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ABSTRACT

The use of targeted-dye-labeling to probe environs within larger microenvironments is a
powerful tool to elucidate the structure and function of specific components in materials.
Combining site-specific dye-labeling with optical microscopy characterization methods can
allow the tracking dynamics of protein function, the sorting of lipid mixtures as a biological
mimic, and the intra-cellular monitoring of cellular proteins through the use of fluorescent
proteins. The chapters included in this dissertation will focus on the use of optical microscopy as
a tool to image particular fluorescently labeled targets within a surrounding microenvironment.
The optical imaging of synthetic and naturally occurring vesicles is shown to be a powerful tool
to follow site-specific chemical reactions in polymer microcapsules and the delivery of quantum
dots to intra-cellular environments via liposomes, as well as, the sorting of lipids into distinct
domains (Chapter 2). The implementation of a dye-labeling strategy to optically identify
specific environs can be extended to energetic materials in an effort to follow the quality of
recrystallization of RDX (Chapter 3). The strategy of dye-labeling can be extended to
specifically labeling individual DNA sequences conjugated to magnetic beads to monitor and
validate Hall-based DNA sequence detection using both two and three-strand DNA assembly
onto condensed matter surfaces (Chapter 4). Finally, the use of strategically placed fluorescent
dye molecules appended to matrix metalloproteinase inhibitor (MMPI) molecules will be
explored to monitor the interaction of MMPIs in the presence of LNCaP-MT1-GFP cells
(Chapter 5). The experiments described within these listed chapters illustrate the validity of
utilizing targeted dye-labeling and subsequent tracking via optical microscopy methods as a tool
to investigate a host of interdisciplinary research aims in an effort to push the boundaries of the

frontiers of science.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Background

Microscopy as a characterization tool of specimens has led directly to an abundant
amount of scientific discoveries including visualizing the phase separation of lipid mixtures,
the complex function of motor proteins, and use of fluorescent proteins to monitor biological
processes' ~. The importance of microscopy in current scientific research can not be
understated. According to the Web of Knowledge database, searches of “microscopy”
yielded 5933 references (articles, reviews, and communications) in 2010, where sub-searches
of “fluorescence” resulted in 2103 references in the same year. The popularization of the use
of microscopy as a tool arguably began in 1665 when Robert Hooke published a book
entitled Micrographica that revolutionized the way one views the world. The book was
composed of illustrations of his microscopy observations and allowed the visualization of
common everyday elements (ie. cork, fleas, flies, cheese mould, etc.) in far more detail than
the naked eye alone can resolve’. The visualization of cork by Hooke led to the smallest unit
of a living thing referred to as a “cell”*. Today, microscopy has evolved from the days of
basic observations of everyday, tangible objects to elucidating structure and function of
intricate biological specimens and advanced functional materials. In particular, microscopy
coupled to targeted fluorescence dyes as a tool to probe microenvironments have pushed the
frontiers of science and changed the view of how scientists think about multi-disciplinary
fields of research. A few literature examples of fluorescent dye-labeling vastly impacting the
global field of science will be described below to illustrate the power of microscopy to gain

new insights in scientific research spanning a variety of disciplines.



1.2 Literature Examples of Targeted Dye-Labeling

The successful use of targeted dye-labeling as tool to answer scientific questions in
varying multi-disciplinary fields of chemistry, biology, physics, and engineering have been
recently reported in literature. Three particular examples described briefly below
demonstrate how new scientific insights can be ascertained through such a strategy. In 2003,
Baumgart et al. were able to clearly show the separation of lipid mixtures in giant unilamellar
vesicles (GUVs)®. This phenomenon is of particular interest due to the relevance to lipid
bilayer membranes in biological systems. The lipid ordered (L,) and lipid disordered (Lg)
domains of liposomes were selectively stained with a Lissamine rhodamine B lipid derivative
and a perylene dye, respectively3. The precise labeling strategy described from this research
was later applied to the visualization of phase sorting of lipid tubules described in detail in
Chapter 2. The fluorescence microscopy data obtained allowed the geometry and curvature
of lipid domains to be analyzed with potential relevance to biological processes, such as
endocytosis.

The second example of targeted dye-labeling as a tool to elucidate structure and
function was described by Yildiz et al. concerning myosin V2. Myosin V is a motor protein
responsible for transporting cargo down actin filaments within biological systems. The use of
targeted dye-labeling various components of the motor allowed the motion to be described as
“hand-over-hand” walking rather than “inchworm” sliding, which was the previous source of
much debate”. By monitoring the fluorescent intensity of molecular dyes appended to various
positions located on myosin V using a technique known as total internal reflection epi-
fluorescence (TIRF) microscopy, the two heads of the motor clearly displayed “hand-over-
hand” behavior. The ability to record the dynamic movement of motor proteins real-time
opens the door for how proteins natively function in biological systems.

The last example of targeted dye-labeling is the use of fluorescent protein labeling,
which clearly has revolutionized biological research and evolved into its own cross-
disciplinary field involving biochemistry, organic chemistry, molecular biology, and
materials science’. The discovery of green fluorescent protein (GFP) from the jellyfish
Aequorea victoria has allowed a non-invasive approach to monitoring components of
biological systems'" > °. Since the first discovery, minute mutations in the protein have led to
an entire range of fluorescent proteins spanning the entire visible spectrum6. The use of a

modified GFP chimerically tagged to MT1-MMP is exploited in Chapter S to simultaneously



monitor a small molecule matrix metalloproteinase inhibitor (MMPI) with one of its
corresponding protein substrates. The development of fluorescent proteins as a fluorescent
based labeling strategy has expanded the available tools for probing unique environs

contained within much larger domains.

Relevant Microscopy Techniques

Although crude in form compared to present technology, the microscope that was
developed throughout the 1600’s allowed viewing specimens in detail otherwise not known
to exist. The lack of an independent recording device to document specimens in the currently
viewed state caused scientists to sketch their observations. At this time, scientists had to
always question the validity of illustrated representations of their microscopy observations".
Presently, artist renditions have been replaced by charge coupled devices (CCDs), photo-
multiplier tubes (PMTs), and other electronically based detectors to document scientific
observations. The major components of a modern state-of-the-art microscope platform used
to conduct research herein are identified in Figure 1.1 and include a light source, filters,
oculars, and an image recorder. The field of microscopy has evolved into a broad class of
microscope based techniques of which only a subset will be included here. The techniques
most relevant to the following studies represented by the following chapters include bright-
field, wide-field, and laser scanning confocal techniques. A brief introduction to these

techniques will be explained below.
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Figure 1.1: Labeled components of a modern microscopy platform.
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Bright-field microscopy is the natural use of the absorption features of a specimen
illuminated by a white light source to provide contrast for visualization”®. The light source is
usually set-up in a transmission configuration, where the light source is located on one side of
the specimen and the objective is located on the other. Although it is the most common
microscopy technique, it is not suitable for all applications of microscopy. Specimens of
interest need to be generally thick and opaque enough to provide contrast, a characteristic not
always exhibited by biological samples. Combining bright-field microscopy with an optical
interference technique, differential interference contrast (DIC), can allow low contrast
samples to be more easily investigated”*. In de Sénarmont bias retardation, a type of DIC,
light passes through a series of optics including a polarizer, quarter wave plate, two Nomarski
prisms, and an analyzer in an effort to take advantage of the difference in velocity of
perpendicular and parallel light as it travels through a specimen. Small differences in the
index of refraction within a specimen cause variation in the recombination of light creating
enhanced depth relief. In a de Sénarmont DIC configuration, the polarizer is adjustable to
plus or minus 45°. It is important that the microscope is aligned for Kholer illumination
(alignment protocol described in Appendix A)”. Unlike other contrast techniques such as
phase, DIC has higher resolving power and does not exhibit a halo surrounding the targeted
feature of interest. Although DIC causes depth relief, it is important to note that the relief is
an artifact that is quite useful for contrast applications, but not representative of the true
three-dimensional (3-D) character of a particular specimen’.

Wide-field fluorescence microscopy is a useful technique for imaging fluorescent
specimens using a broad excitation source with a series of filters to excite fluorophores and
collect the emitted photons along the same optical axis®. In the case of wide-field microscopy
configurations, the objective also serves as an effective condenser allowing the high
numerical aperture characteristics of the objective to increase optical resolution. Modern
microscopes are usually configured with filter cubes containing an excitation filter (band-
pass) to allow only a band of light from the broad excitation source to excite the fluorophore
of interest, a dichroic mirror mounted at a 45° angle to the optical microscope, and a barrier
emission filter (band-pass or long-pass) to collect only the corresponding fluorophore
emission”®. This convenient method for general fluorescence microscopy applications
allows multiple fluorescent molecules to be probed by just utilizing an appropriate filter
combination. The drawback of this technique is that the entire field of view is surveyed,
which may pose a concern if the fluorophore of interest has a propensity for photo-bleaching

or the specimen is sensitive to constant illumination for extended periods of time.
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Laser scanning confocal microscopy (LSCM) is extremely useful technique for
simultaneously imaging multiple fluorescent probes with overlapping spectral features or
thick specimens’'. The use of a pinhole to block light not in the focal plane of interest
allows sharper imaging with precise z-resolution to be achieved”'!. The use of multiple
lasers with multiple detecting channels allows single wavelength excitation for single
fluorophore control, further eliminating artifacts contributed from fluorophores not in the
spectral region of interest. The laser is scanned over a precise area of the sample, further
reducing degradation from areas outside of the specific region of interest. The emission of
fluorescent molecules is detected through a series of filters corresponding to specific
wavelengths or spectrally through a series of PMTs. The technique of LSCM can be coupled
to DIC and imaged via a transmitted light detector (TLD) for a transmission based image
originating from the laser excitation source’. The use of TLD-DIC is particularly important
for biological imaging and sample registration in regions that have not been fluorescently

labeled.

1.4 Summary of Remaining Chapters

The use of targeted dye-labeling in conjunction with a variety of optical microscopy
techniques will be utilized as a tool to probe environs in material and biomaterial
microenvironments over the course of the next four chapters. Chapter 2 will focus on the
use of targeted fluorescence dyes in synthetic and naturally occurring microenvironments. In
particular, the visualization of the sorting of ordered and disordered phases of lipid mixtures,
the delivery, tracking, and controlled release of nanomaterial payloads in an intracellular
environment, and the precise labeling of multi-component polymer microcapsules will be
investigated. Chapter 3 will explore, for the first time, solvent inclusions trapped within
energetic crystals using a combination of LSCM and fluorescent dye-labeling. Chapter 4
will investigate the use of Hall magnetometry to detect unlabeled target ssDNA on a device
platform with correlated optical read-out from fluorescently labeled ssDNA conjugated
superparamagnetic (SPM) beads. The fluorescent label provides a means to validate Hall
detection and conduct optical based assays to evaluate the practicality of detection protocols
for future point-of-care (POC) applications. The final chapter, Chapter S, will use a
fluorescently labeled MMPI to probe the real-time interactions with LNCaP-MT1-GFP

expressing cells. The use of targeted dye-labeling coupled to optical microscopy



characterization techniques to investigate a host of interdisciplinary research will be shown to

be a valuable asset in the pursuit of scientific discovery.



CHAPTER 2

IMAGING DISTINCT ENVIRONS IN SYNTHETIC AND NATURALLY
OCCURRING MICROENVIRONMENTS

Portions of this chapter have been previously published in the following articles:

Yuan, J., Hira, S.M., Strouse, G.F., Hirst, L.S. Lipid bilayer discs and banded tubules:
Photoinduced lipid sorting in ternary mixtures. Journal of the American Chemical
Society130, 2067-2072 (2008).

Mason, B.P., Hira, S.M., Strouse, G.F. &McQuade, D.T. Microcapsules with three
orthogonal reactive sites. Organic Letters11, 1479-1482 (2009).

2.1 Introduction

Biological systems are perhaps the most ideal model for the presence of
microenvironmentssurrounded by a much larger matrix. The simplest component of any
living unit is a cell, which can be further broken down into smaller domains such as
organelles'>. The nucleus, cytoplasm, plasma membrane, mitochondria, golgi apparatus,
endoplasmic reticulum, lysosomes, and even endosomes are examples of organelles within a
larger more complete biological system that contain unique micron or sub-micron
environments. In particular, these listed microenvironments are home to a host of functions
including the replication and transcription of DNA, the regulation of proteins, ion mobility,
and even small molecule recognition, signaling, and transport'*. Attempts at further
understanding these complex microenvironments and their nested processes down to
differences in the spatial locations of single chemical functionalities may lead to a deeper
understanding of lipid sorting, the capability of trackingnanomaterial cellular uptake, and the
ability to create novel microcapsules for catalysis or drug delivery applications.

Examples of vesicles that contain distinctive microenvironments have been the
interest of study in fields ranging from drug delivery to advanced material design. Creating
artificial polymeric vesicles with unique microenvironments that can be optically interrogated

may lead to significant advances in biomaterials for drug delivery. The experiments



described herein, probe the use of targeted dye labeling to monitor smaller environs contained
within larger domains. Using strategically located dye molecules allows the visualization of
lipid mixture sortingB, nanoparticle payload release, and reactive site labeling of polymer
microcapsulesM. Whether the vesicles are of natural (endosome) or synthetic in origin
(polymer microcapsule), novel insights into the structure and function of these
microenvironments can be investigated to gain a better understanding and achieve a global
perspective.

Optical microscopy can provide a powerful tool to interrogate giant unilamellar
vesicles (GUVs), which are a model system for how lipid content affects lipid phases. The
synthetic GUV has been widely explored due to micron-scale domain formation and ease of
investigation using microscopy'™ '°. Membrane organization at the cellular level is an area of
active research in molecular biology and biophysics'’. The generation of lipid rafts has a
variety of fascinating biological relevance and implications in endocytosis, cell adhesion, cell

. . L 2022
signaling, and ionic and molecular transport

.The synthetic study of the coexistence of
multiple lipid phases and degrees of liquid immiscibility allow complex cellular
environments to be minimized with the absence of proteins and other small molecules
detracting from the source of the physical phenomenonﬂ. Hollow lipid tubules have received
recent attention because of striking similarities to GUVs with added geometric confinement
in an effort to mimic transport channels, as well as, micro-reactors, and synthetic templates23 ’
. By allowing the photo-oxidation of unsaturated lipids, it has been shown that chain
reactions initiated by singlet oxygen can alter lipid morphology resulting in the presence of

multiple liquid phases with varying domain size'>***

. The photo-induced phase separation
of lipid tubules formed from a ternary mixture can be probed as a model for new biological
materials.

Nanomaterials are ideal candidates for nucleic acid or drug intracellular delivery and
have gained interest over the last decade for the treatment of a variety of disease states™®".
Confocal microscopy of traceable bio-mimetic transport agents can allow insight into trans-
membrane transport. Optical tracking of the delivery platform allows confirmation that the
deliverable arrived at the intended destination. Nanomaterials based on quantum dots are of
particular interest due to the favorable nanometer size regime for biological applications,
broad excitation with narrow emission characteristics that shift with size for bar-coding
multiple targets, large absorption cross-sections for two-photon tissue penetration, resistance

to photobleaching, rapid ligand exchange for target functionalization, and ease of synthesis32'

o Although many compositions of quantum dots exist, quantum dots with InP cores are of
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particular interest due to reduced toxicity concerns based on animal studies on larger InP
(100-1000 nm)***. The liposomal cellular uptake of water soluble InP/ZnS nanomaterials
using a commercial transfecting agent, Optifect™, will be investigated for future applications
of tracking biological processes and targeted drug delivery.

The release of molecular components from bio-mimetic transport agents can be
followed using microscopy. Biological materials based on Au nanoparticles have been
recently explored as molecular rulers***®. The Au nanoparticle core provides a universal
energy transfer acceptor for molecular dyes lower in energy than the surface plasmon
resonance scattering transition of the metal nanoparticle. The quenching of fluorescence by
nanometal surface energy transfer (NSET) follows anr™ distance dependence and has been
recently thoroughly characterized for a plethora of molecular dyes49. While the metal
nanoparticle does not fluorescence, the fluorescence intensity quenching of molecular dyes in
close proximity to the metal nanoparticle can provide a molecular beacon monitoring

approach to track biological processesso'sz.

The implementation of a molecular beacon to
investigate the DNA release off a Au nanoparticle platform will be investigated as an optical
tool to monitor nanomaterial cellular delivery.

Polymeric microcapsules are synthetic candidates for drug delivery applications due
to the ability to functionalize the outer shell and protect packages internally from outside
environments™”. Optical microscopy allows the cellular delivery of materials and subsequent
intra-cellular response to be visualized. The syntheses of microcapsules have been around
almost a century, but recent advancements on synthesis and functionalization have lead to

novel materials for catalysis and drug delivery applicationsM’ 2460

. The use of layer-by-layer
(LbL) microcapsule synthetic strategies has led to a variety of promising biological
applicationsél. Although the LbL synthetic strategy results in tailored materials, high
throughput synthesis may not be practical. Implementing a rapid synthetic approach based on
emulsion templating methods, the copolymerization of multiple polymers in the formation of

hollow microcapsules with three chemically specific reactive sites will be investigated for

future applications in drug delivery.



2.2Lipid Tubules

2.2.1 Lipid Tubule Preparation

Lipid tubules composed of1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),
(2S,3R,4E)-2-acylaminooctadec-4-ene-3-hydroxy-1-phosphocholine (egg sphingomyelin)
(eSM), and cholesterol in a 1: 1: 1 mol % DOPC/ eSM/ cholesterol ratio were prepared by
using flow assisted rehydration. Fluorescent dyes of 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanol-amine-N-(Lissaminerhodamine B sulfonyl) (ammonium salt) (Rh-DPPE)
(Avanti Polar Lipids) and perylene (Fluka) were added to the lipid mixture at a final amount
of 0.2 mol %. The lipid solution was dip-coated on a clean glass slide in the form of small
droplets. The slide was dried under vacuum for 2 hours creating a lipid film. The lipids were
re-hydrated with 18.2 mQ cm™ Milli-Q water or a 100mM sucrose solution. The sample
were covered with a glass coverslip and sealed with vacuum grease. Optical microscopy

characterization of samples was performed within 24 hours of sample preparation.
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Figure 2.1: Photo-initiated lipid sorting into disordered (red) and ordered (blue) liquid phases
(a,b). Line-scan analysis across (b) showing distinct morphological chacteristics for
disordered (left, red) and ordered (right, blue) phases(c). Scale bars = 5 pm.
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2.2.2 Microscopy Details

Laser Scanning Confocal Microscopy (LSCM) images of hollow lipid tubules were
acquired with an inverted Nikon TE2000-E2 Eclipse C2Si spectral confocal microscope
(Nikon Instruments Inc., Melville, NY, USA) equipped with a Nikon CFI Plan Apochromat
TIRF 60X oil-immersion objective (NA 1.49, 0.12 mm WD). Simultaneous laser excitation
from a 404 nm diode was used to excite perylene (emission filter: 450/35) and a 561 nm
diode pumped solid-state laser was used to excite Rh-DPPE (emission filter: 605/75) using a

65.1um pinhole. The data were analyzed using Nikon NIS Elements software.

2.2.3 Photoinduced Banded Lipid Tubules

The coexistence of liquid ordered (1,) and liquid disordered (l4) phases of ternary lipid
tubule systems was investigated using confocal microscopy. Continuous and uniform lipid
tubules containing Rh-DPPE and perylenewere prepared and exposed to microscopy
illumination for ~ 5 seconds causing photo-oxidation of the unsaturated C-C bonds creating
lipid peroxides. The photo-oxidation caused separation into two phases in the form of bands,
where ordered phases were labeled by perylene and disordered phases were labeled by Rh-
DPPE as shown in Figure 2.1. Once the phase separation is initiated, the native state can not
be regenerated. Uniform lipid tubules spanning millimeter overall length scales are partially
shown in Figure 2.1a. Upon closer inspection, the morphology of separation can be clearly
identified into two distinct components: ~1 micron wide with varying length disordered
phases (red) and ~2 x 4 micron ordered bulges (blue) as shown in Figure 2.1b. A plot of
fluorescence intensity versus distance depicts two types of morphological environments
(Figure 2.1c). The ordered phase selectively stained with Rh-DPPE displays uniform
intensity across the short axis of a tubule (red) while the perylene intensity is concentrated at
the walls indicating a resolvable hollow tubule structure. The uniform Rh-DPPE intensity
may be due to irresolvable tubule dimensions under the microscopy conditions utilized for
these experiments. A plausible explanation for the bulges in only the ordered phases may be
due to curvature restrictions in ordered phases where disordered phases can avoid curvature
restrictions because of the inherent disorder as suggested by G. van Meer and W. L. Vaz®%.

The ability to synthetically generate photo-induced lipid sorting in tubule geometries may
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lead to novel functional materials and insights on transporter channel properties and lipid raft

function in cellular environments.

2.3Nanomaterials

2.3.1 Microscopy Details

Laser Scanning Confocal Microscopy (LSCM) images of nanomaterials were
acquired with an inverted Nikon TE2000-E2 Eclipse C2Si spectral confocal microscope
(Nikon Instruments Inc., Melville, NY, USA) equipped with a Nikon CFI Plan Apochromat
40X objective (NA 0.95, 0.14 mm WD), condenser (NA 0.52), differential interference
contrast (DIC), and a transmitted light detector. A 404 nm diode was used to excite Hoechst
34580 (emission filter: 450/35), a 488 nm argon ion laser was used to excite InP/ZnS
mercaptoundecanoic acid (MUA) passivated quantum dots (emission filter: 515/30), and a
561 nm diode pumped solid-state laser was used to excite Alexa Fluor® 594 wheat germ
agglutinin conjugate (emission filter: 605/75) using a 33.3 um pinhole.Spectralconfocal (5
nm, resolution) was used to verify that the observed fluorescencewas attributed to the spectral
profile of InP/ZnSMUA quantum dots. Fluorescent microscopy was also carried out on an
inverted Nikon TE2000-E2 Eclipse microscope (Nikon Instruments Inc.) equipped with a
Nikon CFI Plan Apochromat 40x objective (NA 0.95, 0.14 mm WD). Wide-field imaging of
NSET molecular beacon assays utilized an EXFO E-Cite illumination source, a FITC filter
(Chroma, ex: 480/30, DCLP: 505, em: 535/40). Images were acquired on a Photometrics
Coolsnap HQ,CCD camera. Bright-field overlays utilized DIC to observe the differences in
the index of refraction of the samples and provide images of the cells. The data were

analyzed using Nikon NIS Elements software.

2.3.2 Nanomaterial Cellular Imaging

Nanomaterials can be used to track the delivery of biological materials into cells. The
use of InP/ZnS core shell quantum dots are an ideal platform for the delivery of materials into
cells due to the lack of evidence of toxic side effects commonly thought to be problematic in

42,43

cadmium based materials ™. Core-shell InP/ZnSMUA passivated quantum dots with peak

emission at ~560 nm were transfected into Chinese hamster ovary (CHO) cells at 30%
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confluence grown in Dulbecco’s modified eagle medium (DMEM) with non-essential amino
acids using Optifect™ transfecting reagent, a cationic liposome. The role of the cationic
liposome is to encapsulate the nanomaterial target to allow for cell mediated endocytosis.
The transfection was accomplished using published protocols from the manufacturer in the
absence of antibiotics. The uptake of quantum dots from the surrounding media and across
the plasma membrane was investigated after 24 hours of incubation to determine if these
materials are a viable candidate as an optically traceable material delivery platform.

The media containing the nanomaterials in Optifect™ was removed and replaced with
a tris buffered saline (TBS) solution containing (5 pg/ mL of Alexa Fluor® 594 wheat germ
agglutinin conjugate) as a live-cell membrane stain and allowed to react for 1 minute. The
cell membrane stain was removed and washed twice with TBS and replaced with fresh media
for imaging. The use of Alexa Fluor® 594 wheat germ agglutinin conjugate in live
microscopy conditions is ideal for short term studies conducted immediately after staining (<
20 minutes). Initial labeling results in specificity for the plasma membrane. Although, over
time the dye will be endocytosed and lead to Alexa Fluor® 594 based fluorescence artifacts
located within the plasma membrane in addition to the cell surface.

The use of a 488 nm argon ion laser to excite the InP/ZnS quantum dots and overlay
with the differential interference contrast (DIC) image acquired with a transmitted light
detector (TLD) allows the nanomaterials to be visualized in relation to the CHO cells. The
combination of quantum dot excitation with a 488 nm laser and Alexa Fluor® 594 wheat
germ agglutinin conjugate excitation with a 561 nm diode pumped solid state laser allows the
nanomaterial and the cell membrane to be clearly identified as shown in Figure 2.2a-b. Due
to the quantum dot peak emission ~560 nm, the quantum dot signal bleeds into the red
channel. The labeling of the cellular surface with spectrally different fluorescent dye is
critical in determining whether biomaterials have transversed the plasma membrane or solely
lie on the cellular surface. It is important to note, the use of a TLD detector to acquire
transmission based images does not pass through a pinhole and therefore does not provide
good depth resolution. To determine the location of the quantum dot package within the
contents of a cellular environment a series of two-dimensional (2-D) images were acquired
using a small pinhole (33.3 pm) and a step size of 0.250 um along the z-axis. The series of
discrete 2-D images were compiled and reconstructed to create a three-dimensional (3-D)
image for analysis as shown in Figure 2.2¢. The use of a maximum intensity projection
within the Nikon NIS Elements software adjusted all signal acquired from a z-stack and

adjuststo the highest pixel intensity. The 3-D compiled image was rotated 360° across
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multiple directions to determine that the InP/ZnSMUA quantum dots are able to be clearly
imaged encapsulated within an internal cellular environment, most likely endosomes, and not

on the cellular surface.

Figure 2.2: LSCM micrographs showing the cellular uptake of InP/ZnSMUA passivated
quantum dots using Optifect™ 24 hours post transfection. (a) The TLD-DIC image overlaid
with quantum dots (green) and cell membrane stain (red). (b) Quantum dot (green) and cell
membrane (red) fluorescence overlaid image. (¢) The 3-D reconstruction image of InP/ZnS
quantum dots (green) and cell membrane stain (red) overlay. Scale bars =5 pm.

More advanced nanomaterial microenvironment analysis can be achieved by staining
additional cellular components, such as the nucleus. Although there are numerous DNA
intercalators that selectively stain various grooves of DNA, Hoechst 34580 was specifically
chosen based on the efficient excitation with a 404 nm diode laser excitation source resulting
in predominantly blue emission and a 2-fold fluorescence enhancement upon minor groove
adenine/thymine rich DNA intercalation. Cells were incubated with a TBS solution

containing Hoechst 34580 (5 pg/ mL) for 30 minutes at 37 °C in a 5% CO; incubator. The
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use of three lasers to selectively excite three separate dyes and obtain fluorescence signatures
was utilized to monitor the uptake of InP/ZnSMUA coated quantum dots as shown in Figure
2.3a-b.The 3-D reconstruction of the cell and encased nanomaterial is shown in Figure 2.3c.
Applying an alpha blending projection within the Nikon NIS Elements software takes into
account nearest neighbor pixel intensity to determine the particular 3-D pixel intensity.

Alpha blending is particularly useful for representing surface features. The localization of the
selectively transfected quantum dots (green) is clearly shown contained within the plasma
membrane (red) and not in the nucleus (blue). The static 3-D reconstructed image shown in
Figure 2.3c allows the internalization to be clearly identified within 24 hours of liposomal
incubation and holds promise for applications of stable, optically traceable delivery platform

to cellular microenvironments.

Figure 2.3: LSCM micrographs showing the cellular uptake of InP/ZnSMUA passivated
quantum dots using Optifect™ 24 hours post transfection. (a) The TLD-DIC image overlaid
with nucleus (blue), quantum dots (green), and cell membrane stain (red). (b) Nucleus (blue),
quantum dot (green), and cell membrane (red) fluorescence overlaid image. (¢) The triply
stained 3-D reconstruction image of InP/ZnS quantum dots (green) and cell membrane stain
(red) overlay. Scale bars =5 um.
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2.3.3NSET Molecular Beacon Assay and Nanomaterial Cellular Transfer

The release of DNA off a nanomaterial platform was investigated using a NSET based
molecular beacon strategy. The proximity based energy transfer assay has been well
characterized for the fluorescence quenching of a series of molecular dyes by Au
nanoparticles49. Although previously published studies utilized 1.5-2.0 nm Au nanoparticles,
larger 5.7 nm Au also can be used to quench molecular dye emission with slightly modified
distant dependent quenching efficiencies. The assay consisted of utilizing a 5.7 nmAu
nanoparticle to efficiently quench the emission of Alexa Fluor® 488 covalently attached to
DNA. The sequences of double-stranded DNA (dsDNA) appended to 5.7 nm Au were
purchased commercially from Midland Certified Reagent Company Inc. are 5'- /SSHC¢/-GCT
GAT GAC TAT CGA ATT CGG TAG TAG GCG-3' and 5'- /AF488C¢/-CGC CTA
CTACCGAATTCG ATA GTCATC AGC-3'. Optifect™ was used as to transfect CHO cells
in DMEM with non essential amino acids at 30% confluence with the DNA labeled Au
nanoparticles analogous to section 2.3.1. The real-time, live-cell Alexa Fluor® 488 labeled
DNA release was detected as an increase in fluorescence intensity with time. The gradual
DNA release off the nanoparticle surface was observed using wide-field fluorescence
microscopy within 1 hr post transfection as shown in Figure 2.4.Micrographs were acquired
at 1, 2,4, 6, and 12 hours were taken in the same general area of the imaging dish and show
signs of cellular degradation (not shown). The 24 hour time point shows cell elongation
indicative of healthy growth suggesting that 800 us exposure times over extended periods of
time causes photo-initiated damage. The nanomaterial transfection and subsequent DNA
release was observed to occur within one hour of material transfection. No fluorescence
intensity was observed over the timescale of the experiment for cationic lipsomes prepared
with DNA conjugated nanoparticles in the absence of cells (not shown). Since a transfecting
agent was used, the nanomaterial was taken up by cells through aendocytotic pathway
resulting in punctate packages. The transformation from early to late endosomes involves a
drop in pH and increased levels of glutathione, which is believed to facilitate thiol-based
ligand release as shown by Rotello et al’'. Diffuse fluorescence was also observed in the
vicinity of endosomal packages suggesting DNA escape. Large packages of Au can be seen
over the time course suggesting aggregation of the Au nanoparticle following surface
passivated DNA release and subsequent endosomal re-packaging of the nanomaterials over

time due to an osmotic pressure induced perturbation of the endosomal package. Cells that
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were transfected while undergoing mitosis were observed to transfer endosomal packages to
newly formed daughter cells as shown in Figure 2.5. This observation has implications on
dosing levels, where cells may be exposed to transfected nanomaterials for extended periods
of time through the slow release of DNA from the surface of the nanomaterial following

package transfer to daughter cells. Further, more extensive studies are currently underway.

Figure 2.4:Wide-field fluorescence micrographs showing the cellular uptake of 5.7 nm Au
nanoparticles passivated with fluorescein labeled dsSDNA using Optifect™ 24 hours post
transfection. (a) The DIC image overlaid with fluorescein fluorescence (green) indicating
ligand release. (b)A zoomed in region of (a) depicting fluorescein fluorescence (green) with
DIC overlay and fluorescein fluorescence only (green) showing DNA release (punctate) and
endosomal escape (diffuse). Scale bar = 50 pm.

Figure 2.5: Wide-field fluorescence with DIC overlaid micrographs showing cellular
division and the transfer of DNA released off nanoparticle platform (green) to newly formed
daughter cells at 1 hr (a), 2 hr (b), 4 hr (¢) and 6 hr (d). Scale bars = 10 um.

-17 -



2.4 Synthetic Polymeric Microcapsule

2.4.1 Polymer Microcapsule Formation

Highly cross-linked polymer microcapsules containing a polyureabase structure were
synthesized via a copolymerization of polymethylenepolyphenylisocyanate (PMPPI) and
tetraethylenepentamine (TEPA) in a chloroform and water emulsion. Encapsulating
polychloromethylstyrene (pCMS) and/or polyazidomethylstyrene (pAMS) during the
synthetic process yields a polymer microcapsule with reactive amine functionalities on the
shell and reactive chloromethyl and azidomethyl functionalities encased within the capsule
walls. To ensure that all of the isocyanates were converted to amines, N,N-
dimethylaminopyridine (DMAP) was added. By varying the degree of agitation during the
polymer polymerization, different sized microcapsules can be produced. The amine loading
on the capsule shell was determined to be 0.04 mmol/g amine by treatment with
trifluoroacetic acid anhydride and subsequent elemental analysis. The general synthetic

strategy employed for polymer microcapsule formation is shown in Figure 2.6.

Figure 2.6: Pictorial representation of the synthesis of polyurea based polymer microcapsules.
Taken from Mason, B.P., Hira, S.M., Strouse, G.F., McQuade, D.T. Organic Letters 11,
1479-1482 (2009) — Reproduced with permission by the American Chemical Society.
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The three reactive dyes chosen to react with three chemically reactive moieties were
cascade blue hydrazide™ (Invitrogen), Lissamine rhodamine B sulfonyl chloride (Invitrogen),
and fluorescein isothiocyanate (FITC) acetylene with a small amount of catalytic copper.

The use of a Huisgen cycloaddition as a ‘click’ reagent labeling strategy allows precise and
reliable targeted functionalization used for biological applications®>®. The FITC acetylene
was synthesized by reacting FITC with propargyl amine in THF®®. Reaction completion was
verified by thin layer chromatography (TLC) and the structure was verified using NMR
(Appendix B).

2.4.2 Microscopy Details

Laser Scanning Confocal Microscopy (LSCM) images of microcapsules were
acquired with an inverted Nikon TE2000-E2 Eclipse C2Si spectral confocal microscope
(Nikon Instruments Inc., Melville, NY, USA) equipped with a Nikon CFI Plan Apochromat
40X objective (NA 0.95, 0.14 mm WD), condenser (NA 0.52), differential interference
contrast (DIC), and a transmitted light detector. A 404 nm diode was used to excite Cascade
Blue™ or Hoechst 34580 (emission filter: 450/35), a 488 nm argon ion laser was used to
excite FITC acetylene or acridine yellow (emission filter: 515/30), and a 561 nm diode
pumped solid-state laser was used to excite Lissaminerhodamine B or Alexa Fluor® 594
wheat germ agglutinin conjugate (emission filter: 605/75) using a 33.3 um pinhole.The data

were analyzed using Nikon NIS Elements software.

2.4.3 Polymer Microcapsule Labeling

The fluorescent labeling of pCMS encased polymer microcapsules was investigated
using confocal microscopy. The successful labeling of free amineslocalized on the outer
shell of microcapsules with Lissamine rhodamine B (red) is shown in Figure 2.7a as an
overlay with transmitted DIC. The absence of Lissamine rhodamine B emission at the center
of the hollow microcapsule illustrates the chemical specificity of labeling. Differences in the
inner polymer morphology contained on the inside of the microcapsule compared to the outer
shell can be visualized. A series of distinct 2-D imageswere reconstructed and projected in 3-

D to visualize the hollow nature of these microcapsules (Figure 2.7b-c¢). The step-size
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between 2-D images in Figure 2.7b-cwas intentionally kept larger (1 um) than the available

z-resolution to create a series of rings to provide additional perception of depth of field.

Figure 2.7: LSCM micrographs showing the selective labeling of Lissamine rhodamine B on
the outer shell of polyurea microcapsules with encased pCMS. (a) The TLD-DIC image
overlaid with selective microcapsule shell labeling (red). (b-c¢) The 3-D reconstruction of the
polymer shell fluorescent labeling (red) from two different perspectives. Scale bar = 2 pm.

Figure 2.8: The TLD-DIC overlay showing selective labeling of the interior (blue and green)
and the shell (red) (a). Strategy for selective microcapsule labeling with three reactive
fluorescent dyes (b). Scale bar = 5 um. Adapted from Mason, B.P., Hira, S.M., Strouse, G.F.,
McQuade, D.T. Organic Letters 11, 1479-1482 (2009).

2.4.4 Triply Labeled polymer Microcapsules

Simultaneous labeling of all three reactive sites contained on or within the polymer
microcapsule was accomplished by adding all three reactive fluorescent dyes in a 1: 1: 1 ratio

in THF with a catalytic amount of copper and rocked overnight as shown in Figure 2.8. The

-20 -



microcapsules were washed with DMF until the supernatant was free of unlabeled fluorescent
dye. Additional washes of water, methanol, THF, and diethyl ether were performed and the
product was dried under vacuum. Simultaneous characterizations of all three fluorescent
dyes, along with the DIC overlay, are also shown.

Closer inspection of microcapsule morphology can be evaluated by plotting the
corresponding fluorescence intensity as a function of distance across a microcapsule.
Evidence of labeling specificity solely by chemical functionalityis shown in Figure 2.9. The
cascade blue and fluorescein molecular dyes uniformly labeled the core, while Lissamine
rhodamine B predominately labeled the shell wall resulting in increased intensity over the
capsule shell.The slight amount of cascade blue shell labeling may be due to polymer
emission from the use of a violet, 404 nm, laser source. Further evidence of molecular
specificity can be seen by generating a 3-D reconstruction of the microcapsule and displaying
half the data. The individual components (blue, green, and red) are shown separately and in
combination for clarity in Figure 2.10a-e. Precise morphological defects in the form of
crenation can be clearly seen in the 3-D reconstructed image. The absence of non-specific
chemical labeling outside of the targeted region of interest shows a high level of capsule

control, a characteristic needed for complex biological applications.
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Figure 2.9:The selective simultaneous labeling of three spatially separated reactive sites on
polyurea microcapsules using cascade blue hydrazide™ (blue), FITC acetylene (green), and
Lissamine rhodamine B (red). Line-scan analysis for each image is shown as a plot of
intensity with respect to distance across the microcapsule for each individual image. Scale
bars = 5 um. Adapted from Mason, B.P., Hira, S.M., Strouse, G.F., McQuade, D.T. Organic
Letters 11, 1479-1482 (2009) — Reproduced with permission by the American Chemical

Society.
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Figure 2.10: The 3-D reconstruction images of microcapsules showing the color coordinated
morphologies for cascade blue hydrazide™ (blue), fluorescein acetylene (green), and
Lissamine rhodamine B (red). Overlays of cascade blue hydrazide™ (blue) with Lissamine
rhodamine B (red) and FITC acetylene with Lissamine rhodamine B (red) are shown for
clarity. Adapted from Mason, B.P., Hira, S.M., Strouse, G.F., McQuade, D.T. Organic
Letters 11, 1479-1482 (2009).

2.4.5 Cellular Uptake of Microcapsules into Chinese Hamster Ovary Cells

The application of these multifunctional microcapsules with multiple reactive sites
into biological systems may allow for a delivery platform with tailored characteristics for
precise biological applications. One could imagine modifying these capsules by loading
multiple drugs or genetic materials enclosed within the capsule walls, while leaving the
outside native or appending biologically friendly delivery based agents on the outside of the

capsule such as cell penetrating peptides (CPPs) or aptamers67’ o8

. Experiments described are
preliminary, but focused exclusively on whether a package of considerable size can be
endocytosed by mammalian cells.

Chinese hamster ovary (CHO) cells were utilized for experiments, due in part to their
robustness and accessibility, to determine if microcapsules can transfect across the plasma
membrane. Microcapsules were internally functionalized with acridine yellow by previously
reacting one of the available amines with chloromethyl polystyrene, while the outside

microcapsule shell was maintained in its native state with available reactive amine

functionalities (Figure 2.11a). CHO cells at 30% confluence were incubated with acridine
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Figure 2.11: Pictorial reaction labeling of acridine yellow with pCMS encased within
polyurea microcapsules (a). LSCM micrographs showing the cellular uptake of acridine
yellow microcapsules (green) into CHO cells with a cell membrane stain (red) (b). LSCM
micrograph of acridine yellow (green) microcapsules in CHO cell overlaid with a nuclear
stain (blue) (c). The 3-D reconstruction image of acridine microcapsule (green) and nuclear
stain (blue) showing definitive cellular uptake (d). Scale bars =5 pm.

yellow functionalized microcapsules for 24 hours. Microscopy analysis shows uptake across
the plasma membrane and into the cytoplasm (Figure 2.11b). Due to the excessive micron
scale size, the microcapsules settle out of solution over time so precise quantification of
uptake was not possible. Those capsules that settle out near cells have the opportunity to be
uptaken into cells via an endocytotic pathway, most likely macro-pinocytosis because of the
large size of the packages. Other known cellular uptake mechanisms such as clatherin or
caveolaemediated endocytosis are not within the same size regime as the micron-sized
polymer capsules. Both cell nuclei staining using Hoechst 34580 and a plasma membrane
stain, Alexa Fluor® 594 wheat germ agglutinin were utilized to ensure that the microcapsules
were located within the plasma membrane and not solely on the cell surface. In addition, z-
stack imaging was performed to reconstruct the material-cell interface in a 3-D fashion to
determine the precise location of the materials in a similar fashion described in section

2.3(Figure 2.11bc). Many microcapsules were washed away indicating that many did not get
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endocytosed, but those leftover were located within the plasma membrane as shown in
Figure 2.11b-c. The 3-D reconstruction shown in Figure 2.11dclearly shows the presence of
the acridine yellow stained microcapsule within the plasma membrane and along the nuclear
envelope. Due to the massive size, the nucleus appears to be slightly deformed in shape at
the point of contact between the microcapsule and the nuclear envelope. Acridine
compounds have been shown to intercalate into the structure of DNA®. These preliminary
results suggest that large microcapsules (> 1um) can be taken up by CHO cells without
initially releasing its contents. It is evident from Figure 2.11 that although the microcapsules
are not fully swelled and appear to have significant shape deformation, the exterior

microcapsule walls are still intact.

2.5 Conclusions and Future Directions

The use of targeted dye labeling in conjunction with optical microscopy based
characterization methods has allowed small environs to be probed within much
largerdomains. Whether fluorescent dyes partitioned to ordered and disordered phases of
lipid tubules, nanomaterials encased within CHO cells, or synthetic polymer microcapsules
containing three orthogonal reactive sites, the micron and sub-micron environs can be
selectively probed within larger domains using targeted dye labeling. The extraordinary
specificity of fluorescent molecular dyes and quantum dots to selectively probe environs
containing differences in single chemical functionalities has the potential to compliment and

in specific cases enhance the precise interrogation of microenvironments.
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CHAPTER 3

PROBING SOLVENT INCLUSIONS IN ENERGETIC CRYSTALS
USING TARGETED DYE LABELING

Portions of this chapter have been previously published in the following article:
Roberts, C.W., Hira, S.M., Mason, B.P., Strouse, G.F. & Stoltz, C.A. Controlling RDX
explosive crystallite morphology and inclusion content via simple ultrasonic agitation

and solvent evaporation. CrystEngComm 13, 1074-1076 (2011).

3.1 Introduction

Organic energetic materials based on cyclotrimethylene trinitramine, commonly
known as RDX, have been widely used as a major component in many explosive material
formulations including Composition B (60% RDX/40% trinitrotoluene (TNT)), C4 (91%
RDX/79% polyisobutylene), and A5 (99% RDX/1% stearic acid)’’. The application of RDX
as a commonly used explosive is due in part to its favorable density for subsequent
detonation velocity and detonation pressure, but its energetic properties are affected by the

quality of crystalline structure’” "'

. Recent research has targeted a series of reduced sensitive
versions of RDX for their dominant role in military applications involving insensitive
munitions (IM) for reasons of unintentional detonation in storage, handling, or transportation
72, Combining formulations of RDX with an insensitive surrounding matrix in the form of
plastic-bonded explosives (PBX) has been shown to decrease shock instability over native
RDX providing a safer energetic compound72'74. A number of hypotheses centered on the
source of material instability have been proposed, where the major culprits include internal
crystal defects, surface crystal defects, and particle morphology’® "> 7>7". Defects, whether
of internal or surface in origin, can be the source of ‘hot spots’ during initiation, drastically
changing the material properties75’ 881 Although the reasons for the reduced shock

sensitivity are debatable, it has been recently shown using small angle neutron scattering

(SANS) that there is a correlation between PBX shock sensitivity and RDX void content™.
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Probing structural defects (both surface and internal) in energetic crystals has been
traditionally accomplished using a blend of microscopy-based characterization for qualitative
analysis and complementary mechanical characterization for quantitative analysis.
Microscopy techniques have focused on bright-field microscopy, confocal laser scanning
microscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM), SANS,
and X-ray diffraction”. All of these methods have their advantage and disadvantages
depending on the type of defect and the location of the defect. Although SANS and X-ray
diffraction provide unique chemical information about the uniformity of atoms in a crystal
lattice, high throughput characterization is not feasible and access to such sophisticated
techniques are limited.

The ability to control the amount and location of defects in RDX during the
crystallization process is a major concern. Even though the commercial manufacturing of
reduced sensitivity grades of RDX tends to be proprietary, there have been attempts at
controlling the particle quality, size, morphology, and inclusion content™ ™. Studies focused
on altering cooling rates, use of anti-solvents, and the use of sonication during the
recrystallization process have been explored®™. Traditional methods controlling the rate of
solvent evaporation or cooling, concomitant with mechanical stirring or agitation of solvent,
leads to a variety of solvent dependent morphologies. Due to the high supersaturation levels
of RDX used under these methods, a large size distribution results from high nucleation and
growth rates. At low saturation levels, variable nucleation leads to irreproducible results.
The use of sonocrystallization to control the crystallization process may provide a way to
induce nucleation at low saturation levels and obtain uniform RDX crystals. More precisely,
the use of ultrasound during the recrystallization causes cavitations in the mother solution
where small voids are formed and violently collapsed®. The cavitations generate localized
areas of supersaturation levels of RDX where nucleation can take place without being at
supersaturation levels throughout the entire volume of solvent. The use of sonocrystallization
in conjunction with tuning the solvent evaporative rates has the potential to improve the
quality of RDX.

The novel use of fluorescent dyes to probe micron and submicron defects during the
recrystallization process of energetic crystals has the potential to eliminate many of the
drawbacks of traditional methods utilized to characterize internal voids while allowing
convenient and rapid characterization. In particular, an additional benefit of using a
fluorescence based characteristic technique allows the sample to be interrogated without the

need to match sample refractive index for background contrast and allow the best resolution
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for optical based techniques by ultimately tuning the both the excitation source and the dye
emission towards the violet and blue, respectively. The experiments described herein probe
the crystal morphology and internal inclusion content using microscopy based techniques of

RDX samples prepared using conventional and sonocrystallization strategies®’.
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Figure 3.1: The chemical structures for cyclotrimethylene trinitramine, known commonly as
RDX, (left) and Lissamine rhodamine B sulfonyl chloride (right).

3.2 RDX Recrystallization

Samples of RDX were recrystallized by first dissolving in solvent (acetone or
dimethylformamide) or solvent with 1.3% by mass Lissamine rhodamine B sulfonyl chloride
and allowed to evaporate at 40 °C. The chemical structures of RDX and Lissamine
rhodamine B sulfonyl chloride are shown in Figure 3.1. Solvent evaporation was controlled
by adjusting the size of the opening of the crystallization container to the outside ambient
environment. Agitation of the mother solution was conducted using either sonication using
an ultrasonic bath at a frequency of 40 KHz or mechanical stirring at a rate of 775 rpm.
Samples were stored as a solid in the absence of light until microscopy characterization was

performed.
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3.3 Microscopy Details

Optical microscopy characterization using matching index of refraction was carried
out on a Nikon SMZ 1500 stereomicroscope with a magnification of 11.25X and aniline
(np""1.586) as a refractive index matching fluid. Laser Scanning Confocal Microscopy
(LSCM) images of RDX crystals deposited onto a glass coverslip were acquired with an
inverted Nikon TE2000-E2 Eclipse C2Si spectral confocal microscope (Nikon Instruments
Inc., Melville, NY, USA) equipped with a Nikon CFI Plan Apochromat 40X objective (NA
0.95, 0.14 mm WD), condenser (NA 0.52), differential interference contrast (DIC), and a
transmitted light detector. A 561 nm diode pumped solid-state laser was used to excite
Lissamine rhodamine B sulfonyl chloride (emission filter: 605/75) using a 33.3 pum pinhole.
Spectral confocal (5 nm, resolution) was used to verify that the observed fluorescence was
attributed to the spectral profile of Lissamine rhodamine B sulfonyl chloride. Wide-field
imaging of the RDX crystals utilized an EXFO X-Cite illumination source at 50% power and
a TRITC filter (Chroma, ex: 540/25, DCLP: 565, em: 620/60). Images were acquired on a
Photometrics Coolsnap HQ, CCD camera. Bright-field overlays utilized differential
interference contrast (DIC) to observe the differences in the index of refraction of the samples.

The data were analyzed using Nikon NIS Elements software.

3.4 Microscopy Analysis of RDX

Figure 3.2: Optical micrographs of RDX crystals with matching index of refraction fluid (a)
and without matching index of refraction fluid (b) showing the presence of internal defects.
Adapted from Roberts, C.W., Hira, S.M., Mason, B.P., Strouse, G.F. & Stoltz, C.A.,
CrystEngComm, 13, 1074-1076, 2011 — Reproduced by permission of the Royal Society of
Chemistry.
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Internal voids stemming from solvent defects have been traditionally characterized
using optical microscopy with matching refractive index. In order to visualize internal
solvent defects in RDX, the crystals are immersed in aniline (np>"1.586) to match the
refractive index of the surrounding crystal and allow the inclusions to be distinguished. A
comparison of RDX crystals using optical microscopy with and without matching refractive
index fluid can be seen in Figure 3.2. Although large inclusions can be easily observed in
Figure 2b, the presence of small defects is not resolvable. The other major drawback of this
technique is that different energetic materials need different fluids to appropriately match the
correct refractive index for each material. This limitation renders formulation analysis
inefficient due to the inability to conduct high throughput microscopic analysis on multiple
types of energetic materials.

Incorporating fluorescently labeled dye molecules into the solvent required for
crystallization allows crystalline defects from trapped solvent inclusions to be identified. The
ability to acquire measurable signal in the absence of substantial background is a desirable
attribute for material characterization that is inherent in fluorescence based techniques. As
shown in Figure 3.3, RDX crystals can be visualized using a combination of bright-field
illumination with DIC and wide-field fluorescence microscopy. The RDX crystal
morphology can be observed in the DIC channel, while the presence of solvent defects can be
observed through a TRITC filter without the need for a matching index of refractive fluid
since the solvent defects will photoluminescence at wavelengths distinct to the fluorophore.
The optical resolution, r, of objects within an image can be theoretically calculated using the

following equation:

r= (1.22x14) (3.1)

- )
(NAobjective +NAcondenser)

where A is the wavelength of light and NA is the numerical aperture. The bright-field image
shown in Figure 3.3 has a theoretical resolution limit of 978 nm using 550 nm for 4 (mean
wavelength of a tungsten-halogen light source) and a NA aperture of 0.95 and 0.52 for the
objective and condenser, respectively. In wide-field and other fluorescence techniques in
which the objective serves as both the excitation transmitter and collector a higher the optical

resolution, r, of objects within an image can be calculated using the following equation:

r= (1.22x1) (3.2)

- ’
(NAobjective +NAcondenser)

where the NA of the objective is solely used. The wide-field fluorescence image shown in

Figure 3.3 has a theoretical resolution limit of 360 nm, where the 4 used to excite Lissamine
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rhodamine B sulfonyl chloride sulfonyl chloride was 540 nm. The advantage of utilizing
fluorescence based optical techniques over bright-field clearly allows for higher resolution
data to be realized. A closer inspection of Figure 3.3b-c shows that fluorescence based
techniques can achieve higher resolution, but scattering artifacts from the broad wavelength
excitation source used under wide-field conditions and the crystal face make in-depth

analysis of defects difficult.

a

Figure 3.3: Optical micrographs of RDX crystals using bright-field DIC and wide-field
microscopy techniques. Bright-field DIC and wide-field fluorescence overlay (a), bright-field
DIC (b), and wide-field fluorescence (c) visualizing both the RDX crystal morphology (gray
scale) and the presence of crystalline defects (red). Scale bars = 50 um.

It has been previously shown in literature that defects in energetic materials can be
observed using confocal laser scanning microscopy by capitalizing on the difference between
laser scattering of the crystal matrix and its defects®® ™. In an effort to increase size and
shape defect resolution from crystal scattering artifacts in Figure 3.3, a fluorescent dye
molecule was investigated to eliminate contributions from scattered light off of the crystal
faces. Coupling the benefits of acquiring signal from an emitting molecule spectrally shifted
from the excitation source with the gained spatial resolution of using a pinhole to eliminate

signal not in the focal plane of interest may significantly enhance current microscopic
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characterization specifications. It is clearly shown in Figure 3.4 that the solvent defects in
crystalline RDX shown in Figure 3.3 are much more resolved using LSCM, where the
quantity and the size of defects are more readily observable. The reduction in scattering
artifacts by utilizing a pinhole allow for a more complete picture, where small defects
approaching sub-micron were not previously able to be visualized. This gained resolution
has large implications on the ability to screen batches of energetic materials for even small

amounts of defects that can compromise both the material performance and safe handling.

Figure 3.4: Optical micrographs of RDX crystals using LSCM techniques. TLD-DIC and
Lissamine rhodamine B sulfonyl chloride overlay (a), TLD-DIC (b), and Lissamine
rhodamine B sulfonyl chloride (c) visualizing both the RDX crystal morphology (gray scale)
and the presence of crystalline defects (red). Scale bars = 50 pm.
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Figure 3.5: Optical micrographs of RDX crystals using TLD-DIC and confocal microscopy
techniques. TLD-DIC and Lissamine rhodamine B sulfonyl chloride overlay (a), TLD-DIC
(b), and Lissamine rhodamine B sulfonyl chloride, (c) visualizing both the RDX crystal
morphology (gray scale) and the presence of crystalline defects (red). An electronic
magnification of the same RDX crystal (white box in (a)), where the TLD-DIC and
Lissamine rhodamine B sulfonyl chloride overlay (d), TLD-DIC (e), and Lissamine
rhodamine B sulfonyl chloride (f) are shown. The spectral confocal profile of the signal
acquired in (g) depicts signal originating from Lissamine rhodamine B sulfonyl chloride
fluorescence. Scale bars (a-c) = 20 um and scale bars (d-f) = 1 pm.
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The use of LSCM to probe energetic crystals allows an electronic magnification to be
employed for closer inspection of defects without sacrificing defect resolution as shown in
Figure 3.5. At an objective magnification of 40X and an additional electronic magnification
allows small defects on the order of sub-micron to be visualized. These observable defects
were not observable using either bright-field or wide-field fluorescence microscopy
techniques. The ability to visualize such small defects allows energetic materials to be more

accurately characterized to aide in the development of IM. To ensure that the signal
registered in the confocal microscope originates from Lissamine rhodamine B sulfonyl
chloride and not some other artifact, such as excitation scattering, the intensity profile versus
wavelength was acquired at each pixel and evaluated. The spectral profile for one of the
observable defects in Figure 3.5e clearly demonstrates that the signal is due to the spectral
manifold of Lissamine rhodamine B sulfonyl chloride. Acquiring spectral data is necessary
to validate the observed signal in the respective detector due to scattering or laser diffraction
artifacts. Under some instances of material characterization, the appearance of laser induced
diffraction patterns around inclusions could also be observed as shown in Figure 3.6. The
change in diffraction patterns around the solvent inclusions further validates the measured

fluorescent signal.

Figure 3.6: Laser-induced diffraction patterns can be observed in RDX showing distinct
patterns around solvent inclusions. Scale bar =2 pm.

For a more complete picture of the defects found in energetic crystals it is important

to probe the three-dimensional (3-D) defect populations. Since the use of LSCM utilizes a
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pinhole to eliminate out of focus light, a series of two-dimensional (2-D) images in the (X,y)
plane can be acquired with discrete steps along the z-axis to access optical information
throughout many focal planes. Multiple 2-D images can be compiled and reconstructed to
form a 3-D rendition for more complete particle characterization and analysis. The resolution
between two objects in a 2-D image is dictated by an airy disk, where the resolution of two
objects in a 3-D image is dictated by a point-spread function. The separation of two objects
is resolvable until one airy disk interacts with more than half of the second airy disk. The
diffraction limited resolution of optical microscopy approaches 200 nm. When comparing
between 2-D and 3-D resolution, the z resolution is always less resolvable. Typically the z-
axis resolution does not exceed 2-3 times the (x,y) resolution for a given specimen. A series
of 2-D images can be compiled to form a z-stack and rendered to build a 3-D image, where
the location and quantity of internal defects found in RDX can be seen as shown in Figure
3.7. The acquired data is shown at two different angles in order to show multiple
perspectives. The elongation in the defects along the z-axis is an artifact attributed to z-
aberration from the reduced resolution. Although slight aberration is observed, the lack of
drastic z-axis fluorescence distortion in the shapes of the defects is quite promising for

applications requiring the overall quality of energetic materials to be evaluated.

Figure 3.7: The 3-D reconstruction of defects within an RDX particle shown in red from two
different perspectives.
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3.5 Evaluation of Two Distinct Recrystallization Methods of RDX

In an effort to improve the overall quality of RDX, the use of sonocrystallization
during the recrystallization process was evaluated compared to classical stirring
recrystallization methods. Differences between RDX recrystallized from acetone using
mechanical stirring based agitation and ultrasonic agitation are shown using optical
microscopy characterization using matching index of refraction in Figure 3.8. A qualitative
inspection of mechanical stirring agitation data shows a wide size distribution and inclusion
content; while samples prepared using ultrasonic agitation clearly show a small size
distribution with a small amount of internal defects. The rate of solvent evaporation also
plays a major role on the formation of particles of RDX. Figure 3.9 compares RDX prepared
under sonocrystallization conditions with rapid solvent evaporation and slow evaporation. A
clear difference in crystal morphology is observable, where the rapid evaporation of solvent
leads to rough crystals with many solvent defects trapped within the particle. On the contrary,
slow solvent evaporation leads to very smooth and uniform particles with no observable
defects within the detection limits of the microscopy apparatus used in these studies. The
recrystallization of RDX in the presence of ultrasound under slow evaporation conditions

creates an ideal energetic material for IM applications.

Figure 3.8: RDX particles formed using mechanical stirring agitation (a) and ultrasonic
agitation (b). Scale bars = 100 um. Adapted from Roberts, C.W., Hira, S.M., Mason, B.P.,
Strouse, G.F. & Stoltz, C.A., CrystEngComm, 13, 1074-1076, 2011 — Reproduced by
permission of the Royal Society of Chemistry.
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Figure 3.9: The formation of RDX particles using sonocrystallization under fast solvent
evaporation (a-b) and slow evaporation (c-d), where both the TLD-DIC only (a,c) and the
Lissamine rhodamine B sulfonyl chloride only (b,d) images are shown. Scale bars = 20 um.
Adapted from Roberts, C.W., Hira, S.M., Mason, B.P., Strouse, G.F. & Stoltz, C.A.,
CrystEngComm, 13, 1074-1076, 2011.

3.6 Conclusions and Future Directions

The use of fluorescence microscopy techniques to characterize defects in energetic
materials allows for both higher resolution and 3-D characterization. The ability to scatter
particles of RDX onto glass without the need to use an index of refraction matching fluid
allows for the rapid characterization of multiple formulations of energetic materials. The
combination of dark background signal inherent with fluorescence microscopy and increased
resolution of internal defects allows for higher quality materials to be regulated. The
visualization of submicron defects using optical characterization techniques is a major step
forward in energetic characterization. Moreover, the ability to characterize crystals in all
three dimensions makes it possible to understand where these defects are located within the

crystal framework. Future studies comparing crystal size with defect size, quantity, and
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location may allow for new insights on the role of “hot spots” on energetic material
properties. In addition to fluorescence based signal acquisition, the use of laser diffraction
may also be used to probe the crystalline inclusions. It has been suggested that the local
environment of Lissamine rhodamine B sulfonyl chloride can affect the energy of the peak
wavelength. A closer investigation on the effect of the location of the defects with changes in
the spectral profile of Lissamine rhodamine B sulfonyl chloride may also provide new
insights into unique environs within a larger macro environment to better understand the
crystal strain present in these materials. It is clear that the use of sonocrystallization
drastically reduces the amount of defects in RDX particles. The adaptation of both the
microscopy characterization and the recrystallization methods described above can
significantly improve the quality regulation of RDX and provide a more uniform energetic

material for its multitude of applications.
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CHAPTER 4

DETECTION OF TARGET SINGLE STRANDED DNA USING A
MICRO-FABRICATED HALL MAGNETOMETER
WITH CORRELATED OPTICAL READOUT

Portions of this chapter have been formatted for publication as follows:
Hira, S.M., Aledealat, K., Chen, K., Field, M., Sullivan, G.J., Chase, P.B., Xiong, P., von
Molndr, S., Strouse, G.F. Detection of target ssDNA using a micro-fabricated Hall

magnetometer with correlated optical readout. Manuscript Submitted.

4.1 Introduction

The ability to detect and discriminate specific nucleic acid sequences within a
biological mixture has implications for genome sequencing, bio-warfare target detection, and
the development of an efficient point-of-care (POC) device for pathogen identification”*".
Through the integration of biology with nanotechnology, a detection platform utilizing
magnetic transduction can capitalize on the high biological specificity of DNA base pairing”®,
the scalability of nanotechnology97, the selectivity of self-assembled monolayer technologygg,
and the sensitivity of magnetic transduction” ', Coupling the extreme sensitivity of Hall
based magnetic detection, which operates over wide magnetic field and temperature ranges,
with the versatility and specificity of DNA base pairing can allow the realization of a new
biological detection strategy that will improve POC diagnostics and subsequent medical
treatment.

In this chapter the detection of a 35-base pair DNA target sequence is demonstrated at
the single-bead level on a Hall magnetometer biosensor. The biosensor is able to identify a
single bead bound to target DNA (35 base pair) and is amenable to the discrimination of
DNA at the 364 pM concentration in 36 uM extraneous DNA (< 10ppm). The detection
strategy utilizes three-strand DNA annealing to co-localize a superparamagnetic (SPM) bead
labeled probe strand, a label-free target strand, and a receptor strand at the surface of the Hall

device, which induces a voltage change in the Hall junction due to a change in the stray

- 38 -



magnetic field sensed by the device. This study demonstrates the effective use of an optical/
magnetic bead detection platform to measure DNA at the picomolar (pM) level in the
presence of M extraneous DNA. The technology represents a mimic for pathogenic DNA
or RNA detection. Development of single nucleotide mismatch and real world pathogen
samples are underway, but are too preliminary to include within this chapter.

. 101-117
Many biosensors

still suffer from limitations in stability, portability, sensitivity,
and selectivity. Traditional enzyme linked immunosorbant assay (ELISA) based sensor
platforms are sensitive at the pM level and require 1-2 days for detection of a protein target.
Giant magnetoresistive (GMR) sensors, which are recent additions to the biosensor field, can
detect at the pM level or femtomolar (fM) level if magnetically assisted''®. Optical based
sensors, whether colorimetric or using fluorescence resonance energy transfer (FRET) assays
allow detection at the attomolar (aM) to nanomolar (nM) level. A novel approach often
utilized in optical based biosensors is the use of a three-strand DNA annealing approach to
produce an optical response that is directly proportional to the annealing event. The use of
three-strand ssDNA annealing strategies has been investigated for biological target detection
for the last 15 years and has been shown increase overall sensitivity. Mirkin et al. first used
the controlled assembly and aggregation of DNA labeled Au nanoparticles in solution as a

. . 119
colorimetric sensor

. Years later Taton et al. utilized the tethering of DNA coated Au
nanoparticles to DNA coated surfaces using a label-free target sequence for Ag amplified
colorimetric detection with single nucleotide mismatch sensitivity'"’. The technology has
evolved further and has been shown to detect ~6 x 10° copies of genomic DNA using Ag

o . . . 120, 121
amplified scanometric detection on a commercial platform'*

. In addition to the assembly
of Au nanoparticles, the assembly of Ag nanoparticles onto smooth metal films using three-
strand DNA assembly has been demonstrated for surface-enhanced Raman spectroscopic
detection of DNA sequences'**. Optical methods focused on fluorescence blotting assays has
reached aM sensitivities'°, while methods employing energy transfer detection of the three-
strand assembly allows nM pathogen DNA detection''?. Despite these applications of multi-
sequence DNA assembly in literature, current magnetic detection strategies have not utilized
such three-strand DNA assemblies. Moreover, the use of a three-strand DNA strategy would
allow screening of only the target ssDNA, which may lead to high throughput analysis.
Sensing technologies based on magnetic transduction, whether Hall magnetometry or

GMR, circumvent many of the limitations of classical sensor designs since they exhibit low

sensitivity to the surrounding biological matrix of samples, can be mass produced, and if
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configured properly, can offer dynamic, label-free detection in a micro-fabricated scalable
platform'* '**. Magnetic transduction based sensing technologies cover a wide range of
methods including GMR sensors through the use of a spin valves''® 121

counters (BARCs)"** *! and Hall based sensors'**'?". Already examples of GMR devices

or bead array

have demonstrated detection of matrix-insensitive proteins at the fM level using a magnetic
transduction based device'” and aM level by adding additional magnetic beads to amplify the
signall38. The use of Hall magnetometry for DNA biosensing could represent the next
generation for magnetic based transduction devices, since a Hall junction is a 4-point probe
device (current, voltage), scalable down to the nanoscale, can be mass produced using
standard photolithography and fabrication methods, displays a linear response through a wide
range of magnetic fields'*” with minimal temperature range dependence'*’, and can operate at
high frequency allowing for phase sensitive detection of the transient fields associated with
SPM nanoscale beads. Hall biosensors may offer a viable alternative to exclusively

fluorescence based microarray technologies for POC applications.

4.2 Experimental

4.2.1 Substrate Fabrication

The 1 umz Hall junction is fabricated into the surface of an epitaxially grown
heterostructure consisting of a GaAs substrate containing an InAs quantum well core supplied
by Teledyne Scientific Company, Thousand Oaks, California, USA. The devices were
fabricated using a combination of photolithography and wet chemical etching. An insulation
layer of Si0, (60 nm) was sputtered over the entire device surface, followed by a layer of Ti
(5 nm), and deposition of 3 um gold pads (20 nm thick) directly over the protected Hall
junction. A schematic of the layer by layer substrate components is shown in the Figure 4.1.
Registry of the gold pad was accomplished by photolithography using alignment markers in
the photomask. Initial mimics utilized number 1 or 1.5 glass coverslips or SiO, wafer to
evaluate DNA-bead assembly due to ease of microscopy analysis and availability.
Subsequent mimic microarrays (3 wm round patterns and 2 um x 4 um patterns) were
fabricated onto the <100> face of a single crystal GaAs wafer and resembled a more realistic

mimic due to the device composition. Gold evaporation was accomplished immediately prior
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to use to limit the contamination of the fresh gold surface from outside sources found in the

ambient atmosphere.

Target Molecule
Assembling Layer Au- (20 nm)
Ti (5 nm)
Insulating Layer Si0, (60 nm)

Capping Layers

bl |

Te Delta Doping (0 nm
Active Layers —

\

Lattice Matching
Layers

Substrate Base @—)p

Figure 4.1: The composition of the Hall device heterostructure is shown, where the layers
include a GaAs substrate base, layers to reduce lattice mismatches, active layers sandwiched
between blocking layers, capping layers, an insulating layer, and the target molecule
assembling layer.
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Figure 4.2: AFM micrographs of glass substrate mimics. The quality was evaluated based on
the presence of artifacts, where a good quality substrate (left) lacks excessive topological
features and a poor quality substrate (right) contains excessive topological features.

The overall quality of the patterned mimics or actual Hall device was evaluated prior
to biological assembly using atomic force microscopy (AFM). Micrographs generated by
AFM of two mimic substrates are shown in Figure 4.2 to illustrate successful substrate
patterning (left) and unsuccessful substrate patterning (right). In some cases, the

photolithography process caused large structural artifacts around the photolithography
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prepared patterns or resulted in the complete absence of patterns. Only substrates with clean

patterns without artifacts were used for biological assembly.

4.2.3 Substrate Cleaning

The freshly Au deposited substrates were cleaned prior to use for 1 min at low power
in an oxygen plasma (Harrick Plasma PDC-001). The oxygen plasma creates an oxidizing
environment in which organic contaminants are oxidized along C-C bonds. The substrates
were rinsed with HPLC grade absolute ethanol for 1 min and dried under a constant stream of
nitrogen gas in a clean room environment. The use of lesser grades of ethanol yielded
irreproducible molecular assembly, where it is suspected that the HPLC grade ethanol is of
the purest form and essential to maintaining a clean gold substrate surface. The propensity of
bulk gold to form gold oxide (Au,0s3) has been previously reported in literature, where the
treatment of the oxidized surface with ethanol facilitated the reduction back to bulk goldl‘“’
142 Although thermodynamically unstable, Au,O3 can range in thickness from a few Ato
tens of A depending on the time of the oxidizing environmental conditions. While it has been
shown that Au,O3; will spontaneously reduce over time, Au,0s is stable enough that
significant reduction will not occur over the timescales of our experiments described herein.
The effectiveness of ethanol to reduce Au,0O3 back to bulk gold was investigated using X-ray
photoelectron spectroscopy (XPS) to ensure that the substrates are ideal for successful
subsequent DNA SAMs. Since the presence of Au oxide will only exist at the topmost
surface layer, XPS characterization was chosen due to the inherent surface sensitivity of the
technique. The XPS analysis of a gold oxide surface and a gold oxide surface followed by an
ethanol rinse are shown in Figure 4.3a-b. The two signatures of interest are the Au 4f
doublet and the O 1s singlet. The gold oxide sample exhibits peaks for the Au 4f doublet at
85.9 eV and 89.6 eV and an O 1s singlet at 530.4 eV, characteristics of Au,O3;. The gold
oxide surface followed by an ethanol rinse gives rise to peaks for the Au 4f at 84.1 eV and
87.8 €V and the O 1s at 532.5 eV. The chemical shifts observed for both the Au 4f and O 1s
peaks are within the experimental resolution of 1.1 eV and are consistent with the chemical

reduction of Au,0s; to bulk Au by ethanol previously published in literature'*" 142, T

n
addition to the chemical shifts, a visual color change was observed from orange/brown

(Au,03) to metallic gold (bulk Au) further confirming the experimental observation. The
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XPS data collected provides evidence that an ethanol rinse is essential to ensure for a pristine
bulk gold surface for subsequent molecular self-assembly.

The affect of cleaning methods on the cleanliness of Au films was investigated using
static contact angle measurements. A SiO, wafer was coated with 5 nm of Ti followed by 20
nm of Au and subjected to a dilute solution of photoresist (1 drop in > 10 mL). The static
contact angle was measured on a KSV contact angle measurement system after substrate
cleaning using three separate methods and after a 15 second dips in a octadecanethiol (ODT)
ethanol solution (3.5 mM). The normal wash method consisted of a 3 minute wash in acetone,
1 minute wash in methanol, and a 1 minute wash in isopropanol. The piranha cleaning
method consisted of a 15 minute wash in freshly prepared piranha solution and copious
amounts of 18.2 mQ cm™ water. The final comparative method utilized 1 minute oxygen
plasma under low power, followed by an ethanol rinse. Substrates subjected to all methods
were dried under a constant stream of nitrogen gas. The normal wash resulted in static
contact angles of 52.60° and 71.50° after cleaning and after the ODT dip, respectively. The
piranha cleaned samples resulted in static contact angles of 70.25° and 105.22° after cleaning
and after the ODT dip, respectively. The oxygen plasma cleaned samples resulted in static
contact angles of 91.64° and 111.82° after cleaning and after the ODT dip, respectively. The
data acquired from oxygen plasma cleaned samples followed by an ODT treatment are in
good agreement with literature, validating the cleaning method used'*. The effect of the
PEG-silane on the wet ability of the SiO, surface was also empirically investigated using
static contact angle measurements. It was found that piranha cleaning glass yielded a contact

angle less than 10°, while PEG-silane treatment resulted in a 34° contact angle.

4.2.3 Substrate Passivation

In an effort to reduce the risk of biofouling outside of the deposited Au regions, the
Si0O; surface was passivated by 2-[Methoxy(Polyethyleneoxy)Propyl]-Trimethoxysilane
(PEG-silane) (purchased from Gelest, Inc.)143. 100 pL of PEG-silane was added to 50 mL of
HPLC grade toluene in a clean 50 mL graduated cylinder, followed by 40 puL of concentrated
hydrochloric acid. The cleanliness of the glassware used is critical in the successful
silanization of substrates. All glassware was cleaned with fresh piranha solution (30%
hydrogen peroxide (30% v/v), 70% concentrated sulfuric acid) for at least 10 minutes,

followed by copious amounts of 18.2 m€ cm™' water, a final absolute ethanol rinse, and dried
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at 115 °C. Caution: Piranha solution is violently reactive and should be handled with
extreme care! Other important notes are as follows: Always add the hydrogen peroxide to the
sulfuric acid when making piranha solution; the solution will become very hot very quickly.
Use piranha solution immediately for best results. Because of the hazards associated with
piranaha solution only make necessary quantities for sufficient substrate cleaning. The PEG-
silane solution was sonicated for 10 minutes and used immediately. It is important to note
that water is produced in the silanization reaction, where a small amount may fall out of the
clear toluene solution since it is denser than toluene. In cases when the silanization solution
was cloudy with a homogenous milky precipitant, the functionalization of samples was

aborted and the preparation of fresh PEG-silane was repeated.
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Figure 4.3: X-Ray Photoelectron Spectroscopy (XPS) characterization of the reduction of
Au,05 to bulk Au by an ethanol rinse. The characteristic shifts in the Au 4f (top) and O 1s
peaks (bottom) are shown for native Au,O3; and Au,0Oj3 rinsed with ethanol.
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Table 4.1: Characteristics of designed synthetic DNA using IDT DNA Oligo Analyzer 3.1.

1.2 g, 3 G-C AG Homﬁgimer Hairpin®
NAME SEQUENCE" L-(mo1l-cm) Tm,” °C CONTENT, % Hybrldlzatl_?n, Formation, | Tw, °C
kcal-mol -
kcal-mol
5'-/5Bio/CGA
. C/iIFLUORAT/G TGA CAA

M35BiFAMIII TCT TAG CTG COG ATA 354100 78.6 48.6 -61.46 -6.34 27.6
GAG TAG TC-3'
5'-RSSR-GAC TAC TCT

M35SSIII ATC GGC AGC TAA GAT 337500 78.6 48.6 -61.46 -6.34 29
TGT CAC AGT CG-3'
5'-RSSR-CGA CTG TGA

'(\3"2’282';'23;”” CAA TCT TAG CTG CCG | 340400 | 7856 486 61.46 6.34 276

P ATA GAG TAG TC-3'
. 5-TCATTC ACA CAC

M15BiFAMIV TFLUORAT/CG /3Biol.3 151400 62.9 46.7 -25.19 -3.61 N/A
5-/RSSR/GTC TTG TCT

M20SSIV CCT GTC AGC TA-3' 178300 70.6 50.0 -33.29 -6.34 -5.3
5-CGA GTG TGT GAA

M35ComplV TGATAG CTG ACA GGA 361400 79.1 48.6 -59.96 -6.34 20.5
GAC AAG AC-3'
5-GTC TAA GAG TGT

M35NonComplV | CCT GGC TAT GAT CCG | 340800 78.4 48.6 -60.73 -4.62 15.7
TGA GTATG-3'

! Modifier Key: /5Bio/ = 5' biotin, /IFLUORAT/ = internal Fluorescein dT, /RSSR/ = 5' CgH120H disulfide CgH12 Linker
2 AGCT = recognition sequence for ALUI enzyme
% Based on 20 mM sodium phosphate buffer with 300 mM NaCl at pH 7.0
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4.2.4 Synthetic DNA Design

Synthetic DNA oligonucleotides were commercially synthesized (Midland Certified
Reagent Company). The two-strand DNA system consisted of a 5' disulfide modified
complementary receptor sequence 5'- /RSSR/- GAC TAC TCT ATC GGC AGC TAA GAT
TGT CAC AGT CG-3', a 5' disulfide modified non-complementary receptor sequence 5'-
/RSSR/- CGA CTG TGA CAA TCT TAG CTG CCG ATA GAGTAGTC -3',and a §'
modified biotinlyted probe with an internal fluorescein dT sequence 5'- /BIOTIN/- CGA C -
AFLUORAT/- G TGA CAA TCT TAG CTG CCG ATA GAG TAG TC -3'. The three-strand
DNA system and consisted of a probe sequence 5'-TCA TTC ACA CAC -/AiFLUORAT/- CG -
/3BIOTIN/ -3" labeled with an internal fluorescein dT and biotin, receptor sequence 5'-
/RSSR/- GTC TTG TCT CCT GTC AGC TA -3' with a disulfide modifier, a 35 base pair
unmodified target sequence 5'- CGA GTG TGT GAA TGA TAG CTG ACA GGA GAC
AAG AC -3', and a 35 base pair unmodified non-target control sequence 5'- GTC TAA GAG
TGT CCT GGC TAT GAT CCG TGA GTA TG -3'. The lyophilized DNA was buffer
exchanged using a NAP-V size exclusion column (GE Healthcare) equilibrated with 20 mM
sodium phosphate buffer, 50 mM NaCl pH 7.0. The 5'-/RSSR/- functionality on the receptor
ssDNA consisted of a six carbon spacer, a disulfide, and a hexanol terminus. The 5'-
/BIOTIN/ and the /3BIOTIN/-3" are designed to link with streptavidin coated
superparamagnetic (SPM) nanobeads (350 nm mean size, Bangs Laboratories). The use of
SPM beads allows the beads to remain dispersed in solution due to paramagnetic behavior at
RT until an external magnetic field is applied preserving the native structure and function of
biological targets. The specific linkage of biotin with streptavidin was chosen to conjugate
the DNA to the nanobeads based on its profound binding constant of 10" M and its high
temperature stability of 112 °C when fully conjugated144. Finally, the -AFLUORdT/-
modifier is a fluorescein dT on a six carbon spacer internally and covalently bound to a
thymine base. The use of a fluorescent dye was engineered as a component in the device
platform as a redundant optical signature for dual modality readout and serves as a direct
comparator to fluorescent microarray technology. The presence of a fluorophore in the
annealing strategy is completely independent from magnetic transduction based dection and
has no bearing on the measured Hall response. Based on the mean size and binding capacity
of the commercially available SPM nanobeads, each 350 nm magnetic bead contains

approximately 36,000 probe DNA strands, each of which contain a fluorescent marker.
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Although it is expected that the dye labeled probe DNA involved in hybridization would not
emit due to energy transfer between the dye and the gold surface, there are tens of thousands
of markers that are outside of the critical distance for energy transfer to occur and are
therefore still observable. The DNA was synthetically designed to base pair to complement
DNA through Watson-Crick base pairing and limit the amount of secondary interactions that
can take place. Sequences were evaluated using IDT DNA Oligo Analyzer 3.1 for molecular
weight, melting temperature (Ty), G-C content, extinction coefficient, homo dimer formation,
and hairpin analysis as shown in Table 4.1. Both the two-strand and three-strand DNA
variants were engineered to have a enzyme cut site for ALU1, although it was not utilized for
the experiments described herein. Since enzyme binding sites are palandromic and can
influence homo-dimer formation, the AG of each DNA sequence was kept above -9 kJmol™
during design to minimize the probability of unwanted DNA structures formed at room
temperature.

DNA hybridization was evaluated using a gel shift assay for both three-strand and
two-strand DNA assemblies using native polyacrilamide gel electrophoresis (PAGE) as
shown in Figure 4.4. The change in DNA mobility in the gel caused by sequence length and
structure can be seen for the three-strand (Figure 4.4a) and two-strand (Figure 4.4b)
annealing strategies. The designation of lane contents with numbers for Figure 4.4a are as
follows: (1) visual loading dye not observed under fluorescent excitation, (2) reporter strand
(disulfide 20mer) and complementary target, (3) probe strand (fluorescein labeled 15mer), (4)
reporter and probe strands, (5) probe and complementary target, (6) probe and non-
complementary target, (7) reporter, probe, and complementary target, (8) reporter, probe, and
non-complementary target. The visible bands (3-8) originate from the internal fluorescein
modification on the probe strand and the differences in mobility reflect the assembling of the
three-strand DNA structure. The arrow in (7) signifies the three-strand DNA product, and the
band immediately below is most likely attributed to the probe annealed to the complementary
target. The designation of lane contents with numbers for Figure 4.4b are as follows: (1)
probe strand (fluorescein labeled 35mer), (2) complementary reporter and probe strands, (3)
non-complementary reporter and probe strands. The visible bands (1-3) originate from the
internal fluorescein modification on the probe strand and the differences in mobility reflect
the assembling of the two-strand DNA structure. Figure 4.4 clearly demonstrates the
successful assembly of the two-strand and three-strand DNA architectures at room
temperature. Although annealing does not continue to completion, the presence of a

detectable quantity of product was observed.
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Figure 4.4: Native polyacrylamide gel electrophoresis characterization for the three-strand
DNA assembly in the absence of nanobeads showing different mobilities of (1) visual loading
dye not observed under fluorescent excitation, (2) reporter strand (disulfide 20mer) and
complementary target, (3) probe strand (fluorescein labeled 15mer), (4) reporter and probe
strands, (5) probe and complementary target, (6) probe and non-complementary target, (7)
reporter, probe, and complementary target, (8) reporter, probe, and non-complementary target
(a). The visible bands (3-8) originate from the internal fluorescein modification on the probe
strand and the differences in mobility reflect the assembling of the three-strand DNA
structure (a). The arrow in (7) signifies the three-strand DNA product, and the band
immediately below is most likely attributed to the probe annealed to the complementary
target (a). Native polyacrylamide gel electrophoresis characterization for the three-strand
DNA assembly in the absence of nanobeads showing different mobilities of (1) probe strand
(fluorescein labeled 35mer), (2) complementary reporter and probe strands, (3) non-
complementary reporter and probe strands (b). The visible bands (1-3) originate from the
internal fluorescein modification on the probe strand and the differences in mobility reflect
the assembling of the two-strand DNA structure (b).

4.2.5 DNA Immobilization and Hybridization

The receptor DNA (not previously reduced) was incubated on top of the device for 6
hrs, in an enclosed incubation chamber containing a supersatured NaCl solution for humidity

stabilization, in the form of a 50 uL droplet at a DNA concentration of 9 uM. The device
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was immersed in 5 mL of 18.2 mQ cm™ H,O containing 0.1% Tween-20 (v/v), twice in 5 mL
of 18.2 mQ cm’! H,O to rinse and remove unbound sequences of DNA, and dried under a
constant stream of nitrogen gas. It is interesting to note that both not pre-reducing the
disulfide modification before self assembly and later not reacting the surface with 6-
mercaptohexanol did not hinder subsequent DNA hybridization as previously reported in
literature for free thiols*® '*>. The subsequent successful DNA hybridization may be
attributed in part to the carbon-carbon packing of the carbon spacer or to the steric hindrance
caused by the hexnanol terminus to effectively separate the immobilized DNA to allow
sufficient space for DNA base pairing. The reporter DNA was bio-conjugated to the SPM
nanobead (350 nm mean size, Bangs Laboratories) through a biotin-streptavidin linkage at 30
°C for 1 hr. The DNA-nanobead conjugate was purified away from free DNA using
magnetic separation and washing the sample 5 times with 20 mM sodium phosphate buffer,
300 mM NaCl pH 7.0. The three-strand DNA strategy included a pre-conjugation step of the
target DNA to the probe DNA-SPM conjugate at 80°C and allowed to slowly cool over 1 hr.
Unbound nucleic acids were purified away using magnetic separation. The hybridization
assay was carried out by incubating a 25 uL droplet of target biotinlyted DNA (7 uM) bound
to streptavidin coated SPM beads for 2 hrs in an enclosed incubation chamber containing a
super saturated NaCl solution. The device was washed once in 5 mL of 20 mM sodium
phosphate buffer with 300 mM NaCl at pH 7.0 containing 0.1% Tween-20 (v/v), twice in 5
mL of 20 mM sodium phosphate buffer with 300 mM NaCl at pH 7.0, and stored in of 20
mM phosphate buffer with 300 mM NaCl at pH 7.0 and protected from ambient light. The
assembly of two-strand and three-strand ssDNA strategies on GaAs mimics is shown in
Figure 4.5. In both strategies employed, the complementary ssDNA (Figure 4.5a,c)
annealed on the substrates and gives rise to a green fluorescence signature in a patterned
array. In the presence of non-complementary ssDNA (Figure 4.5b,d), no assembly and thus
no pattern occurs. For further scanning electron microscopy (SEM) analysis and Hall
detection the substrates are immersed in a 300 mM sodium acetate solution for 5 minutes and
dried under a constant stream of nitrogen gas over a NdFeB magnet. The use of sodium

acetate is crucial to maintaining clean surfaces deplete of crystalline salts.
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4.2.6 Microscopy Details

Fluorescent microscopy was carried out on an inverted Nikon TE2000-E2 Eclipse
microscope (Nikon Instruments Inc.) equipped with a Nikon CFI Plan Apochromat 40X
objective (NA 0.95, 0.14 mm WD). Wide-field imaging of the substrates utilized an EXFO
E-Cite illumination source, a FITC filter (Chroma, ex: 480/30, DCLP: 505, em: 535/40).
Images were acquired on a Photometrics Coolsnap HQ, CCD camera. Bright-field overlays
utilized differential interference contrast (DIC) to observe the differences in the index of
refraction of the samples. The data were analyzed using Nikon NIS Elements software.
Scanning electron microscopy (SEM) was carried out on a FEI Nova 400 Nano SEM and
utilizing a through-the-lens (TLD) detector. Samples were imaged natively without a
conductive coating. Charging of the samples is evident because the substrates contain
magnetic beads and consist of patterened Au (conductor) on SiO, (insulator). Artifacts due to

charging were limited by using an excitation of 1 keV. The SEM images were acquired using

a 32 scan average to obtain the clearest data.

Figure 4.5: The assembly of two-strand (a-b) and three-strand (c-d) ssDNA strategies, where
green fluorescence indicates the location of the SPM conjugated nanobeads. The
complementary sequence (a,c) results in assembly and the non-complementary sequence
(b,d) does not result in assembly. Scale bars = 50 pum.

-50 -



4.2.7 Hall Measurement

The detection of pre-immobilized SPM beads is achieved by employing an ac phase-
sensitive technique previously reported'®’. The Hall device is biased with a dc current I = 50
LA and the beads are magnetized with an ac magnetic field; lock-in detection of the ac Hall
voltage occurs at the magnetic field frequency. The application of an additional dc magnetic
field reduces the SPM bead’s susceptibility and thus the ac magnetic field generated by the

beads. This produces a drop in the ac Hall voltage signal indicating the presence of the beads.

4.3 Results and Discussion

4.3.1 Design

A schematic of the Hall magnetometer based biosensor and detection strategy used for
detection of a single stranded DNA (ssDNA) target sequence by three-strand annealing over
the surface of a 1 um”Hall junction is shown in Figure 4.6. The biosensor platform is
assembled in parallel steps in order to limit the processing time for target detection. In
theory, the platform can be operated in a label-free approach, as shown by others for
equivalent three-strand annealing SERS'* and colorimetric (gold plasmon shift) based
technologies by simultaneously annealing the target, sensor, and probe sequencesl%’ o121,
The platform is composed of six 1 pm2 Hall junctions (Figure 4.7a) etched into an
epitaxially grown, vertically integrated InAs quantum well heterostructure isolated from the
surrounding environment by a 60 nm overlayer of silicon dioxide, as previously described'**
136 The six available Hall junctions are divided into a set of three bio-active sensors (i, 1i, 1ii)
and three non-active controls (ic, iic, iiic). The bio-active sensors are generated via
patterning 3 um gold bonding pads evaporated onto the SiO; layer only over the bio-active
junctions (i, ii, iii). The bonding pads provide a site for self-assembly of the receptor single
strand DNA onto the surface of the Hall junction sensor without modifying the properties of
the InAs quantum well heterostructure. The non-active controls do not have the gold bonding
pad. To minimize bio-fouling of the device by the biological constituents in the sample via
non-specific interactions, the exposed SiO; surface is selectively modified by a polyethylene

glycol conjugated silane moietym. The bio-active junctions are modified by self-assembly

of the receptor ssDNA (blue) onto the gold pads by exposure of a solution of the receptor to
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the Hall junction platform (Figure 4.6-1), and subsequent washing to remove unbound DNA.
The fluorescein labeled probe ssDNA sequence (red) is pre-appended to the SPM bead

platform via streptavidin-biotin conjugation (Figure 4.6-1I).

% receptor

II

probe

I11

Figure 4.6: Generalized schematic for the detection of label-free target DNA using Hall
magnetometry. The label-free target DNA (black) is detected by immobilization at the Hall
device via complementary base pairing with receptor DNA (blue) pre-assembled on the Hall
device surface to additional complementary probe DNA (red) with an internal fluorescent
marker pre-conjugated to the surface of a magnetic nanobead resulting in a detectable Hall
signal. Nanobead is not drawn to scale.
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Prior to the detection of the target DNA sequence (black), the probe strand and the
target strand are pre-hybridized (Figure 4.6-11I). The detection of the target DNA is then
accomplished by annealing the SPM bead-probe-target complex with the receptor sequence
(blue) pre-assembled at the surface of the Hall device platform at room temperature (Figure
4.6-1V). The assembly of the three-strand sequence requires 3 hr, which is equivalent to
standard FRET, plasmonic, GMR and SERS based detection scenarios, but far faster than
optical chip techniques that can require 16-24 hrs to achieve hybridization. Although the
simultaneous addition of all three ssSDNA components is experimentally feasible, stepwise
assembly allowed the added benefit that the observed signal is not artificially enhanced by
non-specific, non-DNA bound SPM beads. All unbound nucleic acid species and nucleic
acid labeled SPM beads are removed by magnetic separation prior to final three-strand DNA
assembly and washed prior to Hall detection. The strategy allows the specific binding event
at the electrically isolated gold pad to induce a direct voltage response in the device without
altering the device properties directly, as would be observed in SPR based devices. The
stepwise, parallel strategy allows convenient concentration amplification for the target
ssDNA from extraneous DNA fragments. The overall performance of a biosensor is reflected
in the ability to discriminate binding, the limit of detection of binding, and the fidelity of

binding as described below.

4.3.2 Detection

In Figure 4.7 the detection of the 35-bp target on the dual optical/ Hall device senor is
shown for a 25 pL droplet containing 7 uM DNA. The specificity of the assembly of the
three-strand DNA complex onto the gold pad (grey circle) over the Hall junction is clearly
observed in the wide-field fluorescence overlaid with differential interference contrast (DIC)
micrograph (Figure 4.7a). The observed green photoluminescence in Figure 4.7a arises
from the fluorescein label on the probe strand and requires the three strand annealing process
to occur in order for the probe to be optically detectable. The lack of non-specific binding of
the probe to regions outside of the gold pad region confirms the specificity of the three-strand
assembly protocol. The specificity of the assembly on the gold pads is further confirmed by
comparing the optical micrograph (Figure 4.7a) and the scanning electron micrograph
(Figure 4.7b, Figure 4.8). Scanning election microscopy (SEM) imaging of junction (iii)

indicates ~73 beads are present on the 3 um gold pad. Inspection of the DIC image of
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junction (iii) (Figure 4.7a) reveals the registry between the underlying Hall junction in the
SEM image (Figure 4.7b, grey box) and the gold pad on the surface of the Hall
magnetometer results in only ~12 nanobeads being positioned directly or partially over the

active area of the Hall junction.
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Figure 4.7: Optical microscopy characterization (wide-field fluorescence and DIC overlay)
of three-strand DNA assembly is shown by the presence of green fluorescence indicating the
presence of probe DNA (a). SEM was used to evaluate the location and to quantify the
number of nanobeads contributing to the Hall response for (iii), where the grey box
designates the location of the underlying Hall junction (b). Hall responses for three active
junctions (i, ii, iii) and a single control junction (iiic) are plotted as Hall voltage offset versus
time; the presence of nanobeads over the active Hall junctions results in a drop in Hall
voltage when a dc magnetic field is applied (c¢). The theoretical device signal stemming from
a single 344 nm SPM bead is shown to the right as a function of position over the Hall
junction further illustrating the local sensitivity of Hall magnetometry (d). Scale bars = 2 um
in panels a,b.
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Figure 4.8: SEM micrograph depicting label-free, three-strand DNA assembly of all six
junctions of a Hall magnetometer (a). Scale bar (a) = 10 pum. SEM micrographs at higher
magnification of the three active Hall junctions, where the ratio of beads entirely or partially
over the Hall junction versus beads outside of the junction are (b) 8/41, (¢)11/68, and (d)
12/73. Scale bars (b-d) = 1 um. Hall responses for three active junctions (i, ii, iii) and three
non-active control junction (ic, iic, iiic) are plotted as Hall voltage versus time; the presence
of superparamagnetic (SPM) nanobeads over the active Hall junctions results in a drop in

Hall voltage when a dc magnetic field is applied (e). When the dc magnetic field is removed
the signal returns to baseline (e).
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For detection of the DNA annealing event, the presence of the SPM bead is measured
as a change in voltage by the use of both an ac and dc magnetic field. The use of both ac and
dc fields allows for the binding event signal to be cleanly isolated by using lock-in detection.
In the absence of the external dc field, no signal is detectable in the Hall junction. The ac
magnetic field of 3.76 mT at 93 Hz is used to induce magnetization of the SPM nanobeads.
The 70.6 mT dc magnetic field (NdFeB) is applied perpendicular to the Hall junction to shift
the magnetization of the nanobeads to lower susceptibility as given by the expression
AVy < AM, where AM is the change in the ac magnetization before and after the dc field was
applied. The Hall sensor was operated in constant current mode with an applied dc current of
50 pA.

The voltage response to binding of the target sequence with the pre-appended probe
and 350 nm magnetic bead to the receptor strand on single active junction and a single
control junction are shown in Figure 4.7¢c. The voltage response for all junctions and
controls are shown in Figure 4.8. The voltage across the control junction (iiic) is 0 + 0.03
pnV. The successful assembly of ssDNA over the active Hall junctions (i, ii, iii) results in a
sharp drop in measured Hall voltage for all three active sensor elements. The Hall voltage
measurements are 0.79 uV (Signal/Noise (S/N) 40), 0.55 pV (S/N 28), and 0.78 pV (S/N 39)
for (i, i1, ii1), respectively. In Figure 4.7, the observed step function is generated by the
application and removal of the external dc magnetic field in the presence of the small ac field
to allow lock-in detection. The standard deviations in signal or noise levels for all junctions
field as shown in Figure 4.8. The standard deviations were calculated from the entire
acquired signal from control junctions and separated signals from active junctions, where the
dc on signal was analyzed separately from the dc off signal acquired before and after the dc
magnetic field was applied.

To analyze the voltage change per binding event, the number of beads per Hall
junction must be assessed. In Figure 4.7b and Figure 4.8, the SEM micrographs indicate the
presence of 41 beads on junction (i), 68 beads on junction (ii) and 73 beads on junction (iii).
In Figure 4.8, the voltage response for the three pads is similar regardless of the number of
beads bound at the center of the Hall junction. The largest expected voltage change in the
Hall magnetometer will occur for beads directly over the Hall junction, falling rapidly for
beads positioned > 0.5 um from the device center (Figure 4.7d). Directly over the Hall

junction (shaded region Figure 4.7b) junction (i) has 8 beads, junction (ii) has 11 beads and
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junction (iii) has 12 beads. Calculation of the predicted voltage response as a function of the
distance of the bead from the center of the Hall junction is shown in Figure 4.7d. For a
single 350 nm magnetic bead approximately 272 nm from the Hall device a voltage response
of 0.4 1V per bead is expected. The experimental value of ~0.6 — 0.8 uV measured in Figure
4.7¢ following DNA annealing of the target and probe indicates that more than one bead, but
not all of the bound beads contribute to the measured Hall voltage. For junction (iii), the
result suggests the measured voltage is likely dominated by the 12 beads directly over the
center of the Hall junction (southeast corner of the pad in Figure 4.7d). Based on the
theoretical voltage and the observed voltage in response to DNA annealing in Figure 4.7¢c, a

single bead should be detectable.
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Figure 4.9: Sequence-specific two-strand DNA assembly and subsequent Hall detection of a
single 344 nm nanobead. (a) Pictorial representation of two-strand DNA assembly, where the
probe DNA (red) is complementary to the receptor DNA (blue). Hall response data for the
active (iv) and control Hall junction (ivc) plotted as Hall voltage versus time, where the drop
in Hall voltage corresponds to the presence of a magnetic nanobead (b). SEM was used to
confirm only one nanobead contributed significantly to the signal measured in (iv) (¢). Scale
bar =2 pm.
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Figure 4.9: The theoretical Hall device cross-sectional response for a single 344 nm SPM
bead as a function of position from the center of the junction, where red indicates strongest
change in voltage, aqua indicates weakest voltage change, and blue indicates a negative
voltage readout. The standard deviation of the noise floor for the device is outlined in black
for reference.

4.3.3 Sensitivity

Although magnetic transduction devices are remarkably sensitive with the observation
of single bead detection for a < 500 nm magnetic bead reported for an antibody-antigen
sandwich assay based assembly of a magnetic bead on a micron sized Hall device'* and the
multiple bead detection by GMR device'?*, the report of three-stand DNA target detection at
the single magnetic bead detection by a Hall device has not been reported to date. Single
bead detection is observed for a 35-base pair DNA annealing event onto a Hall device, as
shown in Figure 4.9. The Hall voltage response (Figure 4.9b) and corresponding SEM
image (Figure 4.9¢) for the two-strand annealing event (Figure 4.9a) indicates a voltage of
0.34 +£0.03 uV (0 + 0.04 pV for control junction) for the two observed beads near the Hall
junction. The theoretical response for a single bead over the Hall junction in Figure 4.9 can
be calculated by first fitting the voltage data obtained in Figure 4.9b to obtain the following

equation:
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where v = the measured voltage, and x and y are coordinate distances. Solving the equation
yields 0.34 pV in agreement with experimental. The equation can be modified to predict the

voltage at the origin by the following equation:

2_ 2_ —N)2
”":(ff—(’is(”(°”” P °)?dxd2)><(<3443>><<o-119><10-8>), 42)
((x+0)2+(y—0)2+(0.272)2)2

where the x and y coordinates are at the origin. Solving the above equation yields a
predicted 0.39 uV at the origin. The above equation can also be solved to predict the voltage
readout as a function x, y, and z-distance away from the origin as shown in Figure 4.10,
where a red color on the third axis represents a SPM particle positioned at the center of the
device, while a blue color represents a SPM outside the detectable range of the Hall junction.
The complete calculations are shown in detail in Appendix C. The measured voltage in
Figure 4.9 is consistent with the theoretical value for a single bead, and therefore it is
believed that the measured Hall voltage reflects only one of the two beads, since only one of
the beads lies within the red zone for the theoretical plot (arrow in Figure 4.9¢).
Improvement of the signal to noise can be achieved by operating the Hall device at higher
frequencies; however, it is important to note that the sensitivity of the device can clearly
distinguish a single bead binding event from the noise floor by an order of magnitude at the

external frequency utilized.

4.3.4 Selectivity and Detection Limits

The limit of detection for DNA in a real sample will reflect the length of DNA
(annealing temperature), the sequence of target DNA, and the concentration of DNA present
in a milieu of non-target DNA. In the Hall device platform, similar levels should be
achievable since the technology is identical. Since the sensitivity will be influenced by the
bead size, and the area of the transduction platform, the concentration limit of detection for
target DNA was assessed using optical microscopy analysis of the binding of the target DNA
onto 2 x 4 um patterned GaAs Hall device mimics.

The thermodynamic stability of the three-strand DNA approach has been used for
several sensor approaches, including optical, SERS, and colorimetric platforms. In the

current study the stability of the three strands is experimentally verified using a gel shift
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assay (Figure 4.4). In Figure 4.11a-b, the binding of the 35-base pair 3-strand target with
the appended fluorescently labeled probe sequence and 350 nm magnetic bead to the optical
mimic is shown. Inspection of a line-scan for the fluorescence intensity from the probe
sequence shows good correlation with the Hall mimic patterns (Figure 4.11b). The signal
fluctuations do not indicate single bead response as the fluorescein intensity depends on the
particle size, number of DNA, labeling efficiency, and focal plane of the microscopy image.
Little intensity is observed over the control PEGylated regions surrounding gold pads
(identified with black arrows). The discrimination level approaches 10,000 counts above
background for selective target DNA binding at the gold pads in buffered solution (Figure
4.5, Figure 4.11a).
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Figure 4.11: Three-strand DNA assembly on a mimic array (patterned on a GaAs substrate)
for (a) complementary target only and (¢) 10 ppm target in non-target DNA. The inlays in the
lower left of (a) and (c¢) are an enlarged portion of (a) and (c), respectively. Scale bars = 50
pm. A line-scan of the wide-field fluorescence microscopy image in (a) showing fluorescein-
labeled probe DNA (green) and DIC (black) intensity correlates fluorescence intensity with
nanobeads located primarily over gold pads, where the black arrows signify the presence of a
small number of non-specifically bound nanobeads (b).

An important measure of device performance is the ability to discriminate target
ssDNA in the presence of extraneous (non-complementary) sequences in solution,
particularly at low levels of target DNA. The ability to discriminate target DNA in the
presence of non-target sequences was analyzed by optical microscopy on 3 um patterned

GaAs Hall device mimics in a buffered solution. Since the sensitivity of the device was
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demonstrated to achieve a single bead detection limit (0.34 uV vs. 0 + 0.04 uV noise floor) ,
the choice of an optical mimic to only probe fidelity over a Hall junction allows analysis of
the limit of detection for the three-strand annealing process. The presence of fluorescently
tagged nanobeads was observed at a concentration of 364 pM target DNA, which corresponds
to less than two complementary target DNA sequence per 350 nm nanobead (Figure 4.11c¢),
in a solution containing 36 uM non-target DNA. The measurements equate to detection at
the 10 ppm level target. Comparison to a mimic array in which the receptor strand is non-
complementary to the target strand indicates non-specific DNA binding is not observed
(Figure 4.5). Although no real biological sample was analyzed, the sensitivity of the device
has demonstrated for the first time the detection of a single SPM nanobead specifically
assembled via complementary DNA base pairing over a Hall junction suggesting the

technology holds substantial promise.

4.4. Conclusions and Future Directions

The device strategy utilizing three-strand DNA assembly on a Hall magnetometer
provides a detection platform with high specificity, low limit of detection (single bead), and
very high fidelity. Sensitivity of the Hall biosensor is attributable to the properties of the Hall
junction and is dependent on the size of the Hall junction, the frequency of the ac field
oscillation, the moment of the SPM bead, and the distance of the SPM bead from the Hall
junction. In the nanotechnology device, the use of a SPM nanobead does not hinder the
specificity of Watson-Crick base pairing for the target nucleic acid as evidenced by sequence-
specific DNA hybridization (Figure 4.5, Figure 4.11). At the frequency detection employed
for the Hall device, the 3-D plot in Figure 4.10 indicates sensitivity towards longer DNA or
more complex architectures is achievable even up to distances approaching 0.9 um when the
SPM bead is located directly over the center of the Hall junction. Higher frequency
measurements will decrease the noise levels and therefore increase the sensitivity of the
device to the magnetic bead position.

We have demonstrated the successful use of Hall magnetometry to detect a 35-base
pair target DNA at the single magnetic nanobead level. Additional studies reaching single
nucleotide polymorphism (SNP) detection limits are currently under investigation. Reduction
of the dimension of the gold pad and improved registry, as well as bead homogeneity, will

improve the overall device performance allowing Hall magnetometry to improve POC
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diagnostics. Although the demonstrated Hall platform exhibits single 350 nm bead
sensitivity, further optimizing the minimum bead concentration necessary for assembly will
ultimately reduce the overall target ssDNA detection limit. Extrapolation of the device to a
microarray of selectively labeled Hall sensors could represent a transformative biosensor
platform. The parallel Hall device strategy could allow multiple DNA sequences to be
simultaneously detected in a biological matrix since each magnetic bead and probe strand can
be bar-coded by dye photoluminescence' "> and SPM bead size, since the response will be
proportional to the SPM moment. Alternatively, the receptor DNA on the Hall junction can
be selectively dip-penned for multi-sequence analysism. By eliminating concerns associated
with sample amplification’ such an array would allow screening for nucleic acid targets of

. . . . . 147. 14
biomedical interest such as pathogens, or disease-related mutations'*” "%,
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CHAPTER 5

LIVE-CELL OPTICAL TRACKING OF A NOVEL DYE-LABELED
MATRIX METALLOPROTEINASE INHIBITOR (MMPI)
IN LNCAP AND LNCAP-MT1-GFP CELL LINES

Portions of this chapter have been formatted for publication as follows:
Hira, S.M., Jin, Y., Roycik, M.D., Bosco, D.B., Cao, J., Schwartz, M.A., Strouse, G.F., Sang,
Q.X.A. Live-cell optical tracking of a novel dye-labeled matrix metalloproteinase

inhibitor (MMPI) in prostate cancer cells. Manuscript in preparation.

5.1 Introduction

The mystery surrounding both the physiological and pathological roles of matrix
metalloproteinases (MMPs) remains a focus of active research'*. MMPs are a class of zinc
containing endopeptidases which play a predominant role in remodeling the extracellular
matrix (ECM) needed for cellular migration15 0. Additional roles of MMPs have been linked
to cell proliferation, apoptosis, and wound healing, as well as intracellular functions
involving cleavage of centrosomes and chromosomal instability151'154. Although normal
levels of MMPs are needed for healthy, thriving cells, the overproduction of MMPs have
been linked to a number of disease states and types of invasive cancers'*” "% Since cell
migration is one of the most fundamental aspects of the development and maintenance of
multicellular organisms, MMPs are an obvious target to further understand the intricate web
of fundamental cellular structure and function.

There are currently 24 identified MMPs, of which subsets include but are not limited
to the matrilysins, collagenases, stromelysins, gelatinases, and membrane-type bound
MMPs'>> %% Of the 24 MMPs identified, only 23 are relevant to humans'>. All MMPs
contain three conserved regions including a signal sequence, pro-domain, and a catalytic
domain. The signal sequence, also known as the pre-domain, consists of 17-20 amino acids
largely hydrophobic in nature found at the N-terminus of the protein'®. The pre-domain

directs translation and is cleaved before further enzyme activation. The pro-domain
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immediately follows the pre-domain and becomes the new N-terminus after cleavage
containing about 80 amino acids'®. The pro-domain serves as the major regulator of MMP
function via a conserved peptide sequence of PRCGXPD known as the “cysteine switch™'®".
The cysteine (C) in the middle of the sequence can coordinate a single Zn** ion located in the
catalytic domain maintaining the enzyme in a zymogen state. The catalytic domain consists
of 160-170 residues containing three histidine residues that fill the remaining coordination of

162 In addition to these conserved domains found in all MMPs, there are

zinc (4-coordinate)
two semi-conserved regions found in all MMPs except MMP-7, MMP-23, and MMP-26
which are a hinge region with a variable peptide sequence rich in proline and a C-terminal
hemopexin-like domain'®. The hinge region contains up to 75 amino acid residues and due
to the variability in sequence most likely allows flexibility in the protein structure'®. The
hemopexin-like domain is typically 200 residues and serves an assortment of functions such
as substrate recognition and MMP activation'®. There are also recognition sequences and
specific regions found throughout the protein that can be characteristic of particular
subclasses of MMPs. The specific regions serve vital roles in the function of MMPs as well
as the recycling of MMPs from their designated target location in cellular environments. In
the case of gelatinases (i.e. MMP-2, MMP-9), an additional fibronectin (FN) recognition site
is found within the catalytic domain to allow for the interaction with particular substrates'*®.
Membrane-type MMPs (MT1-MMP, also known as MMP-14) also contain a furin
recognition sequence for activation, a trans-membrane tether for plasma membrane targeting,
and a cytoplasmic domain coding for intracellular signaling sequence responsible for MMP

. 163, 164
recycling

. Besides the conserved domains and specific recognition regions,
synthetically modified MMPs containing the chimeric expression of green fluorescent protein
(GFP) have been demonstrated"”'®. The addition of GFP was appended to the C-terminal
end of the protein after the termination of the cytoplasmic tail. A pictorial description of the
conserved and varying domains and recognition sequences is summarized in Figure 5.1. It is
important to note that although the various domains of MMPs are depicted in a linear
arrangement, the secondary and tertiary structure of these proteins is composed of a complex
three-dimensional (3-D) structure. An example of the 3-D structure necessary for proper
protein function is illustrated through the function of the “cysteine switch” to coordinate a
zinc metal ion resulting in the prevention of a cascade of reactive steps leading to MMP
activation.

Two MMPs (MT1-MMP and MMP-2) are of particular interest and have become the
focus of the experiments performed later in this chapter. MT1-MMP is one of the few MMPs
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that is tethered to the plasma membrane and serves roles in ECM remodeling and activation
of other MMPs, particularly MMP-2. The latent form of the MT1-MMP is activated by furin
in the trans-golgi'®. Once activated, MT1-MMP is translocated to the plasma membrane to
cleave the extracellular matrix and serve its many functions. It has been shown to degrade
type L, II, and III collagen, as well as fibronectin substrates'’. Roles of cleaving centrosomes

in the nucleus and even the association with sub-cellular integrins have also been reported in

166, 167

literature . MMP-2 is predominately activated by MT1-MMP and serves a major role in

gelatin cleavage in ECM remodeling15 ¥ Additional activation pathways via other
membrane—tethered MMPs (MT2-MMP) and plasmin assisted activation have been
reported'™ '%17° Duye to the intimate connection between MT1-MMP and MMP-2 the two

proteins are frequently identified in similar extracellular and intracellular environments.
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Figure 5.1: A pictorial description of the varying domains pertinent to MMPs.
Subclassifications of MMPs are shown as follows: Matrilysins (a), Collagenases (b),
Stromelysins (c), Gelatinases (d), MT-MMPs (e), and synthetically modified MMPS (f).
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Since MMPs serve such a critical role in cellular function through either direct
substrate cleavage needed for migration or in multiple signaling processes, natural regulatory
molecules are needed to adjust their concentration. There are four tissue inhibitors of
metalloproteinases (TIMP) that are naturally found in biological systems with affinities in the
pM concentration range that can bind various structural domains and regulate MMP
function'® °% 12 The most important and relevant TIMP related to the studies herein is
TIMP-2. This natural MMP inhibitor plays a role in conjunction with MT1-MMP in the
predominant activation pathway of MMP-2'38- 171172 particular, TIMP-2 binds the N-
terminus of MT1-MMP, which is tethered to the surface of the plasma membrane. The
immobilized TIMP-2 is free to bind the hemopexin domain of pro-MMP-2. A second MT1-
MMP protein is now able to cleave the pro-domain of MMP-2 and cause activation. After
activation Uekita has reported that the MT1-MMP/TIMP-2 complex may be internalized and
proposed that endocytosis may aid in the regulation of and promote fully active MMPs at the
cell interface'”. J iang et al. have shown that the cytoplasmic tail sequence directly affects
the amount of active MT1-MMP on the plasma membrane surface available for its membrane
bound functions'®. Even more recently, it has been shown that MT1-MMP is internalized
through clatherin mediated endocytosis and can be recycled back to the plasma membrane' ™"
178, Although these studies have produced new insights into the function and regulation of
MMPs, more research needs to be completed to understand the global view of MMP substrate
interactions.

In an effort to regulate MMP activity, a series of synthetic MMP Inhibitors (MMPIs)
were developed over the last 30 years for application in the treatment of cardiac diseases and
a variety of cancers'””. In the midst of the forceful push to get potential drugs approved for
clinical use, many of the clinical trials were designed poorly and rushed yielding even poorer
outcomes. Unfortunately, most have failed clinical trials due to a myriad of toxic and painful
side effects or a lack of decreasing MMP overall function"*'®. A leading candidate in the
late 1990’s and early 2000°s, Marimastat, failed phase III clinical trials due in part to toxic
side effects and ineffective treatments when compared to a placebo. The phase III clinical
trial report cites muscoskeletal toxicity and associated inferior patient survivability as a
possible explanation for the failed clinical trials targeting breast cancer patientslg4. The end
results of the report determined that MMPIs and their associated biological effects need to be
better understood before additional drug candidates enter clinical trials. Many of the MMPI
drug candidates were comprised of hydroxamate functional groups to coordinate the zinc in a

bidentate fashion in the heart of the catalytic domain. The strong and potent properties of this
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functionality are thought to be behind some of the failed clinical trials where many of these
drug candidates did not have any MMP specificity, as well as displayed the propensity to
scavenge metal ions in the surrounding biological matrix. The only MMPI approved for
clinical use is Periostat, a dental drug administered after scaling and root planning procedures
for the treatment of gum disease'™.

Despite the vast interest in MMPIs as a therapeutic tool, little is known about how
MMPIs interact with MMPs in a cellular environment and influence MMP function real-time.
Evaluation of inhibitor function has traditionally been accomplished using an enzyme
cleavage assay'™. A multitude of methods have been used to probe MMP function including
fluorescence beacons and energy transfer based assays, magnetic resonance imaging (MRI),
positron emission tomography (PET), and quantum dot based techniquesl%'lgl.

Unfortunately these techniques suffer from data acquired from ensemble measurements or do
not probe MMPI interactions with MMPs. The use of fluorescently labeled peptide substrates
to monitor MMP-2 inhibition by MMPIs in vivo was first reported by Bremer et al. in 2001 192
While the in vivo animal study yielded unprecedented optical imaging of active MMPs
functioning around tumors, the details of MMPI interactions with MMPs were not probed.
Seven years later Faust et al. appended a fluorophore to a barbiturate based MMPI as a

photoprobe for imaging MMPs in vitro'”

. The published results conclude that the selective
labeling of the surface of A-673 cells by the dye labeled MMPI was due to the interaction of
the MMPI with MMP-2 and MMP-9 secreted by the cells. In depth optical analysis of the
association of MMPIs with MMPs in a cellular environment were not performed. More
recently in 2009, Faust et al. probed the labeling of MMP-2 and MMP-9 in cryostat tumor
sections with a dye labeled commercially available hydroxamate based MMPI showing
selective association to tumors, but did not probe cellular interactions'**. Finally a study
accomplished by auf dem Keller et al. in 2010 modified Marimastat with '8 for PET
analysisl%. Also described within this study was the appendage of a fluorescent marker to
the target inhibitor to confirm association of the modified Marimastat with the plasma
membrane. The FITC labeled Marimastat was incubated with MDA-MB-231 cells stably
expressing MT1-MMP at a concentration of 10 uM for 12 hours cells, washed, and were
fixed prior to imaging. Similar to Faust et al, auf dem Keller et al. report the surface labeling
of the cancerous cells'®*"®°. It is important to note that none of the aforementioned literature
references observed or suggested inhibitor internalization into cells. To date, an in depth
analysis of the interaction of MMPIs with MMPs under real-time conditions immediately

after the addition of an MMPI has not been reported.
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The design of novel MMPIs are still being explored for potential therapeutic

oo 196-201
applications

with previous MMPI targets, the design of YHJ-8-91 based off of YHJ-7-52 revolved around

multiple criteria to enhance binding of the MMPI to the catalytic domain of MT1-MMP*"".

. In an effort to identify and curb some of the apparent issues associated

First, the implementation of a thiol-based zinc binding group was thought to decrease the
binding affinity towards erroneous metal ions because it is not a bidentate chelator, while still
maintaining a significant binding affinity for specific interactions'”. Second, the use of a
sulfonamide in the target inhibitor has been shown to be critical in MMPI drug design, as this
functionality can hydrogen bond with the enzyme substrate and add stability to the catalytic
interaction'””. Third, the additional use of a diphenyl ether to interact with the S1” binding
pocket should allow for enhanced individual MMP specificity. It has been previously shown
that the molecular compounds interaction with the depth of the S1” pocket can result in
specificityzoz. Combining all of these criteria may result in an MMPI that can target a
relatively small subset of MMPs in an effort to surpass the previous clinical trial failures. To
visualize the activity of MMPIs in a cellular environment, the appendage of a fluorophore on
a flexible linker outside of the molecular binding pocket was undertaken. The fluorescent
dye was chosen based on the ability to efficiently excite with a 561 nm laser source and emit
photons in the red region of the color spectrum in an attempt to limit spectral bleed-through
on our instrumental microscope platform. Also, the dye was chosen to exhibit favorable
spectroscopic properties of quantum yield and stability while increasing molecular solubility
of the target MMPI*®. In addition to the target MMPI design, the use of a MMPI control that
retains the S17 specificity, but lacks a thiol for zinc coordination and instead utilizes a
hydroxyl functionality provides a sophisticated control for precise validation of molecular
specificity (YHJ-7-82). It has previously been shown that YHJ-7-52 has a K; of 2.1 nM for
MTI1-MMP and 2.2 nM for MMP-2 as shown through a fluorescent enzyme cleavage assayzm.
The YHIJ-7-82 control exhibited a K; of 10 uM for MMP-2 and was offscale for MT1-
MMP>'. A final control rendering the Lissamine rhodamine B sulfonyl chloride unreactive
by reacting the dye with propyl amine will be used to probe the possibility of dye enhanced
cellular interactions. The chemical structures of the target inhibitor and the two controls are
shown in Figure 5.2. The target inhibitor design and subsequent controls will be
predominately evaluated on LNCaP-MT1-GFP cells'®. This stably, over-MT1-MMP-
expressing cell line was chosen as a model cell line due to the nature of this epithelial cell
line to be present on the very onset of cancerous activity and the MT1-GFP chimera provides

a convenient way to monitor the enzyme real-time in its native environment.
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Figure 5.2: The chemical structures of YHJ-8-91in protected/inactive (a) and
deprotected/active (b) forms, YHJ-8-89 (c), and C;Dye (d).

The ability to optically track MMPs and follow the interaction real-time has the
potential to gain new insights on how this class of evasive enzymes functions in extra-cellular
and intracellular environments. It has been shown that MT1-MMP is involved in a complex

recycling pathway to ensure cells maintain a functional active state on the plasma membrane.
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We hypothesize that the use of dye-labeled MMPIs may be used to track the activity of
MMPs within their respective environment. The experiments and subsequent results
described herein are the first attempt at gaining new insights on how MMPIs interact with

MMPs at the cellular level under real-time conditions using a dye-labeled inhibitor.

5.2 Syntheses of Dye Labeled Target MMPI and Controls

5.2.1 Synthesis of Disulfide Protected Dye Labeled Target MMPI

YHIJ-7-52, previously synthesized in the research laboratory of Martin A. Schwartz by
Yonghao Jin, was coupled to an amine reactive dye through a sulfonamide coupling reaction
as shown in Figure 5.3. YHJ-7-52 was reacted with 6.26 mg of Lissamine rhodamine B
sulfonyl chloride and triethylamine (TEA) in a 1.2:1:6 mole ratio in dry DMF under nitrogen
for 2 days. The TEA and DMF were evaporated under hard vacuum leaving the product and
unreacted dye behind. Thin layer chromatography (TLC) was carried out on reverse phase
silica plates in a 10% methanol/ 90% methlyene chloride solution as shown in Figure 5.4.
The mobility shifts from left to right are Lissamine rhodamine B, reaction mixture, YHJ-7-
52/ TEA, YHJ-7-52, Lissamine rhodamine B incubated in a 50:50 DMF/H,0 solution for 24
hours. The TLC plates were pumped down under hard vacuum to limit smearing caused from
DMF. A clean, isolated product band can be easily separated on reverse phase silica gel
plates. The incubation of Lissamine rhodamine B sulfonyl chloride in 50:50 DMF/H,0 was
to determine if a chromatographic shift occurred resulting from the reaction of the sulfonyl
chloride with water. The inhibitor-dye conjugate was isolated using reverse phase column
chromatography using 10% methanol/ 90% methylene chloride. The separation of the
inhibitor-dye complex from free dye was not as clean as TLC. Only a very small amount of
crude mixture (< 1 mg) was able to be loaded at any one time, where ~150 pg was isolated.
Excess loading of crude material resulted in little to no mobility shift between the product
and side-products or reactants making column chromatography difficult. Due to the
difficulty in column purification loading, wet addition and dry loading were attempted,
yielding no difference in separation outcomes. Characterization of the product was
accomplished using nuclear magnetic resonance (NMR) and mass spectrometry analysis,
where the mass spectrogram is shown in Appendix D. The mass spectrometry analysis
confirmed a dominate peak at 1157.4 grmol™. The K; of the dye-labeled thiolated (active)

inhibitor was experimentally determined to be 60 nM by a fluorescent enzyme cleavage assay.
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All subsequent synthesis of the dye-labeled disulfide protected inhibitor was performed by
Yonghao Jin in the research laboratory of Martin A. Schwartz (designated YHJ-8-91) and
was purified using reverse phase high performance liquid chromatography (HPLC). Purified
samples were evaporated to dryness and stored in the absence of light at -30 °C until cellular

studies were performed.

TEAA, DMF
48 hrs

Figure 5.3: The reaction scheme for the synthesis of disulfide protected inhibitor.
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White light Long UV Short UV

Figure 5.4: Thin Layer Chromatography results showing the difference in mobility between
disulfide protected inhibitor and unreacted Lissamine rhodamine B under white light and UV
illumination (bottom). The spotted reactants and reaction mixture are shown before solvent
elution (top).

5.2.2 Syntheses of YHJ-8-89 and C;Dye Controls

Additional disulfide protected inhibitor (designated YHJ-8-91) and two controls
(YHJ-8-89, CsDye) were synthesized by Yonghao Jin in the research laboratory of Martin A.
Schwartz to determine the molecular specificity of the inhibitor compounds. Lissamine
rhodamine B sulfonyl chloride was purchased from Invitrogen and reacted with YHJ-7-82 in
a similar fashion as the disulfide protected inhibitor, YHJ-8-91, to synthesize YHJ-8-89, a
hydroxide control lacking the zinc binding group (ZBG). In addition, Lissamine rhodamine
B sulfonyl chloride was reacted with propyl amine to determine if the MMPI-cell interactions
were driven by the properties of the fluorescent dye. Additional YHJ-8-91, as well as YHJ-8-
89 and C;Dye controls were purified via reverse phase HPLC and characterized using mass
spectrometry and NMR (NMR shown in Appendix E). Samples were stored as a solid in the

absence of light at -30 °C until cellular studies were performed.

5.3 Quantification of Target MMPI and Controls

The amount of inhibitor target or controls for subsequent cellular studies was
quantified using absorption and the application of Beer’s Law (A = €bc). The chemical
structures of the target MMPI and controls with corresponding offset absorption spectra are
shown in Figure 5.5. A stock solution of the target molecule (or one of the two controls) was
made using HPLC grade methanol and absorption was taken using a Carey 50 Bio UV-

Visible spectrophotometer. 5 uL of stock solution was added to 50 uL of methanol in a
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quartz cuvette (baseline corrected). The concentration was determined using a published
extinction coefficient, €, of 88,000 M'cm™ at 568 nm*™ for the fluorescent dye and a path
length of 0.3 cm. The same € was used for the dye labeled MMPI and controls because any
modification to the original dye molecule did not involve the conjugated ring system
responsible for fluorescence. The appropriate amount of material for cellular studies was
aliquoted from the stock solution and allowed to evaporate at RT. In the case of 10 nM
samples used in the following studies a second dilution was performed to obtain the
appropriate quantities for dilute cellular experiments. The aliquoted sample was stored in the
absence of light at RT and used within days of obtaining the concentration to limit any

possible degradation.
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Figure 5.5: The normalized offset absorption spectra of YHJ-8-91, YHJ-8-89, and CsDye.

5.4 Microscopy Details

Optical microscopy characterization was used to optically track the selective uptake of
MMPT’s into LNCaP cells, provided by the research laboratory of Jin Cao and cultured in the
laboratory of Q.X. Amy Sang by M. Dru Roycik, and follow the time dependent uptake.
LNCaP epithelial cells were chosen as a model cell line for the following studies focused on
MMP-2, MMP-9, and MT1-MMP because that is where the MMPs originate. The use of the
over-expressing MT1-GFP chimera cell line variant allows the membrane bound MT1-MMP
to provide a natural plasma membrane stain to monitor molecular uptake and probe

colocalization of inhibitors with MT1-MMP'®. The inhibitor and controls were dissolved in
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20 pL of neat ethanol and deprotected at RT for 75 minutes with 1 mM tris(2-
carboxyethyl)phosphine (TCEP) and 3 mM sodium hydroxide solutions. Laser Scanning
Confocal Microscopy (LSCM) characterization of the target MMPI and controls were
acquired with an inverted Nikon TE2000-E2 Eclipse C2Si spectral confocal microscope
(Nikon Instruments Inc., Melville, NY, USA) equipped with a Nikon CFI Plan Apochromat
40X objective (NA 0.95, 0.14 mm WD), condenser (NA 0.52), differential interference
contrast (DIC), and a transmitted light detector (TLD). A 488 nm argon ion laser was used to
excite GFP and MT1-GFP chimera contructs (emission filter 515/30), a 561 nm diode
pumped solid-state laser was used to excite Lissamine rhodamine B (emission filter: 605/75),
and a 404 nm diode laser was used to excite Hoechst 34580, a minor groove intercalating
fluorescent dye to observe the location of DNA (emission filter: 450/35). Imaging was
generally acquired at a rate of 18.96 us using a 33.3 pm pinhole. Spectral confocal at 5 nm
resolution was used to verify that the observed fluorescence was attributed to the spectral
profile of Lissamine rhodamine B and not due to any spectral or scattering artifacts. Laser
powers were kept constant during the duration of an experiment and kept the same when
comparing between experiments. The cells were plated in either glass bottom dishes or glass
bottom 6-well plates and placed into a Pathology Devices live cell stage-top incubator at 37
°C, 5% CO,, and 75% humidity for the duration of an experiment. The data were analyzed
using Nikon NIS Elements software. Multi-channel data acquisition utilized a frame lambda
technique in which individual laser passes were made to image in respective channels to limit
microscopic artifacts stemming from fluorescence bleed-through. Although spectral-bleed
through is eliminated, slight x-y-z spacial shifts were observed from the time lag involved in
multiple scans. This shift makes spectral colocalization studies qualitative. Attempts at
normal LSCM were made to limit x-y-z spacial shift at the expense of spectral bleed through

between GFP largely localized in the green channel into the red channel.

5.5 Cellular Uptake of Target MMPI into LNCaP-MT1-GFP
and LNCaP-GFP Cell Lines

The cellular uptake of MMPIs into LNCaP-MT1-GFP and LNCaP-GFP expressing
cells was investigated. The initial study focused on monitoring the interaction and uptake of
10 ng of deprotected dye-labeled thiolated inhibitor into LNCaP-MT1-GFP cells over the
span of 24 hours under live cell microscopy conditions in an optical dish. The observed

uptake of the dye-labeled thiolated inhibitor over time as shown in Figure 5.6 was originally
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unexpected and deviated from previously published literature, where the highest
concentration of MMPs are located on the surface and the surrounding ECM. The DIC TLD
images and individual contributions from the green color from the MT1-GFP chimera
construct mainly tethered to the plasma membrane and the red color from the Lissamine
rhodamine functionality on dye-labeled thiolated inhibitor, as well as the overlay are shown
in Figure 5.6a-d for clarity. Red fluorescence originating from the fluorophore labeled
MMPI is observed for every cell within the shown micrograph and localized in discrete
packages with similar sizes. A digital zoom of one of the cells clearly shows that dye-labeled
thiolated inhibitor is faintly located throughout the cell periphery and is being concentrated at
the polar end of the cell in the region of the invadopodia (Figure 5.6e-f). To ensure that dye-
labeled thiolated inhibitor was located within the plasma membrane of the cells, a series of
images were acquired at fixed intervals and rendered into a 3-D projection as shown in
Figure 5.6g. The uptake of dye-labeled thiolated inhibitor (red) into LNCaP-MT1-GFP cells
(green) is clearly shown. Although the intensity of both MT1-GFP and the dye-labeled
MMPI are intense at the polar end of the cell, attempts at spectral co-localization were
unsuccessful. It is important to note that LNCaP-MT1-GFP also produce additional MMPs
including but not limited to MMP-2 and MMP-9.

Figure 5.6: The cellular uptake of dye-labeled thiolated inhibitor in LNCaP-MT1-GFP.
LSCM micrographs of TLD-DIC (a), MT1-GFP (b), rhodamine signature (c), and an overlay
of MT1-GFP/rhodamine signature (d) are shown ~ 6.5 hrs post incubation. An electronic
zoom of a portion of (a-d) is shown depicting MT1-GFP (e) and MT1-GFP/rhodamine
signature overlay (f). The 3-D reconstruction image of LNCaP-MT1-GFP cells with
internalized dye-labeled thiolated inhibitor after 24 hr post incubation is shown as a Hoechst
34580 (blue)/rhodamine signature (red) overlay (g). Scale bars (a-d) = 50 um, (e-f) = 10 pm.
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Figure 5.7: The cellular uptake of dye-labeled thiolated inhibitor in LNCaP-GFP. LSCM
micrographs of TLD-DIC (a), GFP (b), rhodamine signature (¢), and an overlay of
GFP/rhodamine signature (d) are shown 4.25 hrs post incubation. An electronic zoom of a
portion of (a-d) is shown depicting GFP (e) and GFP/rhodamine signature overlay (f). The 3-
D reconstruction image of LNCaP-GFP cells with internalized dye-labeled thiolated inhibitor
after 24 hr post incubation is shown as Hoechst 34580 (blue)/rhodamine signature (red)
overlay (g). Scale bars (a-d) = 50 um, (e-f) = 10 pm.

An additional study was conducted on LNCaP-GFP expressing cells. This cell line,
from the same parental cell line as LNCaP-MT1-GFP, produces GFP throughout the entire
cell that is not linked to MT1-MMP'®. Literature precedence based on Western blots and
zymograms have shown that LNCaP cells do not contain appreciable levels of MT1-MMP,
which also affects the amount of active MMP-2 that is also present165’ 205.206 - A5 LNCaP cells
transition to a more aggressive state over time, the expression of MT1-MMP increases. On
the contrary, LNCaP cells produce measureable quantities of MT2-MMP**. The delivery of
10 pug of dye-labeled thiolated inhibitor was tracked over the course of 24 hours. Analogous
to the data collected on LNCaP-MT1-GFP, the MMPI was internalized and trafficked toward
the polar end of the cell over time as shown in Figure 5.7. The 3-D reconstruction image
shown in Figure 5.7g confirms that the dye-labeled thiolated inhibitor is present within the
confines of the plasma membrane. Similar experimental observations between two
differently MMP expressing cell lines were observed. One of the possible explanations for
the uptake and localization of dye-labeled thiolated inhibitor into both LNCaP-MT1-GFP and
LNCaP-GFP cell lines are that the dye-labeled MMPI is targeting other MMPs other than the
originally targeted MT1-MMP, MMP-2, MMP-9. Other possible causes for cell association
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may stem from the Lissamine rhodamine B dye functionality causing non-specific uptake,

unusually high concentration effects, MMPs from media, or a non-MMP related mechanism.

Figure 5.8: The qualitative cellular uptake of YHJ-8-91 (a-c), YHJ-8-89 (d-f), and C;Dye (g-
i) at 1 hr (a,d,g), 2 hr (b,e,h), and 3 hr (¢,f,i) post material incubation. Scale bars = 50 pm.

5.6 Cellular Uptake of YHJ-8-91, YHJ-8-89, and C;Dye into LNCaP-MT1-
GFP on a Static Region

The qualitative comparison of cellular uptake of YHJ-8-91 (10 png), YHJ-8-89 (10 ng),
and CsDye (~7 pug) into LNCaP-MT1-GFP expressing cells was investigated on a static
region to determine if the Lissamine rhodamine B dye is responsible for aiding cellular
uptake. The following studies were conducted using live-cell microscopy analysis on a static
region of the optical dish over a 4 hour time span. Images were acquired at 15 min intervals.

Since varying amounts of material were added, concentrations between all three compounds
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are not equal; therefore, a direct comparison of the amount of material uptaken by cells can
not drawn. Qualitatively, the outcome of positive internalization under the current
microscopy conditions, as well as the translocalization of material after uptake can still be
assessed at the concentration used for each compound. The qualitative uptake for YHJ-8-91,
YHI-8-89, and C;Dye into LNCaP MT1-GFP cells at 1, 2, and 3 hrs post incubation is shown
in Figure 5.8. Both YHJ-8-89 and YHJ-8-91 were clearly internalized within 3 hours post
incubation. In addition, the C3;Dye was observed to be associated with LNCaP-MT1-GFP,
albeit at a lower observed intensity. The microscopy results from this study resulted in the
need for a much lower concentration (nM) of MMPI and controls to be investigated to

exclude artifacts from high concentrations (uM).

5.7 Quantification of the Cellular Uptake YHJ-8-91, YHJ-8-89, and C;Dye
into LNCaP-MT1-GFP after 6 Hours of Incubation at 10 nM

The direct quantitative comparison of cellular uptake between YHJ-8-91, YHJ-8-89,
and C;Dye into LNCaP-MT1-GFP expressing cells was investigated after 6 hours of
incubation. The compounds were aliquoted from a single stock solution using Beer’s Law
and deprotected as described in Section 5.3 to achieve a final cellular concentration of 10 nM
in the imaging environment. The experiments were conducted using 6-well uncoated glass
plates from Mat-Tek, where each well contained ~300,000 cells. All three compounds were
probed in duplicate within a single experiment and repeated three times over three
consecutive days. The incubation of compounds were staggered within an individual
experiment by 10 minutes to allow enough time to image each compound at the same time
point. The LSCM settings were identical over the time course of this study to allow for direct
comparison between compounds. Although the focal plane had to be adjusted for each well,
the chosen focal plane of interest was close to the bottom of the cell. Micrographs were taken
at two time points, 4 and 6 hours post compound incubation. Unlike other microscopy
analysis shown thus far, the media containing the compound was removed at 5.5 hours and
the cells were stained with Hoechst 34580 in an effort to identify the number of cells within
an individual image to address concerns from previous studies. To minimize cell detachment
from the glass surface, Hoechst 34580 was not removed from solution after staining (Hoechst
34580 exhibits a 2-4 fold increase in fluorescence intensity upon intercalation allowing

background signal to be minimized). The 6 hour time point was imaged in PBS buffer to
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allow for the staining of nuclear DNA. Representative micrographs for YHJ-8-91, YHJ-8-89,
and Cs;Dye are shown in Figure 5.9. For clarity, the individual channels for DIC acquired
with a TLD, the blue channel staining for the nucleus of the cells, the green channel
containing signal from MT1-GFP, and the red channel containing signal from the Lissamine
rhodamine B contained within YHJ-8-91, YHJ-8-89, and CsDye, as well as overlays for
comparison. The images shown in Figure 5.9 clearly show a difference in cellular uptake
between the three different compounds, where cells treated with YHJ-8-91 dominates in total
amount of Lissamine rhodamine B signal. Both YHJ-8-91 and YHJ-8-89 show varying
degrees of uptake. No appreciable localized C;Dye signal indicates that C;Dye does not
transverse the plasma membrane at 10 nM under the current microscopy conditions.
Quantitative analysis of cellular uptake was accomplished by applying a threshold of
125 counts to the red channel and excluding all counts below the set threshold. The threshold
was determined based on eliminating random counts outside of cells in the surrounding
media. The total fluorescence intensity for an individual micrograph was calculated by
dividing by the total number of cells partially or entirely contained within an image. A
combination of the TLD-DIC image, blue channel, green channel, and red channel was
utilized to assess the total number of cells within a micrograph. Contributions from
compounds outside of the cell were not observed under these conditions, where the measured
signal intensity is representative of cellular uptake. The data was pooled together (n > 20)
and evaluated for each compound at the 6 hour time point. A graph of the three compounds
efficacy for uptake is shown in Figure 5.10. It is clearly shown that YHJ-8-91 was
endocytosed at 348.9 fold higher than the CsDye control and 6.6 fold higher than the YHJ-8-
89, which lacks an efficient zinc binding group. It is important to emphasize that the only
difference between the target C;Dye-labeled thiolated inhibitor and the dye labeled hydroxide
control is a single functional group. The use of a molecular control of this specificity
depicting a 6.6 fold increase for the target MMPI over a control in a biological matrix is
remarkable. The observation that the dye control did not efficiently cross the plasma
membrane eliminates concerns that the dye enhances uptake at relatively low concentrations.
This characteristic may not hold at high cellular concentrations. The statistical difference
between the amount of activated thiol and the hydroxide control uptaken into LNCaP-MT1-
GFP cells suggests good selectively since the difference between molecules can be attributed
to a single chemical functional group. The measureable uptake of YHJ-8-89 may be
attributed to S1” interactions or some other non-specific molecular interaction with the

enzyme substrate. The statistical analysis of Figure 5.10 is shown in Appendix F. The 3-D
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Figure 5.9: LSCM micrographs showing cellular uptake of YHJ-8-91 (a-e), YHJ-8-89 (f-j), and C;Dye (k-0) into LNCaP-MT1-GFP cells 6 hrs
post incubation. The individual channels for TLD-DIC (a,f,k), Hoechst 34580 (b,g,l), MT1-GFP (¢,h,m), YHJ-8-91 (d), YHJ-8-89 (i), CsDye
(n), and overlay TLD-DIC, Hoechst 34580, MT1-GFP, and respective compound (e,j,0). Scale bars = 50 um.

- 80 -



2.1E+04 T

1.8E+04 —+

1.5E+04 +

1.2E+04 +

9.0E+03 T

6.0E+03 +

3.0E+03 +

Average Sum Intensity / Cell

0.0E+00 :
C3 Dye YHJ-8-89 YHJ-8-91

Figure 5.10: A graph of the quantitative uptake of YHJ-8-91, YHJ-8-89, and C3;Dye in
LNCaP-MT1-GFP cells 6 hours post incubation. Error bars represent standard error.

Figure 5.11: LSCM micrographs showing the cellular uptake of YHJ-8-91 6 hours post
incubation. (a) The TLD-DIC image overlaid with Hoechst 34580 (blue), MT1-GFP (green)
and YHJ-8-91 (red). (b) Hoechst 34580 (blue) and YHJ-8-91 (red) fluorescence overlaid
image. (c¢) The 3-D reconstruction image of Hoechst 34580 (blue), MT1-GFP (green), and
YHIJ-8-91cell membrane stain (red) overlay. Scale bars = 5 pm.
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reconstruction image is shown in Figure 5.11 confirming internalization of YHJ-8-91.

5.8 Qualitative Time-Dependant Cellular Uptake of YHJ-8-91

The qualitative cellular uptake of YHJ-8-91 (10 nM) was probed over a 48 hour
incubation time. CLSM was utilized to determine the presence of red emission originating
from YHJ-8-91 inside of LNCaP-MT1-GFP cells. Figure 5.12 shows an increase in the
presence of red emission at 6, 24, and 48 hr time points. The acquired data in Figure 5.12
has not been corrected for cell number. The large presence of internalized YHJ-8-91 at 24-48
hours at a concentration of 10 nM suggests that the LNCaP-MT1-GFP cells are not
expunging the discrete packages from the cell in substantial quantities. The majority of
discrete packages are localized at the invadopodia with some distribution throughout the cell.
It has been recently shown that LNCaP cells overexpress myosin VI 2. To date, myosin
V1 is the only motor protein that delivers endocytotic packages to the negative end actin

found at the invadopodia209

. The microscopy data shown throughout this chapter suggests
that the target MMPI is internalized via an endocytotic pathway and later trafficked toward
the invadopodia. Live-cell microscopy imaging allowed the visualization of endocytotic
internalization over the entire cell periphery before translocation of the packages elsewhere in
the cell. Time-lapse images shown in Figure 5.12 also suggest that the internalized packages

are largely unsorted and remain at the polar end of the cell.

Figure 5.12: LSCM micrographs depicting cellular uptake of YHJ-8-91 (red) at 6, 24, and 48
hrs post incubation.
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5.9 Probing MMPI-MMP Activity using Zymography

Zymography was used to determine if YHJ-8-91 has any effect on the ability of
gelatinase A or B (MMP-2 or MMP-9, respectively) to cleave gelatin®'’. LNCaP-MT1-GFP
cells were grown in media and media exchanged immediately prior to the addition of the
target MMPI (YHJ-8-91) or controls (YHJ-8-89, C;Dye) at a concentration of 10 uM and
incubated for 6 hours. In addition to the two molecular controls, cells were incubated with a
EtOH/TCEP/NaOH solution to monitor any adverse side effects of the solution on gelatin
digestion. The cell media was removed from each well (2 mL) and aliquoted into 200 pL
vials, 29 uL of a 70% glycerol stock was added to each vial, and the contents frozen at -80 °C
until further use. Gelatin zymography was performed by Dale B. Bosco in the research

219 The cell media was thawed and

laboratory of Q. X. Amy Sang as described by literature
the total protein of each fraction was determined by a bicinchoninic assay (BCA, Pierce).

The same amount of protein was loaded in each lane, run on a SDS PAGE gel, renatured with
Trition-X, allowed to digest gelatin for 60 hours in an incubator, and finally stained with
coomassie brilliant blue. The results of the zymogram are shown in Figure 5.13. The white
bands in the presence of the dark background are caused from the digestion of gelatin.
Although the presence of both MMP-9 and MMP-2 can be visualized, only MMP-2 is clearly
found in activated form. Quantification of the discernable pro-MMP-9, pro-MMP-2, and
activated MMP-2 gelatin digestion was performed by M. Dru Roycik in the research
laboratory of Q. X. Amy Sang as shown in Figure 5.13b-d. The percentage of active MMP-
2 relative to pro-MMP-2 resulted in an increase of 2.6 fold when cells were treated with YHJ-
8-91 when compared to an EtOH/TCEP/NaOH treatment. Bar graphs depicting gelatin
digestion for MMP-2 and MMP-9 are shown in Figure 5.13c-d. The total amount of MMP-2
stays relatively constant and independent of the addition of YHJ-8-91 or the controls. The
increase in gelatin digestion for cells incubated with YHJ-8-91 may be attributed to enzyme
stabilization of the inhibitor interacting with the catalytic domain to reduce auto-degradation
during the incubation stage of the experiment. The level of active MMP-2 in cells treated
with YHJ-8-91 is similar to LNCaP-MT1-GFP cells not treated with anything in the absence
of a media change. The zymogram results suggest that MMP-2 activity is being impacted by
the addition of YHJ-8-91. Additional functional assays probing cellular migration may aide

in supporting or discrediting this observation.
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Figure 5.13: The gelatin zymogram of conditioned spent media from LNCaP-MT1-GFP cells
incubated with C;Dye, YHJ-8-89, YHJ-8-91, and controls are shown, where white bands
indicate gelatin digestion (a). The percentage of active MMP-2 to pro-MMP-2 from (a)
shown in (b). Bar graphs indicating the level of gelatin digestion caused from MMP-2 (c) and
MMP-9 (d).

5.10 Conclusions and Future Directions

The design of a novel MMPI (YHJ-8-91) containing a fluorescent marker was
incubated with both LNCaP-MT1-GFP and LNCaP-GFP cell lines and found to be
internalized over time. LNCaP-MT1-GFP cells produce active MMP-2 and MT1-MMP,
while LNCaP-GFP cells do not produce measureable protein quantities of MMP-2 and MT1-
MMP. The endocytotic packages are internalized all over the cell periphery and translocate

to the polar end of the cell with time. The internalized MMPI is present in LNCaP-MT1-GFP
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cells 48 hrs post incubation. Attempts at direct spectral co-localization of MT1-GFP with
YHJ-8-91 under live-microscopy conditions were unsuccessful. Additional fixed-cell studies
may alleviate some of the observed spacial artifacts. The zymogram data suggests that the
addition of YHJ-8-91 to LNCaP-MT1-GFP cells causes an effect on MMP activity. With that
said, one can not exclude other possibilities of either the involvement of non targeted MMPs
or a non-MMP related cellular uptake mechanism from this data. Although a high degree of
molecular specificity is responsible for cellular uptake of YHJ-8-91 demonstrated by YHJ-8-
89 and C;Dye controls, more experimentation is needed to pin-point the mechanism and
molecules responsible for this unusual phenomenon. Additional experiments using
fluorescently labeled commercial MMPIs or nanoparticle platforms as optical trackers may
help elucidate the role of YHJ-8-91 on MMP structure and function in LNCaP cells.
Regardless of the cellular uptake mechanism, the internalization of MMPIs may influence

their efficiency and applicability as realistic drug candidates as MMP targeted therapeutics.
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APPENDIX A

A. KHOLER ILLUMINATION ALIGNMENT PROTOCOL

Kholer illumination is specific for a specific objective at a specific magnification.

Alignment Protocol:

1. For general alignment use a low magnification objective such as 10X (if possible)

N

Loosen Set Screw, Remove DIC Polarizer and DIC Condenser Prism from Light Path,
Open the condenser diaphragm, Close Field Diapragm

Bring specimen (stained for Bright-field microscopy applications) into focus

Adjust the condenser height so the field diaphragm is in the same focal plane

Center the field diaphragm using the two centering screws

S

Adjust the aperture diaphragm by opening or closing the slider until the image
transitions from light to dark or remove the eyepiece and adjust until ~75% of the
field of view should appear light while ~25% of the field of view should appear dark
7. Tighten Set Screw

» Field
< ..
. 4 i Diaphragm
Light . E!
Source Set
/ Screw

DIC = Condenser

Polarizer <«— Height
Adjustment

Field Diaphragm Field Diaphragm

Cesntering Centering
erew Screw
DIC
Condenser l_\perture
Prism Diaphragm

Figure A1: Labeled microscope components necessary for alignment for Khéler illumination.
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APPENDIX B

B. NMR SPECTRA OF FITC-ACETYLENE

Figure B1: NMR spectrum of FITC-Acetylene.
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Figure B2: NMR spectrum of FITC-Acetylene.
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Figure B3: NMR spectrum of FITC-Acetylene.
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Figure B4: NMR spectrum of FITC-Acetylene.
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Figure B6: NMR spectrum of FITC-Acetylene.
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Figure B8: NMR spectrum of FITC-Acetylene.
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APPENDIX C

C. THEORETICAL HALL SENSITIVITY CALCULATIONS

[For Z=0.272, X = .34, Y = .24:
> printlevel =2
printlevel =2 (¢))

P r-s Jﬂ-s 2:(0272)* — (x +0.34)> — (y —0.24)2
—-057 —05

N|»n

dxdy] - (344%) -0.119
((x+034? + (y—024)*+(0.272)% )

- 10
0.3388706964 @)

B 2 2 2
Ty (2-(0272)% - (x+0.34)* - (y - 0.24) )
(2)
0.3388706964 3
& i [ (2-(0272)* - (x+0)2 - (y-0)°

5

2
(x+0)2+(y-0)2+ (0.272)2)( )
_ 004844202496 (0.147968 —»* —»7)

] , [x=-05.0.5,y=-0.5 ..0.51]

((x+034)% + (y - 0.24)> + (0.272)2)
- (344%) - 0.119-10°%

]- (344%) - 0.119-107%

b ik “@
| (2 +* +0073984) ™
> evalf (int(f(x,y), [x=-0.5..0.5,y=-0.5..0.5]));
| 0.3947106354 5)

(2- (0.272+%)2— (x+o+3’—0)2— (y—O)z)

3 -8,
> g (2) - (344%) - 0.119-107%
I 32 2 m \? ?
((x+0+%) +(y-0) +(o.272+ ﬁ) )
2 2
0.04844202496 (2 (0.272+ 1 m) —(x+ i 1) —y2)
= 30 30
- i 32 ] 27512 ©
A 2. {a999 0L
] [(x+ - 1) + +(o.272+ = m) ]
> Ni=45
N:=45 @

> Data = matrix(N+ 1,N+1);
for /from 0 toN do
for m from 0 to Ndo Data[l + 1,m + 1] := (int(g(x,y), [x=-0.5..0.5,y=-0.5..0.5])) od;
od;
evalm(Data)

:> with( ExcelTools) :
> R := Array(Data);
1..46x 1..46 Array
Data Type: anythin,
o Type: anything ©
Storage: rectangular

Order: Fortran_order

[> Export(R)

Figure C1: Maple v13 theoretical Hall sensitivity calculations.
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APPENDIX D

D. MASS SPECTROGRAM OF TARGET MMPI

Acq. Data Name: 8875Ir Experiment Date/Time: 5/11/2010 10:51:31 PM
Internal Sample 1d: 051010 Hira Sample in MeOH (0.1%FA) Spec. Record Interval: 1.0[s]
lonization Mode: ESI+ Orifice1 Volt Sweep: 50.1221299462628V Ring Lens Volt: 10[V]
MS Calibration Name: CSI + 05_03_10 350-4000 Acquired m/z Range: 400.0..1300.0
Creation Parameters: Average(MS[1] Time:0.638..1.517)
Intensity (7630)
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Figure D1: Mass spectrogram of target MMPL.
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APPENDIX E

E. NMR spectra for YHJ-8-91, YHJ-8-89, and C;Dye
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Figure E2: NMR spectrum of YHJ-8-91.
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Figure E4: NMR spectrum of YHJ-8-91.
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Figure E6: NMR spectrum of YHJ-8-89.
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Figure E8: NMR spectrum of YHJ-8-89.
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APPENDIX F

F1. ANOVA STATISTICS ON THE CELLULAR UPTAKE OF THE
MMPI AND CONTROLS

Table F1: ANOVA statistics on the quantification of the cellular uptake of YHJ-8-91, YHJ-
8-89, and C;Dye 6 hours post incubation.

Analyse-it v2.21
1-way ANOVA
16 December 2010

nl 64
Groups n Mean SE Pooled SE SD
C3Dye 20 50.83 14.30 1353.55 63.95
Dye-OH 20 2671.49 488.95 1353.55 2186.66
Dye-SH 24 17737.03 1970.90 1235.61 9655.41
Source of variation | Sum squares DF Mean square F statistic p
Groups 4091217231 2 2045608615 55.83 <0.0001
Residual 2235144082 61 36641706
Total 6326361313 63
Tukey
Contrast Difference 99% CI
C3Dye v Dye-OH -2620.66 -8413.10 3171.78
C3Dye v Dye-SH -17686.20 -23232.04 -12140.36 (significant)
Dye-OH v Dye-SH -15065.55 -20611.39 -9519.71 (significant)
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