL-PLGA50:50, and BPLPL-PLGA75:25 to determine the most promising formulation
that can be utilized for theranostic applications in treating cardiovascular diseases. Our characterization
showed that most BPLPL-NPs maintained uniform, spherical morphology with 150 nm in diameter and
higher negative zeta potential values compared to PLGA 50:50 nanoparticles due to inclusion of the citric
acid component in BPLP. This increased surface charged group of BPLPL-based NPs not only provides
additional functional motifs required for the conjugation of targeting ligands, but also improves NPs stability
in physiological fluids. To evaluate this, the diameter of BPLPL-NPs in various formulations including DI
water, serum, saline and simulated body fluid was monitored for 48 hours. Accordingly, we found that most
of the BPLPL-NPs, except BPLPL-PLLA at 48 hours in simulated body fluids, were relatively stable with no
signs of aggregations. It is plausible that long-term incubation of BPLPL-PLLA in simulated body fluids
alters the colloidal stability of particles due to enhanced interactions of these NPs with various salts and
enzymes that constitute the solvent. Lazzari et al. (2012) have observed similar aggregation behavior for
PLLA NPs in simulated body fluids after prolonged incubation.8! In such instances, simple modifications of
BPLPL-PLLA NPs surface with PEG chains might be able to prevent the docking of enzymes or ions on

nanoparticle surfaces, thereby improving their colloidal stability in physiological conditions.82
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The presence of PLLA in BPLPs also seem to affect the protein loading efficiency, protein release
kinetics and degradation profile of BPLPL-PLLA NPs. It was noted that BPLPL-PLGA NPs released ~50%
of BSA within 24 hours, whereas BPLPL-PLLA achieved a similar amount of BSA release within 2 weeks.
In addition, BPLPL-PLLA NPs demonstrated a slower degradation rate with ~30% lost weight compared to
BPLPL-PLGA NPs which showed ~80% degradation within 4 weeks. Hu et al. (2016) explained that BPLP
incorporation into polylactones could enhance water permeability, which in turn, accelerates the drug
release rate and degradation of copolymers.”® Also, the percentage of hydrophilic glycolic acid in BPLPL
would also attribute to faster degradation and thereby drug release from the particles. We speculate that
the hydrophobic nature of PLLA may have improved their protein encapsulation compared to its PLGA
counterparts by forming a hydrophobic wall to retard BSA leakage into the outer water phase during the NP
synthesis.8® Furthermore, the photoluminescent property of BPLP was retained in BPLPL-based NPs, with
maximum excitation and emission wavelength at 344 and 441 nm, respectively. Previously, we have shown
that depending on the amino acids used in BPLP syntheses, the fluorescence emission could be broadened

up to 725 nm, highlighting the versatility of these polymers for biomedical imaging.8

Following the physical and chemical characterization of BPLPL NPs, their cytotoxicity with
endothelial cells was investigated. BPLPL NPs exhibited excellent cytocompatibility with >80% of HUVECs
viability post treatment with NPs at all concentrations. Xie et al. (2014) also reported similar values for cell
viability using 3T3 fibroblasts exposed to BPLPL-PLLA nanoparticles at concentrations ranging from 1-500
pg/ml.”! Due to the presence of a high number of carboxylic groups on the BPLP backbone, it was noted
earlier about reduced cell survival in the presence of BPLP NPs.”"- 85 In our study, BPLPL-based NPs
showed a similar cytocompatibility profile as seen for PLGA NPs with minimal cytotoxicity on HUVECs.
Similar to our observation, Hu et al. (2016) also reported comparable in vitro cytotoxicity by mesenchymal
stem cells as well as in vivo foreign body response towards BPLPL and PLGA materials.”® This suggests
that inclusion of BPLP into commonly used polymers such as PLGA did not significantly affect the cell
survival, while the newly synthesized polymers can still inherit the florescent properties from BPLP, which

could possibly be utilized for theranostic applications in CVD treatment.
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Next, the proper functioning of endothelial cells in the presence of BPLPL-based NPs in terms of
nitric oxide production was evaluated. Nitric oxide (NO) is an important signaling molecule released by
endothelial cells to regulate vascular inflammation, platelet function, angiogenesis, and protection from
ischemia reperfusion injury. Any dysregulation of NO production due to NOS uncoupling is known to cause
cardiovascular diseases (e.g. atherosclerosis, diabetes, and hypertension).88 Inorganic nanoparticles
including fluorescent silica NPs, superparamagnetic iron oxide NPs, titanium dioxide NPs generally
investigated to be utilized for bioimaging applications demonstrated to induce EC toxicity and dysfunction
with impaired NO production.87-8% When compared to these NP types, BPLPL-PLGA NPs could be a better
alternative since they demonstrated to be inert with no effect on normal cell activities. However, this is not
the case with BPLPL-PLLA NPs. Nitric oxide production by endothelial cells was significantly reduced when
compared to cells exposed to PLGA NPs. The mechanism that influenced the cellular behavior in the
presence of BPLPL-PLLA NPs is not clear. However, it is plausible that the BPLPL-PLLA nanoparticles
may have upregulated oxidative stress within the cells that can activate autophagy and eventually lead to
endothelial dysfunction via the PI3K/Akt/mTOR pathway as seen for silica NPs.?0 Similar to our observation,
Wang et al. (2014) also noted that exposure of PLLA particles to human coronary artery endothelial cells
decreased their NO production and induced inflammatory adhesion molecule expression such as ICAM-1
and VCAM-1, which might facilitate immune cell adhesion and recruitment.®' Furthermore, several studies
reported that stents coated with PLLA impairs endothelial cell functions and impaired their recovery on the

luminal side of stents that promoted in late stent thrombosis.92 93

To investigate the utilization of BPLPL-based NPs as an imaging probe to track HUVECs, we
incubated BPLPL-based NPs with vascular endothelial cells (HUVECSs) over time. Dose-dependent uptake
of NPs was observed for all NP formulations. Fluorescence images demonstrated the internalization of
BPLPL-based nanoparticles by endothelial cells and their subsequent localization in the cytoplasmic region
of cells after a 4-hour incubation. Our results agreed with previous reports from other groups that tested
various nanoparticle formulations on a different cell line. For instance, Menon et al. (2014) demonstrated
increasing uptake of PLGA nanoparticles by Type | alveolar epithelial cells up to 1000 pug/ml.%* Kona et al.
(2012) also observed dose-dependent uptake of Gplba conjugated PLGA nanoparticles and unconjugated

nanoparticles by human aortic endothelial cells, which were saturated at 300 ug/ml.35 Even BPLP particles
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were shown to have dose-dependent uptake characteristics.?® In this study, they observed BPLP particles
being uptake by the human dermal fibroblast without any saturation up to 500 pug/ml. It was also noted that
hydrophilic and hydrophobic versions of BPLP polymers impacted the amount of nanoparticles being
internalized by the different cell lines, thereby exhibiting variation in NP cellular uptake. Similarly, we have
observed a significant difference in BPLPL-PLLA and BPLPL-PLGA50:50 based NPs uptake by endothelial
cells, especially at concentrations of 250 pg/ml and 500 ug/ml. We speculate that such difference is due to
the differential composition of PLLA and PLGA50:50 in BPLPLs materials, where PLLA is more hydrophobic
in nature than PLGA50:50, and thereby affected the NP uptake by the endothelial cells. Cells continued to
exhibit significant uptake of these nanoparticles at 1000 ug/ml, and as a result, almost similar amounts of
NPs in the cells were observed at high concentrations despite the polymer types. On the other hand, we
did not observe cells demonstrate any dose-dependent NP uptake for BPLPL-PLLA NPs at concentrations
<250 pg/ml. In line with our results, it is plausible that the serum proteins in the media interact with the
nanoparticles and modulate their uptake kinetics by the endothelial cells at low concentrations.%: 97 Also, at
these small concentrations, the measured levels of fluorescence intensity produced by NPs in the cells may
be more difficult to discriminate.

In addition to the intrinsic fluorescence property of BPLPLs, we investigated whether the citric acid
composition endows them with hemocompatibility suitable for blood contacting applications as previously
seen for poly(diol-citrate) (POC) prepared from citric acid and 1,8-octanediol.8* 98100 First, in vitro
hemostatic properties of BPLPL-based NPs were evaluated by whole blood clotting experiment. At various
time points, absorbance of RBCs that were not trapped in clots were determined at 540 nm. Higher BCI
values represent reduced blood clotting kinetics, and we observed blood treated with BPLPL-based NPs
did not exhibit a different rate of clotting when compared with either untreated blood or blood incubated with
PLGA NPs. Second, hemolytic results of BPLPL-based NPs demonstrated them to be nonhemolytic
material that is safe to be utilized for drug delivery applications without causing any adverse effects. Lastly,
platelet behaviors towards BPLPL-based materials indicate that BPLPL-PLGA consisted of better or
comparable platelet attachment and activation as seen in those of PLGA surfaces; whereas a higher
number of platelets adhered and expressed GPIIb/llla markers on BPLPL-PLLA surfaces. Many studies

previously observed that PLLA in its unmodified form or without incorporation of therapeutic agents induced
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increased inflammatory responses mainly due to its hydrophobic nature.'9'-194 Our speculation is that since
incorporating BPLPs into PLLA is shown to increase the wettability of the polymer™; the effect we have
observed for platelets to BPLPL-PLLA could be minimal than its unmodified form of PLLA, which must be

investigated further.

2.5 CONCLUSION

We have formulated three different photoluminescent polylactone based NPs, and characterized
their physical and chemical properties, protein encapsulation, in vitro hemocompatibility, cytocompatibility
and particle uptake. Among these formulations, BPLPL-PLGA NPs exhibited stability in physiological
conditions, bi-phasic release kinetics, excellent cytocompatibility with no negative influence on cellular
functions, optimal uptake characteristics, and hemocompatibility similar to PLGA nanoparticles. Most
importantly, BPLPL-based NPs showed intrinsic fluorescence capability inherited from the precursor BPLP.
In short, herein we have demonstrated that BPLPL-based NPs are a safe, biocompatible material with
imaging capability that can potentially be used to fabricate targeted, therapeutic loaded nanocarriers for

theranostic applications or utilized as an imaging agent to tag transplanted cells.
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Chapter 3. BIOORTHOGONAL CLICK CHEMISTRY MEDIATED ENDOTHELIAL

CELL HOMING ON TO INJURED VASCULATURE

Min Kyung Khang, Ph. D and Aneetta E. Kuriakose contributed equally on this project. Dr. Khang performed conjugation
of Tz-Gp1ba onto PLGA NPs and subsequent analysis of NP targeting and cell capturing. Ms. Kuriakose conducted
engineering of endothelial cells with TCO and optimization of NP targeting and cell capturing studies.

3.1 SIGNIFICANCE

Rapid healing of lost endothelial cells from the arterial wall due to PCl procedures has been
recommended to be a promising therapeutic strategy to prevent undesired inflammatory responses and
restore arterial function.?* Effective and early reendothelialization is also significant to improve the overall
patency rate of small-diameter vascular grafts.19%. 106 Several strategies have been explored to achieve a
functional endothelial layer following an arterial injury or while using artificial conduits for tissue engineering
applications. Cell transplantation including stem cells, endothelial progenitor cells or endothelial cells is one
such method. However, the homing of the transplanted cells to the injured regions has been a challenging
issue. 97 Following the intravenous injection of the cells, most of them get trapped within the lung capillaries;
and in certain instances, the amount of homing molecules expressed on transplanted cells were too low or
may have been lost during the in vitro expansion process.'” To counter these limitations, some of the few
approaches could include local administration of cells, cell pre-conditioning, genetic modification, cell
surface engineering with targeting agents, and incorporation of magnetic nanoparticles into cells to guide
them to the injured regions, and these methods have been explored previously.'%”

In the past decade, increasing interest is focused on bioorthogonal chemical reactions, which are
covalent chemical modifications performed on biological entities to understand their dynamics and functions
in living systems. 98109 The reactant pairs involved in these reactions are mutually reactive but remain inert
with biological functionalities or processes in a cell. Their reactions are highly specific and rapid; and thus,
the formed products are stable and non-toxic under physiological settings.'%8. 199 |nspired from nature’s
simple and powerful connecting reactions, click chemistry is the most specific bioorthogonal reaction that
utilizes readily available reagents that are not sensitive to oxygen or water.'%® Among the various available

biorthogonal click chemistry reactions, inverse-electron-demand [4+2] cycloaddition of 1,2,4,5-tetrazines
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with strained alkenes including trans-cyclooctene (TCO) and norbornene is the fastest biorthogonal
transformation on record, with rate constants ranging from 103 to 108M-1s-1.10. 111 Due to the high selectivity
and unprecedented speed reactivity between Tz and TCO, they have been explored for bioimaging,
diagnostics, cell tracking, tissue engineering and drug delivery applications.12-117

In this work, we have investigated whether click chemistry would enable effective capture and homing
of the transplanted cells to the injured vasculature wall following angioplasty procedures. To achieve this,
we have developed a nanoparticle system that would be pretargeted towards the injury site via association
of Gp1ba with vVWF on the subendothelial matrix (Fig. 3.1A and 3.1B). Gp1ba which is also modified with

Tz based hooks can engage with TCO engineered endothelial cells transplanted to the denuded
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Figure 3.1 Biorthogonal click chemistry mediated EC regeneration post PCl. A) Angioplasty/stent
procedures inflict vascular wall damage exposing its underlying collagen matrix. vWF multimers bound on
to collagen surfaces may attract inflammatory cells like platelets. B) Our strategy is to deliver Tz-Gp1ba
PLGA NPs to attach onto vWF molecules and reduce the immune response. C) In parallel, our Tz-Gp1ba
PLGA NPs have the capability to capture TCO engineered endothelial cells in circulation via click chemistry
reactions. These ECs cover the injured arterial wall and rapidly restore normal endothelial functions.

endothelium to support rapid reendothelialization (Fig. 3.1C). Our novel, two step pre-targeting approach
to capture cells has the following advantages: (1) strong, fast and stable interaction of cells to the targeted
region; (2) selectivity over conventional antigen-antibody based reactions; and (3) a nanoparticle platform
that allows site specific delivery of growth factors that supports endothelial retention and growth at the

targeted site.
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3.2 MATERIALS AND METHODS

Poly (lactic-co-glycolic acid) (PLGA, L/G 50:50, Mw: 15,000-25,000 Da) with carboxyl end groups
was obtained from Akina Inc (West Lafayette, IN). Chloroform, polyvinyl alcohol (PVA, Mw: 13,000 Da, 85-
89% hydrolyzed), Coumarin 6, 1-Ethyl-3-(3 dimethylaminopropyl)carbodiimide (EDC), N-
Hydroxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic acid (MES), Dulbecco's Phosphate-Buffered
Saline (DPBS), Giemsa stain, paraformaldehyde, Triton X-100, Indocyanine green (ICG)- and dimethyl
sulfoxide (DMSO) were purchased from Sigma (St. Louis, MO). mTz-PEG4-NHS, TCO-PEG4-NHS, TCO-
Cy5, Tz-Cy5 and Tz-Cy3 were obtained from Click Chemistry Tools (Scottsdale, AZ). Human GP1ba protein
and von Willebrand factor (VWF) were obtained from Sino Biological (Wayne, PA). CellTracker™ Red
CMTPX and NucBlue were purchased from ThermoFisher Scientific (Waltham, MA). All chemicals were
used without further purification. Milli-Q grade deionized water was used for all the experiments. Human
umbilical cord derived endothelial cells (HUVECs) were obtained from ATCC (Manassas, VA). HUVECs
were cultured in M199 (Life Technologies, 11995-065) supplemented with 1% PenStrep (G1146 Sigma),
5% fetal bovine serum (Life Technologies, 12483-020, Frederick, MD), 2 ng/ml fibroblast growth factor
(0.1%), 1 ng/ml epidermal growth factor (0.2%), 1 ug/ml ascorbic acid (0.1%), 1 ug/ml hydrocortisone
(0.1%), and 90 pg/ml heparin (1%). Unless specifically stated, HUVECs were suspended and cultured in
complete M199 media. Umbilical cord derived endothelial outgrowth cells, a population of progenitor cells
(EOCs), were obtained from AngioBiocore (Indianapolis, IN) and cultured in EGM2 media replenished with

growth medium 2 supplement mix (Promocell, Germany) and 1% Mycozap (Lonza, Houston, TX).

3.2.1 Development and Characterization of Tz Tagged Gp1ba-Conjugated PLGA NPs (Tz-Gp1ba

PLGA NPs)

Fabrication of PLGA Nanoparticles. PLGA NPs were fabricated using our standard single emulsion

procedure with slight modifications.4? 118 To allow for fluorescent imaging and tracking of the particles,
Coumarin 6 was loaded into PLGA nanoparticles (C6 PLGA NPs). Briefly, PLGA (100 mg) and Coumarin
6 (0.5 mg) were dissolved in 3 ml of chloroform to form the organic (oil) phase. This solution was then
added dropwise to 20 ml of poly vinyl alcohol (PVA) 5% (w/v) solution (water phase) and sonicated at 40W

for 5 minutes on ice. The particle suspension was then stirred overnight at room temperature to ensure
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complete organic solvent evaporation. NPs were then recovered by centrifugation at 15,000 rpm for 20
minutes at 25°C. All NPs were lyophilized and stored in powder form at -20°C for further use. Blank PLGA
nanoparticles were also prepared as formerly described without the addition of Coumarin 6. ICG loaded
PLGA nanoparticles were also synthesized utilizing the standard double emulsion method as previously

described to perform preliminary ex vivo studies.®

Conjugation of Tz Tagged Gpi1ba onto PLGA NPs. Tz-conjugated Gpiba (Tz-Gp1ba) was

prepared by reacting amines on Gp1ba with mTz-PEG4-NHS. Following this, modified Gp1ba was surface
conjugated onto PLGA NPs using carbodiimide chemistry to synthesize Tz-Gp1ba PLGA NPs.*6 118 Briefly,
50 pg of Gp1ba powder was completely dissolved in PBS of pH 7.4 to achieve a concentration of 1 mg/ml,
and then Tz-PEG4-NHS (100-fold molar excess with respect to Gp1ba) in a 2 yl DMSO was added. The
mixture was shaken gently at room temperature for 1 hour and Tz-Gp1ba was purified by using a sterilized
centrifuging column (MWCO 300,000) at 5,000 rpm for 5 minutes. The conjugation degree of Tz moieties
on the Gp1ba were determined by reacting them with an equivalent molar amount of TCO-Cy3 and
measuring its fluorescence at excitation and emission wavelength of 550 nm and 580 nm, respectively

using UV/Vis spectrophotometer (Infinite M200 plate reader, Tecan, Durham, NC).

To surface immobilize the Tz-Gp1ba on to PLGA NPs, 1 mg of the PLGA NPs was activated with
12 mg of EDC and 18 mg of NHS in a 5 ml of MES buffer (0.1 M, pH 4.75) for 2 hours at room temperature
with gentle shaking. The activated NPs were collected by centrifugation at 5000 rpm for 5 minutes and
washed once with PBS (pH 7.4). These activated NPs were then added into Tz-Gp1ba solution to achieve
a final NP concentration of 2 mg/ml in PBS (pH 7.4), and the mixture was incubated at 4°C overnight.
Finally, Tz-Gp1ba PLGA NPs were collected by centrifugation and utilized for the studies. The degree of
Tz-Gp1ba conjugated onto PLGA NPs was indirectly quantified from the supernatant using Bradford assay
(Bio-Rad, Hercules, CA) following manufacturer’s protocol. PLGA NPs with or without Gp1ba served as

controls for the studies described in this work.

The optimal amount of Tz to modify Gp1ba protein was determined based on the performance of
Tz-Gp1ba C6 PLGA NPs to target an injury mimicking surface and their subsequent capability to capture

the click reagent counterpart, which was TCO engineered cells. In brief, mTz-PEG4-NHS was dissolved in
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DMSO and added into 10 pug of Gp1ba to achieve a final molar coupling ratio of 25:1, 50:1, 75:1 and 100:1.
Unmodified Gp1ba served as a control. Tz-Gp1ba of various ratios was separately conjugated on to C6
PLGA NPs via carbodiimide chemistry. Following the conjugation, NPs were used to investigate their
binding capacity to VWF coated surfaces and ability to immobilize HUVECs modified with 10 ym of TCO-
PEG4-NHS. To perform this study, the hydrophobic surface was initially coated with 10 ug/ml of vVWF and
let dry overnight. 1 mg/ml of either Tz-Gp1ba- or Gp1ba- or un-conjugated C6 PLGA NPs were then added
onto VWF coated surfaces and incubated at 37°C for 30 minutes. The NP-bound surface was washed twice
with 1X PBS solution to remove unattached NPs. Following this, 10,000 TCO-HUVECs (labeled with
NucBlue and Cell tracker Red CMPTX) were added on to NP-bound surfaces and incubated further for 30
minutes at 37°C. The surface was washed again to remove loosely attached cells and imaged using a Leica
fluorescence microscope under an FITC channel to visualize C6 PLGA NPs and a DAPI and Cy3 channel
to observe TCO-HUVECs attachment. The captured images were analyzed using ImagedJ software to
determine the fluorescence intensity of bound NPs and the number of cells captured by NPs. Lastly, to
further determine whether the amount of protein immobilized on the NPs surface influenced the
nanoparticles’ targeting and capturing properties, 1 mg of C6 PLGA NPs were conjugated with 30 ug and
60 ug of Gp1ba modified with 100 molar excess of Tz. These NPs were used to evaluate their binding
efficiency to VWF coated surfaces as well as to interact with TCO-HUVECSs as described above. NPs tagged

with 60 ug of Gp1ba and unconjugated NPs served as a positive and negative control, respectively.

Characterization of Tz-Gp1ba PLGA NPs. The hydrodynamic diameter, polydispersity and zeta

potential of the particles were quantified via dynamic light scattering (DLS) method using ZetaPALS zeta
potential analyzer (Brookhaven Instruments, Holtsville, NY). NPs hydrodynamic diameters were reported
as the mean of the diameter distribution. High-resolution transmission electron microscopy (HRTEM)
images were used to confirm homogeneous and round-shaped morphology of the samples. 10 yl of NP
solution in DI water (2 mg/ml) was placed on a CF400-CU TEM grid (Electron Microscopy Sciences,
Hatfield, PA) and imaged with a Tecnai T12 HRTEM microscope (FEI, Hillsboro, OR). In
vitro cytocompatibility of NP formulations was performed as previously described.3? In brief, HUVECs were
seeded onto a 96-well plate at the density of 8000 cells/well and the cells were treated with different

concentrations (0, 100, 250, 500, 1000, and 2000 ug/ml) of either Tz-Gp1ba- or Gp1ba- or un-conjugated
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blank PLGA NPs for 24 hours. Following the incubation, the NP suspension from the wells was discarded,
and cells were clearly washed and incubated with MTS reagents for 2 hours at 37°C (CellTiter 96®
AQueous One Solution Cell Proliferation Assay, Promega, Madison, WI). Absorbance readings were
measured at 490 nm using UV-Vis spectrophotometer (Infinite M200 plate reader, Tecan, Durham, NC),

and the percent of cell viability was determined with respect to untreated cells.

3.2.2 Development and Functional Evaluation of TCO-Modified Endothelial Cells (TCO-HUVECSs)

Fabrication of TCO-HUVECs. TCO-PEG4-NHS was utilized to modify the surface of HUVECs. For

this, 50,000 HUVECSs were washed and suspended in 1 ml of 1X PBS solution (pH 7.4). The cell suspension
was then treated with a predetermined amount of TCO-PEG4-NHS for 30 minutes at room temperature.
Following the treatment, TCO-HUVECs were collected at 1000 rpm for 5 minutes and washed with PBS at
least once to remove any traces of unreacted TCO-PEG4-NHS. Unless specified, newly modified TCO-
HUVECs were then utilized for the studies described in this work. The optimal amount of TCO-PEG4s-NHS
suitable for cell surface engineering was determined based on cell growth, viability, and functional

properties post modification process.

50,000 cells suspended in 1 ml of PBS solution was treated with different concentrations of TCO-
PEG4-NHS (0, 1, 5 and 10 uM) for 30 minutes. To determine the presence and quantify the amount of TCO
moieties labeled on the membrane of HUVECs, cells were treated with 10 uM of Tz-Cy5 for 30 minutes.
After the treatment, TCO-HUVECs were washed, fixed with 1% paraformaldehyde for 2 hours in 4°C and
analyzed on a BD LSRII flow cytometer. At least 10,000 events per sample were analyzed and cell
population was identified based on their forward and side scattering characteristics. Median fluorescence
intensity (MFI) of APC (for Tz-Cy5) positive endothelial cells was graphed and calculated. Next, HUVECs
modified with 10uM of TCO-PEG4-NHS and unmodified HUVECs were stained with 10uM of Tz-Cy5 for 15
minutes. The cell nuclei were then stained with NucBlue and fixed to images using a Leica DMi8

fluorescence microscope (Leica, Wetzlar, Germany) under Cy5 and DAPI channel.

TCO availability on the HUVEC cell membrane post modification was measured against time.
HUVECs were seeded onto a 96-well plate at a cell density of 1x104 cells/well and cultured overnight.

Following this, HUVECs were treated with 100 ul of 1X PBS supplemented with 10uM of TCO-PEG4-NHS

33



for 30 minutes at room temperature. Cells were then washed with PBS solution and replaced with 100 pl of
fresh media. At predetermined time points (0, 2, 4, 6, and 24 hours), culture medium was discarded and
HUVECSs were treated with fresh culture media containing 10 yM of Tz-Cy3 for 15 minutes. Cells were then
washed and lysed using 1% Triton X-100 for 30 minutes at 37°C. The fluorescence intensity of Cy3 labeling
on the cells was quantified at a wavelength of 550 nm (excitation)/580 nm (emission) using UV/Vis
spectrophotometer. DNA content in lysate was also quantified using Picogreen DNA assays (ThermoFisher,
Waltham, MA) following the manufacturer’s instructions. Furthermore, the presence of TCO groups on the
cell surface following several days of modification was conducted in a similar manner. Here, cells were
seeded in a black 96 well plate and tagged with TCO as formerly described. Following this, TCO-modified
cells were incubated with 10 uM of Tz-Cy5. These cells were imaged, and their fluorescence intensity was
quantified using a UV/Vis spectrophotometer (Infinite M200 plate reader, Tecan, Durham, NC). The TCO-
HUVECs were then supplemented with 100 pl of fresh media and cultured until predetermined time points
including 2,4, and 6 days. At the specified time, cells were washed and treated with 10 uM of Tz-Cy3. Cells
were then imaged, and the fluorescence intensities of both Tz-Cy3 and Tz-Cy5 were quantified,

respectively.

Evaluation of TCO-HUVECSs Properties. The viability and growth of HUVECs post TCO modification

were evaluated based on the cell metabolic activity. In brief, HUVECs tagged with various concentrations
of TCO-PEG4-NHS (1, 10, 20 and 50 pM) were seeded into 96 well plates at a density of 10,000 cells/well
and were cultured for 24 and 72 hours. At the specified timepoints, HUVECs were washed and the
metabolic status of the cells was determined using MTS assays (CellTiter 96® AQueous One Solution Cell
Proliferation Assay, Promega, Madison, WI) following the manufacturer’s instructions. Unmodified HUVECs
seeded at a similar cell density were used as a control for this study. Cellular viability was expressed as a
percentage relative to the unmodified cells at 24 hours. The absorbance for the unmodified HUVECs

cultured at day 1 was set at 100%.

Furthermore, the functional performance of TCO-HUVECs was assessed based on nitric oxide
(NO) production, LDL uptake and migratory properties. HUVECs modified with different concentrations of

TCO-PEG4-NHS (1, 10 and 25 uyM) were seeded into 96 well plates as formerly described. Following a 24
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hour culture, NO production by HUVECs was determined using Nitric Oxide Fluorometric Assay kits (Cell
Biolabs Inc., San Diego, CA).8 In brief, an NO fluorometric probe (provided with the kit) was incubated with
HUVECs at 37°C for 2 hours. As the NO fluorometric probe enters the cells, it is deacetylated by intracellular
esterase to a non-fluorescent intermediate, which is rapidly oxidized by nitric oxide into a fluorescent
triazolo-fluorescein analog. After 2 hours of incubation, cells were lysed using 1X cell lysis buffer (provided
with the kit) for 30 minutes, and fluorescence for NO production was measured at a wavelength of 480 nm
(excitation)/530 nm (emission) using UV/Vis spectrophotometer (Infinite M200 plate reader, Tecan,
Durham, NC). Unmodified HUVECs either treated with NOS (nitric oxide synthase) inhibitor L-NNA (N5-

[imino(nitroamino)methyl]-L-ornithine) at 50 uM or without served as controls.

To determine the cells’ ability to uptake LDL (low-density lipoproteins), HUVECs labeled with
various amount of TCO-PEG4-NHS (1, 5, 10, and 25 pM) were seeded into 96 well plates as formerly
described. After 24 hours of culture, cells were incubated with Dil-Ac-LDL (ThermoFisher, Waltham, MA) at
a concentration of 10 pg/ml for 6 hours at 37°C. Fluorescence imaging of Dil-Ac-LDL internalized within
TCO-HUVECSs was captured using a Leica DMi8 fluorescence microscope (Leica, Wetzlar, Germany) and
quantified using ImageJ software. LDL uptake by HUVECs correlates with corrected total cell fluorescence
of Dil stain'2°. Unmodified HUVECs served as a control. Cells were also co-stained with NucBlue to identify
the cell nuclei. In addition, HUVEC migratory properties post modification compared to unmodified cells
were also conducted. For this, 20,000 HUVECs modified with 10 uM of TCO-PEG4-NHS and unmodified
cells were suspended in Basal M199 media and seeded onto each fibronectin coated transwell insert with
8 um pore size. These cells were then exposed to M199 media either supplemented with growth factors or
without for 24 hours. Following this, migrated cells were fixed, stained with Giemsa, imaged using an

inverted light microscope (Leica TCS SP8 SMD, Leica, Buffalo Grove, IL) and analyzed with ImageJ.

3.2.3 Verification of Click Chemistry Mediated Interactions of NPs with Engineered Cells

For this study, HUVEC cells were seeded into 24-well plates at a density of 50,000 cells/well
overnight. HUVECs were then treated with Basal M199 medium supplemented with either 10 yM of TCO-
PEG4-NHS or without for 30 minutes. Following the treatment, cells were washed and incubated with either

1 mg/ml of Tz-Gp1ba- or Gp1ba- or un-conjugated C6 PLGA NPs for 20 minutes at 37°C. Cells were then
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washed to remove unbound NPs and imaged using a Leica DMi8 fluorescence microscope (Leica, Wetzlar,
Germany) under bright light and an FITC channel. To further confirm the specificity of the click chemistry
approach to form a NP-cell complex, TCO-HUVECs were pretreated with 10 uM of Tz-Cy5 for 20 minutes
and then incubated with Tz-Gp1ba C6 PLGA NPs as described before. These cells were also imaged under

a Cy5 channel to visualize Tz-Cy5 interacting with TCO-HUVECs.

To confirm the attachment of nanoparticles to TCO tagged endothelial cells via a click chemistry
reaction, flow cytometric analysis was conducted. In brief, 200,000 TCO-HUVECs suspended in 200 pl of
1X PBS was incubated with either 1 mg of Tz-Gp1ba- or Gp1ba- or un-conjugated C6 PLGA NPs for 20
minutes at 37°C followed by treatment. In a separate study, TCO-HUVECSs treated with 1 mg of Tz-Gp1ba-
or Gp1ba- or un-conjugated blank PLGA NPs were labeled with 10 uM of Tz-Cy5. These NP bound
HUVECSs were then fixed with 1% paraformaldehyde and were analyzed on a BD LSRII flow cytometer. At
least 5,000 events per sample were analyzed and the population was gated based on their forward and
side scattering characteristics. MF| of FITC (for C6 PLGA NPs) and APC (for Tz-Cy5) positive endothelial

cells was graphed and calculated.

3.2.4 In Vitro Evaluation of Tz-Gp1ba PLGA NPs Efficiency Under Static and Flow Condition

The efficacy of Tz-Gp1ba PLGA NPs was determined by their ability to recognize and adhere onto
a VWF coated surface as well as to capture endothelial cells via a click chemistry mediated approach. To
perform this study, a hydrophobic surface was initially coated with 10 ug/ml of vWF and let dry overnight. 1
mg/ml of either Tz-Gp1ba- or Gp1ba- or un-conjugated C6 PLGA NPs was then added onto a vVWF coated
surface and incubated at 37°C for 30 minutes. The NP-bound surface was washed twice with 1X PBS
solution to remove unattached NPs. Following this, 10,000 TCO-HUVECSs (labeled with NucBlue and Cell
tracker Red CMPTX) were added onto the NP-bound surface and incubated further for 30 minutes at 37°C.
The surface was washed again to remove loosely attached cells and imaged using a Leica DMi8
fluorescence microscope (Leica, Wetzlar, Germany) under an FITC channel to visualize C6 PLGA NPs,
and DAPI and Cy3 channels to observe TCO-HUVECSs attachment. The captured images were analyzed
using Imaged software to determine the fluorescence intensity of bound NPs and the number of cells

captured by NPs.
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The targeting and cell capturing capabilities of Tz-Gp1ba PLGA NPs were also verified under flow
conditions. Here, collagen coated Ibidi ySlides VI®* were immobilized with 30 pug/ml of vWF for 1 hour at
37°C. After coating, 1 mg of either Tz-Gp1ba- or Gp1ba- or un-conjugated C6 PLGA NPs was perfused
through the channels of the flow slide using a syringe pump (Harvard Apparatus Infuse/Withdraw Syringe
Pump) that was set to withdraw solution at 0.17125 ml/min to give a corresponding shear stress of 0.25
dyne/cm? according to manufacturer’s specifications. Following the NPs attachment, 200,000 of NucBlue
and Cell tracker™ Red CMPTX-labeled, TCO-HUVECs was perfused at 0.25 dyne/cm? for 6 minutes. Upon
the completion of flow, the microslides were imaged using a Leica fluorescent microscope at the FITC
channel to observe NP attachment and at DAPI or Cy3 channels to visualize the captured cells. The

obtained images were then analyzed using ImageJ software.

3.2.5 Preliminary Analysis of Click Chemistry Mediated Stem Cell Capture Using an Ex Vivo Model

As a proof-of-concept, we have conducted ex vivo studies utilizing a rat carotid artery with denuded
endothelium. In brief, a fresh rat carotid artery was recovered from a sacrificed animal, following which the
endothelial layer was removed by treatment with 0.25% Trypsin in PBS as previously described.’?' The
injured section of the artery was closed with surgical clamps and then followed with a pre-targeting
treatment of Indocyanine green (ICG)-loaded Tz-Gp1ba PLGA NPs that were incubated for 10 minutes,
washed with PBS three times to remove unbound NPs, and then 200,000 TCO-endothelial progenitor cells
(TCO-EPCs) were injected and incubated with the arterial segment for 10 minutes. Post incubation, the
tissue was rinsed with PBS and then imaged using a Kodak In Vivo Imager (Carestream Health Inc., New

Haven, CT).
3.2.6 Statistical Analysis

The statistical analysis for in vitro cell studies including cytocompatibility of NP formulation and
evaluation of TCO-HUVEC properties was assessed using one-way ANOVA followed by post-hoc pairwise
multiple comparisons using the Tukey method on GraphPad Prism (GraphPad Software Inc., CA). The data
for NP adhesion and number of TCO-HUVECs captured by bound NPs on a vVWF surface were statistically

analyzed using a two-tail student t-test in Excel. A significant difference was noted when p-values appeared
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< 0.05. Unless specified, all data was represented as Average + Standard Deviation with a sample size (n)

of 3-5 replicates.

3.3 RESULTS

3.3.1 Characterization of Tz Tagged Gp1ba-Conjugated PLGA NPs (Tz-Gp1ba PLGA NPs)

DLS measurements show that the fabricated unconjugated PLGA NPs have an average diameter of
173 nm (polydispersity 0.134) while the other two conjugates, Gp1ba-PLGA NPs and Tz-Gp1ba PLGA
NPs, have 171nm (0.117) and 173 nm (0.152), respectively (Table 1). The HRTEM images (Fig. 3.2A)

Table 3.1 Size, charge, polydispersity of nanoparticle formulations

Batch Size (nm) Polydispersity Zeta Potential (mV)
PLGA NPs 173 £ 68 0.134 + 0.041 -23.28 £ 3.20
Gp1ba PLGA NPs 171 £ 44 0.117 £ 0.022 -10.03 £ 2.86
Tz-Gp1ba PLGA NPs 173 £ 64 0.152 + 0.063 -7.95+3.27
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Figure 3.2 Characterization of Tz tagged Gp1ba (Tz-Gp1ba) conjugated PLGA NPs. A) TEM image of
Tz-Gp1ba PLGA NPs shows spherical and uniform nanopatticles. The scale bar represents 500 um. B)
Cytocompatibility of Tz-Gp1ba PLGA NPs of various concentrations with HUVECs were determined by
MTS assays. Percentage of cell viability was quantified with respect to untreated cells. No significant toxicity
was seen, and their responses were comparable to unconjugated NPs and Gp1ba-conjugated PLGA NPs.

show that the Tz-Gp1ba PLGA NPs have a uniform sized spherical morphology. The zeta potential values
for unconjugated PLGA NPs, Gp1ba PLGA NPs and Tz-Gp1ba PLGA NPs were -23.28, -10.03 and -7.95
mV, respectively (Table 3.1). Decreases in zeta potential values were observed for Gp1ba conjugated NPs
with respect to unconjugated ones, suggesting the effective conjugation process. To evaluate toxicity of the
Tz-Gp1ba PLGA NPs to HUVEC cells in vitro, MTS assays were performed in cell samples when they were

exposed to various concentrations of NPs. The results show that none of the nanoparticle formulations
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show any indication of toxicity even at high concentrations. Tz-Gp1ba PLGA NPs were cyto-compatible

with endothelial cells and suitable for our application (Fig. 3.2B).

3.3.2 Functional Characterization of TCO-Modified Endothelial Cells (TCO-HUVECS)

HUVECs were surface modified with various concentrations of TCO-PEG4-NHS and their functional
properties including growth, NO production, LDL uptake and migratory behavior were evaluated. Viability
and growth of TCO-HUVECs was conducted using MTS assays (Fig. 3.3A). At least 90% of TCO-HUVECs

were metabolically active post 24 hours of modification with <10uM of TCO-PEGs-NHS. However, cell
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Figure 3.3 Functional evaluation of TCO-HUVECs. A) TCO-HUVECs viability over time was determined
using MTS assay. Percentages of metabolically active cells were quantified with respect to unmodified cells
post 24 hours of culture. B) Fluorescence intensity quantifies the amount of NO release from TCO-HUVECs
post 24 hours of culture. L-NNA, a NOS inhibitor, downregulated NO production in cells served as a negative
control. Data in A) and B) were represented as Average + SD. Significance marked as * or $ when p <0.05
with respect to unmodified HUVECs on 24 and 48 hours of culture, respectively. C) Ac-LDL uptake by TCO-
HUVECs represented as corrected total cell fluorescence (CTCF) of Dil stain within cells quantified using
Imaged. Fluorescence images of cells which was stained for Ac-LDL particles (red) and nuclei (blue),
respectively. Scale bar is 50 um in length. D) Migratory behavior of unmodified HUVECs and TCO-HUVECs in
response to M199 basal media supplemented with growth factors post 24 hours of incubation. The percentage
of cell migration was calculated with respect to initial number of cells. Graphs in C) and D) were box plots
showing the data distribution with median, minimum, and maximum values.
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viability of HUVECs that were treated with 20uM and 50uM of TCO-PEG4-NHS, decreased to 77% and
57% respectively. These HUVECs also significantly reduced their growth rate when assessed after 72 hours
post modification compared to other HUVECs that were modified with <10uM of TCO-PEGs-NHS.
Furthermore, NO release from TCO-HUVECs modified with 25uM post 24 hours modification were
substantially decreased compared to unmodified HUVECs (Fig. 3.3B). This impairment in NO production
by TCO-HUVECs may have negatively affected their viability and growth following the post modification
process. On the other hand, no reduction in NO production was observed when cells were modified with <

10uM of TCO-PEGs-NHS.

The endothelial cells process of internalizing LDL particles has been widely characterized. These cells
uptake relatively small amounts of LDL via endocytosis and later metabolize to acquire cholesterol for their
membrane synthesis.'?2 However, in pathological conditions, LDL particles are modified with oxidative
changes and contribute towards the progression of atherosclerosis.'?125 Such modified LDL can be
specifically recognized by endothelial cells and monocytes via their scavenger receptors.'?¢ Thus, the
oxidized, or acetylated form of the LDL particle has been utilized as a marker to identify endothelial cells or
EPC population. Nevertheless, when the endothelial cells are dysfunctional or diseased, they internalized
more modified LDL particles as observed by Fournet-Bourguignon et al. (2000).'?” To evaluate whether
TCO conjugation on the HUVECs impairs endothelial cells or not, we treated the cells post 24 hours of
TCO-madification with 10 ug/ml of acetylated LDL (Ac-LDL) for 6 hours. The amount of Ac-LDL taken up
by the cells directly correlates with the fluorescence intensity of Dil (lipophilic stain) that was tagged on to
Ac-LDL. Unmodified HUVECSs served as a control. According to our results, all TCO-HUVECSs internalized

Ac-LDL particles in similar amounts with unmodified HUVECs (red, Fig. 3.3C).

Lastly, TCO-HUVECs and HUVECs migratory properties in response to the growth factors were
conducted using Boyden chamber assay. The number of HUVECs that migrated with respect to the initial
number of cells seeded into the cell culture insert was analyzed (Fig. 3.3D). When unmodified HUVECs
and TCO-modified cells in cell culture inserts were exposed to basal M199 media without any growth
factors, we observed a negligible percentage of cell migration. However, in the presence of growth factors

supplemented media, at least ~67% of both TCO-HUVECs and unmodified HUVECs migrated towards the
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lower chamber of the Boyden chamber. Our results suggest that TCO conjugation of HUVECs did not affect

the migratory response of the cells and performed in a similar fashion as the unmodified HUVECs.

3.3.3 Click Chemistry Mediated Interaction of NPs with Engineered Cells

The interaction between Tz-Gp1ba PLGA NPs and TCO-HUVECSs via a click chemistry-based reaction

is a very selective and efficient process. To determine this, HUVECs and TCO-HUVECSs cultured in 24 well
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Figure 3.4 Tz /TCO mediated NPs-HUVECs interaction. HUVECs cultured in TCPS overnight were either
modified with 10uM of TCO-PEG-NHS or without and were treated with C6 loaded PLGA NPs ( )
conjugated with Gp1ba or Tz-Gp1ba. Qualitative images demonstrate that the presence of both Tz and TCO
moieties on NPs and HUVECs respectively were required to form the NP-cell complex. Such interaction was
blocked when TCO-HUVECs were pretreated with 10uM of Cy5-Tz (red).

plates were separately treated with various formulations of NPs including Tz-Gp1ba-, Gp1ba-, and un-
conjugated C6 PLGA NPs. As expected, C6 loaded Tz-Gp1ba PLGA NPs (green) only attach on the surface
of TCO-HUVECs and not the unmodified ones (Fig. 3.4). Very minimal interaction of Gp1ba-, and un-
conjugated C6 PLGA NPs with TCO-HUVECs were present. Furthermore, when TCO-HUVECs were
treated with Tz-Cy5 prior to their treatment with Tz-Gp1ba C6 PLGA NPs, no complex formation between

cells and NPs was seen. Fluorescence images shows the presence of Tz-Cy5 (red) on the TCO-HUVECs,
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but no NPs were bound to these cells. These results suggest that the binding force between the cells

and NPs is mainly due to the click chemistry reaction between Tz and TCO.

3.3.4 In Vitro Evaluation of Tz-Gp1ba PLGA NPs Efficiency Under Static and Flow Conditions

To investigate the Gp1ba capability to specifically target injured regions and arrest engineered
TCO-HUVECS, various formulations of NPs including Tz-Gp1ba-, Gp1ba-, and un-conjugated C6 PLGA
NPs were exposed to vVWF-coated slides under static (Fig. 3.5A) and flow conditions of 0.25dyn/cm? (Fig.
3.6A). Accordingly, Tz-Gp1ba PLGA NPs accumulate efficiently on to vVWF surfaces at the same rate as

Gp1ba PLGA NPs, whereas unconjugated PLGA NPs have almost a negligible targeting capability towards
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Figure 3.5 Evaluation of Tz-Gp1ba PLGA NPs efficiency under static condition. A) Fluorescent images
show the ability of Tz-Gp1ba PLGA NPs ( ) to target a vVWF coated surface and their specificity to
capture TCO-HUVECs (red) under static conditions. PLGA NPs were loaded with Coumarin 6 and cells
were labeled with Nucblue (blue) and CMPTX red stain. The scale bar represents 100 um in length.
Significance marked as * when p<0.05 with respect to Tz-Gp1ba PLGA NPs. B) Quantitative data represents
the fluorescent intensity of C6 loaded PLGA NPs bound to a vWF surface. C) The graph shows the number
of TCO-HUVECs and unmodified HUVECs captured by NPs bound on the vWF- surface. Data represented
as Average = SD with sample size (n) = 3. Significance is indicated as * when p value is < 0.05 with respect
to TCO-HUVECs captured by Tz-Gp1ba PLGA NPs.

the coated surface signifying the efficiency of Gp1ba at recognizing the injured arterial wall (Fig. 3.5B &
3.6B). Furthermore, only Tz-Gp1ba conjugated PLGA NPs accumulated on to vVWF surfaces subsequently
captured and arrested TCO engineered cells both under static conditions and from circulation (Fig. 3.5C &

3.6C). On the other hand, only <10% of TCO-HUVECs were adhered on to Gp1ba- or unconjugated PLGA
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NPs treated VWF surface. Similarly, a negligible number of unmodified HUVECs interacted and were
captured onto Tz-Gp1ba PLGA NPs coated surfaces, demonstrating the overall specificity of our approach

in homing engineered transplanted cells towards an injured mimicking surface.

Ibidi V104 Unconjugated  Gpiba Tz-Gpiba | 'S 9120
— PLGANPs __PLGANPs _PLGANPs | 20
T . i . ke 2%
T S 3901
et =4
r | £ TS R
= o N
; 58
Infusion pump Sample £y 30
Reservoir Ss *

—

o
"

DAPI
channel

NP G-NP Tz-G-NP

8
o]

Cells

s ¢ N
Gy G M S

2]
o
L

_i e A e N 2

vWF-collagen coated surface

Cy3
channel

’ “

w
o
s

Schematic for flow setup:
vIWF-collagen coated channels

Normalized number of
targeted cells

TCO-HUVECSs

0 4
NP G-NP  Tz-G-NP

Figure 3.6 Evaluation of Tz-Gp1ba PLGA NPs efficiency under flow conditions. A) Fluorescent images
show the ability of Tz-Gp1ba PLGA NPs ( ) to target vWF immobilized collagen coated Ibidi VI°4 channel
and their capability to capture TCO-HUVECs (red) under flow conditions when shear stress of 0.25 dyne/cm?
for 6 minutes was applied. PLGA NPs were loaded with Coumarin 6 and cells were labeled with Nucblue (blue)
and CMPTX red stain. The scale bar represents 100 um in length. B) Quantitative data represents the
fluorescent intensity of C6 loaded PLGA NPs bound to the vWF surface after flow conditions. Significance
marked as * when p<0.05 with respect to Tz-Gp1ba PLGA NPs C) The graph shows the number of TCO-
HUVECs interacted with NPs bound vWF- surface post flow condition. Data represented as Average + SD
with sample size (n) = 3. Significance is indicated as asterisk (*) when p value is < 0.05 with respect to TCO-
HUVECs captured by Tz-Gp1ba PLGA NPs.

3.3.5 Ex Vivo Evaluation of Tz-Gp1ba PLGA NPs Mediated Stem Cell Capture

The images of injured artery tissues treated sequentially with ICG loaded Tz-Gp1ba PLGA NPs
and TCO-EPCs show that, as intended, the injured artery tissue attracts the accumulation of both Tz-Gp1ba
PLGA NPs and TCO-EPCs (Fig. 3.7A). The accumulation of Tz-Gp1ba PLGA NPs is likely to contribute to
the immobilization of TCO-HUVECs since both fluorescent images are overlapping with each other. The
high specificity of such a pre-targeted cell delivery approach is supported by the quantitative difference of

Tz-Gp1ba PLGA NPs and TCO-EPCs accumulation between injured and healthy tissues (Fig. 3.7A-C).
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Figure 3.7 Immobilization of EPCs on Ex Vivo injured rat carotid arteries. A) The representative
fluorescent images of ICG loaded Tz-Gp1ba PLGA NPs (red) immobilized TCO-EPCs (green) using rat
injured carotid artery. A merge image shows the interaction of NPs with engineered cells ( ). Quantitative
data demonstrated Tz-functionalized PLGA NPs bound onto the injured arterial wall (B) and their capability
to support subsequent capture of TCO-EPCs (C).

3.4 DISCUSSION

Cell based therapies offer immense capabilities in regenerative medicine by supporting the
restoration of tissue hemostasis and directing functional endogenous healing of damaged or diseased
tissues. But one of the main challenges is the low number of cells recruited and retained at target sites after
transplantation. As a result, cells can exert only minimal therapeutic benefits on the injured tissue leading
to poor clinical outcomes. To circumvent this issue, researchers have modified the surface of cells to
promote cell homing and engraftment at the treatment sites.32 28 For instance, Sarker et al. (2011)
immobilized a ligand for E-selectin, sialyl Lewis X, on to the stem cells surface and demonstrated
significantly improved cell interaction with inflamed tissue.'?® Different methods have been utilized to
engineer the cell surface, and among them biorthogonal click chemistry based on a tetrazine (Tz)/trans-
cyclooctene (TCO) reaction has recently garnered a lot of attention.!30 13" Several studies have reported

that cells engineered with click linkers resulted in more stable and robust cell adhesion to cells/tissues.'*

132

Our present work focused on a two-step approach utilizing biorthogonal click chemistry to improve
the cell delivery and homing to treat an angioplasty induced vascular injury (Fig. 3.1). First, Tz tagged
Gp1ba was conjugated on to PLGA nanoparticles to develop a multifunctional nanoparticle with targeting

and cell capturing functionalities. These NPs mimic the natural injury targeting power of platelets via Gp1ba
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interaction with vVWF on the subendothelial layer, resulting in particle accumulation specifically to the injured
arterial wall exposing Tz linkers attached to Gp1ba (Fig. 3.1B). Second, TCO tagged ECs were developed
by modifying free amines on extracellular proteins and delivering them to the injured vasculature (Fig.
3.1C). Strong association of TCO on cells with Tz on NPs would allow ECs to capture and home on the
treatment site to support in situ endothelial regeneration. We postulate that our two-step approach utilizing
multifunctional nanoparticles and engineered cells to heal vascular injury will offer several advantages: (1)
injury specific delivery of nanoparticles as well as therapeutic cells for regeneration, (2) cell homing utilizing
biorthogonal chemistry to allow strong cell adhesion to tissues unlike conventional cell capturing methods
based on antigen-antibody reaction, (3) nanoparticle formulation to allow us to incorporate growth factor
molecules or therapeutic agents that may further assist in cell retention at diseased tissue, and (4) the
platelet mimicking property of nanoparticles reduces interaction of platelets and other inflammatory cells in

circulation to the injured arterial wall.

One of our goals in this work was to ensure that both the tagged molecules and functions of
modified endothelial cells remain intact following their modification with Tz and TCO reagents, respectively.
To verify this, we initially formulated ~170 nm uniform sized PLGA nanoparticles conjugated with Tz-
modified Gp1ba. These Tz-Gp1ba PLGA NPs were very stable (Table 3.1) and showed superior
cytocompatibility with HUVECs even at higher concentrations (Fig. 3.2). However, our preliminary studies
have shown that increasing the amounts of Tz tagging on Gp1ba affected their functions to recognize or
target the injured sites. We have seen almost a 50% decrease in NP adhesion towards vVWF coated
surfaces when 100 molar excess of Tz tagged on to Gp1ba (molar ratio of Gp1ba: Tz is 1:100)
(Supplementary Fig. 3.1B). Despite this, we have observed that 50% of Tz-Gp1ba PLGA NPs (1:100) that
were bound to VWF surfaces was enough to show significant improvement in cell capturing compared to
Tz-Gp1ba PLGA NPs (1:25) and Gp1ba PLGA NPs. Therefore, we have utilized Tz-Gp1ba PLGA NPs
(1:100) for further studies reported in this work. In addition, we have also observed that by increasing the
amount of Tz-Gp1ba (1:100) conjugated on to PLGA NPs helps to recover 90% of protein functions to
recognize the vVWF surface when compared to naive Gp1ba conjugated NPs (Supplementary Fig. 3.1D),
and thereby, these Tz tagged NPs were able to immobilize more TCO-ECs to the targeted region

(Supplementary Fig. 3.1E). Similar to our observations, Rahim et al. (2015) have reported that as 10 ug/ml
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of anti-EGFR antibody was modified with 15 PEG4-TCOs, their binding affinity to target cancer cells, A431,
was dramatically reduced due to either decreased affinity or a population of permanently inactivated
antibody. 3% However, when the antibody concentration was increased to 60 ug/ml, their binding function

was almost fully recovered.

In parallel with modification of NPs, we have developed TCO tagged endothelial cells (TCO-ECs)
by immobilizing TCO moieties on to free amines present on the extracellular membrane proteins
(Supplementary Fig. 3.2A). With increasing the amount of TCO-PEG4-NHS, the amount of tagging on cells
has significantly increased (Supplementary Fig. 2B). Almost 93% of HUVECs have a certain amount of
TCO groups present on their surface when they were modified using 10uM of TCO-PEG4-NHS.
Nevertheless, when cells were engineered using high concentrations of TCO-PEGs+-NHS (=20uM),
endothelial cell properties including proliferation and NO production were significantly affected. Hence
10uM of TCO-PEG4-NHS was selected to incorporate TCO moieties onto the cell surface. These modified
cells have no remarkable impact on cellular growth, NO release or other functions including LDL uptake
and migratory response (Fig. 3.3). Following the modification, TCO groups on the HUVECs surface reduced
to 34% after 24 hours of culture (Supplementary Fig. 2C), but these groups continued to retain on the cell

surface and complexed with Tz moieties for almost 6 days (Supplementary Fig. 3.2D and E).

As previously noted, our main motivation for this research is to reduce the complications
associated with the angioplasty/stenting procedure. The fast recovery of injured endothelium can
significantly minimize the progression of restenosis and late-thrombotic events.'®* The click chemistry-
based approach can overcome such limitations by allowing rapid and specific interaction of the engineered
cells with the target regions. Our results have demonstrated that in the absence of any one of the click
reagents either on HUVECs or PLGA NPs, no interaction occurred between them (Fig. 3.4). Furthermore,
Tz-TCO interaction with NPs and HUVECs was completely abrogated when TCO sites on HUVECs were
blocked using Tz-Cy5 prior to their treatment with Tz-Gp1ba PLGA NPs. Post click chemistry reaction, Tz-
Gp1ba PLGA NPs were observed to occupy the sites on the surface of TCO-HUVECs as determined by
flow cytometric analysis. Accordingly, almost 18% of TCO-HUVEC have NPs bound on their surface

(Supplementary Fig. 3.3A) and more Tz sites on Tz-Gp1ba PLGA NPs were still available for further
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reaction with TCO moieties (Supplementary Fig. 3.3B). The presence of these additional click chemistry
mediated reactive sites following the initial reaction between cells and nanoparticles would allow us to utilize

them as a depot system to deliver therapeutic payloads or track the transplanted cells in situ.

Lastly, Tz-modified PLGA NPs immobilized on to an injury mimicking surface have the potential to
selectively capture TCO engineered ECs over unmodified cells as determined under static conditions (Fig.
3.5). Following the initial incubation with a vVWF coated surface, almost complete coverage of Tz-Gp1ba
PLGA NPs and Gp1ba PLGA NPs was observed, which reinstates our previous observation that the
increased protein amount restores the binding affinity of Gp1ba to vVWF. Furthermore, only Tz-Gp1ba PLGA
NPs captured the engineered cells and a negligible interaction of NPs with cells was observed when either
of the click chemistry reactive sites was absent on cells or PLGA NPs. Under flow conditions of
0.25dyn/cm2, Tz-Gp1ba PLGA NPs selectively accumulated on to a vVWF coated surface and subsequently
captured and retained TCO-ECs from circulation effectively compared to their counterparts (Fig. 3.6).
However, further studies optimizing the nanoparticles capability to retain and home the captured cells under
physiological relevant shear stress need to be investigated. As a proof of concept for our approach,
preliminary ex vivo studies have been performed. Accordingly, injured artery tissues treated sequentially
with ICG loaded Tz-Gp1ba PLGA NPs and TCO-EPCs, as intended, showed that injured artery tissues
attract the accumulation of both ICG loaded Tz-Gp1ba PLGA NPs and TCO-EPCs (Fig. 3.7A). The
accumulation of ICG loaded Tz-Gp1ba PLGANPs is likely to contribute to the immobilization of TCO-EPCs
since both fluorescent images overlap with each other. The high specificity of such a pre-targeted cell
delivery approach is supported by the quantitative difference of ICG loaded Tz-Gp1ba PLGA NPs (Fig.

3.7B) and TCO-EPCs accumulation (Fig. 3.7C) between injured and healthy tissue.

In summary, in this work we have shown proof-of-concept application of bioorthogonal click
chemistry in the field of regenerative medicine to efficiently deliver transplanted cells and support the
functional recovery of injured tissue. TCO-engineered HUVECs maintained their functional properties and
effectively captured Tz-Gp1ba PLGA NPs on to an injury mimicking surface under static and flow conditions.
The long-term presence of click chemistry reactive groups on engineered cells enables us to further deliver
a therapeutic payload to improve the growth and viability of the cells following transplantation. Our pre-
targeting approach using Tz-Gp1ba PLGA NPs towards injured regions not only allows the specific homing
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of engineered cells, but it can also reduce the inflammatory responses thereby supporting faster endothelial
regeneration. NPs may further improve to carry growth factors that help in recruiting host stem cells as well
as transplanted cells to the injured sites. Nevertheless, a substantial amount of work is needed to ensure
the successful translation of our approach for practical use. For instance, the optimal size of Tz-Gp1ba
PLGA NPs has yet to be determined. The diameter of the particle determines the efficiency of particle
margination and retention towards injured vasculature from circulation. We have used ~170 nm sized NPs
as a proof- of concept for our novel approach; however, future work will be performed to evaluate the effect
of large sized NPs in targeting as well as capturing the cells in circulation. Furthermore, we must investigate
the safety and efficacy of our strategy to support in situ reendothelialization using an in vivo injured artery

model in animals.

3.5 CONCLUSIONS

Arterial wall injury post percutaneous coronary intervention (PCI) often leads to late vascular
complications including restenosis and thrombosis. Rapid restoration of the loss of endothelium is a suitable
solution that would help to overcome these issues. Cell targeted delivery to these injured sites by antibody
immobilized stents exhibited only moderate success due to non-selective interaction with inflammatory cells
and poor cell retention resulting in ineffective reconstitution of healthy vasculature. Recently, biorthogonal
cycloaddition reaction with tetrazine and trans-cyclooctene was widely investigated to use for molecular
imaging and cell-based diagnostics as it offers rapid, efficient, and strong binding. Herein, we show the
concept of incorporating this highly selective biorthogonal click chemistry with nanotechnology and cell
therapy to support endothelial cells homing and accelerated endothelial regeneration. We have developed
PLGA nanoparticles tagged with tetrazine (Tz) to cloak on to the damaged arterial wall and capture trans-
cyclooctene (TCO) modified endothelial cells from circulation to effectively treat angioplasty induced
vascular injury. In our work, we have optimized the amount of TCO and Tz groups to incorporate onto
endothelial cells and Gp1ba respectively without abrogating their biological activities. Our in vitro studies
confirm the capability of TCO engineered cells to interact with injury targeted nanoparticles via a click

chemistry reaction. Furthermore, pre-targeted nanoparticles successfully captured the engineered cells
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under both static and flow conditions, which further reinforces the significance of our click chemistry-based

approach to improve existing cell-based therapies for faster tissue healing and regeneration.

3.6 SUPPORTING INFORMATION
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Supplementary Figure 3.1 Development of Tz-Gp1ba conjugated PLGA NPs. A) Fluorescent images
show binding ability of Tz-Gp1ba PLGA NPs ( ) on vWF coated surfaces and their subsequent capture
of TCO-HUVEC:s (red) under static conditions. Various molar ratios of Tz with respect to Gp1ba were utilized
to conjugate onto Coumarin 6 (C6) loaded PLGA NPs. HUVECs were stained with Cytotracker CMPTX red
stain. B) Quantitative data represents the fluorescence intensities of C6-PLGA NPs that were bound to the
vWF surface. C) Quantitative data demonstrates the number of TCO-HUVECs captured by Tz-Gp1ba PLGA
NPs. Quantitative data representing the interaction of C6 PLGA NPs with the vWF coated surface as well as
capture of TCO-HUVECs when increasing amounts of Tz-Gp1ba were used to conjugate onto the surface of
C6 PLGA NPs as shown in D) and E) respectively. Data is represented as Average + SD and significance
was marked as an asterisk (*) when p value < 0.05.
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Supplementary Figure 3.2 Development of TCO-HUVECs. A) Flow cytometry analysis of HUVECs
demonstrates a dose-dependent increase in TCO conjugation on the cells’ surface. Almost 93% of HUVECs
were tagged with TCO when treated with 10 uM of TCO-PEG4+NHS. B) Fluorescent images confirm the
coverage of TCO moieties on the HUVEC surface when treated with 10 uM of TCO-PEG4NHS. TCO-HUVECs
and unmodified ones were treated with Tz-Cy5 (red) and cell nuclei were stained with NucBlue (blue). Scale
bar represents 50 um in length. C) Presence of TCO moieties on HUVECs cell surface post modification was
quantified by tagging TCO-HUVECs at predetermined time points with Tz-Cy5. Following which, cells were
lysed and fluorescence intensity of Cy5 as well as DNA content using Picogreen DNA assay were determined.
D) Fluorescent images represent the retention of TCO groups on HUVECs surface over 6 days. On day 0,
cells were labeled with Tz-Cy5 (red) and cultured until specified time points. At these time points, cells were
further stained with Tz-Cy3 (green). Although fluorescence of Cyb5 significantly decreased over time due to
photobleaching, cell staining with Tz-Cy3 indicates that TCO sites were still available on the cell surface over
6 days post modification. E) Quantitative analysis of fluorescent intensities of Tz-Cy5 and Tz-Cy3 on the TCO-
HUVECs over 6 days was measured using UV/Vis spectrophotometry. Data is represented as Average + SD
with n=4 and significance value is indicated as an asterisk (*) when p<0.05.
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Supplementary Figure 3.3 Tz/TCO mediated NPs-HUVECs interaction. A) Schematic representation of
TCO-HUVEC:s interaction with Tz-Gp1ba conjugated fluorescent PLGA NPs. Bound C6-PLGA NPs on the cell
surface were quantified using flow cytometry. Median fluorescence intensity (MFI) of C6 PLGA NPs indicates
click chemistry mediates a high interaction of NPs with engineered cells compared to its counterparts. Almost
18% more C6 PLGA NPs bound to TCO-HUVECs when NPs were modified with Tz-Gp1ba. B) Schematic
representation of TCO-HUVEC s interaction with Tz-Gp1ba conjugated PLGA NPs. Bound NPs were tagged
with TCO-Cy5 and their fluorescence intensity was quantified using flow cytometry. MFI indicates a high
number of Tz-Gp1ba PLGA NPs accumulated on the surface of TCO-HUVECs compared to Gp1ba PLGA
NPs and unconjugated NPs.
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Chapter 4. SUMMARY AND FUTURE STUDIES

Stenting and balloon angioplasty are common endovascular strategies used to open the occluded
blood vessel. However, such interventions often damage the arterial wall, allowing activation and binding
of circulating platelets to the exposed subendothelium that initiate inflammatory responses, ultimately
leading to the development of restenosis. Although emerging drug eluting technologies have reduced the
rates of endovascular complications, their long-term efficacy is hindered by late thrombosis and the catch-
up phenomenon of restenosis.’ It is now well known that ineffective reconstitution of the endothelial layer
often results in these late stage complications. To overcome these limitations, several strategies involved
with stem cell therapies and drug carriers have been developed. Previously, we have developed ~400 nm
sized polymeric nano scaffolds that interface with the injured arterial endothelium via glycoprotein 1ba
ligand and capture circulating EPCs via anti-CD34 antibodies.*® These multifunctional nano systems
cloaked the denuded endothelium, prevented platelet-mediated reactions, and reduced subsequent
neointimal formation. Furthermore, they promoted rapid endothelial reconstruction by locally capturing
EPCs and supporting their adhesion. Despite these achievements, the therapeutic potential of the nano
scaffolds was not fully achieved as indicated by a decreased binding of EPCs to the injured artery after 7
and 21 days of transplantation, delayed intimal hyperplasia formation, as well as incomplete endothelial
regeneration process. This might be associated with ineffective margination and retention of EPCs or nano
scaffolds on the damaged vascular wall either due to hydrodynamic dislodging forces exerted on them by

circulation or their poor tissue interactions.

In this work, we hypothesized that stable, biodegradable fluorescent nanoparticles could enable us
to track the vascular carriers or nanoparticles labeled stem cells following in vivo delivery. This would allow
us not only to track the nanocarriers or stem cells following transplantation, but also to estimate the required
dosing of the therapeutic candidates to be administered at the injured site and assess the outcome of the
therapy. Henceforth in Chapter 2, we have screened for three nature based, biodegradable polymers that
have demonstrated intrinsic fluorescence for their potential to utilize as theranostic vascular carriers (Aim
1). These polymers are BPLPL-PLGA50:50, BPLPL-PLGA75:25 and BPLPL-PLLA. Our fluorescent

vascular carriers have sizes of ~150 nm and have shown to be highly stable, with desirable degradability
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and release kinetics properties. BPLP-PLGA based NPs demonstrated superior hemocompatibility with
blood cells. Furthermore, they did not cause any toxicity nor affected the normal functions of endothelial
cells. NP-laden endothelial cells demonstrated fluorescent capability which enables them to be monitored

for in vivo applications.

In Chapter 3, we took a different perspective of the application of nanoparticles other than as
theranostic agents. Here, we developed nanoparticles that can mediate the homing of transplanted cells to
the injured tissue and thereby support in situ endothelial regeneration following an arterial injury as occurs
in PCI procedures (Aim 2). We have demonstrated that click chemistry utilizing a tetrazine (Tz) and
transcyclooctene (TCO) reaction can provide a rapid and selective process to engage cells onto the
subendothelium or injured arterial wall. Cellular engineering to incorporate TCO hooks on the cell surface
has no impact on cell growth and function when the modification is performed at low concentrations. A
multifunctional nanoparticles system can recognize the injury mimicking surface and capture engineered
cells selectively under static and flow conditions. Ex vivo studies using an injured rat carotid artery have
demonstrated the potential and feasibility of our approach to mediate cell homing via a click chemistry
reaction. To summarize, our long-term objective of Aim 2 is to deliver our novel, multifunctional
nanoparticles system that can engage in a click reaction with engineered stem cells transplanted following
an injury and thereby improving the clinical outcome of PCI procedures. These stem cells can be bone

marrow derived MSCs or EPCs from either autologous or allogenous sources.

Although, our fluorescent BPLPL based NPs showed the potential to be utilized as theranostic
vascular carriers, a few challenges still need to be addressed. One of the limitations is that the intrinsic
fluorescence of BPLPLs would not be strong enough to perform imaging in depth in tissues, thereby limiting
the noninvasive tracking ability of NPs or NP-laden cells used for in vivo delivery. Thus, it would be
necessary to combine other diagnostic imaging tools with BPLPL based NPs. Li et al. (2016) designed
fluorescent nanobubbles by encapsulation of liquid tetradecafluorohexane within BPLPLs and
demonstrated particle detection via in vivo ultrasound and ex vivo fluorescent imaging.8® Another limitation
of our study is that we did not demonstrate the feasibility of NPs or NP-laden cells imaging and detection

using ex vivo tissue models, which needs to be addressed in our future studies. Our focus was given only
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on optimizing the suitable BPLPLs in terms of their toxicity with endothelial cells and blood cells. Based on
our results, BPLPL-PLGA based NPs would be ideal for our application for the treatment of cardiovascular

diseases.

Our second approach utilizing NPs mediated cell capture in promoting tissue regeneration is
innovative in various aspects; however, an in vivo study evaluating their efficacy in preventing the restenosis
and intimal hyperplasia following balloon injury still needs to be investigated. Moreover, the retention and
biodistribution of our multifunctional nanoparticle system on the arterial wall and other organs following in
vivo delivery must be studied. In our project, we have utilized mature endothelial cells, HUVECs, as a model
for endothelial progenitor cells (EPCs); however, for the successful clinical translation of our approach, we
have to evaluate the effect of cell surface modification on the viability and function of EPCs. Following
which, the fate of engineered cells after in vivo administration needs to be studied. TCO-EPCs must retain,
proliferate, and differentiate into endothelial cells at the damaged site following their delivery to form a
healthy vasculature. So, in our future studies, we will evaluate the extent of endothelial regeneration as well
as their functions in terms of NO production and tight junction formation marked by ZO-1 expression.36. 137
Additionally, the inflammatory responses that might be caused by the click chemistry reactions based on
the presence of macrophages and neutrophils at the damaged artery following the treatment will also be
conducted.’38. 139 Although, aforementioned in vivo studies were initially planned to be performed, due to

the COVID-19 pandemic, this could not be completed.

One of the concerns of our approach is the utilization of a non-specific reaction of NHS esters with
the amines present on the cell surface to instill TCO moieties. Due to this, cellular viability and their functions
are greatly impacted when treated with higher amounts of TCO-PEG-NHS. Therefore, to improve the
amount of TCO groups on the cell surface as well as to maintain the superior cellular performance,
alternative strategies need to be explored. Some of them are: (1) non-covalent incorporation of lipidated
TCO groups; (2) combination of sialic acid glycoengineering with double click chemistry as previously
reported,''* where non-natural chemical groups (e.g. azide) are attached on the cellular glycans following
with treatment of bifunctional crosslinkers like DBCO-PEG-TCO; and (3) incubation with ECs or EPCs

specific antibodies tagged with TCO groups. Besides these, the influence of the NPs size on mediating
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maximum availability of NPs (i.e Tz linkers) on the vasculature wall as well as their capability to promote
subsequent capture of engineered cells must be studied. Lastly, localized delivery of engineered NPs to
the artery may increase the availability of click reactive linkers available to interact with TCO modified
endothelial cells. Hence, balloon or stent mediated delivery of nanoparticles may be optimal for our

application, which also needs to be investigated in our future studies.
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