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Abstract

The design of vascular targeted carriers (VTCs) has continually been optimized in terms
of size and shape, and recently, attention has also shifted to carrier elasticity, which has been
shown to have significant impact on circulation time and immune cell clearance. Notably, soft
materials such as hydrogels have been of interest because of their high water content and
biocompatibility. In this thesis, we develop an enzyme-degradable hydrogel material suitable for
use as a VTC and characterize its use as a carrier for NPs, followed by an in-depth investigation
of interactions between elastic particles and human neutrophils. Finally, we developed a scalable,
high-throughput technique to produce rod-shaped hydrogel particles.

We first developed multiple reaction schemes to incorporate enzyme-sensitive peptides
(VPM) into a polyethylene-glycol hydrogel (PEG) matrix and selected for a material that
degraded completely in the presence of trypsin and MMP-2. Thiol-ene photopolymerization did
not allow for reaction specificity of thiol to acrylate groups. Nucleophilic Michael addition
instead allowed for greatly increased peptide incorporation (up to 95%), generating high-MW
PEG-VPM macromers, yielding a hydrogel material capable of degrading completely in the
presence of trypsin in the span of two hours. We pivoted to a multifunctional PEGVS molecule
to increase crosslinking density, successfully developing an enzyme-degradable hydrogel
material with physical properties suitable for vascular drug delivery.

Using this material, we fabricated hydrogel particles for use as VTCs, and successfully

demonstrated that they could degrade enzymatically, be functionalized with targeting ligands, be
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loaded with non-degradable PS NPs, and adhere to an inflamed monolayer of endothelial cells. 2
— 4 um particles were generated using a water-in-oil emulsion and characterized using SEM.
These particles were degraded using MMP-2, a more physiologically relevant enzyme compared
to trypsin, and were found to degrade completely within 6 hours. Next, to demonstrate their
utility as VTCs, we conjugated particles with avidin and biotin-anti-ICAMI1 using a thiolated
avidin protein to react with residual vinyl sulfone groups. We confirmed successful conjugation
by staining with fluorescent tags and analyzing with flow cytometry. Finally, we perfused
targeted particles over a layer of activated HUVEC and demonstrated that enzyme-degradable
hydrogels had an 8-fold increase in particle adhesion compared to an untargeted particle control.
We found neutrophils effectively phagocytose particles of various moduli, despite
macrophages exhibiting a lowered ability to uptake soft particles compared to stiff particles. 2
um and 500 nm PEG particles were taken up at an equivalent or greater rate by primary human
neutrophils as compared to PS. We similarly saw equivalent uptake of HA-based particles (50 —
700 kPa) by human neutrophils. These trends were visually confirmed using optical tweezer
assays. Surface conjugation of the particle resulted in notable reduced uptake, likely due to
increased albumin adsorption, based on SDS-PAGE analysis of the protein corona of the particle.
Finally, we successfully developed a novel fabrication technique for the shearing of
polymer droplets and in situ crosslinking of deformed droplets to generate rod-shaped hydrogel
particles. The displacement-flow driven shear system allowed us to fabricate elongated hydrogel
particles with an average ESD of 5 um and an AR between 1 — 3.5 from a shear rate of 0 — 1400
1. Overall, in this dissertation, we seek to demonstrate the utility of hydrogels specifically
within the context of vascular targeted drug delivery and showcase the potential of soft materials

for tissue engineering.
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Chapter 1 : Introduction

1.1 Background and significance

Cardiovascular disease (CVD) remains the leading cause of mortality in the US,
accounting for approximately 30% of all deaths, surpassing cancer and chronic lower respiratory
disease combined, the second and third leading causes of mortality, respectively, in non-COVID
years'2. The most prevalent form of CVD is coronary artery disease (CAD), which comprises
nearly half of all deaths caused by CVD?. Nearly half of all Americans are projected to have
some form of CVD by 2035, with a total health care cost of $1.1 trillion globally; in fact, CAD
alone is projected to cost $400 billion!. Thus, CVD, and especially CAD, remains a significant
health concern with an unmet clinical need for improved treatment.

CAD is characterized by a buildup of atherosclerotic plaques in arteries that constrict
blood flow to crucial parts of the body. Atherosclerosis in early stages is largely dictated by the
inflammatory cascade, which recruits leukocytes to the area and causes the release of pro-
inflammatory cytokines, followed by subsequent accumulation of lipids, macrophages, foam
cells, smooth muscle cells, and several other components that contribute to plaque formation>*.
Further development of these plaques over time leads to thinning of the fibrous cap, the layer of
smooth muscles cells beneath the plaque endothelium, eventually leading to plaque rupture, the
main cause of sudden and severe health complications, including heart attacks and strokes.
Plaque formation and development are typically asymptomatic until rupture, and the variability
of atherosclerosis makes detection and treatment difficult until such complications arise.

Typically, treatments for CAD include invasive surgeries and the administration of lipid-



lowering statins, which tend to be reactive rather than preventative treatment, and tend to be
impermanent solutions, unable to prevent restenosis or the development of plaques elsewhere in
the body. Specifically, vein grafts for bypass and the use of stents are common to help treat CAD
and plaque formation. However, while vein grafts are successful in bypassing the affected vessel
and preventing plaque rupture by alleviating the blood flow to the plaque, they are prone to
failure due to the mismatches in size and blood flow rate between artery and vein>. Stents work
to prevent blood vessel constriction by expanding the vessel in which it is placed, but can come
with risks of calcification and in-stent restenosis, leading to stent failure®. While statins indeed
help to lower levels of low-density lipoproteins (LDLs) in the blood, aggressive use of statins
have been shown to have diminishing returns on lowering LDLs and are associated with adverse
side effects such as hepatotoxicity and myalgia’. These treatments, while useful as temporary
solutions, lack the ability to halt and reverse the accumulation and development of plaques in
diseased blood vessels. Thus, there is an unmet clinical need for accurate, early detection of

CAD and noninvasive treatment.

1.2 Vascular Targeted Carriers

The use of vascular targeted carriers (VTCs) has gained increasing interest as a possible
route for site-specific drug delivery, presenting a significantly less invasive method of treatment
for CAD and atherosclerosis®®. VTCs are drug-loaded carriers designed to accumulate at regions

of diseased vascular tissue and locally release their payload to the vascular endothelium,



typically fabricated with a wide range of materials, including lipids, polymeric materials, and

proteins'®!2. A schematic of general VTC design is outlined in Figure 1.1.

Base material for carrier Therapeutic loaded into carrier Surface decorated with targeting ligands

Figure 1.1: General VTC design, where a carrier is loaded with therapeutics and surface conjugated with
targeting ligands to target areas of inflamed and diseased tissue.

1.2.1 Lipid- and Protein-based Particles

Lipid-based carriers, such as liposomes and micelles, are the most common and well-
researched type of drug carrier, seeing use in the clinic to delivery therapeutics such as
doxorubicin'*!*. The amphiphilic nature of lipid-based carriers provides great utility, as they can
be used to carry both hydrophobic and hydrophilic therapeutics, and are commonly used on the
nanoscale for delivery of cancer treatments'®!®. Similarly, protein-based VTCs are composed of
proteins found in the body, such as mucin, albumin, and collagen'!!¢"!¥ Because of their
naturally derived origins, these particles and their associated degradation products pose little risk
of toxicity, given their high biocompatibility. These types of particles have already been
demonstrated to have utility in delivery therapeutics and imaging agents'®>°. However, one
significant drawback to both lipid-based and protein-based carriers is the lack of tunability and
control over physical properties such as surface charge, density, and Young’s modulus that

polymer-based VTCs possess.

1.2.2 Polymer-Based Particles



Polymeric particles can be based on naturally derived polymers, such as chitosan,
hyaluronan, and alginate, or synthetic polymers such as poly-(lactic-co-glycolic acid) (PLGA),
polycapralactone, and polystyrene (PS)?!"?’. With a wide variety of materials, polymeric
particles, especially those made from synthetic polymers, provide more design flexibility than
the types of carriers mentioned previously, allowing for selection of an appropriate material for a
specific application. Indeed, there are many design parameters that need to be considered for a

VTC to be successful.

1.3 VTC Design

For a VTC to be successful, it must be able to first navigate the entirety of the vasculature
after intravenous injection, then localize and bind to the targeted area of interest, typically an
area of diseased or inflamed vascular tissue. Site-specific adhesion in the case of vascular
delivery is typically achieved via active targeting with the use of ligands to bind to inflammation

markers on the endothelium, such as selectins and cellular adhesion markers (CAMs)?*,
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Figure 1.2: Visual depiction of success transport of a therapeutic loaded into a VTC, shown from left to
right. First, the VTC needs to navigate the bloodstream and marginate to the endothelium to bind to
inflammation markers present on the cells. Next, the therapeutic needs to be released from the interior
of the carrier and enter the tissue space for there to be any therapeutic benefit.



Following adhesion to the endothelium, VTCs also need to under intracellular delivery and enter
the tissue space for their loaded cargo to have any therapeutic benefit. Thus, when designing
VTCs, they must be designed such that all of these transport obstacles are addressed. Figure 1.2
visually outlines the successful transport of the therapeutic encapsulated within a VTC from

blood flow into the tissue space.

1.3.1 Particle Size

Size is a significant parameter that greatly affects the performance of a VTC. Nano-sized
carriers have long been of particular interest for the various advantages they provide over larger,
micron-sizes particles. For example, previous studies have demonstrated that nanoparticles (NPs)
have a longer circulation time than microparticles (MPs), providing more opportunities to find
and adhere to their target location®!. Due to their smaller size, they also more effectively avoid
clearance via macrophages and are capable of easily navigating the vasculature, being much
smaller than the smallest capillaries in the body>*?*. One of the most important reasons for the
prevalence of NPs in particle formulation is their ease of internalization by multiple types of
cells; multiple studies have shown that the upper size limit on cell internalization tends to be on
the order of 100 nm by endothelial and epithelial cells**>®. Because of the numerous advantages
that NPs possess, they have been widely regarded as a useful approach to localized drug
delivery.

However, aside from entry into the tissue space, VTCs must also reach and adhere to the
vascular endothelium to begin the internalization process. From this perspective, research has
instead shown that nano-sized particles are largely unable to navigate the complexity of blood
flow and reach the endothelium?’”. Due to interference from red blood cells (RBCs), NPs tend

to localize in the center of blood flow and exhibit minimal adhesion to the cell wall, limiting



their use as VTCs*®. The optimal size for margination has been found to be on the order of 2 — 5
um, markedly different than the size needed for intracellular delivery. Particles of this size range,
while much more effective at margination than NPs, also exhibit shorter circulation times and are
more likely to be cleared by immune cells, preventing them from reaching their target®®. Notably,
a longer circulation time has not been directly shown to translate to increased adhesion, and thus

the enhanced margination of MPs may prove more beneficial.

1.3.2 Particle Rigidity

One of the major limitations to the use of MPs is the concern for their high probability to
occlude smaller blood vessels, especially capillaries having a diameter as small as 4 um, when
delivered intravenously*’. Interestingly, however, other components of blood, such as RBCs and
white blood cells (WBCs), are approximately 8 and 10 um respectively and deform as they
navigate blood vessels of a smaller diamter*®#?. This phenomenon suggests the necessity of a
deformable aspect for MPs to successfully and safely navigate the vasculature. Indeed, recent
studies exploring microbubbles for the delivery of imaging agents as well as liposomal-based
carriers for vascular drug delivery indicate the success of soft carriers to traverse all types of
blood vessels!%*}. However, as previously mentioned, a large drawback of these soft carriers is
their lack of tunability, and furthermore, they also lack stability on a microscale to withstand
larger shear forces present in blood flow, and thus are largely unfeasible for vascular drug
delivery***,

Instead, hydrogels, a class of highly water absorbent polymeric materials, may provide
more utility in being able to navigate the vasculature while benefiting from enhanced

margination effects. Being polymeric in nature, hydrogels possess a high degree of tunability not

found in other deformable materials and can absorb up to many times their own weight in water.



Because of this, hydrogels have seen a great amount of use in tissue engineering, possessing
mechanical properties close to that of many types of tissue in the body, including blood cells,
muscle tissue, and even bone. Furthermore, because of the high water content of hydrogels, they
are able to more closely mimic the aqueous environment of these tissues and are considered
more biocompatible than other hydrophobic polymeric materials*®. Thus, hydrogel-based MPs
may prove more useful than their rigid counterparts as VTCs, as demonstrated by their
maintained ability to bind to an inflamed endothelium in vitro*’. However, the use of a
deformable MP still does not address the deficiency of being unable to enter the tissue space as

compared to NPs.

1.3.3 NP-Loaded MP Design

Considering the unique advantages that MPs and NPs both offer as a VTC, there is a size
mismatch with regards to designing a VTC that can effectively localize and bind to the
endothelium and one that can undergo intracellular uptake and enter the tissue space. In order to
address this dilemma, studies have begun exploring the potential of using NP-loaded hydrogel
MPs to facilitate NP transport to the vascular wall in a dual-delivery approach. Indeed, NP-
loaded hydrogels have already been demonstrated to delivery NPs at a greater rate than free NPs
in flow, yet did not show NP release from the hydrogel and adhesion to the endothelium*®. In
order to demonstrate that NPs loaded into hydrogel MPs can bind to the endothelium at a higher
rate than free NPs, a degradation pathway needs to be built into the hydrogel particle such that it
will degrade near sites of inflammation to achieve site-specific release of NPs. While there have
been many different hydrogel degradation pathways explored previously, such as hydrolysis,
photodegradation, and pH-mediate degradation, these stimuli would likely not result in site-

specific degradation; from the perspective of the disease microenvironment, there are few
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Figure 1.3: A schematic of the NP-loaded MP system, which would leverage the presence of
inflammatory enzymes to degrade the hydrogel MP and release NPs. This dual delivery approach
would allow for site-specific degradation of the MP and facilitate the transport of NPs to the vascular
wall.

meaningful differences between that of diseased and healthy tissue, since temperature and pH are
typically tightly regulated within the body*’. However, one major difference lies in the varying
levels of inflammatory enzymes that are upregulated near areas of inflamed and diseased tissue.
Specifically, matrix metalloproteinases (MMPs) are of interest because of their well-documented
overexpression near regions of atherosclerotic plaques compared to healthy tissue>*>2. MMPs
are zinc-dependent enzymes responsible for cleavage of extracellular matrix (ECM) components
and linked to vessel remodeling®®. Numerous studies have previously explored the use of
enzyme-degradable hydrogel systems by crosslinking polyethylene-glycol (PEG) with various
peptides sensitive to MMPs and demonstrated their potential for applications such as cell
scaffolding, tissue regeneration, and pulmonary delivery>*®. While previous work has explored
the reaction kinetics of various peptide sequences cleavable by MMPs, selection of an
appropriate peptide sequence would likely depend on the timescale of degradation desired, which
would likely be within 4 — 6 hours based on the circulation time of deformable particles?>-78, A
schematic of the proposed NP-loaded MP design is shown in Figure 1.3. Designing an NP-

loaded hydrogel MP instead for vascular targeted drug delivery will need to incorporate different

aspects of previous work to address the shortcomings of MPs and NPs alone while addressing



the transport obstacles to overcome, including first margination and binding, followed by

intracellular delivery.

1.4 Phagocytosis and Circulation Time

A major issue regarding VTC design is their inability to avoid rapid removal from
circulation by filtration via RES organs and clearance by phagocytic leukocytes>®°!. Efforts to
design VTCs to avoid phagocytic uptake and achieve extended circulation times have been an
active area of biomedical research for several decades. Many solutions have been explored,
typically focusing on exploiting non-fouling surface coatings to avoid accumulation of opsonins
on the surface, such as PEG, cell-membrane-derived, and zwitterionic coatings®* %4,

In recent years, particle elasticity has emerged as a design parameter for polymeric
particles for intravenous drug delivery applications due to favorable effects on phagocytosis.
Research has shown that softer particles have a lower propensity to be phagocytosed by
macrophages and monocytes>*%>%®_ For example, one study involving PEG-based NPs showed
significant differences between soft and hard NPs regarding cellular uptake by J774
macrophages, where stiffer particles were taken up at a greater rate than their softer
counterparts>®. Other work involving polyacrylamide MPs exposed to mouse bone marrow-
derived macrophages supported these findings, where softer particles more readily avoided
cellular internalization®’. Furthermore, in vivo experiments also point to particle elasticity as an
important factor in extending circulation time, where soft nanoparticles were shown to have a
longer circulation time, attributed to their ability to avoid filtration by RES organs in addition to
avoiding immune cell recognition®*%%%°_ Indeed, many in vivo studies confirm that softer

particles can more effectively circulate throughout the body for longer, increasing the likelihood

of successful delivery to sites of interest’®’!. However, most of the work evaluating particle



deformability as a viable approach to minimize or avoid particle phagocytosis has focused on in
vitro assays with macrophages, which reside in tissues, and monocytic cell lines. Furthermore, in
vivo experiments, primarily in murine models, may not fully represent the phagocytic phenotype

of primary cells in a human system.

1.5 Neutrophil Interactions with Particle Carriers

Neutrophils

J

Lymphocytes

' No macrophages

Monocytes

Figure 1.4: Composition of circulating leukocytes in human blood. Neutrophils
compose 50 — 70% of all circulating white blood cells, lymphocytes about 25 — 33%,
and monocytes < 10%. Notably, macrophages are tissue-resident macrophages and are
typically not present in circulation.

Neutrophils are highly efficient phagocytes that comprise 50 — 70% of all immune cells
circulating in human blood, with monocytes and lymphocytes at 25 — 33% and <10%,
respectively’? (shown in Figure 1.4). VTCs are delivered intravenously due to the desired
function of delivering drugs to the vascular wall; thus, neutrophils are likely the primary
phagocyte with which VTCs will interact. However, little is known about how neutrophils
engage with soft particles and whether the trends relating elasticity to phagocytosis will hold in

human blood flow, largely due to a lack of cell lines to model neutrophil behavior along with
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difficulties in working with fresh neutrophils. The few studies that have explored the interactions
between neutrophils and particle carriers highlight that neutrophils may not behave the same as
typical phagocytes. For example, one notable study found that in the presence of human plasma,
neutrophils more readily phagocytosed PEGylated polystyrene particles than non-PEGylated
particles, a departure from trends seen in macrophages, where PEGylation typically acts as a
stealth coating’®. A separate study found neutrophils unexpectedly phagocytosed rods at a
significantly greater rate than spheres while macrophages exhibited lower phagocytosis of rod-
shaped particles as expected’*. Given the differences in particle interactions between neutrophils
and other model phagocytes like macrophages and monocytes, there is the possibility that trends
seen regarding deformable particles and macrophages may not necessarily hold true for
neutrophils, and the characterization of these interactions would be crucial to gain more insight

into how VTCs might behave in a human system in blood flow.

1.6 Dissertation Outline

Overall, there is an unmet need for more effective detection and treatment of CVD,
especially CAD. While current treatment options can be effective at mitigating the complications
of atherosclerosis, they fail to reverse or otherwise prevent formation of plaques within affected
blood vessels. While VTCs have been explored as a non-invasive alternative to invasive
surgeries and statin administration, they have largely failed to reach clinical relevance due to
obstacles in particle transport that are not fully addressed by either NPs or MPs. While a
degradable hydrogel particle has the potential to address these shortcomings, we have yet to
develop a degradable material suitable for vascular drug delivery. Furthermore, interactions
between neutrophils and deformable materials have been uncharacterized thus far and would be

crucial to understanding how deformable VTCs might perform in human blood flow. Therefore,
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the main focus of this thesis will be on developing and characterizing hydrogel-based materials
within the context of vascular targeted drug delivery.

Chapter 1 provides an overview of CVD and current treatments in the clinic, with an
emphasis on the potential for VTCs as a novel treatment for CVD and specifically, CAD. In
addition, the chapter discusses the utility of hydrogels and their potential impact on VTC design.

Chapter 2 discusses the materials and methods used to collect the data collected here in
this thesis, including the particle fabrication and characterization techniques as well as cellular
assays used to characterize interactions between particles and immune cells.

Chapter 3 investigates various reaction schemes used to incorporate VPM peptide into a
PEG hydrogel matrix using either thiol-ene photopolymerization or nucleophilic Michael
addition click chemistry using various PEG molecules. The material developed in this chapter is
useful for fabricating hydrogel MPs suitable for vascular targeted drug delivery.

Chapter 4 builds off of the previous chapter and explores the fabrication of hydrogel MPs
using the material developed in chapter 3 and characterizes their potential as a VTC for carrying
and delivering NPs to the vascular wall to facilitate NP adhesion to an inflamed endothelium.
Here, we successfully developed a hydrogel MP capable of degrading in the presence of MMP-2
and binding to an endothelium following ligand conjugation.

Chapter 5 examines the interactions between immune cells and particles composed of
deformable materials, including PEG and HA. We explored the impacts of surface charge and
conjugation on the phagocytosis of hydrogel particles and found that neutrophils phagocytose
particles indiscriminately of particle elasticity, while macrophages were less likely to

phagocytose softer materials.
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Chapter 6 outlines the development of a novel fabrication technique for the production of
rod-shaped and fibrous hydrogel particles, which could provide more utility than spherical
particles, especially in the context of muscular tissue regeneration.

Chapter 7 concludes the thesis and discusses potential future directions for this research.
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Chapter 2 : Materials and Methods

2.1 Introduction

This chapter describes in detail the materials and methods used to collect the
experimental data presented in the data chapters of this thesis. The protocols for both bulk and
particle fabrication of various hydrogel-based materials are detailed here, including fabrication of
PEGDA, PEGVS, and HA-based hydrogels using different reaction schemes. We also detail the
various phagocytosis assays using both primary human neutrophils and J774 macrophages as
well as imaging assays performed with an optical tweezer system. Finally, we discuss the
different types of shear designs for the fabrication of rod-shaped particles and the various
methods of characterization for these particles. Materials and details on their sources are listed

within the subsection where that material was used.

2.2 Thiol-ene Photoclick Polymerization of PEG and VPM

700 Da polyethylene-glycol diacrylate (PEGDA) (Sigma Aldrich), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) (TCI Chemicals), and the MMP-sensitive peptide
GCRDVPMSMRGGDRCG (VPM) (Genscript) were first mixed together in methanol ata 15
wt% concentration, as described previously*’. 10 uL of the polymer solution was then placed
between two hydrophobic coverslips spaced 1 mm apart and polymerized using a UV lamp for
10 minutes at a wavelength of 365 nm to created disk-shaped samples. Afterwards, hydrogel

samples were swelled in PBS -/- for 24 for further use.

14



2.3 PEG-VPM Macromer synthesis

PEGDA and VPM peptide were first dissolved in 0.1M sodium phosphate buffer (pH 8)
at a concentration of 1 mM and 1.6 mM respectively and allowed to react for 1.5 hours to create
PEG-VPM macromers, as described previously’>. The excess of PEGDA was used to ensure that
the resulting macromers were acrylate terminated for subsequent photopolymerization. Next, the
polymer solution was dialyzed against DI water for 24 hours using snakeskin dialysis tubing with
a MW cutoff of 3500 Da (Thermofisher Scientific) to remove any residual unreacted PEGDA
and VPM as well as the sodium phosphate. Finally, the solution was flash frozen in liquid
nitrogen and lyophilized to yield purified PEG-VPM macromers. To fabricate hydrogel samples,
PEG-VPM macromer was dissolved in PBS -/- at a concentration of 25 wt% with 1% LAP PL
Next, 10 uL of polymer solution was placed between two hydrophobic coverslips spaced 1 mm
apart and exposed to UV at a wavelength of 365 nm for 10 minutes. After polymerization,

hydrogel samples were swelled in PBS -/- for further use.

2.4 Fabrication of Bulk Hydrogels from VPM and PEGVS

4-armed polyethylene-glycol vinyl sulfone (PEGVS) (Jenkem Technologies) was
dissolved in 0.3M triethanolamine (TEOA) (Sigma Aldrich) at a pH of 9 at varying
concentrations. Separately, VPM was dissolved in 0.3M TEOA at a pH of 9 at an equimolar ratio
of thiol to vinyl sulfone groups. To polymerize the PEGVS and the VPM, the two solutions were
first mixed together in stoichiometric ratios of reactive groups to yield 10 pL of precursor
solution, and the resulting solution was quickly placed between two hydrophobic coverslips
spaced 1 mm apart and allowed to crosslink for 10 minutes. After polymerization, hydrogel

samples were swelled in PBS -/- for 24 hours prior to further use.
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2.5 Shear Rheometry of Bulk Hydrogel Samples

To determine the Young’s modulus of our hydrogel materials, we placed our disk samples on the
heated stage of an AR-G2 Rheometer (TA Instruments) held at 37 °C and used an 8-mm plate
geometry for the purposes of rheometry. The normal force during each measurement was kept at
0.5 N, and a time sweep was performed using a 1% strain and an angular frequency of 1 rad/s.
These assays yielded a storage modulus, which was then converted to Young’s modulus
according to the following relationship:

E=2G(1+v)
where E is the Young’s modulus of the material, G is the shear modulus of the material, and v is
the Poisson’s ratio of the material. Here, we assumed a Poisson’s ratio of 0.5 for elastic

materials.

2.6 Bulk Enzyme Degradation Assays

Bulk hydrogels were made as described above, and after swelling, hydrogel samples were
placed in either 500 pL of a control buffer or an enzyme solution. For trypsin assays, hydrogels
were placed in 2 uM trypsin in PBS -/-, and for MMP-2 assays, hydrogels were placed in 20 nM
MMP-2 in a tricine buffer, comprised of 100 mM tricine (Sigma Aldrich), 50 uM ZnCl, (Sigma
Aldrich), 50 mM CacCl; (Sigma Aldrich), 50 mM NaCl (Sigma Aldrich), 0.05% Brij-35
(Thermofisher Scientific). To monitor degradation, the surrounding solution of hydrogels was
sampled periodically by taking 10 pL of the solution, and after the assay was complete, collected
samples were analyzed using a fluorescamine assay. Each sample was incubated with 40 pL of 3
mg/mL fluorescamine (Acros Organics) in dimethyl sulfoxide (DMSO) for 45 minutes under
foil. Finally, the fluorescence of each sample was measured using a Biotek plate reader using an

excitation wavelength of 365 nm and an emission wavelength of 470 nm.
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2.7 Ellman’s Assay to Characterize Extent of Thiol Conversion

For PEG-VPM photoclick reactions, samples were collected by first incubating
crosslinked photopolymerized gels in PBS -/- overnight to allow any unreacted VPM to diffuse
into the surrounding liquid. Similarly, for the synthesis of PEG-VPM macromers, samples of the
PEGDA and VPM mixture were collected over designated time points.

To perform the Ellman’s assay, reaction buffer was first made by making a solution of
0.1M sodium phosphate (pH 8) with 1 mM ethylenediaminetetraacetic (EDTA), and Ellman’s
buffer was made by adding 4 mg of Ellman’s reagent (Sigma Aldrich) to 1 mL of reaction buffer.
Next, for each sample, we mixed together 6.25 uL of Ellman’s buffer, 312.5 uL of reaction
buffer, and 31.25 pL of sample (350 uL total). Each sample was then incubated for 15 minutes at
room temperature under foil, and the absorbance at 414 nm was measured on a 96-well plate

using a Biotek plate reader.

2.8 PEGVS Hydrogel Particle Fabrication

Precursor solutions of PEGVS and VPM were prepared as previously described in bulk
PEGVS hydrogel fabrication. To encapsulate PS NPs into the hydrogels, 50 nm yellow-green PS
NPs (Polysciences) were directly added to the PEGVS precursor solution. After mixing the
PEGVS and VPM to form the polymer solution, it was quickly placed in paraffin oil (Sigma
Aldrich) with 1% surfactant, comprised of Span 80 (Sigma Aldrich) and Tween 80
(Thermofisher Scientific) for an HLB of 5, and sonicated at 20% intensity to form a water-in-oil
emulsion using a probe sonicator. After emulsion formation, particles were allowed to
polymerize for at least two hours. Particles were purified with successive centrifugal washes in

hexanes, ethanol, and tricine buffer. To obtain particles approximately in the 2 pm range, they

17



were filtered through a 2 um filter tip and then spun down at 1500 x g to remove smaller

particles. Particle size and surface morphology were then assessed via SEM imaging.

2.9 HUVEC culture and activation

Umbilical cords were acquired from Mott Children’s Hospital in Ann Arbor under a
Medical School Internal Review Board (IRB-MED) approved human transfer protocol. Human
umbilical vein endothelial cells (HUVEC) were isolated using a collagenase perfusion method
from three or more umbilical cords and pooled, as described elsewhere’®. HUVEC were then
cultured in T75 flasks pretreated with 0.2% gelatin at 37 °C and 5% CO> until confluent.
Confluent HUVEC flasks were trypsinized and seeded onto 30 mm coverslips pretreated with
glutaraldehyde-crosslinked gelatin and grown for 48 — 72 hours at 37 °C and 5% CO» until
confluent on the coverslip. To induce HUVEC inflammation, cells were activated with 2 mL of 1
ng/mL interleukin-1p (IL-1p) for 24 hours to induce maximal expression of intercellular cell

adhesion molecule-1 (ICAM1)"".

2.10 PEGVS Particle Degradation

First, SE7 particles per sample were placed in an Eppendorf tube, centrifuged at 20000 x
g, and the supernatant was removed via aspiration. Particles were then resuspended in either 20
nM MMP-2 or a tricine buffer control. At given time intervals, samples were centrifuged to
pellet the particles, and 10 puL of the supernatant was taken, followed by resuspension of the
particles via brief sonication. After the degradation assay was complete, samples were analyzed

using a fluorescamine assay as described earlier.
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2.11 Particle Conjugation and Characterization

Neutravidin protein (Thermofisher Scientific) was conjugated to the surface of PEGDA-
based particles using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
chemistry to covalently link carboxylic acid groups on the particle surface to primary amines on
the Neutravidin protein. First, 1E9 particles were resuspended in 400 puL of 2-
morpholinoethanesulfonic acid (MES) buffer at a pH of 7 containing 5 mg/mL Neutravidin
protein and rotated under foil for 15 minutes. Afterwards, 400 pL of 100 mg/mL EDC in MES
buffer was added to the particle solution and allowed to react overnight, after which the reaction
was quenched with the addition of 20 mg of glycine and washed once with PBS -/-.

PEGVS particles were instead conjugated with the use of thiolated avidin. 2E8 particles
were added to 1 mL of 1 mg/mL avidin-SH in 0.3M TEOA, pH 9, and rotated overnight to link
surface vinyl sulfone groups with the thiol groups present on the avidin protein. After washing
with tricine buffer, 1E8 particles were conjugated with biotin-PE (Thermofisher Scientific) and
subsequently analyzed using an Attune flow cytometer to characterize the avidin reaction. To
instead characterize the conjugation of targeting ligands to the particle surface, avidin-coated
PEGVS particles were first reacted with biotinylated anti-ICAM]1 (Biolegend) followed by IgG-

APC (Biolegend) to characterize the ligand conjugation via flow cytometry.

2.12 PEGVS Particle Adhesion Assays

For static adhesion assays, HUVEC were cultured onto glass coverslips with gelatin and
grown to confluency as described previously. After 24-hour activation with IL-1B in complete
M199 media, 1ES particles coated with a saturating amount of anti-ICAM1 were added to the
media and allowed to incubate for 4 hours. Coverslips were then washed with 10% bovine serum

albumin in PBS and imaged for adherent particles.
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For adhesion-degradation assays, fixed HUVEC was first incubated with 5 ug/mL of
FITC-conjugated wheat germ agglutinin (WGA) to stain the cells. Next, 1 mL of SE7
particles/mL in PBS -/- were perfused through a parallel plate flow chamber lined with the

stained HUVEC at a shear rate of 500 s! according to the equation:

6Q

Yw = 2w

where yyy, is the shear rate in the channel, h is the channel height (0.0127 cm), w is the channel
width (0.25 cm), and Q is the volumetric flow rate. After the particle adhesion step, the channel
was flushed with fresh PBS -/- to remove any unbound particles, then either a 2 uM trypsin
solution or just PBS -/- was perfused through the channel and was flowed back and forth using a
syringe pump to simulate continuous flow for 2 hours. After the degradation step was complete,

the coverslip was imaged using confocal microscopy to detect the presence of PEGVS particles

and released NPs adherent to the HUVEC.

2.13 NP Conjugation

7E13 50 nm PS NPs (Polysciences) were added to 400 uL of 1 mg/mL Neutravidin
protein in MES buffer (pH 10) and rotated under foil for 15 minutes, followed by addition of 400
pL of 100 mg/mL EDC and allowed to react for 2 hours. After the reaction was complete, the
reaction was quenched with 20 mg of glycine and diluted up to 4 mL using DI water. To wash
the particles, the NP solution was subjected to ultracentrifugation via a Sorvall MX120
ultracentrifuge for 3 hours at 150,000 x g, and the supernatant was aspirated. Particles were then
resuspended in PBS -/- with 1% Brij-35, and to characterize the avidin reaction, SE12 particles
were stained with biotin-PE (Thermofisher Scientific) for 30 minutes, and following a second

ultracentrifugation step, particles were visually inspected for successful conjugation. For
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conjugation of targeting ligands, SE12 particles were incubated with a saturating amount of
biotinylated anti-ICAM1 (Biolegend) and subjected to ultracentrifugation to wash away any

unreacted antibody.

2.14 PEGDA Particle Fabrication

PEG particles were fabricated as previously described*’. We first mixed together
PEGDA, 2-carboxyethyl acrylate (CEA) (Sigma Aldrich), LAP, acryloxyethyl thiocarbamoyl
Rhodamine B (Rhod) (Polysciences), and methanol to form a precursor solution, with PEGDA in
quantities to form 50 and 15 wt% solutions. Precursor solution was then added to an oil phase of
silicone oil in a one to ten volumetric ratio, briefly sonicated to form a water-in-oil emulsion and
placed under a UV lamp to allow particles to crosslink. Particles were subsequently washed in
hexanes and ethanol and filtered using 2 um filters and centrifuged at 1500 x g to remove smaller
particles. To alter the zeta potential of the PEG particles, an equivalent mass of 2-aminoethyl
methacrylate hydrochloride (AEM) was added in lieu of the CEA. Neutrally charged particles
were fabricated using an equivalent mass of a 50-50 mixture of CEA and AEM. Successful AEM
incorporation into the particle backbone was demonstrated using a fluorescamine assay, and zeta

potential was measured using a Malvern Zetasizer.

2.15 Hyaluronic Acid Methacrylate Particle Fabrication

A precursor solution of rhodamine, LAP, and HAMA in 50 vol.% methanol solution in
water was first made, adjusting the amount of HAMA to achieve 5, 10, and 20% wt/vol solutions.
The HAMA precursor solution was added to an oil phase of silicone oil and sonicated to form a

water-in-oil emulsion and placed under a UV lamp for particles to crosslink. Particles were
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subsequently washed in hexanes and ethanol and filtered using 2 um filters and centrifuged at 1500

X g to obtain 2 pm-sized particles.

2.16 Human Blood Preparation

Informed, written consent was first obtained by all healthy blood donors according to a
protocol approved by the IRB-MED, and blood was then obtained from blood donors via
venipuncture. First, a tourniquet was placed around the donor’s arm, and the skin over the vein
was sterilized with a sterile alcohol pad. A sterile butterfly needle was attached to a syringe filled
with heparin anticoagulant such that the total concentration was 7 mL of anticoagulant per 50
mL of blood, and the needle was then inserted into the vein. Blood was slowly drawn up to the
desired amount of blood, and after the blood draw was complete, the tourniquet was first
removed, followed by removal of the needle and placement of gauze over the puncture site. After
clot formation, the clot was covered with additional clean gauge and a bandage. Blood was

stored at 37 °C for further use.

2.17 Isolation of Primary Human Neutrophils

20 mL of fresh human blood was first drawn from a healthy human donor, layered onto a
Lymphoprep density gradient (STEMCELL Technologies) in a 1:1 volume ratio, and centrifuged
at 400 x g for 20 minutes at an acceleration of 3 and brake of 0. The plasma layer was collected
for future use and the rest of the supernatant (buffy coat and gradient layer) were discarded. 20%
dextran (Sigma Aldrich) with 0.15M NaCl was then added to the RBC and neutrophil layer at a
1:2 volume ratio and mixed by gently rotating the tube. PBS -/- was added up to 25 mL total
volume and gently rotating the tube, and the RBCs were allowed to settle for 30 minutes. The

supernatant (neutrophils and residual RBCs) was collected and PBS -/- was added up to 50 mL
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and centrifuged at 500g for 5 minutes. The supernatant was then aspirated and to lyse remaining
RBCs, 20 mL of 0.2% NaCl solution was first added and mixed by inverting. After 45 seconds,

30 mL of 1.8% NacCl solution was added to the tube and centrifuged at 500g for 5 minutes. Cells
were washed once with PBS -/-, counted, and resuspended in plasma or RPMI media for particle

uptake studies.

2.18 Neutrophil Phagocytosis Assays

Fresh blood was drawn from a healthy human donor as described previously, and 100 pL
of whole blood each was placed into FACS tubes for particle uptake assays. To each tube, 10°
particles were added for a final concentration of 10 particles/mL of whole blood and incubated
at 37 °C and 5% CO; for two hours. Afterwards, neutrophils were stained with APC-CD45
(Biolegend) and APC-Cy7-CD11b (Biolegend) for 30 minutes on ice before cell fixing with Fix-
Lyse buffer (Thermofisher Scientific) to remove red blood cells. Samples were subjected to
centrifugal washes before analysis using flow cytometry. Neutrophils were comprised of events
that were positive for CD45 and CD11b, and particle positive cells were those that were positive
for FITC and rhodamine for PS and PEG respectively. For isolated neutrophils, 2x10° cells in
100 uL of either RPMI media or human plasma were placed in FACS tubes per sample, and 10°
particles were placed in each sample for a cell:particle ratio of 1:5. The uptake study was then

run as with whole blood samples.

2.19 J774 Macrophage Culture

J774 macrophages were purchased from the American Type Culture Collection (ATCC) and
cultured according to a protocol by ATCC. The cell vial was first thawed and resuspended in 10

mL of Dulbecco’s modified Eagle media (DMEM) supplemented with 10% fetal bovine serum
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(FBS) and then centrifuged at 500 x g for 5 minutes. After removing the supernatant, the cells
were resuspended in 10 mL of fresh DMEM and transferred to a T75 flask and incubated at 37
°C and 5% CO.. Media was replaced every 2 days, and every 5 days, cells were subcultured by
first removing spent media from the flask via aspiration and adding 10 mL of fresh media. Next,
cells were detached from the flask using a cell scraper, and the cell suspension was transferred to
new T75 flasks at a 1:3 dilution of cells to fresh media. For particle uptake studies, cells were
first detached from T75 flasks and counted using a hemocytometer. Cells were then centrifuged

at 500g and reconstituted with fresh media to a concentration of 107 cells/mL for future use.

2.20 Macrophage Phagocytosis Assays

Cells were first detached from T75 flasks via scraping, followed by counting cells using a
hemocytometer to determine cell concentration. Cells were centrifuged at 500g and resuspended
at a concentration of 10° cells/mL of DMEM media with 10% FBS. Next, 10° cells per sample
were placed in the wells of a 96-well plate and incubated at 37 °C and 5% CO> for one hour to
allow the cells to adhere to the plate. Afterwards, 10° particles were added per sample and then
incubated for 2 hours. Macrophages were detached by gently pipetting the media up and down,
and cells were transferred to FACS tubes for staining with APC-Cy7-CD11b on ice, followed by
cell fixation with 2% paraformaldehyde. Samples were analyzed with flow cytometry, and
results were represented as a percentage of particle-positive neutrophils out of the whole

population of macrophages.

2.21 Optical Tweezer

First, 1 mg/mL of poly-L-lysine was adsorbed to coverglass-bottom cell culture dishes

(Bioptechs) for 5 minutes before rinsing with DI H20. 1 mL of cells (either primary human
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neutrophils or J774 macrophages) were added (diluted in plasma to approximately 1.6E6
cells/mL) and allowed 15 minutes to adhere. 100 uL of particles were added to the dish, and the
dish was mounted on a temperature-controlled stage (Bioptechs) to maintain the sample at 37 °C
over the course of the experiment.

Particles were manipulated using a bespoke optical tweezer system. Briefly, a 1064nm
laser (IPG Photonics) was expanded to slightly overfill the back aperture of an objective (Nikon
MRDO01602, 60x, 1.45NA) then focused to a diffraction-limited spot at the image plane. Particles
were optically trapped and brought into contact with a cell. Images of the cells were acquired
with brightfield images at approximately 1 Hz, and the cell was then observed over a 5-minute

period to assess particle engulfment.

2.22 SDS-PAGE

Characterization of plasma protein adsorption onto particles was done via sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). First, SE7 PEG particles were
added to 1 mL of heparinized human plasma and incubated at 37 °C for five minutes to allow a
protein corona to form. Following incubation, particles were washed three times with PBS -/- to
remove residual plasma, and then particles were resuspended in 50 uL of lane marker non-
reducing buffer (Thermofisher Scientific, Pierce) and heated to 95 °C for five minutes using a
thermocycler to denature and detach proteins adsorbed to the particle surface. Finally, the
solution was centrifuged once more to pellet particles remaining in the samples. 20 uL of each
sample, along with 5 puL of a standard dual stain protein ladder (Bio-Rad) were loaded into the
lanes of a Tris-Glycine protein gel (Invitrogen), and the gel was run at 200 mV for two hours to

separate proteins by molecular weight. The gel was then removed from the cast and stained with
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Coomassie blue (Invitrogen) overnight, followed by destaining with DI water. The gel was then

imaged to visualize protein bands from each sample.

2.23 Rod-Shaped Hydrogel Fabrication from Rotational Shear

A cup-and-bob or cone-and-plate geometry was first designed and 3D-printed in curable
resin. Next, a PEGDA solution was made as previously described, and emulsified in silicone oil
(AP 10000, Sigma Aldrich) using an overhead Caframo mixer. The emulsion was then placed
between the gap of the stationary and rotating sections of the shear geometries, and the emulsion
was sheared using the mixer at a rotational speed of 5000 rpm and crosslinked using a UV lamp
at a wavelength of 365 nm. After particles were polymerized, the particles and silicone oil were
moved to Eppendorf tubes and washed with hexanes and ethanol and stored in a 1% PVA
solution. Further characterization of the particles was done using fluorescent microscopy and

SEM.

2.24 Rod-Shaped Hydrogel Fabrication from Tube Shear

A PEGDA solution was made as previously described and emulsified into silicone oil
(AP 10000). Next, the emulsion was pumped through a 1 mm in-diameter tubing with two
syringe pumps; one syringe pump was used to push the solution through the tube, and the other
was used to pull the solution. A range of flow rates was used to vary the shear rate from 0 to
1400 1. As the emulsion traveled through the tube, it was pumped past a bespoke UV array to
crosslink particles while in shear, and after polymerization, particles in oil were collected into
Eppendorf tubes and washed with hexanes and ethanol before being stored in a 1% PV A solution

for further characterization.
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Fabrication of HAMA-based rod hydrogels was done by first making a 1 wt% HAMA
solution in a 10% methanol in water, along with 1% Rhod and 1% LAP photoinitiator.

Otherwise, the fabrication process was unchanged from PEG rod fabrication.

2.25 Characterization of Rod-Shaped Hydrogels

A dilute sample of PEG rods was added to resin and placed into the wells of a 96-well plate. To
anchor particles to the bottom of the wells, the plate was centrifuged at 1000 x g for 5 minutes,
and the resin was then crosslinked with a UV lamp to immobilize the particles. Fluorescent
microscopy was used to image particles, and image processing was performed to determine the

aspect ratio (AR) and equivalent spherical diameter of the particles.

2.26 Differential Centrifugation

Particle samples generated from tube flow fabrication at different shear rates were
subjected to centrifugation steps at increasing speeds, from 50 x g up to 1500 x g. Particles that
pelleted were collected after every centrifugation step, and particle fractions were washed with
DI H>O to remove residual PVA. Particle samples were then imaged using SEM, and image
analysis was performed using ImagelJ software to determine AR and ESD of each particle

fraction.

2.27 HA Synthesis

Hyaluronic acid from rooster comb (HA) (Sigma Aldrich) was first dissolved into a 50/50
solution of dimethyl formamide (DMF) at a concentration of 10 mg/mL. Next, methacrylic
anhydride (MA) was added dropwise to the HA solution while stirring vigorously until a 20x
stoichiometric excess of MA to hydroxyl group of HA was reached, and sodium hydroxide was

also incrementally added to keep the pH of the reaction between 8 and 9. The reaction was then
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incubated at 4 °C overnight to allow for the formation of HA methacrylate (HAMA). To
precipitate the HAMA, the polymer mixture was added to ethanol at a ratio of 1000 mL ethanol
per 50 mL of polymer, centrifuged to pellet the HAMA, and washed once more with fresh
ethanol. To purify the HAMA, the polymer was then dissolved in DI water and dialyzed against
DI water using snakeskin dialysis tubing (MW cutoff of 3500 Da) for at least 24 hours. Finally,

the HAMA was lyophilized and stored at -20 °C for future use.
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Chapter 3 : Evaluation of Techniques for the Fabrication of Peptide-crosslinked Hydrogels

for Enzyme Degradation

3.1 Abstract

PEG, a hydrophilic polymer, is a material of great interest for its biocompatibility and
non-fouling properties. While its potential as a vascular targeted carrier has been explored in
multiple studies for its ability to both navigate the vasculature and marginate to an inflamed
endothelium, they do not explore site-specific release of therapeutics, a critical aspect of a
successful VTC. In this work, we explored the incorporation of VPM into PEG hydrogel
networks via both thiol-ene photoclick chemistry and Michael addition reactions to both PEGDA
and PEGVS. Photoclick hydrogels fabricated from PEGDA and VPM exhibited incomplete
peptide incorporation and degradation by trypsin, thus limiting their use as a material for
vascular delivery. PEGDA-VPM macromers synthesized via Michael addition reactions
successfully formed hydrogels capable of complete enzymatic degradation by trypsin within two
hours, yet were found to have a Young’s modulus too low to be feasible as a VTC (200 Pa).
Finally, by using a 4-armed PEGVS instead of a linear PEG molecule, we showed that bulk
hydrogels formed from PEGVS and VPM were demonstrably more rigid than PEGDA-VPM
hydrogels (15 — 30 kPa), while retaining their ability to undergo complete enzymatic
degradation. These PEGVS hydrogels were degraded by trypsin within 6 hours and by MMP-2
within 48 hours. Overall, this work demonstrates the utility of a peptide conjugated PEG
hydrogel material that responds to enzymatic stimuli with properties suitable for vascular

targeted drug delivery.
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3.2 Introduction

The field of smart biomaterials continues to advance towards increasingly complex
materials capable of responding to external and environmental stimuli for a wide range of
applications, including cell scaffolding, tissue regeneration, and delivery of bioactive
therapeutics to treat diseases*®’®7°. Smart materials have traditionally been selected for use based
on their ability to interact with various biological systems and mimic tissue responses while
avoiding immune response and cytotoxicity’®**3!, Common biodegradable macromolecules,
such as collagen, hyaluronic acid, chitosan, and protein-derived materials have been
demonstrated to be successful in tissue engineering, yet without chemical modification, lack the
structural stability and tunability that synthetic polymeric materials typically exhibit’®82785,
Conversely, synthetic materials such as polycapralactone and PLGA typically do not contain
biological moieties necessary for interaction with many biological systems and are more likely to
elicit immune responses, being recognized as foreign material?®*°.

Hydrogels are a class of material composed of polymer networks with the ability to swell
up to 90% water content®’. This type of material has been of great interest due to its
hydrophilicity and elasticity compared to other traditional polymeric networks, thus making it
attractive as a material for tissue engineering. Indeed, hydrogels composed of crosslinked PEG
and HA have been shown to be useful as biodegradable materials, being used for cell-responsive
cell scaffolds, tissue analogs, and injectable biomaterials for drug release>**-°!. PEG is
particularly attractive material due to its high degree of tunability and non-fouling properties;
many aspects of PEG can be modified for specific applications, including molecular weight,

branching structure, and incorporation of terminal functional groups confer greater complexity

and bioactivity, such as by including antibodies, enzyme-sensitive peptides, and fluorescent
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tags®. Furthermore, its hydrophilicity allows it to avoid protein adsorption that other
hydrophobic polymeric materials suffer from, thus more effectively avoiding immune
responses’>,

Aside from bulk hydrogel applications, PEG has also seen use as a particle drug carrier
for treatment of cardiovascular disease, where PEG particles have been shown to both effectively
evade immune cell clearance while exhibiting a long circulation time®. Furthermore, PEG
particles have been demonstrated to bind to an inflamed endothelium model, thus exemplifying
its potential as a VTC*". However, while work in this space has investigated its utility as a
carrier, the feasibility of use in terms of site-specific drug release has yet to be determined, as
these studies used non-degradable materials unable to release cargo via biological stimuli. In this
chapter, we explore the incorporation of VPM, an MMP-sensitive peptide, into PEG hydrogels
using various reaction schemes to develop and characterize an enzyme-degradable hydrogel
material suitable for vascular targeted drug delivery and capable of degrading in the presence of

both trypsin, a model enzyme, and MMP-2, an enzyme shown to be upregulated in inflamed

endothelia’!.

3.3 Results

3.3.1 Synthesis Scheme 1 — Photoinitiator-mediated thiol-ene Michael addition

To incorporate peptide bonds into the polymer network of our hydrogels, we first

developed a synthesis reaction based off of previous hydrogel fabrication protocols*’#3

, using the
terminal functional groups already present on both polyethylene glycol diacrylate (PEGDA) and

the MMP-sensitive peptide GCRDVPMSMRGGDRCG (VPM). As outlined in reaction 1 of
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Figure 3.1: Reaction scheme of thiol-ene photoclick chemistry using PEGDA and VPM. Reaction 1 outlines the
radical-mediated addition of PEGDA to VPM via reaction of the diacrylate group on PEGDA to the thiol group
on VPM, which occurs via a step growth mechanism followed by a chain transfer step. Reaction 2 depicts the
radical-mediated addition of two PEGDA molecules, which propagates via the alkene bonds on each PEGDA
molecule. A schematic of the reaction between the two reagents is outlined on the lower part of the figure,
demonstrating the incorporation of peptide bonds into the hydrogel matrix.

Figure 3.1, the acrylate groups on PEGDA and the thiol groups from the residual cysteines of
VPM participate in radical-mediated propagation. The acrylate group first reacts with a radical
generated from the photoinitiator, which subsequently reacts with the thiol group on the VPM
molecule, transferring the hydrogen from the thiol to the carbon chain. Next, the radical on the
thiol group undergoes a propagation step, covalently connecting it to another PEGDA molecule.
Finally, the resulting radical on the carbon activates another thiol group on a VPM molecule,

thus allowing the chain to participate in further radical reactions and incorporate the peptide into
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the hydrogel network. In addition to thiol-ene Michael additions, PEGDA will also react with
itself via a radical-mediated propagation, in which the radical from one acrylate group reacts
with another on a separate PEG molecule, which then allow for crosslinking of the polymer into
a mechanically stable hydrogel.

To optimize the incorporation of VPM into the PEG hydrogel, we varied the molar ratio
of VPM to PEG, using either a 1:4 or 1:2 ratio in a 15 wt% formulation as described previously.
After fabricating the bulk VPM-conjugated PEG hydrogels using thiol-ene click chemistry, we
next quantified the conversion of VPM using an Ellman’s assay to detect the presence of residual

thiols in solution. As shown in Figure 3.2 (A), hydrogels fabricated using both molar ratios tested
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Figure 3.2: (A) PEG polymer formulations of 1:4 or 1:2 VPM to PEG were used to fabricate 15 wt% hydrogels,
and residual thiol groups were quantified using an Ellman’s assay. (B) 15 wt% PEG hydrogels crosslinked with
VPM were subjected to 2 uM trypsin solutions and enzyme activity was tracked using a fluorescamine reaction
over 24 hours. Statistics on thiol conversion were performed using an unpaired t test on the 1:4 and 1:2
formulation. (**, P <0.01; **** P <(.0001).

indicated a significant reduction in the concentration of thiol groups as compared to an
uncrosslinked control. While a 1:4 ratio of VPM to PEG exhibited a 61.9% reduction in thiol
concentration, a 1:2 ratio resulted in a 22.6% reduction, indicating incomplete conversion of
VPM into the PEG network. We next used trypsin as a model enzyme to confirm that hydrogels

were successfully incorporated with VPM, as shown in Figure 3.2 (B), using a fluorescamine
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assay to determine the presence of primary amines. Using an enzyme concentration of 2 uM, we
observed an increase in fluorescent signal in both the 1:4 and the 1:2 formulation, indicating the
presence of cleaved peptides present within the hydrogel when compared to a control hydrogel
containing no VPM. As expected, we saw that the fluorescent signal for the 1:2 formulation was
higher than that for the 1:4 formulation, due to the increase in peptide used for the 1:2 ratio.
However, at the 24-hour mark, all hydrogel samples remained intact despite the cleavage of
incorporated VPM. The plateau in fluorescent signal at the 24-hour mark also indicates that

peptide cleavage was complete, thus resulting in incomplete degradation.

3.3.2 Synthesis Scheme 2 — Synthesis of PEG-VPM macromers for controlled Michael

addition reactions

We next adjusted our reaction scheme to more tightly control the reaction of the acrylate
to thiol group, thus incorporating more peptide to increase the extent of degradation of the
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Figure 3.3: Reaction mechanism of thiol groups from VPM and acrylate groups on PEGDA. After
deprotonation, of the thiol group, it reacts specifically to the alkene bond of acrylate in a Michael addition click
reaction. A schematic of the synthesis and subsequent photocrosslinking of the PEG-VPM macromers is shown
in the lower half of the figure.
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hydrogel material. Here, in lieu of a photoinitator to drive the reaction of PEGDA and VPM, we
mixed the two reagents and reacted them via a pH driven Michael addition, as described in
Figure 3.3, circumventing the use of photoinitiator and avoiding side reactions of alkene chain
propagation. Under basic conditions, the thiol group of VPM first becomes deprotonated,
generating a negative charge on the nucleophilic sulfur atom. Next, the electrophilic alkene bond
of the PEGDA undergoes nucleophilic attack by the thiol group, resulting in a conversion to
stable thioether bonds, thus conjugating the VPM to the PEG molecule. Under these reaction
conditions, the polymer undergoes a step growth mechanism with specific chemistry, generating
larger macromers with alternating PEG and VPM units. Thus, the reaction proceeds with a
higher conversion of the thiol functional groups and yields a more homogenous material with a
higher degree of functionality. Finally, a slight excess of PEGDA ensures that the macromers are
acrylate-terminated, which allows for crosslinking via radical polymerization.

We then quantified the conversion of VPM by performing an Ellman’s assay on the PEG-
VPM mixture over time. As shown in Figure 3.4 (A), the absorbance signal of the PEG-VPM
mixture was observed to decrease by 15 minutes. The reaction was allowed to proceed for 1.5
hours, at which point we were able to achieve a 95% conversion of thiol groups, indicating near
total incorporation of the VPM with PEG.

After fabrication of bulk hydrogels using the PEG-VPM macromers, we evaluated the
bioactivity of the samples by exposing the bulk samples to 2 um trypsin and monitoring
degradation using a fluorescamine assay. Notably, a polymer concentration of 25 wt% was
needed for gelation. By normalizing the data to the final fluorescent signal achieved by each

sample, we represented the degradation profile of the PEG-VPM hydrogels as a percentage of
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remaining sample. As shown in Figure 3.3 (B), all hydrogel samples were fully degraded by the

Al s B. o 1.5+
. c
T 0.20 -e- Buffer control =
~ = PEG € 104 @
g 015 -+ VPM &
8 o0.10 ~ PEG+VPM o }
; g
2 0.05 5 057 ¢
o >
§ 0.00 T ¢
0.5 1.0 15 BN
-0.05 . 0.0 T T io .
Time (hrs) 00 05 10 15 20
Time (hrs)

Figure 3.4: (A) Ellman’s assay over 1.5 hours of a mixture of VPM and PEGDA. Absorbance of thiol groups decreased
over time, indicating successful conjugation of the VPM to PEG. (B) Degradation profile of bulk 25 wt% hydrogel
samples made from PEG-VPM macromers using 2 uM trypsin. Complete degradation was achieved by two hours.

2-hour time point, with no sample visible in solution.

After confirming that hydrogels can successfully degrade in the presence of a model
enzyme, we assessed the feasibility of using this hydrogel material as a particle drug carrier.
Specifically, because of the increased amount of material required for hydrogel fabrication, we
measured the elastic modulus of this material to determine its usability for vascular delivery
using an AR-G2 rheometer. Figure 3.5 shows the rheometry data of the PEG-VPM hydrogels,
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Figure 3.5: Rheometry data of PEG-VPM hydrogels to measure the Young’s
modulus, averaging about 225 Pa.
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which have an average Young’s modulus of 225 Pa. Based on a prior study looking at the effects
of particle elasticity on adhesion to an inflamed endothelium, we determined that this material
was too soft for vascular delivery because they would likely be unable to marginate as

effectively to the wall and instead co-localize with RBCs in the center of the blood vessel®’.

3.3.3 Synthesis 3 — Use of multifunctional PEG for increased polymer network density

Because hydrogel elasticity is largely dictated by crosslinking density®, we next used a
multifunctional, 4-armed PEG variant with vinyl sulfone groups, which more readily undergo
Michael addition reactions with thiol groups than acrylate groups®®%. Figure 3.6 outlines the
structure of the 4-armed PEG vinyl sulfone (PEGVS) and the reaction of PEGVS with VPM,
which results in a highly branched network of alternating PEG and VPM units.

We again fabricated bulk hydrogels using PEGVS and degraded hydrogel samples in 2
UM trypsin solutions to confirm that VPM was successfully incorporated into the PEG hydrogel.
Here, three different formulations were used to determine changes in degradation profile due to
different polymer concentrations. As shown in Figure 3.7 (A), we observed similar degradation
profiles for all PEG formulations, as evident by the time at which the fluorescamine signal
plateaued indicating complete degradation. Indeed, all hydrogel samples were visually fully
degraded by the 4-hour mark. Notably, the fluorescamine signal for both the 20% and 30% PEG
were similar, while that for 40% PEG was higher, likely from the increase in degraded material.
We next performed shear rheometry to measure the shear modulus, used to calculate the Young’s
modulus of these PEGVS hydrogels. Figure 3.7 (B) shows the calculated Young’s modulus over

the timespan of a rheometric assay, which demonstrates the increase in modulus with an increase
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Figure 3.6: Reaction scheme of PEGVS and VPM. The terminal vinyl sulfone groups on PEGVS react with thiol
groups from VPM via a Michael addition, which then undergo subsequent addition reactions to ultimately yield a
highly branched network of PEG molecules connected by VPM units. A schematic of the reaction between PEGVS
and VPM has shown on the lower half of the figure, outlining the network of PEG and VPM that is formed upon
reaction of the vinyl sulfone groups with the thiol groups.

in polymer concentration. The average Young’s modulus for each formulation was 14, 24, and

30 kPa for 20%, 30%, and 40% PEG respectively. While the Young’s modulus of the 20%

PEGVS was too low to be considered for vascular delivery, the modulus of both the 30% and

40% PEGVS were within the range of moduli demonstrated to bind to an inflamed endothelium

in a flow chamber*®.
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Figure 3.7: (A) Degradation profile of PEGVS hydrogels, fabricated with 20%, 30%, and 40% polymer
concentrations, using 2 uM trypsin. The 20% control indicates hydrogels that were placed in buffer with no
enzyme. (B) Rheometry data of different PEGVS formulations. The Young’s modulus of the hydrogel increases
with increasing PEG concentration.

Because of the similarities in modulus between the 30% and 40%, we chose to continue
exploring the 30% formulation for its applications in vascular targeted drug delivery. We next
used MMP-2 to degrade bulk hydrogel samples as a more physiologically relevant enzyme. As
shown in Figure 3.8, hydrogels exposed to 20 nM MMP-2 were found to start degrading by the
2-hour mark and were visually completely degraded by 24 hours, though the fluorescamine
signal continued to increase slightly until the 48-hour timepoint. The control samples, which
were placed in buffer with no enzyme, did not show an increase in fluorescence over time,

indicating that the hydrogels were hydrolytically stable.

S 150000-

< e control

3 | + -
& 100000- i + (+) MMP-2
2

g 50000- &

e .

[

g 20 40 60

E -50000 - Time (hrs)

Figure 3.8: Degradation of 30% PEGVS hydrogels using 20 nM MMP-
2. Hydrogels were visually shown to be fully degraded by the 24-hour
time point, while fluorescent signal increased until the 48-hour time
point.
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3.4 Discussion

The use of vascular targeted carriers has gained increasing interest as a potential
treatment alternative to current clinical standards, which typically include administration of
statins, which come with side effects, and invasive surgeries, such as stents and bypass.
However, current particle technologies need to address many obstacles to successful delivery,
including the need for site-specific release of therapeutics from these carriers, which mitigates
off-target effects and increases drug efficiency. Here, we have developed different reaction
schemes to fabricate a peptide-incorporated hydrogel material that responds to MMP-2, an
enzyme upregulated in areas of inflammation®!, yet is otherwise stable in physiologic conditions.

Building off previous work fabricating PEG-based hydrogel particles, we first used thiol-
ene photoclick chemistry to conjugate the VPM peptide to PEGDA. Initially, we expected that
because the PEGDA was in excess compared to VPM, we would be able to achieve a high
degree of peptide incorporation due to the excess concentration of PEG radicals to link to VPM
thiols. However, we were only able to achieve up to 60% conversion of thiols, suggesting that
the crosslinking mechanism proceeds via radical propagation via the acrylate groups to a greater
extent than the thiol-ene reaction. Upon generation of the sulfur radical, it can only undergo
chain transfer with another thiol group, which yields another sulfur radical without forming a
stable bond, or with an acrylate group, which yields a thioether bond and a carbon radical.
However, the carbon radical can either undergo reaction with a thiol group or an acrylate group;
thus, the reaction of the carbon radical to acrylate groups proceeds at a greater rate than reaction
with thiol. Furthermore, the incomplete degradation of the resulting bulk hydrogels confirmed
the lack of sufficient peptide incorporation. While this method was unable to yield the high

degree of conversion needed for hydrogel degradation, this process is facile with a single, quick
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reaction step and may instead be more applicable where high levels of conversion may not be
needed, such as with the incorporation of cell signaling peptides such as RGD.

To develop a material to properly degrade under enzymatic conditions, we adjusted the
reaction scheme to avoid any unwanted reactions other than the addition of acrylate to thiol
groups, similar to other studies investigating MMP-sensitive hydrogels®. However, the higher
concentration threshold needed for hydrogel gelation indicated that crosslinking density was
greatly reduced compared to the thiol-ene photopolymerized hydrogels. Based on the molecular
weight of the PEGDA used (700 Da), the spacing between each branch point of the resulting
hydrogel was much lower than that of the PEG-VPM hydrogels, which were likely much greater
because of the greatly increased molecular weight from the PEG-VPM macromers. The resulting
softness of this material also indicates that PEG-VPM particles would likely be unable to reach
the endothelium due to frequent inelastic collisions with red blood cells. A stiffer material, closer
to the modulus of white blood cells, would instead participate in more elastic collisions driving
them to the cell wall, which likely could be achieved using this method by increasing the ratio of
PEG to VPM during the conjugation step to generate shorter macromers. However, the softness
of this material, while not relevant for vascular targeted drug delivery, may still see use in tissue
engineering, where softer materials are more desirable for their ability to act as tissue models and
cell scaffolds.

PEGVS-based hydrogels exhibited an increase in Young’s modulus, likely from the
increased crosslinking density compared to that of the PEG-VPM hydrogels. Since the PEGVS
has a 4-armed structure and a molecular weight of 20 kDa, the space between each branch point
of the resulting hydrogel network would be composed of two PEG arms and one VPM molecule

with a molecular weight of approximately 12 kDa. The increase in crosslinking density also
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accounts for the increase in time needed for complete hydrogel degradation, and the facile one-
step method to fabricate hydrogels using this click-chemistry method is more advantageous than
the conjugation of linear PEG to VPM, which requires purification and rigorous characterization
of the macromers prior to crosslinking. Furthermore, the degradation time of this material on a
bulk scale is more relevant than with the PEG-VPM hydrogels, as it allows for sufficient time to
traverse the vasculature and bind before being enzymatically degraded. Notably, the degradation
time for hydrogels using 20 nM MMP-2 was much greater than with 2 um trypsin, likely from
differences in both enzyme concentration and enzyme kinetics. However, particles fabricated
with this material would potentially degrade much more quickly than on a bulk scale as

investigated in this chapter from the increased surface area to volume ratio.

3.5 Conclusion

In this work, we explored multiple synthesis schemes to conjugate and incorporate VPM
peptides into PEG-based hydrogels and assessed their bioactivity using trypsin as a model
enzyme and feasibility for vascular drug delivery using shear rheometry. The use of a
photoinitiator to fabricate photopolymerized PEG hydrogels resulted in densely crosslinked
hydrogels with limited VPM incorporation, further noted by their incomplete degradation in a
trypsin solution. Instead, controlled conjugation of VPM to PEG molecules using both PEGDA
and PEGVS resulted in hydrogels capable of degrading completely in trypsin, yet the differences
in crosslinking density indicate that PEGDA-VPM hydrogels were not feasible for use in a
vascular context. Overall, we have developed a method for fabricating bioactive hydrogels for
the use of vascular targeted drug delivery and contributes to the information on developing
materials responsive to biological stimuli. The next chapter of this dissertation will focus on the

application of this material and assessing the functionality of PEGVS-based VTCs.
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Chapter 4 : Functional Assessment of Nanoparticle-Loaded Hydrogels for Vascular

Targeted Drug Delivery

4.1 Abstract

The size mismatch between particles able to localize and bind to the vascular wall and
those able to effectively enter the tissue space presents a dilemma in VTC design that does not
properly address both of these transport phenomena. To address this gap in VTC design, we have
designed a NP-loaded hydrogel MP to first facilitate the transport of NPs to the vascular wall,
followed by MP degradation and NP release to the wall and finally into the tissue space. In this
chapter, we outline the development and characterization of an NP-loaded hydrogel MP system
that can degrade in the presence of MMP-2, an upregulated enzyme in areas of inflammation.
We fabricated particles 2 — 4 pm in diameter and found that when incubated with MMP-2,
particles were able to fully degrade within 4 — 8 hours. Next, we demonstrated that particles
could be conjugated with avidin followed by biotinylated anti-ICAM]1, and subsequently showed
that these particles adhered to an inflamed endothelium. Finally, we performed adhesion-
degradation assays and found that particles in flow could first bind to the endothelium, and upon
perfusion of trypsin, showed that these particles could degrade while bound to the cells. The
work in this chapter demonstrates the first degradable hydrogel particle to be used in the context
of vascular drug delivery and showcases the utility of using hydrogels as a VTC as opposed to

more rigid polymeric materials.
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4.2 Introduction

Nano-sized carriers have long been of interest in the field of vascular drug delivery for
the numerous advantages they possess over larger, micron-sized particles, including longer
circulation time, ability to traverse the vasculature, and avoidance of immune cell clearance®!-*.
Furthermore, carrier size plays an integral role in a cell’s ability to internalize them; indeed,
numerous studies throughout the last two decades have reported that particles on the order of 100
nm or smaller are easily internalized by multiple cell types, such as endothelial cells and Caco-2
epithelial cells**3¢,

Aside from navigation of the vasculature and entry into the tissue space, however, VTCs
must first reach the endothelium and adhere to enter the tissue space. From this perspective of
VTC transport, research has shown that NPs are unable to navigate the complexity of blood flow
and instead co-localize with red blood cells in the center of blood vessels, thus limiting their
propensity for vascular wall adhesion®®. In fact, the optimal size to facilitate particle adhesion to
the vascular wall in human blood has been reported to be between 2 — 5 um, well above the
upper limit for intracellular delivery?”-’.

Considering the unique advantages and drawbacks of particle carriers on both the micro-
and the nano-scale, we see that there is an apparent size mismatch in meeting the design criteria
for transport of the carrier first to the vascular wall and then into the tissue space. Thus, to bridge
the performance gap between these two size regimes, we have combined the two together by
loading NPs into a hydrogel MP. Here, the MP material is made of PEG crosslinked with
peptides sensitive to MMPs, similar to other studies developing hydrogel materials that degrade

in the presence of trypsin and elastase®-®. Thus, by conferring enzyme sensitivity to the

hydrogel material and functionalizing the surface with targeting ligands, we can achieve both
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site-specific accumulation and degradation near areas of vascular inflammation via inflammation
markers and upregulated MMP enzymes, respectively. While previous work has already
demonstrated the concept of loading NPs into an MP to facilitate NP delivery to the wall, the
PEG carrier used was non-degradable, and so it is yet to be seen whether NPs delivered via an
MP will subsequently adhere to the vascular wall. In this chapter, we have characterized the
degradation and adhesion of a degradable NP-loaded hydrogel MP as a dual delivery approach

for facilitating the transport of NPs to the vascular wall.

4.3 Results

We first fabricated PEGVS hydrogel particles using a water-in-oil emulsion of polymer
precursor in paraffin oil. Based on prior rheometry data on the PEGVS material, we selected the
30 wt% formulation to be most suitable in terms of material stiffness for our drug carrier
applications. After particle formation and subsequent washing, we characterized the particles in

terms of size and surface morphology using SEM imaging. As shown in Figure 4.1 (A), the

15.0xv LED sEM WD 1imm  14:38:19) 6,500 15.0xv LED SEM WD 1lmm  14:46:57

Figure 4.1: (A) SEM images of the 30 wt% PEGVS hydrogel particles (left) and a zoomed-in image (right) of a
single particle to more closely visualize particle surface morphology. Scale bars for the SEM images were 1 um.
(B) Fluorescent microscopy image of 30 wt% hydrogels with PS NPs loaded inside.

PEGVS particles ranged between 2 — 4 um, and the surface morphology of a single particle looks
dimpled and collapsed, indicative of their deformable nature. We next measured the zeta
potential of the hydrogels using a Malvern zetasizer; we determined that the particles were

negatively charged, likely from charges present on the peptide residues as well as the charge of
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the PEG backbone. Finally, we imaged the particles using fluorescent microscopy to visually
confirm that NPs loaded into the aqueous phase during particle fabrication remained in the
particles after washing. Here, PS NPs were loaded into the PEGVS hydrogels as a model NP. As
shown in Figure 4.1 (C), particles loaded with FITC NPs fluoresced green, confirming that NPs
were successfully loaded into the hydrogel particles.

Next, we confirmed that particles remained bioactive after the centrifugation and washing
steps, especially after washing with organic solvents. First, we exposed unloaded particles to 20
nM MMP-2 to confirm that any incorporated peptide could be cleaved by enzymatic degradation

when hydrogels were fabricated in particle form as opposed to bulk form. Particle degradation

100

o)

c

= ® Unloaded

E m  NP-Loaded

[4)

14

o 50

=

£

©

n

= ¥
0 T T T T 1
0 2 4 6 8 10

Time (hours)

Figure 4.2: Degradation profile of 30 wt% hydrogels either unloaded or
loaded with PS NPs. The particles were found to be fully degraded between
the 4 — 8-hour timepoint.

was quantified using a fluorescamine reaction to detect the presence of degradation products, and
complete degradation was set as the time at which the signal stopped increasing. As shown in
Figure 4.2, unconjugated particles were able to degrade completely by the 8-hour mark, and
particle degradation was able to be detected even at the 2-hour mark. We also confirmed visually

that the particles had degraded due to the lack of an apparent pellet upon centrifugation of the
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samples over time. Furthermore, the turbidity of the particle solutions slowly decreased across
the timespan of the assay, indicating that particles had degraded into solution. We next incubated
NP-loaded hydrogel MPs with 20 nM MMP-2 in tricine buffer to determine whether the addition
of NPs would alter the degradation profile of the PEGVS. We found that there were no
significant differences between the unloaded and loaded PEGVS particles at the 2- or 4-hour
timepoint.

After confirming that our hydrogel particles retained their bioactivity to MMP-2, we next
conjugated our particles with both avidin and targeting ligands for adhesion to an inflamed

endothelium. Avidin conjugation was performed using a thiolated avidin molecule to react with
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Figure 4.3: Flow cytometry data for the conjugation of (A) avidin and (B) biotinylated anti-ICAMI1
to the surface of the hydrogel particles. Successful conjugation was indicated by the shift in the
fluorescence peak of the conjugated samples as compared to an unstained control.

residual vinyl sulfone groups on the particle surface. We then confirmed that avidin was
successfully attached to the surface via staining with a biotinylated fluorophore and analyzing
particles with flow cytometry. As shown in Figure 4.3 (A), particles stained with biotin-PE

exhibited a pronounced shift in fluorescence as compared to an unstained control, thus validating
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our avidin reaction. Next, we attached targeting ligands to the surface avidin, specifically anti-
ICAMI1 to bind to ICAMI1, respectively, which has been shown to be upregulated in inflamed
endothelial cells. Here, we used biotinylated ligands to connect to the conjugated avidin protein
on the particle surface, followed by a secondary fluorescent antibody stain to detect the presence
of anti-ICAM1. As shown in Figure 4.3 (B), we again were able to detect a shift in the
fluorescence peak of the anti-ICAM 1-coated particles as opposed to an avidin particle control,
thus confirming that our conjugation was successful. Thus, we were able to design a NP-loaded
hydrogel MP with the potential to be used for vascular targeted drug delivery.

We then demonstrated that our conjugated microparticles could bind to an inflamed
endothelium model by incubating targeted particles with a monolayer of HUVEC. Here,
endothelial cells were either left unactivated or activated with a solution of IL-1P over 24 hours

to induce maximal ICAM1 expression, followed by incubation of either targeted or untargeted
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Figure 4.4: (A) Fluorescent microscopy images of 30 wt% hydrogel particles loaded with fluorescent green PS
NPs adhered to either an unactivated (left) or activated (right) endothelium. (B) Quantification of the particle
adhesion of either targeted or untargeted particles to both an activated and unactivated endothelium to determine
nonspecific binding. Using activated particles over an activated endothelium resulted in significantly higher
binding than all other cases, which were not significantly different from each other. Statistics were performed
using one-way ANOVA with Tukey’s multiple comparison test. (**, P <0.01; *** P <0.001).

particles under static conditions to quantify both specific and nonspecific adhesion. As shown in
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Figure 4.4 (A), we were visually able to see more targeted particles bound to an inflamed
endothelium as opposed to an uninflamed endothelium. This was further confirmed by the
quantification of adhesion density to the HUVEC; as shown in Figure 4.4 (B), untargeted
particles had an adhesion density of nearly 20 particles per mm? for both activated and
unactivated HUVEC, indicating minimal nonspecific adhesion. However, though not significant,
we did observe a twofold increase in the particle adhesion for targeted particles incubated with
an unactivated endothelium. Finally, when we incubated targeted particles to an activated
endothelium, we saw a significant 4.5-fold increase in particle adhesion when compared to
untargeted particles, and a significant twofold increase in adhesion compared to an uninflamed
endothelium. The large increase in particle adhesion of anti-ICAM 1-targeted particles to an
activated endothelium confirmed that our particles were indeed functioning as vascular targeted
carriers.

To finally demonstrate that our particles could improve the delivery of NPs to the
vascular wall, we performed an adhesion-degradation assay by first perfusing anti-ICAM1
coated NP-loaded particles through a parallel-plate flow chamber with activated HUVEC,

followed by trypsin as a model enzyme. Prior to performing these assays, we first determined

HUVEC HUVEC + PEGVS HUVEC + PEGVS + Trypsin

Figure 4.5: Confocal microscopy of a monolayer of fixed HUVEC (left), activated and fixed HUVEC with 30 wt%
PEGVS hydrogel particles (center), or activated and fixed HUVEC with particles followed by trypsin enzyme.
Hydrogel MPs were loaded with PE-coated PS NPs (red), and HUVEC were stained with wheat germ agglutinin
(green). Particles successfully adhered to the endothelium and were found to be degraded when exposed to trypsin.
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whether the enzyme buffer used for active MMP-2 would be cytotoxic to the HUVEC. We found
that the Brij-35 surfactant used to keep the enzyme in solution was cytotoxic to the endothelial to
be used in the adhesion assays. However, we also noticed that when MMP-2 was solubilized in
buffer without Brij-35 surfactant, the enzyme tended to precipitate out of solution, as observed
by the presence of turbidity in the enzyme solution, rendering it inactive. Thus, for these
adhesion assays, we opted to first activate the HUVEC with IL-1p to induce ICAMI1 expression
followed by fixing of the cells to prevent cell death during the assay. Hydrogels were loaded
with PE-stained NPs (red), and the HUVEC layer was stained with FITC conjugated wheat germ
agglutinin (green). As shown in Figure 4.5, the HUVEC layer was easily visible, and when
PEGVS particles were perfused across the fixed and activated HUVEC, we detected the presence
of particles adhered to the cells. Furthermore, when we perfused trypsin through the channel
afterwards, we were no longer able to detect the presence of the PEGVS particles, suggesting
that they were successfully degraded after being bound to cells. However, we were unable to
detect any changes in relative fluorescence of the HUVEC after particle degradation, and thus it
remains unclear whether the NPs released from the hydrogel MPs successfully bound to the

endothelium.

4.4 Discussion

While there have been numerous studies on the use of hydrogel particles in the context of
vascular targeted drug delivery, they lack a degradation pathway that allows for site-specific
release of any encapsulated cargo. While enzymatic degradable particles have been explored,
they have mostly been limited to pulmonary applications and have yet to be used in a vascular

context. Thus, in the work detailed in this chapter, we have developed an enzyme-degradable
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hydrogel particle functionalized with targeting ligands as a VTC capable of site-specific
accumulation and release.

Though the fabrication of the hydrogels follows a similar fabrication method to other
peptide-linked hydrogel particle fabrication protocols, a critical step added to our fabrication
included the use of hexanes to wash any residual oil on the particle surface that may interfere
with enzyme degradation. However, it remains to be seen whether the use of these organic
solvents will affect the bioactivity of any therapeutics loaded into the NPs of the hydrogels.
During fabrication of the PS NP-loaded hydrogels, we found that the fluorophore encapsulated
within the PS matrix leached out of the NPs upon washing with hexanes, likely from the
expansion of the PS network in an organic environment. Thus, there is evidence that NPs loaded
into the hydrogels, along with any loaded therapeutics, may be affected by the particle
fabrication process.

The SEM images of the particles indicate a range of particle sizes between 2 — 4 um, yet
given their dehydrated state, they would likely swell to be larger in an aqueous environment.
Thus, these particles may potentially be of a size that typically is associated with risks of
capillary occlusion. However, because their deformability is very similar to that of RBCs, which
are on the order of 8 — 10 um and are capable of deforming to traverse capillaries, these particles
may present significantly less risk of occlusive events compared to a typically rigid polymeric
particle.

Particle degradation was shown to be complete at the 8-hour mark, though nearly all
particles had degraded by the 4-hour mark, a significant reduction in degradation time when
compared to bulk samples. The greatly shortened time for full degradation is likely due to the

vastly increased surface area to volume ratio, since the degradation of the hydrogel material
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occurs largely via surface erosion as opposed to bulk degradation. This 4-hour mark for nearly
complete degradation is also advantageous because of the timespan at which deformable
particles have been shown to be cleared from blood circulation, on the order of 4 — 8 hours’®. We
also hypothesized that NP encapsulation might affect the particle degradation time due to local
effects of carboxylic acid groups attached to the NPs that could affect pH. However, the
degradation profile of both loaded and unloaded particles was nearly identical, confirming that
particle loading did not affect the kinetics of particle degradation.

Conjugation of the particles was performed using a thiolated avidin in place of typical
diimide chemistry because the activation and chemical modification of both amine and
carboxylic acid groups present on the VPM peptide would potentially render the modified
peptide enzymatically inactive. Though each avidin site contains 4 avidin binding sites, we find
that the peak shift of the biotin-anti-ICAM1 coated particle is not as pronounced as the shift
observed with the biotin-PE particles, indicating that the amount of anti-ICAM1 conjugated to
the particle was less than the amount of available avidin sites for biotin binding. Thus, despite
saturating the particle surface with anti-ICAM1, we find that we are unable to access the full
extent of avidin binding, potentially from steric effects from the size of the antibody compared to
the PE fluorophore.

The greatly increased adhesion of the particles to an inflamed endothelium as opposed to
an unactivated endothelium demonstrates that our particles were conjugated with active ligands
capable of targeting inflammation. While there were only minimal levels of adhesion when using
untargeted particles, the increased levels of adhesion when using targeted particles over an
unactivated endothelium are likely due to the presence of basal levels of ICAMI that are

typically expressed on endothelial cells. Furthermore, because these assays were performed
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under static conditions, the lower binding forces associated with an unactivated endothelium may
be sufficient under static conditions. However, under flow, the greatly decreased ICAMI on the
HUVEC may also help to reduce nonspecific binding to off-target endothelium due to shear
forces competing with adhesion forces.

For all enzymatic degradation experiments performed with MMP-2, we found that Brij-
36 was a critical component to include in the enzyme buffer to retain enzyme activity. However,
because of its cytotoxic effects even at lower concentrations, we fixed the HUVEC to avoid cell
death. This tricine buffer is not as physiologically relevant as other types of media that could be
used to mimic the enzyme environment more accurately, such as human plasma or even human
whole blood. Notably, though typical blood anticoagulants include citrate and heparin, the use of
citrate to prevent blood coagulation may also interfere with enzyme function due to its ability to
chelate calcium ions, which are necessary to maintain enzyme activity. Using these more
biologically relevant media would also allow for the use of live HUVEC, which would provide a
more accurate model of the conditions under which particles would be adhering and degrading.

While the degradation-adhesion experiment was indeed able to confirm that hydrogel
particles bound to the endothelium, we were still unable to visualize any changes in fluorescence
of the endothelium after degradation via trypsin, either from a lack of NP adhesion or because
the fluorescent signal of the NPs was too low to be detected at this concentration. While
commercially available PS typically is quite fluorescent, the incompatibility of the encapsulated
fluorophore and our fabrication protocol made fluorescent detection difficult, and even after the
conjugation of additional biotin-PE, particles remained quite dim and thus quantification of
bound NPs remained difficult. Detection could be made easier via encapsulation of NPs of

materials that are either less or not affected by exposure to organic solvents during the wash step,
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such as PLGA, silica, titania, or gold, but may also alter other characteristics of the particle, most
notably density in the case of these materials listed. Aside from fluorescent detection, we might
also employ the use of detection methods such as nanoindentation, which could be used to
measure and detect significant spikes in elastic modulus from bound NPs, or imaging cells to
visualize bound NPs on cells. Improved NP detection would help to provide more definitive
evidence of the function of our NP-loaded MP delivery system.

After further characterization of our NP-loaded hydrogel system in vitro, we could then
bring our particle system to an in vivo system instead, which would provide more insight on how
these particles would perform in a more physiologically relevant model. Crucial parameters, such
as circulation time, biodistribution, and in vivo degradation kinetics, would be necessary to
assess the performance of these particles. Furthermore, we have yet to assess the potential
therapeutic benefits of these particles, since we have only thus far explored the loading of PS
particles. A more biocompatible and biodegradable material choice for NPs would be PLGA,
which can be loaded with therapeutics and would degrade into biocompatible degradation
products. A potential therapeutic that may hold great utility in the clinic for the treatment of is
the use of anti-CD47, which binds to CD47, a marker of self in the body!?. A previous study by
Kojima et al. demonstrated the ability of CD47 blocking antibodies to block upregulated CD47
typically associated with atherogenesis, and thus it would be advantageous to delivery of this

therapeutic to areas affected by atherosclerosis to improve plaque clearance ‘!

. While overall, we
have successfully developed an NP-loaded hydrogel MP capable of binding to an inflamed
endothelium and subsequently degrading enzymatically while bound, we recognize that there is

much more work to be done to further characterize and optimize this particle delivery approach.

However, if successful, this particle system would represent a flexible platform that could be
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tuned by using different peptides and surface ligands to target different enzymes and diseases as

well.

4.5 Conclusion

In this chapter, we have developed and characterized a hydrogel particle system based on
the material developed in the previous chapter. We first characterized the particles after
fabrication, followed by the degradation response to MMP-2, finding that the particles were
approximately 2 —4 pm in diameter in a dehydrated and fully degraded between 4 and 8 hours.
We then successfully conjugated both avidin and anti-ICAMI1 to the particle surface and
confirmed that these particles were able to bind to an inflamed endothelium while exhibiting
minimal nonspecific adhesion. Finally, when we performed adhesion-degradation assays, we
found that particles that were bound to the endothelium degraded following perfusion of trypsin
into the flow chamber, as evident by the lack of particles present after the degradation step.
However, without confirmation of subsequent NP adhesion to the endothelium, it remains to be
seen whether NPs released from the hydrogel particles can successfully be delivered to the wall
at a greater rate than free NPs in flow. Though there is more characterization and optimization to
be done, overall, we have developed a particle system that can bind to areas of inflammation and

respond to inflammatory enzymes and degrade in a site-specific manner.

55



Chapter 5 : Enhanced Phagocytosis of Elastic Particles by Primary Human Neutrophils

5.1 Abstract

Particle elasticity has widely been established to have a significant influence on immune
cell clearance and circulation time of vascular targeted carriers (VTCs). However, the majority of
studies in the literature have only investigated interactions with macrophages and monocytic cell
lines along with in vivo murine models. Interactions between particles and human neutrophils
remain largely unexplored yet represent a critical aspect of VTC performance within the context
of vascular targeted drug delivery. Here, we explore the impact of particle elasticity on primary
human neutrophil phagocytosis using polyethylene glycol (PEG) based particles of different elastic
moduli. We found that neutrophils effectively phagocytose deformable particles irrespective of
their modulus, indicating a departure from established phagocytosis trends seen with other types
of immune cells. Furthermore, we explored potential interplay between particle elasticity and
surface modifications, finding that phagocytosis of deformable particles was largely unaffected by
altered zeta potential, though surface conjugation using diimide chemistry resulted in reduced
particle uptake due to increased albumin adsorption. These findings highlight the observed
phenotypic difference between different types of phagocytes and underscore the need for
characterization of VTC performance using different cell types and animal models to more closely

represent human systems.
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5.2 Introduction

Vascular targeted carriers (VTCs) are a promising drug delivery approach for treating
various conditions, including cancer and coronary artery disease*®’!. However, a major issue that
limits VTCs’ in vivo efficacy is their rapid removal from circulation through filtration via RES
organs and clearance by phagocytic leukocytes®®®1. Over the years, researchers have explored
ways to design VTCs to avoid phagocytic uptake and achieve longer circulation times. Most of
these efforts have focused on non-fouling surface coatings such as polyethylene glycol (PEG), cell
membrane-derived, and zwitterionic coatings®27%4, Particle elasticity has emerged as an important
factor in designing polymeric particles for intravenous drug delivery applications in recent years
due to its favorable effects on phagocytosis.

In this work, we investigate the effects of particle elasticity on neutrophil phagocytosis.
Deformable PEG hydrogel particles of varying Young’s modulus were exposed to human
neutrophils in whole blood, and neutrophil phagocytosis was quantified by flow cytometry as the
percentage of particle-positive cells. Additional hydrogel materials were also explored to
determine the potential interplay between surface physiochemistry and particle elasticity. Further
understanding of interactions between particles and neutrophils will be invaluable in optimizing

carrier design in vascular targeted delivery.

5.3 Results

5.3.1 Evaluation of neutrophil phagocytosis of PEG particles of two distinct elasticities

We first evaluated the uptake of 2 pm and 500 nm spherical PEG particles by primary
human neutrophils in whole blood from healthy donors relative to the uptake of rigid polystyrene

particles. Fluorescent polystyrene (PS) particles were purchased from Polysciences, and
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deformable PEG particles with embedded rhodamine dye were fabricated in-house, as previously
described*’. The moduli for the deformable PEG particles were determined to be 23 kPa and 500
kPa for the 15 and 50 wt% PEG, respectively*’. Particles were incubated in fresh human blood for
2 hours, and cell-particle association was evaluated via flow cytometry, using double positive
stains for CD11b and CD45 to identify neutrophils. Particle-positive cells were identified by either

a positive signal for fluorescein for PS or rhodamine for PEG.
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Figure 5.1: Phagocytosis of 2 um and 500 nm sized PS and PEG particles by (A, B) primary human neutrophils
in whole blood and (C, D) J774 macrophages in DMEM with 10% FBS. Samples were incubated with cells for
2 hours before staining, fixing, and analyzing with flow cytometry. Statistical analysis was performed using one-
way ANOVA with Tukey’s multiple comparisons test. (ns, P > 0.05; **** P <0.0001).

Figure 5.1a-b compares neutrophil uptake of PS and PEG nano- and microspheres in whole

blood. Interestingly, all microparticle types exhibited similar uptake levels despite the wide range



of Young's moduli they encompassed, which contradicts previous research that suggests particles
of different moduli exhibit different uptake levels®®>192 Additionally, we saw increased
neutrophil uptake of the PEG 500 nm nanoparticles compared to PS, where both deformable PEG
nanoparticle types had nearly a 3-fold increase in neutrophil uptake compared to PS.

To compare these results to published literature, we repeated uptake assays using J774
macrophages — the most common cell line used in phagocytosis assays. Uptake of 2 um
microspheres by J774 macrophages resulted in a downward trend of phagocytosis levels with
decreasing particle modulus, more typical of this cell line with respect to particle elasticity>871193,
As shown in Figure 5.1c, there was a 3 and 6-fold decrease in uptake for the 50% and 15% PEG
microspheres, respectively, when compared to PS. Although uptake was decreased by 2-fold for
the 15% PEG microspheres as compared to their 50% counterpart, it was not significant. A similar
trend was found for 500 nm nanosphere uptake by J774 macrophages, where 50% and 15% PEG
nanospheres had a 4.7 and 6-fold decrease, respectively, in uptake compared to PS. We also
observed the uptake of PS and PEG particles with mouse neutrophils in whole mouse blood, as
shown in Figure 5.6. Mouse neutrophils phagocytosed 2 um PEG particles at a greater rate than
the PS control, with the 15% particle having a 1.7-fold increase in uptake and the 50% particle

having a 1.2-fold increase, although the latter was not statistically significant.

5.3.2 Evaluation of impact of particle chemistry on neutrophil phagocytosis of deformable

particles

To determine if the differences in particle uptake between neutrophil and macrophage
reported in Figure 5.1 are indeed due to deformability or could be attributed to changes in surface
chemistry between PS and PEG, we next sought to fabricate hydrogel particles of a different

material from PEG. For this purpose, we used hyaluronic acid methacrylate (HAMA) as an
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analogous material to compare to PEG particles. HA is an extracellular matrix (ECM) component
and recent studies have used chemically modified HA for numerous applications, including cell
scaffolding and pulmonary and vascular delivery®%104-18 First, we characterized the elasticity of
our HAMA hydrogel material using bulk hydrogel rheometry to confirm that their Young’s
modulus was comparable to the PEG hydrogels. As shown in Figure 5.2a, we obtained hydrogel
samples with Young’s moduli ranging from approximately 46 kPa up to 730 kPa, matching closely
with the range of reported Young’s moduli for the PEG material (23 kPa to 500 kPa)*’. The 2.5%

HAMA material was not explored further due to its similarities in modulus compared to the 5%

HAMA formulation.
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Figure 5.2: (A) Rheometry of bulk HA hydrogel samples, indicating a wide range of Young’s moduli. Uptake
of 2 um sized HA-derived hydrogel particles in by (B) primary human neutrophils in whole blood and (C) J774
macrophages in DMEM media. Statistics for the phagocytosis assays were performed using one-way ANOVA
with Dunnett’s multiple comparisons test, while the rheometry data was analyzed with one-way ANOV A with
Sidék's multiple comparisons test. Error bars represent standard deviation. All particle conditions were not
significant in the case of neutrophils. (ns, P > 0.05; **** P <0.0001).

Figure 5.2b shows that neutrophils take up HAMA particles at nearly equal levels regardless of
the particle modulus, similar to observation with PEG particles. Conversely, when HAMA
particles were incubated with J774 macrophages, as in Figure 5.2c, we observed a significant

decrease in uptake of HAMA particles with decreasing modulus. The uptake of 20% HAMA
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particles was nearly 3-fold lower than the PS control, while the 10% and 5% HAMA particles

exhibited a 60 and 150-fold decrease, respectively.

5.3.3 Visual observation of deformable PEG particles phagocytosis in optical tweezer assays

While the phagocytosis assays performed using particles in whole blood allows for analysis
of neutrophil behavior on a population level, we were interested in visualizing cell-particle
interactions in real time to observe the behavior of single cells and any apparent effects of
membrane wrapping on deformable particles. To achieve this, we used an optical tweezer system
previously employed in similar studies for imaging engulfment of PS particles by
neutrophils'®:11° Microspheres 2 um-sized and leukocytes were incubated in the presence of an
optical tweezer, allowing for single particle manipulation. As shown in Figure 5.3, when a PS
particle was placed in contact with a neutrophil, the neutrophil captures the particle on its
membrane surface and begins engulfing the particle during the 5S-minute window in which the cell
was observed, and by the 2-minute mark, the PS particle is fully engulfed by the cell. Similarly,
when a PEG particle was delivered to a neutrophil, it was visually fully inside the cell by the 3-
minute mark. These observations are consistent with the previous assays with phagocytosis in
whole blood in Figure 5.1.

When J774 macrophages were used instead of neutrophils, we observed differences in the particle-
cell interactions. As shown in Figure 3, a macrophage was observed to engulfa 2 pm polystyrene
particle within 2 minutes, similar to the timescale for phagocytosis of a particle by a neutrophil.
However, when a PEG particle was in contact with a macrophage, the particle was not fully
engulfed by the cell, even by the 5-minute mark. The particle instead stayed on the periphery of

the cell membrane, and when the optical tweezers were moved off the particle after the assay, the
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particle detached from the cell, indicating the particle was only weakly bound to the cell

membrane.
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Figure 5.3: Optical tweezer images where a single 2 pm particle was brought into contact with a cell. Assays were
carried out with either primary human neutrophils with (A) PS or (B) PEG or cultured J774 macrophages with (C)
PS or (D) PEG. Frames were selected at one-minute intervals to visualize particles as they were engulfed by cells.
The PEG particle was unable to be phagocytosed by the J774 macrophage, as indicated by the red arrow near the
periphery of the cell.

J774 PS

As expected, when both neutrophils and J774 macrophages were brought into contact with
a PS particle, the apparent shape of the particle remained unchanged throughout the engulfment
process due to the rigidity of PS. However, we were still unable to detect any shape change when
the cells engaged PEG particles, despite the particle modulus being well below the stiffness of

other particle types shown to deform when engulfed by macrophages!!*112,

5.3.4 Evaluation of effects of zeta potential on neutrophil phagocytosis of PEG particles

Particle surface charge as defined by the zeta potential has been shown to impact
phagocytosis in macrophages!'3114. Thus, we investigated the potential interplay between particle
zeta potential and deformability and phagocytosis by neutrophils. To alter the zeta potential, we
adjusted the polymer formulation to include an amino-containing linker, 2-aminoethyl

methacrylate hydrochloride (AEM) in place of 2-carboxyethyl acrylate (CEA), resulting in
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positively charged particles. To achieve near-neutrally charged particles, i.e., a zeta potential as
close to zero, we used a mixture of AEM and CEA. We confirmed that the zeta potential was
altered from the negative charge typically associated with the incorporation of the carboxylic acid-
containing CEA and that a combination of CEA and AEM resulted in a roughly neutrally charged

PEG particle, as shown in Figure 5.7.
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Figure 5.4: 2 um sized PEG particles of varying zeta potentials (either positive, negative, or neutral) were
incubated with primary human neutrophils in whole blood. Displayed zeta potentials confirmed
successful surface modification of surface charge using an amino-group containing linker. Significance
was determined using one-way ANOVA with Tukey's multiple comparisons test. Error bars represent
standard deviation (ns, P > 0.05; **** P <(0.0001)

Interestingly, when 50 wt% PEG particles of various surface charges were incubated with
neutrophils in whole blood (Figure 5.4), we saw comparable uptake levels across all zeta
potentials. For the 15 wt% PEG particles, negatively and neutrally charged particles exhibited
nearly the same uptake levels. However, the uptake of the amino-coated 15% PEG particles was
1.5-fold and 1.7-fold greater than the carboxy-coated and neutral 15% particles, respectively.

We conducted phagocytosis assays with isolated neutrophils in RPMI media to see if the
cells would differentially phagocytose particles of different surface charges in the absence of
plasma proteins since zeta potential strongly affects the adsorption of opsonins that drives

phagocytosis!?>~117 As shown in Figure 5.8, we again saw similar levels of uptake for both the
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15% and 50% PEG particles across all zeta potentials tested, though the relative uptake of particles
in media was notably lower than in whole blood, likely from the absence of opsonins that typically

drive phagocytosis, such as immunoglobulins and apolipoproteins®®118:119,

5.3.5 Evaluation of particle surface functionalization impact on particle neutrophil

phagocytosis in whole blood

Particle surface functionalization with targeting ligands is particularly relevant for those
used as VTCs. Thus, we next used functionalized particles to elucidate any impacts of particle
surface conjugation on neutrophil phagocytosis. We employed diimide (EDC) chemistry to
activate carboxylic acid groups on the particle surface before linking avidin protein to the activated
groups?”#’. Surface-conjugated particles were incubated with neutrophils in whole blood and their
uptake was compared to unconjugated particles. In Figure 5.5, neutrophil phagocytosis of PEG
particles activated with EDC decreased significantly compared to unactivated ones for both the
50% and the 15% wt PEG formulations. The 50% particle type displayed a 25% reduction in
uptake when comparing EDC-activated particles to an unconjugated control. We find the reduction
of PEG particle uptake with EDC activation was not eliminated with the coupling of avidin protein
to the activate groups on particles. The reduction in particle uptake was 33% when comparing an
avidin-coated particle to an unconjugated control. Similarly, when comparing 15% EDC-activated
and avidin-coated particles to an unconjugated control, we observed a reduction of 45% and 50%,
respectively, in neutrophil phagocytosis. The dotted line in Figure 5.5 corresponds to the average
uptake of the corresponding PEG particle by J774 macrophages shown previously, demonstrating
that this reduction in neutrophil uptake due to conjugation is not as pronounced as the reduced

uptake observed when macrophages engaged highly elastic particles relative to rigid PS.
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Based on the data in the prior figures, we determined that these apparent differences in
uptake were likely not linked to differences in particle deformability or altered zeta potential. Thus,
to account for these differences in particle uptake, we next looked at any differences in protein
adsorption, which have been strongly correlated with particle recognition and phagocytosis. Using
SDS-PAGE to analyze the protein corona of the particles, we found that there were distinct bands
present on both the EDC-activated and avidin-conjugated particles, which were not present on the
unconjugated control, most notably at around 60 kDa, which was present for both EDC and avidin
conditions. To determine if this differential protein adsorption with conjugation is linked to the
EDC chemistry or due to surface morphology changes, we incubated PEG particles coated with
avidin using thiol-ene click chemistry, circumventing the use of EDC. As shown in Figure 5.9,

when EDC was removed from the coupling process, we did not observe any differences in
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neutrophil uptake of avidin-coated particles compared to an unconjugated control. This data was

further supported by the similarities in protein corona between the two particle types.
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Figure 5.5: 2 um sized PEG particles either unconjugated, activated with EDC, or covalently coated with
Avidin were incubated with primary human neutrophils in whole blood. Data average is shown as horizontal
check with error bars. For comparison, the dotted line on each graph represents the average uptake of each
respective particle by J774 macrophages. The protein coronas of these particles were also visualized using
SDS-PAGE and stained with Coomassie Blue. There were notable bands for both EDC activation and avidin
coating around 60 kDa. Statistics for phagocytosis assays were performed using repeated measures one-way
ANOVA with Dunnett’s multiple comparisons test. Error bars represent standard deviation (ns, P > 0.05;
*¥*%k* P <0.0001)
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5.4 Discussion

The current literature regarding phagocytosis of particles by immune cells has largely
focused on macrophages and monocytes, with few papers exploring the use of neutrophils, likely
due to difficulties in obtaining fresh neutrophils combined with a lack of a reliable neutrophil-like
cell lines for culture. As more studies look at interactions between particles and neutrophils,
differences in their phagocytic behavior relative to other immune cells have begun to arise. For
example, a study by Kelley et al. showed that PEGylation of particles can cause enhanced
phagocytosis by primary human neutrophils in human blood instead of reducing uptake as seen
with THP-1 monocytes and bone marrow-derived macrophages from mice’3. Similarly, a study by
Safari et al. saw notably higher phagocytosis of rod-shaped particles by neutrophils than spheres
compared to rat alveolar macrophages and primary human monocytes’®. These studies emphasize
the critical need for characterization of neutrophil interactions with particle carriers, which have
to date been understudied. Thus, we sought to determine whether cell-particle interactions between
neutrophils and particles of different elasticities would depart from accepted trends in the literature
regarding phagocytosis by macrophages and monocytes.

Based on the vast amount of literature on interactions between immune cells and particles
of varying moduli, we expected to see a reduction in uptake as we moved from a rigid polystyrene
control to softer PEG-derived particles. Instead, neutrophils were as likely or more likely to
phagocytose softer particles compared to the non-deformable polystyrene, suggesting that
modulus may not be as effective of a parameter to leverage when designing particles to avoid
clearance by neutrophils, most notably in vascular drug delivery, where they are likely the first
phagocytes encountered by intravenously delivered particles. The data furthermore suggests that

the mechanism by which deformable particles are more likely to be phagocytosed is exaggerated
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when neutrophils encounter nanoparticles as opposed to microparticles. Given the relevance of
nanoparticles compared to microparticles in current vascular delivery technologies, these results
indicate there may in fact be a loss of efficacy by using more deformable particles, given the higher
propensity for clearance by neutrophils. We hypothesize that these differences in uptake may arise
from the deformation of the PEG particles as they undergo membrane wrapping by neutrophils,
resulting in an enhanced phagocytosis effect due to an apparent elongated particle shape as the
particle is engulfed!!?. Similarly, we see a reduction in uptake by J774 macrophages because of
their reported inability to effectively phagocytose rod-like particles, which has been linked to a
higher energy barrier of membrane wrapping!?%121, The results with HA microparticles, with
different hydrogel chemistry from PEG, support the hypothesis that the difference in uptake is due
to neutrophils sensing the particle stiffness. Notably, the neutrophil uptake levels of HA particles
were comparable to that seen with PEG particles, providing strong evidence that this enhanced
phagocytosis effect is indeed linked to particle modulus.

Interestingly, we did not observe significant deformation of the PEG particles when
engulfed by both neutrophils in our optical tweezer assay, though prior studies successfully imaged
particle deformation with macrophages phagocytosing notably stiffer particles that used here —
between two and three orders of magnitude higher'!. Our inability to visualize any changes in
particle shape during the engulfment process with our optical tweezer system may be due to the
use of micron sized particles, because of instrument limitations, as opposed to nano-sized particles
with prior studies. It is also possible that the lack of shape change with neutrophil phagocytosis
may be linked to differences in forces exerted by macrophages and neutrophils. Considering that
the PEG particle detached from the macrophage after the tweezer assay was complete, the lack of

phagocytosis may also be linked to their inability to adhere to the particle as well as energetic
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barriers to membrane wrapping of a deformable particle. One modification that may be employed
in future imaging studies may come in the form of flipper dyes incorporated into the particle
matrix, which would allow for more sensitive measurements of particle deformation than visual
shape changes. Furthermore, the ability to image nanoparticles during phagocytosis would help to
elucidate the mechanism by which we see this enhanced phagocytosis of deformable particles, as
well as further characterization of the biomechanics of neutrophil phagocytosis.

Past literature has reported that both negatively and positively charged cellulose-derived
particles were effectively taken up by mouse peritoneal macrophages, while a neutrally charged
particle exhibited a sharp reduction in uptake!!3. Many studies in the literature have accordingly
leveraged this phenomenon to modulate zeta potential, most notably with zwitterionic coatings, to
either reduce or eliminate the protein corona and thereby avoid immune cell recognition®%62122,
Given the implications of zeta potential on plasma protein adsorption and observed behavior with
macrophages, we predicted a similar reduction in uptake at a neutral charge as well with
neutrophils in whole blood. However, the surprisingly equal uptake of 50% PEG particles observed
across all charges suggests that there may be competing forces affecting neutrophil uptake. While
a neutral charge typically lowers phagocytosis, our findings indicate that a deformable particle is
also more likely to be taken up by neutrophils, which may explain the lack of reduced uptake. The
only significantly different particle type was the increase in uptake of positively charged 15% PEG
particles, which was likely due to the greater positive charge on the 15% particle compared to the
50% particle, which drives phagocytosis to a greater extent than a stronger negative charge!3,
Similar results obtained when using isolated neutrophils in media support our hypothesis that these

observations are indeed linked to deformability as opposed to any differences in protein corona.
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Because VTCs typically are functionalized with targeting ligands for adhesion to cellular
markers, we also investigated the effects of surface modification on neutrophil phagocytosis.
Previous studies have indicated that surface functionalization enhances phagocytosis, yet the
decrease in uptake by neutrophils suggests that these modifications to the particle surface may help
in evading immune cell clearance when delivered intravenously!231%4, After running SDS-PAGE,
we saw a distinct band at the 60 kDa mark that was not present on unconjugated particles. This
protein is likely albumin, a highly prevalent plasma protein given the molecular weight. Albumin,
a dysopsonin, has been shown to protect particles from immune cell recognition and clearance,
and may be the cause for the reduced phagocytosis observed in neutrophils!?>-128, Compared to
SDS-PAGE gels of particles activated with EDC, we did not see an increase in band intensity at
the 60 kDa mark corresponding to albumin, thus confirming that the reduced uptake was indeed
linked to the EDC causing an increased adsorption of proteins on the particle surface. Given the
more drastic decrease in macrophage uptake of deformable particles, we find that there may still
be concerns with enhanced phagocytosis of deformable particles by neutrophils despite the
reduction in uptake upon conjugation.

Our work seeks to advance our understanding of interactions between particle drug carriers
and neutrophils, which historically have not been as well characterized as macrophages and
monocytes, especially in the context of vascular drug delivery. Our results here suggest that the
reported benefits of deformable particles, including longer circulation times and more effective
avoidance of clearance by tissue-resident macrophages and monocytes, may not hold true with
respect to neutrophils. We find that a deformable particle instead exhibits an enhanced phagocytic
effect, which might instead undermine efforts to improve vascular-targeted drug delivery. Indeed,

work in this space will need to further explore potential interplay between deformability and other
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design parameters, such as density and shape. Our results here also highlight the potential
shortcomings of mouse models and cell lines, which may be less physiologically relevant with
respect to neutrophils and vascular drug delivery, along with a need for greater characterization of

neutrophils and their interactions with particle drug carriers.
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5.5 Supplementary Figures
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Figure 5.6: Uptake of 2 um PS and PEG particles by BalbC mouse neutrophils in whole mouse blood. Particle
uptake was increased when going from a stiffer to softer particle, with the 15% PEG particle being significantly
higher than the PS particle. Statistics were performed using one-way ANOVA with Tukey’s multiple comparisons
test. Error bars represent standard deviation. (ns, P > 0.05; *, P <0.05)
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Figure 5.7: Uptake of particles of varying surface charges by isolated neutrophils in RPMI media. No significant
differences in particle uptake were seen for either particle types. Statistics were performed using one-way ANOVA
with Tukey’s multiple comparisons test.
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Figure 5.8: Zeta potential measurements for both 50% and 15% PEG particles with varying ratios of — COOH and —
NH2 surface functional groups. Particle formulations were designed to either have a negative (top), neutral (middle),
or positive charge (bottom).
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Figure 5.9: Uptake of unconjugated and avidin-coated PEG particles by neutrophils and corresponding protein
coronas using SDS-PAGE. Particles were conjugated with avidin using thiol-ene click chemistry, and there were no
significant differences in neutrophil uptake between unconjugated particles and avidin-coated particles. No notable
differences were seen for the protein corona of these particle types. Statistics were performed using an unpaired t
test.
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Chapter 6 : Rod-shaped Hydrogels for Biological Applications

6.1 Abstract

Elongated particles, including rods and fibers, have utility for their unique interactions in
various biological contexts, yet are not as well studied as spherical particles, in part due to more
complicated fabrication processes. The work in this chapter outlines the development of a novel
process for deforming polymer droplets in shear and crosslinking those particles in that deformed
state. We explored both cup-and-bob and cone-and-plate geometries for their ability to generate
simple shear profiles, yet only achieved limited stretching. These rotational-driven shear systems
also had the disadvantage of needing rigorous alignment of geometry, which was difficult to
achieve and resulted in significant debris generation and fragmentation of any generated
particles. We found a tube shear system instead generated stretched particles at a greater
proportion, yet because of the inherent deformation gradient of a pipe, a portion of the particles
remained spherical. Population analysis of particles fabricated at different shear rates indicated
that predeformation particle size was relatively unchanging at an average of 5 um, but AR
increased from 1 — 3.5 as shear rate increased from 0 — 1400 s™!. Centrifugal separation of the
particles allowed for isolation of increasingly smaller ESD and AR particles. Finally, HAMA
was used in place of PEG to expand on the types of materials that can be stretched using this
method, and we were able to achieve limited success, fabricating a minor amount of stretched
HA particles. However, the majority of particles were fragmented. Overall, this work
demonstrates the feasibility of droplet shear as a method for the fabrication of hydrogel rods and

fibers in a scalable, continuous process.
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6.2 Introduction

While spherical particles have been heavily studied, in part due to their facile production
as compared to other, more complex geometries, shape is a significant factor to consider in the
context of particle-based technologies'*!'*2. Many studies investigating particle shape have
found that target geometry can affect how these particles interact with various biological
processes, particularly rod-shaped and fibrous particles'?%!13%!134 Rod-like particles have
exhibited improved ability to reach the endothelial wall in the context of vascular drug delivery
and reduced immune cell uptake and clearance by macrophages'?*!3°. Furthermore, the
anisotropic properties and propensity for alignment of fibrous hydrogels are also useful for
providing effective scaffolding for skeletal muscle tissue!'2%!135-137,

There are numerous traditional fabrication strategies for generating hydrogel fibers,
including electrospinning, use of microfluidic devices, and extrusion processes'>”!3. The
electrospinning process involves pumping out polymer solution onto a needle tip and subjecting
it to a high voltage to form polymer fibers that can then be processed further. This process is
useful for producing fibrous hydrogel on the microscale, yet lacks the flexibility of other
techniques due to the limiting types of hydrogel materials that can be used to generate defect-free
fibers. Microfluidic devices are similarly useful for producing consistent fibers, yet lack
scalability, typically needing complex production methods to build the devices. Finally,
extrusion-based processes involve pumping polymer solution into extruders, such as needles or
tubing, and subsequently crosslinking them, but processing steps render this method unfeasible
for biological applications. This process typically involves the use of UV crosslinking that is not
suitable for cell-encapsulation and viability, though cell adhesion post-processing may still have

potential for UV crosslinked hydrogels. Overall, these processes are also unable to produce rod-
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like particles on the micro- or nanoscale needed for drug carrier applications. For the purpose of
vascular targeted drug delivery, rods are typically around 2 um in ESD with an AR of up to 6,
based on previous work’*. Conversely, fibrous hydrogels are typically larger and more elongated,
with an AR > 10'%7,

Within the context of vascular targeted drug delivery, fabrication of rod-shaped particle
drug carriers includes microfluidic devices, templating, and heat stretching of spherical
particles®®12%134 Microfluidic devices and templating processes typically require complicated
setups; while they can precisely fabricate uniform particles, they lack scalability and high
throughput. Furthermore, the temperatures required for heat stretching likely would result in
degradation of the loaded therapeutic and limit potential carrier materials (thermal stability, no
crosslinked materials). Emulsion based fabrication methods are effective at generating micron-
sized spherical particles with both high yield and scalability. However, they have not yet
thoroughly been explored due to difficulties in attaining rod-shaped polymer droplets.

The elongation of polymer droplets in an emulsion is largely dictated by competing
forces of interfacial tension between the oil and water phases promoting a spherical droplet and
viscous shear forces imparted on the droplets promoting deformation. This phenomenon is

captured by the Capillary number Ca, which can be represented as:

where u represents the viscosity of the bulk fluid, r is the radius of the droplet, y is the shear
rate, and o is the interfacial tension'**'*!, In order for droplet elongation to occur, this parameter
needs to be above 1, where the viscous shear forces are able to overcome interfacial tension

forces that retain a spherical shape. Thus, to achieve an increased capillary number, we can
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increase shear rate, viscosity of the carrier fluid, and droplet radius. Additionally, we can lower
surface tension, which can be achieved via use of surfactants.

In this chapter, we explore various types of shear geometry to develop a high-throughput
method for generation of rod-shaped hydrogel particles. The resulting particles were
characterized by size and shape, and particles were then separated by size for potential use in
applications such as phagocytosis assays, margination studies, and drug release profiles. The
methodologies described in this chapter provide useful insights on developing a scalable method
of fabricating particles on a usable size scale for vascular targeted drug delivery, as well as
generation of larger, fibrous hydrogels that may see applications in skeletal muscle tissue

regeneration.

6.3 Results

The generation of shear forces for production of elongated hydrogel rods was initially
modelled after various rheometers to generate simple shear. We first used a cup and bob
geometry to mimic the type of shear that would be seen in a typical Couette rheometer, as shown

in Figure 6.1 (A). The polymer emulsion was placed between the gap, and rotational shear was
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Figure 6.1: (A) schematic of the cup-and-bob geometry used to shear PEG polymer droplets. (B) SEM images of the
resulting particles. Scale bar: 10 pm (left) and 1 pm (right)
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applied to first deform the polymer droplets and subsequently crosslink them with UV. These
particles were then imaged using both light microscopy and SEM, as shown in Figure 6.1 (B).
The size of these particles ranged between 1 — 5 um and were mostly nonspherical. The
granularity of the particles indicated that these particle shapes were not due to droplet stretching,
and instead, the polymer droplets were likely being destroyed or fragmented on formation. This
could be due to multiple causes, such as the heat generated during fabrication or misalignment
between the stationary and rotating sections of the shear geometries. Furthermore, the generation
of resin debris in the sample indicated that this geometry would not be feasible for rod
production on a lab scale without a significant investment in precise geometry and alignment.
We next modified our geometry to a cone and plate, which reduced the required precision
on geometry alignment while retaining a similar shear profile to that of the cup and bob.
However, with this geometry, we had better control over the shear forces generated by the
rotational plate by adjusting the cone angle as well as the speed of rotation. A general schematic

of the cone and plate is demonstrated in Figure 6.2 (A). After rod fabrication, particles were
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Figure 6.2: (A) Schematic of the cone-and-plate geometry. (B) SEM images of particles fabricated using the cone-
and-plate. The asymmetrical shape of the particles indicates they were undergoing breakoff when crosslinked, and
the majority of the particles remained spherical.

imaged on SEM to determine both particle shape and surface morphology, as shown in Figure

6.2 (B). We found that the surface morphology of these particles was quite smooth, indicating
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that particles were formed properly in the emulsion process, with a particle size between 2 — 20
um, which was larger than particle generated with the cup and bob. However, we saw that
particles were inconsistently generated, with a significant portion of them being spherical, yet a
small portion of generated particles were elongated, confirming that particles could indeed be
stretched while in polymer solution and crosslinked in an elongated state. The heterogeneity of
the particles indicated that the shear force generated by this cone and plate setup were not
consistent throughout the fabrication process, likely due to small deviations in alignment
between the rotating cone and the stationary plate along with potential bending of the 3D printed
cone. Another design issue with the rotational driven setups is the potential loss in material that
can be ejected out of the sides, especially in the case of the cone-and plate geometry.

To next improve on our fabrication geometry, we sought to design a system that would
generate more consistent shear forces without the need for rigorous. We used displacement
driven flow instead of rotational driven flow to generate shear forces. A polymer emulsion was
pumped through a 1 mm diameter transparent tube across a bespoke UV array to induce
crosslinking. A schematic of this pipe flow geometry can be seen in Figure 6.3 (A); the shear
generated by the bulk oil moving across the pipe walls causes polymer droplets to elongate. After
fabrication, particles were imaged using SEM, as done previously with other shear geometries
shown in Figure 6.3 (B). Here, a significant portion of the particles were deformed from a
spherical to a rod shape, indicating successful shearing of the polymer droplets. Notably, the size
of the particles varied greatly, with some particles having a major axis under 10 pm, while others
were similar to hydrogel fibers instead, having a major axis closer to 150 pm. Furthermore, we
saw that again, not all particles were successfully deformed into a rod shape, suggesting particle

yield would need to be optimized further. This method of rod hydrogel fabrication demonstrates
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that we are able to generate rod-shaped hydrogels using a high-throughput method on a size scale

relevant to vascular targeted drug delivery.

10pm UM-EMAL 2023-07-19
SEM WD 10mm 13:33:50

Figure 6.3: (A) Schematic of the tube shear system, where a PEG emulsion in silicone oil is injected into
a small tube to generate shear for droplet deformation. (B) An image of the UV array used to crosslink
PEG particles. (C) A representative SEM image of particles fabricated at a shear rate of 1000 s™. Most of
the particles were stretched to varying degrees, though spheres were still present. Scale bar: 10 um

We next characterized this hydrogel fabrication process by adjusting the volumetric flow
rate, and thus the shear rate, to determine its effects on rod size and shape. Particles were
fabricated using a range of flow rates and were then imaged using light microscopy to measure
major and minor axes of particles, which were then used to calculate equivalent spherical

diameter (ESD) and aspect ratio (AR). ESD was calculated according to the following equation:

1
ESD = (a * b?)3
where a is the major axis length of the rod and b is the minor axis length of the rod. This

calculation assumes that the cross-sectional area of the rod is circular.
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Figure 6.4 shows the AR of particle populations as a function of shear rate. As the shear
rate increases from 0 to 1400 s!, the ESD stays relatively constant between 5 — 6 um. The
unchanging ESD indicates that the polymer size of the droplets is constant across all shear,
indicating that any effects of coalescence during the fabrication and shearing processes are

minimal. Conversely, the AR increases from a spherical particle, where AR is equal to one, up to
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Figure 6.4: Population analysis of the ESD and AR of particles fabricated at varying shear
rates. The ESD of the particles remained unchanged across all shear rates. However, the AR
of the particles increased with increasing shear, which is consistent with the expected increase
in capillary number.

about 3.5 at the highest shear rate tested. As expected, an increase in shear force results in
increased elongation of the polymer droplets prior to particle formation. Thus, by modulating the
flow rate at which the system is operated at, we are able to selectively fabricate particles of a
given AR. Furthermore, given the control over the shear rate that this system provides, we can
also increase the size of the polymer droplets by adjusting the emulsification step to generate a
greater fraction of fibrous hydrogel particles, which may instead be useful for future studies in

regeneration of skeletal muscle tissue.
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Next, we performed a series of centrifugations at increasing speeds to separate particles
by size and AR. Whole particle population samples were subject to centrifugation at incremental
speeds from 50 — 3000 x g for 5 minutes, and particle fractions were collected for SEM imaging.
A representative sample of particle fractions collected for particles fabricated using 1000 s is
shown in Figure 6.5. Image analysis of the rod hydrogels indicates that increasing centrifugation
speed allows for isolation of smaller particles with a lower ESD and AR. The average ESD of the
rod particles decreased from 5.81 um at a centrifugation speed of 50 x g down to 2.16 um at
1500 x g. The AR of the particles decreased from 3.22 to 1.58, though each fraction of rods
contained significantly elongated particles compared to the mean of each group, as indicated by
the tail on each group of AR measurements. However, the overall trend confirms that particles
can be separated by size and AR using centrifugation.

Though all fabrication studies up to this point have been done using PEG, we also
explored the use of other hydrogel materials to demonstrate the flexibility of this system. Thus,
we selected a functionalized hyaluronic acid (HA) to fabricate rod shaped hydrogel particles in a
similar manner as previously done above. Unlike PEG, HA is a naturally occurring
macromolecule in the body, produced as a component of the ECM. A major advantage of
fabricating HA-based particles as opposed to PEG particles lies in native cell-adhesion motifs
that are present on the HA molecule, whereas PEG is a synthetic polymer and thus would need
additional conjugation steps to incorporate cell adhesion functionalities. Commercial HA was
functionalized with methacrylate groups to form HA-methacrylate (HAMA) and placed in oil to
form an emulsion, which was then pumped through the shear geometry. Particles were imaged
using SEM, as shown in Figure 6.6. Here, the granularity of the particles varied greatly,

indicating that some particles were fragmented during processing steps. The size of these
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Figure 6.5: (A) SEM images of particles collected via centrifugation speeds from 50 — 1500 x g. As the speed
increases, the particle population visually becomes smaller in size and length. (B) Violin plot of the ESD of the
PEG particles for the 1000 s”! shear condition, where the size of the particles decreases from an average of 5.81
to 2.16 pm from 50 to 1500 x g respectively. (C) Violin plot of the AR of the PEG particles for the 1000 s.; shear
condition, where the AR decreases from an average of 3.22 to 1.58 from 50 to 1500 x g respectively. Larger,
stretched particles with an AR > 5 were still present for all samples.
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particles ranged from 1 to 4 pm, though some particles may be smaller because of particle
fragmentation. However, the presence of smooth, elongated particles in the sample also

demonstrates that there is potential for the fabrication of HA-based rod hydrogels. Though the

- lpm UM-EMAL 2023-11-15
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Figure 6.6: SEM image of HA particles fabricated using the tube shear
system. While a majority of particles appear granular, some particles had a
smooth surface morphology and appeared to be elongated.

yield of rod-shaped particles was low using HAMA, the successful fabrication of these rods
indicates the flexibility of this process, where emulsified polymer solutions can be sheared and

crosslinked in situ to generate elongated particles using various materials.

6.4 Discussion

Elongated particles have been demonstrated to provide additional utility compared to
spherical particles, yet current fabrication techniques lack some combination of scalability,
feasibility for biological applications, and particularly producibility of nano-sized rods as drug
carriers. Here, we have shown that a water-in oil emulsion of polymer droplets can be placed in

shear flow and crosslinked in a deformed state. This fabrication method demonstrates a novel
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technique to produce both rod and fibrous hydrogels in a reproducible, scalable, and continuous
manner.

The cup-and-bob and the cone-and-plate geometry were both chosen for their similar
design to Couette and cone-and-plate rheometers, which create simple shear profiles in which the
shear is uniform across the two moving surfaces. However, the difficulty in alignment of the
rotational components resulted in both generation of significant debris and likely fragmentation
of particles, which negated any advantages of consistent shear across the geometry gap. Thus,
instead of generating uniform particles, we were only able to fabricate very polydisperse and
heterogeneous particles, of which only a small proportion were slightly stretched. Furthermore,
of the deformed particles, we see that they are also asymmetrical and not ellipsoidal, indicating
that polymer droplets prior to crosslinking were undergoing breakoft.

While the biggest advantage of the rotational geometries is the potential for uniform
shear and thus uniform deformation of polymer droplets, we were limited by the precision of our
equipment. Thus, we shifted to a pipe model to generate shear instead, which circumvented the
need for strict geometry alignment. Here, we were now able to generate elongated particles, of
which a large portion of particles were deformed from a spherical shape. However, we still see a
significant population of spheres, which is likely due to the shear profile in a pipe, which is
greatest at the center and near-zero at the wall. These shear differences likely account for both
the variation in particle elongation as well as the presence of spherical particles even at higher
shear rates. Thus, while this technique demonstrates the concept of applying shear to deform
polymer droplets prior to crosslinking, improvements to the shear system to generate a simple
shear profile similar to the aforementioned rotational geometries would facilitate the fabrication

of uniform particles.
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The consistent ESD of the rods across shear rate indicated that increasing shear rate did
not significantly change the relative size of the droplets, either from coalescence of the polymer
droplets or from breakoft, which would have shifted the population ESD to be larger or smaller,
respectively. However, we do see that there is a small amount of coalescence, as indicated by the
comparatively large particles generated that are 100 pum or greater in length. Conversely, we also
see that AR increases with increasing shear rate, as expected based on the increasing capillary
number, thus successfully demonstrating that our shear system can modulate the level of particle
deformation by adjusting shear rate. We can also control the size of the droplets in the emulsion
by adjusting the mixing process by which the emulsion is generated. By adjusting the speed at
the emulsion is made using the overhead mixer, the average diameter of the droplets prior to
shearing and crosslinking can be made larger with less rotational speed and vice versa.
Therefore, there is also potential for the fabrication of larger fibrous hydrogel particles in a
scalable, reproducible, and consistent manner as well, which would be advantageous for skeletal
muscle tissue regeneration.

By separating different sized particles using centrifugation, we wanted to isolate specific
sizes for potential further applications. We were successfully able to separate particles by ESD as
expected, and though the AR of each respective particle fraction also decreased with increasing
centrifugation speed, the distribution of AR is quite large. Because of the propensity for rods to
align in the same axis of movement, we are likely separating particles by minor axis as opposed
to strictly by ESD, though larger particles are also likelier to have a larger minor axis. While this
separation process allows us to isolate particles of various ESD and AR, we also see that
spherical particles still remain in each fraction. Thus, to isolate a more uniform population of

elongated particles, a method such as filtration may help to separate particles strictly based on
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their shape. During filtration, spheres of a given diameter are more likely to pass through the
filter than rods whose major axes may be larger than the pore size of the filter. There is also the
potential for rod particles to pass through if their minor axis is smaller than the pore size, since
rods can also align in the direction of flow. However, it is more likely that rods will not be able
to pass through the entirety of the filter and thus after capturing the rods, flow can be reversed to
recover the rods while removing spheres from the particle population.

Though PEG has utility as a highly tunable material, its synthetic nature does not allow it
to interact with biological systems as easily as other naturally derived materials without further
functionalization, such as with cell-signaling groups such as RGD peptide or antibodies. The use
of HA as a cell scaffold for tissue engineering has been highly characterized, and because of its
ability to be functionalized to participate in photopolymerization, we selected HAMA as an
analogous material to demonstrate the flexibility of our shear system. Notably, the viscosity of
the HAMA solution was much greater than the PEG solution, likely from the greatly increased
molecular weight of the HAMA, allowing for entanglement of the polymer chains. The SEM
images of the HA-based particles indicate that many of the particles were granular and
nonuniform, suggesting that the particles were fragmenting. Furthermore, unlike with the PEG
particles, we did not see any larger, elongated particles, which could be from a lack of
coalescence of the HAMA solution, or breakoff of any larger particles contributing to the particle
fragmentation. However, we were still able to visualize smaller particles with smooth surface
morphologies, indicating limited success with HA rod fabrication. Because HA is a
biocompatible molecule with native cell-signaling functionality, it is a highly attractive material

for drug carrier applications as well as tissue regeneration. Though there is more optimization
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required to further improve the HA rod fabrication process, we have shown that the shear system
is robust and capable of using various materials for different applications.

The future work for this project will include improvements to the shear geometry to
facilitate fabrication of more uniformly stretched particles, likely with a simple shear profile as
opposed to a pipe shear profile. Additionally, characterization of the PEG and HA material will
give further insight on the shear system, especially measurements of interfacial tension, which
can be used to more rigorously calculate capillary numbers to target specific ESD and AR.
Finally, improved separations will allow for the isolation of rods of a particular ESD and AR,
which could be used to explore interplay between particle shape and deformability in various
contexts of particle drug delivery, e.g. immune cell phagocytosis, drug release, and margination

propensity.

6.5 Conclusions

In this chapter, we have developed a high-throughput, continuous method of fabricating
both rod-shaped particles and fibrous hydrogels, demonstrating an improved method over other
traditional fabrication processes. Though we were unable to consistently fabricate rods using
rotational shear systems, we successfully generated elongated particles using a pipe shear system
and shown that particle AR can be modulated using shear rate. Furthermore, by applying
increasing centrifugation speeds, we are able to separate rods by ESD and to a lesser extent, AR.
Finally, we functionalized HAMA and used it as an analogous material to PEG, indicating the
flexibility of the system to be used for fabrication of particles of a variety of materials. Further
development of this system to fabricate rods and fibers of specific sizes will greatly improve the

utility of rods and fibers for drug delivery and tissue regeneration contexts.

&9



Chapter 7 : Conclusions and Future Directions

7.1 Dissertation Conclusions and Summary

Hydrogel-based materials continue to be of interest in tissue engineering because of the
high degree of biocompatibility from their high water composition and general deformability
allowing them to mimic various types of cells and tissues. Within the context of vascular targeted
drug delivery, particle formulations remain largely underutilized in the clinic because of design
obstacles to VTC success, especially the size mismatch between particles capable of adhering to
the vascular wall and entering the tissue space. However, hydrogel microparticles have great
potential because of their propensity for enhanced margination to the vascular wall on the micron
scale, a crucial transport step for VTC success. Furthermore, because of their deformability, they
present a greatly lowered risk of capillary occlusion than their rigid polymeric counterparts and
thus may see utility as a carrier for NPs to enter the tissue space.

Another aspect of hydrogel VTC design that has yet to be well characterized is their
interactions with neutrophils, the predominant immune cell present in circulation. While
numerous studies have previously looked at impacts of particle elasticity on circulation time and
immune cell phagocytosis, these studies were largely limited to macrophages and monocytic cell
lines along with murine models that may not fully represent drug carrier performance in a human
system. Furthermore, because of particle fabrication limitations currently in the literature,

interplay between deformability and particle shape also remain largely unexplored.
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The work detailed in this dissertation seeks to first develop a hydrogel material suitable
for the fabrication of MPs that can degrade enzymatically while retaining other properties
suitable for a VTC, especially the ability to conjugate targeting ligands and a Young’s modulus
shown to benefit from enhanced margination effects. We next developed a NP-loaded hydrogel
system that properly addressed the shortcomings of both NPs and MPs in the context of VTC
design and brings together the advantages of particles of each size regime. Furthermore, we
performed in-depth characterization of the interactions between deformable particles and human
neutrophils to determine how particle elasticity will impact VTC performance from the
perspective of circulation time and immune cell clearance. Finally, we developed a scalable,
high-throughput, and continuous method for the production of fibrous and rod-shaped particles
that could have greater utility than spherical particles.

In chapter 3, we explored various reaction schemes to fabricate a peptide-conjugated
hydrogel capable of degrading in the presence of trypsin, a model enzyme, and MMP-2, a
physiologically relevant enzyme overexpressed in areas of inflamed and diseased vascular tissue.
When using PEGDA and VPM in thiol-ene photopolymerization reaction, we found that the
degree of VPM incorporation into the PEG matrix was lower than required for complete
enzymatic degradation, likely from a lack of reaction selectivity of the thiol group to the acrylate
group. While this reaction scheme was found to be infeasible for the fabrication of an enzyme
degradable material, it remains useful as a facile one-step reaction that could be utilized for the
incorporation of other thiolated molecules that does not require high conversions for usability,
such as the conjugation of signaling or adhesion molecules like the cellular adhesion peptide
RGD. When we instead shifted to a nucleophilic Michael addition reaction instead, we were able

to achieve high degrees of VPM incorporation, as indicated by an Ellman’s reaction and
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supported by the resulting hydrogel material’s ability to completely degrade in the presence of
trypsin. However, the extremely low Young’s modulus of this material indicated that it was not
usable as a VTC, likely from the decreased crosslinking density from the formation of large
molecular weight macromers. Despite this, materials made from this material may instead see
use as cell scaffolding, where a lower Young’s modulus allows for greater viability of
encapsulated cells, and built-in enzyme degradation would allow for eventual biodegradation of
this material®>>*7>. When we shifted to a highly branched PEGVS polymer instead, we were able
to increase the crosslinking density to a Young’s modulus that has been demonstrated to benefit
from enhanced particle margination in blood flow. Furthermore, this material retained the ability
to fully degrade in the presence of trypsin as well as MMP-2.

Building off the work on material development in chapter 3, we first fabricated particles
using the PEGVS hydrogel material using a water-in-oil emulsion, yielding particles within a
size range of 2 — 4 um. These particles were used in degradation assays with MMP-2 and were
found to degrade completely within 8 hours. Furthermore, successful conjugation of avidin and
subsequent biotinylated ligands to the particle surface were confirmed via flow cytometry.
Finally, we demonstrated that these particles could bind to an inflamed endothelium, and
additionally, appeared to successfully degrade in the presence of trypsin while bound. While NP
loading into the hydrogel particles was successful, based on fluorescent imaging, we found that
exposure of the hydrogels to hexanes used to remove residual oil had the unexpected drawback
of dye leaching from the PS NPs, complicating NP detection, especially during adhesion-
degradation assays. A current limitation to the data presented in this chapter is the lack of
adequate NP detection upon release from the hydrogel MP, since the lack of hydrogel particles in

the flow channel after perfusion of trypsin does not necessarily indicate particle degradation.
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Indeed, while this circumstantial evidence suggests that particle degradation occurred, without
proper detection of released NPs, it remains unclear whether the NP-loaded MP system is
working as designed. However, the development of this particle system marks a step towards a
viable micron-sized VTC that bridges together the ability to marginate and bind to the vascular
endothelium as well as the propensity for intracellular transport into the tissue space.

While the previous two chapters focused on the transport of VTCs from bulk blood flow
to the endothelium and entry into the tissue space, chapter 5 instead looks at the interactions
between deformable particles and primary human neutrophils. These interactions typically
account for immune cell clearance of circulating particles preventing them from reaching their
targeted tissue. When we incubated 2 um PEG and PS particles, we observed relatively equal
uptake across all particle types, and when we used 500 nm particles, we observed an enhanced
phagocytic effect on PEG particles as compared to PS. However, when these assays were
repeated with J774 macrophages, we instead saw decreasing uptake with decreasing elastic
modulus, as reported by numerous studies in the literature. When we incubated HA particles with
neutrophils, we again saw equal uptake across all particle types, indicating that these trends seen
with PEG particles were unrelated to particle composition and likely linked to particle elasticity.
Similarly, with J774 macrophages, we again saw decreasing uptake with decreasing elastic
modulus. We visually confirmed these trends by using an optical tweezer system, where 2 pm PS
particles were shown to be engulfed by neutrophils and J774 macrophages within 5 minutes, but
PEG particles were only successfully internalized by neutrophils. Altering the zeta potential of
the particles largely did not affect the level of internalization of 2 um PEG particles by
neutrophils, though we saw an increase in the positively charged 15% PEG particle, likely from

the greater positive charge on the 15% particle compared to the 50% particles. After EDC
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activation and avidin conjugation, we observed a reduction in uptake by neutrophils, and based
on SDS-PAGE analysis, this reduction was likely due to the increased adsorption of albumin on
the particle surface preventing phagocytosis. Though we have explored interactions between
deformable particles in detail, this data would benefit from further exploration of the HA
material and whether modifications to zeta potential and surface charge would yield similar
trends to those seen with PEG. However, after the COVID-19 pandemic, the supplier was unable
to manufacture more of this specific chemical, and so these limitations restricted our ability to
explore this material further. Additionally, though the optical tweezer experiments visually
demonstrated that neutrophils can phagocytose PEG particles, we also expected to see a shape
change during membrane wrapping of the particle. It remains unclear why deformable NPs can
deform when phagocytosed by other cells, yet MPs, which are larger, were visually unchanged.
Further investigation into the biomechanics of neutrophil phagocytosis would provide greater
insight on why neutrophils are able to more effectively uptake deformable particles than
macrophages. Additionally, there is more to be explored regarding the types of proteins that may
affect neutrophil phagocytosis of elastic particles. For example, conjugating albumin without the
use of EDC would support our hypothesis that albumin adsorption reduced neutrophil uptake.
Conversely, the conjugation or adsorption of opsonins such as IgG may instead result in an
enhanced phagocytic effect. The work detailed in this chapter represents the first study on the
effects of particle elasticity on human neutrophil uptake, which is critically important within the
context of vascular targeted drug delivery.

Because we hypothesized that the enhanced phagocytosis of deformable particles by
neutrophils was due to particle deformation, we next explored the potential of fabrication rod-

shaped hydrogels to determine if the phagocytosis of deformable particles could be further
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enhanced by shape. Though we initially explored rotational shear systems, including a cup-and-
bob and a cone-and-plate geometry, we shifted to a tube shear system to circumvent the need for
geometry alignment. This system allowed us to fabricate stretched hydrogels at various shear
rates, and shape analysis of the particles indicated that particle AR could be modulated via flow
rate, though ESD remained relatively unchanged. We were able to separate the particles by ESD
and AR using increasing centrifugation speeds, though particles were likely separated based on
minor axis due to the propensity of rods to align during centrifugation. Though we also
fabricated HA-based rods as well, these particles were largely granular and inconsistent. The
data in this chapter showcases a novel fabrication method for continuous, high-throughput
generation of rod-shaped particles, and improves on already existing methods for rod fabrication

that typically suffer from a lack of either scalability or ability to generate micron-sized rods.

7.2 Future Directions

The work in this thesis represents significant advances towards the use of hydrogels as
VTCs and overall, we have demonstrated their utility for a variety of biological applications.
Based on the data detailed in the previous chapters, there are multiple directions in which these
projects can go to further develop our knowledge of hydrogels for the treatment of various
diseases, which are outlined below.

1. Further development of the NP-loaded hydrogel MP system to demonstrate clinical
viability. While significant progress has been made in this area and a NP-loaded MP
system has successfully been developed, there is more work to be done to
demonstrate viability of the system. Specifically, NPs need to successfully adhere to
the vascular wall, and the loading of therapeutics such as anti-CD47 to facilitate

efferocytosis of atherosclerotic plaques would provide substantial evidence of the
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success of this dual delivery approach. One specific obstacle to the effective
treatment of atherosclerosis is the lack of treatments capable of halting and reversing
the accumulation of lipids, macrophages, and foam cells that contribute to plaque
formation. The inability of the body’s immune system to recognize and remove this
apoptotic cell debris has been shown to be linked to an upregulation of CD47, an anti-
phagocytic marker of self, rendering macrophages largely unable to clear these
plaques'®'. While the administration of anti-CD47 antibodies would allow for the
blocking of this “don’t eat me” signal, a significant barrier to using these antibodies is
the presence of RBCs circulating in blood flow that natively express CD47. Thus, the
majority of anti-CD47 administered intravenously would largely be diverted to these
RBCs instead of to the atherosclerotic plaque. In our NP-loaded MP system, the anti-
CD47 would instead be loaded into a biodegradable PLGA NP first, followed by
loading into an enzyme degradable hydrogel microparticle. This system would allow
for a more controlled delivery of the anti-CD47 therapeutic to the plaque as opposed
to the RBC sink.

. Modulation of the enzyme-degradable hydrogel to other relevant diseases. Significant
work has been done with similar materials targeting enzymes such as elastase in a
pulmonary context, and the flexibility of the NP-loaded MP system lends itself to
being used for various disease contexts. The peptide of choice can be adjusted to the
enzyme of interest, since thiol functionality can easily be incorporated by flanking the
peptide with cysteine residues®. Furthermore, the use of avidin as a foundation for
other targeting ligands allows for the use of a wide variety of ligands that can be

biotinylated to bind to the surface of particles. One potential application of this
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system is their use in specifically targeting neutrophils, which have been linked to
ARDS and sepsis, where neutrophils typically undergo feedback loops that do not
result in resolution of immune reactions'**. Because of their role in exacerbating these
pro-inflammatory states, a potential solution to help ameliorate this condition could
be the diversion of neutrophils from the lungs combined with administration of an
anti-inflammatory compound (such as aspirin). Previous work in our lab that has yet
to be published suggests a poly-anhydride ester composed of salicylic acid (PolyA)
has the ability to reduce the inflammation and activation of neutrophils. Combined
with our findings that neutrophils can phagocytose deformable particles at equal or
greater rates than rigid particles, there is the potential of preferentially targeting the
neutrophil immune cell population using deformable particles that have been
crosslinked with peptides sensitive to neutrophil elastase instead of MMP-2 for the
targeted delivery of polyA NPs to help mitigate excessive inflammation and
neutrophil infiltration into the lungs.

. Mechanobiology testing of neutrophil membrane wrapping. Though we have
observed that neutrophils phagocytose deformable particles indiscriminately of
particle modulus, it is still unclear why this phenomenon is observed only with this
cell type and not with other phagocytes such as macrophages and monocytes. The
work detailed in chapter 5 strongly suggests that it may be due to the mechanics of
engulfment; a deeper understanding of the biomechanics of neutrophil phagocytosis
will help to elucidate the role of particle deformability in the phagocytosis process.
Our current working hypothesis regarding the enhanced phagocytosis of spherical

deformable particles by human neutrophils is their apparent deformation during the
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engulfment process. Forces exerted on the particle by the cell during membrane
wrapping have been shown to cause the particle shape to change from a sphere to an
ellipsoid!'?. Because these neutrophils now see an apparent rod-shaped particle
instead of a spherical particle, we hypothesize that these particles may experience an
enhanced level of phagocytosis similar to previous studies with rigid rod-shaped
particles. Thus, further experiments to investigate and quantify the forces exerted on
the particle by the cell during phagocytosis may help to elucidate the mechanism by
which these deformable particles are engulfed by neutrophils. The cortical tension
and cytoplasmic viscosity of neutrophils has been reported to be an order of
magnitude lower than that of macrophages, which indicates that the mechanics of cell
membrane deformation are different between these types of phagocytes!**!44. The
lowered tension and viscosity associated with neutrophils may be associated with a
lower energy barrier to restructuring of the cell membrane that occurs during
phagocytosis. Overall, there are still many questions about the mechanisms of
neutrophil phagocytosis that have yet to be explored and sufficiently answered, and
understanding these interactions between particles and neutrophils are critical to
informed VTC design and accurate assessment of carrier performance.

Investigation of deformable particles with neutrophils in other animal contexts. The
trends seen with deformable particles and neutrophils have largely been in a human
context, and a thorough investigation of neutrophil-particle interactions in other
contexts would provide a basis for comparison with other work in the literature. By
looking at these particle interactions in animal models, we can determine if these

trends are specific to human neutrophils and may provide insight into why we see
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trends that are inconsistent with those reported for other immune cells. Mouse models
continue to be relevant for modeling various diseases, and thus it is critically
important that we understand the similarities and differences between a mouse and
human system to properly assess the translatability of animal models to the clinic.
Other large animal models to consider could potentially include pigs, which have
been known to have a more similar immune system than the typical murine model '+°.
Improved rod fabrication and isolation for characterization of rod-shaped hydrogels
as VTCs. While we have successfully developed a system to fabricate rod-shaped
hydrogels, these particles display a large amount of heterogeneity, due to the pipe
shear profile in the tube shear system as opposed to simple shear, which would
generate more uniform particles. This could be achieved by using a more rigorous
rotational shear system with proper geometry alignment. Furthermore, improved
isolation of rods using techniques such as filtration will yield rods of more uniform
ESD and AR, which could then be used for further applications, especially
phagocytosis and margination assays to begin exploring potential interplay between
particle shape and deformability.

Optimization of fibrous hydrogel fabrication and functionalization for skeletal muscle
regeneration. While most of the work in this thesis has focused on fabricating and
characterizing micron-sized particles as VTCs, the potential for fibrous hydrogel
fabrication in our shear system has potential utility as a cell scaffold for muscle tissue
regrowth. By incorporating cell adhesion ligands to PEG particles, we can facilitate
interactions between PEG fibers as a scaffold and smooth muscle cells. Additionally,

the use of HA as a hydrogel material instead is very attractive because it is a native
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ECM component and possesses native adhesion motifs without the need for further

chemical modification.

7.3 Closing Thoughts and Research Outlook

Treatment of CVD remains a significant medical and economic burden, and the work in
this thesis aims to advance VTC design as an improved alternative to current treatments. While
there definitely remains significant work in this space to bring these technologies to the clinic, I
am optimistic that this work will lay a strong foundation for the development of successful
particle-based platforms for the treatment of a wide variety of disease, not limited to CVD. The
emergence of increasingly complex materials allows for improved environmental responses from
a biological context. I have spent a significant amount of time characterizing hydrogel materials
for the treatment of CVD, and I look forward to seeing the demonstrated utility of hydrogels that

has been explored here in this thesis.
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