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ABSTRACT

We strive to achieve advancements in point-of-care (POC) diagnostics. Within this vast
field, our work has taken two distinct paths. First, we worked towards understanding protective
mechanisms for improving sunscreens through the study of ultraviolet light absorbers. Second,
we developed a novel separation, amplification and detection technique for infectious diseases;
specifically influenza sub-typing, HIV mutation detection and viral load quantification. These
pathways are uniquely different but both seek solutions for engineering problems with global
health implications.

Understanding UV protective mechanisms focuses on environmental health and
improving disease diagnostics focuses on microbiological global health. Non-toxic sunscreens
must be used around the world as a preventative POC treatment, generating new pathways for
new UV protection products that will help everyone globally. First we investigate the spatial
relationship of sunscreen components, absorber and photostabilizer, to better understand
improving sunscreens and textiles through positioning of molecules rather than increasing the
concentration of active UV absorber ingredients. Next we use our gained knowledge of
absorber/photostabilizer proximity to assess the photostability of sunscreen nanoparticles and
sensitive natural dyes doped with large concentrations of antioxidants. Overall, this work gives
new insights to designing safer, photostable sunscreens and more photostable textiles.

Developing new diagnostic technology for infectious diseases is critical in both the
developed and developing world. HIV is non-discriminatory; however drug resistance mutation
monitoring is much more readily available in the developed world. The drug resistant K103N
strain is concentrated in rural regions of Africa and subsequently it is often undiagnosed and
mistreated. It is of global importance to help those infected with proper diagnosis so that HIV
positive patients with drug resistant strains are medicated properly and the drug resistant

population declines at its root before it has the opportunity to expand. Similarly, influenza is a



widespread pathogen in the developed world resulting in approximately 36,000 deaths annually in
the Unites States. Rapid POC diagnostics for influenza helps to prevent influenza pandemics by
giving health care workers information to contain the outbreak at the source of the infection
locally.

We developed a novel method for RNA detection called Simple Method for Amplifying
RNA Targets (SMART). We detail the advantages of SMART over conventional methods of
detection, particularly its practicality in POC settings. We give a systematic approach to
understanding all of the steps of SMART and the important design parameters to consider when
using SMART. We also show the applications of SMART by 1) detecting and quantifying
synthetic samples of HIV-1 K103N within a wild type HIV-1 population and 2) detecting clinical
samples of influenza with various subtypes. Overall, we give a detailed approach to the design
and engineering of our novel POC infectious disease diagnostic assay and show its use in

mutation detection and sub-typing.



OVERVIEW OF THESIS CHAPTERS

The work presented in this thesis covers the understanding and development of UV
protective mechanisms and disease diagnostics and as such is divided into two parts; part one
(chapters 1through 5) covers UV protective mechanisms and part two (chapters 6 through 11)
covers disease diagnostics.

Part one begins with chapter 1, which gives an introduction and details the background
information and motivation relevant to UV protection. Chapter 2 reports on a study which
investigated the proximal relationship of a photosensitive UV absorbing dye paired with a
photostabilizer when exposed to a UV light source. Chapter 3 details a study which investigated
the photo-protection of combinations of natural dyes when paired with antioxidants in solution
and in thin films. Chapter 4 investigates the use of several UV absorber/photostabilizer
combinations within polymeric nanospheres and the resulting photostability when exposed to a
UV light source. Chapter 5 concludes part one of this thesis, summarizing the conclusions of our
work to better understand UV protective mechanisms and how we can utilize what we have
learned for future UV protective applications.

Part two begins with chapter 6, which gives an introduction to disease diagnostics,
background on current detection methods for infectious disease and our motivation for a novel
disease diagnostics assay. Chapter 7 reports on a study which investigated the use of our novel
microfluidic device for the capture and separation of a model biomolecule, alkaline phosphatase.
This study served as the proof of concept platform for our novel diagnostic assay. Chapter 8
introduces our novel diagnostics assay, Simple Method for Amplifying RNA Targets (SMART)
and details critical design parameters particularly during the amplification process. Chapter 9
reports on a study which utilizes SMART for the detection and quantification of synthetic HIV-1
K103N RNA. Chapter 10 reports on our results using SMART for the detection and sub-typing

of clinical influenza samples. Chapter 11 concludes part two of the thesis, summarizing the



conclusions of our work, the accomplishments of the assay development and the future

applications for SMART.
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CHAPTER 1

INTRODUCTION

1.1. Relevance

Protection against ultraviolet (UV) radiation is the major function of sunscreen
lotions and UV protective coatings for vehicles, homes, equipment and clothing.
Sunscreen formulations have been optimized over time to become protective over a
broader spectrum of UV radiation and maintain greater photostability. They are
comprised of organic and inorganic components which act as chemical and physical UV
protectors, respectively. Some of the organic components limit sunscreen effectiveness
due to suboptimal spectrum of protection and photostability. Studies using solid lipid
nanoparticles (SLNs), recently explored organic molecules, inorganic molecules, and
antioxidants as an attempt to further optimize UV protection. In this introduction, we
examine traditional and emerging nanoparticle components and highlight novel ideas in
UV protection which may provide pathways for future studies and safer, more natural

forms of UV protection.



1.2. Background

Frequent exposure to solar ultraviolet (UV) radiation is well known to cause
damage to exposed surfaces. Fading and aging of paints, fabrics, and plastic coatings as
well as sun-related skin cancer are major industrial, environmental, and health concerns.
Advancing the field of UV protection is achieved by protecting surfaces against the
broadest possible spectrum of UV radiation, including the ultraviolet-A (UVA; 400-
320nm) and ultraviolet-B (UVB; 320-290nm), wavelengths of sunlight, optimizing
photostability of protective molecules, and trapping reactive species before
photochemical damage occurs. Hence, improved UV protection can potentially make a
major impact in a wide range of applications, including paints and coatings, cosmetics,
textiles, pharmaceuticals, and environmental remediation. This introduction presents
some of the recent innovations in UV protective technology involving nanoparticles,
nanoencapsulation, and nanocomplexation, recent novel applications, and potential future

directions incorporating antioxidants and natural products.

1.3. Conventional sunscreen ingredients

A familiar example of UV protective technology is sunscreen lotion. Most
sunscreen products are composed of organic and inorganic components. The organic,
such as oxybenzone, usually acts as a chemical sunscreen by absorbing UV radiation.
The inorganic component, such as titanium dioxide, usually acts as a physical sunscreen
by absorbing, reflecting and scattering UV radiation. Sunscreen is applied to the skin
topically, covering the stratum corneum and shielding the multiple layers of the skin.
While the direct cause of most skin cancers (melanoma and non-melanoma) is still under

debate'”, the predominant function of the sunscreen components is to shield the skin



from UV radiation as effectively as possible. An optimal sunscreen contains multiple

elements which reflect and scatter UV radiation, absorb UV wavelengths, contain

stabilizing mechanisms such as encapsulation or complexation for sustained efficacy, and

trap free radicals, for example with antioxidants, in order to limit photochemical damage.

1.4. Active organic ingredients

Organic Ingredient

Description

Avobenzone

Oil soluble and used to absorb the full
spectrum of UVA rays. Since avobenzone
is highly degradable in the presence of
sunlight it is often paired with a photo

e . . 4.5
stabilizer in sunscreen formulations™.

Oxybenzone

Absorbs UVA radiation. Potentially
harmful and a likely photocarcinogen.
Derivative of benzophenone, a known
photo-carcinogen'.

Ensulizole

Protects against UVB and minimally
against UVA. Water soluble and is used in
formulations for a light, non-greasy
feeling’.

Octinoxate

Absorbs UVB radiation. Reduces the
appearance of scars. Water insoluble,
making it useful in  waterproof
formulations’.

Octisalate

Formed by condensation of salicylic acid
with 2-ethylhexanol. The salicylate portion
of the molecule absorbs UV radiation,
while the ethylhexanol adds water resistant
properties®.

Table 1.1. Commonly used organic sunscreen components.

1.4.1. Advantages and disadvantages of organics

Organic components used in sunscreen formulations are fairly abundant and

diverse in comparison to inorganic components. This gives manufactures flexibility with

characteristics of the formulation such as the sun protection factor (SPF), water




resistance, and product feel. Organic components could be considered less effective
because they absorb UV radiation rather than reflecting or causing it to scatter. This
makes them vulnerable to photo-degradation and prone to generating free radicals.
However, the main concern with organic sunscreens is the potential for photo-irritant or
photo-sensitizing reactions in susceptible individuals. The use of p-aminobenzoic acid
(PABA), one of the earliest active ingredients used in sunscreens, has come under heavy
scrutiny because of skin sensitivity issues and has been removed from a majority of

sunscreen products.

1.4.2. Organic UVA ingredients

A problem associated with current on-the-shelf sunscreens is that, in many cases,
the only indicator of product efficacy is the sun protection factor (SPF). This is an
incomplete measure, because SPF is primarily dependent on UVB protection and does
not adequately reflect the degree of UVA protection offered by the product °. However
protection against both ranges of UV radiation is critical because both are implicated in
skin cancer'.

For some time avobenzone was the predominant UVA protector in most
sunscreen formulations. However, several new organic sunscreen ingredients have been
developed in recent years. Most of these new ingredients, such as ecamsule, bemotrizinol
and bisoctrizole protect against UVA and act as a photostabilizer when paired with
avobenzone, creating a synergistic effect for superior UVA protection. With the rise of
new organic UVA sunscreen ingredients, the FDA has proposed that test methods and

labeling of UVA protection to be used in addition to the current SPF rating system °.



1.5. Active inorganic ingredients
1.5.1. Nanoparticles

Inorganic pigments with a high refractive index, such as titanium dioxide (TiO,)
and zinc oxide, also block UV light. Nanoparticle grades of these materials are often
incorporated into sunscreen formulations because, by virtue of their small particle size,
they are more effective than the bulk pigments in absorbing and scattering UV light.

Figure 1.1. illustrates this effect.

Al

Incoming UV
radiation

~

Stratum Corneum

B]

UV reflective
material(bulk)

UV reflective
nanoparticles

J

Stratum Corneum

Figure 1.1. UV radiation pathway. (A) Incoming UV radiation penetrates the stratum
corneum. (B) UV reflective material in bulk form (ex. ZnO) is applied to the surface of
the stratum corneum. Some incoming UV radiation is blocked by reflection/scattering
and some UV radiation is unblocked/deflected to the stratum corneum. (C) UV reflective
nanoparticles (ex. ZnO) are applied to the surface of the stratum corneum. Most of the
incoming UV radiation is reflected by the nanoparticles, leaving less UV radiation to
penetrate to stratum corneum.
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1.5.2. Titanium dioxide & zinc oxide

TiO; is a mineral which is prepared as ultra-fine nanoparticles. Sunscreen grades
of TiO, have primary particle sizes ranging from about 10 to 60 nm '°. These particles
form aggregates which reflect UV radiation most efficiently with aggregates typically
sized from 30 to 150 nm. In sunscreens TiO; is usually treated with coating materials
such as silicon oils, SiO,, or Al,O; in order to make it more passive with the organic
components and improve its dispersion and UV absorption in the overall formulation'®"".

Zinc oxide (ZnO) is a mineral and prepared in particles that have a typical size
ranging from 20 to 80 nm'?. ZnO is usually coated with silicon oils, SiO,, or ALOs in
sunscreen formulations. It can be considered a better sunscreen ingredient than TiO,
depending on the formulation requirements, because ZnO is more transparent and covers

a broader UVA spectrum'. Alternatively, TiO, can be considered superior because it

delivers a much greater SPF than ZnO.

1.5.3. Advantages and disadvantages of inorganics

Inorganics used in sunscreen are beneficial because they have been shown to
absorb reflect and scatter UV radiation, which is generally considered more effective than
absorption of UV radiation. Inorganics cover a broad spectrum, so their addition can
simplify the sunscreen formulation by minimizing the necessary number of organic
components. This can be beneficial for those with sensitivity or skin irritation issues.
Inorganic UV sunscreens have relatively high consumer acceptance because of their
transparency, which increases the usage of sunscreen®. A drawback of using inorganics is
their dispersion issues, which often require an additional material for coating the

inorganic material''. Coatings are also used to reduce the photoreactive nature of

11



inorganics protecting in part against the dominant drawback which is the potential risk
caused by the generation of free radicals through oxidation when exposing inorganic

molecules to UV radiation' ™',

1.6. Emergence of solid lipid nanoparticles

In the mid 1980s Dior introduced the liposome in their product, Capture. This
product opened the door for the research and production of micro and nanoparticles in the
pharmaceutical and cosmetic industries’”. Solid lipid nanoparticles (SLNs) were
developed a few years after in the early 1990s and are advantageous in comparison to
liposomes because of their protection against chemical degradation and controlled drug
release properties'”. Figure 1.2. depicts the structural differences between liposomes and

SLNs.

Figure 1.2. Liposome vs. SLN. (A) The liposome is a spherical lipid bi-layer (bi-layer of
polar hydrophilic head groups attached to non-polar hydrophobic fatty acid tails) which
encapsulates a water soluble core. (B) The SLN is a spherical lipid monolayer (polar
hydrophilic head groups attached to non-polar hydrophobic fatty acid tails) which
encapsulates a solid lipid core.

SLNs are established in the field of pharmaceuticals and drug delivery'>'°

. Many
drugs have been incorporated into SLNs and are effective within the body because of

their structural stability, drug release profile, high loading capacity and

biocompatibility'®. SLNs are used in cosmetic applications because of favorable

12



characteristics including skin hydration, lubrication, skin whitening effect, chemical
stability, and UV protection'>'"'%,

SLNs have been emerging as a carrier system for sunscreens. SLNs are
advantageous in comparison to conventional o/w emulsions because they have been
shown to exhibit a zero-order release profile of organic components. Thus, SLNs release
less of the sunscreen formulation over a given period of time resulting in a longer lasting
sunscreen'”.

Although the use of SLNs solely as UV filters is neither recognized nor
commercially available, they have been shown to have a synergistic effect when paired
with UV filters with regards to overall UV protection and photostability. This results in a
reduced need for high concentrations of potentially photo-carcinogenic sunscreen
formulations without sacrificing the sun protection factor™. This advantage of the SLNs
is based upon their ability to reflect and scatter incoming UV radiation. It has been shown

that the scattering properties of SLNs depend on their degree of crystallinity. More

crystalline SLNs have a greater ability to reflect and scatter radiation®'.

1.7. Polymeric nanoencapsulation

Similar to SLNs, poly(p-lactide) (PLA), is an established polymer in the drug
delivery industry. Nanoencapsulation of octinoxate using PLA results in increased
photostability®*. Similarly, a study by the same research group showed that encapsulating
octinoxate with poly-D,L-lactide-co-glycolide (PLGA) also has greater photostability
than octinoxate alone™. Lee et al. showed avobenzone encapsulated by poly(methyl
methacrylate) (PMMA) to have improved photostability, thermal stability and UV

protection. PMMA/avobenzone nanoparticles can be applied to develop very stable
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sunscreens®. All three of these nanoencapsulations are promising because of their
polymer biocompatibility. Polymeric encapsulation holds great promise as an emerging
sunscreen technology because of the great variety and versatility of polymers and detailed

understanding of the polymer properties.

1.8. Novel UV protection approaches
1.8.1. Cyclodextrin complexation

Cyclodextrins are cyclic oligiosaccharides composed of 5 or more o-D-
glucopyranoside units. They exist in three natural forms, o,  and y. They can entrap
appropriately sized molecules into the hydrophobic lumen of their ringed structure® .
Cyclodextrins are complexed with compounds to increase aqueous solubility and
dissolution rate of poorly soluble drugs. They are also used to protect against oxidation
and improve photostability25’26. Cyclodextrins complexed with ibuprofen have been
shown to be effective in reducing the damage caused by UV radiation after sun exposure.
Godwin et al. show that topically applying ibuprofen immediately following UV

exposure is crucial in reducing epidermal lipid damage. Complexing ibuprofen with

hydroxypropyl-B-cyclodextrin provided enhanced protecti0n27.

1.8.2. UV absorbers in textiles

A new idea in UV protection is to incorporate UV protective nanoparticles into
fabric used for clothing in order to reduce the fading of colors. ZnO nanoparticles have
been incorporated into the surface of cotton and wool fabrics. The addition of ZnO
increases the mechanical strength of both fabrics and results in an UV absorbing

fabric®®®. Another study by Sun et al. incorporated ZnO nanoparticles into polyester
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fabric. This study had mixed results; while a polymer/ZnO coating not in direct contact
with the fabric decreased the fading rate of the dyed fabric, the polymer/ZnO coating
increased the fading rate of one dye used when in direct contact with the fabric. Sun et al.
attributes this increased fading rate to the generation of free radicals when ZnO is
exposed to UV radiation®”.

Another approach to protecting fabric is to incorporate multiwall carbon
nanotubes (MWNT). Mondal et al. developed a polyurethane coating containing UV
protective MWNT. Several weight percentages of the coating were applied to cotton
fabric and the transmission of UV radiation through the fabric was measured. An UV
protection factor (UPF) of the fabric was calculated based upon the transmission of UV

radiation. UPF ratings are listed according to the Australian/New Zealand standard.

UV Radiation
UPF Rating UPF Description
Transmission (%)
15-24 6.7-4.2 Good
25-39 4.1-2.6 Very Good
40 - 50, 50+ Less than 2.6 Excellent

Table 1.2. Australian/New Zealand UV Protection factor (UPF) standard.

This coating applied to cotton fabric achieved a UV protection factor of 174 for
only 1 wt % of MWNT used in the cotton fabric *'. Because of the UV protective benefits
and nil effect on clothing comfort, the addition of trace amounts of UV protective

material into textiles is a likely trend to continue to be studied.
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1.8.3. Antioxidants

Antioxidants and other natural products such as carotenoids are currently being
explored as UV protective additives to limit photochemical damage. The new molecules,
applied in conjunction with nanoencapsulation and nanocomplexation have the potential
for powerful new sunscreen ingredients.

Antioxidants are found naturally in plant species. Excessive exposure to UV
radiation triggers production of non-photosynthetic pigments, cinnamic acid derivatives
and flavanoids which are responsible for blocking UV radiation in addition to their
antioxidant activity’>. Incorporation of antioxidants into sunscreen formulations is a
logical approach to combat potentially hazardous photogenerated free radicals.
Antioxidants contain many free electrons which are donated to unpaired electrons present
in free radicals. Antioxidants are used in the cosmetic industry to prevent the formation
of new wrinkles and reduce skin aging caused by UV radiation. These antioxidants, such
as vitamin C, vitamin E and pycnogenol, have been shown to have a synergistic effect
when combined for UV protection®. Photostabilizers have also been shown to exhibit
antioxidant properties. Chaudhuri et al. showed that diethylhexyl syringylidene malonate
(DESM) can be used as a photostabilizer for avobenzone as well as an effective
antioxidant’. Synthetic antioxidants are also a possibility, as Otani et al. developed a new
UV-B radiation absorbent molecule with efficient antioxidant activity by modification of
the glycoside. This new molecule is expected to be commercially available for sunscreen

. 4
formulations>*.
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1.8.4. Carotenoids

Carotenoids are produced in plants and other photosynthetic organisms. The
yellow, orange and red color of many fruits is due to the carotenoid content. Green plants
also contain carotenoids, but their color is masked by their chlorophyll content. Humans
cannot self-produce carotenoids and depend on a dietary supplement’>>*. Carotenoids are
important because they play a role in protecting plants from UV damage. They are
effective natural antioxidants because of their singlet oxygen quenching ability and

scavenging of peroxyl radicals®”™*!

. When incorporated into daily dietary intake,
carotenoids have been shown to have a variety of positive health effects. A decreased risk
for prostate cancer has been associated with the consumption of lycopene found in
tomatoes*>. Carotenoids have potential in skin protection applications. Heinrich et al.
showed that a dietary mixture of the B-carotene, lutein and lycopene protects against UV
induced erythema®. In homogenous solution, carotenoids are efficient blue light (near
UVA) filters*. When complexed with pB-glycyrrhizic acid, a cyclodextrin, their
antioxidant activity increases (increased scavenging rate of peroxyl radicals by

carotenoids)*’. Because of their antioxidant function and blue light filtering, carotenoids

are plausible components to use in a sunscreen formulation.

1.8.5. Mycosporine-like amino acids

Marine algae are able to synthesize mycosporine-like amino acids (MMAs) which
effectively absorb UV radiation between 310-360 nm***’. MMAs have been shown to be
photostable and require light, oxygen and a strong photosensitizing agent such as
riboflavin and/or sea water for photo-degradation to occur®®™". Additionally, MMAs will

photo-degrade slower under high irradiance conditions without the presence of a
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photosensitizer*®. MMAs are a promising natural sunscreen additive because of their high

UV radiation absorbance and strong photostability.

1.9. Summary

We have introduced the traditional components, the use of nanoparticles and the
emerging technologies of UV protection. This section also summarized recent studies
which presented novel ideas in UV protection applications, as well as the incorporation of
antioxidants and natural products in UV protection. New techniques offer improved UV
protection, safety and enhanced photostability. Particularly promising is the polymeric
encapsulation of UV absorbers, and the divergence from chemical absorbers towards the
use of antioxidants and other natural product additives. In the following chapters we
detail our research in which we explored these very areas of interest, specifically
investigating (1) the role of proximity of UV absorber and photostabilizer (2) the use of
large concentrations of antioxidants paired with sensitive UV absorbing dyes and (3)
polymeric nanoencapsulation of UV absorber/photostabilizer combinations and the

resulting effect on photostability.
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CHAPTER 2

UNDERSTANDING THE PROXIMITY OF UV ABSORBERS

AND PHOTOSTABILIZERS

2.1. Abstract

B-Carotene was used as a probe to investigate the protection offered by 2-
ethylhexyl 4-methoxycinnamate, a photostabilizer, upon ultraviolet-A
photodegradation. 3-Carotene and 2-ethylhexyl 4-methoxycinnamate were arranged in
two distinct macroscopic configurations (core/shell and homogenous) in solution with
tandem and single cuvettes. 2-Ethylhexyl 4-methoxycinnamate was also combined with
poly(methyl methacrylate) in solution to investigate the protective synergy between the
photostabilizer and the polymer matrix. The choice of configuration played a more
dominant role than the concentration of 2-ethylhexyl 4-methoxycinnamate in the
degradation of B-carotene, with -carotene remaining more stable in the homogeneous
configuration. Changing configurations yielded different proximities of 2-ethylhexyl 4-
methoxycinnamate to B-carotene; closing the proximity increased the potential close
interactions (<lnm) where transfer of excited state energy from [-carotene to 2-
ethylhexyl 4-methoxycinnamate could occur resulting in increased photostability. The
addition of poly(methyl methacrylate) had a negligible impact on the decay of B-carotene

in both configurations.
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2.2. Introduction

Approximately 40% of the solar energy which reaches Earth is allowed to pass
through the atmosphere to reach the surface. The atmosphere allows visible light to pass
through while blocking hazardous light, by use of stratospheric oxygen and ozone
molecules which absorb 97-99% of the sun’s high frequency ultra-violet radiation
(wavelengths of 150 - 300 nm). The ultra-violet light that successfully reaches the earth’s
surface is predominantly ultraviolet-A (UVA) radiation (wavelengths of 320 — 400 nm),
with a smaller component of ultraviolet-B (UVB) radiation (wavelengths of 280-320 nm).
UVA radiation is of particular interest because of its prevalence in sunlight and being of
relatively high energy it is important to investigate the harmful effects of UVA radiation
! Among fillers and other inactive ingredients, traditional sunscreens are comprised of
primary UV absorbers and additional UV absorbers dedicated to protect the primary UV
absorber, which serve as photostabilizers .

Many structural and spectroscopic studies ** have been performed in order to
understand the specific interactions such as hydrogen bonding, solvent-solute
complexation, changes in the electronic charge distribution following photoexcitation,
and excited-state reactions. Several studies have been performed to understand the
influence of polymer matrices on photophysical properties of intermolecular hydrogen
bridged UV absorbers ®’. In these UV absorbers an excited state intramolecular proton
transfer in the excited singlet state opens a pathway for the transformation of harmful
ultraviolet radiation into thermal energy®. The migration of UV absorber molecules out of
the polymer matrix is influenced by the free volume of the polymer as well as by the size

and shape of the diffusing molecules’. The systematic investigation on the photophysical
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properties of molecules in the condensed phase and their molecular structure provides
insight into the impact of interactions between the solvent and solute'®. For example, the
proximity of the carbonyl and hydroxyl groups in UV absorbers can allow for the
formation of intra- and intermolecular hydrogen bonds. The interaction of UV light and
UV absorber begins when a photon of UV light interacts with a ground state molecule of
the UV absorber by encountering a pair of electrons. The photon energy is transferred to
one of the electrons promoting it to the singlet excited state. This singlet state electron
intersystem crosses to a less energetic triplet excited state. In the triplet excited state, the
absorbed energy is dissipated as heat before the electron returns to its ground state
pairing. Once in the ground state, the molecule is free to repeat the absorption process
which is of the order of a few milliseconds. As the cycle of absorption and dissipation
progresses, molecules may be damaged by photochemical reactions and no longer able to
repeat the cycle. This typically occurs in the triplet excited state, where a competition
exists between the excited state electrons fighting to return to ground state and reactive
oxygen species searching for donor electrons. With prolonged exposure to UV light,
more UV absorber molecules become damaged and the overall effectiveness, or
photostability, of the absorber decreases. Photostabilizers are added to maintain the
photostability of the UV absorber. They are able to quench and dissipate the excited state
energy of the UV absorber before any damaging photochemical reactions occur. '

Recently, polymer nanocomposites have been formulated to achieve increased

photostability and UV protection '**!

. These studies showed the significance of UV
absorbing activity in zinc oxide (ZnO) treated matrices and ZnO-polyethylene

terephthalate (PET) nanocomposites. In addition, photo-oxidation studies on polyethylene
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containing nanoparticle and pigmentary grade titanium dioxide pigments showed that in
general the former are more photoactive. It was argued that the proximity of nanoparticle
pigments induce oxidation of the polymer during processing and the formation of
hydroperoxide and carbonyl groups. Similarly, composites of titanium oxides and silicon
dioxide hybrid capsules showed good UV protective properties. Although these studies
showed the role of the proximity of metal oxides on UV protection, there are almost no
systematic studies performed which delineate the proximity of absorbers and matrices.
Most previous studies used small concentrations of UV absorber paired with a
weak UV absorbing polymer. In this paper high concentrations of absorber were paired
with a strongly absorbing dye. A new experimental method was introduced to understand
the proximal effects of high levels of UV absorbers and polymer matrices. The
relationship between molecule proximity and photostability was examined. Additionally,
a polymer matrix was added to consider the photoprotective synergy between absorber
and polymer. Overall, the role of the proximity of absorbers and polymer matrix in the

protection against UVA radiation was investigated.

2.3. Materials
2.3.1. Sensor molecule

B-Carotene (M, =536.8g/mol), was selected as an UVA sensitive probe molecule
to investigate the proximal effect on photostability when paired with other absorbers and
a polymer matrix. B-Carotene is not typically used as a sunscreen active ingredient, but it
serves as an ideal probe molecule because it absorbs UVA light, photodegrades and
undergoes a fluorescence shift. As shown in figure 2.1, the B-carotene molecule contains

a long conjugated hydrocarbon chain, consisting of many C=C bonds which serve as a
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chromophore for the molecule. This chromophore is responsible for the light absorption
and gives B-carotene its deep orange color. Based upon the Planck-Einstein equation,
E =hc/A, UV light has more energy than visible light. When exposed to an abundant

UVA light source, the C=C and C-C bonds of the hydrocarbon chain break, the molecule

degrades and loses its deep orange color, becoming transparent.”

2.3.2. Photostabilizer molecule

The known UV absorber 2-ethylhexyl 4-methoxycinnamate (EHMC) (M,
=290.3g/mol) was selected to serve as a photostabilizer (structure shown in figure 2.1).
Its peak absorption when dissolved in acetone was between 325 and 375 nm, thus
validating its use as a UVA absorber. The photoprotective effects of 2-ethylhexyl 4-
methoxycinnamate when mixed with B—carotene in two distinct configurations were

investigated. These two configurations are shown in figure 2.2.

2.3.3. Polymer matrix

Poly(methyl methacrylate) is often used as a polymer matrix for producing
microparticles. It is important to evaluate its effect (structure shown in figure 2.1) on the
overall photostability of each configuration tested. Poly(methyl methacrylate) of My, =
120,000 (Sigma Aldrich) was dissolved in acetone and was mixed with 2-ethylhexyl 4-
methoxycinnamate in a ratio of 2-ethylhexyl 4-methoxycinnamate: poly(methyl

methacrylate) (4:1).
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Figure 2.1. UV absorber molecules. (a) P—Carotene molecule. (b) 2-ethylhexyl 4-
methoxycinnamate. (¢) Poly(methyl methacrylate).
2.4. Methods
2.4.1. Macroscopic configurations

f—Carotene solutions were mixed with each dilution of 2-ethylhexyl 4-
methoxycinnamate in two distinct configurations using a standard or tandem cuvette cell
(NSG Precision Cells Inc., Farmingdale NY). The tandem cell uses a quartz divider
which has no effect on the fluorescence signal. The cuvette cells were chosen to
macroscopically replicate the physical orientation of microparticles containing the UV
sensitive  molecule (B-carotene) and the photostabilizer (2-ethylhexyl 4-
methoxycinnamate). For both configurations the total concentration (i.e. no tandem
divider) of B—carotene equaled 16.65uM and the total concentration of 2-ethylhexyl 4-
methoxycinnamate was equal to one of 868mM, 434mM, 217mM or 108mM. The total

sample volume equaled 2 mL. It is important to note that the homogeneous configuration
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used a single well cuvette, rather than a tandem well cuvette. By eliminating the divider,
the free motion of P—carotene and 2-ethylhexyl 4-methoxycinnamate throughout the
entire 2 mL sample occurs. This is analogous to a completely homogenous microparticle
of the same radius as the core/shell configuration, rather than a core-shell particle. Each
mixture of 2-ethylhexyl 4-methoxycinnamate/poly(methyl methacrylate) was configured
with B—carotene in the two configurations shown in figure 2.2. The overall f—carotene, 2-
ethylhexyl 4-methoxycinnamate and poly(methyl methacrylate) concentrations for each

configuration were fixed at 16.65uM, 217mM, and 1.67mM respectively.

a b

B-Carotene
EHMC
B-Carotene +
EHMC

Figure 2.2. Macroscopic configurations. (a) Core/shell configuration of B—carotene and
2-ethylhexyl 4-methoxycinnamate in tandem cuvette cell. (b) Homogenous configuration
of f—carotene solution and 2-ethylhexyl 4-methoxycinnamate in standard cell.

2.4.2. Experimental device

Fluorescence was measured for 30 seconds using QuantaMaster UV VIS

fluorometer (PTI, Birmingham NJ) shown in figure 3(a). For consistency and optimal
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fluorescence, the right well of the cuvette (tandem only) was adjacent to the light source.
After fluorescence was recorded, the sample was removed from the fluorometer and
placed 18.5mm from UVA light (A=365 nm, I=1900uW/cm®) for 10 min using a Pen Ray
Mercury lamp (UVP, Upland CA) as shown in figure 3(b). The right well of the cuvette
(tandem only), representing the outer surface of a particle was always adjacent to the
lamp. The entire apparatus was enclosed in a black box to minimize any background
radiation and reflection. After exposure the cuvette was returned to the fluorometer and

the fluorescence was measured again for 30 seconds. This cycle was repeated for a total

exposure time of 60 minutes.
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Figure 2.3. Fluorescence and UV apparatuses. (a) QuantaMaster UV VIS fluorometer.
(b) UVA exposure chamber.

2.4.3. FTIR analysis of p—carotene degradation

A 2 mL solution of B—carotene [16.650uM] in a standard cuvette was exposed to

UVA light for 60 minutes. At the beginning and end of exposure a Spectrum One FTIR
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(PerkinElmer, Waltham MA) was used to measure the absorption bands associated with

C=C and C-C bonds, which range from 1600-1680 cm.

2.4.4. UV-Vis analysis of p—carotene degradation

A 2 mL solution of B—carotene [16.650uM] in a standard cuvette was exposed to
UVA light for 60 minutes. At the beginning and end of the exposure time, the absorbance
of the solution was measured using a NanoDrop 1000 UV-Vis Spectrophotometer

(Wilmington, DE).

2.4.5. UV-Vis analysis of 2-ethylhexyl 4-methoxycinnamate degradation

A 2mL solution of 2-ethylhexyl 4-methoxycinnamate [868mM] in a standard
cuvette was exposed to UVA light for 60 minutes. At the beginning and end of the
exposure time, the absorbance of the solution was measured using a NanoDrop 1000 UV-

Vis Spectrophotometer (Wilmington, DE).

2.5. Results and discussion

B—Carotene solution excitation and emission spectra were determined. f—Carotene
dissolved in acetone showed a maximum excitation at 350nm and a maximum emission
at 525nm. The 2-ethylhexyl 4-methoxycinnamate solution excitation and emission
spectra were also determined; a maximum excitation at 380nm and a maximum emission
at 413nm, although it had a fairly broad emission spectrum. Because of this broad
emission, it was important to compare the emission spectra of both 2-ethylhexyl 4-
methoxycinnamate and B—carotene to ensure that 2-ethylhexyl 4-methoxycinnamate did
not interfere with the fluorescence signal of B—carotene. A comparison of 2-ethylhexyl 4-

methoxycinnamate and P—carotene emission spectra, when excited with 350nm light,
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revealed that the 2-ethylhexyl 4-methoxycinnamate fluorescence was insignificant when
compared to P-carotene fluorescence. This ensured that 2-ethylhexyl 4-
methoxycinnamate fluorescence did not interfere with measuring p—carotene

fluorescence.

2.5.1. p—carotene degradation

The solution of B—carotene contained in a single well cuvette was bleached when
exposed to the UVA light source in 10 minute intervals for a total of 60 minutes. Figure
2.4. illustrates the decay of the fluorescence signal, measured in photons/sec. The data
was normalized by dividing each data point in a set by its initial data point at time = 0
minutes. As the concentration of B—carotene was reduced, a higher percentage of B—
carotene molecules were interacting with a fixed number of UVA photons which caused
more rapid photodegradation, thus a less photostable sample. Conversely if the
concentration of P—carotene increased, a smaller percentage of P—carotene molecules
were interacting with a fixed number of UVA photons resulting in greater photostability.
This is analogous to sunscreen manufacturers increasing the concentration of active

ingredient (UV absorber) in a formulation to increase the photostability of the sunscreen.
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Figure 2.4. Fluorescence decay of B—carotene.

The photoreaction of B-carotene (A) is often described by the following equation’

he/A

A—>P

(D
where P refers to product(s) formed. Assuming instant mixing of samples, the rate of
photodegradation can be described by

_% =p,0,=0,0,1-exp(-z[4]d))

2)

where [A] is the concentration of P-carotene at after UV exposure time t, ¢, is the

quantum yield for excitation of A, I, is the lamp intensity, /, is the absorbed intensity,
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x 1s the molar excitation coefficient and d is the optical path length. The general solution

of this equation is

A1 _
[4,] [Ay1xd

In{l +exp (4, Jyd — @, 1, xdt)— exp(— @, I, et )}

3)

where [4,] is the known initial concentration of B-carotene. With d =1.25¢m in our
experiments, [A] can be evaluated given the values of y and ¢,/,. The fits of this

equation are plotted in figure 2.4. For y=8.6x10cm?/mole  and
@1, =2.09x107'2 mole/cm’s, the fluorescence data for [A,]=8.33uM fits very well

with the model. However, the model does not accurately capture the entire

experimentally observed decay profiles for concentrations higher than [AO]: 8.33uM . 1t

is likely that at high concentrations, the interactions between molecules protected f-
carotene degradation from UV exposure. To understand this behavior of B-carotene
fluorescence, an average distance between B—carotene molecules can be evaluated. Figure
4(b) shows that when the average proximity of individual f—carotene molecules was less
than approximately 60nm, the fluorescence stabilized. This corresponds to B—carotene
solutions with a concentration greater than 67uM. The normalized fluorescence of p—

carotene after 60 minutes of exposure is plotted in figure 2.5.
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Figure 2.5. Fluorescence based upon concentration of B-carotene at time = 60 minutes.

Figure 2.6. shows an FTIR spectrum of 16.65uM P—carotene solution before and
after 60 minute UVA exposure. The FTIR spectra obtained after degrading B—carotene
solution with UVA light for one hour showed a significant decrease in absorbance (red
ovals) associated with C=C and C-C bonds (1600 — 1680 cm™) indicating color loss and
degradation of the hydrocarbon chain chromophore. However, the spectrum showed no

significant decrease in absorbance for aromatic C-H bonds (30700m'1).
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Figure 2.6. FTIR spectrum of16.65uM P—carotene solution before and after 60 minute
UVA exposure.

Figure 2.7. shows a UV-Vis Spectra of 16.65uM p—carotene solution before and
after UV exposure. The UV-Vis spectrum before irradiation (time = 0 minutes) for -
carotene showed absorbance in the UV range as well as in the visible spectrum. The UV-
Vis spectrum after irradiation (time = 60 minutes) showed only absorbance in the UV
range. The red oval region corresponds to loss of absorbance in the visible spectrum after
60 minutes. This was supported by FTIR results and verified by pre and post UV

exposure visual observation.
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Figure 2.7. UV-Vis Spectra of 16.65uM p—carotene solution before and after UV
exposure.
2.5.2. Effect of 2-ethylhexyl 4-methoxycinnamate on f/—carotene degradation

Next, we attempted to understand the varying photostability of B-carotene and 2-
ethylhexyl = 4-methoxycinnamate molecular  configurations.  2-Ethylhexyl 4-
methoxycinnamate 98% by volume [3.47M], stabilized with 0.05 to 0.1% butylated
hydroxytoluene (Acros Organics, Morris Plains NJ) was diluted in acetone to four
concentrations: 868mM, 434mM, 217mM and 108mM. Preliminary experiments
confirmed that butylated hydroxytoluene had no stabilizing effect on P-carotene. The
24.5% by volume [868mM] solution of 2-ethylhexyl 4-methoxycinnamate was
comparable to the 20% maximum concentration by volume regulated in Japanese
sunscreen formulations. The 12.25% by volume [434mM] solution was comparable to the
10% maximum concentration by volume regulated in European and Australian sunscreen
formulations. The 6.125% by volume [217mM] solution was comparable to the 7.5%
maximum concentration by volume regulated in the USA. The 3% by volume [108mM]

fell below any maximum concentration regulation. The UV-Vis spectrum before
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irradiation (time = 0 minutes) for 2-ethylhexyl 4-methoxycinnamate showed absorbance
in the UV range. The UV-Vis spectrum after irradiation (time = 60 minutes) also showed
absorbance in the UV range. Figure 2.8. shows UV-Vis spectra of 2-ethylhexyl 4-
methoxycinnamate solution before and after UV exposure. The maximum absorbance

was between 325 and 375 nm, suggesting its use as an effective UVA absorber.
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Figure 2.8. UV-Vis Spectra of 2-ethylhexyl 4-methoxycinnamate solution before and
after UV exposure.

Figure 2.9. shows the results of the core/shell configuration. The data was
normalized by dividing each data point in a set by its initial data point at time = 0
minutes. Increasing the concentration of 2-ethylhexyl 4-methoxycinnamate had a minor
effect on the photostability of B—carotene in the core/shell configuration. The limiting
factor of photostability in this configuration was that an interface existed, preventing
close interactions between P—carotene and 2-ethylhexyl 4-methoxycinnamate molecules.
Figure 2.10 shows the results of the homogeneous configuration; in which all of the f—
carotene and 2-ethylhexyl 4-methoxycinnamate molecules are in close contact, a feature

which resulted in optimal quenching and dissipating of excited state energy and the most
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photostable configuration. 390uM and 790uM concentrations of 2-ethylhexyl 4-
methoxycinnamate were also included to show that increasing the concentration of 2-
ethylhexyl 4-methoxycinnamate resulted in greater photostability of f—carotene in this
configuration. However, the fluorescence results showed that for the same overall
concentration of 2-ethylhexyl 4-methoxycinnamate in the core/shell and homogenous
configurations, the homogenous configuration offered much more effective
photoprotection. Therefore the proximity of 2-ethylhexyl 4-methoxycinnamate to -
carotene had a greater impact than the concentration of 2-ethylhexyl 4-methoxycinnamate
on the photostability, whereby closing the proximity of 2-ethylhexyl 4-

methoxycinnamate and f—Carotene yielded substantial benefits to photostability.
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Figure 2.9. f—Carotene decay at 16.65uM fixed concentration mixed with varying 2-
ethylhexyl 4-methoxycinnamate concentrations in the core/shell configuration.
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Figure 2.10. p—Carotene decay at 16.65uM fixed concentration mixed with varying 2-
ethylhexyl 4-methoxycinnamate concentrations in the homogenous configuration.
f—Carotene retained the most fluorescence when mixed with the highest
concentration of 2-ethylhexyl 4-methoxycinnamate and it retained the least fluorescence
when mixed with the lowest concentration of 2-ethylhexyl 4-methoxycinnamate in both
molecular configurations. Comparing the two configurations to one another for a given
concentration of 2-ethylhexyl 4-methoxycinnamate we found that the homogeneous
configuration retained the most fluorescence when exposed to UVA light for the duration
of one hour for all concentrations of 2-ethylhexyl 4-methoxycinnamate. This result was
most apparent for the 2-ethylhexyl 4-methoxycinnamate of concentration 217mM shown
in figure 2.11. Here we added a hybrid configuration which used 2-ethylhexyl 4-
methoxycinnamate in both wells of the tandem cuvette. Note that the total amount of 2-

ethylhexyl 4-methoxycinnamate in the system was equal for all three configurations, but
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the 2-ethylhexyl 4-methoxycinnamate was distributed differently among the
compartments in each configuration. In the core/shell configuration all of the 2-
ethylhexyl 4-methoxycinnamate was in front of the f—carotene and should reduce the UV
irradiation level for all the P—carotene molecules according to Beer’s law. In the
homogenous configuration, with conditions constant, one would expect less stability
(Beer’s law) because half of the 2-ethylhexyl 4-methoxycinnamate molecules were
behind the B—carotene and only half were in front, while in the core/shell configuration
all 2-ethylhexyl 4-methoxycinnamate molecules were in front of f—carotene molecules.
However the homogenous configuration showed greater stability than the core/shell,
which is strong evidence for a proximity effect between f—carotene and 2-ethylhexyl 4-
methoxycinnamate.

Increasing the concentration of 2-ethylhexyl 4-methoxycinnamate did increase
the photostability, but the configuration played a more dominant role in the
photostability. With the concentrations of [p—carotene and 2-ethylhexyl 4-
methoxycinnamate fixed, changing from core/shell to hybrid to homogeneous yielded
very significant improvements in the overall photostability. The homogeneous
configuration was approximately 1.5 times more stable than the hybrid configuration and
5 times more stable than the core/shell configuration based upon B—carotene fluorescence

after 60 minutes of UVA exposure.
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Figure 2.11. p—Carotene decay at 16.65uM fixed concentration mixed with 2-ethylhexyl
4-methoxycinnamate [217mM] for all three configurations.
2.5.3. Proximal effect

We also attempted to understand the proximal effect of P-carotene and 2-
ethylhexyl 4-methoxycinnamate in the homogeneous configuration. When B—carotene
molecules and 2-ethylhexyl 4-methoxycinnamate molecules were freely allowed to mix,
the highest level of fluorescence was retained over an exposure period of 60 minutes.
This led to the hypothesis that a proximal relationship existed at the molecular level
between the P—carotene and 2-ethylhexyl 4-methoxycinnamate with regard to the
photostability of B—carotene. Since the f—carotene concentration was constant [16.65uM],
the distance between one [—carotene molecule to an adjacent 2-ethylhexyl 4-

methoxycinnamate molecule could be approximated using a body centered cubic unit
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cell. There were exceedingly more 2-ethylhexyl 4-methoxycinnamate molecules than B—
carotene molecules present; therefore we assumed that one unit cell containing a p—
carotene molecule would also contain eight 2-ethylhexyl 4-methoxycinnamate molecules.
This assumption was valid for our data since the number of molecules in solution from
the lowest concentration of 2-ethylhexyl 4-methoxycinnamate used [390uM] far
exceeded the number of B—carotene molecules in solution, by over a factor of 23. This
model would be valid for solutions with 2-ethylhexyl 4-methoxycinnamate concentration
of less than approximately 133uM for the given f—carotene concentration of 16.65uM. As
the concentration of 2-ethylhexyl 4-methoxycinnamate increased, the average distance
between 2-ethylhexyl 4-methoxycinnamate and [—carotene decreased, hence the
probability of 2-ethylhexyl 4-methoxycinnamate closely interacting with P—carotene
increased. More relevant was the relationship between fluorescence and proximity.
Figure 2.12. shows that increasing the distance between the f—carotene/2-ethylhexyl 4-
methoxycinnamate molecules resulted in a decrease in fluorescence after the 60 minute
exposure. By closing the proximity between 2-ethylhexyl 4-methoxycinnamate and B—
carotene, we effectively increased the probability of close interactions (<1nm) between 2-
ethylhexyl 4-methoxycinnamate and P—carotene. These close interactions allow for
effective energy transfer, i.e. quenching of excited state molecules. Interpolating the data,
there appears to be a threshold value on the magnitude of 15nm. For molecules spaced
closer than this value, fluorescence was maintained, while for molecules spaced further
than this value, there was considerable decay in the fluorescence. The proximity of B—
carotene/2-ethylhexyl 4-methoxycinnamate in the core/shell configuration was fixed

because of the divider in the tandem cuvette. In its microparticle analogue, f—carotene
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and 2-ethylhexyl 4-methoxycinnamate would only physically interact minimally at the

core-shell interface. The proximal effect, fluorescence versus proximity, could be

calculated for the hybrid configuration, but only for the core (left well of the cuvette).
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Figure 2.12. Fluorescence of P—carotene 16.65uM after 60 minute exposure in the
homogeneous configuration vs. concentration of 2-ethylhexyl 4-methoxycinnamate.

An additional UV-Vis analysis was performed for the homogeneous configuration

(2-ethylhexyl 4-methoxycinnamate = 434mM, B-carotene = 16.65uM) to compare the

absorbance before and after UV exposure. Both pre and post exposure spectra showed

strong peaks from 350nm to 400nm resulting from the absorbance of 2-ethylhexyl 4-

methoxycinnamate as shown in figure 2.13. There was also a faint absorbance band from

400nm to 500nm due to the absorbance of B-carotene. UV-Vis results from figure 2.7.

clearly showed that absorbance in the visible light region of f—carotene decreased with

exposure to UVA radiation. This corresponds with the visible observation of the orange
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colored solution decaying to a clear solution after one hour of exposure to UVA
radiation. However, figure 2.13 shows that when B—carotene was homogenously mixed
with 2-ethylhexyl 4-methoxycinnamate [434mM], absorbance in the visible light region
of B—carotene was maintained throughout the 60 minutes of UV exposure (red ovals).
This is verified by visual observation of the orange colored solution remained orange
throughout the duration of exposure and this further supports that the homogeneous

configuration effectively maintained photostability.
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Figure 2.13. UV-Vis spectra of 16.65uM p—carotene when mixed with 434mM 2-
ethylhexyl 4-methoxycinnamate in the homogeneous configuration, before and after 60
minute UVA exposure.
2.5.4. Addition of poly(methyl methacrylate)

The fluorescence decay of B—carotene was compared when using 2-ethylhexyl 4-
methoxycinnamate alone as the UV photostabilizer versus using 2-ethylhexyl 4-
methoxycinnamate mixed with poly(methyl methacrylate) (PMMA). Figures 2.14. and

2.15. show this comparison. The addition of PMMA appeared to have only a minor

inhibitory or synergistic effect on the fluorescence decay of P—carotene in our three
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configurations, without a clear trend. In future assays we plan to use several different

concentrations of PMMA, thus affecting the overall viscosities of our formulations. We

would like to elucidate the effect of viscosity on the proximal interactions between p—

carotene and 2-ethylhexyl 4-methoxycinnamate in our system.
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Figure 2.14. p—Carotene
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[16.65uM] decay when mixed with 2-ethylhexyl 4-
alone versus P—carotene decay when mixed with 2-

ethylhexyl 4-methoxycinnamate and poly(methyl methacrylate) [1.67mM] in the

core/shell configuration.
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Figure 2.15. p—Carotene [16.65uM] decay when mixed with 2-ethylhexyl 4-
methoxycinnamate [217mM] alone versus P—carotene decay when mixed with 2-
ethylhexyl 4-methoxycinnamate and poly(methyl methacrylate) [1.67mM] in the
homogeneous configuration.
2.6. Conclusion

The proximity of the 2-ethylhexyl 4-methoxycinnamate to f—carotene played a
significant role in the photostability of B—carotene exposed to UVA irradiation. Closing
the proximity increased [—carotene photostability. This was achieved by first
homogenously mixing p—carotene and 2-ethylhexyl 4-methoxycinnamate and then
increasing the concentration of 2-ethylhexyl 4-methoxycinnamate. The body centered
cubic cell model effectively showed that by increasing the concentration of 2-ethylhexyl
4-methoxycinnamate in the homogeneous configuration, we effectively decreased the

average spacing between 2-ethylhexyl 4-methoxycinnamate and —carotene molecules in

solution thus increasing the probability of 2-ethylhexyl 4-methoxycinnamate and —
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carotene molecules having close interactions in solution where photostabilizing energy
transfers could occur. Based upon our model there appeared to be a threshold separation
of 15 nm, where below this average distance greater photostability was achieved.
Furthermore, changing the proximity of 2-ethylhexyl 4-methoxycinnamate to f—carotene
yielded very different fluorescence decay profiles for the same given concentration of 2-
ethylhexyl 4-methoxycinnamate in the core/shell, homogenous and hybrid configurations,
in which the homogenous configuration offered the best photoprotection. The addition of
poly(methyl methacrylate) showed no clear trend with regard to the photostability of the
configurations in this study. Moving forward, we may incorporate 2-ethylhexyl 4-

methoxycinnamate with other UVA absorbers to explore synergistic effects.
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CHAPTER 3

STABILIZATION OF NATURAL DYES IN SOLUTION AND
THIN FILMS USING HIGH CONCENTRATIONS OF

ANTIOXIDANTS

3.1. Abstract

Natural dyes are normally unstable due to photo-oxidation by UV light. We have
measured the stability of a number of natural dyes in combination with high
concentrations of antioxidants, excited state quenchers, and UV absorbers. We found
that certain combinations, including indigo/BHT, methylene blue/p-benzoquinone, and
methylene blue/triethylamine show enhanced stability in solution and/or in thin polymer
films. By comparing solutions and films of the mixed components with solutions and
films of the antioxidant placed between the dye and UV source, we can show that the
effect is not UV screening but is due to some form of intermolecular chemistry. This
effect may account for the high stability of natural dyes in plant tissues, such as the skins
of fruit, and may be usable to stabilize natural dyes in foods or textiles, especially if

suitable nanoparticle structures can be developed.
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3.2. Introduction

Mechanisms of photostabilization have been well established as a result of
extensive studies on photodegradation and photo-oxidation of synthetic polymers
especially in the 1970’s mainly for the concern of the durability of these polymers in their
outdoor applications '*. There are typically three photostabilization mechanisms *: UV
screening or absorbing, excited state quenching, and free radical scavenging, and they
could interact synergistically, additively, or antagonistically when two of them coexist in

4
one system *°.

The latter two mechanisms depend on the distance between the UV
sensitive moiety and the stabilizer molecule at the nanoscale °. In polymer stabilization,
very low levels of stabilizers, typically a fraction of 1 wt%, are used. The polymers are
very weakly UV absorbing but become brittle due to chain breakage after very low levels
of oxidation, typically a 0.1 wt% reaction.

Natural dyes are vulnerable to photo-oxidation but present a very different case.
They are strongly UV absorbing and oxidize very rapidly but only discolor when a large
fraction of the dye has been oxidized. In polymers, low concentrations of antioxidants
are effective because the reaction between free radicals and polymer is very inefficient,
whereas antioxidants rapidly trap and remove free radicals when they do collide. Similar
arguments apply to the action of excited state quenchers. In dyes, the rate of generation
of excited states is much higher and consequently they cannot be stabilized by low levels
of antioxidants.

Natural dyes in fruit skins are well known to be associated with high levels of

antioxidants and are quite stable. This suggests that there may be a different stabilization

regime where the dyes are closely associated with antioxidants or excited state quenchers.
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In this paper we describe the stabilization of natural dyes in solution and in
polymers films. In each case we compare the stability of the dye under intense UV when
mixed with high concentrations of stabilizer, with that of the same dye placed behind a
film or solution of the stabilizer. In this way we show that the effect is not simply due to

UV absorption but does occur when the molecules are in close proximity.

3.3. Experimental
3.3.1. Materials

B-carotene, indigo, methylene blue (MB), 2,6-di-tert-butyl-4-methylphenol
(BHT), oxybenzone (98%), (+/-) a-tocopherol, p-benzoquinone (BQ), triethylamine
(TEA), chloroform (anhydrous, 99+%), N,N-dimethylformamide (DMF), toluene (99%),
acetone  (99.5%), polymethyl methacrylate (PMMA, MW=120,000), and
polyvinylpyrrolidone (PVP, MW=10,000) were purchased from Sigma-Aldrich and used

without further treatment.

3.3.2. Sample preparation

Solution samples were prepared in either dye/stabilizer mixed solutions or two
separate solutions of the dye and the stabilizer, respectively, and were tested by UV
irradiation in quartz cuvettes for possible proximity effects. The two cuvettes were
placed back to back, with the stabilizer cuvette in front of the dye cuvette. Samples were
irradiated by a 254 nm Pen-Ray UV lamp (Cole Parmer, Vernon Hills, IL) at 4 cm fixed
distance for different times unless otherwise specified. Dye photodegradation was

measured with a Hach DR 4000 UV-vis spectrophotometer (Loveland, CO).
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To prepare mixed or separated polymer films containing dye, it is necessary to
have two polymers and solvents such that the first film does not re-dissolve in the second.
A film of polymer containing stabilizer can then be layered over a film of polymer
containing dye. Polymer thin films containing a dye and/or a stabilizer were prepared on
acetone pre-cleaned 2.5 cm x 7.5 cm quartz slides (EM Science, Hatfield, PA) through a
dipping process (dipping and withdrawal speed = 0.99 cm/s) controlled by a robotic
Automove® system (Asymtek, Carlsbad, CA). The dye and the stabilizer were
encapsulated either in one single layer (i.e. single-layer films; coded as “dye+stabilizer
(x:y)/polymerl” in which x:y indicates the dye:stabilizer molar ratio) or in two separate
layers (i.e. dual-layer films in which the first layer is named the base layer that contains
the dye and the second layer is named the cover layer that contains the stabilizer, coded
as “stabilizer/polymer2 + dye/polymerl1”). For example, BHT/PVP + -carotene/PMMA
dual-layer films were prepared from solutions for the base layer (I mM B-carotene in 5
wt% PMMA/toluene) and the cover layer (10 mM BHT in 10 wt% PVP/ethanol),
respectively.  Quartz slides were dipped into the 1 mM B-carotene in 5 wt%
PMMA/toluene solution at 1 cm/s speed for a 4.7 cm travel distance, let stay in the
solution for 5 sec, and then retracted and let dry in air for 30 min. The slides were then
dipped into the 10 mM BHT in 10 wt% PVP/ethanol solution in the same way to form the
cover layer. As controls, B-carotene/PMMA and BHT/PVP single-layer films were also
prepared. A picture of typical B-carotene containing film samples prepared on quartz

slides by the dipping process is shown in figure 3.1.
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Figure 3.1. B-carotene containing film samples prepared on quartz slides. The rectangle
is the area that was examined by the UV-vis spectrophotometer for photodegradation.

3.3.3. Thickness measurement
A JEOL JSM-5610 scanning electron microscope (SEM) and an XE100 atomic
force microscope (AFM) (Park Systems Inc., CA) were used to examine the thickness of

the films.

3.4. Results
3.4.1. Photostabilization of indigo and MB in solution
Cuvette test on indigo and MB combining with three different stabilizers, BHT,

BQ, and TEA, was performed and the results are shown in figure 3.2.
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Figure 3.2. Photodegradation profiles of different dyes in solution with stabilizers in one
or two separate cuvettes. (a) Indigo and BHT in DMF (UV light filtered at a cut-off
wavelength 270 nm); (b) MB and BQ in ethanol and; (¢) MB and TEA in ethanol.
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Both types of dyes exhibit slower photodegradation when mixed with the
stabilizer than when they remained a distance away from the stabilizer. The enhanced
photostability is apparently due to the close spatial proximity between the dye molecules
and the stabilizer molecules.

The photodegradation of indigo and MB in solution follows different kinetic
routes (figure 3.3.), i.e. zero order kinetics for indigo and 1* order for MB, regardless the
presence of stabilizer. The photodegradation rate constants obtained from these plots are

summarized in Table 3.1.

Dye/Stabilizer Rate Constant

ystem Dye alone :)tif)ilizer in f:;::l ll?l)i,;iflt:eb Her
Indigo/BHT (DMF) * | 0.0315 0.0189 0.0057
MB/TEA (ethanol) ** 0.171 0.0809
MB/HQ (ethanol) ** 0.205 0.0753 0.0148

Table 3.1. Experimentally determined photodegradation rate constants of different
dye/stabilizer combinations in solution. *The rate constant unit for this system is mM/s;
** The rate constant unit for these systems is 1/s.
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Figure 3.3. Photodegradation kinetics of different dyes in solution with stabilizers in one
or two separate cuvettes. (a) Indigo and BHT in DMF (UV light filtered at a cut-off
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3.4.2. Film thickness

The thickness measurement of a typical polymer film made by the dipping
process is shown in figure 3.4. AFM scans and SEM imaging appear to be agreed with
each other. The thickness of the cover layer of the dual-layer films was also measured
the same way and turned out to be in a range of 1.3 to 3 um. Besides, the thickness of
such polymer films varied according to the polymer concentration and solvent used in the
initial dipping solution. These results indicate that by tuning the preparation conditions

the dipping process may allow us to prepare films of micron or submicron thick.
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Figure 3.4. Schematic of AFM scan for thickness measurement. (a) The dashed
parallelogram indicates the scan area, while the double arrow indicates the scan direction.
Thickness of polymer films measured by (b) AFM scan and (¢) SEM imaging: B-
carotene/PMMA films made from the 1 mM pB-carotene in 5 wt% PMMA/toluene
solution.
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3.4.3. Photostabilization of MB in films

The photodegradation kinetics of MB in single- and dual-layer films with TEA as
the stabilizer is shown in figure 3.5. First of all, the photodegradation of MB in films
follows 1* order kinetics, regardless the presence of TEA. More importantly, the single-
layer films that contain both the dye and the stabilizer show a slower degradation than
either the single-layer films with the dye alone or the dual-layer films where the dye and
the stabilizer are isolated and in distance. In contrast, the dual-layer films do not seem to
provide any protection on MB photodegradation. Besides, increasing the TEA/MB molar
ratio from 1000:1 to 3000:1 in the single-layer films further enhances the MB

photostability, as indicated by the further lowered rate constant.
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Figure 3.5. Photodegradation kinetics of MB in single- and dual-layer films in absence or
presence of TEA. MB/PVP single-layer films were made from a 10 % PVP/ethanol
solution that contains 1| mM MB; (MB+TEA)/PVP single-layer films were made from a
10 % PVP/ethanol solution that contains (a) 1 mM MB and 1 M TEA or (b) 1 mM MB
and 3 M TEA. TEA/PMMA+MB/PVP dual-layer films were made from a 3 wt%
PMMA/toluene solution that contains (a) 1 M TEA or (b) 3 M TEA as the cover layer,
and a 10 wt% PVP/ethanol solution that contains 1 mM MB as the base layer.
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3.4.4. Additional dye/stabilizer combinations

Photodegradation of p-carotene/BHT, [-carotene/a-tocopherol, and f-
carotene/oxybenzone were also performed in solution and/or in films, yet no proximity
effect was observed in any of these systems. On the other hand, it was found that the
photodegradation of B-carotene in single-layer films as a function of stabilizer: B-carotene
molar ratio follows a pattern (figure 3.6.). The three types of stabilizers behave quite
similarly in providing protection on B-carotene degradation in the single-layer films and
100:1 molar ratio appears to be a critical point at which a significant level of stabilization

begins to take place.
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Figure 3.6. Change in P-carotene photodegradation rate constant as a function of
stabilizer. B-carotene molar ratio in single-layer films made from 1 mM B-carotene and
varied stabilizer types and concentrations in 5 wt% PMMA/toluene solution.

3.5. Discussion
These results clearly show that high levels of BHT (a phenolic antioxidant)
stabilize indigo via a proximity effect in solution and that MB is stabilized by both

benzoquinone (a UV absorber) and TEA (an excited state quencher). In films we have
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been able to show that TEA stabilizes MB. Neither indigo nor BQ is amenable to
dissolution in the polymers. As a result, no data is available for indigo/BHT or MB/BQ
in films. The single- and dual-layer film tests are able to distinguish between UV
absorption effects where the dye is protected by screening and any effects that could be
attributed to free radical trapping or excited state quenching where the compounds need
to be in proximity.

Although particular stabilizers are regarded as acting through one mechanism, it is
very likely that the mechanisms of action will be mixed at these very high concentrations
of stabilizer. It must also be remembered that diffusional motion is very limited in
polymer films and this would be expected to significantly reduce the effectiveness of free
radical traps in the solid films. Excited state quenchers, however, depend on very close
proximity between the stabilizer and dye and this would be especially effective if the two

molecules formed an intermolecular complex.

3.6. Conclusion

We have shown that very high levels of stabilizers can slow photodegradation of
natural dyes both in solution and in polymer films. We postulate that this may be part of
the role of antioxidants in fruit skins and suggest that this approach might be applied to

stabilization of natural dyes in commercial systems.
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CHAPTER 4

UNIFORM POLYMER SUNSCREEN PARTICLES FOR THE

PROTECTION OF ULTRAVIOLET SENSITIVE MOLECULES

4.1. Abstract

Ultraviolet (UV) radiation can cause significant degradation of skin,
pharmaceuticals, paints, dyes and other materials. Previous work has shown that
encapsulation of UV sensitive molecules or proximity to protective molecules can
provide effective protection from the degradation caused by photo-oxidation. This study
explores the protection capacity of polymeric particles containing both UV sensitive and
UV protective materials. B-carotene was studied as a model ultraviolet sensitive
biomolecule in order to determine the dependence of UV photostability on the
composition of uniform polymer particles containing protective molecules. Particles were
exposed to UV radiation via a UV lamp and the amount of B-carotene remaining was
measured using an Ultraviolet/Visible Spectrophotometer. Common sunscreen agents
(i.e. UV absorbers) such as oxybenzone, avobenzone, and octyl-4-methoxycinnamate and
the antioxidant vitamin E (alpha-tocopherol) were selected for the model protective
molecules. Each protective substance was examined alone and in several combinations.
Oxybenzone and avobenzone were found to provide the most protection from photo-

oxidation when used singly, and both absorbers provided the best protection overall when
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paired with vitamin E, preserving over 80% of the unexposed signal intensity after 60
minutes of exposure. In contrast, combinations of absorbers with oxybenzone did not
show a synergistic effect, likely due to photosensitization. Finally, varying the polymer
matrix between PMMA and the biocompatible polymer PLGA yielded nearly identical

results.

4.2. Introduction

Increased exposure to sunlight has been shown to cause damage to many
materials, including human skin, pharmaceuticals, paints, and textiles. As a result,
protection from sunlight, specifically ultraviolet (UV) radiation, has become a topic of
increasing interest. Methods for protecting ultraviolet sensitive materials from photo-
oxidation include physically shielding the material from light (as with clothing shielding
skin), physical blockers such as titanium dioxide that scatter light, and chemical
absorbers that absorb the radiation and emit it at a lower frequency.

In the short term exposing the skin to UV radiation may cause erythema. Long
term exposure has been linked with the rise in incidents of skin cancer'. Exposure of skin
to UV light depletes the antioxidant defenses of the skin?, increasing the risk of skin
cancer’ due to DNA alterations®. Numerous academic and industrial studies focus on skin
protection. Books and articles have been published on sunscreen mechanisms”,
regulations™’, vehicles'®, and increasing sun protection through diet''. Sunscreen
regulation is a continuing concern; in June 2011 the United States Food and Drug
Administration released new guidelines regarding UVA testing and sunscreen labeling

that must be implemented by June 2012.
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Clothing comprised of modified or coated fabrics have been created to protect
human skin from exposure to UV light. Derivatives of the UV absorber
monochlorotriazine have been applied to cotton using the exhaust method, which
increased UV protection while only minimally altering the whiteness of the fabric'?. Zinc
oxide and titanium oxide (often found in sunscreens) have been used to coat cotton,
polyester, and a cotton-polyester blend, which has been effective in increasing the UV
protection of the fabric'. The natural dyes Rheum and Lithospermum erythrorhizon have
been shown to have similar effectiveness to the UV absorber benzophenone, absorbing
approximately 80% of UV rays'®. Characteristics of a fabric also lend to the amount of
UV protection they provide. Increasing fabric thickness increases UV protection, darker
colors protect skin more than lighter colors, and different fabrics offer different levels of
protection. For example, synthetic fabrics are more protective than natural fabrics'.

Pharmaceuticals are also affected by possible exposure to sunlight. The
International Conference on Harmonisation, a body whose aim 1is to establish
international pharmaceutical guidelines, has released procedures for testing the
photostability of new drug products, ICH Q1B. Many drugs are sensitive to light and
have a tendency to photodegrade'®, which causes a decrease in available drug and an
increase in potentially hazardous decay products. The formulation and manufacture of a
drug product has been shown to also affect its photostability'’. For these reasons there
have been many studies determining processes for estimating the photostability of new
drugs. High-performance Liquid Chromatography following exposure to light'®,
Ultraviolet Visible Spectrophotometry (UV/Vis) to determine molar extinction

coefficients'®, and exposure to light followed by UV/Vis measurements™ are all proposed
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methods for determining drug photostability. Pharmaceutical excipients are also at risk
for photostability issues; for example the sustained release properties of a polyethylene
oxide matrix are compromised after extended exposure to UV light*'.

Automotive paints require protection from UV rays since they are often exposed
to long periods of sunlight. Methods to track and/or quantify the photo-oxidation
occurring in paints are challenging. Time-of-flight secondary mass spectrometry has been
used to detect which layers of paint undergo photo-oxidation”. Ultraviolet
microspectroscopy can be used on the complete paint system, measuring how much
absorber is left in each layer of paint”. Computational models have also been compiled
to estimate the effect of UV and weather on automotive clear coats**. One method to
improve weatherability of the coatings includes adding titanium dioxide nanoparticles
modified with aminopropyl trimethoxy silane to polyurethane coatings™.

Encapsulation of a UV sensitive material in a polymer matrix can provide some

7 and restriction of movement due to lack of

UV protection due to light scattering®®
available free volume™. UV absorbers, the type of materials often used in sunscreens, are
another means of protection from UV light”. A combination of both methods should
offer superior protection for materials prone to degradation from exposure to UV light™’.
It has also been found that a particle containing protective materials of different
mechanisms, for example a UV absorber and an antioxidant, increased the photostability
of both the UV absorber and antioxidant’. Polymer films containing UV protective
materials have also been shown to provide UV protection®’. This study explores the

protection capacity of polymeric particles containing both UV sensitive and UV

protective materials.
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The decay of beta-carotene when exposed to UV light has been well documented
due to its inclusion in the human diet and UV protective properties as an antioxidant

3334 Beta-carotene located in the skin acts as a natural defense

when located in the skin
against UV light, such that abnormally low concentrations of beta-carotene in the skin
have been linked to skin cancer as well as precancerous lesions**. Even in other cancers,
such as breast cancer, beta-carotene oxidation products have been found to inhibit cancer

cell growth®. The wealth of information available on beta-carotene and its oxidative

decay makes it a prime candidate for determining how much protection can be provided

36-39 36,37,40,41

by the proposed particles. The products and mechanisms of beta-carotene
decay by photo-oxidation have been determined repeatedly in previous studies.

Four sunscreen agents were used in this study to protect beta-carotene from
degradation due to UV exposure. Three of the sunscreen materials (oxybenzone, octyl-4-
methoxycinnamate (OMC), avobenzone) utilized are classified as “ultraviolet absorbers.”
These materials provide protection by absorbing the light to prevent it from reaching an
ultraviolet sensitive material. The fourth materialis vitamin E (alpha-tocopherol), an
antioxidant, which protects by eliminating the free radicals produced by exposure to
ultraviolet light. Free radicals encourage oxidation, or the breakdown of the UV sensitive
substance.

UV absorbers protect substances from UV light by absorbing the energy before it
reaches the sensitive material. All three absorbers used have an aromatic ring, which aids
in stabilizing an excited molecule by delocalizing the additional energy®. The absorber

molecule can then emit the excess energy three different ways, depending on the amount

of energy. Low energies can be emitted as heat, moderate energies can be given off by
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fluorescence, and high energies dissipate by causing a photochemical reaction’. Heat and
fluorescence are the preferred mechanisms for emitting the excess energy. Photochemical
reaction usually leads to degradation of the UV absorber, loss of effectiveness, and the
potential to create toxic byproducts.

One of the ways the human body defends itself against oxidation, such as that
from UV radiation, is by maintaining a blood plasma concentration of vitamin E. Vitamin
E is known as a chain-breaking antioxidant, meaning it intervenes in the propagation
reactions of oxidation. In this mechanism the vitamin E lends its hydrogen atom to the
radical of the substance it is protecting, becoming a radical itself that is stabilized by
resonance. Vitamin C has been found to restore the vitamin E radical to its original state
by giving it a hydrogen atom, allowing it to continue to protect the body**. Vitamin E has
even been shown capable of protecting organisms as a sunscreen by topical application in
cream form™.

Many UV protective systems are designed to be protective on a macro scale, such
as sunscreens being formulated to be spread across the skin. This work focuses on UV
protection provided on a molecular scale by encapsulating small amounts of a UV
sensitive substance with UV protective substances. The protection provided is limited by
the amount of materials that can be contained within the particle. Further proof is also

26,27,44 :
62744, especially

provided that encapsulation alone can offer enhanced photostability
when photoprotective mechanisms are combined’’. Beyond simply photostabilizing
sunscreens, the goal of this study is to utilize the methods of encapsulation and proximity

to a UV stabilizer to protect a UV sensitive material within a particle. Encapsulating a

UV sensitive molecule with a UV absorber or an antioxidant increased the amount of
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material left undegraded after exposure to UV radiation. A combination of two absorbers
did not enhance the protection, but an absorber and antioxidant combination offered

considerable UV protection.
4.3. Experimental

4.3.1. Production of uniform particles

Uniform particles composed of a polymer (poly(methyl methacrylate) (PMMA)),
a light sensitive material (B-carotene), and a UV absorber (oxybenzone, octyl-4-
methoxycinnamate (OMC), avobenzone) or antioxidant (vitamin E) were synthesized
using the solvent evaporation method. The solvent evaporation method, specifically that
utilizing an oil-in-water (O/W) emulsion as implemented in this study, has been
extensively reviewed by O’Donnell and McGinity®. Briefly, 3 milligrams of B-carotene,
0.2 grams of PMMA, and varied amounts of a UV absorber were dissolved in 3 milliliters
of toluene. This oil phase was blended into an aqueous solution containing 0.05 wt%
poly(vinyl alcohol) (PVA) (a surfactant) at 15000rpm using an Ultra-Turrax T 25 basic
(IKA). This process created an O/W emulsion. The emulsion was stirred overnight at
least 16 hours at approximately 200rpm on a magnetic stir plate to allow the toluene to
move from the emulsion droplets into the aqueous phase before evaporating out of the
mixture entirely. The particles were collected by centrifuging for 10 minutes at 10000rpm
and disposing of the supernatant. Fresh deionized water was added and the pellet was
resuspended by sonication. The result of the process is spherical particles with an average
size of approximately 900 nanometers (found using Zetasizer Nano ZS90, Malvern

Instruments) in diameter (figure 4.1a) whose composition is determined by the materials

77



dissolved in the oil phase. Bright field images of the particles were taken using an

Olympus IX81 confocal microscope and are shown in figure 4.2.
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Figure 4.1. Particle size distributions (a) particles made of PMMA, B-carotene, and 0.03g
oxybenzone and (b) particles made of PLGA (50:50) and B-carotene.

Similar particles made of poly(lactic-co-glycolic acid) (PLGA), a copolymer of
polylactic acid (PLA) and polyglycolic acid (PGA), were examined for comparison
between PMMA and a biocompatible polymer. A 50:50 ratio of PLA:PGA was explored,
along with a 75:25 ratio. The solvent evaporation method was again used, this time in a
similar process to that reported by Ito e al.*®. The main difference between these two
procedures is the solvent (chloroform for PLGA) and evaporation time (four hours
instead of overnight). The PLGA particles had an average size of approximately 460

nanometers in diameter (figure 4.1b).
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Figure 4.2. B-carotene and PMMA particles. Image taken with an Olympus [X81
confocal microscope.

It appeared that almost all of the highly hydrophobic B-carotene and absorbers
were encapsulated inside of the particles. After centrifuging, the remaining supernatant
was only a faint orange color characteristic of a very low concentration of B-carotene.
Moreover, particles are assumed to be uniform due to use of the solvent evaporation
method. The oil phase from which the particles are made is a homogeneous solution, and
therefore the droplets in the emulsion are also homogeneous. The leaching of the solvent
into the aqueous phase is not likely to cause the B-carotene, polymer, and absorber to
segregate within the droplets since they are all hydrophobic. As long as the droplet
composition remains homogeneous during the transition to solid form, the assumption

that the product is uniform particles is valid.
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4.3.2. Particle exposure to UV light and analysis using UV/Vis

Particles suspended in deionized water were diluted to the micromolar range for
B-carotene before exposure to UV light. The suspensions contained approximately 19 uM
of B-carotene, that is the suspension contained enough particles to equal the B-carotene
content of a 19 uM solution. It is evident from figure 4.3a that protection provided by
encapsulation alone is mostly due to light scatter and not absorption, since PMMA
absorbs very little light. The spectrum of the UV lamp (365nm Pen Ray Mercury Lamp
by UVP) along with the absorbers’ spectra are shown in figure 4.3b. Dilution assured that
light reached most particles and that the absorption peaks were within the operating range
of the UV/Vis (Lambda XLS+ by PerkinElmer). A quartz cuvette with a 10.00 millimeter
path-length was used for exposures and UV/Vis. The cuvette was filled with 3.7mL of
particle suspension and placed in the center of an opaque box, approximately 2
centimeters from the UV lamp described. The particles were exposed for predetermined

amounts of time, ranging from 0 to 60 minutes.
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Figure 4.3. Spectra. (a) the UV lamp, B-carotene, and PMMA; and (b) the UV lamp,
oxybenzone, OMC, avobenzone, and vitamin E.

4.3.3. UV/Vis spectra

B-carotene has three recognizable absorbance peaks as seen in figure 4.3b, the

middle and most prominent occurring at approximately 465nm. The UV/Vis results are

extremely concentration dependent. As -carotene is exposed to ultraviolet radiation and

the amount of P-carotene that has not undergone photodegradation decreases, the
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absorbance peaks decrease also. This method allows for the degree of B-carotene decay to
be quantified.

After exposure to the UV lamp, particles were centrifuged at 10000rpm and
resuspended in Triton X-100 in preparation for UV/Vis measurements. As with the
particle exposures, the Triton X-100 suspensions also contained 19 pM B-carotene. Triton
X-100 was used to match the refractive index of the PMMA and PLGA. The particles
were sonicated to disperse the pellet. Pure Triton X-100 was used as a blank (reference)
sample. The middle B-carotene peak was noted for each exposure time, the baseline
intensity was subtracted, and then the peak height was normalized with the 0 minutes

exposure reading.

4.3.4. Decay of B-carotene in solution

A solution of beta-carotene in acetone similar in concentration to the solutions of
particles was exposed to UV light and the decay mapped. The solution was placed into a
quartz cuvet and capped for exposure to minimize evaporation. Evaporated acetone was
replaced to ensure consistent concentrations. Data from the UV/Vis was collected and
analyzed in the same manner as the particles, except with acetone as a blank (reference)

sample.

4.4. Results and discussion
4.4.1. p-carotene decay
Previous studies have shown that encapsulation alone can decrease the decay rate

26,27,44

of an UV sensitive material when exposed to UV light . For comparison, a series of

exposures of a solution of B-carotene in acetone were analyzed and compared to the
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decay of B-carotene encapsulated in a PMMA particle (figure 4.4). B-carotene in solution
underwent complete decay in 22 minutes, whereas -carotene encapsulated in PMMA
reached a plateau of approximately 80% degradation after 30 minutes and maintained the
plateau to the 45 minutes exposure mark. This data supports similar findings by Perugini
et al’®. As shown in figure 4.3a, PMMA slightly absorbs UV radiation as well. The decay
curves can be fit fairly well by a single exponential function to obtain an average decay

rate constant.

1.2
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Figure 4.4. Decay of beta-carotene shown through normalized absorbance with respect to
time, both encapsulated (in PMMA) and not encapsulated.

B-carotene encapsulated in PMMA was used as a comparison for all particles
containing a UV absorber or antioxidant. A decay of the B-carotene spectrum can be seen
in figure 4.5. As mentioned previously, the absorbance peaks decrease as the particles are
exposed to UV light. Both figures 4.4 and 4.5 also exhibit the trend that the most rapid

rate of decay takes place early in the exposure.
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Figure 4.5. The decay of the B-carotene absorbance spectrum when [-carotene is

encapsulated in a polymer matrix made up of PMMA and exposed to UV light.
4.4.2. Effect of UV protectants individually

Decay of B-carotene when paired with a UV absorber or antioxidant was found to
be dependent on the UV protective species, and the absorber concentration (or spacing
between the B-carotene and absorber molecules). Effectiveness of the absorbers or
antioxidants was examined both singly and with a second absorber or antioxidant by a
comparison of decay charts. Each single absorber or antioxidant was also analyzed by
comparing the absorbance of B-carotene at certain times for each concentration, and by
calculating the rate constants of decay. Error bars were determined by three data points
for all concentrations of oxybenzone and for each absorber or antioxidant when 0.03
grams of absorber were used to make the particles. These points were chosen to estimate
the error for all concentrations and all absorbers and antioxidants.

B-carotene decay when coupled with each absorber or antioxidant singly is shown

in figure 4.6. Oxybenzone and avobenzone (figures 4.6a and 4.6c, respectively) were
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found to be the most effective absorbers especially in high concentrations, leaving
approximately 70% of B-carotene intact after 60 minutes of exposure. OMC (figure 4.6b)
offered little to no protection, so that beta-carotene concentrations after 60 minutes of
exposure were similar to those of B-carotene encapsulated alone in all cases. The
ineffectiveness of OMC may be due to its instability when exposed to UVA and UVB
light®. Vitamin E (figure 4.6d) showed protective capabilities, especially at the highest
concentration, when approximately 50% of B-carotene was left after an hour of UV

exposure.
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Figure 4.6. B-carotene decay when encapsulated in a PMMA polymer matrix with
(a) oxybenzone, (b) OMC, (¢) avobenzone, or (d) vitamin E.
4.4.3. Effect of protectant concentration

The decay of all particles was dependent upon the protectant concentration with
the exception of OMC, whose decay curves appear in a cluster. The largest two

concentrations of oxybenzone, particles made with 0.3 grams and 0.1 grams of the
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absorber, are very close in decay and final percentage of P-carotene left intact. The
similarity of the decay curves corresponding to the two highest concentrations suggest
that a plateau is reached where additional absorber will not offer additional UV
protection either because the f-carotene molecules are already surrounded by protective
molecules or because the particle is not able to encapsulate any additional material since
the polymer amount is fixed. Very small concentrations of oxybenzone were shown to
have the same protective capacity as P-carotene protected by encapsulation alone.
Avobenzone displayed similar behavior to oxybenzone. The dependence of vitamin E on
concentration was more gradual, as each increase of concentration was matched with an

increase in protection, with the highest concentration providing the best protection.
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Figure 4.7. The effect of protectant amount by comparing the absorbance at different
times when B-carotene and PMMA particles also contain (a) oxybenzone, (b) OMC, (c¢)
avobenzone, or (d) vitamin E.
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While the decay curves themselves give some insight on concentration effect, a
comparison between amount of absorber and absorbance, such as in figure 4.7, provides a
clearer picture. As mentioned previously, the decay curves for the two largest
oxybenzone concentrations overlap. In figure 4.7a the absorbance at 30 minutes exposure
stays almost constant between the two highest concentrations of oxybenzone, and there is
only a slight difference at 60 minutes. All of the protectants except OMC behave in a
similar fashion, where the initial increase in concentration is very beneficial, while there
is a plateau after the absorber amount of 0.1 grams. No clear trend can be found in the
OMC case (figure 4.7b). In most cases it is desired to have the greatest effect for the
smallest amount of material, and it can be determined from figure 4.7 that 0.1 grams of

protectant would be ideal in such a case, given 3 mg of B-carotene.

4.4.4. Effect of polymer matrix

The results from individual protectants in PMMA particles were compared to
those of a biocompatible polymer, PLGA. Figure 4.8 shows the comparison of particles
made of the two polymers. The particles containing only B-carotene appear in the lower
cluster of curves, while particles containing both B-carotene and oxybenzone can be seen
in the upper group of curves. All polymers showed similar effectiveness; approximately
40% of the beta-carotene is left non-degraded after an hour using each of the polymers

with oxybenzone.
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Figure 4.8. A comparison between the UV protection of PMMA, PLGA (50:50), and
PLGA (75:25) polymer matrices when B-carotene or B-carotene and 0.03g oxybenzone
are added.

4.4.5. Effect of multiple UV protectants

Oxybenzone and vitamin E were chosen for use as stabilizers to determine
whether a combination of protectant species would be more beneficial than a single
absorber or antioxidant. Absorber combinations are often used in sunscreens to increase
the sun protection factor (SPF), while an absorber and antioxidant combination has
already been found to be effective in increasing photostability when encapsulated“. Each
combination was made with 0.03 grams of an absorber along with 0.03 grams of either
oxybenzone or vitamin E; the decay profiles are shown in figure 4.9. The addition of
oxybenzone had a neutral or negative impact on the protection provided by particles

containing another absorber or antioxidant, which was opposite of expectations. The

&9



combination of OMC and oxybenzone (figure 4.9a) offered little to no protection in
comparison to [-carotene alone in a polymer particle. The absorbance curve of
avobenzone as a single absorber mimics the absorbance curve of the combination of
avobenzone and oxybenzone, indicating that the addition of oxybenzone offered no extra
protection (figure 4.9b). Oxybenzone has been shown to sensitize other molecules when
in a polar environment ®, such is the case with these particles. The increased UV
sensitivity of the additional absorber can explain the minimal increase of protection when
oxybenzone is paired with another absorber.

Adding vitamin E to particles containing an absorber was advantageous in every
case, reducing the decay rate and increasing the amount of B-carotene remaining after 60
minutes of UV exposure. This enhanced photostability agrees with what has been found
previously for encapsulated absorber and antioxidant combinations®'. The combinations
of vitamin E with oxybenzone and avobenzone (figures 4.9c and 4.9e, respectively) have
the least decay of any particles examined and both show improvement over the absorbers
alone. Approximately 80% [-carotene is left intact in both cases after 60 minutes of
exposure, which rivals larger concentrations of one protectant alone. The addition of
vitamin E also increases the protection offered by particles containing OMC (figure
4.9d), which is consistent with the idea that OMC stability is an important requirement
for effective UV protection. The most likely explanation for the behavior of absorber-
vitamin E combinations is that the vitamin E and absorber particles utilize two different
methods of UV protection, that of an absorber and an antioxidant, and the two

mechanisms complement each other, leading to a synergistic protective effect.
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Figure 4.9. B-carotene decay profiles when two protectants are used such as (a) OMC
and oxybenzone, (b) avobenzone and oxybenzone, (¢) oxybenzone and vitamin E, (d)
OMC and vitamin E, (e) avobenzone and vitamin E, and (f) all combinations.
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4.4.6. Decay Rate Constants

Decay rate constants were calculated to quantitatively compare the decay in each
case, assuming a single exponential decay. Rate constants were determined by plotting
the natural log of the normalized absorbance versus the exposure time, the slope of each
line being the rate constant. The rate constant for B-carotene encapsulated alone was used
to normalize all of the curves. Figure 4.10 compares the ratio of f-carotene and absorber
amount to the ratio of the rate constants, while table 4.1 provides the rate constants
numerically. This plot confirms the minimal change noted earlier when absorber amount
increases above the 0.1 grams mark. Figure 4.10 also confirms that avobenzone and
oxybenzone offer the most protection, followed closely by vitamin E. OMC, which
offered little to no protection as seen in the decay curves, does not adhere to the trend put
forth by the other absorbers in that the addition of more absorber offers more protection.
The fluctuation of the OMC rate constants confirms that it is not a good choice of

absorber in this application.
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Figure 4.10. Ratio of the rate constants when an absorber is added and the rate constant
of B-carotene in polymer particles and the affect of the corresponding ratio of amount of
absorber and amount of B-carotene.

93



Decay Rate Constants

Material Amount (g) | Rate constant (s'l)
P -carotene (not encapsulated) 0.003 -1.5E-03
B -carotene (encapsulated) 0.003 -6.5E-04
0.3 -1.3E-04
0.1 -1.0E-04
0.03 -2.5E-04
Oxybenzone 0.003 -4.9E-04
0.0003 -5.1E-04
0.0001 -5.2E-04
0.00001 -5.2E-04
0.3 -4.8E-04
0.1 -3.7E-04
OMC 0.03 -6.2E-04
0.003 -4.6E-04
0.3 -1.1E-04
0.1 -1.5E-04
Avobenzone 0.03 5 SE.04
0.003 -5.1E-04
0.3 -1.9E-04
e . 0.1 -2.8E-04
Vitamin E 0.03 3.4E-04
0.003 -5.2E-04
Combinations
Oxybenzone + OMC -3.9E-04
Oxybenzone + Avobenzone -2.6E-04
Oxybenzone + Vitamin E 0.03geach | -5.2E-05
OMC + Vitamin E -2.1E-04
Avobenzone + Vitamin E -9.8E-05

Table 4.1. Rate constants for particles of each composition.

4.4.7. Determining spacing between beta-carotene and UV absorber

The distance between particles can be approximated using a body-centered cubic
unit cell model because the amount of absorber molecules is significantly larger than that
of the B-carotene in most cases. In this model one B -carotene molecule is placed at the

center of the unit cell and it is surrounded by 8 protectant molecules, each situated at a

corner.
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summing the individual volumes of the protectant, PMMA, and B-carotene, based on the
known mass added and literature values of the density. The particle volume is divided by
the number of absorber molecules, which is determined through the use of the absorber’s
mass, molecular weight and Avogadro’s number. This value is then multiplied by 8, the
number of absorber molecules found in each unit cell, and the product is raised to the 1/3

power to determine the length of the cube’s side. Finally, the distance between beta-

carotene and absorber molecules is found by multiplying the cube’s length by v3/2. The

complete process is demonstrated in Equation 1 below?.

1/3

MaSSPMMA + MaSSBeta—carotene + MaSSProtestant

pPMMA pBeta—carotene pPr otectant X 8 X ——
Mass
Protectant

MW,

Protectant

x Avogadro' s#

(D

It is also possible to estimate P-carotene to [-carotene proximity without
absorbers present through geometric relationships. The procedure is akin to the method
described earlier. However, in this model a simple cubic unit cell structure, is applied

and the distance is determined by calculating the length of the unit cell’s edge.

1/3
MaSSPMMA + MaSSBetafcarotene + MaSSPr otectant

p PMMA p Beta—carotene p Protectant

x 8

M ass Beta—carotene
MW,

Beta—carotene

x Avogadro' s#

)
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4.4.8. Effect of spacing

Spacing calculations were completed as described above, except in the cases
where there were fewer absorber molecules than B-carotene molecules (the extra dilute
data points for oxybenzone). In such cases, the unit cell was inverted to have eight p-
carotene molecules around one absorber molecule. Spacing is proportional to absorber
amount, and therefore provided similar information to previous data, as shown in figure
4.11. Once again, oxybenzone, avobenzone, and vitamin E show similar trends while
OMC exhibits an unclear trend. For oxybenzone, avobenzone, and vitamin E at small
spacing, each rate constant varied approximately linearly with the separation distance.
However the extra oxybenzone points (at absorber amounts less than 3 milligrams) show
that when the distance between a B-carotene molecule and an absorber molecule is in
excess of 5 nanometers, UV protection is limited. When the distance between B-carotene
and the protectant is above 5 nanometers, the B-carotene is not near enough in proximity

for the protective mechanism to reach the molecule.
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Figure 4.11. The relationship between the rate constant and the spacing between [3-
carotene and the absorbers.
4.5. Conclusion

Encapsulation of B-carotene, a UV sensitive substance, with UV protective
molecules in a polymer matrix was determined to be an effective method of protection
from UV light. B-carotene was chosen as the sensitive molecule since its
photodegradation is well mapped. Oxybenzone, OMC, and avobenzone were selected as
UV absorbers and used along with vitamin E, an antioxidant. Particles were exposed to
ultraviolet light and then were suspended in Triton X-100 so that their UV/Vis
absorbance spectra could be collected. Decay curves and rate constants revealed the
extent of UV protection. Oxybenzone and avobenzone provided sufficient protection,
followed by vitamin E. OMC provided only minimal protection in all cases. A plateau in

absorber concentration was also observed, where addition of more absorber after 0.1
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grams (~50-100 moles absorber per mole B-carotene) offered no increase in protection.
Absorber-absorber and absorber-antioxidant combinations also provided UV protection.
Oxybenzone sensitized the absorbers it was paired with, leading to equal or less
protection than that of the absorber alone. Vitamin E increased protection in all cases,
likely due to the complementary effect of two distinct protection mechanisms, light
absorption and free radical trapping. The vitamin E combination with oxybenzone and
avobenzone provided the best protection overall. It was also noted that the spacing
between B-carotene and the protective molecule had a significant effect on protection.
Spacing of less than 5 nanometers offered adequate protection while spacing above 5
nanometers offered little protection.

This work can potentially provide guidelines to further protect materials
sensitive to UV radiation. Sunscreens have been stabilized by encapsulation®®**, but
may be further stabilized by encapsulating with complementary materials such as a UV
absorber and an antioxidant. Other photosensitive substances that can benefit from

encapsulation with UV protective molecules include pharmaceuticals, dyes and

pigments.
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CHAPTER S

UNDERSTANDING UV PROTECTIVE MECHANISMS:

KEY CONTRIBUTIONS

Conventional UV sunscreens are making way for novel UV protection techniques.
Part one of this thesis began in chapter 1 by highlighting UV protective mechanisms and
introducing various new approaches to UV protection, resulting in often more natural,
safer methods of protection.

Our research explored this very topic, by understanding the mechanisms of UV
protection in order to engineer new, safer sunscreens. In chapter 2, we started by
exploring the relationship of UV absorber and photostabilizer to better understand the
proximal relationship and its effect on transfer of excited state energy from absorber to
photostabilizer. Our results gave us a better understanding on the minimum distance
required absorber and photostabilizer for optimal photostability. In chapter 3, we
explored the use of sensitive natural dyes paired with high concentrations of antioxidants,
which gave us a better understanding of naturally occurring UV protection, such as the
skin of a fruit protecting the flesh/core. Finally in chapter 4, we combined and applied the
knowledge gained from the previous chapters. We explored the use of polymer
nanoparticles for enhanced photostability of sensitive UV absorbers. Using nanoparticles
we effectively reduced the proximity of the sensitive absorber to the photostabilizer and

we also incorporated the antioxidant vitamin E for improved photostability.
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In the future we would like to incorporate cultured keratinocytes and melanocytes
into our UV protection assays. We would quantify the cell health and melanin produced
for various absorber/photostabilizer combinations to learn more about the UV protection
factor rather than just gaining knowledge about the photostability of the sunscreen.
Overall, this research increases the general understanding of UV protective mechanisms

and provides knowledge for future UV protective applications.
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CHAPTER 6

INTRODUCTION

6.1. Relevance

In an ever evolving planet, new strains and sub-types of viruses are constantly
sprouting increasing the demand for effective point-of-care (POC) disease diagnostics.
Many areas of the world now require diagnostics to be used beyond the laboratory
setting, in resource-limited-settings (RLS) so that patients in remote locations can receive
the best diagnoses possible. Influenza and HIV diagnostic devices are widely used and
developed because of their global importance. In this introduction first we detail the
current detection and drug resistance monitoring (DRM) methods for HIV and then the
current detection and sub-typing methods for influenza. At the end, we introduce a novel

diagnostics assay to improve upon existing detection, DRM and sub-typing.

6.2. Background
6.2.1. Influenza background

Influenza is a widespread pathogen that results in approximately 36,000 deaths in
the US ' with the World Health Organization estimating 250,000-500,000 annual deaths
worldwide 2. Influenza has a variety of subtypes, which are classified by the antigenic
subtype of hemagglutinin (H1-16) and neuraminidase (N1-9) expressed on the viral
particles . Seasonal influenza is caused by HIN1, H3N2, and HIN2 viruses *, while

highly pathogenic avian flu is caused by the H5N1 subtype °. A recurrent pandemic
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influenza would result in millions of worldwide deaths ®. Such a catastrophic event may
be avoided if rapid point of care diagnostics were available to health workers at the
source of the infection, such that they could contain the infection before it spreads into
the global community "®. Additionally, rapid diagnosis of influenza would prevent
excessive antibiotic use, which leads to antibiotic resistant bacterial strains and is a large
financial burden due to the extra cost of unnecessary treatment, hospitalization, and

medication ',

6.2.2. HIV background

HIV is a daunting global pandemic''

. The development of resistance to
antiretroviral medications is the main cause for treatment failure of HIV-infected
individuals'?. K103N, a point mutation of lysine to asparagine at position 103 of the HIV
reverse transcriptase (RT), is the most common drug resistance mutation that causes high
level resistance to first generation non-nucleoside reverse transcriptase inhibitors
(NNRTIs), such as nevirapine and efavirenz'>. HIV-infected patients receiving NNRTI-
based treatment who harbor K103N will most likely fail therapy and will require
alternative antiretroviral treatment'’. Detection of K103N and other drug resistance
mutations is of great importance, especially in resource-limited-settings (RLS), where
NNRTI-based regimens serve as first-line treatments and subsequent options are
limited'*. A sensitive method to detect drug resistance in a small rural clinic with no
advanced laboratory infrastructure or the use of a field deployable device to detect
resistance with quick treatment are lacking, though extremely beneficial. Success of any

field deployable device will depend on variables such as the cost per test, the need for

specialized equipment, staff expertise, refrigeration of reagents during shipping and shelf
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life. It would be beneficial if the device would also use minimal sample volume and
provide excellent assay sensitivity. Presently available assays, some with significant

strengths, do not meet all these considerations '>'°,

6.3. Current diagnostic assays
6.3.1. Current influenza diagnostics

A number of approaches have been investigated for influenza diagnostics,
but each of these has associated limitations. Viral culture is specific and provides more
viable virus for further testing ’, but it takes 3-14 days for a result, limiting its use for
rapid diagnostics '8 Immunospecific tests, such as rapid antigen tests and
immunofluorescence microscopy, lack sensitivity and do not provide sequence specific
information for subtyping '°. Viral nucleic acid amplification and detection can generate
subtype or strain specific information, but these tests are also complex and expensive.
Polymerase Chain Reaction (PCR) requires expensive benchtop thermal cyclers and

trained technicians '®.

6.3.2. Current HIV diagnostics

Various field deployable assays to detect HIV and/or measure its RNA levels
(viral load; VL) are under development®’, although, to our knowledge, none incorporate
drug resistance testing. For example, progress has been made on a device for HIV
detection via immunoassay intended for resource limited settings (RLS)*' and a
successful antibody based HIV-1/2 test device has recently been granted FDA approval
for at home use **. Many commercial HIV-1 detection and VL kits are currently available

including the COBAS TagMan assay (Roche), RealTime HIV-1 Assay (Abbot), and
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Ultrasensitive p24 Assay (PerkinElmer) to name a few®. These kits utilize a variety of
blood markers for detection and directly monitor VL by measuring HIV-1 RNA or
indirectly by measuring p24 antigen, HIV antibodies or CD4 counts. However, none of
these HIV detection devices and/or VL kits are capable of testing for drug resistant
mutations.

Two main commercial HIV genotyping assays are available to monitor drug
resistance, ViroSeq (Abbott) and TRUGENE (Siemens)>’. ViroSeq is a PCR based
DNA sequencing technique requiring a full scale ABI sequencer with multiple primers. It
requires an initial preparation of a plasma sample using a viral RNA isolation Kkit,
followed by RNA reverse transcription, DNA PCR amplification and sequencing
amplified products using ViroSeq equipment in preparation for data analysis. This assay
saves time by only genotyping the HIV protease and a segment of RT (codons 1-335), the
most common HIV drug targets. Similarly, TRUGENE is an approved DNA sequencing
based technique, targeting the protease and reverse transcriptase (codons 40 -247). Both
methods require a HIV VL in the range of 2000 to 750,000 copies/mL***® for successful
amplification and resistance detection and both can detect K103N mutations in samples

containing about 20 to 25% K 103N variants™ ..

6.3.3. Disadvantages of current HIV diagnostic assays
Recent research-only assays have been developed to increase the sensitivity of
resistance detection, which seems to be important for clinical care *. Such assays include
- - . 31 - 28,32-34 -
next generation sequencing pyrosequencing’, allele-specific PCR and single
genome sequencing’’, which can detect resistance mutations at levels as low as 0.1%.

Despite high sensitivity, pyrosequencing and single genome sequencing are costly and
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time consuming, requiring sequencing of multiple genomes; and allele-specific PCR is
mutation specific and limited by occurrences of false negatives from nucleotide
polymorphisms that can destabilize primer binding. Other novel approaches use ligation
of probe molecules as an indicator of mutation detection®®. Ligation amplification
depends on two single stranded DNA probes hybridizing adjacently with a target
mutation sequence, which could yield a specificity issue. In addition to PCR
amplification, rolling circle amplification is also used in conjunction with this ligation
approach®’. These approaches have been shown to be effective and sensitive but may
have limited functionality in diverse HIV-1 genomes because of the variability of target
sequences, resulting in mismatch recognition and inherent copying error of the amplicon
during PCR amplification®®, and loss of specificity. The aforementioned commercial and
non-commercial techniques can sensitively detect HIV resistance mutations such as
K103N, however they still require laboratory infrastructure and expertise, at times limited
in RLS. Application of a new method in RLS will require comparable sensitivity to
existing methods with reduction of duration of sample-to-result time and less equipment
restrictions based upon the amplification technique.

6.4. Nucleic acid sequence based amplification (NASBA)

Most of the aforementioned drug resistance detection techniques depend upon
polymerase chain reaction (PCR) or another form of temperature cycling. PCR requires
expertise and equipment, and can be challenging when amplifying a small population of
mutant viral sequences due to non-specific amplification. As an alternative, Nucleic Acid
Sequence Based Amplification (NASBA), used in HIV VL testing can be faster than PCR

for certain RNA amplification and compares favorably with PCR for HIV RNA
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detection™**. Since NASBA is an isothermal and exponential process, it avoids rapid
degradation of enzymes and undesirable hybridization of participating nucleic acids *.
NASBA also has its limitations; it can be limited by the secondary structure of RNA,
making primer design and multiplexing difficult. Clinically relevant hybridization sites
on long, RNA strands may require stringent oligonucleotide design, with only a small
fraction of sequences hybridizing efficiently to RNA thus reducing the efficiency of the
amplification process*’. To combat these issues, NASBA usually begins with a 65°C
heating step before the addition of enzymes to disrupt full-length RNA secondary
structure®’; and expose primer binding sites, typically 100-250 nucleotides apart, to avoid
products with inhibitory secondary structure™. An additional disadvantage, is the fact that
NASBA initiates with a non-cyclic reverse transcription phase resulting in a relatively
long initial step®”. NASBA has been used in a variety of non-commercial HIV-1 VL
assays'***" and in commercially available kits such as the NASBA HIV-1 RNA QT
amplification system® or the NucliSens HIV-1 QT* and its more rapid, convenient and
reliable version, NucliSens EasyQ™. However the NASBA principle has not used in

detection of drug resistant mutations.

6.5. Microfluidic assays using NASBA

Recently, diagnostic NASBA assays integrated with microfluidic systems have
shown improvements over conventional benchtop techniques. These reactors decrease
reagent use and further decrease energy consumption of the isothermal system by
decreasing the reaction volume. Additionally, these small reaction volumes inherent in
microfluidic chips (10nL - 2ul) concentrate the target molecule of interest to improve

primer binding and reaction kinetics. A preliminary study showed the efficacy of small
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(10-50nL) reaction volumes in silicon-glass reaction chamber 31 followed by a reactor
containing 10 parallel 80nL chambers that filled using capillary action >>. A final reactor
design contained 11 parallel channels with two separate chambers for each heating step
separated by hydrophobic burst valves. The second chamber included dehydrated
enzymes, which were shown to function in a real-time NASBA reaction upon the
addition of off-chip heated NASBA mix. Although the full reaction was not run on chip,
the sample was purified off-chip, and the capillary loading resulted in the loss of sample,
this study shows several advantages of a microfluidic diagnostic system. The reactor was
made to be simple, multiplexed, automated, shelf-stable, and consume fewer reagents and

. Another assay integrated purification and

energy than its benchtop counterpart
amplification of RNA using a PDMS chamber reactor >*. Two reactors were contained on
one chip, which would allow two RNA samples to be simultaneously purified from
bacterial lysate, mixed with reaction mix, heated, mixed with enzyme, and detected real-
time using sequence-specific molecular beacons. Both systems show the ability of
microfluidics to create a closed, efficient, automated system that would decrease

technician time, human error, and potential for contamination. These papers show the

viability and advantages of incorporating a microfluidic platform with NASBA.

6.6. Simple method for amplifying RNA targets (SMART)

Here we implement a new approach® for mutation detection, termed Simple
Method for Amplifying RNA Targets (SMART), for the application of (1) influenza
detection and subtyping and (2) HIV drug resistant mutation detection using the K103N
mutation as our model. SMART is a significant deviation from currently used methods,

namely PCR and NASBA, specifically focused on cost-constrained and low laboratory
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infrastructure settings. SMART amplification and detection, which do not depend on
target RNA variability, but rather on the specific hybridization of a small single stranded

DNA probe, termed “SMART probe”, is the basis of the new approach.

RNA

Biotinylated SMART probe
capture
oligonucleotide

Streptavidin-coated
magnetic beads

/e

Figure 6.1. Key design elements of SMART. vRNA is captured on magnetic beads using
a sequence specific biotinylated oligo. An amplifiable probe is also specifically captured
on the RNA molecule, and beads are washed to remove unbound probe.

]
Target RC

Hybrid Seq Primer
RC

Figure 6.2. SMART probe design. The amplifiable probe includes a central sequence for
vRNA hybridization and two ends for primer hybridization designed to minimize probe
secondary structure.

The SMART probe is an engineered sequence (approximately 60-100
nucleotides) that anneals to the target RNA molecule centered at the location of the
mutation. The last 20-40 nucleotides on either end of the probe, called the SMART probe
“arms”, are designed not to hybridize with the target RNA. These arms are adjustable as

they are non-specific to the target RNA, allowing control over roughly two-thirds of the

SMART probe sequence. This allows the use of these arms as flexible and specific
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primers for efficient, sensitive amplification, that is not dependent on the target
variability. The SMART probe can be engineered specifically to have favorable or
unfavorable binding energies (e.g. ensuring it doesn’t bind to other oligonucleotides in
the mix). SMART requires only single time diffusion and binding of small molecules
(SMART probes) into the RNA structure. Hence, diffusion is fast and less dependent on
the RNA structure itself than in traditional NASBA. The amplification step of SMART
uses an abridged version of NASBA, starting with the short SMART probe DNA
template rather than the actual long RNA template. This crucial design feature
completely eliminates the non-cyclic reverse transcription phase of NASBA and uses a
very small amplicon (100 nucleotides) in comparison to traditional NASBA or PCR for
amplifying RNA, resulting in faster and more accurate amplification and detection.
SMART can be performed on a closed microfluidic chip device that utilizes isothermal
heating in low temperature (41°C) without thermal cycling or preheating, thus driving

cost down.

6.7. Details of SMART

SMART includes five chronological processes: (1) Isolation of sample RNA from
a patient sample, (2) Capture of sample RNA onto magnetic beads and hybridization of
SMART probes, (3) Microfluidic separation of bead bound RNA-SMART probe
complex from free unbound probes, (4) Amplification of SMART probes using the
abridged version of NASBA, and (5) Real time detection of probes. An overview of these
processes is illustrated in figure 6.3 and detailed in the following sections, with the

example of using SMART for the detection of the HIV-1 K103N mutation.
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Figure 6.3. Overview of SMART from sample-to-result. 1) RNA sample is isolated from
a clinical sample and put into a TE buffer solution. 2) Streptavidin coated beads
conjugated with biotinylated capture oligonucleotides and SMART probes are added to
the solution. 3) The solution is added to W1 of the SMART microchip and a magnet is
used to separate the bead-bound complex from the unbound structures. 4) SMART
probes are amplified via NASBA. 5) Sample is quantified in real time using molecular

beacons.

6.7.1 RNA Isolation

The isolation of RNA from a patient sample needs to be integrated into the
microchip platform and is currently being validated in our lab. This step typically
involves using a lysis buffer to break apart any protein/cellular packaging and release of
nucleic acids and a set of positively charged microbeads, such as silica beads, to bind all

nucleic acids. The beads can be pelleted with a magnet and the supernatant waste can be
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removed and replaced with elution buffer to free the isolated nucleotides for processing.
The microfluidic method for RNA isolation uses a "Z-chip" shown in figure 6.4. The first
buffer is the lysis binding buffer which runs from well 1 to well 2. This buffer consists of
5.4M GuSCN and 10mg/mL Na N-lauroylsarcosine. The second buffer is isopropanol
running from well 2 to well 3 to serve as a washing step. The third and last buffer is 80%
ethanol also serving as a washing step running from well 3 to well 4. The entire sample

can then be transferred for elution using water or a TE buffer and processed (well 5).

§ O—
o
F—G
®

Figure 6.4. Z-chip for isolation of RNA from patient sample.

6.7.2. Capture

This step utilizes biotinylated oligonucleotides that are designed to hybridize with
an upstream conserved gag sequence (responsible for encoding the HIV-1 protein capsid)
of the isolated HIV-1 RNA, or in our experiments the conserved sequence of the sSDNA.
The 5’ end of the biotinylated oligonucleotide contains the molecule biotin which readily
binds to a streptavidin coated magnetic bead. This allows for the capture of sDNA

containing the conserved sequence onto the beads (figure 6.5).
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HIV Virus containing K103N Mutation

HIV has ~10K bp containing 9 genes
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(structural protein caspid) codon (reverse transcriptase region)
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31
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Streptavidin coated
magnetic bead

Figure 6.5. SMART capture step.

Simultaneously downstream on the sDNA, the K103N SMART probe molecule
hybridizes with the sSDNA. The K103N RC (dashed red) sequence of the SMART probe
molecule (~25 nucleotides) is the reverse complement of a sequence centered at the
mutation region (solid red) of the sDNA. The 25 nucleotide hybridization is highly
specific without sacrificing the reaction kinetics or diffusive properties crucial to the
SMART probe design. When an isolated patient sample will be targeted, a group of
SMART probes with all potential variations of the K103N region will be used in order to
capture all potential K103N variants. This does not sacrifice any amplification and
detection efficiency because all of these SMART probes are the same length and contain
the same 5’ and 3’ arm sequences, thus they use the same primers and molecular beacons
for real-time detection. The final product of the capture step is a chain-linked molecule

complex of streptavidin coated magnetic beads - biotinylated oligo- sDNA - K103N
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SMART probe. At this stage of SMART there are still unbound K103N SMART probes

within the mixture which need to be removed using a separation technique.

6.7.3. Microfluidic separation

Separation of the chain-linked molecule complex from any unbound KI103N
SMART probes occurs in the presence of a magnetic field. We are able to separate the
bead bound complex through our microfluidic device (figure 6.6), a microchip, using a
small magnet and wash away any unbound debris, unbound RNA, DNA and most

importantly unbound SMART probe molecules.

Figure 6.6. SMART microchip device.

The microchip is a simple and practical means of separating biomolecules and
overcomes the inherent disadvantages of multistep bead washing assays, particularly
involving loss of sample and/or inadequate washing. In addition, the microchip uses a
tapered channel design. The dimensions decrease along the channel, such that the volume

decreases as separation occurs, concentrating reagents for greater sensitivity. The end
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product of the separation process is the chain-linked molecule complex, without the
unbound SMART probes. There are several advantages to this separation technique: (i)
The rapid motion of beads through fluid in the microchannels provide near zero carry-
over of unbound molecules, (i) motion of beads through a long microchannel is
analogous to infinite washing of beads but takes only few seconds to accomplish, (iii) it
does not require flow of sample solution (from W1 in figure 6.6) containing target
molecules; the capture/binding of targets occurs in a reservoir, so that the method
uniquely processes large amounts of sample for rapid separation, (iv) it can separate at
high efficiency without using any membrane or pumps, thus it is quite useful for point-of-
care (POC) use, and (e) to further reduce the carry over or diffusion of unbound
molecules, a counter flow of clean buffer (from W2 to W1 in figure 6.6) can be created

by a simple fluid volume differential.

6.7.4. Nucleic acid sequence based amplification of SMART probes

Amplification is required because the target sequences can exist in extremely
small quantities, especially for HIV, and even more so when targeting drug resistant
mutant variants. At the end of the separation step we either introduce primers, enzymes,
molecular beacons, additional reagents and heat to W2 of the microfluidic device sample
to catalyze the on-chip amplification process of the SMART probes; or we remove the
separated sample for off-chip amplification and detection. The choice and reasoning for
on-chip versus off-chip amplification and detection is detailed in chapter 9. The
amplification step utilizes the cyclic phase of NASBA, and is truly isothermal (does not
require a 65°C pre-heat) at 41°C because the SMART probes were designed not to

exhibit significant secondary structure.
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Figure 6.7. SMART amplification using cyclic only NASBA.

The abridged NASBA amplification step requires three enzymes: RNAseH, avian
myeloblastosis virus reverse transcriptase (AMV-RT), and T7 RNA polymerase. When
targeting an RNA sample, the cyclic phase initiates when the RNAseH selectively
degrades the target RNA in the target RNA/DNA probe hybrid leaving behind the K103N
SMART probes for amplification.

As seen in figure 6.7, the K103N SMART probes are used as templates,
undergoing cyclic isothermal amplification to exponentially produce their RNA reverse
complement (RC) products (highlighted yellow). The cycle begins when the K103N
SMART probe binds with a primer containing a T7 promoter sequence (top-left). The
primer is perfectly reverse complement to the 3' Seql region of the SMART probe,
allowing for excellent hybridization kinetics. AMV-RT is then engaged and produces

double stranded cDNA (bottom-left). In the presence of double stranded DNA containing
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a T7 promoter sequence, T7 RNA polymerase transcribes large amounts of RNA RC
(bottom-right), reverse complement of the original K103N probe. T7 RNA polymerase
continues to transcribe RNA RC until either rNTPs or T7 RNA polymerase become
exhausted. A second primer, Seq2, (middle-right) binds to the K103N RNA RC
sequence. AMV-RT is engaged and produces cDNA/RNA hybrids (top-right). RNAseH
specifically degrades the RNA in the cDNA/RNA hybrid leaving behind single stranded
cDNA which is identical to the original K103N SMART probe (top-left). The end
product of the amplification cycle is exponentially amplified copies of the K103N RNA

RC.

6.7.5. Real time detection of K103N RNA RC

As K103N RNA RC products are amplified, corresponding molecular beacons,
which were added at the beginning of amplification, hybridize with the products. The
molecular beacons are designed to be a hairpin structure, containing a stem and a loop. In
their natural state, they contain a CGCG-CGCG stem, which keeps the hairpin bound.

The loop sequences are perfectly reverse complement to Seq2 RC, as shown in figure 6.8.

K103N RNA RC detection
5 NANNANNN NN
Seq1RC K103N RNA RC Seq2RC

5’ -/6-FAM/ CGCG Seq 2 CGCG/IABIk_FQ/ - 3’
a Ex/Em (nm) = 491/515

3 5

Figure 6.8. Molecular beacon hybridization and real-time detection.
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In the process of real time detection of amplified SMART probes, the molecular
beacons hybridize with their KI0O3N RNA RC targets and change their conformation
from a hairpin like structure to a linear structure, releasing the fluorophore from its
quencher and allowing fluorescence to be emitted. The fluorescence is quantified as it

occurs, resulting in real time K103N detection.

6.8. Development of SMART and applications in subsequent chapters

The following chapters focus on the development of the microfluidic separation
and real-time amplification technique used for SMART, offering an excellent model for
biomolecule separation (chapter 7) and insights on designing efficient amplifiable
SMART probes (chapter 8). We then show SMART's capabilities by detecting synthetic
samples of HIV-1 containing the K103N mutation and offer a method for a viral load
assay(chapter 9). Finally, we use SMART to detect clinical samples of H3 influenza

(chapter 10).
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CHAPTER 7

CAPTURE AND SEPARATION OF BIOMOLECULES USING
MAGNETIC BEADS IN A SIMPLE MICROFLUIDIC

CHANNEL WITHOUT AN EXTERNAL FLOW DEVICE

7.1. Abstract

The use of microfluidic devices and magnetic beads for applications in
biotechnology has been extensively explored over the past decade. Many elaborate
microfluidic chips have been used in efficient systems for biological assays. However
most fail to achieve ideal point of care (POC) status, requiring larger traditional external
devices in conjunction with the microchip. This paper presents a simple technique for
capture and separation of biomolecules using magnetic bead movement on a microchip
without the use of an external flow device. The microchip consisted of two well
reservoirs (W1 and W2) connected via a tapered microchannel. The bead motion was first
analyzed on the microchip and a permanent magnet was moved alongside the microchip,
dragging the beads at equivalent speed through the microchannel between the two wells.
It was found that greater than 95% bead transfer from W1 to W2 occurred at a velocity of

0.7 mm/s. Prior to testing our microchip with enzymatic reactions, we characterized our
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enzyme, alkaline phosphatase (AP), and substrate, 6-8-difluoro-4-methylumbelliferyl
phosphate (DiFMUP), with an off-chip control. AP was used to dephosphorylate the non-
fluorescent DiFMUP to fluorescent 6,8-difluoro-7-hydroxy-4-methylcoumarin (DiFMU).
Next, three assays were performed using our microchip: non-specific adsorption of
DiFMUP, capture of AP, and separation of AP. Biotinylated AP was immobilized on
streptavidin coated magnetic beads for the capture and separation assays. Our non-
specific adsorption assay indicated that the microchip was capable of transferring the
beads with less than 0.002% carryover of DiIFMUP. Our capture assay indicated that
microchip efficiently captured and transferred biotinylated AP with our streptavidin
conjugated magnetic beads. 100% of DiFMUP was converted to DiIFMU within 15
minutes. Our separation assay showed effective separation of AP from the non-specific
substrate and elucidated the binding capacity of the beads, wherein leftover unbound AP
converted 100% of DiFMUP within 10 minutes and samples with less than full bead
capacity (i.e. all AP was transferred) did not convert any of the substrate. The
immobilization of AP on bead surface resulted in 32% reduced enzymatic speed as a
result of altered protein conformation and/or steric hindrance of the catalytic site. Overall,
this microfluidics platform was established as simple and effective means of separation

on biomolecules without needed any flow apparatus.

7.2. Introduction

Experimental samples of RNA, DNA and proteins are often sparse and reagents
used in biotechnology are often costly. Immobilized enzymes have reduced enzymatic
activity due to steric hindrance and changed protein conformation." New techniques to

improve the isolation of biomolecules are always needed. An improved method for
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moving magnetic beads on a microfluidic chip can help immobilized enzyme efficiency.
Microchip devices allow the study of biomolecular reactions using sub-nanoliter
quantities of reagents, substrates and sample for each assay.” Cell lysis’, DNA
extraction™, polymerase chain reaction’, sequencing by synthesis® and ELISA’ are some
examples of relevant batch process techniques that have been featured on microchips.
Microchip devices are ideal for point of care (POC) applications because they have been
shown to be effective in such biological assays.

Magnetic beads are also widely applied in biotechnology techniques such as magnet
activated cell-sorting (MACS)® and detection combining magnetic beads with
antibodies’. A newer technique is immiscible filtration assisted by surface tension
(IFAST) which utilizes an immiscible phase for enhanced separation of cells'® and
nucleic acids.!’ The use of magnetic beads on a microfluidic chip is common, particularly
when in a continuous flow microreactor.'*'> A variety of magnetic magnetic bead
systems have been used for capturing and separating biomolecules'*'®. However, these
systems are elaborate and are limited by their dependence on external equipment, such as
pumps for regulation flow conditions and microscopes for precise optical based assays. A
more basic approach utilizes capillary tubes combined with a syringe pump for an
effective immunoassay platform'.To our knowledge, there have been no basic
microfluidic studies where beads were used as a mobile platform for capture and
separation of biomolecules without the use of an external flow device. Here we
demonstrate a simple magnetic bead based microfluidic system for capturing and

separating biomolecules without the use of an external flow device.
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We performed the following three assays: non-specific adsorption, capture and
separation using mobile magnetic beads on our microchip platform. Fluorescence of 6,8-
difluoro-7-hydroxy-4-methylcoumarin (DiFMU) was quantified through a simple assay
combining microfluidic bead movement using a simple magnet, conjugation of alkaline
phosphatase (AP) and dephosphorylation of 6-8-difluoro-4-methylumbelliferyl phosphate
(DiIFMUP). Magnetic beads coated with streptavidin were used to immobilize
biotinylated AP. When in contact with DiIFMUP, the AP causes dephosphorylation of
DiFMUP producing DiFMU. DiFMUP is non-fluorescent however its product, DiFMU,
can be quantified using fluorescence spectroscopy. Detection and quantification of
DiFMU was used to investigate the three specific assays: non-specific adsorption of
DiFMUP onto the streptavidin coated beads, capture of AP, and separation of AP from

DiFMUP.

7.3. Experimental
7.3.1. Materials

Rare earth magnets (Grade N52) were purchased from K&J Magnetics (Jamison,
PA). DiFMUP (14 000 cm™ M, excitation/emission = 358/450 nm), and spherical
super-paramagnetic streptavidin coated Dynabeads® M-280 (@ 2.8 um, 10mg/ml) were
obtained from Invitrogen (Carlsbad, CA). DiFMUP and DiFMU were dissolved in
DMSO, calibrated by UV-absorbance (ND-1000, Nanodrop, Wilmington, DE) and stored
as aliquots at -20'C. Calf intestinal alkaline phosphatase conjugated with biotin (AP-
biotin) was acquired from Rockland Immunochemical (Gilbertsville, PA). The buffer

used in the microchip contained 50 mM Tris pH 8.0 and 0.05% Tween 20. Buffer
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reagents mentioned, including DMSO and chip components, were purchased from

Sigma-Aldrich (St. Louis, MO).

7.3.2. Microchip device

A polydimethylsiloxane (PDMS) microchip was fabricated using soft lithography.
PDMS was poured over the fabricated SU-8 structure on a silicon wafer and then
incubated at 75 C for two hours. The PDMS was then removed from the mold, cleaned
with ethanol and oxygen plasma (PDC-32G, Harrick Plasma Ithaca, NY)and bonded to a
Pyrex® slip (1.4 mm thick). The microchannel used was a tapered lane of 400 pm wide
down to 50 um wide, 120 pm deep and 30 mm long. The depth of the channel was
measured by surface profilometer (Dektak).
7.3.3. Microscope apparatus

A microscope apparatus was used to observe the movement of the magnetic beads
during the experiment and to precisely change the magnet’s position alongside the
microchannel. The microchip was placed onto the slide plate of an inverted microscope
(Eclipse TE2000-U, Nikon, Melville, NY). The magnet (bar magnet, 2.5 x 1.25 x 0.64 cm
thick) was attached on the lens, directly beneath the chip and held approximately 1 mm in
front of the main bead cluster during movement. The magnet was attached to the lens via
a plastic brace in order to securely fix it in the correct position. The slide plate was then
moved at a specific velocity, changing the chips position to the magnet. A schematic for

the bead movement through the channel by magnetic force is shown in figure 7.1(a).
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(a)

Magnet and bead movement

Figure 7.1. (a) Schematic showing the main forces acting on a magnetic bead (b) Comsol
simulated magnetic field created by the permanent magnet.

The 3D numerical simulation using COMSOL (figure 7.1b) shows that a magnetic
bead with a 1.4 um radius located 1.4 mm (y = 1 mm, z = 2 mm) from the magnet as
shown, perceives a force of Fm=-2.55 pN in the y direction. The relative permeability of
iron p, = 600 and the magnetization of the magnet = 279600 A/m. The black surfaces are

the iso-magnetic force surface and red lines are magnetic field streamline. IfF, > F),, the
beads will follow the magnet as it moves alongside the channel. If the velocity of the

magnet is too high, F, <F,, then u -0 and the beads do not move with the magnet.

7.3.4. Percent bead transfer procedures

5 uL of buffer was pipetted into W1 and pressured into the microchannel using a
disposable ImL syringe. Excess buffer was then removed from the wells and 5 pL of
additional buffer was pipetted into both wells. Procedures were then paused for 10
minutes to eliminate any hydrodynamic flow. Afterwards, 1 pL of 1 pg/uL streptavidin
conjugated magnetic beads were pipetted into W1. Simultaneously, 1.5 pL buffer was

added into W2 to prevent any hydrostatic driven flow. The beads were moved from W1
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to W2 by changing the position of the slide plate on the microscope. The time required
for the beads to pass through the microchannel was measured resulting in a range of bead
velocities (0.5 - 1.4 mm/s). Counting the beads using a hemocytometer in solution pre-
transfer and post-transfer and extrapolating the total amount of beads, in addition to
manually counting any beads in W1/microchannel post-transfer allowed us to calculate

the percent transfer of beads from W1 to W2.

7.3.5. Three assays: non-specific adsorption, capture and separation

The percent bead transfer versus velocity of the magnet experiment results
yielded a maximum bead velocity (~0.7 mm/s) at which we could confidently predict that
greater than 95% of beads would transfer. Since our motivation is to develop a simple
assay using less equipment and to transfer 100% of the beads, we used 0.7 mm/s as our
upper limit and manually moved the magnet along the 30 mm channel for about 1-2
minutes by hand (~0.25 - 0.5 mm/s) instead of using the microscope apparatus to transfer
~100% of the magnetic beads for our three bioassays. The three bioassays were used to
evaluate non-specific adsorption, capture and separation conditions (shown in figure 2).

The non-specific adsorption assay was to ensure DiIFMUP did not diffuse to W2
or non-specifically bind or carryover with the streptavidin coated magnetic beads. 1 ug of
beads and varying concentrations of DiIFMUP (ImM, 2mM, 4mM) were added to W1
and mixed for 30 seconds and AP (714+100uM) was added to W2. The fluorescence of
each prepared supernatant solution (without beads)  was measured using a
spectrofluorometer (QuantaMaster™, Photon Technology International, Birmingham,
NJ) and using a 10 uL quartz fluorometer cuvette (16.10F-Q-10, Starna cells, Atascadero,

CA) before adding the samples to W1 and W2. Then the beads were transferred from W1
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to W2 with the magnet. After the transfer W2 supernatant fluorescence was immediately
measured for t = 0 minutes or was measured at 3 minutes interval endpoints up to 16
minutes total with the fluorometer by transferring the supernatant back to the quartz
cuvette. Note that beads were not bound to AP in W1 but that AP was placed in W2 to

initiate the conversion of any DiFMUP if carried non-specifically to W2.

Non-specific adsorption Capture

Pre bead transfer Postbead transfer Pre bead transfer Post bead transfer
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Figure 7.2. Substrate conversion assays. (TOP-LEFT) Non-specific adsorption assay.
(TOP-RIGHT) Capture assay. (BOTTOM) Separation assay.
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Capture consisted of adding 1pg of beads and varying concentrations of AP to
W1 and mixing for 30 seconds and a fixed concentration of DiIFMUP (4mM) to W2. AP
concentrations were chosen relative to the theoretical binding capacity of the M-280
Dynabeads (table 1). Then the beads were moved to W2. This condition tested the ability
of the beads to bind with AP and stay bound after transferring them from W1 to W2. The
conversion of DiIFMUP to DiFMU in W2 serves as an indicator of the capture process.
After the transfer to W2 the supernatant fluorescence was immediately measured in
cuvette for time = 0 minutes or was measured at 3 minute interval endpoints up to 16
minutes total.

Separation consisted of adding 1ug of beads, AP and DiFMUP (4mM) to W1 and
then moving the beads to W2 with the magnet. This condition tested the ability of the
beads to effectively separate AP from DiIFMUP. After the separation W1 fluorescence
was immediately measured for t = 0 minutes was measured at 3 minutes interval
endpoints up to 16 minutes total. All conditions use luL of 1 pg/uL streptavidin
conjugated magnetic beads. AP concentrations were again chosen relative to the binding
capacity of the M-280 Dynabeads. DiFMUP concentrations were chosen to exhibit
minimal photobleaching and illicit a quantifiable fluorescence response when exposed to

AP.

7.4. Results and discussion
7.4.1. Magnetic bead movement

The movement of the magnetic beads through the microchannel was observed
with consideration to velocity, quantity of beads used, shape of the SPS during movement

and transfer rates between the wells. Actual bead movement through the channel is
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shown in figure 7.3(a). The images clearly show that beads moved as a discrete plug of
length around 1.6-2.0 mm through the tapered microchannel. Towards the end of channel
beads were observed to be more closely packed compared to those in the plug at the start

of the microchannel. There was no bead sticking observed in the microchannel.
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Figure 7.3(a). 1puL of 1pg/uL (~65,000 beads) magnetic beads progressing through the
microchannel at 0.7+0.04 mm/s (images captured at 2x magnification). The magnet was
temporarily removed to capture images. Beads were guided to the beginning of the
channel (left, ~400pum width) just beyond the initial tapering from W1. Beads then were
guided to the middle of the channel (middle, ~200pum width). Beads were finally guided
the full duration of the channel30 (30 mm in total) and were located at the end of the
channel (right, ~50um width) about to enter W2.

An optimum movement of the beads included > 95 % bead transfer from W1 to
W2 and an average bead velocity of 0.7 + 0.04 mm/sec in the microchannel. The use of a
cylindrical magnet (1.1 cm @ x 0.64 cm thick) was also examined. This magnet also

moved the beads at a comparable 0.6 mm/sec, but the bead transfer were not as high

(70%) as with the bar magnet. The greatest bead velocities were obtained when the poles
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of the bar magnet were placed parallel to the microchannel as shown in figure 7.1(b)
simulation.

The percentage of magnetic beads transferred from W1 to W2 decreased with
increasing magnet velocity. Moving the magnet faster than ~ 0.7 + 0.04 mm/s became too
fast, resulting in inadequate magnetic force and caused the beads to remain in the

microchannel and W1. Figure 7.3(b) shows this relationship.
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Figure 7.3(b). Percentage of magnetic beads transferred between the wells as a function
of increasing velocity of the magnet. A lower concentration of magnetic beads at critical
bead velocities (~0.6 - 1.0 mm/s) results in better transfer of beads. The plotted results are
the average values for three individual experiments and the error bars are generated from
the standard deviation of the data.

7.4.2. Alkaline Phosphatase (AP) kinetics
Substrate (DIFMUP) conversion assays were used to quantify non-specific
adsorption and the efficiency of capture and separation after the bead motion in the

microfluidic channel. As a control for the kinetics of these assays, solution phase and
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magnetic particle bound AP kinetics were first assessed at a fixed DIFMUP concentration
of 4mM and four different concentrations of AP. Table 7.1 shows the properties of the
streptavidin coated beads and the theoretically calculated biotinylated AP binding
capacity. Based upon the theoretical binding capacity of ~ 71.4£10 uM, four
concentrations of AP were investigated: 0.1x bead capacity = 7.1£1uM, 0.5x bead

capacity = 3745 puM, 10x bead capacity = 714+100 uM, and 100x bead capacity =

7.14+£1mM.
Dynabeads® M-280 Streptavidin
Stock bead concentration 10 mg/ml
Biotinylated AP bead capacity 10 ug/mg of beads
Number of beads 6.50E+08 per ml
Bead radius 1.4 um
Volume per bead 11.49 um”3
Total bead volume 7.47E+09 um”3/mi
Total bead density 1.34E-09 mg/um”3
Experiment conditions
Bead concentration 1 mg/ml
Bead volume 0.001 ml
Bead mass 0.001 mg
Biotinylated AP bead capacity 0.0100 |ug of Biotinylated AP
Molar mass of biotinylated AP 1.40E+05 g/mol
Moles of bead bound biotinylated AP | 7.14E-14 mol
Molarity of bead bound biotinylated AP | 7.14E-02 mM

Table 7.1. Properties of streptavidin coated magnetic beads and binding capacity of AP =
71.4uM.

Baseline fluorescence of the DIFMUP substrate was measured in a 10 pL quartz
cuvette filled to SuL. Because biotin-streptavidin biochemistry was used to attach AP to
the magnetic bead, the activity of free biotin conjugated AP proteins was measured as the
control. The cuvette was maintained at 25°C using a digital temperature controller. The
temperature was kept constant at 25°C to minimize the evaporation effects. Note that the

experiments can be performed at any other temperature. After the baseline was
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established, the fluorometer reading was paused and the DiIFMUP substrate was removed
and mixed with 5 pL of biotin-AP and then the entire well-mixed volume was returned to
the cuvette for continued measurement. Following each measurement, the cuvette was
thoroughly washed with DI water, rinsed with 95% ethanol, and dried under nitrogen
such that the cuvette windows were free from streaks. Figure 7.4 shows fluorescence
versus time plots for several runs. The fluorescence increase is proportional to the rate of
production of the fluorescent DiFMU molecules. The data was collected over the first 15

minutes. Each experiment was carried out three times to obtain the respective error bars.
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Figure 7.4. Off-chip DiFMUP added to AP in cuvette. DIFMUP was fixed at 4mM. The
signal reached a plateau for all concentrations of AP, indicating that all DiFMUP had
been converted to DiIFMU. Raising the concentration of AP resulted in faster conversion
of DiIFMUP to DiFMU. 7.14uM AP was also included to exemplify the relationship of
AP concentration and dephosphorylation of DiIFMUP. The plotted results are the average
values for three individual experiments and the error bars are generated from the standard
deviation of the data.
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The results here show that AP dephosphorylated 4 mM of DiFMUP within 15
minutes. As the concentration of AP decrease the conversion of DiIFMUP to DiFMU
became slower. Then the reaction velocities were estimated,

v=v,_ [DIFMUP]/K, +[DiFMUP], by taking the derivative of the time plots. As
expected maximum reaction speeds, v, were observed at the start of the reaction. The
Michaelis constant (K, ) is equivalent to the concentration of the substrate [DiFMUP] at
which the reaction takes place at 1/2 its maximum speed. The K, value was evaluated

using the Lineweaver-Burke analysis'® where the inverse of reaction velocities are plotted
against the inverse of substrate (DiFMUP) concentrations. The Michaelis constants for

solution-phase AP-biotin was evaluated to be K, = 242 + 0.04 mM and

V.. =0.955mM /min . This K, value is consistent with those reported previously using

max

- 12,19
AP as enzyme for various substrates ~

. The quantitative range of our data limits the
analysis, however a smaller concentration of AP could be used to determine K,, with
greater accuracy or similarly a smaller timescale could be used with the higher
concentrations of AP. This would allow for a more detailed modeling of the
dephosphorylation of DiFMUP.

Finally, the immobilized phase kinetics was assayed using AP conjugated beads.
Here only bead bound AP kinetics are of interest so only the three lowest [AP], 71.4 uM,
37 uM and 7.14 uM, which were less than equal to the binding capacity of our magnetic

beads, were included . Similar to solution-phase (control) experiments, our analysis

determined K, = 1.48 £ 0.03 mM and v__ =0.667mM /min for the bead-bound AP. This

value is remarkably close to that obtained for free biotin-AP in the solution phase.

However, the immobilization of AP on bead surface resulted in 32% reduced enzymatic
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speed as a result of altered protein conformation and/or steric hindrance of the catalytic
site. In addition, a diffusion layer around the immobilized bead can create resistance to

mass transfer, which can limit the reaction rate.

7.4.3. Non-specific adsorption and/or carryover of DiFMUP

The non-specific adsorption assay was to ensure DiFMUP showed no signs of
non-specifically binding to our streptavidin coated magnetic beads. Streptavidin coated
beads and DiIFMUP were added to W1 and AP to W2. Beads were then moved from W1
to W2. Note that beads were not bound to AP in W1 but that AP was placed in W2 to
initiate the conversion of any DiFMUP if carried non-specifically to W2. Figure 7.5(a)

shows the concentration of DiIFMU produced in W2 as a function of time.
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Figure 7.5(a). Non-specific adsorption assay. W1 fluorescence remained constant. [AP]
was fixed at 714uM. W2 did not exhibit any considerable change in fluorescence after the
bead transfer. The plotted results are the average values for three individual experiments
and the error bars are generated from the standard deviation of the data.
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Three different concentrations of DIFMUP (1 mM, 2 mM, 4 mM) were used to
test non-specific adsorption or carryover of DIFMUP via the streptavidin coated beads
with a fixed concentration of AP (714+£100uM). Note that W2 contained AP at 10X
concentration of bead capacity for AP immobilization. Hence, both immobilized and free
solution AP enzyme was available to dephosphorylate any DiFMUP molecule carried or
adsorbed via bead motion. Results from previous section show that 100% conversion
would be achieved in 15 minutes if, hypothetically, all DiFMUP molecules were
transferred from W1 to W2. The results show that less than 0.002% of DiFMUP

molecules moved ([DiFMU]/{l—exp(-v, t/K,)}) with the beads to W2 for all

concentrations of DIFMUP in W1. Since the diffusion time ¢, ~/ ? / 2D for DIFMUP in a

[ =30mm long microchannel is much longer than the total time of bead transfer
tyr ~1min, we attribute the DiIFMUP migration to either non-specific adsorption or
carryover within the interstitial spaces of the bead cluster. Although adsorption-
desorption kinetics of DIFMUP molecules onto the streptavidin coated bead surface is
complex, some important experimental details can be established using a Langmuir

isotherm model.”” While this model is not applicable for multilayer adsorption, the

2

. . . . l
purpose of this part of the exercise is to quantify adsorbed concentration I [mo es}of
m

DiFMUP onto the streptavidin coated bead surface in the experiments. The adsorption

rate is proportional to the number of available sites (F L= ) and the solute concentration
in the well ¢, the desorption rate can be assumed to be proportional toI" . Hence, the rate

of surface accumulation of DiIFMUP can be written as
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Here £, and k , | —|denotes adsorption and desorption rate constants and
s.moles s

[, denotes total number of sited available on the bead surfaces. At steady state, equation

(1) results in
K="=t o @)

where K is the adsorption-desorption equilibrium constant. Equation (2) can be used to
describe the observed adsorption/desorption kinetics. The data in figure 7.5(a) shows that
at 15 minutes the carryover/adsorbed ~ DiFMUP concentration (

[DiFMU ]/{l—exp (~v,..t/K, )}) in W2 is in linearly proportional, with slope
r,/K =7.9x107*, to the bulk concentration of DIFMUP placed in W1. This suggests

that K >>c¢ and both adsorption and desorption of DIFMUP molecules was significant
for the concentration range used on our experiments. In other words, DiFMUP molecules
do not undergo strong adsorption onto the sphere. Hence, a possibility of simple
carryover of molecules in zero-flow spaces between particles cannot be ruled out. Lastly,
the fluorescence in W1 remained constant indicating that there was no diffusion of AP
from W2 to W1.

Above experimental investigation clearly suggests that our technique for capture
or separation of molecules via motion of beads though microchannel minimizes the

carryover and non-specific adsorption of small molecules such as DiIFMUP.
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7.4.4. Capture of alkaline phosphatase (AP)

The aim of these experiments was to efficiently isolate AP from W1 to W2
without loss of activity of enzyme. Samples containing AP were first placed in W1. g
of beads were then placed in W1 and stirred with the magnet for 1 minute and
subsequently beads were moved to W2. 4mM of DIFMUP was placed in W2 to initiate
the reaction using captured AP bound to beads. Figure 7.5b shows a plot of DiIFMU
produced as a function of time for four sets of experiments with varying concentration of

AP in W1. Note that 100% bead capacity for AP was 71.4+10uM.
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Figure 7.5(b). Capture assay. W2 exhibited a large increase in fluorescence indicating
that the AP transferred from W1 to W2 and the DiIFMUP had subsequently undergone
dephosphorylation. The rate of DiIFMU production for the varying [AP] is consistent
with the off-chip cuvette results (inset) indicating a strong biotin-streptavidin bond. The
plotted results are the average values for three individual experiments and the error bars
are generated from the standard deviation of the data.
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Our results show successful binding and capture of AP from W1. Biotinylated
proteins, such as AP, have a very low dissociation constant of K, =10""M with

[protein][ligand | . The smaller the dissociation

streptavidin coated beads, where K, = [ Jex]
complex

constant, the higher the concentration of ligand bound protein complex and the lower the
concentration of unbound protein and ligand. Thus, a low K, indicates a high affinity

between ligand and protein such that they form a very strong bond. The diffusion time
inside W1 = 2.5 seconds. All three concentrations of AP converted >75% of DiFMUP
within 10 minutes and ~100% conversion within 15 minutes. Figure 7.5b (inset) also
compares the reaction kinetics of captured AP with that obtained off chip for [AP]=bead

capacity 71.4+10 uM case. The max reaction velocity v =0.667mM /min and K, =

1.48 £ 0.03 mM well describe the plots. The rate of DiIFMU production for the varying
AP is consistent with the off-chip cuvette results indicating an efficient biotin-
streptavidin binding to the pack of beads and supports the results of no loss of activity of
AP.

These experiments clearly show that the microfluidic bead motion technique
effectively isolate AP from the well and it does not deteriorate bound enzyme due to any
shear or any magnetized bead compaction. Also, the microfluidic bead motion technique
successfully isolate a reactive species from W1 to W2 without losing bound species

inside the microchannel or onto the walls of microchannel.

7.4.5. Separation of alkaline phosphatase (AP)
Separation tested the ability of the beads to effectively separate AP from
DiFMUP. Note that DIFMU production at time = 0 minutes initialized even prior to bead
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separation, because all reagents were added to W1 stirred for 30 seconds and then
transferred to W2. The separation results (figure 7.5(c)) yield a substantial increase in
signal in W1 when working with concentrations of AP (714 uM and 7.14mM) above the
bead capacity (71.4 puM). Obviously, the leftover enzyme molecules in W1 convert
DiFMUP into DiIFMU. Within 9 minutes these high concentrations of AP have converted
~100% DiFMUP. However for 37 uM approximately half the working bead capacity, the

signal remains nearly constant throughout 15 minutes. Assuming linear dependence of

P 148 [enzyme]) at least up to 7.14 uM, we estimate

V. Ol €NZyme concentration (v, =

that only 7.14xK 1n(4/4—[DiFMU])>< time/0.668 =33.4nM (less than 0.5%) of enzyme

remained in W1. Even at 100% bead capacity of 71.4+10uM, the results show

infinitesimal production of DiFMU over time after separation.
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Figure 7.5(c). Separation assay. For [AP] =37 uM and 71.4 uM W1 and W2 did not
exhibit any considerable change in fluorescence after the bead transfer indicating that all
of the AP available was bead bound. However when [AP] exceeded the capacity of the
beads ([AP] =714 uM, 7.14 uM) the leftover AP in W1 was free to continue to produce
DiFMU. The plotted results are the average values for three individual experiments and
the error bars are generated from the standard deviation of the data.

This analysis shows that only 120 nM (less than 1.7%) of enzyme remained in
W1. These results suggest that the magnetic beads are effective for separations dependent
upon the streptavidin-biotin bond, so far as the binding events are within the capacity of

the beads. The results also verify that there was a minimal quantity of beads remaining in

W1 after separation.

7.5. Conclusion
Our work shows a novel separation technique with the following features (a) the

rapid motion of beads through microchannel fluid provides near zero carry-over of
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unbound molecules; (b) it does not require flow of sample solution (from W1) containing
target molecules. The capture/binding of targets occurs in the reservoir, so that our
method uniquely processes large amount of sample for rapid separation; (c) it can
separate at high efficiency without using any membrane or pumps. Thus, it is quite useful
for point of care devices.

Our chip design showed an insignificant amount of non-specific transfers, highly
specific transfer of AP and high magnetic bead transfer percentages. The tapering of the
microfluidic channel facilitatedtransfer of the beads from W1 into the channel and
minimal diffusion from the channel into W2. The channel dimensions and the strength of
the magnet can be customized depending on the desired total bead mass, transfer rate,
diffusion sensitivity, and velocity in the microchannel. This investigation presents the
parameters of this quick method on a microchip platform with many possible
applications. The proposed technique can be used to improve a number of assays,
including DNA isolation® and amplification, blood plasma separation’' and peptide
isolation.

Applying techniques from molecular biology on microchips has the possibility to
make assays faster and cheaper. Microchips with zero flow conditions are simpler than a
continuous flow micro-reactor and have a practical advantage in POC settings. Although
zero flow reactors are very sensitive to hydrodynamic flow and bubble formation. A
small assay kit with this technique would be easy to use in the field, where there is no
need for an additional device applying a continuous flow though the chip. Our method
would eliminate the need for continuous flow in established techniques for DNA isolation

and blood plasma separation using a microchip. Although the optics used in our assays
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are not ideal for POC applications, optical technologies are currently being developed for
convenient POC applications such as cell phone based microscopes for monitoring
cellszz,detection of waterborne parasites23 , and detection of infectious diseases>*.

The minimal diffusion of this microchip design could allow a multi-well system
with different reagents in each well. Moving molecules such as RNA and DNA on the
beads on beads between the wells would allow many steps (capture, separation, isolation,
amplification and detection) to take place in one assay. Another example could be protein
isolation and detection from a blood sample. Additionally, protein purification on a
microchip format may be useful as a preparation step for analysis demanding low
substrate contamination such as mass spectrometry. Some studies have been done for
protein movement™ and purification by isoelectric focusing®® on microchips, but utilizing
the method described in this paper method would be a novel simplified approach.

Investigating the effects of diffusion on more complex chip designs should be
examined, since biological applications pull from a large pool of parameters. Diffusion

rates at different SPS sizes and velocities would also be valuable to investigate further.
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CHAPTER 8

ENGINEERING INSIGHTS IN MULTIPLEXING REAL-TIME
NUCLEIC ACID SEQUENCE BASED AMPLIFICATION

(NASBA).

8.1. Abstract

Nucleic acid sequence based amplification (NASBA) offers huge potential for
low-cost, point-of-care (POC) diagnostic devices, but has been limited by high false-
positive rates and the challenges of primer design. We offer a systematic analysis for
NASBA design, with a view towards expanding its applicability. We examine the
parameters that effect dimer formations, providing a framework for designing NASBA
primers that will reduce false positive results and make NASBA suitable for more POC
diagnostic applications. First, we present the theory behind primer dimerizations and the
appropriate measures to avoid hybridizations that inhibit the NASBA reaction. We also
examine the factors and parameters to consider when designing a real-time NASBA
system using molecular beacon detection, particularly when multiplexing. Then we
compare three different oligonucleotide sets to examine 1) the inhibitory effect of dimer
formations, 2) false positives with poorly designed primers, and 3) the effect of beacon
target location during real-time NASBA. The required T7 promoter sequence adversely

affects the reaction kinetics, although the common abridged sequence canimprove
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kinetics without sacrificing accuracy. We demonstrated that poorly designed primers
undergo real-time exponential amplification in the absence of target RNA, resulting in
false positives with a time to half of the peak value (t;;) of 50 minutes compared to 45
minutes for true positives. Redesigning the oligonucleotides to avoid inhibitory dimers
eliminated false positives and reduced the true positive t;; by 10 minutes. Finally, we
confirm the efficacy of two molecular beacon design schemes, and discuss their

multiplexing utility in two clinical scenarios.

8.2. Introduction

Since the early 90s ! nucleic acid sequence based amplification (NASBA) has
provided an attractive alternative to PCR for the amplification of RNA. It is routinely
used in the clinical diagnosis of many single stranded RNA viruses including influenza A
2, foot-and-mouth virus 3’4, severe acute respiratory syndrome (SARS), coronavirus 5’6,
West Nile virus ', human bocavirus (HBoV) ®, and most importantly HIV 10 NASBA
offers huge potential for low-cost, portable diagnostic devices, because unlike PCR,
NASBA is isothermal. NASBA often runs faster than PCR, it compares favorably with
regards to sensitivity and convenience " and it is preferred over PCR for clinical HIV

10,12
samples

. Recently, diagnostic NASBA assays integrated with microfluidic systems
have shown improvements over conventional bench-top techniques '*. Microfluidic
hardware decreases the reagent use and energy consumption of the isothermal system by
decreasing the reaction volume. Additionally, the small reaction volumes required by
microfluidic chips (10nL - 2ul) concentrate the target molecule of interest to improve

primer binding and reaction kinetics. Because of advances in microfluidics, NASBA is

poised to offer major advantages in sequence-based diagnosis.
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Despite these advantages, NASBA has not been used to its full potential because
of the inhibitory secondary structure of RNA, which makes primer design and
multiplexing difficult. Hybridization sites on long, viral RNA strands require rigid
oligonucleotide design, and only a small fraction of oligonucleotides hybridize efficiently
to RNA ', making many conserved regions unsuitable as NASBA priming sites. Even
heating NASBA reagents to 65°C before adding enzymes " and selecting primer sites
100-200 nucleotides apart fail to prevent inhibitory secondary structures '°. Primer
dimerization can significantly increase the rate of false positives, which is extremely
dangerous in certain clinical tests. Furthermore, NASBA initiates with a non-cyclic
phase, as shown in figure 1, which depends on primers hybridizing multiple times with an
often tangled RNA structure and two relatively long initial reverse transcription steps in
order to produce the amplicon used during the cyclic phase.

NASBA can yield end-point results or real-time results using fluorophores,
making it analogous to PCR and real-time PCR, respectively. End-point NASBA is
usually accompanied by a gel electrophoresis, which determines the size of nucleotides
and detects size-specific sequences. Real-time NASBA is often advantageous because it
does not require gel electrophoresis: it uses molecular beacons or other forms of
fluorophores for sequence detection. The use of fluorophores is conducive to inexpensive
diagnostic devices utilizing optics, such as LEDs and photodiodes. However, due to the
lack of nucleotide size detection, real-time NASBA is more susceptible to false positives.
When NASBA works properly, the product of the cyclic amplification is a portion of

RNA antisense to the original RNA target, as shown in figure 8.1.
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NON-CYCLIC PHASE CYCLIC PHASE
RNA (+)
e~ DNA (+)
Primer1
Primer 1
AMV-RT
J RNA:DNA RNase H
AMV - RT
W
ds DNA
RNase H
v DNA(-) RNA:DNA
Primer2 T7 RNA Polymerase
AMV - RT
ds DNA AMV-RT
Voo RNA (-)
T7 RNA Polymerase

Figure 8.1. Traditional NASBA. Amplification begins with a non-cyclic phase which
creates the RNA product (RNA -). RNA(-) is the product and template of the cyclic
amplification phase and can be detected by end-point gel electrophoresis or in real-time
NASBA using molecular beacons.

In real-time NASBA, molecular beacons hybridize with the RNA product as the
amplification cycle progresses. Real-time NASBA can yield false positive results when
the molecular beacon hybridizes with a non-specific DNA and/or RNA molecule.
Furthermore, if the NASBA system is poorly designed, it may amplify non-target
sequences that non-specifically hybridize with the molecular beacon, mimicking the
expected time real-time exponential amplification profile. This is further complicated
during multiplexing, when several targets are grouped, amplified and detected using one
molecular beacon.

8

New RNA detection techniques'™'® amplify a short probe molecule using

NASBA. The short probe serves as an indicator and amplicon for the much longer target
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RNA. These techniques overcome some of the traditional limitations of NASBA; (1)
primers for the short amplicon are easy to design and use with excellent hybridization
kinetics, (2) pre-heating is not required because there is no inherent secondary structure
of the short probe, and (3) the relatively long non-cyclic phase of NASBA is bypassed
because the short probe is the amplicon used during the cyclic phase, resulting in faster
amplification and detection.

Although NASBA has been widely explored and developed for a variety of
microfluidic diagnostic applications, the formation of inhibitory dimers and their effect
on the reaction kinetics in traditional or short amplicon NASBA has not been adequately
addressed. Most literature denotes the importance of avoiding dimer formations during
PCR and NASBA, but a systematic description of dimer formations that occur in NASBA
and design techniques to avoid such dimers is not yet available, nor for avoiding non-
specific molecular beacon hybridizations.

In this chapter, we detail the cause and effect of dimer formations and we give
examples of dimers that interfere with real-time NASBA and non-specific hybridizations
of molecular beacons resulting in false positives. We suggest ways to avoid dimerizations
and false positives caused by non-specific molecular beacon binding. Additionally, we

discuss molecular beacon design parameters for effective multiplex NASBA assays.

8.3. Design constraints
8.3.1. Inhibitory and non-inhibitory dimer formations

Primer-beacon and other non-specific hybridizations are bound to occur in a
dynamic system like NASBA. These non-specific and confounding hybridizations are

considered non-inhibitory when their melting temperatures are well below the
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amplification reaction temperature (41°C). In most NASBA reactions, a denaturation step
(65°C) is used to loosen the secondary structure of the target oligonucleotide before
amplification occurs. Any non-inhibitory dimer formations or target hair-pin structures
are melted, so that the amplification can proceed uninhibited.

In contrast, inhibitory dimer formations involve non-specific hybridizations
characterized by Ty, values close, equal to, or exceeding the amplification reaction
temperature. Inhibitory dimerization is a common source of false-positives. Of all of the
possible dimer formations, the most likely to disturb normal reaction kinetics involves the
primer containing the T7 promoter sequence, because this sequence is directly involved
in the amplification process by way of T7 RNA polymerase. This article will focus on

dimerizations caused by the T7 sequence.

8.3.2. Dimer formation caused by T7 promoter sequence

The T7 promoter sequence (figure 8.2), which must be incorporated into one of
the primers, can be particularly cumbersome when designing NASBA primers because it
is inherently prone to forming dimers. If the primer containing the T7 promoter sequence
forms a dimer, the T7 RNA polymerase will act aberrantly, likely resulting in reduced

reaction kinetics and/or a false positive.

+1
TAATACGACTCACTATAGGGAGA

Figure 8.2. T7 promoter sequence. The underlined sequence represents the abridged
sequence and the +1 base is the first base incorporated into the RNA during transcription.

8.3.3. Optimizations to reduce inhibitory structures
The Mg™" concentration can be modified as a first attempt to reduce the potential

hybridization energy of the T7 primer dimer, although it should be modified with caution.
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Very slight modifications to [Mg™'] can result in drastically different hybridization
energies for all oligonucleotides in the assay'’. Thus reducing [Mg"'] in order to reduce
the hybridization energy of the T7 primer dimer may negatively affect key hybridizations
in the assay (i.e. primers + target oligonucleotide).

When primer sites are fairly abundant, primers should be redesigned to hybridize
with the target oligonucleotide at a new location to achieve minimal dimer hybridization
without significantly sacrificing the primer-target oligonucleotide hybridization energy.
However, most new and next-generation sequencing applications—such as mutation

detection and viral sub-typing—require primers for very specific oligonucleotide targets.

8.3.4. Molecular beacon design for NASBA
In NASBA, the molecular beacon is designed to either hybridize with (i) the
primer 2 reverse complement (RC) region or (ii) the middle target region of the target

RNA as shown in figure 8.3.

Primerl Target Primer2 Primerl Target Primer 2
Seq RC Seq RC
W /\N\
‘ Molecular. ‘Molecular‘
Beacon Beacon

Design (i) Design (ii)

Figure 8.3. Molecular beacon designs. (a) Beacon design (i) is designed for
multiplexing. A variety of probes can be used to target a group of individual sequences
all of which are indicated with one molecular beacon. (b) Beacon design (ii) is designed
for targeting a specific sequence rather than targeting a group of sequences.

In design (1), primer 2 is competitive with the molecular beacon to hybridize with

the primer 2 RC region, sacrificing reaction kinetics. However, design (i) enables

effective multiplexing—an unlimited number of potential target sequences may be used
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while using only one molecular beacon. In design (ii), there is no competition in binding
sites. However, because the beacons are target-specific, one beacon design may only be
used for one sequence-specific target. Both beacon system designs have their ideal
applications. For example, design (i) is ideal for HIV-1 mutation detection: a large
number of HIV-1 mutations impart drug resistance so it is very important to screen for
many mutations in parallel. Although design (i) can target all known mutations, a positive
result does not indicate which mutation is present. This design does not yield sequence-
specific results, but it nevertheless yields clinically relevant information in HIV drug
resistance testing. Design (ii) is ideal for Influenza virus sub-typing. This design yields
sequence-specific results, indicating which type(s) of influenza are present within a given
sample, (HIN1, H3, HS5, etc.) and it avoids premature transcription abortion by the T7

RNA polymerase, which has been observed in previous work'”.

8.4. Materials and methods

We engineered a HIV-1 oligonucleotide set without systematic consideration of
primer design (OLD), a systematically designed SMART HIV-1 set (NEW) and an H3
Influenza set for SMART. Both HIV-1 sets were used for real-time NASBA detection
using beacon design (i), while the H3 Influenza set used beacon design (ii). InM of
amplifiable probe was used as the starting template for each set in our experiments. These
synthetic oligonucleotides were purchased from Integrated DNA Technologies
(Coralville, TA) and their nucleotide sequences are listed in table 8.1. Each
oligonucleotide set was theoretically analyzed to predict hybridization energies and

potential dimer formations and illustrated using DI-nucleic acid hybridization and
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melting prediction (DINAMelt Server, RNA Institute, SUNY Albany, Albany, NY;

available at http:// http://mfold.rna.albany.edu) *°.

Oligonucleotide HIV-1 K103N Sequences (OLD)
Probe 5 - TCAAGAGTAGACACCTGTTACCGAT TTGTTCTTCTTTAACCCTG GTAATCAGATCAGAGCAATACGTCA - 3
Primer 1 (P1) 5' - taatacgactcactatagg TGACGTATTGCTCTGATCTGATTAC - 3'
P1-Probe RNA Product 5' - gg UGACGUAUUGCUCUGAUCUGAUUAC CAGGGUUAAAGAAGAACAA AUCGGUAACAGGUGUCUACUCUUGA - 3"
Primer 2 (P2) 5 - TCAAGAGTAGACACCTGTTACCGAT - 3'
Molecular Beacon 5 - /6-FAM/CGCG TCAAGAGTAGACACCTGTTACCGAT CGCG/3TABIk_FQ/ - 3'
Oligonucleotide HIV-1 K103N Sequences (NEW)
Probe 5 - TCAAGAGTAGACACCTGTTACCGAT TTGTTCTTCTTTAACCCTG TATATIITGGTIGGITGCAGAATAT - 3
Primer 1 (P1) 5' - taatacgactcactatagg ATATTCTGCAACCACCAAAATATA - 3"
P1-Probe RNA Product 5" - gg AUAUUCUGCAACCACCAAAAUAUA CAGGGUUAAAGAAGAACAA AUCGGUAACAGGUGUCUACUCUUGA - 3'
Primer 2 (P2) 5' - TCAAGAGTAGACACCTGTTACCGAT - 3"
Molecular Beacon 5 - /6-FAM/CGCG TCAAGAGTAGACACCTGTTACCGAT CGCG/3IABIk_FQ/ - 3'
Oligonucleotide H3 Influenza Sequences
Probe 5 - TCAACTCATCACACAGGATCAGCAT ACTCCAAATGGAAGCATICCCAATG ATTTTGGIGGITGCAGAATCT - 3'
Primer 1 (P1) 5' - taatacgactcactatagg AGATTCTGCAACCACCAAAAT - 3"
P1-Probe RNA Product | 5' - 9g AGAUUCUGCAACCACCAAAAU CAUUGGGAAUGCUUCCAUUUGGAGU AUGCUGAUCCUGUGUGAUGAGUUGA - 3'
Primer 2 (P2) 5" -TCAACTCATCACACAGGATCAGCAT - 3"
Molecular Beacon 5 - /6-FAM/CGCG AAATGGAAGCATICCCAATG CGCG/3IABIK_FQ/ - 3

Table 8.1. Poorly designed HIV-1 K103N oligonucleotide set (OLD), redesigned HIV-1
KI103N oligonucleotide set (NEW), and H3 Influenza oligonucleotide set. The Probe
sequences contain an underlined sequence which hybridizes with P1. The P1 sequences
contain the T7 promoter sequence (lowercase & bold). The transcribed P1-Probe RNA
product hybridizes with P2 (italics). In the HIV-1 oligonucleotide sets, the molecular
beacon (italics) competes with P2 to hybridize with the P1-Probe RNA product. In the
Influenza oligonucleotide set, the molecular beacon (underlined & bold) is designed to be
sequence specific and hybridizes with the target region (underlined & bold) of the
transcribed P1-Probe RNA product.

The reagents used for real-time NASBA and their concentrations at the final
reaction volume (80 puL) were 40 mM Tris(pH 8.0), 12.5 mM MgCl2, 73.5 mM
CH3COOK (KOAc), 5.25 mM dithiothreitol, 1.05 mM dNTP, 2.1 mM rNTP, 0.21 uM
each primer, 52.5 nM molecular beacon, 15.75% dimethyl sulfoxide, 1.68 u/uL. T7 RNA
polymerase, 0.34 u/uL AMV-RT, 0.005 u/uL RNase-H, and 0.11 mg/mL bovine serum
albumin (BSA). Samples were amplified in real-time for 90 minutes in BRAND

disposable UV micro cuvettes(Wertheim, Germany) using a Photon Technology

International Quantamaster' ™ spectrofluorometer (Birmingham, NJ) maintained at 41°C.

168



Enzymes and reagents used for real-time NASBA were purchased from Promega

(Madison, WI).

8.5. Results

Hybridization energies and melting temperatures for the T7 full sequence and
abridged sequence were calculated to be AG=-9.7 J/mol, T;,=50.6°C and AG=-3.7 J/mol,

Tn=22.9°C, respectively (figure 8.4).
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Figure 8.4. T7 promoter sequence dimer theoretical hybridization energies simulated
with DINAMelt. Energy rules: DNA @ 41°C, Ct = 10uM, [Na'] = 73.5mM, [Mg' '] =
12.5mM. (a) full sequence. (b) abridged sequence.

Hybridization energies for the OLD T7 primers were AG=-4.0 J/mol, T,,=7.3°C
without any promoter sequence; AG=-7.6 J/mol, T,=41.8°C with the abridged T7

promoter sequence; and AG=-11.3 J/mol, T,,=48.0°C with the full T7 promoter sequence.
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Figure 8.5. Primer dimer formations (OLD). Energy rules: DNA @ 41°C, Cr = 10uM,
[Na'] = 73.5mM, [Mg"'] = 12.5mM. (a) primer alone (b) primer with abridged T7
promoter (¢) primer with full T7 promoter.
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Table 8.2 outlines the hybridization energies and melting points for the OLD

oligonucleotide set; notably primer 1 forms a dimer with AG=-9.2 J/mol, T;,=41.8°C.

HIV-1 Oligos (OLD) P1 P2 Beacon Probe

AG |T,(°C)| AG [T, (°C)| AG |T.,(°C)| AG |T,,(°C)
P1 -9.2| 41.8 -6 28 -6 28| -24.7 70
P2 -15 -3]  -5.5| -34 20
Beacon 324, -3.4 20
Probe -3.6 5

Table 8.2. Theoretical hybridization AG and T,, values for all potential primer dimers
and/or non-specific hybridizations in HIV-1 K103N oligonucleotide set (OLD). Energy
rules: DNA @ 41°C, Cr = 10puM, [Na'] = 73.5mM, [Mg ] = 12.5mM.

Furthermore, this P1-P1 dimer was calculated to form a secondary hybridization

to the beacon at AG=-14.0 J/mol, T,,=55.3°C (table 8.3).

HIV-1 QOligos (OLD) P1 p2 Beacon Probe P1+P1 RNA [P1+Probe RNA

AG |To(*C)| BG |To(*C)| AG |To(C)| AG |To(°C)| AG T, (C)| AG | Tn(°C)
P1+P1 RNA 93] 45| -13[ s57] -14] 55.3] -36] 83.9[-56] -6.4]-99 33
Pi+Probe RNA | -11| 46.1] -38] 882| -39] 884 -110] oos| N o] 487

Table 8.3. Theoretical hybridization AG and T,, values for potential RNA product
hybridizations with HIV-1 K103N oligonucleotide set (OLD). Energy rules for
DNA/RNA & RNA/RNA: RNA @ 41°C, Cr=0.001uM, [Na'] =1 M (fixed), [Mg"'] =
0 M (fixed). Energy rules for DNA/DNA: DNA @ 41°C, Ct = 10uM, [Na'] = 73.5mM,
Mg ]=12.5mM.
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In contrast, analysis of the NEW set of oligos only predicted a strong
hybridization between primer 1 and the probe—AG=-22.4 J/mol, T,,=68.4°C (table 8.4).
The H3 Influenza analysis also predicted only one significant hybridization between

primer 1 and the probe—AG=-22 J/mol, T,,=71.0°C (table 8.5).

HIV-1 Oligos (NEW) P1 P2 Beacon Probe P1+Probe RNA
AG |T,(°C)| AG |T.,(°C)| AG |T,(°C)| AG |T.,(°C)| AG |T,(°C)

P1 -3.7| 22.9| -3.7 4.5 -3.7 45| -22.4 684 -4.1| 145
P2 -2.1 -15 -3 55| -4.3] 16.9| -26.1| 73.8
Beacon -5.7| 324 -26.3| 75.1
Probe -70.7| 82.7
P1+Probe RNA -11.9| 39.1

Table 8.4. Theoretical hybridization AG and T,, values for all potential primer dimers
and/or non-specific hybridizations using redesigned HIV-1 K103N oligonucleotide set
(NEW). Energy rules for DNA/RNA & RNA/RNA: RNA @ 41°C, Ct=0.001uM, [Na']
= 1 M (fixed), [Mg"'] = 0 M (fixed). Energy rules for DNA/DNA: DNA @ 41°C, Ct =
10uM, [Na'] =73.5mM, [Mg"] = 12.5mM.

H3 Influenza Oligos P1 P2 Beacon Probe P1+Probe RNA
AG |T,(°C)| AG |T,(°C)| AG |T(°C)| AG |T,(°C)| AG |T.(°C)

P1 -4.2 32| -3.8| 14.5] -3.2 81 -22 71| -5.9| 36.6
P2 -2.9| 124 -3 -9.3] -3.3 9.8 -27 74

Beacon -5.3 24.8 -21.3| 69.9
Probe -79.4| 86.4
P1+Probe RNA -27| 53.5

Table 8.5. Theoretical hybridization AG and T,, values for all potential primer dimers
and/or non-specific hybridizations in H3 Influenza oligonucleotide set. Energy rules for
DNA/RNA & RNA/RNA: RNA @ 41°C, Cr=0.001uM, [Na'] =1 M (fixed), [Mg'] =
0 M (fixed). Energy rules for DNA/DNA: DNA @ 41°C, Ct = 10uM, [Na'] = 73.5mM,
Mg ]=12.5mM.

Real-time NASBA amplification of six oligonucleotide sets resulted in an
exponential increase in signal from the New, Old, and H3 Influenza sets when probe was

included; a similar exponential increase was observed in the OLD set when probe was not

included (figure 8.6). The NEW and H3 sets failed to show a significant increase in

171



signal when probe was not included. Time to half of the peak value (t;,) was 45 minutes

for OLD, 35 minutes for NEW, 18 minutes for H3 Influenza, and 50 minutes for Old

without probe.
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Figure 8.6. Real-time NASBA of poorly designed HIV-1 KI103N oligonucleotide set

(O1d) vs. redesigned HIV-1 K103N set (New) vs. H3 Influenza oligonucleotide set. 1nM
probes used and no probe controls included. Standard deviation was within 5% of results
(error bars not shown).
8.6. Discussion
8.6.1. Thermodynamic evaluation of oligonucleotides using hybridization and melting
predictions

Potential hybridizations/dimer formations were theoretically calculated. They are

quantitatively represented by hybridization energy (AG) and melting temperature (Ty,). A

negative AG value indicates that the hybridization is energetically favorable and the Ty,
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represents the system in equilibrium at which half of the two oligonucleotides hybridize
and the other half remains single stranded.

The T7 promoter sequence alone forms a very strong theoretical dimer with itself,
even under optimal NASBA conditions. Although the T7 promoter sequence must be
used to catalyze T7 RNA polymerase, the underlined sequence (figure 8.2), an abridged
version, may be used for efficient transcription *'. The abridged version significantly
reduces the hybridization energy (increasing AG) and reduces Ty, to the point where it
would be considered non-inhibitory (figure 8.4).

Adding the T7 promoter sequence to the beginning of a primer adversely
increases the self-hybridization energy and Ty, of the primer. The example primer shown
in figure 8.5 is from the poorly designed oligonucleotide set (OLD) for the NASBA
amplification of a HIV-1 KI103N sequence. This primer by itself is non-inhibitory,
however the addition of the abridged T7 sequence causes an inhibitory dimer formation.
This is further exacerbated by the full T7 promoter sequence.

A poorly designed primer will have inhibitory dimer formations and/or non-
specific hybridizations. Screening for unwanted formations involves cross checking the
AG and T, values for all oligonucleotides used in the NASBA reaction at the appropriate
reaction conditions. Table 8.2 shows these values for the poorly designed oligonucleotide
set (OLD). The primer 1 (P1) and probe AG and T, values (highlighted grey) show that
P1 has a very strong affinity to its intended target probe. However, P1 also forms a strong
self-dimer (highlighted grey & bold), albeit nowhere near as strong as the P1-Probe
hybridization. In the presence of large quantities of probe, the P1 dimer will remain non-

inhibitory. However as the concentration of probe decreases, the P1 dimer has a greater
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inhibitory effect. For negative controls (i.e. no probe), the P1 dimer will become
completely dominant in the reaction. The P1 dimer is capable of producing its own RNA
product through NASBA amplification because it contains a T7 promoter region. As a
result, not only is this P1 dimer RNA product detrimental to the reaction kinetics of
NASBA, but it also has the potential to generate false positive results in real-time
NASBA. It becomes impossible to distinguish between a false positive control (no probe)
and a positive sample, because real-time NASBA results only indicate fluorescence
values, not oligonucleotide lengths.

For the case of the poorly designed oligonucleotide set (OLD), an unexpected
product emerges in addition to the expected P1-Probe transcribed RNA because of the
presence of the T7 promoter sequence in the P1 dimer. Specifically, the P1 dimer is
reverse transcribed to form a dsSDNA template containing the T7 promoter region in two
locations (figure 8.7a). Meanwhile, the P1-Probe hybrid is reverse transcribed and then
T7 polymerase transcribes RNA as designed and expected (figure 8.7b). The transcribed
RNA from the P1 dimer ds DNA template will interfere with the reaction kinetics
because it contains two T7 promoter regions and misappropriates rNTPs. It also has the

potential to hybridize with the beacon resulting in false positives.
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Figure 8.7. T7 polymerization of unexpec_ted P1-P1 RNA. (a) There are two locations for
the T7 polymerase to polymerize RNA since the T7 promoter exists on both strands
5’—3’. (b) T7 polymerization of expected P1-Probe RNA.

Table 8.3 demonstrates the theoretical hybridization of the expected P1-Probe
transcribed RNA and the unexpected P1-P1 transcribed RNA with other. The P1+Probe
RNA product is the desired RNA product of the NASBA reaction and it forms a strong
bond with the molecular beacon (highlighted grey) indicating effective fluorescence
detection. The P1+Probe RNA should also form a hybrid of similar strength with primer
2 (P2). This is also desirable and is required by the NASBA cycle shown previously in
figure 1. However, DINAMelt analysis shows that the P1+Probe RNA actually forms its

strongest bond with additional free-floating probe. This hybridization can be expected,

because P1 and the probe are perfect reverse compliments. However, in practice the
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much shorter and abundant P2 and beacon molecules are more likely hybridize with the
P1+Probe RNA because of their relatively small size and much greater quantity than the
probe.

The P1+P1 RNA product forms a relatively weak bond (highlighted gray & bold)
with the molecular beacon. However, when there is a low concentration of probe, this
relatively weak bond becomes strong and the molecular beacon will non-specifically
hybridize with the P1-P1 RNA product resulting in false-positive fluorescence detection.
Additionally, the P1-P1 RNA product forms a relatively strong bond (gray) with the

probe which likely stifles the reaction kinetics.

8.6.2. Redesigning the primer avoids inhibitory dimer formation

The oligonucleotides can be redesigned to undergo fewer potential dimers and
non-specific hybridizations. This is achieved by manually manipulating individual bases
in the sequence of P1, so that there are fewer potential adenine-thymine and guanine-
cytosine hydrogen bonds in the DINAmelt predicted hybridization. The required T7
promoter sequence gives primer 1 inherent minimum AG and Ty, values that make it
susceptible to dimerization (figure 8.5). After manipulating the original P1 sequence
used, we achieve AG and Ty, values for the P1 dimer matching those of the abridged T7
promoter sequence dimer alone (AG = -3.7, T, = 22.9°C); thus we have designed P1 such
that dimerization is as unfavorable as theoretically possible for our given reaction
conditions. The probe sequence is modified in parallel for effective hybridization with the
new P1 sequence. A cross-check of all potential dimers and/or non-specific
hybridizations is shown in Table 4. Although there is a slight decrease in AG and T,, for

the P1-Probe hybridization, the potential for P1 inhibitory dimerization has been
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eliminated because the dimers dissociate far below the reaction temperature. Finally, H3
Influenza oligonucleotides were also cross-checked for potential dimers and/or non-
specific hybridizations (Table 8.5). The P1-P1 dimer dissociates well below the reaction
temperature and P1-Probe hybridization is relatively strong and occurs well above the

reaction temperature.

8.6.3. Real-time NASBA using molecular beacon detection

Three real-time NASBA runs of each oligonucleotide set were performed (nine
runs in total) and the average of the real-time fluorescence results for each of the samples
are shown in figure 8.6. Controls without probe were included for each oligonucleotide
set. The No Probe NEW and No Probe H3 conditions show negligible increases in
fluorescence, while the No probe OLD negative control exemplifies the inhibitory effects
and false positive result of the P1-P1 dimer in the HIV-1 oligonucleotide set. The OLD
oligonucleotide set would certainly fail in practical applications such as point-of-care
devices. The redesigned oligonucleotide set alleviates the issues of primer dimerizations
and subsequent false positive results during real-time NASBA. Figure 8.6 shows that the
poorly designed K103N oligonucleotide set does not exhibit optimal reaction kinetics for
the amplification of 1nM probe in comparison to the redesigned set (NEW), because the
new set has a lower t;, value and a valid negative control. While the Influenza
oligonucleotide set did not offer any significant improvements in predicted hybridization
energies compared to the NEW oligonucleotide set, it did show dramatic improvements
in NASBA reaction speed. The only significant difference in the H3 oligonucleotide

design was the beacon hybridization location. The H3 Influenza set has the best kinetics
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of all three sets, which indicates that the beacon location had a significant effect on

reaction.

8.7. Conclusion

Careful considerations to ensure a weak AG (greater than -5) and low Ty, (less
than 35°C) for the T7 primer dimer and non-specific molecular beacon hybridizations
should be taken when designing real-time NASBA systems. Poorly considered primers
can not only decrease reaction kinetics, but can also increase the rate of false positive,
which is dangerous in the context of clinical HIV testing. Two approaches to primer
design significantly improve reaction kinetics and test accuracy—reducing the length of
the T7 promoter sequence to the abridged version and reducing the potential number of
adenine-thymine and guanine-cytosine hydrogen bonds in the primer. Furthermore,
effective primer design requires DINAMelt analysis of the bond strength not only
between primers and probes, but also between potential dimers and the beacon. A safe
approach to improve reaction kinetics is to redesign the probes to avoid dimers at 41°C,
because that is the optimal temperature of the reaction enzymes. Salt ion concentrations
may also be altered but have significant implications for all hybridization energies and
should be avoided if possible. The application of the NASBA assay is an important
design parameter to consider since we have shown that a real-time NASBA system
capable of detecting a group of sequences is less efficient than a real-time NASBA
system only detecting one target. Successful primer design is not simply a matter of
improving the efficiency of NASBA-based clinical assays, it is crucial to their accuracy

as well.
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CHAPTER 9

SMART ASSAY TO DETECT HIV-1 K103N MUTATIONS

AND DEVELOP NOVEL VIRAL LOAD TECHNIQUE

9.1. Abstract

SMART was used to successfully detect synthetic K103N HIV-1 DNA. The
SMART probe was amplified and detected both off-chip and in a microchip reservoir
using a modified version of real-time NASBA; without the non-cyclic phase and 65°C
pre-heat. We detected as little as 6 copies/uL of our synthetic K103N HIV-1 sample
within 180 minutes of amplification. SMART had comparable sensitivity and was faster
than commercially available viral load and HIV detection techniques, while using an
inexpensive, practical and potentially more accurate isothermal amplification technique,
in comparison to the traditional standard of polymerase chain reaction (PCR). However,
SMART still needs further development to match the sensitivity of drug resistance
monitoring assays. The use of molecular beacons resulted in relatively fast real time
detection (< 180 minutes), however they were also shown to hinder the amplification
process when compared to end-point detection using gel electrophoresis instead of
molecular beacons. Finally, SMART probes were used for modeling and determining
K103N mutant concentration of an unknown wild type (WT) sample. Within 90 minutes

we were able to detect as low as 1% (6000 copies/pL) of K103N SMART probe within
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the WT population (600,000 copies/uL). These results establish the groundwork for
future drug resistance mutation detection and viral load quantification in clinical samples,

which can revolutionize HIV patient care globally.

9.2. Introduction

In this chapter, we put into practice a new approach' for mutation detection,
termed Simple Method for Amplifying RNA Targets (SMART), and use K103N as a
model drug resistant mutation. We used previously isolated synthetic DNA (sDNA) in
place of clinical HIV RNA samples, to establish the feasibility of this method. Future
work will integrate isolation of RNA from an HIV-infected patient samples. There are a
few minor variations to SMART, as detailed in chapter 6. These pertain to using SMART
to target both K103N sDNA and wild type(WT) sDNA. This establishes the specificity of
our assay, specifically the SMART probes, and helps us establish a new HIV-1 viral load

technique. These deviations are detailed below in the remainder of the introduction.

9.2.1. Capture
When targeting an isolated patient sample, a group of probes with all potential
variations about the KI103N region is used in order to capture all potential K103N

variants. The same process occurs for the capture of wild type (WT) RNA (figure 9.1).
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Figure 9.1. SMART capture using K103N and WT sDNA.

The biotinylated oligonucleotide hybridizes with all SDNA sequences(K103N and
WT) and is conjugated to the magnetic beads through the streptavidin-biotin bond.
Simultaneously, K103N and wild type probes hybridize with K103N sDNA and WT
sDNA respectively. An important distinction is that the K103N and WT SMART probes
each contain a unique arm sequence located at their 5° end, Seq 2
(TCAAGAGTAGACAC) and Seq3 (ACTAGCCTTCACGGT) so that during
amplification they may be fluorescently tagged independently. By targeting both mutated
and WT sequences, this assay will be able to not only detect and quantify drug resistance
variants, but also quantify the total SDNA, and eventually the HIV-1 VL. The final
product of the capture step is a chain-linked molecule complex of streptavidin coated

magnetic beads - biotinylated oligo- sSDNA - KIO3N/WT SMART probe.
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9.2.2. Amplification

After microfluidic separation (chapter 6), the K103N/WT SMART probes are
used as templates, undergoing cyclic isothermal amplification, to exponentially produce
their RNA reverse complement (RC) products. As seen in figure 9.2, amplification begins
when K103N and WT SMART probes bind with a primer containing a T7 promoter
sequence (top-left). The primer is the RC of the 3' Seql region of both probes
(GTAATCAGATCAGAGCAATAGGTCA), allowing for excellent hybridization
kinetics. AMV-RT is then engaged and produces double stranded cDNA (bottom-left). In
the presence of double stranded DNA containing a T7 promoter sequence, T7 RNA
polymerase transcribes large amounts of RNA RC (bottom-right), reverse complements
of the original K103N and WT SMART probes. T7 RNA polymerase continues to
transcribe RNA RC until either rNTPs or T7 RNA polymerase become exhausted. Two
second primers, Seq2 and Seq3, (middle-right) bind to their respective K103N and WT
RNA RC sequences. AMV-RT is engaged and produces cDNA/RNA hybrids (top-right).
RNAseH specifically degrades the RNA in the cDNA/RNA hybrids leaving behind single
stranded cDNA which is identical to the original K103N and WT DNA SMART probes
(top-left). The end product of the amplification cycle is exponentially amplified copies of

the KIO3N and WT RNA RC.
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Figure 9.2. Modified real-time nucleic sequence based amplification (NASBA).

9.2.3. Real-time detection of KIO3N and WT RNA RC

K103N and WT beacons each contain different distinct fluorophores (6-FAM and
CYS35, respectively) with unique excitation/emissions so that they may be quantified
simultaneously without signal interference. In the process of real time detection of
amplified SMART probes, the molecular beacons hybridize with their K103N and WT
RNA RC targets and change their conformation from a hairpin like structure to a linear
structure, releasing the fluorophore from its quencher and allowing for fluorescence to be
emitted. The fluorescence is quantified as it occurs, resulting in real time K103N and WT

detection.
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Figure 9.3. Real time fluorescence detection using molecular beacons.

A key design feature in this detection step is the hybridization of the beacons with
Seq2 RC and Seq3 RC rather than targeting the K103N RC and WT RC hybridization
sequences (figure 9.3). Although this creates a competition between primer 2 and
molecular beacons during the amplification cycle, this design allows for a broad spectrum
of K103N and WT SMART probe sequences to be used simultaneously in one assay. For
example, 10 different K103N SMART probes could be used to target 10 different K103N
mutation variations without adding any complexity, by design of the assay. Since all 10
SMART probes would have the same arm sequences (Seql and Seq2) and use the same
two primers and a single molecular beacon, multiple SMART probes would not inhibit or
change the amplification process at all. There would be a varying amount of each
SMART probe at the start of amplification based upon which ones were successfully

captured and separated, but this is inconsequential because all 10 SMART probes are
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being amplified and detected as a group using one molecular beacon. During
amplification 10 different K103N RNA RC sequences would be produced, but they all
would contain the same Seq2 RC and only need one molecular beacon to detect all 10
sequences simultaneously. This design allows for screening a full panel of HIV WT and
K103N sequences in parallel, achieved using only two molecular beacons. This is a more
practical and cost effective design approach to screen for many mutations together with
one beacon or many WT sequences together with one beacon than to use many beacons
targeting specific K103N RC and WT RC hybridization sequences. Many beacons would
be required to cover the full range of potential K103N RC and WT RC sequences if they
were targeted individually, likely introducing non-specific primer and beacon
hybridizations resulting in numerous false-positive results. Additionally, the cost of such
a system would increase with the addition of each molecular beacon and with the optics
required to simultaneously detect and differentiate >10 different fluorophores. We

designed our assay to avoid such financial and reaction kinetic constraints.

9.3. Materials
9.3.1. Engineered oligonucleotide sequences

To design a comprehensive set of sequences that would represent the high
variability of the HIV-1 K103N region, which is present in multiple HIV-1 subtypes and
recombinant forms %, we used a curated dataset of 300 K103N and 6100 WT sequences,
obtained from the non-subtype B working group dataset *. The diverse regions adjacent to
RT position 103 were examined in this multi-HIV-1 subtype dataset and the most
conserved KI103N mutated (AGAACAAATCGGTAAC) and WT sequences

(AAAAAGAAAAAATCAGTAACA) were determined, covering ~75% of K103N and

188



~60% of WT sequences. . Any other sequence alignment method such as MUSCLE or
Clustalw2 can be used for achieving same result. One K103N sequence and one WT
sequence was chosen, both containing these conserved sequence respectively. A relevant
portion of these individual sequences (~30 nucleotides which includes the respective
conserved sequences) were used to engineer the K103N and WT sDNA. The K103N
sDNA used (Table 9.1) came prepared in TE buffer solution and contained two distinct
sequences representing the actual conserved region
(ATGGGTGCGAGAGCGTCAATATTAAG) of the HIV-1 gag gene and a KI103N
mutation region sequence (CAGGGTTAAAGAAGAACAAATCGGTAACAG)
separated by 10 adenine oligonucleotides to give ample space for hybridizations of the
capture oligo and SMART probe. Table 9.1 also provides the WT sDNA sequence,
SMART probes, primers, and molecular beacon sequences and the nucleotide length of
these model sequences. All of these custom oligonucleotides were purchased from
Integrated DNA Technologies, Inc. (Coralville, [A). Table 9.1 also shows the K103N and

WT RNA RC sequences.

Sequence Name Oligonucleotide sequence Le(:gth
K103N sDNA |5 - asaa CAGGGTTAAAGAAGAACAAATCGGTAACAG aaaaaaaaaa ATGGGTGCGAGAGCGTCAATATTAAGaaaa -3 | 74
WT SDNA___ |5 - asaa GGGTCTAAAAAAGAAAAAAT CAGTAAC ATGGGTGCGAGAGCGTCAATATTAAG aaaa -3 72
B'°tc"r|'i;':t5d 5- [5BioTEG/CTTAATATTGACGCTCTCGCACCCAT -3 2
K103N SMART |,
rone 5'- TCAAGAGTAGACAC CTGTTACCGATTTGTTCTTCTTTAACCCTG GTAATCAGATCAGAGCAATAGGTCA - 3 59
WT SMART probe |5 - ACTAGCCTTCACGGT GTTACTGATTTTTTCTTTTTTAACCCTG GTAATCAGATCAGAGCAATAGGTCA - 3 68
i +
Primer c,v(TK)msN 5' - taatacgactcactataggg TGACCTATTGCTCTGATCTGATTAC - 3 45
Primer 2 (K103N) |5 - TCAAGAGTAGACACCTGTTACCGAT- 3 25
Primer 3 (WT) |5 - ACTAGCCTTCACGGTGTTACTGATT - 3 25
K103N RNARC |5 - TGACCTATTGCTCTGATCTGATTACCAGGGT TAAAGAAGAACAA ATCGGTAACAGGTGTCTACTCTTGA - 3 69
WT RNARC |5 - TGACCTATTGCTCTGATCTGATTACCAGGGT TAAAAAAGAAAA AATCAGTAACACCGTGAAGGCTAGT - 3 68
Beacon 1 (K103N) |5 - /6-FAM/ cgcg TCAAGAGTAGACACCTGTTACCGAT cgeg /3IABIK_FQ/ - 3 33
Beacon 2 (WT) |5 - /Cy5/ cgeg ACTAGCCTTCACGGTGTTACTGATT cgeg /3IABIK_FQ /-3 33

Table 9.1. Oligonucleotides used in SMART assay. The ss K103N sDNA sequence was
designed with a mutated sequence (bold) centered about the K103N codon (underlined)
and the ss WT sDNA sequence was designed with a non-mutated sequence (regular)
centered about the non-mutated lysine codon (underlined) (repetition of above). KI0O3N
and WT SMART probes have hybridization regions (bold) with their respective sDNA
targets and a primer 1 region (underlined). Primer 1 was designed to hybridize with both
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probes (underlined) and contains a T7 promoter region (lowercase). Primer 2 (K103N)
and primer 3 (WT) were designed to hybridize (bold & underlined) with the K103N RNA
RC and the WT RNA RC, respectively, and all potential SMART probe variations.
Beacon 1 (K103N) and beacon 2 (WT) were also designed to competitively hybridize
with the same regions (bold & underlined) of the KI0O3N RNA RC and the WT RNA RC,
respectively. Again, this is to ensure that only one K103N beacon and one WT beacon is
necessary for all variations of K103N and WT probes.
9.3.2. Microchip device

The microchip was constructed using a glass substrate and a polydimethylsiloxane
(PDMS) layer containing micro-channels and reservoirs. The microchip design (figure
9.4) is a simple tapered one-channel device designed for adequate separation of
conjugated magnetic beads from unbound SMART probes using a magnetic bar. The

microchip can process four samples simultaneously. The 2.8um diameter M-280

magnetic beads were obtained from Invitrogen, Carlsbad, CA)

II} Brown University Biochemical Engineering ﬂ

Magnet

i & D (w3 —

Minco flexible transparent heater

H G026 50/400um SM ver 1.0 H

Figure 9.4. Microfluidic separation microchip design. A magnet is used to transfer the
beads through a channel from W1 to W2. A transparent heater is attached for post-
separation amplification.

9.3.3. NASBA reaction mix
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The reagents used for NASBA and their concentrations at the final reaction
volume were 40 mM Tris(pH 8.0), 12.5 mM MgCl2, 73.5 mM CH3COOK (KOAc), 5.25
mM dithiothreitol, 1.05 mM dNTP, 2.1 mM rNTP, 0.21 uM each primer, 52.5 nM
molecular beacon, 15.75% dimethyl sulfoxide, 1.68 u/uL. T7 RNA polymerase, 0.34
u/uL AMV-RT, 0.005 u/uL RNase-H, and 0.11 mg/mL bovine serum albumin (BSA).

Enzymes and reagents used were purchased from Promega (Madison, WI).

9.3.4. Heating devices

On-chip amplification required an external RK-80H power supply (Matsusada
Precision Inc, Kusatsu City, Shiga, Japan) providing 4-5V to the Minco flexible
transparent heater to achieve 41°C in well 2 of the microchip. We validated the heating
temperature using a thermocouple attached to our microchip wells.

Off-chip real-time amplification and detection used a single cuvette peltier
(Photon Technology International, Birmingham, NJ) and off-chip amplification followed
by off-chip end-point gel electrophoresis used a C1000 thermal cycler (Bio-Rad,

Hercules, CA).

9.3.5. Optical equipment

On-chip detection used a Nikon Eclipse TE2000-U fluorescent microscope
(Nikon Instruments, Inc., Melville, NY) with a blue filter set for 6-FAM (450-490nm
excitation, 515 nm long pass emission), a red filter set for Cy5 (590-650nm excitation,
663-738 nm band pass emission), a 4x objective, a model 814 Photomultiplier Detection
System with a gain of 700V (Photon Technology International, Birmingham, NJ), and an

integrated high speed shutter (Melles Griot, Albuquerque, NM) set to open for 0.2s. A
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custom in-house LabVIEW (National Instruments Corporation, Austin, TX) data
acquisition program collected PMT output at a rate of 12-15 Hz.

Off-chip real time detection samples were prepared in disposable Uvettes
(Eppendorf, Germany) and real-time fluorescence was measured using a Quantamaster
spectrofluorometer (Photon Technology International, Birmingham, NJ). Off-chip post
amplification detection used a 2100 Bioanalyzer and a small RNA gel cartridge (Agilent

Technologies, Marshfield, MA).

9.4. Methods
9.4.1. Theoretical hybridizations

Theoretical hybridizations of sDNA to biotinylated oligos, SDNA to SMART
probes, beacon dimers, and beacon to target RNA RC were calculated using the
DINAmelt and mFold Web Server software (DINAMelt Server, RNA Institute, SUNY
Albany, Albany, NY; available at http:// http://mfold.rna.albany.edu), for reaction
conditions T=41°C, (Na+) = 70mM and (Mg++) = 12mM. Oligonucleotide hybridizations
are characterized by two properties: the gibbs free energy (delta G = AG), where a more
negative delta G value represents a more energetically favorable state (higher probability
of hybridization), and the melting temperature of the hybrid (T,) at which 50% of the
structures will have un-hybridized. The probability of hybridization can be expressed as

Pocexp(~AG/RT) where R= a rate constant and T = hybridization temperature

(constant). This equation shows that a more negative delta G exponentially increases the

probability of hybridization.

9.4.2. SMART experiments
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We used K103N and WT sDNA samples with a starting concentration ranging
from 600,000 copies/uL to 6 copies/uL. This range of viral loads is only two orders of
magnitude higher than the range of detection of most commercially available HIV-1 viral
load assays (~0.05 copies/uL to 10,000 copies/uL)* ,thus most of these starting
concentrations of sDNA are clinically relevant. Biotinylated oligos, sSDNA sample,
SMART probes, magnetic beads and hybridization buffer were incubated for 30 minutes
prior to loading onto the microchip. The PDMS chip was pre-washed with nuclease
decontamination solution (Integrated DNA Technologies, Coralville, IA) and pre-soaked
with hybridization buffer(Tris, MgCl,, NaCl, Tween-20, BSA). Microfluidic separation
occurred after the incubation as biotinylated oligos, SDNA sample, SMART probes,
magnetic beads and hybridization buffer were added to well 1 (W1 in figure 9.4) and
moved through the channel by moving a neodymium magnet along the bottom of the
channel at less than 0.6mm/s towards well 2(W2 in figure 9.4).

SMART experiments were initially performed for K103N detection using capture,
separation and on-chip amplification for 180 minutes at 41°C, followed by off-chip end-
point gel electropheresis. At the conclusion of the separation step the beads were <lcm
from W2 and the flow was manually stopped by the removal of solution in both W1 and
W2, and the addition of 12uL of paraftin oil to W1 to avoid evaporation of reagents. The
NASBA reaction mix was then introduced for on-chip amplification (total volume of
5uL) and the on-chip amplification apparatus was connected. On-chip amplification was
used to preliminarily demonstrate the ability of the assay to be used as a POC device. End
point detection was used rather than real-time detection to validate the capture and

separation steps; ensuring that the correct size oligonucleotide was amplified and visible
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in the gel plot. Additionally, to evaluate the effect of the molecular beacons,
amplification was performed with (B+) and without beacons (B-), to investigate if there
was any inhibitory effect on amplification.

Subsequently, experiments were performed for K103N detection using capture,
separation and off-chip real-time amplification and detection. Although on-chip detection
can be performed by integrating better detection system, we used off-chip detection as a
fluorometer was already equipped for more accurate, higher sensitivity fluorescence
detection allowing us to better gauge the sensitivity of our assay. At the conclusion of the
separation step, the magnetic bead complex was moved into W2. Then the W2 contents
were transferred into a polypropylene tube and W2 was rinsed with an additional 6uL of
hybridization buffer. The beads were then collected at the bottom of the tube and all but
2uL of solution was removed for off-chip NASBA amplification using a fluorometer.
Fluorescence readings were taken every five minutes to yield real time fluorescence data.
Off-chip amplification used the same ratio of NABSA reaction mix as on-chip with a

larger total solution volume of 80uL.

9.4.3. Determining K103N concentration using SMART probes

As a final implementation step, we evaluated SMART as an effective means for
estimating K103N concentrations of ‘unknown’ samples. The objective of this approach
was to establish that we can simultaneously amplify and detect a multiple beacon system
and that our SMART probes may be used in such a system as standards to determine
K103N concentration of an unknown sample. We considered a group of samples with
variable concentrations of WT and K103N SMART probes. We used a total of 1pM

(600,000 copies/uL) of SMART probes (K103N + WT) to evaluate the efficacy of our
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assay to generate linear models based upon K103N SMART probe concentrations. A
variety of K103N SMART probe concentrations were used as our known standards and
ranged from 100% (600,000 copies/uL) to 1% (600 copies/ pulL). First, the SMART
probes were added to the NASBA reaction mix for a total volume of 80 pL and detected
with real-time amplification off-chip using the disposable cuvette/fluorometer apparatus.
Second, the SMART probes were added to the NASBA reaction mix for a total volume of
5 uL, added to W2 in the microchip device and detected with real-time amplification on-
chip using the fluorescent microscope/thin film heater apparatus.

The off-chip data were used to generate model fits capable of predicting starting
K103N probe concentrations. This was achieved by rearranging and plotting the real time
fluorescence data. The data were plotted as fluorescence at a given time point versus
concentration on a two dimensional plane. The fluorescence of the standards was used to
generate a linear model. Finally, the linear model could be used to interpolate and
estimate the starting K103N concentration of the unknown sample. This modeling
method to determine the starting K103N concentration was replicated for the on-chip

data.

9.5. Results and discussion
9.5.1. Hybridization theory predications

The delta G and T, shown in table 9.2, hybridization events 1&2 (bold), are -28.9
and 58.4°C respectively. This is a very negative delta G and the melting temperature is
safely above the reaction temperature (41 °C) resulting in a very likely hybridization.
However, events 5&6 in table 2 show more positive delta G values and the T, falls well

below 41°C, thus the hybridization events are theoretically unlikely to occur. Additional
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AG's and Ty,'s for key theoretical hybridization events were also calculated and shown in

table 9.2.
Hybridization _ _ DeltaG| Tn
Oligonucleotide(s) Value
Event o (°c)
(41°C)
1 K103N sDNA + biotinylated oligo -28.9 58.4
2 WT sDNA + biotinylated oligo -28.9 58.4
3 K103N sDNA + K103N SMART probe -32.0 59.4
4 WT sDNA + WT SMART probe -25.3 51.7
5 K103N sDNA + WT SMART probe -10.8 311
6 WT sDNA + K103N SMART probe -10.8 28.7
7 Beacon 1 (K103N) 1.1 49.9
8 Beacon 2 (WT) -1.9 56.5
9 Beacon 1 (K103N) + Beacon 1 (K103N) -5.6 -14.7
10 Beacon 1 (K103N) + Beacon 2 (WT) 6.4 12.8
11 Beacon 2 (WT) + Beacon 2 (WT) -7.0 19.0
12 Beacon 1(K103N) + K103N RNA RC -26.2 55.3
13 Beacon 2(WT) + WT RNA RC -27.2 56.8
14 Beacon 1(K103N) + WT RNA RC -5.3 -3.5
15 Beacon 2(WT) + K103N RNA RC -8.1 11.0

Table 9.2. Theoretical hybridization energies.

Events likely to occur are shown in bold, while those unlikely to occur are shown
in regular font. Events 7&8 indicate that the beacons alone form the desired hairpin
structure at the reaction temperature of 41°C and events 12&13 show that they form a
very strong hybrid with their intended target without non-specific hybridization (events
14&15). Overall, we engineered our probes and targets to effectively hybridize while

avoiding non-specific hybridizations.

9.5.2. Validation of SMART using on-chip amplification
Figure 3a summarizes the outcomes of the experiment, confirming that capture,
separation and amplification reactions were occurring as expected. K103N Probe RC was

expected to be ~69 nt in size. The dark bands in the K103N positive lanes (1,2,6 & 7)
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correspond to this product. This K103N Probe RC band also occurred in K103N negative
lanes (3,4,5,8,9 &10) but at very light intensity (low concentration), likely due to very

low concentrations of K103N probe carryover during separation, which was expected'.
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Figure 9.5. SMART gel plot after using on-chip amplification. No DNA, low and high
concentration WT ssDNA controls were also included.

This minimal probe carryover currently limits the sensitivity of our assay and we
will explore ways to further reduce carryover for even greater sensitivity. Light bands
also occurred at ~45nt and ~22nt, likely attributed to the primers used. An unexpectedly
produced light intensity band (~60 nt) may have occurred as the polymerase prematurely
aborted transcription, resulting in RNA RC products that are shorter than expected. This
prematurely aborted transcription was also observed in previous work ' and does not have
a negative impact on the assay with regards to sensitivity. Corresponding
electropherogram data (figure 9.6) showed, as expected, that K103N sDNA at high
starting concentrations yielded the highest fluorescence signal and that controls with no
DNA and WT exhibited minimal fluorescence. Interestingly, the addition of molecular

beacons had a significant effect on the amplification, particularly at the low
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concentration. In figure 9.6, the area under the curve for the starting concentration of
600,000 copies/uL declined ~10% (lane 1 to lane 6) with the addition of beacon while
decreasing ~45% for 6000 copies/uL (lane 2 to lane 7). This is likely attributed to the
combination of two inhibitory events: (1) the competition between primer 2 and beacon 1
during the amplification cycle, and (2) the premature abortion of T7 polymerase. McCalla
et al. reported that the premature abortion did not affect their detection methods as the
beacon targeted the middle of the transcribed influenza RNA. However here, the beacon
targeted the end of the transcribed RNA which would result in decreased beacon-RNA
hybrids for the prematurely aborted RNA products. The several smaller peaks in the
electropherogram support this suggestion. Targeting the end of the RNA RC product
rather than the middle negatively impacts the speed of the assay, but is a necessary assay
design trade-off for simultaneous detection of many K103N SMART probes while only

using two primers and one molecular beacon.
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Figure 9.6. SMART electropherogram after using on-chip amplification.
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A lower starting concentration of K103N sDNA yielded less hybridized K103N
probe, as evident in the electropherogram when comparing 600,000 and 6000 copies/uL.
Thus, a lower starting K103N sDNA concentration has a lower starting concentration of
available K103N probe template for the NASBA cycle. Since the amplification cycle is
exponential, the suggested inhibitory events are of a greater magnitude at lower K103N
probe concentrations. This is directly supported by the data when comparing end-point
amplification.

Results of with vs. without beacons experiments supported our hypothesis, that a
beacon free system would amplify larger quantities of product. By our design, the
beacons were in competition with Seq2 and Seq3 primers to hybridize with the RNA RC
products during NASBA. When comparing the K103N samples containing 600,000
copies/uL, we saw approximately a 12% increase in fluorescence when the beacon was
removed. For K103N samples containing 6000 copies/pL. we saw approximately a 50%
increase when the beacon was removed. Not only does this suggest that the beacon is
inhibitory to the amplification cycle, but it supports the argument that inhibitory events
are of a greater magnitude at lower K103N probe concentrations.

Nonetheless, the beacons are essential for detection in our assay and our POC
design criteria, so the purpose of this comparison was to better understand the kinetics of
the system, not to reach a decision point to eliminate/keep the molecular beacons. Our
engineering efforts would be better spent further optimizing the NASBA buffer
conditions for faster amplification and reduce carryover of unbound SMART probes for

greater specificity.
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9.5.3. SMART using off-chip amplification with real time detection
Upon verification of the amplified product using end-point detection, by
interpreting the gel plot (figure 9.5) and electropherogram (figure 9.6), SMART was

performed off-chip for real-time KI103N detection. Figure 9.7. shows the real-time

results:
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Figure 9.7. SMART assay results using off-chip amplification with real-time detection.
WT sDNA and No DNA negative controls were included and plotted as background
fluorescence (gray area). WT specific SMART probes, WT primers and WT molecular
beacon were not included in this assay. The dashed black line indicates the threshold of
detection or time to positivity (T,) for positive samples. Standard deviation was within
5% of results (error bars not shown).

It is important first to note that the exponential curves plateau towards a
maximum because the fluorescence represents the beacons hybridizing with the
amplifying K103N RNA RC and there is a limited amount (52.5nM) of molecular
beacons in the reaction mix. For the high concentration (600,000 copies/uL), 90 minutes
of amplification yielded very distinguishable detection versus the controls with the

amplification curve crossing the threshold of detection (i.e. time to positivity value (T,) =

45 minutes). For the lower concentrations (6000 through 6 copies/uL), this level of
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detection was achievable but required more time for amplification, consequently higher
T, values. This shows that detection is possible for very low, clinically relevant
concentrations of K103N (< lcopy/uL) using SMART. A slightly longer amplification
time is currently required (~4 hours) in order to achieve comparable results, although T,
is achievable within 180 minutes.

The linear model (figure 9.8) of time to positivity vs copies/uL (logarithmic scale)
indicates that the current SMART assay is theoretically sensitive enough to detect as low
as 1 copy/uL of K103N sDNA. Even more sensitive detection may be possible, but
cannot be predicted with this linear model and would require further assay development.
Figure 9.9 shows an endpoint analysis of these results, offering a clear illustration of all
K103N concentrations tested to be well above the threshold of detection after 180

minutes of amplification.
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Figure 9.8. Time to positivity (T,) values are plotted versus the logarithmic scale of
starting K103N sDNA concentration. Standard deviation was within 5% of results (error
bars not shown).
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Figure 9.9. Histogram of normalized fluorescence of all SDNA and controls after 180
minutes reaction time. Standard deviation was within 5% of results (error bars not
shown).
9.5.4. Determining K103N concentration using SMART probes

Figure 9.10 shows the real time detection of the K103N probe within varying
K103N-WT probe samples. There was no considerable change in baseline K103N beacon
fluorescence for samples containing no DNA and for sample containing only WT probe,
confirming that the K103N beacon was stable and highly specific to its intended K103N
RNA RC target. As the starting percentage of K103N probe increased, so did the rate of
fluorescence. With a higher starting concentration of K103N probe, the reaction produced

more K103N RNA RC in a given amount of time.
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Figure 9.10. Off-chip real time fluorescence of amplified K103N probe as a function of
time. Standard deviation was within 5% of results (error bars not shown).

Therefore with higher starting concentrations of K103N probe there was faster
hybridization of K103N beacon with the KI03N RNA RC target. This correlation can
also be explained in its converse; as the starting concentration of K103N probe decreased,
the resulting exponential fluorescence curve shifted with increasing time. These data
correspond to the real time SMART results from figure 9.7, in which a higher
concentration of starting K103N sDNA yielded more K103N probe, which in turn
resulted in faster amplification.

Figure 9.11 similarly shows the real time detection of the WT probe within
varying K103N-WT probe samples. There was no change in baseline WT beacon
fluorescence for samples containing no DNA and for sample containing only K103N
probe, confirming that the WT beacon was stable and highly specific to its intended WT
target. For samples containing 50% to 100% WT probe, the WT beacon fluorescence
increased exponentially reaching its beacon limited maximum after approximately 45
minutes. These data indicate that the WT beacon hybridized effectively with high

concentrations of WT RNA RC target, however the concentrations were too high to
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achieve any distinguishable resolution between the varying concentrations of probe in
this timescale. This suggests that SMART, as it is currently designed, is not ideal for
distinguishing concentrations above 300,000 copies/pL. This gives us a ballpark number
for the upper VL limit of our assay, which compares well to commercially available VL

kits (~10,000 copies/uL).
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Figure 9.11. Real time fluorescence of amplified WT probe as a function of time.
Standard deviation was within 5% of results (error bars not shown).
Figure 9.12. shows the model for high concentrations (30,000-150,000 copies/
puL) of K103N SMART probes. For high starting concentrations we are able to resolve
fluorescence at an early time point during the amplification (45 minutes). These data fit a

linear curve which can be used to interpolate for unknown high K103N SMART probe

starting concentrations based upon these measured fluorescence standards values.
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Figure 9.12. Off-chip modeling of fluorescence versus K103N SMART probe
concentration at high concentrations (30,000 — 150,000 copies/uL. K103N SMART
probe).

For low concentrations (<30,000 copies/ pL) (figure 9.13) we are able to resolve
the variations at a later time point during the amplification (90 minutes). These data fit a
linear curve which can be used to interpolate for unknown low K103N SMART probe
starting concentrations based upon measured fluorescence values. These data also show

that KI03N beacons hybridized effectively with high and low concentrations of K103N

RNA RC target.
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Figure 9.13. Off-chip modeling of fluorescence versus K103N SMART probe
concentration at low concentrations (less than 30,000 copies/uL. K103N SMART probe).

Using the real time fluorescence data from known standards (i.e. samples with
known K103N probe concentrations), we were able to accurately predict the K103N
probe concentration (copies/uL) of an unknown multi-probe sample. Off-chip
amplification was used to establish this method of modeling, with a greater degree of
sensitivity than could be achieved on-chip. However, the off-chip amplification was a
less practical method since we could only amplify one sample at a time. For the case of
on-chip amplification each PDMS chip contained four identical channels, such that three
samples of known K103N concentration could be run in parallel with one unknown
sample. However to establish our theoretical model we used all four channels with known

sample quantities.
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Figure 9.14. On-chip K103N viral load quantification at high concentrations (6.25% to
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Figure 9.15. On-chip K103N viral load quantification at low concentrations.

Figures 9.14 and 9.15 show similar plots for on-chip modeling. Linear models
were produced but with a larger standard error resulting in reduced specificity of the on-

chip model.
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9.6. Conclusion

We presented a novel method for RNA mutation detection, and apply it to HIV-1
drug resistance determination. We captured, separated, amplified and detected target
K103N and WT sDNA sequences resembling an HIV-1 RT commonly mutated region,
and engineered amplifiable SMART probes for optimal reaction kinetics rather than
amplifying the target sSDNA itself, utilizing both off-chip and on-chip amplification and
detection systems. We show that the initial 65°C step of NASBA can be removed
because of our novel design, making the amplification fully isothermal, thus providing
significant advantages in field deployable and other POC settings. The hybridization of
both a biotinylated oligonucleotide and amplifiable SMART probe instead of primers
maintained the specificity of the assay when compared to traditional methods of mutation
detection; and the use of magnetic beads instead of a tube-based multiple wash kit
allowed for simple and efficient separation of the target-bead complex from unbound
SMART probe. A simple microfluidic device to facilitate separation of the amplifiable
SMART probes was incorporated, avoiding the need for a flow apparatus or major
heating component. This resulted in a significantly reduced assay cost and is a promising
practical platform for POC use.

On-chip real time detection of sSDNA samples required a very small (only 5uL)
amount of reaction volume as opposed to conventional PCR volumes, which usually
starts at a minimum of 20uL. The small reaction volume concentrated the target and
probe molecules, which may have decreased the time to positive results. Although
evidence existed for non-specific carryover of K103N SMART probe at very low

quantities, this started occurring after a very long (~135 minutes) amplification time. The
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real-time fluorescence for most samples of K103N sDNA (600,000 — 600 copies/pL)
crossed the threshold of detection in less than 100 minutes, Only the lowest concentration
(6 copies/uL) K103N sDNA sample required more time (~155 minutes) for positive
detection. 6 copies/uL. was positively detected, but the result was close to our negative
controls (on SDNA, WT sDNA), thus close to the current lower VL limit of detection.
Existing methods for HIV resistance mutation detection are not intended
for POC use. Existing detection and emerging quantification methods, potentially suitable
for POC use, do not incorporate drug resistance mutation determination. Existing
detection and emerging quantification methods, potentially suitable for POC use, do not
incorporate drug resistance mutation determination. Sensitive commercial VL non-
microfluidic assays (TagMan assay, NucliSens, Ultrasensitive p24 assay,etc.) are not
specifically designed to detect drug resistance sequences and appear to lack the
practicality for POC settings. Microfluidic methods, which are only developed using
immuno-based chemistry, are very promising VL methods for POC use, however they
fail to address drug resistance monitoring. Many drug resistance mutation detection
assays are either commercially available (TRUGENE & ViroSeq) or used in the research
setting (pyrosequencing, single genome sequencing, AS-PCR, LigAmp), but they are not
yet fully viable for POC and do not take advantage of microfluidics. SMART is a
promising means of merging these methods for POC settings; using a simple microfluidic
platform for detecting resistance mutant SDNA with high specificity and distinguishing
between mutant/WT sequences simultaneously. With further development, SMART
could be used as a VL monitoring technique in addition to determining the concentration

of K103N within a given sample.
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SMART did exhibit a few limitations. First, the use of molecular beacons was
shown to inhibit the amplification process, however the T, values were similar to
commercial and non-commercial PCR-based techniques. This is therefore only a minor
issue and a worthwhile trade-off for the POC attributes that accompany the use of
molecular beacons. Second, SMART assay design parameters may be adapted and further
optimized for smaller T, values that would reduce the reaction time beyond existing
techniques. Third, SMART at its current stage lacks an integrated isolation step. This is
an important aspect of its POC applicability and is currently in development. Fourth, the
optics used for detection were laboratory grade and a transition to field deployable optics
to achieve full POC and RLS status is still needed. Fifth, we only showed SMART to be
effective for targeting one K103N and one WT sequence. We need to assay many
sequences simultaneously to further prove the validity and applicability of our design.
Lastly, the sensitivity of SMART is within the commercially relevant range (2 copies/uL
— 10,000 copies/ uL), but additional work is needed to improve the sensitivity to match
the lower VL limit of commercial kits for detection drug resistant mutations (~0.05
copies/uL). We anticipate achieving greater sensitivity by incorporating of our own on-
chip isolation technique, in which larger volumes of starting sample containing RNA will
be processed and concentrated into a smaller volume, effectively increasing the VL. Our
synthetic samples did not have the benefit of a concentrating isolation step.

In summary, we introduce a novel HIV-drug resistance detection assay and show
that it can theoretically detect, quantify and estimate unknown HIV RT KI103N
concentrations. The eventual applicability of these methods and this platform to clinical,

global HIV-care is clear. We used sDNAs that were based on actual K103N and WT
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HIV-1 RNA sequences at clinically relevant concentrations, and those were shown to
hybridize efficiently with the SMART probes. The sample-to-result time of our assay
meets or improves upon most commercially available assays®. The flexibility of the
SMART probe sequence allows this method to be easily adopted for other HIV drug
resistance mutations. Moving forward we would like to achieve similar results with
clinical HIV samples, incorporate the RNA isolation step and use RLS capable optics.
Our ultimate goal of providing costly, timely and effective POC HIV detection, VL and
drug resistance monitoring in RLS with no mandatory laboratory support, will allow
clinicians to more adequately and effectively treat HIV-infected patients, whether before
or after exposure to antiretroviral therapy. The expansion of this concept to other RNA

targets, including influenza and biothreats is only a matter of time.
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CHAPTER 10

SMART ASSAY TO DETECT ISOLATED H3 INFLUENZA

SAMPLES

10.1. Abstract

SMART was used to successfully detect the presence of H3 influenza in isolated
patient samples obtained from Memorial Hospital of Rhode Island. A critical design
criteria was redesigning the biotinylated oligonucleotide for increased spacing between
the 5' biotin end and the 3' hybridization end and a redesign of the molecular beacon form
less fluorescence in the hair-pain unbound state with greater stability. After redesigning,

the preliminary results show effective H3 influenza detection.

10.2. Introduction

In the previous chapter we showed SMART for effective detection of synthetic
DNA analogous of HIV-1 containing the K103N mutation. Here we move one step
further, and use SMART to detect clinically isolated samples of actual influenza. We
have designed three SMART oligonucleotide sets based upon PCR primers shown to
detect H3, H1 seasonal and HINI1 swine influenza with high specificity and sensitivity.
In this chapter we detail our preliminary results which used SMART for H3 influenza

detection.
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10.3. Materials
10.3.1. Engineered oligonucleotide sequences

We designed three sets of biotinylated oligonucleotides and SMART probes based
upon primers that were previously shown in our lab to successfully detect clinically
isolated samples of H3, H1 seasonal and H1 swine influenza using polymerase chain

reaction (PCR). The PCR primers are shown in table 10.1.

Subtype PCR Primer 1 PCR Primer 2
H3 5'- AATTTTGATGCCTGAAACCGTACCA -3' | 5'- ACTCCAAATGGAAGCATTCCCAATG -3'
H1 seasonal 5'- TCTGTAGTGTCTTCACAT - 3' 5'- CTCTACTCAGTGCGAAAG - 3'
H1 swine 5'- ATGCTGGATCTGGTATTAT - 3' 5'- CAATTTTGTGCTTTTTACATATT - 3'

Table 10.1. Successfully used influenza PCR primers.

One PCR primer (italics) was copied as used for the biotinylated oligo and the
other primer (bold) was copied and used for the SMART probe for each sub-type. These
oligos along with the additional oligos required for SMART are shown in table 10.2. All
oligonucleotides were purchased from Integrated DNA Technologies, Inc. (IDT)
(Coralville, T1A) except for the clinically isolated influenza samples obtained from
Memorial Hospital of Rhode Island. A redesigned H3 biotinylated oligo and redesigned

H3 molecular beacon were also designed and ordered from IDT (table 10.3).
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biotinylated oligo

Sequence Oligonucleotide sequence
H3
.. . 5' - BioTEG/AATTTTGATGCCTGAAACCGTACCA- 3!
biotinylated oligo
H1 seasonal

5'- BioTEG/TCTGTAGTGTCTTCACAT - 3'

SMART probe

H1 swine )

. . 5' - BioTEG/ATGCTGGATCTGGTATTAT - 3'
biotinylated oligo
H3 5'- TCA ACT CAT CAC ACA GGA TCA GCA T ACTCCAAATGGAAGCATTCCCAATG
SMART probe ATTTTG GTG GTT GCA GAATCT C CTATAG TGA GTC GTATTA - 3'
H1 seasonal 5'- TCA ACT CAT CAC ACA GGATCA GCA T CTCTACTCAGTGCGAAAG

SMART probe ATTTTG GTG GTT GCA GAATCT C CTATAG TGA GTC GTATTA - 3

H1 swine 5' - TCA ACT CAT CAC ACA GGATCA GCA T CAATTTTGTGCTTTTTACATATT

ATTTTG GTG GTT GCA GAATCT C CTATAG TGA GTC GTATTA - 3

NASBA Primer 1

5'- TAATAC GACTCA CTATAG G AGATTC TGC AAC CAC CAA AAT - 3'

NASBA Primer 2

5'- TCA ACT CAT CAC ACA GGATCAGCAT-3'

H3
molecular beacon

5'- /6-FAM/CGCGC ACTCCAAATGGAAGCATTCCCAATG GCGC/3IABIk_FQ/ - 3'

H1 seasonal
molecular beacon

5'- /6-FAM/CGC CTCTACTCAGTGCGAAAG GCG /3IABIk_FQ/- 3'

H1 swine

molecular beacon

5' - /6-FAM/CGCGC CAATTTTGTGCTTTTTACATATT GCGC/3IABIk_FQ/ - 3'

Table 10.2. Engineering oligonucleotide sequences for SMART influenza detection.
SMART probes have hybridization regions (bold) with their respective influenza sub-
type targets and a primer 1 region (underlined). Primer 1 was designed to hybridize with
both probes (underlined) and contains a T7 promoter region. Primer 2 was designed to
hybridize (regular font) with the SMART Trobe RNA RC for all sub-types. Contrary to
chapter 9 designs, the molecular beacons are designed to be specific only to their sub-
type target (shown bold).

Sequence Name

Oligonucleotide sequence

Redesigned H3 biotinylated oligo

5'- /SBioTEG/AAA AAA AAA AAA AAA AAA AAA AAA AC AAA AAA AAA AAA AAA AAA AAA
AAA ACAA AAA AAA AAA AAA AAA AAA AAA AATTT TGA TGC CTG AAA CCG TAC CA-3'

Redesigned H3 molecular beacon 5'- /6-FAM/CGCGC ACTC/ZEN/CAAATGGAAGCATTCCCAAT GGCGCG/3IABIk_FQ/ - 3'

Table 10.3. Redesigned oligonucleotide sequences for H3 SMART detection.

10.3.2. Microchip device

The microchip device was the same PDMS chip and the magnetic beads were the

same M-280 beads as were used in chapter 9.
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10.3.3. NASBA reaction mix
The reagents used for NASBA and their concentrations at the final reaction
volume were the same as was reported in chapter 9. A total volume of 80uL was used for

off-chip real-time amplification and detection.

10.3.4. Heating devices

Off-chip real-time amplification and detection used a single cuvette peltier
(Photon Technology International, Birmingham, NJ) and off-chip amplification followed
by off-chip end-point gel electrophoresis used a C1000 thermal cycler (Bio-Rad,

Hercules, CA).

10.3.5. Optical equipment

Off-chip real time detection samples were prepared in disposable Uvettes
(Eppendorf, Germany) and real-time fluorescence was measured using a Quantamaster
spectrofluorometer (Photon Technology International, Birmingham, NJ). Off-chip post
amplification detection used a 2100 Bioanalyzer and a small RNA gel cartridge (Agilent

Technologies, Marshfield, MA).

10.4. Methods
10.4.1. Theoretical hybridizations

Similar to chapter 9's theoretical hybridizations of SDNA, here we determined the
theoretical hybridization of RNA to the biotinylated oligos, and to the SMART probes.
We also calculated potential primer dimers, beacon dimers, and beacon to target RNA
RC to occur during the NASBA cycle. Theoretical hybridizations were calculated using

the DINAmelt and mFold Web Server software (DINAMelt Server, RNA Institute,
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SUNY Albany, Albany, NY; available at http:// http://mfold.rna.albany.edu). Energy
rules for DNA/RNA & RNA/RNA: RNA @ 41°C, Cr = 0.001pM, [Na'] = 1 M (fixed),
[Mg] = 0 M (fixed). Energy rules for DNA/DNA: DNA @ 41°C, Cr = 10uM, [Na'] =
73.5mM, [Mg~] = 12.5mM. Theoretical hybridizations were only performed for the

preliminary results' H3 influenza oligonucleotide set.

10.4.2. Redesigning the biotinylated oligonucleotide and molecular beacon

Initial results and supplemental experiments in our lab suggested that the
biotinylated oligo was not capturing clinically isolated RNA with the same effectiveness
as sDNA sample (chapter 9). The biotinylated oligo was redesigned to be much longer,
spacing the hybridization region ~100 nm away from the biotin/streptavidin surface of
the magnetic bead. This was for better targeting of the long RNA molecules, creating
easier targets for them to form hybrids and to reduce any steric hindrance of the RNA
with the magnetic beads.

Additionally, we discovered during experiments that our molecular beacon was
not offering optimal quenching of fluorescence in its native hair-pin like structure and it
appeared to be unbinding unpredictably resulting in clear false positives. The molecular
beacon was redesigned using mFold to exhibit a stronger hair-pin like structure with

increased quenching of fluorescence.

10.4.3. SMART experiments
SMART assays were performed using the same methods as in chapter 9, using the

capture, separation and off-chip real-time amplification and detection method.
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10.5. Results and discussion
10.5.1. Hybridization theory predications

Table 10.4 shows the delta G and Ty, hybridization events 1&2 (bold) are -25.9, -
27.5 and 73.1°C , 74.7°C respectively. This suggests that the designed hybridization of
the magnetic bead - biotinylated oligo - H3 RNA - H3 SMART probe occurred.
Additionally, hybridization event 6 (bold) shows that the redesigned biotinylated oligo
forms a strong bond with the H3 RNA. We also checked the other hybridization events
that would be considered inhibitory (regular font) and these all are predicted to melt well

below the reaction temperature (41 °C).

- DeltaG| T,
Hybridization . .

Oligonucleotide(s) Value

Event (°c)
(41°C)

1 Biotinylated oligo + H3 RNA target =259 | 731

2 SMART probe + H3 RNA target =27.5 | 74.7

3 Biotinylated oligo + SMART probe -59 (3038

4 Biotinylated oligo + Biotinylated oligo -1.5 -1.1

5 SMART probe + SMART probe -41 223

6 Redesigned biotinylated oligo + H3 RNA target -26.3 | 74.0

7 Redesigned biotinylated oligo + SMART probe -59 1308

8 Redesigned biotinylated oligo + redesigned biotinylated oligo 50 (283

Table 10.4. Theoretical hybridization AG and Ty, values for predicted H3 oligonucleotide
set hybridization during capture phase of SMART.

After validating that acceptable hybridizations were predicted to occur during the
capture/separation phase of SMART, we cross-checked all of the oligonucleotide
hybridizations during the NASBA real-time amplification and detection phase of
SMART. Table 10.5 shows the hybridization energies for the original oligos and table

10.6 shows the hybridization energies after redesigning the molecular beacon.
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H3 NASBA Oligos P1 P2 Beacon Probe P1+Probe RNA
AG T.(°C) AG T.(°C) AG T.,(°C) AG T.(°C) AG T.(°C)

Pl -4.2 32 -3.8 14.5 -3.2 8.1 -22 71 -5.9 36.6
-3 -9.3 -3.3 9.8 -27 74
24.8 -3.9 2.5 -21.3 69.9
-4.1 22.3 -79.4 86.4
P1+Probe RNA -27 53.5

Table 10.5. Theoretical hybridization AG and Ty, values for predicted hybridizations of
the original oligonucleotide set during NASBA.

Beacon

H3 NASBA Oligos Pl P2 Redesign Beacon Probe P1+Probe RNA
AG Tm(°C) AG Tm(°C) AG Tm(°C) AG T.(°C) AG T.(°C)
P1 -4.2 32 -3.8 14.5 -4.8 18.3 -22 71 -5.9 36.6
-2.5 -10.1 -3.3 9.8 -27 74

-7.8 35.2 -5.3 30.2 -22.5 70.5
-79.4 86.4
P1+Probe RNA -27 53.5
Table 10.6. Theoretical hybridization AG and T,, values for predicted hybridizations

during NASBA using the redesigned molecular beacon.

Redesigned Beacon

Tables 10.5 and 10.6 show that the expected P1-Probe and Beacon-P1+Probe
RNA hybridizations are very likely to occur. No inhibitory hybridizations are predicted to
occur at the reaction temperature (41°C) and the redesign of the molecular beacon does

not have any inhibitory effects on the predicted hybridizations.

10.5.2. Redesigned molecular beacon

The mFold prediction for the original molecular beacon folding (figure 10.1a)
shows that the 6-FAM fluorophore (green) is not optimally positioned with the black hole
quencher (black). Additionally the folding strength is weak (AG = -2.68, T, = 55°C) at
the reaction conditions. The redesigned molecular beacon (figure 10.1b) has an optimal
positioning of the 6-FAM fluorophore adjacent to the black hole quencher. We also
incorporated an additional quencher(purple) called a ZEN quencher. This is a proprietary
design by IDT for enhanced quenching in the hair-pain state without sacrificing

fluorescence amplitude in the unbound/hybridized state.
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Figure 10.1. Comparison of hair-pin structure of molecular beacons. (a) Original H3
molecular beacon. (b) Redesigned H3 molecular beacon.
10.5.3. SMART detection of H3 influenza

SMART was used to detect isolated H3 influenza samples (figure 10.2). The
original molecular beacon samples(purple and blue) exhibited a higher baseline
fluorescence compared to the redesigned molecular beacon samples (green and red)
indicative of the non-adjacent positioning of the original beacon's fluorophore and
quencher in the hair-pin state. For the original beacon, the real-time amplification of the
H3 positive sample (blue) amplified too quickly based upon the maximum amount of
SMART probes present. Normally the amplification would take a minimum of 40
minutes for the signal to amplify so drastically and the sample would contain orders of
magnitude more (~1000x) SMART probe as the starting template. Additionally, the

original beacon negative control (purple) showed the same initial drastic jump in
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fluorescence, but then declined and reached a plateau in signal. This result suggests that
the molecular beacon is not stable and needed to be redesigned.

The redesigned molecular beacon was used in conjunction with the redesigned
biotinylated oligo. The results show a credible amplification curve for the H3 positive
sample (green) and the negative control (red). The negative control suggests, as was the
case in chapter 9, that there is some inherent carry-over of SMART probe in the negative

control which ultimately determines the sensitivity limit of our assay.

normalized fluorescence

| i ! g | Y | 5 I
0 40 80 120 160
time (minutes)
Redesigned biotin oligo and beacon
—@&— Redesigned biotin oligo and beacon (No RNA negative control)
—&— QOriginal biotin oligo and beacon
v Original biotin oligo and beacon (No RNA negative control)

Figure 10.2. Original biotinylated oligo and molecular beacon vs. redesigned
biotinylated oligo and redesigned molecular beacon. The redesigned oligo/beacon results
have been reproduced and were represented by the average of the results.
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10.6. Conclusion

We successfully detected isolated samples of H3 influenza using SMART. We
anticipate similar results for seasonal and swine flu and look forward to using SMART to
assay all three subtypes simultaneously, yielding influenza detection and sub-type
information. We have established the feasibility of SMART for patient samples and now

research is moving forward to use SMART on a large set of patient samples.
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CHAPTER 11

CONCLUSION AND FUTURE DIRECTIONS FOR SMART

Part two of this thesis started (chapter 6) by detailing the available point-of-care
(POC) disease diagnostic assays for HIV and influenza detection. However none address
the need for specific mutation or sub-type detection. Additionally, commercial assays
designed for mutation detection and influenza sub-typing were thoroughly represented,
but none were designed for POC or use in resource-limited-settings (RLS). To fill the
void we engineered SMART, a novel diagnostic assay for effectively detecting HIV-1
mutations and influenza sub-types with POC design and RLS capabilities.

A simple microfluidic approach was used for the separation step of SMART and
the development/validation of this simple yet effective separation technique was detailed
in chapter 7 using a model biomolecule substrate. Chapter 8 elucidated the parameters
involved in the complex microbiology during the amplification process of SMART. The
results provide insights for successfully designing oligonucleotides for SMART and
methods to optimize reaction kinetics and avoid inhibitory hybridization events.

SMART was shown to successfully detect clinically relevant concentrations of
synthetic HIV-1 containing the K103N mutation (chapter 9). SMART probes were shown
to be highly specific to the synthetic K103N samples within a wild-type population.
SMART was also introduced in a multi-beacon platform as a means for viral load
detection and determining the concentration of K103N variants within a K103N/wild-

type mixed sample.
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Finally SMART was shown to detect clinically isolated samples of H3 influenza.
The biotinylated oligonucleotide was redesigned for better hybridization with the long
clinical RNA samples. Additionally, oligonucleotide knowledge gained from chapter 8
was used to redesign a more stable molecular beacon for effective H3 detection.

In the very near future, we would like to replicate our H3 detection results for H1
seasonal and H1 swine flu. We would also like to compare clinically isolated sample
results with our developing Z-chip isolation technique. Once we can achieve very
sensitive detection of influenza samples at low starting concentrations (less than 10’
copies/mL) we will have confidence to assay sparse clinical HIV K103N RNA samples.

In the near future we plan on integrating our own Z-chip isolation step on-chip

and eventually using POC style optics, forming complete device as seen in figure 11.1.

Lithium lon
Rechargeable
Battery
Power source

Motorized
Device (2)

Motorized
Device (1)

Figure 11.1. SMART disease diagnostic POC device.
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The SMART device works as follows: (1) The sample patient sample is isolated
using the Z-chip and an automated magnet attached to a motor from W1 to W4. (2) Next
the sample is split (manually or automated) evenly among 3 wells (5A, 5B, and 5C). The
(+) well contains a synthetic H3 positive sample and the (-) well contains nuclease free
water, serving as parallel controls. (3) All of the samples are transferred through the
SMART tapered channels in parallel using a second automated magnet attached to a
motor. (4) Once the samples have reached the amplification wells (blue) they will
solublize the freeze-dried NASBA reaction reagents which come pre-loaded in powdered
form. (5) Next the thin-film heater (red) isothermally heat the amplification wells.
Simultaneously, blue led's illuminate the samples causing fluorescence of hybridizing
molecular beacons. The fluorescence is transduced to a current using photodiodes (shown
in black). The current passes a set of resistors, which establish a current threshold of
detection. If there is enough current (i.e. enough fluorescence from hybridized beacons)
the photo-diodes (green) will illuminate indicating detection.

The device is designed to transmit results in real-time to a cell phone or laptop
computer through a USB wired connection or wirelessly over a wifi network or through a
Bluetooth wireless connection. Additionally, the device is powered by a lithium ion
rechargeable battery which can be recharged through the USB connection.

We have been successful developing the molecular biology and microfluidics
principles of the assay. We are now starting to invest resources into the device aspects
with the goal of engineering a true POC diagnostics device.

Overall, we have made excellent strides in developing a POC assay for mutation

detection and/or sub-typing. We look forward to integrating all the necessary missing
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components (isolation, optics, device housing, etc.) into SMART for a complete POC

diagnostic device.
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