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ABSTRACT 

A few decades back, a new class of drugs called biologics started gaining prominence.  

Biologics are a broad class of drugs which include protein, peptide, and nucleic acid-based 

therapies.  Differences in sizes and stability compared to the small molecule drugs result in 

different challenges in development 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. Intravenous or 

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 pharmacokinetics.  This thesis focuses on 

designing biologic delivery approaches to achieve the desired pharmacokinetics for two 

applications ï 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 frequent dosing.  This thesis 

addresses both issues by developing particles for sustained release of influenza virus in 

combination with natural-killer T cell (NKT) agonist.  Biodegradable poly (lactic-co-glycolic 

acid) (PLGA) particles were prepared by double emulsion method to load both NKT agonist Ŭ-

galactosylceramide (Ŭ-GalCer) 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 anti-VEGF are delivered via intravitreal 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 porous 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 lathe-cut into lenses.  The approach was successful in manufacturing contact lenses 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 fragments, recombinant 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 clinical use and many more are currently 

in clinical trials [1].  The Purple Book provided by the FDAôs Center for Drug Evaluation and 

Research (CDER) and Center for Biologics Evaluation and Research (CBER) is a searchable, 

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 across biological 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 stomach.  Furthermore, 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 first-pass metabolism in liver.  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 and clinical settings represents another challenge which could increase 

cost and reduce compliance.  The intra-muscular injection is considered the most invasive of all 

the routes, and the need for skilled personnel results in additional cost and lowers accessibility.  

Parenteral routes other than injection have been explored and include infusion, subcutaneous, 

transdermal, inhalation, nasal, and buccal routes.  These less invasive routes are local 
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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 invasive parenteral routes 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 of the biologic from the subcutaneous microenvironment [2].  

Due to these benefits, subcutaneous injection is becoming the preferred method of delivery. 

Some of these challenges can be overcome by integrating the biologics into biomaterials 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 widespread use of biologics in clinical use is new, biologics 

such as live-attenuated 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 smallpox [3].  He discovered that immunity could be developed against smallpox by 

exposing humans to an attenuated form of the variola virus (smallpox virus).  Since the original 

discovery, vaccines have been impactful in preventing infection against respiratory disease 

pathogens and blood-borne pathogens and eradicating viral diseases such as smallpox.  The 

Center for Disease Control and Prevention (CDC) has a comprehensive recommended vaccine 

schedule from birth till the age of about 65 years to protect people of all ages from many 

dangerous life-threatening diseases (Figure 1.1).
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Figure 1.1 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]. 
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Figure 1.1 Continued 

 

In addition to viral diseases, biologics are being increasingly used as therapeutic treatments 

for autoimmune diseases such as rheumatoid arthritis, ankylosing spondylitis, Crohnôs disease, 

ulcerative colitis, psoriasis, and multiple sclerosis.  As evident from the schedule in Figure 1.1, 

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 needed because different 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 natural killer T (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 

can result in a reduction in the frequency of vaccination.  Additionally, the use of particles to 

provide sustained release alters the pharmacokinetics and exposure to the immune system which 

has shown potential in making the response more cross protective. 
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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 as age-related macular 

degeneration (AMD), uveitis, and inflammation, and the numbers are expected to increase 

significantly due to ageing of the world population.  Systemic and local biologics have been used 

to effectively treat uveitis by targeting pathways (e.g. tumor necrosis factor-alpha (TNF-alpha), 

interleukin-2 pathways) implicated in both angiogenesis and inflammation [6].  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 full-length monoclonal IgG antibody that also inhibits VEGF [6], [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 chapters 4 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 

longer residence 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 for sustained delivery of 

biologics. 
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CHAPTER 2  INFLUENZA VACCINE PLGA PARTICLES 

Modified from a paper published in European Journal of Pharmaceutics and Biopharmaceutics1. 

Zachary Sparks2, Yuhan Wen3, Ian Hawkins4, John Lednicky5, Georges Abboud6,  

Corwin Nelson7, John P. Driver89, Anuj Chauhan10 

2.1 Introduction  

Human influenza vaccines are chemically inactivated or live attenuated quadrivalent vaccines 

formulated with two influenza A viruses and two influenza B viruses [9].  Despite their 

widespread use, regular re-vaccination is recommended to match the vaccine viruses with 

circulating virus strains and to boost influenza-specific antibody (Ab) responses that usually 

wane within several months of immunization [10].  Thus, there is a need for vaccines that elicit 

long-lasting protective immunity against multiple strains of influenza viruses to limit mortality 

and morbidity caused by seasonal and pandemic influenza outbreaks.  

A potential approach to provide long lasting immunity is to encapsulate vaccines in 

biodegradable particles to extend antigen release in the body [11], [12], [13], [14], [15], [16], 

[17], which allows antigen presenting cells (APC) to present the antigen to circulating 

lymphocytes for a greater duration.  Ideally, the duration of sustained release can be tailored 

from a few days to weeks by adjusting the polymer properties and/or particle size [18].  Particle 

 

 

1 Reprinted with permission of European Journal of Pharmaceutics and Biopharmaceutics Volume 202 (2024) 

114388, Sep. 2024, doi: 10.1016/j.ejpb.2024.114388. 
2 Graduate student, Department of Chemical and Biological Engineering, Colorado School of Mines; Co-first author, 

Writing ï review & editing, Writing ï original draft, Methodology, Investigation, Formal analysis. 
3 Graduate student, Department of Animal Sciences, University of Florida; Co-first author, Writing ï review & 

editing, Writing ï original draft, Methodology, Investigation, Formal analysis. 
4 Clinical Associate Professor, Department of Comparative, Diagnostic & Population Medicine, University of 

Florida; Writing ï review & editing, Supervision, Resources, Conducted lung pathology analysis. 
5 Research Professor, Department of Environmental and Global Health, University of Florida; Writing ï review & 

editing, Resources, Methodology, Prepared UV-killed influenza virus. 
6 Associate Professor, Department of Pathology, Immunology and Laboratory Medicine, University of Florida; 

Writing ï review & editing, Resources, Methodology, Investigation, Operated influenza virus intranasal infection 

assay. 
7 Associate Professor, Department of Animal Sciences, University of Florida; Writing ï review & editing, 

Methodology  
8 Professor, Department of Animal Sciences, University of Missouri; Writing ï review & editing, Supervision, 

Resources, Project administration, Formal analysis, Conceptualization. 
9 Bond Life Sciences Center, University of Missouri 
10 Professor, Department of Chemical and Biological Engineering, Colorado School of Mines; Writing ï review & 

editing, Supervision, Resources, Project administration, Formal analysis, Conceptualization. 

https://doi.org/10.1016/j.ejpb.2024.114388
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size also influences the location of antigen release in the body since particles larger than 20 ɛm 

are above the limit of phagocytosis by APCs.  Hence, larger microparticles can provide extended 

release of antigen into the interstitial fluid while smaller microparticles and nanoparticles can 

provide release inside APCs. 

Vaccine-loaded particles have been made by several methods such as the double emulsion 

method, spray drying, and particle molding.  A technology called PRINT (Particle Replication in 

Non-wetting Templates) uses nanocylinders of PLGA with cationic binding agents to 

electrostatically bind trivalent influenza vaccine to the particle surface [19].  Mice vaccinated 

with these nanocylinders generated high levels of IgG and hemagglutination inhibition titers two 

weeks after a booster injection which were significantly higher in concentration compared to 

mice vaccinated with a soluble vaccine.  Spray drying has been used to encapsulate influenza 

virus proteins and peptides in PLGA microparticles of 1-5 ɛm [16], [20].  This approach induced 

superior levels of cytotoxic T lymphocytes (CTL) compared to the soluble protein in vitro [20].  

While most of these particle technologies have high vaccine loading efficiencies and induce 

influenza virus-specific immune responses in vivo, single administrations of particle-based 

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 determining long-term immunity. 

Most previous research on sustained vaccine release formulations has focused on 

encapsulating whole virus particles or viral antigens into PLGA nano- or micro-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 degradation rate.  Additionally, the 

polymer molecular weight (MW) impacts the release kinetics of the encapsulated antigen.  

Several studies have used a PLGA ratio of 50:50 with MWs ranging from 7-17 kDa, which can 

provide a sustained release over 30-40 days with a near linear release profile or an initial high 

linear release rate followed by a slow tapering release [16], [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 release [15], [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 about a month.  To achieve this, we varied the PLGA MW, and lactide to glycolide 
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ratio in the formulations, and additionally utilized a PLGA/PCL blend and co-encapsulation of 

NaOH in the particles.  The particles were prepared by using the standard double emulsion 

approach and then measured for size, microstructure, antigen loading efficiency, and antigen 

release profiles.  Finally, the formulation that best met our design goals of long-delayed second 

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

tested in vivo over a long duration of 35 weeks using mice. 

2.2 Materials and Methods 

2.2.1 Materials 

Poly-lactic-co-glycolic acid (PLGA) 50:50 7-17 kDa (Resomer RG 502H), PLGA 75:25 4-15 

kDa (Resomer RG 752H), polycaprolactone 14 kDa, dichloromethane (DCM) (HPLC grade), 

polyvinyl alcohol (PVA) 87-89% hydrolyzed 31-50 kDa, sodium hydroxide (NaOH) 50%, 

Tween 20, and Dulbeccoôs Phosphate Buffered Saline were purchased from Sigma Aldrich (St. 

Louis, MO).  PLGA-di-acid 50:50 2-6 kDa (CDN1229) was purchased from CD Bioparticles 

(Shirley, NY).  Abs for the hemagglutinin (HA) enzyme-linked immunosorbent assay (ELISA) 

were purchased from Novus Biologicals (Littleton, CO).  Micro bicinchoninic acid (Micro BCA) 

assay reagents were purchased from Fisher Scientific. 

2.2.2 Vaccine and Virus Preparation 

H1N1 influenza virus A/PR 8/1934 (PR8) propagated in specific pathogen free eggs was 

purchased from Charles River Laboratories (Wilmington, MA).  To produce the ultraviolet killed 

PR8 virus (kPR8) for vaccination, virus was resuspended in 1 mL of serum-free media at a 

concentration of 100 ɛg/ɛL and exposed to ultraviolet radiation for 30 minutes.  Inactivation was 

confirmed by the absence of hemagglutination activity after passage in eggs according to the 

certificate of analysis from the manufacturer.  Both PR8 and kPR8 were stored in aliquots at -

80°C until use. 

2.2.3 Preparation of Microparticles 

A double emulsion solvent evaporation method was used to encapsulate kPR8 in 

microparticles.  The organic phase of the primary water-in-oil emulsion comprised of 1, 2.5, or 

4% w/v polymer in dichloromethane.  The aqueous phase of the primary emulsion included 2 

mg/mL kPR8 in Dulbeccoôs modified eagle medium (DMEM) (pH 7.0).  The volume of the 
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organic phase was 10 or 20 times the volume of the aqueous phase.  The aqueous phase was 

added dropwise to the organic phase under pulsed sonication (Q125 sonicator, Qsonica, Newton, 

CT) at 40% amplitude for one minute.  In two of the formulations, 200 ɛL of 0.01 M NaOH (pH 

12) was added with 100 ɛL of 2 mg/mL kPR8 as the inner aqueous phase to co-encapsulate 

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 listed in Table 2.1. 

The primary emulsion was added dropwise through a 25-gauge syringe needle into the outer 

aqueous phase under magnetic stirring to make the double emulsion.  The outer aqueous phase 

consisted of 30 mL 1% w/v PVA and 0.9% w/v NaCl in water, giving a volume ratio of 1:30 of 

primary emulsion to outer aqueous phase.  The 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 particles were collected by centrifugation, washed 

three times with deionized (DI) water, and then freeze-dried.  After lyophilization, the dry weight 

of particles was recorded, and the particles were kept at 4°C until release. 

2.2.4 Particle Characterization 

The particles were imaged using optical microscope and scanning electron microscopy (SEM) 

(JEOL 7000 FESEM Akishima, Tokyo, Japan).  The images were analyzed using Image J to 

determine average particle size and standard deviation.  SEM 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 sonication.  Carbon tape was placed on an aluminum stub, 

and 100-200 ɛL of particle solution was placed on the carbon tape and allowed to dry.  Once 

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 indirectly.  For the indirect determination, the 

supernatant in the centrifugation step was collected and assayed to quantify the amount of HA in 

the sample by ELISA.  The concentration of HA can be converted to the concentration of the 

virus by its mass fraction (~0.36) [22].  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 supernatant.  The ratio of the mass of the virus and that of the 

particles was then calculated and reported here as virus loading Equation 2.1. 
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Additionally, the loading efficiency was calculated as the ratio of the encapsulated virus and 

the total starting virus in the formulation Equation 2.2. 

 

ὺὭὶόί ὰέὥὨὭὲὫ
ὸέὸὥὰ ίὸὥὶὸὭὲὫ ὺὭὶόί όὲὩὲὧὥὴίόὰὥὸὩὨ ὺὭὶόί

ὴὥὶὸὭὧὰὩ Ὠὶώ ύὩὭὫὬὸ
 

(2.1) 

 

Ϸ ὺὭὶόί ὰέὥὨὭὲὫ ὩὪὪὭὧὭὩὲὧώ                             

  
ὸέὸὥὰ ίὸὥὶὸὭὲὫ ὺὭὶόί  όὲὩὲὧὥὴίόὰὥὸὩὨ ὺὭὶόί

ὸέὸὥὰ ίὸὥὶὸὭὲὫ ὺὭὶόί 
ρππϷ 

 

(2.2) 

The virus loading in the particles was also measured directly by dissolving the particles in 

dichloromethane (DCM) or degrading the particles in NaOH solution.  Specifically, 5-10 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 DCM.  The mixture was vortexed and then allowed to separate 

to extract the virus into the aqueous phase, which was then separated via centrifugation.  The 

supernatant was collected and assayed for the virus by Micro BCA assay, which directly yielded 

the virus concentration.  A 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 Equations 2.3 and 

2.4. 

ὺὭὶόί ὰέὥὨὭὲὫ  
ὩὲὧὥὴίόὰὥὸὩὨ ὺὭὶόί

ὴὥὶὸὭὧὰὩ Ὠὶώ ύὩὭὫὬὸ 
 

 

(2.3) 

Ϸ ὺὭὶόί ὰέὥὨὭὲὫ ὩὪὪὭὧὭὩὲὧώ  
ὩὲὧὥὴίόὰὥὸὩὨ ὺὭὶόί

ὸέὸὥὰ ίὸὥὶὸὭὲὫ ὺὭὶόί 
ρππϷ 

 

(2.4) 

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 plate at 37°C.  The particles 

were centrifuged, and the degradation solution supernatant was collected.  The degradation 

solution supernatant was measured directly using Micro BCA assay.  For measurement using HA 

ELISA, the degradation solution supernatant was neutralized with 0.01 M HCl (pH 2) and PBS.  

The neutralized solution was diluted in sample dilution buffer of pH 7 containing 0.01%w/v 
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Tween 20, 0.01% w/v BSA, and 0.005%w/v SDS and measured using HA ELISA.  To ensure 

complete recovery, the residual particles were resuspended in fresh NaOH-Tween 20 solution.  

The kPR8 release was measured each day until the virus mass did not change with time.  The 

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 measured in vitro by suspending 5-10 mg particles in 1 mL of PBS, 

and then adding 4 mL of 0.01% w/v Tween 20 in PBS.  The particle suspensions were placed on 

an incubated shaker plate at 37°C.  At specifically chosen times, the suspension was centrifuged 

to collect the supernatant which was assayed by HA ELISA and Micro BCA assay.  The particles 

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 loading estimate, the remaining particles in the 

release sample were dissolved in DCM.  Any residual loaded kPR8 was extracted from the DCM 

with PBS and quantified using HA ELISA.  Any 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 payload.  Additionally, the differential release [release of virus (ng)/mass 

of particles (mg)/day] as a function of time in days and the cumulative release calculated by 

adding the mass of virus released in all previous release collections (ng/mg) are provided in 

Figure A.1.  

2.2.7 Animal Studies 

2.2.7.1 Mice 

Six to seven-week-old female C57BL/6J mice were purchased from the Jackson Laboratory.  

Mice were housed in the AAALAC-approved facilities at University of Florida and kept in 

biosecurity level 2 (BSL-2) conditions throughout the experiment.  The study was approved by 
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the University of Florida's 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.) injected in both thigh muscles with 0 

(vehicle alone - PBS), 0.3, or 3 ɛg kPR8 dissolved in 100 ɛL of PBS (50 ɛL per leg) using a 27-

gauge needle.  An additional group of mice was injected with 100 ɛL of PBS containing 15 mg 

per mL of virus-loaded particles.  Another group of mice was mock vaccinated and mock 

infected (MM) as healthy controls. 

2.2.7.3 Virus Challenge and Survival 

Thirty-two weeks after vaccination, the mice were anesthetized by isoflurane inhalation and 

challenged intranasally (i.n.) with 40 ɛL (20 ɛL/nostril) of 25,000 pfu live PR8 virus.  Body 

weight and clinical signs were measured daily, based on motility, posture, and fur neatness.  The 

time of death indicated in the survival curves is the time of death at which an animal was 

euthanized due to severe weight loss (> 25%).  Blood samples, spleen, and lung tissues were 

collected when the mice were euthanized due to illness or at 3 weeks post infection in the 

surviving mice. 

2.2.7.4 Lung Pathology 

The right lungs were collected after euthanasia, fixed in 10% zinc-buffered formalin for one 

day, embedded in paraffin, and stained with hematoxylin and eosin (H&E) as previously 

described [23].  The severity of bronchiolitis and pneumonia in stained sections was assessed 

using a previously described scoring system [24].  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 leukocytes.  Pneumonia 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 PR8-specific Abs in the blood and lung fluid, plasma was isolated from blood 

samples collected from the facial vein by centrifuging whole blood at 12,000 x 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.  PR8-specific Abs were determined by ELISA as previously described [25].  Briefly, 

96-well ELISA plates were coated with 100 ɛL of 1 ɛL /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 buffer (10% FBS in PBS) for 1 h at 37 .  The plates were then washed 

three times with wash buffer and incubated with 100 ɛL of blocking buffer-diluted plasma or 

lavage fluid (1:500 for IgG, IgG1, and IgM, 1:200 for IgG2a) for 1 h at 37 .  Alkaline 

phosphatase (AP)-conjugated goat anti-mouse IgG (1:2000, SouthernBiotech), IgG1 (1:2000, 

SouthernBiotech), IgG2a (1:500, SouthernBiotech) and IgM (1:2000, SouthernBiotech) diluted 

in blocking buffer were added as secondary Abs and incubated for 1 h at 37  after removing the 

plasma or lavage fluid.  Plates were then washed five times and developed with 100 ɛL of p-

nitrophenyl phosphate (pNPP) substrate solution (Thermo Fisher) and read at 405 nm at room 

temperature using an ELISA plate reader (Agilent BioTek). 

2.2.7.6 Flow Cytometry 

Antibody staining and flow cytometry protocols have been previously described [26].  

Briefly, spleens and lungs were removed from euthanized mice into Hanks balanced salt solution 

(HBSS).  Tissues were dispersed into single-cell suspensions using glass homogenizers and 

treated with an ammonium chloride-based lysis buffer to eliminate residual red blood cells.  The 

cells were then washed with PBS and blocked with anti-CD16/CD32 monoclonal Ab (2.4G2; 

BioXCell) for 15 minutes at 4°C.  Afterwards, the cells were stained for 30 minutes at 4°C with 

Abs against various T cell markers (Table A.1).  Stained cells were washed once with PBS and 

acquired with an Attune NxT (Thermo Fisher) 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 above, was analyzed for IFN-ɔ and 

IL -4 concentrations using OptEIA mouse IFN-ɔ and IL-4 ELISA sets according to the 

manufacturerôs 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 Kaplan-Meier survival analysis with long-rank test was performed 
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to analyze significant differences among survival curves.  One-way ANOVA, two-way ANOVA, 

and Dunnôs multiple comparison were performed for comparisons among groups as indicated. 

2.3 Results 

2.3.1 Virus Loading in Particles 

We tested a range of particle formulations (form.) which are listed in Table 2.1 along with 

their size, virus loading amount, and loading efficiency.  Loading quantification has been 

conducted in previous studies using the direct and indirect methods.  It was found that the direct 

method using DCM dissolution of particles and extraction of kPR8 into PBS was best.  The 

loading results reported here are the average of the HA ELISA and Micro BCA assay results 

using the extraction method. 

The kPR8 loading and loading efficiency are key attributes for the formulation because of the 

limited volume each mouse can be injected with in the in vivo studies.  The loading efficiency 

values vary significantly from 4.1 ± 1.7 (form. 1) to 81.3 ± 15.4% (form. 13), and the viral 

loadings varied from 0.41 ± 0.17 (form. 1) to 5.53 ± 1.13 ɛg/mg (form. 14).  The polymer 

concentration in the organic phase was the most significant factor in encapsulating virus with the 

2.5% w/v formulations yielding significantly higher encapsulation compared to the 1% w/v 

formulations.  In general, loading efficiency increased with an increase in the polymer 

concentration in the organic phase for all three polymers.  The effect of increasing polymer 

concentration on loading was more significant going from 1% to 2.5% w/v as the loading 

efficiency increased by more than 4-fold and 8-fold for PLGA 50:50 2-6 kDa (form. 1, 2) and 

PLGA 50:50 7-17 kDa (form. 3, 5), respectively.  Comparing the increase in polymer 

concentration from 2.5% w/v to 4%w/v, 50/50 PLGA 75:25 (4-15 kDa)/PCL (14 kDa) (form. 11, 

13) showed almost 80% increase.  The only exception to this trend was found with PLGA 75:25 

4-15 kDa (form. 8, 10) which exhibited just a 20% decrease in 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 formulations, 7-17 kDa (form. 3) had two 

times higher loading and loading efficiency than 2-6 kDa (form. 1).  For the 1% w/v 

formulations, 7-17 kDa (form. 5) had ~3.5-fold and ~5.8-fold higher loading than 2-6 kDa (form. 

2) and 54-69 kDa (form. 7), respectively.  Two to six kDa (form. 2) had ~66% higher loading 
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and 32% higher loading efficiency compared to 54-69 kDa (form. 7).  The mid-range 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 formulation, decreasing 

hydrophobicity (PLGA 50:50 < PLGA 75:25 < 50/50 PLGA 75:25/PCL) resulted in increased 

loading.  For mid-range MW (PLGA 50:50 7-17 kDa, PLGA 75:25 4-15 kDa, and PCL 14 kDa), 

2.5% w/v polymer concentration in the organic phase, and same amount of virus (200 ɛg kPR8), 

PLGA 50:50 had higher loadings compared to PLGA 75:25 and PLGA 75:25/PCL by 34.2% and 

67.8%, respectively.  PLGA 75:25 had a higher loading compared to PLGA 75:25/PCL by 25%.  

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 4 ɛg kPR8/mg polymer versus an 8 ɛg 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 4-fold increase in virus loading in the particles.  For 4% w/v PLGA 

75:25 and 4% w/v 50/50 PLGA 75:25/PCL, a 5 ɛg kPR8/mg polymer versus a 10 ɛg kPR8/mg 

polymer starting loading were compared.  For 4% w/v PLGA 75:25, a 2.3-fold increase in virus 

loading resulted.  For 4% w/v 50/50 PLGA 75:25/PCL, a 1.4-fold 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 loading.  NaOH co-loaded particles were prepared with 

200 ɛL of 0.1 M NaOH giving a total of 0.02 mmol NaOH, resulting in a pH of 12.7 for the 

inner aqueous phase.  Co-encapsulation of NaOH showed a 2.2-fold increase in virus loading for 

PLGA 50:50 1% w/v 7-17 kDa (form. 4) but a 16% decrease in virus loading for PLGA 50:50 

2.5% w/v 7-17 kDa.  Particles could not be made with NaOH and the lower MW PLGA 50:50 2-

6 kDa, so formulations with co-loaded NaOH in PLGA 50:50 of lower MW could not be 

compared in the encapsulation of inactivated virus. 
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Table 2.1 Particle formulation loadings, loading efficiencies, and particle size. Loading quantifications were averaged from HA ELISA and 

Micro BCA assay using the DCM dissolutionðPBS extraction method. Formulation #4 was used in the in vivo study. Abbreviations: MW ï 

molecular weight, Encap. Eff. ï encapsulation efficiency 

Formulation 

PLGA 

Ratio 

MW  

(kDa) 

Polymer 

Conc. 

(%w/v)  

NaOH 

(mmol) 

kPR8/ 

Polymer in 

Formulation 

(ɛg/mg) 

HA Loading 

(ng/mg)  

(kPR8 loading 

(ɛg/mg) 

Encap. Eff. 

(%)  

Particle 

Size (ɛm) Figure 

1 50:50 2-6 1 - 10 
146 ± 61 

(0.41 ± 0.17) 
4.1 ± 1.7 23.3 ± 5.9 2.3a 

2 50:50 2-6 2.5 - 8 
633 ± 222 

(1.76 ± 0.62) 
17.6 ± 6.2 21.7 ± 4.7 2.3b 

3 50:50 7-17 1 0 10 
300 ± 94 

(0.83 ± 0.26) 
8.3 ± 2.6 20.2 ± 6.1 2.3a 

4 50:50 7-17 1 0.02 10 
665 ± 309 

(1.85 ± 0.86) 
18.5 ± 8.6 15.8 ± 10.3 2.3a 

5 50:50 7-17 2.5 0 8 
2200 ± 282 

(6.11 ± 0.78) 
76.4 ± 9.8 26.7 ± 5.7 2.3b,c 

6 50:50 7-17 2.5 0.02 8 
1851 ± 310 

(5.14 ± 0.86) 
64.3 ± 10.8 19.2 ± 11.8 2.3b,c 

7 50:50 
54-

69 
2.5 - 8 

382 ± 74 

(5.14 ± 0.86) 
13.3 ± 2.6 29.0 ± 7.7 2.3b 

8 75:25 4-15 2.5 - 4 
396 ± 102 

(1.10 ± 0.28) 
27.5 ± 7.1 21.4 ± 7.8  

9 75:25 4-15 2.5 - 8 
1639 ± 381 

(4.55 ± 1.06) 
56.9 ± 13.2 24.3 ± 7.3 2.3c 

10 75:25 4-15 4 - 5 
800 ± 235 

(2.22 ± 0.65) 
44.4 ± 13.1 20.0 ± 6.8 2.3d 

11 75:25 4-15 4 - 10 
1814 ± 376 

(5.04 ± 1.05) 
50.4 ± 10.5 27.0 ± 13.9 2.3d 

12 
50/50 

75:25/PCL 

4-15, 

14 
2.5 - 8 

1311 ± 399 

(3.64 ± 1.11) 
45.5 ± 13.9 19.5 ± 6.8 2.3c 
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Table 2.1 Continued 

Formulation  

PLGA 

Ratio 

MW  

(kDa) 

Polymer 

Conc. 

(%w/v)  

NaOH 

(mmol) 

kPR8/ 

Polymer in 

Formulation 

(ɛg/mg) 

HA Loading 

(ng/mg)  

(kPR8 loading 

(ɛg/mg) 

Encap. Eff. 

(%)  

Particle 

Size (ɛm) Figure 

13 
50/50 

75:25/PCL 

4-15, 

14 
4 - 5 

1464 ± 278 

(4.07 ± 0.77) 
81.3 ± 15.4 28.0 ± 11.1 2.3d 

14 
50/50 

75:25/PCL 

4-15, 

14 
4 - 10 

1990 ± 409 

(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 microparticles (Figure 2.1) were analyzed using ImageJ 

to determine average particle size and standard deviation (Table 2.1).  Results showed that the 

particle sizes were relatively similar for all formulations, with diameters ranging from a 

minimum of 16 ± 10.3 ɛm for form. 4 to a maximum of 30 ± 12.6 ɛm for form. 14. 

 

Figure 2.1 Optical microscope image and histogram of A) virus loaded PLGA 50:50 2.5% w/v 7-17 

kDa (form. 5) and B) virus-NaOH loaded PLGA 50:50 2.5% w/v 7-17 kDa (form. 6) microparticles after 

preparation. 

The particles were also imaged using SEM immediately after preparation and again at 3 

weeks of release (Figure 2.2A-H).  Particle size after preparation appeared consistent between 

optical microscope images and SEM images (Figure 2.2A, C, E, G) around 20 ɛm for all particle 

formulations.  The PLGA 50:50 (Figure 2.2A) and PLGA 75:25 (Figure 2.2E) particles were 

spherical and smooth after preparation, while PLGA 50:50 particles with NaOH (form. 4) were 

spherical and highly porous (Figure 2.2C).  NaOH co-encapsulated particles are the only ones 

that are highly porous immediately after preparation.  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 roughness (Figure 2.2G).  The 

SEM images showed that all particles had considerable surface and bulk degradation after 3 

weeks of exposure to the release medium (Figure 2.2B, D, F, H). 
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Figure 2.2 SEM images of virus loaded particles after preparation and after 3 weeks of release.  A, 

B) PLGA 50:50 1% w/v 7-17 kDa (form. 3), C, D) virus-NaOH loaded PLGA 50:50 1% w/v 7-17 kDa 

(form. 4), E, F) PLGA 75:25 2.5% w/v 4-15 kDa (form. 9), G, H) 50/50 PLGA 75:25 4-15 kDa / PCL 14 

kDa 2.5% w/v (form. 12). 

2.3.3 In Vitro Releases 

The in vitro release profiles (Figure 2.3, p. 21) show the percentage cumulative release of the 

total virus payload at any time.  Once 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 payload.  The differential release and cumulative 

release are provided in Figure A.1.  The release profiles are scaled with the mass of particles to 

compare release kinetics between formulations. 

The in 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 due to surface degradation.  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% w/v 2-6 kDa 

and PLGA 50:50 1% w/v 7-17 kDa both exhibited close to linear release profiles, but PLGA 

50:50 1% w/v 2-6 kDa had a 95% release after 12 days compared to 70% for PLGA 50:50 1% 

w/v 7-17 kDa (Figure 2.3A).  For 2.5% w/v formulations, PLGA 50:50 2-6 kDa had a 90% 

release after 6 days compared to 25% for both PLGA 50:50 7-17 kDa and PLGA 50:50 54-69 

kDa (Figure 2.3B).  The PLGA 50:50 7-17kDa exhibited a linear release over a 3-week period 

with a total release of about 7 ɛg/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 preparation of 200 ɛg.  All 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 samples (Figure 2.3C).  

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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Figure 2.3 In vitro cumulative percent HA release.  Comparison of (A) PLGA 50:50 1% w/v particle formulations of MWs 2-6 kDa (form. 

1), 7-17 kDa (form. 3), and 7-17 kDa with NaOH co-encapsulation (form. 4), (B) PLGA 50:50 2.5% w/v particle formulations of MWs 2-6 kDa 

(form. 2), 7-17 kDa (form. 5), 7-17 kDa with NaOH co-encapsulation (form. 6), and 54-69 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 used in the preparation and polymer hydrophobicity 

(PLGA 75:25 < 50/50 PLGA 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 duration.  50/50 PLGA 75:25/PCL 4% w/v formulations showed that form. 14 prepared 

with 400 ɛg had greater release at all time points compared to form. 13 prepared with 200 ɛg 

(Figure 2.3D).  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% for the formulation prepared with 200 ɛg compared 

to 55% for the formulation prepared with 400 ɛg (Figure 2.3D).  After nine days, the PLGA 

75:25 4% w/v formulations exhibited similar release profiles of an approximate 24-day lag phase 

before the final phase of release.  PLGA 75:25 2.5% w/v was also prepared with 100 ɛg or 200 

ɛg kPR8 (form. 8, 9) which exhibited similar initial linear release in the first three weeks 

followed by a lag phase (Figure A.2).  The specific virus release (ng/mg) showed that the 

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

virus amount (Figure A.2). 

Sodium hydroxide was added to the formulation to explore the possibility of accelerated 

degradation of PLGA from within the particle.  Degradation of PLGA relies on hydrolysis which 

occurs at very slow rates in water and PBS.  To facilitate hydrolysis within the matrix of the 

particles, NaOH was co-encapsulated which provides a concentrated source of hydroxide ions 

upon hydration of the particle.  The faster internal degradation is expected to lead to formation of 

large, interconnected pores which would allow for diffusion of the virus to give an earlier burst 

release compared to virus loaded in PLGA alone.  Comparing the two PLGA 50:50 1% w/v 7-17 

kDa formulations in Figure 2.3A 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 

faster release for the PLGA 50:50 2.5% w/v 7-17 kDa formulation (Figure 2.3B), but the total 

release duration does not decrease significantly.  Figure 2.3A shows a pulsatile release around 

day 44 for the NaOH incorporated in PLGA 50:50 1% w/v 7-17 kDa (form. 4).  A similar 

pulsatile release is seen in the NaOH incorporated in PLGA 50:50 2.5% w/v 7-17 kDa (form. 6) 

in Figure 2.3B, C.  Thus, NaOH co-encapsulation 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 particles significantly 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 on Clinical Signs and Survival  

To determine whether the MP-delivered virus can induce long-term protective immunity, 

C57BL/6J mice were injected in the thigh muscles of both hind limbs with PLGA 50:50 1% w/v 

7-17 kDa (form. 4) MP formulation containing ~1.8 µg kPR8.  The MP released 0.3 ɛg/100 ɛL 

of kPR8 in vitro during the first week.  Additional control groups included mice vaccinated at the 

same site with 0.3 or 3 µg soluble kPR8 or PBS, as different formulation control, positive control 

and vehicle control, respectively.  Thirty-two weeks after immunization, all mice were 

challenged with a lethal dose (25,000 PFU) of A/PR/8/34 (H1N1) virus.  PBS and 0.3 µg kPR8 

vaccinated mice rapidly lost weight (Figure 2.4A) and developed clinical signs that met the 

criteria for euthanasia within eight days post infection (Figure 2.4B).  2/4 mice immunized with 

the MP vaccine survived whereas the 3 µg kPR8 vaccine dose afforded complete protection 

(Figure 2.4C).  These results indicated that ~1.8 µg 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 µg soluble kPR8. 
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Figure 2.4 In vivo assessment of microparticle (MP) vaccine formulated with PLGA 50:50 1% w/v 

7-17 kDa (form. 4).  Six-week-old female C57BL/6J mice were vaccinated with 1 µg of MP encapsulated 

ultraviolet kill ed A/PR/8/34 (kPR8) virus.  Additional mice were vaccinated with 0.3 µg or 3 µg soluble 

kPR8 or vehicle (PBS).  Thirty-two weeks after immunization, mice were intranasally challenged with 

25,000 PFU of PR8 virus.  Weight loss (A), clinical scores (B), and survival (C) were monitored daily as 

described in the materials and methods.  Survival analysis was performed using the Mantel-Cox log-rank 

test.  Weight loss and clinical score data presented as the mean ± SEM were analyzed by two-way 

ANOVA in GraphPad Prism.  Groups with different letters are statistically different (P < 0.05). 

2.3.4.2 Lung Pathology 

Lungs collected either at 8- or 21-days post infection (DPI) were assessed for bronchiolitis 

and pneumonia to investigate the effect of MP vaccination on pulmonary inflammation.  While 

no significant differences were detected among the infected groups (Figure 2.5A, B), 3 µg kPR8 

and MP mice tended to have lower levels of pneumonia compared to PBS and 0.3 µg kPR8 mice. 
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Figure 2.5 Lung histopathology after influenza challenge.  Lung tissue from the left lung lobe was 

scored at 8- or 21-days post infection (DPI) for bronchiolitis (A) and pneumonia (B) according to the 

materials and methods.  Mock. Mock (MM) group indicates the mock vaccinated and mock infected mice.  

Data are presented as the mean Ñ SEM, analyzed by Dunnôs multiple comparison test. 

2.3.4.3 Humoral Responses 

To assess the effect of MP vaccination on humoral immune responses, ELISAs were used to 

compare PR8-specific immunoglobulin levels in plasma samples collected throughout the 

experimental period (Figure 2.6A-D) and in lung lavage fluid collected when mice were 

euthanized (Figure 2.6E-I).  All three vaccinated groups had low levels of plasma PR8-specific 

IgM during the immunization period (Figure 2.6A).  Influenza challenge elicited high levels of 

plasma IgM from PBS treated mice compared to the vaccinated groups.  However, MP mice had 

the highest levels of IgM in lung lavage fluid (Figure 2.6E).  Initially, MP mice presented low 

concentrations of plasma IgG compared to the other vaccinated groups (Figure 2.6B).  However, 

between 2- and 4-weeks post vaccination, MP mice achieved a substantially greater increase in 

IgG production (3.2-fold) compared to 0.3 µg (1.3-fold) and 3 µg (1.3-fold) kPR8 vaccinated 

mice.  MP IgG levels remained intermediate between 0.3 µg and 3 µg mice for the remainder of 

the vaccination period.  During the challenge period, plasma IgG levels in surviving MP mice 

peaked at a similar concentration to 3 µg kPR8 vaccinated mice.  Moreover, MP and 3 µg kPR8 

mice had similar levels of IgG and IgA in lung fluid (Figure 2.6F, G).
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Figure 2.6 Effect of vaccination on PR8-specific Ab responses in plasma collected before and after 

PR8 challenge (separated by the dashed line) and in lung lavage fluid collected at 8- or 21-days post 

infection (DPI).  (A-D) ELISA optical density (O.D.) of plasma anti-kPR8 IgM (A), IgG (B), IgG1 (C), 

and IgG2a (D).  (E-I) O.D. of lung fluid anti-kPR8 IgM (E), IgG (F), IgA (G), IgG1 (H), and IgG2a (I).  

The data are presented as the mean ± SEM, analyzed by two-way ANOVA with Tukeyôs multiple 

comparisons pre-challenge, and Dunnôs multiple comparison test post challenge in GraphPad Prism.  

Symbols with different letters are statistically different (P < 0.05). 
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We also compared IgG1 (Figure 2.6C) and IgG2a (Figure 2.6D) subclasses that are respectively 

induced by Th1-dependant IFN-ɔ and Th2-dependent IL-4 cytokines making these isotypes a 

marker of the underlying T helper cell response [27].  Interestingly, only IgG1 was induced in 

the MP vaccinated mice whereas soluble kPR8 vaccination elicited a mixed IgG1 and IgG2a 

response that was skewed towards IgG2a production.  Similar results were observed in lung fluid 

(Figure 2.6H, 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 A.3).  Virus-specific CD8+ T cells were analyzed using a mouse H-2Db 

tetramer loaded with a CD8+ T cell epitope from the influenza nucleoprotein (NP366ï374).  We 

also analyzed CXCR3 and CD62L to distinguish naïve (CXCR3- CD62L+), effector (CXCR3+ 

CD62L-), and memory (CXCR3- CD62L-) T cell subsets [28], [29], [30], [31], [32], [33].  High 

concentrations of tetramer+ CD8+ T cells were found in the lung and spleen of mice vaccinated 

with 3 µg kPR8 and MP (Figure 2.7A).  0.3 µg kPR8 vaccinated mice had similar levels of 

tetramer+ CD8+ T cells as unvaccinated mice.  In the spleen, tetramer+ CD8+ T cells in 3 µg 

kPR8 and MP mice were skewed towards an effector phenotype whereas tetramer+ CD8+ T cells 

in 0.3 µg kPR8 and PBS injected mice were mostly naïve (Figure 2.7B).  In the lung, tetramer+ 

CD8+ T cells in every group favored effector and memory subsets with 3 ɛg kPR8 mice tending 

to have more effector and fewer memory T cells compared to the other three groups (Figure 

2.7B).  A comparison of tetramer- CD8+ T cells and CD4+ T cells among treatments found that 3 

ɛg kPR8 mice, and to a lesser extent MP mice, had higher concentrations of naïve T cells in their 

lungs compared to the other treatment groups (Figure 2.7C, D). 



 

29 

 

Figure 2.7 Flow cytometric analysis of T lymphocytes in lung and spleen.  (A) Frequency of H-

2DbNP366ï37 tetramer+ cells as a percentage of CD8+ T cells in lung and spleen 8- or 21-days post 

infection.  (B-D) The proportion of lung and spleen cells expressing CXCR3 and CD62L among tetramer+ 

CD8+ T cells (B), tetramer- CD8+ T cells (C), and CD4+ T cells (D).  Data are presented as the mean ± 

SEM, analyzed by Dunnôs multiple comparison test.  Symbols with different letters are statistically 

different (P < 0.05). 
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2.3.4.5 Lung Cytokines 

Lung homogenates were analyzed for IFN-ɔ and IL-4 concentrations at the time of necropsy.  

PBS and 0.3 ɛg kPR8 groups that were necropsied at 8 DPI had higher IFN-ɔ concentrations 

(Figure 2.8A) and lower IL4 concentrations (Figure 2.8B) than 3 ɛg kPR8 and MP groups which, 

except for one MP mouse, were all necropsied at 21 DPI.  Cytokine levels in 3 ɛg kPR8 and MP 

mice were similar to homogenates from normal healthy lungs of mock vaccinated and mock 

infected mice. 

 

Figure 2.8 Cytokine concentrations in lung tissue.  Lung homogenates were measured for IFN-ɔ (A) 

and IL-4 (B) at 8- or 21-days post infection (DPI).  The data are presented as the mean Ñ SEM, analyzed 

by Dunnôs multiple comparison test. 

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 vaccine-mediated immune protection.  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 from 4.1 ± 

1.7% (form. 1) to 81.3 ± 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% w/v formulations yielding significantly higher encapsulation compared to 

the 1% w/v formulations.  The loading efficiency increased with an increase in the polymer 

concentration in the organic phase likely 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 polymer to semi-dilute polymer regime, in which polymer 

chains exhibit crossover, resulting in significantly higher viscosity.  The crossover is determined 

experimentally by measuring the polymerôs intrinsic viscosity [34], [35].  The higher viscosity 

stabilizes the primary emulsion drops, resulting in minimum leakage of the virus to the external 

aqueous phase during formation of secondary emulsion which leads to higher encapsulation.  

The viscosity increase is logarithmic, and both 2.5 and 4%w/v polymer concentration are in the 

semi-dilute regime, and 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 release.  7-17 kDa appears to be an optimal MW range as the particle 

formulations using PLGA 50:50 2.5% w/v polymer concentration in the organic phase has 

significantly higher loading compared to PLGA 50:50 2-6 kDa and 54-69 kDa.  It is 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 appears to provide the best modulation. 2-6 

kDa provides a release of about 10 days, 7-17 kDa 40 days, and 54-69 kDa 70 days.  Longer 

release durations for higher MWs are expected since the greater length of the chains requires 

more hydrolytic scissions in order for the polymer 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 matrix compared to oligomers, speeding up degradation of the polymer.  

Thus, polymeric particles composed of longer chains degrade slower resulting in longer duration 

of release.  The average MW ranges have factor differences of 3-5.  Therefore, the lower MW 

polymer should have 3-5 times the number of polymer chains and 6-10 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 release appears to be better 

controlled by polymer MW 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 used suggesting possible 

increased stabilization of the primary emulsion due to the inactivated virus. 

The co-encapsulation of NaOH resulted in an 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/v, which suggests that NaOH addition has multiple effects on the 

particle formation.  The reduction in HA loading in the 2.5% polymer suggests that NaOH 

promotes channeling of the inner aqueous phase to the outer aqueous phase during particle 

preparation which allows the virus containing droplets to escape the emulsion droplet.  This is 

consistent with the SEM images showing a porous structure immediately after particle formation.  

It is also possible that the NaOH reacts with the virus to degrade HA which could prevent 

detection in HA ELISA measurements.  On the other hand, the improved encapsulation for the 

1% w/v PLGA 50:50 7-17 kDa polymer formulation suggests that NaOH enhances stability of 

the primary emulsion during synthesis.  Interestingly, 7-17 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 2-6 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 droplets.  Formulations of co-loaded NaOH in PLGA 

50:50 2-6 kDa could not be compared to formulations using PLGA 50:50 7-17 kDa in terms of 

encapsulation of inactivated virus.  But, since the release rates of form. 1 and 2 were about 10 

days, shortening the release duration relative to this 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 PLGA 50:50 1% w/v 7-17 kDa with NaOH co-encapsulation particle formulation 

(form. 4) was chosen for in 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 the in vitro, and so form. 4 was chosen to have the best likelihood of 

sustained release in 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 antigen exposure to 

be maintained [36].  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 peptide antigens can induce 

immunological tolerance.  This is especially noticeable in CD8+ T cells, which in the face of 

persistent antigen, undergo a gradual decline in number and functional capacity [37].  

Nevertheless, results from our in vivo 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 virus-specific Abs and T cells.  

While mortality from the MP vaccinated mice was greater than for mice that received three times 

the vaccine dose in soluble form, we observed similar concentrations of virus-specific Abs and T 

cells in blood and lung tissues. 

Interestingly, kPR8 delivered by MP versus soluble injection respectively elicited Th2-biased 

IgG1 and Th1-biased IgG2a Ab responses, showing that the manner in which the immune system 

was exposed to an antigen substantially affected the type of immune response that subsequently 

developed.  A large bolus of soluble virus, such as provided by the 3 µg kPR8 vaccine, is likely 

to produce a more acute Th1-biased pro-inflammatory response than when the same antigen is 

slowly released over several weeks via MPs.  Consistent with our results, a previous study 

reported that hepatitis B surface antigen encapsulated in polylactide microparticles, which like 

our particles were too large to be internalized by macrophages and released antigen slowly and 

continuously, induced a Th2-biased immune response that was associated with enhanced Ab 

production [38].  While both IgG1 and IgG2a Abs are protective against influenza virus 

infection, IgG1 contributes to virus neutralization [39], whereas IgG2a is correlated with viral 

clearance through fixing complement and Ab-dependent cellular cytotoxicity [40], [41].  Our 

finding that the IgG response in MP vaccinated mice is heavily biased towards IgG1 production 

suggest that a potential disadvantage of this 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 virus-specific T cells, which are 

important for protection against influenza virus infection, in part because they recognize epitopes 

from conserved influenza A virus (IAV) peptides that confer cross-strain immunity [43]. 

2.5 Conclusion 

PLGA particles 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 attributes, such 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 and 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 ratios 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 about 30-45 days. 

Immune responses from the vaccine-NaOH co-encapsulated particles showed significant 

differences compared to soluble vaccine.  Particles elicited a Th2-biased IgG response opposed 

to a Th1 response elicited by soluble vaccination.  The particle formulation provided long-term 

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 formulations with higher loading may. 
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CHAPTER 3  INFLUENZA ï Ŭ-GALCER PLGA PARTICLES 

Modified from a paper published in European Journal of Pharmaceutics and Biopharmaceutics11. 

Yuhan Wen12, Zachary Sparks13, Ian Hawkins14, John Lednicky15, Georges Abboud16,  

Corwin Nelson17, John P. Driver1819, Anuj Chauhan20 

3.1 Introduction  

Vaccination is critical for protecting society from multiple diseases including influenza.  

Effective vaccines are available for many diseases, but immunity wanes with time, limiting their 

effectiveness, unless another dose is administered [44].  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 vaccine-specific immune response elicited, which can be amplified by 

addition of adjuvants to the formulation [45].  There are two main adjuvant categories.  The first, 

which includes aluminum salts, oil-in-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 toll-like receptor agonists such as 

lipopolysaccharide, monophosphoryl lipid A, and RC-529, and CpG oligodeoxynucleotides [49], 

[50], [51], [52], enhances the immunogenicity of the co-delivered antigen by stimulating the 

release of cytokines and chemokines from innate immune cells, which in turn promotes antigen 
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presenting cell maturation and licensing [53].  The commonly used adjuvant aluminum salts are 

ineffective for improving influenza vaccines [54].  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 the adjuvant. 

In addition to traditional adjuvants, there is growing interest in harnessing the 

immunoregulatory functions of innate T lymphocyte populations, such as ɔŭ T cells and CD1d- 

and MR1-restricted T cells, to adjuvant influenza vaccines.  Innate T cells specialize in quickly 

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

effector cells to elicit antimicrobial protection.  Stimulating these responses at the time of 

immunization can boost the protective efficiency of vaccines [55], [56].  Currently, the innate T 

cell subset that appears to have the most potential to enhance vaccine responses is invariant 

natural killer T (NKT) cells, which recognize glycolipid ligands presented by the MHC-class I-

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 using derivatives of the prototypic 

antigen (2S,3S,4R)-1-O-(Ŭ-D-galactopyranosyl)-N-hexacosanoyl-2-amino-1,3,4-octadecanetriol, 

also known as Ŭ-galactosylceramide (Ŭ-GalCer).  NKT cells activated with CD1d-presented Ŭ-

GalCer elicit potent immune responses to a wide range of co-delivered antigens, including 

influenza virus antigens [57], [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 the antigen and the adjuvant, it 

may be feasible to encapsulate both components in degradable particles such as poly-lactic-co-

glycolic acid (PLGA), which can then be injected into the body to provide a sustained release to 

eliminate or at least reduce the number of doses.  Several publications have explored 

encapsulation of the whole inactivated influenza virus or influenza subunit vaccines in PLGA to 

test the effectiveness of the controlled release system [11], [13], [14], [20], [59], [60].  Although 

the results have been encouraging, there is still no vaccine based on a single dose particle that 

can fully substitute several soluble doses [15], [16], [19], [61], [62].  This is what has driven 

investigations focusing on encapsulating influenza antigen or entire inactivated virus with 

adjuvants or agonists to elicit stronger response than antigen only administration.  The TLR4 
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ligand Monophosphoryl Lipid A (MPL) and TLR7 ligand R837 have been co-delivered with 

hemagglutinin (HA) to enhance immune response [63]. It was observed that the delivery of both 

ligands with HA gave a synergistic increase in antigen-specific, neutralizing Abs compared to 

immunization with nanoparticles containing antigen and a single TLR ligand.  In another study, 

researchers investigated the delivery of MPL and muramyldipeptides (MDP) with HA antigen 

[21].  The nanoparticles with HA antigen only gave 60% protection, compared to 90% for HA + 

MPLA, 80% for HA + MDP, and 100% for MPLA and MDP.  However, a two-dose 

immunization was required.  The delivery of influenza from microspheres has been also 

investigated with either cytosine-phosphorothioate-guanine oligodeoxynucleotides (CpG ODN), 

or polyriboinosinic:polyribocitidylic acid (polyI:C), or both TLR agonists in comparison to 

influenza without the agonist [16].  The study found that single vaccination with influenza and 

vaccination with influenza and CpG:ODN or poly I:C could not effectively protect against 

influenza infection, but two doses were adequate.  Interestingly, some studies conclude that co-

encapsulation of antigen and adjuvant is more effective [21], [64], [65], [66], while others claim 

that the opposite approach works better [63], [67], [68], [69].  The agonist Ŭ-GalCer has also 

been loaded in PLGA particles to amplify the immune response.  Researchers demonstrated that 

Ŭ-GalCer was effective in providing robust humoral and cell-mediated immune response when 

administered with influenza A virus antigens encapsulated in nanoparticles [58].  In 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 influenza virus loaded nanoparticles and soluble Ŭ-

GalCer provided protection. 

In this study we encapsulated whole inactivated influenza virus as the antigen and Ŭ-GalCer 

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 different particles for release of the two 

components and combining those two types into the formulation for injection.  Additionally, we 

explore co-encapsulation and release of both 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 7-17 kDa (Resomer RG 502H), polyvinyl alcohol (PVA) 87-89% 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',5,5'-tetramethylbenzidine, 2 N sulfuric acid, sodium chloride, trizma base, 

lyophilized bovine serum albumin (BSA), Tween-20, and Dulbeccoôs Phosphate Buffered Saline 

(PBS) were purchased from Sigma Aldrich (St. Louis, MO).  Ŭ-GalCer dissolved in DMSO 

(KRN7000, Funakoshi, Kyowa Hakko Kirin Co.) was purchased from Adipogen.  Antibodies 

(Abs) for the hemagglutinin (HA) enzyme-linked immunosorbent assay (ELISA) were purchased 

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

3.2.2 Vaccine and Virus Preparation 

H1N1 influenza virus A/PR 8/1934 (PR8) cultivated in specific pathogen-free eggs was 

purchased from Charles River Laboratories (Wilmington, MA).  The vaccine was prepared by 

resuspending PR8 virus in 1 mL of serum-free medium at a concentration of 100 g/L and then 

exposing it to 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 aliquots at ï

80°C until use. 

3.2.3 Preparation of Microparticles 

A single emulsion solvent evaporation method was used to encapsulate Ŭ-GalCer (MW 

858.74 Da) in PLGA microparticles (Formulation A) as illustrated in Figure 3.1A.  The organic 

phase consisted of 25 mg of PLGA 50:50 and 100 ɛL of 2 mg/mL Ŭ-GalCer dissolved in 1 mL 

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% amplitude for 1 min to achieve a 

homogeneous dispersion of the Ŭ-GalCer and polymer.  The organic phase was then added 

dropwise through a 25-gauge syringe needle into the external aqueous phase of 30 mL of 1% w/v 



 

39 

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 rpm for 10 min, 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 encapsulate UV-killed PR8 virus 

(kPR8) only (Formulation V) and co-encapsulate kPR8 and Ŭ-GalCer (formulation M1 and M2) 

in microparticles as illustrated in Figure 3.1B.  The organic phase was prepared by dissolving 20 

mg of PLGA 50:50 in 2 mL DCM and then adding either 75 ɛL or 150 ɛL Ŭ-GalCer.  The 

organic phase was probe sonicated with pulsed sonication 5 s on time, 3 s off time at 40% 

amplitude for 1 min to achieve a homogeneous dispersion of the Ŭ-GalCer and polymer.  Next, 

100 ɛL of 2 mg/mL kPR8 in Dulbeccoôs modified eagle medium (DMEM) was added dropwise 

to the organic phase under pulsed sonication at 40% amplitude for one minute or longer to form 

the primary emulsion.  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% w/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 min, 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. 

Additionally, near-infrared fluorescent cell membrane dye DiR was co-encapsulated with 

kPR8 in PLGA microparticles for in vivo imaging study.  The double emulsion solvent 

evaporation method was used similarly as above.  DiR was directly dissolved in DCM to a 

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, 100 ɛL of 2 mg/mL kPR8 in DMEM was added 

dropwise under sonication to form the primary emulsion.  The preparation was continued as 

given above. 
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Figure 3.1 Particle preparation process diagrams.  (A) single emulsion (o/w) synthesis of Ŭ-GalCer 

only loaded particles (Formulation A), (B) double emulsion (w/o/w) synthesis of vaccine and Ŭ-GalCer 

loaded particles (Formulation M1, M2).  Formulation of vaccine only particles (Formulation V) uses the 

double emulsion synthesis method starting at step 2 of the diagram 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.  

The washed particles were bath sonicated (Vevor Digital Ultrasonic Cleaner, 40 kHz) after 

resuspending in DI water for 2 min to achieve a homogeneous dispersion of ~0.1 wt %, which 

was then pipetted on a glass slide and left to evaporate to deposit the particles.  The microscopic 

images of the dried particles were analyzed using Image J to determine average particle size and 

standard deviation.  

The particles were also imaged by scanning electron microscopy (SEM) (JEOL 7000 FESEM 

Akishima, Tokyo, Japan) to observe the detailed particle morphology.  Both lyophilized particles 

and resuspended lyophilized particles were imaged.  Resuspended lyophilized particles were 

suspended in DI water using bath sonication to achieve a homogeneous dispersion, which was 

then gently deposited on the carbon tape which was placed on an aluminum stub.  The dried 

particles were coated with gold for approximately 15 s and then 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 Loading and In Vitro Release 

A liquid chromatography mass spectrometry (LCMS) method was developed to assay for Ŭ-

GalCer, by adapting the method used by Kaneko et al. [70] (Table A.2).  We used the AB Sciex 

5500 QTRAP system with an Agilent 1200 Series HPLC system equipped with a Phenomenex 

Luna 3 ɛm C8(2) 100¡, 150 mm x 2 mm column.  The HPLC column was maintained at 40°C, 

and the volumetric flow rate of the mobile phase (7:3 (v/v) ethanol:methanol with 0.5% formic 

acid and 10 mM ammonium formate) and injection volume were fixed at 0.3 mL/min and 10 ɛL, 

respectively.  The MS analysis was performed in positive mode using a multiple reaction 

monitoring (MRM) acquisition method.  Under these conditions, the Ŭ-GalCer retention time 

was 2.5ï2.7 min.  A standard curve was prepared to relate the area under the curve of the MS 

spectra to the Ŭ-GalCer concentrations in the 2ï2,500 ng/mL range.  Data acquisition was 

performed on the AB Sciex Analyst 1.7 software.  Quantification of Ŭ-GalCer was performed 

using the Analyst MultiQuant 3.0.3 Software. 

To determine the Ŭ-GalCer loading in particles, 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 curve, which was then used to 

determine the Ŭ-GalCer concentration in the injection by interpolating the standard curve (Figure 

A.4). 

To determine the vaccine loading in the particles, 5ï10 mg of the particles were dissolved in 

NaOH pH 11 with 0.01% Tween-20 to accelerate particle-hydrolysis and vaccine release.  Each 

day, the degrading particles were centrifuged to separate out the particles which were 

resuspended in fresh NaOH ï Tween-20 solution, and the supernatant was collected to assay for 

the vaccine.  The supernatant was diluted in buffer (0.1% BSA, 0.9% NaCl, 0.05% trizma base, 

0.1% Tween-20, pH 7) for HA ELISA measurement.  The ELISA plates were read on a plate 

reader (Synergy H1 microplate reader, BioTek, Winooski, VT) at 450 nm.  The HA 

concentration was calculated by comparing it with the previously measured standard curve in 

0.02ï70 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 divided by the dry mass of 

the particles to calculate the loading yield.  Similarly, the encapsulation efficiency was calculated 

by dividing the measured vaccine mass in the particles by the starting mass in the formulation, 

scaled to the mass of particles used in the measurements. 
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The in vitro particle release profiles were measured by similar methods as described above 

except that the particles were not subjected to accelerated hydrolysis.  The particles (~10 mg) 

were suspended in PBS with 0.01%w/v Tween-20 and placed on an incubated shaker plate at 

37°C.  At various time points, the particle suspension was vortexed and then centrifuged to 

separate the particles.  The supernatant was collected and assayed for vaccine, and the particles 

were resuspended in fresh PBS with 0.01%w/v Tween-20.  To determine the Ŭ-GalCer 

concentration, the supernatant was lyophilized to obtain a powder which was resuspended in the 

mobile phase.  The mixture was then centrifuged to remove excess Tween-20, further diluted in 

the mobile phase to achieve concentrations within the range of the standard curve, and then 

injected into the LCMS.  After 5-6 weeks of particle degradation, the particles were degraded 

using NaOH to measure the residual vaccine and Ŭ-GalCer loading. 

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 201910606.  Six-week-old 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 mice each (Table 3.1).  

Groups 1 and 2 were intramuscularly (i.m.) injected with microparticle formulations M1 and M2, 

respectively.  Particles were dissolved in 100 ɛL of PBS and injected in both thigh muscles (50 

ɛL per leg) using a 27-gauge needle.  Group 3 was i.m. injected with 1 ɛg of kPR8 dissolved in 

100 ɛL of PBS (kPR8 group).  Group 4 was i.m. injected with 1 ɛg of soluble kPR8 combined 

with 4 ɛg of Ŭ-GalCer in 100 ɛL of PBS (kPR8 + ŬGC group).  Group 5 was sham vaccinated 

with 100 ɛL of PBS.  Groups 1-5 were infected with live virus while Group 6 was used as 

healthy controls. 
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Table 3.1 Vaccination and challenge experiment setup. 

Group Experimental group Vaccination Challengeb N 

1 M1 MP (M1) PR8 5 

2 M2 MP (M2) PR8 5 

3 kPR8 1 ɛg of kPR8 PR8 5 

4 kPR8+ŬGC 1 ɛg of kPR8 and 4 ɛg of Ŭ-GalCer PR8 5 

5 Sham PBSa PR8 5 

6 MM PBSa - 3 

Abbreviation: MM ï mock vaccinated, mock challenged 
a 100 ɛL of PBS (the volume used to dissolve different vaccine used in group 1-4) 
b 40 ɛL of H1N1 influenza virus A/PR 8/1934 (5,000 pfu) 

3.2.8 Live Influenza Virus Challenge 

Thirty weeks post vaccination, the mice were anesthetized using isoflurane inhalation and 

then intranasally (i.n.) inoculated with 40 ɛL (20 ɛL per nostril) of live PR8 virus (5,000 pfu) or 

PBS vehicle.  The mice were assessed daily for changes in body weight and clinical signs, 

including mobility, posture, and fur condition.  Mice were euthanized when weight loss exceeded 

25 percent.  Blood samples and lung tissues were collected when severely ill mice were 

euthanatized or four weeks after infection in surviving mice. 

3.2.9 Lung Pathology 

The right lungs were fixed and stained using hematoxylin and eosin (H&E) as previously 

described [23].  The extent of bronchiolitis and pneumonia in stained sections was evaluated 

using a previously described scoring system [24] which involved scoring 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 indicated that there were no clusters, while scores of 1 to 3 

corresponded to increasing densities of leukocyte clusters.  Pneumonia was evaluated by the size 

and character of alveolar lesions, based on: interalveolar septa thickness, type 2 pneumocyte 

hyperplasia, leukocyte septal infiltration, and density of intra-alveolar leukocytes.  A score of 0 

indicated no lesions, while scores of 1ï3 indicated the presence of and increasing severity of the 

aforementioned alveolar lesions. 

3.2.10 Antibody Responses 

PR8-specific Abs were quantified in blood plasma and lung fluid.  Plasma was separated from 

blood samples obtained from the facial vein by centrifuging whole blood at 12,000 x g for 12 
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min.  Lung tissue was digested with 150 ɛg of Liberase TL (Sigma-Aldrich) at 37°C for 45 min 

and then centrifuged at 700 x g for 3 min to collect lung fluid.  PR8-specific Abs were measured 

by ELISA as previously described [25].  In brief, 96-well ELISA plates were coated with 100 ɛL 

of nitrophenyl phosphate buffer containing 1 ɛL/mL of kPR8 and incubated overnight at 4ÁC.  

The coated plates were washed three-times with wash buffer (0.05% Tween-20 in PBS) and then 

blocked using blocking buffer (10% FBS in PBS) for 1 h at 37°C.  Next, the plates were washed 

three times and incubated with 100 ɛL of plasma diluted in blocking buffer (dilutions were 1:500 

for IgG, IgG1, and IgM, and 1:200 for IgG2a) or lavage fluid (undiluted) for 1 h at 37°C.  For 

secondary antibody detection, alkaline phosphatase (AP)-conjugated goat anti-mouse IgG 

(1:2000), IgG1 (1:2000), IgG2a (1:500), and IgM (1:2000) were diluted in blocking buffer and 

incubated for 1 h at 37 °C, after washing out the plasma or lung lavage fluid.  Finally, the plates 

were washed five times before incubation with p-nitrophenyl phosphate (pNPP) substrate 

solution (Thermofisher).  The plates were read at optical density (OD) 405 nm at room 

temperature using an ELISA plate reader (Agilent BioTek). 

3.2.11 Flow Cytometry 

Antibody staining and flow cytometry protocols have been previously published [71].  

Briefly, lung tissues were dissociated into single-cell suspensions using Liberase TL and treated 

with an ammonium chloride-based lysis buffer to remove any remaining red blood cells.  The 

cells were then blocked with anti-CD16/CD32 monoclonal Ab (2.4G2; BioXCell) for 10 min at 

4°C.  Subsequently, the cells were stained with Abs against different immune cell markers (Table 

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 (Thermofisher).  Samples were analyzed using 

FlowJo software (Version 10.6.1, BD Biosciences). 

3.2.12 In Vivo Imaging 

C57BL/6J mice were injected in both thigh muscles (50 ɛL per leg) with microparticles 

containing DiR (MPDIR) dissolved in 100 ɛL of PBS.  An additional group was injected with 

PBS as a control.  Mice were imaged 2, 4, 7 and 10 weeks after injections using the IVIS 

Spectrum in vivo imaging system (Perkin Elmer).  During the imaging period, mice were shaved 

in advance and anesthetized using isoflurane inhalation.  Fluorescence images were then 

collected using 745/800 nm excitation/ emission filter sets with a F-Stop setting of 1 and subject 
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height of 1.5 cm.  Living Image software (Caliper Lifesciences) was used for data analysis.  

Same-sized regions of interest (ROI) were applied on the injection sites for image analysis.  The 

radiant efficiency (photons/sec/cm2/sr/ɛW/cm2) per each ROI was calculated for signal 

quantification. 

3.2.13 Statistical Analysis 

GraphPad Prism version 9.0 (GraphPad Software, La Jolla, CA) was used for all statistical 

analyses.  The Kaplan-Meier survival analysis with long-rank test was performed to analyze 

significant differences between survival curves.  One-way ANOVA, two-way ANOVA, and 

Dunnôs multiple comparison were performed for comparisons among groups. 

3.3 Results 

3.3.1 Particle Characterization 

All particle formulations were imaged by SEM after synthesis and analyzed to determine the 

average particle size (Table 3.2).  The SEM images show that the particle shape and surface of 

Formulation V (Figure 3.2A) is mostly smooth and spherical with a particle size of 20.2 ± 6.1 

ɛm (Table 3.2).  Formulation A particles are spherical and smooth (Figure 3.2B) with a particle 

size of 20.6 ± 11.1 ɛm (Table 3.2).  Formulation M1 (Figure 3.2C) and M2 (Figure 3.2D) 

particles are varied, having both spherical and irregular shaped particles with particle sizes 35.9 

± 18.6 ɛm and 33.7 ± 15.9 ɛm, respectively (Table 3.2).  Formulation A is significantly different 

from Formulation M1 and M2 but not significantly different from Formulation V.  Because 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 MPs.  No difference was seen in size or 

structure between lyophilized MPs and resuspended lyophilized MPs.  Since a cryoprotectant 

such as mannitol was not used, this could have caused collapse and fracture of particles during 

freeze-drying showing some particle remains/debris in the SEM images. 
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Figure 3.2 SEM images of vaccine loaded PLGA particles, Ŭ-GalCer loaded PLGA particles, and 

vaccine ï Ŭ-GalCer co-loaded PLGA particles after synthesis.  (A) Vaccine loaded PLGA particles 

(formulation V) are mostly spherical and smooth.  (B) Ŭ-GalCer loaded PLGA particles (formulation A) 

are smooth and spherical.  (C) Vaccine ï Ŭ-GalCer co-loaded PLGA particles (formulation M1) are 

spherical and irregular in shape and have surface roughness.  (D) Vaccine ï Ŭ-GalCer co-loaded PLGA 

particles (formulation M2) are similar to formulation M1 having both spherical and irregular shaped 

particles with surface roughness. 

Table 3.2 Vaccine and Ŭ-GalCer loadings, loading efficiencies, and particle size. 

Sample 

Vaccine 

Loading 

(ɛg/mg) 

Vaccine 

Loading 

Efficiency 

%  

Ŭ-GalCer 

Loading 

(ɛg/mg) 

Ŭ-GalCer 

Loading 

Efficiency 

%  

Particle 

Size (ɛm) 

Formulation with vaccine 

only (V): 200 ɛg vaccine 
0.8 ± 0.3 8.3 ± 2.6 - - 20.2 ± 6.1 

Formulation with Ŭ-GalCer 

only (A): 200 ɛg Ŭ-GalCer 
- - 5.8 ± 0.4 72.5 ± 4.3 20.6 ± 11.1 

Formulation with vaccine and 

Ŭ-GalCer. (M1): 200 ɛg 

vaccine, 150 ɛg Ŭ-GalCer 

2.9 ± 0.8 29.0 ± 8.2 4.7 ± 0.3 62.5 ± 4.0 35.9 ± 18.6 

Formulation with vaccine and 

Ŭ-GalCer (M2): 200 ɛg 

vaccine, 300 ɛg Ŭ-GalCer 

2.3 ± 1.1 23.2 ± 11.1 6.0 ± 0.3 40.0 ± 2.1 33.7 ± 15.9 
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3.3.2 Vaccine and Ŭ-GalCer Loading 

The formulation with vaccine only (V) has an average loading of 0.8 ± 0.3 ɛg/mg with 

corresponding loading efficiency of 8.3 ± 2.6% (Table 3.2).  The formulation with Ŭ-GalCer only 

(A) has an average loading of 5.8 ± 0.4 ɛg/mg with corresponding loading efficiency of 72.5 ± 

4.3% (Table 3.2).  The vaccine and Ŭ-GalCer co-loaded particle formulations (M1 and M2) have 

significantly higher vaccine encapsulation efficiencies compared to the vaccine only (V) 

formulation, but lower encapsulation efficiency of Ŭ-GalCer compared to the formulation with Ŭ-

GalCer only (A).  The M1 formulation has an average vaccine loading of 2.9 ± 0.8 ɛg/mg with 

corresponding encapsulation efficiency of 29.0 ± 8.2% and average Ŭ-GalCer loading of 4.7 ± 

0.3 ɛg/mg with corresponding encapsulation efficiency of 62.5 ± 4.0%.  A comparison of the 

results for the M1 and M2 formulations show that the encapsulation efficiency of the vaccine as 

well as the Ŭ-GalCer decreases on increasing the amount of Ŭ-GalCer in the formulation.  The 

M2 formulation has vaccine loading of 2.3 ± 1.1 ɛg/mg with corresponding vaccine 

encapsulation efficiency of 23.2 ± 11.1% and Ŭ-GalCer loading of 6.0 ± 0.3 ɛg/mg with Ŭ-

GalCer encapsulation efficiency of 40.0 ± 2.1%.  Overall, the co-encapsulation of the vaccine 

and Ŭ-GalCer greatly increases the loading efficiency of vaccine and decreases the loading 

efficiency of Ŭ-GalCer. 

3.3.3 In Vitro Release 

The in vitro release profiles (Figure 3.3) show the differential release [release of virus 

(ng)/mass of particles (mg)/day], the cumulative release [total release till time t (ng)/mass of 

particles (mg)] and the percentage cumulative release [total release till time t (ng)/ total release 

till infinite time (ng)] as a function of time in days.  The release profiles are scaled with the mass 

of particles to compare release kinetics between formulations.  The release profile of the vaccine 

only particle formulation (Figure 3.3AïC) shows an initial burst release of approximately 20%, 

likely due to desorption of virus from the particle surface upon resuspension in buffer, but a low 

steady release thereafter.  The Ŭ-GalCer only particles exhibit a linear release profile with an 

increase in release rate after approximately 24 days (Figure 3.3DïF).  Ŭ-GalCer 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 about 45% release of the Ŭ-GalCer loading after 50 days.
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Figure 3.3 In vitro release plots of kPR8 HA and Ŭ-GalCer over 50 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 M2 have much higher 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 have more than 5 times 

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

and M2 which fully release in about 32 and 10 days, respectively.  (D) Differential Ŭ-GalCer release shows that each formulation has a similar 

initial burst release in amount and duration and slow release thereafter.  (E) Cumulative specific Ŭ-GalCer release shows that M2 has the highest 

linear release rate and greatest amount released followed by M1 and then A.  (F) Percent Ŭ-GalCer release shows 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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Additionally, Ŭ-GalCerôs incorporation may reduce the water content of the particles which 

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

Co-encapsulating the vaccine with Ŭ-GalCer had a considerable effect on vaccine 

encapsulation efficiency and release profiles (Figure 3.3B). The vaccine release rates increased 

significantly (Figure 3.3A, C) mainly due to the increase in encapsulation efficiency (Table 3.2), 

although the duration of release also decreased (Figure 3.3C) to about 35 days for M1 and 10 

days for M2 compared to a total release duration of 50 days for the vaccine-only particles.  This 

decrease in release duration (Figure 3.3C) is surprising because incorporation of Ŭ-GalCer is 

expected to reduce the water content and hence decrease the rate of hydrolysis, which suggests 

that the matrix structure may be changing due to incorporation of Ŭ-GalCer.  Furthermore, the 

release duration of vaccine is less than that of the Ŭ-GalCer even despite its higher molecular 

weight which suggests that the release of the Ŭ-GalCer may be solubility limited.  The rate and 

amount of Ŭ-GalCer release is higher for the co-encapsulated formulations (Figure 3.3E, F), 

which may be due to an interaction between the virus and the Ŭ-GalCer that results in adsorption 

of the Ŭ-GalCer to the vaccine resulting in co-release of the two components. 

3.3.4 Microparticle Vaccines Elicit  Long-term Protection Against Lethal Influenza Virus 

Infection 

To test the capacity of our two MP formulations with co-encapsulated kPR8 and Ŭ-GalCer 

[M1: 5.8 ɛg kPR8 (5.8 fold higher than soluble), 9.4 ɛg Ŭ-GalCer (2.35 fold); M2: 4.6 ɛg kPR8 

(4.6 fold), 12.0 ɛg Ŭ-GalCer (3 fold)] to elicit long-term protection against influenza virus 

infection, we injected 100 ɛL of each MP into both thigh muscles of C57BL6/J mice.  As 

controls, additional groups of mice were mock vaccinated with PBS (sham) or vaccinated with 1 

ɛg kPR8 with (kPR8 + ŬGC) or without (kPR8) 4 ɛg of Ŭ-GalCer.  Thirty weeks after injection, 

all mice were challenged i.n. with a lethal dose of homologous virus.  All of the different vaccine 

formulations protected mice from weight loss and clinical signs of disease (Figure 3.4A).  In 

contrast, 4/5 sham vaccinated mice met the criteria for euthanasia by 9 days post infection (DPI) 

(Figure 3.4AïC).  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 influenza-induced lung lesions.  Sham vaccinated mice exhibited substantial levels 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 control (MM) (Figure 
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3.4D, E).  Together, these results indicate that our MP formulations provided the same level of 

long-term protection against a lethal influenza virus infection as soluble kPR8 vaccination. 

 

Figure 3.4 In vivo evaluation of microparticle (MP) vaccination.  Two groups of six-week-old 

female C57BL/6J mice were immunized with 100ɛL of MPs containing UV-killed A/PR/8/34 (kPR8) 

virus and different amount of Ŭ-GalCer (M1 and M2), respectively.  Additional groups of mice were 

vaccinated with 1 ɛg of soluble kPR8 (kPR8), 1 ɛg of soluble kPR8 and 4 ɛg of Ŭ-GalCer (kPR8 + ŬGC), 

or PBS (sham) as control.  After 30 weeks of immunization, mice were intranasally challenged with 5,000 

PFU of live PR8 virus.  Weight loss (A), clinical scores (B), and survival (C) were monitored daily 

following the materials and methods.  (D, E) Lung histopathology after influenza challenge.  Lung tissue 

from the left lung lobe was scored after euthanasia for bronchiolitis (D) and pneumonia (E) following the 

materials and methods.  Survival analysis was performed using the Mantel-Cox log-rank test.  Weight 

loss and clinical score data presented as the mean ± SEM were analyzed by two-way ANOVA in 

GraphPad Prism.  Lung histology score data presented as the mean ± SEM was analyzed by Dunnôs 

multiple comparison test.  Symbols 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 kPR8-specific immunoglobulins in plasma samples collected 

before and after influenza virus infection (Figure 3.5AïD) and in lung lavage fluid collected 

after euthanasia (Figure 3.5EïH).  After vaccination, total influenza-specific IgG levels 

respectively increased rapidly and gradually in mice vaccinated with soluble and MP-

encapsulated kPR8 (Figure 3.5A).  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 

than the kPR8 + ŬGC mice, although the difference at most timepoints was not significant.  Total 

IgG levels in lung lavage fluid collected during necropsy was similar among all of the vaccinated 

groups (Figure 3.5E).  Since Ŭ-GalCer is capable of inducing both Th1 and Th2 cytokines 

simultaneously, we assessed IgG1 (Figure 3.5B) and IgG2a (Figure 3.5C) subclasses that are 

respectively stimulated by Th1-dependent IFN-ɔ and the Th2 cytokine IL-4 making these 

isotypes an indicator of the underlying T helper cell response.  Combining free Ŭ-GalCer with 

free kPR8 induced similar levels of IgG2a but higher levels of IgG1 compared to soluble kPR8 

alone.  Surprisingly, the MP formulations, which both contained Ŭ-GalCer, stimulated high 

concentrations of IgG1 and low levels of IgG2a.  Similar results were observed in lung lavage 

fluid (Figure 3.5F, G).  As regards IgM production, both MP vaccines induced significantly 

higher concentrations of IgM than either of the soluble vaccines (Figure 3.5D).  Similar results 

were observed in lavage fluid (Figure 3.5H).  Since the half-life of IgM is usually only 2 days, 

our results suggest that the MP formulations continuously release antigen into circulation to 

stimulate production of this Ig. 
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Figure 3.5 Effect of vaccination on kPR8-specific antibody responses in plasma collected before and 

after PR8 challenge and in lung lavage fluid collected when mice were euthanized.  (A-D) ELISA optical 

density (O.D.) read at 405 nm of plasma anti-kPR8 IgG (A), IgG1 (B), IgG2a (C), and IgM (D).  (E-H) 

ELISA O.D. of lung fluid anti-kPR8 IgG (E), IgG1 (F), IgG2a (G), and IgM (H).  The data are presented 

as the mean ± SEM, analyzed by two-way ANOVA with Tukeyôs correction pre-challenge, and Dunnôs 

multiple comparison test post-challenge in GraphPad Prism.  Symbols with different letters are 

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

Flow cytometry was used to compare T and B cell populations in the lung tissues after 

influenza virus challenge (Figure A.5).  T cell subsets were identified via the surface markers 

CXCR3 and CD62L as naïve (CXCR3-CD62L+), effector (CXCR3+CD62L-), and memory 

(CXCR3-CD62L-).  The mouse H-2Db tetramer loaded with a CD8+ T cell epitope from the 

influenza nucleoprotein (NP366ï374) was used to detect virus-specific CD8+ T cells while the 

intracellular transcription factor FoxP3 was used to identify regulatory T cells (Tregs). 

 

Figure 3.6 Flow cytometric analysis of T lymphocytes in lung tissues after infection.  (A) The 

number of lung H-2DbNP366ï374 tetramer+ CD8+ T cells in the whole right lung.  (B, C) The number of 

lung cells expressing CXCR3 and CD62L among tetramer+ CD8+ T cells (B) and tetramer- CD8+ T cells 

(C).  (D, E) The number of Foxp3+CD4+ Tregs (D) and Foxp3-CD4+ T cells (E) expressing CXCR3 and 

CD62L.  The sham vaccinated group includes mice that succumbed and survived the infection.  Only 

sham vaccinated mice which succumbed to infection were included in the statistical analysis.  Data are 

presented as the mean Ñ SEM, analyzed by Dunnôs multiple comparison test.  Symbols with different 

letters are statistically different (P < 0.05). 

There was no difference in the concentration or subset frequency of tetramer+CD8+ T cells 

between the vaccinated and unvaccinated mice ( 

Figure 3.6A, B), although numerically kPR8+Ŭ-GalCer mice had fewer NP366-374-specific 

effector T cells compared to the other influenza virus challenged groups.  Sham vaccinated mice 

presented significantly higher numbers of effector tetramer- CD8+ T cells compared to other 

groups ( 



 

54 

Figure 3.6C).  Effector and memory subpopulations of Tregs and conventional CD4+ T cells were 

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

Figure 3.6D, E).  Some of the differences in CD4+ and 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 B220-CD138+ plasma cells or B220+CD138+ 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 group (Figure 

3.7A). 

 

Figure 3.7 Flow cytometric analysis of B lymphocytes in lung tissues after infection.  (A) The 

number of B220+CD138- B cells in the whole right lung.  (B) The median fluorescent intensity (MFI) of 

CD44 antibody staining of B220-CD138+ plasma cells.  (C, D) The MFI of CD86 antibody staining of 

B220+CD138+ cells (C) and B cells (D).  The sham vaccinated group is divided into mice that succumbed 

and survived the infection.  Only sham vaccinated mice which succumbed to infection were included in 

the statistical analysis.  Data are presented as the mean Ñ SEM, analyzed by Dunnôs multiple comparison 

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 activated state (Figure 3.7B).  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 

(Figure 3.7C).  However, circulating immature B cells from M1 vaccinated mice presented 

similar levels of CD86 to the deceased sham vaccinated mice (Figure 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 DiR Delivery 

To investigate the particle distribution in tissues and persistence of our MPs in vivo, near-

infrared fluorescent cell membrane dye DiR-loaded PLGA microparticles (MPDiR) were prepared 

using the same formulation used to encapsulate the vaccine.  The DiR encapsulation efficiency 

was 40.5 Ñ 2.8% for a loading of 4.05 Ñ 0.28 ɛg/mg.  kPR8 encapsulation efficiency was 33.0 Ñ 

6.7% for a loading of 3.3 Ñ 0.67 ɛg/mg.  In vitro release of the kPR8-DiR-loaded particles was 

carried out to measure DiR retention in particles and vaccine release (Figure 3.8A).  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 weeks (Figure 3.8B, C).  

At 2 weeks post-injection, radiance from the injection sites was strong and well defined. Since 

injection of free DiR into rodents results in minimal background fluorescence [72], [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 at 4- and 7-weeks post-injection, but at a lower intensity.  Very 

little signal was detected at 10 weeks.  These results suggest that there is a steep decline in MPs 

within the muscle between 2- and 7-weeks post injection. 
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Figure 3.8  In vivo fluorescence images of mice injected with MPDIR.  (A) In vitro release plot of 

vaccine and retention plot of MPDIR.  (B) Quantification of the fluorescence in the injection sites (blue 

circles) measured after delivery of MPDIR over time.  (C) Representative IVIS image of C57BL6/J mice i.m. 

injected with 100 µL of MPDIR over time.  Data are presented as the mean ± SEM, analyzed by two-way 

ANOVA. *P < 0.05. 

3.4 Discussion 

Each of the four formulations exhibit sustained release of the encapsulated components.  The 

formulation with Ŭ-GalCer only (A) had a high loading efficiency likely due to the single 

emulsion synthesis method where highly hydrophobic molecules are retained in the organic 

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 phase can escape to the outer aqueous phase leading 

to low encapsulation.  For the co-loaded formulations, M1 and M2, the combination of the Ŭ-

GalCer with vaccine had a considerable effect on increasing vaccine loading but decreasing Ŭ-

GalCer loading efficiency (Table 3.2).  The Ŭ-GalCer seemed 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-encapsulated formulations (M1 and M2) compared to the vaccine only (V) formulation could 
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be attributed to multiple mechanisms.  Incorporation of Ŭ-GalCer in the dissolved polymer 

solution could increase the viscosity of the organic phase, but this effect is likely not significant 

due to the low molecular weight (MW ~858.54 Da) of Ŭ-GalCer in comparison to that of the 

polymer (MW ~7ï17 kDa).  However, Ŭ-GalCer exhibits strong hydrophobic interaction with the 

polymer chains, which could cause the polymer chains to become bulkier with increased steric 

interaction, which in turn could increase viscosity and hence stability of the emulsion to increase 

encapsulation.  It is also possible that Ŭ-GalCer serves as an emulsifier; i.e., it adsorbs at the oil-

water interface in the primary emulsion drops to improve stability and increase encapsulation of 

the vaccine.  The molecular structure of Ŭ-GalCer includes a galactose group, which is likely 

more hydrophilic than the remaining molecule.  Thus, Ŭ-GalCer may have a preference to reside 

at the interface of the inner aqueous phase and organic phase with the galactose group facing the 

aqueous droplet and the hydrophobic chains remaining in the organic phase.  Furthermore, 

interaction of the galactose group with the inner aqueous phase potentially by hydrogen bonding 

would help stabilize the inner aqueous droplet and prevent them from escaping the organic 

droplet in the double emulsion.  It is also possible that Ŭ-GalCer exhibits binding activity with 

the virus leading to the increased vaccine and Ŭ-GalCer loading.  The Ŭ-GalCer hydrophobic 

residues may bind to the envelope of the virus due to interaction with the matrix protein, or Ŭ-

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

surface protein HA.  Any interaction between the virus and Ŭ-GalCer would lead to reduced 

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

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.  The co-encapsulated 

formulations are superior to the vaccine only formulations due to higher encapsulation 

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 that free and MP encapsulated vaccine formats resulted in similar 

long-term protection against influenza virus-induced mortality and clinical signs of disease.  

However, mice vaccinated with MPs tended to lose less weight than mice immunized with free 

kPR8 alone.  Other studies that have used PLGA particles to extend vaccination protection 

include a single dose of PLGA microspheres encapsulating recombinant hepatitis B surface 
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antigen that elicited serum antibody titers in BALB/c mice comparable to three doses of the 

conventional vaccine [76].  Another study used PLGA microparticles to encapsulate recombinant 

outer membrane vesicles (rOMVs) that contain the ectodomain of the influenza A matrix 2 

protein (M2e) [61].  Mice injected with these particles presented robust M2e-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 with free rOMVs [61]. 

The distinct Ab isotype expression patterns that the free and MP vaccine formats elicited is 

likely related to differences in antigen release.  Because IgM has a half-life of 2 days in mice and 

hence requires continual antigen exposure to sustain, the higher IgM titers in MP vaccinated 

mice may reflect their ability to extend antigen release.  Virus-specific IgM levels in MP mice 

may have contributed to protection since, besides binding to virus particles, IgM stimulates the 

production of antigen-specific IgG by activating the complement system and also neutralizes 

influenza virus in the presence of complement as effectively as IgG [77].  Interestingly, the MP 

vaccines induced a Th2-biased antibody response whereas mice injected with soluble kPR8 

without Ŭ-GalCer favored Th1-biased IgG2a secretion.  It could be because a large bolus of 

soluble free virus is likely to produce a more acute Th1-biased pro-inflammatory response than 

when the same antigen is released slowly over several weeks via MPs.  This is consistent with 

two previous studies which found that PLGA microparticle encapsulated ovalbumin induced 

high IgG1 levels compared to IgG2a [78], [79].  Including Ŭ-GalCer in the MPs did not induce 

IgG2a antibodies in the same way as when it was co-delivered with the free vaccine.  This may 

be because Ŭ-GalCer was released at concentrations too low to effectively activate NKT cells or 

that this method of delivery caused NKT cells to become anergic, which occurs when NKT cells 

are chronically stimulated with Ŭ-GalCer [80], [81], [82]. 

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 antigens.  MPs were present at high 

concentrations at the site of injection for >2 weeks after treatment, which is usually sufficient 

time to generate antigen-specific recall T and B cell responses [36].  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 tissue.  While 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 surrogate for particle degradation, in 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, we developed several PLGA microparticle formulations 

encapsulating killed influenza virus particles that degrade slowly over time.  In some particle 

formulations we incorporated the glycolipid Ŭ-GalCer that globally activates NKT cells to 

produce immune responses with adjuvant activities.  Co-encapsulating PLGA particles with Ŭ-

GalCer resulted in considerably higher vaccine loading and release in vitro compared to particles 

loaded with the vaccine alone.  Two Ŭ-GalCer containing MP vaccines tested in vivo protected 

mice completely from a lethal influenza virus challenge 30 weeks post vaccination.  Compared 

to free kPR8, these MP vaccines induced a Th2-biased IgG1 response and higher concentrations 

of IgM.  However, injecting mice with free vaccine and Ŭ-GalCer produced high concentrations 

of both IgG1 and IgG2a antibodies.  Overall, our results demonstrate the feasibility of using 

large sized MP for long-term 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 OF HYDROXYETHYL METHACRYLATE (HEMA)  UNDER 

ROTATION TO FORM CORE-ANNULAR HYDROGELS 

Modified from a paper published in the Journal of Colloid and Interface Science21. 

Zachary Sparks22, Anuj Chauhan23> 

4.1 Introduction  

Hydrogels are useful in several biomedical applications including tissue engineering, contact 

lenses, drug delivery, sensors etc. [83], [84], [85], [86].  The pore sizes of the hydrogels impact 

critical physical properties such as water content, modulus, and diffusion rates of molecules.  

The hydrogels can be categorized into porous and non-porous depending on the size of the pores.  

The non-porous gels also have pores, but those are typically only a few nanometers in size.  The 

porous gels contain larger pores which scatter visible light resulting in an opaque appearance.  

The porous hydrogels can be manufactured via many approaches including gas injection, phase 

separation, electrospinning, freeze-drying, and templating [87], [88], [89], [90], [91]. Many 

researchers have explored applications of porous gels in tissue engineering and delivery of large 

molecules [92], [93].  The microstructure of the pores including size and connectivity impact 

diffusion coefficient of the biologics, and so novel manufacturing approaches that can yield a 

desired microstructure are valuable.  For example, aligned pores in hydrogels could be useful for 

applications such as growth of neural tissue [94]. 

In this work we polymerize HEMA monomer formulations under rotation to explore whether 

the microstructure is impacted by rotation.  The 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 structure could be useful for delivery of biologics from the porous annulus, and sustained 

delivery of small molecules from the non-porous center.  These core annular hydrogel structures 

were obtained by multi-step polymerization of the monomer formulation in a partially filled 
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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 polymerization [95], [96].  Dalton et. al. focused on a porous central zone and non-porous 

annulus to serve as nerve guidance channels in the central nervous system, while 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 was measured in samples with different 

orientations.  The proteins transport was fitted to the diffusion equation to determine diffusivity 

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 2-hydroxyethyl methacrylate (HEMA) (Ó99%, Ò50 ppm monomethyl ether 

hydroquinone as inhibitor), crosslinker ethylene glycol dimethacrylate (EGDMA) (98%, 90-110 

ppm monomethyl ether hydroquinone as inhibitor), and photoinitiator Darocur Diphenyl (2,4,6-

trimethylbenzoyl)-phosphine oxide (TPO) (97%) were purchased from Sigma Aldrich.  The 

proteins bovine serum albumin (BSA) (heat shock fraction, pH 7, Ó98%) and human gamma 

globulin (hɔG) (Ó99% (electrophoresis)), and Dulbeccoôs phosphate buffered saline (PBS) 

(without calcium chloride and magnesium chloride, liquid, sterile-filtered, suitable for cell 

culture, pH 7.1-7.5) were purchased from Sigma Aldrich.  Thermo Scientific Micro BCA assay 

reagents were purchased from Fisher Scientific. 

4.2.2 Hydrogel Polymerization Under Rotation 

The process for polymerizing hydrogel tubes and the core-annular cylindrical rods is 

illustrated in Figure 4.1.  A tube spinning apparatus was assembled in the lab to rotate the 

cylindrical tube which served as the mold for the polymerization (Figure 4.2).  The spinning 

apparatus included an18V DC motor, a tail stock, angular contact bearing, and two aluminum 

cups.  The tail stock stabilizes the passive side of the mold while allowing the mold to spin freely 
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with minimal frictional resistance.  The tail stock can slide on the 80/20 aluminum framing strip 

base to load cylindrical molds of any length.  The tail stock was attached to an angular contact 

bearing which fits an aluminum cup to hold the passive side of the mold.  On the active side, an 

18 V DC motor was mounted on the base.  A collar was connected to the motor spindle, and the 

aluminum cup was attached to the collar using a hex screw.  The assembly also included a DC 

power supply, three UV light bulbs (18 W CFL) and a tachometer to measure the rotation rate. 

The spinning RPM was controlled by varying the current supplied to the 18V DC brushed 

motor (Digikey) from the power supply (Eventek, 30V, 5A) to achieve a range of 800-1700 rpm.  

A box with CFL UV bulbs attached on the inside was placed over the tube spinning assembly to 

provide radiation for initiating the polymerization reaction.  The duration for polymerization was 

set at ten minutes for the outermost layer, and an additional twenty minutes were provided for 

each extra layer, to account for the absorption of light by the polymerized layers.  In many of the 

structures explored here, three concentric layers were polymerized, prior to filling the core with 

water-free HEMA monomer solution and polymerizing vertically to completely fill the core.  In 

most cases, the outermost layer was polymerized with a water/HEMA ratio of 2/3 and the next 

layer was polymerized with water/HEMA ratio ranging from 11/9 to 4/1 to form the porous 

annulus (Table 4.1).  The third layer and the central core were polymerized with water-free 

HEMA monomer formulation.  The central core was polymerized in vertical orientation without 

rotation using MaestroGen transilluminator (LB-16 UltraBright LED Transilluminator, 

MaestroGen, Hsinchu City, Taiwan) at 345 nm.  The fully polymerized rod was removed from 

the glass vial and submerged in excess water for more than 5 days to hydrate the rod.  After 

equilibrium hydration, the hydrogel rod was cut into thin discs ranging from 2 ï 5 mm in 

thickness and soaked 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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Figure 4.1 Step-by-step process to fabricate core-annular hydrogels with at least one porous ring and 

obtain discs to measure axial transport.  A) Polymerization of the outermost ring, which could be porous 

or nonporous (steps 1-4) and polymerization of the second ring (steps 5-6).  The tube was cut along the 

length and punched to obtain discs for radial transport measurements (steps 7-8).  B) Continuation of the 

fabrication process from step 5 to polymerize a non-porous pHEMA layer inside the porous layer, 

followed by filling the core with HEMA (no water) to obtain a core-annular pHEMA hydrogel rod (steps 

6-9).  The rod can be cut into discs (step 10) to measure axial transport. (Created with Biorender.com) 



 

64 

 

Figure 4.2 Lab-assembled apparatus for fabricating core-annular hydrogels.  A) The setup includes 

the external cover with UV lamps, the spinning apparatus, DC power supply, light switch, and 

tachometer.  B) A closeup of the tube-spinning apparatus showing the glass tube filled with solution 

loaded into the apparatus. 

4.2.3 Measuring Water Content in Pores 

The fully hydrated hydrogels were weighed and then allowed to dry at room temperature. The 

mass of the hydrogel was recorded as a function of time till the weight reached the constant dry 

weight. The equilibrium water content (Ὁὡὅ) was calculated using the following equation 

Ὁὡὅ
ὡ ὡ

ὡ
ρππ 

(4.1) 



 

65 

where ὡ  and ὡ  are the weights of the hydrated and dry gels. Based on the densities of 

water (1 g/mL) and HEMA monomer (1.073 g/mL) [97], the volume fraction of water in the 

formulation was converted to mass fraction (Table 4.1) for direct comparison with the Ὁὡὅ. 

Based on literature and our measurements, the poly-HEMA (pHEMA) hydrogel has a 

saturated water content of 40% [98], 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 

ὡ ȟ ὡ ȟ

ὡ ȟ
πȢτ 

(4.2) 

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

ὡ ȟ

υ

σ
ὡ ȟ  

(4.3) 

A pHEMA hydrogel prepared with a monomer formulation that has less water than the 

saturation content will not have any large pores because all of the water is used in hydrating 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 will form large pores [99].  Thus, the mass of 

water in the large pores (ὡ   ) in a gel of hydrated weight (ὡ ) and dry weight 

(ὡ ) can be calculated by subtracting the mass of the fully hydrated pHEMA hydrogel from 

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

ὡ   ὡ
υ

σ
ὡ  

(4.4) 

where the second term on the RHS represents the mass of the fully hydrated non-porous 

pHEMA.  The mass of water in pores can be divided by the density of water to calculate the 

volume of pores in any sample.  This equation allows calculation of the water volume in pores 

which is then used to calculate the concentration of proteins in the pores.  The same 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 total weight of the monomer mixture and dry 

weight with the weight of the HEMA monomer. 
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4.2.4 Transport of Model 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 used to measure 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 second layer inside a non-porous 

pHEMA layer.  In both cases, the tubular hydrogels were cut along the length of the hydrogel 

tube (Figure 4.3) to yield thin hydrogel sheets which were then used to stamp out circular gels 

using a ¾" 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 the axial direction, which 

corresponded to the radial direction in the original cylindrical geometry.  The diffusion equation 

was used to model transport in both one-layer (punched from the porous tube) and two-layer 

(punched from the two-layer tubes containing porous gels that were polymerized as the second 

layer inside the non-porous layer) gels.  The boundary conditions were changed to reflect the no-

flux boundary condition at the bottom of the two-layer discs and symmetry at the centerline for 

the one-layer discs. 
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Figure 4.3 The pHEMA hydrogel tube is cut parallel to the central axis to obtain a rectangular 

hydrogel sheet.  The hydrogel sheet is cut to image cross sections of Z and ɗ-plane by SEM imaging. 

Axial Transport: For measuring axial transport, the porous annulus was sandwiched in 

between an outermost non-porous pHEMA ring and a non-porous 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 axial direction of the original hydrogel.  The non-porous outermost layer and 

the center prevented radial transport from the curved surface. 

BSA (~65 kDa) and hɔG (~120 kDa) were used to investigate transport in the porous pHEMA 

hydrogels as these proteins have similar size and molecular weights to therapeutic proteins.  

Either BSA or hɔG was loaded into the gels by soaking the gels in 3 mL of 2 mg/mL protein 

solution at 4°C for 14 days or longer, which was sufficiently long to achieve equilibrium.  After 

equilibrium, the protein-loaded gels were removed from the uptake solution and placed in 8 mL 

of PBS to measure the release.  The protein concentration in release medium was determined by 

collecting 300 ɛL samples at each timepoint and measuring the concentration by the Micro BCA 

assay.  The absorbances 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, Ὀ , 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 (ὅȟ) and the final (ὅȟ) concentration of the protein in the loading solution, which can 

then be divided by the volume of water in the pores (ὠ  based on Equation (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 expected to diffuse into the non-porous 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 coefficient (ὑ), i.e., 

ὑ
ὅȟ

ὅȟ

ὠ ὅȟ ὅȟ

ὠ ὅȟ
 

(4.5) 

where ὠ 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 calculated value of the partition 

coefficient by using Equation (4.5).  To address this issue, the mass of protein in the gel is 

calculated based on the total mass of protein that is released from the gel during the release study 

(ὓȟ), i.e., 

ὑ
ὓȟ

ὠ ὅȟ
 

(4.6) 

The transport of protein in the pHEMA gel with large aspect ratio can be described by the 

following one-dimensional diffusion equation 

‬ ὅ

‬ὸ

‬

‬ώ
Ὦ 

(4.7) 

where ὅ is the average protein concentration in the gel and Ὦ is diffusive flux.  The radial 

transport can be neglected because the diameter of the gels is much larger than the thickness. 

Substituting diffusive flux from the Fickôs law, Ὀ
 

, yields the following diffusion 

equation, 
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‬ὅ

‬ὸ

‬

‬ώ
Ὀ

‬ ὅ

‬ώ
Ȣ 

(4.8) 

For the samples without nonporous backing, the governing equation is subjected to the 

following boundary conditions. 

‬ ὅ

‬ώ
ὸȟώ π π 

(4.9) 

ὅὸȟώ Ὄ π (4.10) 

where Ὄ is half thickness of the gel.  The first boundary condition (Equation (4.9)) corresponds 

to symmetry about the middle plane, and the second boundary condition (Equation (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., 

Ὠὓ

Ὠὸ
ςὈ ὃ

‬ ὅ

‬ώ
ώ Ὄ  

(4.11) 

where ςὃ is the total area of the hydrogel exposed to the solution. 

The initial conditions, i.e., the concentration in the loading solution and the gel at the 

beginning of the release phase are given by the following equations, 

ὅώȟὸ π ὅ (4.12) 

ὅ ὸ π π (4.13) 

The differential equation can be solved analytically to obtain the following expression for the 

fraction of protein released (Ὂὸ) into the solution [100], 

Ὂὸ ρ
ψ

ςὲ ρ  “
ϽÅØÐ ςὲ ρ “

Ὀ  ὸ

τὌ
 

(4.14) 

where H is the half thickness of the hydrogel. The fractional release Ὂὸ is experimentally 

determined as the mass of protein released at any time ὸ divided by the cumulative amount 

released after infinite time. 

4.2.5 SEM Imaging 

The porous hydrogels were imaged by scanning electron microscopy (SEM) (JEOL 7000 

FESEM Akishima, Tokyo, Japan) to obtain the microstructure and to observe if there is a 

preferential pore alignment in any direction. The hydrogels were cross-sectioned along the Z-

plane and the —-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 30 s, prior to imaging. The samples 

were imaged using an accelerating voltage of 20 kV. 

4.3 Results 

4.3.1 Manufacturing pHEMA Tubes and Rods with Porous Annulus 

The approach of stepwise polymerization of rings in a rotating glass or polypropylene vials 

was successfully used to fabricate multiple core-annular structures with at least one porous ring 

(Figure 4.4 and Figure 4.5).  Figure 4.4 includes the photograph of the polymerized porous 

hydrogel inside the glass vial (Figure 4.4A) and the photograph of the gel after removal from the 

vial (Figure 4.4B). The photograph in Figure 4.4B includes the top view (left) and the front view 

(right).  The photographs in Figure 4.4C show the punched-out gels that were used for measuring 

water content and protein transport in the radial direction. 

 

Figure 4.4 Polymerization and preparation of single layer porous pHEMA hydrogels for measuring 

transport and water content.  A) Top view of pHEMA hydrogel made with 80% water in formulation.  B) 

Top view (left) and side view (right) of the hydrogel tube after removing from the vial. C) Discs punched 

from the hydrogel.  These samples were specifically used for measuring bidirectional, radial transport. 

Figure 4.5 includes photographs at various stages of the process for obtaining gels that were 

used for measuring the radial transport with no-flux at the bottom surface, and for measuring the 

axial transport.  Figure 4.5A-C include the front view on the left and the top view on the right.  

The Figure 4.5B photo shows the result after the first step in which a nonporous outermost ring is 

polymerized, which is followed by polymerization of the porous ring (Figure 4.5C).  The photo 

in Figure 4.5D shows the two-ring cylindrical tube after removal from the mold (left) and half of 

the tube after cutting along an axial plane passing through the center.  The photo on the right was 

obtained after punching a circular disc from the half-tube shown in the middle.  The disc on the 

right of Figure 4.5D was used to measure the axial transport with no-flux condition on the 
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bottom surface.  Figure 4.5E (left) shows the photo of the rod after the tube shown in Figure 

4.5D was filled with HEMA monomer formulation and polymerized to yield a transparent core. 

 

Figure 4.5 Photographs of the gels at different stages of the process for manufacturing core annular 

hydrogels.  A) a clear non-porous pHEMA layer is polymerized at the bottom to form a no-flux surface, 

B) 1st (outermost) layer of non-porous concentric pHEMA, and C) 2nd layer of porous concentric pHEMA 

are polymerized.  D) The pHEMA tube with a non-porous outer ring and a porous inner ring is removed 

from vial, cut along cylindrical axis and arch punched.  E) The core-annular tube is filled with non-porous 

pHEMA to make the pHEMA rod with a clear center and porous annulus.  The 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.  

Figure 4.5A shows that a thin layer of non-porous 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 

Figure 4.5E are cut such that the top surface of the disc included the concentric rings while the 

bottom surface of the disc was cut through the non-porous layer at the bottom, yielding discs 

where the diffusion of the biologics occurred only from the top.  Thus, we obtained discs for 

measuring radial transport with protein diffusion from both top and bottom (Figure 4.4C) and 

protein diffusion only from the top (Figure 4.5D).  We also obtained discs for measuring axial 

transport from both top and bottom (Figure 4.5E) and only from the top (discs cut from the 
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bottom of the rod).  These different disc samples are shown in Figure 4.6 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. 

 

 

Figure 4.6 Design and photographs of single layer and two-layer hydrogels to measure transport in 

radial (A) and axial (B) directions. 

4.3.2 Water Content and Drying Dynamics 

The ratio of water and HEMA in formulations explored here are listed in Table 4.1 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 listed in column 3.  Table 4.1 also 

includes the measurements for a single layer of porous gels obtained by punching out disc 

shaped samples from a porous tube.  The calculated equilibrium water content obtained from the 

measured dry and wet weights (Equation (4.1)) is listed in column 4.  The wet and the dry 

weights were also used to calculate the volume of pores by using Equation (4.4).  The ratio of the 

mass of pores and the total mass of water is listed in column 5.  The EWC values are in 

reasonable agreement with the percentage of water in the formulation for the high-water content 

gels, which implies that the entire mass of water in the formulation was trapped in the gel, either 

as water hydrating the polymer or 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 ratio in column 3 is expected to match 

the ratio in column 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. 

Table 4.1 Summary water content measurements for all formulations.  Columns 1-3 are based on 

formulation composition and Columns 4-5 are based on measurements of wet and dry weights. 

╥▫■◊□▄ ▫█ ╦╪◄▄►

╥▫■◊□▄ ▫█ ╗╔╜═
 

╜╪▼▼ ▫█ ◌╪◄▄►

╜╪▼▼ ▫█ █▫►□◊■╪◄░▫▪
 Ϸ  

╜╪▼▼ ▫█ ▄●╬▄▼▼ ◌╪◄▄►

╜╪▼▼ ▫█ ◌╪◄▄►
 Ϸ  

╔╦╒(%)  

╜╪▼▼ ▫█  ◌╪◄▄► ░▪ ▬▫►▄▼

╜╪▼▼ ▫█ ◌╪◄▄►
 Ϸ  

2/3 38.3 0 40.7 ± 1.1 - 

11/9 53.3 45.2 48.1 ± 2.9 27.7 ± 10.8 

3/2 58.3 55.3 51.1 ± 1.0 35.9 ± 2.7 

13/7 63.4 63.9 64.9 ± 1.2 49.4 ± 5.2 

7/3 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 pores.  The data in Figure 4.7 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 less.  Based on the water content data, we 

expect the gels with 11/9 and 3/2 ratio of water/HEMA in the formulation to contain pores, but 

the drying data overlaps with the non-porous gels likely because the pores are not connected, and 

thus even the water in pores must diffuse through the nonporous regions (Figure 4.7A).  The 

trends are similar for the two-layer gels in Figure 4.7B. 
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Figure 4.7 Drying dynamics for A) single layer hydrogels of 1.5-1.6 mm thickness and 19.05 mm 

diameter and multi-concentric layer hydrogels of B) 2.5 and C) 5 mm length. Water/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 approximately 1.5-1.6 mm 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 2.5 mm and 5 mm lengths 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 and hɔG release profiles are shown in Figure 4.8 and 

Figure 4.9.  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 determine the concentration of the 

proteins in the pores, which was divided by the protein concentration in the loading solution to 

determine the partition coefficient.  The Ὀ  and K values from both radial and axial samples 

are listed in  
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Table 4.2 and plotted in Figure 4.10 as a function of the water/HEMA 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 lines in Figure 4.8 and Figure 4.9) 

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 the volume of the pores in the polymerized 

gels.  The diffusivities of both BSA and hɔG are lower in the radial direction compared to the 

axial direction (Table 4.2).  The diffusivities change with water fraction in the formulations, but 

the trends are not clear partly due to the large error bars (Figure 4.10).  The partition coefficients 

are higher in the radial gels compared to axial gels, and additionally the partition coefficients 

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

Table 4.2 Partition coefficients, K, and diffusivities, Deff, were obtained for porous hydrogel 

formulations by fitting the release data to the sink-release model. 

Protein 

Hydrogel 

Pore 

Direction 

Water/HEMA  

(v/v)  

Partition Coefficient, 

K 

Effective Diffusivity, 

╓▄██ ╓
Ⱡ

Ⱳ
  

(x 10-7) (cm2/s) 

BSA 

axial 

11/9 0.184 ± 0.052 3.21 ± 1.79 

3/2 0.310 ± 0.039 1.53 ± 0.54 

13/7 0.410 ± 0.031 2.6 ± 1.89 

7/3 0.465 ± 0.091 4.27 ± 2.08 

4/1 0.823 ± 0.136 3.51 ± 0.92 

radial 

11/9 0.025 ± 0.006 - 

3/2 0.336 ± 0.055 3.15 ± 0.67 

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 

hɔG 

axial 

11/9 0.331 ± 0.091 3.41 ± 0.62 

3/2 0.650 ± 0.144 4.28 ± 0.07 

13/7 0.693 ± 0.109 4.44 ± 0.42 

7/3 0.808 ± 0.186 4.32 ± 0.22 

4/1 0.917 ± 0.149 4.96 ± 0.79 

radial 

11/9 0.149 ± 0.046 - 

3/2 0.211 ± 0.066 3.18 ± 0.02 

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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Figure 4.8 BSA and hɔG release profiles to measure axial transport.  Samples were prepared with 

two different thicknesses.  The solid lines are model fits based on diffusion control sink model.  Error 

bars are standard deviations (n = 3).  Water/HEMA (v/v) = 11/9 (red), 3/2 (black), 13/7 (orange), 7/3 

(blue), and 4/1 (green). 
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Figure 4.9 BSA and hɔG release profiles to measure radial transport.  Samples were prepared with 

two different thicknesses.  The solid lines are model fits based on diffusion control sink model.  Error 

bars are standard deviations (n = 3). Water/HEMA (v/v) = 11/9 (red), 3/2 (black), 13/7 (orange), 7/3 

(blue), and 4/1 (green). 

 

Figure 4.10 Partition coefficient, K, and effective diffusivity, Deff, of pHEMA hydrogels made from 

formulations with water/HEMA ranging from 11/9 to 4/1 v/v. 
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4.3.4 SEM Imaging 

The cross sections of the hydrogels made from formulations with water/HEMA ranging from 

11/9 to 4/1 v/v were imaged using SEM (Figure 4.11). The Z-plane image of 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 heterogeneities in the local 

composition, and pores only form where the local water content exceeds the water content of the 

saturated pHEMA hydrogel.  Additionally, the presence of the air-liquid interface at the inner 

radius may have an impact on the pore formation as well.  The ɗ-plane of the 55% formulation 

appears to contain less pores which could be due to alignment of the pores in the z-direction.  

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 65% (13/7 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 inner surface. A few larger pores are 

present closer to the outer surface.  The formulations with 70% (7/3 v/v water/HEMA) and 80% 

(4/1 v/v water/HEMA) water contain very large, interconnected pores, and additionally smaller 

pores within the pHEMA matrix. 
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Figure 4.11 SEM images of porous pHEMA hydrogels.  The radial direction extends downward in the 

images.  The left columns show cross sections of the z-plane, and the right columns show cross sections 

of the ɗ-plane.  The 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 on Morphology Evolution 

The rotation of the 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 layer, with the possibility of higher polymer density and lower 

water content closer to the periphery.  To assess this possibility, we consider that the 
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polymerization has led of formation of microgels of radius Rm and density rm.  The microgels 

eventually merge to cause gelation [101], but prior to that the microgels could move radially 

outwards due to the centrifugal forces.  The terminal velocity of the microgels in the radial 

direction can be approximated by equating the net force on the microgel with the viscous drag.  

Assuming a spherical shape for the microgels, the following equation can be used to calculate the 

terminal velocity U. 

Ὗ . 
(4.15) 

where rf and ‘ are the density and viscosity of the fluid surrounding the microgel, respectively, 

ὶ is the radial location of the microgel, and .is the angular velocity of the rotating cylinder ‫ 

The density of hydrated pHEMA is reported to range from 1.15ï1.34 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 ὶ 

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 µm radius microgel particle 

subjected to rotation at 1800 RPM.  Using these values, we obtain a radial velocity of about 20 

µm/s.  Considering the polymerization 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 after the microgels 

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 displacement of the 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 water content (>65% water 

content).  The pores are smaller and appear to be axially aligned in the low 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 high-water content systems including larger 

interconnected pores and smaller disconnected pores in the polymer matrix. 

4.4.3 Water Content and Drying Dynamics 

The water content of the polymerized films is either equal to or less than the water content in 

the initial formulation.  The water content after hydration could be less than the starting value if a 

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 in the non-porous 

regions by assuming that the non-porous region has water content equal to that in a saturated 

pHEMA gel. 

The water loss dynamics show that the rate of water loss increases with increasing water 

content.  The water loss is expected to include an initial phase in which the porous annulus loses 

water rapidly, followed by a second phase with slower loss from the non-porous regions.  The 

relative amount of water loss in the two phases is related to the amount of water in the large, 

connected pores (rapid loss) and the nanosized pores in the nonporous region (slow loss).  The 

data shows the expected trends though the two phases of rapid and slower water loss are not 

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

4.4.4 Transport of BSA and hɔG 

The transport of proteins could 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 

controlled 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 radial transport can be fitted to the diffusion equation which 

also implies 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 formulation, the 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 and thus the pores are not accessible to the proteins in 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 high-water 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 based on the actual pore volume.  The 

increase in K suggests that some of the pores are isolated in the low water content gels and thus 

not accessible to the proteins, but still accessible to water.  The lower than one partition 

coefficient also supports this hypothesis 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 x 10-7 cm2/s) and 

free diffusivity of ɔG (~3.6 x 10-7 cm2/s) which is expected because the pore size is significantly 

larger than the molecular size of BSA (~66.5 kDa, ~14 nm) and hɔG (~1193 kDa, ~25 nm) [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 tortuosity † and porosity ‐.  The effective 

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

Ὀ Ὀ . (4.16) 

There are many equations relating porosity, Ů, and tortuosity factor, Ű [106]. We consider the 

following two relationships to estimate the tortuosity factor and porosity: 

†
Ѝ

, (4.17) 

† ς ‐. (4.18) 

It is noted that the Bruggeman relation is valid only in situations where the non-aqueous 

phase is present in a low volume fraction, and it can be represented by random, isotropic spheres 

[107].  The porous hydrogels appear to be isotropic, at least for the higher water content, but the 

microstructure is more complex than a packed bed of spherical particles.  Thus, the Bruggeman 

relation is not strictly valid, and so we consider an alternative relationship given by Equation 

(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 given by (4.17) and (4.18), 

we calculated two different values of the true diffusivity.  These calculated diffusivities are 

included in Table 4.3.  The diffusivities Ὀ and Ὀ  are calculated based on using Equation (4.17) 

and (4.18), respectively, for the tortuosity factor.  Additionally, diffusivity Ὀ  is calculated based 



 

83 

 

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 with the free diffusivity of 

albumin (~6.32 x 10-7 cm2/s) for axial transport except for the 55% water content gels.  There is 

no significant dependence on the relationship used for estimating the tortuosity factor.  However, 

the diffusivity value calculated by assuming a tortuosity factor of unity is closer to 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 free diffusivity which suggests that the centrifugal forces may 

lead to formation of a low porosity barrier layer near the outer radius.  The trends are similar for 

hɔG, though the calculated values are higher than the free diffusivity value of 3.6 x 10-7 cm2/s.  

The protein diffusivity in pores cannot be higher than that in solution.  The estimation of 

diffusivity is based on Equation (4.16), (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 

proteins in pores is less than the concentration in the loading solution.  This unexpected result 

suggests that a fraction of the pores may be unconnected 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 an underestimate, which could be the reason for the lower than one values 

of the partition coefficients. 
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Table 4.3 Diffusivity of proteins in pores of the hydrogel.  The porosity was calculated as the ratio 

of mass of water in pores and the total weight of the porous hydrogel.  The diffusivities Ὀ and Ὀ  were 

calculated by using Equation (4.17) and (4.18), respectively, for calculating the tortuosity factor.  

Additionally, diffusivity Ὀ  was calculated by assuming a tortuosity factor of unity. 

  

╓▄██(x 10-7) 

(cm2/s) Ⱡ Ⱳ Ⱳ 

╓ (x 10-7) 

(cm2/s) 

╓ (x 10-7) 

(cm2/s) 

╓ (x 10-7) 

(cm2/s) 

BSA 

axial 

3.2 0.25 2.01 1.75 25.83 22.55 12.88 

1.5 0.33 1.74 1.67 7.84 7.54 4.52 

2.6 0.42 1.55 1.58 9.71 9.92 6.26 

4.3 0.50 1.42 1.50 12.20 12.93 8.62 

3.5 0.67 1.23 1.33 6.44 7.01 5.26 

radial 

- 0.25 2.01 1.75    

3.2 0.33 1.74 1.67 16.73 16.08 9.64 

3.4 0.42 1.55 1.58 12.69 12.97 8.18 

0.7 0.50 1.42 1.50 1.99 2.11 1.40 

0.8 0.67 1.23 1.33 1.47 1.60 1.20 

hgG 

axial 

3.4 0.25 2.01 1.75 27.45 23.96 13.68 

4.3 0.33 1.74 1.67 22.48 21.60 12.95 

4.4 0.42 1.55 1.58 16.43 16.78 10.59 

4.3 0.50 1.42 1.50 12.20 12.93 8.62 

5.0 0.67 1.23 1.33 9.20 10.02 7.51 

radial 

- 0.25 2.01 1.75    

3.2 0.33 1.74 1.67 16.73 16.08 9.64 

2.7 0.42 1.55 1.58 10.08 10.30 6.50 

2.0 0.50 1.42 1.50 5.67 6.02 4.01 

4.8 0.67 1.23 1.33 8.83 9.61 7.21 

 

4.5 Conclusion 

The proposed method of layer-by-layer polymerization in a rotating cylindrical vial was 

successfully used to fabricate multiple core-annular structures with at least one porous ring, 

which could be useful for many applications including delivery of biologics from the porous 

regions and delivery of small molecules from the non-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 biomedical applications.  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 the rotation 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 directions.  The 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 used to estimate 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 for hgG.  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 due to 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 direction.  The effect 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 controlling microstructure 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 tissue [94].  However, the degree of pore alignment may 

not be adequate, and additional studies are necessary to obtain a full three-dimensional mapping 

of the structure and to increase alignment by further exploring the parameter space.  

Additionally, biocompatibility of the materials must be established by cell-based 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 deficiencies, such as rapid clearance from the ocular surface within a few minutes, 

leading to low bioavailability [108].  Many researchers have developed contact lenses for 

sustained release of drugs and have shown an improvement in delivery compared to drops due to 

an increase in residence time [109], [110].  Commercial contact lenses alone are usually 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 

nanobarriers [111], [112], imprinting [113], multi-layer lenses [114], etc.  These technologies 

can provide sustained release of both hydrophobic and hydrophilic small molecule drugs [115], 

[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 diseases are treated by small molecule drugs though biologics 

are becoming more common.  Biological therapeutics such as anti-vascular endothelial growth 

factor (anti-VEGF) drugs are commonly used to slow the progression of age-related macular 

degeneration (AMD) and other back of the eye conditions [118].  While anti-VEGF 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 neovascularization [119].  Many studies have shown efficacy of 

bevacizumab at partial reduction of corneal neovascularization through topical [120], 

subconjunctival [121], and intraocular delivery [122].  Some biologics are already approved for 

treating front of the eye diseases such as OXERVATE, which is the first FDA-approved 

treatment for neurotrophic keratitis.  Oxervate is a 0.002% (20 mcg/mL) formulation of 

Cenegermin, which is a recombinant human nerve growth factor (rhNGF).  Cenegermin is a 

protein with a molecular weight of 13,266 Da [123].  The typical prescription of OXERVATE 

involves instillation of 6 eyedrops daily at 2-hour 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 retains transparency, at least in the vision zone, 

while having the porosity to load and release biologics.  Here, we polymerize a 

poly(hydroxyethyl methacrylate) (pHEMA) lens with a clear center and a concentric ring of 

larger pores that allows the uptake and release 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 ethylene ethylene glycol dimethacrylate (EGDMA) and a UV or thermal 

initiator.  The monomer mixture can also include water, which acts as the solvent for the 

polymerization mixture and a porogen in the hydrogel.  The amount of water in the formulation 

must be considered especially in relation to the saturation water content of the hydrogel.  A fully 

hydrated pHEMA hydrogel has a water content of about 40% (w/w) on the wet basis, which 

means that the weight of water is 40% of the total wet weight [83].  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 of water in the monomer formulation. 

Contact lenses 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 needed.  Lathe 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 homogeneous transparent contact lenses.  In the approach explored 

here, a non-homogeneous pHEMA rod is manufactured by polymerization of a porous annulus in 

a rotating cylindrical mold followed by polymerizing the center, which must have sufficient 

optical clarity for the optical zone.  The 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 of model proteins 

albumin (66.4 kDa) and ɔ-globulin (155-160 kDa).  Additionally release of gold nanoparticles 

(NPs) (10-16 nm) is measured as a model for large biologics and nanoparticle-based therapies. 
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5.2 Methods 

5.2.1 Materials and Equipment 

Monomers 2-hydroxymethacrylate (HEMA) (Ó99%, contains Ò50 ppm monomethyle ether 

hydroquinone as inhibitor), N,N-dimethylacrylamide (N,N-DMA) (99%, contains 500 ppm 

monomethyl ether hydroquinone as inhibitor), crosslinker ethylene glycol dimethacrylate 

(EGDMA) (98%, contains 90-110 ppm monomethyl ether hydroquinone as inhibitor), and 

photoinitiator Darocur Diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) (97%) were 

purchased from Sigma Aldrich.  Deionized (DI) water was used in all precursor formulations.  

Bovine serum albumin (BSA) (heat shock fraction, pH 7, Ó98%), human gamma globulin (hɔG) 

(Ó99% (electrophoresis)), hydroxy propyl methyl cellulose (HPMC), gold chloride, sodium 

borohydride, and Dulbeccoôs phosphate buffered saline (PBS) (modified, without calcium 

chloride and magnesium chloride, liquid, sterile-filtered, suitable for cell culture, pH 7.1-7.5) 

were purchased from Sigma Aldrich.  Thermo Scientific Micro BCA assay reagents were 

purchased from Fisher Scientific. 

5.2.2 Planar Sheet Hydrogel 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 photoinitiation.  The monomer mixture 

contained various water contents ranging from 2/3 to 4/1 v/v water/HEMA.  Briefly, specific 

volumes of water (2, 3, 4.5, 7, 12 mL) were added to 3 mL of HEMA monomer. 15 µL of 

EGDMA crosslinker was added to give 0.5% v/v EGDMA/HEMA.  The mixture was purged for 

15 minutes with nitrogen to remove oxygen.  Six mg TPO was added for a concentration of 2 

mg/mL TPO to HEMA.  Hydrogels were polymerized with thicknesses of 250 µm.  Molds were 

irradiated with 305 nm light for 40 min using a MaestroGen transilluminator (LB-16 UltraBright 

LED Transilluminator, MaestroGen, Hsinchu City, Taiwan).  After polymerization, the hydrogel 

sheets were removed from the molds and arch punched to obtain circular hydrogel samples 14 

mm in diameter.  Samples were soaked 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 concentric ring hydrogel rods were produced by stepwise polymerizing in a rotating 

cylindrical glass vial (1.9 cm ID).  The vial was first coated with Rain-X® Original Glass Water 

Repellent to make a thin hydrophobic layer to minimize adhesion of the pHEMA layer to the 

vial.  To form the first, i.e., the outermost layer, 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 with the monomer formulation was loaded onto the tube 

spinning assembly.  A 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 higher.  A light box 

with mounted CFL UV bulbs was placed over the tube spinning assembly to provide the 

radiation for initiating the reaction.  The 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 polymerized 

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 volume, and light is absorbed 

by the already polymerized layers, additional time was needed for the successive polymerization 

of layers.  In most of the designs explored here, three concentric annuli were polymerized, 

followed by filling the remaining volume with the monomer formulation and polymerizing the 

rod core while holding it vertically.  The outermost layer was prepared with a 2/3 v/v 

water/HEMA formulation to form a transparent outermost ring (Table 5.1).  The second layer 

was prepared with a 11/9 v/v water/HEMA formulation to form the porous ring (Table 5.2).  The 

third layer as well as the core were prepared with water-free monomer formulation.  The 

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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Table 5.1 HEMA precursor formulations used to polymerize concentric layers and center.  All 

porous formulations were polymerized for one hour. 

Layer Layer Formulation  

1 
2/3 v/v water/HEMA, 0.5% v/v EGDMA/HEMA, 1.2% w/v 

TPO/HEMA 

2 Porous Layer Formulation (see Table 2) 

3 
10% v/v N,N-DMA/HEMA, 0.5% v/v EGDMA/HEMA, 1.2% w/v 

TPO/HEMA 

center 
10% v/v N,N-DMA/HEMA, 0.5% v/v EGDMA/HEMA, 1.2% w/v 

TPO/HEMA 

 

Table 5.2 HEMA precursor formulations used to polymerize concentric porous layer.  All porous 

formulations were polymerized for one hour. 

 Porous Layer Formulation 

Lens 

v/v aqueous 

medium/HEMA  

aqueous 

medium 

% v/v 

EGDMA/HEMA  

% w/v TPO/ 

HEMA  

1 11/9 water 0.5 1.2 

2 11/9 water 1 0.6 

3 11/9 2% NaCl 0.5 0.6 

4 11/9 water 2 0.6 

5 0 - 0.4 0.2 

 

After completion of polymerization, the hydrogel rod was removed from the vial and 

submerged in water for 7 days or more to allow hydration of the core.  After equilibrium 

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

5.2.4 Lens Manufacturing 

After monomer extraction, the buttons were dried and sent to the United Contact Lens 

(Arlington, WA) for lathe cutting the buttons into contact lenses.  The lathe-cut 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 Measurement 

The fully hydrated lenses were weighed and then dried at room temperature (25°C) for 24 hr.  

The equilibrium water content (EWC) was calculated using the following equation. 
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Ὁὡὅ ρππ, (5.1) 

where Wwet and Wdry 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., 

ȟ ȟ

ȟ
πȢτ, (5.2) 

The Equation (5.2) can be simplified to obtain the following relationship, 

ὡ ȟ ὡ ȟ , (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 water in excess 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 (ὡ   ) in a gel of fully hydrated weight (ὡ ) 

and dry weight (ὡ ) can be calculated by subtracting the mass of the fully hydrated HEMA 

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

ὡ   ὡ ὡ , (5.4) 

where the second term on the RHS represents the mass of the fully hydrated microporous HEMA 

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 water.  This equation 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 the non-porous HEMA 

hydrogel which has pores in 2-5 nm size range. 

5.2.6 Transport Studies 

The contact lenses were loaded with model proteins BSA and hɔG by soaking the lenses in 

protein solutions at 2 mg/mL for 14 days at 4°C.  Based on the measurements reported later, the 

14-day soaking was adequate to achieve equilibrium loading.  After 14 days of protein uptake, 

the lenses were removed from the loading solution and placed in 6.5 mL of PBS to measure the 

protein release dynamics.  The concentration of protein was measured in the release medium at 

multiple time points.  At each time point, 300 ɛL of buffer were collected, and assayed for 
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protein by using Micro BCA assay.  The absorbances of microplate wells were read on a plate 

reader (Synergy H1 microplate reader, BioTek, Winooski, VT) at 562 nm.  The protein release 

was measured until the concentration in the release medium stopped increasing. 

Transport of gold NPs was measured in lenses.  Gold NPs were prepared using the inverse 

Turkevich method as reported previously [99].  Lenses were soaked in a 1 mg/mL gold NP 

dispersion for 14 days.  After completion of loading, the lenses were removed from the uptake 

medium and placed in 6.5 mL of PBS to measure the release dynamics.  The concentration of 

gold NPs was measured in the release medium at multiple time points.  At each time point, 300 

ɛL of buffer was collected and assayed for concentration of gold NPs by measuring absorbance 

at 520 nm using a plate reader (Synergy H1 microplate reader, BioTek, Winooski, VT). 

The data from the protein release was utilized to determine the partition 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 equilibrium.  The data 

from protein uptake could be used to calculate the partition coefficient by using the following 

equation, 

ὑ
ȟ

ȟ

ȟ ȟ

ȟ
, 

(5.5) 

where Cg,f is the final concentration of protein in the gel; Cw,f is the final concentration of protein 

in the uptake solution; Vw is the volume of the uptake solution; Cw,o is the initial concentration of 

protein in the uptake solution; and Vpores is the volume of the pores in the high porous layer 

calculated from the water content measurements.  This 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 in PBS to measure the release.  The partition coefficient can then be calculated from the 

following equation. 

ὑ
ȟ

ȟ

ȟ ȟ

ȟ
, 

(5.6) 

where Vr,f is the final volume of the release solution.  Cr,f 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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Ὀ
 

. (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, 

 
ὸȟώ π π, (5.8) 

ὅὸȟώ Ὤ π  

where h is half thickness of the gel.  The thickness of the lens porous layer was measured using 

calipers and used in Equation (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 

value of 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 

lenses, so we use this simpler model here as well [116]. 

The first boundary condition is the no flux condition which assumes symmetry at the middle 

of the contact lens.  The 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: 

ὅώȟὸ π ὅȟ, (5.9) 

ὅ ὸ π π,  

where ὅȟ 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 divided by the final concentration 

at the end of the release to yield the fractional drug release, Ὂὸ.  The model equations are 

solved to yield the following expression for Ὂὸ. 

Ὂὸ В ρ  
Ͻ Ͻ

ϽÅØÐ ςϽὲ ρ Ͻ“ Ͻ
Ͻ

. (5.10) 

The measured Ὂὸ is fitted to the measured data to obtain the best-fit value of the protein 

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

The transmittance of 250 ɛm thick hydrated gels and hydrated lathe cut lenses was measured 

using UVïVis spectrophotometer (Genesys 140/150 Vis/UV-Vis Spectrophotometer, Thermo 

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

5.2.8 SEM Imaging 

The lenses were imaged by scanning electron microscopy (SEM) (JEOL 7000 FESEM 

Akishima, Tokyo, Japan) to observe pore size.  A small section of the outer layer of the lens was 

cut and dried for the SEM imaging.  The samples were placed on an aluminum stub with carbon 

tape, air dried, and coated with gold for 30 s, prior to imaging.  The samples were imaged using 

an accelerating voltage of 20 kV.  ImageJ 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 v/v 

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 concentration and crosslinker concentration 

constant at 2 mg/mL TPO and 0.5% v/v EGDMA/HEMA, respectively. 

The gels prepared with v/v water/HEMA ratios of 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 with 4/1 water/HEMA 

ratio polymerized nonuniformly (Figure 5.1).  The pHEMA hydrogels polymerized with 2/3 and 

1/1 v/v water/HEMA ratio are transparent with >90% transmittance in the visible region, while 

all other gels were white in appearance, and the transmittance for these were below 5% (Figure 

5.2).  All pHEMA hydrogels possessed 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 content (Table 5.1), 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 D (Figure 5.3 and Table 5.3). 

 

Figure 5.1 HEMA hydrogels were prepared with a range of water: HEMA ratio in the mixture.  The 

photoinitiator and crosslinker concentration was kept fixed at 2 mg/mL TPO and 0.4% v/v 

EGDMA/HEMA respectively.  The ratio of water: HEMA was varied from 2/3 to 4/1 v/v.  The hydrogels 

made from precursor with 2/3 and 1/1 v/v water/HEMA were clear while hydrogels made from 

formulations with higher water content are opaque. 

 

Figure 5.2 Transmittance measurements of pHEMA hydrogels polymerized as planar sheets in 250 

ɛm thick molds.  The water fraction in the formulation was varied from 2/3 to 4/1 v/v water/HEMA.  

Transmittance was measured using UV-Vis at wavelengths ranging from 300 nm to 900 nm. 
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Table 5.3 Equilibrium water content (EWC) of pHEMA planar hydrogels prepared with a range of 

water fraction in the monomer mixture. 

Formulation  Partition Coefficient, K  

Diffusivity, D x10-8 

(cm2/s) 

v/v 

water/HEMA  EWC (%)  BSA hɔG BSA hɔG 

2/3 39.8 ± 2.3 0.09 ± 0.09 0.08 ± 0.08 - - 

1/1 45.9 ± 1.4 0.16 ± 0.06 0.14 ± 0.05 2.40 ± 0.50 1.41 ± 0.40 

3/2 62.4 ± 0.6 0.24 ± 0.11 0.20 ± 0.10 2.20 ± 0.70 1.44 ± 0.33 

7/3 71.5 ± 0.7 0.77 ± 0.11 0.75 ± 0.06 0.40 ± 0.30 0.21 ± 0.20 

4/1 89.4 ± 1.4 1.23 ± 0.31 1.49 ± 0.47 0.90 ± 0.88 0.50 ± 0.40 

 

 

Figure 5.3 A) EWC plot, B) partition coefficient plot, and C) diffusivity plot of 250 ɛm thick 

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

5.3.2 pHEMA Rod and Lenses with Porous 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, about 200 ɛm thick, which is towards the 

higher end of the range of thicknesses of commercial contact lenses (Figure 5.4).  Lens 1 was cut 

to about 200 ɛm thick and had multiple tears through the porous layer, Lens 2 had only one tear 

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 Lens 3, 4, and 5 appear to have higher clarity. 

The dry and wet weight of the lenses were measured to determine the EWC using Equation 

(5.1) and the volume of pores using Equation (5.4) (Table 5.2).  The transmittance of the central 

portion of the lenses was measured to demonstrate transparency (Figure 5.5).  The transmittance 

of lenses 1 and 2 are about 85-90% in the visible range, while the transmittance of lenses 3-5 are 

greater than 90%, and comparable to the transmittance of Acuvue Moist contact lens (Figure 

5.5). 

 

Figure 5.4 Lathe cut pHEMA lenses with concentric porous annulus A) on flat surface and B) held 

in forceps. 
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Figure 5.5 Transmittance measurements of the central zone of the lathe cut lenses was measured 

using UV-Vis at wavelengths ranging from 300 nm to 900 nm. 

5.3.3 Transport Studies 

The release profiles of BSA, hɔG, and gold NPs from the five contact lenses are shown in 

Figure 5.6.  The model based on diffusion control release under sink conditions (solid line) fits 

the data well with best fit diffusivity values listed in Table 5.4 for both proteins and the gold 

NPs.  The gold NPs loaded lenses were also photographed for visual evidence of uptake of 

nanoparticles. (Figure 5.7).  The partition coefficients of both proteins and gold NPs are also 

listed in Table 5.4.
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Table 5.4 EWC, pore volume estimation, partition coefficient, and diffusivity of lathe cut lenses. 

Lens 

EWC 

(%) 

Pore Vol. 

(ɛL) 

Partition Coefficient, K  Diffusivity, D x10-8 (cm2/s) 

BSA hɔG Gold NPs BSA hɔG 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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Figure 5.6  Release profiles of BSA, hɔG, and gold NPs with model fit for the five lens formulations 

(solid lines).  The proteins BSA and hɔG were loaded into the lenses from 2 mg/mL solutions while gold 

NP (10-16 nm) was loaded from a 1 mg/mL uptake solution.  The release duration of BSA and hɔG was 

about 8 hr while that for the gold NP was about 40 hr. 

 

Figure 5.7 The pHEMA lenses with porous annulus were imaged after soaking in the gold NP 

dispersion (1 mg/mL, 10-16 nm in diameter) for 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 pore size (Figure 5.8).  Lens 1 low magnification 

shows the porous layer and nonporous layer joined by a seam that is about 200 µm thick.  The 

nonporous layer shows no pores while the porous layer shows pores towards the outer radius at 

high magnification between 0.5 and 4 µm.  Lens 3 also shows the porous layer and nonporous 

layer joined by a seam that is about 200 µm thick at low magnification.  The high magnification 

shows that the pores are distributed throughout the porous layer and range in size from 1-9 µm.  

Lens 5 is the control lens made with no water in the precursor and shows no pores, same as the 

nonporous central zone of the other lenses. 

 

Figure 5.8 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 the porous layer.  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 annulus.  The hydrogel 
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rods were prepared with an outermost layer of non-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 suggests that the non-porous 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 µm 

was first attempted.  The lens could be cut to this thickness but was too fragile and tears 

developed.  Lens 2 was cut to a greater thickness of 200 µm but still developed one tear.  This 

porous layer formulation may be suboptimal, but this is questionable since the initiator 

concentration and crosslinker concentration are both intermediates. 

The second layer was the porous layer, which is critical to loading the biologics.  Porous 

hydrogels can be manufactured via many approaches to form macropores including gas injection, 

phase separation, electrospinning, freeze-drying, and templating [87], [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 the hydrogel 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 the bulk hydrogel, and adjacent nonporous layers cannot be polymerized as 

easily to provide structural support and optical clarity. 

A third layer of non-porous 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 materials in both the 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 water content 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 vision.  The pupil size in 

humans varies from 2-4 mm in diameter in bright light, but it increases to about 4-8 mm in the 

dark, which suggests that the central zone should be about 8 mm in diameter [124]. 

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 the scattering of the visible light.  The 

porous regions were able to load and release model proteins BSA and hɔG for a period of a few 

hours.  The diffusion control model fits the data well.  The amount of the protein and gold NP 

loading varied significantly across the five lenses due to differences in porosity.  The highest 

loading of about 20-30 µg was achieved in Lens 3.  Structural integrity, protein loading and 

release, and center zone transmittance are important measures of a lensôs performance.  Because 

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 durations were about 5 hr for BSA and 7 hr for 

hɔG which is suitable for a daily disposable lens.  The partition coefficients are less than one 

which suggests that only a fraction of the pores in the lenses are connected to allow for loading 

of the biologics.  The partition coefficient is almost zero in the control nonporous contact lens 

(Lens 5) which shows that the porous annulus is necessary for loading the biologics.  The 

partition coefficients are also less than one for the flat hydrogels, though the values increase for 

higher water content gels due to improved pore connectivity.  The diffusivity values for the flat 

gels decrease with increasing water content likely due to increased tortuosity.  The diffusivity 

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 the gold NPs 

which were 10-16 nm in size.  This could be due to binding of particles to the polymer or higher 

accessibility into the small pores.  Although the size of gold NPs is similar in size with the 

proteins, the diffusivity of the gold NPs is significantly lower allowing a sustained release over 

40 hr. 

The FDA approved OXERVATE is a 0.002% (20 mcg/mL) formulation of Cenegermin, 

which implies that a drop delivers about 0.6 µg to the tear film, and the prescribed 6 eyedrops 

daily will deliver only about 3.6 µg 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 the drop-based 

therapy.  Thus, the 30 µg of biologics loaded in the porous lenses could be more than adequate, 



 

104 

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 about 10-12 mm in 

diameter but are smaller than a scleral contact lens which can be as 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 at 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.  An 

extended wear lens with porous annulus could be designed by using a silicone-hydrogel 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 accompanied by sustained release of cell 

penetrating peptides.  Delivery of biologics such as anti-VEGF molecules to the back of the eye 

by contact lenses could be very impactful as it would eliminate the need for intravitreal 

injections.  In addition to delivering biologics and nanoparticles, this proposed technology can 

also be used for delivering cells for stem cell therapies [125], [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 on delivery of small 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 impactful.  This work shows a novel design of a contact lens 

intended for delivery of biologics and a novel manufacturing process.  The design shows great 

potential as the lenses can load and release biologics at therapeutic 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 lens to the packing solution.  

This is not an issue for some inexpensive small molecule drugs, but it would be a major hurdle 
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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 region to have a 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 the formulation.  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 sensitive to allow 

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 approaches.  3D printing has been explored for manufacturing 

lenses, so it may be possible to 3D print a lens with a porous annulus [127].  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 lens with a soft skirt [128].  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 Vaccine particle delivery 

PLGA is a well-characterized polymer and well-known 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 preparation can be used to make the devices.  

In preparing particles, the double emulsion solvent extraction method is well-studied and the 

most often used particle preparation method used in the literature.  The objective of the first 

vaccine particle study was to understand which formulation variables in the double emulsion 

method were most important in controlling UV killed influenza virus loading.  A range of 

formulations was made and evaluated based on loading, loading efficiency, and release 

characteristics.  It 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 µg kPR8/mg polymer.  

There was not a clear trend of vaccine loading with polymer hydrophobicity but a trend of 

increasing loading efficiency with concentration of polymer in the organic phase of the double 

emulsion.  Particle sizes of all formulations were in the range of 20-30 µm.  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 kinetics on the properties of the PLGA and polymer blends 

and whether incorporation of NaOH could modify the vaccine release.  Release durations ranged 

from 10 days 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 35 days, which is close to the timing of 

a booster dose.  It 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 of 2-6 kDa gave the shortest duration of 

release while 54-69 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 additional variables.  The fourth objective was to evaluate the 
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vaccine and NaOH co-loaded particle 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 injection of NaOH microparticle-encapsulated 

kPR8 were partially protected against a lethal influenza challenge 32 weeks post immunization.  

Microparticle vaccination induced a gradual increase in PR8-specific IgGs dominated by IgG1 in 

contrast to the rapid IgG2a-biased response elicited by soluble kPR8 immunization.  The results 

indicated that vaccine-NaOH co-loaded 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 cell agonist Ŭ-GalCer.  The first objective of the study was to use the single emulsion 

method to load NKT cell agonist Ŭ-GalCer in PLGA microparticles and characterize the 

formulation in vitro.  As expected, the Ŭ-GalCer only formulation had high loading and loading 

efficiency, and the in vitro release profile had a nearly constant rate of release.  The second 

objective was to use the double emulsion method to co-load influenza and Ŭ-GalCer and 

characterize the formulations in vitro.  The loading result of the Ŭ-GalCer only particles and the 

experimental setup of one vaccine amount with different amounts of Ŭ-GalCer in the particle 

formulation presented the effects of loading the two components together.  The presence of Ŭ-

GalCer led to much greater efficiency in vaccine loading.  This was a very interesting and 

unexpected result.  Also interesting, the co-loading of the influenza virus and Ŭ-GalCer agonist 

came at the cost of decreasing the Ŭ-GalCer loading efficiency.  In vitro release profiles of 

vaccine from co-loaded formulations showed higher initial burst than vaccine only loaded 

particles and nearly completed release in about 10 days.  The release profiles of Ŭ-GalCer from 

co-loaded formulations were similar to Ŭ-GalCer only loaded formulation with nearly constant 

rate of release.  Because there was no lag phase and secondary burst release, the co-loaded 

formulations do not emulate a prime and booster dose.  The third objective was to evaluate the 

co-loaded vaccine and Ŭ-GalCer particle formulation in vivo, compare with soluble influenza and 

soluble influenza + Ŭ-GalCer vaccine, and evaluate how well the microparticle vaccine 

formulations protect mice upon influenza challenge.  Co-loaded 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 particles would be retained at the site of injection.  The vaccine and dye co-loaded 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 that the 20-30 µm particles served as an 

effective depot. 

6.1.2 Protein Delivery from pHEMA Hydrogels and Lenses 

Just like PLGA, pHEMA is a well-characterized material and well-known in the field of 

contact lenses and ophthalmic drug delivery.  Numerous patents and research articles have been 

published on pHEMA.  Free radical solution polymerization is well-studied and the most often 

used polymerization method used in research and industry.  The first objective of the pHEMA 

hydrogel study was to use free radical solution polymerization to polymerize a range of precursor 

formulations varying the ratio of water/monomer, initiator concentration, and crosslinker 

concentration and to characterize the hydrogels based on clarity, water content, and pore 

connectivity.  Five mm thick gels of 1 mL volume were polymerized. 1/1 v/v 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/v.  Gels made 

with 0 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/v water/HEMA had water content equal to the mass of water 

used in the precursor.  The water content measurements provided that 40% water 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 the resulting hydrogel.  The second objective was to 

polymerize the precursor formulations under rotation.  Upper and lower limits of formulation 

components and processing conditions were determined to make reproducible hydrogels that 

were sturdy enough to handle without 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 objective, the water content 

measurement showed that pore volume increased with water content as expected.  The transport 

measurements showed that the porous gels exhibited diffusion-controlled release of both model 

proteins.  The hydrogels prepared with 11/9 v/v water/HEMA (55% water) in the monomer 

mixture were porous with non-isotropic structure likely due to axially oriented pores with 

minimal radial connectivity.  The gels with higher water content were isotropic with 

interconnected pores in both directions. From 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 large, connected voids to finally a hydrogel that appeared as small spheres fused 

together surround by large, connected voids.  The 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 between the formulations in pore structure 

and transport properties.  As hydrogel pore volume increased, the partition coefficient increased 

and looked to have a trend of two linear regimes, a steeply increasing trend from 55% to 70% 

water (11/9 to 7/3 v/v water/HEMA) and a lower increasing trend from 70% to 80% water (7/3 

to 4/1 v/v water/ HEMA). Even for the highest water content hydrogel, the partition coefficient 

was still less than one likely due to presence of isolated unconnected pores.  In evaluating 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 v/v 

water/HEMA) formulation may have had greatest preference to align pores in the axial direction.  

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 and hɔG in 

porous pHEMA hydrogels differ by a factor, but their structures and interactions with HEMA 

could be different enough to cause differences in release durations.  The conflicting diffusivities 

between BSA and hɔG suggest that the transport in hydrogels can be as component and hydrogel 

material dependent 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 formulationsô water contents.  It was determined that purity of the monomer and 

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 understand which formulations could reduce 

differential swelling between the central region and concentric porous layer.  It also serves to 

estimate drug loading capacity of small molecule drugs in the hydrogelôs pores to further 

understand the capacity of the porous annular hydrogel as a drug delivery device.  The second 

objective was to determine the hydrogel formulations that could be lathe cut and the hydrogel 

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 discs.  Most times the rod 

needed to be hydrated in water for multiple days to soften the core.  The rods 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 similar reproducibility as they were too porous and soft.  

For the third objective, water content was measured to calculate the pore volume which ranged 

from 20 to 30 µL except for the porous formulation with salt which had a pore volume of about 

85 µL.  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 hydrogels.  The partition 

coefficient of 10-20 nm gold NPs in lenses was higher though, ranging from 0.26 to 0.5.  The 

higher partition coefficients of gold NPs in the lenses could be due to binding of particles to the 

polymer or higher accessibility into the small pores.  The 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 hydrogels.  Because the curvature of lenses allows access to both axial and radial 

aligned pores, the combination 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 pHEMA could successfully be lathe cut and can provide sustained delivery of 

biologics. 

6.2 Future Work 

6.2.1 Vaccine Particle Delivery 

The vaccine particle formulations showed some promising results from the in vitro and in 

vivo mice studies.  More work needs to be done to understand the feasibility of this vaccine 

delivery system.  To determine whether these formulations can progress to a first stage clinical 

trial, more in vivo testing must be conducted.  The other particle formulations with higher 

encapsulation efficiency should be tested in mice.  The 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 optimal.  These formulations should then be tested in vivo on larger animals 

such as pigs, chickens, and monkeys.  

Future work should also aim to utilize these formulations to encapsulate whole inactivated 

viruses of other infectious diseases.  As demonstrated in these studies, PLGA is extremely 

versatile.  For as large of a component that whole influenza virus is, PLGA could still efficiently 

encapsulate it.  So, virus size does not seem to be a limiting factor for a PLGA-based 

formulation.  However, more work could be done on the formulation side.  Excipients and 

stabilizers could be incorporated in the particles to measure 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 doses, if addition of other excipients 

cannot further induce pulsatile release, the biodegradable particles may need to be redesigned to 

better control the release.  A way to obtain more pulsatile release is by adding a component to 

the particles that allows triggering of the release.  pH, enzymes, light, heat, ultrasound, 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 conditions in the 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 Lens Biological 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 neovascularization, the macroporous 

lenses must be tested with the therapeutic anti-VEGF.  In addition to testing the loading and 

release of anti-VEGF, modification of the lenses can be carried out, such as increasing binding of 

biologics to the porous region by using 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 anti-VEGF or including cell penetrating peptides with anti-VEGF 

for co-delivery to enhance anti-VEGF 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. 
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APPENDIX A    SUPPLEMENTARY INFORMATION 

A.1 Influenza Vaccine PLGA Particle Study 

Table A.1 Reagents used for flow cytometry analysis of surface markers. 

Antigen Clone Isotype Conjugation Source 

Anti-CD4 RM4-5 Rat IgG2a, ə Alexa Fluor 700 BD Biosciences 

Anti-CD8 53-6.7 Rat IgG2a, ə eFluor 506 Thermo Fisher 

Anti-TCRɓ H57-597 
Hamster IgG2, 

ɚ1 
PE-Cy7 BD Biosciences 

Anti-FOXP3 FJK-16s Rat IgG2a, ə FITC Thermo Fisher 

Anti-CD44 IM7 Rat IgG2b, ə PerCP-Cy5.5 BD Biosciences 

Anti-CD62L MEL-14 Rat IgG2a, ə 
Super Bright 

702 
Thermo Fisher 

Anti-CD25 PC61 Rat IgG1, ɚ BV605 BD Biosciences 

Anti-CXCR3 CXCR3-173 
Hamster IgG1, 

ə 
BV421 BD Biosciences 

H-2DbNP366ï374 

tetramer 
N/A N/A PE 

NIH Tetramer 

Core 

Live/Dead N/A N/A APC-Cy7 Thermo Fisher 
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Figure A.1 In vitro differential and cumulative HA release.  Comparison of (A) PLGA 50:50 1% w/v 

particle formulations of molecular weights (MWs) 2-6 kDa (form. 1), 7-17 kDa (form. 3), and 7-17 kDa 

with NaOH co-encapsulation (form. 4), (B) PLGA 50:50 2.5% w/v particle formulations of MWs 2-6 kDa 

(form. 2), 7-17 kDa (form. 5), 7-17 kDa with NaOH co-encapsulation (form. 6), and 54-69 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 used in the preparation and polymer hydrophobicity (PLGA 75:25 < 50/50 PLGA 

75:25 / PCL) (form. 10, 11, 13, 14). 

 














