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In the 2022-2023 flu season, the Center for Disease Control (CDC) estimated 21,000 deaths and 

31 million symptomatic illnesses in the United States. Current FDA approved antivirals for 

influenza are grouped into three categories, matrix protein 2 (M2) inhibitors, neuraminidase 

inhibitors (NAI) and polymerase acidic protein cap-dependent endonuclease (CEN) inhibitors. 

However, limitations of these treatments have been evident. For example, NAI inhibitors require 

early treatment to be efficacious and some influenza strains can develop resistance to both NAI 

and CEN inhibitors. Thus, there is a need for new classes of antivirals as well as better 

understanding of influenza transmission and monitoring of influenza to inform development of 

efficacious interventions. In chapter 2 we describe how we design biomaterials inspired by the 

physiological characteristics of mucus to capture and trap pathogens. We performed studies to 

establish this material as a suitable substrate for viral capture and release after collection using 

advanced aerosol capture technology. In chapter 3, we formulate an antiviral based around 



  

polyinosinic polycytidylylic acid (polyIC). PolyIC is commonly used in research as an adjuvant 

in vaccine delivery through its targeting of Toll like receptor 3 (TLR3). This pathway also results 

in type 1 and 3 interferon production, which in turn stimulate a range of antiviral mechanisms. 

Because of this, it has also been investigated as a prophylactic or treatment to various viruses, 

including hepatitis B virus, human immunodeficiency virus and rhinovirus. However, due to 

stability and toxicity concerns, it has not been implemented as an inhaled treatment to induce 

local immunity in the lungs at the site of infection. Towards this end, we used polyethylene 

imine-polyethylene glycol (PEI-PEG) copolymer to condense PolyIC into nanoparticles to 

enhance their bioavailability in target cells. By combining the two, we can utilize the antiviral 

capabilities of Poly(IC) while minimizing the dosage concentration to therapeutic levels.  
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Significance and Motivation 

Influenza is a leading cause of mortality and morbidity in the US and globally1. 

Because of its high rate of antigenic drift, developing methods targeting it specifically 

are not efficient2. Therefore, targeting non-viral factors, including virus transmission 

and host’s immune system are more favorable strategies. Current technologies are in 

development that can collect ambient aerosol samples. By developing a hydrogel that 

can efficiently capture and release virus, we can integrate into existing technology as 

a deposition target to measure and characterize influenza concentrations. Given 

mucus’ physiological role as a net for pathogens, it’s an ideal basis for our hydrogels.  

In targeting the host’s immune system, the goal is interferon production, particularly 

type 3 interferon, which has a better safety profile3. Poly(IC) is a known TLR3 

agonist and by condensing it with polyethylene imine- polyethylene glycol 

conjugates, we can theoretically increase the uptake and efficiency of poly(IC) while 

reducing the dosage concentration and subsequent pro inflammatory cytokine release.  
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Chapter 1: Introduction 

1.1: Influenza 

Background and Significance and Method of Action 

Influenza A virus (IAV) is a pathogen of global concern responsible for seasonal 

respiratory infections and four pandemics over the past century. IAV is an enveloped 

virus with a negative sense single stranded and segmented genome4. There are 8 

distinct segments, packaged in a 7+1 pattern in the virion. They are members of the 

family Orthomyoxyviridae which morphologically form filamentous and spherical 

particles up to 80-100nm and 80-120nm in diameter, respectively4–6.  

These gene segments encode seventeen proteins which can be grouped into six major 

proteins/complexes: hemagglutinin (HA), neuraminidase (NA), matrix proteins (M1 

and M2), RNA dependent RNA polymerase (RdRp), nucleoprotein (NP), and non-

structural proteins (NS)4. HA attaches to sialic acid on the cell surface initiating 

influenza infection, as well as fusion of the IAV and host cell membrane. NA is an 

enzyme that cleaves this binding allowing IAV to bud from the plasma membrane 

after replication and spread; it also allows IAV to penetrate the mucus layer as there 

are “decoy” sialic acid residues in mucus that HA can bind7. The matrix proteins are 

involved in regulating internal pH of virions, which aids in endosomal escape, as well 

as nuclear export of viral ribonucleoproteins (vRNP). The RdRp is involved in RNA 

replication, and it also grants IAV its cap snatching capability, discussed later. The 
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NP is involved in nuclear import of genomic segments, while the NS are involved in 

nuclear export and antagonizing the innate immune response8.  

In addition to humans, IAV has a wide range of hosts including, pigs, birds, horses, 

and cows. In fact, the natural reservoir of IAV is aquatic birds6. IAV are subtyped 

based on the type of HA and NA they contain. There are two configurations of sialic 

acid that a particular HA can bind to, although they can switch which they utilize 

through just a few amino acid changes9. In humans, the major configuration is α-2,6, 

with α-2,3 only present deep in the lungs,6 whereas in birds, the major conformation 

is α-2,3 Currently, there are 18 types of HA and 11 types of NA found in nature. In 

humans, H1N1 and H3N2 are the predominant circulating strains.10 

To initiate infection, HA on the viral surface binds to terminal sialic acid residues on 

host proteins stimulating clathrin mediated endocytosis11. As the endosome becomes 

more acidic, the HA undergoes a conformational change which enables fusion with 

the endosomal membrane. The M2 ion channel pumps H+ into the virion, acidifying 

the inside and further destabilizing the particle12. This allows the viral RNPs to be 

released in the cytoplasm. Nuclear localization signals translocate them to the 

nucleus. Here, the RdRp that came in with virus transcribes the gene segments and 

also steals the 5’ cap of host mRNA, termed cap snatching. This process has multiple 

benefits including protection of the newly transcribed viral mRNA from 

ribonucleases in the cytoplasm, protection from the innate immune activation by 

appearing more like “self” RNA transcripts, facilitation of host shut off, and 

recruitment of cellular ribosomes13,14. The viral mRNA then leaves the nucleus and 
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gets translated either on free or ER bound ribosomes. Some of the proteins re-enter 

the nucleus, while others, such as the glycoproteins, migrate to the cell surface. When 

enough viral proteins are in the nucleus, the RdRp switches to replication of the gene 

segments. These segments leave the nucleus and are transported to the plasma 

membrane, where they are assembled and bud off the cell. NA cleaves any 

attachment to sialic acid, so the virus can spread to another cell.  

Due to the low fidelity of the RdRp and lack of proofreading machinery, IAV is prone 

to mutations15. This leads to a phenomena known as antigenic drift in which passive 

genetic mutations occur resulting in amino acid substitutions and consequently 

surface glycoproteins becoming appreciably different16. Antigenic drift is the basis 

for the seasonal flu, as the virus has shifted enough to avoid detection by previously 

produced antibodies and memory cells. Similarly, due to IAV’s segmented nature, if 

two different IAV strains are infecting the same cell, they can undergo homologous 

recombination or reassortment.17,18 This potentially creates new combinations of IAV 

that can spread in an immunologically susceptible human population, leading to 

pandemics; this dramatic change is a phenomenon termed antigenic shift.  

Innate Immune Response to IAV 

As mentioned above, IAV initially infects the epithelial cells that line the respiratory 

tract19. After this initial replication, it is able to also infect immune cells such as 

macrophages, dendritic cells and plasmacytoid dendritic cells. IAV can be detected 

by the host through pathogen recognition receptors (PRR). The main PRRs for IAV 
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can be split into three main groups: Toll like receptors (TLRs), RIG-1 like receptors 

(RLRs) and Nod like receptors (NLR) 20–22.  

TLRs are the first PRR to sense IAV. The major TLRs are TLR3 (found on cell 

surface and endosome), TLR7 (found in endosomes), and TLR8 (found in 

endosome)23. Activation of these receptors leads to the same transcriptional end result 

of type 1 interferon and pro inflammatory cytokines; however, they utilize different 

adaptor proteins. TLR3 uses Toll/IL-1 receptor domain- containing adaptor inducing 

IFN-B (TRIF) to activate interferon regulatory factor 3 (IRF3) and nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-kB) while TLR7 uses myeloid 

differentiation primary response 88 (MYD88) to activate IRF7 and NF-kB. RLRs 

such as RIG-1 and melanoma differentiation associated protein 5 (MDA5) detect viral 

RNA in the cytosol. They both signal through MAVS to activate IRF3 and NF-kB to 

again produce IFN and pro-inflammatory cytokines. Similar to RLR, NLR are located 

in the cytosol and activate MAVS to induce IFN production21. 

Some NLRs promote the formation of a multiprotein complex called inflammasomes, 

which  are key in the innate immune response21. They can be highly toxic to host 

tissue, so they require two signals to form24. In airway epithelial cells, the signals are 

RIG-1 dependent IFN production and host damage, detected by the activation and 

cleavage of caspase 1. Inflammasome activation results in pyroptosis of infected 

cells. 

When IFN is translated, it has a secretion signal, and once outside the cell, it can act 

in both an autocrine and paracrine manner towards its heterodimeric receptors25–28. It 
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binds to cell surface receptors (IFNAR and IFNLR for type 1 and 3 IFN respectively) 

to trigger the Jak-Stat pathway, leading to the transcription of hundreds of IFN 

stimulated genes (ISGs)25.  

ISGs have a wide range of effects, most of which are unknown25. The known ISGs 

include myxoma resistance protein 1(MxA), IFN inducible transmembrane protein 3 

(IFITM3), protein kinase R (PKR), oligoadenylate synthase (OAS)/ ribonuclease L 

(RNase L), viperin, cholesterol 25-hydroxylase (CH25H), tripartite motif containing 

protein 22 (TRIM22), and ISG15. MxA self-polymerizes into a ringlike structure that 

attacks the viral RNP29. This interaction goes on to recruit more MxA proteins, 

suggesting MxA is entrapping the viral RNPs, thereby preventing them from 

translocating to the nucleus and preventing viral RNA synthesis. Recent studies have 

also shown that MxA also plays a part in inflammasome formation in bronchial 

epithelial cells. IFITM-3 works by blocking the fusion of IAV and host cell 

membranes, preventing IAV from escaping into the cytosol. PKR has multiple modes 

of action. It activates the NF-kB pathway, stabilizes INFA and INFB mRNA and 

blocks translation of both cellular and viral mRNA. OAS and RNase L work together 

to degrade viral and cellular RNA. Overexpression of viperin blocks lipid raft 

formation, preventing IAV from budding. CH25H is an enzyme that converts 

cholesterol to 25-hydroxycholestrol (25HC) which is soluble and able to block viral 

fusion. TRIM22 targets nucleocapsid for degradation. Finally, ISG15 inhibits viral 

replication30. Interestingly, ISG15 also has a role in host disease tolerance through its 

cytokine modulation. Because of the broad range of effects of ISGs, viruses such as 

IAV are not likely able to mutate to avoid all the effects and retain fitness. 
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Current antivirals and prevention methods for IAV 

The main method of managing seasonal influenza is with yearly flu vaccines. 

However, this alone is an unfavorable strategy due to three major factors: the vaccine 

relies on a prediction modeling system which does not guarantee that the correct virus 

strain is selected, the vaccine itself can have low efficacy, and there is a low 

vaccination rate due to social-economic challenges31–34. This was seen in the 2014-

2015 flu season, when the circulating H3N2 strain drifted to the extent that the 

vaccine provided little protection35,36. The overall effectiveness was 19%; for 

reference vaccine effectiveness in the US ranges from 10%-60% in the US from 

2004-202437. Furthermore, in the US, only 37.44% of the general population 

regularly gets the vaccine, partly due to vaccine fatigue38,39.  

Another category of preventative measures are termed non-pharmaceutical 

interventions (NPI). During the coronavirus disease 2019 (COVID-19) pandemic, 

many measures were taken to slow the spread of the severe acute respiratory 

syndrome coronavirus-2 (SARS-COV-2) virus including but not limited to limiting 

travel, implementation of face coverings, and social distancing40. These measures 

unexpectedly led to a 67.2% decline of IAV infections in the US, with a similar trend 

worldwide40–42. These measures were so effective that the influenza B Yamagata 

strain has not been detected since then; the questions of whether the strain is extinct 

and the implications this has on public health have not been determined yet43. Despite 

the NPI easing due to mental health and economic reasons, there are still significant 

takeaways for effective transmission prevention measures42,44. Adequate ventilation, 
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air purification, and UV disinfection were shown to be effective at preventing SARS-

COV2 transmission. Given the similar modes of transmission, studies are being 

conducted that show that these measures are also effective at reducing the spread of 

IAV45–48. 

There are 3 categories of FDA approved antivirals, with 6 approved drugs in total: 

M2 ion channel inhibitors (Amantadine and Rimantadine), NA inhibitors 

(Oseltamivir, Zanamivir, and Peramivir), and a polymerase inhibitor (Baloxavir 

Marboxil)49. Given that M2 is an ion channel protein, it has an extracellular domain, 

transmembrane domain (TMD) and cytosolic tail50. Amantadine and Rimantadine 

bind to the TMD occluding the channel and preventing acidification of the virion and 

subsequently endosomal escape and viral replication. The NA inhibitors are sialic 

acid analogs that permanently bind to the catalytic active site of NA, preventing IAV 

egress51. Finally, the active site of the PA subunit of the RdRp contains a divalent 

metal ion. Baloxavir Marboxil is a chelator, so it is able to bind the metal ions and 

prevent cap snatching, preventing viral mRNA synthesis52,53.  

Previously, the antiviral of choice was the M2 ion channel inhibitor; however, 

treatments with this inhibitor are proving to be ineffective, suggesting the circulation 

of a new resistant IAV strain. Likewise, there is growing evidence of antiviral 

resistance against all of the current classes of FDA approved antivirals. There is 

research in progress to create more drugs in these classes that bypass the resistance of 

the current drugs as well as create new classes of drugs that target IAV including HA 

inhibitors, M1 inhibitors, and passive immunization 54. 
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Recently, pharmaceutical companies have focused on the development of a new 

generation of antivirals which target required host factors or the immune response 

rather than the virus itself54. This design aims to limit the development of antiviral 

resistant IAV strains.  Required host factors are factors that the virus is depending on 

its host to provide in order to successfully replicate. A few examples of these 

antivirals include  Danirixin (CXCR2 antagonist minimizing neutrophil activation 

and subsequent pathological inflammation), Probenecid (organic anion transporter 

(OAT3) inhibitor, minimizing IAV replication); Fludase (cleaves sialic acid 

receptors, preventing IAV entry). The other emerging class of antiviral drugs are 

those that target the host’s innate immune system. Polyinosinic polycytidylic acid 

(poly(IC)), a synthetic double stranded RNA, is one major example in this category as 

it can act as both a RIG-1 and TLR3 agonist. Poly(IC) has been shown to have 

prophylactic effects against influenza in vitro in dendritic cells as well as in vivo in 

mice55,56. However, the challenge with using poly(IC) and other RIG-1 agonists, is 

developing a formulation that can both enhance uptake, protect from RNases, and 

have a favorable safety profile. One formulation of this antiviral, Prep-001, has been 

demonstrated to be effective in clinical trials  but has yet to be further developed and 

commercialized since 201857. Another class of host immune system targeting 

antivirals includes IFN prophylactics. Clinically, low doses IFN α was shown to 

reduce the severity of flu infection, but not lower the incidence58.   
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1.2 Virus Transmission 

Epidemiology 

Upper respiratory infections (URI) are the most common disease; in 2019 they 

accounted for about 43% of cases of all global disease burden (GBD) diseases and 

injuries, totaling over 17 billion cases59. Among the 200 known virus strains in 

circulation, influenza is a major contributor. The 1918 Spanish flu pandemic, an 

H1N1 virus, killed approximately 675,000 people in the US and around 50-100 

million worldwide60. Although to a lesser extent, seasonal IAV is still deadly, being 

responsible for 12,000-52,000 deaths annually in the US from 2010-202060. The 

COVID-19 pandemic caused IAV to have a sharp decline; it was undetectable in the 

2020/2021 season and lower than normal in the following 2021/2022 season. In the 

current season, it seems to have reached pre-pandemic levels again; although as 

mentioned above, the B-Yamagata strain has yet to resurface.  

In general, measuring the incidence of IAV is difficult, since most cases do not 

require medical attention61. Medical surveillance, by measuring the proportion of 

inpatients with severe acute respiratory infections over time, is one approach to 

handle this challenge. Another approach is to set a certain event, such as 

hospitalization due to IAV, as a threshold to measure incidence. The usage of 

laboratory diagnostics varies, so the data is sometimes combined with medical 

surveillance approaches for correlation.    

The incidence of IAV also varies across the population. Children are more likely to 

have symptomatic IAV than adults, with an 8.7% and 5.1% average incidence 
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respectively61. A six year (2012-2017) study in Qatar showed that influenza infections 

accounted for 18.4% of all respiratory infections in children <1562. Their criteria were 

based on the World Health Organization’s (WHO) definition of influenza like illness 

(ILI): fever above 38°C and cough or sore throat onset within the previous ten days. 

They collected throat, nasal or nasopharyngeal samples and used real time 

polymerase chain reaction (RT-PCR) to test for IAV and influenza B virus (IBV). 

Generally, IAV was the dominant cause of influenza, accounting for 75% of the cases 

and IBV accounting for 25%. The exception was in 2016 where IBV accounted for 

57% of the cases. These authors were tracking multiple respiratory viruses, so they 

were also able to note that 7.3% of influenza cases were co-infected with respiratory 

syncytial virus (RSV) as well. 83% of the co-infections were among children younger 

than five. There was also a significant difference between sexes with 22% of their 

female cohort vs 20% of their male cohort contracting influenza.     

These authors did the same study for the adult population, but they used Cepheid’s 

Xpert Flu assay instead of RT-PCR63. IAV was more dominant in the adult 

population, being the cause of 19.7%-25.2% of all ILIs yearly. As with the children, 

influenza has a higher incidence in women than men. The female cohort had 20.6% 

and 6% incidence of IAV and IBV respectively compared to the male cohort which 

had 16.6% and 4.9% incidence. Interestingly, although elderly are more susceptible to 

complications from IAV, in this study the >50 age group had the lowest rates of 

influenza infection. The 15-30 age group had the highest rate of IBV (6.1%) and the 

31-40 age group had the highest rate of IAV (19.9%). This was explained to be likely 

due to the high population of young adults in the county, the median age being 33.22 
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and average age being 41.7. The vast majority of the country (>85%) are also 

expatriates, with many of them working in construction sites or living in labor 

accommodations, so there is easy transmission of infections in this age group.  

This pair of studies highlight some important points. The first is the need to take the 

local conditions into account when determining public health policies; global trends 

might not hold true. Another is the threat of co-infections with different respiratory 

viruses in the young child population. Children under five are one of the populations 

with the highest mortality rate due to upper respiratory infections, so it is important to 

develop a treatment that can be effective against a variety of viruses simultaneously59.  

 IAV Transmission 

IAV transmission is believed to occur through three major routes: direct contact with 

the respiratory secretions of infected individuals; indirect contact with infectious 

respiratory secretions though surface contact; and inhalation of virus particles64. 

Among these modes, airborne transmission is thought to account for half of all 

household transmissions, which makes it critical to elucidate transmission 

dynamics65.  

A study by Lowen et al using a guinea pig model showed that IAV transmission 

favored low relative humidity (RH) and temperature conditions66. They believe that 

the effect of humidity is due to virus and droplet stability. For virus stability, they 

noted the similar trends in their data to trends in IAV stability: maximal at low RH, 

low at mid RH and high at high RH. The only difference was in the high RH category 

where Lowen et al observed low transmission, but the virus would otherwise be 
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stable. This can be explained by the effect of RH on droplet stability: at low RH the 

droplets quickly evaporate into nuclei that can stay in the air for prolonged periods of 

time, while at high RH the droplets increase in water content and quickly settle out 

before transmission can occur. They believe that the effect of temperature is due to 

effects on the host rather than the virus. At low temperatures, mucociliary clearance 

slows due to reduced cilia beat frequency and increased mucus viscosity. This allows 

IAV improved conditions to colonize the respiratory tract and may account for the 

prolonged viral shedding.  

As mentioned above, the size of the respiratory droplet is important to virus 

transmission. This is partly due to stability as a study by Dugui showed the 

differential disappearance of droplets based on size67. He recorded that droplets larger 

than 8µm disappear within 10 minutes, droplets between 4-8µm disappear within 

1.25h, 2-4µm disappear within 6h and below 2µm could last up to 30 hours. Size also 

affects where in the respiratory tract the droplets can deposit68. Particles greater than 

4µm deposit predominately in the nasal cavity and so are generally cleared by 

mucociliary clearance before initiating infection.  

Ambient Aerosol Sampling 

There are efforts to detect IAV in aerosols in order to monitor potential outbreaks. 

Coleman et al successfully developed a protocol to non-invasively detect IAV in 

schools using a National Institute of Occupational Safety and Health (NIOSH) two 

stage bioaerosol cyclone sampler64. The sampler is able to fraction sizes, separating 

4µm, 1-4µm, and less than 1µm into different collection areas. They sampled for four 
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hours and then used RT-qPCR to quantify M gene copies, and because each virus 

particle contains 1 copy of the M gene, subsequently virus particle number. They 

used a previous study to transform copy number into infectious dose, specifically in 

units of half maximal infectious dose (TCID50) so that about 300 gene copies equaled 

1 TCID50. They used the 0.6-3.0 TCID50 range to calculate the time for risk of 

infection based on density of viral copies. Depending on the location, students were at 

risk after 6, 3, or 1 minute of breathing. However, it should be noted that positive 

samples were only detected on 5 out of 96 testing days.  

Ideally, infectivity of samples would be measured directly. However, traditional 

samplers can inactivate viruses; Lindsley et al were only able to culture samples from 

two out of twenty influenza patients using the previously mentioned NIOSH two 

stage cyclone. There are efforts to improve collection efficiency by using an 

alternative technology termed growth tube collector (GTC). Pan et al tested the 

physical and biological efficiencies of GCT collection of a bacteriophage, M2, in 

comparison to a standard SKC® BioSampler69. The GCT, developed by Aerosol 

Dynamic Inc, works by laminar flow and water condensation. Essentially, the 

aerosols enter a set of parallel, vertical tubes, where the top, the conditioner, is held at 

6°C and the middle, the initiator, is held between 40-60°C. The high temperature and 

presence of water in the tubing initiates particle growth. The temperature difference 

determines the lower limit of particle size that can be grown. After the initiator, the 

particles deposit onto a liquid collection or agar, at a size of around 2µm. The GTC’s 

overall physical efficiency was over 93%, meaning over 93% of particles that were 

nebulized and streamed through the GTC were collected. The GTC was a minimum 
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of 45x better at maintaining viability of the M2 than the BioSampler, and up to 100x 

better depending on the medium used for collection.  
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Chapter 2: Hydrogel Development 

2.1 Introduction 

Influenza transmission and spread can occur through multiple modes such as 

inhalation of aerosols or close contact with droplets and fomites (i.e. infected 

surfaces)64. The predominant mode of transmission for influenza and other respiratory 

viruses has remained a subject of debate given its significant implications on public 

policy. Towards this end, our research lab at the University of Maryland has been 

involved in the “Evaluating Methods of Influenza Transmission (EMIT-2)” study 

sponsored by the National Institutes of Health which seeks to address open questions 

on the importance of airborne transmission to influenza infection. As part of a large 

multi-disciplinary team with investigators from both academia and industry, we have 

been tasked with engineering new technologies to collect virus-laden bioaerosol 

samples from ambient air as well as personal samples from infected and potentially 

infected participants. These technologies are then deployed during a randomized 

control trial (RCT) to evaluate infectious viral loads in the air within rooms occupied 

by individuals infected with influenza. Ultimately, these data will help to better assess 

the contribution of respiratory aerosols to the spread of influenza virus. 

One of our collaborators in the study, Aerosol Dynamics Inc, has developed a 

bioaerosol sampler that allows droplets to grow through a condensation growth tube 

and then impact onto liquid. Liquid impaction, or impingement, however can lead to a 

reduction in the viability of the collected microbes due to the potential foam 

formation and osmotic stress70,71. We need to preserve the viability of collected 
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samples, while maximizing our collection efficiency. To enable assessment of IAV 

infectivity collected from the air, we also need to preserve the viability of collected 

samples, while maximizing our collection efficiency. Agar plates have solid 

collection substrates for impaction for microbiological research studies on airborne 

contagions, but to date, substrates specifically designed to enable capture of viable 

viruses have yet to be designed72.  

Mucus acts as a physiological gel, entrapping pathogens to protect the epithelium. 

Mucus composition consists of various mucin proteins that crosslink through thiol 

bonds. Previous work in our lab has led to the development of biosimilar hydrogels 

using commercially available mucins in conjunction with thiol based crosslinkers73. 

We sought in these studies to determine if mucin-based hydrogels could serve as a 

suitable substrate for virus collection using bioaerosol devices.  By varying the 

amounts of bovine submaxillary mucin (BSM) and the crosslinker polyethylene 

glycol thiol (PEG-SH), we can produce gels with varying rheological properties, 

measured with a rheometer (Ares G-2 Rheometer). We can compare how the different 

gel formulations release viruses through detection of viral RNA using reverse 

transcription quantitative polymer chain reaction (RT-qPCR).  

2.2 Materials and Methods 

Preparation of Mucin Hydrogels 

Five different hydrogel formulations were tested: 2% BSM 2% PEG, 2% BSM 3% 

PEG, 3% BSM 2% PEG, 2% BSM 4% PEG and 3% BSM 3% PEG w/v. These 

formulations were chosen to be close to physiological conditions, while the higher 
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concentrations help to give extra integrity to withstand high flow rates. Each 

formulation also included 5% v/v Penicillin Streptomycin (PenStrep) and 1% w/v 

bovine serum albumin (BSA). BSA has been shown to maintain viral infectivity, 

while PenStrep prevents bacterial growth from the BSM.  The protocol for hydrogel 

preparation was previously published by Joyner et al and followed with minimal 

change73. In brief, solutions of BSM (Sigma Aldrich) were prepared in physiological 

buffer (154mM NaCl, 3mM CaCl2, and 15mM NaH2PO4 at pH 7.4) and stirred at 

room temperature for two hours. 10kDa 4-arm PEG thiol (Laysan Bio) and BSA were 

separately prepared in the same buffer. The separate solutions were then all 

combined. To filter out bacteria, the combined solution was filtered using a .44 

micron syringe filter (CellTreat). The filtered solution was then allowed to gel 

overnight.  

 

Figure 1 Significant methods in hydrogel development A) Preparation of hydrogel (not shown: 

addition of BSA and PenStrep). B) Method of IAV recovery from hydrogel. 
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Measurement of Bulk Rheology 

Bulk rheology measurements were collected with an Ares-G2 Rheometer (TA) using 

25mm parallel plate geometry at 25°C. The linear viscoelastic region was determined 

after gelation by conducting a strain sweep from 0.1%-100% with an angular 

frequency of 10 rad/s. The elastic and viscous moduli were then ascertained by 

running a frequency sweep within the viscoelastic region at 1% strain amplitude and 

angular frequencies from 0.1-100 rad/s.    

Stability Testing 

Rheology and visual inspection were used to confirm whether the gels maintained 

integrity, both during a 3 hour run in the bioaerosol sampler and month-long storage 

at 4°C. The settings for the bioaerosol sampler run where: conditioner 5°C, initiator 

45°C, modulator 20°C, and nozzle 26°C. Rheology was measured at time zero and 3 

hours for the bioaerosol run stability and initially after gelation and four weeks later 

for long term storage stability using the same parameters as mentioned above. Visual 

inspection for gel deformation was done at hour 0,1 and every consecutive half hour 

up to three hours for the bioaerosol run. For the storage stability, visual inspection 

was done initially after gelation and four weeks post gelation. 

Viral RNA Quantification 

200uL of viral RNA was extracted using the PureLink Viral RNA/DNA Mini Kit 

(Invitrogen) and eluted to 50uL following the manufacturer’s protocol. 10uL of eluant 

was then used with the Taqman Fast Virus 1-Step Master Mix for qPCR (Applied 
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Biosystems) and CDC developed primers and probe for IAV (Integrated DNA 

Technology). The concentrations of the primers and probe are in accordance with the 

CDC’s protocol: 400nM for both forward primers, 600nM for reverse primer 1, 

200nM for reverse primer 2, and 200nM for the probe74. The QuantStudio 7 Flex 

qPCR System (Applied Biosystems) was used with the following program: 50°C for 

5 minutes → 95°C for 20 seconds → 45 cycles of 95°C for 15 seconds and 55°C for 

30 seconds. The RNA content was determined using the virtual quantification tool 

developed by Piralla et al75.   

Virus Spiking and Recovery 

The effect of gel formulation was tested by adding 10µL of 2.4E5 plaque forming 

units (PFU)/mL of A/Udorn/307/1972, an H3N2 virus,  to 30 µL of gel and allowing 

it to sit at room temperature for 3 hours before adding the gel to microcentrifuge 

tubes filled with 300µL of serum free DMEM. The mixtures were then placed at 4°C 

overnight and viral RNA in the supernatant was quantified as previously stated using 

RT-qPCR.  

2.3 Results and Discussion 

Impact of Varying Mucin and Cross Linker Concentration on Rheology 

To determine how rheological properties affected virus recovery, we first 

characterized the rheological properties of the various gel formulations. As seen in 

Figure 2A, increasing PEG-SH concentration increased the storage modulus at 1 Hz, 

while increasing BSM concentration also increased the storage modulus, but to a 
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lesser extent. 

 

 Stability Studies 

The hydrogels will be used in the RCT, and as such must meet certain requirements. 

Namely, they must withstand both high flow rates within the bioaerosol sampler and 

extended storage at 4°C. Only the 2% BSM 4% PEG-SH and 3% BSM 3% PEG-SH 

gels were subjected to these experiments, because the increased weight content of the 

6% hydrogels led to subsequent stability.  

As shown in Figure 2C, there was a minimal decrease in storage modulus after a 

three-hour run, which was likely due to water loss. Upon visual inspection, there was 

minor gel deformation, within the expected range. The month-long storage showed 

minimal water loss and subsequently similar storage moduli. It is also noteworthy that 

Figure 2 A)Bulk rheology on all formulations using Ares (Tescan). B) Initial and final time points of 

three hour biocascade run (Aerosol Dynamics). C) Bulk rheology quantification of change in G' 

following three hour run. D) Image of gel after four week storage in 4C. E) Bulk rheology 

characterization of gels after 1 month of storage. Initial rheology included for reference 
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there was no visible bacterial growth on the gels, minimizing the risk of 

contaminating subsequent experiments.  

Virus Recovery 

Maximal virus recovery can only be achieved when the hydrogels do not interfere 

with virus diffusion out of the gel. The virus RNA concentration from the gels were 

compared to a control of virus RNA concentration in DMEM. As seen in Figure 3B,  

the 3%3% gel had the highest average RNA recovery.  There was more consistency 

in this formulation than even the liquid collection. Although previous studies found 

inconsistency in virus recovery from liquids, it was in respect to aerosol impaction, so 

it is interesting that similar results were seen with direct pipetting71. 

 

 

Section 4 Conclusion 

We have established a method of virus recovery and shown that rheology of the gels 

does not impact viral diffusion from the gels. Future studies would utilize infectivity 

assays, such as plaque assays, to determine whether the gels affect infectivity of the 

Figure 3 A) Viral RNA recovered from gels quantified by RT-qPCR. B) Average recovery normalized 

to liquid collection 
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virus. Next, we plan on testing the effect of nebulization of the virus onto the gels. 

We also plan on testing the effect of different enzymes, such as trypsin, on increasing 

viral recovery.  
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Chapter 3: Poly(IC) PEI-PEG Polyplexes 

3.1 Introduction 

In addition to vaccines, antiviral therapies against IAV and other respiratory viruses 

remain an important modality to prevent viral spread and severe illness due to 

respiratory infections. Traditionally, antivirals are developed to target key step(s) in 

the viral life cycle. However, resistant strains of IAV can emerge over time with these 

classes of drugs76. Alternatively, new drugs are being developed to target specific 

host cellular factors to limit the possibility of drug resistance. Given the threat of co-

infections with multiple respiratory viruses, especially in the pediatric population, it 

would also be advantageous to develop antivirals that are broad acting, but this is 

difficult to achieve without the same concerns of drug resistant strains. Towards this 

end, harnessing the immune system’s innate response to infection with direct 

treatment with recombinant interferon (IFN) has also been evaluated for IAV, SARS-

CoV-2, hepatitis B virus (HBV), hepatitis C virus and others77–80. Depending on the 

formulation, IFN treatments’ efficacy and tolerance in clinical trials has been variable 

to date81. 

Polyinosinic acid polycytidylic acid (poly(IC) is a double stranded, synthetic RNA 

that has been widely studied for its antiviral capabilities82. This is due to its chemical 

nature resembling that of pathogens, termed pathogen associated molecular pattern 

(PAMP)83.  This allows it to stimulate pathogen recognition receptors (PRR)s leading 

to an antiviral immune response through IFN production. Poly(IC) is also a good 

candidate for formulation development because it has been tested in humans before, 
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as an anti-cancer drug84. Poly(IC) has FDA “orphan drug” designation as a treatment 

for primary brain tumors85.  

A few studies are important to highlight with respect to poly(IC)’s antiviral 

characteristics. One study looked at the differential response of different types of 

dendritic cells to virus infections and found that 24 hour treatment of poly (IC) at 

1µg/mL prevented influenza infection in monocyte derived dendritic cells (MDDC) at 

greater rates than unstimulated myeloid dendritic cells or MDDCs stimulated with 

TLR7/8 ligand55. A similar study looked at 12 hour treatments of the lung cell line 

A549 with 25µg/mL of poly (IC) and saw a similar reduction in rhinovirus viral 

copies and upregulation of the ISG OAS186. These results hold true in in vivo studies 

as well. A study looking at treatment of HBV in mice had very interesting results. Not 

only did hydrodynamic delivery of poly (IC) reduce the concentration of antibodies 

against HBV, it also showed that there is a sweet spot when it comes to drug 

concentration56. An intermediate dosage of 20µg showed higher efficacy than both 

5µg and 50µg.  

To our knowledge, a formulation that both prevents influenza infection and has a 

good safety profile has not yet been designed.   

3.2 Materials and Methods 

Poly(IC) Polyplex Formation 

Polyethylene imine (PEI) is an effective polymer for gene transmission, however it 

has a concerning safety profile87. Several strategies to combat this, including 
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PEGylation88,89. Based on this, we formulated poly(IC) into nanoparticle polyplexes 

using a 25 kDa branched PEI (Millipore Sigma) and 25 kDa branched PEI conjugated 

with 5 kDa PEG (Creative PEGWorks). A parameter used in the design of nucleic 

acid-based polymer nanoparticles is known as the nitrogen/polymer (N/P) ratio. The 

N/P ratio refers to the moles of nitrogen in the polymer and the moles of phosphate in 

the nucleic acid.  

In order to determine the optimal drug delivery system (DDS) for poly(IC), we 

investigated 5 formulations: low N/P ratio with low conjugated PEI percentage 

(N/P=6, 100% PEI), high N/P ratio with low conjugated PEI percentage (N/P=15, 

100% PEI), middle N/P ratio with middle conjugated PEI percentage (N/P=10, 50% 

PEI, 50% PEI-PEG), low N/P ratio with high conjugated PEI percentage (N/P=6, 

100% PEI-PEG), and high N/P ratio with high conjugated PEI percentage (N/P=15 

100% PEI-PEG).  

Given that each nucleic acid has a single phosphate group, if we can calculate the 

number of bases in one mole, then we can determine the amount of phosphates in low 

molecular weight (LMW) poly(IC) (Invivogen). Kowash et al used multi- angle light 

scattering to determine the molecular weight of LMW poly(IC) (Invivogen) to be on 

average 158.5kDa90. Also, the molecular weight of a single base of inosinic acid from 

PubChem is 348.21 g/mol and the molecular weight of 5’- cytidylic acid is 

323.2g/mol91,92. Since poly(IC) is composed of one string of inosinic acid and one 

string of cytidylic acid, the amount of inosinic acid bases is equal to the amount of 

cytidylic acid bases. Therefore, if we divide the molecular weight of poly(IC) by the 
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average weight of the nucleic acids (subtracting 18 to account for water loss from 

phosphodiester bonds), we get an average number of bases. This gives us about 500 

bases, and therefore 500 phosphates per mole of poly(IC). 

348.21 + 323.2

2
=

335.7𝑔

𝑚𝑜𝑙
 

158,500

335.7 − 18
= 498.9 𝑏𝑎𝑠𝑒𝑠~500 𝑏𝑎𝑠𝑒𝑠 

We can do a similar analysis to determine the amount of nitrogen in branched PEI 

and PEI-PEG copolymers with a PEG/PEI ratio of 30. By looking at the chemical 

structure of PEI, we can see it has 2N+6H+C+(23C+57H+11N)n where n is the 

number of repeating units. We can calculate n by using the atomic number of the 

atoms and the molecular weight of branched PEI being about 25k 

25,000 = 2𝑁 + 6𝐻 + 𝐶 + (23𝐶 + 57𝐻 + 11𝑁)𝑛 

25,000 = 2(14) + 6(1) + 12 + [(23(12)) + 57(1) + 11(14)]𝑛 

51.24 = 𝑛 

We can now back calculate the number of nitrogen in one mole of PEI.  

𝑁

𝑚𝑜𝑙
= (51.24 ∗ 11) + 2 = 565.64~566 
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Now that we have number of phosphate and nitrogen per mole of respective material, 

we can determine the molar concentrations of PEI needed per mole of poly (IC) to 

reach the target N/P ratio:  
𝑁

𝑃
=

[(
𝑁

𝑚𝑜𝑙𝑒𝑠 𝑃𝐸𝐼
)(𝑥 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑃𝐸𝐼)]

(
𝑃

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑃𝑜𝑙𝑦(𝐼𝐶)
)(1 𝑚𝑜𝑙𝑒 𝑃𝑜𝑙𝑦(𝐼𝐶)]

  . 

To form the nanoparticles, the poly(IC) and PEI/PEI-PEG are combined by dropwise 

addition of the poly(IC) to a swirling mixture of PEI/PEI-PEG. The solution is 

allowed to sit at room temperature for 30 minutes. After this, it is syringe filtered with 

a .44um MCE (CellTreat) filter into a 100kDa MWCO Amicon Ultra filter units and 

spun at 14,000 g for 10 minutes at 4°C. The flow through is removed and two more 

washes are done with UltraPure Water (Invitrogen). After this the nanoparticles are 

eluted using a 1000 g spin for 10 minutes at 4°C.   

 

Figure 4 Significant methods in polyplex testing A) Polyplex formation B) Heparin Displacement 

Assay 
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Nanoparticle Tracking Analysis 

Nanoparticle tracking analysis (NTA) was done using a ZetaView (ParticleMetrix) to 

determine the size and zeta potential of the nanoparticles. The NTA utilizes the 

Stokes Einstein equation 𝐷𝑡 =
<𝑥,𝑦2>

4
  𝐷 =

𝑘𝐵𝑇

6𝜋𝜂𝑟
 to relate diffusion to size. It beams a 

laser from the top of the cell and the light is collected at a 90° angle and a camera 

captures the refraction of light from the particles. The NTA also uses the Helmholtz-

Smoluchowski equation 𝜁 =
4𝜋𝜂

𝜀
𝑓(𝑘𝑎) ∗ 𝜇𝑒  to relate electrophoretic mobility to 

surface charge, or zeta potential. The particles were eluted 1:1000 in UltraPure water. 

The instrument parameters for the ZetaView were: laser wavelength- 488nm, filter 

wavelength-scatter, sensitivity-95.0, and shutter-500; and the analysis parameters 

were max area-10000, min area-10, and min brightness 65. 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was done using a Tescan XEIA FEG with the 

help of the Advanced Imaging & Microscopy (AIM) lab in the NanoCenter on 

campus. 10µL of undiluted nanoparticles were dropped on to a silicone wafer and 

allowed to dry overnight.  

Heparin Displacement Assay 

To determine how strong the interaction between the polymer and poly(IC) are in the 

polyplexes, a heparin displacement assay was done. Heparin is a strongly negative 

glycosaminoglycan (GAG), and it displaces poly(IC) to interact with PEI. It’s 

traditionally used as an anticoagulant and subsequently it is defined by the United 
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States Pharmacopeia (USP) in terms of USP; specifically 1 USP is the amount of 

heparin needed to prevent 1 mL of citrated sheep’s blood from clotting for 1 hour 

after addition of calcium chloride93. 1 µg of the complexed poly(IC) from each 

formulation was co-incubated separately with increasing amounts of heparin ( 

0.005USP, 0.01USP, 0.05USP, 0.1USP, 0.5USP, and 1USP) for 15 minutes at 37°C. 

In parallel, an eight-point standard curve was set up using free poly(IC) with 

concentrations of 1.5µg, 0.75µg, 0.375µg, 0.1875µg, 0.0937µg, 0.0468µg, 0.0234µg, 

and zero µg in triplicate. A heparin control was also set up in triplicate where RNA 

wasn’t included but heparin at 1000USP/mL was in order to control for heparin 

fluorescence. Next, Sybr gold dye (Invitrogen) was added to a final 1x concentration. 

Sybr gold is an intercalator that fluoresces when bound to nucleic acid with an 

excitation peak at 495nm and emission at 537nm. The solution was incubated in the 

dark for 10 minutes at room temperature, then read on a Spark Multimode Microplate 

Reader (Tecan).  

Cell Culture and Virus 

Madin Darby Canine Kidney (MDCK) cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Gibco) with 10% fetal bovine serum (FBS)(Gibco) and 

1% penicillin streptomycin (PenStrep)(Gibco). MDCK cells contain avian sialic acid 

linkages (α2-3), leading to their popular use in influenza studies, as we can use safer 

avian infecting IAV strains94,95. These cells are susceptible to H1N1, H1N1pdm09, 

H3N2, H5N1 and IBV strains. Even commercially, MDCK cells are used to grow the 
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influenza strains to be used in vaccines96. Similarly to the previous chapter, we used 

A/Udorn/307/1972, an H3N2 virus.  

Drug Concentration Testing  

To determine the ideal concentration of poly(IC) nanoparticles, we did a literature 

search for poly(IC) concentrations that effectively showed antiviral behavior. Because 

the aims of these papers were different, they used varying concentrations, contact 

times, viruses, and cell/animal models. We choose the concentrations 5µg/mL, 10 

µg/mL, 25µg/mL, 50µg/mL, 150µg/mL, and 200µg/mL for the polyplexes. As a 

comparison, we also tested free poly(IC) at concentrations of 5µg/mL, 10µg/mL, 

25µg/mL, 50µg/mL, and 150µg/mL. We also included a no treatment control.  

Given that the nanoparticles are designed to be delivered intranasally, residence time 

of the drug in the upper respiratory system was estimated based on the study done by 

Trenkel et al looking at attachment to mucus97. Carboxymethyl cellulose (CMC) was 

the only anionic polymer that was tested and had about a 5 hour contact time with 

mucus. Two of the formulations, as well as poly(IC) are also anionic, so this five hour 

contact time was chosen. Accordingly, the nanoparticles were added to MDCK cells, 

grown in 24 well plates, and left on for 5 hours before the supernatant was collected. 

This setup was used for two assays, to look at efficacy in both antiviral prevention 

and interferon production.  

To look at antiviral prevention, the plates were spiked with low concentration (12 

plaque forming units (PFU) total or 120 PFU/mL) of influenza A virus 

A/Udorn/307/72 (Udorn). The virus was allowed an hour to adsorb on to the cells.  
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The supernatant was then removed from the cells and an overlay solution composed 

of 0.8% oxoid agar (w/v), 1.5µg/mL TPCK trypsin, 15mM HEPES, 2.4% sodium 

bicarbonate (w/v), and DMEM/F12 was added to each well. After three days, the 

wells were checked for plaques and then fixed with 1% formaldehyde. The following 

day, the overlay gel was removed and the plates were stained with 0.1% crystal violet 

in 20% ethanol. The plates were again inspected for plaques.  

To look at interferon production, the supernatant from the five hour treatment was 

collected and replaced with fresh media. After 48 hours, the supernatant was again 

collected. The cells were fixed and stained as above to look at cell viability. The 

supernatant immediately following treatment was tested for the presence of IFN β via 

an ELISA kit, the DuoSet Human IFN-β (R&D Systems). The supernatant from two 

days post treatment was tested for the presence of IFN λ using the ELISA kit DuoSet 

Human IFN-λ 1/3. The kits were used according to the manufacturer’s protocols.  

3.3 Results and Discussion 

Physical characteristics of poly(IC) polyplexes 

Characterizing the size and charge of the formulations has two main benefits. The 

first one is that it allows us to confirm that the nanoparticles actually formed, which 

we can do by comparing the results with the size and charge of free poly(IC). The 

second benefit is that it allows us to compare our formulations to known trends of the 

impact of these characteristics on safety and uptake efficiency. Generally, 

nanoparticles that are slightly negative to near neutral charge and 100nm - 200nm are 

preferred for targeting the upper respiratory system as the initial site of influenza 
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infection. Ideally, our formulation would be able to inhibit replication before the virus 

reaches the lower respiratory system where the symptoms can often become more 

severe98.  

As seen in Figure 5A, all systems tested formed nanoparticles in the 100-300 nm 

range with the unconjugated PEI formulations forming more condensed (smaller) 

complexes than the PEG conjugated formulations. Based on zeta potential 

measurements, the unconjugated PEI formulations are strongly positively charged, 

while the PEG conjugated formulations are negative. This is likely explained as the 

unconjugated PEI has a higher overall cationic charge density as compared to PEI-

PEG leading to greater compaction of poly(IC).  The size and shape were confirmed 

by SEM as seen in Figure 5B and agreed with the NTA results.  

 

Figure 5 A) (Right) Size of nanoparticles from each formulation with free poly(IC) for comparison. 

(Left) Surface (Zeta) charge of every formulation with free poly(IC) included for comparison. All 

measurements done on ZetaView. B) Representative SEM images of nanoparticles clockwise from top 
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left to bottom: 100% PEI N/P=6, 50% PEI 50% PEI-PEG N/P=10, 100% PEI-PEG N/P=15, and 100% 

PEI-PEG N/P=6. C) Results of heparin displacement assay. Heparin is given in units of USP, which is 

a measure of its activity 

Heparin displacement allows us to characterize how strongly the polymer and nucleic 

acid associate with each other. As seen in Figure C, all the formulations that 

contained unconjugated PEI had very strong associations, with very little poly(IC) 

displaced. In contrast, the 100% PEG conjugated N/P=6 sample had a weaker 

association, with displacement occurring even at low heparin amounts. The 100% 

PEG conjugated N/P=15 sample was in between, with not as much displacement 

occurring as the N/P=6 sample, while still showing poly(IC) release.   

Efficacy of poly(IC) polyplex treatment against IAV infection 

We next tested the ability of these formulations to prevent infection against Udorn in 

MDCK cells (Figure 6A). We found no sign of infection in wells treated with 

poly(IC), PEI/poly(IC), or PEI-PEG/poly(IC) polyplexes. However, we note there 

were also minimal signs of infection in our untreated control cultures suggesting the 

MOI needs to be increased in future studies. In addition, we found significant toxicity 

as a result of treatment with PEI-based polyplexes as the MDCK cell monolayers 

were compromised at higher concentrations (Figure 6B). This is consistent with the 

positive zeta potential these formulations had and the literature that shows that 

positive charges destabilize the mammalian cell membrane99. This is also consistent 

with previous studies finding PEI to be toxic at concentrations close to therapeutic 

levels100.  
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IFN β production was most pronounced in PEI/poly(IC) polyplex treated cultures 

(Figure 7A) and seemed to correlate with toxicity to cells as observed via crystal 

violet staining (Figure 6B). In comparison to the no treatment group, an increase in 

IFN λ production was only seen following treatment with 100% PEG conjugated PEI 

N/P=15 formulation (Figure 7B). All the other formulations had IFN λ levels 

comparable to untreated cultures or were below the detectable levels of the kit.  

Given that not all the other formulations, nor concentrations of free poly(IC), had 

detectable levels of IFN λ, it seems that the either the polymers or poly(IC) or some 

combination interfered in its passive production. Considering the results of the 

heparin displacement assay provides an explanation as to why the unconjugated PEI 

formulations failed to elicit an IFN response: the association of the complex was too 

strong. Poly(IC) could not be released and subsequently could not stimulate the IFN 

Figure 6 A) Schematic showing the set up of the efficiency testing B) Results of crystal violet staining 

the plates used for collecting supernatants for each formulation at different concentrations (not shown: 

untreated control). 
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pathway at detectable levels. 

 

Figure 7 A) Concentration of IFN β in MDCK cell supernatant immediately after 5 hour treatment with 

nanoparticles. IFN β was quantified with IFN β DuoSet kit from R&D Systems. B) Concentration of 

IFN λ two days post treatment in MDCK cell supernatant. IFN λ concentrations measured with IFN λ 

1/3 DuoSet kit from R&D Systems. Dotted line shows the lower limit of detection 

3.4 Conclusion 

 Poly(IC) has shown the potential to prevent influenza replication in MDCK cells. 

This study looked at the effect of different parameters of the polymers PEI and PEI -

PEG on poly(IC) delivery in order to hone in on a formulation that would be both safe 

and effective. The formulation 100% PEI-PEG N/P=15 was able to both prevent low 

levels of Udorn infection as well as produce detectable levels of IFN λ and not IFN β.  

More work is needed to characterize this formulation and determine an optimal 

concentration. Firstly, the stability of this formulation in physiological conditions 

should be verified. There are two assays needed for this: the first looks at the stability 

of the nanoparticles in synthetic nasal fluid and the second verifies how well the 

polyplex can protect from ribonuclease’s degradation of poly(IC). After suspending 

the polyplexes into synthetic nasal fluid, we can use NTA to measure their size over 
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an extended period of time to monitor aggregation. Likewise, protection from 

ribonucleases can be determined by co-incubating a ribonuclease, such as the T2 

enzyme, at different concentrations with the nanoparticles. After verifying the 

stability of the polyplex, it would also be necessary to run more assays to determine 

the optimal therapeutic concentration of polyplexes.  This can be done through two 

major assays. The first would be a time course on IFN production of the different 

concentrations. The second would be by testing against higher concentrations of IAV. 

It is also important to determine how long the polyplexes are protective before and 

after IAV infection. We also plan to conduct further testing in a more physiologically 

relevant model. This will be done by using primary nasal epithelial cells 

differentiated at air liquid interface (ALI). Next, we will characterize the stability and 

deposition of the polyplexes after nebulization with a VitroCell.  
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Chapter 4: Conclusions and Future Directions 

4.1 Summary and Conclusions 

Influenza is an urgent public health threat, both pandemic and seasonal. This work 

looks to use biomaterials strategies to improve our understanding of influenza 

transmission as well as develop safe, effective prophylactics against IAV. We 

investigated the role of stiffness in IAV diffusion from mucin hydrogels and 

narrowed down the ideal formulation for poly(IC) delivery to prevent IAV replication 

in MDCK cells.  

4.2 Future Directions 

This work has focused on the use of the poly(IC) PEI-PEG polyplexes to improve 

viral clearance, but part of the damage from IAV infection comes from the host 

response. It would be beneficial to add another compound that can promote host 

tolerance to the disease without impairing viral clearance. Current literature has 

shown epidermal growth factor receptor (EGFR) agonists and antioxidants potentially 

can fulfill this role101–104. On another note, these polyplexes were investigated for 

their therapeutic effects against respiratory viruses, but it could be therapeutic in other 

areas as well. Poly(IC) has been shown to be a potent adjuvant105,106. These 

polyplexes could therefore be integrated into a nasal vaccine against respiratory 

viruses. Poly(IC) has been approved to treat primary brain tumors85. By investigating 

the nose to brain connection, the polyplexes can be modified to better target the brain, 

or even pulmonary tumors. It could also be investigated as a therapeutic against 
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pulmonary fibrosis107. Finally, it can be utilized as a biophysical tool as well as 

therapeutic. This is due to its size being roughly that of spherical IAV and targeting 

the same endocytic and immune receptors as IAV. It can be utilized to investigate the 

affect shape has on IAV pathogenesis, given that wild type flu is more filamentous 

and lab strains end up more spherical5,108.   
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