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Abstract

Vaccination is one of the most essential steps in controlling and preventing economically
important infectious diseases in livestock. Vaccines need to be effective at producing a high level
of immune responses that protect the animal from future encounters with infectious agents.
Additional requirements for veterinary vaccines include safety, inexpensive components, and
feasibility for large-scale production. These factors make emulsions attractive vaccine adjuvants.
The use of emulsions as adjuvants (substances that help to amplify the immune responses to the
antigen) has been explored for decades. However, emulsions are commonly produced with
expensive and energy-demanding devices which impact the price of the adjuvant, therefore,
affecting the price of the final product.

This study examined low-energy emulsification methods to meet the requirements for a
simple and low-cost vaccine manufacture that avoided utilizing complicated equipment.
Spontaneous emulsification (SE) and phase inversion composition (PIC) was explored to
formulate stable emulsions with nanometer droplet sizes. The study on the impact of oil
composition on the formation of emulsions produced by SE revealed that addition of medium-
chain triglycerides into the oil phase is beneficial for droplet size reduction and stability of
emulsions. Box-Behnken design (BBD) was used to develop mathematical relationships between
formulation variables and droplet size, polydispersity, zeta potential, and stability of emulsions
formulated via SE. The BBD allowed the study of a simultaneous effect of multiple variables and
formulate emulsions with certain physical characteristics, an effect that suggested that there was a
more effective approach in designing complex systems like emulsions.

New adjuvants containing mixtures of oils and surfactants were developed to produce

emulsions with nanoscale droplet diameters and multiple water-in-oil-in-water structures via the



PIC approach. The strong antibody responses and the absence of injection site side effects were
observed in animals that received emulsion vaccines with experimental adjuvants.

Additionally, inexpensive food-grade saponin extract was examined for stabilizing and
increasing immunostimulatory activity of oil-in-water emulsion-based adjuvants. The adjuvants
demonstrated high immune responses in pigs after co-administration with a subunit protein

antigen.
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Chapter 1 - Introduction and Background

Introduction

Every year livestock industries worldwide lose billions of dollars from the outbreaks of
devastating animal diseases. Vaccination is among the most important approaches to control and
prevent economically important infectious diseases. Design and selection of suitable adjuvants are
essential steps in the development of non-live vaccines. Adjuvants are substances or systems
administered together with the pathogen/antigen to help amplify host immune responses to the
antigen. Several factors shall be considered in the development of adjuvants for veterinary
vaccines including but not limited to safety, cost of materials, and feasibility for large-scale

production.

This research was devoted to the development of inexpensive and effective animal vaccine
adjuvants that will form emulsions after mixing with an antigenic aqueous phase. To achieve
simplicity of vaccine preparation, the emphasis was given to low-energy emulsification methods,
such as phase inversion and spontaneous or self-emulsification (SE). Due to this emphasis, effects
of oil composition on the formation and stability of emulsions produced by SE is studied in Chapter
2 of this thesis. The combination of medium chain triglycerides and paraffin oil has been
demonstrated as the most effective way for droplet size reduction and increased stability of
emulsions obtained via SE. Simultaneous impact of multiple formulation variables, including the
surfactant-to-oil ratio on physical characteristics of self-emulsified emulsions using the design of
experiment (DOE) approach, is investigated in Chapter 3. The DOE allowed for identification of
a mathematical relationship between formulation parameters and responses, such as average size,

polydispersity, zeta potential, and stability of emulsion droplets. This method is a promising
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systematic approach towards optimizing emulsions that have characteristics required for the

vaccine industry.

Application of phase inversion composition (PIC) for low-energy emulsification is
explored in Chapter 4 and Chapter 5. Additionally, the possibility to use inexpensive food-grade
saponin extract as an emulsifier and immunostimulant in an emulsion-based adjuvant is studied in
Chapter 4. Emulsions formulated with food-grade saponins were stable for a prolonged time at
elevated temperatures and elicited strong immune responses in pigs after co-administration with a

subunit protein as an antigen.

The production of vaccines containing water-in-oil-in-water emulsions via an energy-
efficient PIC method is described in Chapter 5. There, novel mixtures of oils and surfactants
forming stable emulsions after mixing with an aqueous phase are presented. The nanoscale size
and multiple structure of emulsion droplets were confirmed with dynamic light scattering and
transmission electron microscopy. These oil-surfactant mixtures were tested in vaccine
formulations demonstrating strong antibody responses in animals. In addition, experimental

vaccines did not cause health issues nor significant adverse reactions at injection sites.

Finally, the summary of this thesis and suggestions for future directions are given in

Chapter 7.
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Background

Adjuvants for veterinary vaccines'

In the early 20th century, French veterinarian, Gaston Ramon, observed that the addition
of different substances, such as calcium chloride, saponins, starch, vegetable oil, and bacteria to
the ‘‘anatoxine diphterique’” vaccine for horses promoted inflammation at the vaccine injection
sites, a reaction that is responsible for the enhanced production of antibodies against toxins (/) .
Since then, adjuvants have played a very important role in vaccine technology for both animals
and humans. The development of safe, highly purified subunit and inactivated vaccines requires
safe and potent adjuvants because the antigens in these types of vaccines are usually less
immunogenic compared with modified live microbes (2). To date, numerous compounds of
organic, inorganic, synthetic, and natural origin demonstrate an ability to form potent adjuvant
properties to stimulate immune responses (3). These substances can be broadly divided in two
different groups: immunostimulants (saponins, Toll-like receptor (TLR) agonists, cytokines] and
delivery agents (emulsions, microparticles, mineral salts) (4, 5). Inmunostimulants stimulate the
antigen-presenting cells (APCs) and promote the secretion of various cytokines. Delivery agents
help to preserve the conformation of antigens (Ag) for proper presentation to APCs and provide a
slow release for continuing immune stimulation. For instance, TLR agonists and other
immunostimulatory substances can enhance immune cell recruitment and cytokine secretion,
whereas emulsions and mineral salts can produce a depot effect at the injection site with a

prolonged release of the antigen and continued stimulation of immune cells.

! This section was partially reproduced from Burakova Y., et al, Adjuvants for animal vaccines in Viral
Immunology, 2018, Vol.31(1), pp.11-22. Final publication is available from Mary Ann Liebert, Inc., publishers
http://doi.org/10.1089/vim.2017.0049.
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Vaccine development for food animals differs from that of human and companion animals.
In humans, the health and well-being of the individual are of paramount importance, whereas
disease control measures for farm animals must be cost-effective. While human vaccines can be
marketed at more than a $100 per dose, the price for vaccines used in the livestock industry is
usually no more than a couple of dollars per dose (6, 7). Therefore, less financial resources are
available for research and development of animal vaccines compared with that for human vaccines.
On the other hand, livestock vaccine technology has fewer regulatory restrictions compared with
the development of human vaccines (7). Thus, due to safety restrictions, some compounds are
prohibited for use in a human vaccine (Quil-A®, mineral oil-based emulsions), but are successfully
employed in vaccines for livestock species. For more information about differences between
human and veterinary vaccine research and development, the readers are referred to the review by
Knight-Jones et al. (6).
Emulsions

Emulsions have been employed as adjuvant systems in animal vaccines for a long time and
are a good choice for animal vaccines because they are relatively simple to produce, cost-effective,
and demonstrate good efficacy in the production of antibody responses (4).

Classification of emulsions

Emulsions are the mixture of two immiscible liquids, one of which is organized into
droplets, stabilized by an interfacial surfactant layer, and dispersed into the other. Thus, the
dispersion of an organic liquid such as oil in water is called an oil-in-water (o/w) emulsion, while
water droplets dispersed in a continuous oil phase are called water-in-oil (w/0) emulsions (8). In
addition, there are multiple or double emulsions, such as water-in-oil-in-water (w/o/w) or oil-in-

water-in-oil (o/w/0). These systems are occasionally referred to as “emulsions of emulsions” as
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they, in the case of w/o/w emulsions, contain water droplets within the oil droplets, which, at the
same time, are dispersed into a continuous water phase.

Conventional emulsions are thermodynamically unstable, meaning they will eventually
separate into their oil and water phases over time. They can be macroemulsions with droplet sizes
in 1 to 5 um range and nanoemulsions with diameters of droplets less than 1 um (9). A lot of
attention has recently been given to thermodynamically stable emulsions denoted micellar
emulsions or microemulsions. Microemulsions are generally in the 5-50 nm size range and are
stable until the introduction of the external energy input (70).

The difference between conventional emulsions and microemulsions can be better
described using the concept of the free energy of emulsion formation (Ggr). Thus, according to
the second law of thermodynamics, change in the free energy of emulsion formation will be equal
to the interfacial free energy minus the configurational entropy (10):

AGgr = yigAA — TAS (1.1)
where AGgr — the change in the free energy of emulsion formation (J), y;g - interfacial tension
(J m?), T- temperature (K), AA — change in the interfacial area (m?), and AS - change in the entropy
(J K1) all due to the emulsification procedure.

In the case of conventional emulsions, the interfacial free energy term will be significantly
larger than the configurational entropy, resulting in a positive AGgr (11). Therefore, to form an
emulsion, energy needs to be introduced to render the system thermodynamically unstable.
However, an energy barrier between emulsion droplets can be created by the surfactant providing
the kinetical stability to the system (710, 11).

On the contrary, AGgr 1s negative when the interfacial free energy is very low. This results
in formation of thermodynamically stable emulsions or microemulsions. The free energy of

emulsion formation is also negative in spontaneous emulsification, which will be explored later in
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this chapter. Usually, a high ratio of surfactant to oil is required to achieve very low interfacial
tension and, as a result, thermodynamically stable emulsions (70, 11).
Surfactants and the Hydrophilic-Lipophilic Balance (HLB) concept

Surface active-agents, or surfactants, help to achieve kinetic stability of emulsions and are
amphiphilic substances composed of hydrophilic and hydrophobic moieties. The hydrophilic
portion is usually a water-soluble polar or ionic group while the hydrophobic portion of the
surfactant is usually a hydrocarbon or fatty acid chain insoluble in the water phase. This structure
allows a surfactant molecule to absorb at the interface of two phases, lowering the surface tension

between them (9).

a. lonic surfactant, sodium dodecyl sulfate b. Nonionic surfactant, polyoxyethylenesorbitan trioleate
Tween® 85
hydrophilic
O 7 " X
o” o i
hydrophobic r— )
ropnilic
ydrop. HO\(~/\O N
C. Polymeric surfactant, triblock copolymer - poloxamer
X +yt+z+w=20
\
hydrophilic hydrophilic
]’[J\/ hydrophobic

hydrophobic

Figure 1.1 Chemical structure of different types of surfactants.

Depending on the type of hydrophilic part of a molecule, surfactants can be ionic (anionic
and cationic) or nonionic, and can further be classified as monomeric or polymeric substances
(Fig 1.1) (12). For example, sodium dodecyl sulfate (SDS) is an anionic surfactant commonly used
as a detergent in hygienic and other cleaning products (73). SDS is composed of a water-insoluble

hydrocarbon tail and a water-soluble (anionic) sulfonate group, which dissociates in water on an
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amphiphilic anion and Na" cation (Fig. 1.1a). In contrast to ionic surfactants, nonionic surfactants
do not undergo ionization after dissolving in water. The sorbitan esters and their ethoxylates are
typical nonionic surfactants commonly used in food and pharmaceuticals due to their lower
toxicity when compared with ionic surfactants (/4). Figure 1.1b demonstrates the structure of
nonionic polyoxyethylenesorbitan trioleate (Tween® 85) surfactant, which is a product of
ethoxylation of sorbitan trioleate (Span® 85) that is obtained after dehydration of sorbitol followed
by esterification with oleic acid (15). Polymeric surfactants are also nonionic in nature and are
composed of high-molecular hydrophilic and hydrophobic blocks. Figure 1.1c shows an example
of a typical polymeric surfactant — poloxamer, triblock co-polymer. Poloxamer is composed of a
central hydrophobic poly(propylene oxide) with two hydrophilic chains of poly(ethylene oxide)
on each end (16).

The Hydrophilic-Lipophilic Balance (HLB) concept, introduced by Griffin, suggests that
the proportion between hydrophilic and hydrophobic groups in the surfactant molecules can
indicate behavior of the surfactant (77, /8). According to Griffin, an HLB value of a surfactant can
be obtained using the following empirical equation (18):

HLB =20 + =% (1.2)
where M;,— molecular weight of the hydrophilic group in surfactant (g mol™') and M — molecular
weight of the surfactant (g mol™). Surfactants that are hydrophilic in nature will have high HLB
numbers (>10), while surfactants that are lipophilic will have low HLB numbers (<10). The HLB
concept is commonly used among formulation scientists for the characterization of surfactant

properties and their selections for an application (Table 1.1) (17, 19).
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Table 1.1 HLB range and different classes of surfactants.

HLB value Surfactant

<10 Hydrophobic (water-insoluble)
>10 Hydrophilic (oil-insoluble)

1-3 Anti-foaming agent

4-6 W/o emulsifier

7-9 Wetting agent

8-16 O/w emulsifier

13-16 Detergent

16-18 Solubiliser

Emulsion production methods

Emulsions can be formed with different equipment and approaches (Fig. 1.2). The
pharmaceutical industry routinely uses high-pressure valve homogenizers and microfluidizers.
These systems deliver high throughput of emulsions with average droplet sizes around 0.2 um and
narrow size distributions (20). To provide emulsions with fine droplets, these devices force a liquid
sample through a valve or interaction chamber with microchannels (in the case of microfluidizer)
which results in the disruption of droplets due to the high shear, pressure drop, and cavitation
(21, 22). Among the disadvantages of these machines, the significant power demand and high
stress on the sample, including elevated temperatures that can affect the physical characteristics of

emulsions as well as other active ingredients in the formulation (21).

* High-pressure homogenization * Phase Inversion Temperature (PIT)
* Microfluidization * Phase Inversion Composition (PIC)
* Rotor-stator mixers * Spontaneous Emulsification (SE)
* Ultrasonication * Membrane Emulsification (ME)

Figure 1.2 Methods of emulsification.
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Rotor-stator mixers are also commonly employed in the industrial and laboratory settings
and allow users to obtain emulsions with droplet diameters between 2 to 20 um by high sheer
mixing generated by the rotor (23). Although the ultrasonic generators can form emulsions with
droplets less than 1 um in diameter (due to the low product throughput), these devices are usually
used in laboratory settings only (2/). They generate high-intensity ultrasonic waves to create
microturbulences and cavitation for dispersing from one phase into another (24).

The formation of emulsions by low-energy approaches, such as phase inversion and
spontaneous emulsification (SE), has recently become popular in pharmaceutical and food
industries because of low energy demand and simplified equipment (25). Additionally, these
methods allow obtaining emulsion droplets that are nanometers in size, have a low polydispersity,
and a prolonged stability. However, the right selection of surfactants and oils are key factors for
successful self-emulsification and phase inversion, usually requiring high concentrations of
surfactants to achieve small droplets and extended stability of the emulsions (26).

Phase inversion refers to the emulsification procedures occurring when an oil-in-water
emulsion inverts into a water-in-oil emulsion, or vice versa, because of a change in temperature
(PIT) or composition (PIC). During the PIT, temperature changes affect the surfactant’s affinity
for the two phases, thus making it more hydrophilic or lipophilic (27); the dispersed phase becomes
the continuous phase and vice versa. Phase inversion composition (PIC) involves the gradual
addition of water to the oil-surfactant mixture to obtain an o/w emulsion through the initial
formation of a w/o emulsion (25). The mechanism of PIC, also called catastrophic phase inversion,
is similar to PIT as it involves the hydration-driven change of interfacial curvature when water is

added. This reaction leads to reduced oil solubilization, supersaturation, and droplet nucleation

(28).

26



Spontaneous emulsification, or self-emulsification, occurs when an oil phase is introduced
into a water phase, producing a fine emulsion without any energy input due to the negative values
of free energy of emulsion formation (29). In contrast to phase inversion, there is no change in the
surfactant interfacial curvature. The surfactant molecules diffuse from the oil (dispersed) phase
and into the water (continuous) phase followed by nucleation and growth of emulsion droplets
(29). This approach has become very popular in the pharmaceutical industry for production of so-
called self-emulsifying drug delivery systems (SEDDS): solid, semi-solid or liquid mixtures of
oils, surfactants, and active ingredients that self-emulsify in the gastro-intestinal tract after pre-
oral administration (30).

Another low-energy approach, membrane emulsification (ME), occurs by forcing a
dispersed phase into a continuous phase through a microporous membrane that produces highly
monodispersed droplets with a controlled size distribution (3/). The low throughput in ME limits
its industrial application, however, this method is suitable for production of emulsions for
subsequent use as templates for fabrication of particles with complex and non-spherical structures
(31).

Breakdown and degradation pathways in emulsions

As mentioned previously, conventional emulsions are unstable and tend to separate into oil
and water over time in order to minimize the interfacial area and free energy of formation. Stability
of emulsions is determined by the resistance of droplets to coalesce. Coalescence occurs due to the
strong Van der Waals attraction forces, which bring two droplets so close to each other that the
liquid film between them ruptures resulting in their fusion into one big droplet; this ultimately
leads to complete phase separation (32). Different degradation pathways can result in coalescence
and emulsion breakdown (Fig. 1.3). Among them, creaming and sedimentation occurs due to
gravitational forces that overpower the Brownian motion. Due to density differences, larger
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droplets will move to the top (creaming) or deposit on the bottom of the vessel (sedimentation) (9,
12). One way to prevent creaming and sedimentation is to use oil with a density similar to the
density of water. However, in practice, the more reliable approach is reduction of the droplet size

or by addition of a thickener agent to increase viscosity of the continuous phase (9).

Emulsion
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Figure 1.3 Schematic illustration of emulsion degradation processes.

Flocculation, the phenomenon where emulsion droplets form clusters, occurs when the
repulsion between droplets is weaker than Van der Waals attraction forces (Fig. 1.3). Because of
flocculation, accumulations of the droplets will move to the top or precipitate on the bottom,
depending on the density. Flocculation can also lead to the coalescence of droplets (9, 33). To

offset Van der Waals attraction forces and prevent, or slow, both flocculation and coalescence,
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stronger repulsive forces between the emulsion droplets must be created. This can be achieved by
creation of either an electrostatic or steric barrier.

Electrostatic repulsion (V) between particles is a function of the zeta potential (34):

Vi = 2me,9R{? exp(—kD) (1.3)

where R - radius of the particle (m), &, — dielectric constant of the solvent (CV'm™), g, -
permittivity of the vacuum (C? J''m™), { - zeta potential (V), and k - Debye-Hiickel parameter
related to the “thickness” of the double layer (m™!), D — separation distance (m). From this equation,
the higher magnitude of the zeta potential, the stronger the repulsion and more stable the system
becomes. Zeta potential is a potential difference between the droplet and the stationary layer of the
continuous phase attached to that droplet. Therefore, it is a function of surface charge of the
particle, which arises from the absorbed layer of the surfactant. In the case of ionic surfactants, the
amphiphilic ion determines the sign of the surface charge (79). For nonionic surfactants, the charge
on the droplet appears from hydroxyl ions absorbed from the aqueous phase (35). Zeta potential
depends on the nature and composition of the continuous phase, which includes pH and ionic
strength of the solution.

Steric stabilization between emulsion droplets can be created by nonionic and polymeric
surfactants. The repulsion produced by steric stabilization is related to the thermodynamic
behavior of polymeric chains in solutions. Loss of configurational entropy of the chains in the
compressed absorbed layer of two particles increases the Gibbs free energy, which is unfavorable;
therefore, steric interaction is always repulsive (36).

Finally, Ostwald ripening can also lead to emulsion degradation and usually occurs in
nanoemulsions. Although an emulsion is usually formed from two immiscible liquids,
occasionally, their mutual solubility cannot be ignored. Consequently, smaller droplets that have

a larger solubility will dissolve over time, and their molecules will re-deposit onto bigger droplets;
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this results in an increase of the average size of emulsion droplets. Ostwald ripening can be reduced
by using less soluble oil. In addition, polymeric emulsifiers can help to create a thick layer at the
oil/water interface, further inhibiting the movement of oil molecules to and from droplets (33).
Emulsions as adjuvants?

Different types of emulsions have different mechanisms of action in vaccine formulations
(Fig. 1.4). A water-in-oil (w/0) emulsion is a dispersion of water droplets within a continuous oil
phase (Fig. 1.4a). The antigen is entrapped in the water phase surrounded by a continuous oil phase
and slowly released upon breakdown of oil after injection (37). The depot effect at the injection
site preserves the antigen from fast clearance by phagocytosis and the liver and, therefore, extends
the time available for immune cell recruitment and antigen processing (4).

The most well-known example of w/o emulsion adjuvants is Freund’s adjuvants (38).
Based on the paraffin oil and heat-killed and dried mycobacteria (Freund’s complete adjuvant,
FCA) or without mycobacteria (Freund’s incomplete adjuvant, FIA), these adjuvants are very
efficient in inducing high-titer antibody responses. However, Freund’s adjuvants produce strong
adverse reactions, such as local inflammatory lesions, pain, and distress, which have prevented
their use in animal and human vaccines (39). Successfully commercialized w/o emulsions are
available under the brand name Montanide™ Incomplete Seppic Adjuvants (ISA) (Seppic,
France). These adjuvants show effectiveness on the level of FIA, but have fewer side effects (40,
41) and are utilized in veterinary vaccines. ISA contain purified mineral or squalene oil and
mannitol esters as emulsifiers. W/o Montanide adjuvants have been used in vaccines for Newcastle

disease in chickens (42), subunit vaccine for Mycoplasma hyopneumoniae in pigs (43), inactivated

2 This section was partially reproduced from Burakova Y., et al, Adjuvants for animal vaccines in Viral Immunology, 2018. Final

publication is available from Mary Ann Liebert, Inc., publishers http://doi.org/10.1089/vim.2017.0049.
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vaccine for foot-and-mouth disease (FMD) in swine (44) and cattle (45, 46), and farmed fish

vaccines for various viral and bacterial infections (47, 48).
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Figure 1.4 Microscopic images of different types of emulsions and their mechanisms of
action as immunological adjuvants.

Another type of emulsion utilized in vaccines is oil-in-water (o/w) emulsions, formed by
the dispersion of oil droplets in the aqueous phase (Fig. 1.4b). Studies on MF59 (a squalene o/w
vaccine adjuvant) has shed some light on how o/w emulsions induce immune responses (49).
Unlike w/o emulsions, o/w emulsion-based adjuvant does not form an antigen depot at the injection
site. Instead, the oil droplets facilitate the chemokine-driven immune cell recruitment and the
differentiation of macrophages and dendritic cells (DCs) (50, 51). MF59 demonstrated better

adjuvanticity in stimulating a cell-mediated immune response against influenza virus than

31



aluminum hydroxide or calcium phosphate (52). For veterinary applications, several commercially
available o/w adjuvants exist under the brands of Montanide ISA, Emulsigen® (MVP
Technologies, USA), and Meta-Stim® (Fort Dodge Laboratories, USA). These adjuvants are used
in livestock vaccines against various economically important bacterial and viral antigens (53-57).
For example, MetaStim coformulated with inactivated equine influenza virus stimulated higher
expression of IL-12 and interferon-c (IFN-c) than the vaccine with aluminum phosphate as
adjuvant (55). Recently, a new o/w emulsion adjuvant based on mineral oil and an inexpensive
food-grade plant-based emulsifier was shown to be effective in vaccine formulations against swine
influenza virus, M. hyopneumoniae, and classical swine fever (CSF) virus (58, 59). These research
findings suggest that o/w emulsions are more suitable adjuvants for vaccines against viral
pathogens than mineral salts.

In attempts to overcome the issues with local reactions and high viscosity associated with
w/o emulsions, research efforts have been devoted to developing multiphasic water-in-oil-in-water
(w/o/w) emulsions (Fig. 1.4c) as vaccine adjuvants (60-62). In w/o/w emulsions, oil droplets
containing internal water droplets are dispersed into continuous water phase. It has been speculated
that w/o/w emulsions may provide both fast release of antigens from the external water phase and
prolonged release from the internal water droplets. Thus, this type of vaccine may quickly and
continuously stimulate immune cells (60). Multiple emulsions have a very fragile structure and
their formulations present great challenges. Currently, only few w/o/w emulsion adjuvants are
available on the market. Oil-based formulations, Montanide ISA 201 and 206, produce multiple
emulsions after gentle mixing with antigenic aqueous phase. These adjuvants demonstrate
effectiveness and provide protection for different livestock species against several economically

important pathogens, including influenza and FMD viruses (63-65).
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The design of emulsions for adjuvant application involves several parameters. The nature
and the concentration of emulsion components have a significant impact, not only on the physical
and chemical stability of the final products, but also on the level of immune response and adverse
reactions after vaccination (66, 67). The choice of oil for the emulsion should also be considered.
Several studies demonstrate that poorly metabolized mineral oil has superior efficacy in vaccine
formulation compared with plant-derived oils (66, 68). In addition, the proper concentration of
surfactants should be determined to produce a stable emulsion, avoiding excessive amounts.
Adverse reactions have been reported after vaccination with high concentrations of surfactants in
emulsions (67).

The insufficient knowledge in the relationship between the size of emulsion droplets and
the quality and quantity of immune responses is a major limiting factor for rational design of
emulsion-based adjuvants. Recently, one study has demonstrated that emulsions with droplet size
of 160 nm produce significantly higher antibody responses in mice than emulsions with 20 nm
droplet diameter (69). However, another report speculates that particles with a size range of 10 —
200 nm can move faster and enter the lymphatic system and target the immune cells more
efficiently (70).

Emulsion-based adjuvants are a very attractive selection for livestock vaccine
formulations. These adjuvants can be formulated using inexpensive, readily available components
such as mineral oil and food-grade emulsifiers. Further investigation is needed to fully understand
the relationship between physical characteristics of emulsions and their ability to induce immune

responses in animals.
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Chapter 2 - Impact of Oil Composition on Formation and Stability

of Emulsions Produced by Spontaneous Emulsification®

Abstract

In this study, triglycerides of different chain lengths were mixed with paraffin oil, and their
effectiveness in forming emulsions produced by spontaneous emulsification upon the addition of
water was investigated. Dependence of the emulsions droplet size exhibited similar trends as a
function of the triglyceride/paraffin oil composition for medium chain (C8-C10) and long chain
(C18) triglycerides. However, emulsions formulated with medium-chain triglycerides (MCT) and
long-chain triglycerides (LCT) have much smaller droplet size on the order of 50 nm than
emulsions with short-chain (C4) triglycerides. The addition of short-chain triglycerides resulted in
droplet sizes around 800 nm, and the emulsions formed were very unstable. The droplet size,
polydispersity index, zeta potential, and emulsion stability for all of these systems will be
described as a function of oil phase composition.

Introduction

Spontaneous emulsification, or self-emulsification, is a very attractive production method
in many areas including agriculture (7, 2), the cosmetics industry (3, 4), and pharmaceuticals (3,
6). The method is simple and can produce stable nanoscale emulsions with great solubilization
properties for the delivery of active ingredients in a variety of applications.

Spontaneous emulsification occurs when the oil phase is introduced to the water phase, and

a fine emulsion is produced after gentle agitation or even without it (7). Many parameters can

3 This is an Accepted Manuscript of an article published by Taylor & Francis in Journal of Dispersion Science and Technology

on 12/02/2017, available online: https://doi.org/10.1080/01932691.2017.1281141
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affect the production of self-emulsifying emulsions including the nature of the oil phase, the choice
of surfactants and their concentration, the presence of co-surfactants, and the ratio between all
components (8-10). Here, the focus will be on the impact of oil composition on formation of
spontaneous emulsions. A number of studies demonstrate that relatively more polar oils such as
long- and medium-chain triglycerides are better candidates for the low energy production methods
than nonpolar oils (n-alkanes) (10-12). At the same time, some applications, such as crop oil
concentrates in agriculture (713), personal-care products (/4), and animal vaccine adjuvants (15),
requires the presence of different oils/or excipients including nonpolar n-alkanes (mineral or
paraffin oil) to improve the efficacy of the final formulation.

The impact of the addition of different proportions of triglycerides to the oil phase on the
ability of paraffin oil to produce emulsions by spontaneous emulsification is investigated here.
Although several groups have reported the addition of long- and medium-chain triglycerides to
essential oils and oils with high solubility in water improves the stability and decreases the droplet
size of those emulsions at particular triglyceride contents (16-18). No report exists, to the best of
our knowledge, on how the triglycerides impact the formation and stability of nonpolar paraffin
oil emulsions. In addition, the impact of the triglycerides with different chain lengths on droplet
size, polydispersity, and stability of nonpolar paraffin oil emulsions is compared in this study.
These observations will be useful for formulation scientists in many fields, where the mixture of
different types of oils including nonpolar mineral oils is employed in emulsion oil phase.

The nonionic surfactant, Tween 85, was employed as the emulsifier for this system as it
has been shown to be a good choice for self-emulsifying formulations (8). Glycerol was selected
as a co-surfactant. It has been demonstrated that polyhydroxy alcohols, such as ethylene glycol
and glycerol, can effectively reduce droplet size of the emulsions when paired with nonionic
surfactants in emulsion production (7/9-21).
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Materials and methods

Materials

The oil phase of these emulsions was comprised of paraffin oil (a mixture of n-alkanes
CnHan+2, where n=16-24) obtained from Sigma-Aldrich (St. Louis, MO, USA) and one of three
triglycerides. Soybean oil purchased from a local grocery store was used as a source of long-chain
triglycerides (LCT). Soybean oil is essentially composed of triglycerides with polyunsaturated
linoleic acid (C-18:2), a-linolenic acid (C-18:3), and monounsaturated oleic acid (C-18:1) being
the major constituents (22). Medium-chain triglycerides (MCT) were supplied by Swanson Health
Products (Fargo, ND, USA). According to the manufacturer, these triglycerides are composed of
50—-65% caprylic acid (C-8:0) and 30-45% capric acid (C-10:0). Tributyrin (98%, C-4:0) was used
as a source of short-chain triglycerides (SCT) (Fisher Scientific, Fair Lawn, NJ, USA). The
nonionic surfactant, polyoxyethylenesorbitan trioleate (Tween 85), was purchased from MP
Biomedicals (Solon, OH, USA). Glycerol (Fisher Scientific, Fair Lawn, NJ, USA) was used as a
co-surfactant. All reagents were used as received. Nanopure deionized water was prepared using
Barnstead NANOpure Infinity water system (Thermo Fisher Scientific, Marietta, OH, USA).

Emulsion preparation

The emulsions were prepared in two steps. First, oils and surfactants were mixed together.
Paraffin oil and triglycerides were blended in different mass ratios (from 0 to 100 wt.%
triglycerides) to produce homogenous oil mixtures. The fixed amounts of nonionic surfactant,
Tween 85, and co-surfactant, glycerol, were added to the oil mixtures prior emulsification with
water. The final concentration of components in all blends was 50 wt.% oil phase, 25 wt.%
surfactant, and 25 wt.% co-surfactant. In the second step, the oil/surfactant mixture was slowly

(within 10 sec.) added to deionized water in a mass ratio of 1:2 upon stirring on a magnetic mixer
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(350 rpm) at room temperature (20°C) to produce the final emulsion. All samples were stirred for
20 min.
Emulsion characterization

Droplet size analysis

The droplet size of the emulsions was measured with a Zetasizer Nano ZS 90 instrument
(Malvern Instruments, Westborough, MA) by dynamic light scattering (DLS). Immediately before
measurement, the samples were diluted by factor of 100 with deionized water to avoid multiple
scattering effects. A 633 nm He-Ne laser was employed at a scattering angle of 173 degrees to
measure the hydrodynamic diameter of emulsion droplets. The polydispersity index (PDI) was
also collected for each sample. A PDI value less than 0.2 indicates a narrow size distribution of
emulsion droplets, while a value of 0.7 and higher indicates a very broad size distribution (23).
Each measurement was performed in triplicate on two different samples of the same composition
at constant temperature (25°C) to ensure reproducibility of results. The results are reported as a
mean + standard error of the mean (SEM).

Zeta potential measurements

Zeta potential measurements were performed with a Zetasizer Nano ZS 90 instrument
(Malvern Instruments, Westborough, MA) using a disposable folded capillary cell. Before
measurement, samples were diluted by a factor of 100 with deionized water. The electric field was
applied to the cell to determine the electrophoretic mobility of the particles. The calculation of zeta
potential through Henry’s equation then was performed. Each sample was measured three times.
Two different samples with the same composition were studied to insure reproducibility of results.

The results are reported as a mean value + SEM.
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pH measurements

The pH of the emulsions was measured with a VWR SympHony digital pH meter SB21
(VWR International, Radnor, PN, USA). Before use, the instrument was calibrated by a three-
point method according to manufacturer’s manual.

Long term stability of emulsions

To evaluate long term shelf stability of emulsions in this study, samples were kept at two
different temperatures, 4°C and 20°C, and visually inspected after one month. The samples were
considered to pass this visual test if they did not demonstrate any signs of creaming, sedimentation,
and/or phase separation (oiling off). Some samples showed a color change during the storage, but
it was not considered as a criterion for the failing the visual test. The droplet size of emulsions that
have passed the visual test was measured with DLS at the end of the test. Each sample was

measured three times and the results are reported as a mean + standard deviation (S.D.).

Results

The effect of addition of triglycerides on droplet size of paraffin oil emulsions

The effect of different proportions of triglycerides and paraffin oil in the oil phase on the
droplet diameters of the emulsions is shown in Figure 2.1. An emulsion prepared with pure paraffin
oil had a mean droplet diameter of 2090.0+480.0 nm. When the long-chain triglycerides were
added to oil phase, the mean droplet diameter decreased steeply reaching a minimum of 53.0£1.0
nm at 15 wt.% soybean oil. With further addition of soybean oil, the droplet size of the emulsions
increased slowly reaching 139.0+12.0 nm at 100 wt.% soybean oil. A similar result was observed
when medium-chain triglycerides were added to paraffin oil before emulsion production. A
minimum droplet diameter of 51.0+1.0 nm was obtained when the oil phase was comprised of 15
wt.% MCT oil. Increasing the MCT oil in the oil phase led to increasing the droplet size,

culminating in a diameter of 141.0+7.0 nm at 100 wt.% MCT oil. The addition of short-chain
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triglycerides produced a very different result. The smallest droplets were 818.0+55.0 nm in
diameter, which was obtained at a concentration of 25 wt.% tributyrin. At 100 wt.% tributyrin, the
emulsion had a mean droplet diameter of 3880.0+720.0 nm.
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Figure 2.1 Effect of different proportions of triglycerides and paraffin oil in the oil phase
on the droplet size of emulsions.
Data plotted as a mean =+ standard error of mean (SEM).

The addition of medium-chain and long-chain triglycerides to the oil phase before
emulsification contributed to narrowing the droplet size distribution, as indicated by a decreased
polydispersity index. The steep reduction in the PDI from 1 to 0.2 was observed when the LCT or
MCT content was increased from 0 to 15 wt.%. It remained approximately this value up to 100

wt.% triglycerides (Fig. 2.2). Short-chain triglycerides did not impact polydispersity of paraffin

oil emulsions; it stayed at essentially 1 throughout the entire concentration range.
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Figure 2.2 Effect of different proportions of triglycerides and paraffin oil in the oil phase
on polydispersity index of emulsions
Data plotted as a mean = SEM.

Zeta potential and pH of emulsions with triglycerides/paraffin oil

Figure 2.3 demonstrates that the addition of triglycerides to a paraffin oil before
emulsification impacts the value of zeta potential of emulsions. A sudden increase in zeta-potential
value is observed when the concentration of LCT and MCT in the oil phase changes from 15 to 20
wt.%. A pure paraffin oil emulsion had a zeta-potential of -38.0£1.0 mV. This value remains
essentially the same with LCT and MCT up to 15 wt.% triglycerides. The zeta potential increases
to = -25 mV when the amount of LCT or MCT reaches 20 wt.%. Remarkably, it does not change
significantly after the LCT and MCT is increased up to 100 wt.% (Fig. 2.3a-b).

The behavior with SCT addition is very different (Fig. 2.3c). At small concentrations of
tributyrin in the oil phase, no significant change is observed in zeta potential; it remains around -
38 mV up to 10% of SCT in oil phase. With addition of tributyrin, the zeta potential decreases
down to -41.2+0.3 mV before increasing slowly with increasing concentration of triglycerides in

the oil phase of emulsions, reaching a value of -23.0+0.2 mV at 100 wt.% triglycerides.
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Figure 2.3 Effect of different proportions of long-chain (a, d), medium-chain (b, e), short-
chain triglycerides (c, f) and paraffin oil on zeta potential and pH of resulting emulsions.

Data of zeta potential represented as a mean + SEM.

To confirm that these trends in zeta potential are not a consequence of changes in pH within
the system, the pH was measured for each composition (Fig 2.3d-f). In the case of long- and
medium-chain triglycerides, the pH essentially remains constant. Emulsions with pure paraffin oil
had a pH of 7.8 while the emulsions with pure soybean oil and pure MCT oil emulsion had pH
values of 7.9 and 8.2, respectively. The addition of SCT indeed impacts the pH of these emulsions
(Fig. 2.3f). The pH slowly decreases with increasing tributyrin concentration in the oil mixture

reaching 5.7 at 100 wt. % tributyrin.

Emulsion stability and droplet size evolution over time at different storage

conditions

Emulsions prepared with tributyrin and paraffin oil were very unstable. Emulsions
prepared with pure paraffin oil demonstrated creaming immediately after preparation. Creaming,

oiling off, and sedimentation in tributyrin/paraffin oil emulsions also had been noticed shortly after
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preparation. A thin creaming layer was also observed in emulsions prepared with 5 to 10 wt.%
MCT and LCT emulsions after just a few hours of preparation. Emulsion samples with 15 to 100
wt.% long- and medium-chain triglycerides did not cream, or phase separate after one month of
storage at 4°C (not shown) and 20°C. However, the color change from yellowish translucent to
white turbid was noticed in MCT/paraffin oil emulsions starting from 35 wt.% of MCT and from
15 wt.% in LCT/paraffin oil emulsions. Interestingly, two samples of MCT/paraffin oil emulsions
(15 wt.% and 25 wt.%) preserved their color and visual appearance after one month at 20°C.
Figure 2.4 shows the emulsion droplet diameters after one-month storage at 4°C and 20°C.
Mean droplet size did not change significantly in samples stored at 4°C for both systems,
MCT/paraffin oil and LCT/paraffin oil. Although at 20°C, the significant droplet growth was

observed in all samples except 15 wt. % and 25 wt. % MCT oil emulsions.
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Figure 2.4 Change of emulsion droplet size after one-month storage at different conditions:
(a) MCT/paraffin oil emulsions; (b) LC'T/paraffin oil emulsions.
Data represented as a mean + standard deviation.

Discussion

Numerous studies indicate that the addition of medium- and long-chain triglycerides

reduces the droplet size and improves emulsion stability size by inhibiting the Ostwald ripening
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process (16, 17, 24). Ostwald ripening instability is associated with a growth of particle size due
to difference in solubility of small droplets and big droplets and the deposition of molecules from
small droplets into bigger droplets resulting in disappearance of small droplets and enlargement of
big droplets over time. The rate of Oswald ripening is dependent on molar volume of the oils, with
higher molar volume oils lowering the rate of ripening (25). As a result, medium- and long-chain
triglycerides, having a larger molar volume than n-alkane oils, can act as Oswald ripening
inhibitors. Results of our study agree with these observations. Addition of LCT and MCT to
paraffin oil indeed decreases droplet size and improves the stability of these emulsions. While SCT
did not achieve the same result as they have a lower value of molar volume of the oil and therefore
poor Ostwald ripening inhibitory properties. Although the question remains why, when the content
of triglycerides in the oil phase exceeds 15 wt.%, the droplet diameter increases slowly from
51.0¢1.0 nm to 141.0+£7.0 nm in case of addition of MCT oil and from 53.0+£1.0 nm to 139.0+12.0
nm in case of LCT. This phenomenon has been observed in other studies when the emulsions with
mixed oils were produced via a high-pressure homogenizing method (24, 26). For instance, the
droplet size of emulsions in which an oil phase was comprised of an orange oil and corn oil (LCT)
exhibited the similar behavior as a function of corn oil concentration. A steep decrease of the
emulsion droplet size when the oil phase contained 0-20% corn oil and a gradual droplet diameter
enlargement when the concentration of corn oil was raised from 20 to 100% were observed. The
researchers attributed it to the higher viscosity of the corn oil and higher interfacial tension of the
corn oil-water interface in comparison with orange oil (24). In our systems, both LCT and MCT
have lower viscosity and interfacial tension than paraffin oil. Therefore, the particle size increase
with increased triglyceride content cannot be attributed to these factors.

It has been demonstrated that lower polydispersity of colloidal systems signifies their
higher stability attributed to the lower ripening rate (27, 28). The addition of medium- and long-
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chain triglycerides to paraffin oil reduces the polydispersity of emulsion droplets as demonstrated
in Figure 2.2. This and the fact that MCT and LCT contributes to droplet size reduction makes
them superior to short-chain triglycerides in formation of stable emulsions.

Zeta potential is often used to predict colloidal stability of emulsions, and it is dependent
on pH, ionic strength, and chemistry of the surface and dispersant. Therefore, it is not a surprise
that by changing the composition of oil phase of the emulsions would lead to changes in the zeta-
potential. However, the behavior of the zeta-potential as a function of triglycerides content still
raises some questions. Marinova (29) and other research groups (30) have explained the nature of
negative charge on the n-alkanes oil droplets stabilized with nonionic surfactants due to the
adsorption of hydroxyl ions. According to this theory, the oxygen atoms of the interfacial water
molecules are specifically oriented towards the hydrophobic nonpolar phase creating the negative
potential at the interface. In this study, the pure paraffin oil emulsion stabilized with nonionic
surfactant also had a negative zeta potential (-38 mv), and therefore, agreed with this theory. At
small concentrations of triglycerides (up to 15 wt.%), the triglycerides did not produce any
significant change in the system. Yet for the concentrations of MCT and LCT in excess of 25 wt.%,
the zeta potential jumped to -25 mV and remained at this value as additional triglycerides were
incorporated into the oil phase. It appears a particular amount of triglycerides is needed to affect
the surface charge of emulsion droplets. One possible explanation can be the orientation of
triglyceride molecules within the oil droplets. The more polar hydrophilic heads of triglycerides
appear to reside at the water-oil interface, while hydrophobic fatty acid tails dwell inside the
droplet. With this orientation, triglycerides can exhibit surfactant-like behavior which, in its turn,
may affect the adsorption of hydroxyl ions responsible for negative charging. Although this theory
does not explain why the further increases in the triglyceride content do not reduce the negative
charging even more. The addition of short-chain triglycerides reduces zeta potential eventually as
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well, but, in this case, a higher concentration of triglycerides (up to 90 wt.%) is needed to achieve
the same result as with MCT and LCT. Clearly, more experiments have to be performed to explain
zeta potential behavior. Molecular dynamic simulations could shed additional light on the
interfacial organization of molecules in mixed oil — water systems as well.

The long-term shelf stability at different temperatures is one of most important properties
of emulsions for the most application areas. The experiments with stability at different
temperatures demonstrate that the incorporation of MCT in the oil phase is more effective than
LCT. Although, both systems had very similar results initially, two formulations with 15 wt.%
and 25 wt.% MCT preserved their droplet size after one-month storage at 20°C, while none of the
LCT formulations demonstrated similar results. These observations contradict the Oswald ripening
inhibition theory (25), according to which long-chain triglycerides, having a larger molar volume
and lower solubility in water than medium-chain triglycerides, should be superior in the

suppression of Ostwald ripening rate.
Conclusions

Spontaneous emulsification of paraffin oil emulsions was improved by addition of
triglycerides with long- and medium-chain lengths to the oil phase of emulsion before
emulsification. It was found that medium-chain triglycerides are better candidates for decreasing
the droplet size of emulsions, narrowing droplet size distribution, and improving emulsion stability
over time. The addition of short-chain triglycerides did not prolong the shelf stability of emulsions,
and only a small decrease in droplet size was observed. Emulsion droplet size and distribution can
be decreased dramatically by the addition of LCT to paraffin oil, but the overall stability of
emulsions formed was worse than in case of MCT/paraffin oil emulsions. The system zeta potential

was found to be sensitive to a particular concentration of triglycerides, with LCT and MCT, 25
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wt% was enough to decrease negative charging of droplets; in the case of SCT, 90 wt%
triglycerides had to be employed to achieve the same zeta potential value. Additional experiments
must be performed to explain “plateau effect” of zeta potential at concentrations of 25 — 100 wt.%

MCT and LCT.
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Chapter 3 - Box-Behnken Design of Emulsions Produced by

Spontaneous Emulsification

Abstract

Emulsions produced by spontaneous emulsification are dependent on many formulation
parameters. A detailed understanding of the relationship between these parameters and their effect
on responses are very important in the design of optimal formulations. The influence of several
formulation variables and the interactions between them on the formation and stability of self-
emulsified emulsions were studied using response surface methodology. A four-factor, three-level
Box-Behnken design was employed to determine optimal design space and which parameters have
the largest effect. The gels producing emulsions were comprised of oil (mixtures of light mineral
oil and MCT oil), two surfactants (sucrose palmitate and Tween 60), and glycerol. After addition
to the saline solution (water phase) and gentle agitation, emulsions with nanoscale droplet sizes
formed. Four critical parameters for emulsion formation were identified: the sucrose palmitate-to-
glycerol ratio, Tween 60-to-oil phase ratio, glycerol-to-oil ratio, and, finally, the gel-to-water phase
ratio. Effects of these factors on droplet size, polydispersity, zeta potential, and stability of
emulsions were described quantitatively with polynomial equations. The Tween 60-to-oil ratio
followed by the oil-to-glycerol ratio were the most significant parameters in determining the
droplet size and polydispersity of emulsions. The oil-to-glycerol ratio has also impacted stability
of the emulsions. Interestingly, less negative zeta potential values correlated with emulsions
having higher stability; less stable emulsions were formed as the zeta potential became more
negative. The response surface methodology permitted to establish the important interconnections
between formulation variables and qualities of final emulsions. In addition, the optimal design

space was defined.
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Introduction

Spontaneous emulsification or self-emulsification occurs when an oil phase is added to a
water phase and an emulsion is formed with or without gentle agitation (7). Self-emulsifying
emulsions have earned a lot of attention in various applications including pharmaceutical drug
delivery systems (2, 3), agricultural pesticides (4), cosmetics (3), and oil recovery (6). Simplicity
of preparation, nanoscale droplet size, extended solubilization capacities, and prolonged shelf
stability are qualities that make self-emulsifying emulsions very attractive for these areas.
However, emulsions formulated by spontaneous emulsification are sensitive to many parameters
such as the nature of oil, the choice and concentration of surfactants, the choice and presence of
co-solvents/co-surfactants, and the proportions between all components. Generally, determination
of optimal formulation space has proceeded by exploring the composition field one-factor-at-a-
time, which demands a lot of sample handling and does not consider the important relationships
between different independent parameters and the final response they produce. Recently, response
surface methodology (RSM) (7) has gained in popularity among formulation scientists (8-10). The
RSM allows for optimizing formulations by employing a sequence of designed experiments and
determining simultaneous effects of several variables on the response of interest. This
methodology helps to minimize the number of treatment combinations and provides very essential
information about complex interconnections between process variables and responses by using
second-degree polynomials. In the present study, a Box-Behnken design (BBD) was used to study
the effect of several formulation variables on physical characteristics of self-emulsifying
emulsions for application as components in animal vaccines.

Introduced in 1960 by G. E. P. Box and D. Behnken, a BBD is a quadratic experimental

design for RSM (71). This design is particularly convenient for four or fewer factors, or
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independent variables, requiring fewer sample combinations than a conventional central composite
design. The BBD does not use the extreme points in treatment combinations; it employs central
points and requires three levels for each impacting factor.

First, the gels were formulated that produce emulsions after spontaneous emulsification
with a water phase. The gels were comprised of components suitable for application in animal
vaccines. The oil component of the gels was a mixture of light mineral oil and medium chain
triglycerides (MCT). Mineral oil has been commonly used in emulsion-based animal vaccines and
elicits stronger immune responses in comparison with vegetable oil-based vaccines (72, 13). In
addition, a previous investigation has demonstrated that the combination of nonpolar mineral oil
and medium chain triglycerides helps to achieve stable emulsions with nanoscale droplets (74).
Tween 60 was incorporated into the oil phase and served as a surfactant. Next, the glycerol was
added to the oil phase to form gels. The biocompatibility of glycerol allows it to be used in
cosmetics and pharmaceutical formulations as a co-solvent and/or co-surfactant. Furthermore,
several studies have shown the beneficial effect of glycerol presence on the formation of self-
emulsified emulsions including significant droplet size reduction and improved stability (15, 16).
However, the phase separation between polar glycerol and a nonpolar oil phase in self-emulsified
formulations creates a challenge in the design of stable oil-glycerol mixtures requiring the
application of additional surfactants or stabilizers. To achieve stable oil-glycerol gels, a
biocompatible surfactant, sucrose palmitate, was dissolved in glycerol prior to its addition to the
oil phase.

The formulation and optimization of self-emulsified emulsions formed from the oil-
glycerol gels with respect to droplet size, polydispersity, zeta potential and stability are reported
herein. These parameters are not only important indicators of the physical stability of these
colloidal systems, but also have a great impact on the efficacy of the emulsions as delivery agents
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in vaccines (17). Four formulation parameters (sucrose palmitate-to-glycerol ratio, Tween 60-to-
oil phase ratio, glycerol-to-oil ratio, and gel-to-water phase ratio) were determined in the
preliminary studies to be important for formation of stable emulsions. Their impact on the
emulsion physical characteristics mentioned above was studied quantitatively with a Box-Behnken

designed experiment, and empirical models were developed to describe the system behavior.

Materials and methods

Materials

Light mineral oil (Drakeol®5) was obtained from Calumet Penreco LLC (USA). Medium
Chain Triglycerides (MCT oil) were purchased from Jedwards International Inc. (USA).
According to the manufacturer, it is comprised of triglycerides with 57.8% caprylic acid (C8:0)
and 42.1% capric acid (C10:0). Sucrose palmitate (Hydrophilic-lipophilic balance (HLB) =16) was
obtained from Sisterna B.V. (the Netherlands). Polyoxyethylene sorbitan monostearate (Tween
60, HLB=14.9), glycerol (99+% pure), and phosphate buffered saline (PBS, 100 ml tablets) were
purchased from Fisher Scientific (USA). PBS tablets were diluted in nanopure deionized water
(1 tablet per 100 ml of water) to obtain 1X PBS solution. All other reagents were used as received.
Preparation of oil-glycerol gels and emulsions

Oil-glycerol gels were prepared by mixing the oil phase with the glycerol phase. First,
sucrose palmitate was dissolved in glycerol (85% water solution) to produce the glycerol phase.
Then Tween 60 was mixed with an oil mixture comprised of 60 wt.% MCT oil and 40 wt.% mineral
oil, resulting in a homogeneous oil phase. Both the glycerol and oil phases were heated to 75°C
separately. After that, oil was added slowly (drop-by-drop) to the glycerol phase by using a
magnetic stirrer at 1000 rpm. Finally, the oil-glycerol gel was obtained by stirring for an additional

2 min and then cooled.
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To prepare the emulsion, the gel was warmed up to 37°C and added to PBS, followed by
gentle mixing with a magnetic stirrer for 20 min at 350 rpm at room temperature.
Dynamic light scattering of the emulsion samples

The droplet size, polydispersity, and zeta potential of the emulsions were measured
employing a Zetasizer Nano ZS 90 dynamic light scattering (DLS) instrument (Malvern
Instruments, USA) with a 633 nm He-Ne laser at a scattering angle of 173 degrees. Each sample
was diluted by at least a factor of 100 with PBS in the case of droplet size analysis and with 0.001M
NaCl solution in the case of zeta potential measurements to prevent multiple scattering effects.
Each sample was measured three times. Results are represented as a mean of three measurements.
Stability assessment

To investigate impact of different proportions of ingredients on emulsion shelf stability, all
emulsions were stored in the dark at room temperature (~20°C). Visual tests were performed after
1 hour, 10 hours, 100 hours, and 1000 hours of storage. The samples were considered to pass the
visual test if they did not cream or have phase separation.
Transmission electron microscopy

Emulsions were visualized with a transmission electron microscope (TEM) housed in the
Nanotechnology Innovation Center of Kansas State (NICKS) (Kansas State University,
Manhattan, KS, USA). Before imaging, samples were diluted by a factor of 20 and stained with
uranyl acetate. Approximately Sul of sample was placed on a 200 mesh formvar-carbon coated,
copper grid (Electron Microscopy Sciences, USA) and vacuum-dried. The emulsion droplets were
visualized with a Tecnai G2 Spirit BioTWIN electron microscope (FEI, USA) equipped with a
GATAN digital image capturing system at a magnification of 23,000 and an acceleration voltage

of 80 kV.
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Experimental design

A four-factor, three-level Box-Behnken design was constructed to generate the response
surface using the statistical software tool Minitab 17 (Minitab Inc., USA). The design consisted of
27 treatment combinations, 3 of which were replicates of the central point; the remaining 24 were
midpoints of the edges of formulation space. The design was performed in 3 blocks, and all
combinations were run in a random order. The non-linear quadratic model generated by the design
represents the quantitative effect of formulation variables (X - sucrose palmitate-to-glycerol ratio,
X2 - Tween 60-to-oil phase ratio, X3 - oil phase-to- glycerol phase ratio, X4 - oil-glycerol gel-to-
aqueous phase ratio) on the responses (Y):

Y =ag+a1X1 +a,X; +a3X3 +a,Xy, + asX1 X, + agX1 X3 + a, XX, + agX, X3 +
Ao X3Xy + a1oX? + a1 X3 + a1 X2 + a3X2 (3.1)
where a, — empirical regression coefficients, X, — formulation variables, and Y - measured
responses. Table 3.1 provides the list of all formulation variables and responses. Low, midpoint,
and high levels of each formulation variables were determined from preliminary experiments.

Table 3.1 Independent process parameters and design responses.

Low level Midpoint (0) High level (1)

Process variables

-1
Xi: sucrose palmitate-to-glycerol ratio (wt. /wt.) 0.06 0.09 0.11
X,: Tween 60-to-oil phase ratio (wt. /wt.) 0.54 0.88 1.22
X3: oil phase-to-glycerol phase ratio (wt. /wt.) 0.25 0.46 0.67
X4: gel-to-water phase ratio (wt. /wt.) 0.50 1.25 2.00

Responses

Y : droplet size, nm

Y2: zeta potential, mV
Y;: polydispersity (PDI)
Y4: stability at 20°C, hrs.
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HLB calculation

Hydrophilic-lipophilic balance (HLB) was calculated for all 27 experimental combinations
using the following equation (18):

HLB,, = xsp * HLBgp + x1 * HLB1 (3.2)

where xsp — weight fraction of sucrose palmitate in the mixture; xr — weight fraction of
Tween 60 in the mixture; HLBsp — HLB of sucrose palmitate; HLBr — HLB of Tween 60;

HLB,, — HLB of the surfactant mixture.

Results

Visual appearance of the gels and emulsions and their corresponding TEM analysis

Figure 3.1 demonstrates the visual appearance of prepared gels and emulsions. At room
temperature, gels were opaque and pale yellow in color with a semi-solid texture. When warmed
to 37°C, gels became fluid and transparent. After gentle mixing with PBS, self-emulsified gels
produced bluish translucent or opaque-white emulsions (Fig 3.1). Not all oil-glycerol gels were
stable, as can be seen from Figure 3.1. Four formulations (#5, 6, 12, 22) had separation of glycerol
from the oil-glycerol mixture (shown with black arrows in Fig. 3-1). In addition, several emulsions
started to cream after 100 hours of storage (indicated with white arrows in Fig. 3.1) or had
precipitation.

Figure 3.2a demonstrates a transparent and slightly yellow appearance of emulsion #1 in
Table 3.2. This emulsion sample was a subject of TEM analysis, which showed the droplets to be
round and to have diameters less than 200 nm (Fig. 3.2b). According to DLS analysis, this
emulsion had droplets ranging from 15 to 140 nm in diameter with a small portion of droplets

greater than 3000 nm (Fig. 3.2¢).
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Oil-glycerol gels

100 hours

Black arrow indicates samples with separation of glycerol from oil-glycerol gel;
‘White arrow indicates emulsion samples with creaming after storage

Figure 3.1 Visual appearance of oil-glycerol gels and emulsions prepared from the gels.
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Figure 3.2 Visual appearance (a), TEM micrograph (b), and DLS droplet size distribution
(c) of the emulsion made from self-emulsified gel (Sample #1).

DLS data and regression coefficients

Table 3.2 contains the design matrix, droplet size, zeta potential, polydispersity, and
stability data for 27 emulsion samples. The smallest mean droplet size (24.86 nm) was observed
in formulation #18 while sample #7 had the largest mean droplet size of 132.60 nm. In addition,

these samples had the smallest and largest PDI, respectively. The lowest zeta potential was
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observed in sample #2 (-26.9 mV) and the highest was in sample #17 (-8.66 mV). Four samples
were stable for less than an hour, while twelve samples were stable for at least 1000 hours at room

temperature. The rest demonstrated intermediate stability between 10 and 100 hours.

Table 3.2 Design matrix and collected response data.

Runorder Block X, X X3 X4 Y, Y> Y3 Y4 HLBn
1 2 0 0 0 0 40.76 -13.07 0.205 1000 15.198
2 2 0 -1 -1 0 49.71 -2690 0.373 1 15425
3 2 0 1 -1 0 25.13  -22.63 0.248 10 15305
4 2 0 1 1 0 29.13  -13.00 0.053 100 15.096
5 2 -1 0 0 -1 3753 -10.90 0.071 1000 15.140
6 2 -1 0 0 1 3474  -9.53  0.047 1000 15.140
7 2 0 -1 1 0 132.60 -21.73 0.447 1 15.180
8 2 1 0 0 -1 3556 -12.90 0.107 1000 15.249
9 2 1 0 0 1 39.15  -950 0.217 100 15.249
10 3 0 1 0 -1 4334 970 0.223 1000 15.165
11 3 1 0 1 0 4401 -1470 0.211 1000 15.166
12 3 -1 0 1 0 4427 -11.60 0.129 1000 15.077
13 3 0 -1 0 1 11830 -20.87 0.992 1 15265
14 3 -1 0 -1 0 31.19 -11.90 0.141 1000 15.273
15 3 0 -1 0 -1 12277 -22.37 0.261 10 15265
16 3 0 0 0 0 51.02 -11.10 0.342 1000 15.198
17 3 0 1 0 1 27.61 -8.66 0.041 100 15.165
18 3 1 0 -1 0 24.86 -17.00 0.068 100 15.407
19 1 0 0 1 1 47.58 -13.03 0.229 1000 15.123
20 1 0 0 -1 -1 5959 -15.7  0.524 100 15.347
21 1 1 1 0 0 2533  -16.27 0.060 100 15.212
22 1 -1 1 0 0 27.66 -17.43 0.060 100 15.111
23 1 1 -1 0 0 11577 -22.73 0.869 1 15321
24 1 -1 -1 0 0 10897 -18.37 0.380 10 15.198
25 1 0 0 1 -1 6729 -12.53 0.244 1000 15.123
26 1 0 0 -1 1 2595 -11.63 0.044 100  15.347
27 1 0 0 0 0 34.16 -10.60 0.075 1000 15.198

X —sucrose palmitate-to-glycerol phase ratio; X, —Tween 60-to-oil phase ratio; X3 —oil phase-to-glycerol
phase ratio; X4 — gel-to-water phase ratio; Y - mean droplet size, nm; Y,— zeta potential, mV
Y3 — polydispersity index; Y4— visual stability (after 1 hr., 10 hrs., 100 hrs., 1000 hrs.)

According to Table 3.2, HLB of the surfactant mixture (HLBm) was approximately 15 in
all emulsion samples, with the highest equal to 15.425 in sample #2 and lowest equal to 15.077 in

sample #12.
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The data from Table 3.2 were used to obtain regression coefficients with Minitab software
for quadratic polynomials (Table 3.3). Each coefficient estimated change in the mean response
corresponding to the unit change in the independent variable while all other variables were held
constant. A regression coefficient with a p-value less than 0.05 indicated a statistically significant
relationship between the formulation variable and the response. Thus, Tween 60-to-oil phase ratio
(X2) and oil-to-glycerol phase ratio (X3) had the largest effect on the mean droplet size of
emulsions. The Tween 60-to-oil phase ratio had an antagonistic effect on droplet size; a higher
proportion of Tween 60 in the oil phase lowered emulsion droplet size. Decreasing the ratio of the
oil phase to the glycerol phase increased the droplet size of emulsions. Interestingly, the amount
of the second emulsifier, sucrose palmitate, did not affect the diameter of emulsion droplets
significantly. The Tween 60-to-oil phase ratio also affected both zeta potential and polydispersity
of emulsions. The stability of emulsions was most dependent on the oil phase-to-glycerol phase
ratio (X3) and the squared Tween 60-to-oil phase ratio (X»).

Only the regression coefficients with statistically significant effects on outcomes
(Table 3.3) were included in the polynomial equations to quantify the relationship between

responses and formulation parameters.

Y, = 41.98 — 39.16X, + 12.37X; — 19.72X,X; — 27.38X2 (3.3)
Y, = 0.207 — 0.220X, — 0.228X,X, + 0.146X2 (3.4)
Y; = —11.59 + 3.78X, — 6.31X2 — 2.77X?2 (3.5)
Y, = 1,000 + 232.2X5 — 731X2 (3.6)

In addition, the most accurate correlation (R?=0.9341) was between predicted and
measured droplet size; the least accurate correlation (R?=0.7915) was observed for prediction of

the polydispersity index (Table 3.3).
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Table 3.3 Regression coefficients obtained for each response.

Y — Size (nm) Y,— Zeta potential (mV) Y3 - Polydispersity Y4 — Stability (hrs.)
Coefficient L Coefficient P- Coefficient P- " Coefficient  ©-
value* value* value* value*

Constant 41.98 0.000 -11.59 0.000 0.207 0.044 1000 0.000
X 0.03 0.994 -1.114 0.173 0.0587 0.228 -150.7 0.094
Xa -39.16 0.000 3.772 0.000 -0.2198 0.000 115.5 0.188
X3 12.37 0.006 1.597 0.060 -0.007 0.882 232.2 0.016
X4 -6.06 0.128 0.907 0.261 0.0114 0.809 -150.6 0.094
Xi*X -4.78 0.407 -0.330 0.783 -0.0604 0.401 -109 0.398
X2*Xo 27.38 0.000 -6.310 0.000 0.1455 0.058 -731 0.000
X3*X3 -3.25 0.570 -2.770 0.034 -0.0164 0.817 -233 0.085
X4*Xy 6.52 0.264 1.610 0.188 0.0196 0.782 -108 0.400
Xi1*X, -2.28 0.728 1.380 0.320 -0.1225 0.152 3 0.986
X1*X3 1.52 0.817 0.500 0.714 0.0386 0.639 225 0.142
X1*X4 1.5 0.808 0.510 0.710 0.0335 0.683 -225 0.143
X2*X3 -19.72 0.010 1.12 0.418 -0.0674 0.416 22 0.879
X2*X4 -2.82 0.669 -0.11 0.933 -0.2283 0.015 -223 0.146
X3*X4 3.48 0.598 -1.14 0.408 0.1163 0.172 0 1.000
R? 0.9341 0.8691 0.7915 0.8351

*p-value < 0.05 indicates coefficients with the largest effect presented in bold numbers
X —sucrose palmitate-to-glycerol phase ratio; X, —Tween 60-to-oil phase ratio; X3 —oil phase-to-glycerol phase
ratio; X4 —gel-to-water phase ratio.

R? - coefficient of determination indicating how close the model fits data.

The effect of formulation variables on the physical characteristics of emulsions
Table 3.3 shows that two independent variables, the Tween 60-to-oil phase ratio (X2) and
oil phase-to-glycerol phase ratio (X3), had the most significant effect on all responses. The
relationship between these two variables and their impact on all responses were demonstrated
using contour plots (Fig. 3.3). Impact of the Tween 60-to-oil phase ratio on droplet size of
emulsions and on polydispersity (PDI) was similar (Fig. 3.3a, b). At high Tween 60-to-oil phase
ratios, the emulsions exhibited the smallest droplets (40 nm and less) and less than 0.2 PDI
(Fig. 3.3a, b). However, emulsions had bigger droplets (>60 nm) and higher polydispersity (>0.3)

at low Tween 60-to-oil phase ratios.
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In addition, at low Tween 60-to-oil phase ratios, the oil phase-to-glycerol phase ratio
impacted droplet size of emulsions. Thus, emulsions had smaller droplets (<80 nm) at low oil
content, while considerably bigger mean sizes (>120 nm) were observed at higher oil contents.
Moreover, emulsions having bimodal size distributions were present in regions with low Tween
60-to-oil phase ratios (filled markers on Fig. 3.3a). Remarkably, formulations with stabilities
higher than 800 hrs. were achieved at medium Tween 60-to-oil phase ratios and high oil-to-
glycerol ratios (Fig. 3.3d). In addition, when Figures 3.3c and 3.3d were compared side-by-side,
emulsions with zeta potential values higher than -14 mV were stable longer than emulsions with a
surface charge less than -20 mV. However, if precipitation was not considered as emulsion
instability, the appearance of the stability contour became similar to the mean droplet size contour
with more stable emulsions observed at high Tween 60-to-oil phase ratios (Fig. 3.3¢).

Response optimization

The composition of emulsions was optimized to achieve minimum and maximum mean
droplet size by using Equation 3.3. For example, it was estimated that to formulate the emulsion
with the smallest possible mean droplet size the following ratios of components should be used:
sucrose palmitate to glycerol ratio equal to 0.06, Tween 60 to oil - 1.22, the oil phase to glycerol
phase - 0.67, and gel to water phase — 1.65 (Table 3.4). The model predicted average droplet size
to be 13.7 nm with 15.9 standard error fit (SE fit) (Table 3.4). To validate the predicted outcome,
three replicates of the above formulation were prepared according to the technique described in
the Methods section followed by DLS and visual observation to measure the actual responses
(Table 3.4). Thus, the observed mean droplet size in all three repeated measurements was around
30 nm. All had comparable size distributions with droplets ranging from 15.7 nm to 68.0 nm (Fig.

3.4a).
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Figure 3.3 Contour plots showing the effect of Tween 60-to-oil ratio (Xz) and oil-to-glycerol ratio (X3) on the droplet size (a),
polydispersity (b), zeta potential (c), and stability (d, e) of self-emulsified emulsions. Filled and blank marks with numbers next
to the mark show how many samples with this composition have bimodal and single size distributions, respectively.
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For an optimized emulsion with maximal mean droplet size, the model predicted an
outcome of 145.6 nm. While observed average droplet sizes were 86.3 nm, 120.0 nm, and 82.4 nm
in each of the three replicates, the DLS size distributions in two samples were bimodal
(Fig. 3.4b). For example, bimodality was detected in the second repeat with a larger particle
population at sizes ranging from 68 to 712 nm and a peak at 190 nm. A smaller number of droplets
were within a smaller range sizes from 21 to 58 nm with a peak at 37.8 nm. Similarly, the bimodal
size distribution was in the third repeat where approximately equal populations of droplets were
within a smaller size range (21-91 nm) with a maximum at 50.7 nm, and within a larger size range
(106-712 nm) with a peak at 164 nm (Fig. 3.4b). In addition, all three replications of this emulsion
were only stable for 1 hour.

Table 3.4 Optimization of emulsion mean droplet size and stability.

Predicted response

111 skkeosk
Composition Response Goal it SE fitt  95% CI** Observed response
X1=0.06 31.3+0.3 nm
X2=1.22 . S (-21.1, +02
X = 0.67 Size Minimize 13.7 nm 15.9 48.4) 30.7+0.2 nm
X4=1.65 35.8+0.2 nm
X1=0.10 86.3 £0.9 nm
X2 =0.54 . o (110.4, 120.0 < 1.7 nm
Xs=0.67 Size Maximize 145.6 nm 16.1 180.8)

X4=2.00 82.4+£0.9 nm
X;=0.11 10 hrs. (-9.7£1.4 mV)
X, =0.97 o - 1277 hrs.

1000 hrs. (-12.344.4 mV
X = 0.67 Stability =~ Maximize (~11.0 mV) 330 (558, 1996) rs. ( mV)
X4=10.50 1 hr. (-14.5+£0.6 mV)

X1 —sucrose palmitate-to-glycerol phase ratio; X, —Tween 60-to-oil phase ratio; X3 —oil phase-to-glycerol phase
ratio; X4 —gel-to-water phase ratio.

*Standard error of the fit estimates the variation in the estimated mean response for the specified variable settings;
**95% confidence interval; *** Droplet size data collected from three DLS measurements of each replicate and

represented as a mean + standard deviation (SD).

Likewise, the model validation and response optimization were performed with respect to

emulsion stability (Equation 3.6). The emulsion was formulated with a predicted maximum
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stability of 1277 hours (Table 3.4). Three replications of the same formulation had similar droplet
size distribution and zeta potential values (Fig. 3.4c, Table 3.4). However, two out of three were
stable less than predicted having precipitation after 1 hour and 10 hours of storage, respectively,
none of the samples had creaming or phase separation after 1000 hours of storage (photograph

insertion in Fig. 3.4c).
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Figure 3.4 DLS size distribution of optimized emulsion replicates with minimal mean
droplet size (a); maximum mean droplet size (b), and maximum stability (c). Photograph
insertion depicts emulsion appearance after 1000-hour storage at room temperature and

has white arrows indicating the level of precepitation.
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In addition, emulsions were optimized to have three following outcomes: minimum
average droplet size with maximum stability, mean droplet size of 70 nm and maximum stability,
and maximum average droplet size with maximum stability (Table 3.5). Emulsions were
formulated according to the compositions indicated in Table 3.5. In the sample with minimum
mean droplet size and maximum stability, the observed responses of 29.31 nm average droplet
diameter and 1000 hrs. stability were in agreement with the predicted values, 24.90 nm and 1000
hrs., respectively (Table 3.5, Fig. 3.5).

Table 3.5 Response optimization with respect to two dependent parameters: size and
stability.

Response  Criteria Composition Predicted response Observed response™**
Fit SE fit*  95% CI**
Size Minimize X170-11 2490nm 117  (-0.6,50.3) 29.31 £ 0.09 nm
X,=1.06
Stability ~Maximize §3f8'g; 1000 hrs. 260 (433, 1567) 1000 hrs.
4=0.
Size 70 nm §1=8-g9 70.01 nm  7.30 (54.10, 85.92) 52.32 + 0.48 nm
»=0.
Stability ~Maximize X3=0.56 999 hrs. 163 (644, 1353) 100 hrs.
X4:0.5
Size Maximize §128;} 91.60nm 149  (59.1, 124.1) 62.18 £ 0.76 nm
»=0.
Stability ~ Maximize §3:8~g7 866 hrs. 333 (141, 1592) 100 hrs.
4=0.

X1 —sucrose palmitate-to-glycerol phase ratio; X, —Tween 60-to-oil phase ratio; X3 —oil phase-to-glycerol phase
ratio; X4 —gel-to-water phase ratio.

*Standard error of the fit estimates the variation in the estimated mean response for the specified variable settings;
**95% confidence interval; *** Droplet size data collected from three DLS measurements and represented as a

mean = SD

The observed responses for the two other desired outcomes were different from the
predicted values. For example, the emulsion designed to have maximum average droplet size and
maximum stability had predicted values 91.60 nm for droplet size and 866 hours for stability, while
the measured responses were 62.18 nm (droplets ranging from 18.2 to 459.0 nm) and less than 100

hours, respectively (Table 3.5, Fig. 3.5).
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Figure 3.5 DLS droplet size distributions in optimized emulsions with maximal stability
and three desired mean droplet sizes.

Discussion

Many formulation parameters impact the formation of emulsions produced by spontaneous
emulsification. In this project, response surface methodology was employed to study the effect of
four composition ratios on formation of emulsions with the goal to optimize these emulsions for
application in animal vaccines. DLS and visual observation were used to collect response data for
27 treatment combinations.

Most of the prepared self-emulsified gels were stable and homogenous in appearance
(Fig. 3.1). However, a few samples showed separation of glycerol from the oil phase. The low
sucrose palmitate formulation affected the stability of the gels. Nevertheless, stable emulsions
were still formed by these gels (Fig. 3.1) indicating that the sucrose palmitate concentration played
a larger role in the stability of the oil-glycerol gels than it did in the stability of the final emulsions.

TEM confirmed that DLS data regarding droplet size distributions. Both methods provided
similar data for emulsion size distribution (Fig. 3.2) signifying that DLS was an appropriate choice

for measuring emulsion droplet size.
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As different oils require a specific HLB value for successful emulsification (78), HLB of
the surfactant mixtures was calculated for all 27 treatment combinations. The oil composition
stayed constant in all mixtures while the proportions of the surfactants changed. However, the
HLB value was estimated to be similar (~15) in all mixtures indicating that it did not affect the
formulation properties of the emulsions (Table 3.2).

The mean droplet size of the emulsions was largely dependent on the Tween 60-to-oil
phase ratio. Thus, at high Tween 60-to-oil ratios, emulsion samples had droplets smaller than 40
nm and size distributions with a single peak (Fig. 3.3a). Moreover, polydispersity was also lower
in samples with a high Tween 60-to-oil phase ratio (Fig. 3.3b). This observation agrees with a
general understanding that high surfactant contents decrease droplet size of emulsions and provide
more uniform droplets by reducing the surface tension between phases.

In the region with low Tween 60-to-oil phase ratio, the oil phase-to-glycerol phase ratio
also affected the mean droplet size (Fig. 3.3a). At high oil to glycerol ratios, the emulsion produced
from gels had larger droplets in comparison with region where ratios of oil to glycerol were lower.
This indicates that the amount of the glycerol had an impact on the diameters of the emulsion
droplets produced. Indeed, it has been proposed that glycerol reduces the droplet size of emulsions
by lowering interfacial tension between oil and aqueous phases and affects the solubility and
adsorption properties of the surfactants (/9). Similarly, in this study, the increase in content of
glycerol provided a reduction in average droplet size of emulsions from 120 to 60 nm.

The effects of Tween 60-to-oil and oil phase-to-glycerol phase ratios on zeta potential and
stability of emulsions were different. The less negative zeta potential values were observed in
formulation at medium levels of both ratios. The emulsions were stable longer in the region with
medium Tween 60-to-oil ratio and medium or high oil-to-glycerol ratio as well, coinciding with
less negative zeta potential values (Fig 3.3c, d). It is generally presumed that emulsions are more
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stable with high zeta potential (negative or positive) due to stronger electrostatic repulsion forces
between droplets (20). In this study, more stable emulsions had zeta potential values higher than -
14 mV, while samples with zeta potentials lower than -20 mV were less stable. Although zeta
potential can be a good indicator of emulsion stability, it has been suggested that the differences
in values should be at least 10 mV to observe the correlation between these two parameters (21).
Thus, Roland has reported that there was no correlation between the stability of emulsions and
zeta potential in a range of -43.1 to -50.2 mV (22). However, in this study, one sample having zeta
potential -26.9 mV was stable for 1 hour (#2), while another sample with the surface charge -9.7
mV was stable for at least 1000 hours (#10). In addition, according to Table 3.2, both samples had
comparable average droplet size, 49.71 and 43.34 nm, respectively, indicating that it was not a
variation in the droplet size that impacted the observed stability difference. However, the #10
emulsion contained a higher amount of Tween 60 than the #2 emulsion, suggesting that the steric
repulsion provided by the nonionic surfactant was a key factor in stabilizing the #10 sample but
not in the #2 emulsion where the amount of the surfactant was low.

Several emulsions had precipitation after the storage. The nature of the precipitation was
not determined in this study and shall be investigated in the future. Nevertheless, when the
precipitation was not considered as a type of emulsion visual instability, the appearance of the
stability contour plot had changed (Fig. 3.3e). In this case, emulsions were more stable (no
creaming) in areas with a high Tween 60 content, coinciding with small mean droplet size and low
polydispersity regions (Fig. 3.3a, b, ).

Polynomial equations describing relationships between formulation parameters and
responses were used to optimize emulsions and create samples with predicted outcomes. The
model predicted a minimal average droplet size for emulsion to be 13.7 nm with a 95% confidence
interval (CI) between -21.1 and 48.4 nm. The observed average droplet size was ~30 nm with very
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similar size distributions in each of the three repeats of the formulation falling into a 95% CI
estimated by the model (Fig. 3.4a, Table 3.4).

The predicted maximal average droplet size of optimized emulsion was different from that
which was observed. While the model predicted a mean droplet size of 145.6 nm, the measured
responses in three replicates were 86.3, 120.0, 82.4 nm, respectively. However, the DLS provided
bimodal droplet size distributions of the measured samples (Fig. 3.4b). Additionally, the optimized
emulsion contained a low Tween 60 to oil ratio and the bimodality had already been observed in
this formulation region (Fig. 3.3a). Presumably, both bimodal size distribution and the fact that
all three emulsion repeats were stable for less than 1 hour contributed to the differences between
predicted and estimated mean droplet size.

Predicted and observed values for the maximal stability of the optimized emulsion were
not in agreement. Although all repeats had very similar droplet size distributions and zeta
potentials, two out of three had a small amount of precipitation after 1 hour and 10 hours of storage,
respectively (Fig. 3.4b). As with precipitation that was observed in the original experimental
combinations, the nature of the precipitation was not determined in the optimized emulsions. The
aim of future work shall be to establish its connection to the emulsion instability or to the impurities
in emulsion components.

Furthermore, when two responses (size and stability) were optimized simultaneously, a
good correlation was observed for predicted and measured mean droplet sizes. However, predicted
and observed stabilities of the emulsions disagreed (Table 3.5).

Considering the observations above and the fact that the R? values were 0.9341 and 0.8351
for droplet size and stability data, respectively, it was found that the polynomial equation
developed provided close predictions for the average droplet size. However, some improvements
are needed with respect to the impact of formulation parameters on the stability of the emulsions.
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Therefore, it has been proposed for future research to investigate what additional parameters need

to be included in the experimental design to improve the model describing emulsion stability.
Conclusions

This study used response surface methodology to study the impact of four formulation
parameters (sucrose palmitate-to-glycerol ratio, Tween 60-to-oil phase ratio, glycerol-to-oil ratio,
and gel-to-water phase ratio) on the physical characteristics of emulsions produced by spontaneous
emulsification from oil-glycerol gels. Gels formed emulsions with nanometer droplet sizes. Two
parameters, Tween 60-to-oil phase ratio and glycerol-to-oil ratio, had the largest effect on average
diameter and polydispersity of droplets. Remarkably, sucrose palmitate contents did not influence
the droplet size, PDI, zeta potential or stability of emulsions significantly; it only affected the
formation of stable oil-glycerol gels. In addition, the correlation between zeta potential values and
stability of the emulsions did not follow the prior understanding suggesting that more stable
emulsions formed in the region where zeta potential was less negative.

Polynomial equations were developed to describe the relationships between formulation
variables of the emulsions and the outcome. These were employed to design emulsions with
predicted responses. Although the model demonstrated a close prediction for the mean droplet size
of emulsions, apparently, additional parameters need to be added to improve the reliability of the

model optimizing emulsion stability.
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Chapter 4 - Food-Grade Saponin Extract as an Emulsifier and

Immunostimulant in Emulsion-Based Subunit Vaccine for Pigs

Abstract

Subunit vaccines consisting of highly purified antigens require the presence of adjuvants
to create effective and long-lasting protective immunity. Advances on adjuvant research include
designing combination adjuvants which incorporate two or more adjuvants to enhance vaccine
efficacy. Previously, an oil-in-water emulsion adjuvant (OW-14) composed of mineral oil and an
inexpensive gum Arabic emulsifier has been reported demonstrating enhanced and robust immune
responses when used as an adjuvant in swine subunit vaccines. This study presents modified
version of OW-14 prepared with food-grade Quillaja saponin extract (OWq). In new OWq
emulsion, saponins served as an emulsifier for stabilization of emulsion droplets and as an
immunoactive compound. The use of saponins allowed to reduce the required amount of emulsifier
in the original OW-14. However, emulsion stabilized with saponin extract demonstrated extended
physical stability even at elevated temperature (37°C). The two-dose vaccination with a classical
swine fever virus (CSFV) glycoprotein E2-based vaccine formulated with OWq produced higher
levels of E2-specific IgG and virus neutralizing antibodies in pigs in contrast with animals that
received the vaccine adjuvanted with oil only. In addition, new OWq adjuvant was safe to use in
the vaccination of pigs.

Introduction

The effectiveness of subunit vaccines relies on immunostimulatory adjuvants to induce
potent and long-lasting antigen-specific immune responses. Early adjuvants, like aluminum salts
and emulsions, are still the primary choice in vaccine formulations for livestock species because
of their safety, simple formulation, and low cost (7, 2). However, the efficacy of these conventional
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adjuvants in induction of antibody responses warrants further improvements. Combination of
aluminum salts or emulsions with immunostimulant substances is currently considered to be a
promising approach in boosting of the vaccine performance (3, 4). Combination of the adjuvants
with different modes of action presents potential on both enhanced and tailored immune responses
for long-lasting protection against the disease. Co-administration of two or more adjuvants in one
vaccine has also been explored in veterinary medicine (2). The combination of different
immunostimulant substances, such as saponins, with emulsions and aluminum salts in vaccines for
livestock has been actively studied by several research groups (5-7). For instance, the addition of
saponin extract Quil A® to commercial emulsion-based vaccine was reported to improve humoral
immune responses in pigs vaccinated for foot-and-mouth disease (7). In this present study, we
utilized saponin extract, not only as immunostimulatory compound, but also as emulsifier to
stabilize the emulsion adjuvant.

Saponins are naturally occurring triterpene glucoside compounds (Fig. 4.1) that are
commonly used in vaccine research studies against both animal and human pathogens (8). Quillaja
saponaria Molina tree is a main source of saponins for vaccine adjuvants, although there are
reports of immunostimulant activity of saponins obtained from other plants (9) and semisynthetic
saponins (/0). Commercial saponin-based adjuvants isolated from Q. saponaria tree such as Quil-
A (Brenntag Biosector A/S, Denmark) and QS-21 (Desert King, USA) are very potent in inducing
high antigen-specific immune responses of both T-helper 1 (Thl) and T-helper 2 (Th2) origins
(11). Studies show that the carbohydrate groups of the saponins molecule interact with receptors
on antigen-presenting cells (APCs) and promote antigen phagocytosis and secretion of cytokines
by APCs while acyl chain domain assist in delivery of exogenous antigens into APCs and

facilitates Th1 immunity (72). Aldehyde group on the triterpene domain promotes co-stimulation
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of T-cell surface receptors (Fig. 4.1) (13). However, the commercial application of these saponins
extracts in animal vaccines is hindered by their high costs.

The food-grade Q. saponin extracts are also used as emulsifiers to produce flavored and
vitamin beverages. Saponin molecule contains both hydrophobic and hydrophilic domains making
it good candidate for stabilization of oil-in-water emulsions (Fig.4.1) (14, 15).
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Figure 4.1 General structure of the saponin molecule adapted from Yang, et al (14).

A low-cost emulsion OW-14 adjuvant composed of light mineral oil and food-grade gum
Arabic emulsifier has been reported previously demonstrating high level of antigen-specific
antibody responses in vaccines for swine influenza (SI), Mycoplasma hyopneumoniae, and
classical swine fever (CSF) (16, 17). In the present study, a variation of the OW-14 emulsion
adjuvant formulated with the food-grade saponins extract, Sapnov LS™ (Naturex, USA), in the
subunit vaccine for CSF were tested.

The CSF is caused by CSF virus, which is a small, enveloped RNA virus in the genus

Pestivirus of the family Flaviviridae (18). The disease is responsible for economic losses in the
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swine industry in many countries. Subunit vaccines based on envelope glycoprotein E2 of classical
swine fever virus (CSFV) have been shown to induce high level antigen-specific immune
responses and clinical protection of pigs from CSFV challenge (17, 19).

The safety and efficacy of food-grade saponin extract as the emulsifier and
immunostimulant in emulsion-based adjuvant co-administered with E2 antigen were investigated.

Sapnov LS™

is a water extract of Q. saponaria with saponin content around 65% on the dry basis
according to manufacturer. This cost-effective non-ionic surfactant is used for production of
flavored and colored emulsions such as beverage concentrates and alcoholic drinks. To the best of
our knowledge, this is the first report on application of food-grade saponin extract in emulsion-
based vaccines for livestock. In addition, an experimental oil-based adjuvant (OBA) that produces
an emulsion after low-energy mixing with aqueous solution of E2 antigen was tested in comparison

with a saponins-based emulsion vaccine.

Materials and Methods

Materials

Light mineral oils, Drakeol 5 and Drakeol 6, were purchased from Calumet Panreco (Karns
City, PA, USA). Ticamulsion A-2010 emulsifier (gum Arabic) was obtained from Tic Gums
(White Marsh, MD, USA). Quillaja water extract Sapnov™ (65% saponins content) was provided
by Naturex Inc., (Chicago, IL, USA). Polymeric surfactants Atlas G-5002L and Atlox 4916 were
obtained from Croda Inc. (New Castle, DE, USA). Medium chain triglyceride oil (MCT oil) was
purchased from Jedwards International Inc. (Braintree, MA, USA).

Formulation of adjuvants and vaccines

Emulsion adjuvant with saponin extract (OWq) was prepared by dissolving Ticamulsion
A-2010 (5% w/v) in nano-pure water and stirred overnight with a magnetic bar. Quillaja extract

Sapnov emulsifier (0.5% v/v) was added to the Ticamulsion solution and inverted several times to
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ensure complete mixing of both emulsifiers in water. Mineral oil Drakeol 5 (15% v/v) was added
to the solution with emulsifiers. The coarse emulsion was mixed with high shear lab mixer (LSMA,
Silverson Inc., East Longmeadow, MA, USA) at 10,000 rpm for 15 min and then passed through
a microfluidizer M110P (Microfluidics, Westwood, MA, USA) for five times at 10,000 psi. OWq
was stored at 4°C until use.

Insect cell-expressed CSFV E2 protein was prepared as described previously (/7). Subunit
vaccine was formulated by mixing of 2 vol. of E2 protein solution dissolved in phosphate-buffered
saline (PBS) and 1 vol. of OWq emulsion adjuvant using a vortex mixer for several seconds.

Oil-based adjuvant (OBA) was prepared by dissolving two non-ionic block copolymer
surfactants, Atlas G-5002L and Atlox 4916, in a 7:1 by weight ratio mixture of MCT oil and
Drakeol 6 mineral oil, respectively. Oils and surfactants were mixed together in an 80:20 by
weight ratio to produce a clear yellow mixture. To prepare emulsion-based subunit vaccine, OBA
was slowly added to the solution of E2 protein in PBS in a 1:1 ratio of the adjuvant to aqueous
phase and stirred using a magnetic stirrer for 30 min at room temperature.

The final concentration of the antigenic E2 protein in all vaccine formulations was 50 pg
per dose.

Physical characteristics and stability study of adjuvants

Freshly prepared emulsions were analyzed using dynamic light scattering (DLS) with a
Malvern Zetasizer Nano ZS 90 (Malvern Instruments, Westborough, MA, USA) to determine
droplet size, polydispersity, and zeta potential. The OWq emulsion adjuvant was analyzed as
prepared. OBA was mixed with PBS in a 1:1 weight ratio using a magnetic stirrer to obtain
emulsion for DLS analysis and storage stability assessment.

Approximately 5 ul of each emulsion sample was diluted in 1 ml of deionized water to

achieve a translucent solution and perform the measurements. All samples were measured 3 times
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at room temperature. Results are presented as a mean of 3 measurements =+ the standard deviation
(SD). The pH values of the emulsions were measured using a VWR SympHony digital pH meter
SB21 (VWR International, Radnor, PA, USA), calibrated according to the manufacturer’s manual.
To assess the shelf stability, samples were stored at 4°C, room temperature (RT), and 37°C and
then analyzed again for droplet size and pH after 6 months of storage. Emulsions were also
observed visually for the presence of creaming, phase separation, and color change.

Pig immunization

The animal study was conducted in accordance with Institutional Animal Care and Use
Committee (IACUC). Animals were housed at the Large Animal Research Center (LARC) facility,
Kansas State University. Conventional Large White-Duroc crossbread weaned specific-pathogen
free piglets (3 weeks of age) were randomly divided into two vaccine groups (n=6 for each group)
and 1 negative control group (n=2). Pigs were immunized intramuscularly with 2 ml each of
subunit vaccines. First group received E2 protein adjuvanted with OWq (E2+OWq). Second
vaccine group was immunized with E2 and oil-based adjuvant (E2+OBA). Three out of the 6
animals in each vaccine group received a second dose of the subunit vaccines 14 days after the
first immunization (two-dose pigs). The negative control group received 2 ml intramuscularly of
PBS. Blood samples were collected on days 0, 7, 14, 21, and 28 of the experiment. Sera was
separated from the blood and stored at -20°C until further use in assays. Pig weights were measured
weekly. Pig health was monitored daily including vaccine injection site reactions. Animals were
humanely euthanized and disposed of at the end of the experiment (day 28).

Antibody responses

The E2-specific IgG, IgGl and IgG2 antibody titers were determined in pig sera by
enzyme-linked immunosorbent assay (ELISA) as described previously (77, 20). Briefly, the 96-

well flat-bottom microtiter plates (Corning®) were coated overnight with 62.5 ng/ml of purified
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E2 followed by washing with ELISA wash buffer (0.05% Tween 20 in PBS) and blocked with
ELISA blocking buffer (2% Fetal Bovine Serum in PBS) for 1 hour at 37°C. Diluted sera were
added to plates and incubated for 1 hour at RT, followed by washing 3 times with ELISA wash
buffer. Goat anti-swine IgG conjugated with horseradish peroxidase (HRP) (#sc-2914, Santa Cruz
Biotechnology, USA, dilution 1/1,000), mouse anti-swine IgGl (#MCA635GA, Bio-Rad
Antibodies, USA, dilution 1/300) or mouse anti-swine IgG2 (#MCA636GA, Bio-Rad Antibodies,
USA, dilution 1/300) in ELISA blocking buffer were added in wells at 100 pl/well as secondary
antibodies and incubated 1 hour at RT followed by washing 3 times with ELISA wash buffer.
HRP-conjugated goat anti-mouse IgG (H+L) (#115-035-003, Jackson ImmunoResearch, USA,
dilution 1/1,000) was added to wells at 100 pl/well in case of IgG1 and IgG2 titers analysis and
incubated 1 hour at RT followed by washing 3 times with washing buffer. 3,3,5,5-
tetramethylbenzidine (TMB) stabilized chromogen (Novex) was used to develop the ELISA plates
following by 2N sulfuric acid to stop the reaction. Relative antibody concentration was determined
with an optical spectrophotometer using a SpectraMAX microplate reader at 450 nm and was
analyzed with Softmax® Pro 6.4 Software (Molecular Devices, USA).

Anti-CSFV neutralization assay of pig serum

The anti-CSFV neutralizing antibody levels were measured using indirect fluorescent
antibody assay (IFA) in pig serum collected on day 21 after the first dose of subunit vaccines or
PBS as described elsewhere (20). Neutralizing titers in serum samples were calculated as the
reciprocal of the highest dilution that caused neutralization of the virus in 50% of the wells.

Statistical analysis

Data from pig experiments were reported as the mean values + standard error of

measurement (SEM). The differences between treatment groups were analyzed by one-way
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analysis of variance (ANOVA) using SigmaPlot 11.0 software (Systat Software Inc., USA).

Differences were considered statistically significant when p < 0.05.

Results

Designed adjuvants preserved their physical characteristics after prolonged storage
at different temperatures

According to DLS measurements, freshly prepared OWq emulsion adjuvant had a
nanoscale size of droplets with a mean value of approximately 200 nm and relatively low
polydispersity, while emulsion prepared with OBA had droplets around 320 nm with the higher
difference in droplet sizes (Table 4.1). All formulations had pH values around 7 (Table 4-1). The
OWq emulsion had a relatively narrow size distribution ranging from 91 to 531 nm, while an
emulsion prepared from oil-based adjuvant had droplets with diameters from 106 nm up to 3090
nm (Fig. 4.2A). In addition, a saponins-based emulsion had lower zeta potential value (-51.7 mV)

than an emulsion prepared with OBA (-25.0 mV) (Table 4.1).

Table 4.1 Physical characteristics of fresh emulsion adjuvants and after 180-day storage at
different temperatures.

Emulsion Mean droplet size  Polydispersity Zeta potential + pH
+ SD, nm + SD SD, mV
Fresh 203.40 +1.83 0.115+0.008 -51.7+0.2 7.1
OWq 180 days at 4°C  272.50 + 4.86 0.117 £ 0.025 -53.2+0.7 6.2
at RT 266.57 +5.73 0.054 +0.035 -58.0+3.1 7.1
at 37°C 277.80 + 4.98 0.142 £ 0.022 -56.0+3.9 6.3
Fresh 327.40 £4.59 0.270 £ 0.004 -25.0+3.7 7.3
OBA in 180 days at 4°C  310.37 +2.29 0.193 £ 0.005 -124+0.2 7.2
PBS at RT 217.97 £ 1.85 0.147 = 0.010 -6.8 £ 0.4 7.2
at 37°C 367.37+0.51 0.242+0.012 -11.5+0.2 7.2

RT, room temperature; SD, standard deviation
After six months of storage at different temperatures, the OWq emulsion adjuvant did not
undergo any significant changes in the mean size of emulsion droplets, polydispersity, zeta
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potential, and pH (Table 4.1). DLS analysis detected a small shift in the emulsion size distribution
towards larger droplets for all OWq samples (4°C, RT, and 37°C) (Fig. 4.2B). Thus, after 6-month
storage at 37°C, the size of the OWq emulsion droplets ranged from 106 to 955 nm. However, no
creaming, phase separation, and color changes were noticed in the appearance of the OWq
emulsion after extended storage even at 37°C (Fig. 4.2B, photograph insertion). The mean droplet
size of an emulsion prepared with OBA did not change after storage at 4°C and 37°C. However, a
decrease from 320 nm to 217 nm was detected in samples stored at RT (Table 4.1). Visual

observations did not detect any changes in the appearance of all OBA emulsion samples (data not

shown).
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Figure 4.2 Size distribution of emulsion-based adjuvants obtained with dynamic light
scattering (DLS).

A) Freshly prepared OWq emulsion had droplets within 90 — 600 nm size range, while oil-based adjuvant
(OBA) mixed with PBS produced emulsion with droplets between 100 and 3,000 nm. B) After 180-day
storage at different temperatures, the slight shift of size distributions towards bigger droplets were
detected in OWq emulsion, however, no creaming or phase separation were observed in visual appearance
of emulsion samples (photograph insertion).

Subunit vaccine with saponins-based emulsion did not produce health issues in
animals and induced high antibody responses

After vaccination with E2 subunit vaccines, all pigs grew consistently; and, no difference
in weight gain was observed between the animals that received one dose and two doses of the
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subunit vaccines and negative control group injected with PBS (Fig.3A). The presence of small
(1-2 cm) subcutaneous bumps was observed at the injection sites in the E2 + OWq vaccinated pig
groups. By day 28 of study, they decreased in size and mostly disappeared. The negative control
group and the E2 + OBA vaccinated pig group did not have any pathological changes at injection
sites (data not shown). No issues were observed in pig health, and all animals survived by the end
of the study.

Pigs that received the boost vaccine on day 14 of the study had increased E2-specific IgG
levels on day 21 and 28 of the experiment (Fig. 4.3B). The animals immunized with E2 + OWq
had statistically significant higher IgG titers in comparison with the vaccine group that received
E2 with OBA (p = 0.009) and control group (Fig. 4.3C). As expected, a two-dose immunization
schedule provided significantly higher IgG titers than one-dose in both vaccine groups on day 21
of the study (Fig 4.3C). The IgG1 and IgG2 antibody titers were also higher in E2 + OWq group
in comparison with E2 + OBA vaccine group, although it should be noted that there was no
statistically significant difference between the two groups (p = 0.08 and 0.12 for IgG1 and I1gG2
titer analysis, respectively) (Fig. 4.3D).

Table 4.2 represents the results of anti-CSFV neutralization assay performed with pig
serum collected on day 21 of the study. The highest neutralizing antibody titers were detected in
pigs immunized with two doses of E2 subunit vaccine adjuvanted with OWq emulsion. Very low
or no detectable titers were detected in all other pigs including animals inoculated with PBS instead

of the subunit vaccine (Table 4.2).
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Table 4.2 Anti-CSFV-neutralizing antibody titers (NDso) in pigs on day 21 of the study.

Treatment group Pig # Day 21
E2 + OWq, 1 dose 178 <5
181 5
185 5
E2 + OWq, 2 doses 186 640
188 960
195 480
E2 + OBA, 1 dose 177 <5
180 <5
187 <5
E2 + OBA, 2 doses 189 480
190 20
193 40
PBS only 184 <5
191 <5
Discussion

Emulsions are cost-effective vaccine adjuvants, and their combination with saponins is a
promising way to increase the efficacy of veterinary vaccines. Saponins are very effective
immunostimulants and have been studied in vaccine formulations for the past decades (2).
However, saponins’ high toxicity due to their detergent properties presents the main drawback in
their wide application in human and animal vaccines (//). There are commercially available
purified saponins extracts (Quil-A, QS-21); however, their high cost precludes their application as
adjuvants in mass livestock immunization.

Safety, efficacy, and physical and chemical stability of the vaccine adjuvants are the key
factors in designing novel vaccine formulations. In addition, the cost of materials and production

are of paramount importance in developing of livestock vaccines (2/). In this study, a mineral oil-
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based emulsion with a food-grade inexpensive saponins extract (OW(q) and oil-based adjuvant that
produces an emulsion after gentle mixing with an aqueous phase were tested for safety and
immunological activity in swine vaccination.

In OWq, the saponins extract served as an emulsifier for stabilization of emulsion droplets
and as an immunostimulant in the subunit vaccine. Thus, the addition of saponins extract to
original formulation (OW-14) (16) allowed reducing the amount of Ticamulsion A-2010
emulsifier from 7.5% w/v to 5% w/v without affecting the shelf stability of adjuvant. Moreover,
OWq emulsion adjuvant demonstrated good physical stability after 180 days of storage at all tested
temperatures. Mean droplet size remained less than 300 nm with low polydispersity among the
droplets (Table 4.1, Fig. 4.2B). The slight drop in pH values in samples stored at 4°C and 37°C
was detected after 180 days. However, no physical changes in emulsion samples, such as creaming
or phase separation, were observed. Physical stability is very important for livestock vaccines,
especially in developing countries where refrigeration during transportation and storage of the
vaccines are not always available or cost-effective.

The droplet diameters, polydispersity and zeta potential of prepared emulsions are
important factors in predicting the physical stability of the emulsions. Freshly prepared OWq
emulsion had nanosize droplets in a range from 91 to 531 nm and low zeta potential (-51.7 mV),
which provides electrostatic repulsion between the droplets and prevents their fast flocculation and
coalescence. The vaccine can be easily prepared at the site by simple hand mixing or gentle
agitation of OWq with an antigenic solution. It can be readily administered through a standard
syringe with 20-gauge needle.

The OBA mixed with PBS by a low-energy mixing method produced an emulsion with
high polydispersity, mean droplet size around 320 nm, and zeta potential around -25 mV. No
significant changes in mean droplet size were detected after 180-day storage. However, a decrease
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in zeta potential value indicates lower colloidal stability over time in comparison with OWq
emulsion.

The safety and immunological activity of designed adjuvants were tested in swine
vaccination with E2 antigen. Pigs immunized with experimental adjuvants in subunit CSFV E2
vaccines did not experience any health issues and gained the weight on the same level as negative
control pigs during the entire study (Fig 4.3A). Small subcutaneous bumps were observed at the
injection sites of the OWq vaccine group, although they decreased in size significantly or
disappeared towards the end of the experiment. These findings suggest that food-grade saponins
extract can be safely utilized in veterinary vaccine formulations. Moreover, the group immunized
with two doses of E2 subunit protein adjuvanted with OWq emulsion had higher E2-specific IgG
levels (Fig. 4.3B-D) and anti-CSFV neutralizing antibody titers (Table 4-2) in comparison with
vaccine group that received E2 formulated with emulsion and without saponins or other
immunostimulant compounds.

The reason E2 + OBA vaccine did not induce strong IgG antibody responses and high anti-
CSFV neutralizing titers can be attributed to the composition and physical characteristics of the
adjuvant. OBA predominantly consisted of plant-derived MCT oil with small portion of mineral
oil, while vaccines based on mineral oil generally produce more irritation at the injection sites and
induce higher immune responses than vaccines with plant-derived oils (22). In addition, the mean
droplet size of emulsion fabricated from OBA was 327.40 nm. However, it has been demonstrated
that particles less than 200 nm are processed more efficiently by the APCs (23). Clearly, the
changes in the composition of the OBA should be done to reduce the size of emulsion droplets and
improve the emulsion stability and efficacy as a vaccine adjuvant.

Animals that were immunized twice with subunit vaccines have developed significantly
higher IgG titers (Fig. 4-3C) and anti-CSFV neutralizing antibody titers (Table 4.2) in comparison
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with pigs receiving the single vaccination. However, previous studies demonstrated that even one-
dose vaccination with an emulsion-based subunit vaccine can protect the pigs from the challenge
with CSF virus (17, 20).

Previous findings have shown that saponins promote the production of IgG2 over IgG1
antibody subclass and favor Thl and cytotoxic T-lymphocytes responses in contrast with
conventional adjuvants such as aluminum salts and emulsions in murine models (9, /7). These
suggest that saponins adjuvants can be beneficial in vaccines against intracellular pathogens such
as viruses. In the present study, IgG?2 titer analysis of pig serum samples did not show statistically
significant differences between saponins-based emulsion adjuvant and an emulsion without
saponins (P=0.12) (Fig 4.3D). This can be attributed to several factors such as the difference
between mice and swine immune responses to the saponins, heterogeneous composition of food-
grade saponins extract or poor stability of the saponins resulting in stimulation of Th2 immunity
rather than Thl. It has been demonstrated that various fractions of Q. saponaria extract have
different immunological activity and can induce the production of different IgG antibody
subclasses (11). Another study showed that Q. saponaria extract are easily degraded during storage
resulting in deacylation of the saponins molecules and the inability to promote a strong Thl
response and IgG2 production (24). The exact fraction composition of the food-grade saponins
extract used in this study is unknown and needed to be determined to verify these speculations. In
addition, further investigation is required to confirm the level of protection of swine immunized
with E2 protein and OW(q saponins-based emulsion after the challenge with CSF virus.

Conclusion

Inexpensive food-grade saponin extract was employed to create emulsion-based adjuvant

for swine subunit vaccine. Saponins served a dual purpose: stabilization of emulsion droplets and
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stimulation of immune responses. The addition of saponin extract helped to reduce the amount of
emulsifier in the original OW-14 adjuvant. This change in composition did not impact droplet size
stability of the emulsion adjuvant. Thus, OWq can be stored at least 180 days at different
temperatures without dramatic changes in droplet size, creaming, or phase separation. A saponin-
based emulsion adjuvant was safe to use in swine immunization as no significant inflammations
at the injection sites and consistent weight gain in animals were observed after co-administration
with E2 antigenic protein. Two doses of CSF E2 subunit vaccine with OW(q adjuvant demonstrated
high total IgG and anti-CSFV neutralizing antibody titers in pigs in comparison with the emulsion
vaccine prepared with oil-based adjuvant without saponins. This is the first demonstration that a
cost-effective food-grade saponin extract can be incorporated in an emulsion-based adjuvant and

safely used in livestock immunization promoting strong antibody responses.
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Chapter 5 - Multiple Emulsions via an One-Step Low-Energy

Method I: Formulation and Characteristics

Abstract

Water-in-oil-in-water (multiple) emulsions are attractive delivery vehicles in animal
vaccines. However, formulating emulsions with multiple structure, nanoscale droplet size, and
prolonged physical stability is a very challenging task. This study presents novel oil mixtures that
produce multiple nanoscale emulsions after one-step gentle mixing of an aqueous phase with the
application of phase inversion composition. Different types of mineral oils and mixture of mineral
and plant-based oils were investigated in preparation of emulsions with uniform nanosized
droplets. In addition, the impact of five emulsification parameters on droplet diameters and
polydispersity of emulsions was studied. The emulsions were characterized with dynamic light
scattering (DLS) and transmission electron microscopy (TEM) to examine average droplet size,
polydispersity, zeta potential, and emulsion structure. The oil mixtures containing more viscous
oil formed emulsions with narrower size distributions. Moreover, multiple droplets less than 200
nm in size were detected in TEM images of the emulsions. Physical characteristics of samples
were preserved after prolonged storage even at elevated temperatures. Two oil mixtures were

proposed for further immunological studies as vaccine adjuvants for animals.
Introduction

Emulsion-based vaccines are a popular choice in veterinary medicine offering inexpensive
and effective ways to induce immune responses to antigens and provide protection against
pathogens (7). Currently, several animal vaccines based on water-in-oil and oil-in-water emulsion
adjuvants can be found on the market (2). However, vaccines formulated with multiple (water-in-
oil-in-water) emulsions are not so common. It has been suggested that water-in-oil-in-water
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(w/o/w) emulsions contain the antigen in both the external and internal water phases providing
immediate and prolonged stimulation of the immune system by both fast and slow release of
antigen upon breakdown (3). In addition, Huang and co-workers have demonstrated that w/o/w
formulations are more fluid and, therefore, easier to inject and less toxic in contrast to w/o
emulsions (4). However, the formulation of stable multiple emulsions is a more complex process
than production of oil-in-water or water-in-oil emulsions. Furthermore, multiple emulsions tend to
have large, nonuniform droplets and are prone to fast break down and creaming (5).

Generally, creation of w/o/w emulsions requires a two-step approach (6). First, the primary
w/o emulsion is formed with the help of a lipophilic surfactant (hydrophile—lipophile balance
(HLB) <6) and high-speed homogenization. Then, the w/o emulsion is re-dispersed in water
containing a hydrophilic surfactant with HLB>8 under low-speed homogenization to obtain a
w/o/w emulsion (6). One-step production of multiple emulsions has been also explored and
involves either phase inversion procedures (7-9) or application of microfluidic devices (10, 11).
While very uniform microscale droplets are obtained with microfluidics, low throughput hinders
its commercial application. Phase-inversion procedures are a low-energy method to make
emulsions which utilize the changes in temperature or volume fraction of one of the phases (12).
Thus, phase inversion composition (PIC) involves the gradual addition of the water phase to oil
inverting a w/o emulsion into an o/w emulsion with intermediate formation of w/o/w droplets.
(13). However, the selection of the suitable surfactants, the physical stability, and big droplet size
are among the key challenges in the production of multiple emulsions by this method (§). In
addition, low-energy emulsification generally requires the high concentration of surfactants to
produce stable emulsions, which can constrain their application in vaccinations.

In the present study, the PIC method was used to formulate multiple emulsions from
homogeneous mixtures of oils and surfactants. Three types of light mineral oil were studied to
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determine the most effective in the formation of emulsions with narrow nanoscale size distribution.
In addition, a mixture that contained a combination of mineral and medium-chain triglyceride
(MCT) oils and a reduced concentration of emulsifiers was also studied. Previous investigation

has demonstrated that two polymeric emulsifiers (Compound A and Compound B; for more

‘ This information was redacted intentionally. Please contact ishi@vet.k-state.edu for additional details.

information, please contact jshi@ksu.edu), can be incorporated into the oil-based vaccine adjuvant
without causing toxic side effects in pig immunization (Chapter 4). Nevertheless, the designed
adjuvant did not induce strong antibody responses in pigs even after a two-dose co-administration
with antigen suggesting that the composition needs to be changed (Chapter 4). In this study, the
content of the mineral oil in the mixtures was increased to promote higher inflammation at the
injection sites and, therefore, stronger antibody responses. Furthermore, polyoxyethylenesorbitan
trioleate (Tween 85) was used instead of Atlas G-5002L as it demonstrated higher solubility in
mineral oils in preliminary studies. Tween 85, surfactant suitable for production of o/w emulsions,
has also been commonly used in pharmaceutical formulations as it shows lower cytotoxicity in
comparison with other nonionic emulsifiers (74, 15). Compound A is a nonionic polymeric
surfactant with a molecular weight more than 50 kDa and an HLB of 6 that is composed of
hydrophilic polyethylene glycol and hydrophobic polymerized fatty acids blocks. Due to its low
HLB value, it is an appropriate choice for formation of w/o emulsions. The highly branched
structure of Compound A provides improved steric stabilization between the droplets and is
beneficial for the colloidal stability of emulsions with multiple structure (76).

Emulsions were made by gradual dilution of the oil-surfactants mixtures with the aqueous
phase and gentle agitation employing magnetic stirrer. The mean droplet size, zeta potential and
polydispersity measurements were performed with dynamic light scattering (DLS). In addition,
transmission electron microscopy (TEM) was used to confirm the size and multiple structure of
the droplets. The stability of the emulsion samples at different temperatures and the impact of
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different emulsification parameters on the droplet size were investigated and the results presented

herein.

Materials and Methods

Materials

Three mineral oils (Peneteck, Drakeol® 5, Drakeol® 6) were obtained from Calumet
Penreco LLC (Karns City, USA). Table 5.1 contains the physical characteristics of the oils
provided by the manufacturer. Medium Chain Triglyceride (MCT) oil comprised of 57.8%
caprylic acid (C8:0) and 42.1% capric acid (C10:0) was purchased from Jedwards International
Inc. (Braintree, USA). A nonionic surfactant, Tween 85, was purchased from MP Biomedicals
(Solon, USA). Polymeric surfactant, Compound A was purchased from a commercial supplier.

This information was redacted intentionally. Please contact jshi@vet.k-state.edu for additional details.

Phosphate buffered saline (PBS, 100 mlI tablets) was purchased from Fisher Scientific (Fair Lawn,

USA). PBS tablets were diluted in nano-pure deionized water (1 tablet per 100 ml of water) to
obtain a 1X PBS solution. All other reagents were used as received.

Table 5.1 Physical characteristics of mineral oils used in this study.

Oil Viscosity at 40°C, ¢St Specific gravity at 25°C
Peneteck 4.60 0.8290
Drakeol® 5 8.25 0.8395
Drakeol® 6 9.68 0.8351

Formulation of mixtures and emulsions

Four formulations were prepared by mixing different oils with surfactants using a magnetic
bar for 5 hours at 500 rpm at room temperature (RT). The final concentrations of the mixture
components were determined in the preliminary studies and presented in Table 5.2. Formulations

were stored in the dark at RT until further use.
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Emulsions were formed by dilution of the oil-surfactant mixtures with an aqueous phase
(PBS). The PBS was added slowly to the mixtures in a 2:1 volume ratio while stirring with a

magnetic bar at 500 rpm at room temperature. The emulsions were stirred for an additional 60 min.

Table 5.2 Composition of oil-surfactant mixtures.

Mixture Component %, W/W
Peneteck oil This
# Tween 85 informati
Compound A on was
Drakeol 5 oil redacted
#2 Tween 85 1r11i£ent10n
ally.
Compound A
P : Please
Drakeol 6 oil contact
#3 Tween 85 jshi@vet.
Compound A k-
Drakeol 5 oil state.edu
MCT oil for
4 T o5 additiona
ween )
| details.
Compound A

Physical characteristics of prepared emulsions

The droplet size, polydispersity, and zeta potential of the emulsions were determined with
dynamic light scattering. A Zetasizer Nano ZS 90 (Malvern Instruments, Westborough, MA) with
a 633 nm He-Ne laser at a scattering angle of 173° was used to make the measurements. Each
sample was diluted by a factor of 100 with PBS for droplet size analysis and with a 0.001M NaCl
solution for zeta potential measurements to prevent multiple scattering effects. Measurements were

taken in triplicate and results were reported as the mean of three measurements.
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The pH of the emulsion samples was measured using a VWR SympHony digital pH meter
SB21 (VWR International, Radnor, PN, USA). Before the measurements, calibration of the
instrument was performed according to instructions from the manufacturer.

Emulsions were imaged with transmission electron microscopy (TEM) using the FEI
CM100 housed at the Biology Department at Kansas State University. The detailed imaging
procedure of the samples can be found in Appendix A. Briefly, drop of the emulsion sample was
placed onto a 200 mesh formvar-carbon grid (Electron Microscopy Sciences, Hatfield, USA)
followed by negative staining with uranyl acetate and brief air-drying. Imaging was done at an
accelerating voltage of 100 kV.

After storage at 4°C, room temperature, and 37°C, the emulsion samples were checked for
the presence of creaming, sedimentation, and phase separation. In addition, physical characteristics
of the emulsions were measured again after 1 and 3 months of storage.

Effect of emulsification parameters on the emulsion droplets

The impact of five emulsification parameters (time of mixing, initial temperature of
components, speed of mixing, nature of aqueous phase, and amount of aqueous phase) on the
droplet size and polydispersity of emulsions prepared from the #2 mixture were investigated
(Table 5.3). The DLS was used to collect data for all experiments according to the procedure
described in the previous section.

Time of mixing

The PBS (6 ml) was added to the oil-surfactant mixture (3 ml) followed by agitation with

a magnetic stirrer (MultiMagstir Genie) for 5, 30, 60 or 120 minutes at 500 rpm at room

temperature.
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Table 5.3 Emulsification parameters used to study the effect on emulsion droplet size.

Emulsification parameters

Time of mixing (min) 5 30 60 120

Initial temperature of

components (°C) 4 RT 40 >0 70
Speed of mixing (rpm)
high shear lab mixer 700 1000 1200 2500 4000 5000 6000 8000 10000
magnetic stirrer 300 500 700 1000 1200
Nature of aqueous phase PBS DI water
Ratio of aqueous phase to the 11 21 3

oil-surfactant mixture (vol./vol.)

Values in bold indicate parameters that were held constant, while the other were varied
RT, room temperature

PSB, phosphate-buffered saline

DI water, deionized water

Initial temperature of components

The #2 mixture and PBS were cooled or heated to desired temperatures separately before
emulsification. After that, emulsions were made by slow addition of PBS to the oil-surfactant
mixture and were stirred at room temperature with a MultiMagstir Genie at 500 rpm at room
temperature for 30 min. The investigated initial temperatures of components were 4°C, 20°C,
40°C, 50°C, and 70°C. Three replicates of each sample were prepared containing 6 ml of PBS and
3 ml of the #2 mixture.
Speed of mixing

Two types of mixers, a high shear lab mixer (L5M-A, Silverson) and a magnetic stirrer
(MultiMagstir Genie) were used in this experiment. For the Silverson mixer, 10 ml of mixture #2
was poured into a beaker, the mixer was started, and PBS (20 ml) was added slowly within 10
seconds. The samples were agitated at 700, 1000, 1200, 2500, 4000, 5000, 6000, 8000, and 10000
rpm for 15 minutes. For the magnetic stirrer, 6 ml of PBS were slowly added to 3 ml of the oil-

surfactant mixture followed by emulsification at 300, 500, 700, 1000, or 1200 rpm for 15 minutes
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at room temperature. All samples were prepared in triplicate to confirm the reproducibility of the
results.
Nature of aqueous phase

Two emulsion samples were prepared using PBS or deionized water as aqueous phases.
The aqueous phase was poured into mixture #2 in a 2:1 volume ratio followed by emulsification
with the MultiMagstir Genie for 30 min at 500 rpm and RT.
Amount of aqueous phase

The PBS was added to the #2 mixture in 1:1, 2:1, or 3:1 volume ratios followed by

emulsification with the MultiMagstir Genie for 30 min at 500 rpm and RT.

Results

The effect of oil type on the droplet size distribution of emulsions obtained from the
oil-surfactant mixtures

Figure 5.1 depicts the size distributions of emulsions prepared from oil-surfactant mixtures
with different mineral oils. The oil with lowest viscosity (Peneteck, Table 5.1) formed emulsion
with droplet sizes ranging from 37.8 nm to 255.0 nm. The mode in the size distribution was at
100.4 nm. Two other emulsion samples prepared with pure Drakeol 5 or Drakeol 6 oils had droplet
diameters between 37.8 and 190 nm and 37.8 and 164.2 nm, respectively, with the modes in the
droplet size distribution at ~80 nm (Fig. 5.1). An emulsion made from a mixture with a
combination of Drakeol 5 and MCT oil had droplets ranging from 58.8 to 295.0 nm in diameter
with the maximum in droplet size distribution at 122 nm. The #2 and #4 oil-surfactant mixtures

were chosen for the further studies.
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Figure 5.1 DLS size distribution of three emulsions prepared from mixtures with different
mineral oils and combination of mineral and MCT oils.
Visual appearance of the mixtures and emulsions, TEM, and stability assessment

Figures 5.2a and 5.2b demonstrate the clear yellow appearance of two experimental oil-
surfactant mixtures (#2 and #4) and the white emulsions made from them, respectively. Droplets
with multiple structure (water-in-oil-in-water) were observed on TEM images of the #2 emulsion
sample (Fig. 5.2c). White arrows indicate the presence of several smaller water droplets inside the
bigger oil droplets. In addition, the size of the observed water-in-oil-in-water droplets was less
than 200 nm (Fig. 5.2¢).

The emulsion prepared from the #2 mixture preserved the mean droplet size,
polydispersity, and zeta potential after three-month storage at 4°C, 20°C and 37°C (Table 5.4). On
the contrary, the average droplet size of an emulsion made from the #4 mixture increased from
122.47 to 134.30 nm after storage at 4°C, and decreased to 94.61 nm after storage at 37°C (Table
5.4). The polydispersity index of the #4 emulsion sample dropped from 0.200 to 0.024 after 3
months at 37°C (Table 5.4). One-month storage at different temperatures did not affect the pH in
either emulsions. No creaming, phase separation, or oiling off were observed in either sample after
three months for all temperatures.
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Figure 5.2 Visual appearance of #2 and #4 mixtures (a) and emulsions obtained after
emulsification of the mixtures with phosphate-buffered saline as a water phase (b), TEM
images of emulsion with multiple (W/O/W) structure prepared from #2 mixture (c).

White arrows indicated droplets with multiple structure. Graphical representation of the emulsion droplets
depicts big oil droplets containing small internal water droplets while being dispersed in the external
water phase.

Table 5.4 Physical characteristics of emulsions prepared from #2 and #4 mixtures.

. Mean size, Zeta potential,
Emulsion sample m, + S.D. PDI+ S.D. mV, £ S.D. pH
Fresh 74.61 £ 0.81 0.049 £ 0.004 -23.67+1.44 6.67
4°C  83.80+0.81 0.177 £ 0.025 -24.00 £1.28 6.64
1 month RT 74.96+0.59 0.047 £ 0.015 -23.10+£0.26 6.68
#2 37°C  79.42+0.29 0.044 £ 0.025 2540+ 147 6.64
4°C  74.17+0.78 0.055 + 0.004 -20.77£0.78
3months RT  77.88+0.64 0.039 + 0.007 -22.00+0.10
37°C 75.63+0.54 0.052 + 0.008 -20.87 +£0.42
Fresh 122.47 £0.83 0.200 + 0.008 -30.17 £0.55 6.78
4°C  12030+139  0.175+0.015 -34.37 +£0.81 6.74
1 month RT 121.07 £ 1.75 0.177 £0.011 -30.03 £0.72 6.72
#4 37°C 93.36+1.37 0.022 £ 0.024 -22.83+1.10 6.74
4°C 13430+ 1.48 0.253+£0.011 -28.13 £0.65
3months RT 118.20+0.36  0.168 £0.025 -25.80+0.26
37°C 94.61 +£0.59 0.024 + 0.006 -20.20+0.10

RT, room temperature
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Impact of emulsification parameters on emulsion droplet size

The mean droplet size and polydispersity index of the emulsion made from the #2 mixture
decreased gradually with increasing time of mixing (Fig. 5.3a). Thus, the smallest mean droplet
size (79.2 nm) and PDI (0.097) were observed after emulsification for 120 min. The largest average
droplet size and PDI (100.2 nm with 0.217, respectively) were detected after 5 min of stirring
(Fig. 5.3a).

Figure 5.3b demonstrates the effect of the initial temperature of the mixture and PBS on
the emulsion droplet size and polydispersity. If components were at 4°C before emulsification, the
mean diameter of the droplets was 152 nm with a PDI equal to 0.3. On the contrary, the smallest
average droplet size (77.5 nm) and polydispersity (0.08) were achieved when the temperature of
components was 40°C before emulsification.

The impact of the speed of mixing on mean droplet size of emulsions is presented in Figure
5.3c. When a magnetic stirrer was used, the emulsion samples had mean droplet sizes less than
120 nm independent of emulsification mixing speed (300-1,200 rpm). However, when the high
shear lab mixer was employed, the emulsion with the smallest mean droplet size (79 nm) was
obtained at 10,000 rpm, while the emulsion mixed at 1,200 rpm had a mean droplet diameter of
135 nm (Fig. 5.3¢).

Emulsions prepared with PBS and deionized water as aqueous phases had very similar
droplet size distributions (Fig. 5.3d). On the contrary, when the amount of PBS was increased in
the emulsion, the size distribution became wider (Fig. 5.3¢). Thus, emulsions had droplets ranging
from 37.8 to 190 nm when PBS and an oil-surfactant mixture were emulsified in 1:1 ratio, from
28.2 nm to 531 nm after emulsification in 2:1 ratio, and, finally, from 37.8 nm to 995 nm after

emulsification in 3:1 ratio (Fig. 5.3e).
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Figure 5.3 The effect of time of mixing (a), temperature of components (b) on mean droplet
size (filled markers) and PDI (blank markers) of emulsions; the effect of speed of mixing on
the mean droplet size of emulsions (¢); the effect of nature of aqueous phase the effect of
nature of aqueous phase (d) and amount of aqueous phase (e) on the droplet size

distribution of emulsions.

Error bars represent the standard deviation between three DLS measurements of one sample.
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Discussion

Vaccines based on emulsions are commonly used in animal immunizations for several
reasons including low cost and efficacy in inducing protective immune responses (2). Today only
a few veterinary vaccine adjuvants that produce emulsion vaccines with multiple structure exist
on the market. All of them are under the Montanide™ (Seppic, France) brand (17-19). Due to the
structure, w/o/w emulsions possess advantages when compared with conventional w/o or o/w
emulsions. Multiple emulsions provide fast and slow releases of the antigenic molecules from the
external and internal water phases, respectively. Therefore, there is a demand for cost-effective
easy-to-prepare multiple emulsion-based vaccines for animal use. This study demonstrates oil-
based mixtures for use as vaccine adjuvants that produce ready-to-go multiple emulsions after
gentle mixing with PBS as a water phase.

The oil-surfactant mixtures containing more viscous oils (Drakeol 5 and Drakeol 6) formed
emulsions with more uniform droplets in contrast with the mixture with Peneteck oil (Fig. 5.1). In
addition, the reduced concentration of emulsifiers in the #4 mixture resulted in a wider size
distribution of emulsion droplets in comparison with an emulsion formulated with pure Drakeol 5
oil (Fig. 5.1). As there was no significant difference between size distributions of emulsions
prepared with Drakeol 5 and Drakeol 6 and the narrow size distribution is preferable to ensure
better emulsion stability, the #2 mixture with pure Drakeol 5 will be selected for additional studies.
In addition, the #4 mixture with a combination of Drakeol 5 and MCT oils will be studied further
as an appropriate vaccine adjuvant candidate because of its lower emulsifier concentrations.

The mean droplet sizes of emulsions produced from experimental #2 and #4 mixtures were
74.61 nm and 122.47 nm, respectively (Table 5.4) making them promising candidates as delivery

agents in antiviral vaccines. It has been shown that immune cells uptake and process more
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efficiently particles in the nanoscale range, leading to cell-mediated immune responses (20)
responsible for creating protection against viral diseases. In addition, emulsions with droplet size
less than 200 nm can be sterilized by membrane filtration avoiding autoclaving, which is damaging
for heat-sensitive formulations.

In general, emulsions which have smaller droplets and lower polydispersities are more
stable. After a three-month storage at 37°C, the emulsion prepared from the #2 mixture preserved
the mean droplet size, PDI, pH and zeta potential, indicating a good colloidal stability of this
formulation (Table 5.3). This suggests that vaccines prepared with the #2 mixture as an adjuvant
can be transported and stored at elevated temperatures without affecting its physical
characteristics. However, the mean droplet size and PDI of the emulsion sample prepared from the
#4 mixture significantly changed after storage at 37°C (Table 5.3). The reduction in the mean
droplet size and PDI at elevated temperatures indicated instability caused by Ostwald ripening
(21). Presumably, the reduced concentration of surfactants in the #4 mixture in comparison with
the #2 mixture (Table 5.2) led to the decreased physical stability of emulsion #4 over time.

TEM revealed a multiple structure of emulsion made from the #2 mixture (Fig. 5.2c,
Appendix A). Only a few studies have reported nanoscale W/O/W emulsions. In these cases, the
multiple emulsions were prepared either with the help of high-energy ultrasonic homogenization
(22) or glass membranes (23). Here, low-energy CPI was successfully employed to create stable
emulsions with nanoscale w/o/w droplets.

The effect of different emulsification parameters on the droplet size and polydispersity of
emulsions made from the #2 mixture was also investigated in this study (Table 5.4). Emulsions
with minimum droplet size and PDI can be obtained after 120 min of mixing (Fig. 5.3a). Prolonged
mixing appears to allow for better allocation of the surface-active molecules stabilizing oil-water
interfaces (24), leading to reduced mean droplet size and polydispersity with increasing time of
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mixing (Fig. 5.3a). However, prolonged emulsification can be circumvented if the initial
temperature of components is at 40°C (Fig. 5.3a, b). Both the mean droplet diameter and PDI of
emulsions decreased with the initial temperature of the oil-surfactant mixture and PBS increased
from 4°C to 40°C (Fig. 5.3b). Previously, moderately elevated temperatures had shown to promote
faster dispersion of the oil droplets and improved solubility of the surfactant molecules in both
phases providing smaller and more uniform droplets (25). However, the subsequent increase of the
initial components’ temperature to 70°C did not produce smaller droplets and lower PDI in the
emulsions (Fig. 5.3b). This can be explained by the decreased bulk viscosity and accelerated
coalescence between the emulsion droplets at temperatures higher than 40°C.

Both the magnetic stirrer and high shear lab mixer produced emulsions with droplets
having mean size less than 130 nm (Fig. 5.3¢). Moreover, even very gentle mixing with a magnetic
bar (300 rpm) was sufficient to obtain the average droplet diameter around 100 nm (Fig. 5.2¢). As
expected, for emulsification with a high shear lab mixer, the larger energy input led to smaller
mean droplet sizes (Fig. 5.3¢). These observations indicate that expensive high-energy mixing can
be avoided in the production of the vaccines from oil-surfactant mixtures presented here.

Antigenic suspending fluid in the vaccines may contain saline. Therefore, the absence of
the impact of electrolytes from PBS on droplet size distribution of the emulsion made from the #2
mixture in this study (Fig. 5.3d) confirms that the presence of saline will not affect the droplet size
in the emulsion vaccine. In addition, emulsions made with saline solution and the #2 mixture had
prolonged shelf stability (Table 5.3). Previously, it has been shown that the droplet size of
emulsions stabilized with nonionic surfactants can be affected by electrolytes (26). In this study,
the highly branched structure of Compound A surfactant appears to provide additional steric

stabilization between the emulsion droplets preserving their original size. This speculation agrees

This information was redacted intentionally. Please
contact ishi@vet.k-state.edu for additional details.
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with earlier findings that polymeric emulsifiers offer better stability of emulsions preventing
instability associated with early coalescence of the droplets (27).

As expected, the higher amount of aqueous phase in these emulsions led to wider droplet
size distributions in comparison with the emulsion prepared with equal volumes of oil-surfactant
mixture and water phase (Fig. 5.3e). Evidently, the reduced amount of surfactant molecules
available in the larger aqueous volumes has resulted in formation of larger droplets. Nevertheless,
even at a higher water content (2:1 vol. ratio), an experimental oil-surfactant mixture formed an
emulsion with the majority of droplets around 100 nm in size.

In conclusion, the #2 mixture produced stable, nanoscale multiple emulsions after dilution
with the aqueous phase. Four out of five emulsification parameters had a pronounced effect on the
average droplet size and size distribution of the emulsions. The optimal production parameters
were 40°C for initial temperature of the oil-surfactant mixture and aqueous phase, 30 min
emulsification at 500 rpm employing low-energy magnetic stirrers, and a 1:1 volume ratio between
oil and aqueous phases were the optimal production parameters. These parameters have been

recommended for use in the preparation of vaccines in further immunological and safety studies.
Conclusions

Oil-surfactant mixtures producing multiple nanoscale emulsions after low-energy agitation
with aqueous phase were formulated in this study. The mixtures with more viscous oils produced
emulsions with narrower droplet size distributions. Two formulations were chosen for stability
studies with emulsions made from a mixture with pure mineral oil was stable at least three months
at different temperatures, preserving the initial physical characteristics. The time of emulsification,
initial temperature of components, speed of mixing and amount of the aqueous phase had an impact

on mean droplet size and polydispersity of emulsions, while the nature of aqueous phase did not
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affect the size distribution of emulsion droplets. Proposed next steps include immunological and

safety studies of the mixtures as vaccine adjuvants in animal immunizations.
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Chapter 6 - Multiple Emulsions via an One-Step Low-Energy

Method II: Immunological Studies

Abstract

Vaccines based on multiple emulsions are not very common despite the advantages they
offer over conventional water-in-oil vaccine emulsions. A previous chapter described oil-
surfactant mixtures that form nanosized, stable, and multiple emulsions after gentle mixing with a
phosphate-buffered saline. In this study, two mixtures were tested in animals as potential vaccine
adjuvants. In mouse studies, vaccines containing ovalbumin (OV A) as an antigen and experimental
or conventional emulsion-producing adjuvants were compared. In addition, the efficacy and safety
of novel adjuvants were tested in a subunit vaccine for pigs against Classical Swine Fever (CSF)
virus. Enzyme-linked immunosorbent assays (ELISA) were performed to compare the antibody
levels in sera collected from animals. The anti-OVA IgG titers were similar between mice
immunized with OVA emulsified in experimental adjuvant and mice that were inoculated with
OVA and the conventional Montanide™ ISA 206 adjuvant; however, the emulsions formed by
these adjuvants had very different droplet sizes. In contrast to the commercial emulsion-forming
adjuvant, the experimental adjuvant produced emulsions with average droplet sizes that were less
than 100 nm suitable for sterilization with membrane filtration. In addition, a subunit CSF vaccine
formulated with novel adjuvant induced strong antigen-specific antibodies in pigs even when it
was prepared with a lower adjuvant content. No health issues nor significant local reactions were

observed in pigs after immunization with the experimental subunit vaccine.
Introduction
Adjuvants are vaccine components that help to induce an immune response against weak

immunogenic antigens (/). Water-in-oil (w/0) emulsions have been explored as adjuvants for
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decades in both human and animal vaccines and have been determined to offer a cost-effective
approach to enhancing the immune response. However, difficulties with injections and numerous
local reactions limit the clinical use of w/o emulsions (2). Multiple, water-in-oil-in-water (w/o/w),
emulsions can be attractive alternatives for w/o emulsion vaccines, as they are less viscous and
have a lower toxicity (3, 4). Multiple emulsions are systems where small water droplets are within
the bigger oil droplets and are subsequently dispersed within the continuous water phase. Due to
this complex structure, multiple emulsions preserve the antigenic molecules in both water phases,
providing a fast and prolonged release for continuous stimulation of the immune cells. Despite
these benefits, the wide application of w/o/w emulsion vaccines is hampered primarily because of
difficulties related to the stability and large non-uniform droplets.

The previous chapter presented novel oil-surfactant mixtures that produce nanoscale w/o/w
emulsions after dilution and gentle mixing with phosphate-buffered saline (PBS). The obtained
emulsions preserved mean droplet size, polydispersity, zeta potential, and pH after prolonged
storage at different temperatures. As a result, two oil-surfactant mixtures (#2 and #4) were
proposed for studying as potential vaccine adjuvants (SEA1 and SEA2) in animal immunizations
(Table 1).

Here, the potency of emulsion vaccines formulated with SEA adjuvants in inducing
antibody responses was tested in mice and pigs. In the first study, the ability of the experimental
adjuvants to produce strong anti-OVA immunoglobulin G (IgG) antibody responses in vaccination
of BALB/c mice was compared with conventional Montanide™ ISA 206 oily adjuvant (Seppic,
France). According to the manufacturer’s web site, Montanide™ ISA 206 contains mineral oil and
produces double emulsions with droplet sizes around 1 um after dilution with the water phase (35).
Thus, vaccines based on Montanide™ ISA 206 can easily be prepared by low-energy mixing of
the pre-warmed adjuvant and antigen diluted in water. Moreover, a comparison study with w/o
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and o/w emulsion vaccines has demonstrated the superiority of Montanide™ ISA 206 in inducing
higher and more prolonged antibody responses (6).

The current study with BALB/c mice was performed twice as, during the first trial, it came
to our attention that the sample animals had been infected with Murine Norovirus (MNV) at the
supplier’s facility. Thus, the experiment was repeated with new mice to ensure that a MNV
infection did not affect the antibody responses generated by animals after immunization with the
vaccines.

Additional vaccine groups were included in the vaccination of CD-1 mice in the third
mouse study. The combination of an experimental SEA1 adjuvant with saponin extract and vaccine
with saponins only were investigated along with vaccines that contained SEA1 or Montanide™
ISA 206 adjuvants alone. The possibility to combine emulsions and food-grade saponins to
improve the antibody responses against antigens in vaccines has been already explored in Chapter
3 of this thesis. Indeed, saponins are recognized as capable adjuvants for generating high antibody
titers and promoting strong cell-mediated immunities (7). In this study, the vaccine—adjuvant
combination was prepared by simple dilution of VetSap® (purified veterinary saponin adjuvant)
(Desert King International, USA) in the antigenic water phase prior to emulsification with an
experimental oil-based adjuvant.

Finally, the efficacy of the experimental oil-based adjuvant was studied in subunit vaccines
against Classical Swine Fever Virus (CSFV) for pigs. CSF is a contagious pig disease causing
devastating damage in the swine industry worldwide. In contrast to modified live virus vaccines
for CSF, vaccines based on subunit recombinant proteins offer safety and the ability to differentiate
infected from vaccinated animals (8). However, highly purified subunit proteins require co-
administration with the adjuvants to be effective in inducing protective immune responses.
Previously, a subunit vaccine containing CSFV E2 antigenic protein formulated in an oil-in-water
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emulsion (KNB-E2), has shown high potency in the production of antibody responses and
protection of pigs after a challenge with CSFV (9, 10). Here, pigs were immunized with an insect-
derived E2 (iE2) subunit protein emulsified in experimental SEA1 oil-based adjuvant in 1:1 and
2:1 volume ratios. The IgG antibody responses were compared between the experimental groups
and the group that received the KNB-E2 vaccine. In addition, the weight of the pigs and the
injection sites were monitored throughout the study to confirm the safety of the administered

experimental adjuvant vaccine.

Methods

Preparation of the adjuvants and vaccines
All adjuvants and emulsion vaccines used for immunizations of the animals were prepared
in sterile laboratory glassware. The SEA1 and SEA?2 oil-based adjuvants were made with materials

and, according to the procedures specified in Chapter 5, in the proportions shown in Table 6.1.

Table 6.1 Composition of experimental oil-based adjuvants.

Oil-surfactant mixture Adjuvant name Component %, W/w

Drakeol 5 oil This

Tween 85 information
#2 SEAL
Compound A was redacted
intentionally.
- Please contact
Drakeol 5 oil L
jshi@vet.k-
MCT oil state.edu for
#4 SEA2 Tween 85 additional

Compound A [EGEEHES

To confirm the ability of experimental and commercial adjuvants to form emulsions with

nanoscale droplet size, three samples were prepared by emulsification of SEA1, SEA2, and
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Montanide™ ISA 206 (Seppic, France) adjuvants in PBS. Prior to mixing, the adjuvants and PBS
were heated to 37°C (or 31°C for Montanide™ ISA 206) in a water bath. PBS was added slowly
to the adjuvants and followed by stirring with a magnetic bar at 500 rpm for 30 min for SEA
adjuvants and at 350 rpm for 5 min for Montanide ™ ISA 206. The volume ratio of PBS to adjuvant
was 2:1 for SEA adjuvants and 1:1 for Montanide™ ISA 206. The emulsions were analyzed with
a Zetasizer Nano ZS dynamic light scattering instrument (Malvern, USA) according to the

procedure described in Chapter 5.

The main component of the chicken egg white, ovalbumin (EndoFit™ OVA, Invivogen,
San Diego, USA), served as an antigen in the mouse studies and was diluted in sterile endotoxin-
free PBS (1X, Gibco™, Fisher Scientific, USA) at 10 ug/dose. Insect-derived E2 (iE2) CSF
subunit protein was prepared as described elsewhere (9), diluted in sterile endotoxin-free PBS, and

served as an antigen at 50 pg/dose in the pig study.

Emulsion-based vaccines were made by separately warming the experimental SEA
adjuvants and antigen in PBS solution to 37°C using the water bath before emulsification. Next,
the antigenic solution was poured slowly into the adjuvants in a 2:1 volume ratio (or 1:1 if stated)
with subsequent stirring utilizing a magnetic mixer for 30 min at 500 rpm and at room temperature

to form a multiple emulsion.

Vaccines with the conventional Montanide™ ISA 206 adjuvant were prepared according
to the procedure recommended by the manufacturer (5). Briefly, the adjuvant and antigenic PBS
solution were warmed to 31°C in a water bath. The antigenic solution was added to the adjuvant
at a 1:1 volume ratio and stirred at room temperature with a magnetic bar for 5 min at 350 rpm.

The vaccines were kept at room temperature for 1 hour before immunization.
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Vaccines containing VetSap® as an adjuvant were made by the dilution of the VetSap®
stock solution in an endotoxin-free molecular biology grade water (Fisher Scientific, USA) and
were followed by the addition of PBS to obtain 5 pg of saponins per dose for mice vaccination.
Vaccines having a combination of SEA1 oil-based adjuvant and VetSap® were prepared by
addition of VetSap® (5 pg/mouse) to the antigenic PBS solution prior to emulsification with the
SEAT1 adjuvant as described above. Pigs were immunized with subunit iE2 vaccines containing
100 or 300 pug of VetSap® per dose.

KNB-E2 subunit vaccine for immunization of pigs was produced as described
elsewhere (9).

Animal immunizations

All animal studies were conducted in accordance with Institutional Animal Care and Use
Committee (IACUC) procedures. The IACUC reference numbers are 3961 and 3436.

BALB/c mice

In two consecutive BALB/c mouse experiments, female mice (Charles River Laboratories
International) were randomly divided into 3 vaccine groups and 2 control groups (n=5 for each
group). Two vaccine groups received emulsion-based vaccines prepared with OVA antigen and
SEA1 and SEA2 experimental adjuvants (OVA-SEA1 and OVA-SEA2 groups) while a third
group was immunized with vaccine containing Montanide™ ISA 206 commercial adjuvant
(OVA+ISA206 group). Mice were immunized subcutaneously with 100 pl of the vaccine per
animal on day 0. At the same time, two control groups received 100 pl of OVA in PBS or PBS
only. Blood samples were collected from animals on days 0, 14, 21, and 28 in the first study and
additionally on day 35 in the second BALB/c mouse study. Serum was separated from blood
samples via centrifugation and stored at -20°C until further use.

CD-1 mice
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A total of 30, 3-week-old male and female CD-1 mice (Comparative Medicine Group,
Kansas State University, USA) were randomly divided into four vaccine groups and two control
groups (n=5 in each group). Two groups received emulsion-based vaccines formulated with SEA 1
(OVA+SEA1 group) or Montanide™ ISA 206 (OVA+ISA206 group). A third group was
immunized with a vaccine prepared with the VetSap® (OVA+VetSap) adjuvant. Finally, a fourth
group received the vaccine with a combination of SEA1 and VetSap® adjuvants (OVA+
SEA1+VetSap). On day 0 of the study, mice received 100 pl of the vaccine subcutaneously while
control groups were injected with 100 pul of OVA in PBS or PBS only. Blood was collected on
days 0, 14, 21, 28, and 35, followed by separation of the serum via centrifugation. Serum samples
were stored at -20°C until further analysis.

Pigs

Duroc x White Large 3-week old female piglets were randomly allocated into 5 vaccine
groups (n=5) and 1 control group (n=2). Pigs were housed at the Large Animal Research Center
facility (Kansas State University, Manhattan, USA) during the 35 days of the study. On
day 0, all groups received 2 ml of the vaccine or sterile PBS (in the case of the control group)
intramuscularly. The first vaccine group was immunized with the KNB-E2 subunit vaccine. The
vaccines for the second group were prepared by emulsification of the iE2 subunit protein solution
in PBS and SEAT1 adjuvant in a 1:1 volume ratio (E2+SEA1(1:1) group). The third vaccine group
was vaccinated with iE2 protein formulated with SEA1 in a 2:1 volume ratio (E2+SEA1 (2:1)
group). The fourth and fifth groups were immunized with iE2 protein co-administered with 100 or
300 pg of VetSap®, respectively [E2+VetSap (100 pg) and E2 + VetSap (300 ug) groups]. Blood
samples were taken on days 0, 7, 14, 21, and 35 of the study, with subsequent serum separation
and storage at -20°C. The weight of the pigs was recorded weekly, while pig health and vaccine
injection sites were monitored daily. Animals were humanely euthanized at day 28 of the study.
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The veterinary pathologist examined the postmortem tissues and lymph nodes surrounding the
injection sites for any pathological changes to the muscular tissues in pigs that received vaccines

adjuvanted with experimental SEA1 and VetSap® adjuvants.

Enzyme-linked immunosorbent assay (ELISA)

An ELISA was performed to determine OV A- and E2-specific IgG antibody titers in mouse
and swine serum, respectively. The 96-well flat-bottom Corning® microtiter ELISA plates were
coated with 5 pg/ml of ovalbumin (Fisher Bioreagents, USA) or 128 ng/ml of purified E2
overnight. The next morning the plates were washed once with PBST (0.05% Tween 20 in PBS)
and blocked with 2% Fetal Bovine Serum in PBS (blocking buffer) for 1 hour at 37°C. Different
dilutions of the serum in the blocking buffer were added into the wells of the ELISA plates and
incubated for 1 hour at room temperature (RT) and were subsequently washed 3 times with PBST.
Goat anti-mouse IgG (H+L) conjugated with Horseradish Peroxidase (HRP) (#115-035-003,
Jackson ImmunoResearch, USA, dilution 1/1,000) was added at 100 upl/well as detecting
antibodies in the case of mouse studies. The HRP-conjugated goat anti-porcine IgG (Southern
Biotech, USA, dilution 1/1,000) antibodies were used at 100 pl/well for detection of E2-specific
antibodies in pig serum samples. After an one-hour incubation with detecting antibodies at RT,
ELISA plates were washed 3 times with PBST, and 3,3,5,5-tetramethylbenzidine chromogen
(Novex, USA) was added at 100 pl/well for color development. To stop the reaction, 2N sulfuric
acid (Ricca Chemical Company, USA) was used at 100 pl/well.

Relative antibody concentrations were determined with a SpectraMAX optical
spectrophotometer at 450 nm and were analyzed with Softmax® Pro 6.4 Software (Molecular

Devices, USA).
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Statistical analysis

Data from animal studies were reported as the mean values + standard error (SE) from
groups of five (or 2, in the case of the control group in the pig study) animals. The differences
between treatment groups were analyzed by one-way analysis of variance (ANOVA) utilizing
SigmaPlot 11.0 (Systat Software Inc., USA). Differences were considered statistically significant

when p < 0.05.

Results

Appearance of the adjuvants and emulsions

The experimental adjuvants were homogenous, clear-yellow mixtures, while vaccine
emulsions made from them were white (Fig. 6.1a, b). Figure 1c depicts the droplet size
distributions of the emulsions prepared with SEA1, SEA2, and Montanide™ ISA 206 adjuvants
and PBS as a water phase. While experimental SEA adjuvants produced emulsions with relatively
narrow size distribution (droplet diameters ranging from 43.8 to 140 nm and 58.8 to 295.0 nm for
SEAT1 and SEA2, respectively), the conventional adjuvant formed emulsions with droplets ranging
from 78.8 to 5,000 nm (Fig. 6.1c).
IgG antibody titers in vaccinated mice

Figure 6.2 demonstrates the results of the ELISA of serum samples from two BALB/c
mouse studies. In the first study, IgG levels gradually increased in all vaccine groups with the
highest detected on day 28 of the study. No significant antibody titers were produced by the two
control groups (Fig. 6.2a). On day 28, mice immunized with OVA + SEA1 and OVA + ISA206
vaccines had very similar IgG levels in the serum (p=0.841), while the group vaccinated with OVA

+ SEA?2 had significantly lower titers of IgG antibodies (p=0.021) (Fig. 6.2b).
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Figure 6.1 Appearance of experimental SEA and commercial MontanideTM ISA 206
(ISA206) adjuvants (a) and emulsions they formed after mixing with phosphate-buffered
saline (b); droplet size distributions of these emulsions (c).

In the second BALB/c mouse experiment, IgG titers in mice immunized with OVA+SEA1,
OVA+ SEA2, and OVA+ ISA206 progressively increased again after vaccination until day 35, in
contrast to the groups inoculated with OVA only or PBS only (Fig. 6.2¢). On day 35, the highest
IgG antibody titers were observed in animals immunized with OVA+SEA2, while two other
vaccine groups (OVA+SEA1 and OVA+ISA206) had comparable levels of IgG antibodies
(p=0.841). However, there were no statistically significant differences (p>0.05) between
OVA+SEA2 and OVA+ISA206 groups on day 35 of the experiment (Fig. 6.2d).

Figure 6.3 represents the ELISA results for the CD-1 mouse vaccination study. The gradual
growth of IgG titers was observed from day 0 until day 35 of the study in all vaccine groups. In
contrast, the control groups did not display signs of IgG titer growth (Fig. 6.3a). On day 35,
antibody titers in all vaccine groups were higher in comparison with the group that received non-
adjuvanted OVA (p < 0.05) (Fig. 6.3b). However, the lowest IgG titers among the vaccine groups
were observed in mice immunized with OVA+VetSap. In fact, according to Fig. 6.3a, the IgG

antibody levels in OVA+VetSap mice were lower in comparison with other vaccine groups
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throughout the entire experiment. Animals vaccinated with OVA+SEA1 and OVA+SEA1+VetSap
had higher antibody titers when compared with the OVA+VetSap group (p < 0.05), while no
substantial ~differences were detected in IgG levels between OVA+SEAl and

OVA+SEA1+VetSap mice (Fig. 6.3b).
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Figure 6.2 Anti-OVA IgG antibody titers detected in BALB/c mice vaccinated with OVA
and different adjuvants from days 0 to 28 [dilution 1/5,000] (a) and on day 28 [dilution
1/50,000] (b) in the first study; from days 0 to 35 [dilution 1/5,000] (c) and on day 35
[dilution 1/50,000] (d) in the second study.
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Figure 6.3 Anti-OVA IgG antibody levels detected in CD-1 mouse blood samples from day
0 post vaccination to day 35 [dilution 1/5,000] (a) and on day 35 [dilution 1/50,000] (b).

* - p <0.05 compared to OVA only group, ** - p <0.05 compared to OVA+VetSap group
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Weight gain, serum antibody responses and vaccine reactions in pigs

The body weight of pigs immunized with adjuvanted iE2 subunit protein and pigs injected
with PBS steadily increased starting from the day of vaccination to the end of the study (Fig. 6.4a).
No difference in weight gain was observed between vaccinated and control animals (Fig. 6.4a).
All pigs maintained good health during the study.

The ELISA of serum samples from day 28 revealed higher E2-specific IgG titers in pigs
immunized with the KNB-E2 vaccine and iE2 emulsified in SEA1 (1:1) and SEA1 (2:1) in
comparison with the PBS only group (p < 0.05); there were no statistical differences between these
subunit vaccine groups (Fig. 6.4b). However, vaccination with iE2 adjuvanted with VetSap® (100
and 300 pg) did not elicit substantial levels of anti-E2 IgG antibodies (p > 0.05 in comparison with
PBS only group) (Fig. 6.4b).

Daily monitoring of injection sites did not reveal any noticeable redness, swelling, or
abnormal warmth after vaccinations in all pig groups. For most of the pigs analyzed, there were
no significant changes detected by the pathologist during the postmortem analysis of incised
tissues and lymph nodes surrounding the injection sites (Table 6.2). A few pigs had a darker than
usual appearance of the lymph nodes closely located to the injection sites. However, these
anomalies were noticed in all examined groups. In addition, one pig in the E2+SEA1 (1:1) vaccine
group had a small necrotic area in the muscle at the vaccine injection site (Table 6.2). All pigs

survived until the end of the study.
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Figure 6.4 Changes in body weight gain of the pigs from day 0 until the end of the study (a)
and anti-E2 IgG antibody levels in pig sera on day 28 of the study [dilution 1/500] (b).

* - p <0.05 compared to PBS only group.
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Table 6.2 Postmortem analysis of injection sites surrounding tissues and lymph nodes of
pigs vaccinated with subunit CSFV E2 protein and different adjuvants.

Vaccine group Pig#  Pathological changes at the injection sites
233 Small area of necrosis (~1.5 cm)
235 NSC
E2+SEA1 (1:1) 238 NSC
245 NSC
246 NSC
230 NSC
240 NSC
E2 + SEA1 (2:1) 242 NSC
244 Grey-colored lymph node, not enlarged
247 NSC
197 NSC
229 NSC

E2 + VetSap® (100 pg) 232 NSC
234 Grey-colored lymph node, not enlarged
239 Grey-colored lymph node, not enlarged
198 NSC

241 Grey-colored lymph node, not enlarged
E2 + VetSap® (300 pg) 248 NSC

249 NSC
250 NSC
NSC, no significant changes
Discussion

Immunization of animals with vaccines adjuvanted with emulsions has been done for
decades. Conventional w/o emulsion vaccines are still the primary choice despite the numerous
local, systemic, and allergic reactions associated with them (2). Multiple emulsions have been
shown to have a lower toxicity and better injectability in contrast to w/o formulations. However,

the wide use of w/o/w emulsions is hampered by the challenges in designing stable formulations.
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Therefore, only one company (Seppic, France) currently produces adjuvants that form multiple
emulsion vaccines for animals (35).

In the previous chapter, catastrophic phase inversion was explored for creating multiple
emulsions with nanoscale droplet sizes from novel oil-surfactants mixtures and phosphate-
buffered saline as a water phase. Two mixtures were proposed for immunological and safety
studies as adjuvants in animal vaccination (Table 6.1). Two BALB/c and one CD-1 mouse studies
were performed to test the potency of vaccines formulated with OVA antigen and experimental
SEA adjuvants in inducing anti-OV A IgG antibodies in comparison with the vaccine prepared with
OVA emulsified in commercial Montanide™ ISA 206 adjuvant (Seppic, France). The results of
all mouse studies indicated that vaccines with experimental SEA1 and commercial Montanide ™
ISA 206 adjuvants had comparable levels of anti-OVA IgG antibodies (Fig. 6.2b, 6.2d, 6.3b).
Remarkably, the group immunized with the SEA2 adjuvanted vaccine had significantly lower IgG
titers in the first mouse study (p=0.021), while, in the second study, the titer in this group was
comparable with the two other vaccine groups (p=0.207).

Numerous researchers have tried to determine the optimal particle size for vaccine delivery
vehicles producing strong immune responses (/1-14). However, these studies have delivered
conflicting results as several experiments have shown no difference in immunological activities
between small and large particulate adjuvants (75, 16). Similarly, this study’s experimental SEA1
and conventional Montanide™ ISA 206 adjuvants produced emulsions with very different droplet
size distributions (Fig. 6.1¢) while the levels of IgG antibodies in the vaccinated mice were similar
(Fig. 6.2b, 6.2d, 6.3b); this indicated that the size of emulsion droplets may not be the main factor
affecting the IgG levels. It is recommended that the cell-mediated immune responses need to be
compared in addition to antibody responses before the difference between potencies of
experimental and conventional adjuvants can be fully established. Nevertheless, unlike with
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commercial adjuvants, vaccines prepared with the experimental SEA1 adjuvant can be sterilized
with 0.2 pm membrane filtration due to nanoscale size distribution (Fig. 6.1c).

Apparently, MNV infection in the first BALB/s mouse study did not interfere with the
abilities of the animals to generate IgG antibodies. All vaccine groups progressively produced IgG
antibodies after vaccination with OVA formulated with different adjuvants (Fig. 6.2a).

The combination of VetSap® saponin extract and SEA1 in the vaccine did not lead to
stronger IgG antibody responses in CD-1 mice in comparison with the group immunized with a
vaccine containing an emulsion only adjuvant (Fig. 6.3b). Thus, no synergistic effect for the
combination of the two adjuvants was detected, as the antigen and emulsion only vaccine induced
higher IgG titers in the mice than the vaccine with a combination of adjuvants (Fig. 6.3b).
Furthermore, the mouse group that received OVA+VetSap had lower IgG titers when compared
to the other vaccine groups throughout the study (Fig. 6.3a). In addition, the immunization of pigs
with subunit E2 protein co-administered with VetSap® adjuvant did not produce a strong E2-
specific antibody response, even when VetSap® was used at a higher content [300 pg per pig]
(Fig. 6.4b). Supposedly, higher concentrations of VetSap® are required to achieve the desired
improvement of the antibody responses in animals.

Considering the emulsion stability studies performed in Chapter 5 of this thesis and the
results of mouse immunizations, the experimental SEA1 adjuvant advanced to the study with the
large animals. Thus, subunit CSF E2 vaccine formulated with SEA1 was deemed safe to use, as
pigs gained weight steadily after vaccination (Fig. 6.4a) and did not experience health issues.
Moreover, the absence of both local vaccine site reactions and significant changes in the
surrounding muscular tissues (Table 2) confirms the good safety profile of the experimental
adjuvants. The potency of the KNB-E2 vaccine has already been proven in several earlier studies
(9, 10, 17). A comparison study of E2+SEA1 (1:1), E2+SEA1 (2:1) and KNB-E2 vaccines showed
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similar anti-E2 IgG levels in these pig groups (Fig. 6.4b), signifying that the SEA1 adjuvant is a
good candidate for enhancing antibody responses to poorly immunogenic subunit proteins even
when used at lower content [group E2+SEA1 (2:1)]. In addition, the oil-in-water emulsion in the
KNB-E2 vaccine required the high-pressure homogenizer for preparation and membrane filtration
could not be applied due to the droplet size (/8). In contrast, the subunit vaccine prepared with
SEAT1 adjuvant was made with the help of inexpensive, low-energy gentle mixing and can be easily
sterilized with a 0.2 pm membrane filter. Furthermore, SEA1 adjuvant contains cost-effective
materials making it very attractive for the veterinary industry.

The next steps in this project will include testing the experimental SEA1 adjuvant in
vaccination of animals with a subsequent viral challenge to establish its potency in creating
humoral and cell-mediated protective immunities.

Conclusions

In this study, novel oil-based adjuvants that produced multiple emulsion vaccines after
low-energy mixing with antigenic water phase were tested in mice and pigs on their ability to
induce strong antibody responses. In mice, the levels of OVA-specific IgG titers were similar
between vaccine groups immunized with OVA adjuvanted with experimental SEA1 and a
commercial oil-based adjuvant proving that the novel adjuvant has equal potency. However, in
contrast to the commercial adjuvant, SEA 1-produced emulsion vaccines had a narrow nanoscale
droplet size distribution suitable for sterilization with membrane filtration. In addition, the novel
oil-based SEA1 adjuvant can be safely used in vaccination of pigs with subunit CSFV E2 antigenic
protein and produced strong anti-E2 IgG titers on a level comparable with the conventional subunit

vaccine even when utilized at a lower content. Additional experiments shall be performed to
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confirm that the subunit vaccine formulated with SEA1 adjuvant will protect the pigs after

challenge with CSF virus.
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Chapter 7 - Conclusion and Future Directions

The development of suitable and cost-effective adjuvants is a key factor for advancing
vaccine technology. Emulsions are attractive adjuvants for veterinary vaccines as they can be
formulated with inexpensive materials and are able to induce robust immune responses. However,
the conventional production of emulsions commonly involves devices with high energy demands
that affect the final price of the vaccines. This work focused on designing the adjuvant-producing
emulsion vaccines via low-energy phase inversion and self-emulsification approaches. The goal
was to create adjuvants containing inexpensive and readily available materials while also eliciting
strong immune responses after co-administration with the antigens.

The role of oil composition in formation and stability of self-emulsified emulsions was
investigated in Chapter 2. The comparison study between triglycerides with different chain length
as a part of the oil phase revealed that medium-chain triglycerides (MCT) helped to form more
stable emulsions with smaller droplet diameters. Zeta potential, an important characteristic of
emulsion stability, has been found to be sensitive to a specific concentration of triglycerides when
their amount was less than 25 wt.% and did not change when their concentration in the oil phase
exceeded 25 wt. %. Therefore, additional experiments need to be performed to explain the behavior
of zeta potential in self-emulsified emulsions with mixed triglyceride/mineral oil phase.

The Box-Behnken design (BBD) of response surface methodology was used in Chapter 3
to investigate the effect of multiple formulation variables (the ratio of sucrose palmitate to glycerol,
the ratio of Tween 60 to oil phase, the ratio of glycerol to oil, and the ratio of oil/glycerol gel to
water phase) on the physical characteristics of self-emulsified emulsions. The ratio of Tween 60
surfactant to the oil phase demonstrated the most pronounced impact on size, polydispersity, and

zeta potential of emulsion droplets. In contrast, the stability of emulsions was mostly influenced
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by the ratio of the oil phase to the glycerol phase. Additionally, BBD was used to create
mathematical equations describing the relationship between formulation variables and responses.
The equation describing the effect of formulation variables on the mean droplet size of emulsions
predicted average droplet size comparable to the observed values. This can be used to optimize
emulsions having the appropriate droplet size required for vaccines. For future steps, some
adjustments need to be made to improve the reliability of the mathematical model defining the
relationship between the formulation variables and emulsion stability.

Chapter 4 examined cost-effective saponin extract for formulation of oil-in-water
emulsion-based adjuvants. Being substances with surfactant properties, saponins helped to
preserve emulsion droplets for at least 180 days at different temperatures without creaming, phase
separation, or significant change in size. In addition, the immunostimulatory activity of saponins
help to produce strong IgG and neutralizing antibody titers in pigs when co-injected with subunit
antigenic protein. This work demonstrated that inexpensive food-grade saponins can be safely used
in swine immunization as the animals consistently increased in weight and there was no detection
of significant inflammation at the injection sites.

Chapter 4 additionally studied the adjuvant containing mixture of oils and surfactants, as
well as the approach for producing emulsions for pig vaccination via phase inversion composition
(PIC). Although the approach for vaccines formulated with the adjuvant did not produce adverse
reactions in animas, they also did not elicit high immune responses. This indicated that the
composition of the adjuvant needs to be changed to promote stronger stimulation of the immune
system.

To address this issue, new oil-surfactant mixtures were formulated containing a higher
amount of mineral oil and a different surfactant. Their ability to form stable multiple emulsions
via the PIC approach was examined in Chapter 5. The oil with higher viscosity formed the smallest
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emulsion droplets. Furthermore, the time and speed of mixing, initial temperature of components,
and amount of the aqueous phase demonstrated significant effects on the size distribution and
polydispersity of emulsions. The nanometer size and multiple structures of the droplets were
confirmed with dynamic light scattering and transmission electron microscopy. Emulsions
preserved the droplet size, polydispersity, zeta potential and pH after 3-month storage at different
temperatures. Thus, the low-energy phase inversion approach was successfully employed and
yielded stable nanoscale emulsions. Emulsions with multiple structure were formed which is
beneficial for delivering the antigenic molecules in vaccines. To confirm the potency of the
developed formulations, two oil-surfactant mixtures containing mineral oil only (SEA1) and the
mixture of mineral and MCT oils (SEA2) were proposed for further immunological studies in mice
and swine models.

In Chapter 6, the results of testing the SEA1 and SEA2 potency in animal vaccination were
presented. In both animal models, the levels of antigen-specific IgG antibodies were similar
between the groups that received vaccines formulated with experimental SEA1 and conventional
adjuvants, indicating that the novel adjuvant has equal effectiveness in inducing antibody
responses. Moreover, vaccines with the novel adjuvant did not cause adverse reactions in animals
and were produced via an energy-efficient approach without expensive equipment. Further studies
shall be completed to confirm the efficacy of the vaccines with SEA1 adjuvant in protection of
pigs after the viral challenge. Finally, the differences in the potency of the vaccines prepared with
experimental and conventional adjuvants in inducing cell-mediated immune responses need to be
determined in the future studies.

In conclusion, development of new adjuvants is an important step for advancing vaccine
technology. The outcome of this research allows to implement new methods for designing
emulsion-based adjuvants and developing new efficacious and inexpensive veterinary vaccines.
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Appendix A - Transmission Electron Microscopy of Multiple

Emulsions

Introduction

Transmission electron microscopy (TEM) is an essential tool for investigating the
morphology, size, and size distribution characterization of nanoscale emulsions (7). In this study,
TEM was employed to investigate the droplet size and structure of the emulsions prepared with
experimental SEA1 (Chapter 5, 6) and commercial Montanide™ ISA 206 adjuvants. According
to the manufacturer, the Montanide™ ISA 206 (ISA 206, Seppic, France) adjuvant produces
water-in-oil-in-water emulsions with a droplet diameter of around 1 um after a gentle mixing with
a water phase (2). The experimental SEA1 adjuvant diluted with aqueous phase forms emulsion
with droplets ranging from 43.8 to 140 nm (Chapter 6). The goal of this study was to investigate
and confirm multiple (water-in-oil-in-water) morphology of emulsion droplets obtained from the
SEAT adjuvant.

Two different sample preparation protocols, routine and liquid-cell TEM, were examined
and compared for visualization of emulsions with TEM. The routine “dry-on-the-grid” method
involves the placement of emulsion samples on the carbon coated, copper grid followed by drying
and imaging. In addition, negative staining with uranyl acetate (UA) was employed in some
experiments to create the contrast between the emulsion droplets and background.

On the contrary, the application of liquid TEM cells helps to avoid drying and visualize
samples in their natural state. This method became popular for characterization of nanoparticles,
electrochemical deposition, lithiation for batteries, and imaging of biological samples such as cells

and viruses (3). In this project, emulsion samples were loaded into the liquid TEM carriers with a
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silicon nitride window and a microchannel inside followed by imaging with and without negative
staining. The feasibility of liquid-cell TEM for imaging of the emulsions was explored in this
study.

Methods

Preparation of emulsion samples for imaging

The experimental oil-surfactant mixture #2 (SEA1 adjuvant) was prepared as described
previously in Chapter 5. The emulsion from commercial Montanide ISA 206 oil-based adjuvant
was made by mixing 1 volume of warmed PBS (31°C) with 1 volume of adjuvant (31°C) at 350

rpm for 5 min.

Imaging with liquid-cell TEM

TEM imaging was performed with freshly prepared emulsions. A total of three TEM
imaging experiments were performed with application of the liquid cells. The sample preparation
was performed following the procedure described elsewhere (4, 5) and utilizing a K-kit Complete
Toolbox Set purchased from Ted Pella Inc (USA). Briefly, emulsion samples were diluted with
PBS (1:10 for experimental emulsion and 1:30 for emulsion made with commercial adjuvant) and
loaded into the K-kit carriers (0.2 or 2 pm channel heights) using a designated holder and loading
stand. In one experiment, emulsions were mixed with UA before loading into the K-kit carriers.
Next, carriers were sealed, mounted inside a standard grid for TEM, and vacuum-dried for 30 min.
A Tecnai™ G2 Spirit BioTWIN electron microscope (FEI, USA) housed in the Nanotechnology
Innovation Center of Kansas State (NICKS) at Kansas State University (Manhattan, KS, USA)

was employed to visualize emulsion droplets after applying 80 kV of accelerating voltage.
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Imaging with routine sample preparation method

The routine “dry-on-the-grid” TEM sample preparation was performed with two different
approaches. For the first approach, the drops of emulsions diluted with PBS (1:10 for SEAI
emulsion and 1:30 for ISA 206 emulsion) were deposited on 200 mesh formvar-carbon coated
grids (Electron Microscopy Sciences, USA) and vacuum-dried for 30 min without negative
staining. Imaging was performed with a Tecnai™ G2 Spirit BioTWIN electron microscope (FEI,
USA) at 80 kV accelerating voltage.

For the second, and more gentle, approach, droplets of the emulsion samples (~5 pl) were
placed on a glass slide and a 200 mesh formvar-carbon coated grid was positioned on the top of
the droplet using forceps. After 20 seconds, the grid was removed from the droplet and a small
piece of paper was used to eliminate the excess of the emulsion sample from the grid. Next, the
same grid was placed on top of the uranyl acetate droplet for negative staining. After 20 s, a small
piece of paper was used to remove any excess uranyl acetate from the grid. Finally, the grid was
placed into the TEM holder without additional drying. The visualization of emulsion drops was
done at an accelerating voltage of 100 kV by utilizing a CM 100 transmission electron microscope
(FEI, USA) equipped with an AMT digital image capturing system at the Department of Biology

at Kansas State University (Manhattan, KS, USA).

Results

Liquid cell TEM
Figures A 1 and A 2 demonstrate TEM images of the emulsions prepared with SEA1 and

ISA 206 adjuvants with application of 0.2 um height K-kit carriers and without UA staining. Figure
1 depicts the microscopic pictures of the SEA1 emulsion taken at different magnifications and

shows most of the droplets being less than 100 nm in diameter. Considerable overlapping between
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the emulsion droplets was observed, while their multiple morphology could not be established
(Fig. A. 1).

Very poor contrast was observed in images of ISA 206 emulsion (Fig. A. 2). The emulsion
droplets appeared to be around 1 um or less in size with substantial coalescence of the droplets
(Fig. A. 2).

Figures 3 and 4 represent pictures of emulsions imaged with the help of 2 um carriers for
liquid TEM. When UA negative staining was applied, none of the droplets could be visualized in
the SEA1 emulsion sample (Fig. A. 3). However, droplets around 500 nm or less were observed
in TEM pictures of emulsion made with commercial ISA 206 adjuvant, however, the multiple
structure of the droplets could not be confirmed (Fig. A. 4).

Finally, 0.2 pum carriers were employed again to image SEA1 emulsion without UA
staining (Fig. A. 5). The presence of round droplets was detected, however, several of them were

significantly bigger than expected (350-860 nm) (Fig. A. 5).
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A. 1 TEM images of emulsion sample prepared from experimental SEA1 adjuvant. Experiment was performed with
application of 0.2 pm height K-Kkit carrier without negative staining of the sample at different magnifications. September 1,
2017.
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A. 2 TEM images of emulsion made from MontanideTM ISA 206 adjuvant. Imaging was
performed with no staining using 0.2 pm K-Kkit carriers for liquid TEM at different
magnifications. September 1, 2017.

A. 3 TEM images of SEA1 emulsion sample stained with uranyl acetate and taken using 2
pm K-Kit carriers for liquid TEM. September 11, 2017.
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A. 4 TEM images of MontanideTM ISA 206 emulsion A.5 TEM images of SEA1 emulsion performed with
performed using 2 pm liquid K-Kit carriers and uranyl application of 0.2 pm-height carriers and no uranyl acetate
acetate negative staining. September 11, 2017. staining. October 5, 2017.
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Routine sample preparation

After a pre-imaging 30-minute vacuum-dry of the TEM grids with SEA1 emulsion, the
droplets collapsed, forming a film-like structure (top two in Fig. A. 6). Similarly, distorted droplets

were observed in images of emulsion prepared with ISA 206 (bottom two in Fig. A. 6).

A. 6 TEM images of emulsion samples made with application of routine sample
preparation method and without negative staining. The TEM grids with sample were
vacuum-dried for 30 min before imaging. The top two images are emulsion prepared with
experimental SEA1 adjuvant and bottom two are emulsion made with Montanide™ ISA
206 adjuvant. September 1, 2017.
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Emulsions were visualized with greater success when the gentler, “dry-on-the-grid”,
sample preparation method was utilized (Fig. A. 7-9). According to Figure 7, the SEA1 emulsion
had a majority of the droplets at less than 100 nm in diameter and very few were 200 nm sized
droplets. Higher magnifications revealed the multiple (water-in-oil-in-water) structure of the
observed emulsion drops (Fig. A. 8). The oil droplets appeared darker than the background due to
UA staining, while small internal water droplets had lighter color (Fig. A. 8). Similarly, with ISA
206 emulsion, UA staining dyed the oil droplets a darker color, while small water droplets inside

them had lighter appearance (Fig. A. 9).

SEAT O

sEAT 3
TEM Mode: naging

A.7 TEM images of emulsion made from SEA1 adjuvant with application of gentle dry-on-
the-grid protocol, uranyl acetate staining, and taken at magnification of 34,000. October
12,2017.
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A. 8 TEM images of emulsion prepared with SEA1 experimental adjuvant with application
of gentle dry-on-the-grid method, stained with uranyl acetate, and taken at magnification
0f 92,000. Droplets with multiple water-in-oil-in-water structure can be observed.
October 12, 2017.
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A.9 TEM images of MontanideTM ISA 206 emulsion with application of gentle dry-on-the-
grid sample preparation method and uranyl acetate negative staining, taken at different
magnifications. October 12, 2017.

Discussion

When emulsion droplets are in a nanometer size range, only TEM can provide sufficient

resolution for viewing their structure. However, the sample preparation is a critical part for
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emulsion imaging with TEM. Due to the high-water content, emulsions need to be completely
dried out on the grid before placement into a high-vacuum TEM chamber. This can completely
distort or destroy the original structure of the emulsion drops. Thus, when the grids with emulsions
were vacuum-dried before imaging, only collapsed droplets were observed in TEM pictures,
preventing the characterization for the original size or morphology of the droplets
(Fig. A. 6). However, when the gentler approach was employed involving the removal of the
excess of liquid from the grid with a small piece of paper and no additional drying, emulsion
droplets were visualized with better quality and both the size and multiple structure of emulsion
droplets were established (Fig. A. 7-9).

The application of liquid cells for viewing the emulsions with TEM was also investigated
in this project. Images of SEA1 emulsion with 0.2 um K-kit carriers revealed the emulsion droplets
in their natural state (overlapping each other) and the size of the drops agreed with the dynamic
light scattering analysis reported in Chapters 5 and 6 (Fig. A. 1). However, the images could not
be reproduced again when another TEM experiment was performed in the same conditions and
with the same type of carriers (Fig. A. 5). The electronic beam has been shown to produce
radiolysis after contact with water in the liquid cell, which can lead to strong pH changes that result
in colloidal instability (3, 6). Thus, some of the SEA1 emulsion droplets depicted in Figure 5 were
significantly bigger in contrast to droplets observed in Figure 1. In addition, the substantial
coalescence between ISA 206 emulsion droplets viewed in Figure 2 can be also attributed to the
electron beam effect on the sample. Furthermore, the use of 2 um carriers and UA staining did not
produce a successful TEM experiment (Fig. A. 3-4). Apparently, the thickness of the sample and
the addition of uranyl acetate attributed to the difficulties for permeation of the electronic beam
resulting in appearance of blackened areas on the images (Fig. A. 3). Although the use of liquid-
cell TEM can be attractive by promising the viewing of emulsion droplets in their native state, the
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irradiation of the electron beam can affect the stability of the emulsion droplets. Therefore,
experimental conditions such as the electron beam voltage and the microchannel height in the
liquid cells should be selected very carefully for successful liquid-cell TEM imaging of the

emulsions.
Conclusions

Two different sample preparation methods were used in this project to visualize emulsions
with TEM. The liquid-cell TEM technique was explored with application of sample carriers of
different heights. The use of carriers with short microchannel height (0.2 um) and the absence of
negative staining produced a more successful outcome in viewing the nanometer emulsion droplets
in contrast to the carriers of 2 pm height. However, the TEM experiments with liquid cells were
not reproducible, presumably due to the impact of the electron beam radiation on the aqueous
emulsion samples. The most successful imaging was done when the gentle, “dry-on-the-grid”
protocol was used, allowing the opportunity to confirm the nanoscale size of the droplets and

establish water-in-oil-in-water structure of the emulsion made with experimental SEA1 adjuvant.
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Appendix B - Hydrogen Peroxide Inactivation of Porcine
Reproductive and Respiratory Syndrome Virus for Vaccine

Preparation

Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is an economically
important animal virus that causes reproductive failure and respiratory tract illness in pigs. Current
inactivated vaccines have low efficacy against PRRSV. Here, hydrogen peroxide (H>02) was
studied as a suitable alternative for inactivated vaccine preparation. The inactivation procedure
involved incubation of the North American PRRSV strain NADC-20 solution with different
concentrations of H>O» at various temperature conditions followed by evaluation of its viricidal
efficacy at two different time points. In-vitro studies with Marc-145 cells, inoculated with
inactivated viral solutions, demonstrated successful inactivation of virus with the absence of
cytopathic effect (CPE) even at very low H20O, concentration of 1% after 1 hour of inactivation
procedure. A Western blot experiment was performed to study the effect of H>O» treatment on
antibody binding sites of the virus. It has been suggested that an H>O»-inactivated virus can be a
promising candidate for further in-vivo investigation to confirm its efficacy in creating the required
protective immunity against PRRSV.

Introduction

Porcine reproductive and respiratory syndrome (PRRS) causes dramatic reproductive
failure, pneumonia, and reduced pig growth (7) leading to $664 million of economic losses in the
US porcine industry annually (2). In 1991, the causative agent, a positive-sense single-stranded

enveloped RNA virus of the Arteriviridae family, was discovered (3). The virus infects
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macrophages and dendritic cells suppressing the immune system resulting in numerous secondary
bacterial infections responsible for high mortality rates in swine (4).

Current efforts to control this disease include the vaccination of pigs with modified-live
vaccines (MLV) (5). However, the risk of the reversion to virulence, recombination between wild-
type strains and MLV, and the absence of flexibility towards emerging virus strains make MLV
insufficient to prevent the disease and completely protect the animals (6). On the contrary,
inactivated or killed-virus (KV) vaccines offer safety, but fail to induce the required level of
PRRSV-specific antibodies (7). In addition to low efficacy, current KV vaccines have complicated
and time-consuming production procedures that require the application of hazardous reactants such
as formaldehyde, B-propiolactone, or binary ethylenimine (BEI) (§). Moreover, several studies
have demonstrated that these conventional inactivation agents have disadvantages such as strong
effects on the immunogenic epitopes of the viruses, high cost, or toxicity (8, 9). Therefore, there
is an unmet need to find new suitable inactivation agents that can improve the performance of KV
vaccines.

Here, hydrogen peroxide (H20;) was studied as an alternative inactivation agent for PRRS
vaccine preparation. Hydrogen peroxide is widely used as an antiseptic and oxidizing agent. In
addition, studies with West Nile, Influenza, and Ebola have demonstrated that H,O» treatment
inactivates the viruses without affecting their immunogenicity (/0-12). In the present research,
H>0; was used to inactivate North American PRRSV strain NADC-20. The inactivation procedure
was performed at different temperatures and durations. The validation of virus inactivation was
confirmed by observing the structural changes caused by invasion of the virus (cytopathic effect)
in monkey kidney MARC-145 cells, which are commonly used for PRRSV isolation and vaccine

production (13).
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In addition, it has previously been demonstrated that most of the protective antibodies and
cell-mediated immunity generated against PRRSV are associated with the membrane (M) protein
(19-20 kDa) and major envelope glycoprotein (GP) 5, (26-28 kDa) of the virus (/4-16). Therefore,

the effect of HoO» treatment on these viral proteins was investigated utilizing Western blot analysis.

Materials and methods
Materials
NADC-20 PRRSV was obtained from Dr. Kelly Lager (National Animal Disease Center,
USDA-ARS, Ames, USA). The virus was prepared and titrated in MARC-145 cells and stored in
aliquots at —80 °C until use. Hydrogen peroxide, H,O2 (30%), was purchased from Fisher
Scientific (USA). Catalase from bovine liver (38160 units/ml), pH indicator beta-naphthol violet
and 2-bromoethylamine hydrobromide 99% were obtained from MP Biomedicals. Sodium

thiosulfate was purchased from Sigma Aldrich (USA).

Preparation of inactivation agents

Hydrogen peroxide was used for inactivation procedures as received. Binary ethylenimine
(BEI) was synthesized according to the procedure described by Bahnemann (/7). Briefly, 2-
bromoethylamine hydrobromide (BEA) was diluted in 0.175 M NaOH containing pH indicator to
obtain 0.1 M solution. The conversion of BEA to BEI was performed at 37°C for 1 h and confirmed
by visual observation of color change of solution from purple to orange (pH drops from ~12.5 to

~8.5). The obtained BEI solution was stored at 4°C until further use.

Virus inactivation

All inactivation procedures were performed in a biosafety cabinet (Biosafety Level 2).

PRRSV stock was quickly thawed using a 37°C water bath. Virus was diluted to a titer of ~10°
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TCIDso/ml using Minimum Essential Medium (MEM, Gibco®) supplemented with 1% Fetal

Bovine Serum (FBS, Atlanta Biologicals, USA) before inactivation.

H20:

H>0; was added from a 30% stock solution into the tubes with PRRS virus to obtain three
different final concentrations 3 v/v %, 1 v/v %, and 0.1 v/v % H202 (H202-PRRSV). A vortex was
used for complete mixing of virus with H,O, followed by incubation for 1 and 4 hours at 37°C.

Finally, catalase was added to the virus solutions to remove residual H>O; and stop the inactivation.

BEI
PRRS virus was inactivated in 1.5 mM BEI (BEI-PRRSV). A vortex was utilized to ensure

the complete mixing of virus with BEIL The virus was incubated with BEI for 24 hours at 37°C.
Sterile sodium thiosulfate (1M) was added at 10% of BEI volume to stop the inactivation followed

by incubation for 2 hours at 37°C. Validation of viral inactivation was performed using MARC-

145 cells.

Validation of inactivation

MARC-145 cells (10* cells/well) were propagated in 96-well plates until 70% confluency
according to standard protocol. H>O»- and BEI-PRRSV solutions were added to cells at 100ul/well
followed by incubation for 3 days at 37°C (5% COz). Cells inoculated with untreated virus served
as positive controls while and media-only was the negative control.

Cells were observed under light microscope (Axiovert 40 CFL, Carl Zeiss, Germany) to
detect the presence of a cytopathic effect (CPE). Images were taken with Axiocam digital camera

(Carl Zeiss, Germany).
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Western blot experiment with porcine anti-PRRSV serum

The Western blot experiment was performed according to standard procedure. Briefly,
40 pl samples of inactivated and untreated virus were boiled for 5 min with 4x Laemmli Sample
buffer (Bio-Rad, USA), supplemented with a or without (if stated) reducing agent, 10% 2-
mercaptoethanol (Sigma-Aldrich, USA). Samples were then loaded to the gel cassette and run at
200V for 35 min. Next, the viral proteins were transferred from the gel to a membrane at 100V for
1h in an ice bath. After that, non-specific sites were blocked with 5% milk in phosphate buffered
saline (PBS) with 0.05% of Tween 20 (PBST) for 1 h at room temperature. Serum collected from
MLV immunized and NADC-20 challenged pigs served as the primary antibody. The membrane
was incubated with a 1/5,000 dilution of the pig serum in 1% milk in PBST overnight, at 4°C, with
shaking followed by washing three times in PBST. Next, the membrane was incubated with goat
anti-swine I[gG-HRP antibodies (Santa Cruz Biotechnology, USA, dilution 1/5,000) for 1 h at room
temperature followed by washing three times with PBST. SuperSignal™ West Femto Maximum
Sensitivity Substrate (Fisher Scientific, USA) was used to image protein bands.

Results

Determination of required concentration of H20: and time for virus inactivation

The microscopic observation of MARC-145 cells revealed the absence of a cytopathic
effect in cells inoculated with virus treated with 0.1% H2O> for 4 hrs. and with 1% and 3% H20O>
for 1 h (Fig. B. 1). However, CPE was observed in cells incubated with 0.1% H202-PRRSV (1-
hour inactivation) and in control cells incubated with untreated NADC-20 PRRSV (Fig. B. 1). No

CPE was detected in cells inoculated with BEI-PRRSV and negative control cells (Fig. B. 1).
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B. 1 Microscopic images of MARC-145 cells. (a) H202 treatment of the PRRSV
demonstrates the absence of cytopathic effect (CPE) in cells incubated with virus treated
with 0.1% H202 for 4 hours and with 1% and 3% H202 for 1 hour and 4 hours. CPE is

observed in cells incubated with 0.1% H202-PRRSV (1-hour treatment); (b) Cells

incubated with BEI-PRRSYV and negative control do not have CPE, while it is observed in
cells incubated with untreated PRRSV.

Effect of H20:-treatment on antibody bonding sites of the virus
From Figure B. 2a, BEI-treated virus sample (line 3) had a faint M protein band. No

significant changes were observed in protein bands of the virus treated with 1% H2O» for lh
(line 7) in comparison with the untreated virus (line 2). Western blotting revealed gradual
dissapearance of the M protein band in samples inactivated with increased concentration of H20:

and/or duration of inactivation (lines 6, 5, 4). When a western blot experiment was performed
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under nonreducing conditions (Fig. B. 2b), the complete dissappearance of one band and extreme
fading of three other bands were observed in the BEI-inactivated sample (line 3) in comparison
with untreated the virus sample (line 2). However, samples inactivated with 3% H20; and 1%

H>O; still had one bright and three faint bands (lines 4 and 5, respectively).

a 1 2 3 4 5 6 7 8
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220 — =
50—
50 - ‘ [ — ) s 1, MagicMark™ XP Western Protein Standard
40 — I [T S— a 2, Untreated PRRSV
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4 4, PRRSV treated with 3% H202 for 4 h

30 — L

GP35 . PRRSV treated with 3% H202 for 1 h
. PRRSV treated with 1% H202 for4 h
. PRRSV treated with 1% H202 for L h

, 1% FBS in MEM

‘?’
;
=
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b kDa 1 2 3 -+ 5
- -
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80— ===
" —
T ke
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30— eme . 2, Untreated PRRSV
3, PRRSV treated with BEI
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5, PRRSV treated with 1% H202 for 1 h

B. 2 Images from Western blotting demonstrate the effect of H202 and BEI treatments on

membrane protein M and glycoproteins GPS, GP2 and GP3 of PRRSYV with application of

reducing agent (a) and without (b). The blots were probed with serum of MLV immunized
pig as primary antibody and goat anti-swine IgG-HRP secondary antibody.

Discussion

PRRSYV causes devastating damages to the porcine industry all over the world (78). At this
time, there is no reliable vaccine that is safe to use and effective in inducing protective immunity

(6). Commercial MLV vaccines are unsafe, while killed-virus vaccines do not induce the required
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level of protective antibodies (7, 19). Therefore, there is a need to improve the efficacy of the
vaccines against the PRRS virus.

This study investigates hydrogen peroxide as an inactivation agent for production of KV
vaccines for PRRS. First, the ability of H>O> to inactivate the virus was determined and validated
using MARC-145 cells. The absence of CPE was observed in cells incubated with PRRSV treated
with 0.1% H20; for 4 hours, 1% H20; and 3% H>O: for 1 hour (Fig. B. 1) indicating that even
very low H>O» concentrations will be enough to kill the virus. In addition, the impact of H,O>
treatment on the antigenicity of the virus was studied and compared with BEI, a commonly used
inactivation agent (79, 20). Western blot analysis demonstrated that treatment with 1% H20>
preserves the structure of M and GP5 proteins of the virus, as it still can be recognized by the
antibodies from the serum of MLV vaccinated pigs (Fig. B 2a). However, the BEI-inactivated viral
sample had a faint M protein band signifying structural damage of this important antigenic protein
(Fig. B. 2a). A similar result was observed when western blotting was performed under
nonreducing conditions (Fig. B. 2b). One protein band completely disappeared, and three others
faded in the BEI treated virus sample, while all four bands were visible in HoO>-PRRSV samples
(Fig. B. 2b). These findings suggest that H>O» is a better choice for preparation of KV vaccines in
comparison with BEI, as it causes fewer changes in the conformation of viral proteins that are
important for recognition by antibodies generated against PRRSV. In addition, BEI has needed to
be synthesized before the inactivation procedure, while hydrogen peroxide was utilized as
received. For future research, an H>O»-inactivated vaccine should be studied in-vivo to confirm its

efficacy in creating adequate immune protection against PRRS virus.
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Conclusions

In-vitro studies with MARC-145 cells, infected with inactivated viral solutions
demonstrate successful inactivation of virus with the absence of a cytopathic effect, even at very
low H20: concentrations of 0.1% after 4 hours of an inactivation procedure and a concentration of
1% after 1 hour of inactivation. In addition, western blot analysis reveals that inactivation of virus
with 1% H2O: is less damaging to the antibody binding sites in comparison with a BEI inactivation
agent. Therefore, the H»O»-inactivated vaccine is a promising candidate for further in-vivo

investigation to confirm its efficacy in creating protective immunity against PRRSV.
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