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Development and Characterization of Thermostable Thin Films as a Novel 

Vaccine Dosage Form 

 

 
Irnela Bajrovic, PhD 

The University of Texas at Austin, 2020 

 

 
Supervisor: Maria A. Croyle 

 

 
Thermostabilization of vaccines can significantly simplify vaccine storage and 

distribution processes, eliminating the need for cold-chain maintenance, and resulting in global 

access to life-saving vaccines. Despite this benefit, all approved vaccines for use by the Food 

and Drug Administration must be refrigerated for long term storage in order to guarantee 

potency. The first study described in this thesis demonstrated that formulation of live adenovirus 

in the novel thin film matrix protects the virus from degradation at 4°C and 20°C for a minimum 

of three months, as well as 14 days at 37°C and 5 days at 40°C. The film matrix protected virus 

through 16 freeze-thaw cycles as well. As formulations prepared with surfactant outperformed 

those without it, the second study was designed to characterize and evaluate the intermolecular 

interactions between the surfactant and adenovirus capsids. in order to better understand the 

surfactants contribution to stability. The data suggested that surfactant stabilizes adenovirus by 

preventing aggregation of capsids via electrostatic and hydrophobic interactions. Additionally, 

the other formulation components in our multi-component preparation mitigates the interactions 

between adenovirus and the surfactant without interfering with stability. Lastly, the principles of 

surfactant stabilization were applied to the identification of alternative excipients for stabilization 
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of a virus with different properties from adenovirus, H1N1 influenza. The third study evaluated 

the ability of the thin film platform to induce an immune response and the impact of a natural 

adjuvants on the cytokine response and bioavailability of the vaccine dose. A preliminary screen 

demonstrated that vaccination with the thin film platform resulted in a stronger humoral response 

following mucosal vaccination than with traditional intramuscular vaccination. Additionally, the 

optimized formulation improved bioavailability of the viral dose across human buccal explants. 

Further characterization of the immune response also revealed that sublingual routes induced a 

strong TH1 polarized immune response which resulted in greater protective efficacy than 

intramuscular immunization. Taken together, these studies identified a novel thin film platform 

capable of stabilizing adenovirus at ambient temperatures, provide key insights into viral 

stabilization in the novel thin film platform, and illustrate the utility of the thin film as mucosal 

vaccine dosage form. 
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Chapter 1: Breaking the Cold Chain for Viral Vaccines: A 

Move Toward Needle Free Delivery 

 

The earliest form of vaccination was known as variolation, where material collected from 

smallpox lesions of infected patients was given to naïve people with the intended goal of 

inducing protective immunity against smallpox 

(1). Edward Jenner, who believed an agent 

virulent for animals would be less pathogenic 

but remain immunogenic in humans, built upon 

this idea by using an animal pox virus to 

vaccinate humans against smallpox resulting in 

mild infections and protection (Figure 1.1)(2). 

However, it was Louis Pasteur’s accidental 

success in inoculating the chickens with 

cultures of fowl cholera left in the lab 

unattended during a holiday, presumed to be 

no longer viable, that solidified the concept of 

attenuation. When the chickens did not 

develop cholera, he challenged them with a 

 

live, fresh strain of the organism. They remained healthy and did not get sick, leading to 

Pasteur’s realization that weakened strains of viruses could immunize against disease (1, 3). 

Live-attenuated vaccines [LAV], which contain a weakened version of a living microbe, 

mimic natural infections by eliciting strong cellular and antibody responses resulting in long 

Figure 1.1: Variolation and Vaccination. 

Colored drawing by George Kirtland, made 

in 1801, showing the appearance of smallpox 

lesions at various times after variolation and 

vaccination, depicting the lessened severity 

following vaccination. Figure from ref 2. 
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term immunity without causing full blown disease (4). Live attenuated viral vaccines currently 

on the market protect against adenovirus, measles, mumps, rubella, polio, vaccinia, varicella 

zoster, yellow fever, rotavirus, and influenza infection. Commercially available live attenuated 

bacterial vaccines protect against M. tuberculosis, V. cholerae, and rickettsia, which cause 

typhus (5, 6). In very rare cases, attenuated pathogens can revert to their original form and cause 

disease. This initially happened with the oral polio vaccine (7-9). As a result, the World Health 

Organization (WHO) recommends use of a very limited number of vaccines produced by 

attenuation. These include BCG, Oral Polio, Measles, Rotavirus, and Yellow Fever vaccines (10- 

14). Even though vaccines are critically important for patients with compromised immune 

systems, such as those with HIV, rheumatoid arthritis, organ transplants or undergoing 

chemotherapy, use of live or live attenuated vaccines is limited due to the heightened risk of 

adverse side effects or vaccine-related disease (15, 16). 

Inactivated vaccines provide a safe alternative to LAV vaccines. Processes utilized to 

produce these vaccines kill or inactivate the disease-causing microbe by treating them with 

chemicals, heat, or radiation (17, 18). Currently available viral-based inactivated vaccines protect 

against polio, influenza, Japanese encephalitis, hepatitis A, and rabies infection (19-23). 

Inactivated bacterial-based vaccines protect against B. pertussis, V. cholerae, S. typhi, and Y. 

pestis infections (24-27). While the risk of adverse events and development of vaccine - 

associated disease are greatly reduced by these vaccines, they stimulate a much weaker immune 

response than LAV vaccines and require at least one additional boosting dose or more to 

maintain long lasting immunity (28). This is a significant drawback in rural regions where access 

to health care is challenging. 
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Subunit vaccines, consisting of a purified part or parts of the pathogen that elicits a 

protective immune response instead of the entire organism, represent an even safer alternative to 

inactivated vaccines. These vaccines are divided into four main categories: protein-based, 

polysaccharide-based, protein/polysaccharide conjugates, and toxoids. Protein-based subunit 

vaccines are derived from a protein isolated from the pathogen, which is known to be processed 

and presented as an antigen to the immune system to stimulate an effective immune response 

(29). These highly purified products are produced through the use of recombinant DNA 

technology which significantly contributes to the cost of a vaccine (30). Currently approved 

examples of anti-viral protein-based recombinant vaccines protect against hepatitis B (HBsAg), 

human papillomavirus (L1), influenza (HA), and zoster (gE) infections. Bacterial recombinant 

vaccines (and the protein they contain) protect against salmonella Typhi (Vi polysaccharide) and 

anthrax (PA). Since proteins are highly susceptible to degradation by changes in pH, hydrolysis 

or proteolytic enzymes in vivo, they can stimulate the production of antibodies that only partially 

or weakly bind to the native pathogen. For this reason, protein-based subunit vaccines are not 

very immunogenic and when given alone can result in partial or short-term immunity (30, 31). 

Inclusion of adjuvants and the addition of multiple boosting doses to the immunization regimen 

are required for these vaccines (32). 

Polysaccharide subunit vaccines consist of purified sugars that form the protective 

capsule of certain bacteria and aim to stimulate the immune system to weaken this protective 

shield around the pathogen and prevent it from attaching to target cells. Soon after their 

development it was realized that polysaccharides could not induce T cell-mediated immune 

responses because T cell receptors only recognize protein molecules (33). Administration of 

polysaccharides alone could directly stimulate B cells to produce IgM antibodies but, without the 
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activation of helper T cells, only small amounts of neutralizing IgG antibodies were produced, 

and memory B cell production was absent. To address this notable deficiency, additional protein 

was introduced into these vaccines through covalent attachment of diptheria or tetanus toxoids to 

the polysaccharides. These proteins, which consist of an inactivated toxin secreted by bacteria, 

reconstitute the helper T cell response and support long-term protective immunity. Thus, 

conjugate vaccines prevent bacterial infections more efficiently than plain polysaccharide 

vaccines (34, 35). Current examples of approved bacterial based polysaccharide conjugate 

vaccines provide protection against Haemophilus influenzae type b pneumococcus, and 

meningococcus infections (36, 37). It is also important to note that bacterial toxoids alone 

comprise some vaccine products (6). However, these require the use of an adjuvant to elicit a 

well-rounded, protective immune response and often require repeat boosting doses (38, 39). For 

example, the Tdap vaccine, which protects adolescents and adults from contracting tetanus, 

diphtheria, and pertussis; requires a booster dose every ten years. Other currently approved 

bacterial-based toxoid vaccines protect against staphylococcus infection. While all subunit 

vaccines have excellent safety profiles, the process to identify the appropriate combination of 

antigenic components and adjuvants in order to elicit strong, long-lasting immunity is complex, 

extremely time-consuming and significantly contributes to the overall cost of the vaccine (40). 

More than half of the commercially available vaccines in the United States are dedicated 

to inducing protective immunity to viruses (Appendix Table 1 and 2) (41, 42). These fall in two 

categories: those capable of inducing strong long-lasting immunity with limited utility in specific 

patient populations due to adverse effects and those regarded as safe, but which require 

additional adjuvants and multiple doses. With over 70% of all emerging diseases of viral origin, 

Acquired Immunodeficiency Syndrome (AIDS), Avian Influenza, Severe Acute Respiratory 
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Syndrome (SARS), Middle East Respiratory Syndrome (MERS), Ebola Virus Disease, and 

COVID-19, virus infections are high priority global public health concerns (43, 44). Thus, 

development of novel technologies that effectively stabilize and deliver viral antigens for long 

term immunity is highly dependent on a thorough understanding of the physical properties of 

viruses and their requirements for stabilization in a variety of different environments. 

 

 
1.1 Physical Properties of Viruses 

 

Viruses were first discovered after the development of the Chamberland-Pasteur 

porcelain filter, which could remove all visible bacteria (as determined via microscopy) from any 

liquid sample. In 1892, Dmitri Ivanowski showed that this disease could be transferred from 

plant to plant via liquid extract from an infected plant even after the Chamberland-Pasteur filter 

had removed all the viable bacteria from the filtrate (45). In 1901, it was proven that the 

infectious agents in the filtrate were not submicroscopic bacteria, but were smaller disease- 

causing particles with the first known human virus discovered by the US physician Walter Reed 

who reported it as the agent responsible for causing yellow fever (46). While the true origin of 

viruses is often a subject of debate, there is consensus that viruses do not have a single common 

ancestor and that they evolved from genetic material that can be supported from a variety of free 

living cells (47). 

 

The size of animal viruses is highly variable with individual particles having average 

diameters of 20 -300 nm. Development of the electron microscope in the 1930s allowed 

scientists to view viruses for the first time (48). Thus, viruses were initially classified by shared 

morphology (49). Virus capsid proteins generally assemble around the virus genome in three 
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distinct shapes: icosahedrons, filaments, and head-tail. Parvoviridae and Picornaviridae are the 

smallest known viruses and exhibit icosahedral shapes of 20 nm in diameter (50). Filamentous 

viruses include the Paramyxoviridae, Orthomyxoviridae, Coronaviridae, and Rhabdoviridae 

families with an average diameter of 150 to 300 nm, 80 to 120 nm, 125 nm, and 100 to 400 nm 

respectively (51-53). Head and tail viruses, like tobacco mosaic virus, infect bacteria and have an 

average length of 300 nm (54). The shape of a specific virus can vary based upon features of the 

host cell that supports its replication. For example, smallpox virus particles have diameters 

between 250 to 400 nm and are either brick or oval-brick shaped because they are wrapped by 

the endoplasmic reticulum of the host cell (55). The Mimivirus, with a genome of roughly 1.1 

million base pairs of DNA and an icosahedral capsid with a diameter of 520 nm is the largest 

known virus. A thick layer of fibrils extending from the capsid increases the overall 

hydrodynamic diameter of each particle to 680 nm, illustrating that additional structural features 

of a virus also contribute to its size (56, 57). 

 

Later, viruses were classified further by the type of nucleic acid they contained, DNA or 

RNA, and whether their nucleic acid was single- or double-stranded. The genome of double- 

stranded DNA viruses must first enter the host nucleus before they initiate the replication process 

(Figure 1.2A). Promoter elements within the virus genome take over cellular machinery to 

induce cell division and ensure that each daughter cell contains a copy of the virus and associated 

growth promoting proteins. Single stranded DNA viruses only contain expression elements for 

capsid proteins and a DNA replication enzyme. However, since the only template for 

transcription in living mammalian cells is for double-stranded DNA, single-stranded viruses 

must first convert their genome into dsDNA by using the cell’s DNA polymerase (Figure 

1.2B)(58, 59). RNA viruses replicate in the host cell’s cytoplasm since they do not rely on host 
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replication polymerases to the same degree as DNA viruses. Single-stranded RNA (ssRNA) 

viruses are further divided into positive-sense and negative-sense categories. Viral proteins are 

directly translated from positive-sense genomes, while negative-sense genomes include an RNA- 

dependent RNA polymerase which must first produce a complementary mRNA strand that can 

then be translated into viral proteins (Figure 1.2C) (60, 61). Examples of positive-sense ssRNA 

viruses include SARS and MERS coronaviruses. Negative-sense ssRNA viruses include Rabies 

and Marburg viruses. Double-stranded RNA viruses transcribe a complementary mRNA strand 

which is then translated into viral protein (Figure 1.2D) (62). 
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Figure 1.2: Viral Replication. 

To replicate the dsDNA viral genome DNA-dependent DNA polymerase enzymes copy the 

(+) and (-) strands of the genome to produce dsDNA (A). To replicate the ssDNA viral 

genome DNA-dependent DNA polymerase enzymes copy the (+) DNA strand of the genome 

producing a dsDNA intermediate. Then DNA-dependent DNA polymerase enzymes copy the 

(-) DNA strand into (+) ssDNA viral genome (B). To translate viral proteins the (-) ssRNA 

viral genome RNA-dependent RNA polymerase enzymes transcribes the (-) RNA strand of 

the genome producing a (+) RNA, or mRNA which can then be translated into viral protein 

(C). To translate viral proteins the dsRNA viral genome’s RNA-dependent RNA polymerase 

enzymes transcribes the (-) RNA strand of the genome producing a (+) RNA, or mRNA 

which can then be translated into viral protein (D). Figure created with BioRender.com. 

 
 

 

 

While nucleic acid content drives viral replication and gene expression, capsid proteins 

play a key role in packaging, protecting the virus genome from the environment, and mediating 

cell entry. These functions are achieved through binding distinct cellular receptors and/or charge 

dependent interactions. Adenovirus 5 enters cells when its fiber protein binds coxsackievirus 

adenovirus receptor (CAR) and the RGD (Arg-Gly-Asp) motifs on its penton base interact with 

cellular integrins. Meanwhile, adenovirus 37 binds negatively charged sialic acid receptors to 
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enter cells via the positively charged fiber-knob (63, 64). Viruses that are released from the host 

cell, by a process called budding, are surrounded by a lipid envelope (Figure 1.3)(65). This 

“cloak” often helps the virus avoid the host’s immune system, however, if the next cell the virus 

infects is genetically distinct from the host cell, the innate immune response may be triggered 

(66). Viral envelopes contain a combination of negatively charged phospholipids, neutral lipids 

and glycoproteins. The glycoproteins, responsible for binding to cell surface receptors mediate 

viral entry and contribute to the overall surface charge of the virus particle. For example, the 

positively charged hemagglutinin glycoprotein of the influenza virus mediates cell entry through 

direct interaction with negatively charged sialic acid receptors (67). Exposure of virus particles 

to environmental (extreme temperature, light, moisture) and chemical (pH, organic solvents, 

surfactants) stressors may not fully disrupt the particle but instead shift the overall structure to 

expose additional charged regions on the particle surface. This facilitates particle interactions 

leading to aggregation and eventual inactivation of the virus (68). It can also foster particle to 

surface interactions, leading to inactivation or loss of active virus in a pharmaceutical product 

(69). 

 

 

Figure 1.3: Influenza Virus Assembly and Budding. 

As the viral particle assembles in the plasma membrane of the host cell, the membrane begins 

to bend and eventually the virus buds out of the cell [1]. This is followed by complete release 

of the virion as the glycoprotein neuraminidase (NA) cleaves sialic acid resides from the 

virion and host cell [2]. Figure adapted from ref 65. 
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1.2 Chemical and Environmental Stressors which Impact Virus Stability 

 
Temperature, relative humidity, and light represent the primary environmental stressors 

which significantly impact the structure and stability of virus particles. It is well established that 

all viruses are heat sensitive, however, resistance to heat varies. Infectious titer assays confirmed 

that enveloped H1N1 influenza virus was inactivated after only 5 minutes of exposure to 70°C, 

while naked adenovirus type 5 required 20 minutes of exposure to 70°C (70, 71). Adeno- 

associated virus 8 (AAV8) capsids are amongst the most heat stable. Capsid disassembly only 

occurred after exposure to 80°C for 20 minutes (72). Without the addition of a cryoprotectant, 

viruses also experience cold denaturation in varying degrees. At low temperatures, hydrogen 

bonds are weakened and aggregation results in viral inactivation. Adenovirus 5 and Influenza A 

experienced a two-log reduction in infectious titer after only being thawed once from -70°C to 

room temperature (73). However, measles virus is capable of withstanding 5 freeze-thaw cycles 

(74). When comparing results from various stability studies it is essential to ascertain the relative 

humidity (RH) at which the experiments were performed, as the salt and protein concentration of 

air droplets has been reported to impact viral transmission (75). Specifically, enveloped viruses 

survived best in aerosols at low relative humidity, while non-enveloped viruses were more stable 

at high relative humidities (75). This trend can be linked to the seasonal cycle of viruses, as RH 

is typically low in the winter and high in the summer. As RH gradually increased from 20% to 

80%, transmission efficiency of enveloped H1N1 influenza, a common infection in winter 

months, incrementally decreased (76). A similar trend has been observed with the Severe Acute 

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pandemic wherein transmission rates in 

Wuhan decreased as RH increased from 60% to 100% (77). Conversely, non-enveloped 
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poliovirus transmission, a common infection in summer months, increased as RH increased (75). 

Therefore, various environmental factors impact stability of viruses in varying degrees and must 

be tightly controlled in order to prevent viral inactivation. 

Solar ultraviolet (78) radiation acts as a natural virucide in the environment by 

chemically modifying viral DNA and RNA. Previous studies have established that dsDNA and 

dsRNA viruses are generally more resistant to UV inactivation than viruses with single stranded 

genomes (79). Adenovirus (dsDNA) has been reported as the most UV resistant virus, while 

Rabies virus (ssRNA) is one of the most susceptible to viral degradation (80). UV germicidal 

irradiation (UVI) follows an identical trend, wherein double stranded viral genomes required 2 to 

3 times higher UV doses for viral inactivation (81). UVI results in the formation of pyrimidine 

dimers in the DNA sequence of microorganisms which interferes with DNA duplications and 

leads to the destruction of nucleic acids, effectively inactivating viruses. It has been primarily 

used to sterilize surfaces and prevent transmission of disease via fomites. For example, during 

the SARS-CoV-2 pandemic, studies have confirmed that UVI can be used to disinfect N95 

masks and respirators for health care workers, due to the national shortage of personal protective 

equipment (82, 83). 

Chemical stressors have also been used to limit the spread of viruses. In general, 

enveloped viruses exhibit a higher sensitivity to chemical stressors than their non-enveloped 

counterparts. Poliovirus and human enterovirus are amongst the most resistant viruses to organic 

solvent mitigated viral inactivation, while SARS coronavirus, MERS coronavirus, ebolavirus, 

and influenza A virus can be inactivated in less than 30 seconds of exposure to ethanol-based 
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Figure 1.4: Influenza Virus Cell Entry. 

The virus attaches to the cells and is 

internalized by endocytosis. The acidic pH of 

the endosome (pH <5.5) leads to fusion of 

viral and vacuolar membranes and a release of 

the viral nucleocapsid into the cytosol. Figure 

from ref 86. 

solutions (84). A common detergent used for viral 

inactivation, Triton X-100, solubilizes the lipid 

membrane of viral envelopes and prevents the virus 

from infecting cells. After 1 minute of exposure to 

75% Triton X-100 (v/v), enveloped H1N1 influenza 

virus did not have a detectable infectious titer (70). 

Detergents are not effective at inactivating naked 

capsids, like adenovirus, as the bulky nonpolar head 

cannot penetrate water-soluble proteins (85). 

Environmental pH, on the other hand, has a profound 

effect on both enveloped and non-enveloped viruses. 

This is most likely because particles must be pH 

responsive for efficient release of the virus genome in 

the endosome during replication (Figure 1.4)(86). 

Preparations of pH 6-8 have successfully 

stabilized adenovirus type 5 particles at 

ambient temperature (87, 88). When pH falls 

below 5, the adenovirus capsid disassembles, 

preventing the virus from entering cells. 

Influenza viruses exhibit an identical pH stability profile, with inactivation of hemagglutinin in 

acidic environments, which prevents cell entry (89, 90). During vaccine preparation, integrity of 

virus particles and conformational structure of antigenic proteins must be maintained. 

Understanding how particle size, shape, nucleic acid content, capsid proteins and the lipoprotein 
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envelope contribute to the physical properties of viruses is key in the development of stability 

profiles for virus-based products. 

 

 
1.3 Principles of Formulation Design 

 
The primary goal of any vaccine formulation is to protect and preserve the microbe or 

purified antigen’s functional three-dimensional shape from physical and chemical pathways of 

degradation brought on by the environmental and chemical stressors covered in section 1.2. 

Figure 1.5 provides an overview of physical and chemical degradation pathways that can impact 

the functionality of proteins (91). Physical degradation pathways, such as denaturation and 

aggregation, result in the disruption of the secondary, tertiary, and quaternary structures of 

antigen proteins (91). Denaturation describes the process of protein unfolding. While some 

proteins easily recover their natural state when they do not the process is irreversible and 

detrimental to stability (92). Aggregation is a result of incorrectly folded proteins reversibly or 

irreversibly associating to form large clusters, which can impact protein function (93). These 

processes are typically brought on by extreme solvent pH and ionic strength, temperature, and 

denaturing chemicals (91). 

Chemical inactivation pathways, such as oxidation, deamidation, hydrolysis, and 

racemization/βelimination, result in the disruption of the primary structure of antigen proteins 

wherein covalent modification of the protein occur through bond formation or cleavage. Cysteine 

and methionine are the two most susceptible amino acids to oxidation, wherein aldehyde and 

ketone residues form on side chains, due to exposure to peroxides, light, metals, and ionizing 

radiation (94, 95). Deamidation is typically brought on by extreme changes in pH, during which 

asparaginyl and glutaminyl residues are hydrolyzed and form free carboxylic acid groups on side 
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chains, converting them to aspartic acid and glutamic acid (91, 96, 97). Extreme pH can also 

result in hydrolysis, commonly aspartic acid-proline peptide bond hydrolysis, wherein 

interactions with water molecules result in peptide fragmentation and impact protein 

functionality (91). Racemization and β-elimination both start with the removal of a proton from 

the α-carbon of an amino acid. In racemization the proton recombines with the carbon anion to 

reform the original amino acid in either a d or l format. During β-elimination the proton can be 

rearranged, resulting in the formation of a double bond between the α and β carbons. These 

reactions are also brought on by extreme temperatures and pH and can play a significant role in 

viral aggregation. Formulation of viral proteins and viruses, which consist of a complex 

combination of several capsid proteins, for vaccine delivery is integral to successful 

immunization. To that goal, various excipients and vaccine dosage forms have been identified to 

maintain viral protein stability and immunogenicity during storage and distribution of vaccine 

products. 
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1.4 Liquid Formulations for Viral Stabilization 

 
Established standards by the World Health Organization (WHO), the Food and Drug 

Administration (FDA), and other governmental agencies require for any vaccine under 

development to remain stable during storage at a minimum of 2-8°C (98). As of September 23, 

2020, 63 of the 89 vaccines approved for use by the Food and Drug Administration are 

formulated as liquid solutions for storage at 2-8°C with reported expiration dates ranging from 

Figure 1.5: Chemical and Physical Pathways to Degradation. 

Figure from ref 91. 
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16 weeks (Flublock) to 3 years (Vaqta, RabAvert, Havrix, etc.) (6, 41). The stability of liquid 

formulations is maintained through the use of excipients which fall into several different 

categories: osmolytes, polymers, proteins, surfactants, and arginine (Table 1.1). 

Table 1.1: Excipients Used in Liquid Formulations 
 
 

Excipient Contribution Examples 

Osmolytes Pull water away from protein, prevent 

surface binding, line up at air-water 

interface (99-103) 

Sorbitol, mannitol, sodium 

phosphate, sodium citrate, 

sucrose, trehalose, putrescine, 

spermidine, glycine, proline, 
glutamine, histidine 

Polymers/Proteins Stabilize via electrostatic interactions, 

prevent oxidation and deamidation, 

molecular crowing to prevent protein 

denaturation (99, 104-107) 

Dextran, gelatin, enoxaparin, 

phytic acid, carboxymethyl 

cellulose, bovine serum 

albumin, cyclodextrins, 

polyethyleneimine (PEI), 

polyethylene glycol (PEG) 

Surfactants Prevent aggregation, adsorption to 

surfaces, line up at air-water interface, 

form micelles and seal protein in 

protective bubble above CMC (99, 108- 
110) 

Polysorbate 80, polysorbate 

20, Pluronic F-68 

Arginine Reduce viscosity, prevent aggregation, 

increase solubility (99, 111-113) 

*note: Arginine is a unique 

amino acid that does not 

behave as an osmolyte 
 

 

Understanding the contribution that each type of excipient offers a liquid formulation will 

allow the pharmaceutical scientist to efficiently develop effective and stable vaccine products. 

Solution pH and ionic strength play key roles in maintaining the integrity of virus particles and 

proteins (87, 114-116) while minimizing their interaction with various surfaces (117, 118) and 

each other (68). Thus, osmolytes, which include polyols, sugars, amines, salting out salts and 

amino acids, stabilize the native structure of proteins in order to prevent loss of vaccine potency 

due to pH-mediated unfolding of virus capsids and subunit proteins, aggregation, and adherence 

to container closure surfaces (119). Conversely, surfactants, proteins, polymers, and arginine are 
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used to suppress protein degradation pathways but have a minimal impact on protein folding 

(120). 

Surfactants prevent aggregation that arises from heating and agitation of viral 

formulations through a variety of mechanisms. Above the critical micelle concentration 

surfactants form micelles which can trap the virus particle or protein inside or can fill the spaces 

between the particles to prevent aggregation (121, 122). Surfactants can also be used to minimize 

exposure of viruses and virus proteins to the air-water interface and prevent adsorption to 

surfaces by exploiting their hydrophobic and hydrophilic regions (123-125). The value of 

surfactants can be illustrated by the fact that about a third of approved liquid vaccine 

formulations (23 of 63) contain the surfactant polysorbate 80 (Appendix Table 1 and 2)(41, 126). 

Other amphiphilic excipients, like proteins and polymers, prevent surface adsorption of 

biomolecules through competitive binding at the surface interface as well (127). Furthermore, 

charged polymers are efficient at preventing aggregation via electrostatic interactions with the 

viral particle or protein and force the molecules into their native confirmation by molecular 

crowding (120, 128-132). Additionally, hydrogen bonding of polymers prevents metal ion 

catalyzed oxidation and deamidation (133, 134). 
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Reagents like sugars, polyols, and amino acids, or osmolytes, at concentrations of 0.1 to 1 

M are often included in liquid vaccine formulations to support virus capsid integrity and prevent 

hydrolysis of virus capsid proteins during storage. These kosmotropic solutes are repelled from 

the surface of the virus particle or protein in a vaccine, 

since the concentration of the stabilizing molecule is 

lower at the protein: solvent interface than it is in the 

bulk solution. According to solution thermodynamics, 

this concentration difference locks in virus capsid and 

protein subunit structures as degradation and unfolding 

of proteins would increase the overall surface area of the 

virus particle and protein, significantly restricting the 

molecular motion/entropy of the stabilizer and creating 

an environment that is thermodynamically and 

energetically unfavorable. Thus, the vaccine remains in 

its native conformation as in this system it remains in its 

lowest energy state (Figure 1.6)(120, 135-137). It is 

important to note that the amino acid arginine does not 

interact with viral proteins through this mechanism. 

Instead arginine is very efficient at preventing viral 

aggregation by slowing protein-protein association 

interactions, with a minimal impact on protein folding 

(138). While these excipients at certain concentrations 

can stabilize virus and protein based vaccines for 

Figure 1.6: Thermodynamics of 

Protein Unfolding. 

Since osmolytes are excluded from 

the protein surface, this is believed 

to be a thermodynamically 

unfavorable interaction which 

increases the free energy of the 

native state of the protein. As 

unfolded proteins have a greater 

surface area, it is hypothesized that 

the increase in free energy is even 

greater as there are more points of 

contact between the osmolytes and 

the unfolded protein. This results 

in a large energy difference 

between the native and unfolded 

protein state, meaning that more 

energy is required for proteins to 

unfold in the presence of 

osmolytes. Figure adapted from ref 

120. 
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significant periods of time as a refrigerated liquid product, many liquid vaccine preparations are 

freeze-sensitive, as they cannot prevent disruption of the native three-dimensional shape of the 

virus/antigen by ice during freezing. 

Accidental freezing of liquid vaccine products occurs through improper storage of 

vaccines (139), mechanical system malfunctions in storage units (140-142) and deviations from 

cold chain during global transport (143). Formulations that partially prevent ice crystal formation 

during freezing will fracture the virus particle/antigen 

during freezing and expose small regions that serve as 

points of nucleation for aggregate formation after melt 

(68, 144). While these aggregates may remain soluble 

and undetectable to the naked eye, they can 

significantly reduce the potency of the vaccine product. 

The presence of some adjuvants like alum also 

contribute to the sensitivity of a vaccine product to 

freezing. When aluminum oxide is frozen, it loses its 

colloidal structure and is fractured into crystalline parts 

which can cause severe adverse reactions such as 

aseptic abscesses at the injection site (53). The damage 

induced by freezing is irreversible and a field test, the 

“shake test”, has been designed as a screening tool during immunization campaigns to prevent 

accidental administration of ineffective vaccines. Control vials of intentionally frozen vaccines 

and a vial from the shipment is shaken and then observed over time. If the aluminum adjuvant 

has been physically altered, the vaccine appears clear instead of opaque (Figure 1.7)(145). 

Figure 1.7: Shake Test. 

Visual assessment and optical 

microscopy to detect freeze 

damage to an aluminum 

adjuvanted vaccine after a “shake 

test” followed by settling for 90 s. 

Figure from ref 145. 
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In the absence of alum based adjuvants, increasing the concentration of small molecules 

like salts, sugars, and polyols to greater than 1M concentrations in a liquid vaccine product can 

significantly reduce loss of vaccine potency during a single freeze-thaw cycle by minimizing ice 

crystallization (120, 146, 147). However, these preparations are hypertonic and can cause 

significant pain upon injection. In some cases, they also demonstrate poor stability profiles for 

extended periods of time at 2-8°C due to their ability to effectively pull water away from the 

surface of the virus/antigen, facilitating aggregation and precipitation of vaccine over time (148). 

In an effort to generate vaccine products with limited cold chain requirements that could survive 

environmental stressors such as freezing and extreme heat, a significant effort has been put forth 

to stabilize virus and protein subunit vaccines in the solid state. 

 

 
1.5 Solid Formulations for Vaccine Stabilization 

 
Effective stabilization of live-attenuated viral vaccines requires long term maintenance of 

virus capsid integrity and preservation of internal genetic material during long term storage. 

This can be achieved best through formulation as a dry powdered product (98). For more than 50 

years freeze-drying has been utilized to stabilize live microbes in the dry state for a variety of 

applications (149-151). This process, also referred to as lyophilization, has been accepted as the 

method of choice for stabilizing small molecule drugs, biologics and vaccines in dry powder 

formats by the pharmaceutical industry and regulatory agencies (98, 137, 152-156). Twenty of 

the current eighty-nine approved vaccines are available as lyophilized preparations (6, 41, 42). 

Many of the excipients in Table 1.1, such as surfactants, osmolytes, and amino acids, are 

also employed in lyophilized preparations. However, Table 1.2 provides a summary of the 

unique contributions that these excipients make to dry formulations. 
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Table 1.2: Excipients Used in Lyophilization 
 
 

Excipient Contribution Examples 

Sugars/Polyols Protein stabilizer, bulking 

agent, tonicity modifier (120, 

137) 

Sucrose, trehalose, lactose, 

maltose, sorbitol, mannitol 

Polymers suppressing protein 

aggregation, improve 

solubility upon reconstitution 

(157-159) 

Dextran, CMC, polyethylene 

glycol (PEG), hydroxypropyl 

β-cyclodextrin (HPβCD) 

Surfactants Prevent aggregation (160- 
162) 

Polysorbate 80, polysorbate 
20 

Amino Acids Protein stabilizer (137, 163- 
165) 

Histidine, Arginine, Leucine 

 

 

Some of the primary components of a lyophilized product are sugars, polymers or other polyols 

at concentrations that allow them to effectively replace the water surrounding the virus or antigen 

to maintain three-dimensional structure (Figure 1.8) and minimize ice crystallization during the 

freezing step of the process 

(166). Freezing is generally 

performed at a fast (1°C/min) 

rate to a temperature that is 

below the glass transition 

temperature (Tg’) of the 

formulation (167). At this 

temperature, the formulation 

generates an amorphous, glassy 

matrix in which hydroxyl 

groups of formulation 

excipients can form the highest 

Figure 1.8: Water Replacement Theory. 

A hydrated protein is surrounded by water and cosolvents 

(A). A hydrated protein is in a solution containing water, 

cosolvents, and trehalose (B). Dehydration of the protein 

results in unfolding (C). During dehydration compatible 

solutes, like trehalose, replace water molecules by forming 

hydrogen bonds with the protein, and preserving its 

conformation (D). Trehalose structure (E). Figure from ref 

166. 
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number of hydrogen bonds with the vaccine candidate (166, 168). Water is initially removed 

during the primary drying stage through sublimation. During this process, loss of vaccine 

potency can be observed due to concentration of buffer and salts with a corresponding loss in 

product pH, however, incorporation of appropriate concentrations and/or blends of sugars, 

polymers or other polyols mitigates this effect (98). The primary drying stage is complete when 

the product temperature will stop increasing without manual input, indicating that bulk water has 

been effectively removed from the formulation (169). Removal of any excess water trapped 

within the solid matrix is achieved during secondary drying (170, 171). This process involves 

slowly raising the temperature (0.1°C/min to 0.3°C/min) to room temperature until the target 

moisture content is achieved. Effective formulation development plans include physical and 

biological characterization of the vaccine candidate during each phase of the lyophilization 

process and subsequent modification of formulation and process conditions to ensure minimal 

loss of original vaccine potency in the initial dried product. 

Although the final product is a dried powder, a specific amount of water must remain in a 

virus-based vaccine product for optimal stability (172, 173). The optimal amount of residual 

moisture in a product usually falls within a very narrow range of 1-3% (170). Excessive moisture 

present in the dried product will facilitate proteolytic degradation of virus capsids and antigens 

over time. Excessive desiccation will result in collapsed virus capsids and physically damaged 

antigens capable of inducting semi-protective immune responses resulting in vaccine failure and 

possibly severe adverse reactions. 

Specific diluents are often provided with a lyophilized vaccine product for reconstitution 

prior to administration. Although sterile water is often used in reconstituting many vaccines 

(Imovax, MMRII, ProQuad, RabAvert, Varivax, Zostavax), other diluents contain salts, amino 
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acids, or buffers to adjust tonicity of the product (YF-VAX, Hiberix) (174). Diluents can also 

contain low concentrations of surfactants (polysorbate 80) to prevent aggregation that might 

occur upon rehydration of vaccine contents and to minimize loss of vaccine due to adsorption to 

the vial surface and preservatives (thiomersal) to maintain sterility after reconstitution (174, 

175). It is important to realize that the diluents selected for use with specific vaccines contribute 

little to the overall stability profile of the vaccine as the majority of vaccines, such as Zostavax, 

YF-Vax, Varivax, and ProQuad, currently utilized in immunization protocols must be discarded 

if not administered within 1 hour after they have been reconstituted (175). 

While freeze-drying of vaccines was initially adopted in an effort to minimize reliance on 

the cold chain during global distribution, none of the products currently in use can be stored at 

ambient temperatures for significant periods of time (Appendix Table 1 and 2)(6, 41). Six of the 

20 currently approved vaccines still require storage at temperatures of -15°C or less (ProQuad, 

MMRII, ACAM 2000, Varivax, Zostavax, Vaxchora) while the remaining 14 products are to be 

stored at 2-8°C (176).   Despite this, a freeze-dried influenza vaccine with favorable stability at 

4, 25 and 37°C for 40 months has recently been described as part of the National Strategy for 

Pandemic Influenza preparedness in the United States (177), suggesting that improvements in the 

understanding of physical characteristics of viruses, excipient selection and the lyophilization 

process will result in more thermostable vaccines in the future. However, the cost and 

complexity of the freeze-drying process and associated issues with dry powder vaccines such as 

strict requirements for reconstitution, proper dilution, and administration, makes it a somewhat 

impractical form of vaccine stabilization. 
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1.6 Spray-Drying 

 
Spray-drying technology has been utilized since the early 1940s in the pharmaceutical 

industry for the generation of stable dry powder formulations of small molecule therapeutics and 

some biological drugs (78, 178, 179). A dry powder is produced in a single-step process that 

involves atomization of a formulated drug solution in a hot, dry environment where temperatures 

can range from 60 to 220°C, rapid removal of solvent, and collection of dry drug particles 

(Figure 1.9) (178). Excipient selection for 

therapeutic proteins follows the same 

principles as those outlined for 

lyophilization, with the main driver being the 

ability of an excipient to replace water 

surrounding the protein allowing it to 

maintain its three-dimensional shape during 

drying. As with freeze-drying spray drying 

consists of a two-step process. In the first 

drying phase, the rate of drying is constant 

until a state of equilibrium is attained 

between the droplet and dry air. As the moisture content declines and saturation conditions can 

no longer be maintained, the secondary drying phase begins. As moisture is continually lost, the 

droplet becomes concentrated and a solid outer shell forms around the droplet. Additional 

solvent is pulled through the solid layer. While the heating and evaporation of water from 

atomized droplets can affect the virus particles and other antigens by altering secondary structure 

through changes in pH and precipitation of active ingredients, the self-cooling effect of droplets 

Figure 1.9: Overview of the spray drying 

process. 

Figure from ref 178. 
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during evaporation prevents temperature increase on the droplet surface above the wet bulb 

temperature (180). Spray drying processes have been further adapted to address the thermal 

sensitivities of vaccines. This is done through the use of the lowest inlet air temperature that 

allows for drying, inclusion of co-current spraying flow patterns so that the driest particles 

interact with the low temperature regions within the dryer and the wettest particles interact with 

the highest air temperatures, and minimal drying times ranging from 0.2 to 30 seconds per 

droplet depending upon the capacity of the spray drier and airflow rate (178). 

There are many advantages to utilizing spray drying technology to stabilize vaccines. 

Unlike lyophilization, spray drying does not expose the product to the stress associated with 

freezing and removal of water under vacuum conditions.  The one step drying process is less 

time consuming and requires significantly less energy and operating costs than standard freeze- 

drying protocols. The resultant dispersed fine powder also does not require reconstitution for 

delivery to mucosal routes of administration (80-83). Notably, Wang et al. successfully 

immunized rabbits after storing an anthrax dry powder vaccine for 2 years at room temperature 

via the intranasal route (181). Spray-drying also has various advantages over the liquid 

stabilization approach for vaccines. Preservatives can complex buffering systems needed for 

stability in the liquid state and can be eliminated from many spray dry powder formulations 

without compromising the physical stability of the vaccine product at ambient and elevated 

temperatures which is highly advantageous for distribution and use in remote developing 

countries (179, 182). A few studies have demonstrated superior long-term stability of dry powder 

vaccines. Kanojia et al. spray dried a H1N1 inactivated virus which retained antigenic stability 

after 3 months of storage at 60°C (183). Ohatke et al. successfully stabilized a live attenuated 

measles vaccine for 8 weeks at 37°C (184). 



26  

However, there are various draw backs to spray-drying as well. Shear stress during 

atomization and elevated temperatures during drying along with the formation of large air-water 

interfaces during droplet formation can lead to antigen instability and denaturation (185). An 

alternative technique, spray freeze drying where liquid formulations are immediately atomized 

into a cryogenic medium instead of a heated gaseous medium (78) has been developed to 

minimize exposure of a vaccine product to elevated temperature. Influenza, diphtheria, tetanus, 

hepatitis B, anthrax, and plague vaccines have been successfully stabilized by this technique 

(181, 186-189). Carbon dioxide-assisted nebulization with bubble drying (CAN-BD®) can also 

minimize exposure to extreme temperature during drying. This process involves the mixing and 

dissolution of carbon dioxide within an aqueous vaccine formulation at a pressure of 8-10 MPa 

and temperature of 30-50°C (190). The mixture is then released as a spray through a nozzle and 

rapidly dried by heated nitrogen gas, at 25 to 65°C. Live attenuated measles and hepatitis B 

surface antigen vaccines have been developed using the CAN-BD technique (191-193). 

However, these particles are still subject to atomization and therefore reduced antigen function 

and immunogenicity. Furthermore, to achieve a low residual moisture content in the final 

product, a secondary drying step is sometimes required and results in increased drying time and 

energy expenditures, negating one of the key advantages of spray-drying technology in 

comparison to lyophilization. 

 

 
 

1.7 Film Formation for Vaccine Stabilization 

 
The United States Food and Drug Administration (US FDA) defines “film” in three 

different ways with respect to pharmaceutical drug products (194): a) a thin layer or coating, b) a 
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drug delivery system that releases drug over an extended period in such a way to maintain 

constant drug levels in the blood or target tissue (extended release film) and c) a thin layer or 

coating which is susceptible to dissolution when in contact with liquid (orodispersible film) 

(195). A number of registered and commercialized small molecule pharmaceutical drug 

products formulated in platforms that fall within these definitions as thin film dosage forms and 

several mucosal oral films containing biologic drugs have entered clinical testing within the last 

2-3 years (196, 197). Thus, it is clear that oral dissolvable films are a highly promising and 

emerging dosage form. 

Many of the principles involved in stabilization of biologicals during lyophilization can 

also apply to stabilization of vaccines in a thin film. However, several additional types of 

excipients are necessary to confer physical properties that define the film dosage form. Table 1.3 

provides a brief explanation of common types of excipients utilized in thin film dosage forms, 

the role each excipient class plays in film formation and a few examples currently utilized in 

FDA approved products. 
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Table 1.3: Types of Excipients Evaluated in Thin Film Formulations 

 

Excipient Contribution Examples 

Polymer Film forming agent, 

mucoadhesive (196, 198) 

Hydroxy propyl methyl cellulose 

(HPMC), methyl cellulose, pullulan, 

sodium alginate, polyacrylate and 

polymethacrylate derivatives, and 

chitosan 

Sugars protein stabilizer (120, 199- 
201) 

Sucrose, glucose, fructose, maltose, 

arabinose, trehalose 

Surfactants and 

Bile Salts 

Improve absorption, stabilize 

proteins, suppress 

aggregation (120, 196, 198- 
201) 

Sodium glycocholate, palmitoyl dimethyl 

amino propane sulfonate, pluronic F-68, 

polysorbate 20 and 80, PEG-3350 

Fatty Acids Permeation enhancer (196, 

202) 

Pluronic® f-127, oleic acid, 

eicosapentaenoic acid, docosahexaenoic 

acid, palmitic acid 

Plasticizers/Polyols Flexibility/resistance (203, 
204) 

Glycerin, polyethylene glycol, propylene 

glycol, glycerol, maltitol, sorbitol 

 
 

Polymers are the most important excipient in film formulation since they are used as the 

film-forming material and act as mucoadhesive (196, 205). The mechanism of mucoadhesion is 

currently unclear but it is believed that five theories- wetting theory, diffusion theory, 

electrostatic theory, adsorption theory, and fracture theory- each contribute in complimentary 

ways. Table 1.4 briefly summarizes each theory. 

Table 1.4: Defining the mechanisms of polymer mucoadhesion1
 

 
 

Wetting Diffusion Electrostatic Adsorption Fracture 

Polymer binds to 

imperfections on 

surface of 

mucosal layer by 

producing 

adhesive anchors 

via contact angle 

and thermo- 

dynamics 

Adhesion occurs 

once polymeric 

chains reach 0.2- 

0.5µm of depth 

in mucosal layer, 

into glycoprotein 

mucin chains 

Electrons 

establish an 

electrical double 

layer due to 

electron transfer 

from polymer 

and mucosal 

surface 

Surface forces 

act on each 

other’s chemical 

structures after 

initial contact 

Describes the 

force required to 

separate two 

adhering 

surfaces, in 

order to quantify 

adhesion 

limitations 

1 This information was adapted from Refs (196, 205) 
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As with lyophilized products, sugars play a pivotal role in film preparations at a 

concentration that suspends the vaccine in an amorphous matrix during drying. Surfactants, when 

included in a formulation above the critical micelle concentration (CMC), can trap the vaccine 

candidate within micelles to minimize protein surface denaturation (206). Ionic surfactants can 

also interact with the surface charge of vaccine components to form a large network of individual 

particles dispersed throughout the film matrix (207)(Chapter 3). Surfactants also promote 

distribution of vaccine across physiological barriers like the cheek, as is evidenced by a decrease 

in transepithelial electrical resistance (TEER) measurement when added to in vitro models of the 

oral mucosa (208). Bile salts, which act as physiological surfactants, can improve absorption by 

increasing the solubility of hydrophobic drugs or increasing the fluidity of the apical and 

basolateral membrane (209, 210). Fatty acids are also employed in film formulations in order to 

improve permeability across the epithelial barrier by resulting in calcium ion influx which 

activates potassium channels and increases channel opening (196, 201, 211). 

While surfactants and sugars work together to stabilize proteins, plasticizers contribute to 

the mechanical properties of films, like tensile strength and maximum elongation (203, 204). 

When biomolecules are dehydrated without plasticizers, proteins change conformation which 

results in denaturation and loss of activity. It is hypothesized that the hydrophobicity index of 

polyols, which are a type of plasticizer, is inversely correlated with net stabilization effect of 

biological molecules, which results in these mechanical changes and prevents protein 

denaturation (212). Once the formulation components have been identified, film layers can be 

prepared by several different techniques which include: solvent casting, hot melt extrusion, and 

thermal inject printing. Table 1.5 provides a brief explanation of each technique. 
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Table 1.5: Summary of Standard Film Forming Techniques 
 
 

 Solvent Casting Hot Melt Extrusion Thermal Inkjet 

Printing 

Description soluble polymer is dissolved in 

a volatile solvent to result in 

the formation of a homogenous 

solution including the vaccine 

and other excipients; the 

solvent is removed via 

evaporation, pressurization, 

and heating (213) 

Transforms distinct 

materials into a 

homogenous 

mixture by melting, 

mixing, and forcing 

through a die (214) 

Substrate matrix for 

printing and drug 

loaded liquid phase, 

followed by 

deposition in a solid 

matrix via printing 

(215) 

Advantages Not heat sensitive, well 

defined, one step procedure 

Highly 

reproducible, 

uniform dose forms, 

well defined 

Small volumes can be 

deposited (pL), mass 

production friendly, 

uniform 

Disadvantages Direct contact between virus 

and solvent which affect viral 

activity, potential decrease in 

homogeneity, potential 
aggregation 

Heating required, 

high shear stress, 

recrystallization 

during storage 

Not well defined, heat 

pulse required for 

ejection 

 

 

Since viruses are heat sensitive, solvent casting is the most appropriate film formation 

technique for viral based vaccine products. However, since solvent casting typically employs 

organic solvents, it could adversely affect viral activity. These hurdles have recently been 

addressed by the use of water-based solvents and the use of a proper combination of the 

excipients reviewed previously. Taking this approach, Leung et al. stabilized Herpes Simplex 

Virus type 2 and Influenza A virus for 12 weeks at 23°C in a film matrix containing the polymer 

pullulan and trehalose (216). Stinson et al. successfully vaccinated Wistar rats using an 

inactivated Polio vaccine stabilized in silk fibroin films, which were reconstituted and injected, 

was stored at 45°C for two weeks (217). Adenovirus was stabilized in thin films containing 

hydroxypropyl methyl cellulose, sorbitol, and a novel amphiphilic surfactant at 20°C and 4°C for 

three months and through 16 freeze-thaw cycles (207)(Chapter 2). This same dosage form 
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induced a strong humoral immune response to influenza following sublingual administration to 

mice (Chapter 4). Other studies have evaluated the effect of film stability when layered onto 

microneedles, for buccal and dermal administration of vaccines. Mistilis et al. found that films 

composed of sodium carboxy methyl cellulose, arginine, and heptagluconate, dried on 

microneedles, successfully stabilized influenza for 4 months at 60°C and was able to effectively 

immunize mice after one year of storage at 25°C (218). Kim et al found that films, containing 

carboxymethylcellulose, lutrol, and trehalose coated on microneedles maintained 65% of 

Hemagglutinin activity for 24 hours at 4°C and protected 100% of mice from lethal challenge 

with influenza (219). Vaccine formulation in films has resulted in not only a unique platform for 

stabilization, but also a novel platform for delivery. The following sections will evaluate current 

standards for vaccine delivery and novel approaches to inducing protective immunity both 

locally and systemically. 

 
 

1.8 General Overview: Immune Response to Virus Based Vaccines 

 
Pain and inflammation at the site of injection are the most commonly reported side 

effects of injectable vaccines (220, 221). Cytokines and chemokines released during the 

inflammatory response increase vascular permeability to enhance recruitment of dendritic cells, 

macrophages, monocytes, and neutrophils from the circulation to the injection site (Figure 

1.10)(222, 223). Various components of the vaccine drive the type of immune response that 

results after injection. Inactivated virus particles or antigens are taken up by cells, processed and 

presented by major histocompatibility complex (MHC) class I molecules on the cell surface, 

ultimately resulting in a pathogen specific cytotoxic CD8+ T cell response (224). 
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Live, attenuated and recombinant virus 

based vaccines (for example Zabdeno® 

(Ad26.ZEBOV), an adenovirus 26 

vector expressing the Ebola Zaire 

glycoprotein in infected cells) also 

facilitate processing and presentation of 

antigens made by infected cells by MHC 

class II molecules on the cell surface, 

ultimately resulting in activation of 

pathogen specific helper CD4+ T cells in 

addition to a cytotoxic CD8+ T cell response (225, 226). In response to cytokines released by 

antigen presenting cells, CD4+ T cells can differentiate into Th1 helper cells to strengthen the 

cytotoxic T cell response (IL-12, IFN-) or Th2 cells to support B-cell proliferation and 

differentiation into plasma cells for an antigen-specific antibody mediated response (IL-4, IL-2) 

(227). Regardless of route of administration, antigen-specific CD8+ T cells and plasma cells are 

generally detectable in the circulation 10-14 days after immunization (Figure 1.11)(228). 

Antibody levels generally peak approximately 4 weeks after immunization (229). Maintenance 

of proper structure of the antigen in a vaccine formulation can significantly impact the strength 

and the breadth of the antibody response (230-232). Responses to improperly processed antigens 

or those in which proper confirmation was compromised can result in partially protective 

immune response or as seen with dengue vaccines, antibody mediated enhancement of infection 

(233). One a vaccine is cleared, remaining T cells differentiate into memory T cells. Central 

memory T cells, located in lymphoid organs and bone marrow, have a high proliferative 

Figure 1.10: Schematic drawing depicting 

immune cell activation via cytokine response. 

Figure from 223. 
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potential, whereas 

effector memory T cells 

in peripheral tissues 

remain in a preactivated 

form that enables them to 

immediately recognize 

pathogens (122). Resident 

memory cells remain in 

specific organs providing 

local immunity, often in 

the intestine, lungs, and 

skin. The degree to which 

these cells are produced in response to a vaccine significantly depends upon the manner in which 

it is given. 

Figure 1.11: T cell Proliferation Timeline. 

Following infection, antigen-specific T cells are activated and 

divide into short-lived effector cells or memory precursor cells 

based on the cytokines present. After peak responses, effector T 

cells mostly die while memory cells develop into long-lived 

memory cells. Figure from ref 228. 
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1.9 Administration of Vaccines: The Injectables 

 
Of the 89 vaccines approved for use by the FDA 83 of them are available as injectable 

products (Appendix Table 1 and 2)(6, 41). Injectable vaccines are given by the intramuscular 

(IM), subcutaneous (SC) and intradermal (ID) routes (Figure 1.12) (234). The route of vaccine 

administration greatly affects vaccine efficacy in 

inducing immune response. Intramuscular injections 

are absorbed faster than subcutaneous injections 

because muscle tissue has a greater blood supply and it 

can also hold a larger fluid volume (235). This larger 

volume can also facilitate dispersal of common 

adjuvants which can cause severe erythema, contact 

hypersensitivity, granulomas, and nodules within the 

subcutaneous space (236, 237). Vaccines developed for 

IM and SC administration must be administered by 

highly trained staff due to requirements for proper needle selection and placement to maximize 

efficacy and minimize adverse effects (134-136). The length of needles utilized for a given 

vaccine also needs to be modified according to age as muscle density changes over time to 

ensure the vaccine reaches the intended target (137). Conventional sites for intramuscular 

injection include the deltoid muscle of the arm, vastus lateralis muscle of the thigh, and 

ventrogluteal muscle of the hip. de Lalla et al. found that subjects given an HBV vaccine by IM 

injection in deltoid muscles experienced the highest rates of seroconversion in comparison to 

those given the vaccine by IM injection in the gluteal muscle. This was attributed to the lack of 

bioavailability as the needle was not capable of reaching the gluteal muscle efficiently and 

Figure 1.12: Parenteral Injection 

administration. 

Figure from ref 234. 
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unilaterally across patients of different age and gender (238, 239). Other studies have 

demonstrated that the thigh is also a better location than gluteal muscles for pertussis and the 

DTap vaccines (240). Subcutaneous injections are most often administered in the abdomen 

around the umbilicus, back or side of the upper arm, and front of the thigh. Vaccination by the 

subcutaneous route has generally been used for live attenuated vaccines, however the immune 

response is generally comparable to intramuscular routes of vaccination (241). This has been 

demonstrated for Hepatitis A, measles-mumps-rubella, diphtheria-tetanus, and meningococcal 

vaccines (242-244). To date, intramuscular administration of vaccines is considered to be the 

gold standard treatment. Currently 65 of the 89 approved vaccines in the United States are given 

by IM injection only, while only 9 are given by the SC route only (Vaccine Appendix Table 1 

and 2)(6, 41). 

One of the more significant limitations of IM administration of vaccines is the fact that 

muscle tissue contains a very low density of 

antigen presenting cells, requiring large doses 

of vaccine and the use of adjuvants to increase 

dendritic cell recruitment to the site of injection 

(245). The epidermis and dermis layer of the 

skin, however, is rich in dendritic cells 

(dermis), Langerhan cells (epidermis), T 

lymphocytes, natural killer cells, macrophages, 

and mast cells with direct access to draining 

lymph nodes (Figure 1.13) (246, 247). For this 

reason, administration of vaccines by the intradermal (ID) route has resulted in significantly 

Figure 1.13: Intradermal Anatomy and 

Location of Local Antigen Presenting 

Cells. 

Figure from ref 247. 
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stronger immune responses than that observed with the same vaccine given by the IM route in a 

dose sparing manner (248). One of the major challenges associated with ID immunization, 

correct placement of commercially available needles within the epidermal space, has been 

addressed through devices designed specifically for this purpose. To date, only one of the 

currently licensed vaccines is given by the ID route: the Bacille Calmette Guérin (BCG) vaccine 

for tuberculosis (6, 41)(Appendix Table 1 and 2). 

Gene guns, traditionally used to introduce 

DNA into plants, have also been used for 

administration of genetic vaccines to the skin (Figure 

1.14)(249). Initial work involved pushing DNA coated 

gold particles deep into the intradermal layer through 

the use of high-pressure gas emitted from the barrel of 

the gun (250). Vaccines administered with a gene gun 

have been poorly protective against diseases that 

require T helper 1 (Th1) type immunity and are less 

effective in these cases than the same vaccine given by 

the canonical IM injection (251). Addition of 

molecular adjuvants to a vaccine formulation in 

specific ratios can overcome this effect in some cases, 

however, exact mechanisms that dictate the Th2 bias of 

vaccines delivered by gene gun are a subject of 

continuing investigation (252-254). For this reason, 

clinical trials of DNA based vaccine have replaced the 

Figure 1.14: A Gene Gun. 

Gold nanoparticles are coated with 

the genetic vaccine and loaded onto 

a membrane. A compressed gas, 

such as helium, is used as the force 

that moved the filter down the 

barrel of the gun, which then pushes 

the membrane to a barrier. Once the 

membrane strikes the barrier, the 

force of the momentum will 

dislodge the nanoparticles form the 

membrane and they will travel 

beyond the barrel to interact with 

the target (cells, tissues, etc.). 

Figure from ref 249. 
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gene gun with devices that deliver material to the intradermal space via adaptive electroporation 

(255). Instead of forcing particles coated with vaccine into the skin, this process introduces short 

bursts of electrical current under the skin surface that creates transient increases in cell 

membrane permeability, thus enhancing DNA uptake by at least 500 fold in a less painful 

manner, leading to a more robust immune response (256). 

Microneedles can be fabricated in a patch format consisting of arrays of microscopic 

needles ranging from 25-2000 µm in height to ensure that vaccine can reach the depth of the 

skin’s capillary system, without damaging the nerves located in the dermis layer in a relatively 

pain-free manner (257, 258).  Microneedle technology is highly adaptable to a variety of 

vaccines as needles have been constructed from stainless steel, biodegradable polymers, and 

silicon in arrays of tens to hundreds of individual projections. Antigens can be formulated and 

dried onto metal microneedles, encapsulated within polymer derived needles, or delivered 

through hollow microneedles. Several studies have shown that microneedle technology is 

capable of inducing protective systemic and mucosal immune responses. Pattani et al. 

immunized mice through the ID route with the HIVgh140 antigen formulated in mucoadhesive 

copolymer Gantrez® AN-139, PBS, and polysorbate 80 microneedles. Sixty-eight days after the 

initial ID dose, mice that received three booster doses via the intranasal route (on days 14, 28, 

and 42) produced an antigen specific IgG response systemically and high levels of IgA in vaginal 

washes (259). In another study, microneedles coated with recombinant trimeric soluble 

hemagglutinin induced a stronger response in ID immunized mice than that observed by IM 

injection. These mice were also protected from lethal Influenza challenge and had greater levels 

of IgA in serum and vaginal washes (260). 
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As discussed in section 1.7, microneedles have also been proven to stabilize virus-based 

vaccines (261-263). In order to achieve a stable form, excipients are optimized to maintain 

vaccine activity during manufacturing and storage. For example, trehalose and methylcellulose 

have been used to stabilize hemagglutinin in microneedles (219, 264). Another study found that 

arginine and heptagluconate was the ideal combination of excipients for the successful 

stabilization of a trivalent subunit influenza vaccine at extreme and ambient temperatures (218). 

Despite this promising data, microneedles are currently not utilized in the clinic due to a few 

limitations. Mechanical failure of silicon microneedles fracturing and polymer-based 

microneedles buckling during insertion results in ineffective vaccine dose delivery and is 

undesirable in clinical applications (265). While metal microneedles eliminate problems 

associated with mechanical failure, they contribute to the production of sharp bio-hazardous tip 

wastes. Current research is focused understanding the mechanical behavior of microneedles 

against skin in order to improve design methodologies and overcome this barrier to successful 

delivery. 

 

 
 

1.10 Intranasal Vaccine Delivery 

 
The nasal mucosa is one of the most promising alternative immunization routes since it is 

often the site from which many infections start and also the site from which both systemic and 

local immune responses can be initiated. Immune inductive sites, often referred to as nose- 

associated lymphoid tissue (NALT), are found on the ventral surface of the nasal cavity near or 

within the nasopharyngeal duct (Figure 1.15A) (247). Following nasal vaccination, soluble 

antigens can penetrate epithelial cells lining this region and directly interact with antigen 
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Figure 1.15: Aspects of Intranasal Vaccine Delivery. 

Nasal Cavity (A). Figure from ref 247.Representative pathways by which antigens stimulate 

local and systemic immune responses after intranasal immunization (B). Figure from ref 

267. 

presenting cells that populate the mucosal space (Figure 1.15B) (266, 267). Particulate antigens, 
 
 

too large to cross the epithelium, can be taken up by microfold (M) cells, which transport 

antigens across the mucous membrane to underlying lymphoid cells (268). In both instances, 

antigen presenting cells activate both T and B cells some of which remain in the mucosal space, 

primed for the next infection while a fraction of the population travels through the lymphatic 

system to induce immunity in other mucosal sites and systemic lymphoid organs (140, 142). 

The nasal cavity also offers a route by which vaccines can be given in a needle free 

manner, effectively reducing the cost of immunization campaigns by allowing self- 

administration. The initial popularity of FluMist (US), FluMist Qudravalent (US) and Nasovac 

(India) influenza vaccines over injectable products for children illustrates the attractiveness of 

this route of immunization with regard to patient compliance (269, 270). The intranasal route 

also allows for administration of liquid and dry vaccines so vaccine stabilization techniques can 

be more versatile (271). Some of the disadvantages associated with administration of intranasal 

vaccines include size-restricted permeation across epithelial barriers and mucociliary clearance 
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of antigen before it is properly processed. This latter issue can be overcome by the addition of 

mucoadhesives to vaccine formulation to increase contact with and residence time within the 

nasal cavity. CriticalSorbTM, a novel absorption enhancer based on Solutol®, is a highly effective 

nasal delivery system for macromolecules which could be utilized for intranasal vaccination 

(153). The μco™ System, a proprietary powder formulation mucoadhesive carrier technology 

with an accompanying easy-to-use device (Fit-lizer™) to deliver its powder drugs into the nasal 

cavity in a highly reproducible fashion (272), elicited significantly higher anti-influenza IgA 

antibodies in the nasal wash in non-human primates than the same preparation given by IM 

injection or as a liquid nasal spray (267).  Chitosan, a sugar obtained from the hard outer 

skeleton of shellfish and which plays a role in wet-resistant adhesion of mussels in nature (273), 

can form a strong adhesion layer on mucosal surfaces and open tight junctions in mucosal 

membranes and increase antigen penetration (146-148). Although ChiSys®, a chitosan-based 

formulation has been shown to evoke robust immune responses against a variety of antigens, 

including diphtheria, seasonal influenza, avian influenza, anthrax, and Norwalk virus (274), it 

has not yet been included in any marketed nasal formulations despite holding monographs in the 

US and EU Pharmacopeias (275). Additional concerns about the impact of pre-existing 

immunity to certain viruses on the efficacy of nasal vaccines (276, 277) and the absence of safe 

mucosal adjuvants (278-280) have motivated investigation into alternative needle free methods 

for vaccine delivery. 



41  

1.11 Oral Vaccine Delivery 

 
Administration of vaccines by the oral route offers similar advantages as intranasal 

immunization such as needle free administration and the ability to induce both systemic and 

mucosal immune responses. As in the nasal mucosa, the intestine is peppered with immune 

inductive sites, known as Peyer’s patches, located in regular intervals in the duodenum, jejunum, 

and ileum and collectively are called the gut-associated lymphoid tissue (GALT) (Figure 

1.16A)(247, 281-283). If an antigen can successfully pass through the acidic and enzyme-rich 

conditions in the 

stomach to the 

intestine, it is often 

trapped in a 

viscous layer of 

mucus, produced 

by goblet cells 

which physically 

trap and neutralize 

pathogens. 

Antigens can, however, be taken up by M cells, specialized epithelial cells with underdeveloped 

microvilli that do not harbor the tight junction properties of other enterocytes which restrict 

absorption of nutrients and electrolytes through transcellular and paracellular pathways (284, 

285). These cells, found within the follicle associated epithelium (FAE) of Peyer’s patches, are 

located in areas with a limited number of goblet cells and little or no mucus. They act as a direct 

entryway for vaccine antigens, bacteria, and viruses, as they offer transport in a lysosome- 

Figure 1.16: Aspects of Oral Vaccine Delivery. 

A histology section from the ileum depicting a Peyer’s Patch (circled in 

red). (A). Peyer’s patch schematic displaying M cells and the different 

immune cell populations (B). T: T cells, B: B cells, DC: dendritic cells, 

IEL: intraepithelial lymphocyte, FoDC: follicular dendritic cell, IFR: 

intra-follicular region. Panel A: Wikimedia Commons accessed 25 

September 2020; available at: 

https://commons.wikimedia.org/wiki/File:Peyer%27s_patch_(improved_ 

color).jpg. Panel B: ref 247. 
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independent manner and present them intact to dendritic cells and intraepithelial lymphocytes to 

activate antigen-specific B and T cell mediated immune responses (Figure 1.16B)(285). Even 

though the average adult has about 30,000 individual lymph nodes distributed along the 

gastrointestinal tract (282), each node contains a limited number of cells and their composition 

is influenced by the intestinal microbiota and diet, posing an even greater challenge to 

development of oral vaccines for use in global populations (286-288). 

Formulations for oral vaccine products must contain excipients to protect antigens and 

viruses from acid and enzymatic degradation in the gastrointestinal tract. The adenovirus 4 and 7 

oral vaccine made by Teva Pharmaceuticals consists of 2 enteric coated tablets designed to pass 

intact through the stomach and release the live virus in the intestine (289). This product must be 

stored at 2-8 °C with desiccant. Vivotif ®, a product containing live attenuated Salmonella typhi, 

is formulated as an enteric coated capsule that is not stable at ambient temperatures (290). One 

round of immunization requires a capsule be taken approximately 1 hour before a meal with cold 

water (temperature should not exceed body temperature, e.g., 37 °C) on alternate days for one 

week (e.g., days 1, 3, 5 and 7). This series should be repeated every 5 years under conditions of 

repeated or continued exposure to typhoid fever (291). Vaccines formulated as liquid products, 

for oral delivery, include excipients like alginate, polyvinyl alcohol, hyaluronan and cellulose to 

increase the viscosity and increase mucosal adhesion in the gut (292). RotaTeqTM consists of a 

liquid formulation of 5 live rotaviruses that is given dropwise in the inner cheek (293). The 

vaccination series consists of 3 doses, the first starting at 6 to 12 weeks of age and subsequent 

doses administered at 4- to 10-week intervals. It is stored and transported at 2-8°C and should be 

administered as soon as possible upon removal from refrigeration (294). Rotarix® consists of 

lyophilized live, attenuated human rotavirus which must be reconstituted in a prefilled oral 
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applicator just prior to administration (295). In contrast to RotaTeqTM, it only requires a two- 

dose regimen and is stable in the reconstituted form for 24 hours at 20 °C. It must be discarded 

as biohazardous waste if not used within 24 hours after reconstitution. Given that vaccines 

currently available for oral administration require refrigeration and multiple dose regimens, a 

significant amount of work has been put forth to stabilize viruses and associated antigens in 

polymeric microparticles, nanoparticles, or liposomes to increase the amount delivered to 

Peyer’s patches and minimize multiple dose regimens (296-298). Advances in plant engineering 

has sparked a global initiative to produce edible vaccines in plants like rice, lettuce, maize, 

alfalfa, algae and carrots (299). In these products, genes encoding the antigens of the disease- 

causing agent can be produced by the plant or within a seed and consumed without losing its 

immunogenic property (300). Virus like particles produced in plants are currently being 

evaluated in the clinic as influenza vaccine candidates, however these are injectable products and 

not for oral use (301). Limitations of this approach for oral immunization include the time 

required for plants to grow with respect to production time of current vaccines, the amount of 

plant bulk material that may be required to achieve reproducibility of antigen delivered and 

immune response induced after oral administration and acceptance by the global population 

(302). 

1.11.1 Administration of Vaccines: Sublingual and Buccal Delivery 

 

Administration of vaccines by the buccal and sublingual route offer advantages over 

traditional oral delivery of vaccines as they can effectively allow antigen to be processed by local 

antigen presenting cells while bypassing exposure to acidic pH and digestive enzymes in the 

gastrointestinal tract (303, 304). The sublingual mucosa consists of the ventral surface of the 

tongue and the floor of the mouth under the tongue (Figure 1.17A). It consists of a non- 
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keratinized, stratified squamous epithelium 100–200 μm thick with direct access to the systemic 

circulation via the lingual vein (305). The buccal mucosa is broadly described as the non- 

keratinized, stratified squamous epithelium lining various parts of the cheeks, gums, upper and 

lower lips that is 500 - 800 μm thick (Figure 1.17A). Vaccines that successfully traverse the 

buccal mucosa access the systemic circulation through the internal jugular vein (306). Antigens 

delivered by both routes also can directly access the lymphatic system through submandibular 

lymph nodes scattered along the jugular vein as was observed in early studies with small 

molecule drugs (307). The sublingual and buccal mucosa both contain specialized resident 

antigen presenting cells, Langerhans cells (LCs, Figure 1.17B), which serve as the "sentinels" of 

the mucosa, altering the immune system not only to pathogen entry but also of tolerance to self- 

antigen and commensal microbes (308). They work in concert with resident myeloid dendritic 

cells (mDCs,Figure 1.17B) to process antigen within 30-60 minutes after administration (304, 

309) and recruit additional dendritic cells to the site of immunization. Within 24 hours, mDCs 

migrate to draining lymph nodes where they interact with naïve CD4 and CD8 T cells to 

stimulate production of antigen specific CD4 and CD8 T cells which then migrate to distant sites 

(Figure 1.17B)(304). Thus, administration of vaccines by the buccal and sublingual epithelial 

routes have been shown to induce both systemic and mucosal immune responses in a broad range 

of tissues, including the upper and lower respiratory tract, small intestine and reproductive tract 

(310). 



45  

Figure 1.17: Buccal and Sublingual Anatomy and Immunology. 

The anatomy of the oral cavity with the sublingual and buccal regions indicated (A). 

Immune response generated following sublingual or buccal vaccination (B). Following 

vaccine delivery, Langerhans cells (LC) and myeloid dendritic cells (mDCs) capture the 

antigen. DCs, carrying the antigen, migrate to draining lymph nodes where they activate 

CD4 and CD8 T cell differentiation and induce the adaptive immune response. Figure 

from ref 304. 

 
 
 

Due to the thickness of the buccal mucosa, initial efforts on the development of oromucosal 

vaccines focused on sublingual region. Salivary composition, pH, and flow rate vary depending 

on diet and age and can significantly degrade antigens in preparations for sublingual 

administration before Langerhans cells and dendritic cells can process them (304, 311, 312). 

Dose dilution is also a significant concern due to a higher salivary flow rate than what is 

observed in the buccal mucosa (311, 313). Thus, formulation strategies for vaccines given by the 
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sublingual route should contain surfactants (pluronic f68, polysorbate 20 and 80), sugars 

(trehalose, sucrose), and polyols (sorbitol, mannitol) to protect antigens from degradation (120). 

The inclusion of mucoadhesive polymers like hydroxy propyl methyl cellulose (HPMC), methyl 

cellulose, pullulan, sodium alginate, and chitosan can also minimize dilution and clearance of 

antigen form the sublingual area (196, 198, 312). 

 

Vaccines have been specifically formulated for successful sublingual immunization using 

liposomes, thermoresponsive gels, and mucoadhesive tablets as delivery devices, to name a few 

(304). Oberoi et al. designed PEG modified liposomes with methylglycol chitosan and 

administered them to mice with HA. This resulted in the induction of a strong Hemagglutinin 

Inhibition titer in serum and antigen specific IgA in tracheal and vaginal washes (314). White et 

al prepared thermoresponsive gels, which are liquid at room temperature but turn to a gel after 

contact with the warmer oral mucosa, using carbopol, hydroxy propyl methylcellulose, and 

Pluronic® F127. Following sublingual administration of the thermoresponsive gels containing an 

inactivated polio vaccine, antigen specific IgG was detected in serum and IgA was detected in 

saliva and fecal matter of mice (315). Mucoadhesive tablets containing carbopol, lactose, and 

microcrystalline cellulose were prepared with ovalbumin and successfully induced antigen 

specific IgG in serum and IgA in the small of mice, following sublingual administration (316). 

However, to date the majority of pre-clinical studies evaluating vaccines delivered by the 

sublingual route have involved administration of unformulated vaccine under the tongue. Song et 

al. administered unformulated mouse-adapted influenza sublingually and successfully induced 

virus-specific IgG in the serum, secretory IgA in nasal wash, and protective immunity from 

intranasal virus challenge (317). Choi et al. sublingually immunized mice and guinea pigs using 

an unformulated adenovirus-based vaccine which resulted in protection against lethal Ebola 
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challenge (309). An unformulated replication-defective adenovirus (rAd) encoding the globular 

head region of Hemagglutinin (HA) from mouse-adapted influenza was used to immunize mice 

sublingually against influenza and resulted in significant levels of antigen specific IgA and IgG 

in bronchoalveolar lavage (BAL) fluid and complete protection from influneza challenge (318). 

Adjuvants have also been included with subunit vaccines administered by the sublingual route to 

boost the associated immune response (304, 319, 320). Sublingual administration of an 

unformulated HIV subunit vaccine, adjuvanted with cholera toxin, induced antigen specific IgG 

and IgA in serum as well as antigen specific IgG in vaginal wash. Sublingual immunization in 

the absence of cholera toxin, however, failed to induce an antigen specific antibody response in 

serum or in vaginal wash (321). The majority of phase I clinical trials that have explored 

sublingual vaccine delivery have simply administered an injectable vaccine formulation as a 

droplet to the sublingual cavity and evaluated immunogenic effects (322). While one study 

performed by Nitto Denko Corporation in 2017 used a proprietary mucoadhesive tablet, 

NSV0001, for immunization against seasonal influenza the results have not been published 

(323). Although it is clear that sublingual administration of vaccine has shown great promise in 

pre-clinical models, use of liquid formulations increases the chance that a portion of a given dose 

was possibly swallowed. Translation of regimens to larger animal models and humans has been 

difficult due to difficulties with dose scaling and identifying doses that induce immunity instead 

of immune tolerance (324, 325). 

 

Within the last 10 to 20 years, the buccal mucosa has begun to be an attractive target for 

vaccine delivery. While formulations of vaccines must still offer protection to the antigen from 

degradation in saliva, a bigger concern is increasing distribution across the thick epithelial layer. 

Thus, a variety of devices have been developed to improve permeability across the buccal 
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membrane. The 3-dimensional (3D) printed MucoJet is a capsule-sized 0.6 inch cylinder with a 

 

0.3 inch bulb on the end that consists of two compartments: one filled with water and the other, a 

dry chemical propellant composed of citric acid and baking soda separated by a thin membrane. 

When the bulb is held against the 

inside of the cheek, the pressure 

breaks the membrane, mixing the 

water with the acid and soda, 

which generates enough pressure to 

push on a piston in the cylinder, 

which pushes a small reservoir of 

the vaccine out the other end 

through a small nozzle with enough 

force to penetrate the buccal tissue 

(Figure 1.18)(326). Rabbits 

immunized using the MucoJet 

system had three orders of 

magnitude higher IgG and IgA 

ovalbumin-specific antibody titers 

in serum and buccal tissue, than 

rabbits receiving dropper 

administration of unformulated 

ovalbumin to the buccal region 

(326). Microneedles have also been 

Figure 1.18: A schematic depicting the MucoJet 3D- 

printed vaccination device. 

The interior compartment includes a propellant and 

vaccine reservoir which is separated by a porous 

membrane and a moving piston. Prior to 

administration, the water reservoir of the exterior 

compartment is filled with water and the interior 

compartment is placed in the exterior compartment. 

When this happens, the polymeric sealing membrane is 

dissolved and water from the exterior compartment 

comes into contact with the chemical propellant in the 

propellant reservoir. A chemical reaction takes places 

which results in the generation of carbon dioxide and 

increasing pressure, subsequently forcing the piston 

toward the vaccine reservoir, and ejecting a high- 

pressure liquid jet of vaccine (A). Graphic portraying 

administration of MucoJet and subsequent drug 

release, which penetrates the buccal mucosal layer and 

exposes the vaccine to antigen presenting cells (B). 

Figure from ref 326. 
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Figure 1.19: Microneedle Array and amplified image 

depicting measured dimensions. 

Figure from ref 329. 

used as a device to delivery buccal vaccines due to their ability to adhere to buccal mucosa and 

result in an increased residence time along with physical penetration of the mucosa (Figure 1.19). 

McNeilly et al. used 110 μm -long silicon sputter-coated conical microprojection arrays, which 

are a type of microneedle array that is typically smaller and higher density, coated with Fluvax® 

to buccally immunize mice. A hemagglutinin inhibition assay determined that only arrays placed 

on the buccal mucosa and ear 

using a clip applicator, were 

able to induce protective levels 

of immunity (327). Zhen et al. 

developed liposome-loaded 

microneedles made of mannose- 

PEG1000-cholesterol conjugate 

(MPC), soy phosphatidylcholine (SPC), stearylamine (SA), monophosphoryl lipid A (LA), 

sucrose, bovine serum albumin (BSA), and Polyvinylpyrrolidone K-30 (PVPk30) for oral 

mucosal vaccination and evaluated the response to BSA adjuvanted with alum in mice. This 

resulted in a strong systemic and mucosal immune response in comparison to conventional 

intradermal administration (328). These microneedle arrays were then used develop an oral 

mucosal vaccine against hepatitis B virus which elicited a stronger mucosal response than 

intradermal and subcutaneous routes (329). Mucoadhesive films have also been used to 

overcome the permeability barrier of the buccal membrane. Films containing live, attenuated 

H1N1 influenza virus and given by the buccal route generated a significantly stronger antibody- 

mediated immune response than films given by the sublingual route or unformulated vaccine 

given by intramuscular injection (207). Masek et al developed a multilayer nanofiber based 
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mucoadhesive film, containing carbopol, hydroxypropyl methyl cellulose and Eudragit®, which 

successfully delivered PLGA-PEG nanoparticles, as a model antigen, to the buccal mucosa ex 

vivo (330). There are currently no buccal vaccine candidates in clinical trials in the United 

States. 

 

Immunization averts an estimated 2.5 million child deaths a year but, despite this success, 

24 million children in developing countries, almost 20% of all children born annually, do not get 

all immunizations scheduled for their first year of life (176). While the reasons for this are 

varied, the unmet demand for current vaccines coupled with the increasing threat of pandemic 

influenza, bioterrorist attacks and public health campaigns for global eradication of vaccine- 

preventable diseases make the need for minimally invasive delivery methods urgent. Advances 

in reverse vaccinology and proteomics have accelerated discovery and production of potent 

vaccine candidates with the potential for eradication and elimination of a variety of maladies 

including cancer, gingivitis, and microbial infection. Despite the significant improvement in 

technology to develop these vaccines, they remain largely given by the injectable route and 

cannot deviate from refrigerated conditions for significant periods of time which poses a 

significant barrier for access to these life-saving treatments in regions where they are needed the 

most. 

 

Here we have shown that the theoretical principles involved in creating liquid vaccine 

formulations differ slightly from those for solid formulations and that vaccines formulated in a 

solid platform are more thermostable than those in liquid formulations. However, they require 

use of expensive equipment and facilities to support freeze-drying and hot melt extrusion and 

must be further manipulated by medical personnel prior to administration. Between September 

2012 - June 2015, the Institute for Safe Medication Practices received 1,256 confidential reports 



51  

of vaccine error through their Vaccine Errors Reporting Program (VREP). Errors varied from 

administration of vaccine to the wrong-age patient, incorrect vaccine administration, extra dose, 

underdose, incorrect dosing intervals, expired vaccines, and incorrect route of administration 

(27). This illustrates the need for accelerated development of thermostable vaccines that can be 

easy to administer and which provide protective immunity in a single dose. Successful 

completion of this task would result in fewer vaccine preventable deaths world-wide. 

 

 

 
1.12 Objectives 

 
The objective of this research project is to characterize and develop a thermostable 

mucosal based vaccine platform that is easily adaptable to a variety of vaccine candidates. 

Recent work from our laboratory identified a formulation that significantly enhanced potency of 

a recombinant adenovirus-based Ebola vaccine when given by the intranasal route (331). When 

it was administered as a single dose to non-human primates, it offered full protection from a 

lethal dose of Ebola for an extended period of time (Figure 1.20) (331, 332). We have also 

shown that when the same vaccine was given as an unformulated solution by the sublingual route 

to mice, generated an immune response that was superior to the same vaccine given orally and 

could also afford protection against a lethal dose of mouse-adapted Ebola (Figure 1.21)(309). 

These studies motivated us to develop the following hypothesis in the current project: 

Incorporation of live virus-based vaccines in this formulation will significantly improve 

thermostability at ambient and elevated temperatures after exposure in the liquid state and in a 

dried film matrix. A secondary hypothesis was that the use of a novel zwitterionic surfactant will 

be the component in a multi-component formulation responsible for improved thermostability 
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and in vivo performance. These hypotheses will be tested by successful completion of the 

following aims: 

 

 
 

 

 
Figure 1.20 A Single Dose of Formulated Recombinant Adenovirus-Based Ebola Vaccine 

Induces Protective Immunity 150 days After Intranasal Immunization. 

Cynomolgus macaques were challenged with a lethal dose of 1.21 x 103 TCID50/mL Ebola virus 

(strain Kikwit) by intramuscular injection 62 days after immunization with 1.4 x 109 infectious 

virus particles of recombinant adenovirus expressing Ebola Zaire glycoprotein by intramuscular 

(IM) and intranasal/intratracheal (IN/IT) routes. Macaques immunized by the IN/IT route with 

formulated recombinant adenovirus expressing Ebola Zaire glycoprotein (10 mg/mL poly(maleic 

anhydride-alt-1-octadecene) substituted with 3-(dimethylamino)propylamine in phosphate 

buffered saline) at the same dose as IM and IN/IT were challenged with a lethal dose of 1.21 x 

103 TCID50/mL Ebola virus (strain Kikwit) by intramuscular injection 150 days after 

immunization, indicated as IN/IT Form. Red lines/squares: saline controls. Blue lines/triangles: 

IN/IT immunization. Green lines/diamonds: IM immunization. Orange lines/circles: IN/IT 

formulation immunization. Figure from ref (332). 
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Figure 1.21: Sublingual Immunization Induces a Strong Immune Response and Protective 

Immunity Following Lethal Ebola Challenge in Mice. 

Serum collected from mice with prior exposure to adenovirus serotype 5 (PEI) immunity 42 days 

after immunization with 1 x 108 infectious particles of a recombinant adenovirus expressing 

Ebola Zaire glycoprotein by various routes (A). Samples were evaluated for the presence of 

antigen specific IgG subclasses, IgM, and IgA by ELISA. Results are expressed as average 

values ± the standard error of the means. End point titers are expressed as the reciprocal log2 titer 

of the last dilution giving an OD at 450 nm of 0.1 units higher than the background. Naïve mice 

and those with PEI were challenged with a lethal dose of 1,000 pfu mouse-adapted Ebola Zaire 

(30,000 x LD50) by intraperitoneal injection 28 days after immunization with a single dose of 1 x 

108 infectious particles of vaccine (B). S.L. (low) is a separate group which was immunized with 

1 x 107 infectious particles of vaccine. PEI was induced by intramuscular injection of 2.5 x 1011 

particles of adenovirus in all groups 30 days prior to vaccination, except for the treatment group 

indicated as PEI**. This group was given 5 x 1010 adenovirus particles intramuscularly 30 days 

prior to vaccination. Significance was evaluated with respect to the PEI/IM treatment group. *, 

p<0.05, **, p<0.01, ***,p<0.001, one-way ANOVA, Bonferroni/Dunn post-hoc analysis. Figure 

from ref (309). 
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Aim 1. Development and Characterization of a Novel, Thin Film Vaccine. This was achieved 

by evaluating the effects of a range of temperatures, from -80°C to 40°C, on infectious titer, in 

formulations with and without surfactant to determine whether it plays a direct role in the 

stabilization of adenovirus. These studies were paired with analytical techniques, such as 

Fourier-Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (116), 

Differential Scanning Calorimetry (DSC), X-Ray Diffraction (XRD), tensile strength, percent 

elongation, and viscosity, which outlined how excipients contributed to the physical properties of 

films, assessed virus-excipient interactions within the film matrix and determined the impact that 

environmental moisture on thermostability of live virus at elevated temperatures (Chapter 2). 

 

 
 

Aim 2. Identification of the Mechanism by which Surfactant Stabilizes Live Virus in the 

Film Matrix. Characterization of our novel surfactant was conducted through the use of 

dynamic light scattering (DLS), critical micelle concentration (CMC) determination using the 

pyrene fluorescent probe technique, and impact of chain length on stabilization of adenovirus. 

These studies were followed by an evaluation of the unique interactions between our surfactant 

and adenovirus using Transmission Electron Microscopy (TEM), Bio-Layer Interferometry 

(BLI), Isothermal Titration Calorimetry (ITC), and amino acid saturation studies paired with 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis and zeta potential evaluation, which 

revealed aggregation prevention as the main mechanism behind surfactant-mediated 

stabilization. Thermal Gravimetric Analysis (TGA) and Karl Fischer titration was also employed 

to evaluate how the addition of the other formulation components contributed to the interactions 

between adenovirus and our surfactant. Principles established for adenovirus stability were 
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applied to develop formulations for a live virus with significantly different physical 

characteristics than the adenovirus, H1N1 influenza (Chapter 3). 

 

 
 

Aim 3. Ex vivo and In vivo Evaluation of Thermostable Film Matrix. A proof-of-concept 

study was used to evaluate whether the sublingual and buccal routes of vaccination were suitable 

alternatives to traditional administration routes in mice. Following this study, we evaluated 

whether the addition of natural adjuvants would improve the bioavailability of the vaccine dose 

in the buccal mucosa using a verified model of the human buccal mucosa to assess permeability 

and cytokine response. Lastly, an in-depth evaluation of the antigen specific systemic and 

mucosal immune response alongside protective efficacy of thin film formulations against high- 

dose Influenza challenge, following buccal, sublingual, and intramuscular vaccine delivery with 

and without a natural adjuvant was performed (Chapter 4). 
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Chapter 2: Novel Technology for Storage and Distribution of 

Live Vaccines and Other Biological Medicines at Ambient 

Temperature1
 

 
2.1 Introduction 

 
Vaccines have often been described as the greatest human intervention supporting global 

health, second only to clean drinking water (1).  In 1900, 53% of deaths in the United States 

were due to infectious disease (2).  In 2010, that number dramatically fell to 3%.  However, 

many vaccines are rarely designed to meet the needs of every global community. This is 

highlighted by the fact that, in 2015, more than half of the leading causes of death in low-income 

countries were the result of infectious disease while less than 10% of deaths in high-income 

countries were attributed to similar causes (3). One of the primary reasons for this disparity is 

limited uptake of vaccines with nearly 20 million infants worldwide not receiving routine 

immunizations, such as three doses of diphtheria-tetanus-pertussis (DTP) vaccine (4). To date, 

the vaccine requisites of developing countries have not been adequately met for a variety of 

reasons including issues associated with fragile healthcare systems, conflict resolution, policy 

making, program management, financing, supply chain and distribution across large urban areas 

and to the most remote locations (5). Each of these issues contributed in some part to the delay in 

the distribution of experimental vaccines and therapeutics against Ebola during the 2014-2016 

outbreak (6, 7). The ramifications of these roadblocks were also seen in the 2016-2017 

 

1 This chapter was published in Science Advances: I. Bajrovic, S. C. Schafer, D. K. Romanovicz, M. A. Croyle, 

Novel technology for storage and distribution of live vaccines and other biological medicines at ambient 

temperature. Science Advances 6, eaau4819 (2020). I.B., S.C.S., and M.A.C. designed the project. I.B. 

conceptualized and designed the experiments and performed the stability, rate of release, FTIR, and DSC studies and 

the analysis. D.K.R. prepared samples for SEM, collected images, and participated in their analysis in conjunction 

with S.C.S., I.B., and M.A.C. I.B. performed cell culture and adenovirus amplification. S.C.S. assisted with 

preparation of the figures and the Supplementary Materials. I.B. and M.A.C. wrote and edited the manuscript. 
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meningitis outbreak in Nigeria where the cost and limited supply of a vaccine contributed to the 

mortality and spread of disease (8). A more long-term example of this effect is exemplified by 

the prevalence of deaths in children less than 5 years of age from rotavirus infection in India and 

Sub-Saharan African countries over the last decade due to their inability to access the vaccine 

without external subsidiaries (9). 

Much of the cost of a given vaccine is product specific and dictated by the nature of the 

antigen, immunogen or pathogen of interest and the complexity of large-scale production 

processes (10). Distribution and administration costs also significantly add to the price of a 

vaccine. These costs are often not product specific as most vaccines are temperature sensitive 

and require cold-chain maintenance, which entails transporting, storing, and monitoring them at 

a recommended temperature from the point of production to the point of use (11). In total, the 

cost of distribution and administration often exceeds the cost of vaccine production, making 

them the most prohibitive barriers to global immunization campaigns. One simulation model 

found that of the $64 billion needed to introduce 18 vaccines to 94 countries within a 10 year 

timeframe, $38 billion would be utilized to support distribution and administration alone (12). 

Even when developing countries can access vaccines, such as those available through the 

Expanded Program on Immunization (EPI) and other programs (13), maintenance and 

monitoring of required cold chain conditions are not guaranteed due to varying access to 

equipment and resources needed to maintain optimal environmental conditions (14, 15). For 

example, during the inspection of vaccinating facilities in Cameroon, only 76% had a functional 

thermometer in use. Of those, 20% had recorded temperatures that fell outside those 

recommended by vaccine manufacturers. This was primarily due to vulnerabilities in the power 



76  

grid and lack of alternative sources of electricity, as was also found in other regions around the 

globe (16, 17). 

Development of a technology that could significantly minimize resources needed for 

distribution and administration of vaccines would notably enhance access to these medicines and 

improve global health. Breakthroughs in formulation development and technology that have 

effectively stabilized live bacteria, viruses and recombinant proteins at ambient temperatures 

offer a viable solution to improving global distribution of vaccines (18-20). It has been predicted 

that if the original 5-in-1 Pentavalent Vaccine was reformulated as a fully thermostable 

preparation, its availability in developing countries could reach nearly 100% (21). The majority 

of vaccines recommended for low- and middle-income countries by the World Health 

Organization are packaged in glass and plastic vials, often with diluents and related materials 

(22). Thus, the amount of revenue and manpower required for storage and monitoring of these 

preparations is significant and may be prohibitive for stockpiling in preparation for widespread 

infectious disease outbreaks for many regions around the world.  Most require reconstitution 

with specific solvents prior to administration and are predominantly given by injection (22). 

This requires the participation of numerous health care professionals which adds to the cost of 

any vaccination campaign and can also be a source of vaccine failure and wastage due to human 

error in developed as well as low- and middle-income countries (23, 24). Vaccines developed 

for mucosal administration provide a reasonable alternative to parenteral vaccination strategies. 

They are needle-free, eliminating the need for and associated costs of trained personnel for 

vaccine administration. They are also capable of inducing both localized and systemic immune 

responses by facilitating transport of vaccine and associated antigens throughout the mucosa- 

associated lymphoid tissue (MALT) (25). For some pathogens, mucosal immunity may also be 
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necessary to improve the durability or long-term protection offered by a vaccine (26). They also 

heighten patient acceptance and compliance in both industrialized and developing countries (25, 

27). However, only 4 of the vaccines currently available are delivered by the mucosal route (28). 

In this report, we summarize our efforts to develop a novel platform that can significantly 

reduce costs associated with storage, distribution and administration of vaccines and other 

biological drug products. Initially, more than 400 formulations were screened for their ability to 

enhance the immune response of an adenovirus-based Ebola vaccine (29). Formulations 

providing favorable in vivo data were then assessed for their ability to stabilize recombinant 

adenoviruses in a thin, peelable film matrix (Figure 2.1A and B). One formulation was found to 

stabilize adenovirus for a period of 3 years at room temperature (Figure 2.1C). This formulation, 

reconstituted and given via the respiratory route to non-human primates, offered full protection 

from a lethal dose of Ebola (30) but was never utilized for the primary purpose for which it was 

designed, immunization by the sublingual (SL) or the buccal (BU) route. Additional studies 

revealed that this platform was also capable of preserving live bacteria at room temperature for 8 

months with minimal loss of viability upon reconstitution (Figure 2.1D). Further investigation 

revealed that the performance of a primary antibody (Figure 2.1E) and an antibody-enzyme 

conjugate (Figure 2.1F) embedded in our thin film at room temperature was superior to that of 

the same product stored in the manufacturer’s liquid formulation stored under the same 

conditions. Subsequent mechanistic studies with a recombinant adenoviral vector have allowed 

us to identify criteria vital for long-term stabilization that can be applied and adapted for other 

biological products. 
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Figure 2.1: Film Technology Stabilizes Live Microorganisms and Biological Compounds 

for Extended Periods of Time at Ambient Temperatures. 

(A) Prototype unit dose film useful for assessment of long-term stability as described in this 

manuscript. (B) Prototype large scale film that can be utilized for stockpiling and storage and 

sectioned into multiple single dose films for distribution. (C)  Thirty-six month stability profile 

of recombinant adenovirus in solid film matrix. Replicate films (n=5 / time point) were stored at 

20 °C, reconstituted with sterile water and infectious titer assessed with a standard limiting 

dilution assay (19). (D)  Six month stability profile of film containing live bacteria at 20°C. 

Films (n=5 / time point) were reconstituted with sterile saline and solutions plated on nutrient 

rich agar. Colonies were counted for assessment of recovery of live bacteria from the film. (E) 

Binding affinity of primary antibody (178260, Millipore) stabilized in thin film and stored at 

room temperature (RT) for 30 days is superior to that of the manufacturer’s product stored as a 

liquid under the same conditions. Solutions made from rehydrated films were utilized in an 

alpha-1 anti-trypsin (A1AT) ELISA assay in triplicate as described (31). Correlation coefficients 

(r2) for standard curves made with fresh stock stored at 4 °C (Fresh), antibody reconstituted from 
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film after storage for 30 days at 20 °C (Film) and antibody stored in the manufacturer’s liquid 

formulation after storage for 30 days at 20 °C (Mfr. Form) was 0.99, 0.99 and 0.10 respectively. 

(F) Recovery of binding affinity of AP192P, a donkey anti-mouse IgG antibody, horseradish 

peroxidase (HRP) conjugate (Millipore) after storage in a thin film at 20 °C. Percent recovery is 

the relative absorbance reading generated by an assay utilizing secondary antibody from 

reconstituted films with that of fresh stock as supplied by the manufacturer for each given 

concentration of A1AT standard. Results were also compared with manufacturer’s stock stored 

at RT (instead of -20 °C as recommended). Each of the bars in the graph represent readings 

obtained from antibody recovered from 3 separate films in a given experiment and data reflect 

the averages + the standard error of the mean of data collected from 3 separate experiments. 

2.2 Materials and Methods 

 
2.2.1 Materials 

 
Dulbecco’s phosphate-buffered saline (DPBS), Trizma® base (2-Amino-2- 

(hydroxymethyl)-1,3-propanediol), potassium ferricyanide, potassium ferrocyanide, 

glutaraldehyde (grade I, 25% in water) fetal bovine serum (FBS, qualified, US origin), glycerol, 

and D-sorbitol (USP grade) were purchased from Sigma Aldrich (St. Louis, MO). Poly(maleic 

anhydride-alt-1-octadecene) substituted with 3-(dimethylamino)propylamine was purchased 

from Anatrace (Maumee, OH). Dulbecco’s modified Eagle’s medium (DMEM), was purchased 

from Mediatech (Manassas, VA). Hydroxypropyl Methyl Cellulose 4*KM (HPMC) was kindly 

provided by the Dow Chemical Company (Midland, MI). Penicillin (10,000 IU) and 

streptomycin (10,000µg/mL) were purchased from Gibco Life Technologies (Grand Island, NY). 

5-Bromo-4-chloro-3-indolyl-β-d-galactoside (X-gal) was purchased from Gold Biotechnology 



80  

(St.Louis, MO). All other chemicals were of analytical reagent grade and purchased from 

Thermo Fisher Scientific (Pittsburgh, PA) unless specified otherwise. 

2.2.2 Adenovirus Production and Purification 

 

First-generation adenovirus serotype 5 expressing E. coli beta-galactosidase under the 

control of a cytomegalovirus (CMV) promoter was amplified in human embryonic kidney (HEK) 

293 cells (ATCC CRL-1573) and purified from secondary lysates according to established 

methods (19). Preparations with a ratio of infectious to physical viral particles of 1:100 were 

utilized in the studies summarized here. 

2.2.3 Formulation Screening 

 
Base formulations were prepared in bulk with various solvents. Additional excipients 

were added to base and homogenized prior to addition of virus. A virus concentration of 1.25 x 

1012 v.p./film was selected so that subtle changes in infectious titer could be detected with a 

standard limiting dilution/infectious titer assay and histochemical staining (19). Films were 

dispensed into 1 ml unit dose molds (or 100 ul unit dose for mouse studies) using an E3 Repeater 

pipette (Eppendorf, Hauppauge, NY) and dried in 8 hours, (1ml film) and 4 hours (100 ul film) 

under ambient temperature and pressure (20 °C, 1 atm) and aseptic conditions. Once dry, films 

were reconstituted in and infectious titer assays performed on HeLa cells (ATCC# CCL-2). 

Percent recovery was calculated as: 

 
 

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 
log (𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑡𝑖𝑡𝑒𝑟 𝑜𝑓 𝑡 = 1) 

log(𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑡𝑖𝑡𝑒𝑟 𝑜𝑓 𝑡 = 0) 

 

× 100 

 

where t=1 is the infectious titer of a film that was reconstituted after drying and t=0 is the 

infectious titer of virus in the same formulation prior to drying. 
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2.2.4 Rate of Release Analysis 

 
Films were placed in sterile chambers containing 1 ml of saline (pH 7) warmed to 37 °C. 

Buffers in each chamber were stirred (60 rpm) and 10µL samples collected every 5 minutes for a 

period of 2 hours. Equal amounts of blank buffer were added to each chamber after sampling to 

maintain a constant volume. Samples were also taken of virus containing liquid film 

formulations that did not undergo drying and of virus in PBS alone which were also stirred at 37 

°C. Results from these controls were used to normalize data for changes in titer due to 

temperature, physical agitation and formulation effects. 

2.2.5 Young’s Modulus and Percent Elongation 

 

Films were prepared and dried under ambient temperature and pressure (20 °C, 1 atm) 

under aseptic conditions. The following day they were evaluated for their respective young’s 

modulus and percent elongation using a TA XT Plus Texture Analyzer (TA Instruments; New 

Castle, Delaware). Samples of each film (12.0 × 2.54 cm) were fixed on tensile grips (TA-108S- 

5) and a TA-8 (1/4” diameter ball) probe was used. The test speed was constant at 0.6 mm/ min. 

 

The young’s modulus values for each preparation were calculated using the following equation 

(32): 

 
𝑌𝑜𝑢𝑛𝑔𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 = 

𝐹 × 𝐿 
 

 

𝐴 × ∆𝐿 
 

F is the force required to break the film, L is the original length of the film and A is cross- 

sectional area of the film. The ∆L value represents the amount by which the length of the film 

changed during the elongation process. 

Percent elongation was calculated using the following equation (33): 
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%𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 = 
𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑡𝑜 𝑏𝑟𝑒𝑎𝑘 

 
 

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑐𝑙𝑎𝑚𝑝𝑠 

 

× 100 

 

2.2.6 Viscosity Measurements 

 

Liquid formulations with and without virus were prepared fresh on the day of testing and 

evaluated for their respective viscosity with a Rheometer AE G2 viscometer (TA Instruments; 

New Castle, Delaware) using cone plates (40 mm diameter with cone angle of 1.99°). The 

viscometer was calibrated using a certified viscosity reference standard (466.5 mPa*s, National 

Institute for Standard Technology). Each sample was then added between the cone plates at the 

determined optimal volume (0.700mL) and measurements were taken at 25°C. 

2.2.7 Short-Term Stability 

 

Solid State. Virus containing films were prepared in bulk and in parallel with the 

following liquid formulations: Control buffer A (10% glycerol/PBS) and in Control buffer B 

(PBS).  A fraction of each production lot was stored at 4, 20, 37, 40 and 50°C.  Samples stored 

at 4 and 20 °C were reconstituted and infectious titer assessed on days 1, 3, 7, 14, 28, 48, and 84 

while the titer of those stored at 37 °C were assessed on days 1-7, 10, and 14. Samples stored at 

40 and 50 °C were reconstituted and infectious titer assessed on days 1 through 5. Liquid State. 

Virus was added to replicate sterile containers containing liquid formulations and stored with 

replicate Control A and Control B preparations at 4, 20, 40 and 50 °C. Infectious titer for each 

preparation was assessed on the same schedule as described for films at each respective storage 

temperature. Relative Humidity. Films were prepared in bulk and a fraction of each production 

lot was stored 40°C in a VWR 6292 vacuum oven to achieve an atmosphere of 0% RH, a 

convection oven to achieve an atmosphere of 20% RH (Precision, 2EG, Winchester, VA) and an 

incubator (VWR Symphony 5.3A) to achieve an atmosphere of 97% RH. Humidity was 
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monitored over time using an Ambient Weather WS-3000-X5 Wireless Thermo-Hygrometer 

(Chandler, AZ). Samples were reconstituted and infectious titer assessed on day 3. 

2.2.8 Freeze-Thaw Studies 

 
Films were prepared in bulk and placed at -80 °C once drying was complete. After 24 

hours, all samples were thawed to room temperature, 20 °C. Replicate (n=3) samples were 

reconstituted and infectious titer of virus assessed while remaining films were returned to the 

freezer. This cycle was repeated daily for 16 days, with infectious titer assays performed on 

replicate films on days 2-8, 12, and 16 

2.2.9 Scanning Electron Microscopy 

 
Films were prepared and, when drying was complete, they were coated with 12nm Pt/Pd 

in a Cressington 208HR sputter coater and subsequently photographed on a Zeiss Supra 40V 

Scanning Electron Microscope (Zeiss; Jena, Germany). 

2.2.10 Differential Scanning Calorimetry 

 
DSC was conducted on films with and without virus using a DSC-Q2000 calorimeter 

(TA Instruments; New Castle, Delaware). Films were cut, weighed and samples (5-10 mg) stored 

in crimped black die pans prior to analysis. 

2.2.11 X-ray Powder Diffraction 

 
A Rigaku MiniFlex 600 II was employed to study the crystallinity of dry powder 

excipients and of films. The generator operating voltage and current were 40 kV and 15mA, 

respectively. The scanning step was 0.04° and the 2θ scanning range was 5-50°. A Silicon Zero 

Diffraction Dish was used for films, which were held in place using an aluminum holder. 
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2.2.12 Fourier Transform Infrared Spectroscopy 

 
FTIR spectroscopy was conducted on films prepared with and without virus using a 

Nicolet™ iS™ 50 FT-IR Spectrometer (ThermoFisher Scientific; Waltham, Massachusetts). 

Films were placed under the probe and scans were conducted in the 4000–800 cm-1 region using 

an ATR method with a diamond/ZnSe prism. 

 

2.2.13 Statistical Analysis 

 
Statistical analysis of data was performed using JMP (JMP Statistical Software from 

SAS, Cary, NC). Differences with respect to treatment were calculated using unpaired two-tailed 

Student’s t tests. Differences were determined to be significant when the probability of chance 

explaining the results was reduced to less than 5% (P < 0.05). 

 

2.3 Results 

 
To identify factors key for recovery and preservation of virus infectivity in a novel thin 

film dosage form, over 30 combinations of buffers and excipients were evaluated according to a 

fractional factorial design. Excipients utilized in our multi-component films fall into three 

specific categories: base, binder and surfactant. For simplicity, multi-component formulations 

will be referred to by number throughout the text as they are listed in Table 2.1. Preliminary 

studies identified the importance of solvent, base concentration, the presence of binders and 

surfactants and final formulation pH on recovery of infectious virus upon reconstitution of films. 

Additional studies illustrate the role film components play in the preservation of live virus during 

exposure to stressors such as repeated freeze-thaw cycles and elevated temperatures. The final 

series of studies summarized here aim to identify mechanistic explanations for virus stabilization 

during the film forming process. 
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2.3.1 Identifying Key Formulation Components for Stability: Solvent, Excipient Selection 

and pH. 

Initial screening studies were designed to evaluate the role of several different aqueous 

solvent systems in the maintenance of infectivity of live, recombinant adenovirus during the 

drying process. Films prepared in unbuffered formulations were least effective at preserving 

virus titer (Figure 2.2). Infectious virus was not recovered from films produced with the lowest 

amount of base excipient in the absence of buffering agents (Figure 2.2A). Use of phosphate 

buffered saline (PBS) to prepare films containing the lowest concentration of base significantly 

improved recovery of infectious virus particles (73%, Figure 2.2A). PBS also improved 

recovery of virus from films made with medium (92%, Figure 2.2B) and high (75%, Figure 

2.2C) base concentrations with respect to those prepared in an unbuffered solvent. 

 
 

Table 2.1: Summary of Formulations 

 
Solvents: Red=Unbuffered Solution, Blue=PBS, Green=Tris. 

 HPMC Sorbitol Glycerol PMAL 

Concentration 0.5% 1.5% 3% 2% 2% 1% 

1       

2       

3       

4       

5       

6       

7       

8       

9       

10       

11       

12       

13       
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Table 2.1: Summary of Formulations continued 
 
 

14       

15       

16       

17       

18       

19       

20       

21       

22       

23       

24       

25       

26       

27       

28       

29       

30       

31       

32       

33       

34       

35       

36       

 

 

Preparations made with Tris buffer with low and medium base concentrations demonstrated 

recoveries of live virus of greater than 95% (Figures 2.2A and 2.2B). Preparations made with 

this buffer experienced a drop in pH of ~ 1.1 units regardless of base concentration during the 

drying process while those made with PBS and unbuffered solution demonstrated drops in pH of 

2.5 and 3 units respectively (data not shown). 

 

Since films prepared with Tris buffer were the most efficient in maintaining virus 

infectivity during the drying process, a second series of screening studies was initiated to identify 

the impact base concentration had on virus recovery during drying (Figure 2.2D).  Films 

prepared with the lowest base concentration were able to retain 80 + 17% of the original titer 
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after drying while those prepared with moderate and high base concentrations recovered 90 + 6.5 
 

and 93 + 5.4% of infectious virus particles respectively. With the realization that films 
 

containing base alone could not support full recovery of infectious virus upon reconstitution, two 

different binders were added to the medium base formulation and evaluated for their ability to 

improve infectious titer after drying. The average recovery of films prepared with sorbitol was 

97 + 4.1% (Figure 2.2E). Films prepared with glycerol maintained 88 + 14% of the original 

virus titer. 

 

In a final effort to further improve recovery of infectious virus from films after drying, 

surfactant was added to Tris buffered preparations containing either base formulation alone or 

each of the binding agents described above (Figure 2.2F). Addition of surfactant significantly 

improved recovery of infectious titer in films containing only the medium concentration of base 

from 59 + 4.7% (Formulation 25, Table 2.1) to 84 + 1%. A similar effect was seen with the 

highest base concentration with recovery increasing from 72 + 3.6% (Formulation 31) to 93 + 
 

4.6%. When sorbitol was added to the medium base preparation (Formulation 27), recovery of 

infectious virus rose from 96 + 3.4% to 97 + 2.1%. The surfactant impacted recovery in a 

slightly opposite manner when glycerol was also present in the formulation as the original virus 

concentration fell from 88 + 14% to 85 + 1.0% (Formulation 30). Aggregate analysis of data 

collected during the screening of solvent, base and binder formulations revealed that there was a 

direct correlation between virus recovery and the pH of the film after drying (r2 = 0.996, Figure 

2.2G). Film preparations capable of recovering more than 90% of the original virus titer after 

drying had final pH values within the range of 6.5 to 7.4. Due to the high variability, flexibility, 

and difficulty in handling films prepared with the low and high concentrations of base excipient, 

their use was excluded from the remainder of the studies outlined here. 
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Figure 2.2: Solvent and Excipient Combinations that Preserve Virus Recovery from Film 

Matrix Maintain Optimal pH During Drying. 

Recovery of virus from films containing 0.5% (Low, A), 1.5% (Medium, B) and 3.0% (High, C) 

concentrations of base excipient prepared in three different solvent systems was evaluated using 

an infectious titer assay. Once an optimal solvent system was selected, stepwise addition of 

excipients to the film identified an optimal base excipient concentration (D) and binder (E). 

Additional screening revealed that surfactant further improved recovery of infectious virus from 

the matrix (F). Analysis of data collected during each phase of screening revealed that 

formulations that maintained a final dried pH of 7.0 exhibited the highest recovery of infectious 

virus from the film (G). In each panel, data represents the average + the standard deviation of a 

minimum of 3 films per condition. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t 

test. Formulations are summarized in the figure according to the numbers assigned in Table 2.1. 

 

 

2.3.2 Role of Surfactant on the Rate of Release of Virus from Films 
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Films prepared with the base excipient alone released virus at a rate of 6.3 × 106 

infectious virus particles (i.v.p)/ml/min after placement in PBS at 37 °C with gentle agitation 

(Figure 2.3A). Addition of sorbitol increased this rate twofold. When surfactant was also 

included in the formulation, the rate increased tenfold to 6.0 × 107 i.v.p/ml/min. The entire 

amount of infectious virus added to films containing both surfactant and sorbitol were released 

within 5 minutes (Figure 2.3B). Films prepared with base excipient alone (Formulation 25) 

released 90% of the dose in 5 minutes and only 97% of the total dose after 2 hours. The addition 

of sorbitol (Formulation 27) resulted in 88% of dose released after 5 minutes but only marginally 

improved recovery to 98% of the full dose after 2 hours. 
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Figure 2.3: Release of Virus from the Film Matrix is Tunable. 

(A) Virus Release Rate from Films Prepared by Stepwise Addition of Excipients. Films 

containing 1.25 × 1012 v.p. were placed in warmed (37 °C) PBS with gentle agitation and 

samples collected over a period of 2 hours. The concentration of infectious virus was determined 

by a standard infectious titer assay. (B) Cumulative Release Profiles of Films Containing Base, 

Binder and Surfactant Combinations. Data collected during the dissolution of each film was 

normalized with that generated from virus placed in the correlating liquid formulation and 

collected over 20 minute intervals to account for any loss attributable to agitation and extended 

exposure to heat. In each panel, data represents the average + the standard deviation of a 

minimum of three films per condition. *p < 0.05, two-tailed Student’s t test. Formulations are 

summarized in the figure according to the numbers assigned in Table 2.1. 
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2.3.3 Mechanical Properties of Films 

 

During the screening process, the mechanical properties of each film formulation were 

also assessed as the ductility of a film not only dictates the feasibility of production but also the 

ease at which it can be handled and manipulated (34). Varying the amount of base, binder and 

surfactant did not significantly impact the measured elongation of any of the films when a 

uniform force was applied to them (Figure 2.4). Evaluation of young’s modulus of films 

revealed that glycerol was the only excipient that significantly altered the mechanical properties 

of the films, making them prone to tearing (Figure 2.5). Thus, due to the difficulty in processing 

and handling films containing glycerol, sorbitol was selected as the most optimal binder to be 

utilized for the remainder of the studies summarized in this manuscript. Since the surfactant 

further improved recovery of virus from the film, a short-term stability study was developed with 

Formulation 27 and 28. 
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Figure 2.4: Complexity of a Formulation Does Not Significantly Impact Elongation of Thin 

Films. 

Films were prepared under aseptic conditions. and evaluated for their respective mechanical 

properties using a Texture Analyzer AR G2 instrument. Elongation values were determined 

directly from the tension versus elongation curve at break. Data represents the average + the 

standard deviation of three films per formulation. Formulations are referenced according to the 

numbers listed in Table 2.1. 

%
 E

lo
n

g
a

ti
o

n
 



93  

 

 

 

 
 

 

 

Figure 2.5: Young’s Modulus of Thin Films is Influenced by Certain Excipient 

Combinations. 
 

Films (n=3 per formulation) were prepared under aseptic conditions and evaluated for their 

respective mechanical properties using a Texture Analyzer AR G2 instrument. Values were 

calculated for each film using the Young’s Modulus equation. Data represents the average + the 

standard deviation of three films per formulation. Formulations are referenced according to the 

numbers listed in Table 2.1. 
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2.3.4 Impact of Rehydration Medium on Recovery of Virus Infectivity from Films 

 

Solutions prepared from solubilized films have the potential to be utilized for 

administration of vaccines and other biologicals by various routes which may dictate the nature 

of the solvent utilized for rehydration. After the initial screening studies were complete, a small 

pilot study was initiated to determine if certain solvents, commonly utilized for reconstitution of 

drug products would be compatible with the film platform.  Solvents evaluated were: sterile 

water for injection (WFI), sterile saline, 100 mM phosphate buffered saline (pH 7.4) and 10 mM 

Tris buffer (pH 8.1). Cell culture media (DMEM containing 2% FBS) was utilized as a control 

solvent for comparison. Statistical analysis revealed that there was no significant difference 

between the recovery of infectious virus with respect to solvent utilized for reconstitution in 

films prepared with the same formulation and that contained the same amount of virus prior to 

drying (Figure 2.6). Assessment of film formulations prior to drying revealed that reducing the 

amount of base excipient with subsequent addition of binder and surfactant significantly reduced 

the viscosity of each preparation (Figure 2.7).  When virus was added, the viscosity of each 

liquid film formulations fell to half of its initial value. Viscosities of solutions made from 

reconstituted films were also significantly less than those made prior to drying. Because the film 

platform can be utilized for a variety of applications, the volume of diluent can be altered to 

support different routes of administration or to concentrate the virus. Reducing the reconstitution 

volume by half increased solution viscosity fourfold. 
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Figure 2.6: Viable Adenovirus Can be Recovered from Films Reconstituted with a Variety 

of Diluents. 

Films containing 1.25 × 1012 adenovirus particles suspended in Formulation 28 were prepared in 

batch under aseptic conditions. Replicates of three films were reconstituted with the following 

solutions once drying was complete: DMEM supplemented with 2% FBS (Media), Sterile saline 

(0.9% NaCl), sterile water for injection (WFI), 100 mM phosphate buffered saline (PBS, pH 7.4) 

and 10 mM Tris buffer, pH 8.0. Data represents the average + the standard deviation. A two- 

tailed Student’s t-test was utilized to determine the lack of significant difference in infectious 

titer of virus in each reconstituted film (p > 0.05). 
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Figure 2.7: Virus, Excipients and Solvent Volume Significantly Impact Viscosity of 

Solutions Made from Reconstituted Films. 

(A) Stepwise addition of excipients reduces formulation viscosity (blue bars). Addition of 1.25 
 

× 1012 adenovirus particles to each respective formulation reduced viscosity further (red bars). 

 

(B) Base excipient significantly contributes to formulation viscosity (blue bars). Rehydration of 

films prepared with 1mL of formulation with an equivalent volume of sterile water produces a 

solution with a viscosity that is notably less than the original solution (green bars). (C) 

Rehydration of films in a volume less than the original formulation volume increases viscosity of 

solution. Films made with 1 mL of Formulation 28 with (green bars) and without (Blank, blue 

bars) virus were reconstituted with the same and reduced volumes of sterile water upon drying. 

In each panel, data represents the average + the standard deviation of a minimum of three 
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films/solutions per condition. **p < 0.01, ***p < 0.001, two-tailed Student’s t test. Formulations 

are summarized according to the numbers listed in Table 2.1. 

 

 
2.3.5 Stability of Adenovirus in an Optimized Film Formulation 

 

The durability of virus stabilized in the optimized film formulation was evaluated by 

placing films containing 1.25 × 1012 virus particles (v.p.) in a temperature-controlled chamber set 

at 37 °C. Infectious titer was then evaluated in films reconstituted with sterile media at set 

timepoints for 14 days (Figure 2.8A). Virus at the same concentration was also stored under the 

same conditions in a traditional standard liquid formulation (100 mM PBS, pH 7.0, 10% v/v 

glycerol, Control A) commonly utilized to compare novel formulations (35, 36) and titer 

assessed over time for comparison. The amount of infectious virus recovered from films stored 

at 37 °C was ~ 97 + 2.6% of the original titer throughout the 14 day study period. Infectious 

virus could not be detected in the Control A preparation within 24 hours and for the remainder of 

the study. A longer evaluation of virus stability revealed that films could maintain 100 + 2.2 % 

of their original titer for 84 days at 4 °C (Figure 2.8B). This was in stark contrast to preparations 

containing the same amount of virus in phosphate buffered saline alone (Control B formulation) 

in which recovery fell to 67 + 0.85 % of its original titer after 25 days at 4 °C. Infectious virus 

could not be detected in either of the control formulations after 48 days at 4 °C. 

 

In order to determine the role the surfactant played in virus stability, films containing 
 

1.25 × 1012 v.p. were prepared and stored at 20 °C. Infectious titer was compared over time to 

preparations stored in the same manner containing the same amount of virus in liquid Control A 

and Control B formulations (Figure 2.8C). All preparations retained full recovery of infectious 

virus during the first 7 days of storage except for films that did not contain surfactant (92 + 
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4.1%). Films containing surfactant did not experience a significant drop in virus infectivity 

throughout the study period. These films contained 100 + 0.14% of their original titer after 

storage for 84 days at 20 °C. Infectious virus could not be detected in either of the control 

formulations or in films without surfactant at the 84 day timepoint. 

The robust stability profile of films containing surfactant stimulated further evaluation of 

the ability of this preparation to protect virus under different environmental stressors. Films 

prepared with and without surfactant were exposed to a series of 16 freeze-thaw cycles by 

freezing samples at -80 °C and then thawing them to 20 °C. Replicate films were collected at 

different intervals, rehydrated and infectious titer compared with liquid formulations containing 

PBS and 10% glycerol (Control A) or PBS alone (Control B) that underwent the same freeze- 

thaw schedule. By the fourth freeze-thaw cycle, infectious titer of virus formulated in PBS alone 

fell to 83 + 0.4% while all other preparations retained more than 95% of their original titer 

(Figure 2.8D). Infectious virus could not be detected the Control B formulation by the eighth 

freeze-thaw cycle while 91 + 0.08% of the original titer was detected in the Control A 

preparation. By the sixteenth freeze-thaw cycle, the infectious titer of films prepared without 

surfactant fell to 94 + 0.5% of their original titer while those containing surfactant did not 

demonstrate a notable drop in titer (100 + 0.7% recovery) after completing the entire freeze-thaw 
 

series. 
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Figure 2.8: Optimized Thin Film Matrix Enhances Adenovirus Stability at Ambient 

Temperatures and Under Environmental Stressor Conditions. 

Films containing 1.25 × 1012 v.p. were prepared in batch and either stored in controlled 

environmental chambers held at 37 °C (A), 4 °C (B) and 20 °C (C) for 84 days or subjected to a 

series of 16 freeze-thaw cycles (D). Replicates (at least 3 per timepoint) were reconstituted and 

live virus concentration assessed by a standard infectious titer assay (19). Virus was placed at 

the same concentration in two standard liquid formulations and infectious titer under each 

storage condition also assessed for comparison. In each panel, Control A formulation consisted 

of 100 mM phosphate buffered saline (pH 7.4) and 10% glycerol and Control B formulation 

consisted of 100 mM phosphate buffered saline alone. In each panel, data represents the average 
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+ the standard deviation. *p < 0.05, ***p < 0.001, two-tailed Student’s t test. Formulations are 
 

summarized in the figure according to the numbers listed in Table 2.1. 

 

 

 
 

2.3.6 Stability of Adenovirus in Rehydrated Films 

 

Solutions prepared from films could be utilized for a variety of applications such as nasal, 

oral or ocular delivery of biologicals. Thus, the physical stability of virus in rehydrated films 

prepared with and without surfactant was assessed at 4 and 20 °C for a period of 84 days. 

Infectious titer was assessed over time and compared to virus prepared at the same concentration 

in Control A and B formulations. Infectious titer of all preparations remained at 97% of the 

original concentration or higher after 14 days at 4 °C except the Control B preparation which fell 

to 67 + 1.3% of the original titer and remained at this level through the 25 day timepoint (Figure 

2.9A). Infectious virus could not be detected in either control formulation after the 48 day 

timepoint.  In sharp contrast, rehydrated films containing surfactant retained 100 + 0.6% of their 

original titer while those without surfactant retained 93 + 2.0% infectivity at the 84 day 
 

timepoint. 

 

The infectious titer of virus stored in control buffer A fell to 89 + 0.06% of the original 
 

titer when stored at 20 °C for 14 days and to 67 + 4.0% by day 42 (Figure 2.9B). Infectious 
 

virus could no longer be detected in the control B preparation after 25 days at room temperature. 

Rehydrated films that did not contain surfactant retained 95 + 0.53% of their original infectious 

virus concentration for 84 days at 20 °C while those containing surfactant did not demonstrate a 

notable loss of viral titer (100 + 0.53% recovery) throughout the entire study period. A final 

series of studies designed to identify the limits at which this formulation stabilized live virus was 
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conducted at 40 and 50 °C, temperatures that can potentially be reached in cargo compartments 

during transportation and in the heat of many developing countries (37). 

 

 

 
Figure 2.9: Adenovirus Stability Profiles of Liquid Film Formulations During Long Term 

Storage. 

Virus (1.25 × 1012 v.p.) was placed in Formulation 27 and 28 and stored in the liquid form in 

controlled environmental chambers held at 4 °C (A) and 20 °C (B) for 84 days. Replicate 

samples (n= 3) were collected at each timepoint and live virus concentration assessed by a 

standard infectious titer assay (19). Virus at the same concentration was also placed in two 

standard liquid formulations and infectious titers under each storage condition also assessed for 

comparison. Control A formulation consisted of 100 mM phosphate buffered saline (pH 7.4) and 

10% glycerol. Control B formulation consisted of 100 mM phosphate buffered saline alone. In 

each panel, data represents the average + the standard deviation. *p < 0.05, ***p < 0.001, two- 

tailed Student’s t test. 

 

 

 
 

At 40 °C, liquid formulations containing surfactant maintained 91+ 0.95% of their 

original titer for 5 days, while formulations without surfactant fell to 82 + 1.6% of their original 

concentration within 3 days (Figure 2.10A and B). Infectious virus could no longer be detected 
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in control formulations after 24 hours at 40°C. Recovery of infectious virus from the film matrix 

was significantly impacted at temperatures above 37 °C as films containing surfactant displayed 

74+ 0.98% of their original titer after 5 days at 40°C and 73+ 1.3% of their original titer after 2 

days at 50°C (Figure 2.10 C and D). During these studies, environmental monitors indicated 

that relative humidity significantly fell below 25% when temperature was increased to 50°C. 

This prompted a pilot study to determine how humidity impacts stability of virus in the film 

matrix during accelerated stability studies. When samples were stored at 40°C and relative 

humidity reduced to levels at and below what was observed for the 50°C study, virus titer was 

reduced by 88% after 3 days under these conditions (Figure 2.11). Additional studies involving 

assessment of humidity and various packaging systems on viral stability in the film matrix are 

currently underway. 
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Figure 2.10: Adenovirus Stability Profiles of Rehydrated and Solid Films at Elevated 

Temperatures. 

Virus (1.25 × 1012  v.p.) was placed in Formulation 27 and 28 and stored in the liquid form at 40 

 

(A) and 50°C (B) and in the solid (film) form at 40 (C) and 50°C (D) for five days. Replicate 

samples (n=3) collected at each timepoint and live virus concentration assessed by a standard 

infectious titer assay (19). Virus was placed at the same concentration in one standard liquid 

formulation (Control A, 100 mM phosphate buffered saline (pH 7.4) and 10% glycerol) and 

infectious titers under each storage condition also assessed for comparison. In each panel, data 

represents the average + the standard deviation.  *p < 0.05, ***p < 0.001, two-tailed Student’s t 

test. 
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Figure 2.11: Recovery of Live Adenovirus from the Film Matrix at Elevated Temperature 

is Significantly Impacted by Environmental Humidity. 

Virus (1.25 x 1012) was placed in Formulation 28 and stored in solid (film) form at 40°C for 

three days at 0, 20, and 97% Relative humidity. Replicate samples (n= 3) were collected at each 

timepoint and live virus concentration assessed by a standard infectious titer assay (19). In each 

panel, data represents the average + the standard deviation. *p < 0.05, ***p < 0.001, two-tailed 

Student’s t test. 

 

 

 
2.3.7 Physical Characterization of Thin Films 

 
Visualization of films by scanning electron microscopy (SEM) revealed that the surface 

of those prepared with the base formulation were porous and contained small pockets of varying 

size throughout the three-dimensional matrix (Figure 2.12 A-C). When films containing virus 

were dried in the optimized formulation containing sorbitol and surfactant, the surface of the film 

assumed a glassy state in which virus particles were evenly suspended (Figure 2.12D, arrows). 
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Differential Scanning Calorimetry (DSC) was used to analyze samples in a step-wise fashion to 

evaluate the amorphous quality of films (Figure 2.13). The absence of an observable endotherm 

in each scan indicates that none of the film components melt at temperatures below 150 °C. The 

glass transition temperature (Tg’) of films prepared with base formulation alone was 148.5 °C. 

Addition of sorbitol to the base did not significantly impact Tg’ (148.4 °C) while addition of 

surfactant to the base and binder fostered a slight shift in Tg’ (146.5 °C). The optimized film 

formulation containing virus had an Tg’ of 149.7 °C which correlated with the SEM image of a 

glassy surface when drying was complete. The results obtained from SEM and DSC were 

further supported by wide angle X ray diffraction patterns (Figure 2.14). Individual components 

of the film, most notably sorbitol, were crystalline substances in the dry state and contained 

diffraction peaks of varying intensity (Figure 2.14A). However, films made with the optimized 

combination of base, sorbitol and surfactant exhibited a single broad peak of relatively low 

intensity, characteristic of amorphous compounds (Figure 2.14D). Inclusion of virus in the 

optimized film platform did not disrupt the amorphous state of the final product (Figure 2.14E). 
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Figure 2.12: Excipient Combinations Transform Porous Film Base into an Amorphous 

Solid. 

(A) Scanning electron micrograph of porous surface of thin film consisting only of base 

excipient (Formulation 25, Table 2.1). (B) Surface of two component film (Formulation 14) in 

the absence of virus. (C) Large non-crystalline pockets in film (Formulation 27) which foster 

stabilization of virus particles. (D) Adenovirus particles (arrows) suspended in amorphous film 

matrix of optimized Formulation 28. Perforations in film surface are artifacts from extended 

electron bombardment on the surface of the thin film. 
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Figure 2.13: DSC Analysis Reveals that Thin Films are Amorphous Solids Across a Wide 

Temperature Range. 

 

Differential scanning calorimetry profiles taken after sequential addition of excipients to the 

optimized thin film matrix. (A) Base alone (Formulation 25), (B) Base and Sorbitol 

(Formulation 27), (C) Optimized formulation (Formulation 28) in the absence of virus and (D) 

containing virus. 
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Figure 2.14: X-Ray Scanning Diffraction Reveals Films as Amorphous Solids. 

Wide angle diffraction patterns of different components in the optimized thin film matrix. Scans 

of excipients: (A) sorbitol, (B) surfactant, (C) base as individual dry solids were used as 

crystallinity references for the composite optimized film (Formulation 28) with (E) and without 

(D) virus. 

 

 

 
 

Fourier Transform Infrared (FTIR) spectroscopy was used to identify bond interactions 

between each of the components of the optimized film and the adenovirus. The most 

pronounced change in spectra in films prepared with and without virus was found for nitrogen- 

hydrogen bonds at the wavenumber 3300 (Figure 2.15). Absorbance at this wavelength 

increased twofold when virus was added to base formulation alone. A similar trend was noted 

when virus was added to formulation containing base and sorbitol. No significant difference in 
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absorbance was noted at this wavelength when virus was added to the optimized film 

formulation, possibly indicating that direct binding of virus particles to the surfactant may be a 

key factor for stabilization in our optimized thin film matrix. 

 

 

Figure 2.15: Fourier-Transform Infrared (FTIR) Spectroscopy Scans Suggest that 

Nitrogen-Hydrogen Bonds between Virus and Surfactant May be Key for Stabilization in 

Thin Film Matrix. 

IR absorption spectra in the 4000–800 cm-1 region for films containing (A) base alone 

(Formulation 25), (B) base and sorbitol (Formulation 27) and (C) optimized Formulation 28. In 

each panel, black traces represent film in the absence of adenovirus. Red traces represent film 

containing 1.25 × 1012 particles of adenovirus. Panel D illustrates the proposed interaction 

between the cationic region of the surfactant and the negatively charged glutamic acid residues 

of the adenovirus hexon proteins. Virus image adapted from: Splettstoesser, T. A simplified 

3D-generated structure of the adenovirus. Wikimedia Commons accessed 5 March, 2019; 

Available from: https://commons.wikimedia.org/wiki/File:Adenovirus_3D_schematic.png 

 

 
 

2.4 Discussion 
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In a recent publication, Kristensen et al., in collaboration with the Expanded Program on 

Immunization, surveyed 158 managers of immunization campaigns in low- and middle- income 

countries to identify characteristics of vaccines they believed would suit logistical and 

infrastructure challenges faced within their countries (39). Respondents valued characteristics 

that prevent heat damage, vaccine wastage and simplified vaccine delivery. The novel platform 

described here meets the majority of these needs. With respect to heat stability, we have shown 

that a recombinant adenovirus-based vaccine can be stored at ambient temperature for a 

significant period of time, which is quite noteworthy (Figure 2.1C). One configuration of the 

film can accommodate a single dose of vaccine (Figure 2.1A) and is significantly space saving as 

we have estimated that 350,000 doses of the current BCG (10/20) vaccine, when incorporated in 

our film, would hold the space of 600 8.5 × 11 inch sheets and weigh ~3 kg, while the same 

number of vaccine doses in the current platform and packaging (vial + ampule of diluent) would 

require space a little larger than an American football field (5,749 m2) for storage and weigh 

2,730 kg (40). This platform may also offer additional space saving capability by 

accommodating more than one antigen as we have also demonstrated that we can also effectively 

stabilize live bacteria, antibodies, and enzymes at ambient temperatures in the film matrix 

(Figure 2.1 D-F). While pivotal studies investigating the amount of antigen that can be 

effectively loaded in a single use film are ongoing, we have shown that our process is capable of 

providing an even distribution of virus throughout films (Figure 2.16), the amount of virus 

embedded in a film does not impact recovery upon reconstitution, and that there is a direct 

correlation (r2 = 0.994, Figure 2.17) between the amount of virus added to and recovered from 

our optimized film matrix, indicating that vaccines and other biologicals can be stabilized in 
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large sheets that can be divided into various sizes/doses or single unit dose films that contain a 

defined amount of antigen. 

 

 

 

 

 

 
Figure 2.16: Virus is Evenly Distributed Throughout the Film Matrix. 

 

Replicate films made with 1 milliliter of Formulation 28 containing 1.25 × 1012 adenovirus 

particles were prepared under aseptic conditions. Films were cut into 4 quadrants and each 

reconstituted with 250 microliters of sterile water for injection. Infectious titer of each 

rehydrated film was determined using a standard infectious titer assay (19). Data represents the 

average + the standard deviation of a minimum of six films per section. A two-tailed Student’s t 

test was utilized to determine the lack of significance difference in infectious titer of virus in 

each reconstituted film (p > 0.05). 
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Figure 2.17: The Amount of Virus Embedded in Film Matrix Does Not Impact Recovery of 

Virus from the Film Matrix. 

 

Physical adenovirus particles (v.p./ml, x axis) were incorporated in thin films prepared with 

Formulation 28 in concentrations ranging from those obtained immediately after purification (1 × 

1013, 1 × 1012) to those which reflect reasonable doses for immunization and therapeutic 

purposes (1 × 1012 - 1 × 107). Films were reconstituted immediately upon drying and 

corresponding infectious titers (y axis) found for each virus concentration, indicating that films 

can be scaled up or down for manufacturing purposes. Data represents the average + the 

standard deviation of a minimum of six films per concentration. 

 

 

 
Thirteen of the current WHO recommended vaccines are distributed as solid products, 

primarily as lyophilized powders (22, 28). While this method of stabilization has significantly 

extended the shelf life of vaccines, it remains limited by high production costs necessary to 

acquire specialized equipment, long processing times of more than 48 hours in some cases and 

susceptibility of vaccine candidates to the process stressors of freezing and drying (45). Thus, 
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there is a growing demand in the pharmaceutical and other industries for novel technologies that 

stabilize proteins and other biologicals through a non-thermal approach (46). While films for 

oral use are a relatively new dosage form, there are currently 13 approved products available in 

the U.S. and Europe, which contain small molecules for over the counter use (47). Standard 

methods for manufacturing films also require the use of specialized equipment for hot melt 

extrusion or thermal printing and involve use of volatile solvents to accelerate drying (48), which 

can significantly compromise the integrity of live organisms and other antigens and the 

subsequent potency of a vaccine. With the intent to develop technology that would be easily 

transferrable to facilities in resource poor countries, our approach is different in that we 

identified combinations of excipients that could effectively stabilize a live virus during the film 

forming process at ambient temperatures, under aseptic conditions in the absence of heat and 

other external stressors without using highly technical equipment and a drying process which 

was complete within a single working day. This also holds promise for outbreak and pandemic 

scenarios as it offers a means for minimizing bottlenecks for production and distribution of large 

volumes of vaccines and biologicals and, as we have shown here, is flexible for adaptation to 

different types of products. 

In the Kristensen study, resistance to freezing was one of the top 10 features of an ideal 

vaccine (39). Loss of vaccine potency to freezing is a serious threat to global health as one study 

noted that, in low-income countries, vaccines were more likely to be exposed to temperatures 

below recommended ranges during storage while vaccines were more likely to be exposed to 

freezing temperatures during transit in higher income countries (49). Our optimized thin film 

matrix successfully protected the adenovirus from disruption during thermocycling for a series of 

16 freeze-thaw cycles (Figure 2.8). This is a significant finding as the most promising 
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formulations described in the literature to date are liquid preparations capable of protecting the 

virus from 5 and 12 cycles respectively (50, 51).  It also suggests that this optimal combination 

of excipients suspended the virus in a matrix capable of protecting it from a series of 

environmental stressors. One of the most interesting findings summarized here is the impact that 

environmental humidity has on adenovirus stability in our film matrix at a given temperature 

(Figure 2.11). Relative humidity (12) has been reported to affect the stability of a variety of 

viruses by controlling the amount of water retained, the concentration of solutes, and its pH 

within the microenvironment of aerosol droplets with some viruses (like the adenovirus) stable in 

high humidity environments (80% RH) and others (for example influenza) stable at lower 

humidities (20% RH) (52). While the studies outlined in this manuscript identified a formulation 

that provides a favorable microenvironment for the adenovirus within the film at certain 

temperatures and RH environments above 60%, it failed to do so when the RH fell below 25%. 

Films utilized for each of the stability studies summarized here were packaged in particle free 

resealable plastic bags under aseptic conditions.  Alternative packaging systems that can 

maintain a favorable internal humidity level when stored in low humidity environments are 

currently under evaluation in our laboratory to address this important issue. Guidelines set by 

both the World Health Organization and the International Conference on Harmonization (ICH) 

specify that long term and accelerated stability studies be conducted at temperatures ranging 

from 25-40 °C and at 60-75% relative humidity and are relevant for both hot and dry and hot and 

humid climates (53). Our results suggest that stability data collected from biological 

preparations stored in low humidity environments might provide results different than those 

performed according to WHO/ICH guidelines and, if implemented routinely, could significantly 

improve product stability as they may encounter RH environments as low as 10% in homes and 
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distribution centers around the globe on a seasonal basis (54) and during transit in arid climates 

when RH of 10-30% are experienced during daylight hours (55). Additional accelerated stability 

studies at RH below 25% are also underway with a panel of different viruses in our film matrix 

and is the subject of an upcoming manuscript. 

One of the pivotal findings of this study was the correlation of pH within the film matrix 

with virus recovery upon drying and with long term stability (Figure 2.2). This principle was 

previously established within the pH range of 6-8 for recombinant adenovirus-based products 

prepared in solid and liquid dosage forms (19, 56) and suggests virus degradation within the film 

matrix may also be pH-mediated. None of the aqueous solvents evaluated in our study were 

capable of fully maintaining the original pH of the formulation during the film forming process. 

This was probably due to loss of original pH of the preparation due to concentration of buffering 

agents and their interaction with other components of the formulation in a manner that prevented 

them from maintaining pH during the vitrification process (57). One of the prime constituents of 

successful formulations identified in these studies was the base excipient.   A polymer, capable 

of forming strong intramolecular hydrogen bonds (58), it played a key role in maintaining 

structural confirmation of the virus capsid. This was evident during the rate of release studies, as 

films containing this excipient alone failed to completely release the entire dose of virus 

originally loaded in the film (Figure 2.3). It is also important to note that this excipient 

significantly enhanced the viscosity of each preparation in the liquid state (Figure 2.7), 

suggesting that its ability to minimize molecular motility both in the solid and liquid 

formulations was also key to maintaining long term stability at ambient temperatures. 

Sorbitol and glycerol, predominately used in film formulations as plasticizers (59), 

impacted virus stability in the film matrix very differently. Preparations containing glycerol took 
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longer to dry, indicating that this reagent had a high a higher capacity for retaining water within 

the film matrix. We suggest that sorbitol more efficiently contributed to the development of the 

three-dimensional matrix of the film through strong interactions with the other excipients, 

replacing their interactions with water, thus accelerating the drying process and leaving the virus 

suspended in the highly vitreous, yet flexible matrix of the film. The amorphous nature of the 

film was first visualized by electron microscopy (Figure 2.12) and further confirmed by X-ray 

diffraction (Figure 2.14). Calorimetric assessment of the optimized film matrix indicates that it 

has a glass transition temperature above 140 °C, suggesting that at the at each of the 

temperatures utilized in the assessment of adenovirus stability, none of the excipients were 

susceptible to crystallization which could compromise the adenovirus capsid and facilitate 

precipitation of buffer components and other excipients, allowing the virus to remain stably 

suspended in an amorphous polymer matrix during long term storage. We have shown 

previously that addition of a zwitterionic surfactant to our preparations at the concentration used 

here significantly improves the potency of an adenovirus-based Ebola vaccine (29, 30) and 

attributed it to the fact that it is capable of significantly reducing the energy barrier for the virus 

to cross the lipid bilayer of the cell membrane (60). Here, we show that it is paramount for 

conferring stability of virus in the film matrix and rehydrated films when stored at ambient and 

elevated temperatures (Figures 2.8, 2.9, 2.10). FTIR analysis revealed that complete 

incorporation of adenovirus only occurred when this excipient was present, as there was no 

notable change in peak location or absorbance intensity, suggesting that integrity of the virus 

capsid was maintained through interaction of the positively charged amine group on the 

surfactant with the negatively charged glutamic acid residues located on the adenovirus hexon 

protein (61). Despite this, rate of release studies indicate that the presence of the surfactant was 
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key in achieving rapid and complete release of an infectious dose of virus from the film (Figure 

2.3).  We envision a model in which the size of the surfactant, incorporated within the 

amorphous network formed by it and the other excipients of the optimized formulation facilitated 

rapid hydration of the film and subsequent release of virus through a series of hydrophobic and 

hydrophilic interactions. Additional mechanistic studies are currently underway to evaluate the 

strength of the virus-surfactant interaction in both the liquid and solid states and to determine if it 

also is necessary for stabilization of other viruses within the film matrix. 

This report is the first to identify essential parameters for effective stabilization of a live 

virus in a thin film matrix prepared in aqueous formulations under ambient conditions. We 

believe these findings will serve as the basis for accelerated design of strategies for 

thermostabilization of other biologicals like therapeutic antibodies and enzymes in a similar 

dosage form. The platform described here that effectively stabilizes adenovirus at ambient and 

elevated temperatures, and releases virus efficiently is notably distinct from all other vaccine 

platforms described to date. This approach, designed with developing countries in mind, holds 

great promise to enhance global access to vaccines and other biological medicines by reducing 

costs associated with their production, distribution and supply chain maintenance. The impact of 

this is significant given that the World Health Organization (22) estimates that nearly 50% of 

lyophilized (freeze-dried) and 25% of liquid vaccines are discarded each year due to disruption 

of the cold chain (21). 
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Chapter 3: Mechanistic Evaluation of Adenoviral 

Stabilization in Novel Thin Film Technology 

 
3.1 Introduction 

 
Live, attenuated viral [LAV] vaccines contain a weakened version of naturally infectious 

viruses and successfully elicit a strong cellular and antibody mediated immune response, while 

significantly reducing pathogenicity. There are currently several available attenuated viral 

vaccines that protect against a variety of viruses such as Varicella, Herpes Zoster, Rotavirus, 

Influenza, and Yellow Fever. A drawback linked with production, storage, and distribution of 

LAVs is their susceptibility to irreversible changes to the three-dimensional functional shape of 

viral proteins and loss of immunogenicity, primarily brought on by extreme changes in solution 

pH and temperature as well as other environmental stressors such as shear stress, light, and 

surface adsorption (1-3). Therefore, it is not surprising that all approved LAVs require either 

refrigeration or ultra-low temperatures for long term storage (Appendix Table 1 & 2). 

 

The World Health Organization estimates that over half of the vaccines shipped annually 

are discarded due to a disruption in the cold-chain during shipment and transportation (4). Heat 

inactivation of viruses has been proven to damage both enveloped and non-enveloped viruses by 

disrupting the capsid and exposing genomic material to the harsh environment outside of cells 

(5-7). Viruses have different levels of vulnerability to heat exposure. For example, H1N1 

influenza is heat inactivated after exposure to 70°C for 5 minutes while adenovirus serotype 5 is 

heat inactivated after 20 minutes (8, 9). While heat damage may seem like the only concern, 

several liquid formulations are also freeze-sensitive (10). If these vaccines are either heated or 

cooled outside of their storage range, typically 2-8°C, they must be discarded. An estimated 14% 
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to 35% of refrigerators or transport shipments expose vaccines to freezing temperatures and 

between 75% and 100% of vaccines are subjected to freezing at some point between production 

and administration of vaccines (11). We recently demonstrated that a formulation consisting of a 

polymer base, sugar, and surfactant was able to stabilize adenovirus serotype 5 in both a liquid 

and thin film format (8). Our novel thin film platform maintained viral stability for three months 

at 4°C and 20°C as well as for 14 days at 37°C and 5 days at 40°C. Thin films were also able to 

protect virus through 16 freeze-thaw cycles, wherein films were frozen at -80°C and warmed to 

20°C per a cycle. Our formulation successfully protects adenovirus through a range of 

temperatures without reducing viability which could significantly simplify vaccine transportation 

and distribution. Another advantage of the thin film platform of particular interest to low- and 

middle-income countries is the elimination of sharps waste. A vaccine campaign to eliminate 

measles in the Philippines has estimated that 130,000 kg of sharps waste and an additional 

72,000 kg of non-hazardous waste was generated in a little under a month (12). Our technology 

can easily be stored in envelopes, eliminating the need for needles, glass vials, and syringes and 

in effect reducing the environmental burden greatly. Lastly, the novel thin film platform can be 

self-administered and eliminates the need for trained health care-professionals to administer 

injections during vaccination campaigns. However, out of these three advantages we believe the 

film’s resistance to temperature fluctuations is the most critical and important contribution to the 

field of vaccine delivery. 

 

The critical role of the surfactant in adenoviral stabilization was evident as films prepared 

with optimized concentrations of zwitterionic surfactant consistently outperformed formulations 

lacking the stabilizing excipient at the various temperatures evaluated (13). Films prepared with 

surfactant also rapidly released all of the infectious virus from the three-dimensional matrix, 
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while virus remained bound to the platform in the presence of base alone. Fourier transform 

infrared spectroscopy suggested the key to stabilization of the virus, in the thin film matrix, 

might be through interactions of the positively charged amine groups of the surfactant with the 

negatively charged glutamic acid residues located on adenovirus’ surface protein, hexon, by the 

complete incorporation of adenovirus into formulation spectra resulting in no significant shifts in 

peak absorbance (14). The aim of this report is to understand how the surfactant interacts with 

the virus and the other formulation components so that the principles can be applied for effective 

stabilization of other biologics within the film matrix. However, due to the structural complexity 

of proteins, the direct study of surface protein-excipient interactions is somewhat difficult (15). 

Moreover, viruses are made up of a series of complex proteins in a specific assembly, further 

complicating the study of virus-excipient interaction. We hypothesized that via intermolecular 

interactions the surfactant stabilizes adenovirus within the amorphous thin film network and 

facilitates the rapid hydration of the film, through the assistance of the other excipients, resulting 

in complete delivery of the viral load. In this study, we visualized the impact of each component 

of the formulation on adenovirus capsid stability using transmission electron microscopy. 

Physical interactions of surfactant with itself and with virus at the concentration used in the film 

were evaluated through a saturation study and evaluation of the critical micelle concentration. 

Isothermal titration calorimetry (ITC) and biolayer interferometry (BLI) were utilized to 

investigate the strength of the interaction between the virus and surfactant and the 

thermodynamic contribution to stabilization. The contribution of each excipient to moisture 

content of the formulation was evaluated to determine how hydration of viral proteins 

contributed to viral stabilization and interaction with formulation components. These studies are 

summarized here along with the translatability of our novel stabilization technology by 
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evaluating four additional viruses, different in size, surface charge, and envelope, in the film 

matrix. 

3.2 Materials and Methods 

 
3.2.1 Materials 

 
 

Dulbecco’s PBS, Trizma base [2-amino-2-(hydroxymethyl)-1,3-propanediol], pyrene (puriss. 

p.a.), potassium ferricyanide, potassium ferrocyanide, glutaraldehyde (grade I, 25% in water), 

FBS (qualified, U.S. origin), glycerol, sodium azide, choline bicarbonate, SigmaFast BCIP/NBT 

tablets, calcium alpha-d-heptagluconate, and D-sorbitol [USP (United States Pharmacopeia) 

grade] were purchased from Sigma-Aldrich (St. Louis, MO). Poly(maleic anhydride-alt-1- 

octadecene) substituted with 3-(dimethylamino)propylamine was purchased from Anatrace 

(Maumee, OH). DMEM and MEM were purchased from Mediatech (Manassas, VA). EMEM 

was purchased from Lonza (Basel, Switzerland). Hydroxypropyl methylcellulose 4*KM was 

provided by the Dow Chemical Company (Midland, MI). Penicillin (10,000 IU) and 

streptomycin (10,000 μg/ml) were purchased from Gibco Life Technologies (Grand Island, NY). 

5-Bromo-4-chloro-3-indolyl-β-D-galactoside (X-gal) was purchased from Gold Biotechnology 

(St. Louis, MO). EDC (1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride), S-NHS 

(N-hydroxysulfosuccinimide), Ethanolamine, Acetate Buffer, and Kinetics Buffer were 

purchased from ForteBio (Fremont, CA). Anti-Influenza A Antibody (MAB8258B-5) and 

Streptavidin, Alkaline Phosphatase Conjugate were purchased from Millipore Sigma 

(Burlington, MA). Hydranal was purchased from Honeywell (Charlotte, NC). Methanol, 99.8% 

Extra Dry was purchased from Acros Organics (Fair Lawn, NJ). Influenza A Virus, A/Puerto 

Rico/8-9VMC3/1934 (H1N1) was purchased from BEI Resources (Manassas, VA). All other 
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chemicals were of analytical reagent grade and purchased from Thermo Fisher Scientific 

(Pittsburgh, PA) unless specified otherwise. 

 

3.2.2 Adenovirus Production and Purification 

 

First-generation adenovirus serotype 5 expressing E. coli beta-galactosidase under the 

control of a cytomegalovirus (CMV) promoter was amplified in human embryonic kidney (HEK) 

293 cells (ATCC CRL-1573) and purified from secondary lysates according to established 

methods (16). Preparations with a ratio of infectious to physical viral particles (v.p) of 1:100 

were utilized in the studies summarized here. 

3.2.3 Transmission Electron Microscopy 

 
Formulations were prepared and diluted 1:10 in sterile water. Carbon coated grids 

(CTU300-CU) were treated with 25 mA plasma for 2 minutes. After treatment, the sample was 

added to each grid and excess liquid was removed using a filter wedge, followed by the addition 

of 2% uranyl acetate (pH 4.5). Excess liquid was removed using a filter wedge. Grids were 

subsequently photographed on a JEOL 2010F transmission electron microscope (JEOL, 

Peabody, Massachusetts) employing an accelerating potential of 80kV. 

 

3.2.4 Saturation Study 

 
Formulations were prepared in bulk at a virus concentration of 1.25 x 1012 v.p. so that 

subtle changes in infectious titer could be detected with a standard limiting dilution/infectious 

titer assay and histochemical staining (16). The following formulations were prepared: (A) 

4mg/mL aspartic acid, (B) 4mg/mL glutamic acid, (C) 10mg/mL surfactant (D) 10% 

glycerol/PBS (E) 10 mg/mL surfactant saturated with 4 mg/mL of Aspartic Acid, and (F) 10 

mg/mL surfactant saturated with 4 mg/mL Glutamic Acid. The production lot was stored at 20°C 
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and infectious titer was assessed on days 1, 3, 5, 7, 14, and 28 on HeLa cells (ATCC# CCL-2). 

Percent recovery was calculated as: 

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 
log (𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑡𝑖𝑡𝑒𝑟 𝑜𝑓 𝑡  = 1) 

 
 

log(𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑡𝑖𝑡𝑒𝑟 𝑜𝑓 𝑡  = 0) 
× 100 

 

where t=1 is the infectious titer of a formulation the day it was evaluated and t=0 is the infectious 

titer of virus in the same formulation the day it was prepared. Formulations were also prepared 

without virus to determine the saturation points. They were prepared with or without 2.5% 

glycerol, and pH was monitored using an Orion Star™ A111 Benchtop pH Meter (ThermoFisher 

Scientific, Waltham, MA) as well as pH indicator solutions. Lastly, liquid formulations and films 

were prepared using formulation F with the additional formulation components, hydroxypropyl 

methyl cellulose and sorbitol and infectious titer was assessed on days 1, 3, 5, and 7. 

 

 
3.2.5 SDS-PAGE 

 

Samples A-F from the formulation study were prepared and incubated at 25°C for 3 days 

for t=3 time point and freshly prepared for the t=1 time point. Tris 1M was titrated into samples 

so that the pH was uniform, and samples were incubated for 10 minutes at 100°C and loaded 

onto a sodium dodecylsulfate polyacrylamide (SDS-PAGE) stacking gels (3-10%). Protein 

molecular weight standards in the range of 10,000 – 250,000 Da (Bio-Rad, Hercules, California) 

served as markers for estimating the molecular weight of Ad proteins. Stacking gels were run at 

80 V and stained with the Cytiva PlusOneTM Silver Staning Kit (Cytiva, Marlborough, MA) 

according to manufacturer’s recommendations. Band intensities in the silver stained gels were 

obtained from images of the gels using Gel Analyzer Version 19.1, however interference from 

surfactant resulted in large variance of band intensity between gels and therefore only qualitative 

comments were made regarding band intensity. Bands of freshly prepared formulation D were 
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assumed to have undergone no protein degradation and were therefore, taken as 100% of the 

initial intensity in relation to bands in different formulations. 

 

 
3.2.6 Dynamic Light Scattering and Zeta Potential 

 

PMAL C-16 was dissolved in sterile DI water at a concentration of 10 mg/mL and sterile 

filtered. Cuvettes were washed 3x with sterile DI water and 3x with ethanol and dried using 

compressed air. Samples were placed in cuvettes and measured using a Zetasizer Nano Series 

(Malvern Panalytical, Malvern, UK). Data was analyzed with the Malvern Zetasizer Software 

version 8.00.4813. 

For zeta potential measurements, formulations A-F were prepared, as described above, in 

Tris buffer and evaluated using Zetasizer Nano Series folded capillary cells and a Zetasizer Nano 

Series (Malvern, Malvern, UK). Samples of PMAL C-8 and C-12 were also prepared in Tris 

buffer for analysis of zeta potential. Data was analyzed with the Malvern Zetasizer Software 

version 8.00.4813 using the Smoluchowski approximation. 

 

 
3.2.7 Biolayer Interferometry 

 
 

All analyses were carried out on an Octet Red96E machine (ForteBio, Fremont, 

California). Adenovirus stock was dialyzed to remove glycerol that would interfere with the 

AR2G biosensors and subsequently inactivated. Ultraviolet inactivation of adenovirus was 

monitored, during treatment of adenovirus with λ 365 nm, using an infectious titer assay over a 

period of four hours. Adenovirus serotype 5 immobilization scouting, on AR2G biosensors, was 

performed using acetate buffer pH 4, 5, and 6 and surfactant was prepared in kinetics buffer, 

purchased from Biacore. After unsuccessful immobilization, the orientation of Ad and surfactant 
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was revered. Kinetics buffer purchased from Biacore was used as running and regeneration 

buffer. 

 

3.2.8 Isothermal Titration Calorimetry 

 
 

All analyses were carried out on a Microcal PEAQ-ITC System (Malvern, Malvern, UK). 

Adenovirus stock was dialyzed to remove glycerol that would interfere with binding parameters 

and PMAL was diluted in dialysate to minimize differences between buffers the samples were 

suspended in. Adenovirus was inactivated using the same protocol as described above. Fifteen, 

2.5 µL injections of PMAL were added to a cell containing adenovirus, using a reference power 

of 10 µcal/sec. Analysis was conducted using MicroCal PEAQ-ITC Analysis software (Malvern, 

Malvern, UK). 

 

3.2.9 Critical Micelle Concentration 

 

Contact Angle Goniometer. Formulations were prepared in water and dropped onto a PFTE 

(Polytetrafluoroethylene) sheet. Contact angle was subsequently measured by taking images with 

a FTA200 contact angle goniometer (First Ten Angstroms, Newark, California) and using the 

NT/2000/XP software. 

 

Pyrene Fluorescent Probe. Pyrene was dissolved in methanol and then spiked into surfactant at a 

concentration of 1µM. Solutions of surfactant were prepared from 1.28 mM to 2.5 x 10-3 mM by 

two-fold serial dilutions. Fluorescence was measured at 25°C using an Infinite 200 

spectrophotometer (Tecan, Männedorf, Switzerland). Pyrene was excited by light at 336 nm and 

emission observed at 373 nm and 384 nm with an integration time of 2 s. The ratio of the 
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fluorescence intensity at these 2 wavelengths (I1/I3) was used to determine critical micelle 

concentrations. 

 

3.2.10 Chain Length 

 
 

Films were prepared with base, sorbitol, and surfactant with varying chain lengths 8, 12, 

and 16. Once drying was complete, all samples (n=3) were reconstituted and infectious titer of 

virus and zeta potential was assessed, as described above. 

 

3.2.11 Moisture Content Analysis 

 
 

Thermal Gravimetric Analysis. Films were prepared with base (B), base and sorbitol (17), base, 

sorbitol, and surfactant (BSS), and base, sorbitol, surfactant, and virus (BSSV). Upon complete 

drying, the next day films were weighed and loaded into stainless steel pans (Catalog #: 0319- 

1525) and analysis was carried out using the TA Instruments Q500 TGA (TA Instruments, New 

Castle, DE). A standard run was conducted (10°C ramp every minute up to 550°C) under 

Nitrogen gas. Data analysis was conducted using the Universal V4.5A TA Instruments software. 

 

Volumetric Karl Fischer Titration. All analysis was performed on a V10S Volumetric Karl 

Fischer Titrator (Mettler Toledo, Columbus, OH). Films (1mL) were prepared using standard 

protocols previously outlined (13). Extraction solvent was prepared by mixing 10 mL anhydrous 

methanol and 10 mL of anhydrous formamide, the weight of the reconstitution volume (1 mL) 

was recorded (msol). The weight of each film was also recorded (mext). The film was then added 

to a scintillation vial which was sealed with an aluminum seal using 13 mm crimpers. 

Meanwhile, 20 mL of sterile DI water was heated to 50°C and vials were placed in the solution, 

and vortexed occasionally, until films dissolved. Special care was given to ensure that vials did 
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not flip or float in water and that the sample was not sticking to the walls of the vial. Next, the 

moisture content of blank extraction solvent was determined by first weighing the sample (m1), 

injecting half of it into the titration vessel, and weighing the sample again (m2). The weight of 

the sample injected was entered, determined by subtracting m1 from m2, and the moisture 

content was provided by the instrument (B%). The same procedure was followed for the film and 

the moisture content was recorded (C%). The following calculation was used to determine the 

moisture content of the film based on all the values recorded: 

 

 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) = 𝐶 × ( 
𝑚𝑠𝑜𝑙 + 𝑚𝑒𝑥𝑡 

𝑚𝑒𝑥𝑡 

 

) − ( 
𝐵 × 𝑚𝑠𝑜𝑙 

) 
𝑚𝑒𝑥𝑡 

 
 

3.2.12 Alternative Virus Screen 

 

Films were prepared with Adenovirus (n=3) at a concentration of 1.25 x 1012 vp/mL , 

Influenza (n=3) at a concentration of 3 x 108 pfu/mL , Respiratory Syncytial Virus (n=4) at a 

concentration of 2 x 106 pfu/mL , and Herpes Simplex Virus (n=4) at a concentration of 7 log 

pfu/mL. The following day they were reconstituted, and infectious titer was assessed. 

 

 
3.2.13 Flu Excipient Optimization 

 

Choline. Films were prepared with base, sugar, and varying concentrations of choline: 

0.1, 1, 3, 5, and 8.5% w/v. The following day they were reconstituted, and infectious titer was 

assessed on MDCK cells (ATCC #CCL-34). Average percent recovery was determined using the 

above equation. 

Heptagluconate. Films were prepared with base and 1% w/v Calcium α-D- 

Heptagluconate hydrate. The following day they were reconstituted, and infectious titer was 
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assessed on MDCK cells (ATCC #CCL-34). Average percent recovery was determined using the 

above equation. 

 

 
3.2.14 Cytotoxicity Assay 

 

Cytotoxicity was assessed by measuring the amount of adenosine triphosphate (ATP), an 

indicator of metabolically active cells, in cultures using a Cell Titer-Glo Luminescent Cell 

Viability assay kit (Promega, Madison, WI) according to the manufacturer’s instructions. Data 

generated from this assay was used to evaluate the cytotoxicity of formulation with 5% w/v 

choline after exposure to human buccal cells (TR-146) for 30 min, 60 min, and 120 min. 

 

 
3.2.15 Stability of Influenza Film 

 

Formulations and films, consisting of base and 1% w/v Calcium α-D-Heptagluconate 

hydrate were prepared in bulk at a virus concentration of 3 x 108 CEID50 so that subtle changes in 

infectious titer could be detected with a standard limiting dilution/infectious titer assay and 

histochemical staining. They were stored at 4°C and 20°C for 21 days and the infectious titer was 

assessed on MDCK cells (ATCC #CCL-34). Percent recovery was calculated as described above. 

 

 
3.2.16 Statistics 

 

Statistical analysis of data was performed using JMP (JMP Statistical Software from 

SAS, Cary, NC). Differences with respect to treatment were calculated using unpaired two-tailed 

Student’s t tests. Differences were determined to be significant when the probability of chance 

explaining the results was reduced to less than 5% (P < 0.05). 
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3.3 Results 

 
3.3.1 Visualization of Formulation Components Using Transmission Electron Microscopy 

 

We began our evaluation of the physical impact of each excipient on adenovirus by 

monitoring adenovirus capsids with transmission electron microscopy (18) after addition of each 

formulation component in a stepwise fashion. TEM revealed large aggregates of adenovirus 

present in formulations consisting of only base (Figure 3.1 A and B) and base and sorbitol 

(Figure 3.1 C and D). The addition of surfactant prevented viral aggregation and each individual 

virion appears 1.5 to 2.5 times larger in size, possibly due to variable interaction of surfactant 

(Figure 3.1 E and F). In order to understand what the new structures seemingly coating the virus 

might be, a new formulation consisting only of surfactant and adenovirus in Tris buffer was 

prepared. In the absence of other excipients, we observed several of the same circular structures, 

roughly 9 nm in size, surrounding adenovirus capsids, and preventing viral aggregation by the 

formation of large structures (Figure 3.1 G and H). These large structures varied in width (513 ± 

57 nm). We hypothesized that these structures may be surfactant surrounding the adenoviral 

capsids, and in the presence of all formulation components, fully coating virions (Figure 3.1 E 

and F). 
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Figure 3.1: Surfactant prevents aggregation and forms micelle like structures around virus 

particles. 

(A|B) Transmission electron micrograph of formulation consisting only of HPMC excipient and 

adenovirus particles. Adenovirus diameter size was estimated as 96 ± 5 nm in Panel A of Figure 

1 and 95 ± 4 nm in Panel B. (C|D) Formulation consisting of HPMC and Sorbitol in the presence 

of virus does not prevent aggregation. Adenovirus particles are sized at 91 ± 4 nm and 93 ± 5 nm 

in Panels C and D, respectively. (E|F) Formulation consisting of HPMC, Sorbitol and Surfactant 

in the presence of virus prevents viral aggregation and results in capsids which are seemingly 

coated in varying degrees with surfactant and larger in size. Estimated virus size in Panel E is 

168 ± 24 nm and in Panel F is 239 ± 15 nm. (G|H) Adenovirus particles surrounded by 

surfactant which prevent aggregation. Average size of capsids in panel G is 96 ± 2 nm and in 

panel H is 98 ± 1 nm. The estimated size of the circular structures is 9 ± 1 nm. The red arrows 

point towards circular structures surrounding adenovirus capsids. It is important to note that the 

capsids likely appear darker due to how bright the surrounding circular structures are, creating a 

strong contrast in panels G and H. ImageJ software was used to estimate sizing. 
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3.3.2 Saturation of Surfactant via Saturation with Amino Acids 

 

Since the presence of surfactant significantly impacts a variety of physiochemical 

properties of the thin film matrix, we designed a study to evaluate the effect of surfactant 

saturation on adenoviral stability. Glutamic acid (E) and aspartic acid (D) are two amino acids 

predominantly responsible for the negative charge on the hexon protein of adenovirus serotype 5 

(14). Saturation of potential sites that were utilized to interact with and stabilize adenovirus was 

performed to investigate the interactions between negatively charged residues located on the 

hexon protein of the adenovirus capsids and the positively charged arm of the zwitterionic 

surfactant in our novel formulation. 

The pH served as an indicator for saturation of surfactant with the amino acids studied. 

 

To determine the point of saturation, the pH of the solution was employed. Solutions were 

prepared in Tris buffer (pH 8.1) with glutamic acid or aspartic acid at maximum solubility, 

resulting in pH 3 and 3.5 respectively, and titrated into a solution of surfactant concentrated at 10 

mg/mL in Tris buffer (pH 8.1) until the pH changed. This concentration of surfactant was 

selected for the study as it was the optimized concentration previously used in formulations that 

stabilized adenovirus at ambient temperatures (13). As is it important to remain above the pKa of 

the side chain of glutamic acid (4.25) and aspartic acid (3.86) to maintain the negative charge, 

the optimal pH of surfactant saturated solutions was selected as pH 5.5. This was low enough to 

mask the protective effects of the surfactant, as adenovirus is stable in pH 6-8 (16, 19), but high 

enough to maintain the appropriate surface charge on all molecules in solution. The addition of 

1.3 mg/mL of glutamic acid or 1 mg/mL of aspartic acid to surfactant was identified as the ideal 

concentration to achieve pH 5.5 (Figure 3.2 A and B). However, laboratory stocks of adenovirus 

are stored at 5 x 1012 vp/mL using PBS buffer containing 10% glycerol, as a cryoprotectant, for 
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storage at -80°C (20-22). Therefore, formulations prepared for the saturation study with 

adenoviral stock contained 2.5% glycerol in PBS, a 1:4 dilution accounting for the addition of 

adenovirus at a concentration of 1.25 x 1012 vp/mL, and needed to be evaluated for the impact of 

these additional components on the pre-defined saturation point. Preparations of glutamic acid 

or aspartic acid were prepared at maximum solubility and titrated into a solution of surfactant 

concentrated at 10 mg/mL in Tris with 2.5% glycerol, initially pH 6.5, until the pH changed. Our 

studies revealed that only concentrations of 4mg/mL of glutamic acid or aspartic acid were 

strong enough to lower the pH of solutions containing surfactant at 10mg/mL in Tris prepared 

with 2.5% glycerol in PBS, to 5.5 (Figure 3.2 C and D). 
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Figure 3.2: Presence of Glycerol Increases the pH Saturation Point of Surfactant. 

Formulations containing 10 mg/mL of surfactant in Tris buffer were prepared and varying 

concentrations of glutamic acid (A) and aspartic acid (B) were titrated in until a target pH of 5.5 

was observed (demarked by a red line). Formulations containing 10 mg/mL of surfactant in Tris 

buffer were then prepared with 2.5% glycerol in PBS and varying concentrations of glutamic 

acid (C) and aspartic acid (D) were titrated in until a pH of 5.5 was observed, to account for the 
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addition of this excipient in adenovirus stock. Data represents the average ± the standard 

deviation, n=3. ***p < 0.001, two-tailed Student’s t test. 

 

 
 

Upon determination of the saturation point, virus at a concentration of 1.25 x 1012 vp, 

with 2.5% glycerol, was added to solutions of glutamic acid- or aspartic acid-saturated surfactant 

and studied at 20°C and infectious titer was monitored for 28 days. Control preparations 

consisting of glutamic acid, aspartic acid, surfactant, and Tris buffer were also prepared with a 

virus concentration of 1.25 x 1012 vp. pH was monitored in conjunction with recovery of 

adenovirus and did not fluctuate during the sampling period (Table 3.1). After 28 days, controls 

prepared with surfactant alone (Sample C) or Tris buffer (Sample D) retained 99 ± 0.5 % and 98 

± 1.1% of their original infectious titer, respectively. Virus in the aspartic acid control solution 

(Sample A) fell to 86 ± 0.3 % after 14 days, while aspartic acid-saturated surfactant formulations 

(Sample E) retained 97 ± 0.5 % of their original titers. However, within only three days glutamic 

acid-saturated surfactant (Sample F) had no detectable recovery while glutamic acid controls 

(Sample B) retained 91 ± 0.4% of their original titer (Figure 3.3 A). When we prepared the 

complete formulation with glutamic acid saturated surfactant, there seemed to be a buffering 

effect (Figure 3.3 B). After three days, solid film formulations retained 74% ± 0.5% of the 

original infectious titer, while liquid formulations were significantly more effective at protecting 

adenovirus from glutamic acid saturated surfactant (92 ± 0.3%; p<0.001). The infectious titer 

continued to drop and by the end of 7 days only 64% ± 0.6% and 90 ± 0.7% of the original titer 

was retained in film and liquid preparations, respectively. 

In order to determine if the impact on transduction efficiency of adenovirus incubated 

with glutamic acid-saturated surfactant after 3 days at 20°C was linked to post-translational 
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modifications of adenoviral structural proteins, we performed sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). Figure 3C provides a diagram of the current 

understanding of the adenovirus capsid based on cryo-electron microscopy and crystallography 

(23). Adenovirus in 2.5% glycerol and PBS freshly prepared, D t=0, was used as the standard for 

comparison of structural protein integrity and showed at least 14 unique protein bands (Figure 

3.3 D). Seven proteins (demarked as, *) were detected that could not be confidently corelated 

with known adenoviral structural proteins. The 7 structural proteins identified include II, III, IIIa, 

IV, V, VI, and VIII. However, we did not include VI and VIII in our analysis as the smearing of 

the silver stain due to surfactant made it difficult to discern bands in all the samples. Control 

samples prepared with surfactant appeared to have a slightly higher molecular weight than all 

other samples (Figure 3.3 D & E). This is likely an artifact of the surfactant competing with SDS 

and therefore running through the gel at a slower rate than the other samples. Additionally, 

protein IIIa had reduced band sharpness and only four unidentified protein bands were present in 

samples prepared with surfactant (Figure 3.3 D). SDS-PAGE did not reveal any significant 

changes in the protein bands observed for samples prepared with aspartic acid (Sample E) or 

glutamic acid (Sample F) saturated surfactant in comparison to control adenovirus at either time 

point (Figure 3.3 E). However, this technique did confirm that the hypothesized protective 

effects of surfactant were blocked by the saturation of surfactant with either amino acid, as all 14 

bands were present in comparable molecular weight (Figure 3.3 E). No major differences were 

detected between the day 0 and day 3 time points for any of the samples containing surfactant or 

the amino acid samples prepared without surfactant (Sample A: aspartic acid, Sample B: 

glutamic acid) relative to the adenoviral control (Figure 3.3 D). 
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Figure 3.3: Further evaluation indicates affinity between surfactant and glutamic acid residues on virus capsid. 

Formulations containing 1.25 × 1012 v.p. were prepared in batch and stored at 20 °C for 28 days.  Formulations are labeled in the 

figure according to the letters listed in Table 1. (A) Saturation of Surfactant Impacts Adenoviral Transduction Efficiency. Replicates 

(at least 3 per timepoint) were reconstituted and live virus concentration assessed by a standard infectious titer assay. Virus was placed 

at the same concentration in two standard liquid formulations and infectious titer under each storage condition also assessed for 

comparison. Sample C consisted of 10 mg/mL Surfactant and Sample D consisted of 100 mM phosphate buffered saline and 2.5% 

glycerol. Data represents the average ± the standard deviation. ***p < 0.001, two-tailed Student’s t test. (B) Complete Formulation 

Reduces the Impact of Glutamic-Acid Saturated Surfactant on Transduction Efficiency. Replicates (at least 3 per timepoint) were 

reconstituted and live virus concentration assessed by a standard infectious titer assay. Virus was placed at the same concentration in 

liquid and film formulations containing: hydroxypropyl methyl cellulose, sorbitol, and 10mg/mL surfactant saturated with 4mg/mL 

glutamic acid. Infectious titer was assessed for comparison. Data represents the average ± the standard deviation. ***p < 0.001, two- 

tailed Student’s t test. (C) Adenovirus Structure from ref (23). (D & E) Silver Stained Gels of Saturation Study Samples Following 

SDS-PAGE. Lanes from left to right on the first gel are molecular weight standards, aspartic acid and adenovirus at day 0 (A t=0), 

aspartic acid and adenovirus at day 3 (A t=3), glutamic acid and adenovirus at day 0 (B t=0), glutamic acid and adenovirus at day 3 (B 

t=3), surfactant and adenovirus at day 0 (C t=0), surfactant and adenovirus at day 3 (C t=3), and surfactant (C). Lanes from left to 

right on the second gel are molecular weight standards, adenovirus at day 0 (D t=0), adenovirus at day 3 (D t=3), aspartic acid- 

surfactant and adenovirus at day 0 (E t=0), aspartic acid-surfactant and adenovirus at day 3 (E t=3), glutamic acid-surfactant and 
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adenovirus at day 0 (F t=0), glutamic acid-surfactant and adenovirus at day 3 (F t=3), and surfactant (D). Ad protein subunits were 

assigned according to their appearance order on the gel as well as reference by Ahi (24). Proteins that differ from known Ad structural 

proteins were designated with an asterisk (*). 

 

 
 

Table 3.1: Saturation Study Formulation pH 
 
 

Formulation pH 

A Aspartic Acid (4mg/mL) + Ad 5 

B Glutamic Acid (4mg/mL) + Ad 5 

C Surfactant (10 mg/mL) + Ad 6.5 

D Ad 7 

E Aspartic Acid (4mg/mL) +Surfactant (10 mg/mL) + Ad 5.5 

F Glutamic Acid (4mg/mL) +Surfactant (10 mg/mL) + Ad 5.5 
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Since we could not identify any post-translational modifications to adenoviral structural 

proteins following SDS-page analysis, we decided to investigate the samples from the saturation 

study for non-covalent interactions. Zeta potential measurements were performed to analyze the 

magnitude of electrostatic repulsion between the charged particles in solution and whether the 

repulsion contributes to the interactions between adenovirus and the surfactant. The magnitudes 

are reported as absolute values, as zeta potential deals with surface potential. The positive and/or 

negative findings are not robust and should not be related with surface charge or charge density, 

due to the variance in sample pH (25). The zeta potential of aspartic acid and adenovirus 

(Sample A, 7 mV), glutamic acid and adenovirus (Sample B, 4 mV), and glutamic acid saturated 

with surfactant and adenovirus (Sample F, 16 mV) did not significantly change over 3 days at 

20°C (p>0.05, Figure 3.4A). However, the zeta potential of adenovirus in 2.5% glycerol (Sample 

D) and adenovirus prepared with surfactant (Sample C) significantly decreased from 20 mV to 

15 mV (p<0.01) and from 11 mV to 3 mV (p<0.001), respectively, from day zero to day three 

(Figure 3.4A). Conversely, the zeta potential of aspartic acid saturated with surfactant (Sample 

E) significantly increased from 11 to 16 mV from day zero to day three (p<0.01). The zeta 

potential of all the samples was significantly lower than adenovirus in 2.5% glycerol at day zero 

(A, B, E: p<0.001; C, F: p<0.01; Figure 3.4B). However, after three days samples A, B, and C 

had significantly lower (p<0.001) zeta potentials than adenoviral control, and samples E and F 

had slightly (but significantly) higher zeta potentials (p<0.01; Figure 3.4C). 

Evaluating the zeta potential of the formulation prepared without adenovirus, provided 

additional insight into observed zeta potentials. Surfactant without the presence of adenovirus 

has a zeta potential of 3 mV (Figure 3.4D). Aspartic acid and glutamic acid saturated with 

surfactant, without the addition of virus, have significantly higher zeta potentials, 19mV and 24 
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mV, respectively, than the zeta potential of surfactant alone (Figure 3.4D). Additionally, 

glutamic acid saturated with surfactant results in a significantly higher zeta potential than 

aspartic acid saturated with surfactant (p<0.05). 

 

 
Figure 3.4: The Magnitude of the Zeta Potential of Adenovirus-Surfactant Formulations 

Hints at Surfactant Adsorption to Adenoviral Surface as a Mechanism of Aggregation 

Prevention. 

Formulations containing 1.25 × 1012 v.p. were prepared in batch and stored at 20 °C for 28 days. 

Formulations are labeled in the figure according to the letters listed in Table 3.1. Zeta potential 
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measurements were collected using a Zetasizer Nanoseries for each formulation and compared to 

the initial zeta potential recorded (A). Zeta potential measurements for freshly prepared samples 

were compared to adenoviral control (B). Zeta potential measurements for samples after three 

days were compared to adenoviral control (C). Control formulations prepared without 

adenovirus were evaluated for zeta potential (D). Data represents the average ± the standard 

deviation, n=3. *p<0.05, **p<0.01, ***p < 0.001, two-tailed Student’s t test. 

 

 
 

3.3.3 Binding Affinity of Surfactant and Adenovirus 

 

While the zeta potential measurements provide insight into electrostatic repulsion, they 

do not provide information on direct virus – surfactant interactions (25). In order to evaluate if 

the surfactant interacts with adenovirus in a quantifiable way, we initially used biolayer 

interferometry (BLI). Adenovirus was originally immobilized on biosensors at a concentration of 

20 µg/mL and a surfactant concentration 10 times the expected Kd, 229 pM based on studies 

with similar regions of interest on the hexon protein (26), was prepared. However, after 

unsuccessful immobilization we tried increasing the concentration of adenovirus to 52.5 µg/mL, 

which corresponds to the amount of virus we have in our optimal formulations but did not see an 

increase in immobilization at any of the pH’s (4-6) tested (Figure 3.5B). Various pH’s are tested 

in order to ensure the protein of interest is in a desirable confirmation to bind AR2G receptors, 

namely below the pI. Since the pI of Adenovirus 5 has been previously recorded as 4.5 (27) and 

capsid stability below pH 4 remains largely questionable, we were concerned that lowering the 

pH further would be detrimental to protein stability and further pH scouting was not optimal (28, 

29). Therefore, we then attempted switching the orientation, and successfully immobilized the 

surfactant (Figure 3.5C, Step 3) at a concentration of 1 mg/mL in acetate buffer at pH6, and 
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prepared adenovirus at 52.5 µg/mL, 105 µg/mL, and 210 µg/mL, and evaluated responses for an 

increase in binding affinity (Figure 3.5C). However, we were still unable to see a notable 

increase in binding of adenovirus to the surfactant, which would be indicated by a steep increase 

in the slope between steps 5 (Baseline) and 6 (Binding). To confirm that the protein integrity had 

not been damaged due to UV inactivation, which was a part of the identified procedure from 

which these studies were modeled (26), we did not UV-inactivate the virus and used of 210 

µg/mL, but still detected no change in binding affinity. 
 
 

 
Figure 3.5: Biolayer Interferometry Fails to Detect Notable Adenovirus-Surfactant 

Interactions. 

UV inactivation of adenovirus takes two hours of exposure to λ 365 nm adapted from previous 

protocol (30) (A). Adenovirus was unsuccessfully immobilized on AR2G biosensors and 

surfactant binding analyzed as indicated by the lack of the sharp increase in slope at step 3 (B). 

Surfactant was immobilized on AR2G biosensors and adenovirus binding analyzed without a 

detectable affinity as indicated by a lack of a sharp increase in slope at step 6 (C). The kinetic 

responses are shown in binding (18) vs. time in seconds (s). Numbers on graph are associated 

with individual steps of kinetic analysis: (1) Equilibration of biosensors (2) Activation of 
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biosensors (3) Immobilization of protein on biosensors (4) Quench (31) reaction of protein 

immobilization (5) Baseline stabilization in running buffer prior to binding analysis (6) Binding 

of ligand to protein immobilized on biosensors (7) Dissociation of bound ligand from protein. 

 

 
 

Since evaluation of the affinity between surfactant and adenovirus was not quantifiable 

using BLI, we used isothermal titration calorimetry as it is more sensitive for detecting lower 

affinities. A concentration of 100 mg/mL of surfactant was selected as this is the solubility limit 

in Tris and it would guarantee that the surfactant would quickly reach the same concentration it 

is in the formulation (10 mg/mL) in the cell containing the protein of the ITC experiment. 

Adenovirus was prepared in the same concentration it is used in our optimized formulation, an 

estimated 2 nM (32). However, at this concentration we were unable to observe saturation of 

protein and lowered the concentration to 1 nM and observed a plateau at the end of the 

thermogram, indicating saturation of proteins was likely occurring. We obtained a dissociation 

constant (Kd) of 2.25 x 10-9 ± 0.848 x 10-9 M, after accounting for various controls, between the 

adenovirus and the surfactant. The relevant controls include surfactant injected into buffer, buffer 

injected into adenovirus, and buffer injected into buffer. We also observed endothermic peaks 

and a ΔG of -11.8 ± 0.252 kcal/mol, ΔH of -0.578 ± 0.125 kcal/mol, and a -TΔS of -11.267 ± 

0.289 kcal/mol (Figure 3.6). However, while the thermodynamic values and Kd did not vary 

between replicate runs, we detected large variation for each individual run. For example, the 

delta H output for one run was recorded as 0.486 ± 3.3 x 108 kcal/mol and the Kd 3.06 x 10-9 ± 

1.6 M. We hypothesize this variation, as well as the large molar ratio detected between 

interaction of the surfactant and adenovirus, is due to the heterogenous nature of our system: an 

intact adenovirus capsid and a surfactant which is polydisperse in nature. 
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Figure 3.6: Isothermal Titration Calorimetry Reveals Nanomolar Affinity Between 

Adenovirus and Surfactant. 

Surfactant was prepared at a concentration of 1.5 mM in Tris buffer dialysate, and adenovirus 

was dialyzed in Tris buffer at an estimated concentration 1 nM. Representative ITC results (A) 

and fitting curves (B) for surfactant binding to adenovirus are displayed. 

 

 
 

3.3.4 A Closer Look at Surfactant and Critical Micelle Concentration 

 

While we have been able to observe the vital role that surfactant plays in adenoviral 

stabilization at ambient temperatures and the prevention of viral aggregation by TEM, very little 

information has been published about the properties of the novel surfactant in our thin film 
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formulation. Poly (maleic anhydride-alt-1-octadecene) substituted with 3-(dimethylamino) 

propylamine (PMAL), is a zwitterionic surfactant with a formula weight varying from 39,000 to 

65,000. Analysis by dynamic light scattering (DLS) resulted in a multi-modal distribution of the 

surfactant, at the concentration used in our formulation, with intensity peaks at 1.480, 24.44, and 

2414 nm and a polydispersity index (PDI) of 0.431 (Figure 3.7). Therefore, the average diameter 

provided by cumulant analysis (8nm) is unreliable. 

 

 

Figure 3.7: Dynamic Light Scattering (DLS) fails to provide insight into the size 

distribution of polydisperse polymer. 

Surfactant samples were prepared by dissolving 10 mg/mL of surfactant in sterile deionized 

water and filter sterilizing samples through a 0.22µm filter. Subsequent analysis was performed 

on a Zetasizer Nano (Malvern). 
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Since we were unable to use DLS to provide reliable characterization information 

regarding the size of PMAL C-16, we decided to determine the critical micelle concentration 

(CMC) of our surfactant. The CMC provides important information regarding whether 

monomers, micelles, or a combination of both are present in formulations and in what format 

they may be interacting with adenovirus. Due to the viscosity of our optimized formulation, 88 

mPa*s (13), we only analyzed the CMC of surfactant in water or in Tris buffer, as the addition of 

all other formulation components would interfere with the sensitivity of CMC detection. We 

began our evaluation of PMAL by monitoring the impact of increasing surfactant concentration 

on the contact angle of solutions using a contact angle goniometer to determine the critical 

micelle concentration (CMC). As the concentration of a surfactant increases, the contact angle 

decreases rapidly until the CMC is reached and then stays constant, since the contact angle is a 

function of surface tension and only the monomeric form contributes to reduction of the surface 

tension (12). However, due to highly variable results with no clear trend (data not shown) we 

opted to use a more sensitive technique, rather than attempting to optimize the experimental 

procedure for improved results. The pyrene fluorescence probe is based on the ratio (I1/I3) of 

pyrene fluorescence at the first and third vibronic bands (373 and 384 nm) which 

characteristically increases with increasing polarity. Since pyrene is a hydrophobic molecule 

pyrene passes from the aqueous phase to the hydrophobic micellar phase with increasing 

surfactant concentrations, which then lead to a sigmoidal decrease of the I1/I3 ratio (33). The 

CMC titration of polysorbate 80 (tween 80) was employed as a control and confirmed the 

accuracy of the pyrene probe technique by indicating 0.015 mM as the CMC in water at 25°C 

(Figure 3.8A), which is in good agreement with literature values (34, 35). The CMC estimation 

for the zwitterionic surfactant is provided in mg/mL, as the molecular weight is variable. We 
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detected a CMC of 2.56 mg/mL in water (Figure 3.8B) and 4.58 mg/mL in Tris (Figure 3.8C). In 

terms of mM units, the range would then be identified as 0.039 to 0.066 mM for water and 0.07 

to 0.117 mM for Tris. This confirms that in Tris, micelles are likely present in solution at a 

concentration of 10 mg/mL. 

 

 
Figure 3.8: Pyrene Fluorescent Probe Confirms Presence of Micelles in Ad-PMAL 

Formulations. 

CMC of Tween 80 was determined to be 0.015 mM, defined as the cross point between the two 

black lines, using the pyrene probe method (mean ± SD) (A). CMC of surfactant in water was 

determined to be 2.56 mg/mL, defined as the cross point between the two black lines, using the 
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pyrene probe method (mean ± SD) (B). CMC of surfactant in Tris was determined to be 4.58 

mg/mL, defined as the cross point between the two black lines, using the pyrene probe method 

(mean ± SD) (C). 

 

 
 

Since we have determined the likely presence of micelles in Tris buffer, we decided to 

evaluate the impact of carbon chain length on adenoviral recovery as the chain length of 

surfactants affects micelle size. We prepared formulations with the two additional commercially 

available chain lengths of our surfactant (C8 and C12) and compared them with the surfactant 

chain length we have been using in the thin film formulation (C16). Films prepared with C8 had 

the lowest recovery of original infectious titer, 86 ± 0.2 % (Figure 3.9A). C12 containing films 

maintained 92 ± 0.3 % of their original titer, however C16 films were the most efficient at 

stabilizing virus by preserving a significantly higher infectious recovery, 97 ± 2.1 %, than both 

C8 (p<0.01) and C12 (p<0.05) containing films (Figure 3.9A). Additionally, C12 films had a 

significantly higher average percent recovery than C8 films (p<0.05, Figure 3.9A). We also 

evaluated if the varying chain lengths had an impact on the magnitude of the zeta potential. 

Formulations of adenovirus and surfactant C8 and C12 had a zeta potential of 6 mV and 7 mV, 

respectively, which was significantly lower than the zeta potential of C16 formulations (11 mV; 

C8 p<0.05; C12 p<0.01; Figure 3.9B). 
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Figure 3.9: Chain Length of Surfactant Impacts Recovery and Zeta Potential from Film 

Post-Drying. 

Recovery of virus from films containing surfactant consisting of chain length 8 (C8), 12 (C12), 

or 16 (C16) was evaluated using an infectious titer assay (A). The magnitude of the zeta potential 

measurements progressively increased as the carbon chain length increased (B). Data represents the 

average ± the standard deviation, n=3, and was compared to chain length 16 for significance. *p 

< 0.05, **p<0.01, two-tailed Student’s t test. 

 

 

 
 

3.3.5 Evaluation of Complete Formulation 

 

Upon evaluation of the surfactant separate from other formulation components, we 

wanted to assess the contribution of each component, through the stepwise addition of 

excipients, to the thermal stability and moisture content of the complete, optimized formulation. 

Evaluation of the thermal stability, with thermal gravimetric analysis (TGA), provides insight 

into the strength of the interactions of the formulation components based on how much heat is 
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required to break the matrix that we hypothesized formed (13) via the association of formulation 

excipients. Figure 10 displays a sample thermogram, obtained via TGA, from the analysis of: 

B(base), BS (base and sorbitol), BSS (base, sorbitol, and surfactant), and BSSV (base, sorbitol, 

surfactant, and virus) which shows that the first thermal transition is over at around 140°C, 

indicative of physioadsorbed water evaporation (36), and immediately followed by thermal 

degradation for BSS and BSSV samples, as shown by the dramatic weight loss of the sample 

(Figure 3.10 C &D). However, samples without surfactant complete the first thermal transition 

around the same temperature, but thermal degradation does not begin until 180°C (Figure 3.10 A 

& B). 

Moisture content plays an important role in protein stability as hydrolysis can lead to the 

break-down of proteins and impact stability of viruses over time (16, 37-39). Analysis of the 

impact of excipients on total water retained, by the end of the first thermal transition, revealed 

that the addition of sorbitol (17) and surfactant (BSS) resulted in a significant increase in 

moisture retained in the film, 9.03% ± 0.02% (p<0.05) and 9.71% ± 0.514% (p<0.05) 

respectively, relative to films prepared with base alone (B: 7.67% ± 0.292%, Figure 3.11A). The 

addition of adenovirus to the complete formulation containing base, sorbitol, and surfactant 

(BBSV) resulted in an increase in the total water retained, 13.34% ± 1.345%, as well (Figure 

3.11A). 

As TGA analysis provides an estimation of water retained based on the change in weight 

of the sample by 150°C, this technique may not be specific enough for determination of water 

content. We analyzed the difference between the moisture content for BSSV samples determined 

with volumetric Karl Fisher (KF) titration and compared it to the total mass of water retained 

determined by TGA and found that both techniques produced comparable results (TGA: 13.34% 
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± 1.345%; KF: 13.53 ± 017%, p>0.05, Figure 3.11B). As the KF results had lower variability, we 

used that technique to determine whether increase in moisture content of films prepared with 

adenovirus was due to the addition of glycerol, as our laboratory prepares adenoviral stocks 

containing glycerol. While there was a higher moisture content in films prepared with 2.5% 

glycerol in PBS (13.0% ± 0.297%) than films without glycerol, films prepared with adenovirus 

had a slightly (but significantly) higher moisture content (13.53% ± 0.17%, p<0.05; Figure 

3.11C). 
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Figure 3.10: Excipients work together to maintain uniform moisture content in dried films. 

Sample thermal gravimetric analysis profiles taken after sequential addition of excipients to the 

optimized thin film matrix. (A) Base alone, (B) Base and Sorbitol, (C) Optimized formulation in 

the absence of virus and (D) containing virus formulated in 2.5% glycerol. 

 

 

 
 

 
Figure 3.11: Moisture content is significantly impacted by the presence of sorbitol and 

surfactant in thin film formulation. 

Formulations were prepared with base (B), base and sorbitol (17), base sorbitol and surfactant 

(BSS), and base, sorbitol, and surfactant with adenovirus (BSSV). TGA analysis revealed that 
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the stepwise addition of formulation excipients results in an increase in water retained (A). 

Volumetric KF Titration and TGA yield comparable values for moisture content for BSSV 

samples (B). The addition of 2.5% glycerol to account for adenoviral stock preparations in thin 

films containing base, sorbitol, and surfactant results in an increase in moisture content using KF 

(C). Data represents the average ± the standard deviation for a minimum of n=3. *p<0.05, **p< 

0.01, ***p<0.001, two-tailed Student’s t test. 

 

 
 

3.3.6 Translatability of Thin Film Platform 

 

Since our previous studies illustrated the importance of surfactant in formulations for 

adenoviral stabilization, we wanted to evaluate how viruses with alternative properties are 

impacted by formulation components and if the thin film platform is versatile. We compared the 

infectious titer for the following viruses in our novel formulation: adenovirus (Ad), adeno- 

associated virus (AAV), respiratory syncytial virus (RSV), herpes simplex virus (HSV), and 

influenza (H1N1). Table 3.2 provides an overview of size, presence of envelope, surface charge, 

and genomic material for each virus. The observed stability profile with the surfactant for Ad (97 

± 2.1%), AAV (98.1 ± 2.4%), RSV (95 ± 0.78%), and HSV (98 ± 1%) was not as high for the 

influenza virus (63 ± 5.1%) (Figure 3.12A). So, we evaluated how stepwise addition of each 

formulation component, base (BV), base with sorbitol (BSV), and base with sorbitol and 

surfactant (BSSV), impacted recovery of H1N1 to see if it would provide additional insight into 

the reduced recovery. The addition of each formulation component, BV: 75 ± 1% (74%, 75%), 

BSV: 68 ± 2.1% (66%, 69%), and BSSV: 63 ± 5.1%, resulted in a notable decrease of the 

average percent recovery compared to unformulated H1N1 (Control, 97.8 ± 2.4%, Figure 3.12B). 

Data is provided as the average ± standard deviation since this is most representative of the 
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spread of the data as well the actual values for each sample, since n=2 for samples BV and BSV. 

We also found that the removal of sorbitol from the formulation did not improve recovery of 

influenza either (62 ± 0.5%, data not shown). This was surprising as previous studies with 

adenovirus have shown that the stepwise addition of each excipient resulted in gradually 

improved recovery of virus, with the recovery of adenovirus in base alone starting below 60% 

and increasing to 90% with the addition of sorbitol and 98% with the addition of surfactant (13). 

As the base is essential for film formation, this indicated that either an alternative excipients 

were needed to improve the recovery of H1N1 from films. 

 

 
 

Table 3.2: Viruses evaluated for compatibility with the thin film matrix 
 
 

Virus Size (18) Enveloped Surface 

Charge 

Genomic 

Material 

Reference 

Adenovirus (Ad) 70 - 100 No Negative dsDNA (40) 

Adeno-associated 

virus (AAV) 

25 No Negative ssDNA (41) 

Respiratory syncytial 

virus (RSV) 

150 -250 Yes Negative ssRNA (42) 

Herpes simplex virus 

(HSV) 

150 - 240 Yes Negative dsDNA (43) 

Influenza (H1N1) 80 - 120 Yes Positive ssRNA (44) 
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Figure 3.12: Thin Film Platform is Incompatible with Influenza Virus. 

Recovery of adenovirus (Ad), adeno-associated virus (AAV), influenza (H1N1), respiratory 

syncytial virus (RSV), and herpes simplex virus from optimized thin film platform evaluated 

using infectious titer assays for a minimum of n=3, ***p< 0.001, two-tailed Student’s t test (A). 

Stepwise addition of formulation excipients results in decreased recovery (B). Control is 

unformulated H1N1, BV is base with H1N1, BSV is base with sorbitol and H1N1, BSSV is base 

with sorbitol, surfactant, and H1N1. Data represents the average ± the standard deviation. 

Statistical analysis was not performed as n=2 and would not be meaningful. 

 

 

 
 

Due to the predominately positive surface charge of H1N1, likely due to positively 

charged surface protein Hemagglutinin, we began our troubleshooting with the surfactant. Since 

our surfactant is zwitterionic in charge, we hypothesized that the reduction in recovery was due 

to partial viral inactivation, mitigated by the negatively charged arm of the surfactant interacting 

with Hemagglutinin. We prepared formulations with alternative concentrations of choline, a 
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positively charged surfactant (Figure 3.13A), anticipating that is would not adversely interact 

with H1N1. The least successful concentration, 0.5% w/v choline, only retained 80 ± 0.95% 

(79%, 80%) of the original infectious titer (Figure 3.13B). Higher concentrations resulted in 

improved recovery of infectious titer: 1%w/v choline maintained 99 ± 2% (98%, 101%), 3% w/v 

choline maintained 96 ± 0.5% (96%, 97%), 5% w/v choline maintained 102 ± 0.45% (102%, 

 

103%) and 8.5% choline w/v maintained 94 ± 2.8% (92%, 96%). However, after 3 days at 25°C 

there was no detectable infectious titer in the films containing any concentration of choline and 

the pH had increased from 7.5 to 8.5. Additionally, a cytotoxicity study conducted on TR146 

cells, an in vitro model of the human SL and BU mucosa (45), revealed that 5% w/v choline 

films, without H1N1, resulted in a significant reduction in viable cells (3.7 x 10-6 ± 1.1 x 10-6 

RLU; p<0.001) after only 30 minutes, relative to untreated cells (2 x 107 ± 4.18 x 105 RLU; 

Figure 3.13C). At the end of the two-hour sampling period, 5% w/v films without H1N1 had 

reduced the amount of viable cells even further (1.4 x 10-5 ± 3.8 x 10-4 RLU). We hypothesized 

that choline was increasing cellular uptake of H1N1 by solubilizing cell membranes, as has been 

documented in the literature, and therefore improving recovery from films but also increasing 

cytotoxic response (46, 47). As previous studies have shown that the formulation with the 

original surfactant are not cytotoxic (13), choline was abandoned as a viable replacement. 

Calcium α-d-heptagluconate dihydrate (heptagluconate) (Figure 3.13D) was identified as 

an alternative excipient for evaluation as previous studies have found that this excipient, in 

combination with sodium carboxy methyl cellulose, successfully stabilized H1N1 influenza (48). 

As the base in our formulation is similar to carboxy methyl cellulose we hypothesized that this 

excipient may be a better addition to our base than sorbitol or the surfactant we currently use. 

Films prepared, dried, and reconstituted the following day with our base and heptagluconate 
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maintained 99 ± 4.2% (96%, 102%) of the original infectious titer and pH of 6.5, which 

substantially higher than the original formulation and comparable to choline (Figure 3.13E). A 

preliminary stability study revealed that liquid formulations and films stored at 4°C retained 100 

± 0.3% (100%, 100.4%) and 97 ± 1.5% (98%, 96%), respectively, of the original infectious titer 

for 21 days (Figure 3.13F). The liquid formulations and films stored at 25°C retained 84 ± 1.4% 

(83%, 85%) and 71 ± 0.71% (70%, 71%), respectively, of the original infectious titer at this time. 

There were no detectable changes in pH. The addition of heptagluconate to sorbitol and our base, 

surfactant and our base, or sorbitol, surfactant and our base, resulted in crystallized films, which 

were not suitable for evaluation. 

 

 

 
 

 
Figure 3.13: Thin Film Formulation Improved for Influenza Stabilization. 
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Structure of Choline (A). Varying concentrations (w/v) of choline optimize recovery of influenza 

from films containing HPMC and sorbitol (B). Cell activity was assessed by measuring the 

amount of adenosine triphosphate (ATP) in cultures using a Cell Titer-Glo Luminescent Cell 

Viability assay kit from Promega (C). TR-146 were treated for 30, 60, and 120 min with MEM 

media, influenza virus (virus), choline films, choline films with influenza, and DMSO. Data 

represents the average ± the standard deviation, n=3. *p < 0.05, **p< 0.01, ***p < 0.001, two- 

tailed Student’s t test. Structure of Calcium α-D-heptagluconate dihydrate (D). Optimized 

formulation containing surfactant (1% w/v), HPMC/sorbitol/choline (5% w/v), and 

HPMC/calcium α-d-heptagluconate dihydrate (5%w/v) were evaluated for their effect on 

influenza stabilization using a traditional infectious titer assay (E). Influenza (3 x 108 ivp/mL) 

was placed in formulations consisting of HPMC and choline and stored in the liquid form and 

film in controlled environmental chambers held at 4° and 20°C for 21 days. Replicate samples 

(n=2) were collected at each time point, and live virus concentration was assessed by a standard 

infectious titer assay (F). Statistical analysis was not performed as n=2 and would not be 

meaningful for Panels B, E, and F. 

 

 
 

3.4 Discussion 

 
Effective stabilization of vaccines at ambient and elevated temperatures is a critical step 

towards providing global access to immunization. A variety of pharmaceutical excipients have 

been identified as protein stabilizers and have been used in formulations to prevent the viral 

degradation at 2-8°C and ultra-low temperatures (Appendix Table 1 & 2). Sugars, polymers, and 

surfactants have been used for their ability to prevent adsorption to surfaces, aggregation, and/or 
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hydrolysis of viral proteins via electrostatic interactions, micelle formation, or hydrogen bonding 

(49). We recently demonstrated that a multi-component formulation consisting of a polymer 

base, sugar, and surfactant was able to protect adenovirus serotype 5 from temperature-mediated 

degradation in both a liquid and thin film format (13). In order to better understand how each 

excipient contributed to the stabilization of adenovirus, a stepwise analysis of each formulation 

component was conducted. We found that the pH range of 6 to 8 within the thin film matrix 

correlated to more successful stabilization of adenovirus (13, 16, 19). We also found that the pH 

of the final formulation was reduced when drying was complete. This was most likely due to the 

concentrations of buffering agents and their interactions with formulation excipients during the 

film forming process (13, 50). The polymer base played a key role in maintaining the three 

dimensional and structural conformation of adenovirus capsids due to its ability to form strong 

intramolecular hydrogen bonds (13, 51). This was evident when formulations prepared with this 

excipient alone failed to successfully release the entire viral dose loaded into the film (13). The 

polymer base also resulted in significantly more viscous formulations, possibly contributing to 

minimal molecular mobility and stability. With the addition of sorbitol to the polymer base, we 

observed improved stability of adenovirus likely due to the excipient’s contribution to the three- 

dimensional matrix of the film via strong interactions with the polymer base and sorbitol. 

Sorbitol and surfactant also decreased drying time of thin films (13). We hypothesized that this 

occurred due to the ability of excipients to replace water molecules and interact with other 

excipients, while maintaining a minimal level of surface protein hydration to prevent 

denaturation of the virus capsids. The resulting film was an amorphous solid with a high glass 

transition temperature, preventing excipient crystallization (13). However, while the vital role of 

the surfactant in adenoviral stabilization was evident, the mechanism of stabilization remained 
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unclear. Consistently, formulations prepared with surfactant stabilized adenovirus at 4°C and 

20°C for three months and 40°C for 5 days more efficiently than formulations lacking the 

surfactant (13). The aim of these studies was to characterize the surfactant and determine how it 

interacts with adenoviral capsids, as well as the other formulation excipients, to maintain 

stability. We also explored the translatability of our novel thin film platform by evaluating 

viruses with various properties. 

Poly (maleic anhydride-alt-1-octadecene) substituted with 3-(dimethylamino) 

propylamine (PMAL, C-16), the zwitterionic surfactant in our novel thin film formulation, 

belongs to a new class of surfactants known as amphipols. Since amphipols are relatively new 

compounds, there is a limited amount of characterization information currently published on 

these surfactants. While PMAL C-12, chain length 12, has previously been used to protect 

detergent solubilized-ATPase from the catalytic activity of the detergent by preventing 

aggregation of complexes (52), and PMAL C-8, chain length 8, has been used to solubilize a 

number of membrane proteins for characterization (53-56), there are no published articles, to 

date, characterizing PMAL C-16. The most important characteristic of surfactants is the critical 

micelle concentration (CMC) because proteins interact very differently with monomeric and 

micellar conformations of surfactants (57). For example, ionic surfactants, and some nonionic 

and zwitterionic surfactants, denature proteins below their CMC. We found that while the CMC 

of PMAL in water (2.56 mg/mL, or 0.0039 mM to 0.066 mM) was lower than the CMC in Tris 

(4.58 mg/mL, or 0.070 to 0.117 mM; Figure 3.8), formulations of PMAL-Ad were still above the 

CMC and likely had micelles present in solution. Tris buffer has previously been documented to 

increase the CMC of SDS, likely by reducing the hydrophobic interactions of the surfactant with 

itself (58). It is difficult to determine if micelles are present in the complete optimized 
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formulation (13), due to the viscosity and addition of other formulation excipients. However, it 

has previously been established that premicellar aggregation of amphipols begins at 

concentrations four times lower than those indicated by fluorescent spectroscopy methods (59- 

61) and that premicellar aggregates are present in all stable working concentrations of amphipols 

(62). Therefore, we believe that if micelles are not present in the complete formulation, 

premicellar aggregates likely are and still contribute to the overall stability of adenovirus. We 

also evaluated the impact of shorter alkyl chain lengths, PMAL C-8 and PMAL C-12, on 

stabilization of adenovirus and found that with decreasing chain length infectious titer decreased 

(Figure 3.9). This may be related to their reduced ability to form micelles as the shorter the 

hydrophobic chain, the less likely micelle formation will occur because the hydrophobicity of the 

surfactant decreases, effectively reducing the affinity for self-association (63, 64). However, we 

also observed a reduction in the zeta potential with decreasing alkyl chain length (Figure 3.9). 

This is indicative of weaker repulsive forces resulting in formulation aggregation (25). Taken 

together, we hypothesize due to the reduced ability of C8 and C12 to form micelles, in 

comparison to C-16, and overall reduced hydrophobic nature, that premicellar aggregates are less 

effective at stabilizing adenovirus than the more hydrophobic C-16 amphipol. It is important to 

note that the I1/I3 ratio for both Tween 80 control and PMAL samples was less than one at the 

concentrations tested. This is indicative of a hydrophobic environment in which fluorescence 

intensity emissions of pyrene at wavelength 383 are greater than those at 373 (65). After testing 

alternative organic solvents, like dimethyl sulfoxide to attempt to increase the ratio above 1, 

adjusting the gain on the instrument, as well as testing a variety of clear polystyrene plates 

available, we were unable to generate a I1/I3 ratio greater than 1 with an accurate estimation of 

the Tween 80 control. Therefore, we decided to report the values of the CMC, that were 



167  

generated using the protocol described in the methods section, which resulted in an accurate 

estimation of the CMC of Tween 80, for PMAL C-16. However, future studies should validate 

the estimation we determined using the pyrene fluorescent probe technique either on a different 

instrument or via alternative methodologies which focus on other properties impacted by micelle 

formation such as conductivity and rheology. The contact angle or surface tension of increasing 

surfactant concentration solutions may also be attempted again on an alternative surface, as 

PFTE resulted in random results which were not reproducible. This may be because while 

PMAL is neutral overall, it is zwitterionic and carries both positive and negative charges 

meaning it may have adsorbed to the surface of the PFTE sheets. The polydisperse, heterogenous 

nature of PMAL, however, may also provide additional difficulties in using surface properties in 

the determination of CMC. 

After determining the CMC and impact of chain length, we began to explore the 

interaction of adenovirus with our amphipol, PMAL. Amphipols were originally synthesized to 

adsorb onto the surface of membrane proteins in order to solubilize and stabilize them for in- 

vitro evaluation (66-68). We observe a similar behavior between our amphipol, PMAL, and 

adenovirus capsids via zeta potential measurements. Zeta potential measurements can be 

described as the electrical potential at the slipping plane, which is the boundary which separates 

the rest of the solution from the part of the solution that is attached to the surface of the particle 

(25). After three days at room temperature, formulations consisting of adenovirus and PMAL 

had a zeta potential equal to that of formulations containing only our surfactant in buffer, 

indicating that surfactant may have adsorbed to the surface, or is surrounding the surface, of 

adenovirus capsids and that the zeta potential of surfactant is dominating the readout after 3 days 

(Figure 3.4). TEM images support this hypothesis by depicting surfactant surrounding adenoviral 
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capsids and preventing viral aggregation (Figure 3.1). It is important to note that sample 

preparation required a 1:10 dilution in water for clear visualization of adenovirus capsids and 

may not be representative of the formulation at increased concentrations of surfactant. This 

behavior corresponds with the strong stability of adenovirus in PMAL-only formulations for 28 

days at room temperature as well as fewer unidentified protein bands following SDS-PAGE 

analysis (Figure 3.3). As there was no impact on transduction efficiency of adenovirus, we 

believe the 3 unidentified protein bands missing from PMAL-adenovirus formulations, relative 

to adenoviral controls, may be loose protein contaminates which can cause viral particle 

inactivation via aggregation (69), and that the presence of surfactant displaces these impurities 

from the viral surface and contributes to stabilization. We also hypothesize that the reduced band 

sharpness of protein IIIa in PMAL-adenovirus formulations (Figure 3.3) is likely linked to the 

protective effects of the surfactant preventing complete denaturation of proteins, since there was 

no reduction in transduction efficiency. It is important to note that membrane proteins, for which 

amphipols were originally designed to adsorb to the surface of, have a hydrophobic surface (67) 

and the adenoviral capsid consists of proteins which have both hydrophobic and hydrophilic 

regions (70). This likely impacts the affinity of PMAL to the surface of the adenovirus capsid, 

relative to a purely hydrophobic membrane protein surface. Furthermore, due to the 

polydisperse, heterogenous nature of the surfactant at the concentration used in our formulations 

(Figure 3.7) the zeta potential measurements are not robust enough to definitively conclude that 

the surfactant uniformly adsorbs to the capsid surface, as previous studies have shown that larger 

agglomerates (1000 nm) can predominantly govern the estimated zeta potential overshadowing 

smaller species in polydisperse samples (71). Hence, further studies were conducted to evaluate 

surfactant affinity and association with adenoviral capsids. 
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Amphipols were designed to stabilize and solubilize membrane proteins by binding the 

hydrophobic surface of the protein at multiple contact points via non-covalent interactions. This 

results in slow dissociation rates and permanent binding of the membrane proteins. They will 

only unbind membrane proteins in the presence of a competing surfactant or lipid that has a high 

affinity for the target protein (67). With the concept of competitive inhibition in mind, we 

designed a saturation study wherein adenovirus was incubated with amino acid saturated 

surfactant. Glutamic acid and aspartic acid residues have previously been identified as two amino 

acids contributing to the overall negative charge of the hexon protein on adenovirus capsids (14, 

70) and were used to determine whether PMAL had a unique affinity to the amino acids, and in 

turn the hexon protein. We hypothesized that we would see a steady decline in the stability of 

adenovirus samples prepared with amino-acid saturated surfactant due to the inability of the 

surfactant to interact with, and stabilize, adenovirus capsids. Surprisingly, infectious titer in 

samples prepared with adenovirus and glutamic-acid saturated surfactant was undetectable after 

only three days (Figure 3.3). Since glutamic acid only differs in structure from aspartic acid by 

the addition of one methylene group and pH controls did not follow the same trend, we repeated 

the study to guarantee that the effect we were seeing was reproducible. Through two additional 

runs of the study, we confirmed that glutamic acid was interacting with surfactant in a unique 

way which resulted in reduced transduction efficiency. We were able to determine that post- 

translational modifications were not responsible for the impact on transduction efficiency, as all 

samples incubated with amino acid-saturated surfactant or amino-acid controls had no difference 

in band pattern, relative to adenoviral controls, following SDS-PAGE analysis (Figure 3.3). 

Furthermore, the pH (5.5) could not be solely responsible for the impact on transduction 

efficiency as formulations prepared with aspartic acid-saturated surfactant, aspartic acid, and 
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glutamic acid had equal or lower pH values (Table 3.1) but did not result in reduced transduction 

efficiency until later time points (Figure 3.3). A possible explanation for the unique affinity of 

PMAL to glutamic acid might be linked to the reason amphipol’s were originally designed: to 

adsorb to hydrophobic surfaces. Since glutamic acid has one additional methylene group, making 

it slightly more hydrophobic than aspartic acid, PMAL may have created a stronger complex 

with glutamic acid and subsequently irreversibly bound adenovirus, reducing transduction 

efficiency. Glutamic acid and PMAL may have also formed a complex that inadvertently impacts 

adenovirus transduction efficiency by inducing aggregation of viral capsids or by some other 

undetermined mechanism. Zeta potential measurements provided additional insights on the 

stability of the amino-acid complexes formed, based on their repulsive forces, and support this 

hypothesis. Guidelines classifying the stability of nanoparticle solutions, based on zeta potential 

measurements, have commonly been used in the literature and are defined as: ± 0 to 10 mV 

(highly unstable), ± 10 to 20 mV (relatively stable), ± 20 to 30 mV (moderately stable), and ˃ ± 

30 (highly stable) (25). Based on these categories after three days, glutamic acid saturated 

surfactant is a moderately stable solution, aspartic acid saturated surfactant and adenoviral 

control are relatively stable solutions, and aspartic acid, glutamic acid, and surfactant adenoviral 

controls are highly unstable solutions (Figure 3.4). According to these classifications, the 

magnitude of the zeta potentials, the impact on transduction efficiency and SDS-PAGE, the 

likely presence of micelles or premicellar aggregates, and TEM images we hypothesize that 

surfactant surrounds the adenovirus capsid in micelle form and prevents viral aggregation 

(Figure 3.14A) or forms a bilayer vesicle. While we are unsure of the exact orientation of 

surfactant relative to adenovirus, we hypothesize that the interaction between PMAL and 

adenovirus is partially driven by electrostatic interactions (13, 14). Since the hydrophilic regions 
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of the hexon protein have previously been identified (70) as having a stronger negative charge (- 

 

12.3 to -20.97) than the hydrophobic regions (-3.62 to -5.85) we believe it is unlikely that 

nonionic and hydrophobic tails of the zwitterionic PMAL are facing the adenoviral surface, 

whether micelles or premicellar aggregates are present, and suggested the conformations above 

as the two most likely orientations of surfactant-adenovirus interactions. As the zeta potential is 

significantly higher for glutamic acid saturated surfactant than all other samples, we also 

hypothesize that the strength of repulsion in turn may impact transduction efficiency and make it 

difficult for adenovirus to infect cells (Figure 3.14B). However, as aspartic-acid saturated 

surfactant did not have a significantly lower zeta potential, there are likely additional factors 

contributing to the reduction in transduction efficiency. It is also important to note while the zeta 

potential measurements provide insight into electrostatic repulsion, they do not provide 

information on any attractive van der Waals forces, meaning a formulation can be stable and 

prevent aggregation with a low zeta potential (25). This, coupled with the polydispersity of our 

surfactant at the concentration used in our formulation, is why we used biolayer interferometry 

(BLI) and isothermal titration calorimetry (ITC) to better characterize the affinity between 

adenovirus and surfactant. 
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Figure 3.14: Hypothesized Mechanism of Surfactant Mitigated Adenoviral Stabilization. 

A schematic drawing based on a data collected thus far, on the mechanism of adenoviral 

stabilization via surfactant interactions (A). A potential hypothesis, displaying moderate 

repulsive forces, of formulations containing glutamic acid saturated surfactant impact on 

adenovirus transduction efficiency (B). Micelle structures are from reference (72). Virus image 

adapted from: Splettstoesser, T. A simplified 3D-generated structure of the adenovirus. 

Wikimedia Commons accessed 5 March 2019; available at: https://commons.wikimedia.org/wiki 

 
/File:Adenovirus_3D_schematic.png. 
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Biolayer interferometry (BLI) is an optical technique which is used to detect molecular 

interactions that analyzes the interference pattern of white light reflected from the biosensor 

surface and an internal reference layer. When molecules bind to the immobilized protein on the 

biosensor tip the optical thickness increases and there is a shift in the interference pattern which 

is measured in real time. We used Amine Reactive 2nd generation (AR2G) biosensors to 

characterize the interaction between PMAL and adenovirus, wherein proteins are immobilized by 

EDC-catalyzed amide bond formation (EDC: 1-ethyl-3-[dimethylaminopropyl] carbodiimide 

hydrochloride). This results in a covalent bond forming between a reactive amine on the protein 

of interest and the carboxy-terminated biosensor surface (73). Following immobilization, 

biosensors are incubated in various concentrations of surfactant to determine binding affinity. 

While biomolecular interaction analysis techniques typically use a single protein as an analyte, 

Kalyuzhniy et al. successfully conducted surface plasmon resonance spectroscopy (SPR) on 

intact adenovirus capsids as a part of their analysis of bond formation between human 

coagulation factor (FX) and adenovirus capsids as well as hexon proteins (26). Although SPR 

utilizes a similar approach to studying molecular interactions as BLI, due to the use of 

microfluidics, BLI is a higher throughput technique which allows 96 samples to be run in parallel 

in half an hour. We designed our BLI studies with this in mind, however, were unable to detect 

or quantify the strength of interaction, after several attempts at optimization (Figure 3.5). This 

led us to conclude that either the amine on the surfactant was no longer in a favorable 

orientation, or that the interactions between the virus and surfactant were outside the quantifiable 

range of BLI. We turned to an alternative technique, Isothermal Titration Calorimetry (ITC) 

because it is more efficient at quantifying binding of weaker interactions and measures the heat 

change generated due to two molecules binding in solution (74). We were able to detect the Kd 
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(2.25 x 10-9 ± 0.848 x 10-9 M) and thermodynamic parameters (ΔG: -11.8 ± 0.252 kcal/mol, ΔH: 

 

-0.578 ± 0.125 kcal/mol, -TΔS: -11.267 ± 0.28; Figure 3.6) of surfactant titrated into adenovirus. 

Taken together, these values would suggest that the interaction between the surfactant and 

adenovirus may be thermodynamically favorable and entropically driven, pointing towards 

hydrophobic interactions such as desolvation of the protein surface (75). Considering the 

hypothesized interaction between surfactant and adenovirus in Figure 3.14 A, we believe this 

corresponds with the assembly of surfactant, in the form of micelles or premicellar aggregates, 

on or around the surface of adenovirus capsids which displaces water molecules from the viral 

surface. This results in the prevention of hydrolysis during long term storage and eventual viral 

inactivation. Additionally, the high affinity detected using ITC, confirms that PMAL was likely 

no longer in a favorable orientation to bind adenovirus capsids after immobilization using BLI 

(Figure 3.6). It is important to note, that the large variability detected during each run of ITC 

makes it difficult to make a confident assertion based on this data alone. We believe since the 

surfactant is polydisperse at the concentration in our formulation (Figure 3.7) and has a formula 

weight described as 39,000 to 65,000, which made estimating the molar concentration difficult 

and imprecise, that this may be a source of the variability. Additionally, adenovirus is a complex 

arrangement of several proteins and not a single peptide sequence. We believe this may also 

explain the high molar ratio we observed, indicating several binding points all over the 

adenovirus capsid (Figure 3.6). The difference in initial concentration between PMAL and 

adenovirus, in an attempt to mimic the micellar conditions of the formulation may also result in 

false positives, increasing the molar ratio. Reversing the orientation of the experiment may 

eliminate the need for a large disparity between protein and ligand concentrations, wherein the 

ligand (PMAL) is in the cell and the protein (Adenovirus) is titrated in during the ITC run. 
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However, it is our belief, that the system we are attempting to analyze is too heterogenous for 

ITC data to be meaningful and reliable. While these studies provide an interesting starting point, 

future analysis will likely require the identification of specific peptide sequences for analysis of 

interactions between the amphipol and adenovirus, prior to additional ITC characterization. This 

can be done using cryo-EM analysis and single particle reconstruction (26, 76) or fluorescent 

labeling (77, 78). Furthermore, in-house synthesis, or purchase of PMAL synthesized with a 

controlled molecular weight should help reduce the heterogeneity of the system being analyzed. 

Upon evaluation of surfactant interactions with adenovirus capsids isolated from the 

other formulation components, we wanted to determine how the addition of formulation 

components impacts the observations of surfactant affinity to adenovirus. Due to the reduction of 

transduction efficiency of adenovirus in glutamic acid-saturated surfactant formulations, we 

evaluated if the same effect was present in formulations containing all the formulation 

components. We saw improved transduction efficiency in liquid formulations containing 

glutamic-acid saturated surfactant (Figure 3.3). However, films were more negatively impacted 

by the presence of glutamic acid saturated surfactant than liquid formulations. We hypothesize 

that the polymer base and sorbitol weaken the affinity between PMAL and glutamic acid and 

mitigate the impact on transduction efficiency in liquid formulations more efficiently as the 

removal of moisture, during the drying process, likely reduces some of the buffering effects of 

interactions between to the amphipol and virus. A second look at the FTIR data from a previous 

study conducted by our laboratory (13) also supported the hypothesis that additional formulation 

components buffer the interactions of excipients with adenovirus. We initially noted the increase 

in absorbance spectra as virus was added to base, base and sorbitol, and the optimized 

formulation, linked to the density of functional groups increasing, was decreasing as additional 
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excipients were added. We interpreted this as a potential sign of enhanced integration of 

adenovirus in the film. However, we also want to highlight the significant peak shift which 

occurred in the N-H wave range (3300-3500) of spectra of films prepared in base and adenovirus 

(13). Complexation of adenovirus with base results in bond stretching, characterized by peak 

shift from 3421 cm-1 in films without virus to 3376 cm-1 in films with virus. This shift is reduced 

in FTIR spectra of films prepared with HPMC and sorbitol (3384 cm-1 in films without virus to 

3366cm-1 in films with virus) and is not present in the spectra of films prepared with all three 

formulation components. TGA analysis reveals that the addition of PMAL and virus, containing 

2.5% glycerol as a cryopreservative, in films results in earlier thermal degradation, as well 

(Figure 3.10). Furthermore, when determining the saturation points by pH testing with amino 

acid-saturated surfactant and formulations containing adenovirus, we saw that the presence of 

glycerol created a buffering affect wherein higher amino acid concentrations were need to reduce 

the pH of the formulations to the targeted pH, 5.5 (Figure 3.2). Taken together, this suggests that 

the complete formulation disrupts the individual interactions observed between the surfactant 

and adenovirus as well as the base and adenovirus. While this may seem unfavorable, the affinity 

of adenovirus’ penton fiber for CAR (coxsackievirus-adenovirus receptor) receptors on cells, 

which is where the virus first attaches to the cell (79), has a dissociation constant of 10−9 to 10−10 

M (80). Therefore, the virus should not have a greater affinity for the surfactant or any 

formulation component, than CAR cell receptors, as it might have a deleterious effect on 

transduction efficiency and inhibit release of the virus from the stabilization matrix. 

Moisture content also plays a role in excipient interactions and viral stabilization. It has 

been established in lyophilization processes, wherein water is removed from a formulation via 

freezing and sublimation, roughly 1-3% of moisture content is optimal for the successful 
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stabilization of viruses as there is some moisture associated with internal capsid structures, which 

if depleted will result in protein denaturation and capsid disruption (16, 37, 38, 81). However, in 

our preparations we observed stability of adenovirus at 4°C and 20°C for three months (13) and 

optimized formulations initially had a significantly higher moisture content, validated by two 

techniques (13%; Figure 3.10 and 3.11). The stepwise addition of formulation excipients 

revealed that the moisture content of films increased due to the addition of sorbitol and virus 

(Figure 3.10 and 3.11). However, we were able to determine that the increase in moisture content 

from optimized (base/sorbitol/surfactant) films prepared without virus to optimized films 

prepared with virus was likely linked to the presence of glycerol in adenoviral stocks, and not the 

addition of the virus itself (Figure 3.11). Increase in moisture content of films prepared with 

sorbitol and glycerol, which are plasticizers is well established in the literature (82, 83) and 

glycerol specifically has been documented  to impact moisture content more so than sorbitol 

(83). This is supported by our studies as the addition of sorbitol to base resulted in a 2% increase 

in moisture content, but the addition of glycerol resulted in a 4% increase in moisture content 

(Figure 3.11). Observations from the optimization process have also highlighted the importance 

of glycerol in thin film preparations, as films stored for more than 1 month without glycerol tend 

to crystallize, while those prepared with the plasticizer maintain a clear physical morphology. In 

summary, the initial moisture content of films is not detrimental to adenoviral stability, as would 

be expected based on the literature, and is likely linked to the intermolecular interactions at play 

between formulation components which stabilize adenovirus. Future studies will track the impact 

of long-term storage on moisture content, thermal degradation, and absorbance spectra of films, 

as that may provide additional insight into the mechanism of adenoviral stabilization in our novel 

thin film matrix. 
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A universal vaccine delivery platform would streamline the vaccine production process 

and could simplify vaccine design. Therefore, the efficacy of the thin film platform at stabilizing 

alternative viruses, with different properties (Table 3.2), was evaluated. Enveloped viruses, 

respiratory syncytial virus (RSV) and herpes simplex virus (HSV), as well as non-enveloped 

adeno-associated virus (AAV), were efficiently stabilized in the thin film matrix likely due to 

their negative surface charge (Figure 3.12). However, incorporation of influenza (H1N1) in the 

thin film matrix, did not result in successful stabilization. We theorized this may be because of 

the positively charged Hemagglutinin surface protein (84) interaction with the negatively 

charged arm of the zwitterionic surfactant leading to partial viral inactivation, as Hemagglutinin 

binds cell receptors and drives viral entry (85). Additionally, the main difference between H1N1 

and the other viruses examined was the presence of a positive surface charge. Choline was 

identified as an alternative surfactant which carried a predominantly positive charge and would 

theoretically have a higher affinity to Neuraminidase surface proteins of Influenza, which are 

negatively charged. While the infectious titer improved significantly in optimized concentrations 

of choline, the surfactant was toxic to buccal cells and infectious titer declined over time (Figure 

3.13). The is most likely due to the ability of choline to solubilize cell membranes in the 

presence of influenza and illicit cytotoxic effects (46, 47). Furthermore, influenza is sensitive to 

alkaline pH’s and the shift in pH over time likely resulted in decreased stability (86, 87). 

Calcium α-D-Heptagluconate dihydrate (heptagluconate), on the other hand, maintained a neutral 

pH more efficiently and prevented viral degradation of influenza’s infectious titer over time at 

4°C (Figure 3.13). However, films containing heptagluconate were not as successful at 

stabilizing influenza at room temperature. Optimization of excipient concentration or addition of 

other excipients may result in improved recovery of H1N1 from the thin film matrix. Mistilis et 
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al. demonstrated similar efficacy in formulations prepared sodium carboxy methyl cellulose and 

heptagluconate with the addition of arginine (48). While arginine has previously been used in 

many approved formulations (Appendix Table 1 and 2) for its ability to prevent protein 

aggregation and improve stability (49), it resulted in film crystallization and was not compatible 

with the film forming ingredient in our thin film matrix. It is important to note that additional 

replicates will also need to be analyzed, as there were preliminary screening studies only 

duplicate samples were analyzed. 

Characterizing how formulation components contribute to the overall stability of 

adenovirus proved quite challenging due to the polydisperse and heterogeneous nature of the 

surfactant utilized in our formulations. While we were unable to conclusively determine the 

exact mechanism of interaction between PMAL and adenovirus, all of our acquired data supports 

the likely conclusion that PMAL surrounds the viral surface, preventing aggregation and limiting 

contact with water molecules via hydrophobic interactions. Furthermore, the difficulty stabilizing 

influenza supports the theory that charge based, non-covalent interactions also contribute to the 

affinity of adenovirus to PMAL. It is our belief that these studies provide key insights into the 

future characterization of intermolecular interactions and that obtaining a more homogenous 

sample of surfactant will simplify and streamline future characterization. 
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Chapter 4: Novel Oral Film Technology Induces Protective 

Immunity Against Influenza in Mice and Enhances 

Permeability 

 

4.1 Introduction 

 
During the 20th century it is estimated that 300 million people died of smallpox, roughly 

three times higher than the total death toll of World War I and II combined (1). The development 

and careful distribution of a vaccine resulted in the complete eradication of smallpox on May 8, 

1980. Development of vaccines against other infectious diseases like polio, measles, mumps, 

rubella, and meningitis, have also reduced their associated mortality rates by 97-99% (2). 

However, infectious diseases are still the second cause of death worldwide, disproportionately 

affecting individuals in low and middle income (LMIC) countries (3-6). While some of these 

deaths are linked to pathogens for which a vaccine has not been developed, an estimated 1.5 

million people die annually from vaccine-preventable diseases (7). This can be partially 

attributed to the need for trained personnel to administer vaccines and the lack of thermostable 

vaccines, which become easily inactivated if they are exposed to temperatures outside of their 

recommended range (Vaccine Appendix Table 1 & 2) and have to be discarded (8, 9). In order to 

prevent thermal inactivation due to a disruption in the cold-chain, complex maintenance and 

monitoring protocols are developed which impact the associated costs (10, 11). Over half of the 

costs linked with implementing vaccine programs originate from service delivery and supply 

chain maintenance expenditures (12). This highlights the need for significant improvement in 

vaccine technology and administration. 
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Many pathogens enter the body through mucosal routes. For example, SARS-CoV-2 and 

Influenza initiate infection through the nose and mouth passing through the mucous membranes 

in the respiratory tract (13-15). The development of immunologically strong mucosal barriers 

can prevent infection at the entry point and stimulate both local and systemic immunity. 

However, of the 58 approved vaccines against viral pathogens in the United States, 51 are 

currently given by subcutaneous or intramuscular injection (Appendix Table 2). This generally 

results in a notable antibody-mediated immune response with limited cellular and mucosal 

immunity (16, 17). Conversely, mucosal immunization routes generally induce production of 

local antibodies and T-cell mediated responses, and sometimes a robust systemic response (18). 

In order to be effective, antigens travel through the gastrointestinal tract and are processed by 

antigen presenting cells via M cells in Peyer’s patches (19). Oral vaccination strategies were first 

established with the use of the Sabin polio vaccine (OPV). Since then oral vaccines for 

Rotavirus, Cholera, Adenovirus, and Typhoid Fever have been developed (20). However, oral 

vaccine formulations must be able to protect the antigen from biological and physiochemical 

barriers. This includes various enzymes like pepsin and trypsin as well the variable pH, 1.0 to 

7.0, of the gastrointestinal tract (21, 22). Buccal and sublingual administration of vaccines offers 

a distinct advantage over classical oral delivery as antigens can be processed by local antigen 

presenting cells while evading the barriers of the gastrointestinal tract (23). The presence of these 

specialized resident antigen presenting cells, Langerhans cells, and direct access to 

submandibular lymph nodes makes both routes an excellent candidate for vaccine delivery. 

However, the thickness of the human buccal mucosa, 500-800 μm (24, 25), and high salivary 

flow rate associated with the sublingual route, 0.3-0.4 mL/min without stimulation and 4 to 7 

mL/min with stimulation (25, 26), have prevented these routes from being exploited to their full 
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potential. To date, there are no approved vaccines in the United States that target the sublingual 

or buccal mucosa. Phase I clinical trials have explored sublingual vaccine delivery for influenza, 

cholera, human papillomavirus, and tuberculosis (27). The majority of these immunogens were 

administered using the injectable vaccine formulation to the sublingual cavity as drops and 

evaluated for immunogenic effect. However, only one study was actually tailored for formulation 

to the mucosal delivery route. Nitto Denko Corporation formulated a proprietary tablet, 

NSV0001, for immunization against seasonal influenza with 15, 30, or 60 µg of hemagglutinin 

antigen and a novel adjuvant, ND002. The trial was completed in 2017, but the results have not 

been published (28). 

Mucosal vaccines often require adjuvants to overcome the bioavailability limitations 

associated with oral routes previously mentioned. These adjuvants can act as either permeation 

enhancers or immunostimulants, and in some cases both (29). While strong candidates for 

mucosal adjuvants have been identified, for example protonated chitosan which opens tight 

junctions and stimulates cytokine response, they have not been successfully translated into 

clinical application (30, 31). One of the hurdles for approval is the associated safety of the 

compounds and while four adjuvants, (aluminum, AS04/AS01B, MF59, CpG 1018) have been 

approved for human use in injectable vaccines in the United States, they have been linked with 

narcolepsy, thyroiditis, and Guillain-Barre syndrome (32-34). Common flavorings, such as 

cinnamaldehyde and vanillin, may provide a safer alternative to organically synthesized or 

modified adjuvants and have been previously identified to stimulate transient receptor potential 

(TRP) channels (35-38). This may prove to be significant as TRP channels, located in the 

epithelial lining of the oronasal cavity, are voltage-gated cation channels that belong to a 28- 

protein superfamily, and play a role in dendritic cell activation (TRPA), antigen presentation 
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(TRPA), T cell differentiation (TRPA), B cell growth, proliferation, and survival (TRPV and 

TRPM), and cytokine release (TRPV and TRPM) (39, 40). Therefore, a way to overcome the 

risk associated with already approved adjuvants is to use natural compounds, if proven to be 

immunostimulants, to pave the way for safe, immunogenic mucosal vaccines. 

We have evaluated the utility of sublingual administration of a recombinant adenovirus 

serotype 5-based vaccine against the Ebola virus as a method of noninvasive immunization that 

bypasses the gastrointestinal tract (41). In this case, depositing 10µL of a liquid formulation under 

the tongue of mice elicited a notable cellular (TH1) and humoral (TH2) response and improved 

survival from a lethal dose of mouse adapted Ebola, with respect to the same vaccine given by the 

intramuscular route. These findings prompted us to utilize our novel thin film dosage form (42) to 

target the sublingual and buccal regions of the oral mucosa, minimizing the chance of accidental 

swallowing of the formulation, and to strictly compare the immune response induced by each route 

of administration. To achieve this goal, we performed a proof of concept study illustrating the utility 

of our thin film as an oral dosage form. We then used human buccal explants, derived from oral 

epithelial cells that were cultured to form multilayered, highly differential models of the human 

buccal epithelium, to evaluate the bioavailability of H1N1 Influenza virus in formulated oral films 

and to determine if the addition of TRP agents would be improve the cytokine response and 

bioavailability and therefore induce a greater immune response in vivo. The results are summarized 

here along with a thorough evaluation of the humoral immune response and protective immunity 

generated by sublingual and buccal immunization. 
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4.2 Materials and Methods 

 
4.2.1 Materials 

 

Dulbecco’s PBS, Trizma base [2-amino-2-(hydroxymethyl)-1,3-propanediol], FBS 

(qualified, U.S. origin), glycerol, D-sorbitol [USP (United States Pharmacopeia) grade], sodium 

azide, SigmaFast BCIP/NBT tablets, cinnamaldehyde (W228613-100G-K), capsaicin (M2028- 

250MG), and vanillin (V1104-2G) were purchased from Sigma-Aldrich (St. Louis, MO). 

Eugenol (97-53-0) was purchased from Acros Organics (Fair Lawn, NJ). AM 0902 and GSK 

2193874 were purchased from Tocris Bioscience (Bristol, UK). Poly(maleic anhydride-alt-1- 

octadecene) substituted with 3-(dimethylamino)propylamine was purchased from Anatrace 

(Maumee, OH). MEM was purchased from Mediatech (Manassas, VA). EMEM was purchased 

from Lonza (Basel, Switzerland). Hydroxypropyl methylcellulose 4*KM was provided by the 

Dow Chemical Company (Midland, MI). Penicillin (10,000 IU) and streptomycin (10,000 μg/ml) 

were purchased from Gibco Life Technologies (Grand Island, NY). EpiOralTM human buccal 

explants were purchased from MatTek Life Sciences (Ashland, MA). Anti-Influenza A Antibody 

(MAB8258B-5) and Streptavidin, Alkaline Phosphatase Conjugate were purchased from 

Millipore Sigma (Burlington, MA). Influenza A Virus A/Puerto Rico/8-9VMC3/1934 (H1N1) 

was purchased from BEI resources (Manassas, VA). Purified oligonucleotide primers were 

custom synthesized by Sigma Life Science (Woodlands, TX). All other chemicals were of 

analytical reagent grade and purchased from Thermo Fisher Scientific (Pittsburgh, PA) unless 

specified otherwise. 
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4.2.2 Permeability of Films on Epi Oral Explants 
 

The EpiOralTM assay medium was warmed to 37°C and was added to 0.3 mL/well of a 

sterile 24 well plate. Under sterile conditions, the EpiOralTM tissues were transferred to the 24 

well plate (1 sample/well) and placed at 37°C, 5% CO2 for 1 hour to equilibrate the tissues. Films 

were prepared following standard protocol (42) and evaluated for changes in pH using pH 

indicator solution and film thickness using a Mitutoyo Digimatic Micrometer (Kanagawa, 

Japan). 150uL films were reconstituted in sterile tubes containing 1mL of EpiOralTM assay 

medium, warmed to 33°C for 15 minutes. Following equilibration of the tissues, tissue integrity 

was evaluated using an EVOM2 Epithelial Voltmeter (World Precision Instruments, Sarasota 

County, FL). Then the reconstituted films were added to the surface of EpiOralTM tissues and the 

plates were returned to the incubator. After 30 minutes of elapsed permeation time, the entire 

volume was collected from each of the wells and replaced with fresh, warmed EpiOralTM assay 

medium. This procedure was repeated for 60, 90, 120, and 180 minutes and 24 hours. At the end 

of testing, tissue integrity was evaluated again. Results were evaluated using an infectious titer 

assay on MDCK cells (ATCC #CCL-34). The percent recovery was calculated as: 

 
% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 

log (𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑡𝑖𝑡𝑒𝑟 𝑜𝑓 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑑𝑜𝑠𝑒) 

log(𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑡𝑖𝑡𝑒𝑟 𝑜𝑓 𝑑𝑜𝑠𝑒 𝑎𝑑𝑚𝑖𝑛𝑖𝑠𝑡𝑒𝑟𝑒𝑑) 

 
× 100 

 

4.2.2.1 RNA Isolation, RT-PCR and qRT-PCR 

 

Each of the EpiOralTM samples was rinsed three time with phosphate buffered saline 

(PBS, MatTek) and removed from the plastic cylinder with forceps and deposit it in a syringe 

filled with 140 uL PBS and 560 uL lysis buffer provided in the QIAmp Viral RNA Mini Kit 

(Qiagen). A 20 gauge needle is attached to the 1mL syringe and the tissues were forced through 

the needle 25 times for homogenization. Afterwards the samples were incubated at 20°C for 10 
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minutes and then centrifuged 10 minutes at 14,000 rpm to pellet the tissue debris. Total RNA 

was isolated using the QIAamp Viral RNA Kit (Qiagen) according to manufacturer’s 

instructions. Isolated RNA was reversed transcribed with random hexamers using the 

SuperScript® III first-strand synthesis system (Thermo) and a Master Cycler Pro thermal cycler 

(Eppendorf AG, Hamburg, Germany). Quantification of H1N1 genome RNA was performed 

using the SYBR® GreenERTM qPCR SuperMix (Thermo) and the ViiA7TM Real-Time PCR 

system (Applied Biosystems, Carlsbad, CA) with the following cycling conditions: 50 °C for 2 

minutes, 95 °C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60 °C for 60 

seconds. Forward Primer: 5’-GTCCGGCATCATCACCTCAA-3’ and Reverse Primer 5’- 

ACCGGCAATGGCTCCAAATA-3’were used as primer sequences (43). The percentage of the 

dose retained in tissues was determined by adding the amount of immobilized virus to the 

amount of virus present in basolateral media and determining the change in total dose percent 

recovery using the equation provided above. 

4.2.2.2 Permeability Coefficient Determination 

 

Calculation of permeability coefficient, kp, as defined by Fick’s law, can be calculate 

from the following equations: 

 
𝑘𝑝 = 

(𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑙𝑢𝑥) 

(𝐶𝐷 − 𝐶𝑅) 

 

The flux (moles/cm2/hr) versus time was determined by assaying the receiver and donor samples 

for infectious titer on MDCK cells (ATCC #CCL-34) at each time point, the average donor 

solution concentration at the end of sampling, and the initial concentration of the receiver 

solution. The tissue area is 0.6 cm2. Then the average flux was determined by averaging the flux 

across time intervals after steady state (± 20%) was achieved. CD is the concentration of the drug 
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in the donor solution (ivp/mL). CR is the concentration of the drug in the receiver solution 

(ivp/mL). 

4.2.3 Assessment of Cytokine Response on Epi Oral Explants 
 

The EpiOralTM tissues, assay medium, and films were prepared as described above. After 

6 hours of elapsed permeation time, the entire volume was collected from each of the wells and 

replaced with fresh, warmed EpiOralTM assay medium. This procedure was repeated at 24 hours. 

At the end of testing, tissue integrity was evaluated again. The samples were evaluated for 

cytokine levels using the Th1/Th2 Cytokine 11-Plex Human ProcartaPlex™ Panel (Invitrogen) 

according to manufacturer’s instructions for eleven cytokines: IFNγ, IL-12p70, IL-13, IL-1β, IL- 

2, IL-4, IL-5, IL-6, IL-18, TNFα, and GM-CSF. 

4.2.4 In vivo assessment of film performance 

 

All procedures were approved by the Institutional Animal Care and Use Committees at 

The University of Texas at Austin and are in accordance with the guidelines established by the 

National Institutes of Health for the humane treatment of animals. 

4.2.4.1 Immunization. 

 

Eight-week-old male BALB/c mice were obtained from the Jackson laboratory (Bar 

Harbor, ME). Animals were housed in a temperature-controlled, 12-hour light-cycled facility at 

the Animal Research Center of The University of Texas at Austin. Mice were given free access 

to standard rodent chow (Harlan Teklad, Indianapolis, IN) and tap water. Animals were 

anesthetized by a single intraperitoneal injection of a 3.9:1 mixture of ketamine (100 mg/ml, 

Putney, Portland, ME) and xylazine (100 mg/ml, Sigma-Aldrich, St. Louis, MO). Once deep 

plane anesthesia was achieved, animals were immunized with 2000 CEID50 (Chicken Embryo 

Infectious Dose 50% endpoint) of influenza A virus, A/Puerto Rico/8-9VMC3/1934 (H1N1) 
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(BEI Resources, Manassas, VA) by intramuscular and intranasal routes. Films in preliminary 

studies were prepared with 2000 CEID50 A/Puerto Rico/8-9VMC3/1934 (H1N1) for SL and BU 

routes. Films in follow-up studies were prepared at the same dose, 2000 CEID50 A/Puerto 

Rico/8-9VMC3/1934 (H1N1), for sublingual (SL), buccal (BU), buccal with the flavoring 

cinnamaldehyde (BUF), and buccal inactivated (BUI). BUI films were prepared by heat 

inactivating the virus for 3 days at 60°C. Intramuscular injection involved direct injection of 

virus diluted in saline into each gastrocnemius muscle located on the hindlimb (50 μl per 

muscle). Nasal immunization was performed by slowly dripping virus diluted in saline into each 

nostril (10 μl per nostril) using a standard micropipette (Gilson, Middleton, WI). For SL 

immunization, the SL epithelium was swabbed dry and 20 μl of saline was added to act as an 

adhesive for the film. Each film was subsequently placed under the tongue using sterile forceps. 

For BU/BUF/BUI immunization, the upper part of the check pouch was swabbed dry and 10 μl 

of saline was added to each cheek to act as an adhesive for the film. Half of each film was placed 

on the upper part of each cheek pouch using sterile forceps. For both SL and BU doses, 

dissolution time was complete within 5 min without the animals swallowing or chewing the film. 

Animals given the vaccine by the SL or BU routes were maintained in an upright position for 30 

min after immunization to minimize choking and accidental swallowing of the vaccine. 

4.2.4.2 Challenge with Mouse-Adapted Influenza Virus and Necropsy. 

 

Twenty-eight days post immunization, vaccinated mice were challenged by intranasal 

administration using 100,000 CEID50 A/Puerto Rico/8-9VMC3/1934 (H1N1) using the technique 

described above. After challenge, animals were monitored for clinical signs of disease and 

weighed daily for 10 days. At the end of the study, all animals were euthanized by terminal heart 

stick and serum was collected by centrifugation of whole blood for ten minutes at 10,000 rpm. 
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Lungs were placed in an antibiotic solution containing Streptomycin (1g) and Penicillin (5 

million units) and a tissue grinder was used to process the tissues. Lung homogenates were 

centrifuged for 20 minutes at 5000 rpm and 4°C and subsequently analyzed using an infectious 

titer assay on MDCK cells (ATCC #CCL-34). 

4.2.4.3 Neutralizing Antibody Assay. 

 

Anti-influenza antibody (neutralizing antibody) titers were assessed in serum samples 

collected 28 days after vaccination and 10 days after challenge. Heat-inactivated serum was 

diluted in MEM in twofold increments starting from a 1:20 dilution. Each dilution was mixed 

with A/Puerto Rico/8-9VMC3/1934 (H1N1) for 1 hour at 37°C and added to MDCK (Madin- 

Darby canine kidney) cells in Zero-Serum Medium PSGA (Penicillin, Streptomycin, 

Gentamicin, and Ampicillin) (Quidel, San Diego, CA) on 96-well plates. Two hours later, 100 μl 

of MEM supplemented with 20% FBS was added to each well. Cells were incubated an 

additional 24 hours and visualized by histochemical staining. For each sample, the serum 

dilution that corresponded to a 50% reduction in viral expression was obtained by the method of 

Reed and Muench as described previously (44). The absence of neutralization in samples 

containing medium only (negative control) and FBS (serum control) were criteria for 

qualification of each assay. 

4.2.4.4 Characterization of influenza-specific antibodies. 

 

To assess anti-influenza immunoglobulin levels in serum, Immulon 2 HB plates (Thermo 

Fisher Scientific, Pittsburgh, PA) were coated with influenza A virus, A/Puerto Rico/8- 

9VMC3/1934 (H1N1) (1 μg per well) in bicarbonate buffer (pH 9.5) overnight at 4°C. Plates 

were washed three times with PBS containing 0.05% Tween 20 and blocked in PBS containing 

1% bovine serum albumin (Sigma-Aldrich) for 1 hour at room temperature. Heat-inactivated 
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serum samples were diluted 1:5 in sterile PBS. Fifty microliters of each dilution was added to the 

antigen-coated plates for 4 hours at room temperature. Plates were washed three times with PBS 

containing 0.05% Tween 20 and incubated with horseradish peroxidase–conjugated goat anti- 

mouse IgG, IgG1, IgG2a, IgG2b, and IgA (1:2000; Southern Biotechnology Associates, 

Birmingham, AL) in separate wells for 2 hours at room temperature. Plates were washed, and 

100 μl of substrate solution [o-phenylenediamine (0.4 mg/ml) (Sigma) in 50 mM phosphate- 

citrate buffer (pH 5.0) with 0.03% (v/v) hydrogen peroxide] was added to each well. The plate 

was incubated at room temperature for 10 min, and optical densities were read at 450 nm on a 

microplate reader (GloMax-Multi+ Detection System, Promega, Madison, WI). 

4.2.4.5 TH1:TH2 Index Calculation 
 

In order to determine whether thin film vaccination induced a TH1 (IgG2a) or TH2 (IgG1) 

polarization, we used the following protocol. The index was calculated as (IgG2a/IgG1) using 

OD260 values. According to such calculation, an index calculation < 1 stands for a TH2 

polarization; an index > 1 stands for a TH1 polarization. 

4.2.4.6 Assessment of Cytokine Response Following Lethal Influenza Challenge 

 

Whole blood collected at necropsy, following lethal Influenza challenge, was centrifuged 

for ten minutes at 10,000 rpm and serum was isolated. The serum samples were evaluated for 

cytokine levels using the Th1/Th2 Cytokine 11-Plex Human ProcartaPlex™ Panel (Invitrogen) 

according to manufacturer’s instructions for eleven cytokines: IFNγ, IL-12p70, IL-13, IL-1β, IL- 

2, IL-4, IL-5, IL-6, IL-18, TNFα, and GM-CSF. 
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4.2.4.7 Cytotoxicity Assay 

 

Cytotoxicity was assessed by measuring the amount of adenosine triphosphate (ATP), an 

indicator of metabolically active cells, in cultures using a Cell Titer-Glo Luminescent Cell 

Viability assay kit (Promega, Madison, WI) according to the manufacturer’s instructions. Data 

generated from this assay was used to evaluate the cytotoxicity of fresh formulation 28 after 

exposure to human buccal cells (TR-146) for 30 min, 60 min, and 120 min. 

4.2.5 Statistical Analysis 

 

Statistical analysis of data was performed using JMP (JMP Statistical Software from 

SAS, Cary, NC). Differences with respect to treatment were calculated using unpaired two-tailed 

Student’s t tests. Differences were determined to be significant when the probability of chance 

explaining the results was reduced to less than 5% (P < 0.05). 

4.3 Results 

 
4.3.1 Preliminary In Vivo Assessment of Film Performance 

 

In order to determine whether our optimized novel thin film can be used as a platform for 

successful vaccination, we stabilized H1N1 influenza virus in the film matrix and administered it 

to the buccal and sublingual mucosa of BALB/c mice at a dose of 2000 CEID50. Films 

successfully dissolved within 30-60 seconds after placement in the mouth. Mice given the same 

dose of unformulated virus by the intranasal (IN) or intramuscular (IM) routes were included for 

comparison. Analysis of serum collected 28 days post-immunization revealed that there was no 

significant difference in the level of anti-influenza IgG antibodies between all treatment groups 

(Figure 4.1A) and that animals immunized by the buccal route had significantly higher levels of 

neutralizing antibodies with respect to those immunized by IM injection (Figure 4.1B, p < 
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0.001). The formulation was well tolerated and there was no visible irritation to the buccal or 

sublingual mucosa after administration and dissolution of films. These observations are in line 

with a cytotoxicity study conducted on TR146 cells, an in vitro model of the human SL and BU 

mucosa (45), where each formulation component with and without virus failed to induce 

measurable toxicity over a 2 hour exposure time (Figure 4.1C). These studies are from a recent 

publication (42). 

 

 
Figure 4.1: Immunogenicity Profiles of Thin Film Vaccine Validates Use in Oral 

Immunization Strategies. 

Individual samples of heat inactivated serum collected 28 days after immunization from BALB/c 

mice were evaluated for influenza-specific IgG by ELISA (A). The average optical density read 

from samples obtained from each treatment group are presented to serve as a measure of relative 

antibody concentration. Each assay was validated by readings obtained from a sample collected 

from mice immunized with the same strain of influenza with an established anti-influenza 

antibody titer of 1:40 (+ Control, Emory). Readings obtained from samples collected from mice 

given saline (negative controls) were subtracted from all absorbances. Neutralization capacity of 

antibodies was assessed by serial dilution of heat inactivated serum with a fixed amount of H1N1 

influenza virus prior to infection of MDCK cells (B). The reciprocal dilution plotted for each 

treatment group reflects the dilution at which the ability of the virus to infect target cells was 
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reduced by 50%. Cell activity was assessed by measuring the amount of adenosine triphosphate 

(ATP) in cultures using a Cell Titer-Glo Luminescent Cell Viability assay kit from Promega (C). 

TR-146 were treated for 30, 60, and 120 min with MEM media, influenza virus (virus), 

formulation 28 alone (film), film with virus, and DMSO. In each panel, results are expressed as 

average values ± the standard error of the mean and are representative of groups containing 4 

mice per immunization route. *p<0.05, ***p<0.001, two-tailed Student’s t-test. These studies are 

from a recent publication (42). 

 

 

 
4.3.2 Permeability of Formulations on Epi Oral Explants 

 

By understanding and improving the bioavailability of influenza across the buccal 

mucosa we may be able to improve the immune response observed. In a previous study, we 

established that the presence of surfactant in thin film formulations was key to achieving rapid 

and complete release of an infectious dose of virus upon dissolution (42). However, in order to 

study the ability of optimized thin film formulations to facilitate transport of vaccine through the 

oral mucosa in a physiologically relevant manner, permeability of virus across human buccal 

explants was evaluated (46, 47). Formulated dried films contained 3 x 107 infectious virus 

particles (ivp) of human H1N1 virus, comparable to the dose contained in live attenuated 

Flumist® vaccines (48). Unformulated influenza, prepared only in EpiOralTM assay medium, was 

unable to pass through the human explants into the basolateral chamber during a 3-hour time 

period (Figure 4.2A). However, films containing an optimized formulation were reconstituted in 

assay medium and placed on the human explants, 84 ± 0.2 % (83.5%, 83.8%) of the dose 

successfully permeated through the membrane and into the basolateral chamber. Increasing the 

dose to 1 x 108 ivp resulted in a lower permeability with 75 ± 1.8 % (74%, 76%) of the dose 



199  

successfully passing through human explants. Data is provided as the average ± standard 

deviation since this is most representative of the spread of the data as well the actual values for 

each sample, since n=2. The permeability coefficient was also calculated in order to determine 

the rate at which the virus was able to cross the human explants during the three-hour sampling 

period. Films prepared with the low dose had a three-fold faster rate of permeation than the films 

prepared with the high dose (Figure 4.2B). Unformulated virus resulted in limited permeability. 

After this discovery, we investigated whether the virus was getting trapped in the tissues and if 

prolonged sampling would impact permeability. We used real time quantitative PCR to quantify 

the amount of virus remaining in tissue samples after 3 hours. Explants tested with films 

prepared with the low dose contained 3.5 ± 3.5% (1%, 6%) of the dose immobilized in the 

tissues (Figure 4.2C). Further increasing the dose of influenza resulted in almost an eight-fold 

increase, 23 ± 9.2% (17%, 30%), in the amount of virus retained in the tissue. However, without 

the assistance of formulation excipients, influenza virus was unable to permeate through the 

buccal explants and 96 ± 7.2% (91%, 100%) of the dose remained in the tissues. Unfortunately, 

sampling from the apical membrane would disturb the integrity of the tissues, and therefore the 

missing dose is assumed to be located in the apical chamber. Transepithelial electrical resistance 

(TEER) was measured and found to be 410 ± 50 ohm*cm2 at the beginning of the studies and 

330 ± 80 ohm*cm2 at the end of the studies, well within the normal range established in the 

literature (47). 



200  

 
 

Figure 4.2: Formulations Foster Penetration through the Human Buccal Mucosa. 

Films containing 3 × 107 i.v.p. (Low Dose) and 1 x 108 i.v.p (High Dose) were reconstituted in 

EpiOralTM assay medium and placed in the apical chamber of human explants. Virus was 

prepared with assay medium at the low dose of 3 × 107 i.v.p (Unformulated). (A) Cumulative 

Release Profiles. Samples were collected from the basolateral side of the tissue for 3 hours and 

the concentration of infectious virus was determined by a standard infectious titer assay. (B) 

Permeation Coefficient. The permeability coefficient was calculated, as defined by Fick’s Law, 

using the infectious titer generated during the three-hour sampling period. See the methods 
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section for a detailed overview of the equations used. (C) Total Dose Distribution. After 24 

hours EpiOralTM tissues were rinsed with PBS, lysed via mechanical agitation, and viral RNA 

was isolated. Then RNA was converted to cDNA and qPCR was performed to determine the 

amount of virus genomes in each sample. Data collected from tissue isolates was normalized to 

infectious titer using the ivp/vp ratio. In each panel, data represent the average ± stdev of a 

minimum of two films per a condition. Statistical analysis was not performed as n=2 and would 

not be meaningful. 

 

 
 

4.3.3 Impact of TRP Activators on Permeability 

 

We also evaluated the effect of flavorings, which may act as natural adjuvants and 

modulate transient receptor potential (TRP) channels, on virus release and immobilization in 

human explants. Since each of the selected reagents were not water soluble, we first assessed 

their impact on physical properties of optimized films. The average pH and drying time of films 

prepared with flavorings solubilized in either ethanol or DMSO was 6.5 and 6 hours, 

respectively, and was not significantly different from films prepared without flavorings. 

Additionally, films prepared with ethanol solubilized compounds had an average thickness of 77 

 

± 14 µm, which was not significantly different from blank films, 73 ± 7 µm. However, films 

prepared with DMSO solubilized compounds were significantly thicker, 88 ± 6 µm (p<0.05) than 

films prepared without flavorings. Nevertheless, we did not detect a notable difference in 

infectious titer between the optimized formulations lacking flavoring and those prepared with 

flavorings (Figure 4.3A), and proceeded to prepare formulations at the highest activating 

concentration (Table 4.1) for this study to be able to detect changes in permeability. TRP channel 

inhibitors were also prepared at the highest known inhibiting concentration and included in 
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optimized film formulation to ascertain whether changes in permeability could be attributed to 

TRP activation or were due to an outside factor. Inhibiting concentrations resulted in an average 

pH of 6.5 and dry time of 6 hours, which is not significantly different than films prepared 

without inhibitors, however as previously mentioned DMSO solubilized compounds resulted in 

thicker films. Meanwhile, the infectious titer of optimized formulations was not impacted by the 

addition of either ethanol or DMSO solubilized flavorings (Figure 4.3B). Therefore, we 

proceeded to prepare formulations using the highest inhibiting concentration. See Table 4.1 for a 

list detailing TRP channel activating concentration and Table 4.2 for inhibiting concentrations 

used in this study. 

 

 
Figure 4.3: Activators and Inhibitors Maintain the Desired Dose of Influenza in 

Formulation. 

Films containing 3 × 107 i.v.p. were prepared with TRP activators Cinnamaldehyde (10-2 µM), 

Eugenol (100 mM), Vanillin (100 µM), and Icilin (100 µM) and compared to formulations 

prepared without TRP agents (Control A) using a standard infectious titer assay (A). Films 

containing 3 × 107 i.v.p. were prepared with TRP inhibitors Cinnamaldehyde (10 µM), AM 0902 
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(131 nm), and GSK 2193874 (40 nM) and compared to Control A using a standard infectious 

titer assay (B). In each panel, data represent the average ± stdev. 

Table 4.1: Concentrations of TRP Channel Activators Under Evaluation 
 
 

Compound Concentration Range Target Concentration in 

Formulation 

Ref 

Eugenol 10 - 100 mM 100 mM (35) 

Vanillin 0.1 - 100 µM 100 µM (36) 

Cinnamaldehyde 10-2 – 10-3 µM 10-2 µM (37) 

Icilin 1 - 100 µM 100 µM (38) 
 

 

Table 4.2: Concentrations of TRP Channel Inhibitors Under Evaluation 
 
 

 Concentration Range Target Concentration in 

Formulation 

Ref 

AM 0902 20 - 131 nM 131 nM (49) 

GSK 2193874 40 – 2000 nM 40 nM* (50) 

Cinnamaldehyde 1 - 10 µM 10 µM (51) 

*This concentration was selected for screening due to studies which highlighted this dose as 

optimal as opposed to higher concentrations. 

 

 
Optimized formulations prepared with cinnamaldehyde and vanillin at an activating 

concentration resulted in 82.7 ± 0.1% (82%, 83%) and 81.8 ± 0.2 % (82, 81.8%), respectively, of 

the total dose permeating through the membranes. Eugenol and Icilin followed a similar trend, 

and all of the activators had minimal impact on viral permeation relative to films prepared 

without activators (Figure 4.4A). Inhibitor GSK 2193874 resulted in a similar amount of virus 

permeating (81.2% ± 1% | 80%, 82%) through the tissues, and AM 0902 and cinnamaldehyde at 

inhibiting concentrations followed the same trend (Figure 4.4B). In summary, activators and 

inhibitors had no notable impact on infectious virus that permeated through the tissues relative to 

films prepared without either compound. However, there was a large increase in the amount of 

virus that permeated through the buccal explants with the addition of both activators and 
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inhibitors in comparison to unformulated virus. The calculated permeability coefficients revealed 

that films prepared with Icilin facilitated the permeation of virus at a faster rate, during the three- 

hour sampling period, than blank films across the buccal membrane (Figure 4.4C). TRP 

inhibitors did not make a notable impact on the rate of viral permeability in comparison to films 

lacking TRP agents (Figure 4.4D). However, both activators and inhibitors resulted in a faster 

rate of viral permeation in comparison to unformulated virus. After 24 hours, additional release 

of virus from the film matrix did not significantly impact the total dose detected in the 

basolateral membrane. We used qPCR to determine the amount of immobilized virus remaining 

in the explants and found that TRP activators and inhibitors (Vanillin: 1.3 ± 0.1% | 1.2, 1.4; GSK 

2193874: 1 ± 0.9% | 1.6, 0.3%) had a minimal impact on the amount of virus immobilized in the 

tissues in comparison to blank films, but did decrease the amount of immobilized influenza in 

comparison to unformulated virus (Figure 4.4 E & F). 
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Figure 4.4: Flavorings Facilitate the Penetration of Influenza in Human Buccal Explant 

Tissues in Comparison to Unformulated Virus. 

Films containing 3 x 107 i.v.p were prepared with activators or inhibitors, reconstituted in 

EpiOralTM assay medium, and placed on the apical chamber human explants. Control A consists 

of blank films containing the same dose of Influenza without TRP agents that were reconstituted 

in assay medium and placed in the apical chamber of human explants. Control B consists of virus 

prepared with EpiOralTM assay medium at a dose of 3 × 107 i.v.p as well. Cumulative Release 
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Profiles of (A) Activators and (B) Inhibitors. Samples were collected from the basolateral side of 

the tissue for 3 hours and the concentration of infectious virus was determined by a standard 

infectious titer assay. Permeation Coefficient of (C) Activators and (D) Inhibitors. The 

permeability coefficient was calculated, as defined by Fick’s Law, using the infectious titer 

generated during the three-hour sampling period. See the methods section for a detailed overview 

of the equations used. Total Dose Distribution of (E) Activators and (F) Inhibitors. After 24 

hours, EpiOralTM tissues were rinsed with PBS, lysed via mechanical agitation, and viral RNA 

was isolated. Then RNA was converted to cDNA and qPCR was performed to determine the 

amount of virus genomes in each sample. Data collected from tissue isolates was normalized to 

infectious titer using the ivp/vp ratio. In each panel, data represent the average ± stdev of a 

minimum of two films per a condition. Statistical analysis was not performed as n=2 and would 

not be meaningful. 

 

 
 

While individual agents did not notably impact transport and permeability of virus, 

collective evaluation of agents by channel type revealed that TRPM inhibitor cinnamaldehyde 

reduced the amount of permeated virus in the basolateral membrane by 5% (Figure 4.5A). Due to 

the variability observed with the amount virus immobilized in the tissues, however, it is difficult 

to determine reliably whether any of the inhibitors had a sizable impact (Figure 4.5B). The 

permeability coefficient was reduced three-fold by the presence of TRPM inhibitor relative to 

TRPM activator (Figure 4.5C). Since none of the inhibitors consistently reduced the permeability 

coefficient and amount of Influenza in both the tissues and the basolateral media relative to the 

activators, we determined that the flavorings did not reliably improve or impair viral release 

from the formulations. Transepithelial electrical resistance (TEER) was measured and found to 
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be 410 ± 50 ohm*cm2 at the beginning of the studies and 330 ± 80 ohm*cm2 at the end of the 

studies, well within normal range established in the literature (47). 

 

 

 
 

 

 
Figure 4.5: TRP Inhibitors Reduce the Rate of Influenza Permeation through Human 

Explants. 

Films containing 3 x 107 i.v.p were prepared with activators or inhibitors, reconstituted in 

EpiOralTM assay medium, and placed on the apical chamber containing human explants. (A) The 

Reductive Effects of TRP Inhibitors on Permeability. An infectious titer assay was used to 

determine the difference in viral permeability of TRP activators and inhibitors. (B) The 

Reductive Effects of TRP Inhibitors on Viral Immobilization. qPCR was used to determine the 

difference in immobilized virus between TRP activators and inhibitors. (C) The Reductive 

Effects of TRP Inhibitors on Permeability Coefficients. The permeability coefficient was 

calculated, as defined by Fick’s Law, using the infectious titer generated during the three-hour 

sampling period. See the methods section for a detailed overview of the equations used. In each 

panel, data represent the average ± stdev of a minimum of two films per a condition. Statistical 

analysis was not performed as n=2 and would not be meaningful. 
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4.3.4 Ex Vivo Evaluation of TRP Agents as Potential Vaccine Adjuvants 

 

In the next series of studies, the ability of TRP agents to stimulate or suppress cytokine 

release in the basolateral chamber of human explants was assessed. We evaluated the basolateral 

chamber after 6 hours of exposure to reconstituted films prepared with TRP activators and 

inhibitors, and while all the samples resulted in production of measurable IL-6 and GM-CSF, the 

results were not meaningfully greater than films prepared without TRP agents or unformulated 

Influenza (Table 4.3 and 4.4). The additional 9 cytokines evaluated were not detected after six 

hours of exposure to explants. After 24 hours of exposure, reconstituted films prepared with TRP 

activators, increased the release of IL-1β in the basolateral chamber of human explants 50-fold 

relative to films prepared without TRP agents and unformulated virus (Figure 4.6A). Films 

prepared with inhibiting concentrations of cinnamaldehyde resulted in a 40-fold increase, while 

those prepared with AM and GSK resulted in a 20-fold increase in the expression of IL-1β 

(Figure 4.6B). However, due to the variability associated with AM and GSK cytokine levels, the 

increase in cytokine expression is comparable to films prepared without TRP agents and 

unreliable. The addition of activators or inhibitors did not significantly impact the amount of IL- 

6 or GM-CSF cytokines released relative to films prepared without TRP agents, with the average 

amount of IL-6 production being 140 pg/mL and the average amount of GM-CSF production 

being 83 pg/mL across all samples (Figure 4.6A & 4.6B). The additional 8 cytokines evaluated 

were not detected after twenty-four hours of exposure to explants. 

We evaluated the reductive effects of TRP inhibitors on cytokine expression relative to 

TRP activators. A two-fold decrease in IL-1β expression was observed in the basolateral 

chamber of explants that were exposed to films prepared with TRPV (GSK 2193874) and TRPA 

(AM 0902) inhibitors relative to films prepared with TRPV (Vanillin) and TRPA 
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(Cinnamaldehyde) activators (Figure 4.6C). Films prepared with cinnamaldehyde (TRPM 

inhibitor) reduced expression of IL-1β by 25% in comparison to films prepared with the TRPM 

activator, Icilin. TRP inhibitors, cinnamaldehyde, AM and GSK each reduced GM-CSF 

production by one-and-half the original amount TRP activators produced (Figure 4.6D). 

However, it is important to note that these reductions were not significant due to variability of 

the samples. The inhibitors had no impact on production of IL-6 relative to their respective 

activators (Figures 4.6E). 

Table 4.3: TRP Channel Activators Effect on Cytokine Response after 6 hours of exposure 

to EpiOralTM Tissues. 

Values are reported as the average amount in pg/mL ± standard deviation of n=2. The eleven 

cytokines evaluated included: IFNγ, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-18, 

TNFα, and GM-CSF. Only detected cytokines are listed below. 
 

 Cinnamal- 

dehyde 

Eugenol Vanillin Icilin Control A Control B 

IL-6 
(pg/mL) 

21.5 ± 0.7 33 ± 
7.1 

27 ± 0 29 ± 1.4 40.5 ± 13 47.5 ± 8.5 

GM-CSF 
(pg/mL) 

37.0 ± 12 28.39 ± 0 33 ± 6.6 37.0 ± 12 37 ± 12 37 ± 12 

 
Table 4.4: TRP Channel Inhibitors Effect on Cytokine Response after 6 hours of exposure 

to EpiOralTM Tissues. 

Values are reported as the average amount in pg/mL ± standard deviation of n=2. The eleven 

cytokines evaluated included: IFNγ, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-18, 

TNFα, and GM-CSF. Only detected cytokines are listed below. 
 

 Cinnamal- 

dehyde 

AM 0902 GSK 

2193874 

Control A Control B 

IL-6 
(pg/mL) 

31 ± 11 43 ± 14 33.5 ± 0.7 40.5 ± 13 47.5 ± 12 

GM-CSF 
(pg/mL) 

55.84 ± 4.5 40.51 ± 17 45.6 ± 0 37 ± 12 37 ± 12 
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Figure 4.6: TRP Activators Improve Cytokine Response on EpiOralTM Tissues Relative to 

Films Lacking TRP Agents and Unformulated Virus. 

Films containing 3 × 107 i.v.p. were prepared with TRP activating (A) and inhibiting (B) 

concentrations, reconstituted in EpiOralTM assay medium and placed on the apical chamber 

containing EpiOralTM explants. Samples were collected from the basolateral side of the 

membranes over a period of 24 hours and evaluated for cytokine IL-1β, IL-6, and GM-CSF 

levels using a ProcartaPlex Multiplex Assay. Control A formulations consisted of influenza at a 

concentration of 3 x 107 i.v.p in thin film formulations and Control B formulations consisted of 3 

x 107 i.v.p influenza in assay medium. The reductive effects of TRP channel inhibitors were 

compared to inductive effects of activators on cytokine IL-1β (C), IL-6 (D), and GM-CSF (E) 

levels. In each panel, data represent the average ± stdev of a minimum of two films per 

condition. Statistical analysis was not performed as n=2 and would not be meaningful. 
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4.3.5 Thorough Evaluation of Immune Response Elicited by Alternative Immunization 

Routes 

To determine whether the addition of a TRP activator would improve the immune 

response initially observed and further characterize the impact of alternative routes of 

vaccination and inactivated vaccine prepared with mouse-adapted-H1N1 virus, we evaluated 

mice sera 28 days after immunization. The IM route was chosen for comparison since most 

influenza vaccines currently on the market are given by injection and it is therefore the most 

clinically relevant route of immunization for influenza vaccines. H1N1 was stabilized in the thin 

film and given by the buccal (BU) and sublingual (SL) routes to mice at a dose of 2000 CEID50. 

Mice were given the same dose, 2000 CEID50, of unformulated virus by the intramuscular route. 

Additional analysis was conducted on buccally administered films prepared with 

cinnamaldehyde, a TRPA activator which consistently resulted in cytokine secretion in the 

basolateral chamber of human explants, and inactivated virus. 

Immunization by the intramuscular, sublingual, and buccal routes did not result in a 

significant difference in total IgG levels 28 days after immunization (Figure 4.7A). However, 

analysis of IgG isotypes revealed statistical differences between the different immunization 

routes. Buccal and intramuscular immunization resulted in higher IgG1 isotypes than the 

sublingual immunization route (p<0.001). There was also a six-fold increase in the anti- 

influenza-specific IgG2a response (p<0.05) and a four-fold increase in the IgG2b response 

(p<0.01) in buccally immunized mice relative to sublingually immunized mice. Immunization by 

intramuscular injection resulted in significantly lower levels of IgG2b isotypes in comparison to 

the buccal route (p<0.05) and higher levels relative to the sublingual route (p<0.05). There was 
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no significant difference in the level of anti-influenza immunoglobulin total IgG antibodies and 

isotypes between all buccally immunized mice (Figure 4.7B). 

 

 

 
 

 

 

Figure 4.7: Oral Immunization Induces a TH1 Mediated Immune Response. 

Serum was collected from BALB/c mice immunized by the IM, SL, and BU routes. Standard 

films were administered to mice by SL and BU routes. Films formulated with cinnamaldehyde 

(BUF) and inactivated influenza (BUI) were also administered buccally. Characterization of the 

antigen-specific response was conducted on individual samples which were collected 28 days 

after immunization (A&B) evaluated for influenza-specific IgG isotypes by ELISA. The TH1:TH2 
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ratio was calculated according to the methods section for immunization routes after 28 days after 

vaccination (C) Ratio < 1 = TH2 polarization. Ratio > 1 = TH1 polarization. In each panel, 

results are expressed as average values ± the standard error of the mean and are representative of 

groups containing 3 to 6 mice per immunization route. *p<0.05, **p<0.01, ***p<0.001, two- 

tailed Student’s t-test. two-tailed Student’s t test.  IM, intramuscular; SL, sublingual; BU, 

buccal; BUF, buccal with cinnamaldehyde films; BUI, buccal with inactivated virus. 

 

 
 

The TH1:TH2 ratio was calculated for each immunization group in order to determine 

whether alternative routes of vaccine administration elicited a specific IgG subclass profile. This 

ratio compares TH1 IgG2a subclass to TH2 IgG1 subclass (52, 53). IgG2b titers were excluded from 

the ratio calculation as the classification of this IgG isotype is still debated (54, 55). In mice 

immunized by the intramuscular route 28 days after immunization the antibody response was 

balanced between TH1/TH2, with a value close 1 (0.82 ± 0.11). In contrast, mice immunized 

sublingually or buccally had a distinct TH1 profile (Figure 4.7C). The ratios were not calculated 

for groups wherein no IgG1 or IgG2a was detected. 

In order to determine whether the antibodies detected during isotyping had the ability to 

neutralize influenza virus, anti-influenza NAB levels were evaluated in serum samples collected 

28 days after immunization. Sublingual immunization routes resulted in a significantly higher 

levels of neutralizing antibodies with respect to those immunized by intramuscular (p<0.001) and 

buccal routes (p<0.05) (Figure 4.8A). Analysis of serum following immunization of mice with 

BUI, BUF, and standard BU films administered to the buccal mucosa revealed that there was no 

significant difference in the level of anti-influenza NABs between all treatment groups (p>0.05, 

Figure 4.8B). 
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Figure 4.8: Sublingual Immunization Induces Protective Neutralizing Antibody Levels. 

Neutralization capacity of antibodies was assessed by serial dilution of heat-inactivated serum 

collected 28 days after immunization (A &B) with a fixed amount of H1N1 influenza virus 

before infection of MDCK (Madin-Darby canine kidney) cells. The reciprocal dilution plotted 

for each treatment group reflects the dilution at which the ability of the virus to infect target cells 

was reduced by 50%. In each panel, results are expressed as average values ± standard error and 

are representative of groups containing 3 to 6 mice per immunization route. IM, intramuscular; 

SL, sublingual; BU, buccal; BUF, buccal with cinnamaldehyde films; BUI, buccal with 

inactivated virus. 

4.3.6 Evaluation of Protective Immunity Following Influenza Challenge 

 

We began our analysis by evaluating the effects of a high dose influenza challenge, 

following immunization via various routes, on antibody responses and immunoglobulin isotypes 

10 days after challenge and compared to the IM route of vaccination. Anti-influenza specific 

total IgG levels of mice sublingually immunized doubled relative to intramuscular (p<0.01) and 

buccal (p<0.001) immunization routes, following challenge (Figure 4.9A). Sublingual 

immunization also resulted in significantly higher IgG2a levels relative to intramuscular 
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immunization (p<0.05). Mice BU immunized with inactivated virus or cinnamaldehyde in films, 

and subsequently challenged, had comparable levels of total IgG and isotypes relative to mice 

intramuscularly immunized and buccally immunized with standard films, respectively (Figure 

4.9A& B). Neutralizing antibody levels NABs dramatically increased across all treatment groups 

and there were no significant differences between the values (p>0.05, Figure 4.9C & D). 

 

 
Figure 4.9: Sublingual Immunization Induces a Strong Antibody Immune Response 

Following Influenza Challenge. 

Serum was collected from BALB/c mice immunized by the IM, SL, and BU routes. Standard 

films were administered to mice by SL and BU routes. Films formulated with cinnamaldehyde 

(BUF) and inactivated influenza (BUI) were also administered buccally. Characterization of the 

antigen-specific response was conducted on individual samples which were collected 10 days 

after influenza challenge (A&B) evaluated for influenza-specific IgG isotypes by ELISA. 
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Neutralization capacity of antibodies was assessed by serial dilution of heat-inactivated serum 

collected 10 days after influenza challenge (C&D) with a fixed amount of H1N1 influenza virus 

before infection of MDCK (Madin-Darby canine kidney) cells. The reciprocal dilution plotted 

for each treatment group reflects the dilution at which the ability of the virus to infect target cells 

was reduced by 50%. In each panel, results are expressed as average values ± the standard error 

of the mean and are representative of groups containing 3 to 6 mice per immunization route. 

*p<0.05, **p<0.01, ***p<0.001, two-tailed Student’s t-test. two-tailed Student’s t test. IM, 

intramuscular; SL, sublingual; BU, buccal; BUF, buccal with cinnamaldehyde films; BUI, buccal 

with inactivated virus. 

 

 
 

To determine whether the local immune system was stimulated following vaccination by 

mucosal routes, the oral cavity was rinsed, and the wash was collected for analysis of IgA levels 

after treatment groups were intramuscularly challenged with a lethal dose of influenza. 

Influenza-specific IgA induces local immunity and provides a first line of protection against the 

virus entering through mucosal surfaces (56). IgA levels were not significantly different across 

any of the treatment groups (p>0.05), however the intramuscularly immunized animals had 

relatively lower IgA levels (Figure 4.10 A&B). 
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Figure 4.10: Oral Immunization Routes Elicit a Localized Immune Response. 

Individual samples of saliva wash collected 10 days after challenge were also evaluated for 

influenza-specific IgA by ELISA. Intramuscular, sublingual, and buccal immunization routes 

were evaluated for localized immune response (A). The impact of TRP agent, cinnamaldehyde, 

and inactivated influenza was evaluated on the localized immune response relative to standard 

buccal films (B). The average optical density read from samples obtained from each treatment 

group are presented to serve as a measure of relative antibody concentration. In each panel, 

results are expressed as average values ± the standard error of the mean and are representative of 

groups containing 3 to 6 mice per immunization route. *p<0.05, two-tailed Student’s t test. IM, 

intramuscular; SL, sublingual; BU, buccal; BUF, buccal with cinnamaldehyde films; BUI, buccal 

with inactivated virus. 

 

 
 

However, the most direct way of evaluating the impact of vaccination route, TRP 

activator, or inactivated virus on vaccine potency is to assess protection from exposure to a 

pathogen. We did this by monitoring survival rate, weight loss and the infectious titer of lung 

homogenates after exposure to a high dose of mouse-adapted H1N1. Animals that lost more than 
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25% of their total body weight following challenge (57) were humanly sacrificed according to 

IACUC standards (58). Historical values, produced by our laboratory, from mice given saline 

and subsequently challenged by the same high dose of influenza were used for percent weight 

loss and viral load. The challenge study originally conducted had a different set of parameters 

and mice were not sacrificed until they lost more than 40% of their total body weight, and 

therefore their survival was not plotted. SL immunization (60% survival) protected mice more 

efficiently than IM (20% survival) or BU (20% survival) immunization from lethal challenge and 

resulted in the smallest change in body weight amongst the three groups (Figure 4.11 A, C). 

Mice in the SL (1.4 x 105 ivp/mL) and BU (1.2 x 105 ivp/mL) treatment group were also slightly 

more successful at clearing influenza infection from the lungs than mice immunized by 

traditional IM (1.6 X 105 ivp/mL) route, evident by the infectious titer of influenza found in lung 

homogenates (Figure 4.11E). However, all immunized groups cleared significantly more virus 

than PBS controls. 
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Figure 4.11: Sublingual and Buccal Immunization with Films containing Cinnamaldehyde 

Results in Protection from Influenza Challenge. 

BALB/c mice were challenged with a lethal dose of 100,000 CEID50 mouse adapted influenza 28 

days after immunization by the IN route. Kaplan–Meier survival curves show SL and BUF 

groups had the highest survival rate (A & B). Body Weight Profiles after Challenge reveal all 

vaccinated groups had fewer signs of morbidity relative to PBS groups (C & D). Lungs were 

homogenized, following necropsies, and MDCK cells were infected to determine the infectious 

titer (E&D). In all panels, data reflect average values ± the standard error of the mean for 3 to 6 

mice per group. IM, intramuscular; SL, sublingual; BU, buccal; BUF, buccal with 

cinnamaldehyde films; BUI, buccal with inactivated virus. 
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When mice were immunized buccally with films prepared with TRP activator 

cinnamaldehyde they were more protected against lethal influenza challenge, survival rate of 

66.6%, than mice BU immunized with inactivated virus, survival rate of 33.3%, in films or 

standard film preparations, survival rate of 20% (Figure 4.11B). While mice in BUF and BUI 

treatment groups experienced the greatest change in weight, in comparison to BU treatment 

groups, it is important to note that these mice were on average 2 grams heavier than other mice at 

the start of the study, and those that survived never went below 20 grams of total body weight 

(Figure 4.11D). Animals in BUF, BUI, and BU treatment groups had comparable levels of 

infectious influenza in lung homogenates, but significantly lower viral load compared to PBS 

controls (p<0.001, p<0.01, p<0.01, respectively) (Figure 4.11F). 

A ProcartaPlex Mouse Cytokine assay was used to evaluate the serum of animals after 

lethal influenza challenge for eleven cytokines. Only IL-18 and IFNγ cytokines had detectable 

levels in the serum of both survivors and non-survivors. As is commonly seen in samples taken 

from non-survivors of influenza infection (59-61), serum from these animals contained elevated 

levels of IL-18 and IFNγ cytokines across all five treatment groups (Figure 4.12). Similarly, as is 

routinely found in survivors of influenza infection, samples from these groups contained trace 

amounts of each cytokine. However, there was only a significant difference between cytokine 

levels in the serum of animals that survived lethal challenge and those that were sacrificed in SL 

(p<0.05) and BUF (p<0.05) groups. These groups had the best survival rate in this study, SL 

(60%) and BUF (66.6%). It is important to note that as some groups only had one survivor or one 

sacrificed animal, statistical testing was limited. 



221  

 

 

Figure 4.12: Sublingual and Buccal Immunization with Films containing Cinnamaldehyde 

Result in Significantly Lower Levels of Proinflammatory Cytokines in Survivors of 

Influenza Challenge. 

Samples were taken from survivors 10 days after challenge and from non-survivors at time of 

death and eleven cytokines were evaluated: IFNγ, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-5, IL-6, 

IL-18, TNFα, and GM-CSF. IL-18 cytokine levels were evaluated for IM, SL, and BU groups 

(A) and BU, BUF, and BUI groups (B). IFNγ cytokine levels were evaluated for IM, SL, and BU 

groups (C) and BU, BUF, BUI groups (D). In all panels, data reflect average values ± the 

standard error of the mean for 3 to 6 mice per group. *p<0.05, two-tailed Student’s t test. IM, 

intramuscular; SL, sublingual; BU, buccal; BUF, buccal with cinnamaldehyde films; BUI, buccal 

with inactivated virus. 
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4.4 Discussion 

 
Of the 26 approved influenza vaccines in the United States, only 3 (Flumist®, Flumist 

Quadrivalent ®, 2009 H1N1 (MedImmune) utilize a mucosal route (intranasal) for induction of 

the immune response (Appendix Table 2). After the 2009 pandemic various studies in the US 

found that in children under the age of 18, Flumist® was not successful in inducing protective 

immunity against H1N1 viruses, believed to be because of the reduced replication fitness of the 

H1N1 (A/Bolivia) component in the vaccine (62, 63). This led the Advisory Committee on 

Immunization Practices (ACIP) and Centers for Disease Control (CDC) to recommend against 

the use of the vaccine in 2016 (63-65). While the ACIP and CDC lifted the censure on Flumist® 

in 2018 after a different H1N1 strain (A/Slovenia) was selected, there has been little progress in 

the development of novel, safe, and effective Influenza vaccines. All new vaccines which have 

entered the market are designed based on the same strain-specific correlate of protection: strong 

hemagglutinin inhibition/neutralizing antibody titer (66). Due to this narrow development 

approach, licensed influenza vaccines provide subprime protection, typically ranging from 10 to 

60% from infection (67). By using more than one correlate of protection, such as nasal 

antibodies (65) or mucosal antibodies along with neutralizing antibody titers, vaccine design may 

become more balanced, efficient, and representative of robust protective immunity (66). In this 

study we evaluate an optimized formulation’s capability to efficiently deliver a vaccine dose, 

overcome barriers associated with oral mucosal immunization, and utilize mucosal antibodies, 

neutralizing antibody titer, and IgG levels as correlates of protection to evaluate the protective 

immune response to our novel thin film. We also evaluate the ability of a TRP activator to act as 

a natural adjuvant in the thin film matrix and induce a greater immune response and protective 

immunity. 
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Most influenza vaccines currently on the market are given by injection, we believe that 

the intramuscular route is the true yardstick of success for our formulated film-based vaccine as 

it represents the most clinically relevant route of immunization for influenza. In our preliminary 

evaluation, we found that administration of an antigen stabilized in the film matrix by the SL and 

BU routes is possible in a rodent model and can induce antibody levels comparable to 

administration of the same antigen by intramuscular injection (Figure 4.1). While these levels 

may seem low with respect to those observed after immunization by the nasal route, it is 

important to note that detectable serum antibody titers equal to or above 1:40, as determined by 

hemagglutination inhibition or neutralizing antibody assays, which we have surpassed here (SL, 

1:533; BU, 1:1280; Figure 4.1), are considered predictive of a favorable clinical outcome 

following exposure to influenza (66, 68-70). It is also important to realize that the virus used in 

our studies, the mouse adapted PR8 strain, preferentially replicates in the airways, supporting a 

significantly stronger response after intranasal administration in contrast to that obtained from 

the other routes of administration (71). For this reason, animals given the virus by the intranasal 

route were also included in our initial study to validate assays for assessment of the antibody- 

mediated immune response by the novel SL and BU routes. Additionally, screening films after 

vaccination revealed that the actual dose administered via sublingual and buccal routes was 1100 

CEID50 instead of 2000 CEID50, and this may have contributed to a weakened response relative 

to intranasal routes. 

In an attempt to evaluate whether bioavailability of the vaccine dose is a barrier to 

successful immunization, we studied transport of the virus across a physiologically relevant 

model of human buccal mucosa. Unlike traditional immunization strategies, vaccines delivered 

to the sublingual or buccal mucosa of humans must pass through thick, nonkeratinized stratified 
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squamous epithelial tissue before entering the blood stream (72). Saliva and swallowing present 

additional challenges to successful delivery of solid oral dosage forms (73). The ideal dosage 

form will overcome these hurdles by exhibiting the following characteristics: adhesion to the oral 

cavity, regulated and efficient dose release, and unidirectional dose release (74). Mucoadhesive 

polymers, surfactants, bile salts, and fatty acids have been used in the past to facilitate successful 

dose release to the blood stream of small molecules (75-77). Recent studies have used chitosan 

and bilosomes to improve bioavailability of vaccines (78, 79). Our optimized thin film 

formulation (42) highlighted the importance of mucoadhesive polymer and surfactant, as 

application of unformulated Influenza A to an established 3D tissue explant culture model of 

human buccal mucosa (80) resulted in limited bioavailability, while our optimized formulation 

resulted in permeation of 84% of the total dose (Figure 4.2). We hypothesize that the higher dose 

resulted in a greater amount of virus being immobilized in the tissues, but lower overall 

bioavailability, due to the dilution of the formulation components to achieve the target dose. This 

made the formulations less viscous and more capable of entering the tissue, but reduced the 

concentration of surfactant. Permeation coefficients for formulated virus were either comparable 

or greater than values found in the literature for permeation enhancers across porcine or human 

buccal explants (80-83). It is important to note that due to sensitivity of the buccal tissues, we 

were not able to sample from the apical chamber of the explants and had to perform a mass 

balance calculation to determine the concentration of virus in the apical chamber once steady 

state was achieved (2 hours), which may result in slightly higher permeability coefficients. 

However, there is an advantage to a portion of the dose remaining in the tissues. The 

mechanisms of action adjuvants in intramuscular vaccines employ to elicit immune responses 

include the depot effect and antigen presenting cell (APC) recruitment to the site of injection 
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(84). The depot effect is the slow release of antigen which provides continual stimulation to the 

immune system so APCs reaching the site of immunization later can recognize the antigen and 

present it to T cells (85, 86). Since roughly 3% of the final dose was immobilized when 

formulated virus was applied to the buccal explants, this could potentially stimulate the immune 

system in a favorable way following vaccination to buccal routes. We later discovered a 

miscalculation and the actual dose administered to explants was 600,000 CEID50 (low dose) and 

2,000,000 CEID50 (high dose), roughly 50-fold lower than planned. However, due to the reduced 

bioavailability observed at the higher dose (Figure 4.2), we believe we discovered a better range 

for evaluation for future studies on human buccal explants, than previously believed. 

Additionally, these studies were designed as a preliminary evaluation of the bioavailability of the 

dose in reconstituted films and subsequent studies to evaluate the impact of solid thin film 

application to human explants and to produce greater replicates are warranted. 

Adjuvants in vaccines have also been used to stimulate the immune system by promoting 

cytokine production and recruiting APC’s to the site of immunization (84). Since transient 

receptor potential channels (TRP) have previously been proven to play a role in both cytokine 

production and APC recruitment, we assessed whether common flavorings, TRP activators, may 

be able to act as natural adjuvants (39, 40). Upon evaluation of cytokines in the basolateral media 

of human explants, we saw a substantial impact on IL-1β release in response to films prepared 

with activators cinnamaldehyde (TRPA), vanillin (TRPV), and icilin (TRPM) relative to films 

prepared without TRP agents (Figure 4.6). Interleukin-1β, a proinflammatory cytokine produced 

by activated macrophages, is involved in a variety of cellular activities, including cell 

proliferation, differentiation, and apoptosis and is an indicator of antigen presenting cell 

recruitment in response to TRP agents (87). Additionally, unformulated controls which had 
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limited bioavailability resulted in some cytokine recruitment, indicating that the immobilized 

virus in buccal explants could contribute to the immunogenic profile of the optimized thin film 

vaccine (Figure 4.2 & 4.4). We also evaluated the effects of films formulated with TRP agents 

on the recovery (Figure 4.3) and bioavailability (Figure 4.4 & 4.5) of Influenza and did not see 

any alarming changes. It is important to note that while the addition of TRP inhibitors did not 

significantly reduce cytokine levels relative to films prepared with activators, we believe this 

may be due to the presence of organic solvents which are required to solubilize flavorings. 

Ethanol has previously been linked with upregulation and downregulation of cytokine responses 

depending on length of exposure (88, 89). Future studies will need to include control films 

prepared with the same amount of organic solvent but without TRP agents, as well as additional 

replicates to better characterize the impact of TRP activators and inhibitors. 

Upon validation of the thin film as a viable vaccine dosage form and evaluation of the 

bioavailability of the dose administered to buccal explants, a comprehensive analysis of the 

immunogenicity profiles of film-stabilized Influenza administered by each route including TRPA 

activator, cinnamaldehyde, and inactivated virus was performed. Successful whole virus 

vaccination by mucosal routes has previously been associated with a strong IgG2a response in 

BALB/c mice and linked to T-helper 1 (TH1) polarized immunity (90, 91). TH1 mediated 

responses have been characterized as superior to TH2 as they are better at providing protection 

against influenza infection as IgG2a antibodies can enhance antigen uptake due to their higher 

capacity to bind Fc-receptors on antigen-presenting cells (91-95). This is important at mucosal 

surfaces due to the epithelial barrier through which antigens must cross resulting in reduced 

bioavailability. The portion of the dose that successfully crosses the barrier is then met with 

several IgG antibody secreting cells at mucosal surfaces (96, 97). In fact, successful nasal 
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vaccination often results in IgA and IgG responses (98). This paradigm is partially supported by 

our studies as mice immunized by sublingual and buccal routes had TH1 polarized immune 

responses and higher neutralizing antibody titers, while intramuscularly immunized mice had a 

balanced TH1/TH2 response and lower neutralizing antibody titer (Figure 4.7 and 4.8). While a 

balanced TH1/TH2 response is normally favorable, since it elicits both cellular and humoral 

immunity, previous studies have demonstrated that in the case of Influenza it is vital that a 

vaccine induce a strong TH1 response in order to clear infection because TH2 antibodies (IgG1) 

cannot activate complement cascades and the virus replicates excessively (98, 99). While the 

intramuscular antibody response resulted in a balanced Th1/Th2 response, the lower magnitude 

of IgG1 and IgG2a isotypes is likely indicative of weakly binding antibodies, incapable of 

producing strong protective immunity and therefore is not favored in our studies. When 

evaluating the IgA response, orally immunized groups had higher levels of mucosal antibodies in 

saliva wash but the difference was not statistically significant (Figure 4.10). The addition of 

other adjuvants to films administered to the sublingual route might result in greater mucosal 

immunity and improved survival. 

Following high-dose challenge, sublingually immunized mice were most successful at 

producing total IgG and IgG2a (Figure 4.9). This correlated with significantly higher neutralizing 

antibody titers (1:2560) prior to challenge relative to intramuscular (1:80) and buccal (BU 1:493, 

BUF 1:80, BUI 1:60) routes (Figure 4.8). High levels of IgG2a have previously been associated 

with repeated exposure to influenza in humans (100-102) and may be an indicator of the 

successful induction of immune memory following challenge. Additionally, the superiority of the 

sublingual immune response may be linked to direct access to submandibular lymphnodes which 

are located underneath the tongue in the ventral cervical subcutaneous region of mice (103, 104). 
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It is important to note that we later determined the actual dose administered to mice sublingually 

and buccally was 1500 CEID50 which was slightly lower than the dose administered 

intramuscularly, but higher than the dose from initial studies. This increase in dose from the 

initial studies was favorable in terms of sublingual vaccination routes but was disadvantageous 

for buccal routes. Since the buccal mucosa of mice has 8-12 epithelial layers and the sublingual 

mucosa has 6-8, limited bioavailability is most likely a factor in the reduced efficacy of buccal 

immunization relative to sublingual (105). Furthermore, a dose that is too high may result in 

greater dose immobilization in the tissues and lower permeation coefficients, as observed in 

human buccal explants (Figure 4.2). The oral mucosa of mice is also keratinized which provides 

an additional permeability barrier to successful dose delivery (105). The reduced efficacy of the 

inactivated vaccine, on the other hand, may be because the dose was not high enough to illicit a 

protective immune response. Inactivated vaccines have been proven to be less immunogenic 

when directly compared to whole-virus vaccines and often require additional adjuvants (106, 

107). However, we believe that the variability between dosing and immune response elicited 

with the thin film in general may also be related to difficulty preparing films small enough for 

the oral mucosa of mice. Films are currently prepared in stainless-steel molds, with a volume of 

245 mm3, which are then sectioned into 4 equal pieces and administered one at a time until the 

film is no longer visible. Due to the mechanical manipulation required to administer the dose we 

believe that inconsistent dosing may be the reason for limited protective efficacy with sublingual 

and buccal routes, regardless of live or inactivated virus. Three-dimensional printing technology 

may be the best alternative to preparing molds that can accommodate films of various sizes for 

future studies and may eliminate the variation observed. 
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Survival following influenza challenge supported the IgG subclass isotype and 

neutralizing antibody trends, as 60% of sublingually immunized mice survived lethal challenge 

(Figure 4.11). While 66.6% of mice immunized buccally with TRP activator cinnamaldehyde 

survived lethal challenge, they exhibited a 23% greater change in body weight and 58% higher 

lung viral titers relative to sublingual groups. They were likely more adversely impacted by 

challenge than sublingually immunized animals, as weight loss and high lung viral titers have 

been established as sign of influenza pathology (108, 109). However, sublingual and BUF groups 

outperformed intramuscular, BU, and BUI groups wherein only 20% of mice survived challenge. 

Cytokine response following lethal influenza challenge also provides insight into the severity of 

disease. While IL-18 is an inducer of IFNγ and TH1 responses, high levels of IL-18 are associated 

with lethality (110). Interestingly, sublingual and buccal (with cinnamaldehyde) immunization 

resulted in significantly lower levels of proinflammatory cytokine IL-18 in survivors relative to 

animals sacrificed following influenza challenge (Figure 4.12). An increasing number of studies 

have indicated that toll-like receptor (TLR) mediated immune response, which recognizes 

pathogen associated molecular patterns (PAMPs) and results in either the suppression or 

upregulation of cytokines, is associated with TRP channel activation and inhibition (111-113). 

Therefore, the discrepancy between all other indicators of morbidity and cytokine levels in mice 

buccally immunized with the TRPA agent may be due to a downregulated cytokine response. 

(114). The concentration of the TRP agent used to prepare films was identified for human TRPA 

activation and future studies will likely need to explore and optimize the dose of natural 

flavoring for murine applications. Taken together these findings suggest that sublingual 

vaccination, even at a slightly lower dose than intramuscular, was the most efficient route at 

inducing a strong, systemic humoral TH1 polarized response and protecting mice from lethal 
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influenza challenge. Future studies will need to analyze the mucosal and systemic T-cell 

response associated with alternative vaccination routes to provide additional insight into the 

mechanism of protection of animals immunized with the optimized thin film platform. 

Influenza viruses evade a variety of host immune responses to achieve successful 

infection, evident through the need of a new flu vaccine every year (98). Therefore, vaccine 

candidates that can elicit strong, long lasting immune responses which outmaneuver the 

pathogen are needed. In the studies summarized here, we characterized the bioavailability and 

immunogenicity of sublingual and buccal delivery of an H1N1 Influenza vaccine that 

successfully elicited a strong humoral response. We also determined critical factors related to the 

development of long-lasting, protective immunity of mucosally immunized mice that will 

provide important insight into the optimization of the thin film vaccine platform in future studies. 

While some of these findings may be specific to Influenza virus, this platform may be modified 

for administration of alternative viruses such as respiratory syncytial virus, herpes simplex virus, 

and adeno-associated virus, all of which have previously been stabilized in the thin film matrix. 
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Chapter 5: Conclusion 

 
The primary focus of this project was to develop and characterize a thermostable, 

mucosal-based vaccine platform that can be easily adapted for a variety of vaccine candidates. 

Experiments were designed to test the hypothesis that stabilizing a live virus-based vaccine in a 

multi-component formulation containing a novel zwitterionic surfactant, in a liquid state and 

dried film matrix, would result in improved viral stability after exposure to ambient and elevated 

temperatures, as well as an improved immune response following mucosal immunization relative 

to traditional vaccination routes. Thermostabilization of vaccines can significantly simplify 

vaccine storage and distribution processes, eliminating the need for cold-chain maintenance, and 

resulting in global access to life-saving vaccines. Despite this benefit, all approved vaccines for 

use by the Food and Drug Administration must be refrigerated, at minimum, for long term 

storage in order to guarantee potency. In order to address the need for thermostabilized vaccines, 

the World Health Organization developed the “Controlled Temperature Chain” (CTC) wherein 

vaccines are required to be stable at 40°C for at least three days to improve global access to 

vaccines. In the studies described in this document, I have shown that formulations containing 

surfactant, in the thin film matrix and liquid state, successfully stabilized live adenovirus at 4°C 

and 20°C for a minimum of three months, as well as 14 days at 37°C and 5 days at 40°C. The 

film matrix protected virus through 16 freeze-thaw cycles, during which films were frozen at 

-80°C and warmed to 20°C per a cycle. Our stabilization platform outperforms the only other 

vaccines that fit the requirements set forth by CTC, MenAfriVac© and Gardasil© 4, which are 

stable for four and three days, respectively. Stabilization at elevated temperatures, was found to 

be closely linked to relative humidity and additional studies are currently in progress to identify 
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optimal relative humidity parameters for adenovirus, as well as other viruses, for improved 

stabilization in the thin film matrix. 

Successful stabilization of adenovirus in the thin film matrix was linked to the presence 

of the novel zwitterionic surfactant in optimized formulations. However, the mechanism of 

stabilization was largely unclear, making it difficult to address the translatability of the platform 

for additional biologics. To address this issue, I designed a series of studies to investigate the 

interactions of adenovirus with the novel zwitterionic surfactant and the other formulation 

components. FTIR scans revealed that in the presence of all the formulation components, 

adenovirus was likely completely incorporated into the thin film matrix and therefore resulted in 

no detectable shifts in peak position or intensity. We hypothesized that the incorporation was 

facilitated by the non-covalent interactions between the positively charged arm of the 

zwitterionic surfactant and the negative residues located on hexon proteins, previously identified 

as being responsible for the negative surface charge of adenoviral capsids. Saturation of the 

surfactant with glutamic acid resulted in reduced transduction efficiency and supported the 

hypothesis that electrostatic interactions played a role in the interactions between the surfactant 

and amino acid. The inclusion of influenza, which has a positively charged Hemagglutinin 

surface protein, in the thin film matrix resulted in reduced transduction efficiency and also 

provided evidence that electrostatic interactions contributed to viral stabilization in the optimized 

thin film formulation. Additional evaluation of the intermolecular interactions between the 

surfactant and adenovirus capsids revealed that the surfactant may surround viral capsids and 

prevent aggregation as well as displace water molecules and protein contaminants from the 

capsid surface. Taken together, we hypothesized that hydrophobic and electrostatic interactions 

likely mitigate the stabilization of adenovirus by preventing aggregation of capsids in solution. 
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When the additional formulation components were included in the analysis of intermolecular 

interactions, we found the impact on transduction efficiency was reduced by the presence of 

glutamic acid saturated surfactant. Furthermore, complete release of the viral load was mitigated 

by the presence of surfactant in formulations in less than ten minutes, while formulations lacking 

the novel surfactant did not completely release the viral dose after two hours of sampling 

dissolution liquid. Additionally, TGA profiles revealed weaker intermolecular interactions in the 

optimized formulation based on earlier thermal degradation of the entire thin film matrix relative 

to films prepared without surfactant. Therefore, we concluded that the inclusion of all 

formulation components buffers the interactions between the surfactant and adenovirus in order 

to facilitate the successful release of the virus, without having a deleterious impact on stability. 

These studies provided key insights into viral stabilization which simplified the approach 

towards improving influenza stabilization in the thin film matrix. However, the heterogeneity 

and polydispersity of the zwitterionic surfactant presented several roadblocks and challenges in 

complete characterization of intermolecular interactions. Future characterization studies should 

obtain a homogenous sample of the surfactant, which will provide fewer sources of variability 

and more straightforward characterization. The use of fluorescence spectroscopy or cryo-EM 

analysis and single particle reconstruction will aid in the identification of specific peptide 

sequences, from adenoviral capsids, involved in intermolecular interactions. This will also likely 

reduce the heterogeneity of the system and simplify future evaluation of surfactant interactions. 

The last phase of this project involved evaluating the ability of the thin film matrix to 

induce a strong immune response following sublingual or buccal immunization. Administration 

of vaccines to mucosal routes results in an immunologically strong mucosal barrier that can 

prevent infection at the entry point of the pathogen and stimulate local and systemic immunity. 
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Despite this, the overwhelming majority of vaccines approved for use by the FDA utilize 

traditional immunization routes due to the physiochemical barriers associated with mucosal 

vaccination. In order to overcome these limitations, novel vaccine dosage forms are typically 

employed. A preliminary screen demonstrated that vaccination with the thin film platform 

resulted in a stronger humoral response following mucosal vaccination than with traditional 

intramuscular vaccination. Additionally, the optimized formulation improved bioavailability of 

the viral dose across human buccal explants. Further characterization of the immune response 

also revealed that sublingual routes induced a strong TH1 polarized immune response which 

resulted in greater protective efficacy than intramuscular immunization. Unlike other vaccine 

platforms in clinical trials for sublingual delivery, the thin film platform specifically targets the 

oral mucosa instead of employing an intramuscular vaccine for oral mucosal vaccination. 

Additionally, it significantly reduces biohazardous waste generated by immunization campaigns 

and promotes self-administration. However, incomplete survival following high dose influenza 

challenge in rodents strongly suggests that a more uniform production methodology is needed to 

immunize small animals. Additional studies are currently in progress to identify and create molds 

suitable for murine immunization in order to eliminate the variability observed. 
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Appendix Table 1: Bacterial Based Vaccines. 

Information and data was adapted from refs (1-3) 
 

Product (Antigen) Formulation 

(route) 

Storage 

Temp 

(°C) 

Freeze- 

Sensitiv 

e 

Formulation ingredients 

Live Attenuated Bacteria 

BCG Vaccine 

[bacille Calmette- 

Guerin] 

(Tuberculosis) 

Lyophilization 

(PC) 

2-8 No glycerin, asparagine, citric acid, potassium 

phosphate, magnesium sulfate, and iron ammonium 

citrate, lactose 

Dengvaxia 

(Dengue) 

Lyophilization 

(SC) 

2-8 Yes sodium chloride, amino acids, L-arginine 

hydrochloride, sucrose, D-trehalose dihydrate, D- 

sorbitol, trometamol, urea 

TICE BCG 

[bacille Calmette- 

Guerin] 

(Tuberculosis) 

Lyophilization 

(ID, PC) 

2-8 No Asparagine, citric acid, lactose, glycerin, iron 

ammonium citrate, magnesium sulfate, potassium 

phosphate 

(Plague Vaccine) Liquid (IM) Not 

Availabl 

e 

Not 

Availabl 

e 

formaldehyde, phenol, beef-heart extract, yeast 

extract, agar, peptones and peptides of soya and 

casein 

Vaxchora 

(Cholera) 

Lyophilization 

(Oral) 

-25 to - 

15 

No ascorbic acid, Hy-Case SF, sodium chloride, sucrose 

Vivotif (Typhoid) Capsule (Oral) 2-8 No Amino acids, ascorbic acid, casein, dextrose, 

galactose, lactose, sucrose, yeast extract 

Conjugates, Polysaccharide Carrier 
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Menactra 

(Meningococcal) 

Liquid (IM) 2-8 No Formaldehyde (Each 0.5 mL dose may contain 

residual amounts of formaldehyde of less than 2.66 

µg (0.000532%), by calculation), phosphate buffers 

Menveo 

(Meningococcal) 

Lyophilization 

(IM) 

2-8 No Amino acids, formaldehyde, yeast extract 

MenQuadfi 

(Meningococcal 

Groups A, C, Y, 

W) 

Liquid (IM) 2-8 Yes Sodium chloride, sodium acetate, eacg 0.5 mL dose 

may contain residual amounts of formaldehyde of 

less than 3 mcg/mL 

Prevnar-13 

(Pneumococcal) 

Liquid (IM) 2-8 Yes Aluminum phosphate, ammonium sulfate, casamino 

acid, polysorbate 80, succinate buffer, yeast 

Pneumovax 23 

(Pneumococcal) 

Liquid (IM, 

SC) 

2-8 No Phenol 

Hiberix (Hib 

Influenza) 

Lyophilization 

(IM) 

2-8 No Formaldehyde, lactose 

ActHIB (Hib 

Influenza) 

Lyophilization 

(IM) 

2-8 No Ammonium sulfate, formaldehyde, sucrose 

PedvaxHIB (Hib 

Influenza) 

Liquid (IM) 2-8 Yes Aluminum hydroxyphosphate sulfate 

Subunit, purified bacterial antigens 

Tetanus Toxoid Liquid (IM, 

SC) 

2-8 No Sodium chloride, thimerosal 

Tetanus Toxoid 

Adsorbed 

Liquid (IM) 2-8 Yes aluminum phosphate, free formaldehyde 

Biothrax (Anthrax) Liquid (IM, 

SC) 

2-8 Yes Aluminum hydroxide, amino acids, benzethonium 

chloride, formaldehyde, inorganic salts and sugars, 

vitamins 
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Typhim Vi 

(Typhoid) 

Liquid (IM) 2-8 No Disodium phosphate, monosodium phosphate, 

phenol, polydimethylsiloxane, 

hexadecyltrimethylammonium bromide 

Bexsero 

(Meningococcal) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, sodium chloride, histidine, 

sucrose 

Trumenba 

(Meningococcal) 

Liquid (IM) 2-8 Yes Polysorbate 80, aluminum phosphate, histidine 

buffered saline 

Menomune 

(Meningococcal) 

Lyophilization 

(SC) 

2-8 No Lactose, thimerosal 

Combination vaccines 

Pediarix 

(Diphtheria, 

Tetanus, Pertussis 

w/Hepatitis B) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, aluminum phosphate, calf 

serum, lactalbumin hydrolysate, formaldehyde, 

glutaraldehyde, neomycin sulfate, polymyxin B, 

polysorbate 80, yeast protein 

Infanrix 

(Diphtheria, 

Tetanus, Pertussis) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, bovine extract, formaldehyde, 

glutaraldehyde, polysorbate 80 

Tripedia 

(Diphtheria, 

Tetanus, Pertussis) 

Liquid (IM) 2-8 Yes Aluminum potassium sulfate, ammonium sulfate, 

bovine extract, formaldehyde, gelatin, peptone, 

polysorbate 80, sodium phosphate, thimerosal 

Daptacel 

(Diphtheria, 

Tetanus, Pertussis) 

Liquid (IM) 2-8 Yes Aluminum phosphate, formaldehyde, 

Glutaraldehyde, 2-phenoxyethanol 

Kinrix 

(Diphtheria, 

Tetanus, Pertussis 

w/ inactivated 

Polio) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, calf serum, formaldehyde, 

glutaraldehyde, lactalbumin hydrolysate, neomycin 

sulfate, polymyxin B, polysorbate 80 



245  

 

Quadracel 

(Diphtheria, 

Tetanus, Pertussis, 

w/ inactivated 

Polio) 

Liquid (IM) 2-8 Yes aluminum phosphate, polysorbate 80, formaldehyde, 

glutaraldehyde, bovine serum albumin, 2- 

phenoxyethanol, neomycin, polymyxin B sulfate 

Comvax (Hib 

Influenzae, HepB) 

Liquid (IM) 2-8 Yes Amorphous aluminum hydroxyphosphate sulfate, 

amino acids, dextrose, formaldehyde, hemin chloride, 

mineral salts, nicotinamide adenine dinucleotide, 

potassium aluminum sulfate, sodium borate, soy 

peptone, yeast protein 

(Diphtheria, 

Tetanus) 

Liquid (IM) 2-8 Yes Aluminum phosphate, formaldehyde 

DecaVac 

(Diphtheria, 

Tetanus) 

Liquid (IM) 2-8 Yes Aluminum potassium sulfate, bovine muscle tissue, 

formaldehyde, peptone, thimerosal 

TeniVac 

(Diphtheria, 

Tetanus) 

Liquid (IM) 2-8 Yes Aluminum phosphate, formaldehyde 

TDVAX 

(Diphtheria, 

Tetanus) 

Liquid (IM) 2-8 Yes Aluminum, formaldehyde, thimerosal 

Adacel (Tetanus 

Toxoid, 

Diphtheria, & 

Acellular 

pertussis) 

Liquid (IM) 2-8 Yes Aluminum phosphate, ammonium sulfate, 

formaldehyde, glutaraldehyde, 2-phenoxyethanol 

Boostrix (Tetanus 

Toxoid, 

Liquid (IM) 2-8 Yes Aluminum hydroxide, bovine extract, formaldehyde, 

glutaraldehyde, polysorbate 80 
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Diphtheria, & 

Acellular 

pertussis) 

    

Pentacel 

(Diphtheria and 

Tetanus, Acellular 

Pertussis, 

Inactivated Polio, 

Haemophilus b) 

Liquid (IM) 2-8 Yes Aluminum phosphate, bovine serum albumin, 

formaldehyde, glutaraldehyde, MRC-5 cellular 

protein, neomycin, polymyxin B sulfate, polysorbate 

80, 2-phenoxyethanol 

Menhibrix 

(Meningococcal, 

Hib) 

Lyophilization 

(IM) 

2-8 No Tris, sucrose, formaldehyde 

Vaxelis 

(Diphtheria, 

Tetanus, Pertussis, 

Inactivated 

Poliovirus, 

Haemophilus b 

Conjugate, 

Hepatitis B) 

Liquid (IM) 2-8 Yes polysorbate 80, formaldehyde, glutaraldehyde, 

bovine 

serum albumin, neomycin, streptomycin sulfate, 

polymyxin B sulfate, ammonium thiocyanate, yeast 

protein 

 

Abbreviations: IM: Intramuscular, IN: Intranasal, ID: Intradermal, SC: Subcutaneous, PC: Percutaneous 
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Appendix Table 2: Viral Based Vaccines. 

Information and data was adapted from ref (1-3). 
 

Product (Antigen) Formulation 

(route) 

Storage 

Temp 

(°C) 

Shelf 

life 

Formulation ingredients 

Live Attenuated Virus 

Varivax 

(Varicella) 

Lyophilization 

(SC) 

-50 to - 

15 

No Dibasic sodium phosphate, ethylenediamine tetra 

acetic acid, sodium (EDTA), fetal bovine serum, 

gelatin, glutamate, monobasic potassium phosphate, 

monobasic sodium phosphate, monosodium L- 

glutamate, MRC-5 DNA and cellular protein, 

neomycin, phosphate, potassium chloride, sucrose 

Zostavax (Zoster) Lyophilization 

(SC) 

-50 to - 

15 

No Bovine calf serum, dibasic sodium phosphate, 

hydrolyzed porcine gelatin, monosodium L- 

glutamate, MRC-5 DNA and cellular protein, 

monobasic potassium phosphate, neomycin, 

potassium chloride, sucrose 

Ervebo (Ebola 

Zaire) 

Liquid (IM) -80 to - 

60 

No Tris, rice-derived recombinant, human serum 

albumin, vero cell DNA, benzonase 

Jynneos 

(Smallpox, 

Monkeypox) 

Liquid (SC) -25 to - 

15 

No Tris (tromethamine), sodium chloride, host-cell 

DNA/protein, benzonase, gentamicin 

Rotarix 

(Rotavirus) 

Lyophilization 

(Oral) 

2-8 No Amino acids, calcium carbonate, dextran, sorbitol, 

sucrose, vitamins, xanthan 
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RotaTeq 

(Rotavirus) 

Liquid (Oral) 2-8 N/A fetal bovine serum, sodium citrate, sodium phosphate 

monobasic monohydrate, sodium hydroxide, sucrose, 

polysorbate 80 

Flumist 

(Influenza) 

Liquid (IN) 2-8 Yes Arginine, dibasic potassium phosphate, egg protein, 

ethylenediaminetetraacetic acid, gentamicin sulfate, 

hydrolyzed porcine gelatin, monobasic potassium 

phosphate, monosodium glutamate, sucrose 

Flumist 

Quadrivalent 

(Influenza) 

Liquid (IN) 2-8 Yes Arginine, dibasic potassium phosphate, egg protein, 

ethylenediaminetetraacetic acid, gentamicin sulfate, 

hydrolyzed porcine gelatin, monobasic potassium 

phosphate, monosodium glutamate, sucrose 

Adenovirus (4, 7) Tablet (Oral) 2-8 Yes Acetone, alcohol, anhydrous lactose, castor oil, 

cellulose acetate phthalate, dextrose, D-fructose, D- 

mannose, FD&C Yellow #6 aluminum lake dye, fetal 

bovine serum, human serum albumin, magnesium 

stearate, micro crystalline cellulose, plasdone C, 

Polacrilin potassium, potassium phosphate, sodium 

bicarbonate, sucrose 

ACAM2000 

(Smallpox) 

Lyophilization 

(PC) 

Frozen No Glycerin, human serum albumin, mannitol, 

neomycin, phenol, polymyxin B 

YF-Vax (Yellow 

Fever) 

Lyophilization 

(SC) 

2-8 Yes Egg protein, gelatin, sorbitol 

Inactivated Virus 

Vaqta (Hepatitis 

A) 

Liquid (IM) 2-8 Yes Amorphous aluminum hydroxyphosphate sulfate, 

bovine albumin or serum, formaldehyde, MRC-5 

cellular protein, sodium borate 
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Havrix (Hepatitis 

A) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, amino acid supplement, 

formalin, MRC-5 cellular protein, neomycin sulfate, 

phosphate buffers, polysorbate 20 

Fluad (Influenza) Liquid (IM) 2-8 Yes Squalene, polysorbate 80, sorbitan trioleate, sodium 

citrate dehydrate, citric acid monohydrate, neomycin, 

kanamycin, barium, ovalbumin, 

CTAB(cetyltrimethylammonium bromide), 

formaldehyde 

Fluad 

Quadrivalent 

(Influenza) 

Liquid (IM) 2-8 Yes Squalene, polysorbate 80, sorbitan trioleate, sodium 

citrate dehydrate, citric acid monohydrate, neomycin, 

kanamycin, ovalbumin, CTAB, formaldehyde 

Fluarix (Influenza) Liquid (IM) 2-8 Yes Formaldehyde, octoxynol-10 (Triton X-100), α- 

tocopheryl hydrogen succinate, polysorbate 80 

(Tween 80), hydrocortisone, gentamicin sulfate, 

ovalbumin, sodium deoxycholate, sucrose, phosphate 

buffer 

Fluarix 

Quadrivalent 

(Influenza) 

Liquid (IM) 2-8 Yes Formaldehyde, octoxynol-10 (Triton X-100), α- 

tocopheryl hydrogen succinate, polysorbate 80 

(Tween 80), hydrocortisone, gentamicin sulfate, 

ovalbumin, sodium deoxycholate, sucrose, phosphate 

buffer 

Flulaval 

(Influenza) 

Liquid (IM) 2-8 Yes Formaldehyde, á-tocopheryl hydrogen succinate, 

polysorbate 80, sodium deoxycholate, thimerosal, 

ovalbumin 

Flulaval 

Quadrivalent 

(Influenza) 

Liquid (IM) 2-8 Yes Formaldehyde, á-tocopheryl hydrogen succinate, 

polysorbate 80, sodium deoxycholate, thimerosal, 

ovalbumin 
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Agriflu (Influenza) Liquid (IM) 2-8 Yes Egg proteins, formaldehyde, polysorbate 80, 

cetyltrimethylammonium bromide, neomycin sulfate, 

kanamycin 

Fluvirin 

(Influenza) 

Liquid (IM) 2-8 Yes Beta-propiolactone, egg protein, neomycin, 

nonylphenol ethoxylate, polymyxin, thimerosal 

(multi-dose containers), thimerosal[2] (single-dose 

syringes) 

Fluzone 

(Influenza) 

Liquid (IM) 2-8 Yes Egg protein, formaldehyde, gelatin (standard 

formulation only), octylphenol ethoxylate (Triton X- 

100), sodium phosphate, thimerosal (multi-dose 

containers only) 

Fluzone 

Quadrivalent 

(Influenza) 

Liquid (IM) 2-8 Yes Egg protein, formaldehyde, gelatin (standard 

formulation only), octylphenol ethoxylate (Triton X- 

100), sodium phosphate, thimerosal (multi-dose 

containers only) 

Flucelvax 

(Influenza) 

Liquid (IM) 2-8 Yes Madin Darby Canine Kidney (MDCK) cell protein, 

MDCK cell DNA, polysorbate 80, 

cetyltrimethlyammonium bromide, β-propiolactone, 

phosphate buffer 

Flucelvax 

Quadravlent 

(Influenza) 

Liquid (IM) 2-8 Yes Madin Darby Canine Kidney (MDCK) cell protein, 

MDCK cell DNA, polysorbate 80, 

cetyltrimethlyammonium bromide, β-propiolactone, 

phosphate buffer 

Afluria (Influenza) Liquid (IM) 2-8 Yes Beta-propiolactone, calcium chloride, dibasic sodium 

phosphate, egg protein, monobasic potassium 

phosphate, monobasic sodium phosphate, neomycin 

sulfate, polymyxin B, potassium chloride, sodium 
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    taurodeoxychoalate, thimerosal (multi-dose vials 

only) 

Afluria 

Quadrivalent 

(Influenza) 

Liquid (IM) 2-8 Yes sodium chloride, monobasic sodium phosphate, 

dibasic sodium phosphate, monobasic potassium 

phosphate, potassium chloride, calcium chloride, 

sodium taurodeoxycholate, ovalbumin, sucrose, 

neomycin sulfate 

411, polymyxin B, beta-propiolactone, 

hydrocortisone 

H5N1 Sanofi 

(Influenza) 

Liquid (IM) 2-8 Yes Porcine gelatin, thimerosal, formaldehyde, 

polyethylene glycol p-Isooctylphenyl Ether, sucrose 

H5N1 Id Biomed 

(Influenza) 

Liquid (IM) 2-8 Yes Thimersol, AS03, ovalbumin, formaldehyde, sodium 

deoxycholate 

Audenz 

H5N1 

(Influenza) 

Liquid (IM) 2-8 Yes MDCK cell protein/DNA, polysorbate 

80, cetyltrimethylammonium bromide, ß- 

propiolactone, squalene, sorbiton trioleate, sodium 

citrate dihydrate, citric acid monohydrate 

2009 H1N1 – CSL 

Limited 

(Influenza) 

Liquid (IM) 2-8 Yes Sodium chloride, monobasic sodium phosphate, 

dibasic sodium phosphate, monobasic potassium 

phosphate, potassium chloride, calcium chloride 

2009 H1N1 - 

MedImmune 

(Influenza) 

Liquid (IN) 2-8 Yes monosodium glutamate, hydrolyzed porcine gelatin, 

arginine, sucrose, dibasic potassium phosphate, 

monobasic potassium phosphate, gentamicin sulfate 

2009 H1N1 – ID 

Biomed 

(Influenza) 

Liquid (IM) 2-8 Yes Thimerosal, ovalbumin, formaldehyde, sodium 

deoxycholate 
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2009 H1N1 – 

Novartis 

(Influenza) 

Liquid (IM) 2-8 Yes N/A 

2009 H1N1 – 

Sanofi Pasteur 

(Influenza) 

Liquid (IM) 2-8 Yes Formaldehyde, polyethylene 

glycol p-isooctylphenyl ether, and sucrose 

RabAvert (Rabies) Lyophilization 

(IM) 

2-8 No Amphotericin B, beta-propiolactone, chicken protein, 

chlortetracycline, human serum albumin, neomycin, 

ovalbumin, polygeline (processed bovine 14 gelatin), 

potassium glutamate 

Imovax (Rabies) Lyophilization 

(IM) 

2-8 Yes Albumin, MRC-5 cells, neomycin sulfate, phenol 

IPOL (Polio) Liquid (IM, 

SC) 

2-8 Yes Calf serum protein, formaldehyde, neomycin, 2- 

phenoxyethanol, polymyxin B, streptomycin 

Ixiaro (Japanese 

Encephalitis) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, bovine serum albumin, 

formaldehyde, protamine sulfate, sodium 

metabisulphite 

JE-Vax (Japanese 

Encephalitis) 

Lyophilization 

(SC) 

2-8 Yes Formaldehyde or formalin, gelatin, mouse serum 

protein, polysorbate 80, thimerosal 

Recombinant 

HEPLISAV-B 

(Hepatitis B- 

HBsAg) 

Liquid (IM) 2-8 Yes CpG 1018, sodium phosphate, dibasic dodecahydrate, 

sodium phosphate, monobasic dihydrate, polysorbate 

80 

Engerix B 

(Hepatitis B- 

HBsAg) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, phosphate buffers, yeast 

protein 
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Recombivax HB 

(Hepatitis B- 

HBsAg) 

Liquid (IM) 2-8 Yes Amorphous aluminum hydroxyphosphate sulfate, 

amino acids, dextrose, formaldehyde, mineral salts, 

potassium aluminum sulfate, soy peptone, yeast 

protein 

Gardasil (Human 

Papilloma Virus- 

L1) 

Liquid (IM) 2-8 Yes Amino acids, amorphous aluminum 

hydroxyphosphate sulfate, carbohydrates, L-histidine, 

mineral salts, polysorbate 80, sodium borate, 

vitamins, yeast protein 

Gardasil 9 (Human 

Papilloma virus- 

L1) 

Liquid (IM) 2-8 Yes Aluminum, sodium chloride, L-histidine, polysorbate 

80, sodium borate, yeast protein 

Cervarix (Human 

Papilloma Virus- 

L1) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, amino acids, lipids, mineral 

salts, sodium dihydrogen phosphate dehydrate, type 

16 viral protein L1, type 18 viral protein L1, vitamins 

FluBlok 

(Influenza-HA) 

Liquid (IM) 2-8 Yes Monobasic sodium phosphate, dibasic sodium 

phosphate, polysorbate 20, baculovirus and host cell 

proteins, baculovirus and cellular DNA, Triton X- 

100, lipids, vitamins, amino acids, mineral salts 

FluBlok 

Quadrivalent 

(Influenza-HA) 

Liquid (IM) 2-8 Yes Monobasic sodium phosphate, dibasic sodium 

phosphate, polysorbate 20, baculovirus and host cell 

proteins, baculovirus and cellular DNA, Triton X- 

100, lipids, vitamins, amino acids, mineral salts 

Shingrix (Zoster- 

gE) 

Lyophilization 

(IM) 

2-8 Yes sucrose, sodium chloride, DOPC, potassium 

dihydrogen 

phosphate, cholesterol, sodium dihydrogen phosphate 

dihydrate, disodium phosphate anhydrous, 

dipotassium phosphate, polysorbate 80 

Combination Vaccines 
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MMRII (Measles, 

Mumps, Rubella) 

Lyophilization 

(SC) 

-50 to 

+8 

No Amino acids, fetal bovine serum, glutamate, 

hydrolyzed gelatin, neomycin, recombinant human 

serum albumin, sodium phosphate, sorbitol, sucrose, 

vitamins 

Pediarix 

(Diphtheria, 

Tetanus, Pertussis 

w/ Hepatitis B) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, aluminum phosphate, calf 

serum, lactalbumin hydrolysate, formaldehyde, 

glutaraldhyde, neomycin sulfate, polymyxin B, 

polysorbate 80, yeast protein 

Kinrix 

(Diphtheria, 

Tetanus, Pertussis, 

w/ inactivated 

Polio) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, calf serum, formaldehyde, 

glutaraldehyde, lactalbumin hydrolysate, neomycin 

sulfate, polymyxin B, polysorbate 80 

Quadracel 

(Diphtheria, 

Tetanus, Pertussis, 

w/ inactivated 

Polio) 

Liquid (IM) 2-8 Yes aluminum phosphate, polysorbate 80, formaldehyde, 

glutaraldehyde, bovine serum albumin, 2- 

phenoxyethanol, neomycin, polymyxin B sulfate 

Twinrix (Hepatitis 

A&B) 

Liquid (IM) 2-8 Yes Aluminum hydroxide, aluminum phosphate, amino 

acids, formalin, MRC-5 cells, neomycin sulfate, 

phosphate buffers, polysorbate 20, yeast protein 

ProQuad (Measles, 

Mumps, Rubella 

w/ Varicella) 

Lyophilization 

(SC) 

-50 No Bovine calf serum, dibasic potassium phosphate, 

dibasic sodium phosphate, human albumin, human 

serum albumin, hydrolyzed gelatin, monobasic 

potassium phosphate, monosodium L-glutamate, 

MRC-5 cellular protein, neomycin, sodium 

bicarbonate, sorbitol, sucrose, potassium chloride 
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Vaxelis 

(Diphtheria, 

Tetanus, Pertussis 

Inactivated 

Poliovirus, 

Haemophilus b 

Conjugate, 

Hepatitis B) 

Liquid (IM) 2-8 Yes polysorbate 80, formaldehyde, glutaraldehyde, 

bovine 

serum albumin, neomycin, streptomycin sulfate, 

polymyxin B sulfate, ammonium thiocyanate, yeast 

protein 

Pentacel 

(Diphtheria and 

Tetanus, Acellular 

Pertussis, 

Inactivated Polio, 

Haemophilus b) 

Liquid (IM) 2-8 Yes Aluminum phosphate, bovine serum albumin, 

formaldehyde, glutaraldehyde, MRC-5 cellular 

protein, neomycin, polymyxin B sulfate, polysorbate 

80, 2-phenoxyethanol 

 

Abbreviations: IM: Intramuscular, IN: Intranasal, ID: Intradermal, SC: Subcutaneous, PC: Percutaneous 
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