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ABSTRACT OF DISSERTATION
TWO NOVEL FLUORESCENT IMMUNOASSAYS FOR MULTIANALYTE

DETECTION

Since their inception several decades ago, immunoassays have become the
workhorse technology for measuring both proteins and small molecules in
complex biological matrices. Immunoassay technologies have become important
tools in the field of medicine, where measurement of a variety of analytes in
media such as urine, blood, or serum is essential. To diagnose many diseases
and conditions, clinicians rely on the quantification of several biomarkers in a
sample. However, common immunoassay systems such as ELISA can measure
only a single analyte at a time, and can take hours to complete. This dissertation
details two new immunoassay methods designed to simultaneously quantify
several analytes from a single sample. Protein patterning on a silicon nitride
wafer is performed for a micromosaic fluorescent immunoassay in which the
thyroid hormone thyroxine (T4), inflammation biomarker CRP, and BSA-
conjugated 3-nitrotyrosine (3NT) are assayed in the competitive format. The

assay for 3NT is then combined with a sandwich immunoassay for superoxide
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dismutase (SOD) and catalase (CAT), demonstrating that micromosaic
immunoassays can be used to simultaneously quantitate small and large targets.
In a second approach, a unique capillary electorphoresis immunoassay is
performed for 3NT, carboxy-methyl lysine (CML), and thyroxine (T4). Termed a
cleavable tag immunoassay (CTl), the method relies on bioconjugation of IgGs to
unique chemically cleavable fluorophores which serve as reporter groups for
each analyte. A novel method for bioconjugation of IgG to fluorophore to produce
the conijgates is presented. Microchip CE with fluorescence detection is
demonstrated and resolution is optimized for the separation of three different CT]
conjugate fragments. This dissertation will argue for the viability of both methods

as relevant in the development of true multianalyte clinical diagnosis assays.

Brian M. Murphy
Department of Chemistry
Colorado State University
Fort Collins, CO 80523

Spring 2009
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Chapter 1

Iintroduction

1.1 Antibodies as Chemical Probes

Analytical chemists are constantly searching for differences in chemical
properties which they can exploit in a way to differentiate one analyte from
another. This concept of selectivity makes modern chemical analysis possible.
Biological organisms must also possess mechanisms for differentiating between
one species and another, although the consequences of their selective capacity
can mean the difference between survival and death. This idea is exemplified by
the mammalian immune system which is able to recognize foreign molecules and
selectively rid them from the body. Upon recognition of a hazardous substance,
the immune system produces immunoglobulin proteins, antibodies, which bind to
their target with high selectivity and high affinity to prevent the target from
damaging the host.

The same properties that make antibodies an essential element of our
immune systems also make them incredibly attractive as chemical probes for
quantification of analytes, particularly in complex media such as blood or serum
where specificity is paramount to the success of the analysis. The antibody as a
chemical probe was popularized by Yalow and Berson in the late 1950’s."2 The
researchers observed that the disappearance of radiolabeled insulin was slowed
in patients who had received insulin previously, and theorized this was due to the

presence of antibodies that would bind to insulin and prevent uptake. Low



concentrations of the suspected antibody prevented the use of
immunoprecipitation for detection. Using paper electrophoresis, they were able to
separate radiolabeled insulin from immunocomplex and developed the first
radioimmunoassay for insulin in the process. This work showed that
guantification of soluble immunocomplexes could be used for detection of
antigens at levels much lower than other immunological methods at the time.
During the same year, Ekins described a similar electrophoretic assay for the
thyroid hormone thyroxine.3 Rosalyn S. Yalow was awarded the Nobel Prize for
her work on radioimmunoassays in 1977.* Decades later, immunoassay
techniques have found mainstream use in clinical and research settings, and are

a billion-dollar industry.’

1.2 Multi-Analyte Immunoassays

One of the modern challenges to improving immunoassay techniques is
the advancement of multi-analyte immunoassays.® The ability to simultaneously
quantify several analytes from a sample can save time an.d money, and can
improve the quality of diagnosis in clinical settings. Furthermore, conditions such
as oxidative stress manifest themselves through changes in several
macromolecular and metabolite concentrations.® Oxidative stress cannot be
accurately diagnosed by examining an individual biomarker, therefore the
diagnosis of that condition would be improved using multianalyte techniques.” 8
Multi-analyte immunoassay techniques would also be useful in drug discovery,

where groups of clinically related analytes need to be measured in many



samples.® A brief discussion of multianalyte immunoassays and standard assay
techniques relevant to the dissertation is presented below, but is in no way an

exhaustive review of the many immunoassay techniques described to date.

1.2.1 ELISA

Enzyme-linked immunosorbent assay (ELISA) is one of the most popular
immunoassay techniques used today. ELISA is considered a solid-phase
heterogeneous immunoassay as a reaction between antibody and target occurs
on a solid phase after one of the reagents has been adsorbed to it. In early
ELISA cellulose was used as a solid phase, which has been replaced with
polystyrene microtiter plates.'® Detection of surface-bound immunocomplex is
performed with an enzyme-conjugated anti-lgG."" Unbound reagents are washed
away from the solid phase, which is then exposed to an enzyme substrate which
typically produces a chromogenic product upon reaction with the enzyme.'? In
modern ELISA, microtiter plates on which the assay reaction occurs can be
placed into a plate reading device to quantify the enzyme products, which can
then be used to calculate the concentration of antigen in the sample.

ELISA is generally considered to be a single-analyte technique, meaning
that only one analyte is analyzed at a time from a single sample. However, there
have been attempts to multiplex ELISA. Wiese et al. used a microarrayer to
localize capture antibodies in 250 micron spots in glass microplate wells before
analyte capture and detection.® This allowed for the detection of multiple

analytes in a single microplate well. Similarly, Adrian et al. were able to detect 25



different antibiotics using spatial control of solid-phase receptors.* Another
approach is to utilize different enzyme labels for each immunochemical reaction.
Multianalyte ELISA using different enzyme labels for different antibodies has
seen little advancement.’ This approach has been limited because of
discrepancy of conditions for which enzyme activity is optimal, such as pH.
Another limiting factor is the number of different enzymes available for
immunoassay. One possible solution to this problem involves sequential enzyme
activity measurements. Spencer et al. performed a multianalyte ELISA using
multiple enzymes by first measuring activity of captured alkaline phosphase-
bound antibody, then rinsed the well and measured captured peroxidase-bound
antibody.'® Although multianalyte analysis using ELISA seems quite limited today,
the method will likely remain the most heavily used immunodiagnostic technique
for single-analyte analysis due to its versatility and acceptance in the scientific

community.

1.2.2 Protein Array Technology

In the late 1980’s, Roger Ekins advanced the “ambient analyte theory”
which suggested that using a smaller and smaller amount of antibody to measure
antigen in solution should result in a more sensitive immunoassay.'” When a
large amount of antibody is exposed to sample, formation of the immunocomplex
significantly reduces the amount of unbound antigen in solution. In this situation,
the total number of immunocomplexes that can be formed in a given amount of

time (and the total antigen in solution) is the limiting factor. Ekins postulated that



this behavior changes radically as the amount of capture antibody used is
reduced. At low concentration of capture antibody, formation of the
immunocomplex no longer significantly reduces the amount of antigen in solution.
This occurs at an antibody concentration of less than 0.05/K, where K is the
affinity constant for immunocomplexation.’® Here, the “fractional occupancy” of
the binding sites directly reflects the amount of antigen in solution. The assay is
more sensitive because the immunocomplex is formed at a high antigen
concentration. When an ambient analyte assay utilizes a “microspot” of antibody
on a solid phase, an increased signal density (typically fluorescence) on the
microspot can lead to further increases in sensitivity. '®

Ekins’s ambient analyte theory helped pave the way for the development
of antibody microarrays.?’ Protein microarrays arrived as an offspring of DNA
microarrays, which were designed to investigate the expression of thousands of
genes at once.?' Because mRNA quantification cannot always predict protein
levels, investigation of the proteome requires more direct measurement of
proteins.'® 222 Through the use of conventional robot arrayers, proteins were
printed onto a substrate with micron-sized spots over which immunoassays and
other affinity assays could be performed.?* % Using this technology, over 10,000
individual protein spots can be arrayed, providing a platform for proteomics with
quantitative capabilities far exceeding that of conventional 2D gel
electrophoresis.® While protein arrays are a valuable research tool, limitations
involving production of the arrays and high cost of the instrumentation required to

perform the assays prevents widespread application as a clinical tool for



immunoassays.® Protein microarrays would benefit from improved protein
capture chemistry, standard labeling procedure for all proteins used for detection,

and methods for arraying proteins with higher uniformity.® 828

1.2.3. Capillary Electrophoresis Immunoassays

Capillary electrophoresis (CE) is an analytical technigue that uses analyte
migration in an electric field as a basis for separation. An analyte’s
electrophoretic mobility is dependent on its charge and its hydrated radius, which

can be approximated using its mass.?’
u=q/6mnr (1.1)

where q is the charge of the particle, n is the buffer viscosity, and r the Stokes’

radius of the analyte. Assuming a spherical particle, the mass M is related to r

by:
M= (4/3)mr’V (1.2)

where V is the volume of the particle in solution.

Popular electrophoretic techniques such as SDS-PAGE use
electrophoretic migration to separate protein and DNA sample components along
the length of a gel matrix under an applied electric field. In this situation,

migration of the solvent molecules does not drastically affect the performance of



the separation. However, when an electric field is applied along the length of an
open tubular capillary filled with buffer, migration of solvent molecules at the wall-
solvent interface causes movement of the bulk solution due to a favorable
surface area to volume ratio. This is termed electroosmotic flow. During capillary
electrophoresis, an analyte’s velocity v; is proportional to the product of its

mobility and electroosmotic flow:

Vi = UappE = (Ueplleo) E (1.3)

where g0, is the observed mobility, E is the applied field, pep is the mobility of the
analyte due to the potential alone, and e, is the mobility due to electroosmotic
flow.

CE was realized as an analytical tool by Mikkers and then Jorgenson in
the early 1980’s.%% % |n nearly three decades since its inception, CE has been
used for the separation and analysis of a wide range of analytes. Compared to
traditional bioanalytical electrophoretic techniques such as gel electrophoresis,
CE provides advantages of lower detection limits, higher applied field strengths,
better quantitative capabilities, and the ability to easily detect small biomolecules
such as amino and nucleic acids.*® Furthermore, CE consumes low volumes of
sample and buffer compared to other methods. CE also benefits from a user
interface and instrument control similar to that used for HPLC.*'

There are two CE-based immunoassay methods that are relevant to the

discussion of multianalyte immunoassay techniques, immunoaffinity capillary



electrophoresis (IACE) and capillary electrophoresis immunoassay (CEIA).
Immunoaffinity capillary electrophoresis was developed by Guzeman and others
for preconcentration and detection of trace analytes in complex samples.®? In this
technique, antibodies are first immobilized on a solid phase, often the walls of the
capillary tubing. Sample is passed over the immobilized antibodies, and target
molecules are captured and retained on the solid phase as excess sample is
washed away. This step can be used to enrich trace analytes that would
otherwise not be detectable at physiological concentrations. After
preconcentration, the immunocomplex is dissociated using a strong acid,
allowing the analyte to diffuse from the solid phase into solution. Next, CE is
performed on the released targets. Enrichment factors of 10° have been reported
using the method.*® IACE is an attractive analytical tool as it is two dimensional:
analytes are selected during an affinity step and separated during an
electrophoretic step. For example, two analytes possessing the same epitope
could both be captured in the immunoaffinity step, and then separated and
quantified during CE. In contrast, ELISA would only select for the epitope and
therefore recognize the two targets as a single analyte, leading to errors in
quantification.®® Note that in some cases, quantification of a single epitope across
several biomolecular species may be desirable, such as in the investigation of
oxidative deglycosylation in proteins by monitoring carboxymethyl lysine modified
residues.® In such cases ELISA may be a more simple and desirable technique.
IACE can be further augmented with the addition of a mass spectrometric step

following CE, affording increased selectivity and qualitative data for the analysis.



Shaw and Guzman used IACE-MS to detect neurotensin and angiotensin Il in a
urine sample.*®> IACE may be most relevant for the study of small molecule
targets that are more resistive to degradation in the elution step than larger
analytes such as proteins. An excellent example of IACE in practice was
demonstrated by Phillips and Wellner. Antibodies for 12 different neuropeptides
were immobilized in the well of a microfluidic device. Targets were captured from
the sample onto the solid phase, and labeled with a fluorescent tracer following
the wash step. After acid elution, all 12 labeled neuropeptides were separated
using CE on the microchip. In comparing their IACE method to an electrokinetic
immunoassay, the authors showed their method could process and detect all
analytes in 5 minutes, while an electrokinetic assay could detect only four
analytes in 10 minutes.*® This work also demonstrated the ability of IACE to be
performed in microchip format where reaction and separation times are reduced
compared to those in a conventional instrument.

Capillary electrophoresis immunoassay is a technique that uses CE to
separate products from a solution-phase immunoanalytical reaction. Use of
electrophoresis to perform such separations has a historical precedent in Yalow
and Berson'’s early immunoassays, which used paper electrophoresis to separate
radioimmunoassay products.? Modern CEIA involves labeling of one or more
reagent with a detectable tracer group, typically a fluorophore. After reaction with
the sample, products are separated and quantified with CE. A competitive or
“‘excess reagent” format is usually employed as this method will result in a peak

for tracer and a peak for tracer-antibody immunocomplex for each analyte in the



system. CEIA is an appealing alternative to conventional immunoassay methods
for several reasons. CE uses little sample and buffer, which is important when
dealing with biological samples that are often of low volume or expensive.
Solution-phase reaction kinetics are employed and separations usually take
place on the order of minutes, drastically decreasing analysis time over solid-
phase methods such as ELISA. Finally, CEIA has the potential to be used for
multianalyte analysis from a single sample.’

Separation of antibody-antigen complexes using CE was first described by
Nielsen et al. for the separation of human growth hormone (hGH) from
monoclonal anti-hGH.* Soon after, Schultz and Kennedy described both
competitive and non-competitive CEIA for insulin using fluorescein isothiocyanate
(FITC)-labeled tracers and a laser-induced fluorescence (LIF) detection
method.*® Continued research on CEIA has resulted in attempts to multiplex the
method and improve separations. Miki et al. demonstrated CEIA for human
serum albumin (HSA) in which the immunological reaction was performed on-
column by consecutive injection of antibody and tracer which reacted upon
application of the separation potential.*® They reported a detection limit for HSA
14 times lower than that found with off-column mixing. CEIA for IgM was
investigated by Feng et al. using anti-IgM conjugated to a quantum dot to both
label the tracer and to improve resolution.*’ This was demonstrated as resolution
of the tracer and tracer-antigen complex was improved using the method. Using
CE with laser-induced fluorescence, Caslavska et al. developed a CEIA protocol

for detection of urinary drugs of abuse. Simultaneous quantitative analysis of

10



methadone, morphine, benzoylecognin and D-amphetamine was demonstrated
by competitive CEIA using the method.*? In another attempt to multiplex CEIA,
Guillo and Roper used a novel two-color immunoassay for the detection of insulin
and glucagon.*® An insulin tracer was prepared using the FITC label, while
glucagon was labeled with Cy5. Two different LIF detectors were utilized for
detection. This work showed that problems with peak resolution in CEIA could be
avoided by using spectrally resolvable tracers. CEIA has also been adapted to
microchip format, most notably for the detection of insulin secreted by islets of
Langerhans.** Separations were performed in only 5 seconds, and sampling
could be performed every 15 seconds. This work also demonstrated the ability to

monitor insulin secretion from live cells on-chip.

1.3 Micromosaic Immunoassays

Micromosaic immunoassays have been explored as a way to miniaturize
protein microarrays by eliminating the largest and most expensive component-
the microarrayer machinery. Micromosaic immunoassays were developed as a
way to deliver immunoassay reagents to defined locations on a solid phase using
a network of microchannels instead of a robotic spotter. Microchannels with
features on the order of tens of microns can be easily fabricated using soft
lithography and the polymer poly-(dimethylsiloxane) (PDMS).*>*” A hole punch
can be used to create wells in a PDMS microfluidic network that allow the

introduction of solution to the channels with a micropipetter.

11



As in a traditional protein microarray experiment, micromosaic immunoassays
typically involve a minimum of two steps: substrate sensitization and
immunological reaction. First, a PDMS microfluidic network is made hydrophilic
through the use of an air plasma. This treatment allows for a reversible seal
between the network and substrate, and for capillary flow of solution through the
channels. In this scenario, the channels are defined on three sides by PDMS and
on the bottom by the substrate. Upon sealing to the substrate, sensitizing reagent
is introduced to channel wells and flows through the channels across the
substrate. Because solution flows under capillary action, no mechanical pumps
are necessary. After removal and rinsing, a defined pattern of adsorbed proteins
remains on the substrate. Following a blocking step, a second set of microfluidic
channels is placed perpendicularly over the patterned proteins. Fluorescently
labeled affinity reagent is introduced to the channel, allowing reaction at
sensitized spots on the surface. The second set of channels is removed, and the
substrate imaged using fluorescence microscopy. An example from the literature
of this procedure is shown in Figure 1.1.4®

Micromosaics were described by Rowe et al. for the detection of
staphylococcal enterotoxin B, plague F1 antigen, and D-dimer.*® Each could be
detected within 35 minutes using the method and with LODs similar to other
detection methods. Wolf et al. demonstrated the quantitative detection of C-
Reactive Protein (CRP) within 10 minutes with an LOD of 30 ng/mL.50 The

dynamic range of this assay easily covered the clinical reference range for CRP.
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Figure 1.1. Schematic of micromosaic immunoassay. A. Substrate is sensitized

during first dimension patterning. B. Substrate is blocked from non-specific

binding with BSA. C. Second dimension pattern with fluorescent affinity reagent.

D. Completed micromosaic.*®
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Micromosaics have been applied for the screening of cell surface receptors and

for the detection of viral and bacterial antigens as well.>": %2

1.4 Cleavable Tag Immunoassay

Despite the advances in CEIA technology, there are several pitfalls which
prevent CEIA from becoming a universal method for multianalyte immunoassays.
CEIA for a single analyte will produce at least two peaks in each
electropherogram, one for free tracer énd one for tracer-immunocomplex. In a
multianalyte immunoassay, the presence of multiple peaks can lead to
electropherogram crowding and resolution problems. Impurities and unreacted
labeling reagent can further increase the number of peaks required for the
analysis of a single analyte.>® >* If a labeled antibody is employed, steps must be
taken to ensure the electrophoretic homogeneity of the tracer to prevent the
appearance of additional peaks. This means that monoclonal antibodies should
be used instead of polyclonal antibodies.*” Likewise, the heterogeneity of the
antigen itself could prove problematic, especially for larger targets such as
proteins.

Peak resolution is also a potential problem for multianalyte CEIA. If direct
quantification of immunocomplexes is required, the bound target must impart
enough of a change in charge and/or mass to the immunocomplex so that it can
be resolved from free tracer and from other immunocomplexes in the system.
This could prove especially difficult for smaller analytes. Disassociation of the

immunocomplex over the course of the separation can also have a negative
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impact on peak shape and resolution.* *° This is an especially difficult problem
as the buffer conditions most favorable to the stability of the immunocomplex are
not always the best conditions for separation by CE.>®

Cleavable Tag Immunoassay (CTI) has been introduced as a solution to
several of the problems of multianalyte CEIA.>” Many of the problems stem from
the fact that CEIA utilizes the affinity reagents themselves as the signaling
molecules necessary for quantification. In contrast, reaction and detection steps
in ELISA are decoupled in such a way that the nature of the antibody and antigen
do not affect the way the signal is observed by the operator. CTl seeks to bring
the same decoupling strategy to electrophoretic immunoassays through the
implementation of unique antibody-fluorophore conjugates. First, a fluorophore is
conjugated to an antibody through a spacer group and a disulfide bond. This
conjugate is then used as a detection antibody in either a sandwich or indirect
competitive solid phase immunoassay. After rinsing, the solid phase is exposed
to a solution containing a disulfide reducing reagent such as tfis (2-carboxyethyl)
phosphine (TCEP). This reduces the external disulfides on the antibody, allowing
the fluorophores do diffuse into solution. CE is then performed on this solution.
The technique is multiplexed through the use of different fluorophore-antibody
conjugates which produce fluorescent tracers of differing electrophoretic
mobilities when chemically cleaved. This gives the analyst synthetic control over
the mobilities of the signaling molecules. Furthermore, fluorophores can be
conjugated to any IgG class antibody, suggesting that the method can be applied

to any desired target analyte. Recently, CTl was used for the detection of four
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markers of cardiac inflammation.’® A schematic of this procedure from the

literature is shown in Figure 1.2.

1.5 Dissertation Summary

This dissertation describes rece’nt advancements in both micromosaic
immunoassay and CTI technology. Research described here was undertaken
with the goal of developing both methods towards universal muitianalyte analysis.
The first chapter details the background necessary for understanding
immunoassays in general, and the history of assay development that has led us
to techniques of today. In Chapter 2, the first micromosaic immunoassay utilizing
two competitive formats is presented. Discussion of micromosaics is continued in
Chapter 3 in which the method is adapted for the simultaneous analysis of small
molecules by competitive assay and macromolecules such as proteins by
sandwich immunoassay. Chapter 4 is a discussion on the synthesis of two CTI
tags used for a sandwich immunoassay in our laboratory. Chapter 5 describes a
new method for bioconjugation of fluorophores to antibodies used in CTl, and
demonstrates the first competitive immunoassays using the CTl method. Chapter
6 summarizes the work to date on both research projects, and examines future

directions for micromosaic and CTI research.
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Figure 1.2. CTI, sandwich immunoassay format. Step 1: targets are captured on
antibody-conjugated particles. Step 2: Detection antibodies are introduced to
particles. Step 3: TCEP is exposed to the particles, allowing diffusion of tracers

into solution. Step 4: tracers are analyzed by CE.®
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Chapter 2
Competitive Imrﬁunoassay Methods for Detection of Metabolites and

Proteins Using Micromosaic Patterning

2.1 Introduction.

Following Berson and Yalow’s pioneering work in the late 1950’s,
immunoassay techniques have become the primary tool for analysis of complex
biological samples in clinical laboratory settings.” Antibodies are the essential
reagent for immundassay testing, providing high selectivity, specificity, and
affinity necessary to assay complex samples such as whole blood or serum.
Thousands of antibodies and other affinity reagents are available commercially
for a variety of analytes, ranging from large proteins to small molecules. Although
many affinity assays have been developed, heterogeneous immunoassay
protocols have become increasingly popular in both clinical and research labs.
These procedures require one or more affinity capture reagents to be bound to a
solid phase to capture target analytes. This design proves advantageous
because excess or unreacted reagent and sample can be separated from the
desired immunocomplex by washing the surface following the capture reaction.?
Heterogeneous methods concentrate reagent on the surface thereby increasing
the observed signal. Solid-phase heterogeneous formats have been superseded
by modern techniques such as the enzyme-labeled immunosorbent assay
(ELISA.) The micromosaic strategy has recently been developed as a high-

density heterogeneous immunoassay. * In the micromosaic pattering approach,



micron-scale channels are fabricated in a polymer, normally
poly(dimethylsiloxane) (PDMS), using soft lithography.® Completed microfluidic
networks (uFNs) are then formed whén the network is reversibly sealed to a flat
substrate such as a silicon wafer or PDMS. Solutions carrying reagent are
introduced to the microfluidic network through ports in the polymer mold.* ©
During first-dimension patterning, a receptor molecule flows through the network
and binds to the substrate, either through passive adsorption, affinity interaction,
or covalent attachment.* This creates a pattern of the receptor on the substrate
that replicates the pattern of the microfluidic channels. After removal of the first
microfluidic channel, remaining reactive sites on the substrate are passivated
with a blocking agent to minimize non-specific adsorption. For second-dimension
pattering, the reagents are delivered to the substrate via channels perpendicular
to the initial pattern of the immobilized capture molecules. Binding between
analytes in the sample and surface-bound affinity reagents is observed after the
removal of the second stamp, usually via fluorescence. Affinity interactions
produce a pattern of squares on the substrate, thus the term “micromosaic” has
been used to describe the pattern. Micromosaic immunoassays offer an
appealing alternative to traditional immunoassays for several reasons. Required
sample volumes are sub-microliter, and the flow of solution through the network
is driven by capillary and hydrodynamic flow eliminating the need for pressurized
or electrokinetic pumps. Furthermore, the method allows for precise localization
of reagents onto the substrate at the micron scale, while the sample ports

provide an interface for macroscopic control of microscopic phenomena. Lastly,
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such assays are rapid because they take advantage of micron-scale diffusion
distances.”® Micromosaics have been used to measure DNA hybridization rates,
detect cell surface receptors, detect cardiac markers, and simultaneously

analyze samples for different analyte classes including bacteria, viruses, and
proteins.®'2 To date, however, they have not been used for competitive
immunoassays.

This chapter demonstrates the first competitive micromosaic
immunoassays using thyroxine (T4), C-Reactive Protein (CRP) and bovine
serum albumin labeled 3-nitrotyrosine (BSA-3NT) as model analytes. Surface-
activated silicon nitride is employed as the substrate, a unique material for
heterogeneous immunoassays with direct applications to waveguide
technology.™ It is shown that both direct (surface-bound antibody) and indirect
(surface-bound hapten) competitive formats can be performed simultaneously.™
Analyte binding curves allow detection over the reference ranges for T4 (60
to140 nM) and CRP (<10 pg/mL) and over ng/mL concentrations of BSA-3NT.
Finally, detection of all three analytes in affinity-purified human serum is
successfully demonstrated. This work attempts to introduce multiplexed analysis
of metabolites and proteins using the micromosaic platform as an important step

t.15

in bioassay development. ™ This chapter was originally published in Analytical

Chemistry.'®
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2.2 Materials and Methods
2.2.1 Chemicals and Materials

CRP (#30-AC05), CRP monoclonal antibody (mAb) (mouse IgG1,
M701289), and T4 mAb (mouse 1gG2,, M94208) were purchased from Fitzgerald
(Concord, MA). 3NT pAb (rabbit IgG A-21285) was purchased from Invitrogen
(Carlsbad, CA). N-(2-aminoethyl)-3-aminopropyl-trimethoxysilane (EDS) was
obtained from Gelest (Morrisville, PA). Sulfo-SMCC, all dialysis materials, and
BCA protein assay materials were purchased from Pierce (Rockford, IL). Silicon
nitride coated silicon wafers (500 A thickness) were received as a gift from
Thermo-Electron (Waltham, MA), and silicon wafers coated with 100nm of
thermal oxide were purchased from University Wafer (South Boston, MA). SU8-
2035 photoresist was purchased from Microchem (Newton, MA). PDMS
moﬁomer and crosslinker (Sylgard 184) were received from Dow Corning
(Midland, MI) and used at the recommended 10:1 ratio. Biopsy punches used for
creating entrance and exit wells in the yFNs were purchased from Technical
Innovations (Brazoria, TX). Serum samples were affinity-purified in our laboratory
against antibody-coated particles.'” Purified samples were spiked with analyte to
the desired concentrations. All other chemicals and reagents were obtained from
Sigma (St. Louis, MO) and used as received. Fluorescent measurements were
made using a Photometrics HQ? CCD camera from Roper Scientific (Tuscon, AZ)
and Metamorph software from Molecular Devices (Sunnyvale, CA) on a Nikon

Eclipse TE2000-U epifluorescence microscope asSemny (Melville, NY).
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2.2.2. Fabrication of Microfluidic Networks

Photolithographic molds for microfluidic networks were made according to
previous reports.'® '® Masks were designed using Adobe lllustrator and printed
by Photoplot Store at 40,000 dpi (Colorado Springs, CO.) It was observed that
silicon wafers with a 100nm layer of thermal oxide bonded strongly to SU-8
photoresist, providing stability and reproducibility for features below 30 um in
width. Each mold was designed as a negative relief for a network containing
twelve separate channels, each 20pum wide with 40um spacing between
channels. Profilometry was used to measure actual channel cross-sectional
dimensions, and these were found to be 26um wide and 16.1um high. PDMS
HFNs made from this mold were prepared for sample introduction with a 1.65mm
diameter punch to create inlet and outlet ports. All yFNs were subjected to
sequential solvent extraction using toluene, ethyl acetate, and acetone for two
hours each with stirring. Residual solvent was removed from the uFNs by
overnight baking at 65°C. Solvent compatibility with PDMS has been established

previously.?

2.2.3. Preparation of Labeled Proteins and Protein Conjugates

Prior to use, all proteins were purified by dialysis againsf PBS (150mM
NaCl, 50mM Na;HPO4 pH 7.4) at 4°C for 8 hours using a Pierce Slide-a-Lyzer kit
with a 3.5kDa molecular weight cutoff. BSA-T4 and BSA-3NT conjugates were

prepared according to the literature, however the haptens were solubilized using
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DMSO and 50mM phosphate pH 8.5 prior to conjugation due to low solubility at
lower pH values.?' It was found that conjugates could also be synthesized
effectively according to the Pierce instructions for EDC-based coupling as an
alternative method. Conjugates were dialyzed against PBS and water at room
temperature (22+1°C) extensively to remove unreacted hapten and EDC, which
could interfere with assay performance. T4-mAb, 3NT-pAb as well as CRP were
labeled with the amine-reactive fluorophore fluorescein isothiocyanate (FITC)
according to the established procedure (Sigma). FITC conjugates were purified
using Pall Omega Nanosep 3kDa centrifuge filters. Final concentrations of all

stock protein solutions were determined by bicinchoninic acid assay (BCA).%

2.2.4. Micromosaic Immunoassays on Silicon Nitride Substrates

All silicon nitride substrates were modified with a thiol-reactive maleimide
group to facilitate covalent surface immobilization of affinity reagents as
previously reported.?® Briefly, substrates were first silanized using EDS which
functionalized the surface with a primary amine. Derivitization of the amine wi‘th
the heterobifucntional crosslinker Sulfo-SMCC produced a maleimide modified
substrate capable of reaction with protein sulfhydryls. Protein attached in such a
manner was expected to present the sample with a population of
heterogeneously oriented receptors. BSA conjugate adsorption on both modified
and unmodified silicon nitride was found to adsorb to modified and unmodified
substrates, however functional levels of mAb-CRP bound only to modified

substrates. yFNs were rendered hydrophilic by exposure to air plasma (18W) for
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30 seconds (first-dimension patterning) or 40 seconds (second dimension
patterning) at 25 torr. Hydrophilic uFNs were sealed to 2cm x 2cm silicon nitride
substrates using very light pressure. Sample ports were filled with <1uL of
solution, which could subsequently be observed with the naked eye traversing
the length of the channel under capillary action. First-dimension patterning was
allowed to proceed for 10 minutes, at which time the yFN was removed under a
constant flow of PBS containing 0.05% Tween 20 (PBS-T) to prevent further
surface patterning. Substrates were rinsed copiously with PBS-T solution and
water. Remaining reactive sites on the surface were blocked with a solution of
5% BSA and 1mM 8-anilino-1-naphthalene sulfonic acid (ANS) in PBS for 5
minutes. The concentration of BSA in the blocking solution required for a
complete surface passivation in 5 minutes time was determined empirically. The
same rinse procedure followed the blocking step, and substrates were then dried
under a stream of nitrogen. Orthogonal second-dimension patterning followed the
same parameters as the first, with uyFN removal after 20 minutes. Substrates
were given a final wash then dried under nitrogen before fluorescence
measurements were made. A schematic of the overall procedure for an indirect

competitive T4 assay is show in Figure 2.1.
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Figure 2.1. Schematic of patterning steps for T4 immunoassay. (I) BSA-T4 is

patterned through a microfluidic network on the substrate. (Il) The substrate is
washed, leaving the patterned feature. (l1l) Remaining reactive sites are
blocked from non-specific adsorption using BSA. (IV) A sample containing
FITC-labeled monoclonal antibody for T4 is patterned perpendicular to the first
feature using a second microfluidic network. (V) Affinity interactions are

observed in a mosaic pattern on the substrate using fluorescence imaging.
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2.3. Results and Discussion
2.3.1. Specificity of Fluorescent Tracers for Surface-Bound Capture
Reagents

Immunoassays derive much of their usefulness from the high specificity of
antibodies for antigens or haptens in complex samples. However, cross-reactivity
between antibodies and other non-target serum metabolites, solutes or proteins
is a concern in every immunoassay. It is therefore important to assess reagent
cross-reactivity before a multianalyte immunoassay can be performed. An
experiment was designed to examine cross-reactivity between the two
competitive immunoassay formats and three fluorescent reagents. For first-
dimension patterning, BSA-T4 (0.24 mg/mL), CRP mAb (0.025 mg/mL), and
BSA-3NT (0.14 mg/mL) were patterned in triplicate in one direction across a
silicon nitride substrate. Channels containing 2mg/mL BSA in PBS were used as
a negative control between channels containing conjugates and antibody. After
washing and blocking, four dilutions each of FITC-T4-mAb, FITC-CRP, and
FITC-3NT-pAb were patterned perpendicular to and over the surface bound
receptors. A representative fluorescent image of this micromosaic is shown in
Figure 2.2. Labeled ligands in this system clearly bind only to their intended
targets on the substrate, as indicated by each fluorescent signal at mosaics
where there is a matched affinity pair. Non-specific binding at BSA-blocked
locations outside of the mosaic was also below a detectable level, and did not
interfere with the experiment at the protein concentrations employed. This result

demonstrates that all three corresponding analytes can be assayed
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Figure 2.2. Specificity assessment of the three surface receptor/fluorescent
ligand pairs. Receptors were immobilized to the substrate during first dimension
patterning. Dilutions of fluorescent ligands patterned orthogonally to the first
dimension demonstrate the affinity and specificity properties of the system.
Cross-reactivity and non-specific binding were below the fluorescent detection

limit employed here.
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simultaneously using the micromosaic approach, without interference due to
reagent cross-reactivity. |
2.3.2 Optimization of Competitive Immunoassays

All competitive immunoassays rely on the premise that a labeled or
immobilized reagent can compete with sample analyte for the same binding site
on an antibody. Dose-response curves produced in this manner show an inverse
relationship between signal and analyte concentration.?* These sigmoidal curves
have a variable slope, the steeper part of the curve being the most useful for
quantitation. One advantage of competitive immunoassays is that dose-response
curves can be adjusted so that signal response is most sensitive over the
concentration range of interest, often defined by the reference range.?* The
position of the curve in relation to analyte concentration is determined by several
factors, most notably the ratio of labeled reagent to analyte. This parameter was
easily manipulated for competitive micromosaic immunoassays used in this
study. Determination of the appropriate labeled reagent or “tracer” concentration
was accomplished empirically. Analyte standards spanning the appropriate
reference range were spiked with different concentrations of tracer, and the
resulting signals evaluated for dose-response sensitivity. Finally, solutions
containing all three standards were spiked with tracer at concentrations of 23.3
ug/mL FITC-mAb T4, 7.3 ug/mL FITC-CRP, and 17.8 pug/mL FITC-pAb 3NT.
Solutions also contained 0.2mM ANS, a molecule used to displace T4 from

binding with serum proteins.? It should be noted that the original intent of this
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study was to assay the unconjugated 3NT amino acid as a marker for oxidative
damage.? However, after labeling pAb-3NT with FITC, the specific antibody
used in these experiments did not respond to the free amino acid in solution.
FITC-pAb 3NT did respond competitively to the BSA-3NT conjugate in solution,
and thus for the purpose of these experiments the conjugate was used as an
analyte. This phenomenon has been previously reported in other immunoassays

for 3NT.%

2.3.3. Competitive Inmunoassay for T4, CRP, and BSA-3NT

Standard buffer solutions (PBS, 45 mg/mL human serum albumin)
containing each of the three analytes were prepared and spiked with the
appropriate amounts of tracer and ANS. Affinity purified human serum spiked
with known values of each analyte was prepared similarly to evaluate assay
applicability with true biological samples. First-dimension affinity reagent
patterning was undertaken as in Figure 2.2., followed by second-dimension
patterning of the eleven standard solutions of known concentrations and one
serum sample (Figure 2.3). Relative fluorescent signals for each standard
solution mosaic were plotted against their respective analyte concentrations,
shown in Figure 2.4. Error bars represent signal variation between each of the
three mosaic squares for each standard. Each curve was fit to a four-parameter

logistic model equation:

Y=————+d (2.1)
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Figure 2.3. Fluorescent image of the competitive immunoassay for T4, CRP and
BSA-3NT. Solutions containing each analyte were prepared with a fluorescent
tracer for each analyte at a constant, empirically-determined concentration.
Decreasing signal with increasing analyte concentration demonstrates the
competitive effect for each analyte. An affinity purified serum sample was
prepared at known concentrations of each analyte, which is analyzed in the far

left column.
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Figure 2.4. Dose-response curves for each analyte. Each fluorescent intensity
plot was constructed from fluorescence data taken from the image in Fig. 2.3 as

described in the text.
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where Y is the fluorescent signal, a is the signal response in the absence of
analyte, d is the response at infinite analyte concentration (non-specific binding
of tracer), c is the concentration of analyte which gives a signal Y = (a+d)/2, T is
the analyte concentration, and b is the absolute value of the slope of the curve
when expressed in a log-logit format.?* Curves were fit using the non-linear curve
fit function in OriginPro 7 (Logistic, 100 iterations). The logistic equation curve fits
were used to determine the detection limits (LOD) at both extremes of each
curve. LOD at the low concentration/high signal end of the curve was calculated
as the concentration that produced signal 2 standard deviations of the zero-
analyte signal below the zero-analyte signal. At the opposite end of the curve,
LOD was calculated as the concentration which produced a signal 3 times that of
the non-specific binding (parameter d in the logistic equétion.) These results are
listed in Table 2.1. While the assay for CRP does not cover the entire clinical
range of interest, 0 to 100 ug/mL, it is noted that dilution of samples above the
upper LOD may allow for quantification on this curve.' All errors were calculated
as a single standard deviation of the three mosaic signals for each standard
solution and analyte.

Spiked serum samples gave readings for T4 (49 + 1.4 nM) and CRP (5.0 £
0.7 ug/mL) that were within error of the intended standard concentrations (50 nM
T4, 5 yg/mL CRP). BSA-3NT was spiked into the serum at 0.8 ug/mL but
produced a signal reading 2.3 + 0.47 pyg/mL. As with CRP, a more accurate result

might be obtained through dilution of the sample to a concentration producing a
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T4 (nM) CRP (pg/ml) BSA-3NT(ug/ml)

LOD’s 7.7-257.2 0.34.2 0.03-224
Serum value 49+ 1.4nM 5007 2.3+0.47
Actual value 50 5 08

Table 2.1. Detection limits and serum response for the analytes T4, CRP, and

BSA-3NT.
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signal on the more sensitive portion of the dose-response curve. The difference
between measured and spiked levels of BSA-3NT may be the result of
systematic error and/or non-specific cross-reactivity of the antibody with another
sample component. In Figure 2.3., signal from the BSA-3NT mosaics appear to
decrease descending vertically. This effect could be due to depletion of the
antibody/immunocomplex in solution as it binds to the mosaic, combined with a
slower diffusion rate. The problems associated with this particular assay,
including the low reactivity with free 3NT, could be addressed by examining

assay performance using different antibodies.

2.3.4 Estimation of Affinity Constants

If a Langmuir-type adsorption model is assumed (concentration of analyte
>> immobilized affinity reagent), data from Figure 2.2. and Figure 2.3. can be
used to estimate the dissociation constants (Kp) between each affinity pair in the
system. Similar calculations have been used for SPR-based competitive
immunoassays.28 These calculations are straightforward because they do not
require quantification of the surface affinity reagent. It is important to mention that
the notation used below assumes a direct format such as that used here for
CRP, although the same calculations were used for indirect format assays such
as those performed for T4 and BSA-3NT.

The amount of receptor-ligand immunocomplex [RL] can be expressed

as
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where [R] denotes the concentration of free surface binding sites and [L] the
ligand, with Kp.) as the dissociation constant. A mass balance for the surface
receptor can be written as

[Rr]=[RL]+[R] (2.3)
where [R1] is the total concentration of binding sites on the surface over a given

area. Combining and rearranging the two equations gives

[RL] [R][L]/KD(L)

= (2.4)
[R] [RL]+[R]
The relationship of this ratio with the fluorescent signal can be written as
AF _[RI] (2.5)
AF’Omax [RT]

where AF is the fluorescent signal at a given [L] (and thus [RL]), and AFonax is the
signal when the surface receptor binding sites are saturated with labeled ligand.

After rearrangement, this becomes

L[ Ko 1, 1 (2.6)
AF | AF, [L]) AF, '

Omax Omax
~ A plot of 1/[L] versus 1/AF allows the calculation of Kby and AFpmax from the

slope and intercept. The dilutions of fluorescent reagent and the signals taken
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from Fig. 2.1. were used to produce the plots in Fig. 2.5. using Eq(6). The Kp,)
between the ligand and surface receptor was calculated for each pair in the three
analyte system.

During a competitive immunoassay, the labeled reagent is held at a fixed
concentration while the analyte concentration varies. Under these conditions,
concentration and affinity constants determine fractional binding of each
competitor to the antibody. When an analyte [A] competes with labeled ligand [L]
a new equilibrium expression may be written as

[R][A4]
[RA] = (2.7)
KD(A)

where [A] is the analyte concentration, [RA] the receptor-analyte
immunocomplex, and Kp) the dissociation constant for [RA]. A mass balance for
the three component system can be written for the surface receptor as

[Rr]=[RL]+[R]+[RA] (2.8)
Combining equations (2), (3), (5) and (8), we can write

AF [RL] [R][L]/KD(L)

= = (2.9)
AFvOmax [RT] [RL] + [R] + [RA]
Finally, by substituting equation (7) and rearranging, we can write
K 1+ K L
1 D) ([4])+ + Koy /L] (2.10)
AF KD(A)AFOmax [L] AFvOmax

A plot of [A] versus 1/AF produces a slope from which Kp4) can be calculated, as

Kby, AFomax, @and [L] (now constant) are known (data not shown). Dissociation
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Figure 2.5. Plots of 1/AF versus 1/[L] for each antibody-antigen system shown

in Fig. 2.2. The slope and intercept for each curve can be used to estimate the

dissociation constants (Kp) between a tracer and its surface receptor.
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constants calculated as described are presented in Table 2.2. Values found for
these dissociation constants are typical for antibody-antigen/hapten
interactions.?* This result shows that neither labeling with fluorophore nor surface
immobilization significantly detracted from reagent performance. Furthermore,
these results show that the competitive format is entirely compatible with the

micromosaic immunoassay technique.
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Affinity Pair Est. Kd (M)

BSA-T4 (substrate) and FITC-mAb-T4 6.4 x 107
T4 and FITC-mADb-T4 1.0x 1078
mAb-CRP (substrate) and FITC-CRP 8.1 x 1010
mAb-CRP (substrate) and CRP 1.6 x 1010
BSA-3NT (substrate) and FITC-pAb-3NT 1.0x 10
BSA-3NT (solution) and FITC-pAb-3NT 1.6 x 10

Table 2.2. Estimated Kp values for each affinity pair assayed.
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2.4. Conclusions

Previous research involving micromosaic immunoassays has utilized as
many as eight independent microchannels in each dimension allowing for
simultaneous detection of protein biomarkers.® '° This work demonstrates the
first implementation of a 12-channel approach for analysis of both proteins and
metabolites by competitive immunoassay. Because small molecules such as T4
are epitope-limited for antibody capture, the sandwich immunoassay format was
inappropriate and competitive strategies were used. Therefore, an indirect format
competitive assay has been developed to demonstrate small-molecule analysis.
Addition of a direct-format competitive assay for CRP indicates that the
micromosaic platform can host both competitive assay formats and can be used
for protein analysis as well. Complementary analysis of BSA-3NT suggests that
this technology can address the demand for multianalyte analysis, particularly for

clinically grouped biomarkers.
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Chapter 3
Analysis of Oxidative Stress Biomarkers Using a Simultaneous

Competitive/Non-Competitive Micromosaic Immunoassay

3.1 Introduction

In this chapter, the development of a simultaneous competitive/non-
competitive immunoassay for the detection of metabolites and proteins is
presented. As a model system, three markers of oxidative stress are detected.

The presence of molecular oxygen in the atmosphere presents a double-
edged sword for humans and other species. The superoxide anion, 0?%, and
other reactive oxygen species (ROS) are essential for cellular signaling ' and the
antimicrobial action of phagocytes ?, but are harmful at higher levels. ROS have
been observed to cause oxidative damage to proteins 3, DNA #, lipids °, and other
biomolecules, and have also been associated with numerous diseases including
cancer °, diabetes 7, atherosclerosis ®, and play a role in aging °. When the anti-
oxidant system is overcome by oxidative processes, the organism is said to be
under oxidative stress during which oxidative damage can occur '°. Antioxidants
and products of oxidative stress have received much attention due to the
implication of oxidative damage in disease. As analytical targets, these species
can be used to assess antioxidant capacity or oxidative status in vitro '".
However, due to the complexity of the antioxidant system and because a
universal marker for oxidative stress has not been identified, analysis of multiple

markers is preferred when assessing oxidative status '2'°. Therefore, there is a



need for bioanalytical methods capable of parallel, high-throughput analysis of
oxidative stress biomarkers.

An analysis of three oxidative stress biomarkers using a micromosaic
immunoassay is presented '®. The micromosaic format has been previously
demonstrated for the analysis of cardiac biomarkers (sandwich immunoassay) "/,
cell surface receptors '8, and most recently the thyroid hormone thyroxine
(competitive immunoassay)'®. However, no micromosaic method has been
developed for concerted analysis of both metabolites and macromolecules. This
development is important because it will provide the ability to simultaneously
measure both small and large molecules from a single sample. Here, the small
molecule 3-nitrotyrosine (3NT) is examined by indirect competitive immunoassay,
while bovine enzyme antioxidants catalase (CAT) and superoxide dismutase
(Cu,Zn SOD/SOD1) are analyzed by sandwich (non-competitive) immunoassay.
Each of the analytes has been proposed as a marker of oxidative status. By
adding a third patterning step to the micromosaic assay, it is demonstrated for
the first time that competitive and sandwich immunoassays can be performed in
parallel using the micromosaic method. This work demonstrates that
micromosaic immunoassays can function as a rapid, high throughput method for
simultaneous competitive and non-competitive analysis of biomarkers. A majority
of the data presented here was submitted for publication in Analytical Chemica

Acta.
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3.2 Materials and Methods
3.2.1 Chemicals and Materials

Unless otherwise noted, all chemicals were purchased from Sigma (St.
Louis, MO). Anti-bovine SOD (Cu,Zn) (rabbit pAb IgG, S8060-11), anti-bovine
catalase (rabbit pAb IgG, C2096-06), and anti-3-nitrotyrosine (mouse mAb IgG1,
N2700-09) were purchased from United States Biological (Swampscott, MA).
Catalase from bovine liver (C9322), bovine superoxide dismutase (S7571), and
3-nitro-L-tyrosine (N7389) were purchased from Sigma. Fluorescent
measurements were made using a Photometrics HQ2 CCD camera from Roper
Scientific (Tuscon, AZ) and MetaMorph 7.1.7 software from Molecular Devices
(Sunnyvale, CA) using a Nikon Eclipse TE2000-U epifluorescence microscope
(Melville, NY). Poly (dimethylsildxane) (PDMS, Sylgard 184) was obtained from
Dow Corning (Midland, Ml) and used at a 10:1 ratio of monomer to crosslinker.
SU8-2035 photoresist was purchased from Microchem (Newton, MA).
AlexaFluor® 488 Monoclonal Antibody Labeling Kit (A20181) was purchased
from Invitrogen (Carlsbad, CA). Slide-A-Lyzer MINI Dialysis Units were
purchased from Pierce (Rockford, IL). Silicon nitride wafers with a proprietary
coating were received as a gift from Biostar (Boulder, C0).2% 1.5mm biopsy
punches were obtained from Robbins Instruments (Chatham, NJ). All chemicals

were used as received.
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3.2.2 Protein Labeling and Conjugation

Prior to use, all antibodies were purified by dialysis for 2 hours against 1L
of 25 mM phosphate, 1560 mM NaCl pH 7.4 (PBS). Capture antibodies (pAb
SOD, pAb CAT) were diluted to the specified concentrations using deionized
water. Detection antibodies for both competitive (mAb 3NT) and sandwich
assays (pAb SOD, pAb CAT ) were prepared at 1 mg/mL in 100 uL of the above
mentioned buffer and labeled with AlexaFluor® 488 (AF) using the AlexaFluor®
488 Monoclonal Antibody Labeling Kit. Labeled antibodies were purified
according to the directions included with the kit and were stored at 4°C until use.
3NT was conjugated to bovine serum albumin (BSA) using carbodiimide
chemistry as described in the literature.?' The hapten was solublized for
conjugation in a 1:1 mixture of dimethylsulfoxide and 50 mM sodium phosphate,
pH 8.5. The BSA-3NT conjugate was dialyzed against PBS to remove unreacted
hapten and EDC carbodiimide, stored at 0°C prior to use in immunoassays and
diluted with deionized water (Millipore, 18 Q) to the final concentration prior to

use.

3.2.3 Microfluidic Network Fabrication and Substrate Preparation
Microfluidic networks (uFNs) made from the polymer poly-
(dimethylsiloxane) (PDMS) were used to pattern capture reagents and deliver
analytes and affinity probes to the substrate. Negative relief molds for each
network of channels were made using photolithography according to the

literature % 2. Photolithography masks were designed in Adobe lllustrator and
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printed at 40,640 DPI by Fineline Imaging, Inc (Colorado Springs, CO). First and
second dimension channels were designed with a 40 um width and 20 um
spacing between channels. Actual channel dimensions were found to be 25 um
with a spacing of 35 um and a height of 20 um using profilometry. Third
dimension uFNs were designed with single entry and exit ports and a 1.5 mm
channel containing a central 3.0 mm diameter “bubble cell” design for patterni'ng
over the entire affinity mosaic. uyFN designs used for each patterning step are
shown in Figure 3.1. PDMS networks made using these molds were punched
with a 1.5 mm biopsy punch to create wells for sample introduction. T-poly
coated silicon nitride wafers (SiNx) were rinsed in Millipore water and dried under
a stream of nitrogen prior to use. Wafers were scored and cut into pieces

approximately 1.5 cm x 1.5 cm for each assay.

3.2.4 Micromosaic Immunoassays. All assays were performed using three
patterning steps or “dimensions.” uFNs were made hydrophilic before each
patterning step by oxidation in an air plasma cleaner for 50 seconds at 18 W. A
volume of 0.9 uL of reagent was introduced to each well at each step. First
dimension patterning was used to sensitize the substrate with patterns of
receptor proteins. The BSA conjugate of 3NT (BSA-3NT, 0.35 mg/mL) along with
pAb SOD (0.66 mg/mL) and pAb CAT (0.30 mg/mL) in deionized water were
patterned in triplicate for a 10 min incubation. Because the sensitizing agents
were passively adsorbed, random orientation of the protein on the substrate was

expected. uFNs were removed under PBS containing 0.05% Tween 20 (PBS-T),
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Fig. 3.1. Schematic showing microfluidic channel shape for first and
second dimension patterning (a) and for third dimension pattern (b). Inset
of 12 channel design is shown in (c), where each channel is 20 microns

wide with 40 micron spacing.



then rinsed copiously with PBS-T and water. Remaining reactive adsorption sites
were passivated by a 5 min incubation with 0.5 mL 45 mg/mL BSA in PBS
covering the entire substrate. This was followed by repeating the above rinse
procedure. Solutions containing all three analytes and competitive assay tracer
AF mAb 3NT (25 pg/mL) in 45 mg/mL human serum albumin (HSA) were
patterned orthogonal to the first dimension pattern for 15 min and rinsed. Finally,
detection reagents for the two sandwich assays (AF pAb SOD, 50 yg/mL and AF
pAb CAT, 50 pg/mL) in 45 mg/mL BSA/PBS were patterned for 2.5 min using the
“bubble cell” yFN that covered the entire mosaic area. Epifluorescence
measurement parameters were a 4x4 binning, 10x objective, unmodified gain,
and an exposure time of 1.5 s. Fluorescence measurements were taken directly
from the image; no image processing or smoothing was applied. The average
signal from each mosaic was recorded. Total assay time from the first patterning

step to the fluorescence measurement was less than 45 min.

3.3 Results and Discussion

3.3.1 Cross Reactivity Analysis. Prior to quantification of analyte in the multi-
analyte immunoassay, a patterning experiment was carried out to determine
possible cross-reactivity between tracer/detection antibodies and surface
receptors/captured antigens. This was particularly important given the nature of
the simultaneous competitive/non-competitive assays to be done in these

experiments. Following sensitization, the competitive assay tracer (25 ug/ml AF
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pAb 3NT) and each antigen (10 ng/mL SOD, 125 ng/mL CAT) were patterned
independently in triplicate, and the third dimension pattern followed this step as
described above. A fluorescent image of this mosaic is shown in Figure 3.2.
Cross reactivity may be assessed by examining the fluorescent signal across
each row. For example, signal from the middle three rows, in which AF mAb 3NT
was patterned, shows that binding of the tracer to affinity mismatch coordinates
(immobilized pAb CAT, pAb SOD) is below the sensitivity of the camera. In the
bottom set of rows, pAb CAT captures only CAT, while the pAb CAT columns
show only pAb CAT captures CAT. Specificity of detection antibodies for SOD
and CAT were verified in a similar experiment utilizing only one detection
antibody in the third patterning step in the presence of both captured targets. The
results of this experiment show low cross reactivity for the prescribed antibodies
and antigens, and therefore demonstrate that these three analytes can be

measured simultaneously in the micromosaic format.

3.3.2 Multiplexed Inmunoassay for CAT, 3NT, and SOD

Dilutions of CAT, 3NT, and SOD were prepared in 45 mg/mL HSA
dissolved in phosphate buffered saline. While this is not a biological sample, it
does represent a complex system containing physiologically relevant levels of
albumin as thus serves as a good model system during experimental
development. Prior to the multiplexed assay, each analyte was assayed
individually to determine a working concentration range estimate. The

appropriate titer of AF mAb 3NT was also determined experimentally % These
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values were used to create dilutions containing the appropriate amount of each
analyte. The fluorescent image of the three-analyte assay is shown in Figure 3.3
with the corresponding concentrations of each analyte used in the second
dimension pattern listed below. In the case of 3NT, the competitive effect is
observed as signal decreases with increasing analyte concentration. In the cases
of SOD and CAT, signal increases with increasing analyte concentration as
expected until capture antibodies are saturated.

Dose-response curves for each assay were fit to the four-parameter
logistic equation:

y-—2=9 .4

b
1+(Zj
¢ (1)

where Y is the fluorescent signal (F/Fm;x where Fma is the highest signal
observed for each analyte set), a is the response in absence of analyte, d is the
response due to non-specific adsorption of tracer, ¢ is the concentration of
analyte that produces a signal Y = (a+d)/2, T is the analyte concentration, and b
is the absolute value of the slope of the curve in a log-logit format 2*. Curves
were fit using OriginPro 7’s non-linear curve fitting tool for a four-parameter

logistic equation using 300 iterations. Correlation
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Fig. 3.3. Micromosaic immunoassay for simultaneous detection of CAT, 3NT,
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coefficients were 0.999, 0.996, and 0.999 and reduced %2 values were 1x10,
2x107%, and 4x107 for CAT, 3NT and SOD, respectively.

Dose-response curves are shown in Figure 3.4. Error bars represent a
single standard deviation for each set of three mosaic squares that correspond to
one concentration of analyte. Error may be partially attributed to depletion of
captured reagent (target protein or competitive assay tracer) during flow across
the substrate. This phenomenon has been documented previously during a
micromosaic immunoassay for C-Reactive Protein %. The direction of flow in
Figure 3.3 was from the bottom of the image to the top. The depletion effect is
most pronounced for CAT although it also contributes to the variability for 3NT. A
fluorescence intensity profile linescan for the 100 ng/mL CAT mosaic in Figure
3.3 is shown in Figure 3.5 along with an indication of the direction of flow. This
figure shows that depletion of CAT occurs not only between mosaics, but within
them as well. SOD is least affected by error, having the lowest absolute signal
deviation of all three analytes. These results suggest that depletion in
micromosaic immunoassays are an analyte-dependent phenomenon. SOD (32
kDa) is much smaller than both rabbit IgG (150kDa) and CAT (250kDa), and will
have a higher Stokes-Einstein diffusion coefficient, making the SOD assay less
susceptible to depletion effects inherent to the mass transfer-limited conditions in

these experiments.
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3.3.3 Calculation of Limits of Detection
The LOD for an immunoassay is given as the lowest concentration of
analyte or dose which gives a signal statistically different from that at zero
analyte concentration 2'*%, A method for calculating detection limit estimates
based on the standard deviation of mean response at zero-dose has been
developed ?’. The expected response at the detection limit (Yyn) can be
expressed as:
1/2
oo =1, {L;}
Ry Poin )
where Y) is the mean response at zero dose, tis student’s t at 95% Cl, s is the
standard deviation of the response near zero dose, and np and nmin are the
number of replicates performed at zero dose and at the theoretical LOD. In the
case of a negative slope near zero dose (as in a competitive assay), the (+) is
used in Eq. 2. In the case of a positive slope near zero dose (a two-site or
sandwich assay), the (-) is used instead. Y, can be substituted into the dose-
response curve to obtain the calculated detection limit. In this work, s is taken as
the average standard deviation from all data points assayed, except for the case
of CAT where high-dose standard deviations were much larger than those found
closer to zero dose; only the deviations from the lowest four responses were
averaged. CAT also differs in that the signal at zero dose was below the camera

sensitivity, so Y = 5 ng/ml was used in place of Y). After determining the

response at the minimum detectable dose and substituting into the logistic curve
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fits (including error to those curve fits), the detection limits at 95% Cl were found

to be 35+4.8 ng/mL CAT, 8+1.4 uM 3NT, and 1.7£0.14 ng/mL SOD.

3.3.4 Mitigating Depletion Effect with Selective Geometries

The reagent depletion phenomenon described above was investigated
using a linear fluid dynamics model by Scott Lynn in CSU’s Chemical
Engineering department. Figure 3.6 shows the predicted reagent concentration
gradient in a microchannel cross section during flow over several reactive spots
for an association constant of K, = 1x10°®. This model was designed to mimic
conditions during micromosaic immunoassay second dimension patterning. The
model predicts that binding of reagent to the first reactive spot forms a
concentration gradient of that reagent in the channel which affects binding to
subsequent reactive spots. If this model is correct, there should be several
strategies available to address reagent depletion which leads to increased error
in analyte quantitation. One possible solution is to change the spacing between
reactive spots. This would provide a longer distance over which the reagent
gradient could be overcome by diffusion. To investigate this theory, surfaces
were sensitized with BSA-3NT over spacings of 0, 1, 2, 3, and 4 empty channels
between each sensitized channel. After blocking, AF mAb 3NT was patterned
perpendicular to the first pattern. Regent concentrations and reaction times were
preserved from the competitive immunoassay above. Sample images for a
spacing of 0 and a spacing of 4 channels are shown in Figure 3.7. The RSD

between signal in each row for each image was recorded and is displayed in
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Figure 3.8. For the 3NT system, the RSD decreased by 53.3% between a
spacing of 0 and 4 empty channels. This decrease in RSD suggests that
geometrical optimization of channel spacing could be an easy way to decrease
micromosaic immunoassay error associated with analyte depletion in
microchannels. Other possible solutions to depletion-associated error include
increased incubation time during the capture step and the use of microchannels

designed to mix solution during flow over sensitized spots.

3.4 Conclusions

Bernard et al. has demonstrated the use of micromosaics for detection of
antigens using non-competitive sandwich immunoassay, while our lab has
developed methodology for micromosaic competitive immunoassays '® '°. In this
work, the merging of the two micromosaic techniques is examined for the
combined simultaneous competitive and sandwich immunoassay of a small
molecule metabolite and two enzyme biomarkers for oxidative stress. The
micromosaic method is shown to detect each analyte with low cross reactivity in
a HSA/PBS matrix containing the other two analytes. Detection limits for catalase
and superoxide dismutase were 35+4.8 ng/mL and 1.7+0.14 ng/mL, while for 3-

nitrotyrosine the detection limit was 8+1.4 yM. The immunoassay required less
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than 1 uL of sample, needed minimal user optimization, and could be completed

within 45 min.
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Chapter 4
Fluorescent CTI Tags for Avidin-Biotin Based Immunoconjugation

Schemes

4.1 Introduction.

At this juncture in the dissertation, the focus will move from micromosaic
immunoassays to cleavable tag immunoassays (CTl). This project was begun by
Dr. Meghan Caulum in our laboratory and continues today under myself. Like our
work on micromosaics, CTl has been researched as a technique to measure
multiple biomarkers from a complex sample using immunochemical means.
While micromosaics has been used to resolve different affinity reactions spatially
on a solid substrate, CTI seeks to resolve similar reactions in solution using
electrophoresis. Unlike traditional electrophoretic immunoassays which simply
separate immunocomplex from free tracer, CTI relies on the resolution of
different cleavable fluorescent reporter groups as signaling molecules. To
perform a multianalyte immunoassay using CTl, each detection antibody must be
conjugated to a fluorophore in such a way that following cleavage of fluorophores
from the antibodies, the resulting solution will contain reporter groups which are
electrophoretically resolvable. One of the primary tasks in starting this project
was devising conjugation and cleavage chemistry which would make this type of
immunoassay possible.

This chapter details early efforts to assemble a CTl tag library using

avidin-biotin chemistry to conjugate cleavable fluorophores to the detection



anfibodies used for CTI. The first tag assembled in our laboratory utilized
fluorescein-ethylenediamine (FTED) which was described in the literature by
Bertram et al.” The same chemistry used to produce FTED is examined for the
synthesis of fluorescein- hexamethylenediamine (FTHD) and fluorescein-
cystamine (FAM) in an effort to build a CT! tag library for multianalyte
immunoassay. Fluorophore products are conjugated to NHS-SS-biotin, which
provided both a cleavable disulfide and a biotin linkage for attachment to avidin-
labeled antibodies. CE-UV is used to examine the reaction products. The goal of
this work was to build a tag library for the first CTI experiments. These three tags
were included in the synthetic library used for the first published multianalyte CTI

by Caulum et al.?

4.2 Materials and Methods
4.2.1 Chemicals and Materials.

Fluorescein isothiocyanate (FITC), ethylene diamine,
hexamethylenediamine, cystamine dihydrochloride, and tris(2-carboxyethyl)-
phosphine (TCEP) were purchased from Sigma-Aldrich (St. Louis, MO). Sulfo-
NHS-SS-biotin and NHS-biotin were purchased from Pierce (Rockford, IL). Glass

capillary for CE was purchased from Polymicro Technologies (Phoenix, AZ).

4.2.2 Synthesis of FTHD and FAM Tags.
200 mg of hexamethylenediamine was dissolved in 5 mL of methanol

containing 10 mL/L triethylamine. 100 mg of FITC was dissolved in 5 mL of the

73



same solvent, and added dropwise to the hexamethylenediamine solution while
stirring over a 30 minute period. The solution was then covered and protected
from light during overnight incubation. Solvent was evaporated to 5 mL with an
air stream, then precipitated upon the addition of acetone. Solid was washed with
acetone three times, then dried under an air stream. FTHD solid was stored at
0°C until further use. To form the complete biotinylated tag, FTHD was incubated
with sulfo-NHS-SS-biotin at a 1:1 ratio for 4 hours at 4°C in 20 mM sodium
phosphate pH 7.4. Tag was stored at 4°C until further use. The synthesis steps
are shown in Figure 4.1.

- 180 mg of cystamine dihydrochloride was dissolved in 5 mL methanol, 2
mL deionized water, and 40 plL triethylamine. 51 ug FITC was dissolved in 5 mL
methanol, 50 pL triethylamine and added dropwise over 30 minutes to the
cystamine. After overnight reaction at room temperature, solution was
evaporated to a volume of 5 mL and product precipitated with a 10:1 mixture of
acetonitrile:methanol. Solid was washed several times with this solution and
dried under an air hose. FAM solid was stored at 0°C until further use. To form
the complete biotinylated tag, FAM was incubated with NHS-biotin at a 1:1 ratio
overnight at 4°C in 20 mM sodium phosphate pH 7.4. Tag was stored at 4°C until
further use. This synthesis is shown in Figure 4.2.
4.2.3 Capillary Electrophoresis.

All separations were performed on a Beckman-Coulter P/ACE MDQ

Capillary Electrophoresis System. 40 cm capillary (50 micron inner diameter) with

a detection window at 30 cm was used for all separations. Unless otherwise
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Figure 4.1. Synthesis of FTHD and FHB.
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noted, run buffer was 20 mM sodium tetraborate pH 9.2. A separation potential of
20kV was employed for all separations, and a pressure injection of 8 seconds at
0.5 psi was used to load the column with sample. Detection was performed at
214 nm with a data collection rate of 4Hz. A caffeine neutral marker was added

to each sample.

4.3 Results and Discussion
4.3.1 Capillary Electrophoresis of CTl Tag Products

Capillary electrophoresis was used to examine CTI reaction products. First,
the FTHD product was examined for purity and for the ability of CE to resolve
FTHD and FTED. The FTHD electropherogram gave two peaks, one for caffeine
and one for the product. Caffeine was added as an internal mobility standard.
Mobility of the product was higher than for FTED as expected. An example
electropherogram is shown in Figure 4.3. This experiment shows that
hexamethylenediamine can be used for a reaction with FITC in the same manner
as ethylene diamine. Previous work in our lab had demonstrated the successful
reaction of FTED with sulfo-NHS-SS-biotin. The same reaction was undertaken
using FTHD, and the products were examined using CE. In the
electropherograms shown in Figure 4.4, it is shown that FTHD is consumed by
the reaction and a new peak not present in the FTHD or sulfo-NHS-SS-biotin
electropherograms is formed.

Due to the success of FTHD and FTED synthesis, a new type of reaction

was performed in which the necessary disulfide was incorporated into the
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Figure 4.5. Formation of FAM using FITC and cystamine. Cleavage of the

final product is observed after addition of disulfide reducing reagent TCEP.
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diamine. The symmetric diamine and disulfide cystamine was therefore
examined for reactivity towards FITC. Following reaction, CE was performed on
FITC, FAM, and FAM after exposure to 20mM TCEP. In Figure 4.5, the reaction
of FITC with cystamine is confirmed, as is the cleavage of the disulfide due to
exposure to TCEP. A reaction of FAM with NHS-biotin was found to produce the

desired biotinylated CTI tag.

4.4 Conclusions
Synthesis of two new biotin-based CTlI tags was performed to build a
library for avidin-biotin CTl conjugates and immunoassay experiments. It was
found that both hexamethylenediamine and cystamine would react with FITC in
the same manner as ethylene diamine. Futhermore, both FITC derivatives could
be incorporated to amine-reactive forms of biotin. These two synthetic protocols
were ultimately used for the detection of cardiac biomarkers using sandwich CTI
by a colleague in our laboratory.?
4.5 References
(1)  Bertram, V. M.; Bailey, M. P.; Rocks, B. F. Annals of Clinical Biochemistry
1991, 28, 487-491.
(2) Caulum, M. M.; Murphy, B. M.; Ramsay, L. M.; Henry, C. S. Analytical

Chemistry 2007, 79, 5249-5256.
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Chapter 5

Competitive Microplate CTI for 3NT, T4, and BSA-CML

5.1 Introduction

Enzyme-linked immunosorbant assay (ELISA) is the current industry
standard for making a variety of immunochemical measurements from complex
samples such as human serum. While ELISA is a proven technology, it is a slow
process and is used to measure only a single analyte from a single sample at a
time in clinical settings. Electrophoretic separation methods for multianalyte
immunoassays have several distinct advantages over traditional ELISA. Capillary
electrophoresis immunoassays (CEIA) take advantage of solution-phase kinetics
to decrease analysis time, and the high separation efficiency of CE to examine
multiple biomarkers in a single sample." Immunoaffinity capillary electrophoresis
(IACE) uses a solid phase to extract the target from complex media, then
analyses eluted analytes using CE.? While some multianalyte experiments have
been demonstrated using these methods, they are not suitable as a universal
tool for multianalyte CE analysis of immunoassay products. Problems with
resolution of immunocomplexes and electropherogram crowding are the main
challenges to CEIA and IACE.

Caulum et al recently developed a novel approach to CE immunoassays.>
A sandwich immunoassay is performed on a solid phase using a unique
detection antibody possessing a fluorophore conjugated to the antibody through

a reducible disulfide bond. After capture and detection steps, the disulfide is



reduced and the fluorophore allowed diffusing into solution where it can be
examined by CE. Termed a Cleavable Tag Immunoassay (CTl), this method can
be multiplexed by using antibody conjugates that produce different fluorophores
when the disulfide is reduced. Unlike CEIA and IACE, the affinity reagents
themselves do not need to be separated, and the mobility of the signaling
molecules can be controlled through synthesis.

This chapter presents the adaptation of CTI to the indirect competitive
immunoassay format. As CTl is intended as a multiplexing technique, the
versatility of the method should be demonstrated not only for traditional sandwich
immunoassays which are used primarily for larger targets such as proteins, but
for smaller analytes such as metabolites, which are usually assayed by
competitive means. Analytes examined here include 3-nitrotyrosine (3NT), BSA-
carboxymethyl lysine (BSA-CML), and thyroxine (T4). Thyroxine is a thyroid
hormone traditionally measured by competitive immunoassay, and our laboratory
has shown detection of this compound over the clinical reference range using
micromosaics (see Chapter 2). 3-nitrotyrosine is a potential biomarker for
oxidative damage by peroxyl nitrite, and has also been previously examined in
our laboratory. Carboxymethyl lysine (CML) is a protein glycoxidation product
also associated with oxidative stress.* Because CML exists as modified lysine
residues on proteins, it is assayed here as the BSA conjugate of CML (BSA-
CML). CML is a particularly interesting target to examine by competitive CTI.
Immunochemical measurement of CML must be done in competitive format as

low amounts of CML residues on a protein would make sandwich immunoassay
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methods impossible. Furthermore, any glycosylated protein could be oxidized to
possess CML modifications. Analysis by CEIA would likely produce many peaks
due to analyte heterogeneity, while CTI would produce only one peak.

This chapter also details improvements and other changes to CTl
methodology which focus on simplification of the technigue and an alternate
procedure for the creation of CT! antibody conjugates. Here, microtiter plate wells
are introduced as a solid phase on which assays can be performed. The use of
this traditional immunoassay platform should make the method more practical for
implementation by other labs. The popular heterobifunctional crosslinker N-
succinimidyl 3-(2-pyridyldithio) propionate (SPDP) is used here to modify IgG and
thus introduce a thiol-reactive group which easily forms new disulfides with the
addition of a thiol-amine. An amine-reactive fluorphore is used in the final
conjugation step to produce a unique CTI conjugate. This approach to CTI
conjugation should allow for the generation of fragments which have much more
diverse charge-to-mass ratios that those from earlier CT| experiments, and will
thus be easier to resolve using electrophoretic means. Using the new conjugation

method, detection of all three analytes is demonstrated.

5.2 Materials and Methods
5.2.1 Chemicals and Materials

Unless otherwise noted, all chemicals were obtained from Sigma-Aidrich
(St. Louis, MO) and used as received. Monoclonal mouse anti-thyroxine

(M94208) was purchased from Fitzgerald (Concord, MA). Polyclonal goat anti-3-
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nitrotyrosine (NT 50, pAb 3NT) was obtained from Oxford Biomedical Research
(Oxford, M!). Polyclonal goat anti-carboxymethyl lysine (K97135G, pAb CML)
was obtained from Biodesign International (Saco, ME). Polyclonal rabbit anti-
bovine catalase (C2096-06, pAb CAT) was obtained from United States
Biological (Swampscott, MA). N-succinimidyl 3-(2-pyridyldithio) propionate
(SPDP) (21857), 3-3’-dithiobis(sulfosuccinimidylpropionate) (DTSSP) (21579),
(21578) Slide-A-Lyzer Mini Dialysis Unit (69550), BCA Protein Assay Kit (23227),
2,4 6-trinitrobenzene sulfonic acid (TNBSA) (28997), SuperBlock blocking buffer
(37516), EZ-Link Maleimide-PEO Solid Phase Biotinylation Kit (21930), and Zeba
Desalt Spin Columns (89882) were obtained from Pierce (Rockford, Il). Microcon
Ultracel YM-3 centrifugal devices (42403) were obtained from Millipore (Bedford,
MA). FS6 MaxiSorp Microtiter Plates (439454) were obtained from Nalge Nunc
International (Rochester, NY). Thermal oxide silicon wafers were purchased from
University Wafer (South Boston, MA). PDMS monomer and crosslinker (Sylgard
184) were purchased from Dow Corning (Midland, Ml). SU8-3025 photoresist
was obtained from Microchem (Newton, MA). All fluorescence measurements
were performed using a Photometrics HQ? CCD camera from Roper Scientific
(Tuscon, AZ) and Metamorph software from Molecular Devices (Sunnyvale, CA) -
on a Nikon Eclipse TE2000-U epifluorescence microscope assembly (Melville,

NY).
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5.2.2 Preparation of IgGs for Conjugation

Prior to conjugation, all antibodies were dialyzed extensively against 50
mM sodium phosphate, 150 mM sodium chloride, and 1 mM ETDA pH 7.4 (PBS-
EDTA) using a Slide-A-Lyzer MINI dialysis kit. EDTA was included in the

antibody samples to prevent metal catalyzed reduction of disulfides.

5.2.3 One Step CTI Conjugates Using DTSSP Crosslinker

pAb CAT was used as a test IgG for CTI conjugation experiments. Two
different methods were investigated using a one-step conjugation procedure.
0.5 mg pAb CAT was diluted to 500 ul in PBS. A 20-fold molar excess of FITC-
ethylene diamine (FTED) and a 60-fold excess of homobifunctional crosslinker
DTSSP was added to the protein solution. This solution was allowed to mix for
two hours in the dark at room temperature. Following reaction, unbound
fluorophore and crosslinker were removed from solution by centrifugation using a
Microcon 3,000 MWCO centrifuge tube. Centrifugation continued until the
retained solution was either no longer fluorescent to the eye or ceased to change
in color from continued purification. PBS was added to solution as necessary to
prevent centrifugation to dryness. Finally, the solution was diluted to 500 ul in
PBS and stored at 4°C until further use. A schematic of this one-step CTI
conjugation is shown in Figure 5.1.
Conjugation of pAb CAT to FTED using DTSSP was also attempted on a nickel
affinity resin. 0.5 mg pAb CAT in 400 pl was added to a centrifuge tube

containing one Swell Gel nickel affinity disc obtained in an EZ-Link Maleimide
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Figure 5.1. Schematic for one-step CTI conjugation using the homobifunctional

crosslinker DTSSP and FITC derived with a diamine.
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PEO Solid Phase Biotinylation Kit. The disc was allowed to hydrate for 30
seconds, and then was suspended through several inversions. The resin was
mixed for 10 minutes to allow binding of the antibody to the solid phase. The tube
was then centrifuged to pellet the resin. Solution was removed, and the resin
washed with 1 ml PBS and pelleted two more times. Next, 200 yl 5 mM DTSSP
in PBS was added to the resin and allowed to mix for 30 minutes. Again the resin
was pelleted and washed three times with PBS. 200 ul 1 mM FTED in PBS was
added to the resin and allowed to mix for one hour. Resin was again pelleted and
rinsed with 1 mi aliquots of PBS until solution no longer was colored. Finally, 200
Ml of 200 uM imidazole solution was added to the resin and incubated for 10
minutes to remove modified antibody from the affinity resin. Solution was stored

at 4°C until further use.

5.2.4 Modification of IgG with SPDP Crosslinker

In this conjugation scheme, pAb CAT was again used as a test IgG to
determine method viability. 0.6 mg pAb CAT in 100 yl PBS-EDTA was added to
2.5 ul 40 mM SPDP in DMSO, a 30-fold excess of crosslinker to protein. The
solution was mixed for two hours at room temperature. To remove unbound
SPDP, the protein solution was buffer exchanged using a Zeba desalt spin
column according to manufacturer’s instructions and using PBS-EDTA as the
exchange buffer. A control solution containing only SPDP and no protein was
buffer exchanged in parallel. To determine the extent of protein-SPDP

crosslinking, an aliquot of modified pAb CAT was reacted with dithiothreitol (DTT)
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according to the Pierce instructions included with SPDP, and the SPDP-protein
molar ratio was calculated. A schematic of the first step of antibody modification

by SPDP and cleavage with DTT is shown in Figure 5.2.

5.2.5 Thiol-Amine Conjugation to SPDP Modified IgG

Modification of pAb CAT with SPDP allowed for further conjugation of the
protein to a thiol-containing molecule through reaction with the 2-pyridyldithio
group of SPDP. Two 30 pl aliquots of 6.55 mg/ml pAb CAT SPDP were prepared.
Following quantification of the molar SPDP/protein ratio, the thiol-amine
cysteamine was added to the two samples in either a 1.5-fold or 5-fold excess
over SPDP. This reaction was allowed to proceed overnight at 4°C. The protein

samples were purified using Zeba desalt spin columns pre-equilibrated with PBS.

5.2.6 Fluorescence Derivativization of Thiol-Amine Modified IgG

After modification of pAb CAT with the thiol-amine cysteamine, 1 QI 20mM
FITC in DMSO was added to each of the two aliquots and mixed. Again the
reaction was allowed to proceed overnight at 4°C. Following reaction, the
samples were again purified by buffer exchange into PBS. A control solution
containing only FITC was also buffer exchanged into PBS to determine the
quality of the purification method. Modification of SPDP labeled antibody with

thiol-amine and FITC fluorophore is shown in Figure 5.3.

88



) SR

target antibody SPDP

/
H\([)]/\/S\S/Q + HS/\/OQ/SH

OH
SPDP-modified antibody dithiothreitol (DTT)
“ HN™ ™S
SH +
0]
SPDP-modified antibody cleaved with DTT pyridine-2-thione

Figure 5.2. Schematic for modification of target antibody with SPDP crosslinker.
Exposure of the conjugate to DTT results in cleavage of the disulfide and release

of pyridine-2-thione.

89



o
H\g/\/s\s)\:j . HZNJAOH

HS

_ . cysteine
SPDP-modified antibody (thiol-amine)

|

N\ (7
H
N\“/\/S\S/\(NHZ + SHN ;
o) CO,H

SPDP-thiol amine modified antibody pyridine-2-thione

[ FITC

HO o) o)
20e
\ / O CO,H

3 s H
N N___NH
o) CO,HS

FITC-CYS-antibody
Figure 5.3. Conjugation of SPDP modified antibody to thiol-amine and FITC

fluorophore.



Some thiol-amine modified IgGs were also labeled with the AlexaFluor
488 fluorphore for CTl use. This was performed using the AlexaFluor 488

antibody labeling kit according to instructions provided by Invitrogen.

5.2.7 PDMS Microchip Fabrication

PDMS microchips used for CE were constructed in our lab using in-house
procedures. A 3 inch thermal oxide coated silicon wafer was used as a base for
making a chip mold. These were used either out of the box with no cleaning (new
wafers) order after washing with soap and water, rinsing with deionized water
and blowing dry with an air stream (reused wafers). Wafer was placed into a spin
coater (Laurell Model WS-400A-6NPP/LITE) and held under vacuum while
approximately 2 mL of SU-8 3025 photoresist was added to the center of the
wafer. The wafer was spin coated at 900 RPM for 30 seconds followed by 1000
RPM for 45 seconds. The wafer was then soft baked at 65°C for 3 minutes and
95°C for 5 minutes. The appropriate photomask was then placed on the coated
wafer and under a % inch piece of glass to ensure contact between wafer and
mask. The wafer was then exposed to UV light for 7 seconds using an Intelli-Ray
400 Shuttered UV Floodlight. A second soft bake incubation was performed on
the wafer at 65°C for 2 minutes, followed by 95°C for 6 minutes. Unreacted
photoresist was then removed by immersion of the wafer in a propylene glycol
monomethyl ether acetate developer solution for 10 minutes. Wafer was then
rinsed with developer and finally with isopropanol. Remaining solution was blown

off of the wafer with an air stream. The new mold was then incubated at 95°C for
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at least 30 minutes to complete the curing of photoresist. Sylgard 184 elastomer
was mixed at a 10:1 ratio with crosslinker, and degassed in a vacuum chamber.
This mixture was poured onto the new mold and was spin coated onto a glass
slide at 2000 RPM for 30 second. Both mold and slide were placed into an oven
at 65°C for at least 60 minutes. Cured PDMS was then cut from the mold, and
circular wells of 5 mm diameter were punched at four defined locations. The
PDMS piece and the coated glass slide were cleaned with tape and then placed
into a Harrick Plasma Cleaner/Sterilizer PDS-32G and treated with air plasma for
30 seconds. The plasma treated sides of the two pieces were then placed
together, creating a permanent seal. The completed microchip was then placed

in the oven at 65°C for 24 hours before use.

5.2.8 Microplate Competitive Inmunoassay

Conjugates of BSA and either T4 or 3NT were prepared according to the
literature.® ° Lysine residues on native BSA were modified by glyoxylic acid to
become carboxymethyl lysine residues according to the literature.” To coat
microplate wells, BSA conjugates were diluted in PBS to between 2.5 and 7.5
pg/mL depending on the experiment and added to each microplate well at 70 pL
for overnight incubation at room temperature. Each well was then blocked twice
using Pierce Superblock according to manufacturer instructions. After tapping the
microplate dry on a Kimwipe, 50 yL of sample containing 45 mg/mL BSA in PBS
was added to each well. Appropriate amounts of CTI immunoconjugate tracers

(usually between 2.5 and 10 yg/mL) were then spiked into each well. Microplate
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was covered and placed on a plate shaker for 4 hours. The plate was then rinsed
twice with PBS + 0.05% Tween 20 and twice with 10 mM HEPPSO buffer at pH
7.5 or pH 8.5 depending on the experiment. Finally, each well was exposed to 50
pL 10 mM HEPPSO, 1 mM TCEP for two hours on the plate shaker before

evaluation using microchip fluorescence CE.

5.2.9 Separation Parameters for Microchip Fluorescence CE

All separations were performed on a straight-T PDMS microchip with a 5
cm separation channel 50 microns high by 50 microns wide. Microchips were
pretreated with 0.5 M NaOH for one hour, followed by rinse and incubation with
separation buffer for at least 30 minutes. A power supply used for electrophoresis
was set up according to Garcia.? During injection, both buffer and sample waste
reservoirs were held at a variable potential (+700 V) to prevent sample
introduction to the channels leading to the two reservoirs. Separation potential
was +1200 V, and injection time was 5 seconds unless otherwise noted. Each
well was loaded with 40 pL of the indicated buffer or sample solution. Detection
was performed at a distance of 4.5 cm from the straight T injection point.
Metamorph imaging software settings were a binning of 8, gain of 3, and an

exposure time of 75 ms/frame.
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5.3 Results and Discussion
5.3.1 Examination of One-Step CTI Conjugation Using DTSSP

Conjugates formed using the one-step method (both in situ and using
nickel affinity resin) were quantified using BCA assay. The IgG conjugate formed
in solution was found to have a concentration of 0.75 mg/mi in a 0.5 ml solution,
or 0.325 mg total protein. The experiment began with 0.5 mg of protein, meaning
25% of protein was lost during conjugation, mostly likely during the purification
using centrifugal filters. The conjugate formed using the nickel affinity resin
showed even lower recovery with only 0.10 mg/ml in 0.5 ml, or 0.05 mg total
protein (10% recovery). Because of the low recovery of this method, one-step
conjugation on a nickel affinity resin was not further pursued as a CTI
conjugation method.

When a one-step conjugation method is explored using a homobifuctional
crosslinker such as DTSSP, undesired products such as antibody-antibody or
fluorophore-fluorophore can cause a low yield of the desired antibody-
fluorophore products. During the one-step conjugation of pAb CAT and FTED in
solution, a stoichiometric excess of both FTED and DTSSP is used to prevent
antibody-antibody conjugates, although some fluorophore-fluorophore
conjugation would be expected. To examine the level of antibody-antibody
crosslinking using this method, the sample was examined by size exclusion
chromatography (SEC). Conjugate and native protein were prepared at 1 mg/ml

in PBS. 20 ul of sample was injected onto a Biosep SEC-S 3000 column and
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separated at 1 ml/min using 100 mM sodium phosphate pH 6.8 as the mobile
phase.

The SEC chromatogram in Figure 5.4 includes traces from both the
FTED-DTSSP-pAb CAT and native pAb CAT. The prominent peak of both traces
appears at 18.5 minutes, while a much smaller peak is seen at 17 minutes. While
the peak at 17 minutes could be indicative of dimerization of IgG, it is clearly not
the main product of conjugation. Also, conjugation of the small molecules onto
pAb CAT did not change the retention time in a significant way, which was
expected.

One-step in situ conjugation of target antibodies to aminated fluorphores
using DTSSP appears to be a viable method for formation of CTI conjugates.
However, this strategy is limited by the small number of diamines commercially
available to the user. Conjugates made using diamines such as ethylenediamine,
cystamine, and 1,6 hexanediamine produce TCEP-cleaved CT! fragments that
differ only by a few (CH2) groups and would be expected to be more difficult to
resolve electrophoretically than groups differing in charge. These fragments have
been resolved previously, but required extensive separation method
development.® For these reasons, one-step conjugation of IgG to aminated
fluorophores using DTSSP was discontinued in favor of SPDP mediated
conjugation, discussed below.

5.3.2 Quantification of Crosslinking of igG to SPDP.
The conjugation of proteins and other biomolecules to antibodies through

SPDP has been firmly established in the literature, most notably for the formation
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Figure 5.4. Size-exclusion chromatogram of native pAb CAT and pAb CAT
conjugated to FTED using DTSSP in a one-step procedure. Flow rate was 1
mi/min in 100 mM sodium phosphate pH 6 run buffer. Injection was 20 pl of 1

mg/mi antibody.
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of immunotoxins.® Toxins are conjugated to an antibody so that the toxin can be
directed to a certain location in a biological system (defined by the antibody’s
specificity for target), as opposed to exposing the entire system to large amounts
of toxin in a non-specific manner.

The heterobifunctionality of SPDP is defined by an amine-reactive N-
hydroxysuccinimide group and a thiol-reactive 2-pyridyldithio group. When a thiol
reacts with a SPDP-protein conjugate, it forms a new disulfide linkage with the
protein while pyridine-2-thione leaves the SPDP residue as a byproduct.’® This
leaving group is not reactive towards the newly formed disulfide, so the reverse
reaction cannot threaten the stability of the new conjugate. SPDP is an appealing
crosslinker for the formation of immunotoxins for several reasons. As a
heterobifunctional crosslinker, a target protein can be modified through the NHS
ester of SPDP without concern for homopolymerization of the protein due to a
lack of free thiols on the protein surface. Thiolated toxin can then be added to the
protein in a specific manner. The final conjugate contains a disulfide separating
the antibody and the toxin, which can be reduced to release the toxin once inside
a cell.’" Disulfides can undergo disulfide exchange in the presence of free thiols.
Cleavage of disulfides using excess DTT is an example of disulfide exchange.

It is necessary to understand the degree of protein modification by SPDP so that
reaction with free thiol-amine in the second conjugation step can be controlled in
such a way to prevent undesired disulfide reduction and preserve newly formed

disulfides. Quantification of SPDP residues in a protein sample is most easily

97



accomplished by measuring the absorbance of pyridine-2-thione at 343 nm
following cleavage of disulfides in the sample by DTT.

In experiments with pAb CAT SPDP conjugates, both the conjugate and a
control containing only SPDP were purified by column buffer exchange using a
desalting resin. The control was included to examine the ability of the desalting
resin to remove unbound SPDP. 5 ul of each sample was diluted to 500 pl in
PBS and absorbances were recorded at 280 nm and 343 nm. Each sample was
then mixed with 5 pl 15 mg/ml DTT in PBS. After 15 minutes, samples
absorbances were again measured at 343 nm. The absorbance at 343nm of the
pAb CAT SPDP sample went from 0.001 A before reaction to 0.049 A following
the reaction, while the control sample went from 0.004 A to 0.007 A.

The degree of SPDP labeling can be measured using the following formula:

AA MMWprotein

= SPDP/ protein (5.1)
8080 mg/ml

where AA is the change in absorbance at 343 nm, 8080 is the extinction
coefficient of pyridine-2-thione at 343 nm, and SPDP/protein is the molar ratio.
The concentration in mg/ml of the IgG is estimated using the absorbance at 280
nm."?

The modified pAb CAT sample was found to contain 12.9 moles SPDP per
mol of protein. Furthermore, the very small change in absorbance at 343 nm of

the control SPDP sample indicates that the buffer exchange resin does remove

most of the unreacted SPDP from solution. With the SPDP content of the protein
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now known, aliquots from the sample were reacted with different molar excesses
of thiol amine, 1.5-fold and 5-fold excesses. A low molar excess would be
expected to modify the protein without the risk of further disulfide exchange,
while a higher ratio could result in the undesired cleaved SPDP modified protein

product.

5.3.3 Primary Amine Concentration on Modified and Unmodified IgG

The CTI tracer conjugation methodology described here utilizes newly
introduced primary amines for reaction with fluorophore after SPDP reaction with
a thiol-amine. Therefore, quantification of primary amine content in a conjugated
protein sample can reveal the extent of modification during several of the steps.
The reaction of 2,4,6 trinitrobenzene sulfonic acid (TNBSA) with free amino
groups to produce a colored derivative provides a convenient method to examine
primary amine content in a sample. Following the instructions provided by Pierce
for TNBSA assay, native pAb CAT, pAb CAT SPDP, and pAb CAT SPDP-
cysteamine samples were examined using glycine as a standard to create a
calibration curve. After reaction of the native protein with SPDP, there is a 56.6%
reduction in free amine content. Because SPDP reacts with primary amines, a
reduction in primary amine content after this step would be expected. Both pAb
CAT SPDP cysteamine samples were also examined for amine content. The
sample treated with a 1.5-fold excess of cysteamine over SPDP showed a
350.9% increase in amine content. With the maximum amine content expected to

be 100% of the original primary amine concentration, this result is likely in error.
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It is possible that the buffer exchange procedure did not remove excess
cysteamine, however even that scenario should not produce a result this high.
Other IgG conjugates made in our lab with a 1.5-fold excess of thiol-amine
produced functional CT| conjugates, so this result may simply be an anomaly.
The sample with a 5-fold excess of cysteamine gave 98.1% of the original amine
content, a more sensible result that shows all SPDP residues have reacted and
excess amine has been removed. It would appear that at low millimolar
concentrations, displacement of the disulfide by free thiol is not significantly
detrimental to the viability of the conjugate. The TNBSA amine quantification
assay is an essential experiment which has been used to confirm the functional

expectations of the first two steps of CTl bioconjugation.

5.3.4. Molar F/P Ratio Quantification for FITC Labeled Conjugates

After labeling pAb CAT with SPDP and cysteamine, the final modification
was performed in which the fluorescent amine-reactive label FITC was used to
label the conjugate. Buffer exchange resin was used to remove unbound FITC,
which could be seen as a yellow color concentrated at the top of the resin bed.
The conjugate was diluted to 500 pl with PBS, and the absorbances at 280 nm
and 495 nm were recorded. The following equation was used to determine the

molar fluorophore/protein (or F/P) ratio:™

2.77 x Ayys
Aygo —(0.35% A,y5)

= MolarF | P (5.2)
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This method was used for molar F/P calculation for conjugates used in the CTI
experiments below. An additional experiment was used to examine the FITC-
cysteamine pAb CAT conjugate. Two 25yl aliquots of that conjugate were
prepared. One aliquot was added to 25ul 5 mM borate pH 8, 1 mM TCEP. The
other aliquot was used as a control, adding 25 pyl 5 mM borate pH 8 with no
TCEP. After an hour reaction in the dark, samples were buffer exchanged using
a Zeba desalting column into 5 mM borate pH 8 and diluted to 400 pl in the same
buffer. Absorbances were then measured at 495 nm. The solution exposed to
TCEP gave an absorbance of 0.000, while the sample that was not exposed to
TCEP gave an absorbance of 0.028. Because the buffer exchange procedure
allows the protein to pass through the column and retains small molecules on the
column, this experiment shows that TCEP does reduce the newly formed
disulfide allowing the CTl fragment to diffuse into solution. This key experiment
demonstrates the viability of this conjugation method to produce CTI tracers
made from any thiol-amine and any amine-reactive fluorphore. The main
advantage of this method over previous methods is the increased control it gives
to the chemist over the charge-to-mass ratio of the CTI| fragments. Furthermore,
it vastly expands the number of possible CTi fragrﬁents available to the user.
Previous methods relied on using different diamines which are limited in number
and in the difference in charge-to-mass ratio imparted on the final fragment.
Because the CTl fragment is conjugated directly onto the protein step by step,
fluorophores which are too costly to use in large quantities can be introduced

from much smaller masses. Table 5.1 contains a list of CT| conjugates which
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antibody thiol-amine fluorophore abbreviation
thyroxine cysteine FITC FCYS mAb T4
3-nitrotyrosine cysteamine FITC FCAM pAb 3NT
carboxymethyl lysine cys-gly FITC FCG pAb CML
thyroxine cysteamine FITC FCAM mAb T4
3-nitrotyrosine cysteamine AlexaFluor 488 AFCAM pAb 3NT
carboxymethyl lysine  cysteine  AlexaFluor 488 AFCYS pAb CML

Table 5.1. CTI conjugates used for competitive immunoassays. Abbreviations

used in the text are in the column to the far right.
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have been prepared in the lab using various thiols-amines and fluorphores for
use in this work. Creation of dozens of other conjugates should be feasible, given
the availability of several different thiol-amines and spectrally similar fluorphores
that are commercially available.
5.3.5 Competitive CTI for BSA-3NT

To demonstrate competitive microplate CTIl, BSA-3NT was selected as an
analyte given our successful analysis of the same target using micromosaics.
After overnight sensitization using 5 ug/mL BSA-3NT and BSA-T4, the microplate
was exposed to samples containing variable amounts of BSA-3NT and 5 ug/mL
of the tracers FCAM pAb 3NT and FCYS mAb T4. Having already established
peak identities for the FCAM and FCYS fragments, it was theorized that the peak
associated with 3NT would decrease in area as a result of competition between
surface-bound BSA-3NT and BSA-3NT in solution. Figure 5.5 shows a
representative electropherogram from this separation, and a dose-response
curve for BSA-3NT. The dose-response curve clearly shows the competitive
effect that BSA-3NT in solution has on FCAM peak area over sub-microgram per
milliliter concentrations. This proof of concept experiment was used as a basis to
justify further competitive CTI experiments where multiple analytes were
examined simultaneously.
5.3.6 Three Analyte Competitive CTI

Having demonstrated that CTl was possible for a single analyte, a three
analyte system was next devised for targets 3NT, T4, and CML. In the first

attempt to perform this assay, the conjugate FCG pAb CML was examined with
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Figure 5.5. Sample electropherogram for separation of FCAM and FCYS tags

(A). CTI dose-response curve for BSA-3NT (B). Separation buffer was 10 mM

HEPPSO, 5 mM SDS, 0.5 mM TDAPS pH 7.5. Cleavage buffer was 10 mM

HEPPSO, 1 mM TCEP pH 7.5.
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FCAM pAb 3NT and FCYS mAb T4. Microplates sensitized to all three analytes
were incubated with the three conjugates, and the cleavage products examined
by CE so that peak resolution could be optimized prior to immunoassay. The
HEPPSO buffer used for 3NT immunoassay above was found to be unable to
separate the comigrating peaks of FCYS and FCG. Several other buffer
conditions were examined for this separation. The most promising separation
buffer was found to be 10 mM TAPS, 5 mM SDS, 0.05% Triton-X 100 and 20%
acetonitrile. An electropherogram from this separation is seen in Figure 5.6. One
of the peaks appears as a small peak shoulder at x seconds. These buffer
conditions did not provide sufficient resolution to perform quantitative
measurements from the FCYS and FGC peaks.

One of the stated benefits of CTl is the synthetic control of the signaling
molecules. Due to the problems associated with simple resolution of FCYS and
FCG fragments, a new separation was attempted using conjugates that produced
different cleaved tags. The three conjugates examined were AFCAM pAb 3NT,
FCAM mAb T4, and AFCYS pAb CML (see Table 5.1). The idea behind this
approach to analysis was that problems with resolution of cleaved tags could be
addressed by simply using a different synthesis to produce a different, more
easily resolved set of cleaved fluorophores. The three new conjugates produced
cleaved tags that were found to have baseline resolution using a separation
buffer of 10 mM TAPS, 5 mM SDS, 0.05% Triton-X 100. Having established the
separation parameters, a specificity experiment was undertaken to both examine

cross reactivity and determine peak identities. Microplate wells were sensitized to
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only one of the three analytes in the first step, yet exposed to all three conjugates
during the second incubation step. This experiment is similar to the cross
reactivity study shown in Figure 2.2. Cleaved solutions were examined by CE,
and in each case a single peak appeared. This shows that the three analyte
system has low cross reactivity, and could therefore be used for muItiahaIyte
analysis. An electropherogram for each of the three sensitized wells is shown in
Figure 5.7.

Once both the separation parameters needed for resolution of the three
peaks (AFCAM, FCAM, AFCYS) had been determined and the specificity of the
affinity reagents demonstrated, a competitive immunoassay for all three analytes
3NT, T4, and BSA-CML was attempted. Figure 5.8 shows two electropherograms.
One is from a sample in which no competing analytes were present, and results
in the appearance of the three peaks. The second electropherogram is taken
from a sample in which 10 yM 3NT, 10 uM T4, and 4 ug/mL of BSA-CML were
present. The peaks from AFCAM and FCAM are no longer present, and the peak
from AFCYS appears diminished. This is evidence that the competitive effect is
occurring and has the expected effect on the three peaks.

At this point in the CTI project, quantification of analytes has been slow
due to irreproducibility of the injection of analyte into the capillary during CE.

- Figure 5.9 shows a dose-response curve for 3NT using the parameters
discussed above. The trend of the data (decreasing AFCAM peak area with

increasing 3NT concentration) is indicative of competition, but the large error of
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the peak area has prevented further characterization of the immunoassay (LOD,
etc).
5.4. Conclusion

In this chapter, competitive CTl has been presented as a possible
alternative to traditional single analyte immunoassay methods such as ELISA,
and multianalyte methods such as CEIA and IACE. A new conjugation scheme
has been introduced which utilizes the popular heterobifunctional crosslinker
SPDP. Modification of the protein was quantified at each of the three steps to
confirm the viability of the procedure. Using this protocol, several different
immunoconjugates were prepared in our laboratory. Use of these conjugates in
competitive CTI was researched using a microtiter plate as a solid phase and
microchip fluorescence CE for cleaved tag detection. Resolution of two tags in a
HEPPSO buffer and competitive assay for BSA-3NT was demonstrated. Three
different tags were separated using a TAPS buffer and the competitive effect
demonstrated, but reproducibility of injection and separation has thus far

prevented quantification of analytes.
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Chapter 6

Research Summary and Future Directions

6.1 Research Summary

This doctoral dissertation discusses two new immunoassay techniques
offered as platforms for multianlayte analysis. In this work, resolution of
immunochemical reactions was performed both spatially using a micromosaic
immunoassay, and electrophoretically using CTI.

Micromosaic research presented here focuses first on development of
competitive immunoassays. Indirect competitive assays for T4 and BSA-3NT and
a direct competitive assay for CRP are demonstrated simultaneously. Using the
method, both T4 and CRP are quantified over their clinical reference range. Next,
simuitaneous analysis of SOD and CAT by sandwich immunoassay and 3NT by
competitive immunoassay is presented. This work shows that both small and
large analytes can be examined at the same time, from the same sample but
using different assay configurations. As a technique for examining small sets of
related biomarkers (2-5 analytes), micromosaics is presented as a versatile and
sensitive method.

During micromosaic experiments, a pattern was observed involving
decreasing signal across identical mosaics in the direction of flow. This
phenomenon, termed the depletion effect, was not only observed in our lab but
also predicted by Dr. David Dandy’s lab using linear fluid dynamics. This

dissertation briefly investigates depletion and proposes a strategy to address



error associated with the effect through geometrical optimization. Using this
approach, RSD for signal in the 3NT competitive assay system was reduced by
almost 50%. The depletion effect is theorized here to be related to the size of the
particle diffusing to the surface in accordance with the Stokes-Einstein equation,
and is therefore analyte dependent.

CTl was originally developed in the Henry Lab by Dr. Meghan Caulum for
the detection of cardiac biomarkers using a bead-based sandwich immunoassay
format. In this dissertation, several new approaches to CT| are examined. Most
notably, the bioconjugate protocol for the creation of CTI antibody tracers is
investigated using the crosslinker SPDP. This combinatorial approach utilizes
various thiol-amines and spectrally similar fluorophores to vastly expand the
number of cleavable tags which can be synthesized. Although there are not
currently CTl methods which use the dozens of possible tags, the increased
number of tags available allows the researcher to pick and choose CTI
conjugates which will give more easily resolvable fragments when performing
CTlI for just a few analytes.

Indirect competitive CTl is demonstrated here using a microtiter plate as a
solid phase. Microtiter plates are a standard platform for solid phase assays such
as ELISA and could make the CT! technique more appealing for use in other labs.
T4, 3NT, and BSA-CML are examined using unique antibody conjugates for each
of the targets. Resolution of the three CTI tags is demonstrated using microchip

fluorescence CE.
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6.2. Future Work

The long term goal for the micromosaics project is to devise a method for
examination of metabolites, proteins, and larger targets such as viruses in a
simultaneous fashion. Capture and detection strategies for larger targets will
have to be developed and incorporated onto the substrate. Another area of
interest is patterning across a waveguide surface for label-free detection. Silicon
nitride has been used for these detection strategies. Because our patterning
methods have been developed on this material, the surface chemistry necessary
for these experiments is straightforward.

Further development of CTI can go in several possible directions. The
immediate need is to develop a separation chemistry for the cleaved tags that is
reproducible and provides for low peak area error. Next, assays for larger
numbers of analytes should be investigated. This will likely require more method
development in terms of separation strategies. The limit to the number of
simultaneous assays possible using CTI currently has an electrophoretic basis.
However, this number could be expanded even further through the use of tags
that can be resolved spectrally. This would require bioconjugation using labels
that fluoresce at a significantly different wavelength than fluorescein. Another
aspect of CTl development involves the construction of a micro total analysis
system in which each assay step is accomplished on a microfludic microchip.
This would involve a return to a bead-based solid phase for immunocapture. Our

laboratory is currently considering many of these possibilities for future research.
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Appendix 1: Original Research Proposal

Selection of High Affinity Aptamers Using Imprinted Polymers for

Oligonucleotide Extraction

Summary

Functional oligomers or “aptamers” are a class of biopolymers which can
catalyze a reaction or bind with high affinity and selectivity to a target molecule [1,
3]. Realization of aptamers as molecular probes and therapeutic agents has
been made possible due to aptamer selection methods [4, 5]. Typically, aptamers
are selected by exposing an oligomer solution containing a large number of
random sequences to an immobilized target molecule. Aptamers bound to the
immobilized target are easily separated from the DNA pool by washing. PCR is
used to amplify the aptamer, which can then be sequenced. While systematic
evolution of ligands by exponential enrichment (SELEX) has provided aptamers
for many target molecules, it requires facile target immobilization and a
conjugation regime that does not destroy or block the aptameric determinants of
the target [6]. The recently developed CE-SELEX method allows for selection in
free solution, but requires electrophoretic resolution of aptamer-target complexes
[7]. We propose an in situ selection method in which unbound oligomers are
removed from solution using molecularly imprinted polymers (MIP-SELEX). We
hypothesize that a) free solution aptamer-target binding prevents aptamer

binding to an imprinted polymer resin due to conformational changes of the given



aptamer or other steric factors and b) a single imprinted polymer resin can serve
as a template for an entire oligonucleotide library. Because immobilization of
target is not necessary, we expect to create the first truly universal SELEX
method which can be applied to any target that can be solublized with the
oligomer library. The method will be demonstrated for the small molecule

atrazine. To achieve this goal, the following specific aims will be addressed:

A. Specific Aims

1. Develop an imprinted polymer resin capable of specifically binding a
known aptamer for the small molecule pesticide atrazine

2. Determine effects of the presence of target on aptamer binding to the
polymer resin. Compare apparent aptamer affinity constants between surface
and target.

3. Prepare an imprinted polymer resin using a standard SELEX DNA or
RNA library as a template, and expose the new resin to the imprinted SELEX
library and a desired target. Perform amplification and sequencing on the eluent

to identify potential aptamers to the target.

B. Background

Clinical diagnostics and research require specific reagents for selective
detection and quantification of analytes of interest[1]. Affinity reagents are
essential for this work, binding with high affinity and specificity to a specific target

in the presence of thousands of related molecules. These analytical targets
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include proteins and small molecule biomarkers which can be used to
understand the mechanisms of biological systems[8]. Affinity reagents are a
versatile tool for analysis and clinical diagnostics in highly complex biological
samples including blood, serum, and urine.

Immunoglobulins (antibodies) are currently the most widely used affinity
reagents [9]. Antibodies are produced in mammalian B cells as a response of the
immune system to a foreign molecule [10]. By immunizing a given animal against
a chosen antigen or hapten, researchers have been able to isolate antibodies
against a wide variety of molecular targets. Using these reagents, immunoassays
have become a standard method of biological sample analysis. However,
immunoassays face certain limitations due to the nature of antibodies and their
production and storage. Polyclonal antibody development is an expensive and
time consuming process requiring trained technicians to immunize the animal
and collect the serum immunoglobulin fractions [1, 10]. Production of monoclonal
antibodies requires further steps to isolate B lymphocytes, fuse them to myeloma
cells and grow in a tissue culture. Lastly, the antibody product must be
characterized. Antibodies for small molecules must be generated against
molecules larger than 5kD, ie molecules large enough to stimulate an immune
response [11]. Therefore, small molecule immunogens require conjugation of the
small molecule to a carrier protein such as bovine serum albumin (BSA) or
keyhole limpet hemocyanin (KLH) [10]. Conjugation can be synthetically
challenging, and the process itself can destroy unique antigenic determinants of

the target molecule. Finally, as with most protein reagents, antibodies have a
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limited shelf life and are at risk for deactivation through denaturation and
aggregation.

Aptamers, the name given to single stranded DNA (ssDNA) or single
stranded RNA (ssRNA) possessing affinity properties, present an exciting
alternative to antibodies and may emerge as the choice affinity reagent for the
future of biosensing and analysis. Aptamers possess several interesting
advantages over antibodies [1]. For instance, aptamer development does not
require immunization of animals or cell cultures. Secondly, aptamer selection and
use can proceed under a range of conditions, unlike antibodies which are raised
under physiological conditions and can suffer from loss of activity outside this
range of conditions. Most importantly, after the sequence of an aptamer has
been determined, exact oligomer replicates can be easily synthesized. The key

to aptamer utilization lies in the process of selection.

B.1. SELEX

In 1990, three different groups of researchers published descriptions of
their efforts to find RNA strands that could bind a specific ligand from a large pool
of random sequence RNA oligomers [4, 5, 12]. These researchers theorized that
a large population of random sequence oligomers with a wide range of sizes and
conformations would contain a select few molecules capable of ligating a target.
To test the theory, target ligands were exposed to the diverse RNA pools for a
given amount of incubation time. RNA-target complexes were then separated

from the RNA pool and enriched by reverse transcription, polymerase chain
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reaction (PCR), and transcription. This process was repeated several times using
the amplified RNA pools, and resulting oligomers could then be sequenced. The
SELEX process is depicted in Figure 1. These sequences (aptamers) were found
to bind to the given target with dissociation constants on the order of uM. Tuerk
and Gold called their process “Systematic Evolution of Ligands by Exponential
Enrichment” or SELEX. This is the modern accepted term for aptamer selection
processes [5].

In the years following the debut of SELEX, aptamers have been selected
for targets including proteins,[13] amino acids,[14] and even cells [15, 16].
Libraries containing up to 10® different sequences are commonly employed,
providing the genetic diversity necessary to select aptamers for a wide range of
targets [17]. Aptamers can be selected under a variety of conditions such as
differing buffers and temperatures.

Aptamer-target binding has been investigated, primarily through NMR [1].
Yang et al showed that RNA aptamers for arginine and citrulline fold into
compact structures upon ligand binding [18]. Likewise, an aptamer for
cyanocobalamin is believed to contain a pseudoknot structure which undergoes a

conformational change during binding [19].
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Figure 1. SELEX scheme.[1] only a few developments in the
fundamental selection methods. One of
the most interesting methodological advancements is capillary electrophoresis
SELEX (CE-SELEX) [7, 22-24]. Developed by Mendonsa and Bowser, the
method is unique in that target is incubated with the random-sequence nucleic
acid library in solution as opposed to on a solid phase. After a period of
incubation, the target-library solution is injected onto a capillary column where a
separation is performed by CE. Uncomplexed ssDNA migrates as a single band,
regardless of size. Aptamer-target complexes migrate at different velocities, as
the charge/mass of the target is assumed to impart a mobility shift when
complexed with the ligating DNA. Following fraction collection, PCR is used to
amplify the DNA pool for the next round of selection as in other SELEX methods.

CE-SELEX has been shown to provide several advantages over

conventional SELEX. High-affinity aptamers have been found using this method
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after only 2-4 rounds of selection [23]. In direct comparison with conventional
SELEX, Tang et al. produced a DNA pool of which 87.2% of oligomers had
significant affinity for ricin toxin after four rounds of CE-SELEX, while
conventional SELEX produced a pool with only 38.5% of oligomers showing
significant affinity after 9 rounds [25]. CE-SELEX has also been found to produce
aptamer pools with more sequence heterogeneity than conventional SELEX,
which often produces aptamers with common sequence motifs [22]. Several CE-
SELEX advantages stem from elimination of the solid phase used for capture of
ligating DNA [6]. Conjugation of the target is not required, which eliminates
selection bias towards sterically available “epitopes” and crosslinking chemicals.
In addition, non-specific binding to the solid phase is eliminated, and high affinity
binders don’t need to be eluted prior to PCR ampilification. In theory, CE-SELEX
could be used to find aptamers for unidentified targets, assuming a control
sample with the same matrix was available.

CE-SELEX was not the first method to utilize “free solution” aptamer
selection. Tuerk and Gold used free solution selection and captured aptamer-
target complexes on a nitrocellulose membrane [5]. This method suffered from
low separation efficiencies,[6] and in theory would not work for smaller targets
unable to bind to nitrocellulose.

The principle disadvantage of CE-SELEX is evident in the necessary
electrophoretic resolution of target-aptamer complex from the bulk nucleotide
library. This would be most problematic for smaller targets which would not

contribute enough mass or charge to the complex for electrophoretic resolution.
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However, larger molecules with electrophoretic mobilities close to that of
uncomplexed ssDNA might also lack significant mobility difference to perform
CE-SELEX. Finally, aptamer-target peaks are below the limit of detection for CE-
UV during selection, requiring researchers to collect all fractions to one side of

the unbound oligomer peak.

B.3. Alternatives to CE — Molecularly Imprinted Polymers

CE-SELEX research has demonstrated that free solution selection
provides several advantages over traditional affinity purification-type methods.
Due to a dependence on electrophoretic resolution, CE-SELEX is not a truly
universal method for aptamer selection.
To the best of our knowledge, few other aptamwg
methods for separation of free solution l
selection products have been explored.
We believe that solid-phase extraction jib
of unreacted oligomers from solution Resin with template
could be realized through the use of l

molecularly imprinted polymers.

Due to the limitations and costs Resin with template removed

Figure 2. Polymerization of a MIP

of biologically-based affinity reagents,
biologically yreag for target aptamer

there has been much interest in synthetic materials that possess similar
properties of affinity and selectivity [26]. There has been considerable research

focused on the design and use of molecularly templated or imprinted polymers
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(MIPs). Imprinted polymer theory says that a target molecule in the presence of

functional monomer will undergo self-assembly such that the molecules’ relative

orientations will create energetically favorable interactions (hydrogen bonds,

hydrophobic interactions, Van-der Waals forces) [26, 27]. A crosslinker is added

to aid in polymerization of the monomer into a rigid structure, trapping the target.

The templated molecule can then be removed through solvent extraction.

Removal of the target leaves a cavity in the polymer capable of recognizing and

binding target molecules from a sample, mimicking the hypervariable region of an

Adenins Tgymine ?17

Figure 3. Functional monomer VDAT
and theorized interaction with A-T base
pair.[2]

antibody. Dissociation constants for
the target-MIP complex have been
reported in the nM range [26].
These affinity constant values are
similar to those observed for
antibody-antigen interactions.

To date, MIPs have been
synthesized and utilized as
receptors for a wide variety of
polymer materials, targets, and

applications. Popular organic

polymers include polystyrenes and polyacrylates. Methacrylic acid can form

hydrogen bonds with the template and allows for easy template removal following

polymerization [28]. Inorganic materials have also been investigated, as the sol-

gel technique has been used for template entrapment [29]. A potentiometric
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sensor for the pesticide atrazine was developed using a polyvinyl chloride sensor
matrix formed into a membrane [30]. The sensor was highly selective for atrazine
over other common pesticides. Murray et al developed an optical sensor for
soman hydrolysis products using a europium-doped MIP [31]. When the target
was coordinated to the embedded europium, a fluorescent signal was observed.
The hydrolysis product could be detected down to 4 pM. These examples
represent only a few of the hundreds of papers currently published on the topic of
MIP technology.

MIPs have found the most success in small molecule assays. Prepolymer
solutions containing solvent and monomer are generally more compatible with
small molecule templates than larger molecules such as proteins. It was not until
1996 that the first MIP for a protein was developed [32]. More recently, Takatsy
et al. developed MIPs for two different hemoglobin species in gel granules.
Binding of target was observed as a function of granule mobility during free zone
electrophoresis [33]. Because the granules were neutrally charged, migration
was only observed when hemoglobin protein was present and therefore bound to
the MIP receptors on the granules. Selectivity was high, as granules imprinted
against human hemoglobin would not recognize bovine hemoglobin, and vice
versa.

Recently, Ogiso et al. have developed a system for detection of double-
stranded DNA (dsDNA) using a molecularly imprinted gel matrix [2, 34, 35]. The
functional monomer 2-vinyl-4,6-diamino-1,3,5-triazine (VDAT) was present in the

polyacrylamide polymerization step to provide a site for recognition of A-T base
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pairs by hydrogen bonding (Figure 3). A 564 base-pair DNA strand was used as
a template molecule. Imprinted polymer gels were compared to non-imprinted
gels during electrophoresis of a group of DNA strands including the templated
dsDNA. It was found that migration of the templated molecule during
electrophoresis was slower in the imprinted gel than in the non-imprinted gel,
while the migration of several other DNA strands of various sizes was not
affected by the imprinting. This suggests that the imprinted polymer gel
specifically recognized the templated molecule as expected. The main challenge
of dsDNA recognition by this MIP was that VDAT did not discriminate between A-
T and T-A base pairs. DNA with a single point mutation of A-T to T-A also had

slowed migration in the templated polymer gel.

B.4. Summary

High-affinity aptamers show potential to be an excellent synthetic
alternative to antibodies. SELEX technology has been used for the last decade to
find high affinity aptamers for a variety of small and large targets. CE-SELEX
represents an important development for aptamer discovery, but is limited to
aptamer-target complexes which can be electrophoretically resolved from the
SELEX library. MIP-SELEX utilizes in situ selection as in CE-SELEX, but would
use a templated polymer to remove non-aptamer DNA strands from solution.

This method would be the first truly universal procedure for aptamer selection.

C. Research Methods/Experimental Design
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Development of a SELEX system using an imprinted polymer resin for
removal of non-aptamers from solution is presented. This goal will be
accomplished with four specific aims.

1. Use traditional SELEX to select an aptamer for the pesticide atrazine.
Synthesize a pure stock of the aptamer for use in subsequent steps.

2. Prepare an imprinted polymer resin using the atrazine aptamer as a template.
3. Observe the partitioning behavior of the atrazine aptamer between solution
and polymer receptor in the presence and absence of atrazine.

4. Prepare an imprinted polymer resin using a SELEX oligomer library as the
imprinting molecules, and use the resin to remove non-aptamers from solution

during SELEX separation. Compare selected aptamers to those found using

traditional SELEX. . a
o~ ) N /)\NJ\NJ\
C.1. Selection of an o H H
NHS-activated particle atrazing
atrazine aptamer l
Atrazine is an o N)\N °
l /L
herbicide which has seen N)\\\N)\u - N

HO
I\ 0o
atrazing-labeled particle N-hydroxysuccinimide

Figure 4. Conjugation of atrazine to a NHS-activated
solid phase.

widespread use in the
United States and can be
found in streams near the point of use [36]. It has been found to induce
hemapherotism in frogs [37] and is therefore of interest in aquatic ecological

systems [38].
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Atrazine is an excellent target to examine in SELEX systems because it is
water soluble and can be easily conjugated to a solid phase. Figure 3 shows a
reaction scheme for conjugation of atrazine to NHS-activated chromatography
particles. Note that atrazine can be conjugated at either secondary amine,
imparting heterogeneity in the aptameric determinant resin. Following
conjugation, this solid phase will be used for selection of atrazine aptamers using
traditional SELEX according to Niu et al [39]. Typical SELEX experiments require
as many as 12 rounds of selection, while CE-SELEX requires only 2-4 [7].
Therefore, we will use 12 rounds in our initial SELEX experiments. Individual
aptamers will be synthesized and conjugated to 6-carboxyfluorescein for
fluorescence detection. Labeled aptamers will be incubated with an atrazine
affinity column (as used above) and eluted with free atrazine. Fluorescence
analyses of the elutents will be used to determine which aptamer shows the
highest affinity for a given amount of atrazine in solution [7]. This aptamer

sequence will be used for further experimentation.

atrazine-aptamer

complex C.2. Preparation of an MIP for

aptame—r§ /

recognition of ssDNA atrazine

\f aptamer

MIP Resin . .
. . L e Atrazine is also an excellent
Figure 5. Partition of atrazine aptamer

between liquid and solid phases in the target for free solution MIP SELEX
presence of atrazine.
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experiments. Target selection for atrazine using CE-SELEX or free solution
SELEX using nitrocellulose for capture could be difficult or impossible due to the
molecule’s small mass (215.09 D).

Following the selection and synthesis of an atrazine ssDNA aptamer, a
MIP resin will be created using the aptamer as a template molecule. The most
appropriate resin for this application that has been published is a MIP gel created
by Ogiso et al for use in gel electrophoresis. To form this gel, the template
aptamer will be incubated with 2-vinyl-4,6-diamino-1,3,5-triazine (VDAT) at a
10:1 molar ratio of VDAT:aptamer and allowed to self-assemble for an incubation
period. This solution will then be mixed with the recommended amounts of |
acrylamide, N,N’-methylenebisacryamide, N,N,N’,N’-tetramethylethylenediamine,
and ammonium persulfate in a spin column with a removable frit for elution.
Control polymer spin tubes will be prepared without the template aptamer
present. Removal of the template will proceed by repeated rinsing with 0.1M
guanidine hydrochloride in 50mM HEPES [2].

It is important to note that the VDAT recognition element is expected to
recognize A-T and T-A residues on dsDNA. Although aptamers are produced as
single strands, they commonly self-hybridize into folded states to create the
unique conformations necessary for target binding [40]. It is through these
Watson-Crick pairings that aptamers form secondary structures such as stems,
pseudoknots and hairpins [3]. Therefore, we should expect that aptamers
possess A-T pairings which can be recognized by the templated polymer in the

same manner as ssDNA is recognized.
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MIP binding affinity will be observed by incubation of the aptamer with
both the imprinted polymer and the control. Foliowing incubation, gel spin
columns will be rinsed repeatedly with buffer then rinsed with the guanidine
solution used above to elute the oligomers. All DNA in the eluent will be labeled
with 6-carboxyfluorescein as above after a solvent exchange to remove
guanidine. We expect that solutions eluted from the MIP gel will yield much more

aptamer than that which is eluted from the non-imprinted gel.

C.3. Aptamer partition between the liquid and solid phases

In the above experiment we will show that the MIP gel can specifically
bind an aptamer target. In the presence of a third affinity reagent, atrazine, we
expect to see a partitioning of the aptamer between the imprinted polymer and a
solution containing atrazine (Figure 5).

The system developed here is a three component competitive scenario,
where one of the elements can bind with either of the other two, but in theory not
both simultaneously. A similar system is that of the competitive immunoassay in
which two ligands compete for binding at the same antibody’s antigen-binding
site. However, the MIP-SELEX system is different in that the aptamer serves as a
ligand for the MIP, while atrazine is a ligand for the aptamer. This investigation
will determine if the binding of atrazine to aptamer changes the aptamer
conformation in a way that prevents binding to the imprint polymer.

In this system, we will examine three different incubation procedures for

competitive binding using the aptamer, MIP spin column, and atrazine.
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a. Atrazine and the aptamer are applied to tvhe column simultaneously,
allowing all three components to interact at the same time.
b. Atrazine and the aptamer are incubated together for a period of time
before application to the column.
c. The aptamer is applied to the column and allowed to incubated,
followed by the addition of atrazine.
After the final incubation of each procedure, the columns will be spun down and
the oligomer content of each eluate evaluated. It is understood that both MIPs
and aptamers can have high affinities on the order of antibody-antigen
interactions (Kg = 10°° M). To compensate for affinity differences, a range of
atrazine concentrations covering several orders of magnitude will be used in
each procedure to derive a dose-response curve where elutent aptamer
concentration is plotted as a function of applied atrazine. We expect that the
concentration of eluted aptamer will be proportional to applied atrazine

concentration.

C.4. Preparation of an MIP for recognition of a SELEX library

SELEX libraries consist of pools of DNA or RNA of over 10" different
sequences [40]. Creating receptors for each oligomer in the library using
biological systems (ie raising antibodies) would be an impossible task. Using self-
assembly and MIPs, receptors for each sequence could be synthesized onto a

single resin.
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Using a stock ssDNA SELEX library as a template, MIP resins will be
prepared in spin columns as described above for a single aptamer. A dilute
solution of the same library and a given concentration of atrazine will be prepared.
The library will be diluted in order to increase the ratio of available MIP binding
sites for each oligomer to individual oligomer in solution. The library-atrazine
solution will be incubated to allow for binding before being placed in contact with
the spin column. The column will be rinsed several times with the library-atrazine
solution to ensure complete non-aptamer extraction. PCR will be applied to the
resulting eluent, completing one round of MIP-SELEX. 10 rounds will be
performed during early testing. Final products will be sequenced and compared
to aptamers discovered using traditional SELEX for both sequence motifs and
binding affinity towards atrazine.

As with the single aptamer experiments discussed above, we intent to
investigate alternative incubation schemes. These would include incubating the
library with the column prior to atrazine exposure and simultaneous exposure of

the library and atrazine to the column.

D. Summary

Aptamer selection technology is an emerging field which will likely provide
the next generation of affinity reagents for diagnostic and therapeutic applications.
CE-SELEX is a recent advancement which addresses several problems
encountered during traditional SELEX by performing the selection process in free

solution rather than on a solid phase.
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The proposed MIP-SELEX system utilizes free solution selection, but does

not require electrophoretic resolution of aptamer-target from non-aptamers. MIP-

SELEX has potential to be the first universal aptamer selection protocol, capable

of producing high affinity aptamers for any target.
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