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Exposure to ultraviolet (UV) radiation causes many materials to undergo chemical
reactions leading to degradation. While the negative impact of UV radiation on human
skin remains in the spotlight, many commercial products have also proven to be
photosensitive, leading to the desire to protect molecules from photodegradation. The
most common method of UV protection is to add protective materials such as UV
absorbers or antioxidants to a formulation. Encapsulation of a photosensitive molecule is
also a proven method of photoprotection. In this work, novel UV protective systems were
created by encapsulating a photosensitive molecule, beta-carotene, in various polymer
particle geometries with protectant molecules. The goal of this dissertation was to use
such systems to examine the effect of proximity between photosensitive and UV
protecting molecules.

Uniform particles were initially created in order to quantify the effect of
encapsulation and to study the result of encapsulating beta-carotene with UV absorbers

(oxybenzone, avobenzone, and octyl-4-methoxycinnamate (OMC)) and an antioxidant
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(vitamin E) in a polymer matrix. Particles were synthesized by the solvent evaporation
method. UV protection was found to be dependent on the protectant added and the
concentration of the protectant, except in the case of OMC. The most effective particle
formulation contained both oxybenzone and vitamin E.

Experimental designs were created to discover the proper composition and
procedure for synthesizing various core-shell particle geometries. These core-shell
particles were used to study the effect of proximity on UV protection. The core-shell
particles themselves offered more protection than the uniform particles, and in most cases
the addition of a protectant increased UV protection. Splitting the protectant
concentration between the core and shell did not have a significant effect in most cases.
The optimal formulation consisted of a suspension of polymer particles containing
vitamin E and beta-carotene in the particle core and a UV absorber in the particle shell.
Other particle characteristics were studied, including particle size and shell thickness, and
were found to have minimal effect. The core-shell particles provide a new protective
system for photosensitive molecules as well as a method of studying the effect of

proximity on UV protection.
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Chapter 1 Introduction

1.1 Motivation

Techniques to prevent photooxidation and protect photosensitive substances are in
high demand due to the many industries that are affected by photodegradation from
exposure to ultraviolet (UV) radiation. The cosmetic, paint, textile, pharmaceutical, and
automotive industries all battle with the degradation of their products when exposed to
UV radiation. Current methods of UV protection include opaque packaging of a product
or the addition of UV absorbers or physical blockers to the product formulation. While
these methods do increase the photostability of products, protection is usually either not
complete or diminishes over time. As a result, novel methods of protecting UV sensitive
materials are in continuous demand to decrease product degradation due to exposure to
ultraviolet radiation.

Ultraviolet radiation is composed of all wavelengths of light 400 nm and below.
UV can be further split into three categories: UVA (400-315 nm), UVB (315-280 nm),
and UVC (<280nm). UVC has the shortest wavelength and the highest energy, and is
therefore the most destructive. Fortunately all UVC radiation is absorbed by the
atmosphere before it ever reaches Earth’s surface, so protective measures for UVC do not
need to be taken. UVA and UVB are absorbed in the atmosphere as well, but not
completely. Of the UV that does reach the surface of the Earth, 5% is UVB and 95% is

UVA. Even though very little UVB makes it to Earth, UVB is higher energy than UVA,



making it a threat even in small doses. Therefore methods of protection mainly focus on
protecting over the UVA and UVB wavelengths.

Humans have noticed adverse effects from large doses of sunlight before recorded
history; as is evidenced in the clothing choices of people living in a climate that exposed
them to harsh amounts of sunlight. Flowing clothing, veils, canopies, and umbrellas were
all early methods of protection from the dangers accompanying sunlight exposure. In
1820 Sir Everard Home proved that erythema is not a product of the heat felt from the
sun, therefore it must be from exposure to the light. He did this by exposing both of his
hands to sunlight, one bare and the other covered in a black cloth. Even though the
temperature under the black cloth was higher than ambient, it was the bare hand that was
burned. By the late nineteenth century Widmark proved that the specific wavelengths of
light that cause erythema are UV radiation. He took advantage of the characteristic of
quartz to transmit UV, and that of glass to filter UV, to determine that UV exposure was
the reason behind sunburn. Soon after Widmark published his work, research into
potential sunscreen materials was well underway.[1]

Almost two centuries after Home’s discovery, much more is known about the
damaging effects of exposure of human skin to UV radiation. Not only does UV cause
the discomfort of erythema, but it has also been found to increase the risk of skin cancer,
which can be seen by the rise in the incidence of nonmelanoma skin cancer in the last 15
years.[2] Before UV can do damage to the skin it must exhaust the body’s defenses,
which it does by reducing the concentration of antioxidants in the skin through
photodegradation.[3] Skin cancer develops when the DNA of the skin is damaged.[4]

UVB directly reacts with DNA[S5, 6] while UVA indirectly causes damage by creating



oxygen radicals that react with DNA.[6, 7] UVB is notorious for causing erythema and
skin cancer, while UVA causes tanning and photoaging.[6] UV exposure is also known to
cause damage to the eyes such as photokeratoconjunctivitis or photoretinitis[8-10].

Due to the increase in cases of skin cancer, the sunscreen industry has grown
considerably. Modern sunscreens are usually composed either of UV absorbers, physical
blockers, or a combination of both. UV absorbers absorb the light before it reaches the
skin. Common UV absorbers in sunscreens are oxybenzone and avobenzone. Physical
blockers are nano- or microparticles that reflect the damaging light. Many physical
blockers such as titanium dioxide and zinc oxide also function as UV absorbers. The
United States Food and Drug Administration (FDA) regulates the manufacture and
packaging of sunscreens. The FDA has a list of allowed active sunscreen ingredients.
While additional sunscreens have been approved throughout Europe, they cannot be used
in the United States without first going through the approval process with the FDA.
According to the latest FDA guidelines, as of June 2012 any sunscreen boasting an SPF
higher than 50 must be labeled as simply “50+” and additional testing in the UVA region
will be required before any sunscreen can be considered “broad spectrum” (offering UVA
and UVB protection).

Novel methods of protecting skin from UV radiation are continuing to be
developed. For example, it is now possible to alter fabric used to make clothing in order
to make it more protective. A natural dye can be used that absorbs UV[11] or UV
absorbers can be added to the fabric.[12, 13] New ways to formulate sunscreens have also
been proposed. The inclusion of an antioxidant to a sunscreen formulation can increase

protection, either by combining an antioxidant with a sunscreen to utilize both protection



mechanisms,[14] or by encapsulating the antioxidant in solid lipid nanoparticles to
harness both the antioxidant and physical blocker effects.[15] Another option would be to
formulate a sunscreen whose active ingredient is actually a precursor to a UV absorber,
that way protection increases as UV exposure increases.[16]

Biological tissue isn’t unique in its sensitivity to UV radiation. Many industrial
products such as dyes, paints, and pharmaceuticals also suffer from photosensitivity. The
approaches to protecting these products are very similar to those used to protect human
skin: the addition of UV absorbers or physical blockers. Methods to protect more
efficiently and with environmentally friendly additives are continuing to be developed.

Natural dyes are known for their photosensitivity, which is part of the reason they
were almost completely replaced by synthetic dyes in the early twentieth century. As
concern for the environment grows, increasing the light fastness of natural dyes is an
attractive option since they are biodegradable and environmentally friendly.[17] The
addition of UV absorbers and antioxidants to dyed fabric has been shown to increase light
fastness,[18] and natural dyes are being discovered that have better light fastness
properties than their predecessors.[19]

Developers of automotive paints also harbor concern about UV damage as it
contributes to the weathering effects that a vehicle experiences when outside.
Specifically, the polymer component of automotive coatings is UV sensitive. Weathering
tests normally last at least 5 years. In addition, paint coatings are often very complex,
consisting of many different layers, making them difficult to analyze. In response, many
new methods of analyzing automotive coatings have been studied, including time-of-

flight secondary ion mass spectrometry,[20] UV microspectroscopy,[21] adding a filter to



an ultraviolet/visible spectrophotometer,[22] and realizing which components of a test
can be accelerated without affecting the results.[23] Increased resistance to weathering
has been achieved by adding aminopropyltrimethoxy silane treated titanium dioxide
nanoparticles to automotive coatings.[24]

Many active pharmaceutical ingredients are sensitive to UV radiation due to
functional groups in their structure, such as carbon-carbon double bonds and carbonyl
groups.[25] Dihydropyridine calcium channel blockers, medications used to control high
blood pressure, are notorious for their sensitivity to UV radiation.[26] Protecting a
photosensitive pharmaceutical product is important because in addition to decreased
potency when a drug is exposed to UV during storage, phototoxic effects of a drug can be
witnessed after someone ingests the drug and is subjected to UV radiation.[27] Even
some excipients, the ingredients in a formulation that are not the active ingredient, can be
photosensitive. For example, a polymer added to extended release tablets can degrade
when exposed to UV, increasing the release rate of the drug.[28] The manufacturing
process of a pharmaceutical dosage form can also affect its photostability.[29]

The potential for adverse effects from accidental exposure of photosensitive
pharmaceuticals to UV radiation has caused a stir among regulatory bodies, including the
FDA. The FDA has issued a Guidance for Industry: Photosafety Testing, and the
International Conference on Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use (ICH) published guidelines on how to manufacture,
store, and distribute photosensitive pharmaceutical products.[27] The first step in
protecting photosensitive drugs is to identify them as photosensitive. While both sets of

guidelines provide some testing methods, many more are outlined in the literature such as



use of a cumulative illuminometer,[30] molar extinction coefficients,[31] and
determining reactive oxygen species after illumination.[32, 33] Current methods of
protecting pharmaceuticals from UV include storing them in containers that filter or
block UV radiation such as colored glass or plastic, or secondary packaging such as an
opaque sleeve or carton.[34] It has also been shown that tablet coatings can provide
protection.[35]

While erythema and skin cancer are the most obvious negative affects of UV
radiation, there are many other materials that suffer degradation due to exposure to UV
radiation. Current methods of protection generally involve either shielding the product
from light completely, or adding UV absorbers or physical blockers to the formulation.
With the vast amount of UV sensitive materials on the market, novel protection
techniques are continuing to be explored. This work utilizes an approach combining UV
absorbers, antioxidants, and the scattering properties of encapsulation in a particle and at

interfaces.

1.2 Mechanisms of UV protection

1.2.1 Barriers

The simplest method of protecting a material from exposure to UV radiation is to

protect the material using a barrier. The idea of a barrier, displayed in figure 1.1a, is to

cover a material with something practically impenetrable by light, either because the

material absorbs light, reflects it, or both. Humans are protected by using umbrellas, hats,



sunglasses, and clothing. There have even been modifications made to clothing to make it
a more effective barrier to UV radiation.[12, 13] Cars are protected when stored in
garages, and pharmaceuticals can be protected by storing in cardboard or aluminum

secondary packaging.[34, 36]

1.2.2 Physical blockers

Physical blockers, also known as inorganic agents, protect by scattering the UV
radiation therefore preventing it from reaching the photosensitive material, as shown in
figure 1.1b. Widely used physical blockers include titanium dioxide and zinc oxide.
Physical blockers are used as a means of UV protection in sunscreens,[37, 38]
automotive coatings,[24] and fabrics.[39]

Particles used as physical blockers scatter light via Rayleigh scattering. The size
of the particle dictates the wavelengths of light that are scattered; larger particles are used
as pigments because they scatter visible light, while UV is scattered by particles that are
20 to 100 nm in diameter.[40] As a general rule, a particle scatters most efficiently when
the diameter is half of the wavelength of light that is desired to be scattered.[41] Physical
blockers most effectively protect by forming a film of particles on the surface of the
material needing protection, ensuring that minimal UV passes between the particles.
Additional factors that determine whether or not a physical blocker will provide effective
protection are it’s refractive index, dispersion within the film chosen as a delivery media,

and the thickness of that film.[37]



1.2.3 UV absorbers

UV absorbers, also known as organic agents, are named such because they absorb
UV radiation before it can reach the material being protected, as depicted in figure 1.1c.
The majority of UV absorbers, such as oxybenzone and avobenzone, contain either an
aromatic ring or a chain of carbon-carbon double bonds which allow delocalization of the
excited electron. After being absorbed, the photon is released at a lower energy.

The Beer-Lambert law has shown that at a given concentration, a substance can
absorb a set amount of a wavelength of light.[40] When a photon of light, such as UV
radiation, is absorbed by a molecule, one of the molecule’s electrons becomes excited.
The electron is usually at the ground state before absorbing the photon, and typically
transitions to the singlet excited state. From the singlet excited state, the electron can
undergo three types of transitions. The electron can emit excess energy radiatively and
relax to the ground state by emitting fluorescence, it can transition to the ground state
nonradiatively and give off heat through internal conversion, or it can transition to the
excited triplet state via intersystem crossing. From the triplet excited state two transitions
to the ground state are possible: a radiative transition via phosphorescence or heat can be
given off through intersystem crossing. Both the radiative (giving off light via
fluorescence or phosphorescence) and nonradiative (emitting heat by internal conversion
or intersystem crossing) transitions leave the molecule intact and able to absorb again.
The last method of energy dissipation is through chemical reaction, where a molecule

uses the excess energy to react with itself or another molecule. Chemical reaction is



usually undesirable because the molecule can no longer be used for protection and it has

the capability of reacting with a molecule that it is supposed to protect.

1.2.4 Antioxidants

Unlike physical blockers and UV absorbers, antioxidants do not prevent UV
radiation from reaching the UV sensitive molecule. As shown in figure 1.1d, the
antioxidant interferes with the excited molecule, taking its excess energy and allowing it
to return to the ground state. Because antioxidants distribute the excited electron
throughout their molecular structure by resonance, it is not as reactive as another
molecule with an excited electron. Antioxidants are the body’s main defense against UV
radiation.[42]

Excitation is the beginning of a chain of reactions that a molecule goes through
when interacting with UV radiation. In general, this chain of reactions includes an
initiation step in which the molecule absorbs UV radiation and becomes excited,
propagation steps in which the initial radical is used to create other species of radicals,
and a termination step in which the radicals of interest undergo a reaction to return them
to a ground state. Unfortunately when it comes to UV protection, in many cases the
products of the termination step are different molecules than the ones that absorbed UV
radiation in the initiation step.[43]

There are two types of antioxidants that work by interfering with different parts of
the aforementioned chain of reactions. Preventative antioxidants, also known as excited

state quenchers, reduce the frequency of the initiation reaction by disabling molecules
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such as metal ions or hyperoxides that may catalyze the production of radicals. Chain-
breaking antioxidants, also known as radical trapping antioxidants, react with free
radicals to create stable products and hinder the propagation reactions. Chain-breaking
antioxidants usually neutralize radicals by donating a hydrogen atom, which gives them a

negative charge that their structure allows them to stabilize by resonance.[44, 45]

1.2.5 Combinations

Individual protection mechanisms can provide substantial protection from UV
radiation, but protection can be increased by utilizing multiple mechanisms in one
formulation. Many times when materials utilizing different protection mechanisms are
placed together or combined, they work synergistically to enhance protection.[46, 47]
Even combinations of materials using the same mechanism can increase protective
capacity, such as combinations of UV absorbers like those commonly found in
sunscreens.

Sunscreens present a commercialized example of combining different
mechanisms into the same system. Some consumers are sensitive to UV absorbers,
causing a need for “sensitive skin” sunscreens. The active ingredients found in
conventional sunscreens are usually all UV absorbers. “Sensitive skin” sunscreens are
able to use a lower concentration of UV absorbers by adding physical blockers, usually
titanium dioxide, zinc oxide, or both. These sunscreen formulations work by both
absorbing and scattering UV radiation. Studies have also shown that combining the UV

absorber and antioxidant mechanisms may create a superior sunscreen, as the absorber
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will absorb radiation and the antioxidant can neutralize radicals created either by the
absorbers or the skin.[14, 47]

Using multiple active ingredients with different mechanisms in a sunscreen is
merely changing the formulation. Applying sunscreen and wearing protective clothing
combines a barrier and UV absorbers (or physical blockers) on a larger scale. Applying
UV absorbers to the fabric used for clothing is a way to enhance the barrier mechanism
through the addition of materials using the absorbing mechanism.[12, 13]

Encapsulating a protective material, such as a UV absorber, in a particle combines
the absorbing mechanism of the absorber and the scattering mechanism of the particle.
The particle surface scattering light also reduces the amount of radiation that reaches the
absorber, affording it less opportunity to degrade.[48] Further combinations can be
created by encapsulating more than one mechanism, such as an absorber and an
antioxidant, utilizing three protection mechanisms. In such a system the particle would
scatter light, radiation that reaches the inside of the particles can be absorbed by the
absorber, and the antioxidant can stabilize the absorber so that the absorber degradation

rate decreases.

1.3 Effect of proximity

While the mechanisms for the various forms of UV protection are well known,
they have mainly been studied with the goal of protecting a large surface, such as human
skin or an automotive coating. With the exception of antioxidants, protection on a

molecular level is not generally examined. The question then remains: does the proximity
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of a UV protective molecule to a photosensitive molecule affect the level of UV
protection attained?

The effect that proximity has on UV protection was investigated by collaborators
at Brown University using solutions.[49] Beta-carotene was chosen as a photosensitive
molecule and octyl-4-methoxycinnamate (OMC) as a UV absorber. Core/shell,
homogeneous, and hybrid particle geometries were simulated using solutions and either a
conventional or tandem cuvette, as shown in figure 1.2. The amount of beta-carotene left
intact after exposure was measured using a fluorimeter. The beta-carotene in the
core/shell particle degraded with the fastest rate, followed by the hybrid particle, and the
homogeneous particle had the lowest rate of degradation. A body centered cubic unit cell
was used to approximate the distance between beta-carotene and OMC molecules, and a
range of distances between 28 nm and 2 nm were examined in the homogeneous
configuration by varying the concentration of OMC. The differences in degradation rates
suggest that the closer in proximity the protective molecule is to the photosensitive
molecule, the more protection is provided. This observation was confirmed by the
proximity experiments, which showed an increase in beta-carotene concentration after 60
minutes of exposure as the distance between beta-carotene and OMC molecules was
decreased. The proximity requirement would be expected of an antioxidant, as it can only
neutralize a radical when it is in proximity of the radical. The fact that different
protection rates were measured given the same amount of absorber but different
proximity to the photosensitive molecule suggests that proximity plays a large role in the

efficacy of photoprotection.



13

1.4 Dissertation objectives

The importance and vast applicability of UV protection has been summarized in
previous sections. Current and upcoming UV protection methods tend to focus on
protection on a macro-scale, such as human skin or a pharmaceutical tablet. While this
approach has had some success and is suitable for various systems, many materials could
benefit from protection focused on the photosensitive molecule itself, for instance the
active pharmaceutical ingredient inside the tablet. Morabito et al. has shown that the
proximity between a protective and photosensitive molecule can affect the level of
protection,[49] so a new method to protect a photosensitive material on the molecular
level is needed. In addition, an understanding of how the proximity affects the different
protection mechanisms both alone and in combination would be beneficial in creating
new and more efficient protection systems.

Particles are a logical vehicle in which to further study proximity and build a
protective framework for photosensitive molecules. Compared to solutions, molecules in
polymer particles are kept stationary, meaning the proximity between protecting and
sensitive molecules is fixed rather than constantly changing. An additional advantage to
encapsulating photosensitive molecules is that some UV protection is provided by
encapsulation itself via scattering by the particle, similar to a physical blocker.[46]
Particles can also be used in a wide range of applications, such as encapsulating a
sunscreen to increase protection provided and decrease degradation of the sunscreen, or

encapsulating a pharmaceutical ingredient to be included in a tablet formulation.
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Before creating complex particle geometries, the proximity effect in particles can
be estimated using uniform particles. In such a simple particle environment, proximity
can be altered by varying the amount of the protective material added to the particle
formulation. Chapter 2 is dedicated to protection provided by uniform particles.
Protection provided without the use of protectants is evaluated, along with absorbers or
an antioxidant, and a combination of protectants. Preliminary conclusions are made on
the effect of proximity when the concerned materials are encapsulated in a simple
uniform particle system.

Core-shell particle geometries are a good candidate for studying proximity
because different additives can be placed in the core and shell. Additionally, the
geometry may provide more surfaces for reflection and therefore a higher protective
capability. Before the core-shell geometries can be used, they must be synthesized.
Chapter 3 focuses on the synthesis of two core-shell geometries that will be used as
protective vessels for a photosensitive molecule.

Once the particle geometries are created, they can be tested for their protective
capacity and protectants can be added selectively to the compartments. Varying the
compartment in which a protectant is contained will aid in determining the proximity
necessary for protection within a particle and suggest any mechanistic changes that occur
when encapsulating a protectant. Chapter 4 discusses the data, results, and conclusions
that can be drawn from varying the protectant and the compartment containing it for core-
shell particle geometries. The result of this chapter is a particle geometry and formulation

that offers increased protection when compared to encapsulation in a uniform particle.
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Some particle characteristics were not explored in previous chapters in regard to
their effect on UV protection, and those are discussed in chapter 5. Properties such as
particle size and the shell thickness of core-shell particles may have an effect on UV
protection. The photosensitive molecule may also react differently to the protective
capacity of the particles, so examining another photosensitive species would give insight
into the applicability of particles. The dimensionless quantity the Damkdhler number may
give explanation as to how the particles protect from UV, and may also be able to predict
protection. Depending on whether the decay rate is controlled by diffusion or reaction,
the shrinking core model can give an estimate of beta-carotene decay in a single particle.
While particles are the focus of this work, other work has been done with solutions and
films, and comparison can offer insight as to the different protection mechanisms of the
systems.

Conclusions regarding the work as a whole are outlined in chapter 6. Applications
in which the particles and the ideal formulation would be of use are reviewed. Future
work optimizing and utilizing the core-shell particle geometries and protectants is also

discussed.
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1.5 Figures for Chapter 1
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Figure 1.1: Schematic detailing the various protection methods: (a) a barrier, (b) physical
blockers (c) chemical absorbers, and (d) antioxidants.
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Figure 1.2: Diagrams of the (a) core/shell, (b) homogeneous, and (c) hybrid particle
geometries and their respective solutions in cuvettes as studied in Morabito et al.[49]
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Chapter 2 Protection provided by uniform particles

Particles were created via the single emulsion solvent evaporation method to
study the protection of a photosensitive molecule when encapsulated with protective
molecules. Particles were exposed to UV radiation and the concentration of
photosensitive material left intact was determined using ultraviolet visible
spectrophotometry (UV/Vis). The protection provided by various formulations was
analyzed using decay curves, a comparison of the protectant amount in a formulation to

the normalized absorbance at a specific time, and decay rate constants.

2.1 Single emulsion solvent evaporation method

The solvent evaporation method is a popular and versatile method for creating
nano- and microparticles. There is a wealth of literature both on the solvent evaporation
process[50-57] and its various applications.[58-61] The method can be modified to create
different geometries of particles and include a range of additives. The most elementary
form of the process is to use an oil-in-water (O/W) single emulsion method to make
uniform particles composed of a hydrophobic polymer and additive.

The process begins by creating an oil phase, which includes a solvent that is
mostly immiscible with water as well as everything the particle will be comprised of,
such as polymer and sunscreen. In this case the particle contents must be both
hydrophobic and soluble in the chosen solvent. The oil phase is blended into an aqueous

phase containing water and surfactant. The emulsion is then stirred until the solvent
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completely evaporates. The solvent used must be partially miscible in water, as the
solvent will migrate to the water before evaporation. As the solvent moves into the
aqueous phase, the particle components precipitate and form particles. The entire process
can be seen as a diagram in figure 2.1.

There are many parts of the process that can be altered in order to fine-tune
particle production. Solvent is an important parameter as it can affect many particle
characteristics. The miscibility of the solvent in water affects the amount of time required
for the solvent to migrate to the aqueous phase. Over time the aqueous phase becomes
saturated with solvent and cannot continue until solvent evaporates. The volatility of the
solvent determines how quickly the solvent evaporates to allow more solvent to enter the
aqueous phase. These two solvent properties, miscibility and volatility, determine the rate
of particle production. For example dichloromethane (DCM) has a very high vapor
pressure (and therefore is very volatile) and is slightly miscible in water, and particles are
made in approximately four hours. The vapor pressure for toluene is much lower than
that of dichloromethane and it is less miscible in water, causing particles to take up to 24
hours to synthesize. The rate of particle production also affects the encapsulation
efficiency. A longer rate provides the additive with more time to migrate to the aqueous
phase before the particles are solid.[62] The miscibility of the solvent in water contributes
to particle porosity as well, since a high miscibility causes the solvent to migrate from the
emulsion droplet so quickly as to leave behind pores.[63]

The stability of the emulsion has a large impact on the characteristics of the
particles. Emulsion stability can be ensured by the addition of a surfactant. As the

surfactant concentration is increased, the solution is able to stabilize smaller emulsion
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droplets, leading to smaller particle sizes.[64] Increasing the amount of surfactant can
also cause the particle size distribution to narrow, likely due to an increase in emulsion
stability.[57] Increasing the stirring speed during evaporation also decreases both the
particle size and the particle size distribution.[50] The presence of a surfactant has a
positive effect on the encapsulation efficiency, as the encapsulation efficiency decreases
as surfactant concentration is decreased.[55] Although increasing the surfactant
concentration has advantages, an excess of surfactant can lead to foaming which
decreases particle yield.[57]

The polymer used determines characteristics of the resulting particles.
Encapsulation efficiency has been found to increase with increased molecular weight of
the polymer.[52] Increasing the amount of polymer in the oil phase, while keeping other
parameters like volume of the solvent constant, results in an increase of particle size and
decrease of particle porosity.[55]

The single emulsion solvent evaporation method is an ideal way to create particles
to study the effectiveness of protection of a UV sensitive molecule by encapsulating it
with UV protecting materials. The method is well studied and versatile. Particles can be
tailored to specific needs by varying parameters such as the solvent, surfactant

concentration, and polymer characteristics.

2.2 Synthesis of uniform particles

Uniform particles were formulated to include the UV sensitive molecule beta-

carotene and the UV protective materials oxybenzone, avobenzone, octyl-4-
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methoxycinnamate, and vitamin E. Poly(methyl methacrylate) was used for the majority
of the work, and poly(lactic-co-glycolic acid) was studied at some formulations for
comparison to a biodegradable polymer. The particles were synthesized using a single

emulsion solvent evaporation method.

2.2.1 Materials

UV sensitive additive. Beta-carotene is a pigment found in foods such as carrots, and it
acts as an antioxidant[65] and vitamin A precursor in the human body. Beta-carotene gets
its color from a chain of conjugated bonds, which also cause beta-carotene to possess
some stability when excited.

Beta-carotene was chosen as the UV sensitive additive to assess the amount of
UV protection being provided by the particles and their various formulations. Beta-
carotene is a good candidate for the study of UV degradation when encapsulated because
its photosensitivity and degradation due to UV exposure are well documented.[65-70]
Beta-carotene is also highly hydrophobic, so it can be encapsulated using the
conventional O/W solvent evaporation method, and should have a high encapsulation
efficiency due to it’s hydrophobicity.[71]

Attributes of beta-carotene also make it an appealing choice when it comes to data
analysis. As beta-carotene degrades due to UV exposure, it transitions from being orange
to having no color; therefore degradation is easily confirmed visually by the orange color
fading. Beta-carotene also has three distinct absorbance peaks, shown in figure 2.2 that

can be observed using an ultraviolet visible spectrophotometer (UV/Vis). Since
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absorbance is directly proportional to concentration, the values of the absorbance peaks
decline as the beta-carotene concentration is reduced due to degradation. A decay curve
of absorbance values will correlate with the concentration decay. Collecting absorbance
peaks via UV/Vis is a rapid process that is nondestructive to samples. The maximum

beta-carotene absorbance peak can be observed at approximately 465 nm.

Protective additives. As outlined previously, there are three main types of materials used
to increase UV protection. Encapsulation offers protection similar to a physical blocker,
so addition of compounds such as zinc oxide to particles is not necessary. Most
conventional sunscreens are composed of UV absorbers, so three were chosen for study:
oxybenzone, avobenzone, and octyl-4-methoxycinnamate (OMC). One antioxidant,
alpha-tocopherol (vitamin E) was also included to study the difference in protection when
compared to UV absorbers, and to examine the impact of combinations of multiple
protection mechanisms.

Oxybenzone is a very common ingredient in sunscreen formulations due its broad
spectrum absorbance, which protects in both the UVA and UVB regions, as shown in
figure 2.3. After absorbing UV radiation, oxybenzone remains stable by delocalizing the
excess energy over two benzene rings separated by a carbonyl group.[72] Frequent use of
oxybenzone in sunscreens is despite many cases of photocontact allergy attributed to the
UV absorber.[73] It has been proposed that encapsulating oxybenzone allows it to
provide UV protection without coming into direct contact with the skin, which should
decrease incidences of photocontact allergy.[74] Oxybenzone has also been the center of

controversy due to beliefs that it has the potential to disrupt hormones in humans,[75] but
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there is considerable information disproving hormonal interference by oxybenzone as
well.[76]

Avobenzone, a UVA absorber whose absorbance spectrum is in figure 2.3, is also
commonly used in commercial sunscreens. Formulations containing avobenzone usually
also contain a stabilizer and a UVB absorber to make the formulation broad spectrum.
Avobenzone has a similar structure to oxybenzone, except that the benzene rings have
different substituents and there are two carbonyl groups between the rings. As with
oxybenzone, the excited molecule is stabilized by delocalization throughout the
molecular structure.

OMC is a UVB absorber as shown in figure 2.3, often used since the number of
photoallergic cases connected to OMC is very low [77] and it is derived from natural
materials. OMC is usually paired with a UVA absorber in formulations in order to offer
broad spectrum protection. OMC is stabilized by resonance created by a benzene ring
whose substituents are a methoxy group and an electron-accepting group.[78]

Vitamin E is a chain-breaking antioxidant, which means that it hinders the
propagation reactions of an excited molecule by reacting with the radical and producing a
stable product. Vitamin E also absorbs UV radiation as displayed in figure 2.3, allowing
it to use both UV absorber and antioxidant mechanisms in order to protect a
photosensitive material. The antioxidant is present in the human body to protect it from
harmful reactions such as photooxidation. Vitamin E has even been shown to provide

protection when applied as a topical sunscreen.[79]
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Polymers. Poly(methyl methacrylate) (PMMA) was chosen as the encapsulating polymer
for many reasons. It has been used as an encapsulating material in many solvent
evaporation method studies, which confirms its versatility and compatibility with the
process.[80-88] PMMA can also be obtained in bulk easily and cheaply, making it ideal
for creating large amounts of particles. The biocompatibility of PMMA has been proven
in many situations, which increases the scope of possible applications.[89-92]

PMMA is a practically clear polymer, so any UV protection provided to beta-
carotene would have to be attributed either to scattering due to encapsulation, or to
protection by the UV absorber or antioxidant also encapsulated. Figure 2.2 is an
absorbance spectrum for PMMA, showing that it does absorb light, but such a small
amount and in such a short range that its effect would be minimal. Studies have also
shown that PMMA undergoes negligible decay when exposed to UV radiation.[93]

Poly(lactic-co-glycolic acid) (PLGA) is a copolymer composed of lactic acid and
glycolic acid. It is approved by the FDA and known for its biocompatibility and
biodegradability, which leads to its frequent use in the pharmaceutical industry. PLGA
has very similar properties to PMMA, such as being nearly transparent and absorbing

very little light.

Solvents. As discussed in the previous section, solvent choice for a single emulsion
solvent evaporation method can have a large impact on the characteristics of the
synthesized particles. Uniform particles were created using toluene as the solvent.
Particles made with toluene have a tendency to be compact and devoid of pores. Toluene

is also a good solvent for PMMA and all of the additives.
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For studies involving the biocompatible polymer PLGA, chloroform was used as
the oil phase solvent. PLGA particles synthesized with chloroform have been shown to
have a higher encapsulation efficiency than particles prepared with other solvents. The
use of chloroform also produces smaller particles with a more narrow particle size

distribution.[94]

Surfactant. The surfactant employed was poly(vinyl alcohol) (PVA), a hydrophilic,
nonionic, biodegradable polymer often used as a stabilizer.[95] PVA is a common choice
of surfactant when utilizing the solvent evaporation method, especially when the particles
are composed of a biodegradable and biocompatible polymer like PLGA.[50, 96, 97]
During particle synthesis, the hydrophobic portion of PVA binds to the surface of the

particles, which can affect particle properties.[96, 98]

2.2.2 Production of uniform particles

Uniform particles were synthesized using a single emulsion solvent evaporation
method, as elaborated upon in section 2.1. Briefly, an oil phase is prepared using a water-
immiscible solvent and the particle formulation (polymer and additives). The oil phase is
blended into an aqueous phase containing water and a surfactant. The resulting emulsion
is agitated until the solvent evaporates, leaving behind solid particles.

Particles were created following the basic solvent evaporation procedure. The oil
phase consisted of 3 mg of beta-carotene, 0.2 g of PMMA with a molecular weight of

15000, and a varied amount of protectant dissolved in 3 ml of toluene. The protectants
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included oxybenzone, avobenzone, OMC, and vitamin E. The varied amounts of
protectant added to the formulation are specified in table 2.1. The aqueous phase was
prepared using 175 g of deionized water and 25 g of a stock 4% aqueous solution of
poly(vinyl alcohol) (PVA), creating a 0.5% solution of PVA. In a hood vent, the oil phase
was poured into the aqueous phase and blended using an UltraTurrax T25 basic disperser
by IKA at 15000 rpm for 3 minutes. After blending the emulsion was stirred on a
magnetic stir plate for at least 16 hours to allow for evaporation of the toluene. Particles
were collected by centrifuging at 10000 rpm for 10 minutes. The supernatant was
disposed of and the particles were resuspended in 20 ml of deionized water by sonication.
The particles were stored in a jar covered by aluminum foil to prevent accidental UV
exposure. The resulting particles were approximately 900 nm in diameter, as determined
using a Zetasizer Nano ZS90 (Malvern Instruments). An image of the particles taken with
an Amray 1830 I scanning electron microscope is shown in figure 2.4.

Particles were also made with PLGA to compare to a polymer that is both
biocompatible and biodegradable. The process used was very similar to that described
previously in literature.[94] The formulation was identical to that used for PMMA
particles, except that PLGA was used and the particle contents were dissolved in 10 ml of
chloroform. The oil phase was blended into 190 g of 5% PVA solution at 15000 rpm for
five minutes. The emulsion was added to an additional 100 g of 5% PVA solution and
stirred for four hours until the chloroform was completely evaporated. The process of
collecting and resuspending the particles was identical to that used for PMMA particles.
Two lactic acid to glycolic acid ratios were used, 50:50 and 75:25. Both ratios yield

particles using the solvent evaporation method, but the 75:25 ratio shares the more
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hydrophobic nature of the other additives. Each copolymer ratio was studied in two
formulations, one containing no protectant, and the other containing the 1:10 beta-

carotene:oxybenzone ratio.

2.3 Testing and analysis

Beta-carotene decays as it is exposed to ultraviolet radiation and this decay can be
tracked by monitoring the concentration of beta-carotene left intact after intervals of UV
exposure. The rate of beta-carotene decay in different systems can be compared to assess
which system offers the best protection. Four systems were explored: beta-carotene in
solution, particles composed of beta-carotene and polymer, single protectants at various
concentrations, and combinations of protectants. Each system was exposed to UV
radiation for intervals of time, and the beta-carotene absorbance determined to relate to
the concentration of beta-carotene left undecayed.

The samples were exposed to UV radiation using a 365 nm Pen Ray Mercury
Lamp by UVP. The spectrum of the lamp is given in figure 2.5 with the UVA and UVB
sections highlighted in orange and yellow, respectively. The radiation given off by the
lamp is predominantly UVA, which is consistent with reality where 95% of the UV
radiation that reaches the Earth’s surface is UVA.[6] A hole was drilled into an opaque
slide box and the lamp fitted inside, ensuring that no light would escape the box. A quartz
cuvette with a 10.00 mm path length containing 3.7 ml of sample was placed inside the
previously described box with a clear side of the cuvette facing the light source, and the

lamp illuminated. A diagram of the experimental setup is in figure 2.6. The exposure
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times included five minute intervals from 0-30 minutes, and 10 minute intervals from 30-
60 minutes, for a total of 10 exposures. The exposure intervals are shorter for the first 30
minutes because this is when the greatest rate of beta-carotene degradation is observed.
The samples were stored in capped centrifuge tubes after exposure.

A solution of beta-carotene in acetone was examined as a baseline to determine
the rate of beta-carotene degradation when not encapsulated. The 19 pM solution was
exposed as described above, except that the cuvette was capped and sealed with Teflon
tape to discourage acetone evaporation. After all 10 exposures were completed, each
sample was poured into a graduated cylinder and acetone was added to replace any
acetone that may have evaporated. The total sample volume was 3.7 ml. The samples
were then analyzed by an ultraviolet visible spectrophotometer (UV/Vis) (Lambda XLS+
by Perkin Elmer) with acetone as a reference sample, and the maximum beta-carotene
peak noted.

The procedure for exposing particles was very similar to that for the beta-carotene
solution. Samples consisted of 3.7 ml of suspensions containing approximately 19 uM
beta-carotene. This means that the suspension of particles contained the same amount of
beta-carotene as a 19 pM solution. These suspensions were created by diluting the stock
suspensions created in the previous section. The particles in suspension accounted for
approximately 1% of the volume fraction, meaning the suspension was dilute enough to
discourage particle-particle interactions. The cuvette was not capped since water is not as
volatile as acetone. After exposures, samples were centrifuged and the supernatant was
disposed of. Particles were resuspended in 3.7 ml of Triton X-100 by sonication. Triton

X-100 was used to match the refractive index of PMMA (or PLGA), so the PMMA peak
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should be subtracted with the background and not interfere with the beta-carotene peaks.
The samples were analyzed via UV/Vis with Triton X-100 as a reference and the
maximum beta-carotene peak recorded.

The maximum beta-carotene peaks for each formulation were normalized by
dividing by the maximum peak of unexposed particles from the same batch. This
normalization is necessary to account for batch to batch variations. For example, the
amount of beta-carotene in one batch of particles may be slightly different than that from
another batch. Unexposed particles from the two batches would display different
absorbance peaks due to differing concentrations. When normalizing using the peak from
unexposed particles from the same batch, the decay becomes relative to the amount of
beta-carotene in that batch of particles, allowing batch-to-batch comparisons to be made.
After normalization, samples without any decay should have a value of one whereas

samples with complete decay should have a value of zero.

2.4 Effect of protectants

Three types of formulations were examined: those with no protectant added, one
protectant, or a combination of two protectants. The particles devoid of protectant were
studied along with a solution of beta-carotene in order to determine whether or not
encapsulation possessed a protective effect. The single protectant cases established which
protectant offered the best protection, as well as the effect of protectant concentration.
Two types of combinations were investigated, two absorber-absorber combinations and

three absorber-antioxidant combinations. Each formulation was analyzed using decay
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curves and charts comparing the protectant amount to normalized absorbance for specific

times.

2.4.1 No protectants

In order to determine whether the addition of protectants to particles improves
beta-carotene stability, the effect of encapsulation itself had to be established. It has been
found in the literature that encapsulation offers protection to a UV sensitive material due
to scattering by the particle surface [46, 99, 100] and by limiting molecular movement as
a result of a lack of available free volume.[101] Both of these mechanisms are observed
in the particle environment, but not in solutions. Figure 2.7 shows the normalized
absorbance of beta-carotene in the acetone solution and encapsulated in PMMA as it is
exposed to UV radiation. Each data point is the average of three experiments, and the
error bars represent the standard deviation as a result of those three runs. Beta-carotene in
solution was completely degraded after 40 minutes of exposure, whereas approximately
25% of the encapsulated beta-carotene was left undegraded after the same amount of
exposure. After 60 minutes of UV exposure the encapsulated beta-carotene is still not
completely degraded. Figure 2.7 confirms that found by Perugini et al.[46] that
encapsulation is a UV protective mechanism in itself. Figure 2.7 also shows that the
fastest decay takes place in the first 30 minutes of exposure, which is why exposure
intervals are shorter during that time. Since PMMA absorbs very little, the protection
mechanism employed by encapsulation must be the same as that of physical blockers.

Encapsulation in a polymer matrix scatters light, causing less to reach the UV sensitive
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molecule embedded in the matrix. Another mechanism of protection is the polymer
matrix itself, restricting movement of the beta-carotene molecule which inhibits it from
undergoing reaction and degrading.[101]

The solution and suspension in figure 2.7 are not in identical photochemical
systems since different solvents were used. Acetone was used for the solution
experiments because beta-carotene is insoluble in water, and acetone could not be used to
suspend the particles because it would dissolve them, destroying the particle geometry
and any benefits attained from that geometry. While the systems are different, the
increase in photostability by encapsulation as shown in figure 2.7 is undeniable.
Comparing the two systems quantitatively, such as calculating a numerical increase in
photostability due to encapsulation, may not yield accurate results due to the use of
different solvents. The qualitative observation of increased protection, however, is
apparent.

The decay of encapsulated beta-carotene was used to determine the amount of
additional protection provided when protectants were added to the particle formulation.
Since this decay curve will be often used as a reference in subsequent analysis, a more in
depth look at the decay is valuable. Figure 2.8 shows the beta-carotene absorbance
spectrum at different times of UV exposure. The unexposed beta-carotene has the three
peaks characteristic of the molecule. The middle, maximum peak was recorded to
compile decay curves. As the particles were exposed, the absorbance peaks become
smaller. After 30 minutes of exposure it is difficult to discern three separate peaks. As
mentioned earlier, figure 2.8 shows that the majority of the decay takes place during the

first 30 minutes of exposure.
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Since beta-carotene is an antioxidant molecule it is necessary to determine if it
could provide protection to itself when present in larger quantities. Figure 2.9 shows
beta-carotene decay curves for particle formulations synthesized using four different
concentrations of beta-carotene. There is a positive effect of higher concentrations of
beta-carotene, and this could be a result of the antioxidant mechanism or that the number
of photons the particles are being exposed to has remained the same while the number of

beta-carotene molecules has increased.

2.4.2 Single protectant

The effectiveness of oxybenzone, avobenzone, OMC, and vitamin E to protect
beta-carotene in a particle environment was studied by synthesizing particle formulations
containing each protectant individually at four concentrations. Two additional
concentrations of oxybenzone were studied to determine protection provided at very low
concentrations of protectant. The exposure times 10, 20, 30, 40, and 60 minutes were
performed in triplicate for all oxybenzone concentrations, and for each formulation
containing the 1:10 ratio of protectant. These particles were chosen for repetitions so that

a set of standard deviations could be calculated for each ratio and protectant.

Effect of protectant. Decay curves of the normalized absorbance for each single
protectant formulation are shown in figure 2.10. The error bars are the standard
deviations as a result of three repetitions. The “beta-carotene” curve represents particles

comprised of only beta-carotene and PMMA. Comparing figures 2.10a-d, it is obvious
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that the protecting species plays a large role in the amount of protection provided.
Oxybenzone and avobenzone formulations display the most similar behavior, offering
minimal protection at the 1:1 ratio and protection increasing with concentration until the
1:33 ratio, where it reaches a plateau. Both absorbers also result in approximately 65%
beta-carotene left undegraded after 60 minutes for the highest concentration, offering the
best protection for a single protectant. Vitamin E still protects very well, but not quite as
well as oxybenzone and avobenzone, at approximately 50% beta-carotene left after an
hour of exposure for the 1:100 ratio. OMC performed the worst, with the decay curves
for all concentrations overlapping with that of beta-carotene encapsulated without a
protectant. The ineffectiveness of OMC could be attributed to its sensitivity to both UVA
and UVB radiation.[102]

Another way to look at the data is to compare the normalized absorbance over the
amount of protectant added for different exposure times, such as in figure 2.11. While
this kind of chart speaks more about the effect of concentration, a comparison between
the protectants confirms observations made from the decay curves. Figures 2.11a and ¢
show the similar behavior between oxybenzone and avobenzone, including the plateau in
effectiveness at the 1:33 ratio (0.1 g) and the high amount of beta-carotene left after 60
minutes of exposure at high concentrations. The ineffectiveness of OMC is also apparent
by all points hovering around that for zero protectant, and the practically horizontal line

when increasing protectant amount.

Effect of concentration. Figures 2.10a and ¢ show a strong dependence on protectant

concentration for oxybenzone and avobenzone. Oxybenzone and avobenzone provide
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increased UV protection as concentration is increased until a plateau at the 1:33 ratio, as
the 1:33 and 1:100 curves possess significant overlap. This maximum in protection is also
present in figure 2.11, where there is a sharp increase in protection from zero to 0.1 g
(1:33 ratio), and nearly no increase between 0.1 g (1:33 ratio) and 0.3 g (1:100 ratio).
This plateau could arise either because the beta-carotene is already surrounded by
protectant molecules at the 1:33 ratio, or because additional protectant cannot be
incorporated into the particles since as protectant concentration is increased it reaches a
point where there is more protectant than polymer. In a case where the most protection is
desired for the least amount of additive material, the plateau suggests that 0.1 g of either
oxybenzone or avobenzone would be a good choice.

Vitamin E shows an increase in protection with an increase in vitamin E
concentration, as displayed by the decay curves in figure 2.10d. Other than the sharp
increase between 0.03 g (1:10 ratio) and 0.1 g (1:33 ratio), vitamin E has a nearly linear
increase in protection as the amount of protectant is increased as shown in figure 2.11d.
OMC displays the opposite trend, as it’s decay curves all cluster around the beta-carotene
curve (figure 2.10b) and the protection it provides is nearly horizontal with the zero
protectant point when comparing the absorbance at different times with respect to

concentration (figure 2.11b).

Effect of polymer matrix. PLGA is a polymer known for its biocompatibility and
biodegradability. In order to determine whether findings with PMMA could be
extrapolated to PLGA, particle formulations both with and without a protectant were

completed to compare the performance. Figure 2.12 shows beta-carotene decay curves
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for particles containing just beta-carotene and each polymer, and particles that also
contain a 1:10 ratio of oxybenzone. The beta-carotene curves overlap significantly,
suggesting that all three polymers offer similar protection by encapsulation alone. There
is more variation between the curves of the three polymers when oxybenzone is added to
the formulation, but the curves are still in an obvious cluster and display overlap.
Although there is some slight variance between the polymers, figure 2.12 shows that
similar results should be obtained with different particle formulations regardless of

whether PMMA or PLGA is used.

Effect of particle concentration. While every effort was made to ensure that each
sample contained a similar amount of particles, it was impossible for each sample to have
the exact same concentration. To determine whether this difference in concentration
would have an effect on the amount of UV protection provided, the beta-carotene decay
of a formulation containing the 1:33 ratio of oxybenzone was studied at the 19 uM
concentration discussed previously, as well as a 57 uM concentration. The 57 uM
suspension uses the exact same particles as the 19 uM suspension, just three times more
of them, resulting in the higher beta-carotene concentration. Figure 2.13 shows decay
curves for the 19 uM and 57 uM suspensions of particles containing the 1:33 ratio of
oxybenzone. Both decay curves begin almost identically and variation increases as
exposure time increases. Even with the variation, there is considerable overlap between
the two curves, suggesting that the decay rate is the same. This not only confirms that
concentration of the particles is not a factor when the suspensions are dilute, but also

proves that at dilute concentrations particle shielding is not a factor. Lack of particle
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shielding effects means that the particles are not protecting each other; therefore the
scatter by encapsulation and the particle formulation are the main contributors to

protecting beta-carotene in the particles.

2.4.3 Combinations of protectants

Using a single protectant proved to significantly extend the life of beta-carotene in
a particle environment in most cases. Many commercial UV protective systems, such as
sunscreens, utilize a cocktail of protective materials. In order to study the effect of adding
multiple protectants to a formulation, combinations with oxybenzone and vitamin E were
synthesized. These formulations contained the same amount of each protectant as the
previous section, so the overall amount of protectant was doubled, creating an overall
beta-carotene:protectant ratio of 1:20. Beta-carotene decay profiles for all of the
combinations are shown in figure 2.14.

Absorber-absorber combinations were studied by creating formulations of
oxybenzone with another absorber. Oxybenzone was chosen for these combinations
because it is broad spectrum, absorbing in both the UVA and UVB regions, so it could
offer protection in parts of the UV spectrum not covered by the UVA or UVB absorber in
the formulation. Decay curves for particles containing oxybenzone in combination with
OMC and avobenzone are shown in figures 2.14a and b, respectively. Contrary to the
hypothesis that more protectant would create more protection, the combinations had a
negative or neutral effect. The particles containing oxybenzone and OMC (figure 2.14a)

offered less protection than either absorber alone, even though the combination particle
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contained as much oxybenzone and OMC as the single protectant particles, resulting in
double the amount of absorber overall. The decay curve for the avobenzone and
oxybenzone particles (figure 2.14b) overlapped with those for the particles containing
each absorber singly, resulting in no increase in protection even though the absorber
amount had been doubled. From these results it can be concluded that the addition of
oxybenzone hindered protection rather than promoting it in the particle environment. An
explanation for this behavior could be that oxybenzone has a tendency to become a
photosensitizer when in a polar environment.[102] The particles were in an aqueous
suspension as they were being exposed, allowing any oxybenzone on the surface of the
particles to come into contact with water. The oxybenzone in close proximity to the water
could then become a photosensitizer, acting on either the beta-carotene or the other
absorber and causing them to degrade, leading to a decrease in protection.

Particles containing both vitamin E and one of the absorbers were created to study
the effect of absorber-antioxidant combinations (figures 2.14c-e). Vitamin E
combinations with oxybenzone, OMC, and avobenzone all showed significant
improvement over their single protectant counterparts. The OMC combination yielded
five times the amount of undegraded beta-carotene after 60 minutes of exposure that the
particles containing only OMC did, and a slight increase in protection was found over the
single protectant vitamin E particles as well (figure 2.14d). The avobenzone and vitamin
E particles resulted in double the protection of the single protectant particles after 60
minutes (figure 2.14e). The oxybenzone and vitamin E particles resulted in the best
overall protection with 80% of the beta-carotene left undegraded after 60 minutes, double

that of the oxybenzone particles and over double the protective capacity of the vitamin E



37

particles (figure 2.14¢c). The increased protection as a result of the absorber-antioxidant
particle formulations is most likely due to the combination of protective mechanisms, as
has been seen in the literature.[47] The absorber-antioxidant particles actually utilize
three UV protective mechanisms, since the particles themselves protect by scattering, the
same mechanism as physical blockers like zinc oxide and titanium dioxide.

When comparing all combination particles (as in figure 2.14f), all formulations
resulted in more beta-carotene left undegraded after 60 minutes than the particles that
contained no protectant. The lowest performing combination particles were the absorber-
absorber combinations, as the decay curves for those particles show the quickest decay
and least amount of beta-carotene left after exposure. The three absorber-antioxidant
combinations are the top three curves, meaning that the rate of decay is the smallest. The
best performing particles were those containing the combination of oxybenzone and
vitamin E, the absorber-antioxidant combination. While oxybenzone was shown to
display photosensitizing properties in the absorber-absorber particles, this trend was not
noted in the absorber-antioxidant particles, probably because the antioxidant properties of
vitamin E neutralized any oxybenzone that may begin to display photosensitizing

behavior.

2.5 Rate constants and proximity

An additional tool for analysis of beta-carotene decay in each particle formulation

is to calculate the decay rate constant for each set of particles. Rate constants were

compared numerically, as well as graphically with respect to the ratio of the amount of



38

absorber in each formulation to the amount of beta-carotene. The proximity between the
beta-carotene and protectant molecules was estimated and paired with the rate constants
to determine the effect of proximity on the amount of UV protection provided by a

particle formulation.

2.5.1 Rate constants

Decay rate constants allow formulations to be compared quantitatively, as
opposed to the qualitative observation of decay curves. Beta-carotene decay was assumed
to be a single exponential decay. Rate constants were calculated by first taking the natural
log of the normalized absorbance, then plotting it versus the exposure time, as seen in
figure 2.15. The points were nearly linear, and the slope of a line fitted to the data yielded
the rate constant. The quality of fit was determined by R? values, which ranged from 75%
to 91% for the lines fitted in figure 2.15, indicating that the lines adequately fit the data.
The standard deviations were calculated for each oxybenzone concentration, but the
values were so small that they were indistinguishable graphically, and therefore were not
included.

Table 2.2 lists the rate constants for each formulation discussed previously. Figure
2.16 shows the rate constants of the single protectant formulations normalized with the
rate constant of particles containing no protectant and compares these values by the
number of moles of protectant in a formulation per moles of beta-carotene. The rate
constants confirm that oxybenzone and avobenzone behave similarly, and that they are

the best protectants for formulations containing a single protectant. The vitamin E rate
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constants are just slightly higher than those of oxybenzone and avobenzone, verifying
that it is also a good protectant in the specific system. The rate constants also show the
instability of OMC in the particle environment, as its rate constants fluctuate and show no
trend. The formulation with the smallest rate constant and therefore lowest rate of decay
is the formulation containing both oxybenzone and vitamin E, as stated in table 2.2. The
rate constant behavior in figure 2.16 is comparable to that observed in polymer films,
where a large increase in protection was gained with increased concentration of

protectant until 100 moles of protectant per mole of beta-carotene.[103]

2.5.2 Proximity

The ratio between beta-carotene and protectant in a formulation has been used to
specify the amount of protectant in a formulation, but this information can also be used to
approximate the distance between a beta-carotene molecule and the surrounding
protectant molecules within a particle. The effectiveness with respect to proximity can
provide additional insight into the behavior of each protectant when encapsulated.
Proximity can be estimated using a body-centered cubic unit cell, as described in similar
work using solutions.[49]

Using a body-centered cubic unit cell, the beta-carotene molecule is located at the
center of the unit cell surrounded by eight protectant molecules, as shown in the
schematic in figure 2.17. In most cases examined, the concentration of protectant
molecules is much greater than that of the beta-carotene molecules, making this model

valid. The volume of the particles is required, and can be estimated by the masses used to
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create the particles and the density of the individual materials. The number of protectant
molecules present in the formulation can be calculated using the mass of the protectant in
the formulation and Avogadro’s number. Using these two values, the ratio of the particle
volume to that of the protectant molecules can be determined and multiplied by eight
since each unit cell contains eight absorber molecules. In order to determine the length of
one side of the cube, the result of previous calculations must be raised to the one third
power. The distance between the beta-carotene molecule and one of the protectant
molecules can then be determined by the multiplication of the square root of three

divided by two. These calculations are demonstrated in their entirety in equation 2.1.

1/3
mPMMA + mBeta—carotene + mProtec tant

L — p PMMA p Beta—carotene p Protectant

x8L x> (2.1)

mPrutectant % (602 % 1023 )
MW,

Protectant

There were some formulations where the number of beta-carotene molecules exceeded
the number of protectant molecules, and in these cases the unit cell was changed to
contain one protectant molecule surrounded by eight beta-carotene molecules. The
calculations were the same, except that the number of beta-carotene molecules was used
in the denominator instead of the number of protectant molecules.

Spacing is inversely proportional to protectant concentration, therefore a similar
trend would be expected. Figure 2.18 shows the absolute value of the rate constants with
respect to the proximity between the beta-carotene and protectant molecules. As
expected, the absolute value of the decay rate constant increases as the spacing between
the molecules is increased. Oxybenzone, avobenzone, and vitamin E show almost linear

increase in the rate constant with an increase in spacing, while the rate constants for
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OMC are erratic, confirming observations discussed previously. The smallest rate
constants are the result of the beta-carotene to protectant spacing of less than 5 nm, while
spacing larger than that provides little protection. At spacing smaller than 5 nm the
protectant molecules must completely surround the beta-carotene molecule, absorbing
most of the UV radiation before it can reach the beta-carotene. At larger than 5 nm the
protectant molecules are not close enough to the beta-carotene molecule to protect it,
leaving large enough gaps in the sides of the unit cell to allow significant UV radiation to
penetrate it and reach the beta-carotene. In the case of vitamin E, 5 nm may be the limit
of how far the antioxidant molecule can travel through the polymer in time to quench the
beta-carotene molecule before degradation occurs. Proximity requirements are much
different in solution, where a distance as far as 15 nm between a beta-carotene and OMC
molecule was found to yield approximately 80% beta-carotene undegraded after an

exposure time of 60 minutes.[49]

2.6 Uniform particle conclusions

While encapsulation alone has been shown to protect UV sensitive materials[46,
99, 100] and in this work beta-carotene, the addition of UV protecting materials to the
particle formulation proves to increase the capacity for UV protection. Beta-carotene is a
suitable molecule for studying the protection of photosensitive materials since its UV
degradation has been thoroughly studied.[65-70] Three common sunscreens, oxybenzone,
avobenzone, and OMC, along with an antioxidant, vitamin E, were used as protective

additives in the particles. Particles were exposed to UV radiation and the degradation of
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beta-carotene was tracked via UV/Vis. The effectiveness of particle formulations to
protect beta-carotene was analyzed by decay curves and rate constants. Oxybenzone and
avobenzone provided significant protection, while vitamin E protected sufficiently, and
the protection provided by OMC was insignificant. Concentration of the protectant was a
factor, with protection increasing as concentration was increased in most cases, and a
plateau reached for oxybenzone and avobenzone when they reached a beta-carotene to
protectant ratio of 1:33. Absorber-absorber combinations were created by pairing
oxybenzone with another absorber, which resulted in no increase or a decrease in
protection, attributed to the capability of oxybenzone to act as a photosensitizer in polar
environments.[102] Absorber-antioxidant combinations, created by a formulation
containing vitamin E and an absorber, greatly increased protection, probably because of
the combination of protective mechanisms. The formulation that offered the best
protection overall included both oxybenzone and vitamin E. The effect of the spacing
between protectant and beta-carotene molecules was also investigated, and it was found

that the maximum distance still providing protection was 5 nm.
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2.7 Figures for Chapter 2
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Figure 2.1: A schematic of the single oil-in-water solvent evaporation method for

synthesizing particles.
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Figure 2.2: Absorbance spectra for beta-carotene, the UV sensitive material, and PMMA,

the polymer.
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Figure 2.3: Absorbance spectra of the UV absorbers oxybenzone, avobenzone, and OMC,
and the antioxidant vitamin E. The UVA region is highlighted in orange, and the UVB

region in yellow.
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Figure 2.4: Scanning electron microscope image of the uniform particles.
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Figure 2.5: Absorbance spectrum of the UV lamp used to expose the particles. The UVA
and UVB regions are highlighted in orange and yellow, respectively.
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Figure 2.6: Schematic of the system for exposing samples to UV radiation. The cuvette is
approximately 1 inch from the light source.
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Figure 2.7: The decay of beta-carotene as shown by its decreased absorbance as it is
exposed to UV radiation both in solution and encapsulated.
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Figure 2.9: Beta-carotene decay curves for particles containing different concentrations
of beta-carotene.
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Figure 2.10: Decay curves of normalized absorbance over time exposed for (a)
oxybenzone, (b) OMC, (c) avobenzone, and (d) vitamin E individually.
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Figure 2.12: Beta-carotene decay for particles containing beta-carotene or beta-carotene
and oxybenzone in a 1:10 ratio for PMMA, PLGA (50:50), and PLGA (75:25) polymer
matrices.
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Figure 2.14: Beta-carotene (BC) decay profiles where two protectants are used, such as
(@) OMC and oxybenzone (OXY), (b) avobenzone (AVO) and oxybenzone, (c)
oxybenzone and vitamin E (VIT E), (d) OMC and vitamin E, (e) avobenzone and vitamin
E, and (f) all concentrations.
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Figure 2.15: The natural log of the normalized absorbance plotted over time. The slopes
of the fitted lines are equal to the rate constants of beta-carotene degradation.
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Figure 2.16: The ratio of the amount of protectant to the amount of beta-carotene in the
particle formulation versus the ratio of rate constants when protectant is present to
particles containing just beta-carotene.

Figure 2.17: Schematic of the body-centered cubic unit cell used to approximate the
proximity between a beta-carotene molecule (orange) and protectant molecules (blue).



56

0.0007

0.0006
.
=
= 0.0005 -
(]
=
[
>
(0] _
§ 0.0004
Q
7]
=
S 0.0003
s
v
=
(@]
[
% 0.00024+ & /A - Beta-carotene
(a2 —l— Oxybenzone

0.0001 P

. —f—— Avobenzone
—@— Vitamin E
0 T T T T T T
0 1 2 3 4 5 6 7

Beta-carotene-protectant spacing (nm)

Figure 2.18: The relationship between the absolute value of the rate constant and the
estimated spacing between a beta-carotene molecule and a protectant molecule.



2.8 Tables for Chapter 2

57

Table 2.1: Protectant in uniform particle formulations

Beta-carotene + PMMA particles (no absorber)

Single protectants

Beta-carotene: protectant weight

Amount of protectant (grams)

ratio
1:1 0.003
1:10 0.03
1:33 0.1

1:100 0.3

Combinations
Beta-carotene : Amount of each
Protectants protectant weight ratio protectant
(total) (grams)
Oxybenzone + OMC
Oxybenzone + Avobenzone
Oxybenzone + Vitamin E 1:20 0.03g

Vitamin E + OMC

Vitamin E + Avobenzone
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Table 2.2 Uniform particle decay rate constants

Beta-carotene :

. -1
Material protectant weight ratio Rate constant (s™)
Beta-carotene (solution) 1:0 -1.5E-03
Beta-carotene (encapsulated) 1:0 -6.5E-04
1:100 -1.0E-04
1:33 -1.1E-04
1:10 -2.3E-04
Oxybenzone
1:1 -4.3E-04
1:0.1 -5.5E-04
1:0.033 -5.5E-04
1:100 -4.8E-04
1:33 -3.7E-04
OMC
1:10 -6.2E-04
1:1 -4.6E-04
1:100 -1.1E-04
1:33 -1.5E-04
Avobenzone
1:10 -2.5E-04
1:1 -5.1E-04
1:100 -1.9E-04
1:33 -2.8E-04
Vitamin E
1:10 -3.4E-04
1:1 -5.2E-04
Combinations
Oxybenzone + OMC -3.9E-04
Oxybenzone + Avobenzone -2.6E-04
Oxybenzone + Vitamin E 1:20 -5.2E-05
OMC + Vitamin E -2.1E-04
Avobenzone + Vitamin E -9.8E-05
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Chapter 3 Synthesizing microparticle geometries

Proximity was studied in the previous chapter by changing the concentration of
protectant in the particle and calculating an average distance between beta-carotene and
protectant molecules. Core-shell particles allow separation of beta-carotene and
protectant molecules by the core-shell interface, minimizing contact between the
molecules. The process for creating the core-shell geometries was determined by multiple
experimental designs varying parameters that could potentially affect the particle
geometry. The products of the experimental designs were two core-shell particles, one
with a solid core of polymer and beta-carotene, and the other encapsulating a suspension

of uniform particles consisting of polymer and beta-carotene.

3.1 Double emulsion solvent evaporation method

The solvent evaporation method is a versatile technique to synthesize particles.
The single emulsion method, commonly used to make uniform particles, was discussed in
chapter 2. The most basic single emulsion technique can efficiently encapsulate
hydrophobic materials, but hydrophilic materials have a tendency to migrate to the
aqueous phase, resulting in poor encapsulation efficiency. A double emulsion method is
used to make core-shell particles, commonly by using a water-in-oil-in-water (W/O/W)
emulsion, resulting in microcapsules with an aqueous core. The double emulsion
technique has versatility of its own, and has been used in a wide variety of studies.[50-52,

54, 56, 63]
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The double emulsion solvent evaporation method is similar to its single emulsion
counterpart except that it begins by the creation of a water-in-oil (W/O) emulsion, known
as the primary emulsion. The water phase of the primary emulsion is known as the inner
aqueous phase and will become the core of the particle. The oil phase must contain
solvent as well as any materials that will make up the shell of the particle. The oil phase
and inner aqueous phase are emulsified by a technique such as sonication to create the
primary emulsion. The primary emulsion is then transferred to an outer aqueous phase.
Similar to the aqueous phase in the single emulsion method, the outer aqueous phase is an
aqueous solution containing a surfactant. The double emulsion is created by a lower shear
mixing technique than the primary emulsion, using a method such as stirring on a
magnetic stir plate. As with the single emulsion, the solvent in the oil phase migrates into
the outer aqueous phase before evaporating, leaving behind particles with a solid shell
and an aqueous core. A schematic of the process can be found in figure 3.1.

The addition of a second emulsion to the process creates more opportunities with
which to fine-tune particles. The stability of the primary emulsion determines the
geometry of the particles. Primary emulsion stability can be altered by the addition of
surfactant to the inner aqueous phase, oil phase, or both. Three types of geometries are
generally created: a core-shell structure, a multi-core structure, or a matrix structure. The
core-shell structure is a microcapsule with a single core. The multi-core structure
contains multiple cores. The matrix structure is made up of numerous small cores,
causing the internal morphology of the particle to be porous. The geometry is dependent
on which surfactant is used, the concentration of the surfactant, and which phase the

surfactant is added to (inner aqueous phase, oil phase, or both).[104]
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Encapsulation efficiency is an important characteristic of particles since the goal
of synthesizing the particles is to encapsulate a material. As there are more variables in
the double emulsion method, there are more factors that can affect encapsulation
efficiency. As with the single emulsion method, increasing the molecular weight of the
polymer used for encapsulation increases the encapsulation efficiency.[52, 105]
Decreasing the volume of the inner aqueous phase while holding the oil phase volume
constant also increases the encapsulation efficiency.[50, 105]

There are many physical characteristics of the particles that can also be
controlled. As with the single emulsion method, increasing the stir speed during
evaporation decreases the particle size.[54] Utilizing a solvent that is more miscible in
water will increase the porosity of the particles since the solvent migrates to the outer
aqueous phase so quickly as to leave behind pores.[63] The thickness of the shell can also
be altered, either by changing the amount of polymer in the oil phase,[106, 107] or by
changing the osmotic gradient through addition of sodium chloride to either the inner
aqueous phase, outer aqueous phase, or both.[108]

There are many ways to alter the double emulsion solvent evaporation method in
order to create core-shell particles with desired characteristics. This flexibility allows for
different particle geometries to be made with few changes to the particle synthesis
process. The similarity of the process to that of making uniform particles also means that
the additional equipment required is minimal and the procedure only involves moderate
changes, making the transition from a single emulsion to double emulsion process simple

and economical.
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3.2 Identifying key parameters

Two types of particle geometries were desired to study the proximity effect
between beta-carotene and protectant molecules. The first geometry is a simple core-shell
particle, except that both the core and shell will be comprised of polymer and the process
must have selectivity of which compartment in which to place a hydrophobic material.
The second geometry is a core-shell particle that contains uniform particles in the core.
The problem with either geometry is that any solvent used to make the shell could
potentially dissolve the contents of the core, causing a lack of selectivity between
compartments, or a lack of geometry altogether. The particles were made with the double
emulsion solvent evaporation method, but a design of experiments was necessary to

determine which parameter values produce each type of geometry.

3.2.1 Particle synthesis

Particle geometries were synthesized using a W/O/W double emulsion solvent
evaporation method, as discussed in the previous section. The inner aqueous phase
consisted of a concentrated suspension of uniform particles, such as those studied in
chapter 2. The only change to the procedure was to use dichloromethane (DCM) as the
solvent instead of toluene. Dichloromethane decreases the time needed to synthesize a
batch of particles, as well as creates larger particles that can be more easily distinguished

with an optical microscope. The concentration of the suspension was approximately 2.2
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mM beta-carotene. The particles contained only polymer and beta-carotene, no UV
absorbers or antioxidants. The volume of the inner aqueous phase was varied.

The oil phase consisted of 0.2 g of polymer, 10 ml of solvent, and a varied
amount of the surfactant Span 80. The oil phase was devoid of any other additive to make
the shell of the particles as transparent as possible in order to best distinguish the particle
geometry. A volume of the inner aqueous phase was added to a vial of the oil phase and
the opening of the vial was covered with Parafilm. The Parafilm was pierced with the
sonicator tip and the mixture sonicated until the primary emulsion was formed. The
primary emulsion was poured into the outer aqueous phase, consisting of a 0.5% aqueous
solution of poly(vinyl alcohol). The secondary emulsion was created by stirring the
mixture with a magnetic stir rod at approximately 225 rpm until the solvent had
completely evaporated. The evaporation step required four hours for dichloromethane
and 24 hours for toluene. Particles were collected by centrifuging at 2000 rpm for 10
minutes. The supernatant was disposed of and the particles resuspended in deionized
water.

Particles were analyzed using an optical microscope (Celestron 44350 LCD
Digital LDM Biological Microscope). The images were compared to determine visually
which produced the desired geometries. One formulation was chosen to create the core-
shell particles with a solid core, and another formulation to create particles whose core

consisted of a suspension of uniform polymer particles.
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3.2.2 Particle characterization design of experiments

In order to find an optimum formulation for creating the particle geometries, a
design of experiments was created varying any parameters that could affect the particle
geometry. Five parameters were chosen to study at two levels, as shown in table 3.1. A
full factorial design was implemented, resulting in 32 particle formulations, as displayed
in table 3.2. The experiments were completed in a random order, as shown by the run
number in table 3.2. Images of the particles were taken using an optical microscope and
the geometry analyzed visually.

The first parameter chosen was solvent, and the two levels were toluene and
dichloromethane. Solvent miscibility determines how much of the solvent will enter the
inner aqueous phase in the time it takes to synthesize the particles. The solubility of both
molecular weights of PMMA in the solvent influence whether or not the particles in the
inner aqueous phase will be dissolved by solvent that migrates first to the core rather than
to the outer aqueous phase. The combination of these two properties will determine
whether the uniform particles present in the inner aqueous phase will remain particles or
fuse together as a solid mass.

The molecular weight of the polymer used to create the shell can also impact
particle geometry. As mentioned in the previous section, it has been shown in the
literature that a higher molecular weight of polymer used for the shell results in higher
encapsulation efficiency.[52, 105] This change in encapsulation efficiency will determine

whether the particles present in the inner aqueous phase suspension will stay
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encapsulated. The inner aqueous phase volume was another parameter that has been
shown to influence encapsulation efficiency.[105]

The molecular weight of polymer used to create the particles in the inner aqueous
phase combined with the solvent determined the nature of the core of the particles. The
lower molecular weight of PMMA was dissolved easier in both solvents than the higher
molecular weight, therefore if the solvent migrated to the core of the particles it may
dissolve the particles leaving behind a solid mass. Particles made of the higher molecular
weight polymer may be more resistant to dissolution from the small amount of solvent
that would enter the core.

The concentration of surfactant in the oil phase can determine the particle
geometry.[104] Altering the amount of surfactant in the oil phase can change the stability
of the primary emulsion. An increased stability by the addition of surfactant may limit the
amount of solvent entering the inner aqueous phase, determining whether the core of the
final particle contains uniform particles or a solid mass. The concentration of surfactant
can also influence whether the particle will contain multiple cores, or one large core.

The experimental design implemented was a full factorial. Using the design of
experiments not only can the effect of each parameter be determined, but the effect of
interactions between the parameters. For example, both the solvent used and the
molecular weight of the polymer particles in the inner aqueous phase will determine
whether or not the particles become dissolved during the particle synthesis process. The
result of this study will be two formulations, one for a core-shell particle with a solid

core, and another for a core-shell particle whose core is a suspension of uniform particles.
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Further experimental designs were created around the resulting formulations to determine

the best process for making each type of particle.

3.2.3 Particle geometry results

Optical microscope images were taken and compared to determine which
formulation offered the most promise for each particle geometry. The solid core
formulation was chosen as the particles best displaying a solid core with no discernible
individual uniform particles and a clear boundary between the orange core and clear
polymer shell. The formulation with uniform particles in the core was chosen as a particle
with discernible particles in the core and a clear shell, so that no beta-carotene leached
from the core particles to the shell. While the goal of the design of experiments was to
find a beginning formulation for each particle geometry, it also gave insight as to the
effect of changing each parameter, reaffirming some of the points made in the previous
section. Figures 3.2-3.7 are comparisons of formulations where only one parameter is
changed, and the formulation details for each figure can be found in table 3.3.

Varying the solvent altered the particle geometry drastically, as seen in figure 3.2.
Figure 3.2a shows particles made with toluene, and the large particle in focus has many
obvious uniform particles encapsulated inside. Even the smaller particles in figure 3.2b
look to have uniform particles inside of them, although they seem to display more of a
multi-core geometry than the single-core particle. Figure 3.2b is an image of particles
made with dichloromethane, but otherwise the same formulation as the particles in figure

3.2a. The dichloromethane particles appear to have a dense solid core, and no individual
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uniform particles can be discerned. Dichloromethane is more miscible in water than
toluene, so it is more likely that some solvent entered the core. Also, it was noted during
synthesis that dichloromethane dissolves PMMA much faster than toluene, so even
limited time in the core could dissolve the uniform particles.

The molecular weight of PMMA used to make particles comprising the inner
aqueous phase suspension determines the ease with which the particles are dissolved if
solvent enters the core. Figure 3.3a shows particles made with a low molecular weight
PMMA for the core, and 3.3b uses a higher molecular weight of polymer for the core
particles. The high molecular weight case shows obvious particles present in the core,
while the low molecular weight case shows a distribution of beta-carotene throughout the
particle. The particles in 3.3a have a grainy appearance, so it is possible that some
particles are intact in the core, but the distribution of orange throughout the particle
suggests that at least some particles were dissolved during particle synthesis. Figure 3.3
shows the significance that the molecular weight of PMMA comprising the uniform
particles used in the core plays in the resulting particle geometry.

The molecular weight of polymer used to create the shell of particles using
W/O/W emulsion solvent evaporation method has been shown to affect the encapsulation
efficiency.[52, 105] Figure 3.4a shows particles whose shell was made of low molecular
weight PMMA, while figure 3.4b is particles with a high molecular weight PMMA shell.
The particles with the high molecular weight shell are intact while particles with the low
molecular weight shell did not form completely, as uniform particles and pieces of
polymer are scattered throughout the image. Figure 3.4 confirms what was found in

previous studies.
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The internal aqueous phase volume has been shown to affect encapsulation
efficiency.[50, 105] Figure 3.5a shows particles synthesized using 200 pl of suspension
for the inner aqueous phase, while figure 3.5b displays particles made using 600 pl.
Figure 3.5a shows particles that are very obviously encapsulated. Some particles look
encapsulated in figure 3.5b, as there are individual orange spheres present in some of the
particles, but there are also clear spheres that are most likely large pores or cores that are
devoid of particles. Figure 3.5 shows that the smaller inner aqueous phase volume, 200
ul, did in fact encapsulate better than the larger volume, 600 pl.

The amount of surfactant and compartment in which it is added can determine
particle geometry.[104] Figure 3.6a shows particles made without any surfactant, and
figure 3.6b displays particles made with 3% Span 80 in the oil phase. The amount of
Span 80 used was with respect to the mass of the shell components, not including the
solvent. The particles created without surfactant appear to be uniform, with the entire
particle being an orange color and few, if any, uniform particles present. This is in
contrast to the particles in figure 3.6b, which have a clear core and shell. Figure 3.6
displays the importance of adding a surfactant to the oil phase of the formulation.

Since the data is analyzed visually it is difficult to note any interactions between
the parameters. One interaction that is apparent is that between solvent and the molecular
weight of polymer used for the uniform particles in the core. A grid of images to examine
this interaction is shown in figure 3.7. The lower molecular weight PMMA (15000) is
generally easier to dissolve and DCM dissolves the polymer faster than toluene. To make
the particles containing uniform particles, a solvent must minimally migrate to the core

and not be able to dissolve the polymer, while the polymer must have a high enough
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molecular weight to be difficult to dissolve. When toluene is paired with the uniform
particles of low molecular weight (figure 3.7a) it is obvious that some dissolution has
taken place since some particles are completely orange, but there is still some trace of the
uniform particles. When toluene is paired with the high molecular weight PMMA (figure
3.7b), the polymer that is more difficult to dissolve is paired with a solvent that takes a
long time to dissolve the polymer and is mostly immiscible with water, resulting in
encapsulated uniform particles that are intact. Opposite conditions are needed to create
the particles with solid cores, the polymer needs to be easily dissolved and solvent needs
to be more miscible with water in order to enter the core in a higher quantity. Figure 3.7¢
displays both of these qualities, using DCM and the lower molecular weight PMMA.
Figure 3.7d uses the higher molecular weight PMMA with DCM, and it’s apparent that
the high molecular weight particles don’t dissolve as well since the cores look less
uniform and more like an agglomeration of particles. From these observations, figure 3.7
shows the importance of the interaction between the solvent and the molecular weight of
polymer in the core.

The formulations chosen for both particle geometries can be found in figure 3.8,
with the specifics in table 3.3. Both geometries had the best results when using surfactant
in the oil phase, a smaller inner aqueous phase volume (200 pl), and the higher molecular
weight PMMA for the shell. These values are not surprising since the addition of
surfactant increases the stability of the primary emulsion, and the lower inner aqueous
phase volume and higher molecular weight polymer for the shell both should yield higher
encapsulation efficiency. Based on the above analysis of the solvent and polymer

molecular weight in the core, it isn’t surprising that DCM and PMMA with a molecular
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weight of 15000 yielded the particles with a solid core while the toluene and PMMA with
a molecular weight of 120000 resulted in particles that encapsulated uniform particles.
These two formulations were used to create further experimental designs to optimize the

parameter values for each geometry.

3.3 Particle optimization experimental designs

The results of the previous section succeeded in identifying a formulation for each
particle geometry as well as determining which parameters must adhere to the values
found and which can be altered in order to optimize the particle synthesis. The solvent
and the molecular weight of the polymer in both the core and shell must stay consistent
with the formulations found from the previous studies as it was apparent from figures
3.2-3.4 that these parameters determined the particle geometry.

Figure 3.5 showed that particles were encapsulated with an inner aqueous phase
of either 200 ul or 600 pl, but encapsulation was much better with 200 pl. The drastic
difference found in the particles when changing the inner aqueous phase volume by 400
ul made it a prime candidate for optimization. The inner aqueous phase volume was
studied at three levels: 100 pl, 200 pl, and 300 pl. It can be determined from figure 3.6
that the addition of surfactant is necessary in creating the particle geometries, but the
amount can be optimized. Two surfactant amounts were chosen for study, the 3% used in
the previous study and 5%. The amount of surfactant used is in relation to the mass of the
particle shell without taking into account the solvent mass. One additional parameter,

amount of polymer, was added to the optimization studies in order to find whether it
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could add to the core-shell contrast of the particle geometries. Polymer amount was
studied at three levels: 0.2 g (as in the previous studies), 0.25 g, and 0.3 g.

A factorial design was created around the formulations in figure 3.8. As
discussed, three parameters were chosen for study: polymer amount at three levels, inner
aqueous phase volume at three levels, and surfactant amount at two levels. The
experimental designs can be found in tables 3.4 for particles with solid cores and 3.5 for
particles encapsulating uniform particles. Particle synthesis is the same W/O/W double
emulsion solvent evaporation method procedure as that used for the previous section. The
experiments were completed in a random order and the particles analyzed by optical

microscope images.

3.3.1 Particles with a solid core

The aim of the experimental design in table 3.4 was to optimize the formulation
found in section 3.2 for particles with a solid core. As in section 3.2, the data must be
analyzed visually by comparing optical microscope images. Since the design of
experiments is based on a formulation that attained the particle geometry, the aim of this
design is to choose the formulation with the best contrast between the core and shell that
has a core where no individual uniform particles are discernible. Table 3.6 contains the
formulation details for figures 3.9-3.12, which will be used to compare the impact of the
polymer amount, inner aqueous phase volume, and surfactant amount on the structure of

the particles, respectively.
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A visual analysis of the effect of the amount of polymer used to create the shell
can be found in figure 3.9. The particles in figure 3.9a were made using 0.2 g of PMMA
for the shell, and no clear core-shell boundary is present. The uniform particles used to
create the core seemed to diffuse into the shell slightly before solidifying. Figure 3.9b
displays particles made with 0.25 g of PMMA for the shell, and the particles have a clear
boundary and the cores appear dense with no distinct individual particles. Figure 3.9¢
shows particles made with 0.3 g of polymer. While the core-shell boundaries in figure
3.9¢ are obvious, the boundaries are not smooth, as though uniform particles in the core
were not completely dissolved before the solvent exited the particle. The differences
between the three formulations could be a result of the increased viscosity of the oil
phase when the polymer amount is increased. From the observations made from figure
3.9, the ideal amount of polymer to make the shell of the particles with solid cores would
be 0.25 g of PMMA with a molecular weight of 120000.

It was determined in the previous section that the inner aqueous phase volume
would have an impact on the particle structure. Figures 3.10a, b, and ¢ compare three
particle formulations made using 100, 200, and 300 pl for the inner aqueous phase,
respectively. The smallest inner aqueous phase volume, 100 pl shown in figure 3.10a,
creates particles with the sharpest core-shell contrast and a core devoid of individual
particles. As the inner aqueous phase volume is increased in figures 3.10b and c, the core-
shell contrast becomes increasingly less distinct and the shell takes on more of an orange
color, suggesting that more beta-carotene is leaching into the shell. Figure 3.10c even
shows some particles that are misshapen or split open, most likely due to an inner

aqueous phase volume that was too large.
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Results from the previous section demonstrated the dependence of particle
structure on whether or surfactant was present in the oil phase. It had been established
that the particle geometries required the surfactant, so an aim of this design of
experiments was to determine how much surfactant would be ideal. Figures 3.11a and b
used 3% and 5% surfactant, respectively. Both formulations displayed a clear core-shell
boundary with no individual particles in the core. Since a similar outcome was observed
in both cases, 3% was chosen as the ideal case in order to minimize additives.

After visual analysis of all images produced by the design of experiments in table
3.4, the formulation chosen for core-shell particles with a solid core used 0.25 g of
PMMA, an inner aqueous phase volume of 100 pl, and a surfactant concentration of 3%.
Particles have an average diameter of 100 micrometers as determined by an analysis of
25 particles using Image]. Figure 3.12 shows the particles at two different
magnifications. Figure 3.12a displays the overall structure of the particles, while figure
3.12b is a higher magnification image to confirm that the core is solid and contains no
individual uniform particles. While the cores of the particles were created using an
aqueous suspension of uniform particles, it appears in the images that the water from the
inner aqueous phase was expelled from the particles during synthesis. A proposed
schematic of the particle synthesis process occurring during the final evaporation step is
outlined in figure 3.13. Dichloromethane is slightly soluble in water, so some of the
solvent from the oil phase must migrate to the inner aqueous phase. Once in contact with
the uniform particles, the DCM dissolves the particles before exiting the core, leaving
behind a solid core of uniform particles that are fused together. The water from the inner

aqueous phase most likely exits the particle either with the DCM, or through pores in the
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shell. Solvents miscible with water have a tendency to create porous particles,[63] so it
would be possible for water to exit the particle through the shell even after the shell has

formed.

3.3.2 Particles with uniform particles in the core

The optimization experimental design for the particles with uniform particles in
the core can be found in table 3.5. The method of analysis was again visual examination
of optical microscope images. As for the core-shell particles with solid cores, the effect of
polymer amount, inner aqueous phase volume, and surfactant amount was studied and the
result was a formulation to be used in studies discussed in subsequent chapters. The three
parameters were analyzed by visual comparison of microscope images, and the
formulations for the images in figures 3.14-3.16 can be found in table 3.7. The
characteristics required of the particles were a clear shell and identifiable particles in the
core.

The effect of polymer amount is illustrated in figure 3.14. The polymer amounts
used were 0.2 g, 0.25 g, and 0.3 g which correspond to figures 3.14a, b, and c,
respectively. In figure 3.14a, it appears that some particles were encapsulated, but the
amount of particles contained in the core is small, and most of the particles don’t show
the core clearly. As the amount of polymer is increased, in figure 3.14b there are more
particles with obvious particles in the core. Most of the particles probably have multiple
cores, assumed due to the grainy nature in the image, but they do appear to have

encapsulated uniform particles. As polymer amount is further increased to 0.3 g in figure
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3.14c, there are more particles that show individual uniform particles encapsulated inside.
Two particles in the center of the image show a cluster of orange uniform particles in the
center of a clear polymer particle. Other particles have the grainy nature similar to the
particles in figure 3.14b, seeming to have encapsulated uniform particles, but in multiple
cores. An explanation for this behavior could be that since there is more material
available to form the shell, more particles are able to be encapsulated.

The inner aqueous phase volume has been shown to affect encapsulation
efficiency,[50, 105] but since the inner aqueous phase consists of a suspension of
particles, the volume also dictates the amount of particles present to be incorporated into
the particle core. Figures 3.15a, b, and ¢ show the effect of the inner aqueous phase
volume on particles encapsulating uniform particles as the inner aqueous phase is
increased from 100 pl to 300 pl. In figure 3.15a, where the inner aqueous phase volume is
100 pl, there are some orange uniform particles encapsulated within the particles, but
only a few particles are noticeable in each core. As the inner aqueous phase volume is
increased to 200 pl in figure 3.15b, the increase in particles is shown by the amount
present in the core. The inner aqueous phase volume was further increased to 300 ul in
figure 3.15c, but this increase proved to be too large of a volume. Particles in figure 3.15¢
have an orange color, as though beta-carotene has leached from the core, and many
uniform particles that aren’t encapsulated are scattered about. Figure 3.15 shows that the
idea inner aqueous phase volume for the current formulation of particles with a particle
core is 200 pl.

Since the design of experiments in section 3.2 determined that the addition of a

surfactant is a necessity, the amount of surfactant was increased to find an optimal
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amount. Figure 3.16a uses 3% surfactant while figure 3.16b uses 5%. The increase in
surfactant seemed to change the particle morphology from one of a single core, to that of
a particle with multiple cores. Since a single core is preferable, 3% was chosen as the
ideal amount of surfactant.

The formulation chosen to create particles containing uniform particles in the core
can be seen in figure 3.16a. In the center of the image are particles with a transparent
shell and a core containing orange uniform particles. The formulation resulting in these
particles uses 0.3 g PMMA, 200 pl for the inner aqueous phase, and 3% surfactant in the
oil phase. While it isn’t clear from the image, it is likely that water is present in the core
of the particles since toluene is not miscible with water and creates particles without
pores. The average diameter for the particles is 50 micrometers as determined by an
image analysis using ImagelJ. These particles are further used in the next chapter to study

the effect of proximity and particle geometry on UV protection.

3.4 Controlling shell thickness

One of the particle attributes that can be easily manipulated in the W/O/W solvent
evaporation method is the particle shell thickness. Methods of controlling shell thickness
have been reported in the literature. Altering the osmotic gradient of the system by the
addition of sodium chloride to the inner aqueous phase, outer aqueous phase, or both, can
affect shell thickness by causing swelling of the particles.[108] The amount of polymer
used to create the shell also affects the thickness of the particle shell,[106, 107] which is

the method that has been used in this study.
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To confirm that what has been found in previous studies holds true in the current
system, the polymer amount was varied for the particles with a solid core. These were
chosen over the particles with uniform particles in the core because DCM can dissolve
much more PMMA than toluene can. The polymer amount was varied from 0.15 g to
0.50 g. The shell thickness was determined by analyzing ten particles from each
formulation. The diameter of the entire particle was measured, as was the diameter of the
particle core, allowing the shell thickness to be calculated. The ratio of the shell thickness
to the size of the particle was found for comparison in order to account for the particle
size in relation to the shell size.

A visual comparison of particles synthesized using 0.175 g and 0.500 g of
PMMA is shown in figure 3.17. The change in shell thickness is obvious; although it also
appears that the core-shell boundary is affected. The smaller polymer amount, 0.175 g in
figure 3.17a, produces a dense core with a crisp core-shell boundary. The larger polymer
amount, 0.500 g in figure 3.17b, produced a particle with a definite core, but there
appears to be some migration of beta-carotene between the shell and core at the
boundary. This migration may be a result of the larger distance the solvent must travel in
order to exit the particle, or the increased viscosity of the oil phase from the addition of
more polymer.

A comparison of the average shell thickness:particle radius ratio for all of
formulations examined is displayed in figure 3.18. There is a clear increase in the shell
thickness:particle radius ratio as the amount of polymer in the formulation is increased.
This supports what has been found in literature,[106, 107] and proves that the shell

thickness can be controlled in the current system.
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3.5 Synthesizing microparticle geometries conclusions

The aim of this chapter was to discover formulations to create two geometries of
particles. The first geometry was a core-shell particle with a solid core, where both the
core and shell are comprised mostly of polymer and selectivity between the
compartments is possible when including an additive. The second geometry was a
particle with a solid shell of polymer encapsulating an aqueous suspension of polymer
particles, with the same selectivity requirements as the previous particles. An initial
design of experiments was created to determine the parameters that affect particle
geometry, as well as to gain primary formulations for the particle geometries. Additional
designs of experiments were created around each particle geometry to fine-tune the
desired attributes.

It was established that the solvent and the molecular weight of the polymer used
in both the core and shell impacted the resulting particle geometry. The molecular weight
of PMMA used to create the shell of the particles determined the encapsulation
efficiency, the higher molecular weight (120000) creating particles with more substance
in the core. The interaction between the solvent and the molecular weight of polymer
used to create the uniform particles in the inner aqueous phase determined the geometry.
Toluene used with uniform particles with PMMA of a molecular weight of 120000
produced particles with uniform particles in the core, while dichloromethane using
uniform particles of PMMA with a molecular weight of 15000 created particles with a

solid core. The combination of the ease with which DCM can dissolve the low molecular
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weight particles and the slight miscibility with water resulted in the solid core, while the
immiscibility of toluene and its difficulty in dissolving high molecular weight polymer
particles allowed particles to remain intact in the core.

Two additional designs of experiments were created to fine-tune the formulations
resulting from the previous design of experiments. The inner aqueous phase volume was
varied at three levels, the surfactant concentration at two levels, and an additional
parameter of polymer amount was added and varied at three levels. Each design resulted
in a formulation for a particle geometry. The particles with a solid core were created
using dichloromethane, 0.25 g of PMMA with a molecular weight of 120000 for the
shell, 3% surfactant, and 100 pl of inner aqueous phase consisting of uniform particles of
PMMA with a molecular weight of 15000. The particles encapsulating a suspension of
uniform particles were created using toluene, 0.3 g of PMMA with a molecular weight of
120000 for the shell, 3% surfactant, and 200 pl of inner aqueous phase consisting of
uniform particles of PMMA with a molecular weight of 120000.

In addition to forming the geometries, it was desired to have the capability of
controlling the thickness of the shell of the particles. The particles with a solid core were
chosen to study since DCM more easily dissolves PMMA. The shell thickness was varied
by changing the amount of polymer in the oil phase using amounts between 0.15 g to 0.5
g. A near linear increase was observed when increasing the polymer amount.

The initial design of experiments resulted in an understanding of which
parameters influence the particle geometry, as well as gaining formulations for each
particle geometry desired. The fine-tuning designs resulted in final formulations for each

geometry that will be used in studies in the subsequent chapters. The method of varying
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the shell thickness of the particles by altering the polymer amount in the oil phase was
also verified. The resulting particles were used in the studies in chapter 4 to examine the
effect of particle geometry on UV protection, as well as the proximity between beta-

carotene and protectants.



3.6 Figures for Chapter 3
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Figure 3.1: Schematic of the W/O/W double emulsion solvent evaporation method.
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Figure 3.2: Particles made with (a) toluene and (b) dichloromethane to distinguish the
effect of the solvent. Formulation details can be found in table 3.3.

L

Figure 3.3: Particles made with an inner aqueous phase made up of a suspension of
uniform particles comprised of PMMA with a molecular weight of (a) 15000 and (b)
120000 to determine the effect of polymer molecular weight in the core. Remaining
formulation details are in table 3.3.
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Figure 3.4: Particles made with PMMA with a molecular weight of (a) 15000 and (b)

120000 for the shell in order to observe the effect of polymer molecular weight in the
shell. Additional formulation details can be found in table 3.3.

Figure 3.5: Particles made with an inner aqueous phase volume of (a) 200 ul and (b) 600
ul to determine the effect of inner aqueous phase volume on the particle geometry. More
details on the formulations can be found in table 3.3.
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Figure 3.6: Particles made with (a) 0% and (b) 3% surfactant in the oil phase to observe
whether the addition of a surfactant aided in creation of the particle geometry. Remaining
formulation details are in table 3.3.
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Figure 3.7: A graphical comparison of four formulations (detailed in table 3.3) to
demonstrate the interaction effect between solvent and the molecular weight of PMMA of
the uniform particles used in the core.
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Figure 3.8: Particles displaying the formulations chosen for further study for the particles
with (a) particles in the core and (b) a solid core. Formulation details can be found in
table 3.3.
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Figure 3.9: Particles with a solid core made with (a) 0.2 g, (b) 0.25 g, and (c) 0.3 g of
PMMA to determine the effect of polymer amount. Formulations detailed in table 3.6.
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Figure 3.10: Particles with a solid core made with an inner aqueous phase volume of (a)
100 pl, (b) 200 pl, and (c) 300 pl. Formulations detailed in table 3.6.
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Figure 3.11: Particles with a solid core made with (a) 3% and (b) 5% of surfactant in the
shell to determine the optimum surfactant amount. Formulations detailed in table 3.6.
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Figure 3.12: Particles chosen as the formulation to be used for further studies at (a) 10x
and (b) 40x (formulation in table 3.6).
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Figure 3.13: A schematic of the proposed mechanism for creating the core-shell particles
with a solid core. The solvent first migrates into the inner aqueous phase, dissolving the
uniform particles before exiting the particle entirely, leaving behind a solid core.
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Figure 3.14: Particles with a core of particles made using (a) 0.2 g, (b) 0.25 g, and (c) 0.3
g of PMMA. Formulations detailed in table 3.7.
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Figure 3.15: Particles with a core of uniform particles made with an inner aqueous phase
volume of (a) 100 pl, (b) 200 ul, and (c) 300 pl. Formulations detailed in table 3.7.
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Figure 3.16: Particles with a core of uniform particles made with (a) 3% and (b) 5% of

surfactant in the shell to determine the optimum surfactant amount. Formulations detailed
in table 3.7.

Figure 3.17: A visual comparison of the shell thickness of particles with a solid core
prepared using (a) 0.175 g and (b) 0.500 g of PMMA.
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Figure 3.18: A comparison of the shell thickness to particle radius ratio averaged over 10
particles for polymer amounts ranging from 0.15 gto 0.5 g.



3.7 Tables for Chapter 3

Table 3.1: Parameters for design of experiments

Parameter Values
Toluene
Solvent
Dichloromethane
Molecular weight of 15000
PMMA (core) 120000
Molecular weight of 15000
PMMA (shell) 120000
Inner aqueous phase 200
volume (ul) 600
0%

Oil phase surfactant

concentration 39%
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Table 3.2: Design of experiments for creating particle geometries

Randomized MW MW Inner Oil phase
Solvent PMMA PMMA aqueous surfactant
run number core shell phase (uL) | concentration

29 Toluene 15000 15000 200 0%
17 DCM 15000 15000 200 0%
26 Toluene 120000 15000 200 0%
2 DCM 120000 15000 200 0%
Toluene 15000 120000 200 0%

31 DCM 15000 120000 200 0%
19 Toluene 120000 120000 200 0%
15 DCM 120000 120000 200 0%
18 Toluene 15000 15000 600 0%
14 DCM 15000 15000 600 0%
7 Toluene 120000 15000 600 0%
24 DCM 120000 15000 600 0%
8 Toluene 15000 120000 600 0%
28 DCM 15000 120000 600 0%
12 Toluene 120000 120000 600 0%
21 DCM 120000 120000 600 0%
6 Toluene 15000 15000 200 3%
30 DCM 15000 15000 200 3%
27 Toluene 120000 15000 200 3%
22 DCM 120000 15000 200 3%
13 Toluene 15000 120000 200 3%
4 DCM 15000 120000 200 3%
32 Toluene 120000 120000 200 3%
10 DCM 120000 120000 200 3%
16 Toluene 15000 15000 600 3%
3 DCM 15000 15000 600 3%
25 Toluene 120000 15000 600 3%
20 DCM 120000 15000 600 3%
9 Toluene 15000 120000 600 3%
23 DCM 15000 120000 600 3%
5 Toluene 120000 120000 600 3%
11 DCM 120000 120000 600 3%
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Table 3.3 Formulations for particles in figures 3.2-3.6

Molecular Molecular Inner Oil phase
Figure | Solvent weight of weight of agill;(;:s surfactan.t
PMMA (core) | PMMA (shell) volume (uL) concentration

3.2a toluene 120000 120000 200 3%
3.2b DCM 120000 120000 200 3%
3.3a toluene 15000 120000 200 3%
3.3b toluene 120000 120000 200 3%
34a toluene 120000 15000 200 3%
3.4b toluene 120000 120000 200 3%
3.5a toluene 120000 120000 200 3%
3.5b toluene 120000 120000 600 3%
3.6a DCM 15000 120000 200 0%
3.6b DCM 15000 120000 200 3%
3.7a toluene 15000 120000 200 3%
3.7b toluene 120000 120000 200 3%
3.7c DCM 15000 120000 200 3%
3.7d DCM 120000 120000 200 3%
3.8a toluene 120000 120000 200 3%
3.8b DCM 15000 120000 200 3%
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Table 3.4: Factorial around figure 3.8b (particles with a solid core)

Randomized
run number

Polymer amount (g)

Inner aqueous phase (pL)

Surfactant amount

1 0.2 200 3%
3 0.2 200 5%
8 0.2 300 3%
10 0.2 300 5%
14 0.2 100 3%
13 0.2 100 5%
17 0.25 200 3%
11 0.25 200 5%
7 0.25 300 3%
6 0.25 300 5%
18 0.25 100 3%
5 0.25 100 5%
9 0.3 200 3%
15 0.3 200 5%
12 0.3 300 3%
16 0.3 300 5%
2 0.3 100 3%
4 0.3 100 5%
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Table 3.5: Factorial around figure 3.8a (particles in the core)

l:l?:(ll::lnl::;zg Polymer amount (g)|Inner aqueous phase (pL) Surfactant amount
12 0.2 200 3%
) 0.2 200 5%
4 0.2 300 3%
8 0.2 300 5%
13 0.2 100 3%
14 0.2 100 5%
17 0.25 200 3%
9 0.25 200 5%
3 0.25 300 3%
10 0.25 300 5%
11 0.25 100 3%
7 0.25 100 5%
15 0.3 200 3%
6 0.3 200 5%
18 0.3 300 3%
5 0.3 300 5%
16 0.3 100 3%
1 0.3 100 5%




Table 3.6 Formulations for particles in figures 3.9-3.12

Figure ail(gzl?;i;) Il;)l:le:szq(u:f;l s Surfactant amount
3.9a 0.2 100 3%
3.9b 0.25 100 3%
3.9¢c 0.3 100 3%
3.10a 0.25 100 3%
3.10b 0.25 200 3%
3.10c 0.25 300 3%
3.11a 0.25 100 3%
3.11b 0.25 100 5%
3.12 0.25 100 3%

All particles made with: dichloromethane, PMMA with a molecular weight of
120000 in the shell, and PMMA with a molecular weight of 15000 in the core.

Table 3.7 Formulations for particles in figures 3.14-3.16

Figure ail(gzl?;i;) Il;)l:le:szq(u:f;l s Surfactant amount
3.14a 0.2 200 3%
3.14b 0.25 200 3%
3.14c 0.3 200 3%
3.15a 0.3 100 3%
3.15b 0.3 200 3%
3.15¢ 0.3 300 3%
3.16a 0.3 200 3%
3.16b 0.3 200 5%

All particles made with: toluene and PMMA with a molecular weight of
120000 in both the core and shell.

100
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Chapter 4 Geometric effect of particles on UV protection

4.1 Geometric and proximity effects on UV protection

Materials in a wide variety of fields are photosensitive and require some form of
UV protection. As discussed in chapter 1, other than preventing exposure to UV radiation
altogether via a barrier, there are three types of materials with which to formulate a
protection method: physical blockers, UV absorbers, and antioxidants. Physical blockers
offer protection by scattering UV radiation, a mechanism which can be attributed to the
material’s physical characteristics. UV absorbers protect by absorbing UV radiation
before it reaches the sensitive material, and the protection is dependent upon the
proximity of the absorber to the photosensitive molecule. Antioxidants are also dependent
on proximity since they must be in contact with an excited molecule in order to quench it.
These two characteristics, geometry and proximity, can be manipulated using the
particles formulated in chapters 2 and 3.

Structured particle geometries devoid of protectants can be used to assess the
effect of geometry on UV protection. Since no protectant is present, all protection
provided must be due to scatter as a result of the geometry of the particle. The particles
formulated in the previous two chapters can be used as tools to assess the geometric
effect on protection. Figure 4.1 is a schematic view of the three types of geometries
examined in this study, showing how a cross-section would appear when they are made

without protectant.
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When protectant is added to structured particle geometries, the effect of proximity
can be analyzed. Proximity changes can be approximated in uniform particles by
changing the concentration of the protectant in the particle formulation, therefore
changing the average distance between a beta-carotene molecule and a protectant
molecule. The core-shell particles formulated in the previous chapter provide a discrete
method of separation between the core and shell of the particle. Protectant and beta-
carotene can be selectively added to the core or shell, creating a more distinct partition
than is possible with uniform particles. Using these particle formulations, protectant can
be added to the core, the shell, or both to study the effect. A schematic view of particles
where protectant is added to one compartment is shown in figure 4.2 with the
introduction of pomegranate, raspberry, and orange particles.

Understanding the role of proximity and geometry in protecting photosensitive
molecules will aid in creating and modifying UV protective systems. The particle
environment has the added advantage of being a physical blocker by nature of geometry.
Encapsulation also has some unique properties when compared to other systems. Unlike a
solution of photosensitive and protective materials, the particle environment holds the
proximity between the photosensitive and protective molecules practically constant. The
particle geometry itself is also different from other polymer systems, such as films, which
scatter light differently. Typically, small particles with sharply curved interfaces scatter a
much larger fraction of the incident light than flat films. There are many applications,
such as sunscreens and pharmaceuticals, in which particles such as those that will be

discussed in the coming sections would be a logical choice of UV protection.
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4.2 Geometric effect

As discussed in the previous section, the effect of utilizing various particle
geometries for the purpose of UV protection can be determined by comparing the
particles when their formulations do not contain protectants, as in figure 4.1. When
protectants are not used it can be assumed that all the protection provided is due to the
particle geometry since no other method of protection has been identified. A solution of
beta-carotene and uniform particles whose only additive was beta-carotene were exposed
for 60 minutes with three repetitions. The orange (solid core) and pomegranate/raspberry
(particle core) geometries containing no protectant were exposed for 120 minutes, with
three repetitions of the 0-60 minute exposure times. The core-shell geometries were
exposed for longer times because they provided so much protection that they were
difficult to compare over just 60 minutes. The core-shell particles were stirred during
exposure to discourage settling, while only 2.5 ml were exposed at a time to ensure the
suspension was well mixed. After exposure, the particles were centrifuged and
resuspended in 2.5 ml of acetone. In order to remove interfaces for scatter, the
suspensions were then capped and stirred until the particles were completely dissolved.
This allows the UV/Vis to measure the beta-carotene absorbance unimpeded. Figure 4.3
displays the beta-carotene decay curves for each particle geometry.

All particle geometries offered better protection than beta-carotene in solution, as
the beta-carotene in solution was completely degraded after 40 minutes of exposure and
all of the particles still contained beta-carotene at that time. As discussed in chapter 2, the

increase in protection when encapsulated is due to scatter by the particle[46] as well as a
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lack of available free volume for the molecule’s conformation to change during chemical
reaction.[101] Both of the core-shell geometries retained approximately 50% beta-
carotene by 120 minutes of exposure, while the uniform particles only retained
approximately 25% undegraded beta-carotene at the same exposure time. The drastic
increase in protective capacity of the core-shell particles when compared with the
uniform particles proves the importance of the shell for UV protection. Beta-carotene is
distributed uniformly throughout the uniform particles, meaning that a substantial amount
of beta-carotene is present on the surface of the particles, easily accessible to rays of UV
radiation. Both of the core-shell geometries possess a layer of polymer over the core that
contains beta-carotene. Since beta-carotene is not present in the shell of the core-shell
particles, the fraction of UV radiation that is scattered by polymer instead of absorbed by
beta-carotene must increase, increasing the efficiency of the particles to protect from UV
radiation. The beta-carotene in the core of core-shell particles is also protected from any
free radicals that may form in the water of the aqueous suspension.

The pomegranate/raspberry particle conformation seems to perform better than
the orange particle geometry for the first 75 minutes of exposure. Over the next 45
minutes of exposure both decay curves level out and the orange and
pomegranate/raspberry particles perform similarly with approximately 50% of the beta-
carotene left intact after 120 minutes of exposure. While the two particle geometries
appear to behave similarly, the error bars representing the standard deviations over three
repetitions show that there is much more variation in the protection provided by the
orange particles. This larger variation suggests that the orange particles do not provide as

much stability as the pomegranate/raspberry particles. This superior stability found in the
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pomegranate/raspberry particles is most likely a result of increased scatter due to the
core-shell boundary and the particles in the core. The pomegranate/raspberry particles
contain water in the core, which increases scatter at the core-shell boundary, whereas the
orange particles do not have as specific a boundary since both the core and the shell are
primarily composed of polymer. The particles in the core of the pomegranate/raspberry
particles also offer additional highly curved interfaces with which to scatter light, further
protecting the beta-carotene. So while the orange and pomegranate/raspberry particles
seem to offer similar protection, the pomegranate/raspberry particles offer the largest

increase in stability due to the particle geometry.

4.3 Proximity effect — one protectant

A significant increase in UV protection was achieved by creating a more
complicated particle geometry than that studied in chapter 2. The core-shell geometries
synthesized in chapter 3 provided more protection than uniform particles without the
addition of a UV protective molecule, suggesting that particle geometry affects UV
protection. This section examines the effect of adding a protectant to the particle
geometries to study the effect of proximity. As in chapter 2, oxybenzone, OMC,
avobenzone, and vitamin E were used as protectants. Oxybenzone was studied at three
beta-carotene:oxybenzone ratios, while the other protectants were studied solely at the
1:33 ratio. Since the effect of geometry has already been established, proximity is

discussed in this section by the comparison of particles with similar geometries, such as
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the uniform particle with the orange particle or the pomegranate particle with the

raspberry particle.

4.3.1 Solid particles

The uniform and orange particle geometries can be compared to assess effect of
proximity since both particles are solid throughout, ruling out the effects of geometry.
The uniform particles contain protectant and beta-carotene throughout the particle, so
there is always potential for a protectant molecule to come into contact with a beta-
carotene molecule. The orange molecules have a core-shell structure with beta-carotene
in the core and protectant in the shell. Protectant and beta-carotene molecules are mostly
separate in the orange particles, except at the interface between the core and shell. The
differing frequency of beta-carotene and protectant molecule interactions in the two
geometries allows the effect of proximity to be examined.

The amount of protectant in the particle formulations determines the number of
molecules available to absorb UV or quench radicals to increase protection, as well as the
number of molecules available to interact with beta-carotene. During comparison of the
various particle geometries, the mass ratio of beta-carotene to protectant was held
constant while the location of the protectant varied. The amount of oxybenzone added to
the particle geometries was varied, and a comparison of decay curves is shown in figures
4.4a-c. Decay curves for the smallest amount of oxybenzone, a 1:10 beta-carotene to
oxybenzone ratio, are shown in figure 4.4a. The curves overlap for the majority of the

exposure time and after 60 minutes of UV exposure there is approximately 40% of the
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beta-carotene left undegraded in both cases. The 1:33 ratio in figure 4.4b behaves
similarly with significant overlap, except that approximately 60% of the beta-carotene is
left undegraded at the end of 60 minutes. The largest oxybenzone concentration, the
1:100 ratio, also displays significant overlap, although by the end of 60 minutes of UV
exposure the orange particles showed slightly less degradation with 90% of the beta-
carotene remaining as opposed to 70% for the uniform particles.

The data in figures 4.4a-c show increasing UV protection as the oxybenzone
concentration is increased for both orange and uniform particles. This result is intuitive as
the increase in oxybenzone concentration results in an increase in the amount of
protective molecules present in the particles. The figures also suggest that uniform
particles and orange particles offer similar protection over a range of oxybenzone
concentrations when exposed to UV radiation for 60 minutes. The similarity in decay
curves for the smaller concentrations of oxybenzone suggest that the proximity between
beta-carotene and oxybenzone molecules does not affect UV protection. The larger
concentration of oxybenzone, however, does exhibit a higher protective capacity when
beta-carotene and oxybenzone are separated into the core and shell, respectively. The
orange and uniform particle curves in figure 4.4c behave similarly for the first 40 minutes
of exposure, but at exposure times greater than 40 minutes the decay curves split and the
orange particles offer more protection. The oxybenzone concentrations in figures 4.4a
and b may not be large enough to ensure beta-carotene and oxybenzone molecule
interaction in the uniform particles, whereas the 1:100 ratio surrounds beta-carotene with
enough oxybenzone molecules to differentiate the uniform and orange particle structures.

Oxybenzone also decays over time due to UV exposure, but the separation provided by
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the orange particles reduces the amount of excited oxybenzone molecules that can react
with beta-carotene.

As discussed in chapter 2, each protectant affects beta-carotene decay differently
when the two are encapsulated together. The UV protection provided by each protectant
when encapsulated in uniform particles was reviewed in chapter 2. Oxybenzone and
avobenzone provided the best protection in uniform particles, followed by vitamin E and
finally OMC. Figure 4.5 shows the decay of beta-carotene when encapsulated with each
protectant in orange particles at a 1:33 beta-carotene to protectant ratio. The decay curves
for all particle formulations overlap significantly for the early exposure times, with the
avobenzone and vitamin E curves separating at 30 minutes. Oxybenzone and OMC
showed similar protective capacity to orange particles that contain no protectant, with
approximately 60% of beta-carotene left undegraded after 60 minutes of UV exposure.
Avobenzone and vitamin E provided more protection, with only 10-20% of beta-carotene
degraded at the end of 60 minutes. OMC offered no additional protection when added to
the uniform particle formulation, so the absence of additional protection in the orange
particles is not unexpected. The lack of improvement when oxybenzone was added to the
formulation could be a result of absorber available to react with beta-carotene as a
photosensitizer at the core-shell interface, as was observed in uniform particles
containing a combination of oxybenzone and another absorber.

The orange and uniform particle geometries are compared with respect to each
protectant in figure 4.6. Each protectant is present in the 1:33 ratio. Orange and uniform
particles containing oxybenzone are compared in figure 4.6a, and the comparison was

previously discussed during analysis of figure 4.4b. Oxybenzone provides similar
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protection in the orange and uniform geometries at the 1:33 ratio, making the separation
provided by the orange particle unnecessary. OMC, avobenzone, and vitamin E all
showed a decrease in beta-carotene degradation when the protectant was added as seen in
figures 4.6b-d, respectively. The increase in protection exhibited by OMC and
avobenzone was expected as separating the absorber from the beta-carotene decreases the
chance that an absorber radical can interact with beta-carotene. The orange particle
geometry was not expected to increase the protection provided by vitamin E since it is an
antioxidant and must be in contact with beta-carotene to quench beta-carotene radicals.
Figure 2.3, however, shows that vitamin E also acts as a UV absorber, so the orange
configuration may provide a better location for vitamin E to protect from UV since it can
intercept the radiation before it reaches the beta-carotene. Note that any increases of
intensity with exposure time present in the decay curves are due to concentration
fluctuations in the measured samples and are typically smoothed with additional
repetitions of the experiment.

Orange and uniform particles were compared to assess the role of protectant
proximity in solid particles. Both particles show increased protection when the
concentration of oxybenzone is increased, as shown in figure 4.4. The uniform and
orange particles also show similar protection for the 1:10 and 1:33 beta-
carotene:protectant ratios, while the orange particle performs better for the 1:100 ratio
probably because the oxybenzone more completely surrounds the beta-carotene. For the
uniform particles in figure 2.14, oxybenzone and avobenzone provide the best protection,
followed by vitamin E, and OMC protects very little. For the orange particles all of the

formulations overlap for the first 30 minutes, then avobenzone and vitamin E emerge as
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the best protectants while oxybenzone and OMC provide similar protection to particles
containing no protectant in figure 4.5. The orange particles resulted in less beta-carotene
degradation than the uniform particles for formulations containing OMC, avobenzone,
and vitamin E, while protection was the same for particles containing oxybenzone in
figure 4.6. Overall the orange particles offer the same if not better protection than the
uniform particles, proving that the greater separation distance between the protectants and
beta-carotene promotes UV protection due to separation between protectant radicals and

beta-carotene.

4.3.2 Encapsulated particles

The pomegranate and raspberry particles are identical except for the location of
the protectant. In pomegranate particles, the protectant is present in the shell, whereas for
the raspberry particles, the protectant is in the core particles along with beta-carotene.
Comparing the pomegranate and raspberry particles allows the effect of proximity to be
analyzed without needing to account for additional scatter due to the particles and any
water present in the core.

The amount of oxybenzone present in particle formulations was varied to
determine the impact that protectant concentration has on UV protection. The amount of
oxybenzone present can affect UV protection in two ways: it can influence protection by
changing the number of molecules available to absorb UV radiation before it can reach a
beta-carotene molecule, or it can vary the amount of molecules present around beta-

carotene that can absorb UV and become a radical. The effect of oxybenzone
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concentration was studied in 1:10, 1:33, and 1:100 beta-carotene:oxybenzone mass ratios.
A comparison between pomegranate and raspberry particles with respect to oxybenzone
concentration is shown in figures 4.4d-f. Increasing the amount of oxybenzone from the
1:10 ratio to the 1:33 ratio enhanced protection for raspberry particles, with the amount of
beta-carotene left after an hour of exposure increasing from approximately 60% to 80%.
The further increase in oxybenzone from 1:33 to 1:100 did not yield an increase in
protection. The plateau of protection reached when increasing oxybenzone was also
observed with the uniform particles as seen in figure 2.8a. While the behavior when
increasing oxybenzone concentration is the same, the overall protection was better,
suggesting that the two particle geometries utilize the same protection mechanism with
the raspberry particles having additional scatter due to the shell. The pomegranate
particles show little to no benefit from the addition of oxybenzone to the particle
formulation, as the amount of beta-carotene left after an hour of exposure remains at
approximately 80% for all three ratios. The absence of additional protection suggests that
the pomegranate particles have already reached their largest potential without the
addition of more oxybenzone.

The raspberry particle geometry initially offers less protection than the
pomegranate configuration at the 1:10 ratio, but the performance of the raspberry particle
increases to match that of the pomegranate particle as the amount of oxybenzone is
increased, shown in figures 4.4d-f. The raspberry particle requires more oxybenzone than
the pomegranate particle to provide the same protection, suggesting that the ideal

placement for oxybenzone is in the shell of the particles. This inference implies that the
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best protection is provided when oxybenzone molecules surround beta-carotene
molecules without being in close proximity to them.

Each particle geometry reacts differently in terms of protection provided when
various protectants are present in the formulation. A comparison between each of the
protectants in the pomegranate particles at a 1:33 ratio is examined in figure 4.7. All of
the decay curves overlap except for that of OMC, which has values larger than one.
Normalized absorbance cannot exceed a value of one since beta-carotene is not created
during exposure, so the OMC curve can be approximated by having a value of one
throughout the exposures. Assuming a value of one for OMC, all curves exhibit
significant overlap through 40 minutes of exposure, where OMC and avobenzone
separate and show superior protective properties than oxybenzone, vitamin E, and a
particle devoid of protectant. Therefore avobenzone and OMC offer the best protection
for pomegranate particles.

The effect of varying the protectant in raspberry particles was also investigated at
the 1:33 ratio, with the results in figure 4.8. Vitamin E and OMC provided the least
protection, less even than the particle not containing protectant. Oxybenzone and
avobenzone provide the most protection; approximately 80% of the beta-carotene is left
after 60 minutes of exposure in both cases. The poor performance of OMC mirrors that of
the uniform particles containing OMC from chapter 2, which is expected since uniform
particles of the same formulation comprise the core of the particle. The vitamin E results
are surprising because vitamin E is primarily an antioxidant, a protection mechanism that
requires molecules to be in close proximity, such as within the same uniform particle. It

is possible that the polymer matrix hinders movement of the antioxidant to the point
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where the molecule is acting solely as a UV absorber and no benefit is retained from the
molecule’s ability to quench beta-carotene radicals.

Each protectant studied behaves differently, even the three UV absorbers
discussed do not protect in identical fashions though they are all effective by absorbing
UV radiation. A comparison of the raspberry and pomegranate particle geometries with
respect to each protectant at a 1:33 ratio is visualized in figure 4.9. The pomegranate and
raspberry particles offer almost identical protection at the 1:33 ratio of oxybenzone, as
was concluded in the discussion of figure 4.4e and as seen again in figure 4.9a. OMC
offers significantly different protection in the two geometries, shown in figure 4.9b.
Pomegranate particles containing OMC offer nearly complete protection over an hour of
UV exposure, whereas only 40% of the beta-carotene is remaining in the OMC
formulation of the raspberry particles. The pomegranate particle configuration offers
nearly complete protection when avobenzone is included in the formulation while the
raspberry configuration leaves approximately 80% beta-carotene undegraded after an
hour of exposure, as depicted in figure 4.9c. The pomegranate particle geometry also
shows greater performance when vitamin E is used as the protectant, with approximately
35% more beta-carotene left at the end of 60 minutes of exposure than the raspberry
particle geometry, as illustrated in figure 4.9d. With the exception of oxybenzone, for
which both particle geometries yielded nearly identical results, the pomegranate particle
configuration outperforms the raspberry particle. The superior results obtained using the
pomegranate particle supports the conclusions from figure 4.4, that the best protection
occurs when beta-carotene is surrounded by protectant molecules, but not in close

proximity to them.
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Core-shell particle geometries with a suspension of uniform particles in the core
were analyzed. The raspberry particles contain both beta-carotene and a protectant in the
core, while pomegranate particles are configured with beta-carotene in the core particles
and a protectant in the shell. Concentration of protectant had no effect for pomegranate
particles and only increased protection for raspberry particles for the initial increase in
concentration. The raspberry and pomegranate offered similar UV protection after the
first protectant increase for the raspberry, suggesting that the pomegranate configuration
is superior. Avobenzone performed well in both particle geometries, while vitamin E
performed poorly. Oxybenzone increased protection for raspberry particles but not for
pomegranate particles, while OMC increased protection for pomegranate particles but not
raspberry particles. When comparing the geometries with each protectant, the
pomegranate particles outperform the raspberry with every protectant except for
oxybenzone, with which both particles perform similarly. Avobenzone was the most ideal
protectant overall since it performed very well for both geometries, while the

pomegranate particle often showed better protective properties than the raspberry.

4.3.3 Conclusions

Two types of core-shell particles were studied, those with a solid core and those
whose core contained a suspension of uniform particles. The particles with a solid core
(orange particles) were compared to uniform particles, and two configurations of the
particles containing particles in the core (pomegranate and raspberry particles) were

created to compare. The two types of core-shell particles were compared in section 4.2 to
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determine the effect of geometry, where the pomegranate/raspberry particle configuration
yielded the most beta-carotene undegraded after two hours of exposure. Since the
geometric effect of the particles has already been determined, this section compared
particles with similar geometries with the aim of determining the effect of protectant
proximity.

Orange particles and uniform particles were examined to establish whether there
is an advantage to having the protectant in the shell instead of throughout the particle.
Both geometries exhibited an increase in protective capacity when the concentration of
oxybenzone in the particle formulations was increased. Avobenzone proved to be a UV
absorber that performed well in both particle geometries. In most cases the orange
configuration produced better results than the uniform particle, proving that the ideal UV
protective particle surrounds beta-carotene molecules without being in close proximity to
them.

Pomegranate and raspberry particles were compared to study the effect of
proximity when the geometry contains a suspension of submicron particles in the core of
a microparticle. When varying the oxybenzone concentration in the particle formulations,
no effect was observed for pomegranate particles and a small increase was noted for the
initial concentration increase for the raspberry particles. As with the orange and uniform
particles, avobenzone proved to be a UV absorber that provided a substantial increase in
protection for both the pomegranate and raspberry geometries. In many of the
formulations studied, the pomegranate particles performed significantly better than the

raspberry particles, strengthening the conclusion drawn from the orange and uniform
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particles that the ideal placement for a protectant is not in close proximity to beta-
carotene.

Although the purpose of these comparisons was to segregate the extreme
differences in particle geometry, some general conclusions can be made. Avobenzone
was the one protectant that performed well for every particle geometry examined, so it
has proven to be a good choice of protectant when using polymer particles. Also, the
pomegranate and orange particles outperformed the particles that contained both beta-
carotene and protectant in the core, so conclusions can be made about proximity. The best
protection from UV radiation was achieved when beta-carotene was surrounded by the
protectant, but not near enough to interact. Separating the photosensitive and protecting
molecules by placing beta-carotene in the core and the protectant in the shell allowed the
protectant to absorb UV before it reached beta-carotene without being in close enough
proximity for protectant radicals to damage beta-carotene. When creating particles to
protect molecules from UV radiation, the protectant should be close enough to surround

the photosensitive molecules without being close enough to interact with them.

4.4 Proximity effect — multiple compartments

An advantage of the core-shell particles that has not been discussed is the ability
to place protectants in multiple compartments. The particles in the previous section either
segregated the protectant away from beta-carotene, or placed the two molecules together
in the same compartment. By utilizing both compartments and multiple protectants, a

wide range of different particle formulations can be synthesized and studied. Initially the



117

1:33 protectant to beta-carotene ratio was preserved, but the protectant was spread
equally between the core and the shell, creating a “split” configuration. Vitamin E is
known for protection via the antioxidant mechanism, so another particle design contains a
UV absorber in the shell to absorb UV radiation before it reaches beta-carotene, and
vitamin E in the core to quench beta-carotene that may become radicals due to exposure
to UV radiation. Additional absorber-antioxidant configurations were explored using
oxybenzone and vitamin E, since oxybenzone has been used most extensively in previous
sections and chapters. These additional configurations include oxybenzone and vitamin E
in the shell, oxybenzone and vitamin E in the core, and oxybenzone and vitamin E in the
shell with vitamin E also in the core. These particles further explore the proximity effect

specific to each protectant.

4.4.1 Core-shell particle splits

When the protectant amount is split between the core and shell of the particles,
the positive and negative aspects of core and shell placement compound. The effects
resulting from the close proximity of the protectant to beta-carotene in the uniform and
raspberry particles combine with those characteristic of the larger distance created in the
orange and pomegranate particles. The split particles can highlight which effect is
stronger, providing further evidence toward the effect of proximity.

Oxybenzone has been shown to provide adequate UV protection in previous
particle geometries. Results of the oxybenzone split particles are presented in figure 4.10.

The solid particles are compared to their split in figure 4.10a, where the uniform particle
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offers the best protection, followed closely by the orange, and the split particle provides
the least protection. These results suggest that the split configuration does not contain
enough oxybenzone in the shell to effectively screen UV, and enough is present in the
core to photosensitize beta-carotene. All configurations in figure 4.10b overlap
significantly, suggesting that the placement of oxybenzone is not important when a
suspension of particles is encapsulated. Comparing the charts side by side, it is apparent
that oxybenzone behaves very differently in the two types of core-shell particles, as the
geometry has no effect on the pomegranate/raspberry split, but a large negative impact
for the orange split.

OMC performed very poorly for uniform, orange, and raspberry particles, but
well for pomegranate particles in the previous section. Splitting the OMC concentration
between the core and shell has a significantly positive effect for the solid particles, as
seen in figure 4.11a, where the split particles greatly outperform the orange and uniform
particles with nearly complete protection. Spreading the concentration of OMC over both
compartments must take advantage of positive aspects of OMC, allowing the absorber in
the shell to screen UV radiation while the OMC in the uniform particles of the core are
stabilized by the core-shell environment. For the encapsulated particles, however, figure
4.11b shows that the split provides more protection than the raspberry particles, but less
than the pomegranate particles. This sort of a response is intuitive, as the split particles
are only partly as effective as the pomegranate particles since only some of the
concentration is in the shell, yet performance is better than the raspberry particles for the

same reason.
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In the previous section, avobenzone was found to be the best protectant overall
when used as the only protectant in the particles. For solid particles, figure 4.12a displays
that the orange maintained the geometry with the best protection, while the uniform and
split geometries retained approximately the same amount of undegraded beta-carotene at
the end of 60 minutes of UV exposure. The proximity conclusions from section 4.3.1
hold true in this case, as the best geometry is that where no avobenzone is present in core
in close proximity to beta-carotene molecules. The pomegranate/raspberry split is
examined in figure 4.12b, where it overlaps significantly with the pomegranate particle
for the first 25 minutes of exposure before degrading and ultimately performing worse
than the pomegranate and slightly worse the raspberry particles. This solidifies that
avobenzone performs the best when present in the shell, such as in the pomegranate
particle. The difference in protection between the raspberry and split particles is minimal,
inferring that any avobenzone present in the core impedes protection.

A UV absorber was used as the protectant in the previous three particle
configurations, and as such the addition of the protectant to the core either aided in
surrounding the beta-carotene to prevent UV radiation from reaching it, or hindered
protection by becoming radicals acting as photosensitizers. Vitamin E, on the other hand,
exhibits UV absorber properties while primarily acting as an antioxidant. Figure 4.13a
compares the solid particles, where all geometries overlap for the first 25 minutes of
exposure, then degradation continues for the uniform particle while the orange and split
geometries continue to offer substantial protection. The encapsulated particles behave
similarly, as shown in figure 4.13b. All encapsulated particle geometries possess

overlapping decay curves through 20 minutes of exposure, at which time the beta-
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carotene in the raspberry particle continues to degrade and the pomegranate and split
geometries degradation plateaus with approximately 80% beta-carotene remaining. These
results imply two characteristics of the behavior of vitamin E as a protectant in the
particle environment: vitamin E requires a UV absorber in the shell of the particle, and as
long as an absorber is present in the shell, vitamin E may act as an absorber, antioxidant,
or both in the core.

The addition of the same protectant to both compartments adds a new dynamic to
the particle geometries. While the OMC split performed well for the orange particles and
the oxybenzone split offered sufficient protection for the pomegranate/raspberry particles,
vitamin E was the only protectant to achieve good protection for both split geometries.
The fact that the antioxidant performed well for the splits, but not the absorbers, explains
a lot about protectant mechanism and effective proximity. UV absorbers protect by
absorbing UV radiation before it reaches the photosensitive molecule, but if the
protectant is in close proximity then the protectant radical can react with the
photosensitive one, encouraging decay. Antioxidants, on the other hand, quench radicals,
so close proximity is favored. The interesting aspect of antioxidant protection in the core-
shell particle mechanism is the necessity of an absorber in the particle shell. This
requirement suggests that the antioxidant mechanism cannot provide adequate protection
on its own in the core-shell particle geometry, but can greatly improve protection when

used in conjunction with a UV absorber.
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4.4.2 UV absorber-antioxidant hybrid particles

A significant increase in protection from UV radiation has been observed in most
cases when a protectant molecule has been added to a particle formulation. Previously
only one protectant has been used per core-shell particle configuration. It was noted in
section 4.3 that vitamin E did not offer as much protection as the UV absorbers when it
was the only protectant present in a formulation. Section 4.4.1 suggested that vitamin E
could offer significant protection when placed in the core of the particle geometries, but
this increased protection only occurred when another protectant was present in the shell.
To further explore the protective capacities of vitamin E in the core-shell particle
environment, particle configurations featuring vitamin E in the core and a UV absorber in
the shell, known as hybrid particles, have been created and analyzed. These particles
contain the same 1:33 ratio of total protectant to beta-carotene, except that half of the
protectant is the vitamin E in the core and the other half is the UV absorber in the shell.
The hybrid particles are compared to particles containing the 1:33 ratio of vitamin E in
the core and particles containing the 1:33 ratio of UV absorber in the shell.

Uniform particles containing both oxybenzone and vitamin E were synthesized in
chapter 2 and found to perform very well. A chart of the decay curves for the core-shell
version of such particles is presented in figure 4.14. The solid hybrid particles offered
significantly more protection than their orange and uniform counterparts, as demonstrated
in figure 4.14a. The pomegranate/raspberry hybrid particles offered much more
protection than the raspberry particles, although they overlap with the pomegranate

particles through 30 minutes of exposure and have slightly less beta-carotene degraded at
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the end of 60 minutes. Overall, the oxybenzone and vitamin E hybrid particles offer
better protection from UV radiation than oxybenzone or vitamin E alone.

The OMC and vitamin E combination for the uniform particles provided much
greater protection than OMC alone, as OMC was very unstable in the uniform particles
and vitamin E acted as a stabilizer. Figure 4.15 shows the OMC and vitamin E hybrid
particles, whose performance as a combination does not mimic their uniform particle
counterparts. In figure 4.15a all of the particle configurations cluster together, and the
hybrid particle ultimately does slightly worse than the orange and uniform particles.
Initially figure 4.15b appears as though the pomegranate particle greatly outperforms the
hybrid particle. Normalized absorbance, however, has a maximum value of one. The
green dashed line in figure 4.15b represents this assumption, under which the
pomegranate and hybrid particles offer similar protection. The lack of increased
protection could be attributed to the separation between OMC and vitamin E. While
vitamin E in the core can stabilize beta-carotene, it cannot stabilize OMC except at the
interface.

As with oxybenzone, the vitamin E and avobenzone combination provided a
substantial amount of protection in uniform particles in chapter 2. The hybrid core-shell
particles behaved similarly to their uniform particle combination formulations. The
orange hybrid offered near perfect protection, as shown in figure 4.16a. The decay curve
for the orange hybrid particle was comprised of values above one for the majority of the
exposure, but beta-carotene cannot be created in this process so the normalized
absorbance cannot have a value larger than one, so a dashed line was added to provide a

more accurate estimate of protection offered by the orange hybrid particle. Even with the
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aforementioned assumption, the orange hybrid particle outperforms both the orange
particle with avobenzone and the wuniform particle with vitamin E. The
pomegranate/raspberry hybrid particle also had a decay curve whose values were greater
than one, so a gray dashed line has been added to figure 4.16b to account for the inability
of the particles to create beta-carotene. The hybrid performs significantly better than the
raspberry particle, and the decay curve (not the dashed line) makes it appear that it also
provides more protection than the pomegranate particle. When assuming a value of one
for the hybrid particle, though, it is clear that the protection provided is similar to that of
the pomegranate particle.

Particle configurations containing the antioxidant vitamin E in the core and a UV
absorber in the shell were analyzed. The protectants were present in a 1:33 ratio, where
half of the protectant was vitamin E and the other half was an absorber. A decrease in
protection was observed with OMC for both orange and pomegranate/raspberry hybrid
particles, whereas an increase in protection was seen when avobenzone and oxybenzone
were used. The lack of response of the OMC particles could be due to an insufficient
amount of absorber in the shell to protect effectively, or to the instability of the OMC
molecule, as was discussed in chapter 2. OMC reacts differently from oxybenzone and
avobenzone when absorbing UV radiation, as it contains only one aromatic ring while
oxybenzone and avobenzone molecules have two. Since section 4.3 found OMC to be
very effective in the core-shell geometries when OMC comprised the whole of the 1:33
ratio and sections 4.3 and 4.4.1 discovered the requirement that vitamin E be used with an
effective protectant in the shell, it is likely that the problem with OMC is one of

concentration. Oxybenzone and avobenzone, however, are relatively stable and provide
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adequate UV protection, so decreasing the concentration of the absorber to add vitamin E
to the core proved to enhance UV protection. The hybrid particles have determined that
as long as there is a sufficient amount of a stable absorber in the particle shell, adding

vitamin E to the core will have positive effects.

4.4.3 Additional oxybenzone and vitamin E configurations

Vitamin E behaves differently in the core-shell particle configurations from how
it did in the uniform particles, as evidenced in previous sections. Chapter 2 saw vitamin E
performing well as a protectant by itself, and offering superior protection when coupled
with a UV absorber. It was expected that vitamin E would be most effective in the core of
a core-shell particle, where its antioxidant mechanism could work best by being in direct
contact with beta-carotene. The opposite effect was observed; in section 4.3 it was found
that vitamin E offered adequate protection when present in the shell of the particle, but
only moderate protection when located in the core. Sections 4.4.1 and 4.4.2 showed that
vitamin E could be a very effective protectant when present in the core of a particle, as
long as a protectant was also present in the shell.

Formulations containing both oxybenzone and vitamin E have been shown to
provide ample UV protection. Additional particle configurations containing the two
protectants were studied to observe the effect of UV absorber and antioxidant placement.
The first configuration was a shell hybrid particle, where the shell contained 0.05g of
each oxybenzone and vitamin E, resulting in a total of 0.1g of protectant (or a 1:33 beta-

carotene to protectant ratio). Comparing the shell hybrid to the oxybenzone and vitamin E
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hybrid in section 4.4.2 will shed light on the importance of the compartment that vitamin
E is located in. The second hybrid is a combination of the shell hybrid and that examined
in section 4.4.2. This core/shell hybrid will be identical to the shell hybrid, except it will
be made with the same seeds as that in section 4.4.2. The aim of this hybrid is to
determine if it would be beneficial to have vitamin E in both the core and shell of the
particle.

The shell hybrid particles call on vitamin E to act as both a UV absorber and an
antioxidant. The tendency of vitamin E to absorb UV radiation aids oxybenzone in
shielding the core of the particle from exposure to UV. The antioxidant properties of the
molecule can quench oxybenzone radicals before the absorber degrades, slowing the loss
of protection. An analysis of the shell hybrid particles is shown in figure 4.17, with
orange-type particles in figure 4.17a and pomegranate-type particles in figure 4.17b. The
beta-carotene in the shell hybrid particles degrades slower than in the orange particles
with oxybenzone, but at the end of 60 minutes 45% of the beta-carotene is degraded in
both particles. The orange particle with vitamin E performs the best, with the hybrid
containing oxybenzone in the shell and vitamin E in the core close behind. The
pomegranate-type particles behave very differently, with both hybrid particles
outperforming their single protectant counterparts, the shell hybrid offering the most
protection.

The core/shell hybrid particle containing oxybenzone and vitamin E in the shell
along with vitamin E in the core of the particles was only explored with the pomegranate
particle configuration since it has continually offered the best UV protection. The decay

curve for this particle along with particles representing each absorber individually
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(pomegranate with oxybenzone, pomegranate with vitamin E, raspberry with vitamin E)
are shown in figure 4.18. Only slight beta-carotene decay was observed after 60 minutes,
so exposures were completed through 120 minutes to better evaluate the particles’
performances. The decay curve for the core/shell hybrid particle fluctuates during the
first 60 minutes of exposure, although the protection remains similar to that provided by
the other particles. During the second half of the exposures the core/shell hybrid particle
curve stabilizes and approximately 90% of the beta-carotene was retained after 120
minutes of UV exposure. The pomegranate particle with vitamin E performs similarly,
and both outperform the other particles only slightly. This suggests that the protective
capacity of the particle with a single protectant is so high, that using a combination of
protectants may not be necessary to achieve optimum UV protection.

The goal of this section was to determine the best performing hybrid particle
containing both oxybenzone and vitamin E. Figure 4.19 contains a comparison of the
hybrid from section 4.4.2 (oxybenzone in the shell, vitamin E in the core), the shell
hybrid, and the core/shell hybrid (oxybenzone and vitamin E in the shell, vitamin E in the
core). A dotted line was used to approximate a 100% retention of beta-carotene for the
latter half of shell hybrid exposures since a normalized absorbance value of greater than 1
is not possible. The decay curves for the hybrids fluctuate dramatically for the first 40
minutes of exposure, but at exposures greater than 40 minutes they all show only 0-10%
decay of beta-carotene. The nearly perfect protection observed for all of the hybrids
implies that the vitamin E and oxybenzone combination is so effective that the placement
of the protectants has no significant effect. The level of protection and similarity of the

decay curves for all of the hybrid particles are due to both the ability of oxybenzone and
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vitamin E to work well together as well as the tendency of the vitamin E particle to act as
both a UV absorber and an antioxidant. When vitamin E is present in the core of the
particles, it acts as a last line of defense for beta-carotene by both absorbing UV radiation
before it can reach the beta-carotene molecule, and by quenching beta-carotene radicals
that form. In the shell of the particles vitamin E is again able to call upon its tendency to
absorb UV radiation to protect the beta-carotene in the core of the particle, but it also
quenches oxybenzone radicals, slowing the decay of the protectant.

Various combinations of oxybenzone and vitamin E were examined to determine
the particle configuration that provides superior UV protection. The shell hybrid was not
effective for orange particles, but did slightly increase protection in pomegranate
particles. When compared to its constituent particles, the core-shell particle slightly
outperformed pomegranate with oxybenzone particles and raspberry with vitamin E
particles, but provided similar protection to pomegranate with vitamin E particles. When
the hybrids were compared, all retained 90-100% beta-carotene after 120 minutes of
exposure. Overall, combination particles marginally increased UV protection over
particles containing one effective protectant. The placement of the vitamin E and
oxybenzone did not affect protection for exposure times through 120 minutes, suggesting
that a formulation containing oxybenzone and vitamin E is so effective that placement is

not a factor.
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4.4.4 Conclusions

Uniform particles were examined in chapter 2 to determine the UV protection that
encapsulation within a polymer particle can provide to a photosensitive molecule, both
with and without the addition of UV protectants. This chapter studied the effects that
change in the particle geometry can have on UV protection of an encapsulated molecule.
Core-shell particles were tested with no protectant present, with one protectant in the core
or shell, with one protectant in the core and shell, and with multiple protectants in various
compartments. The single protectant core-shell particle schematics are in figure 4.2.

The effect of the particle geometry itself was studied by not adding protectant to
the particle formulations. Figure 4.3 shows the decay of beta-carotene in solution as a
reference. Beta-carotene encapsulated in uniform particles was better protected than the
beta-carotene in solution, and protection increased further when beta-carotene was placed
in the core of the core-shell particles. While the orange and pomegranate/raspberry
particles offered similar UV protection over time, there was far less variation for the
pomegranate/raspberry particles, suggesting that they offer the best protection.

The core-shell particles were examined with each formulation consisting of a
single protectant, and the effectiveness was gauged by comparison to like particles
(uniform vs. orange and pomegranate vs. raspberry). The effect of concentration was
studied by varying the amount of oxybenzone in each formulation. Orange and uniform
particles saw an increase in protection with the increase in oxybenzone concentration.
The protection provided was similar until the 1:100 ratio, where the orange particles were

superior. Oxybenzone and avobenzone provided the best protection in uniform particles,
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while avobenzone and vitamin E protected best in the orange configuration. The orange
particles generally protected better than the uniform particles, most likely because of the
addition of the particle shell. Raspberry particles also saw an increase in protection when
oxybenzone was increased from the 1:10 to 1:33 ratio, but a plateau was reached and no
further protection was observed when increasing to the 1:100 ratio. The pomegranate
particle was unaffected by the change in oxybenzone concentration, but pomegranate
particles offered better protection than raspberry particles until the 1:100 ratio. The ideal
formulation for pomegranate particles contained either OMC or avobenzone, while
raspberry particles benefitted from the use of vitamin E or OMC. Pomegranate particles
generally offered more protection than raspberry particles, suggesting that the shell is the
ideal location for protectant placement.

Additional particle configurations were examined where protectant was present in
multiple compartments within the particle. Split particles contained the same amount of
protectant as the single protectant formulations, except the amount of protectant was split
equally between the core and shell. The orange particle performed well when OMC was
split, while oxybenzone worked best for the pomegranate/raspberry split. Vitamin E had a
positive impact on the split particles for both geometries. Hybrid particles with a UV
absorber in the shell and vitamin E in the core were also examined. Formulations
including avobenzone and oxybenzone saw improvements in the hybrid configuration,
while OMC received no benefit. A shell hybrid was also studied with oxybenzone and
vitamin E in the shell. The shell hybrid saw no increase in protection for the orange
particle, but the pomegranate particle did see an increase in protection. An additional

hybrid was the core/shell hybrid, where oxybenzone and vitamin E were placed in the
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shell of the particle, and vitamin E was also present in the core. All of the oxybenzone
and vitamin E hybrid particles performed similarly, suggesting that the specific
combination of UV absorber and antioxidant protects well enough that the location of the
protectants has no significant effect.

The differences in UV protection when the location of the protectants was varied
allowed analysis of the effect of proximity. In solid particles, the orange particles
provided similar if not better protection than the uniform particles. This suggests that the
larger distance between the beta-carotene and protectant molecules is desired for the best
UV protection. The same was observed for the encapsulated suspensions, as the
pomegranate particles provided the same or better protection than the raspberry particles.
The only case where it was beneficial to have protectant in the core was when the
protectant was vitamin E, but even then optimal protection was achieved with a UV
absorber in the shell. Overall, UV absorbers provide the most protection when the
distance between beta-carotene and UV absorber molecules is maximized.

The core-shell particles offer more UV protection than the uniform particles since
they are aided by the addition of a protective shell that completely surrounds all of the
beta-carotene. The addition of a single protectant to the formulations had a positive effect
in most cases, as did an increase in protectant concentration. The best protection was
observed when protectant was present in both the core and shell, most notably with

hybrid particles containing both oxybenzone and vitamin E.
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4.5 Figures for Chapter 4
° ‘ @
(a) uniform particle (b) particle core (c) solid core

Figure 4.1: Schematic view of the geometries obtained when no protectant is used for (a)
uniform particles, (b) particles with particles in the core, and (c) particles with a solid
core. The white areas represent polymer with no protectant or beta-carotene, and the
orange areas represent a composite of polymer and beta-carotene.

(a) pomegranate (b) raspberry (c) orange

- Beta-carotene
- Protectant

Figure 4.2: A schematic view of the particle geometries when protectant is added to one
compartment. The (a) pomegranate particle is a core-shell particle with protectant in the
shell and a core of particles containing beta-carotene. The (b) raspberry particle is a
particle with particles in the core where the shell contains no additive and the particles in
the core contain both protectant and beta-carotene. And the (c) orange is a solid core
particle with protectant in the shell and beta-carotene in the core.
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Figure 4.3: A comparison of a solution of beta-carotene with each particle geometry
when no protectant was added.
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contain varying amounts of

oxybenzone in each of the particle geometries. Figures 4.4a-c in the column on the left
are for solid particles (uniform and orange) and figures 4.4d-f in the column on the right
represent particles that contain smaller particles in the core (pomegranate and raspberry).
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Figure 4.5: Decay curves demonstrating the effect of protectant on the protection
provided by orange particles.
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Figure 4.6: A comparison of the protection provided by (a) oxybenzone, (b) OMC, (c)
avobenzone, and (d) vitamin E in the orange and uniform particles.
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Figure 4.7: Decay curves for the pomegranate particle containing no protectant,

oxybenzone, OMC, avobenzone, and vitamin E.
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Figure 4.8: The effect of protectant on the decay curves for raspberry particles.
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Figure 4.9: A comparison of the protection provided by (a) oxybenzone, (b) OMC, (c)
avobenzone, and (d) vitamin E for the pomegranate and raspberry particles.
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Figure 4.10: Decay curves when oxybenzone in split between the core and shell of (a)
orange particles and (b) pomegranate/raspberry (pom/ras) particles.
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Figure 4:11: Decay curves demonstrating the effect of splitting OMC concentration
between the core and shell of (a) orange particles and (b) pomegranate/raspberry
(pom/ras) particles.
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Figure 4.12: The effect of splitting avobenzone between the (a) orange and (b)
pomegranate/raspberry (pom/ras) particles on beta-carotene decay curves.
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Figure 4.13: Decay curves demonstrating the effect of splitting vitamin E between the
core and shell of (a) orange and (b) pomegranate/raspberry (pom/ras) particles.
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Figure 4.14: Decay curves when core-shell particles contain oxybenzone in the shell and
vitamin E in the core of (a) orange and (b) pomegranate/raspberry (pom/ras) particles.
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Figure 4:15: The effect of adding OMC to the particle shell and vitamin E to the particle
core to decay curves of (a) orange and (b) pomegranate/raspberry (pom/ras) particles. A
dashed line was added for the pomegranate particles containing OMC to assume a value
of 1 since normalized absorbance cannot have a value higher than 1.
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Figure 4.16: Hybrid avobenzone particles containing avobenzone in the shell and vitamin
E in the core of (a) orange and (b) pomegranate/raspberry (pom/ras) particles. A dashed
line was added to approximate the orange hybrid in 4.16a since normalized absorbance
cannot have a value higher than 1. The same was done for the pom/ras hybrid in figure
4.16b.
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Figure 4.17: Decay curves for particles containing oxybenzone and vitamin E in the shell
of (a) orange and (b) pomegranate particles.
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Figure 4.18: Decay curves comparing the protection provided by the
pomegranate/raspberry core/shell hybrid and its constituents. The core/shell hybrid
contains oxybenzone and vitamin E in the shell, along with vitamin E in the core of the
particles.
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Figure 4.19: Decay curves comparing all of the pomegranate/raspberry hybrid particles.
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hybrid contains oxybenzone and vitamin E in the shell, while the core and shell hybrid
contains oxybenzone and vitamin E in the shell and vitamin E in the core of the particles.
A dashed line was added to approximate a value of 1 for the shell hybrid when its value
exceeds the highest allowable for normalized absorbance.
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Chapter 5 Additional particle characteristics and their effects

5.1 Additional particle characteristics

Particle geometry, protectant, protectant amount, and placement of the protectant
are some of the particle characteristics that were explored in chapters 2 and 4 due to their
affect on the amount of UV protection provided. Chapter 2 discovered the ideal
formulation for UV protection in a simple uniform particle environment, while chapter 4
extended these characteristics to more complex particle configurations. While these
characteristics are important variables for formulations of UV protective particles,
additional particle properties exist that may have an effect on UV protection.

In addition to the core-shell geometry, the particles in chapters 2 and 4 also
differed quite dramatically in size. The pomegranate and orange particles also varied not
just in the core contents, but in the particle size. In order to conclude that the differences
in UV protection were due to geometry alone, it must be determined that the particle size
must have no effect. The impact of particle size can be examined by comparing the beta-
carotene decay for uniform particles of a variety of sizes.

Two configurations of core-shell particles were introduced in chapter 3. While
chapter 4 investigated the effect of the solid core versus the suspension core, no changes
were made to the particle shell except for the addition of protectant. The particle shell
obviously plays a role in the amount of UV protection provided, as the orange and

pomegranate/raspberry particles offer much better protection than the uniform particles.
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The effect of the particle shell can be further examined by manipulated the shell
thickness.

As the particle shell was added in chapter 4, the distance that an oxygen radical
must travel to damage beta-carotene increased. The effect of this distance can be
examined further by studying it in relation to the rate of reaction. The Damkohler number
is a ratio of the reaction rate to the diffusion rate. Comparing the Damkdohler numbers for
the different particle geometries and shell thicknesses can shed light on the mechanics of
UV protection in particles.

Beta-carotene was used as a model photosensitive molecule throughout this work.
The decay of beta-carotene due to exposure to UV radiation is well documented, making
it an ideal candidate for photosensitivity studies. Further applications of the particles can
be explored by using another photosensitive molecule in place of beta-carotene, such as
nifedipine, an antihypertensive medication known for its photosensitivity. The
comparison of nifedipine decay in the various particle environments can display the
versatility of the particles for protecting photosensitive molecules.

The effect of proximity has been studied for uniform and core-shell particles.
Proximity effects can also be examined in other systems, such as solutions and polymer
films, and compared to the results for particles. Collaborators at Brown University and

University of Massachusetts Dartmouth have investigated both of these systems.
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5.2 Particle size and shell thickness

Particle geometry was shown to have a large impact on the amount of UV
protection that can be provided by particles. The methods of particle synthesis required to
create the geometries produce particles of different sizes. In order to conclude that the
levels of protection are due solely to geometry, a simple configuration such as the
uniform particle must be studied at various sizes.

One of the geometric differences between the uniform particles and the
pomegranate/raspberry and orange particles is the addition of a particle shell. The core-
shell particles showed a significant increase in UV protection, as shown in figure 4.3 and
discussed in chapter 4. This increase in protection was due partly to the core-shell
geometry. By varying the shell thickness as described in chapter 3, it can be determined

whether a change in shell thickness also changes the extent of UV protection.

5.2.1 Effect of particle size

Before particle size can be ruled out as a potential for varying UV protection,
decay curves of uniform particles at various sizes must be examined. If size is not a
factor, then protection is based on particle geometry, protectant location, and protectant
identity. Particle size was varied by expanding upon the concept of tuning shell thickness
by varying polymer[106, 107] amount in chapter 3.

Particles were synthesized using the procedure described in chapter 2, with the

exception of using dichloromethane (DCM) as the solvent and varying the amount of



148

polymer used in the formulation. An oil phase was created consisting of 3 mg of beta-
carotene, a varied amount of poly(methyl methacrylate) (PMMA) with a molecular
weight of 15000, and 3 ml of DCM. No protectant was added to the particle formulations.
Many repetitions have been completed in previous chapters using 0.2 g PMMA, so the
amounts of polymer used in these studies were 0.3 g, 0.4 g, and 0.5 g. The aqueous phase
was identical to that in chapter 2, containing 175 g of deionized water and 25 g of a stock
4% solution of poly(vinyl alcohol) (PVA). The oil phase was blended into the aqueous
phase for 3 minutes at 15000 rpm using an UltraTurrax T25 basic disperser by IKA. The
emulsion was stirred for approximately 4 hours to allow the DCM to evaporate. The
particles were then collected via centrifugation and resuspended in 20 ml of deionized
water using a sonicator. Particles were further diluted by adding 3 ml of the suspension to
30 ml of deionized water. The resulting dilute suspension was used for exposures. The
method of exposing the particles to UV radiation is the same as that used in previous
chapters.

As mentioned previously in the text, 0.2g PMMA uniform particles are
approximately one micrometer in diameter. The additional formulations were measured
using a Beckman-Coulter LS-13 320 Laser Diffraction Particle Size Analyzer. Larger
particles cannot stay suspended without agitation; therefore laser diffraction had to take
the place of dynamic light scattering as the method of particle size analysis. The average
particle sizes were approximately 20 micrometers for the 0.3 g PMMA particles, 25
micrometers for 0.4 g PMMA particles, and 37 micrometers for 0.5 g PMMA particles.
The increase in particle size with larger concentrations of polymer proves that particle

size can be altered through the variation of polymer amount added to the formulation.
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The results of the variance of particle size can be found in figure 5.1 as beta-
carotene decay curves for each formulation. All of the curves overlap significantly for the
duration of the exposures, suggesting that the size of the particle has no effect on the
amount of UV protection provided. The act of encapsulation increases UV protection, but
changing the amount of polymer between the UV radiation and photosensitive molecule
or the curvature of the particle surface has no effect. This deduction confirms that the
differences in UV protection provided by the various particle types are due to geometry

alone.

5.2.2 Effect of varying shell thickness

The comparison of uniform to core-shell particles in chapter 4 suggested that the
more complex geometry of the core-shell particle is an important factor in UV protection
in a particle environment. The most obvious difference between the uniform and core-
shell particles is the addition of a particle shell. The effect of the particle shell can be
further explored by varying the shell thickness.

In chapter 2, orange particles (core-shell particles with a solid core) were
synthesized with a variety of shell thicknesses. As discussed in chapter 2, the shell
thickness was varied by altering the amount of polymer in the oil phase using the
following amounts: 0.15, 0.175, 0.2, 0.225, 0.25, 0.3, 0.35, 0.4, 0.45, and 0.5 g of
PMMA. These changes in polymer concentration yielded particles with increasing shell
thickness as the polymer amount was increased. UV exposures were performed as

described in chapter 4 on particles made with 0.2, 0.3, 0.4, and 0.5 g of PMMA. The
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particles were analyzed both with and without oxybenzone at a 1:33 beta-carotene to
oxybenzone ratio.

The effect varying shell thickness has on the amount of UV protection provided
when no protectant is present can be found in figure 5.2a. Although the data exhibits a lot
of variance, the four curves generally overlap for the majority of the exposures,
suggesting that the change in shell thickness had no impact on the level of UV protection.
This finding is not surprising following similar results in the previous chapter. Figure
5.2b shows the beta-carotene decay curves for particles with varying shell thickness when
oxybenzone is present. The particles containing 0.2 g of PMMA in the particle shell
exhibited the worst protection, with 50% of the beta-carotene lost after an hour of UV
exposure. The formulations containing 0.3, 0.4, and 0.5 g of PMMA offer more
protection, but the decay curves appear in a cluster providing approximately 90-100%
protection over 60 minutes of UV exposure. The stepwise change in protection suggests a
threshold of polymer needed for the oxybenzone to be adequately dispersed in the
particle shell, therefore offering optimal protection. The particles without protectant did
not display this step behavior because there was no protecant to disperse. Figures 5.2a
and b display the tendency of core-shell particles without protectant to be unaffected by a
change in shell thickness, while particles containing a protectant must pass a threshold of

polymer amount that allows the protectant to be completely dispersed.
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5.2.3 Particle size and shell thickness conclusions

Particle size was altered by varying the amount of polymer used in the particle
formulations. Altering the particle size in this way changes the amount of polymer that
UV radiation must travel through in order to reach beta-carotene not contained on the
surface of the particle. The additional polymer also allows more room for the beta-
carotene to distribute itself. Despite these environmental changes within the particle,
figure 5.1 showed that particle size has no effect on the amount of UV protection
provided by encapsulation in a simple particle.

Core-shell particles have been shown to provide much more UV protection than
uniform particles. One obvious difference between the particle geometries is the addition
of a shell to the core-shell particles. The shell seemed to create a large difference in
particle protection, so the effect of shell thickness was explored. Shell thickness was
shown to have no effect when particles contained no protectant, as in figure 5.2. When
particles contained oxybenzone, a jump in protection was observed between 0.2 g and 0.3
g of PMMA, suggesting that there is a critical amount of polymer required for a

protectant to disperse properly.

5.3 Diffusion/reaction analysis via dimensionless numbers

There are two steps to beta-carotene oxidation in the particles. The first step is for

oxygen to diffuse through the particle in order to come into contact with a beta-carotene

molecule. Once oxygen and beta-carotene molecules are in contact, they can react with
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the aid of UV radiation, causing the beta-carotene to degrade. The total rate of beta-
carotene decay is a combination of the rates of oxygen diffusion and its reaction with
beta-carotene. In order to further study the process, the Damkdhler number for each
particle geometry was calculated.

The Damkohler number is a dimensionless quantity calculated as the ratio of the
reaction rate to the rate of mass transport. In the particles, this ratio is the rate of reaction
between beta-carotene and oxygen and the rate of diffusion of oxygen through the
particle. A large Damkohler number corresponds to the rate of beta-carotene decay being
dependent on diffusion, while a small Damkohler number means that the reaction is
controlling the rate. Equation 5.1 shows the general equation for calculating the

Damkohler number.

kCh '’
DAB

Da = (5.1

The Damkohler number is dependent on the reaction rate constant (k), the initial
concentration of oxygen (Cao), the reaction order (n), the characteristic length (L), and
the diffusion coefficient of oxygen through PMMA (Dag). El-Tinay and Chichester[66]
found the reaction between beta-carotene and oxygen to be a zero order reaction, causing

equation 5.1 to become equation 5.2.

(5.2)

The values used for each parameter can be found in table 5.1. The characteristic length
was calculated as the radius of uniform particles and the shell thickness for the orange
and pomegranate/raspberry particles. An additional characteristic length was calculated

by adding the shell thickness of the pomegranate/raspberry particles and the radius of the
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uniform particles to account for the additional distance the oxygen would have to travel
through the uniform particles after entering the particle core.

The Damkohler number was calculated for each particle geometry, and the values
can be found in table 5.2. The Damkohler number in each case is large, ranging from 10
to 27640. The large Damkohler number indicates that the rate of beta-carotene decay in
the particles is limited by the diffusion of oxygen through the particle to interact with
beta-carotene. This would be expected since diffusion through a polymer is usually slow
and photochemical reactions are rapid on a molecular level. The largest Damkohler
numbers are for the pomegranate/raspberry particles, both with and without the radius of
the wuniform particle added. This offers some explanation as to why the
pomegranate/raspberry particles provided the best protection in chapter 4. Not only do
the pomegranate/raspberry particles have an additional interface for scatter, but their shell
thicknesses are larger, making it more difficult for oxygen to diffuse through to the beta-
carotene. The next largest Damkohler number is for the orange particles, and the uniform
particles have the smallest Damkdhler number. The values of the Damkdhler numbers
correspond with UV protection provided, with particles described by the largest
Damkdhler number providing the most UV protection. This suggests that the Damkdhler
number could be a good indicator of the quality of UV protection provided by particles to
encapsulated molecules.

Because the Damkohler number revealed that the rate of beta-carotene decay in
the particles is mainly controlled by the diffusion rate, the shrinking core model may be
used to approximate the system.[109] The shrinking core model is based on a particle or

pellet suspended in a media in which a reactant is present. As the material at the surface
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of the particle begins to react, the reactant must diffuse further into the particle to reach
more reactive material. This can be used to approximate the uniform particles, where it is
likely that the beta-carotene at the surface of the particle is the first to decay as oxygen
diffuses through the particle. The time necessary for all beta-carotene in the particle to
completely decay can be calculated, but in chapter 2 it was found that approximately 10%
of the beta-carotene remained after 60 minutes of exposure. The following equation can
be used to approximate the amount of time it would take for 90% of the beta-carotene in

the particle to decay:

Rt 2 3
{= pﬂ—camtene 0 ¢ﬂ—carutene 1 _ 3[£j + 2(£j (53)
6D ,,C 0 0

where pp-carotene 18 the molar density of beta-carotene, ¢p-carotene 1S the volume fraction of
beta-carotene in the particle, Dag is the diffusion coefficient of oxygen through PMMA,
Cao 1s the concentration of oxygen at the surface of the particle, R is the radius of the core
when 10% of the beta-carotene is remaining, and Ry is the radius of the entire particle.
The molar density and volume fraction were calculated, while the values of the diffusion
coefficient and oxygen concentration were used from the Damkohler calculations. R was
calculated by taking the volume of a particle that is 10% the size of a uniform particle
and calculating the radius, which is 0.464 um. Unfortunately the time calculated, 3
seconds, is much smaller than experimental observations. This is due either to an
inaccurate assumption in the value of the oxygen concentration, or use of the bulk
diffusion coefficient instead of the effective diffusion coefficient. The oxygen
concentration at the surface of the particle could be better estimated with the use of a

partition coefficient, but even so values in the literature are variable. The effective



155

diffusion coefficient could be calculated using the tortuosity, particle porosity, and the
constriction factor. Unfortunately values for the partition coefficient, tortuosity, particle
porosity, and contriction factor are not readily available.

The Damkohler number was calculated for each particle geometry to determine
the limiting step of the beta-carotene decay process. The Damkohler numbers in each
case were large, suggesting that diffusion of oxygen through the particle controls the rate
of beta-carotene decay. It was also found that larger Damkdohler numbers corresponded to

better UV protection.

5.4 Pharmaceutical applications

Many active pharmaceutical ingredients contain functional groups that cause them
to be prone to photodegradation.[25] The negative implications of photosensitive
pharmaceuticals have been outlined in chapter one. In order to determine whether the
protective effects the particle geometries have exhibited can be extrapolated to an
industry such as pharmaceuticals, beta-carotene was replaced in each system with a
model drug, nifedipine. Nifedipine is a photosensitive antihypertensive medication that is
commonly used in photodegradation studies.[110-115]

Nifedipine was first examined in solution as a baseline to determine the effect of
encapsulation. The solution contained the same amount of nifedipine by weight as the
beta-carotene solution tests. As described in chapter two, each sample was exposed for
the predetermined amount of time, and the amount of acetone lost to evaporation was

determined by pouring the sample into a graduated cylinder. Acetone was added to
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ensure that the concentration was not affected due to the evaporation. Uniform, orange,
and pomegranate/raspberry particles were all synthesized using the same amount of beta-
carotene that has been used in previous chapters. Uniform particles were created using 3
mg of nifedipine, and these uniform particles were also used to create the core-shell
particles.

Decay curves for nifedipine in solution and in each of the particle geometries can
be found in figure 5.3. Nifedipine does not seem to benefit from encapsulation in a
uniform particle as beta-carotene did, possibly because the decay rate in solution was
already slower than that of beta-carotene. Beta-carotene in solution decayed completely
by 40 minutes of exposure, and encapsulating beta-carotene resulted in 20% beta-
carotene left after 60 minutes of exposure. Nifedipine in solution retained 40% of the
original concentration after 60 minutes of exposure, greater than both beta-carotene in
solution and encapsulated. This suggests that a threshold exists, where if a molecule is
photosensitive enough to be below the threshold, such as beta-carotene, that
encapsulation is beneficial. If a molecule is stable enough to stay above the threshold
when exposed to UV radiation, then the additional scatter created by encapsulation it not
necessary and does not offer improvement.

Unlike the uniform particles, the core-shell particles did increase the
photostability of nifedipine. The orange particles provided additional protection for times
greater than 30 minutes of exposure, while the pomegranate/raspberry particles protected
better than the solution for exposure times greater than 15 minutes. While the initial
interface created by encapsulation in a uniform particle did not offer benefit, the

additional interfaces created by core-shell particles propagated enough scatter to offer
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protection to the nifedipine molecule. The particle shell may also play a role in protecting
nifedipine as the molecule has no interaction with the surrounding aqueous environment.
As with beta-carotene, the amount of decay after 60 minutes of exposure was similar for
the orange and pomegranate/raspberry particles, although the pomegranate/raspberry
particles did display less variability. This suggests that, as with beta-carotene, the
pomegranate/raspberry particles are the optimal geometry for UV protection of
nifedipine.

Protection from ultraviolet radiation via encapsulation in various particle
geometries has been extended to pharmaceuticals by encapsulating a known
photosensitive active pharmaceutical ingredient — nifedipine. While encapsulation in a
uniform particle did not yield additional UV protection, encapsulation in a core-shell
particle increased nifedipine remaining after 60 minutes of exposure from approximately
40% to 70%. The increase in photostability when encapsulating in a core-shell particle
suggests that the core-shell particle systems studied in chapter 4 can be extrapolated for

use in the pharmaceutical industry.

5.5 Proximity effect in solutions and films

The effect of proximity on UV protection has been examined in chapters 2 and 4.
The distance between a beta-carotene molecule and a protectant molecule was calculated
and compared to the UV protective performance of the system. This methodology can be

extended to determine the effect of proximity in other systems. Collaborators at Brown



158

University and University of Massachusetts Dartmouth have explored UV protection in
systems of solutions and polymer films.

Solutions have been created by Kenneth Morabito and Anubhav Tripathi from
Brown University to simulate some of the particles discussed in chapters 2 and 4.[49] A
normal cuvette was used, along with a divided cuvette with two wells. Figure 5.4 displays
how these cuvettes were used to create three configurations of solutions known as
homogeneous, core/shell, and hybrid. The homogeneous solution contains beta-carotene
and OMC throughout, simulating uniform or raspberry particles. The core-shell solution
contains a beta-carotene solution in the well furthest from the light source, and an OMC
solution closest to the light source to model the pomegranate and orange particles. The
hybrid solutions mimic the split particles from chapter 4 by containing OMC both in a
well by itself, and in the well containing beta-carotene. Like the particles, the solutions
offered more protection as the concentration of OMC was increased. A comparison of
decay curves for each geometry in solutions and particles is in figure 5.5. The
homogeneous solution offered the most protection, followed by the hybrid configuration,
and the core/shell solutions offered the least protection. From figure 5.5 it can be
concluded that in solution OMC offers the best protection when in close proximity to
beta-carotene. This is much different than what was observed for the particles, where
particles simulated by the homoegenous solution (uniform and raspberry) offered the
least protection, while the particles modeled by the core/shell and hybrid solutions
(orange, pomegranate, and split) offered considerable protection. The complete difference
in protection is likely due to the ability of the molecules to move freely in solutions, as

well as the lack of interfaces to produce scatter.
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Polymer films simulating uniform particles and orange particles have been
analyzed by Dapeng Li and Paul Calvert at University of Massachusetts Dartmouth. The
films were examined using multiple combinations of photosensitive dyes and
antioxidants.[103] In unpublished work, single layer and dual layer films containing beta-
carotene, polymer, and butylated hydroxytoluene (BHT) were studied. Single layer films
were created with poly(methyl methacrylate) (PMMA), and the second layer with
polyvinylpyrrolidone (PVP). Beta-carotene decayed quickly in single layer films without
BHT. Single layer films with BHT showed slower beta-carotene decay, with protection
increasing as the BHT concentration was increased. Adding a second film to the beta-
carotene film increased protection, this could be further increased by the addition of BHT
to the PVP film. These results more closely resemble the results from the particles, with a
large increase in protection occurring with the addition of a second film or particle shell.

Two additional systems were discussed to examine the effect of proximity
between beta-carotene and a protectant. Solutions behave very differently than the
particles they were meant to simulate, with increased proximity leading to increased
protection. Films more closely resembled particles, as protection was increased with the
addition of a second film, which mimics the shell of a core-shell particle. Addition of
protectant to the beta-carotene film increased protection, but a greater increase was
observed when the protectant was added to the second film. Proximity had a significant
effect in each system, although the optimum proximity between beta-carotene and a

protectant was different in each system.
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5.6 Conclusions

The effects of particle characteristics such as particle geometry, the choice
protectants in the formulation, the placement of the protectant, and protectant amount,
have been examined in previous chapters. Additional characteristics were studied in this
chapter to increase understanding of UV protection in the particle system. It was found
that particle size had no impact on the amount of UV protection provided by uniform
particles. The shell thickness of core-shell particles also had no effect on UV protection
when no protectant was present. An increase in UV protection was found when
oxybenzone was present in the shell and the amount of polymer used to create the shell
was increased from 0.2 g to 0.3 g, but no increase in protection was observed with
additional polymer. This suggests that there is a critical amount of polymer, 0.3 g, needed
to adequately disperse the protectant. The Damkohler number was calculated for each
particle geometry, and the large value indicated that the rate of beta-carotene decay was
controlled by diffusion. The value of the Damkohler number also corresponded to the
degree of UV protection, with a large number signifying good UV protection. Nifedipine,
an active pharmaceutical ingredient, replaced beta-carotene in particle formulations.
Uniform particles did not offer protection to nifedipine, probably because its decay was
much slower than that of beta-carotene. Orange and pomegranate/raspberry particles,
however, did offer protection to nifedipine. Solutions and polymer films were also
studied with respect to proximity. Solutions required close proximity between beta-
carotene and OMC to adequately protect, while films protected better when the two

molecules were separated, similar to the particles.
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5.7 Figures for Chapter 5
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Figure 5.1: Beta-carotene decay curves for uniform particles synthesized using four
different amounts of PMMA to alter the particle size.
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Figure 5.2: Beta-carotene decay curves comparing shell thickness controlled by the
amount of PMMA used to create the particle shell when (a) the particles contain no
protectant and (b) the particles contain the 1:33 ratio of beta-carotene to oxybenzone.
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Figure 5.3: Nifedipine decay curves for nifedipine in solution, uniform particles, orange
particles, and pomegranate/raspberry particles to show the effect of geometry on UV
protection of nifedipine
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Figure 5.4: Diagrams displaying how the single and double cuvettes were used along with
the solutions to mimic the particle geometries.
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Figure 5.5: Comparison of the three configurations of (a) solutions from Morabito et
al.,[49] (b) solid particles, and (c) encapsulation suspensions.



5.8 Tables for Chapter 5
Table 5.1: Parameter values for Damkohler number calculations
Parameter Value Units
ki 0.0393* L/mol-s
Cao 2.637E-04" mol/L
Das 3.4E-08* cm?/s
L (uniform particle radius) SE-05 cm
L (pom/ras shell thickness) 2.461E-03 cm
L (orange shell thickness) 1.6E-03 cm
L (uniform + pom/ras) 2.511E-03 cm
Parameter value sources:
*El-Tinay and Chichester (1970)[66]
tCalculated with solubility value from Carpenter (1966)[116]
iKaptan et al (1989)[117]
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Table 5.2: Damkohler numbers for each particle geometry

Particle geometry

Damkohler number

Uniform particles 10.96
Pomegranate/raspberry particles (shell only) 2.655E+04
Orange particles 1.122E+04
Pomegranate/raspberry particles (shell + uniform) 2.764E+04
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Chapter 6 Conclusions and future work

Ultraviolet radiation causes damage to many materials such as human skin, dyes,
pharmaceuticals, and automotive coatings. The wide array of photosensitive materials is
motivation to develop innovative ways to protect materials from damaging UV radiation.
This work investigated particles as a UV protection system and developed core-shell
particle geometries as novel protection systems.

Uniform particles were synthesized to confirm that encapsulation offers
protection as well as provide a baseline for comparison to core-shell particles.
Encapsulation did provide UV protection to beta-carotene, and the protection was
enhanced by the addition of oxybenzone, avobenzone, or vitamin E. OMC provided no
additional protection. UV protection was dependent on concentration of protectant,
except when using OMC. Using oxybenzone in combination with another UV absorber
did not increase protective capabilities of the particle, while vitamin E and UV absorber
combinations offered superior protection. Changing the polymer used or the
concentration of particles did not affect the amount of protection provided. The
concentrations providing the best protection correspond to a spacing of 5nm or less
between beta-carotene and protectant molecules.

Designs of experiments were created to determine processes for synthesizing the
core-shell particle geometries. The double emulsion solvent evaporation method was
implemented and various parameters were examined. The experimental designs resulted

in two particle geometries, one with a solid polymer core containing beta-carotene and
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one whose core consisted of a suspension of polymer and beta-carotene particles. These
particles were used to further examine particles as a vehicle for UV protection.

The core-shell particle geometries proved to offer better UV protection than the
uniform particles when protectant was not added to the formulation. Increasing the
concentration of a protectant in the formulation resulted in an increase in protection for
all particles except the pomegranate particles, which already provided substantial
protection. In most cases it was more beneficial to have the protectant in the shell of the
particle (orange and pomegranate particles) than in the core (uniform and raspberry
particles). Splitting the protectant between the core and shell had a minimal effect. The
particles offering the best protection were made with vitamin E in the core and a UV
absorber, such as oxybenzone, in the shell of the particle.

Additional particle characteristics that may have an affect on the particles’ ability
to protect from UV radiation were also explored. The size of uniform particles and the
shell thickness of core-shell particles did not affect the level of UV protection provided.
When a protectant was added to the shell, a threshold was observed that greater than 0.2 g
of polymer must be used in order for the protectant to adequately disperse. The
Damkohler number was found to be large for all particle geometries, and the value was
larger for the particles offering the best protection. Nifedipine was used as a model
pharmaceutical to assess how the particles would protect a molecule other than beta-
carotene. The uniform particles offered no additional protection compared to nifedipine
in solution, but the core-shell particles did increase stability. The particles were also

compared to similar solutions and films. The solutions offered the best protection when
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beta-carotene and the protectant were in close proximity, while the particles and films
benefitted from a separation between the molecules.

Many particle geometries and formulations were examined to determine the
parameters that affected UV protection and find an optimal particle to protect beta-
carotene. The particles offering the most UV protection were core-shell particles with a
UV absorber in the shell and a suspension of uniform particles containing vitamin E in
the core. While only beta-carotene and nifedipine were examined, the particles have
applications in many industries.

The core-shell particles were designed to have either a solid core or a core filled
with a suspension of uniform particles. Other than the shell thickness, no other attributes
were optimized. For future work, additional designs of experiments should be undertaken
to explore how to manipulate particle characteristics such as particle size, core size, and
number of cores in a single particle. Once a deeper understanding of the process is
attained, particles can be tailored to any application.

Future work should also include examining the particles for other applications.
Other photosensitive pharmaceutical molecules could be studied to gain a more general
understanding of how active pharmaceutical molecules behave when encapsulated in a
UV protective environment. Additional experiments could also be designed to tailor

particles for products such as sunscreens and automotive coatings.
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