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ABSTRACT

A few decades back, a new class of drugs chlieldgics started gaining prominence.
Biologics are a broad class of drugs which include protein, peptide, and nucldiasedl
therapies. Differences in sizes and stability compared to the small molecule drugs result in
different challenges in developent of biologics for treating diseases. Biologics are typically not
delivered orally like small molecule drugs as they lose efficacy due to enzymes in the gut and
have difficulty in passing through the epithelium to reach systemic circulation. Intravenou
subcutaneous injections and transdermal delivery are commonly used. Some challenges of
biologic delivery could be addressed by incorporating biologics into biomaterials to improve
stability and to sustain release to match the desired pharmacokir#tissthesis focuses on
designing biologic delivery approaches to achieve the desired pharmacokinetics for two
applicationg delivery of vaccine and delivery of ophthalmic drugs.

As new diseases and new variants of existing diseases arise, there is a need for development
of new vaccines as well as improving existing vaccines by modifying formulations and
improving delivery to achieve desirable pharmacokinetics with less frequangdarhis thesis
addresses both issues by developing particles for sustained release of influenza virus in
combination with naturakiller T cell (NKT) agonist. Biodegradable poly (lactio-glycolic
acid) (PLGA) particles were prepared by double eroalsnethod to load both NKT agonlst
galactosylceramidéXGalCer) and the deactivated influenza virus. Particles were developed
with >80% encapsulation efficiency and >2 months of release duration.

Ophthalmic drugs are frequently delivered via eye drops despite many deficiencies including
rapid clearance from tears which limits bioavailability particularly for large molecular weight
biologics. Biologics such as aMEGF are delivered via intravitak injection, i.e., injection
directly into the eye. As an alternative, contact lenses were designed to sustain release of biologics
to achieve higher permeation in the eye and eliminate invasive injections. Lenses were made with
a clear center and por®annulus to load proteins. Lenses were manufactured by a novel approach
involving stepwise polymerization in a rotating tube to form a rod. The rod was cut into discs,
dried, and latheut into lenses. The approach was successful in manufacturingtdentses with
properties consistent with commercial lenses with the additional feature of loading biologics in the

porous annulus, providing sustained release for a few hours.
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CHAPTER 1 INTRODUCTION

1.1 Biological Therapeutics

The use of biological therapeutics, i.e., drugs obtained from living organisms, for treating
health conditions and diseases is increasing. These macromolecular pharmaceuticals belong to
various categories including enzymes, antibodies, antibody fragmeedsybinant proteins,
antibody drug conjugates, vaccines, and nucleic acids. These complex molecules achieve
therapeutic action by highly selective binding to specific targets. The Food and Drug
Administration (FDA) has approved many biologics for datiuse and many more are currently
in clinical trials[1]. The Purple Book provided by the FD/
Research (CDER) and Center for Biologics Evaluation and Research (CBES€gichable,
online database that contains information about biological products, including biosimilar and
interchangeable biological products, licensed (approved) by the FDA

While biologics drugs have many advantages over the traditional small molecule drugs, there
are many challenges in development of biologics particularly in CMC, i.e., chemistry,
manufacturing, and controls. The low permeability of large biologics aciasgjibal barriers
in body pose challenges in achieving therapeutic concentrations particularly via the oral delivery
route because of the low permeability across the gut epithelia and the possibility of degradation
by enzymes and the low pH in stomachurtkermore, the small fraction of the injected dose that
would reach the bloodstream by diffusing across the gut epithelia pass through the liver where a
significant portion could be metabolized to further reduce the bioavailability. Depending on the
targeted tissue, the biologics must further diffuse across the endothelial lining in the capillaries to
reach the target tissue. Thus, biologics are often given via injection, which can result in high
blood bioavailability and avoid firgtass metabolism iiver. The injections are beneficial, but
this approach is considerably more invasive compared to the oral route which is the most
common route for small molecule drugs. In addition to the invasive nature of injections, the
need for skilled personnel astinical settings represents another challenge which could increase
cost and reduce compliance. The iftrascular injection is considered the most invasive of all
the routes, and the need for skilled personnel results in additional cost and lowelbiliycess
Parenteral routes other than injection have been explored and include infusion, subcutaneous,

transdermal, inhalation, nasal, and buccal routes. These less invasive routes are local



administrations and can provide improved pharmacokinetics and pharmacodynamics. The type
of biologic and the required dosage also play a key role in choosing the optimal strategy for the
drug delivery. Due to these reasons, developing less invasivdagrateoutes is a major area of
research for the field of drug delivery. The subcutaneous delivery of biologics has been
improved with the use of polymeric microparticle depots as these systems offer controlled drug
release and physical separation ofltliogic from the subcutaneous microenvironme@ipt
Due to these benefits, subcutaneous injection is becoming the preferred method of delivery.
Some of these challenges can be overcome by integrating the biologis®maderials to
increase stability and achieve controlled release. This thesis focuses on using controlled release
strategies to achieve sustained and targeted delivery of biologics for applications in vaccine and
ophthalmic drug delivery. While widesja@ use of biologics in clinical use is new, biologics
such as liveattenuated viruses, inactivated viruses, virus proteins, virus fragments, and bacterial
fragments have a long history of use as vaccines. The idea of vaccines started in 1796 when an
English doctor Edward Jenner noticed that milkmaids who had gotten cowpox were protected
from smallpox3]. He discovered that immunity could be developed against smallpox by
exposing humans to an attenuated form of the variola virus (smallpox V@8inge the original
discovery, vaccines have been impactful in preventing infection against respiratory disease
pathogens and blodabrne pathogens and eradicating viral diseases such as smallpox. The
Center for Disease Control and Prevention (CDC) hasrgprehensive recommended vaccine
schedule from birth till the age of about 65 years to protect peopleagfedlfrom many

dangerous lifehreatening diseaseBi¢urel.1).
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Figurel.l The recommended immunization schedules by age provided by the Advisory Committee
of Immunization Practices (ACIP) of the National Center for Immunization and Respiratory Diseases
(NCIRD) [4], [5].



Figure 1.1 Continued
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In addition to viral diseases, biologics are being increasingly used as therapeutic treatments
for autoi mmune di seases such as rheumatoid ar
ulcerative colitis, psoriasis, and multiple sclerogs. evident from the schedule kigurel.1,
many diseases require multiple doses to achieve sufficiently strong vaccination. Multiple doses
are usually needed because the immune response to the first dose is not sufficiently strong. In
some cases, such as flu, the multiple doses are neededdddérent variants become
dominant each year and the vaccine does not offer adequate cross protection. In the next two
chapters, we describe our efforts to address this problem by designing particles for sustained
release of the virus and a naturalekilT (NKT) cell agonist which boosts the immune response
to the vaccine. The sustained release could reduce the need for multiple doses, and simultaneous
delivery of the NKT cell agonist would boost the effect from the vaccine. Both of these effects
canresult in a reduction in the frequency of vaccination. Additionally, the use of patrticles to
provide sustained release alters the pharmacokinetics and exposure to the immune system which

has shown potential in making the response more cross protective.



The use of biologics is becoming more common in treating ophthalmic diseases. Millions in
the U.S. and around the world suffer from eye conditions such aglatged macular
degeneration (AMD), uveitis, and inflammation, and the numbers are expeatedeise
significantly due to ageing of the world populatiddystemic and local biologics have been used
to effectively treat uveitis by targeting pathways (e.g. tumor necrosis-@ptea (TNFalpha),
interleukin2 pathways) implicated in both angiogsiseand inflammatiof6]. Two biologic
drugs currently on the market for treating these eye conditions are ranibizumab and bevacizumab
[7], [8]. Ranibizumab is a humanized monoclonal antibody fragment (Fab), which binds to
multiple isoforms of vascular endothelial growth factor (VEGF) to reduce angiogenesis.
Bevacizumab is a fullength monoclonal IgG antibody that also inhibits VEGF [7], [8]. The
biologics cannot be delivered via eye drops due to low permeability of the ocular epithelia and so
intravitreal injections, i.e., injections directly into the eyeball are needed to achieve therapeutic
concentrations in the posterior chamber. In tdap4 and 5, we describe our efforts to address
this problem by developing contact lenses for delivery of biologics. The residence time of drugs
in the tear film can be significantly increased by incorporating the drugs in contact lenses and the
longerresidence time increases the amount of drug that can permeate into the cornea, a fraction
of which reaches the back of the eye. Our work in these chapters focused on developing a novel
contact lens with a clear center and an opaque, porous annulus dmesiskelivery of

biologics.



CHAPTER 2 INFLUENZA VACCINE PLGA PARTICLES

Modified from a papepublished inrEuropean Journal of Pharmaceutics and Biopharmackutics

Zachary SparksYuhan Wen, lan Hawking, John Lednick$;, Georges Abbolfd
Corwin Nelson, John P. Drivé?, Anuj Chauhat?

2.1 Introduction

Human influenza vaccines are chemically inactivated or live attenuated quadrivalent vaccines
formulated with two influenza A viruses and two influenza B vir8gsDespite their
widespread use, regularvaccinations recommended tmatch thevaccineviruseswith
circulatingvirus strainsand to boost influenzspecificantibody (Ab) responses that usually
wane within several months of immunizatid®]. Thus,there is a need faraccines that elicit
long-lasting protective immunity againstultiple strains ofnfluenza viruses to limit mortality
andmorbidity caused by seasonal and pandemic influen#areaks

A potential approach to provide long lasting immunity is to encapsulate vaccines in
biodegradable particles to extend antigen release in the[bblly12], [13], [14], [15], [16],
[17], which allows antigen presenting cells (APC) to present the antigen to circulating
lymphocytes for a greater duratioldeally, the duration of sustained release can be tailored
from a few days to weeks by adjusting the polymer properties and/or partid&8izearticle

! Reprintal with permission oEuropean Journal of Pharmaceutics and Biopharmaceutics Volume 202 (2024)
114388 Sep. 2024, doil0.1016/j.ejpb.2024.114388
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size also influences the location of antigen release in the body since particles largeretiman 20
are above the limit of phagocytosis by APG#&ence, larger microparticles can provide extended
release of antigen into theterstitial fluidwhile smaller microparticles and nanoparticles can
provide release inside APCs.

Vaccineloaded particles have been made by several methods such as the double emulsion
method, spray drying, and particle molding technologycalledPRINT (Particle Replication in
Non-wetting Templates) uses nanocylinders of PLGA with cationic binding agents to
electrostatically bind trivalent influenza vaccinehe particle surfac¢l9]. Mice vaccinated
with these nanocylinders generategh levels of IgG antiemagglutinatiornhibition titerstwo
weeks aftem booster injection which were significantiygher in concentratiooompared to
mice vaccinated with soluble vaccine Spray drying has been used to encapsulate influenza
virus proteins and peptides in PLGA microparticles-6feIm [16], [20]. This approach induced
superior leved of cytotoxic T lymphocytesGTL) compared to the solubjgoteinin vitro [20].

While most of these particle technologies have high vaccine loading efficiencies and induce
influenza virusspecific immune responsasvivo, single administrations of particteased

vaccines seldom protect mice against a lethal dose of influenza. Additionally, many previous
studies have focused on measuring vaccine efficacy a few weeks after vaccination, which may be
insufficient for determming longterm immunity.

Most previous research on sustained vaccine release formulations has focused on
encapsulating whole virus particles or viral antigens into PLGAanmicro-particles. With
this approach, the ratio of lactic acid and glycolic acid can be varied in the PLGA polymer to
adjust the degree of hydrophobicity which in turn impacts the degradatiorAddéionally, the
polymer molecular weight (MW) impacts the release kinetics of the encapsulated antigen.
Several studies have used a PLGA ratio of 50:50 MiMtfis ranging from 717 kDa, which can
provide a sustained release over4B0days with a near linear release profile or an initial high
linear release rate followed by a slow tapering relgege [17], [20] Some studies have used
PLGA with lactide to glycolide ratios of 75:25 and 85:15 to make the particles more
hydrophobic and extend the rate of reldd$, [21]. In the current work, we focus on a vaccine
formulation that can provide a sustained release that includes an initial burst followed by a low
release for a month, followed by a final burst release, to simulate an initial dose followed by a

booster after ahd a month. To achieve this, we varied the PLGA MW, and lactide to glycolide



ratio in the formulations, and additionally utilized a PLGA/PCL blend arehcapsulation of

NaOH in the particlesThe particles were prepared by using the standard double emulsion
approach and then measured for size, microstructure, antigen loading efficiency, and antigen
release profilesFinally, the formulation that best met our design goals of-ikelgyed second

pulse release (more than 6 weeks) and containing low dose for both prime and booster dose was

testedn vivo over a long duration of 35aeks using mice.

2.2 Materials and Methods
2.2.1 Materials

Poly-lactic-co-glycolic acid (PLGA) 50:50-47 kDa(Resomer RG 502H), PLGA 75:251%
kDa (Resomer RG 752K polycaprolactone 14 kDa, dichloromethane (DCM) (HPLC grade),
polyvinyl alcohol (PVA) 8789% hydrolyzed 360 kDa, sodium hydroxide (NaOH) 50%,
Tween 20, and Dul beccobs Phosphate Buffered S
Louis,MO). PLGA-di-acid 50:50 26 kDa (CDN1229) was purchased from CD Biopatrticles
(Shirley, NY). Abs for the hemagglutinin (HA)rzymelinked immunosorbent assay (ELISA)
were purchased frofovus BiologicalqLittleton, CO. Micro bicinchoninic acid (Micro BCA)

assay reagents were purchased from Fisher Scientific.

2.2.2 Vaccine andVirus Preparation

H1N1 influenza virus A/PR 8/1934 (PR8) propagated in specific pathogen free eggs was
purchased from Charles River Laboratories (Wilmington, MR) produce thelltraviolet killed
PR8 virus(kPR8) for vaccinationvirus was resuspended in 1 mL of serivee media at a
concentration of 108g/eL and exposed to ultraviolet radiation for 30 minutesactivation was
confirmed by the absence of hemagglutination activity after passage in eggs according to the
certificate of analysis from the manufactur&oth PR8andkPR8 were stored in aliquots-at
80°C until use.

2.2.3 Preparation of Microparticles

A double emulsion solvent evaporatiorethod was used to encapsulate kPR8 in
microparticles.The organic phase of the primary waiteioil emulsion comprised of 1, 2.5, or
4% wi/v polymer in dichloromethan&.he aqueous phase of the primary emulsion included 2

mg/ mL kPR8 in Dulbeccods modified eagle mediu



organic phase was 10 or 20 times the volume of the aqueous ftesaqueous phase was

added dropwise to the organic phase under pulsed sonication (Q125 sonicator, Qsonica, Newton,
CT) at 40% amplitude for one minutén two of the formulations, 20€L of 0.01 M NaOH (pH

12) was added with 10 of 2 mg/mL kPR8 as the inner aqueous phase #ncapsulate

NaOH resulting in a final concentration of 0.0067 M NaOH (pH 11.82) in the inner aqueous
phase.All formulations investigated in this study are |dia Table2.1.

Theprimaryemulsion was added dropwise through sgabige syringe needle into the outer
agueous phase under magnetic stirring to make the double emulsiemuter aqueous phase
consisted of 30 mL 1% w/v PVA and 0.9% w/v NaCl in water, giving a volumeaatic80 of
primary emulsion to outer aqueous phaske double emulsion formulation was covered with
an aluminum foil with small, punctured holes to facilitate slow evaporation of the solvent to form
the particles.After solvent extraction, the pasies were collected by centrifugation, washed
three times with deionized (DI) water, and then freéized. After lyophilization, the dry weight

of particles was recorded, and the particles were kepCatidtil release.

2.2.4 Particle Characterization

The particles were imaged using optical microscope and scanning electron microscopy (SEM)
(JEOL 7000 FESEM Akishima, Tokyo, Japaihe images were analyzeding Image J to
determineaverageparticle sizeandstandard deviationSEM images were used to observe
particle morphology.SEM samples were prepared by resuspending the lyophilized particles in
DI water with the use of vortex and sonicatidbarbon tape was placed on an aluminum stub,
and 106200¢L of particle solution was placed on the carbapet and allowed to dryOnce
dried, the particles were coated with gold for about 15 s and then imaged.

2.2.5 Virus Loading

The virus loading was estimated directly and indirecligr the indirect determination, the
supernatant in the centrifugation step was collected and assayed to quantify the atdduint of
the sample by ELISAThe concentration of HA can be converted to the concentration of the
virus by its mass fraction (~0.3@2]. The mass of virus in the particles was calculated as the
difference between the total starting virus used in the preparation and the amount of
unencapsulated virus in the supernatdrite ratio of the mass of the virus and that of the

particles was then calculated and reported here as virus loading Equation 2.1.



Additionally, the loading efficiency was calculated as the ratio of the encapsulated virus and

the total starting virus in the formulation Equation 2.2.
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The virus loading in the particles was also measured directly by dissolving the particles in
dichloromethane (DCM) or degrading the particles in NaOH solutBpecifically, 510 mg
particles were dissolved in 1 mL DCM, and then 2 mL of PBS with 0.01% w/v Tween 20 was
added to the dissolved particles in DCWhe mixture was vortexed and then allowed to separate
to extract the virus into the aqueous phase, which was then separated via centrifdpgion.
supernatant was collected and assayed for the virus by Micro BCA assay, which directly yielded
the virus concentrationA part of the supernatant was diluted using sample dilution buffer of pH
7 containing 0.01%w/v Tween 20, 0.01% w/v BSA, and 0.005%w/v SDS and measured using
HA ELISA. The virus loading and loading efficiency were calculated using Equaidrasd
24.
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For loading determination using NaOH degradation, particles were degraded in 0.01 M NaOH
(pH 12) with 0.01% Tween 20 for 24 hr on an incubated shaker platéGt e particles
were centrifuged, and the degradation solution supernatant was coll€éb&degradation
solution supernatant was measured directly using Micro BCA assayneasurement using HA
ELISA, the degradation solution supernatant was neutralized with 0.01 M HCI (pH 2) and PBS.

The neutralized solution was diluted in sample dilubaffer of pH 7 containing 0.01%/v

10



Tween 20, 0.01% w/v BSA, and 0.008%¢ SDSand measured using HA ELISA.0 ensure

complete recovery, the residual particles were resuspended in fresh Na€#d 20 solution.

The kPR8 release was measured each day until the virus mass did not change withéime

sum of the virus released under the accelerated degradation conditions gave an estimate for virus
loading. The virus loading and loading efficiency were calculated using Equation 3 and 4,
respectively.In these measurements, the Micro BCA and ELISA plates were read on a plate
reader (Synergy H1 microplate reader, BioTek, Winooski, VT) at 562 nm and 450 nm,

respectively.

2.2.6 In Vitro Release

The release of kPR8 was measureditro by suspending-80 mg particles in 1 inof PBS,
and then adding 4 mL of 0.01% w/v Tween 20 in PBS8e particle suspensions were placed on
an incubated shaker plate af@7 At specifically chosen times, the suspension was centrifuged
to collect the supernatant which was assayed by HA ELISA and Micro BCA aBsayparticles
were resuspended in fresh 0.01% w/v Tween 20 in 5 mL PBS medium to continue the release
studies. Once particle samples neared the PR8 lupdistimate, the remaining particles in the
release sample were dissolved in DCAhy residual loaded kPR8 was extracted from the DCM
with PBS and quantified using HA ELISAAny residual loaded kPR8 was factored into the
release sample total virus payload to calculate cumulative percentage release more accurately.
The total virus payload of particle release samples was averaged with the total virus quantified in
particle samples used for loading quantification only.

The percentage cumulative release is plotted by dividing the cumulative virus release at any
time by the total virus payloadddditionally, the differential release [release of virus (ng)/mass
of particles (mg)/day] as a function of timedaysand the cumulative release calculated by
adding the mass of virus released in all previelsase collection@g/mg) are provided in
Figure Al.

2.2.7 Animal Studies
2.2.7.1 Mice

Six to severweekold female C57BL/6J mice were purchased from the Jackson Laboratory.
Mice were housed in the AAALA@pproved facilities dtniversity of Florida and kept in

biosecurity level 2 (BS{2) conditions throughout the experimeiite study was approved by
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the University of Floridg Institutional Animal Care and Use Committee (IACUC) under
protocol number 201910606.

2.2.7.2 Immunization

Groups of three to four mice were intramuscularly (i.m.) injectdabththigh muscles with O
(vehicle alone PBS), 0.3, or 3eg kPR8 dissolved in 10€L of PBS (5CeL per leg) using a 27
gauge needleAn additional group of mice was injected with 1€10of PBS containing 15 mg
per mL of wrus-loadedparticles. Another group of mice was mock vaccinated and mock

infected (MM) as healthy contisl

2.2.7.3 Virus Challenge and Survival

Thirty-two weeks after vaccinatiothe mice were anesthetized by isoflurane inhalation and
challenged intranasally (i.n.) with 4Q (20 eL/nostril) of 25,000 pfu live PR8 virusBody
weight and clinical signs were measured daily, based on motility, posture, and fur negheess.
time of death indicated in the survival curves is the time of death at which an animal was
euthanized due to severe weight loss (> 25Btpod samples, spleen, and lung tissues were
collectedwhen the mice were euthanized due to illness 8rvegeks post infectiom the

surviving mice
2.2.7.4 Lung Pathology

The right lung were collected after euthanasia, fixed in 10%-tntfered formalin for one
day, embedded in paraffin, and stained with hematoxylin and eosin (H&E) as previously
described23]. The severity of bronchiolitis and pneumonia in stained sections was assessed
usinga previously describestoring systeni24]. Briefly, bronchiolitis was evaluated based on
the presence of clusters of leukocytes in bronchiolar walls and scored from 0 to 3, where 0
indicates no lesions, and 1 to 3 represent low to high densities of the leukdtytesnonia was
assessed according to the size of lesions and scored from 0 to 3, where 0 indicates no lesions, and

1 to 3 represent small to large sized lesions.

2.2.7.5 ELISA for Abs

To measure PR8pecific Abs in the blood and lung fluid, plasma was isolated from blood
samples collected from the facial vein by centrifuging whole blood,800% g for 15 minutes

while lung fluid collected from lung tissues of euthanized mice was centrifuged at 700 x g for 3
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minutes. PR8specificAbs were determined by ELISA as previously descrifi#s]. Briefly,

96-well ELISA plates were coated with 16Q of 1 L /mL kPR8 and incubated overnight at

4°C. The coated plates were washed three times with wash buffer (0.05% Tween in PBS) and
incubated with blocking buf fTreplatds Wé&ethefrviiaShed n P B
three times with wash buffer and incubated with 40®f blocking bufferdiluted plasma or

lavage fluid (1:500 for IgG,IgGR nd | g M, 1: 200 f orAlkbhligegG2a) for 1
phosphatase (ARjonjugated goat anthouse 1gG 1:2000, SouthernBiotech), IgG1 (1:2000,
SouthernBiotech), IgG2a (1:500, SouthernBiotech) and IgM (1:2000, SouthernBiotech) diluted

in blocking buffer were added as seconddinpgpa nd i ncubated for 1 h at 3
plasma or lavage fluidPlates were then washed five times and developed witls 1100 p-

nitrophenyl phosphate (pNPP) substrate solution (Thé&iister) and read at 405n at room

temperature usingn ELISA plate reader (Agilent BioTek).

2.2.7.6 Flow Cytometry

Antibody staining and flow cytometry protocols have been previously des¢26gd
Briefly, spleens and lungs were removed from euthanized mice into Hanks balanced salt solution
(HBSS). Tissues were dispersed into singhdl suspensions using glass homogenizers and
treated with an ammonium chloridb@sed lysis buffer to eliminate residual red blood cdilse
cells were then washed with PBS and blocked with@®16/CD32 monoclonahb (2.4G2;
BioXCell) for 15 minutes at 4°CAfterwards, the cells were stained for 30 minutes at 4°C with
Absagainst various T cell markerggble Al). Stained cells were washed once with PBS and
acquired with an Attune NXT (Therntasher) flow cytometer All samples were analyzed using
FlowJo software (V 10.6.1, BD Biosciences).

2.2.7.7 ELISA for Cytokines

Lung fluid collected from euthanized mice, as described gheag analyzed for IFM and
IL-4 concentrationsising OptEIA mouse IFM and IL-4 ELISA sets according to the

manufacturerdés directions (BD Biosciences).

2.2.7.8 Statistical Analysis

All statistical analyses were performed using GraphPad Prism, version 9.0 (GraphPad

Software, La Jolla, CA)The KaplanMeier survival analysis with longank test was performed
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to analyze significant differences among survival cun@seway ANOVA, two-way ANOVA,

and Dunnés multiple comparison were perfor med

2.3 Results
2.3.1 Virus Loading in Particles

We tested a range of particle formulations (form.) which are listédlie2.1 along with
their size, virus loading amount, and loading efficienicgading quantification has been
conducted in previous studies using the direct and indirect mettoaas found that the direct
method using DCM dissolution of particles and extraction of kPR8 into PBS waslbest.
loading results reported here are the average of the HA ELISA and Micro BCA assay results
using the extraction method.

Thek P Rdading and loading efficiency are key attributes for the formulation because of the
limited volume each mouse can be injected with inrihavo studies. The loading efficiency
values vary significantly from.1 + 1.7(form. 1) to81.3 + 15.46 (form. 13), and the viral
loadings varied fron@.41 + 0.17form. 1) t05.53 + 1.1Fg/mg (form. 14). The polymer
concentration in the organic phase was the most significant factor in encapsulating virus with the
2.5% wi/v formulations yielding significagthigher encapsulation compared to the 1% wi/v
formulations. In generalpading efficiency increasesith an increase in thgolymer
concentration in the organic phdee all three polymersTheeffect of increasing polymer
concentration on loading was more significant going from 1% to 2.5% wheds&ding
efficiency increased by more tharfald and 8fold for PLGA 50:50 26 kDa(form. 1, 2)and
PLGA 50:50 717 kDa(form. 3, 5) respectively.Comparing the increase in polymer
concentration fron2.5% w/v to 4%w/y 50/50PLGA 75:25 (415 kDa)/PCL (14 kDajform. 11,

13) showed bmost 80%increase.The only exception to this trend was found WihGA 75:25
4-15 kDa(form. 8, 10)which exhibitedjusta 20%decreas@ loading efficiency.

Two MWs were tested for PLGA 50:50 1% w/v formulations, and three MWs were tested for
PLGA 50:50 2.5% w/v formulations. For the 1% w/v formulatiofié/ kDa (form 3) had two
times higher loading and loading efficiency thaé RDa (form 1). For the 1% w/v
formulations,7-17 kDa (form 5) had ~3.5old and ~5.8fold higher loading than-B kDa (form
2) and 5469 kDa (form 7), respectively.Two to sixkDa (form 2) had ~66% higher loading
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and 32% higher loading efficiency compared te6®4kDa (form 7). The midrange MW of 7
17 kDa was optimal in attaining the highest loading in PLGA 50:50 formulations.

With respect to hydrophobicity of polymer used in the formulati@cyeasing
hydrophobicity (PLGA 50:50 < PLGA 75:25 < 50/50 PLGA 75:25/PCL) resulted in increased
loading. For midrangeMW (PLGA 50:50 717 kDa, PLGA 75:25-45 kDa, and PCL 14 kDa)
2.5% wi/vpolymerconcentration in the organic phase, aatheamount of wus( 2 0 (kPR8g
PLGA 50:50 had higher loadings compared to PLGA 75:25 and PLGA 75:25/PCL by 34.2% and
67.8%, respectivelyPLGA 75:25 had a higher loading compared to PLGA 75:25/RC2586.
Loading also increased in variability with increasing hydrophobicity.

The effect of starting amount of virus used in the preparation on virus loading was also tested
by comparing a 4g kPR8/mg polymer versus are§ kPR8/mg polymer starting loading using
2.5%w/v PLGA 75:25 in organic phase. Results showed that doubling the virus in the starting
mixture resulted in over a#ld increase in virus loading in the particles. For 4% w/v PLGA
75:25 and 4% w/v 50/50 PLGA5:25/PCL, a g kPR8/mg polymer versus a 4§ kPR8/mg
polymer starting loading were compared. For 4% W/GR 75:25, a 2.3old increase in virus
loading resulted. For 4% w/v 50/50 PLGA 75:25/PCL, aftld increase in virus loading
resulted, but loading efficiency decreased by 32%.

NaOH incorporation was tested in particle preparation to see if it had the effect of increasing
rate of release and also an effect on virus loadi@OH celoaded particles were prepared with
200¢ Lof 0.1 M NaOH giving a total of 0.02 mmol NaOH, resulting in a pH of 12.7 for the
inner agueous phas€o-encapsulation of NaOH showe@ 2-fold increase irvirus loading for
PLGA 50:50 1% w/vr-17 kDa(form. 4)but al6%decreasén virusloading for PLGA 50:50
2.5% w/v7-17 kDa Particles could not bmade with NaOH and the lower MW PLGA 50:50 2
6 kDa, so formulations with elmaded NaOH in PLGA 50:50 of lower MW could not be

compared in the encapsulation of inactivated virus.
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Table2.1 Particle formulation loadings, loading efficiencies, and particle size. Loading quantifications were averaged from HANHLISA a
Micro BCA assay using the DCM dissolutidrPBS extraction method. Formulation #4 was used in the in vivo study. Abbreviations: MW
molecular weight, Encap. Eff.encapsulation efficiency

kPR8/ HA Loading
Polymer Polymer in (ng/mg)
PLGA MW Conc. NaOH  Formulation (kPR8 loading  Encap. Eff. Particle

Formulation Ratio (kba)  (%wl/v)  (mmol) (eg/ mg (eg/ mg (%) Size €m) Figure

1 50:50 2-6 1 - 10 (0.1;116;(()5.17) 41+17 23359 23a

2 50:50 2-6 2.5 - 8 (1632 :_L_L ?).2622) 176+£6.2 21.7+x47 23b

3 50:50 7-17 1 0 10 (0.353?;(?;6) 83+26 20.2%+6.1 23a

4 50:50 7-17 1 0.02 10 (1622 :_L_L 2?896) 185+8.6 158+10.3 23a

5 50:50 7-17 2.5 0 8 (2.21010502_32) 76.4+98 26.7+57 23b,c

6 50:50 7-17 25 0.02 8 (2?1541;0:%% 64.3+10.8 19.2+11.8 23b,c

7 50:50 5649; 2.5 - 8 (5.31?42:07;6) 13.3+26 29.0x7.7 23b

8 75:25 4-15 2.5 - 4 (13?_2 i 39228) 275+x71 214+738

9 75:25 4-15 2.5 - 8 (1.65359::33:3) 56.9+13.2 243+73 23c

10 75:25 4-15 4 - 5 (2822 i §§655) 444+131 200+6.8 23d

11 75:25 4-15 4 - 10 (ééolfffgg) 50.4+105 27.0+139 23d

12 75:52053(:'_ 4-]_];15’ 2.5 - 8 (;)1141;52?) 455+139 195+6.8 23c
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Table 2.1 Continued

kPR8/ HA Loading
Polymer Polymer in (ng/mg)
PLGA MW Conc. NaOH  Formulation (kPR8 loading  Encap. Eff. Particle
Formulation Ratio (kDa) (%wlv)  (mmol) (e€g/ mc (eg/ mg (%) Size €m) Figure
50/50  4-15, 1464 + 278
13 75:05/PCL 14 4 - 5 (4.07 +0.77) 81.3+£154 28.0+11.1 2.3d
50/50  4-15, 1990 + 409
14 75:05/PCL 14 4 - 10 (5.53 + 1.13) 55.3+£11.3 30.0+12.6 2.3d
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2.3.2 Characterization of Particles

The optical microscopy images of the microparticlegire2.1) were analyzed using ImageJ
to determine average particle size and standard devidianhe2.1). Results showed that the
particle sizes were relatively similar for all formulations, with diameters ranging from a

minimum of16 + 10.3e m f o r4 tofaomeximumof3@12 . 6 & m .14o0r f orm

A

0.20+ 0.25+

e
]
1

£ 0.154

0.154
0.10+
z 0.104

fr o
006 0.05-

Relative Frequency (fractions)

°
s

© 0.00-
0

1 6§ 9 13 17 21 256 29 33
Particle Diameter (um) Particle Diameter (um)

1 5§ 9 13 17 21 25 29 33 37

Figure2.1 Optical microscope image and histogram of A) virus loaded PLGA 50:50 2.5% v 7
kDa (form. 5) and Byirus-NaOH loaded PLGA 50:50 2.5% w/v177 kDa (form. 6) microparticles after
preparation.

The particles were also imaged using SEM immediately after preparation and again at 3
weeks of releasd-{gure2.2A-H). Particle size after preparation appeared consistent between
optical microscope images and SEM imadagyre2.2A, C, E, G) around 26m for all particle
formulations. The PLGA 50:5@F-{gure2.2A) and PLGA 75:25Kigure2.2E) particles were
spherical and smooth after preparation, while PLGA 50:50 particles with NaOH (form. 4) were
spherical and highly poroubi@ure2.2C). NaOH ceencapsulated particles are the only ones
that are highly porous immediately affgeparation. The NaOH encapsulated particles also
appear to degrade faster which is consistent with NaOH accelerating the hydrolysis. 50/50
PLGA 75:25/PCL particles had irregular shape and high surface rougkigpee2.2G). The
SEM images showed that all particles had considerable surface and bulk degradation after 3
weeks of exposure to the release medibigure2.2B, D, F, H).
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10 ym

Figure2.2 SEM images of virus loaded particles after preparation and after 3 weeks of rélease.
B) PLGA 50:50 1% w/v 717 kDa (form. 3), C, D) virudlaOH loaded PLGA 50:50 1% w/v177 kDa
(form. 4), E, F) PLGA 75:25 2.5% w/v¥5 kDa (form. 9), G, H) 50/50 PLGA 75:251% kDa / PCL 14
kDa 2.5% wi/v (form. 12).

2.3.3 In Vitro Releases

Thein vitro release profilesHigure2.3, p. 2J show the percentage cumulative release of the
total virus payload at any timé&nce the releases neared the loading estimates, remaining
particles were dissolved in DCM, and any residual loaded kPR8 was extracted, quantified using
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HA ELISA, and factored into the total virus payloathe differential release and cumulative
release are provided Figure Al. The release profiles are scaled with the mass of partales
compare release kinetics between formulations.

Thein vitro release profiles show an initial rapid release for all formulations, likely due to
desorption of virus from the particle surface upon resuspension in buffer. The initial release was
followed by a gradual release for an extended duration, likely duefswsulegradation. The
release profiles also include a second phase of rapid release towards the end, likely due to
formation of large, interconnected pores in the degrading particle due to bulk degradation of the
matrix.

Polymer MW and concentration in the organic phase resulted in different release rates and
release characteristics of the various PLGA 50:50 formulations. PLGA 50:50 1%6MKD2
and PLGA 50:50 1% wi/v-17 kDa both exhibited close to linear release psfibut PLGA
50:50 1% w/v 26 kDa had a 95% release after 12 days compared to 70% for PLGA 50:50 1%
w/v 7-17 kDa Figure2.3A). For 2.5% w/v formulations, PLGA 50:56&kDa had a 90%
release after 6 days compared to 25% for both PLGA 5650kDa and PLGA 50:50 589
kDa (Figure2.3B). The PLGA 50:50 -17kDa exhibited a linear release overaexk period
with a total release of about@/mg-day, followed by burst release, and then a second linear
release phase which lasted for 3 more weeks.

Effect of hydrophobicity of the polymer matrix was investigated by comparing samples of
PLGA 50:50, PLGA 75:25, and 50/50 PLGA 75:25/PCL with the same polymer concentration in
the organic phase of 2.5% w/v and same amount of virus in the preparationscofj2@lD three
samples had a linear release profile over the first three weeks before exhibiting a burst release
with PLGA 75:25 having a slightly greater linear release than the other safigle®?.3C).

The release duration was about 7 weeks for each formulation, however, the 50/50 PLGA

75:25/PCL blend had a lower overall release due to lower loading efficiency.
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Figure2.3 In vitro cumulative percent HA releas€omparison of (A) PLGA 50:50 1% wi/v particle formulationdviiVs 2-6 kDa (form

1), 7-17 kDa (form 3), and 717 kDawith NaOHco-encapsulation (formt), (B) PLGA 50:50 2.5% w/v particle formulationsMiVs 2-6 kDa
(form. 2), 717 kDa (form5), 7-17 kDa withNaOH co-encapsulation (for6), and54-69 kDa (form 7), (C) polymer hydrophobicity (PLGA
50:50 < PLGA 75:25 < 50/50 PLGA 75:25/ PCL) (forgn 6, 9, 12), an@D) virus amount used in the preparation and polymer hydrophobicity
(PLGA 75:25 < 50/50 PGA 75:25 / PCL) (form. 10, 11, 13, 14).
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The amount of virus used in the preparation had a significant effect on loading efficiency and
release duration50/50 PLGA 75:25/PCL 4% w/v formulations showed that form. 14 prepared

with 400 ©€g had greater release at all time p
(Figure2.3D). PLGA 75:25 4% w/v form. 10 and 11 had the opposite effect where a greater
release occurred in the first nine days of 70

to 55% for the f or mulFigureR3Dn Affernmedays,ehe PLGAt h 400
75:25 4% w/v formulations exhibited similar release profiles of an approximatay2kag phase

before the final phase of releaseL. GA 75: 25 2. 5% w/ v was al so pre
ceg kPR8 (form. 8, 9) which exhibited similar
followed by a lag phasé-igure A2). The specific virus release (ng/mg) showed that the

magnitude of the linear release was significantly higher for the formulations with higher initial

virus amountigure A2).

Sodium hydroxide was added to the formulatiomxtplore the possibility of accelerated
degradation of PLGA from within the particl®egradation of PLGA relies on hydrolysis which
occurs at very slow rates in water and PB®.facilitate hydrolysis within the matrix of the
particles NaOHwas ceencapsulated which provides a concentrated source of hydrox&le ion
upon hydration of the particleThe faster internal degrationis expected to lead to formation of
large interconnected pores which wouldaall for diffusion of the virus to give an earlier burst
release compared tarus loaded in PLGA aloneComparing the tw&LGA 50:50 1% w/v7-17
kDa formulations irFigure2.3A shows that NaOH has an unexpected effect on the release of the
virus. The encapsulated amount is highest in the formulation with NaOH, and the total release
duration is the longest, which contradicts the hypothesis. However, NaOH addition leads to
faser release for thEeLGA 50:502.5% w/v 7-17 kDa formulation Eigure2.3B), but the total
release duration does not decrease significatigure2.3A shows a pulsatile release around
day 44 for the NaOH incorporated in PLGA 50:50 1% w/A/7/kDa (form. 4). A similar
pulsatile release is seen in the NaOH incorporated in PLGA 50:50 2.5%WW/kDa (form. 6)
in Figure2.3B, C. Thus, NaOH cencapsulation does influence release kinetics, but the effect is
not strong. The release could perhaps be even faster if the amount of NaOH is increased. On the
other hand, it is possible that NaOH diffuses out from the particlegisamtly faster than the

virus. In this scenario, the effect of NaOH on bulk degradation may not be significant.
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2.3.4 In Vivo Studies
2.3.4.1 Effect of MP Vaccine onClinical Signs andSurvival

To determine whether the MiRelivered virus can induce lofigrm protective immunity,
C57BL/6Jmice were injecteth the thigh muscles of both hind limiasth PLGA 50:50 1% w/v
7-17 kDa (form. 4) MP formulation containing ~1.8 ygkPRBh e MP r el eased 0.
of kPR8in vitro during the first week Additional control groups included mice vaccinated at the
same site with 0.3 or 3 pg soluble kPR8 or PBS, as different formulation control, positive control
and vehicle control, respectivelyhirty-two weeks after immunization, all mice were
challenged with a lethal dose (25,000 PFU) of A/PR/8/34 (H1IN1) viP&S and 0.3 ug kPR8
vaccinated mice rapidly lost weightiure2.4A) and developed clinical signs that met the
criteria for euthanasia within eight days post infectieigre2.4B). 2/4 mice immunized with
the MP vaccine survived whereas the 3 pg kPR8 vaccine dose afforded complete protection
(Figure2.4C). These results indicated that ~1.8 ug kPR8 virus encapsulated in MP designed for
extended release was capable of partially protecting mice against a lethal influenza infection,

although not as efficiently as 3 pg soluble kPRS.
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Figure2.4 In vivo assessment of microparticle (MP) vaccine formulated with PLGA 50:5&/4%%6

7-17 kDa (form. 4) Six-weekold female C57BL/6J mice were vaccinated withglof MP encapsulated
ultravioletkill ed A/PR/8/34 (kPR8) virusAdditional mice were vaccinated with Qug or 3ug soluble
kPR8 or vehicle (PBS)Thirty-two weeks after immunization, mice were intranasally challenged with
25,000 PFU of PR8 virusiWeight loss (A), clinical scores (B), and survival (C) were monitored daily as
described in the nterials and methodsSurvival analysis was performed using the Matek logrank
test. Weight loss and clinical score data presented as the mean £+ SEM were analyzeavhy two
ANOVA in GraphPad PrismGroupswith different letters are statistically different (P < 0.05).

2.3.4.2 Lung Pathology

Lungscollected either at-&r 21-days post infection (DPlyere assessed for bronchiolitis
and pneumonia to investigate the effect of MP vaccination on pulmonary inflamméttale
no significant differences were detected amthrggnfected groupsKigure2.5A, B), 3ug kPR8

and MP mice tended to have lower levels of pneumonia compared to PBS ag&BR8 mice.
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Figure2.5 Lung histopathology after influenza challendaing tissue from the left lung lobe was

scored at 8or 21-days post infection (DPI) for bronchiolitis (A) and pneumonia (B) according to the
materials and methodddock. Mock (MM) group indicates theock vaccinated and mock infected c e
Data are presented as the mean N SEM, analyzed by

2.3.4.3 Humoral Responses

To assess the effect of MP vaccination on humoral immune responses, ELISAs were used to
compare PR&pecific immunoglobulin levels in plasma samples collected throughout the
experimental periodRgure2.6A-D) and in lung lavage fluid collected when mice were
euthanizedKigure2.6E-1). All three vaccinated groups had low levels of plasma-BR&ific
IgM during the immunization periodrigure2.6A). Influenza challenge elicited high levels of
plasma IgM from PBS treated mice compared to the vaccinated grdopgever, MP mice had
the highest levels of IgM in lung lavage flulgigure2.6E). Initially, MP mice presented low
concentrations of plasma IgG compared to the other vaccinated gFogye.6B). However,
between 2and 4weeks post vaccination, MP mice achieved a substantially greater increase in
IgG production (3.Zold) compared to 0.3 ug (1-®ld) and 3 pg (1.9old) kPR8 vaccinated
mice. MP IgG levels remained intermediate between 0.3 pug and 3 pg mice for the remainder of
the vaccination periodDuring the challenge period, plasma IgG levels in surviving MP mice
peaked at a similar concentration to 3 ug kPR8 vaccinated mwioesover, MP and g kPR8
mice had similar levels of IgG and IgA in lung fluigigure2.6F, G).
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Figure2.6 Effect of vaccination on PR8pecificAb responses in plasma collected before and after

PR8 challenge (separated by the dashed line) and in lung lavage fluid collected 2t-8ays post

infection (DPI). (A-D) ELISA optical density (O.D.) of plasma aktR8 IgM (A), I1gG (B), IgG1 (C),

and IgG2a (D).(E-l) O.D. of lung fluid antikPR8 IgM ), IgG (), IgA (G), IgG1 H), and IgG2alj.

The data are presented as the mean £ SEM, analyzedbwaw ANOVA wimultipleTuk ey 6 s
comparisonprec hal | enge, and Dunnds challehgein @rappPadRrisnp ar i son |
Symbols with different letters are statistically different (P < 0.05).
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We also compared IgGFigure2.6C) andlgG2a figure2.6D) subclasses that are respectively
induced by Thidependant IFBd  a n elep@&nlent IE4 cytokines making these isotypes a

marker of the underlying T helper cell respo[54. Interestingly, only IgG1 was induced in

the MP vaccinated mice whereas soluble kPR8 vaccination elicited a mixed IgG1 and 1gG2a
response that was skewed towards IgG2a production. Similar results were observed in lung fluid
(Figure2.6H, I).

2.3.4.4 T Cell Analysis

Flow cytometry was used to assess T cell populations in the lung and spleen after PR8 virus
infection (Figure A3). Virus-specific CD8 T cells were analyzed usimgmouseH-2DP
tetramefdoaded with &£D8" T cell epitope from the influenza nucleoproteMiPses 372). We
also analyzed CXCR3 and CD62L to distinguish naive (CXCR®H2L"), effector (CXCR3
CD62L), and memory (CXCRXD62L) T cell subsetf28], [29], [30], [31], [32], [33] High
concentrations of tetrame€D8" T cells were found in the lung and spleen of mice vaccinated
with 3 ug kPR8 and MRFigure2.7A). 0.3ug kPR8 vaccinated mice had similar levels of
tetramet CD8' T cells as unvaccinated micé the spleen, tetrame€D8" T cells in 3ug
kPR8 and MP micevere skewed towardm effector phenotypehereatetramet CD8" T cells
in 0.3 ug kPR8 and PBS injected miasre mostlynaive Figure2.7B). In the lung, tetramér
CD8' T cells in every group favored effector and memory subsets veithKkPR8mice tending
to have more effector and fewer memory T cells compared to the other three igups (
2.7B). A comparison of tetrame€D8" T cells and CDAT cells among treatments found that 3
€g kPR8mice, and to a lesser extent MP micad higher concentrations of naiweellsin their
lungs compared to the other treatment gro&pgufe2.7C, D).
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different (P < 0.05).
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2.3.4.5 Lung Cytokines

Lung homogenates were analyzed for {&Bnd IL-4 concentrations at the time of necropsy.
PBS and 0.2g kPR8 groups that were necropsied at 8 DPI had highenlédhcentrations
(Figure2.8A) and lower IL4 concentration&igure2.8B) than 3sg kPR8 and MP groups which,
except for one MP mouse, were all necropsied at 21 Ditiokine levels in 2g kPR8 and MP
mice were similar to homogenates from normal healthydohgiock vaccinated and mock

infectedmice.

A B
2000- 200-
(O Euthanized 8 DPI
1500- 150 A /\ Euthanized 21 DPI
E = ] Mock. Mock
2 5
> 1000+ 2 100
> A ¥
r A
500- “ 50-
0 T T T T T 0 ﬂ | T | T T T
5 O & & 5 2 & & &
FLE S & S LE ®
S o P

Figure2.8 Cytokine concenttangohesmbgehahgst iwgs)ee mea
and41l (Bl)oradZzal8s post i Niecdatoam dDPlpPpresented as t
by Dunnés multiple comparison test.

S L
h €

2.4 Discussion

The MP formulations were designed to achieve an initial antigen priming dose, followed by a
booster at approximately 30 days. This vaccination schedule is considered desirable to increase
the scale, scope, and durability of vacemediated immune protech. Most of the
formulations display the key features of an initial release and a secondary burst at about 30 days.
The formulation parameters impacted encapsulation efficiency significantly ranging .fram
1.7% (form. 1) t081.3 + 15.4% (form. 13),as well as the release profile with total release

duration ranging from about 10 (form. 2) to 70 days (form. 7).
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The polymer concentration in the organic phase was the most significant factor in maximizing
loading with the 2.5% wi/v formulations yielding significantly higher encapsulation compared to
the 1% w/v formulations. Theading efficiency increasedith an increase in thgolymer
concentration in the organic phdsely due to improved stability of the primary emulsion oil
drops On increasing the PLGA 50:50 concentration in the organic phase from 1 to 2.5% w/v,
there is a transition from the dilute polymersemidilute polymer regime, in which polymer
chains exhibit crossover, resulting in significantly higher viscosity. The crossover is determined
experimentalybo y measuring t he po[B4,[B% rTheshighemviscosityn si ¢ Vv i
stabilizes the primary emulsion drops, resulting in minimum leakage of the virus to the external
agueous phase during formation of secondary emulsion which leads to higher encapsulation.
The viscosity increase is logarithmand both 2.5 and 4%w/v polymer concentration are in the
semtdilute regimeand hence there is not a very significant difference in encapsulation.

Polymer MW appeared to be the second leading factor in controlling loading and had the
greatest influence on releasel7 kDa appears to be an optimal MW range as the particle
formulations using PLGA 50:50 2.5% w/v polymer concentration in the orgaagegias
significantly higher loading compared to PLGA 50:56 RDa and 549 kDa. Itis likely that 7
17 kDa MW range again has a more optimal crossover and entanglement that stabilizes the
primary aqueous droplets. As for the release, MW appearsveithe best modulation-&
kDa provides a release of about 10 day$7 kDa 40 days, and 5B kDa 70 days. Longer
release durations for higher MWSs are expected since the greater length of the chains requires
more hydrolytic scissions in order for thelymer to be broken into short oligomers and
monomers that can diffuse out of the matrix. The fewer number of chains that make up the
particle means less chain ends which can be hydrolyzed to give monomers which can more
easily diffuse out of the matroompared to oligomers, speeding up degradation of the polymer.
Thus, polymeric particles composed of longer chains degrade slower resulting in longer duration
of release. e average MW ranges have factor differamde8-5. Thereforethe lower MW
polymer should have-8 times the number of polymer chassd6-10 times the number of
chain ends.Water uptake is needed for hydrolysis and is dependent on the hydrophobicity of the
polymer. However, based on the results, duration of vaccine releasesdppea better

controlled by polymeMW rather than polymer hydrophobicity
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The amount of vaccine used in the preparation had a significant effect on loading efficiency
and release duration. The loading efficiency was considerably higher in PLGA 75:25 2.5% w/v
formulations when higher starting loading of inactivated virus was sisggesting possible
increased stabilization of the primary emulsion due to the inactivated virus.

The m-encapsulation of NaOFkesulted inan increase in HA loading for PLGA 50:50
formulations with 1% w/v in the organic phase but a decrease HA loading for PLGA 50:50
formulations with 2.5% w/ywhich suggests that NaOH addition has multiple effects on the
particle formation Thereduction inHA loading in the 2.5% polymer suggests tNaOH
promotes channeling of the inner aqueous phase to the outer aqueous phase during particle
preparatiorwhich allows the virus containing droplets to escape the eomutsbplet. This is
consistent with the SEM images showing a porous structure immediately after particle formation.
It is also possibl¢hat the NaOH reacts with the virus to degrade HA whazhid prevent
detection in HA ELISA measurement®n the other hand, the improved encapsulation for the
1% w/v PLGA 50:50 717 kDa polymer formulation suggests thl#OHenhancestability of
the primary emulsion during synthesisiterestingly, 717 kDa served as the lower MW range
that could be used for PLGA 50:50 as particles could not be made with NaOH when using the
lower MW PLGA 50:50 26 kDa. It is possible that the NaOH started to hydrolyze the shorter
PLGA chains during the preparation so that chains could not overlap and entangle to form a
polymer matrix. Another possibility is that NaOH in the primary aqueous phase allowed greater
dispersion of the aqueous droplets which could have prevented polymer chains from overlapping
and entangling to form more stable organic droplEtsxmulations of cdoaded NaOH in PLGA
50:50 26 kDa could not be compared to formulations using PLGA 50:50 kDa in terms of
encapsulation of inactivated viruBut, since the release rates of form. 1 and 2 were about 10
days, shortening the release duration reldabviais does not seem of relevance from an
immunology perspective because a prime and boost spaced by a few weeks is more effective in
developing a strong immune response.

Many of the particle formulations exhibited the desired features of an initial burst release
followed by a slow release for an extended duration, and a final release towards the end.
However, the®?LGA 50:50 1% w/v 717 kDawith NaOH co-encapsulatioparticle formulation
(form. 4) was chosen fan vivo study because it displayed the secondary pulsatile release at 45

days, which was longest amongst all formulations tested here, and allowed testing of a dose
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sparing effect. Although our target for secondary release is about 30 days, it is possible that the
in vivo release is faster than threvitro, and so form. 4 was chosen to have the best likelihood of
sustained release vivo. Extended release increases the period during which lymphocytes can
encounter their antigen and become activated. It should also enhance the size and persistence of
memory lymphocyte populations since these types of cells require repeated antigereexposu
be maintained36]. We chose to prepare particles with whole inactivated virus in order to mimic
the human seasonal influenza vaccine format. A concern when delivering inactivated or subunit
based vaccines using a MP format is that linear sustained release of pepgielesazdn induce
immunological tolerance. This is especially noticeable in CDe&ells, which in the face of
persistent antigen, undergo a gradual decline in number and functional cgpdcity
Nevertheless, results from aarvivo study found that MP elicited immunogenic immune
responses that could reduce the severity of an influenza virus infection six months after
vaccination, and which were associated with significant levels of-spasific Abs and T cells.
While mortality fom the MP vaccinated mice was greater than for mice that received three times
the vaccine dose in soluble form, we observed similar concentrations epeagic Abs and T
cells in blood and lung tissues.

Interestingly, kPR8 delivered by MP versus soluble injection respectively elicitediased
IgG1 and Thibiased IgG2a Ab responses, showing that the manner in which the immune system
was exposed to an antigen substantially affected the type of immpo@seshat subsequently
developed. A large bolus of soluble virus, such as provided byjtgekBR8 vaccine, is likely
to produce a more acute Thiased preinflammatory response than when the same antigen is
slowly released over several weeks via MBsnsistent with our results, a previous study
reported that hepatitis B surface antigen encapsulated in polylactide micropasictdslike
our particles were too large to be internalized by macrophages and released antigen slowly and
continuously, induced a THased immune response that was associated with enhanced Ab
production[38]. WhilebothlgG1l and IgG2a\bs are protective against influenza virus
infection,lgG1 contribuésto virus neutralizatiofi39], whereas IgG2a is correlated with viral
clearancehroughfixing complementaind Abdependent cellular cytotoxicif¢0], [41]. Our
finding that the IgG response in MP vaccinated mice is heavily biased towards IgG1 production
suggest that a potential disadvantaghis strategy is that it is limited at inducing the type of

mixed Ab responses that are considered desirable for rapid clearance of influenza virus
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infections[42]. Nevertheless, the MP vaccine was able to elicit sgpecific T cells, which are
important forprotection againghfluenza virusnfection in part because they recognize epitopes

from conservedhfluenza A virus (IAV)peptides that confer cressrain immunity(43].

2.5 Conclusion

PLGA patrticles are a promising platform for single dose immunizations. Particle
formulations can deliver virus amounts comparable to soluble virus formulations and offer the
advantage of delivering virus over varied timescales. The key particle atributd as virus
loading and release kinetics, can be controlled by varying the formulation parameters. Polymer
MW and polymer concentration in the organic phase of the particle preparation were determined
as the most critical parameters in virus loading release kinetics. Additionally, the virus used
in particle preparation also impacted the encapsulation. The release rates were not significantly
impacted by polymer hydrophobicity with particles of PLGA polymer with different lactide to
glycolide ratos and PLGA and PLGA/PCL blended particles showing comparable release
profiles. Overall, many of the formulations displayed the desired release profile comprising of
an initial burst, followed by slow release, ending in a burst in abedb3fays.

Immune responses from the vaceMaOH ceencapsulated particles showed significant
differences compared to soluble vaccine. Particles elicited digls2d 1gG response opposed
to a Thl response elicited by soluble vaccination. The particle formupateided longterm
resistance to lethal influenza challenge compared to unvaccinated mice. However, only 50% of
mice were protected. Although this formulation was not able to provide protection across the
vaccination group in a single dose, other forrtiates with higher loading may.
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CHAPTER 3 INFLUENZA i UGALCER PLGA PARTICLES

Modified from a papepublished irEuropean Journal of Pharmaceutics and BiopharmacButics

Yuhan Wer¥, Zachary Sparks, lan Hawking*, John Lednick{?, Georges Abbouf
Corwin Nelsor’, John P. Drivéf!®, Anuj Chauhaf?

3.1 Introduction

Vaccination is critical foprotecting society from multiple diseases includimituenza.
Effective vaccines are available for many diseases, but immunity wanes with time, limiting their
effectiveness, unless another dose is adminis{édd The antigen introduced in a vaccine is
cleared relatively quickly from the body, so the duration of the effectiveness is determined by the
scale and quality of the vacchspecific immune response elicited, which can be amplified by
addition of adjuvantto the formulatiorf45]. There are two main adjuvant categories. The first,
which includes aluminum salts, an-water emulsions, and virosomes, are thought to increase
the magnitude of the immune response by improving the antigen release, stability, and uptake
[46], [47], [48] The second category, which includes-tizké receptor agonists such as
lipopolysaccharide, monophosphoryl lipid A, and-BZ9, andCpG oligodeoxynucleotiddg49],
[50], [51], [52], enhances the immunogenicity of thed=divered antigen by stimulating the

release of cytokines and chemokines from innate immune cells, which in turn promotes antigen

11 Reprintel with permission of European Journal of Pharmaceutics and Biopharmaceutics Volu(262)

11435, Aug. 2024, doi10.1016/j.ejpb.2024.114365
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presenting cell maturation and licens{b8]. The commonly used adjuvant aluminum salts are
ineffective for improving influenza vaccings4]. However, there are commercialized influenza
vaccines with adjuvants such as FLUAD and FLUAD Quadrivalent, both of which contain an
oil-in-water emulsion of squalene oil MF59 as #aguvant.

In addition to traditional adjuvants, there is growing interest in harnessing the
immunoregulatory functions of innate T lymphocyte populations, suchtk€ells and CD14d

and MRZrestricted T cells, to adjuvant influenza vaccingsiate T cellspecialize in quickly

sensing their local environment and transmitting those signals to downstream innate and adaptive

effector cells to elicit antimicrobial protectio®timulating these responses at the time of
immunization carboostthe protective efficiencpf vaccineg55], [56]. Currently,the innate T

cell subset that appessto have the most potential to enhance vaccine responses is invariant
natural killer T (NKT) cells, which recognize glycolipid ligands presented by the IdHSS |

like molecule CD1d. When activated, NKT cells release large amounts of cytokines capable of
boosting adaptive immune responses. Moreover, because they express an invariant T cell
receptor, NKT cells can be specifically and globally activated u$#niyatives of the prototypic
antigen (2S,3S,4R1-O-( db-galactopyranosyiN-hexacosanoy?-amino1,3,4octadecanetriol,

al so kngavina atso 4y {Gal@er).aNKT aklis activited with CD4uir e s e-nt e d
GalCer elicit potent immune responses to a wide range-délieered antigens, including
influenza virus antigen7], [58].

Although adjuvants can increase the duration of effectiveness of the vaccine by amplifying
the immune response, ultimately optimum immunity requires another dose to reintroduce the
antigen and the adjuvant. Instead of providing multiple doses of themmatngl the adjuvant, it
may be feasible to encapsulate both components in degradable particles salgheasipco-
glycolic acid(PLGA), which can then be injected into the body to provide a sustained release to
eliminate or at least reduce the numbled@ses. Several publications have explored
encapsuladn of the vhole inactivated influenza viruw influenza subunit vaccines in PLGA to
test the effectiveness of the controlled release syfstgn[13], [14], [20], [59], [60] Although
theresultshave been encouraging, there is still no vaccine based on a single dose particle that
can fully substitute several soluble dofEs, [16], [19], [61], [62] This is what has driven
investigations focusing on encapsulatinfluenza antigen oentireinactivated virus with

adjuvants or agonists to elicit stronger respghaaantigen onlyadministration TheTLR4
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ligandMonophosphoryl Lipid AMPL) and TLR7 ligand R837 have beendslivered with
hemagglutinin KHA) to enhance immune resporié8]. It was observed that the delivery of both
ligands with HA gave a synergistic increase in antiggecific, neutralizing Abs compared to
immunization with nanoparticles containing antigen and a single TLR ligarshother study
researchergvestigated the delivery of MPL amduramyldipeptidesMIDP) with HA antigen
[21]. The ranoparticles with HA antigen only gave 60% protectammpared t®0%for HA +
MPLA, 80%for HA + MDP, and100%for MPLA and MDP. However, a twedose
immunization was requiredlhe celivery of influenza from microspheres has bato
investigated with eitherytosinephosphorothioatguanine oligodeoxynucleotidé€pG ODN),
or polyriboinosinic:polyribocitidylic aciddolyl:C), or bothTLR agonists in comparison to
influenza withoutheagonist{16]. The study found that single vaccination with influenza and
vaccination with influenza and CpG:ODN or poly I:C could efbé¢ctively protect against
influenza infection, but two dosegere adequatelnterestingly, some studies conclude that co
encapsulation of antigen andjavantis more effectivg21], [64], [65], [66] while others claim
that theoppositeapproach works bett¢3], [67], [68], [69] The agonist}GalCerhas also
been loaded in PLGA particles to amplify the immune response. Reseateimensstrated that
U-GalCer was effective in providing robust humoral and-eetiated immune response when
administered with influenza A virus antigens encapsulated in nanopafbiglesn this study,
pigs were challenged and euthanized after six days to analyze B cell and Th2 factors, so it was
not determined whether the inactivated influe
GalCer provided protection.

In this study weencapsulated/hole inactivated influenza virus as the antigen &4@hiCer
as the adjuvant in PLGA microparticles to provide sustained release after injection of the
formulation. Since the physical properties including size and hydrophobicity of the antigen and
adjuvant differ significantly, we investigated developing diffegganticles for release of the two
components and combining those two types into the formulation for injection. Additionally, we
explore ceencapsulation and releaskboth components into the particle formulation. The
formulations are characterized in vitro for size and release and injected in mice to explore their
capacity to elicit protective immunity against an influenza challenge and test the hypothesis that

extended release of antigen and adjuvant from the PLGA particles will result in a different and
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possibly heightened immune response compared to soluble injection, with potentially superior or

longer lasting protection against infection.

3.2 Materials and Methods
3.2.1 Materials

PLGA 50:50 717 kDa (Resomer RG 502H), polyvinyl alcohol (PV@¥}-89% hydrolized 31
50 kDa, dichloromethane (DCM) (HPLC grade), ethanol (LCMS grade), methanol (LCMS
grade), formic acid, ammonium formate, dimethyl sulfoxide (DMSO), sodium hydroxide
(NaOH) 50%, 3,3',5,8etramethylbenzidine, 2 N sulfuric acid, sodiuhtazide, trizma base,
lyophilized bovine serum albumin (BSA), Twegn0, and Dul beccods Phosph
(PBS) were purchased fr om-GICe dissolvedinhDME@ h ( St .
(KRN7000, Funakoshi, Kyowa Hakko Kirin Co.) was purchasech Adipogen. Antibodies
(Abs) for the hemagglutinin (HA) enzyniimked immunosorbent assay (ELISA) were purchased

from Novus Biologicals (Littleton, CO). Otherwise, DI water was used throughout.

3.2.2 Vaccine andVirus Preparation

H1N1 influenza viru®\/PR 8/1934 (PR8) cultivated in specific pathodeze eggs was
purchased from Charles River Laboratories (Wilmington, MA). The vaccine was prepared by
resuspending PR8 virus in 1 mL of serfn@e medium at a concentration of 100 g/L and then
exposing itto ultraviolet light for 30 min for inactivation, which was confirmed by the absence
of hemagglutination activity. Both live and inactive PR8 viruses were stored in aligiiots at
80°C until use.

3.2.3 Preparation of Microparticles

A single emulsion solvent evapGlCaftMWon met hod
858.74 Da) in PLGA microparticles (Formulation A) as illustrateBigure3.1A. The organic
phase consisted of 25 mg of -GalC& dissévedirblnLand 10
DCM. The organic phase was probe sonicated (Q125 sonicator, Qsonica, Newton, CT) with
pulsed sonication of 5 s on time, 3 s off time at 40% amplitod# min to achieve a
homogeneous di-GaiCeransl potymer. orhe otgdnie phlise was then added

dropwise through a 2§auge syringe needle into the external agueous phase of 30 mL of 1% w/v

38



PVA and 0.9% w/v NaCl under 800 rpm magnetic stirring. Next, the formulation was covered
with an aluminum foil with multiple small holes to allow slow evaporation of the organic
solvent. Finally, the particles were collected, centrifuged at 5,000 rph® fiovin, washed three
times with DI water, and lyophilized to yield a dried powder. The dry weight of the particles
was measured, and the particles were kept at 4°C until further use.
A double emulsion solvent evaporation method was used to encapsulki#dd\PR8 virus
(kPR8) only (Formulation V) ande®en c a p s u | a t-GalGeRf&@ulaton M1 add M2)
in microparticles as illustrated Figure3.1B. The organic phase was prepared by dissolving 20
mg of PLGA 50:50 in 2 mL DCM an@alCerhEme adding
organic phase was probe sonicated with pulsed sonication 5 s on time, 3 s off time at 40%
amplitude for 1 minto achie\e homogeneous dalGepand mlyneen Nextt t he C
100 L of 2 mg/ mL kPR8 in Dulbeccobds modified
to the organic phase under pulsed sonication at 40% amplitude for one minute or longer to form
the primary emision. The primary emulsion of ~2.1 mL was then added dropwise through a 25
gauge syringe needle into the external aqueous phase of 30 mL of 1% w/v PVA and 0.9% wi/v
NaCl in water under 800 rpm magnetic stirring to form the secondary emulsion. Next, the
formulation was covered with an aluminum foil with multiple small holes to allow slow
evaporation of the organic solvent at room temperature (~22°C). Finally, the particles were
collected at room temperature (~22°C), centrifuged at 5,000 rpm for 10 nsihedvéhree times
with DI water, and lyophilized to yield a dried powder. The dry weight of the particles was
measured, and the particles were kept at 4°C until further use.
Additionally, neatinfrared fluorescent cell membrane dye DiR wasnoapsulated with
kPR8 in PLGA micropatrticles for in vivo imaging study. The double emulsion solvent
evaporation method was used similarly as above. DIR was directly dissolved in CECM to
concentration of 2 mg/mL, and 1 mL was combined with 20 mg of PLGA 50:50 dissolved in 1
mL of DCM to make the organic phase. Next, 1
dropwise under sonication to form the primary emulsion. The preparation wasiedras

given above.
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A Single Emulsion Synthesis

a-galactosylceramide
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Figure3.1 Particle preparation process di aga@ms. ( A)
onyl oaded particles (Formulation A), (B)Gal@eonubl e em

loaded particles (Formulation M1, M2). Formulation of vaccine only particles (Formulation V) uses the
double emulsion synthesis method starting at step 2dfitlgram with the addition of vaccine to the
organic phase.

3.2.4 Particle Characterization

The particles were imaged using an optical microscope immediately after solvent evaporation.
Thewashedarticleswere bath sonicated (Vevor Digital Ultrasonic Cleaner, 40 kHz) after
resuspenitig in DI waterfor 2 min to achieve a homogeneous dispersion of ~0.1 wt %, which
was therpipettedon a glass slidandleft to evaporatéo deposit the particlesThe microscopic
images of the dried particlegereanalyzedising Image J to determieeragearticle sizeand
standard deviation.

The particles were also imaged lmasning electron microscopy (SEM) (JEOL 7000 FESEM
Akishima, Tokyo, Japartp observe the detailgzhrticle morphology.Both lyophilized particles
and resuspended lyophilized particles were imadrasuspended lyophilized particles were
suspendeth DI water usinghathsonicationto achieve a homogeneous dispersion, which was
then gently deposited on tharbon tapavhich wasplaced on an aluminum stulihe dried
particleswere coated with goltbr approximately 15 s ahthen imaged at 15 kV and working

distance of 10 mm to observe particle size, shape, and surface morphology.
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3.2.5 Particle Loadingand In Vitro Release

A liquid chromatography mass spectrometry (L
GalCer, by adapting the method used by Kaneko EI@I(Table A2). We used th&B Sciex
5500 QTRAP systerwith an Agilent 1200 Series HPLC system equipped wRih@anomenex
Luna3e m C8( 2) nnOx@mmcolintn0 The HPLC column was maintained at 40°C,
and the volumetric flow rate of the mobile phass ((v/v) ethanol:methanol with 0.5% formic
acidand10 mM ammonium formafeand injection volume were fixed @3 mL/minand10¢L,
respectively.The MS analysis was performed in positive mode using a multiple reaction
monitoring (MRM) acquisiti on -Gal€drratentontme Under t
was2.51 2.7min. A standard curve was prepared to relate the area under the curve of the MS
s pect r aGalCer cohchneratidis in th& 2500 ng/mL range. Data acquisition was
performed on the AB Sciex An&hl@eswasderformeds of t war
using the Analyst MultiQuant 3.0.3 Software.

To det er-@alGerdoading i@ padicles, 5 mg of lyophilized particles were dissolved
in 1 mL DMSO and diluted 40 and 100x in mobile phase. The sample was then assayed by the
LCMS method described above to determine the area under the curvewahitien used to
d et er mi-Gaker toncentration in the injection by interpolating the standard deigyeré
A.4).

To determine the vaccine loading in the particléd,06mgof the particlesvere dissolved in
NaOHpH 11 with 0.01% Tweef0to accelerate particleydrolysis and vaccine releaseach
day, the @égradng particles were centrifugeld separate out the particles which were
resuspended in fresh NaGH ween20 solution,and the supernatanias collectedo assay for
the vaccine. The supernatant was diluted in buffer (0.1%, B®86 NaCl, 0.05% trizma base,
0.1% Tweer20, pH 7)for HA ELISA measurement. THeELISA plates were read on a plate
reader (Synergy H1 microplate reader, BioTek, Winooski, VT) at 450Trira.HA
concentratiorwas calculated by comparing it with the previously measstatarcturve in
0.02 70 ng/mL concentration range. The mass of vaccine released on each day was added to
determine the total mass of vaccine in the particles which was then dividieel thyy mass of
the particls to calculate the loading yiel&imilarly, the encapsulation efficiency was calculated
by dividing the measred vaccine mass in the particlgsthestarting mass in the formulation,

scaled to the mass of particles used in the measurements.
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Thein vitro particle release profiles were measured by similar methods as described above
exceptthat the particles were not subjected to accelerated hydrolysis. The parti€lesd~
were suspended iPBSwith 0.01%w/v TweerR0 and placed oan incubated shaker plate at
37°C. At various time points, the particle suspension was vortexed andehgarfugedo
separate the particles. The supernatant was collected and assayettifte, and the particles
were resuspended in freBBSwith 0.01%w/v Tweer20. To det er-@dlQere t he U
concentration, the supernatant was lyophilized to obtain a pomideh was resuspended in the
mobile phase. The mixture was then centrifuged to remove excess-ZQceanther diluted in
the mobile phase to achieve concentrations within the range of the standard curve, and then
injected into the LCMS. After-b weeksof particle degradation, thegicles were degraded

using NaOH to measutberesidual vaccina n dGalQerloading.

3.2.6 Mice

The Institutional Animal Care and Use Committee (IACUC) of the University of Florida
approved all procedures in the study under project number 20191860&eekold female
C57BL/6J mice were purchased from the Jackson Laboratory and housed in University of

Florida's AAALAC-approved biosecurity level 2 facilities for the duration of the experiment.

3.2.7 Immunization

Mice were randomly assigned to one of six treatment groups of five mic€Tedaib3.1).
Groups 1 and 2 were intramuscularly (i.m.) injected with micropafftictaulations M1 and M2,
respectively Particles were dissolved in 16Q of PBS and injected in both thigh muscles (50
eL per leg) using a 2gauge needleGroup 3 was i.m. injected withelg of KPR8 dissolved in
100¢L of PBS (kPR8 group)Group 4 was.m. injectedwi t h 1 e€g of sol ubl e Kk
wi t h 4-GalQerindG0sLWf PBS (kPR8 U GC g r Graup5 vwasshamvaccinated
with 100¢L of PBS. Groups 15 were infected vih live viruswhile Group 6 wasisedas

healthy controls.
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Table3.1 Vaccination and challengejeeriment setup.

Group  Experimental group Vaccination Challengé N
1 M1 MP (M1) PR8 5
2 M2 MP (M2) PR8 5
3 kPR8 1eg of kPR8 PR8 5
4 kPR8 +UGC legof kPR8 and 4g oGalCér PR8 5
5 Sham PBS? PR8 5
6 MM PBS? - 3

Abbreviation: MM1 mock vaccinated, mock challenged
2100 eL of PBS (the volume used 1#4p dissolve differ
b40¢L of HIN1 influenza virus A/PR 8/1934 (5,000 pfu)

3.2.8 Live InfluenzaVirus Challenge

Thirty weeks post vaccination, the mice were anesthetized using isoflurane inhalation and
then intranasally (i.nijpoculae d wi t h 40 €L (20 €L per mostril)
PBS vehicle The mice were assessed daily for changes in body weight and clinical signs,
includingmobility, posture, and fur conditiorMice were euthanized when weight loss exceeded
25 percent.Blood samplesand lung tissues were collected when severely ill mice were

euthanatized or four weeks after infection invéting mice.

3.2.9 Lung Pathology

The right lungs were fixed and stained using hematoxylin and eosin (H&E) as previously
described23]. The extent of bronchiolitis and pneumonia in stained sections was evaluated
using a previoudg described scoring systeji24] which involvedscoing each lung section from
0 to 3. Bronchiolitis was assessed by examining the presence of clusters of leukocytes within
bronchiolar walls.A score of 0 indicatethat there wereo clusters while scores of 1 to 3
corresponded to increasing densities of leukocyte clusBrsumonia was evaluated by the size
and character of alveol&sions based on: interalveolar septa thickness, type 2 pneumocyte
hyperplasia, leukocyte septal infiltration, and density of iatva@olar leukocytesA score of O
indicated no lesions, while scores 6f3indicated the presence andincreasingseverity of the

aforementioned alveolar lesions.

3.2.10 Antibody Response

PR8&specificAbs were quantified in blood plasma and lung flulasma was separated from

blood samples obtained from the facial vein by centrifuging whole bloodG@GQR g for 12
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min. Lung tissue wasdigestedwith 150eg of Liberase TL (SigmaAldrich) at 37°C for 45 min

and then centrifuged at 700 x g for 3 nwrcollect lung fluid. PR8specificAbs were measured

by ELISA as previously describg@5]. In brief, 96w e | | ELI SA plates were ¢
of nitrophenyl phosphate bufferont ai ni ng 1 eL/ mL of kPR8 and I
The coated plates were washed threees with wash buffer (0.05% Twe@®in PBS) and then

blocked using blocking buffer (10% FBS in PBS) for 1 h at 37R€xt, the plates were washed
three times and incubated with 100 eL of pl as
for IgG, 1gG1, and IgM, and 1:200 for IgG2a) or lavage fluid (undiluted) foal 37°C. For

secondary antibody detection, alkaline phosphatase ¢d#jugated goat anthouse IgG

(1:2000), IgG1 (1:2000), IlgG2a (1:500), and IgM (1:2000) were diluted in blocking buffer and
incubated for 1 h at 37C, after washing out the plasma or lung lavage fltkhally, the plates

were washe(ive timesbefore incubation witlp-nitrophenyl phosphate (pNPP) substrate

solution (Thermofisher)The plates were read at optical density (OD) df@bat room

temperature using an ELISA plate readeri(@g BioTek).

3.2.11 Flow Cytometry

Antibody staining and flow cytometry protocols have been previously publjghgd
Briefly, lung tissues were dissociated into singé suspensions usirigberase TLand treated
with an ammonium chloridbased lysis buffer to remove any remaining red blood c&he.
cells were then blocked with af©iD16/CD32 monoclonaAb (2.4G2; BioXCell) for 10 min at
4°C. Subsequently, the cells were stained wibis against different immune cell markef&ble
A.3) for 30 min at 4°C.The stained cells underwent a single wash with PBS and were then
analyzed using an Attune NXT flow cytometer (Thermofish&gmples were analyzed using

FlowJo software (Version 10.6.1, BD Biosciences).

3.2.12 In Vivo Imaging

C57BL/6) mice were injected in both thigh muscles €0per leg) with microparticles
containing DiR (MBr) dissolved in 10@L of PBS. An additional group was injected with
PBS asacontrol. Mice were imaged 2, 4, 7 and 10 weeks after injections using the IVIS
Spectrum in vivo imaging syste(Rerkin Elmer).During the imaging periodnice were shaved
in advance and anesthetized using isoflurane inhalaktrarescence images were then

collected using 745/806m excitation/ emission filter sets with &3top setting of 1 and subject
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height of 1.5 cm.Living Image software (Caliper Lifesciences) was used for data analysis.
Samesized regions of interest (ROI) were applied on the injection sites for image andlysis.
radiant efficiency (photons/sec/éms r / €)\Wr eaoh ROl was calculated for signal

guantification.

3.2.13 Statistical Analysis

GraphPad Prisraersion 9.0 (GraphPad Software, La Jolla, @&s used for all statistical
analyes. The KaplanMeier survival analysis with lorgank test was performed to analyze
significant differencebetweersurvival curves.Oneway ANOVA, two-way ANOVA, and

Dunndés multiple comparison were performed for

3.3 Results
3.3.1 Particle Characterization

All particle formulations were imaged by SEM after synthesis and analyzed to determine the
average particle siz8éble3.2). The SEM images show that the particle shape and surface of
Formulation V Figure3.2A) is mostly smooth and spherical with a particle size of 2B2L
em (Table3.2). Formulation A particles are spherical and smoBtgure3.2B) with a particle
size of 20.6: 11.1em (Table3.2). Formulation M1 igure3.2C) and M2 Figure3.2D)
particles are varied, having both spherical and irregular shaped particles with particle sizes 35.9
+ 18.6emand 33.7# 15.9em, respectivel(Table3.2). Formulation A is significantly different
from Formulation M1 and M2 but not significantly different from FormulationBécause A
was prepared using a single emulsion while V, M1, and M2 were prepared using double
emulsion, it is expected that Formulation A has more spherical particles with a smooth surface.
Cryoprotectants were not used in the lyophilization of MRs.difference was seen in size or
structure between lyophilized MPs and resuspended lyophilized BiRee a cryoprotectant
such as mannitol was not used, this could have caused collapse and fracture of particles during

freezedrying showing some particlemains/debris in the SEM images.
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Figure3.2 SEM i

(formul ation V)

mages

ar e

of
vaccinei U-GalCer celoaded PLGA particles after synthesis. (A) Vaccine loaded PLGA patrticles

vacci nédalCeolaades BLGR pa@idles,@redr t i c | e s

mo s@alCgr loadpdhPEGA pticled (formulation &)mo ot h .

are smooth and spherical. (C) Vaccing-GalCer celoaded PLGA particles (formulation M1) are
spherical and irregular in shape and have surface roughness. (D) fadeBalCer celoaded PLGA
particles (formulation M2) are simil@o formulation M1 having both spherical and irregular shaped
particles with surface roughness.

Table3.2 Vac ci n-GalGenlahdings, loading efficiencies, and particle size.
Vaccine | _ U-GalCer
Vaccine Loading U-GalCer Loading
Loading Efficiency | Loading Efficiency Particle
Sample (eg/mg) % (eg/mg) % Size €m)
Formulation with vaccine
only (V): 200gg vaccine 0.8+0.3 83126 - - 20.2+6.1
For mul at-GalCer w
only (A): 200eg -GalCer - - 58+04 | 725+4.3 | 20.6+11.1
Formulation with vaccine ang
UGalCer. (M1): 20¢g 29+08 | 290+82 | 47+x03| 625+4.0 | 35.9+18.6
vaccine, 15@g -GalCer
Formulation with vaccine anc
UGalCer (M2): 20Gg 23+11 | 232+111| 6.0+x03| 400+21 | 33.7+159

vaccine, 30@g -GalCer
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3.3.2 Vaccineand U-GalCer Loading

The formulation with vaccine only (V) has an average loadingat©8 € g/ mg wi t h
corresponding loading efficiency of 83.6% (Table3.2) . The f or-GalCerarlyi on wi
(A) has an average loading®B+04 e€g/ mg with correspddhbdti ng | oa
4.3% (Table3.2) . T he v@atCericaoadedapariicle fdrmulations (M1 and M2) have
significantly higher vaccine encapsulation efficiencies compared to the vaccine only (V)
formulatonb ut | ower encaps-GhhCeobncefmpacednty bheUf
GalCeronly (A). The M1 formulation has an average vaccine loadingof®8 ¢ g/ mg wi t h
corresponding encapsulation efficiency of 268 . 2 % a n d -Gal@ee loading ®f 4@
03e g/ mg with correspondi ngz*2408cA@epaisentofithen ef f i c
results for the M1 and M2 formulations show that the encapsulation efficiency of the vaccine as
wel | aGalCer deereasds on increasing the amoutt@élCer in the formulation. The
M2 formulation has vaccine loadingof 23.1 € g/ mg wi th corresponding
encapsulation efficiency of 2321 1 . 1 %-Gal@Geat loadingof 6.803 &g/ mg with U
GalCer encapsulation efficiency of 4&@.1%. Overall, the cencapsulation of the vaccine
a n dGalQer greatly increases the loading efficiency of vaccine and decreases the loading
effici«aCy of U

3.3.3 In Vitro Release

Thein vitro release profilesHigure3.3) show the differential release [release of virus
(ng)/mass of particles (mg)/dayhe cumulative releageotal release till time t (ng)/mass of
particles (mg)] anthe percentage cumulative releftetal release till time t (ng)/ total release
till infinite time (ng)] as a function of time in dayshe release profiles are scaled with the mass
of particles to compare release kinetics between formulatibnsrelease profilef the vaccine
only particle formulatior{Figure3.3Ai C) shows an initial burstreleaseof approximately 20%
likely due to desorption of virus from the particle surface upon resuspension in buffarlow
steady release thereafter. Th&alCer only particles exhibit a linear release profile with an
increase in release rate after approximately 24 degsne3.3Di F ) -GalCel is highly
hydrophobic and insoluble in water, which suggests that it will be primarily retained in the
PLGA particle and may rely completely on particle degradation for its release, which could be

the reasons for only abod%r e | e a s eGalGdr loadihgeaftet)50 days.
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Figure3.3 In vitro release plots & P R8 H AGaiCaraverlb0 days from PLGA particle formulations A, V, M1, and M2. (A)

Differential HA release shows that each formulation has an initial burst release. M1 and M2ulcavagher release than V. M1 has a secondary

peak at ~32 days suggesting final breakup of the particles. (B) Cumulative specific HA release shows that M1 and M2 treareSrtones

greater kPR8 release compared to V in the first 12 days. (C) Pelsertease shows that V has slower release over 56 days compared to M1

and M2 which fully release i n ab o uiGalGelreleasedhods@hateactyfermulation lsapaesonilar v e | vy .
initial burst release inamountanddiurtn and sl ow r el ease t heGaEerfelease shows thaEN2 h& uhmhighestt §| v e s
linear release rate and greatest amount released followed by M1 and theR A. P eGalCer releasdlshows that M1 and M2 have similar

release rates with respect to their loadings while A has considerably lower rate of release.
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Addi ti eGmd|lCeyr,6sU i ncorporation may reduce the W

would reduce the rate of PLGA hydrolysis to reduce the release rates.

Coencapsul at i ng -GalBer had moorsidenable effécttoh vaddine
encapsulation efficiency and release profileigiire3.3B). The vaccine release rates increased
significantly Figure3.3A, C) mainly due to the increase in encapsulation efficiemaple3.2),
although the duration of release also decredsigaife3.3C) to about 35 days for M1 and 10
days for M2 compared to a total release duration of 50 days for the vaotyngarticles. This
decrease in release duratiéigure3.3C) i s surpri sing boafaigse i ncol
expected to reduce the water content and hence decrease the rate of hydrolysis, which suggests
that the matrix structur e m#&gCeb durtbennmome,dgheng due
releaseduraton of v acci ne i-GalCerewrsdedpite#shiglehnlecularf t he
weight which suggests that the release ol@alCermay be solubility limited. The rate and
a mo u n 4Gal®ef reldase is higher for the-encapsulated formulationBigure3.3E, F),
which may be due to an i nt@alCerthatresults iabserptione e n t h

of theU-GalCerto the vaccine resulting ioo-release of the two components.

3.3.4 Microparticle VaccinesElicit Longterm Protection AgainstL ethal I nfluenzaVirus
I nfection

To test the capacity of our two MP formulatiomsh co-encapsulated kPR8 atHGalCer
[M1: 5.8eg kPR8 (5.8 fold higher than soluble), 8¢ UGalCer (2.35 fold); M2: 4.6g kPRS8
(4.6 fold), 12.ceg U-GalCer (3 fold)]to elicit longterm protection against influenza virus
infection, we injected00¢L of each MP into both thigh muscles of C57BL6/J miés.
controls, additional groups of mice were mock vaccinated MBS (shampr vaccinated with 1
eg kPR8 wilcB) (& PR®i t hou tGalCdr. FHRty Weeks aftergnjecidn, U
all mice were challenged i.n. with a lethal dose of homologous vilisof the different vaccine
formulations protected mice from weight loss and clinical signs of disEape€3.4A). In
contrast, 4/Shamvaccinated mice met the criteria for euthanasia by 9 days post infection (DPI)
(Figure3.4Ai C). kPR8 vaccinated mice tended to lose more weight than the other vaccinated
groups. We performed histological examinations of lung tissues collected after euthanasia to
evaluate influenzenduced lung lesionsShamvaccinated mice exhibited substantetels of
lung pathology.In contrast, bronchiolitis and pneumonia scores in vaccinated mice were no

different to a group of uninfected C57BL6/J mice that were used as a qdidl(Figure
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34D, E). Together, lhese results indicate that our MP formulations provided the same level of

long-term protection against lethalinfluenza virus infection as soluble kPR8 vaccination.
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Figure3.4

In vivo evaluation of microparticle (MP) vaccinatiomwo groups oEix-weekold

female C57BL/6J mice were immunized with 80®f MPs containing UWKilled A/PR/8/34 (kPR8)

virus and
vaccinated with £g of soluble KPR8kPR8) 1¢g of soluble kPR8 and &g

di f-GatCerdML and 2n@spectivelyoAblditibhal groups of mice were

oGalCer(kPR8 +UG0),

or PBS (sharpas control.After 30 weeks of immunization, mice were intranasally challenged with 5,000
PFU of live PR8 virusWeight losgA), clinical scores (B), and survival (C) were monitored daily
following the materials and method@, E) Lung histopathology after influenza challendeing tissue
from the left lung lobe was scoradter euthanasitor bronchiolitis O) and pneumoniéE) following the
materials and methodsurvival analysis was performed using the Maftek logrank test. Weight
loss and clinical score data presented as the mean £ SEM were analyzednay tMdOVA in
GraphPad PrismLung histology score dat@esented asthe mean+ SkEMsa nal yzed by
multiple comparison testSymbols with different letters are statistically different (P < 0.05).
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3.3.5 Antibody Responses

To evaluate the impact of our MP vaccines on humoral immune responses, an indirect ELISA
was used to compare levels of kR§#ecific immunoglobulins in plasma samples collected
before and after influenza virus infectidrigure3.5A1 D) and in lung lavage fluidollecied
after euthanasid={gure3.5Ei H). After vaccination, total influenzapecific IgG levels
respectively increased rapidly and gradually in mice vaccinitiddsoluble and MP
encapsulated kPR&igure3.5A). By 6-weeks post vaccination, IgG concentrations in the two
MP vaccinated groups increased to the level of KPR8 vaccinated mice but tended to remain lower
thanthe kPREUGC mi ce, al though the differefdaae at mc
IgG levels in lung lavage fluid collectelliring necropswas similar among all of the vaccinated
groups Figure3.5E). Si n eGalCealis capable of inducing both Th1l and Th2 cytokines
simultaneously, we assessed IgGigQre3.5B) and IgG2akigure3.5C) subclasses that are
respectively stimulated by Thdepené@nt IFN-0 and t he Thnakigthése ki ne | L
isotypes an indicator of the underlying T helper cell respo@sebiningfree U-GalCer with
freekPR8 induced similar levels of IgG2a but higher levels of IgG1 compared to soluble kPR8
alone.Sur prisingly, the MP f or-@aderadtimuatedhijgh whi ch b
concentrations of IgG1 and low levels of IgGZimilar results were observed in lung lavage
fluid (Figure3.5F, G). As regards IgM production, both MP vaccines induced significantly
higher concentratia@of IgM than either of the soluble vaccin€sgure3.5D). Similar results
were observed in lavage flu{figure3.5H). Since the haffife of IgM is usuallyonly 2 days,
our results suggest that the MP formulations continuously release antigen into circalation
stimulate production of this Ig.
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Figure3.5

Effect of vaccination on kPR8pecific antibody responses in plasma collected before and

after PR8 challenge and in lung lavage fluid collegtéen mice were euthanize@A-D) ELISA optical
density (O.D.yead at 405 nrof plasma antkPR8 Ig5 (A), 1IgG1 (B), IgG2a(C), and IgM (D). (E-H)
ELISA O.D. of lung fluid antkPR8 Igs (E), 19G1 (F), IgG2a(G), andigM (H). The data are presented

as the mean + SEM, analyzed by twa y

ANOVA with Tuikdywdd engrer, e @atnido mu

multiple comparison tépostchallenge in GraphPad PrisfBymbols with different letters are

statistically different (P < 0.05).
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3.3.6 Flow Cytometric Analysis of T and BCells

Flow cytometry was used to comparafid B cellpopulations in the lung tissues after
influenza virus challeng@-igure A5). T cell subsets were identified via the surface markers
CXCR3 and CD62L as naive (CXCRD62L"), effector (CXCR3CD62L), and memory
(CXCR3CD62L). The mouse F2DPtetramer loaded with a CDE cell epitope from the
influenza nucleoprotein (NB% 374) was used to detect vingpecific CD8 T cellswhile the

intracellular transcription factor FoxP3 was used to identify regulatory T cells (Tregs).
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Figure3.6 Flow cytometric analysis of T lymphocytes in lung tissues after infecid@pThe

number of lung F2D°NPsgss 32 tetrametr CD8' T cellsin the whole right lung (B, C) The number of

lung cells expressing CXCR3 and CD62L among tetra@B8' T cells (B) and tetrame€D8" T cells

(C). (D, E) The number of FoxpB8D4" Tregs (D) and FoxpBD4' T cells (E) expressing CXCR3 and

CD62L. The shanvaccinatedyroup ncludesmice that succumbed and survived the infectiGmly

sham vaccinatenhice which succumbed to infection were included in the statistical analyata. are
presented as the mean N SEM, an &ymbasenihdiffgrentDunn 6 s

letters are statistically different (P < 0.05).

There was no difference in the concentration or subset frequency of tétcayer cells

between the vaccinated and unvaccinated mice (

Figure36A, B) , al t hou g h-Gal@enmmaice had ewer NRs7kspeRific+ U
effector T cells compared to the other influenza virus challenged groups. Sham vaccinated mice

presented significantly higheumbers of effector tetraméZD8" T cells compared to other

groups (
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Figure3.6C). Effector and memory subpopulations of Tregs and conventional TPells were

also increased in the sham immunized group compared to the vaccinated groups (

Figure3.6D, E). Some of the differences in CDahd CD8 T cell subset frequencies that we
observed are likely due to the fact that lungs in mock vaccinated mice were analyzed during the

acute phase of infection while vaccinated mice were analyzed after the infection had resolved.

Our analysis of the B cell subsets in the lung compartment found no differences in the
concentration of B22CGD138 plasma cells or B22€D138 developing plasma cells among
the treatments. However, mice in the vaccinated groups had slightly higher frequencies of
B220"CD138 circulating immature B cells compared to the sham vaccinated graguyré
3.7A).
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Figure3.7 Flow cytometric analysis @ lymphocytes in lungissues after infection(A) The

number of B220CD138 B cells in the whole right lung. (Bjhe median fluorescent intensity (MFI) of

CD44 antibodystaining 0ofB220CD138 plasma cells (C, D) The MFI of CD86antibodystaining of

B220"'CD138 cells (C) and B cells (D) The shanvaccinatedyroup is divided into mice that succumbed

and survived the infectionOnly shamvaccinatednice which succumbed to infection were included in

the statistical analysidDataarq@r esent ed as the mean N SEM, analyze
test. Symbols with different letters are statistically different (P < 0.05).

Plasma cells from the mock vaccinated group expressed more of the activation marker CD44

than the vaccinated groups indicating that they were in a more activatedrgfate3.7B). We
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also found that the T cell costimulatory molecule CD86 was more highly expressed on
developing plasma cells of sham vaccinated mice compared to most of the vaccinated groups
(Figure3.7C). However, circulating immature B cells from M1 vaccinated mice presented
similar levels of CD86 to the deceased sham vaccinated Fig@r€3.7D), suggesting that
immune responses elicited by this vaccine formulation differed from responses induced by the

other vaccine formulations.

3.3.7 Tracking of PLGA Microparticle Encapsulated DiRDelivery

To investigate the particle distribution in tissues and persistence of our MPs inaéwo,
infrared fluorescent cell membrane dye BBiRded PLGA microparticles (Mfk) were prepared
using the same formulation used to encapsulate the vaccine. The DIR encapsulation efficiency
was 40.5 N 2.8% for a loading of 4.05 N 0.28
6. 7% for a | oading ofleas of3he RPRDIR-I6adled pagtitlen yas I n v
carried out to measure DIR retention in particles and vaccine refégaee3.8A). Through 28
days, 90% of DiR was still retained in particles while 100% of the vaccine was released. The
particles were then injected in mice and imaged over the course of 10 Wiepks 3.8B, C).
At 2 weeks posinjection, radiance from the injection sites was strong and well defined. Since
injection of free DiR into rodents results in minimal background fluoresd@age 73], [74],
[75], this indicates that a substantial amount of MPs was present in the muscle at this time point.
We continued to detect signal atahd #weeks postnjection, but at a lower intensity. Very
little signal was detected at 10 weeks. These results supgettere is a steep decline in MPs

within the muscle between and 7weeks post injection.
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Figure3.8 In vivo fluorescence images of mice injected with MP (A) In vitro release plot of

vaccine and retention plot ®iPpr. (B) Quantfication of the fluorescence in the injection sites (blue
circles) measured after delivery of MPover time. (C) Representative VIS image of C57BUénice i.m.
injected with 10QuL of MPpir over time. Data are presented as the mean = SEM, analyzed bydyo
ANOVA. *P < 0.05

3.4 Discussion

Each of the four formulations exhibit sustained release of the encapsulated components. The
f or mul at-GalCer omlyi (A) had & high loading efficiency likely due to the single
emulsion synthesis method where highly hydrophobic molecules are ratathedbrganic
phase leading to favorable encapsulation. The formulation with kPR8 (V) only had low loading
efficiency which is not unusual for hydrophilic components using the double emulsion method
because the aqueous droplets in the organic phasscape to the outer aqueous phase leading
, M1 -and M2,
Gal Cer with vaccine had a considerabl e effect

to low encapsulation. Forthetooaded f or mul ati ons

GalCer loading efficiencyT@able3.2) . -GalCer sdgmed to have a significant particle
stabilizing effect in combination with the virus in the double emulsion synthesis despite
exhibiting a loss in its own encapsulation. The higher encapsulation efficiency of vaccine in the

co-encapsuleed formulations (M1 and M2) compared to the vaccine only (V) formulation could
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be attributed to mul ti piGalCemethendssolved polymer | ncor p

solution could increase the viscosity of the organic phase, but this effect is likely not significant
due to the | ow mol ecul aGalCereniompatisontaMhat of-tlee5 8 . 5 4
polymer (MW ~71 7 k Da) . -GaiGemerhibiesistrongllydrophobic interaction with the
polymer chains, which could cause the polymer chains to become bulkier with increased steric
interaction, which in turn could increase \dsity and hence stability of the emulsion to increase
encapsul ati on. -GalCei serves ds ancemydstier;s.e., it &dsorbs dt the oil U
water interface in the primary emulsion drops to improve stability and increase encapsulation of

the vaccine. The +BGalCeeincludesa galactose group, which is kély U

D

more hydrophilic than t-Gaermayrhave aprefeigncertoreside ul e .

at the interface of the inner agueous phase and organic phase wéteittese group facing the
aqueous droplet and the hydrophobic chains remaining in the organic phase. Furthermore,
interaction of the galactose group with the inner agueous phase potentially by hydrogen bonding
would help stabilize the inner aqueous debpnd prevent them from escaping the organic
droplet in the doubl e eG@GaCkrexhibits bindinglattivity with al s o
the virus | eading t &atlCeri n ora@Cerdgytrophabibei rle
residues may bind tine envelope of the virus due to interaction with the matrix proteid, or

GalCer could have interaction between its galactose group and the oligosaccharide chains of

surface protein HA. Any -GalCerevould tedditooaduckde t we e n

solubility of the complex in the aqueous phase which will promote euleeijos.

The optimal release profiles of the vaccine and the adjuvant are not known, but it may be
desirable to have comparable release durations for both components.-é&riwpsulated
formulations are superior to the vaccine only formulations due to highgrseiaaon
efficiency, which is critical, but on the other hand, the shorter release duration of the vaccine
from M1 and M2 formulations compared to the vaccine only (V) formulation is a potential
disadvantage.

In vivo testing revealed thétee andVP encapsulated vaccine formats resulted in similar
long-term protection against influenza viruluced mortalityand clinical signs of disease
However, micevaccinated witiMPstended to loséss weight than micenmunized with free
kPR8 alone.Other studies that have used PLGA patrticles to extend vaccination protection

include a single dose of PLGA microsphesesapsulatingecombinant hepatitis B surface
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antigenthat elicited serum antibody titers BALB/c micecomparable to three dosesté
conventionalvaccing[76]. Another study used PLGA microparticles to encapsulate recombinant
outer membrane vesicles (rOMVSs) tlcantain the ectodomain of the influenkanatrix 2
protein(M2e) [61]. Mice injected with these particles presented roblZs-specific Ab

responses and were fully protected against a lethal influenza challenge 6 months after
vaccination. However, particle vaccinated mice lost significantly more weight than mice
vaccinated wittfree rOMVs[61].

The distinct Abisotypeexpression patterns that the free and MP vaccine formats elicited is
likely related to differences in antigen releasec@use IgM has a hdlfe of 2 days in mice and
hence requires continual antigen exposure to sustaihigherigM titersin MP vaccinated
micemay reflect the ability to extendantigen releaseVirus-specific IgM levels in MP mice
may have contributed to protection since, besides binding to virus particles, IgM stimulates the
production of antigetspecific gG by activating the complement systarmd alsmeutralize
influenza virus in the presence of complemeneffectively as IgE77]. Interestingly, the MP
vaccines induced a TH#ased antibody response whereas mice injected with soluble kPR8
wi t h-@alCer f&vored Thbiased IgG2a secretion. It could be because a large bolus of
soluble free virus is likely to produce a more acihé-biased pranflammatory response than
when the same antigen is released slowly over several weeks via MPs. This is consistent with
two previous studies which fourtkdat PLGA microparticle encapsulated ovalbumin induced
high 1gG1 leves compared to 162a[78], [79]. | n ¢ | u-GalQergn tH¢ MPs did not induce
IgG2a antibodies in the same way as when it wadetivered with the free vaccine. This may
be b e cGalCer was k¢leased at concentrations too low to effectively activate NKT cells or
that this method adfielivery caused NKT cells to become anergic, which occurs when NKT cells
are chroni cal |-GalCe[80] [®1],[82lt ed wi t h U

The in vivo imaging study results indicate that our MPs were retained in the muscle over an
extended period, which facilitates the sustained release of antigiétswere present at high
concentrations at the site of injection for >2 weeks after treatment, which is usually sufficient
time to generate antigespecific recall T and B cetkesponsef36]. Florescence decreased
rapidly after 4 weeks and became undetectable after 7 weeks from the time of injection,
indicating that during this time the particles either underwent complete degradation or that they

became small enough to leave the muscle tis¥dgle our observations suggest that MPs
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degrade faster in vivo than in an in vitro release assay, it is important to consider that in vivo
imaging systems rely on a surrogtie particle degradatignn this case DiR fluorescence,

which may react differently

3.5 Conclusion

To investigate whether the efficacy of influenza virus immunization could be enhanced
through extended vaccine release, developedeveralPLGA microparticlformulations
encapsulang killed influenza virugarticles that degrade slowly over time. In some particle
formulations we incorporated the glycoligiiGalCerthat globally activates NKT cells to
produce immune responses with adjuvant activit@s-encapsulang PLGA particlesvith U-
GalCerresulted inconsiderably higher vaccine loading anckasle in vitracompared to particles
loaded with the vaccine alondwo U-GalCercontaining MP vaccines tested in vivo protected
mice completely from &thal influenzavirus challenge30 weekgost vaccinationCompared
to free kPR8, these MP vaccines induced a-Bia®ed 1gG1 response and higher concentrations
of IgM. However, injecting mice with free vaccine dialCerproduced high concentrations
of both IgG1 and IgG2a antibodies. Overall, our results demonstrate the feasibility of using
large size MP for longterm protection against influenza virus infection. Additional studies
should test the capacity of these vaccines to provide protection for even longer durations and

viruses that are antigenically distinct from the vaccine virus.
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CHAPTER 4 POLYMERIZATION OFHYDROXYETHYL METHACRYLATE (HEMA) UNDER
ROTATION TO FORM COREANNULAR HYDROGELS

Modified from a papepublished irthe Journal of Glloid and Interface Sciente

ZacharySpark$?, Anuj Chauhaf®>

4.1 Introduction

Hydrogels areaisefulin several biomedical applications including tissue engineering, contact
lenses, drug delivery, sensors ¢83], [84], [85], [86] The pore sizeof thehydragelsimpact
critical physical properties such as water content, modulus, and diffusion rates of molecules.
The hydrogels can be categorized into porous aneppnoous depending on the size of the pores.
The nonporous gels also have pores, but those are typically only a few nanometers in size. The
porous gels contain larger pores which scatter visible lggulting in an opaque appearance.

The porous hydrogels can be manufactured via many approaches including gasjijhase
separation, electrospinning, freediging, and templating87], [88], [89], [90], [91] Many

researchers have explored applications of porous gels in tissue engineering and delivery of large
moleculeq92], [93]. The microstructure of the pores including size and connedcitmigct

diffusion coefficient of the biologicend so noveanufacturing approachdsat can yield a
desiredmicrostructureare valuable For example, aligned pores in hydrogels could be useful fo
applicationssuch agyrowth of neural tissu4].

In this work we polymerize HEMA monomer formulations under rotation to explore whether
the microstructure is impacted by rotatioFhe process can be used to form a hydrogel tube or a
core annular structure with the possibility of multiple rings with differing physical properties.
These different configurations could be useful in multiple applications. For example, the core
shell struatire could be useful for delivery of biologics from the porous annulus, and sustained
delivery of small molecules fromémonporous center. These core anniiggrogelstructure
wereobtained bymulti-steppolymerization ofthe monomer formulation in a partially filled

21 Reprintel with permission oflournal of Colloid and Interface Science (2024), doi: https://doi.org/
10.1016/j.jcis.2024.07.105

22 Investigation data curation, writing original draft, writingi reviewing and editing

23 professor, Department of Chemical and Biological Engineering, Colorado School of Minesptualization
methodologyformal analysissupervision, writing reviewing and editing, resources
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rotating cylinder The process was repeated multiple times to form the core annular designs with
varying properties in each concentric layer. This approach has some similarities to the novel
method developed by Dalton et al. in which a two component monomer mixture was
polymerized in a single step in a rotating tube to form concentric tubes due to phase separation
during polymerizatio95], [96]. Dalton et. al. focused on a porous central zone anghomus
annulus to serve amerve guidance channels in the central nervous systhile we are

primarily interested in delivery of biologics. To explore whether the structure is isotropic,
hydrogels were cut along axial and radial orientations. The hydrogels were imaged along
different planes and additionally, protein transport massured in samples with different
orientations. The proteins transport was fitted to the diffusion equation tendetediffusivity

and partition coefficient, and these parameters were used to indirectly determine whether the

microstructure was isotropic.

4.2 Methods
4.2.1 Materials

The monomer -hydroxyethyl methacrylate (HEMAXP9%, 50 ppm monomethyl ether
hydroquinone as inhibitor), crosslinker ethylene glycol dimethacrylate (EGDMA) (98%1®0
ppm monomethyl ether hydroquinone as inhibitor), and photoinitiator Darocur Diphenyt (2,4,6
trimethylbenzoyhphosphine oxide (TPO) (97%) veepurchased from Sigma Aldrich. The
proteins bovine serum al bumin (BSA) (heat sho
globulin(ltG) (099 % (el ectrophoresis)) Jine@B3 Dul becc
(without calcium chloride and magnesium chloride, liquid, stditiiered, suitable for cell
culture, pH 7.17.5) were purchased from Sigma Aldrichhermo Scientific Micro BCA assay

reagents were purchased from Fisher Scientific

4.2.2 Hydrogel Polymerization Under Rotation

Theprocesdor polymerizing hydrogel tubes and the careular cylindrical rods is
illustrated inFigure4.1. A tube spinning apparatus was assembidtie lab to rotate the
cylindrical tube which served as the mold for the polymerizatogufe4.2). The spinning
apparatus included 28V DC motor, a tail stock, angular contact bearing, and two aluminum
cups. The tail stock stabilizes the passive side ofrtioéd while allowing themold to spinfreely
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with minimal frictionalresistance.The tail stock can slide on the 80/20 aluminum framing strip
base to load cylindrical moldad any length Thetail stockwasattached t@n angular contact
bearing which fits an aluminum cup to hold the passive side ohtih@ On the active side, an
18 V DC motorwasmountedon the baseA collar wasconnected to the motor spindle, and the
aluminum cupwvasattached to the collar using a hex scréine assembly also includa DC
power supplythreeUV light bulbs(18 W CFL)andatachometeto measure the rotation rate
The spinning RPMvas controlled by varying theioentsuppliedto the 18V DC brushed
motor (Digikey)from thepower supply (Eventek, 30V, 549 achieve a range 800-1700rpm.
A box with CFL UV bulbsattached on the insideas placed over the tube spinning assembly to
provide radiation for initiating the polymerization reactidrhe duratiorfor polymerization was
set at ten minutes for the outermost lagpeid an additional twenty minute®re providedor
each extra layeto account for the absorption of light by the polymerized laylrsnany of the
structues explored here, three concentric layers were polymerized, prior to fillicgréeith
waterfree HEMA monomer solution and polymerizing verticatlycompletely fill the coreln
most cases, the outermost layes polymerized with eater/HEMAratio of 2/3and the next
layerwas polymerized with water/HEMA ratianging from 11/9 to 4/1 to form the porous
annulug(Table4.1). The third layer and the central core were polymerized with vii@er
HEMA monomer formulation.The central core was polymerizedvertical orientation without
rotationusing MaestroGen transilluminator (KB UltraBright LED Transilluminator,
MaestroGen, Hsinchu City, Taiwan) at 345 nithe fully polymerized rod was removed from
the glass vial and submerged in excess water for more than 5 days to hydrate #feerod.
equilibrium hydration, the hydrogel rod was cut into thin discs ranging frofa &im in
thicknessandsoaked in DI water to extract the unpolymerized monomer, crosslinker and
initiator. The DI water was replaced multiple times over 4 or more days to achieve complete

extraction of the unreacted components.
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Figure4.1 Stepby-step process to fabricate carenularhydrogelswith at least one porous ring and

obtain discs to measure axial transport. A) Polymerization of the outermost ring, which could be porous
or nonporous (steps4) and polymerization of the second ring (steffy.5The tube was cut along the

length and pnched to obtain discs foadialtransport measurements (step8)7 B) Continuation of the
fabrication process from step®polymeriz anonporous pHEMA layer inside the porous laye

followed by filling the corewith HEMA (no water)to obtain acoreannularpHEMA hydrogel rod (steps

6-9). The rodcanbe cut into discs (step 1@) measure axial transpo(Created with Biorender.com)
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A UV Light Box
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Tube Holder and
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Display
Tube with
Precursor
Solution
B
Figure4.2 Lab-assembled apparatus for fabricating emnaularhydrogels.A) The setup includes

theexternal covewith UV lamps, the spinning apparatus, DC power supply, light switch, and
tachometer.B) A closeup of the tubepinning apparatus showing the glass tube filkét solution

loaded into the apparatus.

4.2.3 Measuring Water Content in Pores

The fully hydrated hydrogels were weighed and then allowed tatdopmtemperatureThe
mass of the hydrogel was recorded &snation of time till the weight reached the constant dry

weight. The equilibrium water conter® (v § was calculated using the following equation

() ()
oOwd6 — P (4.1)
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wherew andw  are the weights of the hydrated and dry gels. Based on the densities of
water (1 g/m) and HEMA monomer (1.073 gloy [97], the volume fraction of water in the
formulation was converted to mass fractidialfle4.1) for direct comparison with th@ w 0

Based on literature and our measurementsptheHEMA (pHEMA) hydrogel has a
saturated water content of 4Q98], i.e.,the mass of water in a pHEMA gel saturated with water
is 40% of the total weight. The mass of water in the gel is equal to the difference between the
wet and the dry weight. Thus, the wet and dry weight of a saturated pHEMA gel are related by

the following equation

w0 ® R . (4.2
®

Equation(4.2 can be simplified to obtain the following relationship,

o g o (4.3)

A pHEMA hydrogel prepared with a monomer formulation that has less water than the
saturation content will not have any large pores becaluséthe water is usedihydrating the
polymerized gel. On the other hand, a pHEMA hydrogel polymerized with water in excess of
the saturation capacity of 40% of total weight will result in phase separation between the fully
hydrated pHEMA gel and the excess water, which witinféarge pore§99]. Thus, the mass of

water in the large poresy( ) in a gel of hydrated weighta ) and dry weight
(w ) can becalculated by subtracting the mass of the fully hydrated pHEMA hydrogel from

the total weight of a hydrated porous gel, i.e.,

V)
& O 2 44
o

where the second term on the RHS represents the mass of the fully hypdragetous

pHEMA. The mass of water in pores can be divided by the density of water to calculate the
volume of pores in any sampl&his equation allows calculation of the water volume in pores
which is then used to calculate the concentration of proteins in the gdresame equation can
also be used to estimate the expected mass of water in pores based on the formulation
composition by replacing the wet weight with the totelgit of the monomer mixture and dry
weight with the weight of the HEMA monomer.
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4.2.4 Transport of M odel Proteins

The transport of model proteins was measured and modeled to determine partition coefficient
and diffusivity. It was hypothesized that any preferential alignment of pores will result-in non
isotropic transport and so two different geometries were useddsure the transport.

Radial Transport: For testing radial transport, porous hydrogels were polymerized in two
different arrangements: 1) the porous hydrogel was polymerized as a single layer to yield a
porous tube, and 2) the porous hydrogel was polymerized as the secomaisiagen nofporous
pHEMA layer. In both cases, the tubular hydrogels were cut along the length of the hydrogel
tube Figure4.3) to yield thin hydrogel sheets which were then used to stamp out circular gels
using a %" hole punch. The thickness of these discs was much less than the radius, and so the
uptake and release of the proteins could be modeled as 1D diffusion in thdiraxiadn, which
corresponded to the radial direction in the original cylindgemimetry The diffusion equation
was used to model transport in botielayer (punched from the porous tube) and-taxger
(punched from the twdayer tubes containingorous gels that were polymerized as the second
layer inside the noporous layergels. The boundary conditions were changed to reflect the no
flux boundary condition at the bottom of ttveo-layerdiscs and symmetry at the centerline for

the onelayer discs
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Potential Pore Alignments
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Figure4.3 The pHEMA hydrogel tube is cut parallel to the central axis to obtain a rectangular

hydrogel sheetThe hydr ogel sheet i s c uiplane by SEMimagiag. cr 0s s S ¢

Axial Transport: Fomeasuringaxial transport, the poro@nnulusvas sandwiched in
between an outermost ngorouspHEMA ring and a notporous core. The hydrogel rod was
cut into discs such that the thickness was much smaller than the radius, and thus the uptake and
release of the proteins could be modeled as 1D diffusion in the axial direction, which
corresponds to the & direction of the original hydrogel. The nporous outermost layand
the centeprevented radial transport from the curved scet

BSA (~65 kDa) and 3G (~120 kDa) were used to investigate transport in the p@ieE&MA
hydrogels as these proteins have similar size and molecular weights to therapeutic proteins.
Either BSA or bG was loaded into the gels by soaking the gels in 3 mL of 2 mg/mL protein
solution at 4C for 14 days or longer, which was sufficiently long to achieve equilibrifter
equilibrium, te proteirloaded gels were removed from the uptake solution and placed in 8 mL
of PBSto measure the releas&he protein conentrationin release mediurwas determined by
collecting 30CeL samples at each timepoint and measuring the concentratibe biyjcro BCA
assay.The dsorbances of microplate wells were read on a plate reader (Synergy H1 microplate
reader, BioTek, Winooski, VT) at 562 nm.
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The porous hydrogels were characterized by determining the partition coefficient, K, and
diffusivity, O , of both proteins.The partition coefficient is the ratio of the concentration of
the protein in the pores of the hydrogel and the concentration of the protein in solution at
equilibrium. The mass of protein loaded into the hydrogel can be determined by measuring the
initial (60 1) and the final@ ;) concentration of the protein in the loading solution, which can
then be divided by the volume of water in the poces ( based on uation(4.4)) to
determine the protein concentration in the pores. It is noted that the protein concentration could
also be reported based on the total gel weight, but it is more appropriate to report based on the
pore volume because the proteins are not expectitfuee into the nofporous regions. The
protein concentration in the pores of the gel can then be divided by the final protein
concentration in the loading solution to obtain the partition coefficientife.,
0h WO/ 05 (4.5)

VI , -
0 p ® 0y

wherew is the volume of the loading solution. The mass of protein diffusing into the gel is
much less than the mass of protein in the solution, and thus the decrease in concentration in the
loading solution is very small, which can lead to errors in the cédclialue of the partition
coefficientby using Equationfd.5). To address this issue, the mass of protein in the gel is
calculated based on the total mass of prdteanis released from the gel during the release study
O g) ie.,
0 & (4.6)
® 06y
The transport of protein ithe pHEMA gel with large aspect ratio can be described by the

following onedimensional diffusion equation

! o‘ T_TQ 4.7
T o T W

where6 is theaverageprotein concentration in the gel ai@$ diffusive flux. The radial

transport can be neglected because the diameter of the gels is much larger than the thickness.
Substituting diffus,i VO —+|yiekisthé followmng tiffugonFi c k 6 s

equation,
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For the samples without nonporous backing, the governing equation is subjected to the
following boundary conditions.

—a

18 e o o (4.9)
T o

6w O T (4.10)
whereOis half thickness of the gellhe first boundary conditiofEquation(4.9)) corresponds
to symmetryabout the middle planand tle second boundary conditigBquation(4.10)) is
based on the assumption that the release is occurring under sink conditions.

The rate of the mass of protein released into the external medium can be calculated by

calculating the rate of protein released from the gel, i.e.,

D W10 (4.11)

whereco0 is the total area of the hydrogel exposed to the solution.
The initial conditions, i.e., the concentration in the loading solution and tla el
beginning of the release phase are given by the following equations,

6ao 1 6 (4.12)
0 0o m ™ (4.13
Thedifferentialequation can be solved analytically to obtain the following expression for the
fraction of protein releasedd0 ) into the solutior100],
W 0 o (4.14)

where H is the half thickness of the hydrodéie fractional releas®©o0 is experimentally
determined as the mass of protein released at anyfilinaled by the cumulative amount

released after infinite time.

425 SEM Imaging
The porous hydrogels were imagedsognning electron microscopy (SEM) (JEOL 7000
FESEM Akishima, Tokyo, Japan) to obtain the microstructure and to observe if there is

preferential pore alignment in any direction. The hydrogels were-sea$®ned along the-Z

plane andhe—plane for the SEM imaging. The hydrogel samples were placed on an aluminum
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stub with carbon tape, air dried, and coated with gold for, Bla to imaging.The amples

were imaged using an accelerating voltage of 20 kV.

4.3 Results
4.3.1 Manufacturing pHEMA Tubes andRods with Porous Annulus

The approach of stepwise polymerization of rings in a rotating glass or polypropylene vials
was successfully used tabricate multiple cor@nnular structures with at least one porous ring
(Figure4.4 andFigure4.5). Figure4.4includesthe photograplof the polymerized porous
hydrogel inside the glass vidtigure4.4A) andthe photograplof the gel after removal from the
vial (Figure4.4B). Thephotographn Figure4.4B includes the top view (left) and the front view
(right). Thephotographsn Figure4.4C show the punchedutgels that were usddr measuring
water content and protein transport in the radial direction.

Figure4.4 Polymerization and preparation of single lagerouspHEMA hydrogels fomeasuring
transport and water conterd) Top view of pHEMA hydrogel made with 80% waterfarmulation B)
Top view (left) and side view (right) ¢iie hydrogel tubeafter removing from the vialC) Discs punched
from the hydrogel. Thesamples were specifically used for measuring bidirectional, radial transport.

Figure4.5 includesphotographst various stages of the procésisobtaining gels that were
used for measuring the radial transport witkflog at the bottom surfagandfor measuring the
axial transport.Figure4.5A-C include the front view on the left and the top view on the right.
TheFigure4.5B photoshows theesult after thdirst step in which a nonporous outermost ring is
polymerized which is followed bypolymerization of the porous ringigure4.5C). Thephoto
in Figure4.5D shows the twaing cylindrical tube after removal from tineold (left) and half of
the tube after cutting along an axial plgaessing through the centefhephotoon the right was
obtained after punching a circular disc from the-halfe shown in the middle. The disc on the

right of Figure4.5D was used to measure the axial transport matfiux condition on the
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bottom surface Figure4.5E (left) shows th@hotoof the rod after the tube shownkigure

4.5D was filled with HEMA monomer formulatioandpolymerized to yield a transparent core.

Figure4.5 Photographs of the gels at different stages of the process for manufacturing core annular
hydrogels.A) a clear nomporous pHEMAlayer is polymerizedt the bottonto form a neflux surface

B) 15t (outemos) layer of norporous concentric pHEMA, and C)“2ayer of porous concentric pHEMA

are polymerized D) The pHEMA tubewith a norporous outer ring and a porous inner fimgemoved

from vial, cut along cylindrical axis and arch punch&j).The coreannulartube is filled with norporous
pHEMA to make the pHEMA rod with a clear centard porous annulusThe hydrogel rod is removed

from the vial and cut into discs.

The rod was cut (middle) into thin discs (right) which were used to measure the axial transport.
Figure4.5A shows that a thin layer of nggorous pHEMA can be polymerized at the bottom of
the vial prior to polymerizing the concentric cylindrical rings. In a few cases, the disc shown in
Figure4.5E are cut such that the top surfaceéhaf disc included the concentric rings while the
bottom surface of the disc was cut through thepamous layer at the bottom, yielding discs
where the diffusion of the biologics occurred only from the top. Thus, we obtained discs for
measuring radial &insport with protein diffusion from both top and bottdfig(ire4.4C) and

protein diffusion only from the tog-{gure4.5D). We also obtained discs for measuring axial
transport from both top and bottoigure4.5E) and only from the top (discs cut from the
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bottom of the rod). These different disc samples are showigime4.6 along with schematics
illustrating the direction of transport. The samples with a nonporous backing (unidirectional

diffusion) could be useful in applications requiring preferential release in only one direction.

A Radial B Axial

c tric L Concentric Layer
Single Layer Hydrogel Two-Layer Hydrogel H%;:sge?c ayer Hydrogel Polymerized

WAL L W

g = Ry B

Bidirectional Diffusion Unidirectional Diffusion Bidirectional Diffusion Unidirectional Diffusion
3 @’; E
i
Figure4.6 Design and photographs dhgle layer and twdayer hydrogels to measure transport in

radial (A) and axial (B) directions.

4.3.2 Water Content andDrying Dynamics

Theratio of water and HEMA in formulations explored here are listéthinie4.1 on volume
basis in column 1 and mass basis in column 2. The excess water, that is the mass of water more
than the saturation capacity of the pHEMA polymer, is listembioamn 3. Table4.1 also
includes the measurements for a single layer of porous gels obtained by punching out disc
shaped samples from a porous tube. The calcudapaitibrium water conterdbtained fronthe
measured dry and wet weighBguation(4.1)) is listed incolumn 4 The wet and the dry
weights were also used talculatethe volume of pores by usingjiation(4.4). The ratio of the
mass of pores and the total mass of water is listedlimn 5. The EWC values are in
reasonable agreement with the percentage of water in the formulation for tivegégrcontent
gels, which implies that the entire mass of water in the formulation was trapped in the gel, either
as water hydrating the polynor as water in pores. However, the EWC values are less than the
expected values for the gels with 11/9 and 3/2 water: HEMA (v/v) ratio in the formulation. The
excess water is expected to form pores so the calculated ratiuimn 3 is expected toatch

the ratio incolumn 5. The measured mass fraction of water in pores is less than the excess water
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in the formulation particularly for the lower water content gels which suggests that a fraction of

the water was not trapped in the gels during polymerization.

Table4.1 Summary water content measurements for all formulations. Colw&rssd based on
formulation composition and Columnsare based on measurements of wet and dry weights.
om0kt ml YtvRtmr (Mt vvierwWvm > Jtvvib + < >m Y
- =0l 7= Tfvvill- »ooOmt < Ttvvl t4m> [T (%) T+tvvill + <m>
2/3 38.3 0 40.7+1.1 -
11/9 53.3 45.2 48.1+29 27.7+10.8
32 58.3 55.3 51.1+1.0 35.9+27
13/7 63.4 63.9 64.9+1.2 494 +5.2
713 68.5 71.3 75.1+3.6 77.7+1.0
4/1 78.8 83.2 82.5+4.7 85.0+4.8

The rate of water loss from the porous gels is expected to be faster due to the presence of the
large pores. The rate of water loss can thus be used to indirectly assess the presence and
connectivity of the poresThe data irFigure4.7 shows that the time required for about 90% loss
of water due to drying is much shorter for the porous gels. The drying rate becomes independent
of the water content in the formulations for 55% or IdBased on the water content data, we
expect the gels with1/9 and 3/2 ratio of water/HEMA in the formulatitsncontain pores, but
the drying data overlaps with the Rparous gels likely because the pores are not connected, and
thus even the water in pores must diffuse through the nonporous rdgigune4.7A). The
trends are similar for the twlayer gels irFigure4.7B.
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Figure4.7 Drying dynamics for A) single layer hydrogels of IL% mm thickness and 19.05 mm
diameter and muktoncentric layer hydrogels of B) 2.5 and C) 5 mm lengtater/HEMA (v/v) = 2/3
(Pink), 11/9 (black), 3/2 (yellow), 13/7 (green), 7/3 (blue), and 4/1 (orange)

4.3.3 Transport of Proteins

The single layer tube of the porous gels with thickness of approximately6lLrtbm was
punched to a diameter of 19.05 mm to obtain discs that were utilized to measure radial transport.
The concentric layer rods were cut into discs of 2.5anth5 mmlengths to measure the axial
transport. The gels were loaded with the model proteins and then soaked in fresh buffer to
measure the release profiles. The BSA a0 telease profiles are shownRigure4.8 and
Figure4.9. The dynamic concentration in the release medium was fitted to the sink model to
determine diffusivities of the two model proteins in the porous hydrogels. Additionally, the total
mass of the protein released from the gels was utilized to determioenttentration of the
proteins in the pores, which was divided by the protein concentration in the loading solution to
determine the partition coefficient. T2 and K values from both radial and axial samples

are listed in
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Table4.2 and plotted irFigure4.10 as a function of the watétEMA ratio in the
formulation. The release studies were conducted with gels of two different thicknesses to ensure
that the transport was diffusion controlled.

The fits between the diffusion control sink model (solid lineBigure4.8 andFigure4.9)
and the experimental data are good which suggests that the release is controlled by diffusion of
protein through the pores. The mass of the protein released increases with an increase in the
water fraction in the formulation due to an increase in thamwe of the pores in the polymerized
gels. The diffusivities of both BSA and® arelower in the radial direction compared to the
axial direction(Table4.2). The diffusivities change with water fraction in the formulations, but
the trends are not clear partly due to the large errorBaysre4.10). The partition coefficierst
arehigherin theradialgelscompared to axial geland additionally the partition coefficient

increase with an increase in the water fraction in the formulation.

Table4.2 Partition coefficients, K, and diffusivities,el) were obtained for porous hydrogel
formulationsby fitting the release data to the sirddease model.

Hydrogel Effective Diffustivity,
Pore | Water/HEMA | Partition Coefficient, Tall Ty
Protein | Direction (VIv) K (x 107) (cm?/s)

11/9 0.184 + 0.052 3.21+1.79

3/2 0.310 + 0.039 1.53 +0.54

axial 13/7 0.410 + 0.031 2.6 +1.89

7/3 0.465 + 0.091 4.27 +2.08

BSA 4/1 0.823 +0.136 3.51+0.92
11/9 0.025 + 0.006 -

32 0.336 + 0.055 3.15 + 0.67

radial 13/7 0.375 + 0.133 3.42 £0.78

7/3 0.685 + 0.341 0.73 +0.53

4/1 0.831+0.136 0.83 +0.48

11/9 0.331 +0.091 3.41+0.62

3/2 0.650 + 0.144 4.28 +0.07

axial 13/7 0.693 +0.109 4.44 +0.42

7/3 0.808 + 0.186 432+0.22

hoG 4/1 0.917 £ 0.149 4.96 +0.79
11/9 0.149 + 0.046 -

3/2 0.211 + 0.066 3.18 £+ 0.02

radial 13/7 0.360 + 0.087 2.69 +0.97

7/3 0.740 + 0.158 1.99 +0.71

4/1 0.843 + 0.152 4.75 £ 0.34
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Figure4.8 BSA and hprdBlestoenkaswaesarial transporfamples were prepared with

two different thicknesses. The solid lines aredel fitsbased on diffusion control sink modetrror
bars are standard deviations (n = @Jater/HEMA (v/v) = 11/9 (red), 3/2 (black), 13/7 (orange), 7/3
(blue), and 4/1 (green)
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Figure4.10 Partition coefficient, K, and effective diffusivity .l of pHEMA hydrogels made from
formulationswith water/HEMArangingfrom 11/9 to 4/1 viv.
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4.3.4 SEM Imaging

The crossections of the hydrogels made from formulations with MidEEMA ranging from
11/9 to 4/1viv were imaged using SEMFigure4.11). The Zplane imagef the 55% water
formulation(11/9 v/v water/HEMA)includes small pores a few microns in size but only towards
the inner surface of the tubular hydrogel. The region further away, i.e., towards the periphery
does not contain any pores. The pores are only visible in the higher magnification image due to
the small size. This again suggests that the centrifugal forces lead to heterogerbéiésce
compositionand pores only form where the local water content exceeds the water content of the
saturate@HEMA hydrogel. Additional}, the presence of the diquid interface at the inner
radius may have an impact on the pore formation as well.d-ptene of the 55%ormulation
appears to contain less pores which could be due to alignment of the poresdir¢otian.
The formulations with 60%3/2 v/v water/HEMA)or more water appear to be more uniformly
porous though the 60% formulation appears to include a more porous band somewhere in
between the inner and the outer radius. The @&/’ v/v water/HEMA)water formulation
shows that the gel has macropores across the entire radial length and the pores appear more
uniform in size particularly in the region closer to the irsweface A few larger pores are
present closer to the outer surface. The formulations wit (7B v/v water/HEMA)and 80%
(4/1 viv water/HEMA)water contain very large, interconnected pores, and adaliggsmaller
pores within thggHEMA matrix.
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Figure4.1ll  SEM images oporouspHEMA hydroges$. The radial direction extends downward in the
images. The left columns show cross sections of th@ane,and te right columns show cross sections
of tplare. Tl lower magnification image is included to show the entire gel, while the higher
magnification images are included to present the detailed features.

4.4 Discussion
4.4.1 Effect of Centrifugal Forces onMorphology Evolution

The rotation othe fluid may impact the morphology of the polymerizing layer by pushing the
microgels that form during polymerization radially outwards. This will result in gradients in
water content within the porous layarith the possibility of higher polymer density and lower

water content closer to the peripherfo assess this possibilitye considethat the
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polymerization has led of formation oficrogek of radius R, and density m. The microgels
eventually merge to cause gelatj@a1], but prior to that the microgels could move radially
outwards due to the centrifugal forcehe terminal velocity of the microgeh the radial

direction can be approximated by equating the net force on the microgel with the viscous drag.
Assuming a spherical shape for the micreggle following equation can be used to calculate the

terminal velocity U
v (4.15)

wherer f and‘ are the density and viscosity of the fluid surrounding the microgel, respectively,
i is the radial location of the microgel, ands the angular velocity of the rotating cylinder.

The density of hydrated pHEMA is reported to range fromill 13 g/mL[102] and the
viscosity of the solution can be approximated by viscosity of water which is 1 cP. The size of
the microgels will vary considerably depending on the time of polymerization, and the value of
ranges from zero at the center to about 1 cm at the edge of the cylinder. As an approximation,
we estimate the terminal velocity at a radius of 1 cm for a 1 um radius microgel particle
subjected to rotation at 1800 RPM. Using these values, we obtdie&velocity of about 20
pm/s. Considering the patyerization time of 40 minutes, the distance traveled by the microgel
due to the centrifugal forces could be comparable to the thickness of the gel. It is noted though
that the polymerization process is not linear in time, and the fluid gels soon aftactbgels
form, through aggregation and growth of the microgels. Additionally, the viscosity of the
solution near gelation would be significantly higher than the viscosity of water. Inclusion of
these factors would reduce the expected radial displacerhtre microgels. While the model
proposed above is simple, it suggests that the centrifugal forces could impact the microstructure,

which is supported by the SEM images and by diffusivity measurements.

4.4.2 SEM Imaging

The SEM images show that all gels have the expected porous microstructure in the annulus
because the water content of the formulation is higher than the saturation water content of a
pHEMA gel. The pores are a few microns in size for the higher watezrddp65% water
content). The pores are smaller apgear to bexialy aligned in thdow water content

formulations, while the pores appear to be interconnected for >65% water content. There is
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evidence of a hierarchy of pores for the higditer content systenascludinglarger

interconnectegoresand smaller disconnected pores in the polymer matrix

4.4.3 Water Content andDrying Dynamics

The water content of the polymerized films is either etjuat less than the water content in
the initial formulation. The water content after hydraticould beless than the starting valifea
fraction of the water in the formulation was not trapped into the hydrogel structure. The total
water content can be easily separated into water in the pores and the water ingbensn
regions by assuming that the Rporous region has water contegjual to that in aaturated
pHEMA gel.

The wateloss dynamicshowthat the rate of water loss increases with increasing water
content. The water lo$s expected tinclude an initial phase in which the porous annulus loses
water rapidly, followed by aecond phase witslower loss from the neporousregions The
relative amount of water loss in the two phases is related to the amount of water in the large,
connecteg@ores (rapid loss) and the nanosized pores in the nonporous (ggiwnoss) The
data shows the expected trends thoughtwo phases of rapid and slower water loss are not

clearly separated, possibly due to presence of a fraction of the water in isolated pores.

444 Transport of BSA and hoaoG

The transport oproteinscould be anisotropic if the pores have a preferred alignment. Thus,
we decided to measure the axial and radial diffusivity in separate experiments. The axial
transport was measured for two different disc thicknesses to ensure that the process was
controled by diffusion through the hydrogel disc. The release duration increased for the thicker
samples which suggests that diffusion through the gel is the rate controlling mechanism. The
release profiles for both axial and radralrisport can be fitted to the diffusion equation which
alsoimplies that diffusion in the porous hydrogel is the rate limiting step. The diffusivity and
partition coefficient are comparable for both axial and radial samples for the higher water content
formulations. However, for the lowest water content formaiathe K value for the radial
sample is significantly less than that for the axial sample. We hypothesize that the pores in this
sample are axially oriented andifithe pores are not accessitidethe proteisin the sample
prepared for measuring radial transport. These conclusions agree with the SEM images which
also suggest axial orientation for the lower water content sample and interconnected pores
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without preferred orientation for the higtater content samples. The partition coefficient
increases with an increase in the water fraction in the formulation. This increase cannot be due
to higher pore volume because the partition coefficient is baséue actual pore volume. The
increase in K suggests tladmeof the poresreisolatedin the low water content ge#sd thus
not accessible to the protejimt still accessible to water. The lower than one partition
coefficient also supports this pgthesis because the concentration of the protein in the water in
the pores is expected to be equal to that in the loading solution, which would imply a partition
coefficient of unity.

The diffusivity values are lower than the free diffusivity of albumin (~6.32 %ch#?/s) and
free diffusivity ofoG (~3.6 x 10 cn?/s) which is expected because the pore size is significantly
larger than the molecular size of BSA (~66.5 kDa, ~14 nm) a@d(t1193 kDa, ~25 nnj)103],
[104], [105] The fitted value of the diffusivity is the effective diffusivity which is lower than the
true diffusivity in the pores of the gel because of tortuasdapnd porosity. The effective

diffusivity can be related to the corrected diffusivity in the pores by the following relationship,

0 O-. (4.16)
There are many equations r el Ad6liWegongderthes i t vy,

following two relationships to estimate the tortuosity factor and porosity:

+ = (4.17)
T ¢ - (4.18)
It is noted that the Bruggeman relation is valid only in situations where thaquaous

phase igresent in a low volume fraction, and it can be represented by random, isotropic spheres
[107]. The porous hydrogels appear to be isotragtiteast for the higher water contemiit the
microstructure is more complex thapackedbed of spherical particles. Thus, the Bruggeman
relation is not strictly valid, and so we consider an alternative relationship givEquiayion
(4.18). The porosity was calculated as the ratio of the mass of water in the pores divided by the
total gel weight. Based on the calculated porosity and the tortuosity gidriByand(4.18),
we calculated two different values of ttnee diffusivity. These calculated diffusivities are
included inTable4.3. The diffusivitiesO andO are calculated based on usiaguation(4.17)

and(4.18), respectively, for the tortuosity factor. Additionally, diffusividy is calculated based
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on assuming a tortuosity factor of unity. Only the mean values of the effective diffusivities are
used in these calculations.

The calculated values of diffusivities are in reasonable agreement witkeeraffusivity of
albumin (~6.32 x 10 cn¥/s) for axial transport except for the 55% water content gels. There is
no significantdependece on the relationship used for estimating the tortuosity factor. However,
the diffusivity value calculated by assuming a tortuosity factor of unitioserto the solution
diffusivity, which is consistent with the hypothesis that the axial pores are probably aligned for
the formulation with the lowest water content. The calculated diffusivities in the radial direction
for BSA are much lower than the freefdgivity which suggests that the centrifugal forces may
lead toformation of a low porosity barrier layer near the outer radius. The trends are similar for
hoG, though the calculated values are higher than the free diffusivity value of 3/6crd/8.

The protein diffusivity in pores cannot be higher than that in solution. The estimation of
diffusivity is based on Equatiod.16), (4.17), and(4.18) which involve several assumptions that
may not be valid for the porous pHEMA hydrogels.

The partition coefficients are less than unity, which implies that the concentration of the
proteinsin poresis lessthan theconcentration in the loading solution. This unexpected result
suggests that a fraction of the pores may benmeted to the porous network and these pores
contain water but do not contain any proteins. The average concentration of proteins in the pores
includes the entire volume of water in both connected and unconnected pores, and so the
concentration could be amderestimateyhich could be the reason for the lower than one values

of the partition coefficients.
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Table4.3 Diffusivity of proteins in pores of the hydrogerhe porosity was calculated as the ratio
of mass of water in pores and the total weight of the porous hydrogel. The diffuflviaadO were
calculatedby using Equatioig4.17) and(4.18), respectively, focalculatingthe tortuosity factor.

Additionally, diffusivity’ O wascalculatedoy assuming a tortuosity factor of unity.

raH@ 107 r (x107) | ; (x107) | ¢ (x 107)

(cm?/s) E W w (cm?/s) (cm?/s) (cm?/s)

3.2 0.25| 2.01 1.75 25.83 22.55 12.88

1.5 033| 1.74 1.67 7.84 7.54 4.52

axial 2.6 0.42| 1.55 1.58 9.71 9.92 6.26
4.3 050 | 1.42 1.50 12.20 12.93 8.62

BSA 35 0.67| 1.23 1.33 6.44 7.01 5.26

- 0.25| 2.01 1.75

3.2 0.33] 1.74 1.67 16.73 16.08 9.64

radial 3.4 042| 1.55 1.58 12.69 12.97 8.18
0.7 050 | 1.42 1.50 1.99 2.11 1.40

0.8 0.67| 1.23 1.33 1.47 1.60 1.20

3.4 0.25| 2.01 1.75 27.45 23.96 13.68

4.3 033] 1.74 1.67 22.48 21.60 12.95

axial 4.4 042| 1.55 1.58 16.43 16.78 10.59
4.3 050 | 1.42 1.50 12.20 12.93 8.62

heG 5.0 0.67| 1.23 1.33 9.20 10.02 7.51

- 0.25| 2.01 1.75

3.2 0.33] 1.74 1.67 16.73 16.08 9.64

radial 2.7 042 | 1.55 1.58 10.08 10.30 6.50
2.0 050 | 1.42 1.50 5.67 6.02 4.01

4.8 0.67| 1.23 1.33 8.83 9.61 7.21

45 Conclusion

The proposed method of layky-layer polymerization in a rotating cylindrical vial was
successfully used to fabricate multiple carenular structures with at least one porous ring,
which could be useful for many applications including delivery of bigk§iom the porous
regions and delivery of small molecules from the-porous regions. The layers adhered well to
prevent any delamination and the pHEMA discs exhibited sufficient structural integrity for the
eventual use of these materials in biomedaggdlications. This method of polymerizing
hydrogels in a rotating cylinder could be useful in manufacturing a wide range of structures with
rings of varying pore size and chemical properties. The microstructure is isotropic in most cases,

although theatation appears to allow formation of aligned pores under a small window of
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operating parameters which could be useful in some applications. The SEM images provide
some evidence for anisotropy, but clearer evidence was obtained indirectly by measuring protein
partition coefficient and diffusivity along radial and axial directiofi$ie dynamics of protein
transport from samples cut along different planes was fitted to the diffusion equation to
determine diffusivity. The effective diffusivity obtained from the fits, the measured porosity and
estimated tortuosity factor were usedestimate the true diffusivity of proteins in the pores. The
partition coefficient increased with an increase in water fraction in the formulation suggesting
better pore connectivity for higher water fraction. The axial diffusivity values calculated by
accounting for porosity and tortuosity factor were comparable to the solution diffusivity for

BSA, but higher than the solution diffusivity fogG. The radial diffusivity values were lower

than the axial diffusivity, possibly due to formation of a low porosity barrier layer due to the
centrifugal forces. The SEM images also suggest variation in pore structure along the radial
direction likely dueto centrifugal forces. A simple model based on calculation of the terminal
velocity supports the hypothesis that the centrifugal forces could squeeze out water resulting in
variation in microstructure and hence physical properties in the radial direttereffect of
centrifugation would be enhanced at higher rotation speed which could potentially be a useful
design variable if the heterogenous structure is desirable for some applications. Results from this
study provide another approach in controllmgrostructure of pHEMA monoliths which could

be useful in many applications including drug delivery. The pore directionality could be useful in
applications involving growth of neural tissigd]. However, the degree of pore alignment may
not be adequate, and additional studies are necessary to obtain a fudinieasional mapping

of the structure and to increase alignment by further exploring the parameter space.
Additionally, biocompatibiliy of the materials must be established by-baled assays and in

vivo studies to explore potential in drug delivery applications.
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CHAPTER 5 SUSTAINED RELEASE OF PROTEINS FROM CONTACT LENSES WITH POROUS
ANNULUS

5.1 Introduction

The anterior segment ocular diseases are commonly treated by instillation of eye drops
despite many deficienciesuch as rapidlearance from the ocular surface within a few minutes,
leading to low bioavailability108]. Many researchers have developed contact lenses for
sustained release of drugs draveshown an improvement in delivery compared to drops due to
an increase in residence tifdi®9], [110] Commercial contact lensakneareusually not
suitable for sustained release due to the high drug diffusivity, and so several technologies have
been developed to attenuate drug release such as incorporation of nanoparticles or vitamin E
nanobarrier§l11], [112] imprinting[113], multi-layer lense$114], etc. These technologies
can provide sustained release of both hydrophobic and hydrophilic small moleculgldi]gs
[116], [117] Many of these technologies achieve sustained release without compromising
optical clarity which would allow patients to use the lenses without significant impact on their
normal activities.

Most of the anterior segment diseasedi@a@ed by small molecule drugs though biologics
are becoming more common. Biologlitherapeutics such astivascular endothelial growth
factor @nt-VEGF) drugs are commonly used to slow the progression efelgeed macular
degeneratiolfAMD) and other back of the eye conditighd8]. While anttVEGF is commonly
used for managing back of the eye diseases, it could also be useful in treating front of the eye
diseases such as cornea neovascularizgti®]. Many studies have shown efficacy of
bevacizumab at partial reduction of corneal neovascularization through fdg2iahl
subconjunctiva]121], and intraocular deliverjl22]. Some biologics are already approved for
treating front of the eye diseases such as OXERVATE, which is the firstdpproved
treatment for neurotrophic keratitis. Oxervate is a 0.002% (20 mcg/mL) formulation of
Cenegermin, which is a recombinant humarve growth factor (thNGF). Cenegermin is a
protein with a molecular weight of 13,26&[123]. The typical prescription of OXERVATE
involves instillation of 6 eyedrops daily ath®ur intervals, for eight weeks.

Commercial lenses and those designed for sustained release of small molecule drugs are not

suitable for delivering biologics because the small pore size in the lenses prevent uptake of the
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large biologics into the lenses. The small pore sizes are a necessary requirement because larger
pores of the size of biologics will scatter visible light making the lenses opaque. Thus, a novel
approach is required to design a contact lens that retamsparencyat least in the visiomone

while having the porosity to load and release biologics. Here, we polymerize a
poly(hydroxyethyl methacrylaj§pHEMA) lens with a clear center and a concentric ring of

larger pores that allows the uptake anéask of proteins without compromising the optical

clarity of the lens in the vision zone. The pHEMA hydrogels are commonly produced by free
radical polymerization of a monomer mixture which includes the HEMA monomer along with a
crosslinker such as ethyleethyleneglycol dimethacrylatdEGDMA) and a UV or thermal

initiator. The monomer mixture can also include watérich acts as the solvent for the
polymerization mixturend a porogen in the hydrogelhe amount of water in tHermulation

must be cosidered especially in relation to the saturation water content of the hydrogely A
hydrated pHEMA hydrogel has a water content of about 40% (w/w) on theasigtwhich

means that the weight of water is 40% of the total wet wg8gjt If the monomer formulation
includes more than 40% water, the excess water will phase separate during polymerization and
form pores dispersed throughout the matrix. Thus, the porosity of the pHEMA hydrogels can be
controlled by adjusting the amount o&ter in the monomer formulation.

Contactlenses are typically manufactured by lathe cutting hydrogel rods or polymerization in
molds. The latter method allows higher throughput of manufactured contact lenses, but it has
limitations particularly if complex personalized contact lens designs are neleatbé. cutting is
considerably more flexible in designing contact lenses with complex shapes. The lathe cutting
starts with a contact lens button which is produced by free radical polymerization. The buttons
are homogeneous to produce homogeneansparent contact lenses. In the approach explored
here, a nothomogeneous pHEMA rod is manufactured by polymerization of a porous annulus in
a rotating cylindrical mold followed by polymerizinige center, which must have sufficient
optical clarity for the optical zoneThe cylindrical rod manufactured from this approach is cut
into buttons, which are then lathe cut to form the lenses. The lenses are characterized by
measuring water content and transparency and tested for uptake and release ofatedake! pr
albumin (664 kDa) anda-globulin (155160 kDa). Additionally release gbld nanoparticles

(NPs) (10-16 nm)is measured asraodel for large biologicand nanopartickeased therapies
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5.2 Methods
5.2.1 Materials and Equipment

Monomers2-hydroxymethacrylate (HEMA) O9 9 %, contains O50 ppm mo
hydroquinone as inhibitorN,N-dimethylacrylamide (N,NDMA) (99%, contains 50@pm
monomethyl ether hydroquinone as inhibit@rpsslinkerethylene glycol dimethacrylate
(EGDMA) (98%, contains 9210 ppm monomethyl ether hydroquinone as inhihitamyl
photoinitiator Darocur Diphenyl (2,4#imethylbenzoyhphosphine oxide (TPQP7%)were
purchased from Sigma AldriclDeionized (DI) water was used in all precursor formalai
Bovine serum albumin (BSA) heat shock fr.Acuatmaongamka7 gl 098 %)
(099 % ( el e chydrogypiomylrmethyl csllilgse (HPMC), gold chloride, sodium
borohydride,an®dul beccobés phosphate buffered saline (
chloride and magnesium chloride, liquid, stefileered, suitable for cell culture, pH 77L5)
were purchased from Sigma Aldricfthermo Scientific Micro BCA assay reagents were

purchased from Fisher Scientific

5.2.2 Planar SheetHydrogel Polymerization

A range of pHEMA gels were prepared with increasing water content to determine the critical
value above which the gels turn opaque signifying formation of large pores. pHEMA hydrogels
were synthesized by free radical polymerization with photoinitiatidme monomer mixture
contained various water contents ranging from 2/3 to 4/1 v/v water/HEB#i&fly, specific
volumes of water (2, 3, 4.5, 7, 12 mL) were added to 3 mL of HEMA monomer. 15 pL of
EGDMA crosslinker was added to give 0.5% v/iv EGDMA/HEMPEhe mixture was purged for
15 minutes with nitrogen to remove oxygeBix mg TPO was added for a concentration of 2
mg/mL TPO to HEMA. Hydrogels were polymerized with thicknesses of 250 [Molds were
irradiated with 305 nm light for 40 min using a MaestroGen transilluminatorl@ BltraBright
LED Transilluminator, MaestroGen, Hsinchu City, TaiwaAfter polymerization, he hydrogel
shees wereremovedrom the moldsand arch punched to obtain circular hydrogel saniples
mmin diameter Samples wereogked in 20 mL of DI water for 24 hr to extract any residual

unpolymerized monomer.
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5.2.3 Concentric Layer Hydrogel Rod Polymerization

The concentricing hydrogel rods were produced biepwisepolymerizingin a rotating
cylindrical glass vial (1.9 cm ID)The vial was first coated with RaX® Original Glass Water
Repellent to make a thin hydrophobic layer to minimize adhesion of the pHEMA layer to the
vial. To form thefirst, i.e., the outermodayer,the vial was partially filled with the monomer
solution The volume of the formulation was calculated based on the desired thickness of the
annulus. The glass vial partially filled wf the monomer formulatiowas loaded onto the tube
spinning assemblyA DC motor was connected to a power supply which was set to give a spin
rate that produced the precursor annulus, which was about 1700 rpm and Aigigkt.box
with mounted CFL UV bulbs was placed over the tube spinning assémmgvide the
radiation for initiating the reactionThe first precursor volume was used to cover the inside
surface of the vial to form the outermost layer. For this size vial, 4 mL was used and pagmeriz
for 5-20 minutes. The porous layer formulation of 4 mL was then added and polymerized for 40
minutes. The third layer formulation of 1 mL was added and polymerized for 60 minutes.
Because duration of polymerization is dependent on the precursor vanckght is absorbed
by the already polymerized layers, additional time was needed for the successive polymerization
of layers. In most of the designs explored hetege concentriannuliwere polymerized,
followed byfilling the remaining volume witthe monomer formulatioand polymerizing the
rod corewhile holding itvertically. The outemostlayerwas prepared with 2/3 v/iv
water/HEMA formulation to form a transparent outermost rifgp{e5.1). The second layer
was prepared wita 11/9 v/ivwateyHEMA formulationto form the porous ringl@ble5.2). The
third layeras well as the core were prepared with w&te monomer formulationThe
remaining volume of the vial was filled for the core. The core was polymerized for one hour. The

polymerization time to make the concentric layer hydrogel rod is about 3 hr.
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Tableb.1

Tableb.2

HEMA precursor formulations used to polymerize concentric layers and center. All
porous formulations were polymerized for one hour.

Layer | Layer Formulation
1 2/3 viv water/HEMA, 0.5% v/iv EGDMA/HEMA, 1.2% w/v
TPO/HEMA
2 Porous Layer Formulation (see Table 2)
3 10% v/iv N,NDMA/HEMA, 0.5% v/iv EGDMA/HEMA, 1.2% w/v
TPO/HEMA
center 10% v/iv N,NDMA/HEMA, 0.5% v/iv EGDMA/HEMA, 1.2% w/v

TPO/HEMA

HEMA precursor formulations used to polymerize concentric porous layer. All porous

formulations wergolymerized for one hour.

After completion of polymerizatigrihe hydrogel rod was removed from the \d@at
submerged in water for 7 days or more to allow hydration of the édter equilibrium

hydration, the hydrogel rod was cut into buttons of 6 mm length.

Porous Layer Formulation
v/v aqueous aqueous % viv % wiv TPO/
Lens |medium/HEMA| medium |[EGDMA/HEMA HEMA
1 11/9 water 0.5 1.2
2 11/9 water 1 0.6
3 11/9 2% NacCl 0.5 0.6
4 11/9 water 2 0.6
5 0 - 0.4 0.2

5.2.4 LensManufacturing

After monomer extractionhebuttons were dried and sent to theited Contact Lens
(Arlington, WA) for lathe cutting the buttons into contact lensEse lathecut lenses were
soaked in 20 mL of DI water for 24 hr to extract any residual unpolymerized monomer. The

lenses were then characterized by measuring water content and transmittance

5.2.5 Water Content M easurement

Thefully hydrated lenses were weighed and tbeed at room temperature (Z5) for 24 hr
The equilibrium water content (EWC) was calculated using the following equation.
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Owd ——— pMmm (5.1
where Weet and Wiy are the weights of the hydrated and dry gels. Based on literature and our
measurements, the pHEMA hydrogel has a saturated water content of 40%, i.e.,

i i 8. (5.2)

R
TheEquation(5.2) can be simplified to obtain the following relationship,

O -0 , (5.3

A HEMA hydrogel prepared with a monomer formulation that has less water than the
saturation content will not have any large pores because the entire water is used is hydrating the
polymerized gel. On the other hand, a HEMA hydrogel polymerized with wagscess of the
saturation capacity of 40% by volume will result in phase separation between the fully hydrated
HEMA gel and the excess water, which will form large pores in the fully polymerized gel.

The mass of water in the large pores ( ) in a gel of fully hydrated weight )
and dry weight® ) can be calculated by subtracting the mass of the fully hydrated HEMA
hydrogel from the total weight of a hydrated porous gel, i.e.,

G o -0 (5.9
where the second term on the RHS represents the mass of the fully hytiatggbrousHEMA
gel. This equation allows calculation of the water mass in pores, and using the density of water,
1 mg/mL, mass of pore water can be converted to volume of pore Wiidtisrequation allows
calculation of the water volume in pores which is then used to calculate the concentration of
proteins in the pores, assuming that the large proteins cannot diffuse into {heraos HEMA

hydrogel which has pores inR®2nm sizerange.

5.2.6 Transport Studies

The contact lenses were loaded with model pro®®& andhoG by soaking the lenses in
protein solutions at 2 mg/mL fd4 days at 4C. Based on the measurements reported later, the
14-day soaking was adequate to achieve equilibrium loadMfigr 14 days oprotein uptake,
thelenses were removed from tleadingsolution and placed in 6.5 mL of PB&measure the
protein release dynamic3 he concentration of protein was measured in the release medium at

multiple time points. At each time poird)0¢L of bufferwere collected, andssayed for
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proteinby usingMicro BCA assay.The dsorbances of microplate wells were read on a plate
reader (Synergy H1 microplate reader, BioTek, Winooski, VT) at 562Trra.protein release
was measured untihe concentration in the release medium stopped increasing.

Transport of gold N® wasmeasuredn lenses Gold NPs were prepared using the inverse
Turkevich method as reported previoud9]. Lenses were soakea al mg/mLgold NP
dispersion for 14 daysAfter completion of loadingthelenses were removed from the uptake
medium and placed in 6.5 mL of PBSmeasure the release dynamitfie concentration of
gold NPs was measured in the release medium at multiple time points. At each tim&0goint,
eL of buffer was collected and assayeddoncentration ofold NFs by measuringibsorbance
at 520 nm using a plate reader (Synergy H1 microplate reader, BioTek, Winooski, VT).

The data from the protein release was utilized to determingattiéon coefficient, K, and
diffusivity, D, of both proteins.The partition coefficient is the ratio of the concentration of the
protein in the hydrogel to the concentration of the protein in solution at equilibfibendata
from protein uptake could be used to calculateptirgition coefficienty using the following

equation,

0 _h f vﬁ , (5.5)
h h
where Gy is the final concentration of protein in the gelit@G the final concentration of protein
in the uptake solution; WVis the volume of the uptake solution;&s the initial concentration of
protein in the uptake solution; angosis the volume of the pores in the high porous layer
calculated from the water content measuremehiss equation is not useful in determining
partition coefficient of hydrophilic drugs or biologics because the decrease in concentration
during loading is negligible.
For hydrophilic drugs and biologics, the mass of drug in the lens is determined by soaking the
lens inPBSto measure the release. The partition coefficient can then be calculated from the

following equation.

o L __F B (5.6)
h h
where Vit is the final volume of the release solutio@;:s is the final concentration of the uptake
solution;

The transport of protein in contact lens can be described by the following diffusion equation,
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_ _o—. (5.7)

We model the release of the proteins into the 3 mL aqueous buffer to determine the

diffusivity. The differential equation is subjected to the following boundary conditions,

— o T (5.8)
6odw QO m

where h is half thickness of the gélhe thickness of the lens porous layer was measured using
calipers and used mBquation(5.10) for fitting diffusivity. The model proposed above assumes
that the transport occurs mainly in the transverse direction which is reasonable because the
thickness of the lens is much smaller than the radius. Additionally, the model assumes a uniform
valueof h in the porous region, which is not strictly valid because the contact lens shape is
complex. The simpler 1D model though has been used in modeling drug delivery by contact
lensesso we use this simpler model here as b

The first boundary condition is the no flux condition which assumes symmetry at the middle
of the contact lensThe second boundary condition assumes that the free protein concentration
in the gel at the boundary with the fluid is negligible due to the large fluid volume. The initial

conditions for the release are:

buad ™ 6p, (5.9
0 0 m T
whereod j, is the concentration in the lens at the beginning of the release, which is equal to the
concentration achieved in the lens during loading. To determine diffusion coefficient in the
hydrogels, the measured protein concentration at any time t is dividad bgal concentration
at the end of the release to yield the fractional drug rel&ée, The model equations are

solved to yield the following expression f@o .

06 B p ——=A@D I p O 2. (5.10)

o)
The measure®0 is fitted to the measured data to obtain the-biesalue of the protein

diffusivity. Similar studies were done with planar hydrogels.
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5.2.7 Transmittance Measurement

The transmittance of 250 em thick hydrated
using UM Vis spectrophotometer (Genesys 140/150 VisNJ¥ Spectrophotometer, Thermo

Fisher) at wavelengths ranging from 300 nm to 900 nm.

5.2.8 SEM Imaging

Thelense were imaged bgcanning electron microscopy (SEM) (JEOL 7000 FESEM
Akishima, Tokyo, Japan) to observe psiee A small section of the outer layer of the leves
cut and driedor the SEM imaging.The samples were placed on an aluminum stub with carbon
tape, air dried, and coated with gold for 3@rsor to imaging. The smples were imaged using

an accelerating voltage of 20 kWinageJ was used to estimate pore size.

5.3 Results
5.3.1 Planar pHEMA Hydrogels

The pHEMA hydrogels were produced with water contents ranging from 2/3 to 4/1 viv
water/HEMA (40% to 80% water) to determine the critical water content required for preparing a
porous gel and to access the strength of the material for use in contact lenses. The monomer
formulations were prepared keeping photoinitiator concentratiorasdlinker concentration
constant at 2 mg/mL TPO and 0.5% v/iv EGDMA/HEMA, respectively.

The gels prepared with v/iv watd EMA ratiosof 2/3 and 1/1 were transparent and the gels
with 3/2 and 7/3 ratios were opaque, signifying a porous structure. All gels with water/HEMA
ratio of 7/3 and smaller polymerized uniformly, while the formulation withwater/HEMA
ratio polymerizedhonuniformly Figure5.1). ThepHEMA hydroge$ polymerized witt2/3 and
/1 viv water/HEMAratio are transparent with >90% transmittance in the visible region, while
all other gelsvere whitein appearangeand the transmittance for these were below(Bigure

5.2). All pHEMA hydrogelspossessed sufficient physical integrity which suggested that the

porous annulus in the contact lenses must be prepared with formulations that contain between 50

and 75% water. The pHEMA gels were weighted in both dry and hydrated states to determine
the water contentable5.1), which can be compared with the water fraction in the formulation

to determine if the water in the formulation was uniformly trapped in both nonporous and porous
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gels. The protein release from the planar hydrogels was fitted to the diffusion equation to

determine partition coefficient K and diffusivity Bigure5.3 andTable5.3).

v/v Water/HEMA in Precursor

Precursor

Hydrogel

Figure5.1 HEMA hydrogels were prepared with a range of water: HEMA ratio in the mixture. The
photoinitiatorand crosslinker concentration was kept fixe@ atg/mL TPO and 0.4% v/v

EGDMA/HEMA respectively. The ratio of water: HEMA was varied fraf8 to 4/1 v/v. The tydrogels
made from precursor with 2/3 antl¥/v water/HEMA were clear while hydrogels made from
formulationswith higher water conterare opaque.

100

S g0 — 2/3 viv water/HEMA
g ] — 1/1 viv water/HEMA
& 60+
.*é' . — 3/2 v/v water/HEMA
a 407 — 7/3 viv water/HEMA
S 204 —— 4/1 viv water/HEMA
0+—r————————7—
300 400 500 600 700 800
Wavelength (nm)
Figureb.2 Transmittance measurements of pHEMA hydrogels polymerized as planar sheets in 250

em t hi c Khe wmaier fehstion in the formulation waaried from 2/3 to 4/1 v/v water/HEMA.
Transmittance was measured using-Uig at wavelengths ranging from 300 nm to 900 nm.
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Tableb.3

water fraction in the monomer mixture.

Equilibrium water content (EWQ)f pHEMA planarhydrogelsprepared with a range of

Diffusivity, D x108
Formulation Partition Coefficient, K (cm?/s)
viv
water/HEMA | EWC (%) BSA hoG BSA hoG
2/3 39.8+2.3| 0.09+0.09| 0.08 +£0.08 - -
1/1 459+14 | 0.16+x0.06| 0.14+0.05| 240+0.50| 1.41+£0.40
3/2 624+06| 0.24+£0.11| 0.20+0.10| 2.20+0.70| 1.44+0.33
713 71.5+0.7| 0.77+£0.11| 0.75+0.06| 0.40+0.30| 0.21+0.20
4/1 894+14| 1.23+£0.31| 1.49+0.47| 0.90+0.88| 0.50+0.40
A
100
2 80+
E 60
s
O 404
K] ]
2 207
0 LR BLELELE BLELELE BLELELE BLELEL |
0 1 2 3 4 5
viv water/HEMA
B 2.5 C 4-
X J | -o- BSA
£ 2.0 = 5 = hyG
2 } s
£ 1.5+ 3 E 7 {
S ] 8o 27
2 1.0- £ 2 }
o J 7 o x
= o 19 \ .
E 0.5
n-o-olli.f:'?'l" T T T T 01— T "I‘g"l"‘ T T
0 1 2 3 4 5 0 1 2 3 5
viv water/HEMA viv waterfHEMA
Figure5.3 A) EWC plot, B) partition coefficienplot, andC) diffusivity plotof2 50 e m t hi c k

pHEMA planarsheets show the trends with respect to water to HEMA volume ratio used in the precursor.

5.3.2 pHEMA Rod andLenses withPorous Annulus

The pHEMA rods with clear central zone and a porous annulus were manufactured by

conducting stepwise polymerization in a rotating glass mold. After completion of reaction, the
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rods were taken out from the mold and then cut into shorter cylinders called buttons. The
buttons were lathe cut to form the contact lenses, &fiflgm thick which istowards the
higherend of therange ofthicknesesof commercial contact lenséSigure5.4). Lens 1 was cut
to about 200 e&em thick and had multiple tears
through the porous layer, and the remaining lenses had no tears. The centers of Lens 1 and 2
look slightly opaque whereas the centers of Lerds and 5 appear to have higher clarity.
The dry and wet weight of the lenses were measured to determine the EWEagusatign
(5.1) and the volume of pores usiggjuation(5.4) (Table5.2). The transmittance of the central
portion of the lenses was measured to demonstrate transpafenogb.5). The transmittance
of lenses 1 and 2 are about®%% in the visible range, while the transmittance of lendeai@

greater than 90%, and comparable to the transmittance of Acuvue Moist contaeigares (

5.5).

A Lens 1 2 3 4 5

B Lens 1 2 3 4
Figure5.4 Lathe cut pHEMA lenses with concentric por@mulusA) on flat surfaceandB) held
in forceps.
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X 807 Lens 1
° .
Lens 2
S 60-
b | — Lens 3
g 40 — Lens 4
& ] — Lens 5
= 20- |
] — Acuvue Moist
0 L] I L] I L] I L] I L] I
300 400 500 600 700 800
Wavelength (nm)
Figure5.5 Transmittance measurements of the central zone of the lathe cut lenses was measured

using U\AVis at wavelengths ranging from 300 nm to 900 nm.

5.3.3 Transport Studies

The release profiles of BSAPB, and gold NPfrom the five contact lenses are shown in
Figure5.6. The model based on diffusion control release under sink conditions (solid line) fits
the data well with best fit diffusivity values listedTiable5.4 for both proteins and the gold
NPs. The gold NPs loaded lenses were also photographed for visual evidence of uptake of

nanoparticles.Rigure5.7). The partition coefficients of both proteins and gold NPs are also
listed inTable5.4.
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Table5.4

EWC, pore volume estimation, partition coefficient, and diffusigityathe cut lenses.

Partition Coefficient, K

Diffusivity, D x108 (cm?/s)

EWC Pore Vol.

Lens (%) (elL) BSA hoG Gold NPs BSA hoG Gold NPs
1 50.4 21.2 0.08+0.01 | 0.09+0.01| 0.50+0.08| 0.75+0.18 0.67 £0.19 0.04 £0.08
2 46.6 25.0 0.12+0.04| 0.13+0.05| 0.26+0.05| 1.32+0.74 1.42 +0.94 0.17+0.21
3 59.8 84.9 0.18+0.07| 0.21+0.09| 0.51+0.09| 2.20+0.77 1.36 £ 0.84 0.17 £ 0.05
4 47.6 27.2 0.11+0.03 | 0.11+0.05| 0.30+0.05| 1.74+0.89 2.57 £0.99 0.64 £0.23
5 43.6 44.8 0.03+0.01| 0.03+0.01| 0.04+0.01| 4.40+0.50 5.70 £ 0.60 2.86 + 0.97
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Figure5.6 Release profiles of BSA0G, andgold NPs with model fit for the five lens formulations

(solid lines) The proteindSA andhoG were loaded into the lenses fré&mg/mL solutions whilgold
NP (10-16 nm)was loaded frona 1 mg/mL uptake solutionThe release duration &SA andhoG was
about8 hr whilethat for the goldNP was about @ hr.

Lens 1 2 3 4 5

After
uptake

After
release

Figureb5.7 ThepHEMA lenseswith porous annulus were imaged after soaking in the gold NP
dispersion (1 mg/mL10-16 nm in diametgrfor visual evidence of the uptake of the particles. The lenses
were then imaged again after release of the gold NPs.
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5.3.4 SEM Imaging

SEM was used to image lenses and estimate poreFsiped5.8). Lens 1 low magnification
shows the porous layer and nonporous layer joined by a seam that is abpot 20€k. The
nonporous layer shows no pores while the porous layer shows pores towards the outer radius at
high magnification between 0.5 angish. Lens 3 also shows the porous layer and nonporous
layer joined by a seam that is about 200 thick at low magnification. The high magnification
shows that the pores are distributed throughout the porous layer and range in sizé from 1
Lens 5 is the control lens made with no water in the precursor and shows no pores, same as the

nonporous central zoné the other lenses.

Lens 1

Lens 3

Figureb.8 SEM images of Lens 1, 3, and 5. The left image is the low magnification image, and the
right is the higher magnification image of the same lens. Lens 1 has pores at the outer edge of the porous
layer. Lens 3 has pores throughout the thickness of ttoeiptayer. Lens 5 is the control lens and does

not show pores.

5.4 Discussion

The proposed approach of stepwise polymerization in a rotating mold was effective in
manufacturing the cylindrical rods with a clear central zone and a porous anhlaéubydrogel
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rods were prepared with an outermost layer of porous pHEMA to provide structural rigidity.

In the lathe cutting process, the outside diameter is shaved down, so this is not seen in the
hydrated lenses. Lens 1 and 2 showed tears which suggest thaifforous layer may need

to be thicker to provide support to prevent tearing, or these porous formulations are not optimal
for designing the lenses. Lens 1 was the first sample to be cut. A thickness of about 100 um
was first attempted. The lens ¢dbe cut to this thickness but was too fragile and tears
developed. Lens 2 was cut to a greater thickness of 200 pum but still developed one tear. This
porous layer formulation may be suboptimal, but this is questionable since the initiator
concentratiorand crosslinker concentration are both intermediates.

The second layer was the porous layer, which is critical to loading the biol&gosus
hydrogels can be manufactured via many approaches to form macropores including gas injection,
phase separation, electrospinning, freémeng, and templating87], [88], [89], [90], [91] The
advantage of using this approach of polymerization under rotation is that it promotes alignment
of pores and radial position of the porous layer in the hydrogel can be set. Polymerization of
radially adjacent layers allows for more control in tlgdrogel design. In the case of contact
lenses, the adjacent layers provide optical clarity and mechanical strength. The issues with other
methods of preparing hydrogels with macropores is that they do not promote pore connectivity,
pores form across thmulk hydrogel, and adjacent nonporous layers cannot be polymerized as
easily to provide structural support and optical clarity.

A third layer of nosporous pHEMA was included in between the porous annulus and the
central portion to achieve a good adhesion between the layers. This approach can be used to
produce a wide range of designs including lenses with different materiaithithie central and
the porous regions, and different overall lens diameters and with different sizes of the porous
annulus. Additionally, the degree of porosity could be adjusted simply by changing the water
content in the formulation. A larger watemtent is preferable to increase the volume of pores,
but that may also impact the structural integrity of the lens. The radius of the central zone should
be sufficiently large to minimize the possibility of interference with visiohe pupil size in
humansvaries from 24 mm in diameter in bright lighbut it increases to about8mm in the
dark which suggests that the central zone should be about 8 mm in difi@dier

The rods were easy to handle and cut into the buttons, which were lathe cut to produce the

lenses. The lathe cutting was more challenging for the porous section which led to a decision to
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limit the water content in the porous region to 60% or less. The central portion of the lenses
exhibited 90% or more transmittance for some of the lenses, which is comparable to commercial
contact lenses. The porous regions were opaque due to thdarsgaiténe visible light. The
porous regions were able to load and release model proteins BSAGaor fa period of a few
hours. The diffusion control model fits the data well. The amount of the protein and gold NP
loading varied significantly acro$ise five lenses due to differences in porosity. The highest
loading of about 280 ug was achieved in Lens &tructural integrity, protein loading and
release, and center zone transmittance are 1 m
Lens 3 did the best in all three categories, this was determined to be the optimal porous lens
design. The formulation for the porous region of Lens 3 included salt, which likely played a role
in increasing the porosity of the lens. The release durationsalveut 5 Infor BSA and 7 hr for
hoG which is suitable for a daily disposabl e
which suggests that only a fraction of the pores in the lenses are connected to allow for loading
of the biologics.The patrtition coefficient is almost zero in the control nonporous contact lens
(Lens 5) which shows that the porous annulus is necessary for loading the bioldgacs.
partition coefficients are also less than one for the flat hydrogels, though the values iimcrease
higher water content gels due to improved pore connectivity. The diffusivity Valuie flat
gelsdecrease with increasing water content likely due to increased tortudbaydiffusivity
and partition coefficients in the porous contact lenses are comparable to the flat gels with 50 and
60% water which is expected because the porous section of the lens was prepared with 55%
water formulation.The partition coefficients in the contact lenses are higher for theNiRsld
whichwere 1016 nm in size Thiscould be due to binding of particles to the polymer or higher
accessibility into the small poreslthough the size of gold NPs is similar in size with the
proteins, he diffusivity of the goldNPs is significantly lower allowing a sustained release over
40 hr.

The FDA approve®XERVATE is a 0.002% (20 mcg/mL) formulation of Cenegermin,
whichimplies that a drop delivers about Qugto the tear film, and the prescrib&ceyedrops
daily will deliver only about 3.6ug to the tears. The residence time of the drugs will be higher
with the drug eluting contact lenses, so the amount of the biologics needed to achieve
comparable efficacy would likely be lower for a contact lens compared to thdaseg

therapy. Thus, #30ug of biologics loaded in the porous lessmuld be more than adequate,
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particularly if the lenses would be replaced daily. It is also noted that the dimensions of the
contact lenses designed here are larger than a regular contact lens which is-4Bauii
diameter but are smaller than a scleral contact lens whichecas large as 24 mm in diameter.

So, it is possible to further increase the biologic loading by increasing the size of the lens. The
loading of drugs can also be increased by increasing the concentration in the loading solution.
The proteins were loaded a concentration of 2 mg/mL which can easily be increased to achieve
a targeted loading. The loading duration of 8 hr would be sufficient for daily wear lenses but
would need to be increased if the lens is designed to be worn for extended durations. A
extended wear lens with porous annulus could be designed by using a gilicoogel material

in the central zone to achieve a high Dk value for oxygen.

While delivery of biologics into tears is primarily intended for targeting anterior segment
diseases, it is possible that a small fraction of the released biologics may reach the posterior
segment, particularly if the release of the biologics is accompagisustained release of cell
penetrating peptides. Delivery of biologics such asVBtF molecules to the back of thge
by contact lenses could be very impactful as it would eliminate the need for intravitreal
injections. In addition to deliveringiologics and nanopatrticles, this proposed technology can

also be used for delivering cells for stem cell theraldi2§], [126]

5.5 Conclusion

Drug loaded contact lenses appear to be promising alternatives to eye drops to increase
bioavailability and reduce the frequency of instillation which could improve compliance. Most
of the past research on drug eluting contact lenses has focused orydélsraall molecule
drugs which are the most common drugs for anterior segment diseases. Though biologics are
currently under exploration for treating cornea neovascularization, designing a contact lens for
delivery of biologics could be impactfullhis work shows a novel design of a contact lens
intended for delivery of biologics and a novel manufacturing procEss.design shows great
potential as the lenses can load and release biologivsrapeutic rates

While the approach proposed here is promising there are many challenges. The lenses would
be packaged in the aqueous solution which would have to include the biologics at the loading
concentration to eliminate diffusion of the loaded biologics from the te the packing solution.

This is not an issue for some inexpensive small molecule drugs, but it would be a major hurdle

104



for expensive biologics. Thus, novel packaging would have to be designed to minimize the mass
of fluid in the solution. Alternatively, lenses could be stored in dry state and hydrated prior to
insertion in the eye. Also, designing the porous regiomate fa higher affinity for the biologic

would increase the partition coefficient, and thus decrease the mass of biologic in the solution in
packaging. The partition coefficient can be increased by adding monomers with high affinity for
the biologic to théormulation. It is also possible to covalently attach the biologic to the

polymer in the porous region which would eliminate the possibility of loss of the drug during
packaging. However, the chemical bond would have to be temperature or pH senaltoxg to
triggered release after insertion of the lens in the eye. It is also noted that while we have used
rotation as the mechanism to manufacture the lenses with the porous annulus, similar designs
could be developed by alternative approacl8ts printing has beeexplored for manufacturing
lenses, so it may be possible to 3D print a lens with a porous afb2H)s Conversely, it

should also be noted though that the approach of utilizing rotation to generate the porous annulus
could be utilized to design other types of lenses in which an annulus with different physical
properties could be useful, such as a hard Veith a soft skirf128]. It is also noted that animal
studies are necessary to first demonstrate safety and comfort, and then efficacy in a suitable

model.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 Conclusions
6.1.1 Vaccineparticle delivery

PLGA is a welicharacterized polymer and wéhown in the field of drug delivery systems.
Numerous patents and research articles have been published on PLGA, using it as a particle, in
situ forming gel, and implant. Different methods of preparatiorbeamsed to make the devices.

In preparing particles, the double emulsion solvent extraction method istueid and the

most often used particle preparation method used in the literature. The objective of the first
vaccine particle study was to undarsd which formulation variables in the double emulsion
method were most important in controlling UV killed influenza virus loadingargye of
formulations was made and evaluated based on loading, loading efficiency, and release
characteristicslt was determined that the most hydrophobic formulation of 50/50 PLGA
75:25/PCL particles had the high encapsulation efficiency of greater than 80%, but the least
hydrophobic formulation of PLGA 50:50 had the highest loading of 6.11 pug kPR8/mg polymer.
There wasot a clear trend of vaccine loading with polymer hydrophobicity but a trend of
increasing loading efficiency with concentration of polymer inditganic phase of the double
emulsion. Rrticle sizes of all formulations were in the range o82Qum To obtain higher
payloads of the 100 nm virus, particles needed to be in this range of size. This size is also
practical for resuspension and injection. The second and third objective was to understand the
dependence of the in vitro release kinetiocghe properties of the PLGA and polymer blends

and whether incorporation of NaOH could modify the vaccine release. Release durations ranged
from 10 dag to 70 days. Most formulations gave a roughly constant release rate, but some gave
notable secondary burst releases. Both the PLGA 50:50 formulation with NaOH and PLGA
75:25 formulation gave a secondary burst release around 35ndagis,is close to the timing of

a booster doselt was determined that polymer hydrophobicity was not the most determining
factor on rate of release but rather a trend existed between release duration and polymer
molecular weight. The lowest molecular weight range-6fkDagave the shortest duration of
release while 5469 kDa gave the longest duration of release. The durations of release from the
particle formulations consisting of medium molecular weight ranges fell in between. The trend

was not linear but dependent on gidaal variables. The fourth objective was to evaluate the
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vaccine and NaOH elmaded patrticle formulation in vivo, compare with soluble influenza
vaccine, and evaluate how well the microparticle vaccine protects mice upon influenza
challenge.Mice receiving a single intramuscular injectiorNd#OH microparticleencapsulated
kPR8were partiallyprotecedagainstalethal influenza challenge 32 weeks post immunization
Microparticle vaccinatiomnduced a gradual increase in R&&cific IgGs dominated by 1gGa
contrast to the rapid IgGzaased response elicitéy soluble kPR8 immunizationThe results
indicated that accineNaOH coeloaded PLGA particles show potential as a single dose
vaccination strategy for extended protection against influenza virus infection.

The focus of the second vaccine particle study was investigating the immune potential of
NKT cel |-GaQeo fihe frét objéctive of the study was to use the single emulsion
met hod t o | oad-GhNEeTinRLEA ricropayticles iargl tharsize the
formulation in vitro. As expected, théGalCer only formulation had high loading and loading
efficiency, and then vitro releasgrofile had anearly constant ratef release. The second
objective was to use the double emulsion method4o@d i nf | Gel@eramd and U
characterize the formul at i eGual€eroniyparticlesamthe Th e
experimental setup of one v acGalCarimthapaticlent wi t h
formulation presented the effectsf | oadi ng t he two componhents to
GalCer led to much greater efficiency in vaccine loading. This was a very interesting and
unexpected result. Also interesting,thdcoadi ng of t he -GalCérbhgoreshnza vi r
cameath e cost of -GaCerlmding effitigncyt M gitrolelease profiles of
vaccine from cdoaded formulations showed higher initial burst than vaccine only loaded
particles and nearly completed release in about 10 days. The release profi@slGer from
co-loaded formulations were similar tbGalCer only loaded formulation with nearly constant
rate of release. Because there was no lag phase and secondary burst releakmdbd co
formulations do not emulate a prime and booster dose.thitd objective was to evaluate the
col oaded v aGaiCerparticlafarchulation in vivo, compare with soluble influenza and
sol ubl e i-@alCerwacaing, andevalllhte how well the microparticle vaccine
formulations protect mice upon in#aza challenge. Gloaded formulations showed strong
results in vivo and provided full protection in the vaccination groups upon influenza challenge.
The fourth objective was to image the microparticle formulation in vivo to determine how long

the partites would be retained at the site of injection. The vaccine and dypaded particles
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showed retention in the thighs of the mice for approximately 10 weeks. This was longer than the
in vitro release profiles, so this gave strong evidence th&03€ umparticles served as an

effective depot.

6.1.2 Protein Delivery from pHEMA Hydrogels andL enses

Just like PLGA, pHEMA is a weltharacterized material and w&hown in the field of
contact lenses and ophthalmic drug delivedumerous patents and research articles have been
published on pHEMA Free radical solution polymerization is wetudied and the most often
used polymerization method used in research and induBley first objective of the pHEMA
hydrogel study waw use fee radical solution polymerization polymerizea range of precursor
formulations varyingheratio of water/monomerinitiator concentration, and crosslinker
concentration antb characterize the hydrogels based on clarity, water content, and pore
connectivity. Five mm thick gels of 1 mL volume were polymerized. 1/1 v/iv water/HEMA
resulted in opaque gels, and higher concentration of water resulted in white gels. The highest
concentration of water to HEMA that could be used to polymerize gels was 4/1 v/ivin&is
with O volume of water to 2/3 v/v water/HEMA were clear and had water content of 40% by
mass. Gels made with 1/1 to 4/1 v/iv water/HEMA had water content equal to the mass of water
used in the precursor. The water content measurements provide@%haiader is the saturation
water content for microporous HEMA. Phase separation occurs during polymerization when an
amount of water greater than 40% by mass is used in the precursor, and any additional water
serves as a porogen for macropores in thdtnegunydrogel. The second objective was to
polymerize the precursor formulations under rotatitipper and lower limits of formulation
components and processing conditions were determined to make reproducible hydrogels that
were sturdy enough to handiéhout breaking but soft enough so that they could still be cut
with a razor blade. Water content measurement was also used to determine the effects of the
variables and the upper and lower limit values. For the third objedieater content
measurement showed thadre volume increased with water contastexpected. The transport
measurements showed that gmeous gels exhibited diffusiecontrolled release of both model
proteins. The hydrogels prepared with'9 v/v water/HEMA $5%watel) in the monomer
mixture were porous with neisotropic structure likely due to axially oriented pores with
minimal radial connectivity. The gels with higher water content were isotropic with

interconnected pores in both directioReom the SEM imaging, very different structures were
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seen in hydrogel cross sections as porosity increased. The increasing porous structures
transitioned from disconnected macropores to larger macropores and pockets with some
connection to largeconnected voids to finally a hydrogel that appeared as small spheres fused
together surround by largeonnected voidsThe fourth objective was to compare release

profiles to a model, define the hydrogels by transport model parameters to compare the
formulations, and identify trends and critical points betweeiidimeulationsin pore structure

and transport propertieg\s hydrogelpore volume increased, the partition coefficieicteased

and looked to have a trend of two linear regimes, a steeply increasing trend from 55% to 70%
water (11/9 to 7/3 viv water/HEMA) and a lower increasing trend from 70% to 80% water (7/3

to 4/1 viv water/ HEMA). Even for the highest water contenlrbgel, the partition coefficient

was stillless than onkkely due to presence of isolated unconnected pdresvaluating the
diffusivity results of the two pore alignments and two proteins, there were no clear overall
trends. The combination of diffusivity results suggested that the 70% water (7/3 viv
water/HEMA) formulation may have had greatest preference to align pores indahdigedtion.
Overall, the study shows that the novel fabrication method demonstrated that pHEMA hydrogels
of varying pore architecture could be reproduced modestly. The diffusivities of BSA@nd h
porous pHEMA hydrogels differ by a factdut theirstructures and interactions with HEMA

could be different enough to cause differences in release durations. The conflicting diffusivities
between BSA andd® suggest that the transport in hydrogels can be as component and hydrogel
materialdependent as hydrogel structure dependent.

The first objective of the pHEMA lens study was to determine precursor formulations that
could be polymerized in the center of the hydrogel rod that have optical clarity and characterize
the formul ationsd water conheanorfomerand|l t was det
concentration ranges of the initiator and crosslinker are critical in obtaining optical clarity.
Additionally, water contents of the center fill formulations needed to be determined separately.
The water content measurement served to uradetsthich formulations could reduce
differential swelling between the central region and concentric porous layer. It also serves to
estimate drug | oading capacity of small mol ec
understand the capacity of therpas annular hydrogel as a drug delivery device. The second
objective was to determine the hydrogel formulations that could be lathe dineamgbirogel

preparation needed for lathe cutting. After polymerizing the hydrogel rod center which was the
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hardest portion of the rod, this needed to be sufficiently soft to cut into di/kxst.times the rod
needed to be hydrated in water for multiple days to soften the €heerods were then cut into
approximately 6 mm discs which were then dehydrated, shrinking to about 5 mm length which
was acceptable for lathe handling. 55% water formulations could be lathe cut, but 70 and 80%
water formulations could not be cut with #ian reproducibility as they were too porous and soft.
For the third objective, viar content was measured to calculate the pore volume which ranged
from 20 to 30QuL except for the porous formulation with salt which had a pore volume of about
85puL. Transmittance of the central zone was 85% and higher which is acceptable for
commercial lenses. The partition coefficients for proteins ranged from 0.1 to 0.2 which is a
similar range to the partition coefficients measured in porous annulus hydrogelparfition
coefficient of 1020 nm gold NPs in lenses was higher though, ranging @& to 0.5.The

higher partition coefficientef gold NPs in the lensesould be due to binding of particles to the
polymer or higher accessibility into the small pord@he partition coefficients of all components
were less than one which was similar to the partition coefficients of the porous annular
hydrogels. The diffusivities of proteins from lenses were about an order of magnitude lower
compared to hydrogelBecause the curvature of lenses allows access to both axial and radial
aligned pores, #ihncombination of diffusion pathways may be more tortuous contributing to a
lower diffusivity. Overall, the study demonstrated that core annular pHEMA contact lenses
consisting of an outer annulus of opaque, porous pHEMA and an inner, center layer of clear,
nonporous pHEMAcould successfully be lathe cut azeh provide sustained delivery of

biologics

6.2 Future Work
6.2.1 VaccineParticle Delivery

The vaccine particle formulations showed some promising resultstfi@m vitro and in
vivo mice studies. More work needs to be donenderstandhe feasibilityof thisvaccine
delivery system To determine whether these formulations can progress to a first stage clinical
trial, more in vivo testingnustbe conducted The otherparticle formulations with highre
encapsulation efficiencghould be tested in mic& he vaccine only particle formulations can

then be compared in terms of the in vivo immune results to determine which two or three
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formulations are optimalThese formulations should then be testedivo on larger animals
such as pigschickens, and monkeys

Future work should also aim to utilize these formulations to encapsulate whole inactivated
viruses of other infectious diseaséss demonstrated irhesestudies PLGA is extremely
versatile. Br as large of a component that wholftuienzavirus is,PLGA could still efficiently
encapsulaté. So, virus size does not seem to be a limiting factor for a Rhé&s&d
formulation. However, more work could be done on the formulation side. Excipients and
stabilizers ould be incorporated in the partickesmeasure whether they can increase loading,
provide longer term stabilization of the antigen in particles, and give desirable release kinetics.
Pulsatile release is highly desired to simulate multiple dafsaddition of other excipients
cannot further induce pulsatile releatbesbiodegradbleparticlesmay need to beedesigned to
better control the releasdé way to obtain more pulsatile release is by adding a component to
the particles that allows triggering of the releagkl, enzymes, light, heatjtrasound, and
magnetic fields are some conditions and external influences that could potentially be utilized in
triggering the release. Some of these make the vaccine delivery system much more complicated
though, either requiring precise conditionsha body to occur for the controlled release or
external influences that may not be easily carried out by the average patient. If return visit to
health care personnel is required, then this takes away from the initial purpose of a single dose
vaccination Therefore, more work can be done to further modify or redesign the vaccine
particles in practical ways that can lead to improved performance and enhanced disease

protection.

6.2.2 Contact LensBiological Therapeutic Delivery

In vitro release measurements of model proteins show that the lenses have the potential to
provide sustained delivery of therapeutic proteins. To further investigate whether this contact
lens delivery system is feasible for patients with corneal neoasaiion, the macroporous
lenses must be tested with the therapeutic\dBGF. In addition to testing the loading and
release of aVEGF, modification of the lenses can be carried out, such as increasing binding of
biologics to the porous region bying different monomers in the hydrogel formulation or
loading polymers in the lenses. The formulation of the therapeutic can be further investigated by
including polymers with the arW¥EGF or including cell penetrating peptides with aEGF

for co-delivery to enhance ar\fEGF absorption. In addition to the in vitro work, in vivo must
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be carried out to study pharmacokinetics. Animal such as rabbits and monkeys can serve as

models to obtain the pharmacokinetic data before further steps are taken.

112



REFERENCES

[1] V. M. Chauhan, H. Zhang, P. A. D a I-fwrmpujatioaafd J . W.
bi ol ogi c tlhCentraled®eldageol.s327ppp. 3917405, 2020.

2 A. C. Anselmo, Y. Gok-anwmasamd 8el Mver gadNatt r at e Ne
Rev. Drug Discoywvol. 18, pp. 1940, 2019.

B AiHi story of Smallpox. 0 Centers for Disease Contr
and Zoonotic Infectious Diseases (NCEZID), Division of Higbnsequence Pathogens and
Pathology (DHCPP), May 01, 2024. Accessed: Jul. 16, 2024. [Onlinejlakle:
https://www.cdc.gov/smallpox/history/history.html

4 AaChild and Adol escent | mmunization Schedul e. 0 Nz¢
Diseases, Centers for Disease Control and Prevention, Nov. 16, 2023. Accessed: Jul. 16, 2024.
[Online]. Available: https://www.cdc.gov/vaccines/schedulesihggchild-index.html

1 AAdul t | mmuni zation Schedule. d National Center f
Centers for Disease Control and Prevention, Nov. 16, 2023. Accessed: Jul. 16, 2024. [Online].
Available: https://www.cdc.gov/vaccines/schedules/hcp/imz/daddéx.html

6] S. Yeh, T. A. Al bini, A. A. Moshfeghi, -and R. B.
Related Maculabegeneration Treatments Trials (CATT), and Intravitreal Biologics for Ocular
I nf | amnratJi Qpmhalmaglvol. 154, no. 3, pp. 42435, 2012.

[(1]J. Gaudreault, D. Fei, J. Rusit, P. Suboc, and \
(rhuFabV2) after a Si ndnhest. Ophihalma. Vis. Saucd 46, no.2d mi ni st r
2005.

[8] F. R. Il mrie and A. D. Di c¢ k , CuirBdpin. Ophthalneokvol.il®%y, t he tr
pp. 481486, 2007.
[ AHow I nfluenza (Flu) Vaccines are Made. 0 Accessce

https://www.cdc.gov/flu/prevent/hofluvaccinemade.htm
[10]E. A. Belongia, M. E. Sundaram, D. L. McClure, J. K. Meece, J. Ferdinands, and J. J. VanWormer,

AWaning vaccine protection against influenza A (
si ngl e Vaceirg sob 33, no. 1, pp. 24@51, Jan. 2015, doi: 10.1016/j.vaccine.2014.06.052.
[11]Z. Moldoveanwetal, fil mmune Responses to I nfluenza Virus

Mi c e New Strategies for Oral Immunizatiovol. 146, J. Mestecky and J. R. McGhee, Eds., in
Current Topics in Microbiology and Immunology, vol. 146. , Berlin, Heidelberg: Springer Berlin
Heidelberg, 1989, pp. 999. doi: 10.1007/978-642-745294_10.

[12JA. G. A. Coombes, D. Maj or, J. M. Wood, D. J. Hc

| amel |l ar particles of polyl act Bidnateralsvolal®jnaavant s f
1112, pp. 10781081, Jun. 1998, doi: 10.1016/S01912(98)0003D.
[13]s. €. Chattaraj, A. Rathinavelu, and S. K. Das,

vaccine: comparison of the effects of routes of administration on the in vivo immune response in
mi c & Cantrolled Releasevol. 58, no. 2, pp. 22232, Mar. 1999, doi: 10.1016/S0168
3659(98)001648.

[14]JA. K. Hil bert, U. Fritzsche, and T. Kissel, HfABic
vacci ne: i mmu n eVaccmevpl.dlnh, ace 910, pp. OGO E3, Mar. 1999, doi:
10.1016/S0264110X(98)00323b.

113



[15]T. E. Rajapaksa, M. Stowta me r X. Fernandez, H. A. Eckel hoef ¢
targeted protein incorporated into PLGA nanopart
Control Releasevol. 142, no. 2, pp. 19@05, Mar. 2010, doi: 10.1016/j.jconrel.2009.10.033.

[16]V . L. Herr mann, C. Hart mayer, 0. Pl anz, and M. (
PLGA microspheres interferes with influenza A virus replication in the lung and suppresses the
i nf ect i od €ondolled Redeaseql. 816, pp. 121131, Oct. 2015, doi:
10.1016/j.jconrel.2015.08.019.

[17]J. Hirematretal, A ENntr apment of H1IN1 Influenza Virus Der
Nanoparticles Enhances T Cel | PROSONEval.slEnoadpd Vacci
p. e0151922, 2016, doi: 10.1371/journal.pone.0151922.

[18]J . M. Anderson and M. S. Shive, fABiodegradation
mi ¢ r o s fAdveDrug Belivdo Reyvol. 28, pp. 524, 1997.

[19]A. L. Gallowayet al, ADevel op me n tbased inflaenza waocmeuaimgtthe ERINT®
t e ¢ h n dNemmmegicine Nanotechnol. Biol. Mgdol. 9, no. 4, pp. 52%31, May 2013, doi:
10.1016/j.nan0.2012.11.001.

[20]Y. WaeckerleMenetal, A Encapsul ation of proteins-and pepti
lactide-co-glycolide) microspheres prolongs and enhances antigen presentation by human dendritic
c e | Yascingvol. 24, no. 11, pp. 18487, Mar. 2006, doi: 10.1016/j.vaccine.2005.10.032.

[21]A. Tukhvatulinet al, AAdjuvantation of an I nfluenza Hemagg
Agonists Encapsulated in Poly(Dlactide Co-Glycolide) Nanoparticles Enhances Immunogenicity
and Protection against L e t Wactines Baselou & moz3aSep/i r us | r
2020, doi: 10.3390/vaccines8030519.

[223. Ss. Oxford, T. Corcoran, and A. L. Hugent obl er

of influenza A and B viruses usiJnBiol $tangyMol. 9t es ol ut i
no. 4, pp. 488491, Oct. 1981, doi: 10.1016/S002257(81)80048.
[23]W. Guetal, AUnal tered influenza di sease odtcomes in

gal act os yDee Eama.immdirelyob 114, p. 103843, Jan. 2021, doi:
10.1016/j.dci.2020.103843.

[24]D. M. D. C. Madridetal, fiCompar i son eghlaciosylestamiderfor reduaing disease U
and transmission in pigs infect ehntwettShi.voR® 09 H1 N
p. 999507, Oct. 2022, doi: 10.3389/fvets.2022.999507.

[25]G. Gallietal, Al nvariant NKT cell s sust aiProc. Nagg.&cad.f i ¢ B
Sci, vol. 104, no. 10, pp. 3988989, Mar. 2007, doi: 10.1073/pnas.0700191104.

[26]C . Ye, B. E. Low, M. V. Wi | es, T. M. Brusko, D.
Regulates Regulatory T Cells and Invariant NKT Cells and Modulates Type 1 Diabetes in NOD
Mi c @é. Jminunol. vol. 205, no. 7, pp. 1763777, Oct. 2020, doi: 10.4049/jimmunol.2000148.

[27]A . P. Mount for d, A. Fi sher, and R. A. Wil son, i
mi ce exposed t o Sarasitedminursojorohd6, mald,pm 52527,00ct. 1994,
doi: 10.1111/j.13653024.1994.tb00306.x.

[28]K . Mo han, E. Cordeir o, M. Vaci , C. Mc Master, anoc
to dermal inflammation by normal andin vivo activated T cells: differential requirements by CD4 and
CD8 me mo r yEursdulmund|. wl, 3%, no. 6, pp. 1702711, Jun. 2005, doi:
10.1002/eji.200425885.

[29]J . K. Hu , T. Kagari, J . M. Clingan, and M. Mat | c
on T cells affects the balance between effector and memory @D8 T | gehrecrNatt. i on, 0
Acad. Sci.vol. 108, no. 21, May 2011, doi: 10.1073/pnas.1101881108.
114



[30]M. Kurachietal, A Chemokine receptor CXCR3 facititates C
|l ived effector cell s [|Jekm Medgol. 208, non@, ppo 16646268,e ge ner a't
Aug. 2011, doi: 10.1084/jem.20102101.

[31]A. E. Fosteetal, @ Hu ma it menbrg Rdells are less responsive to alloantigen stimulation
than CD62L+ naive T cells: potenti aBloodwlr adopt i\
104, no. 8, pp. 2402409, Oct. 2004, doi: 10.1182/blo@00312-4431.

[32]B. E. Andersoretal, fiMemory CD4+ T cwodrsushodd db6lieasduodce gr
Invest, vol. 112, no. 1, pp. 10108, Jul. 2003, doi: 10.1172/JCI17601.

[331B. J. Chen, X. Cui , G. D. SempowsKki , a. Liu, anc
memory T cells without graftersush o s t d Blood vals163, nb. 4, pp. 1584541, Feb. 2004,
doi: 10.1182/blooe200308-2987.

[34]A. Vega Gonzalez, P. SubRaat er naul t , F. Nudda, and B. Mar ongi
various polymer/solvent solutions and their relation with adimensional numbers involved in the
antisol vent 16thaEir. MeetcShpercrig Blids React. Mater. Nat. Prod. Process.
StrasbourgColmar Fr.Jan. 2005.

[35]S . K. Ti war i and S. S. Venkatraman, il mportance
monolithic and cofies h e | | MaterbSeirEsg. @vol. 32, no. 5, pp. 10371042, Jul. 2012, doi:
10.1016/j.msec.2012.02.019.

[36]C. Janeway, Edl, mmunobi ol ogy: the i mmune syst-BOM in heal't
inside], 5. ed. New York, NY: Garland Publ. [u.a.], 2001.

[37]M. F. Mescher, P. Agarwal, K. A. Casey, C. D. Hammerbeck, Z. Xiao, and J. M. Curtsinger,
iMol ecul ar basis for checkpoints in tSeminCD8 T ce
Immunol, vol. 19, no. 3, pp. 15361, Jun. 2007, doi: 10.1016/j.smim.2007.02.007.

[38]V . Kanchan and A. K. P-laadet aglyladiide partieles avithtmaccophageso f  a n't
and their correl at i oBiomaterialdwvol.t28 ao. 35mpmE34&357rDes pons e, ¢
2007, doi: 10.1016/j.biomaterials.2007.08.015.

[39]V. C. Huberet al, ADi stinct Co nlhdudedlmmunaglobslin Gif (Ig&laand i n e
l gG2a Anti bodies to Pr ot eClin Vacagne Imnmunaivoli 3,y00.@9 gai nst
pp. 981990, Sep. 2006, doi: 10.1128/CVI.00156.

[40]M. S. Neuberger and K. Raj ewsky, HAActivation of
ant i b &uw.iJ.éensmuno|.vol. 11, no. 12, pp. 1012016, 1981, doi: 10.1002/eji.1830111212.

[41]F . Ni mmer jahn and J. V. Ravetch, fADivergent | mmt
Selective Fc RBdenceywlt 30, noBirs3,¢p. h54051Q, Dec. 2005, doi:
10.1126/science.1118948.

[42y. Kim, K. Hong, H. Kim, and J. NamReviMechf | uenza
Virol., vol. 32, no. 1, Jan. 2022, doi: 10.1002/rmv.2243.

[43]K . Houser and K. Subbarao, fi | nf ICalldHoszMicroWeval.c i ne s :
17, no. 3, pp. 29800, Mar. 2015, doi: 10.1016/j.chom.2015.02.012.

[44APast Seasons Vaccine Effectiveness Estimates. 0
https://www.cdc.gov/flulvaccinesork/pastseasongstimates.html#2021

[45]A. J. Poll ard and E. M. Bijker, AA guide to vacc
Nat. Rev. Immunglvol. 21, no. 2, pp. 8300, Feb. 2021, doi: 10.1038/s418720-004797.

[46]M. K. L. MacLeodetal, fiVaccine adjuvants aluminum and mono
signals to generate pr ot e dtoc. Mad. Acag. Bqivol.dB@8jno. me mor vy
19, pp. 79147919, May 2011, doi: 10.1073/pnas.1104588108.

115



[47IM. Klucker, F. Dal en-on, P. Probeck, and J. Haer

Based Vaccine Adjuvant Prepared bpharan.SEejkchse | nver
101, no. 12, pp. 449@500, Dec. 2012, doi: 10.1002/jps.23311.
[48]J . Wil schut, Al nfl uenza Immawiclethvelsl22, nb.Repp.1i8r 0 s 0 me ¢

121, Feb. 2009, doi: 10.1016/j.imlet.2008.11.006.

[49]J.J.C. De Vriestal, #fil ncorporation of LpxL1, a detoxified
influenza HS5N1 virosomes i \Vaccingval.€ 8o.6/@cI9dB5H e i mmur
Feb. 2009, doi: 10.1016/j.vaccine.2008.11.046.

[50]H. P. Patiletal, A Eval uati on of monophosphoryl l'ipid A a
i nf |l uenza Contaotied Reteasead. 174, pp. 5162, Jan. 2014, doi:
10.1016/j.jconrel.2013.11.013.

[51]ID. Johnson, {achve lycblipidsiacVactiheRAdjuvants and Stafmhe
| mmunot he Carmplou MedcChemuol. 8, no. 2, pp. 649, Jan. 2008, doi:
10.2174/156802608783378882.

[52]S. M. Singhetal, A Characterization of | mmune Responses t
Vaccine Adjuvanted with Na Wioaplramunol, wl 29:0.Epmt ai ni n¢
269 275, Jun. 2016, doi: 10.1089/vim.2015.0144.

[53]J . L. Turley and E. C. Lavell e, AfResol ving adjuy
Curr. Opin. Immunol.vol. 77, p. 102229, Aug. 2022, doi: 10.1016/j.c0i.2022.102229.

[54]F . M. Davenport, A V. He nnes § immunalival. 109,.no. B, . As ki
p. 1139, May 1968.

[55]R. Rashiet al, iTar get-MATgceltakissmph¥es vaccine efficacy and affords protection
agai nst vi PROS Pahag.vbl.dg ront p. 1011485, Jun. 2023, doi:
10.1371/journal.ppat.1011485.

[56]A . Sabbaghi, S. M. Miri, M. Keshavar z, M. Mahoot
cells in controlling viral infections with a focus on influenza virus: implications for designing novel
t herapeut i irolaJ ol Irano. i, e.s174pDec. 2020, doi: 10.1186/s1ABBB01449
0.

[571J . P. Driver, D. M. De Carval ho Madrid, W. Gu, [

| mmune Responses to I nfluenza A FMntdmmanolalcci nes
11, p. 2172, Oct. 2020, doi: 10.3389/fimmu.2020.02172.

[58]S. Rentet al, Al ntranasal delivery of inf lcelladjuzaat ant i ge
differentially induces the expression ofcBe | | activation f Gdaltlnanmusol. i N mi c €
vol. 329, pp. 2730, Jul. 2018, doi: 10.1016/j.cellimm.2018.04.005.

[59]Z. Moldoveanwetal, f Or all | mmuni zation with I nflu&nza Vir

Infect. Dis, vol. 167, no. 1, pp. 880, Jan. 1993, doi: 10.1093/infdis/167.1.84.

[60]A . Bozkir, G. Hayta, and O. M. Saka, fACompari sor
emulsions (watem-oil-in-water) containing influenza virus antigen on the in vivo immune response
i n rRharm,.val. 69, no. 9, pp. 72325, Sep. 2004.

[61]H. C. Watkinsetal, A A single dose and | ong | asting vaccir
controlled release of a heterospecies tandem M2 sequence embedded within detoxified bacterial outer
me mbr ane Maeiseval 3% 90, 40, pp. 5373380, Sep. 2017, doi:
10.1016/j.vaccine.2017.08.013.

116



[62]S. Dhakakt al, iBi odegradabl e nanoparticle delivery of
provides heterologouscetie di at ed i mmu n eJ CGoetrsl Releassvel. 247npp.d94g s, 0
205, Feb. 2017, doi: 10.1016/j.jconrel.2016.12.039.

[63]S. P. Kasturetal, fAProgramming the magnitude and persi st
i mmu n Natuse vab. 470, no. 7335, pp. 54347, Feb. 2011, doi0.1038/nature09737.

[64]Y. Ddlenet al, Ad€livery of PLGA encapsulated invariant NKT cell agonist with antigenic
proteininduce strong Tcaethe di at ed ant i t u moOncoimmmalogyol. 5, Bo0slp onses,
p. €1068493, 2016, doi: 10.1080/2162402x.2015.1068493.

[65]Y. Ddlenet al, AfNanovaccine administration route is cri
robustantt umor T and BOncomimunologgval.®,0m §, p.4738813, Jan. 2020,
doi: 10.1080/2162402X.2020.1738813.

[66]C.S.Chongetal, fAiEnhancement of T helper type 1 i mmune
antigen by PLGA nanop@onttoliReldageolvi@x; roilnpp. 88W9elan. ver vy, 0
2005, doi: 10.1016/j.jconrel.2004.09.014.

[67]M. Singhetal, A Adsorption of a novel recombinant gl ycc
to anionic PLG microparticles retains the structural integrity of the protein, whereas encapsulation in
PLG micr opar tPhan Resvol. @1y mos12,pm 2148R, Dec. 2004, doi:
10.1007/s1109904-76666.

[68]J . Kazzaz, M. Singh, M. Uugozzoli, J. Chesko,
the i mmune potentiators MPL and RC529%Cantmol PLG
Releasevol. 110, no. 3, pp. 5663, Feb. 2006, doi: 10.1016/j.jconrel.2005.10.010.

[69]S . Mat hew, A. Lendl ei n, and Eadjuvadi ceendagsdationimChar ac't
mi croparticl es [EuoXPharnaRiophamel. &8 end. 2, ppe 40§, Jud. 2014, doi:
10.1016/j.ejpb.2014.04.003.

[70]K . Kaneko, A. Mc Dowel I, Y. Il shii, and S. Hook, f
i mmu n o mo dgalactgyloeramitle in liposomes usingihCS / M $it. D Mass Spectrom.
vol. 392, pp. 96101, Dec. 2015, doi: 10.1016/j.ijms.2015.09.016.

[71]B. L. Artiagaetal, A Rapi d control of pandemcel $t&Ref. i nf |l ue
vol. 6, no. 1, p. 37999, Nov. 2016, doi: 10.1038/srep37999.

[72]Y.Lietal, A A3 3 -fanctioriallzed éxpsomes for targeted delivery of doxorubicin against
c ol or e ct Mahomeda&inecNanotechnol. Biol. Medol. 14, no. 7, pp. 1973985, Oct. 2018,
doi: 10.1016/j.nan0.2018.05.020.

[73]J. L. Vinaset al, A R e-kigand tintenaction Mediates Targeting of Endothelial Colony Forming
Cellkderi ved Exosomes t o t heSciKReglwle8yno.d fpt16320, Nos.c he mi ¢
2018, doi: 10.1038/s4159818 345577

[74]X. Gaocetal, A Anchor peptide captures, targets, and |
di agnost i c sScidramsl. Meh\wlr 18,mgy. 444, p. eaat0195, Jun. 2018, doi:
10.1126/scitransimed.aat0195.

[75]S. Raimondet al, Citfius limon-derived nanovesicles inhibit cancer cell proliferation and suppress
CML xenograft growth by inducing TRAHme d i at e d @neotaiget\ble€arioh23, p.
1951419527, Aug. 2015, doi: 10.18632/oncotarget.4004.

[76]L. Fengetal, fAPhar maceuti cal and i mesehepaitigB vacihe eval ua
using PLGA miQControlledoReleasemls11) no. 1, pp. 382, May 2006, doi:
10.1016/j.jconrel.2006.01.012.

E.
mi

117



[77]l. Skountzowetal, Al nf | uSepnezcai fMicr useut ral i zing I gM Anti bod
Clin. Vaccine Immunalvol. 21, no. 11, pp. 1481489, Nov. 2014, doi: 10.1128/CVI.00374.

[78]M. Ri ehl , M. Har ms, H. Lucas, T. E b evivessirraging C. A
of differentially charged PLGA carriers reveals antigepot effect, leading to improved immune
responses i n pBureJcRharm.iSavall 117mpp.cBRIT, May @018, doi:
10.1016/j.ejps.2018.01.040.

[79]M.-L. De Temmermaset al, APolyelectrolyte LbL microcapsul es
i mmuni zati on wi tJhComtrollpdrRel¢ageioln158ano.t2j pp. 23R390Mar. 2012,
doi: 10.1016/j.jconrel.2011.10.029.

[BO]V. V. Par ekh, ARGl ycdleirpgm dhadmnutriadekiilnd & Cinels clednd g a
Invest, vol. 115, no. 9, pp. 2572583, Aug. 2005, doi: 10.1172/JCI24762.

[B1]A. P. Uldrichetal, A NKT Cel | Stimulation with Glycolipid
Dependent Expansion, BiDependent Contraction, and Hyporesponsiveness to Further Antigenic
Chal | & tmgnenpldvol. 175, no. 5, pp. 3093101, Sep. 2005, doi:
10.4049/jimmunol.175.5.3092.

B2IB. A. Sullivan, fAActivatiomadoracamnsryd ierNMKT dee ldl s
Invest, vol. 115, no. 9, pp. 2322329, Aug. 2005, doi: 10.1172/JCI126297.

[83]M. Zar e, A. Bi gham, M. Zar e, H. Luo, E. Rezvani
Overview for Bi onmmd.iMolaSkti.voh g2pro.il2, p.637& Jus. 2021, doi:
10.3390/ijms22126376.

[84]S . Jacob, A B. Nai r , J . Shah, N . Sreehar sha, S.
Drug Delivery Systems, Ti ssuePhErmaceuticevel.rl3, nog and Wc
3, p. 357, Mar. 2021, doi: 10.3390/pharmaceutics13030357.

[85]G. M. Hal penny, R. C. Steinhardt, K. A. Okialda,
pHEMA-based hydrogels that exhibitlighthn duced bacteri ci dalJ. Matef.f ect vi
Sci. Mater. Med.vol. 20, no. 11, pp. 2352360, Nov. 2009, doi: 10.1007/s108669-37950.

[86]L. Bostanetal, A Mechani cal and tribological properties
hydrogel s as art i cTubokint, volad6, nd. 1, ppg2d224, beb.201P, dact e s, 0
10.1016/j.triboint.2011.06.035.

[B7]R . Foudazi, fi H | Re&cs Fuhcb PoRmvblyl 64| pP 149170 Jul. 2021, doi:
10.1016/j.reactfunctpolym.2021.104917.
[B8lF. Dehghani and N. Annabi, fA-BagedeteCuhr.Opipaoesus s

Biotechnol, vol. 22, no. 5, pp. 66566, Oct. 2011, doi: 10.1016/j.copbio.2011.04.005.
[89]G. G. FloresRojas, B. Gbmetazaro, F. LépeSaucedo, R. Ver&raziano, E. Bucio, and E.

Mendi z8bal, AEl ectrospun Scaf fMadrothelval. 8 no. 3Tpps sue Er
524 553, Aug. 2023, doi: 10.3390/macromol3030031.
[90]J . Greni er , H. Duval, F. Bar ou, P. Lv, B. Davi d,

in hydrogel scaffolds textured by freeder y i Attg Biamater.vol. 94, pp. 196203, Aug. 2019,
doi: 10.1016/j.actbio.2019.05.070.

[91]T. H. M. Lau, L. L. C. Wong, KY . Lee, and A. Bi smar ck, fiTail ored
porosity, high performancebina s ed macr oporous pol YGmenrCeemf rom f oa
vol. 16, no. 4, pp. 1931940, 2014, doi: 10.1039/C3GC41807C.

92]d. Li and D. J. Mooney, fnDesi gnNanRev.Matefvololgel s f or
no. 12, p. 16071, Oct. 2016, doi: 10.1038/natrevmats.2016.71.

118



[93]R. Foudazi, R. Zowada, |. Mangsl oczower , and D. L. Feke, APorous
and Futur e DCapgmairvol.lB9, not 6, mp.s209@111, Feb. 2023, doi:
10.1021/acs.langmuir.2c02253.

[94]J. George, CC . Hs u, L. T. B. Nguyen, H. Ye, and Z. Cui
hydrogel s i n CNS Bedhad. Ady.eoh 4R, pt H074370aSen. 2080, doi:
10.1016/j.biotechadv.2019.03.009.

[95]P . D. Dal t on, L. FI ynn, and -hjdiroxy8hyl m8thaorylagetr e t , A Mar
met hyl met hacryl ate) hydrogel Biamhterialsvbl®283, nouse as
18, pp. 38483851, Sep. 2002, doi: 10.1016/S04212(02)001245.

[96]Y . Luo, P. D. Dalton, and M. S. Shothgdloeyethyl Al nv e s
methacrylatecome t hyl met hacryl ate) HydCleg.eMaterMab L3, ow Fi be
no. 11, pp. 40874093, Nov. 2001, doi: 10.1021/cm010323+.

[97]SigmaAl dr i ch, A Pr oduc t-hydraxylethyimmed thiaem yfl ant epoloy AZ c e s s «
2024. [Online]. Available: https://www.sigmaaldrich.com/US/en/product/aldrich/477028

[98]P. Chhabrztal, fAStudies on Devel opment of Polymeric Ma
Contact and | nrt d &adymuSkcigot. 2009 pp.41% 20090doi:
10.1155/2009/906904.

[99]Q. Liu, E. L. Hedberg, Z. Liu, R. Bahul ekar, R.
macroporouspolythy dr oxyet hyl met hacryl ate) hydrogels by
Biomaterials vol. 21, no. 21, pp. 21632169, Nov. 2000, doi: 10.1016/S019812(00)0013+X.

[100] E. L. CusslerDiffusion: mass transfer in fluid systems 3r d ed. Cambri dge ; Ne
Cambridge University Press, 2009.
[101] H. Hamamot o, K. Hi mei |, S. | n o u dike neitvork polgnen |, and

precursor formation in fremdicalcrosd i nki ng mul t i alPoblynlJ, vpl.oi2, yomer i zat i
12, pp. 928927, Dec. 2010, doi: 10.1038/pj.2010.96.

[102] G. Wypych, nhEMAXxyelt\h(y2 Hmadbbok of PolyneggElsevier, 0 i n
2012, pp. 410411. doi: 10.1016/B978-89519847-8.501235.

[103] A. K. Gaigalas, J. B. Hubbard, M. McCurl ey, an
aqueous 9$.@hys Chemwolsdp, do. 5, pp. 2352359, Mar. 1992, doi:
10.1021/j100184a063.

[104] M. Grimaldo, F. RooseRu n g e, F. Zhang, T. Seydel, and F. S
of-Gbobul in in Cr owdeé&.lPhysd Chem.cBls118Smm.|2%b, pp. 720B209, 0
Jun. 2014, doi: 10.1021/jp504135z.

[105] T. JBssang, J. Feder, and E. Rosenqgvilst , APhot
Protein Chem.vol. 7, no. 2, pp. 16971, Apr. 1988, doi: 10.1007/BF01025246.

[106] M. T. Q. S. Da Silva, M. Do Rocio Cardoso, C.
bri ef Matev Today Prog.vol. 58, pp. 13441349, 2022, doi: 10.1016/j.matpr.2022.02.228.

[107] B. Tjaden, S. J. Cooper, D. J. Brett, D. Kr ame
of the Bruggeman correlation for analy@urng trans
Opin. Chem. Engvol. 12, pp. 4451, May 2016, doi: 10.1016/j.coche.2016.02.006.

[108] J. C. Lang, fAOcular drug del Adv.®ngDelv.dreywa.nt i on al
16, no. 1, pp. 3%3, Aug. 1995, doi: 10.1016/01889X(95)00012V.

[109] N. A. McNamara, K. A. Polse, R. J. Brand, A. D. Graham, J. S. Chan, and C. D. McKenney,
ifTear mi Xxing under a soft Am.d.t0phthalmalvel.n27; no.&f f ect s
pp. 659665, Jun. 1999, doi: 10.1016/S008294(99)00053.

119



[110] J . L. Creech, A. Chauhan, and C. J . Radke, i Di
Soft C o n tind Eng Chiera Resal. 80, pp. 30163026, 2001.

[111] J.Kim, C:C. Peng, and A. Chauhan, AExt endamgelr el ease
contact | enses d.cContradlead Releasgol.\148tpp. 40146, 20100

[112] C-C. Peng, J. Kim, and A. Chauhan, fHAExtended de
hydrogel contactlensesont ai ni ng Vi t ami Biom&eridlgvol.f3L, gpi403 barri er
4047, 2010.

[113] H. Hiratani, A. Fujiwara, Y. Tamiya, Y. Mizutani,and C. Alvalem r enz o, @A Ocul ar r e/
ti mol ol from mol ecul ar | Biomatenplgvol.i26, sod11l,9@ 12863 cont act
1298, Apr. 2005, doi: 10.1016/j.biomaterials.2004.04.030.

[114] D. Silva, L. F. V. Pinto, D. Bozukova, L. F. Santos, A. P. Serro, and B. Saramago,

AChitosan/ alginate based multil ayeColoidedSorf. B ont r ol
Biointerfacesvol. 147, pp. 889, Nov. 2016, doi: 10.1016/j.colsurfb.2016.07.047.
[115] J . Kim and A. Chauhan, fADexamethasone transpor

met hacr yllnad. PHharmgua.I353, pp. 206222, 2008.

[116) C. C€. Li and A. Chauhan, fAOcul ar transport mod
HEMA cont axXDRUG SChTEERHVQI. A7, no. 1, pp. 699, 2007.

[117] Y. Kapoor , P. Di xon, P. Sekar, and A. Chauhan,
release of Cyclosporine Afrorpoly-hy dr oxyet hyl met Buad Phaimat e hydr og:
Biopharm, vol. 120, pp. 76879, 2017.

[118] X. Wang, T. Sawada, 0. Sawada, Y. Sai shin, P.
Endothelial Growth Factor Concentrations Before and After Intravitreal Injection of Aflibercept or
Ranibizumab forAgiRe | at ed Mac ul a&am.J.Dehthalmaotvol.alb8i no.rit, pp. 738
744.el, Oct. 2014, doi: 10.1016/j.aj0.2014.06.009.

[119] J-H. Chang, N. K. Garg, E. Lunde, ¥.. Han, S. Jain, and D. T. Aza
Neovascularization: An AV EGF T h e r a pSurv. Rghthalneojvol. &7, no. 5, pp. 415
429, Sep. 2012, doi: 10.1016/j.survophthal.2012.01.007.

[120] F. Bock, Y. K°ni g, F. Kr use, M. Bai er , and C.
i nhibit cor nealGraefestAxcta €lio. iEExpaOphthalemdidl. 846, na 2, pp. 281
284, Feb. 2008, doi: 10.1007/s004007-06844.

[121] H.-S.Chuetal, A Subconjunctival Il njection of Bevaci zu
Neovascul arizati on As s oGoinegtvod 80, ndiltpp. 6@6jJan. 2011De p o si t
doi: 10.1097/1C0O.0b013e3181e458c5.

[122] | . Avi sar , D. Wei nberger, and | . Kr emer , ANEf f e
I njections on Corneal N e o CuarskyaiResvol.i33, aot 2, ppnld8i n a Mc
115, Feb. 2010, doi: 10.3109/02713680903429007.

[123] AOXERVATEE (dbé&m¢yemomihn hal mic solution, for top
U.S. Inc. [Online]. Available: https://oxervate.comAaspntent/uploads/2023/10/20Z3XERVATE-
Prescribinginformation_10.30.23.pdf

[124] R. H. Spect orClinicAl MetlodsPTheHistory, Pliysicalpand Laboratory
Examinations3rd ed., H. K. Walker, W. D. Hall, and J. W. Hurst, Eds., Boston: Butterworths, 1990.
Accessed: Jun. 27, 2024. [Online]. Available: http://www.ncbi.nlm.nih.gov/books/NBK381/

[125] J. Ruzickeet al, ATreating spinal cord injury in rats v
stem cell s and hydr ogActh Neurohiod Exp. (Wardzyol i73, ho. 1spp.r ot oni r
102115, 2013.

120



[126] O. Janougkovs§, M. PS&dnlT, M. Vetr2k, E. Chyl 2k
Smr| kov, A@ABi omi meti c mod ihydroxyettylimethacrgate) hgduogdl por o s i
scaffoldd por osi ty and st e mBiomed. IMate;.vob It nb. 5¢M0&5004,alul.i on, O
2019, doi: 10.1088/174805X/abh2856.

[127] F.Alametal, A 3D Pr i nt e dACS BiomatarcSci. Engeoh B, ros2, gp. 794803,
Feb. 2021, doi: 10.1021/acsbiomaterials.0c01470.

[128] J. Santodoming®ubido, G. Carracedo, A. Suzaki, C. Vilollar, S. J. Vincent, and J. S.
Wol f fsohn, AKer at oc dcContast LenstAmteriorcyeal t48, do. 3, @ L0569y, O
Jun. 2022, doi: 10.1016/j.clae.2021.101559.

121



APPENDIX A SUPPLEMENTARY INFORMATION

A.1 Influenza Vaccine PLGA Particle Study
Table Al Reagents used for flow cytometry analysis of surface markers
Antigen Clone Isotype Conjugation Source
Anti-CD4 RM4-5 Rat | g ¢ AlexaFluor 700 BD Biosciences
Anti-CD8 536.7 Rat | gt eFluor 506 Thermo Fisher
Anti-T CR b H57-597 Hams:frl'ng’ PECy7 BD Biosciences
Anti-FOXP3 FJK-16s Rat | gt FITC Thermo Fisher
Anti-CD44 IM7 Rat | g( PerCRPCy55 BD Biosciences
Anti-CD62L MEL-14 Rat | g« S“p%zB”ght Thermo Fisher
Anti-CD25 PC61 Rat 1Ig BV605 BD Biosciences
Anti-CXCR3 CXCR3173 amsterigGl, — py/o BD Biosciences
-2DP .

H-2D°NPss6 374 N/A N/A PE NIH Tetramer
tetramer Core
Live/Dead N/A N/A APC-Cy7 Thermo Fisher
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Figure Al In vitro differential and cumulative HA release. Comparison of (A) PLGA 50:50 1% wi/v
particle formulations of molecular weights (MWspXDa (form. 1), 717 kDa (form. 3), and-17 kDa

with NaOH ceencapsulation (form. 4), (B) PLGA 50:50 2.5% w/v paetidrmulations of MWs 6 kDa
(form. 2), 717 kDa (form. 5), 717 kDa with NaOH ceencapsulation (form. 6), and 59 kDa (form. 7),

(C) polymer hydrophobicity (PLGA 50:50 < PLGA 75:25 < 50/50 PLGA 75:25 / PCL) (form. 5, 6, 9, 12),
and (D) virus amount esl in the preparation and polymer hydrophobicity (PLGA 75:25 < 50/50 PLGA
75:25/ PCL) (form. 10, 11, 13, 14).
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