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The genome sequencing programs have identified hundreds of thousands of
genetic and proteomic targets for which there are presently no ascribed functions. The
challenge for researchers now is to characterize them, as well as identify and characterize
their natural variants.
separately.

Historically, this has meant studying each individual target

However, due to the recent development of multi-analyte microarray

devices, these characterizations can be performed in a combinatorial manner in which a
single experiment provides information on thousands of targets at a time.

In the past

decade, microarray technology has settled in on two major designs. The first entails
spotting individual receptor types onto a functionalized glass substrate. This is a simple
and inexpensive process; however, due to the limited resolution of the mechanical
devices used to do the spotting, the densities of these arrays are relatively low.
Moreover, receptor preparation requires substantial time and effort.

The second variety

of microarray uses photolithographic techniques adapted from the semi-conductor
vi

industry to chemically synthesize the receptor elements in situ on the sensing surface.
Because lithographic patterning is spatially very precise, these arrays achieve very high
densities, with as many as one million features per square centimeter. Although these
arrays obviate the necessity for laborious “off chip” probe preparation, they are expensive
to produce and are limited to two types of receptors (oligonucleotides and peptides).
This dissertation presents the development work performed on a hydrogel-based
biosensor platform which provides a high density and low cost alternative to the two
aforementioned designs.

The array features are fabricated lithographically from a liquid

pre-polymer doped with biologically active sensing elements at sizes as small as 50µm.
Each of the feature types is uniquely shaped, which enables the features to be massproduced in batches, pooled together and then assembled into randomly ordered arrays
using highly-parallelized self-assembly techniques.

The three-dimensional hydrogel

features accommodate a wide variety of sensing elements, such as enzymes, antibodies
and cells, which cannot be deployed using the traditional designs. This dissertation
presents methods developed to integrate cellular and oligonucleotide sensing elements
into the hydrogel features which preserve their biological activity and optimize the
sensor’s performance.
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Chapter 1: Multi-Analyte Detection Devices
INTRODUCTION
Since the genomic-sequencing of more than 100 organisms first began, an
enormous set of genetic and proteomic targets have been identified.1

The challenge for

researchers now is to characterize these targets, as well as identify and characterize their
natural variants.

Historically, this has meant studying each individual target separately.

However, due to the recent development of multi-analyte microarray devices, these
characterizations can be performed in a combinatorial manner in a single experiment.

In

its most common form, a microarray is a solid substrate on which a number of different
sensing molecules, called probes, are distributed in an ordered arrangement.

To identify

the probes within the array, each is placed at a specific location, at a Cartesian coordinate,
where each functions as a molecular recognition element for a particular target analyte.
Detection assays are conducted by first labeling the analyte mixture and then placing it on
the array’s sensing surface.

Binding events are measured by observing which array

locations have accumulated labeled material.
It is generally acknowledged that microarray devices originated from the work of
Edwin Southern over thirty years ago when he first demonstrated that DNA immobilized
onto a support material could be used to detect, via base-pair interactions, complementary
RNA sequences.2

His technique was developed as a means of identifying the regions

within genomic DNA that coded for specific RNA transcripts.

The process used

restriction-enzymes (enzymes that cleave DNA at sequence specific sites) to digest the
genomic DNA into fragments, which were separated by size, via electrophoresis, on an
1

agarose gel and then transferred onto a nitrocellulose membrane. The DNA fragments
bound tightly to the nitrocellulose film yet still retained their ability to hybridize to their
complements.

Detection assays were conducted by immersing the membrane in a

solution containing
autoradiography.

32

P-labeled RNA sequences and then measuring binding by

This technique is still widely used today and has been given the name

the Southern Blot in recognition of its inventor.
For many years the small number of targets being studied did not require scaling
up or refining this technique.

In the few instances where researchers wanted to study

more than one target in unison, they merely adapted this process by making multi-analyte
dot-blots, which consisted of a handful of DNA or RNA receptors manually spotted onto
nitrocellulose film.3

However, during the 1990’s, the explosion of new sequence

information led researchers to explore alternative designs that could accommodate many
more receptors while at the same time having better performance. Two major designs
emerged out of this flurry of development work.

The first involves the micro-deposition

of pre-synthesized sensing elements onto a glass substrate.

The second uses

photolithographic techniques, borrowed from the semiconductor industry, to chemically
synthesize the probes (e.g. short oligonucleotide and peptides) in situ on the surface of a
silicon chip.

Both of these techniques have their advantages which are presented below.

SPOTTED ARRAYS
In direct evolution of membrane-based approaches, spotted microarrays were
made popular when Patrick Brown and colleagues at Stanford University first
demonstrated high speed robotic printing techniques.4-5

Their method required

synthesizing gene-length probe sequences “off chip” via polymerase chain reaction
(PCR) techniques and then using a robot to dispense a known volume of the probe
2

solutions at each selected array position on a standard glass microscope slide.

Their

process involved tapping a print-pin, with a small capillary channel filled with the probe
mixture, onto the glass. The printing operation placed spots 500µm apart from each
other.

After printing each probe the robot cleaned and reloaded the print-pin with the

next probe mixture.

This serial process was repeated for each feature in the array. An

illustration of the process is shown in Figure 1.1.

Spotted Arrays

Print Pin
Spotting
Probe Solution

Glass Slide

Robotic Arrayer
Repeated
Many copies of
the same probe

Feature

Microarray

Figure 1.1: An illustration of the micro-deposition process used to fabricate a spotted
array.
Their method did not require special attachment chemistry.

Once spotted, a

sufficiently large quantity of probe molecules became permanently immobilized on the
glass to provide the desired function.

Brown used the arrays to take gene expression
3

measurements of tissue samples using an innovative two-color labeling scheme, in which
the samples were labeled with different fluorophores and hybridized on the array at the
same time.

By comparing the ratio of the two colors at each array position, they were

able to identify tissue dependent gene expression differences.

These two color

micrographs have become the hallmark of this technology. A schematic illustrating the
two-color assay is shown in Figure 1.2.

Differential Gene Expression
Sample 1

Two Color Labeling

Fluorescence Micrograph

Sample 2

Co-Hybridization

Figure 1.2: A schematic illustrating the two-color differential gene expression analysis
performed by Brown et al in his first demonstration of spotted microarrays.
In a much broader sense, his demonstration showed that using simple techniques
and readily available materials, it was possible to take a snapshot of a sample of cells on a
molecular level.

In principle, this snapshot could include all of the genes in the

particular organism’s genome, a very exciting prospect.
Since this demonstration the use of spotted arrays has flourished, and the robotic
printing systems, dubbed arrayers, have become commonplace in molecular biology
laboratories across the country. Many refinements to the technique have been made,
including modifications to the glass substrate which improve adhesion of the probes.
4

It

is now more common to print on slides that have been coated with poly-lysine, amino
silanes, or amino-reactive silanes.6
The strength of this array fabrication technique is that it has a “low barrier to
entry”.

Any laboratory that has isolated genetic material can now make custom multi-

analyte detection arrays very inexpensively. The weakness of the technique is that
probe synthesis and purification takes a considerable amount of time and effort.
Moreover, the serial printing process is time consuming.

Thus, although there have

been some commercially produced spotted arrays, this technology seems destined to be
limited for custom array fabrication only.

GENE CHIPS
Lithographically fabricated microarray devices were pioneered by Affymetrix.7-8
They used photolithographic techniques borrowed from the semi-conductor industry to
chemically synthesize the probe sequences in situ on the sensing surface. Fittingly, they
named these arrays GeneChips®.

Because lithographic patterning is spatially precise to

the sub-micron scale, the features can be very densely packed with as many as one
million features per square centimeter.

The fabrication process begins by attaching

synthetic linkers, modified with photochemically removable protecting groups, to a glass
or silicon substrate.

Specific areas of the substrate are deprotected by projecting light of

the appropriate exposure wavelength through a patterned photomask onto the substrate.
This activates the areas making them reactive toward the attachment of monomers such
as hydroxyl-protected deoxynucleosides and amino acids. The appropriate monomer is
incubated with the surface to which it becomes covalently attached. Next, a second
photomask is used to expose different areas of the chip, and the chemical cycle is
repeated.

This process is repeated until the probes have reached their prescribed
5

lengths.

Although the coupling reactions are very efficient, synthesis errors do occur.

To avoid compounding these errors, the probe lengths are kept relatively short. Most
Affymetrix chip designs use 25mer oligonucleotide probes, which can be synthesized in
roughly 100 lithographic steps.

A schematic illustrating this process is shown in Figure

1.3.

Lithographically Fabricated Arrays
hν

hν

Figure 1.3: Schematic illustrating the photolithographic steps required to fabricate an
Affymetrix GeneChip® - photo adapted from www.affymetrix.com.
Despite having shorter probes these arrays can be used for virtually every DNAbased application, such as gene expression analysis (as in the Brown example), single
nucleotide polymorphism (SNP) detection, and gene resequencing.
There are two main advantages to this highly parallelized fabrication technique.
First, it does not require cloning genes, PCR amplification or gel purification, steps that
6

would otherwise entail the “off chip” probe preparation.

It only requires sequence

information, which is subsequently used to synthesize millions of probes in unison in just
100 steps. The second advantage is that the arrays achieve much higher densities than
are possible with spotted arrays.

Current large scale commercial manufacturing

methods allow for approximately 300,000 features per chip.
feature sizes.
2µm.9

This constitutes 25µm

Moreover, Affymetrix has forecast that feature sizes will drop as small as

At that resolution, one hundred million non-overlapping probes spanning the

entire human genome would fit a 2x2cm array.
These arrays have a few drawbacks. Primarily, they are expensive, ranging from
$500-1000 per chip. However, as sales volumes increase, the prices are expected to
drop.

Moreover, this technology is limited to just two types of receptors,

oligonucleotides and peptides. This excludes it from the rapidly developing proteomics
applications as well as cell-based sensing. As the genomic era wanes and the proteomic
era waxes there will be a demand for alternative high density biosensor platforms that can
accommodate these sensing elements.

DISSERTATION PROJECT
This dissertation presents the development work performed on a hydrogel-based
biosensor platform which provides a high density and low cost alternative to the two
aforementioned designs.

The array features are fabricated lithographically from a liquid

pre-polymer and can accommodate a wide variety sensing elements such as nucleic acids,
proteins, enzymes, antibodies and cells.

Each of the feature types is uniquely shaped,

which enables them to be individually mass-produced and then later assembled into
randomly-ordered arrays using highly parallelized self-assembly techniques.
7

The early chapters of this document present this sensor platform and the methods
developed to integrate cellular and oligonucleotide sensing elements into the threedimensional hydrogel features such that their biological activity is preserved. The latter
chapters discuss advanced methods, developed throughout the course of this project, to
increase the information density of the arrays and optimize their signal-to-noise
characteristics.

The final chapter presents the conclusions from this project and

suggests future work which can be undertaken on this platform.
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Chapter 2: The MUFFINS Platform

ABSTRACT
A multi-analyte sensor array platform has been developed which consists of
analyte specific features that are indexed by shape. The individual analyte-specific
array features are batch fabricated photolithographically from poly(ethylene glycol)
diacrylate hydrogel pre-polymer and can accommodate a wide variety of sensing
chemistries.

Depending on the physical size of the sensing moiety, it is either co-

polymerized into the hydrogel matrix (e.g. oligonucleotides, aptamers) to prevent it from
diffusing out of the sensor, or it is merely physically encapsulated, an important strategy
for preserving the biological activity of the larger and more complex sensing elements
(e.g. antibodies, proteins, cells).

This three-dimensional hydrogel sensor platform has

advantages over two-dimensional platforms in that it offers an increased loading capacity
for immobilized probes and that it more closely mimics the solution phase.

Because the

array features are constructed of poly(ethylene glycol), it has virtually no background
noise due to nonspecific adsorption of labeled analytes.

The fabrication techniques used

to construct the arrays are amenable to mass production, and, therefore, the arrays
promise to be a low cost alternative to traditional biosensor platforms.

INTRODUCTION
In the post human-genome-project era there is an increased need for genetic
diagnostics to help researchers combinatorially screen for etiological links between
9

genetic variation and disease.

Likewise, as the cause-and-effect relationships are

established, there will be a large demand for low cost, multi-analyte sensor arrays to
clinically screen individuals for these markers. There are already several commercially
available DNA-based diagnostics designed to measure either the gene expression or
genetic variation of an individual,1-3 but while existing screening techniques have been
marketed for use in research and some clinical settings, there still exists a need to reduce
the cost of these diagnostics to enable widespread usage.
The

shape-encoded,

hydrogel-based

MUFFINS

(Mesoscale

Unaddressed

Functionalized Features Indexed by Shape) platform4 addresses the need for costeffective, high-throughput screening of biological materials such as oligonucleotides,
proteins, and small molecules.

Individual feature types can be mass produced

photolithographically from a liquid pre-polymer in batches of thousands per exposure.
Each feature is given a unique shape corresponding to the molecular recognition
molecules it contains. Because the features are shape indexed, they do not need to be in
any unique arrangement within the array the way traditional Cartesian microarrays do.
This enables parallel fabrication techniques to be used for array assembly.

Batches of

feature types can be pooled together to fabricate hundreds of arrays.

Arrays are

constructed by a self-assembly process, which results in the random arrangement of
features within the array.

A diagram illustrating this scheme is shown in Figure 2.1.

10

The MUFFINS Platform
Individual Batches of Shapes

Pool of MUFFINS

Apportioning & Assembly
Hundreds of Arrays

…

Figure 2.1: A schematic diagram illustrating the highly parallelized fabrication process
for MUFFINS arrays.
To present the details associated with the MUFFINS platform, this chapter has
been broken down into four sections. The first discusses the materials used from which
the MUFFINS features are constructed and the attachment chemistry used to bind
biological molecular recognition elements into the hydrogel matrix.

The second section

discusses the fabrication procedure and the many refinements that have been made since
11

development work on the MUFFINS platform first began. The third section presents a
novel shape indexing methodology and illustrates how the output of the arrays can be
automatically decoded by shaped recognition software.

And finally, the fourth section

discusses the technique used to assemble the features into a multi-analyte detection
device.

THE MUFFINS PLATFORM
Materials
Hydrogel platforms have the potential to provide a number of advantages over the
standard surface bound arrays.

Their three-dimensional nature results in an increased

signal density due to the greater amount of sensing elements immobilized within the
matrix,5 and they create an environment that simulates a solution phase system, in
contrast to the solid-liquid interface of a two-dimensional surface.6

Because the

environmental conditions (e.g. pH, ionic concentrations, etc.) can be controlled within the
hydrogel, much the way contact lens materials are, these materials can accommodate very
complex sensing elements that would ordinarily lose their biological activity if deployed
on two-dimensional surfaces, such as antibodies,7 enzymes8 and living cells. Because
physical encapsulation alleviates the need for surface attachment chemistry, the sensing
moieties encapsulated in hydrogels and are more likely to maintain their native
configuration and their binding specificity.

This improves the fidelity of the detection

measurement as it reduces aberrant binding due to misfolded receptor structure.

The

compatibility of hydrogels with a wide array of sensing methodologies: living cells,
proteins, DNA, and small molecules, makes using them an attractive approach for
biological sensing.
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The hydrogel material used for the MUFFINS platform is poly(ethylene
glycol)diacrylate (PEG-da).

PEG hydrogels were chosen because they are known to

resist non-specific binding of proteins9 and oligonucleotides.

Depending on the sensing

application, different molecular weights of PEG-da can be chosen.

The use of higher

molecular weight varieties of PEG-da results in lower cross-link densities in the hydrogel
material and therefore better transport properties.
Figure 2.2.

The structure for PEG-da is shown in

The two acrylate groups on PEG-da are the chemically reactive groups that

undergo polymerization during the feature fabrication process.
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Poly(ethylene glycol)diacrylate

Figure 2.2: The structure of poly(ethylene glycol)diacrylate, the hydrogel material used
by the MUFFINS platform.
In addition to PEG-da, the pre-polymer formulation for the MUFFINS platform
contains three other ingredients; water, photoinitiator and the biological molecules that
are to serve as sensing elements.
sensing application.

The percent of water can vary depending on the

The percent chosen has an impact on the mechanical, swelling and

transport properties of the hydrogel.4

The photoinitiator used is Darocur 1173, a

commercially available (Ciba Geigy), water soluble free radical generator.

It undergoes

homolysis into two radical species when irradiated with wavelengths ranging between
200 – 365nm.

The broadband ultraviolet radiation from a standard mercury arc lamp is

13

sufficient to initiate radical production and cross-linking. The structure of Darocur 1173
is shown in Figure 2.3.
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CH3
2-Hydroxy-2-methyl-1-phenyl-propan-1-one
(Darocur 1173 Photoinitiator)

Figure 2.3: The chemical structure of Darocur 1173, the photo-initiator used to fabricate
MUFFINS.
The incorporation strategy from the sensing chemistry depends on the sensing
application.

Large sensing molecules, where it is advantageous to avoid using

attachment chemistry which may damage its structure, are physically encapsulated within
features.

For DNA and other small receptors covalent attachment is necessary to

prevent them from diffusing out of the hydrogel.

Oligonucleotide probes are attached to

the hydrogel matrix, via a methacrylamide modification made to the 5’ end of the
oligomer; this functional group copolymerizes with the acrylate moieties on PEG-da
during the photopolymerization process. Its structure is shown in Figure 2.4.
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methacylamide modification made to 5’ end of DNA

5' DNA

Figure 2.4: The commercially available 5’Acrydite™ end group used to covalently
attach the chemically synthesized oligonucleotide probes to the MUFFINS
features.
14

Feature Fabrication
Photolithographic methodology enables the high-throughput mass-production of
thousands of identically shaped polymer features in a single lithographic exposure.
Photolithographic fabrication techniques have already been optimized for use in the
semiconductor industry to efficiently produce sub-micron microelectronics components
and can be readily modified for the production of high-density hydrogel-based
microarrays.
While many alternatives can be considered, the MUFFINS features used in these
studies were constructed using a contact lithography process, where the photomask was
placed in contact with the liquid pre-polymer during the exposure.

In early development

work on the MUFFINS platform, this process involved dispensing the liquid pre-polymer
into a Teflon™ reservoir, placing a photomask over the mixture, and irradiating the
mixture in an exposure tool.

The depth of the reservoir controlled the thickness of the

features, and their shapes were defined by the patterned photomasks, which were
constructed using overhead transparency film on a laser printer.

After the photo-

polymerization was completed the photomask was removed, and the unreacted prepolymer was rinsed away.

This process is illustrated in Figure 2.5.
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MUFFINS Fabrication
Irradiate/cross-link

Place Photomask
in Contact with
Pre-Polymer

Rinse Away Unreacted
Pre-polymer

Figure 2.5: An illustration of the original photolithography process used to construct
MUFFINS.
These techniques sufficed for proof-of-principle demonstrations, when feature
sizes were on the millimeter scale. However, as the feature sizes were decreased and
the patterned shapes became more complex, two major improvements, which are
described below, were made.

Photomasks
Overhead transparency film photomasks are both inexpensive and easy to
produce; however, their image quality is relatively poor for small patterned features.
When used as photomasks, their imperfections are transferred into the polymerized
hydrogel leaving a rough appearance.

As the feature sizes were reduced and the
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complexity of the shapes increased, the transparency film was replaced with two alternate
mask materials.

The first is 35mm Kodalith™ film, which is an affordable substitute

with excellent image quality. It is a black and white film that has great contrast, meaning
it is transparent to the exposure wavelengths in clear regions but completely opaque in
black regions.

The patterned Kodalith film can be used for feature sizes ranging 500µm

and up, but cannot reliably produce much smaller features.

The second type of

photomask is the chromium-on-glass mask. Although they are relatively expensive,
they have superior image quality and have been used to fabricate MUFFINS as small as
50µm.

To illustrate the quality of the three types of photomasks, bright-field

photomicrographs of each are presented in Figure 2.6.

The dimensions of the features

shown in these images are all approximately 1mm in diameter and are shown at both 20x
and 40x magnifications.

The imperfections in the overhead transparency film

photomasks are clearly evident at both magnifications, yet only the 40x image of the
Kodalith film reveals flaws.
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Transparency Film

Kodalith™ Film

Chromium on Glass

Figure 2.6: Photomicrographs comparing the quality of transparency film, Kodalith™
film and chromium on glass photomasks.
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Micrographs showing a representative set of features for each type of photomask
are shown in Figure 2.7.

To provide a direct comparison, the feature sizes in all three

images have been kept approximately the same as the photomasks shown in Figure 2.6.
Notice how well the image of the each photomask corresponds to the image of the
features.

Transparency Film

Kodalith™ Film

1mm

1mm

Chromium on Glass

1mm
Figure 2.7: Bright-field micrographs of MUFFINS constructed using transparency film,
Kodalith™ film and chromium-on-glass photomasks.
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The Black Box
When smaller feature sizes were attempted using the techniques illustrated in
Figure 2.5, the exposure radiation from unmasked areas would transmit through the prepolymer and scatter off of the white Teflon substrate and into masked regions. This
resulted in “flare”, which is defined as feature growth when scattered light enters masked
regions and initiates unwanted photochemical reactions. Originally Teflon had been
chosen because it was an easy surface from which to harvest the MUFFINS; however, its
surface is highly reflective, which makes it a poor substrate on which to perform
photolithography.

In the semiconductor industry, where imaging occurs on a silicon

surface, this problem is avoided coating the wafer with an anti-reflective coating (ARC),
which absorbs the incident radiation that transmits through the photo-resist.

Because

the MUFFINS fabrication was not constrained to any particular substrate, such as silicon,
a transparent quartz substrate was used, below which a “black-box” fixture was placed.
The black-box was designed to capture all exposure radiation that was transmitted
through the pre-polymer, thereby preventing flare.
box is shown in Figure 2.8.
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A schematic diagram of the black-

The Black Box
Incident Radiation
λ = broadband

Light tube
Black felt insert
Photomask
Pre-polymer
n ~ 1.33
Water

Quartz substrate
n = 1.47

n = 1.33

ARC coated
reflector

45o

Figure 2.8: The “black-box” fixture used to fabricate high image quality MUFFINS.
The black box is a water filled apparatus containing an ARC coated reflector and
a black felt insert, into which the quartz substrate is placed such that its bottom surface is
in contact with the water.

The pre-polymer is dispensed onto the quartz, which contains

two standoffs that define the height of the features.

The photomask is placed on the

standoffs such that it is in direct contact with the pre-polymer.

The black-box is covered

with a light tube, and the entire assembly is loaded into the exposure tool. During the
exposure the radiation transmitted through the pre-polymer passes into the quartz and
then into the water.

At each of these two interfaces there is a small reflection, which is

described by the Fresnel Equation simplified for normal incident light:
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n −n
R= 2 1
n2 + n1

2

(Eqn. 2.1)

where R is the ratio of reflected to incident radiation at each interface, n2 is the refractive
index of the medium out of which the radiation is passing, and n1 is the refractive index
of the medium into which the radiation is passing.10

This relationship reveals why it is

advantageous for the black box to be filled with water. If the radiation were to pass
from the bottom of the quartz (n = 1.47) 11 into air (n = 1), approximately 4% of it would
reflect back into the pre-polymer producing flare.

This concept is illustrated in Figure

2.9.

Interfacial Reflections with and without Water

Pre-Polymer n ~ 1.33

Pre-Polymer n ~ 1.33
R = 0.2%

R = 0.2%

Quartz n = 1.47
R = 4%

Quartz n = 1.47
R = 0.2%

Water n = 1.33

0.4%

Air n = 1.00

Percent Reflected

4.2%

Figure 2.9: A graphic illustrating the role the water contained in the black box plays in
improving image quality of the MUFFINS features.
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After transmitting through the quartz, the radiation enters the water and
encounters an ARC coated reflector.

Whatever fraction is not absorbed by the ARC is

reflected into the black felt insert quenching the remainder.

This advancement in

conjunction with the improvements to the photomasks made it possible to decrease the
feature sizes as low as 50µm.

Bright-field micrographs of 50µm MUFFINS features

and the photomask that was used to pattern them are shown in Figure 2.10.

Miniaturizing MUFFINS
Chromium on Glass Photomask

Figure 2.10:

MUFFINS (50mm features)

Micrographs showing both the 50 µm chromium-on-glass photomask and
the corresponding MUFFINS features fabricated using the black box.

Shape Indexing
Indexing the MUFFINS features by shape enables arrays to be constructed via
high-throughput parallel assembly processes. This in contrast to traditional array
platforms that serially distribute probes onto a two-dimensional surface in a Cartesian
coordinate pattern, whereby each sensor feature’s function is indexed by its coordinate in
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the array. Several examples of this array fabrication methodology include the covalent
attachment of small molecular sensors,12-13 proteins,14-15 and DNA16-17 on glass and selfassembled monolayers on gold.18 The use of randomly ordered arrays simplifies device
fabrication, but requires an alternative encoding/decoding strategy for determining sensor
function. Randomly ordered arrays were first demonstrated19 using functionalized
polymer beads placed randomly into a multi-well grid, containing unique fluorescent tags
to identify each sensor type.20-23 Although this approach parallelizes the fabrication
process, the finite number of unique spectroscopic signatures limits its application.
Shape-based indexing offers the advantage of a nearly infinite number of indexing
patterns, (as demonstrated by the widespread use of bar codes) requiring only the
development of reliable decoding software.
Originally the shape indexing of the MUFFINS features involved using a
relatively limited subset of standard geometric shapes (e.g. circle, triangle, square, etc.).
However, as the number of features contained in the arrays increased, it was necessary to
develop a strategy which provided a greater number of indexing patterns.

The approach

that was adopted involved lithographically printing a unique pattern of dots inside the
features.

The dot pattern, similar to a bar code, serves as the feature’s identifier. An

illustration of this indexing method is shown in Figure 2.11.
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Indexing MUFFINS with Dot Patterns

Dot Pattern

Two Uniquely Indexed Features

Reference Dots

Figure 2.11: An illustration of the dot-pattern indexing methodology used by the
MUFFINS platform.
With just a five-by-five array of dots there are over 33 million unique indexing
patterns.

In addition to the dot pattern, the features contain three large reference dots

(shown in red in the figure), which identify the rotational alignment of the feature within
the array. Because the reference dots are chiral, they also provide a way to identify
which side of the MUFFINS feature is facing up.
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This is important because the

MUFFINS are free to flip over when the batches are pooled, apportioned and assembled
into arrays.

Without this feature it would not be possible to distinguish between features

with dot patterns that are mirror images of each other.
The benefits of this labeling strategy are that dots are easy to produce
lithographically, and because each feature has the same disk-shaped geometry, they can
easily be assembled into highly ordered hexagonally-close-packed (HCP) arrays. The
dot patterns also make it possible to automatically decode the output of the array via
shape recognition software.

The dot coding system and the character recognition

software will be described in detail in the thesis of Jason Meiring and is the subject of
patent applications that are currently pending; however, a brief description of the
decoding process is provided below.

Decoding MUFFINS Arrays
A shape recognition program has been written to automate the decoding process
of a MUFFINS array. It takes the micrograph output from the array and identifies each
feature contained within that is producing a positive response.

To do this, it uses a

detection algorithm to search the image for the reference dot configurations that belong to
the individual features. The location and orientation of the reference dots define the
position and chirality of a feature’s indexing dot pattern, therefore, the program uses this
information to identify the features producing positive responses and to construct a
composite image.

The composite image displays all of the feature-types in their proper

orientation. A graphic illustrating this process is shown in Figure 2.12.
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Decoding MUFFINS
Micrograph of Array
Individual Feature

Image
Construction

Decoded
Composite Image

Figure 2.12: A schematic diagram illustrating the MUFFINS array decoding process.
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Self Assembly
Similar to the polymer bead approach, each shape-encoded sensor type can be
individually mass-produced, and multi-analyte arrays can be prepared by randomly
assembling a mixture of the desired sensor types.

This process involves placing a set of

MUFFINS features into an aliquot of liquid pre-polymer.

The features float at the air-

liquid interface, and via capillary action self-assemble into a randomly-ordered highdensity HCP configuration.

The pre-polymer is then irradiated, fixing the MUFFINS

features into a hydrogel support matrix.

An illustration of this process is shown in

Figure 2.13.

Array Fabrication
Individual MUFFINS
Liquid Pre-Polymer
Self-Assembly

UV irradiation

Cross-linking

A MUFFINS Array
Figure 2.13: An illustration showing the self-assembly process used to fabricate
MUFFINS arrays.
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This assembly process results in a thin hydrogel film containing a randomly
ordered array of MUFFINS features, which can be used for the detection of analytes. A
photograph of an assembled array is shown in Figure 2.14. This image shows the HCP
arrangement of the individual MUFFINS features.

1.0 cm

Figure 2.14: A photograph of a randomly-ordered, self-assembled MUFFINS array.
A higher magnification image of the array is shown in Figure 2.15.
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1mm
Figure 2.15: A bright-field micrograph of an HCP array of MUFFINS which have been
assembled into an array.
CONCLUSION
The MUFFINS platform addresses the demand for high density, low cost, multianalyte sensing devices.

Processes have been developed to mass-produce the three-

dimensional PEG hydrogel features as small as 50um.

This suggests that a HCP array

of MUFFINS one centimeter square can deploy 40,000 unique sensing features.
Presently, there are a number of sensing applications that are not yet feasible to perform
with traditional arrays because their densities are too small (e.g. resequencing arrays,
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etc.).24

The photolithography fabricated MUFFINS platform has the potential to be an

enabling technology for these markets.
Encapsulation strategies have been developed to deploy both small molecular
weight sensing molecules such as DNA and larger more complex sensing elements such
as enzymes, antibodies and cells. This versatility is truly unique to hydrogel based
platforms and promises to be an approach to deploy sensitive detection elements that
would not fare well on a two-dimensional glass surface.
The shape encoded features obviate the need for elaborate Cartesian indexing
processes. MUFFINS can be assembled into randomly ordered arrays at an air-liquid
interface and photochemically bound into a support matrix.

This makes array assembly

easier and less costly. The dot indexing patterns provide an almost limitless number of
unique identities with which to label the features and, via shape recognition software,
facilitates the automated decoding of the array’s output.
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Chapter 3: Feature Functionalization

INTRODUCTION
Hydrogel materials were chosen for the MUFFINS platform because of their
versatility in the types of molecular recognition elements they can accommodate, such as
living cells, proteins, DNA, and small molecules. To give the MUFFINS features the
capability to function as sensors, these elements must be incorporated into the hydrogel in
a way that preserves their biological activity. Depending on the physical scale of the
sensing moiety, different functionalization approaches have been established.

For small

molecular weight sensing elements, it is necessary to covalently attach them to the
hydrogel matrix to prevent them from diffusing out of the MUFFINS features, while
large elements are merely physically encapsulated into the hydrogel without any special
attachment chemistry.

To highlight the ability of the MUFFINS platform to use a

diverse range of sensing chemistries and demonstrate the efficacy of their corresponding
incorporation strategies, this chapter presents the development work performed to
establish methods of incorporating both cells and DNA into the MUFFINS platform.

CELL BASED SENSING
The past decade has witnessed the development of genetically engineered
microorganisms tailored to respond in a dose-dependent manner to the presence of a
variety of analytes.1-2

The stage is now set for incorporating such organisms into whole-

cell arrays to serve as multi-analyte detection devices.
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Because PEG hydrogels have

been successfully used to encapsulate living mammalian cells for tissue engineering
applications,3-4 the hydrogel-based MUFFINS platform promises to be uniquely suited
for cell based sensing.

To show the use of cells as sensing elements within the

MUFFINS platform, the following demonstrations and development work were
performed.

The demonstrations used two varieties of cells, which had been genetically

engineered to express antibody fragments on their surface. Both were the same basestrain of Escherichia coli (E. coli); however, they had antibody fragments specific for
different small molecular weight compounds.

One of the antibody fragments was

specific for the cardiac glycoside digoxin, while the other was specific for the herbicide
atrazine.5,6 The goal was to validate our encapsulation strategy by demonstrating that
MUFFINS containing these cells could detect fluorescently labeled derivatives of their
respective compounds, in particular digoxin.

EXPERIMENTAL-CELL BASED SENSING
Materials
Poly(ethylene glycol) diacrylates (PEG-da) with weight average molecular weight
of 575 was purchased from Aldrich.

Darocur 1173, a liquid, photoinitiated free-radical

generator, was obtained from Ciba-Geigy. Propidium iodide (PI) was obtained from
Molecular Probes. The synthesis of the BODIPY™-digoxigenin conjugate, as well as
genetic engineering of the cells, has been described elsewhere.5-6

Pre-polymer Formulations
MUFFINS features were made from a pre-polymer solution consisting of 2.3mL
PBS, 3.0mL of PEG-da 575, 200µL of 1M NaOH (to elevate the pH of the pre-polymer
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to 7.4 before cells were added), 50µL of Darocur 1173, and 500µL of Escherichia coli in
PBS (the optical density of the cell mixture was approximately 50 at λ = 600nm – the
optical density measurement was taken of a diluted sample within the range of 0.2 and
0.5 and extrapolated).

Cell Culture
The E. coli used in the cell-based sensor assay were cultured using the following
protocol. A 2mL starter-culture was prepared from frozen-stock.

Cells were incubated

in Terrific Broth™ (TB) medium supplemented with 2% w/v glucose and 200µg/mL
ampicillin on a shaker table at 25oC overnight. A 2mL volume of fresh medium (TB w/
2%glc. & 200µg/mL amp.) was inoculated with 20µL of the starter culture and incubated
on a shaker table at 37oC.

When this culture reached growth phase (after approximately

2 hours), signified by the optical density of the culture approaching a value of 0.5 (optical
density measurements were taken at 600nm), the cells were induced to express and
display antibody fragments on their surface by adding 2µL of 100mM isopropyl-beta-Dthiogalactopyranoside (IPTG). IPTG is a chemical analogue of galactose, which cannot
be hydrolyzed by the enzyme b-Galactosidase. Therefore, it is an inducer for activity of
the E.coli lac operon by binding and inhibiting the lac repressor without being degraded.
The cells were cultured in this induction medium for 3 hours, after which they were
centrifuged into a pellet.

The supernatant was aspirated away and discarded, and the

pellets were resuspended in phosphate-buffered-saline (PBS) to an optical density of 50.
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Exposure Tool
Broadband ultraviolet radiation from a 200W high pressure mercury arc lamp
(Oriel) was used to photo-polymerize the hydrogel pre-polymer.

The bulb was housed

in an Oriel shutter enclosure that collimated the radiation to approximately a 15cm
diameter area and filtered out wavelengths below 365nm. The nominal intensity of the
collimated light was 20mW/cm2, as measured by a Molectron PowerMax 5200 intensity
meter.

An Oriel 68810 Arc Lamp Power Supply, coupled with an Oriel 68705 igniter,

was used to power the bulb. The shutter was controlled by an Oriel 8160 Timer.

Sensor Fabrication
The PEG-da pre-polymer solution containing the cells was dispensed into a milled
Teflon basin and an overhead transparency film photomask was placed on top and in
direct contact with the pre-polymer.

The printed overhead transparency film contained

2mm shape patterns. The pre-polymer was irradiated with an approximate dosage of
200mJ/cm2.

The unpolymerized pre-polymer was rinsed away with water, and the

hydrogel sensor features were gently slid off of the mask via a razor-blade.

This process

is illustrated in Figure 2.5 in chapter 2.

Detection Buffer
All cell assays were conducted in a detection buffer composed of a standard 1x
phosphate-buffered-saline (1x PBS final concentrations are 137mM Sodium Chloride,
10mM phosphate, 2.7mM Potassium Chloride, pH is 7.4) with target-analyte at a final
concentration of 100nM.

The labeled target was synthesized by chemically conjugating

the fluorophore BODIPY FL™ to digoxigenin, the analyte to which the surface displayed
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antibody chains bind. After a four hour incubation period, the MUFFINS were rinsed in
a rinse buffer composed of 1x PBS containing 50 µM of a mild commercially available
non-ionic detergent, NP-40.

Imaging
An Olympus IX-71 inverted microscope was used for fluorescent imaging.

The

light source for the microscope is a 100W high pressure mercury arc lamp driven by an
Olympus BHL-RFL-T3 power supply. A 4x objective coupled with a 10x eyepiece (total
40X magnification) was used for all images. An Olympus MagnaFire SP digital camera
was used to record the fluorescent micrographs. A U-MWB2 optical filter set was used
to image 6-FAM™.

RESULTS AND DISSCUSSION – CELL BASED SENSING
In this demonstration, three sensor features were constructed and used in an assay
to detect a fluorescently-labeled derivative of digoxin, referred to as the target-analyte.
Two of the sensors were functionalized with cells, while the third, serving as a negative
control, was composed of hydrogel only.

The cells placed in the sensors were

genetically engineered to express single chain antibody fragments specific for either
digoxin or atrazine.

The shape assignments for the MUFFINS are listed in Table 3.1.
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Table 3.1:

The shape assignments for the MUFFINS used in the cell based sensing
demonstration.
Cell's Sensing Functionality

Feature Shape

Digoxigenin

Square

Atrazine

Triangle

Negative Control (None)

Circle

The three sensor features were incubated in a detection buffer containing
fluorescently labeled BODIPY™-digoxigenin conjugate, which the digoxin antibody
fragments bind with high affinity; their dissociation constant has been measured and is on
the order of 10-9 M.5

After a three hour detection period, the sensors were washed in a

rinse-buffer and imaged on a fluorescence microscope.
features produced a signal.

In this test none of the sensor

To determine the nature of this negative result and examine

the health of the cells contained with the MUFFINS, the “live/dead” stain propidium
iodide (PI) was added to the rinse buffer, in which the features were placed for one hour.
PI is called a “live/dead” stain because it becomes fluorescently active only when it
enters a dead cell and intercalates between the bases of its DNA. If the cells are alive,
their cell membranes will not permit PI to enter, and, therefore, no signal is produced.
After the soak in the PI modified buffer, the MUFFINS were imaged for PI on a
fluorescence microscope (λmax, excitation = 588nm, emission = 620nm).

In this first

attempt to visualize the cells, the solid hydrogel material scattered too much light to
allow a measurement.

As an alternative process, the liquid pre-polymer containing the

cells was stained with PI and a small drop of this mixture was dispensed onto a
microscope slide and covered with a cover slip. The thin film of pre-polymer trapped
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between the two glass surfaces was imaged with negligible scattering.

The micrographs

revealed large irregularly shaped red globules suspended in the pre-polymer.

This was

not the expected result since cells should be much smaller and uniform in size.

To

determine whether these globules were in fact what was left of the cells, a sample of the
stock culture of cells in PBS was stained with PI and imaged.

This image confirmed

that the red bodies were cells; however, in this mixture, which contained only PBS, the
cells were well dispersed.

It is important to point out that in any culture of cells there is

always a fraction which are dead and will accept the PI stain.

Although the majority of

the cells in the PBS were alive, a representative number did pick up the stain and become
visible under the fluorescence microscope.
conditions are shown in Figure 3.1.
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Micrographs comparing these two

E. Coli in PBS – PI stain

Individual Cells

E. Coli in Pre-Polymer – PI stain

Large Aggregates

Figure 3.1: Fluorescence micrographs comparing of E. coli in PBS and PEG-da prepolymer stained with propidium iodide.
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These micrographs show that the cells in the pre-polymer have become
sequestered into large aggregates. A quick literature search revealed the nature of this
aggregation.

As it turns out, PEG is a reagent widely used in the biological sciences for

a protocol called PEG-precipitation, whereby PEG is added to a biological sample to
precipitate out of solution a variety of large macromolecules and suspended particles such
as proteins and bacteria phage (i.e. small virus particles specific for bacteria).7-9

Typical

PEG-precipitation protocols use 7% PEG 8000 Mw in conjunction with an elevated ionic
strength, 5M NaCl, and temperature depression to drive suspended biological material
out of solution.

To study this issue further and identify whether a pre-polymer

formulation existed which did not cause cell aggregation, the following experiment was
performed.

Assessing Cell Aggregation in Pre-Polymer
The intent of this experiment was to find a pre-polymer formulation in which the
cells would not aggregate.

The approach taken was to reduce the PEG concentration in

the pre-polymer to a point where the cells remained in suspension. To search for that
point, a series of pre-polymer formulations were prepared.
concentrations ranged from 20-45% by volume.

Their PEG-da (Mw 575)

To avoid photochemical reactions

during their handling and sample preparation, these mixtures did not contain
photoinitiator. E. coli, prepared using the methods described above, were added to the
each mixture.

The formulations are shown in Table 3.2.
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Table 3.2:

Pre-polymer formulations of PEG-da Mw 575 for cell aggregation
assessment.

Percentage (%)

PEG-da Mw 575 (ml)

DI Water (ml)

Cells in PBS (µl)

20

0.4

1.6

20

25

0.5

1.5

20

30

0.6

1.4

20

35

0.7

1.3

20

40

0.8

1.2

20

45

0.9

1.1

20

The PI stain was used to fluorescently label the cells, and images were taken of
each formulation on the fluorescence microscope.

The images showed the presence of

aggregates in all pre-polymer mixtures containing more than 25% PEG-da but not at
lower percentages.

These results suggested that there is a threshold above which

aggregation occurs and below which cells can be successfully incorporated into the
hydrogel. The transition point where aggregation ensues is somewhere between 25 to
30% PEG-da.

The micrographs corresponding to these two data points are shown in

Figure 3.2.
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Cell Aggregation – 25% PEG-da Mw 575

Cell Aggregation – 30% PEG-da Mw 575

Figure 3.2: Micrographs illustrating the formulation dependency of PEG-da on cell
aggregation.
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These results were useful in the sense that they identified a key constraint for the
pre-polymer composition; however, they appeared to subtly disagree (excluding salt and
temperature effects) with the numerous published PEG-precipitation protocols, which
used much smaller PEG concentrations, but much larger molecular weights of PEG.

To

reveal the nature of this putative molecular weight dependency on cell aggregation, the
experiment described above was repeated with PEG 900, 3400, 10000, and 20000 Mw.
It is important to point out that this experiment used PEG and not PEG-da as before.
Moreover, the experiment used a different strain of E. coli, which constitutively
expressed green fluorescing protein (GFP), and, therefore, did not require PI stain to be
detectable via fluorescence microscopy.

This made it possible to image all of the cells

and not just the dead ones. The results revealed that a molecular weight dependency did
exist.

PEG with higher molecular weight caused cell aggregation at lower

concentrations.

To illustrate this trend, the several low magnification micrographs

corresponding to PEG 900 Mw and PEG 20k Mw are shown in Figure 3.3 and Figure 3.4
respectively. Notice that the onset of cell aggregation occurs at a different percentage of
PEG for each molecular weight.
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PEG 900 Mw – 25%

PEG 900 Mw – 30%

PEG 900 Mw – 35%

PEG 900 Mw – 40%

PEG 900 Mw – 45%
Figure 3.3: Micrographs taken of cells in several dilutions of PEG 900 Mw, which
illustrate the onset cell aggregation as a function of the PEG percentage.
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PEG 20k Mw – 25%

PEG 20k Mw – 30%

PEG 20k Mw – 35%
Figure 3.4: Micrographs taken of cells in several dilutions of PEG 20k Mw, which
illustrate the onset cell aggregation as a function of the PEG percentage.
These data are important because they show that formulation changes are needed
if larger molecular weight varieties of PEG-da are to be used in the MUFFINS platform.
A chart plotting the critical PEG concentration for each molecular weight is shown in
Figure 3.5. The area beneath the curve represents pre-polymer formulations which are
compatible with cells.

Conversely, the area above the curve corresponds to

formulations in which the cells will aggregate.
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Molecular Weight Dependency of PEG
Concentration on Cell Aggregation
40.0
Critical [PEG]

37.5

Aggregates

35.0
32.5
30.0

Free Cells

27.5
25.0
0

5000

10000

15000

20000

Molecular Weight (Daltons)

Figure 3.5: A graph plotting the “critical PEG concentration” for cell aggregation as a
function of molecular weight.
CONCLUSIONS – CELL BASED SENSING
The initial attempt to demonstrate cell-based sensing failed; however, this
negative result can most likely be attributed to cell aggregation.

That is, the antibody

fragments in these aggregates no longer function as sensing elements presumably because
they are no longer accessible by the target-analyte.

The underlying cause of the

aggregation has been discovered, and limits have been experimentally determined for the
maximum permissible PEG-da concentration in the pre-polymer formulation.
Moreover, it was demonstrated that this phenomenon has a molecular weight
dependency.

Larger molecular weight varieties of PEG induce precipitation at lower

concentrations.

Formulations containing less than 25% PEG-da Mw 575 show

negligible amounts of cell aggregation. Reducing the PEG-da concentrations to this
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level should allow cells to be incorporated into the hydrogel where they will function as
sensing elements.

CELL BASED SENSING – SECOND TRIAL
To test the hypothesis that cell aggregation prevented the antibody fragments
from acting as molecular recognition elements, a second cell-based sensing
demonstration was preformed.

The experiment was repeated using the same

experimental methods described in the first trial with exception of the pre-polymer
formulation, which contained 25% PEG-da Mw 575, and the detection buffer, in which
15µM of PI were added to fluorescently label the cells.

These changes are reflected in

the abbreviated experimental sub-sections below.

EXERIMENTAL – SECOND TRIAL
Pre-Polymer Formulation
MUFFINS features were made from a pre-polymer solution consisting of 3.23mL
DI water, 1.25mL of PEG-da 575, 170µL of 1M NaOH (to elevate the pH of the prepolymer to 7.4 before cells were added), 50µL of Darocur 1173, and 300µL of

Escherichia coli in PBS at an optical density of 50.

Detection Buffer
The detection assay was conducted in a detection buffer composed of a standard
1x PBS with target analyte and propidium iodide at a final concentration of 100nM and
15µM respectively.

After a four hour incubation period, the MUFFINS were rinsed in a
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rinse buffer composed of 1x PBS containing 50 µM of a mild, commercially available,
non-ionic detergent, NP-40.

RESULTS AND DISCUSSION – SECOND TRIAL
As in the first trial, three sensor features were constructed with the shape
assignments shown in Table 3.1.

All three were incubated in a detection buffer

containing fluorescently labeled BODIPY™-digoxigenin conjugate.

After a four hour

detection period, the sensors were washed in a rinse-buffer and imaged on a fluorescence
microscope.

Two micrographs were taken of the MUFFINS features.

One was a

fluorescence micrograph, which revealed a strong signal coming from the shape
corresponding to the cells specific for digoxin. The other image was a bright-field
micrograph. It shows the location of all of the shapes within the optical field. The
MUFFINS were also imaged on a confocal fluorescence microscope.

With confocal

microscopy it is possible to image individual focal planes deep within the hydrogel. In
order to identify the status of the cells contained within the MUFFINS, micrographs were
taken using optical filter sets specific for Bodipy FL™ and PI.

Images of the

fluorescence, bright field and confocal micrographs are presented in Figure 3.6.
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Micrograph of Cell Based Detection Assay

Target

1.0 mm

Cells

Negative Control
E. coli engineered
for atrizine

1.0 mm

E. coli engineered for
digoxigenin

Figure 3.6: Bright-field, fluorescence and confocal fluorescence micrographs for the
second trial of the cell-based sensing demonstration.
The confocal micrograph that was taken with the optical filter-set specific for
BODIPY FL™ appears in the inset labeled “target” in Figure 3.6. It shows the location
within the sensors where the labeled target-analyte had bound.

The micrograph taken

with the optical filter-set specific for the PI stain is labeled “cells” in Figure 3.6.
reveals the location of the cells within the MUFFINS feature.
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It

When the two confocal

images are compared, it is evident that the locations of the target-analyte coincide with
locations of the cells. That is, the cells are responsible for the signal being generated.
This demonstrates that the cells have been successfully integrated into hydrogel and are
functioning as molecular recognition elements.

CONCLUSIONS-SECOND TRIAL
These results illustrate that physical encapsulation can preserve the biological
activity of relatively fragile molecular recognition elements such as cells.

As long as

the PEG-da concentration in the pre-polymer formulation is beneath 25% by volume, the
cells will not aggregate within the pre-polymer.

Comparing the results between the first

and second trials, it appears that aggregation must be avoided for the cells to maintain
their sensing functionality.

Because PEG-precipitation protocols apply to protein

mixtures too, similar issues may exist in that mode of sensing. Each protein species is
likely to have a different solubility in the pre-polymer and therefore a different “critical
PEG-da concentration”. These values will need to be experimentally determined before
constructing MUFFINS.
The live/dead PI staining coupled with the confocal fluorescence microscopy
show that the cells do not survive inside the hydrogel.
during feature fabrication or thereafter.

In this demonstration it was not necessary for

the cells to remain viable to act as sensing elements.
needed to remain functional.

It is unclear whether this occurs

Only their antibody fragments

To explore when the cells lose their viability, further

experiments must be conducted.
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CELL BASED SENSING – VIABILITY ASSESSMENT
In the previous demonstration the cells did not need to retain their viability
throughout the sensor fabrication process to function as molecular recognition elements.
However, in instances where viability is a requirement, a new fabrication process would
need to be developed.

To study what was killing the cells, an experiment was

conducted to assess each potentially harmful pre-polymer ingredient and processing step.
The three most obvious suspects were, the UV irradiation used to induce polymerization,
the subsequent free radical exposure, and the potential toxicity of PEG-da.

To do this

assessment, it was necessary to use cells which produced a response only when they were
viable.

Therefore, a different type of E. coli was used in this experiment than the

previous demonstrations.

The cells were genetically engineered to produce green

fluorescing protein (GFP) in response to detecting arabinose.

EXPERIMENTAL – VIABILITY ASSESSMENT
Cell Culture
A 2mL starter culture of E. coli was prepared from frozen-stock. Cells were
incubated in Terrific Broth (TB) medium supplemented with 2% w/v glucose and
25µg/mL chloramphenicol (cml) on a shaker table at 25oC overnight. A 25mL volume
of fresh medium (TB w/ 2%glc. & 25µg/mL cml.) was inoculated with 200µL of the
starter culture and incubated on a shaker table at 37oC for 2.5 hours. The optical density
of the culture was measured at 0.59 for λ = 600nm.

The culture was centrifuged at 4oC

for 5 minutes at 3,300g to pellet the cells. The supernatant was removed and the cells
were resuspended in 1.4ml of fresh medium. (TB w/ 25µg/mL cml).
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Test Mixtures
The following four mixtures were prepared.

Mixture 1 was intended as a

control. Mixture 2 was formulated to test for the toxicity of PEG-da Mw 575.

Mixture

3 examined the effects of UV exposure on the cells. To prevent polymerization during
the exposure, the formulation did not contain photoinitiator.

Mixture 4 tested whether

cells could survive exposure to free radicals which are present during photopolymerization.

To generate the radicals this mixture also had to be exposed to UV

radiation. Therefore, non-functionalized PEG was used in place of PEG-da to prevent it
from polymerizing into solid polymer.

Mixture 1- The Control
2.35ml of LB medium w/ 25µg/ml cml
2.35ml of D.I. water

Mixture 2- PEG-da Toxicity
1.975ml of LB medium w/ 25µg/ml cml
1.975ml of D.I. water
0.750ml of PEG-575-da pH = 7.0

Mixture 3- UV Exposure
1.975ml of LB medium w/ 25µg/ml cml
1.975ml of D.I. water
0.750ml of PEG-575-da pH = 7.0
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Mixture 4- Free Radicals
1.950ml of LB medium w/ 25µg/ml cml
1.950ml of D.I. water
0.200ml of photoinitiator (Darocur 1173)
0.750ml of 80% PEG 900 in water

RESULTS AND DISCUSSION – VIABILITY ASSESSMENT
All four of the test mixtures had 300µL of the previously described cell culture
added to them.
tool.

Mixtures 3 and 4 were irradiated with 225mJ/cm2 of UV in the exposure

Subsequently, 50µL of 20% arabinose-in-water solution and 50µL of PI stain were

added to all of the mixtures, which were then placed on an orbital shaker at room
temperature. After 3 hours a small sample of each mixture was placed on a microscope
slide (w/ cover-slip) and imaged on a fluorescent microscope.

Mixtures 2, 3 and 4 did

not show a fluorescent signal, so bright-field images were used to perform the analysis.
The images are shown in Figure 3.7.
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Figure 3.7: Bright field micrographs taken to assess cell vitality under four different
experimental conditions.
The results revealed two very important facts. First, by comparing the Mixture
2, cells cultured in PED-da, to the control, it is evident that PEG-da is toxic to the cells to
the extent that the cells failed to both proliferate and produce GFP.

Second, the

exposure to free radicals, Mixture 4, is highly lethal to the cells. It not only kills them, it
also destroys their morphology.

Unfortunately, because Mixture 3 also contained PEG-

da in its formulation, it is not possible to assess whether or not the 225mJ/cm2 of UV
exposure affected the health of the cells.
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CONCLUSIONS – VIABILITY ASSESSMENT
The most surprising conclusion that can be drawn from this experiment is that
PEG-da Mw 575 is toxic to the cells, an outcome, which at first glance, appears to
conflict with the results published by a number of researchers using PEG-da to
encapsulate cells for tissue engineering applications.3,4,10

However, after closer scrutiny

of their materials, higher molecular weight varieties of PEG-da were used exclusively,
with the smallest being 3400 Daltons.

Perhaps increasing the molecular weight of the

PEG-da improves the cell compatibility of the pre-polymer.
Exposing the cells to free radicals is lethal to the cells. In this experiment the
damaged cells were mixed on an orbital shaker for 3 hours after having been exposed to
the radicals.

As Figure 3.7 shows, the vigorous mixing even destroyed the morphology

of the cells.

In the previous cell sensing demonstration this was not possible since the

cells became fixed in the rapidly cross-linking polymer, which explains why the confocal
images showed the cells as discrete points within the hydrogel.

The amount of

photoinitiator used in this experiment was 4% of the total mixture by volume; however,
this is considerably higher than values found in published cell-encapsulation protocols.
One article suggests using the photoinitiator Darocur 2959 at 0.05% by weight.11 By
reducing the amount of photoinitiator, the cross-linking reaction is much slower (for a
fixed exposure rate). To compensate they increased their exposure time to 10 minutes
for a total dosage of 4800mJ/cm2.
An alternative strategy that may circumvent the need to re-formulate the prepolymer and avoid large exposure times, is to pre-encapsulate the cells in a protective
medium like agar or agarose before adding them to the pre-polymer.

If the cells could

be encapsulated in microparticles of agarose, they could be added to the pre-polymer and
remain sheltered from its toxic constituents and harmful reaction products throughout the
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feature fabrication process.

This technique would also obviate the necessity to restrict

the concentration of the PEG-da in the pre-polymer formulation due to cell aggregation
issues.

Because agargose can be selectively digested by incorporating the enzyme

agarase into the gel with the cells, it might even be possible to form macroporous
MUFFINS in the same step, thereby improving the transport properties of the sensor.

CELL BASED SENSING – PRE-ENCAPSULATION
Although there are methods of reducing the toxicity of the pre-polymer for cells,
they require increasing the UV exposure time to cross-link the hydrogel, which in turn
can be detrimental to the cells.

An alternative method of deploying living cells in the

MUFFINS platform is to pre-encapsulate them in agarose particles prior to adding them
to the pre-polymer.

To illustrate the efficacy of this method, the following

demonstration was performed with the same strain of E. coli that was used for the
previous viability assessment study.

EXPERIMENTAL-PRE-ENCAPSULATION
Materials
Type IX Ultra-low Gelling Temperature Agarose was purchased from SigmaAldrich.

Its advertised gel-point and melt-point are 16oC and 47 oC respectively.

Cell Culture
A 2mL starter culture of E. coli was prepared from frozen-stock. Cells were
incubated in Terrific Broth (TB) medium supplemented with 2% w/v glucose and
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25µg/mL chloramphenicol (cml) on a shaker table at 25oC overnight.

A 2mL volume of

fresh medium (TB w/ 2%glc. & 25µg/mL cml.) was inoculated with 20µL of the starter
culture and incubated on a shaker table at 37oC for 2 hours.
culture was measured at 0.43 for λ = 600nm.
minutes at 3,300g to pellet the cells.

The optical density of the

The culture was centrifuged at 4oC for 5

The supernatant was removed, and the cells were

re-suspended in 300µl of fresh medium. (TB w/ 25µg/mL cml).

Agarose Fragements
To construct the agarose fragments, 300µL of cultured cells were added to 1mL
of a 37oC liquid mixture of 1.5% agarose in TB medium w/25µg/mL cml.

The agarose

which was chosen for this experiment had a gel temperature of approximately 16oC.
Therefore, the liquid agarose was placed in an ice-water bath for approximately 30
seconds.

The gelled agarose was then extruded through a 22-gauge orifice to generate

fragments, which were subsequently added to the pre-polymer.

Pre-Polymer
MUFFINS features were made from a pre-polymer solution consisting of 3.75mL
TB medium w/ 25µg/mL cml, 0.85mL of PEG-da Mw 575, 110µL of 1M NaOH (to
elevate the pH of the pre-polymer to 7.4), 50µL of Darocur 1173, and 300µg of agarose
fragements containing E. coli.
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Detection Mixture
The MUFFINS features were incubated in a detection mixture consisted of TB
medium supplemented with 0.2% arabinose and 25µg/mL cml, as well as 1µL/mL of PI
stain.

RESULTS AND DISCUSSION – PRE-ENCAPSULATION
A culture of the cells was added to a liquid mixture of ultra-low melt temperature
agargose, which was subsequently cooled to form a gel. The gel was extruded through a
22 gauge orifice to produce many small irregularly shaped agarose fragments.

The

resulting fragments were added to the pre-polymer mixture from which MUFFINS were
constructed using the methods described in previous sections.

A schematic

representation of the process is shown in Figure 3.8.

Cell Incorporation
Agarose Fragments
Containing Cells

Figure 3.8: Schematic representation of the process used to make “living” MUFFINS.
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After fabrication the MUFFINS were immediately placed in the detection mixture
containing arabinose, the target-analyte, and mixed on an orbital shaker for three hours.
This time was necessary for the cells to synthesize the reporter protein, GFP, and,
therefore, become detectable via fluorescence microscopy.

The MUFFINS were

subsequently removed from the detection mixture and imaged on the fluorescence
microscope.

The fluorescence micrograph is shown in Figure 3.9.

Agarose Fragments
250µm
Figure 3.9: Fluorescence micrograph of MUFFINS feature containing living cells,
which have produced GFP in response to detecting arabinose.
This image shows the cells have in fact survived the photolithographic fabrication
process and during the detection assay produced GFP in response to the arabinose in the
detection mixture.

Notice the fluorescence coming from the agarose fragments within

the MUFFIN.
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CONCLUSIONS – PRE-ENCAPSULATION
A pre-encapsulation process has been developed to safely incorporate living cells
into the MUFFINS platform where they function as molecular recognition elements.
Pre-encapsulation protects the cells from exposure to both the toxic PEG-da and the free
radicals generated during the photo-polymerization.

Although this demonstration used

agarose, in principle, other materials and micro-encapsulation processes would work as
well.

Calcium-alginate is one alternative, in which cells have been successfully micro-

encapsulated in particle ranging from 50-300µm in diameter.12

Pre-encapsulation

loosens the restrictions on the pre-polymer formulation which the cell aggregation study
had imposed.

It also avoids the need to make drastic formulation (i.e. lower

photoinitiator concentrations) and process changes (i.e. larger UV dosages) in order to
decrease the toxicity of the pre-polymer to the fragile cells.

DNA BASED SENSING
To use MUFFINS as DNA sensors it is necessary to functionalize them with
oligonucleotide probes, which, via base pair interactions, act as molecular recognition
elements for their complementary sequences.

In early development work on the

MUFFINS platform, it was determined that the probes must be covalently attached to the
PEG-da hydrogel matrix to prevent them from leeching out of the features.13

This was

considered a positive observation as it demonstrated that DNA could diffuse through the
hydrogel medium.

Attachment was achieved via a methacrylamide modification made

to the 5’ end of the oligonucleotide probe. This functional group copolymerized with
the acrylate moieties of the hydrogel matrix during the photopolymerization process,
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thereby permanently anchoring the probe in the sensor feature.

To test whether

immobilized oligonucleotide probes could function as sensing elements, the following
demonstration was performed.

EXPERIEMENTAL-DNA
Materials
Poly(ethylene glycol) diacrylates (PEG-da) with weight average molecular weight
of 700 was purchased from Aldrich.

Darocur 1173, a liquid, photoinitiated free-radical

generator, was obtained from Ciba-Geigy (Basel, Switzerland).

The DNA for this

demonstration, both probes and target analytes, were purchased from Integrated DNA
Technologies (Coralville, Iowa).

To covalently attach the probes to the hydrogel

matrix, each possessed a 5’ Acrydite ™ modification (the chemical structure of this
modification is presented in Chapter 2).

To make the target sequences detectable via

fluorescence microscopy one contained 5’-Cy5™ modification and the other had a 5’6FAM modification.

Pre-polymer Formulation
MUFFINS were made from a pre-polymer solution consisting of 25% PEG-da
Mw 700, 2% Darocur 1173 photoinitiator, and 73% of probe DNA diluted to 90µM in DI
water (See Table 1 for the shape assignment for each probe).

The negative control

feature’s pre-polymer contained the aforementioned formulation less the probe DNA.
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Exposure Tool
MUFFINS features were constructed using the same exposure tool and power
settings as those described in the cell sensing demonstration.

Feature Fabrication
All material preparation and lithography was conducted in a laboratory where the
lighting was filtered to remove shorter wavelengths of light and UV radiation. The
shape-encoded features were fabricated via contact lithography. Liquid pre-polymer
was dispensed onto an anti-reflective solid-substrate containing two 160µm standoffs.
A photomask, composed of a standard glass microscope slide on which a piece of
patterned Kodalith™ was laminated, was placed on the standoffs.

The pre-polymer

filled the gap between the substrate and the photomask such that the photomask and prepolymer were in direct contact.

This assembly was then loaded into the “black-box”

exposure fixture such that the bottom of the anti-reflective substrate contacted the water
which was contained within the fixture.

Air bubbles trapped beneath the substrate were

removed by gently tipping the assembly while contact was being made.

The light-tube

was placed on top of the black-box, and the entire assembly was loaded into the exposure
tool.

The hydrogel pre-polymer was irradiated for 25 seconds to induce the free radical

initiated polymerization reaction. After exposure, the photomask was separated from
the anti-reflective substrate, and all unreacted pre-polymer was rinsed away with DI
water.

The features were removed from the anti-reflective substrate by gently sliding

them off free with a razorblade. The features were soaked in standard hybridization
buffer overnight to leech out any unreacted reagents from the hydrogel.
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Hybridization Media
The DNA detection assay used two different buffers.

The first called the

hybridization medium comprised of 300 µl of the following constituents in DI water: 20
mM Tris (pH7.4), 300 mM NaCl, 2 mM EDTA, 5 M formamide, and 8 µM of each of the
fluorescently labeled target-DNA sequence (see Table 2).

It was used for the actual in

the actual detection assay. The second was referred to as the hybridization buffer, a
solution containing the same ingredients as the hybridization mixture with the exception
of the target DNA. The hybridization buffer was used to soak the sensors prior to the
detection assay as well as rinse the sensors after the target DNA had hybridized with the
array.

Imaging
The MUFFINS features were imaged on the same microscope used in the cell
based sensing demonstration.

Different optical filter sets were used: Cy5™ was imaged

with a custom filter set ordered from Leeds Instruments (catalog # 41008), and 6-FAM™
was imaged with a U-MWB2 filter set.

RESULTS AND DISCUSSION-DNA
One of the most difficult tasks required of a DNA microarray is to distinguish
between two target-analytes whose sequences differ by only a single base. The goal of
this demonstration was to ensure the probes incorporated into the MUFFINS features met
this demand.

Two sensors were fabricated with covalently attached 18-mer

oligonucleotide probes.

Each probe was designed to spot a different single base

mutation in a reference sequence. As a negative control for this experiment, a third
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feature was fabricated, which contained no probe.

The probe sequences and the shape

designations for the features are shown in Figure 3.10.

DNA Sensing in MUFFINS
Original Reference Sequence
5’

ATACCACCTTATTCAATT 3’

MA-ATACCAGCTTATTCAATT
MA-ATACCACCTTATTGAATT

= Control
(No DNA)

Figure 3.10: The identity of probe sequences and shape designations for the DNA
detection demonstration.
To evaluate whether the MUFFINS could accurately and specifically detect their
complements without cross-hybridizing to other sequences, a detection assay was
conducted in which the MUFFINS were placed in a mixture containing both of their
fluorescently labeled 18-mer complements, referred to here as “target sequences”. The
detection assay was run overnight at room temperature, followed by a 12 hour rinse in
hybridization buffer.

To distinguish the two target sequences, each was labeled with a
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different fluorophore. The excitation and emission spectra of the two fluorophores were
sufficiently far apart to prevent potential misidentification.

The target sequences and

their respective fluorophores are listed in Table 3.3.

Table 3.3:

Definition of target sequences and their attached fluorophores that were
used in the DNA detection assay.
Excitation/Emission
Target Sequence

Fluorophore

λmax (nm)

5'-/TATGGTCGAATAAGTTAA/6FAM/-3'

6-Fam™

494 / 520

5'-/TATGGTGGAATAACTTAA/Cy5/-3'

Cy 5 ™

648 / 668

After the hybridization, the features were imaged on a fluorescence microscope.
One bright-field and two fluorescence micrographs were captured; each fluorescence
micrograph used an optical filter-set specific for one of the two different targetfluorophores.

These micrographs are shown in Figure 3.11. Both MUFFINS features

accurately and specifically identified its target sequence with negligible amounts of
cross-hybridizational noise.
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DNA Sensing Micrographs
= Control
= Cy5

= Fluorescein

500µm

Figure 3.11: Micrographs illustrating the result of the DNA detection assay.
The negative control feature in these micrographs did not produce a detection
response, which demonstrates the labeled target DNA has not adsorbed to the PEG
hydrogel. Thus, the MUFFINS platform can be used for DNA detection with negligible
amounts of noise due to cross-hybridization and non-specific adsorption.
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CONCLUSIONS
The utility of the MUFFINS platform has been demonstrated for DNA sensing
applications.

Oligonucleotide probes were successfully incorporated into the hydrogel

where they were able to detect their complements.

This demonstrates that their

attachment to the hydrogel and their exposure to the photo-chemical reaction products did
not affect their ability to function as molecular recognition elements.

The PEG hydrogel

exhibited negligible non-specific binding of analytes resulting in the outstanding signalto-noise performance of these three dimensional sensors.

The binary nature of the

detection response in this demonstration inspired the work that is presented in the next
chapter, Chapter 4 – Feature Multiplexing.
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Chapter 4: Feature Multiplexing

ABSTRACT
A novel probe indexing methodology, called feature-multiplexing, has been
developed, which dramatically increases the information density of microarray devices.
This methodology breaks from the concept of indexing each probe onto an exclusive
feature; rather, the probes are indexed such that each is placed within a unique set of
multiplexed array-features.

Using this technique a given number (n) of features can

deploy a much greater quantity (2n-2) of probes.

The efficacy of this platform-

independent technique was demonstrated in a single-nucleotide-polymorphism (SNP)
detection array using the shape-indexed, hydrogel-based MUFFINS-platform.

The

SNP-detection array was designed to screen for the presence of twenty-nine cancer
causing missense SNPs found within the human p53 gene.

The twenty-nine

oligonucleotide probes corresponding to these SNPs were indexed into just five
multiplexed-features, constituting an approximate six-fold increase in information density
over traditional indexing methods.

The performance of the array was successfully

verified in three different detection assays.

INTRODUCTION
Since the genomic-sequencing of more than 100 organisms first began, an almost
overwhelming compendium of genetic and proteomic targets has been identified.
Researchers are now beset with the task of characterizing these targets, as well as
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identifying and characterizing their extant natural variants.

Combinatorial analytical

techniques, such as microarray analysis, have emerged as the preferred tools for
performing these characterizations. Thus, in recent years numerous DNA-based arrays14

and proteomic-arrays5 have appeared on the market. A common attribute shared by all

of these devices is the convention of distributing each sensor-probe onto an exclusive
array feature.

This methodology imposes the requirement that the arrays possess, at

minimum, a number of features equal to the number of probes.

Due to size constraints

placed on the dimensions of the array, this requirement has inspired array designers to
investigate increasingly higher-density fabrication processes for their arrays.6-7

This

pursuit has engendered designs with ever smaller feature sizes and/or tighter spacing
between features.

These improvements have followed Moore’s Law, a trend originally

observed by Gordon Moore that described the exponential growth in the number of
transistors per silicon chip for the semiconductor industry.

Figure 4.1 shows a

comparison between Moore’s Law for the number of transistors on a silicon chip and the
number of features on oligonucleotide arrays over time.8
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Comparison Between Moore's Law and
the Density Increase of Microarrays
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Figure 4.1: A graph depicting the trends of increasing feature density on silicon chips
and microarray devices over time (adapted from Ref. 8 – Mockler 2005).
However, decreasing the size of a feature correspondingly reduces the number of
sensing molecules that can be located in it, and depending of the sensor-platform, the
extent to which feature spacing can be reduced is intractably limited by the resolution of
the mechanical devices used to print each of the array features (i.e. a typical featurespacing is somewhere on the order of hundreds of microns).
To circumvent the need for the continual shrinkage of sensor features, a platformindependent probe loading methodology has been developed, called “featuremultiplexing”.

This methodology increases the information density of the array not by

adding more features to the array; rather, it does so by changing the way probes are
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organized within the array.

Feature-multiplexing breaks from the status quo of indexing

an array by placing each probe on its own, exclusive sensor feature.

Rather, the array is

indexed by incorporating each probe in a unique combination of shared features. A
schematic comparing feature multiplexing to the status quo is shown Figure 4.1.

Comparison of Indexing Strategies
STANDARD ARRAY

vs.

MULTIPLEXED ARRAY

Probe Loading
Probe 3

Feature 3

Probe 2

Feature 2

Probe 1

Feature 1

Probe 3
Probe 5
Probe 6

Feature 3

Probe 2
Probe 4
Probe 6

Feature 2

Probe 1
Probe 4
Probe 5

Feature 1

Potential Outputs
3 outputs possible

6 outputs possible

TARGET #1

TARGET #1

TARGET #2

TARGET #2

TARGET #3

TARGET #3

TARGET #4

TARGET #5

TARGET #6

Figure 4.2: Schematic comparing the feature multiplexing indexing strategy to the
single-probe-per-feature standard.
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Notice for the three-feature array shown in Figure 4.2, there are six unique
loading and output patterns. Even in this most basic example of feature multiplexing, the
multiplexed array is able to hold twice as many probes as the standard array. This
constitutes a two-fold increase in information density.

Moreover, there is this

exponential relationship between the number of array features (n) and the number of
unique loading patterns (up to 2n-2); therefore the potential density benefits get even
greater for larger arrays. Table 4.1 illustrates this relationship with a few examples; also
listed is the increase in density, or compression, gained by multiplexing.

Table 4.1:

Data illustrating the relationship between the number of array features and
the number of unique indexing patterns.

Number of Features (n)

Number of Unique

Increase in Density (2n-2/n)

Indexing Patterns (2n-2)
3

6

2x

5

30

6x

10

1022

>10x

To demonstrate the efficacy of feature-multiplexing as a tool to increase the
density of single-nucleotide-polymorphism (SNP) detection arrays, as well as providing
details on how to implement it in similar array-based diagnostics (e.g. probe placement,
array decoding, etc.), the following validation of principle study was performed.
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VALIDATION OF FEATURE MULTIPLEXING
To validate the principle of feature-multiplexing, a small SNP detection array was
constructed using the MUFFINS platform, and its performance was verified in three
separate detection assays.

SNP detection arrays are a class of biosensors, which

specialize in detecting single base-pair mismatches in DNA sequences. SNPs are the
most common form of genetic mutation in humans and are believed to account, to a large
extent, for an individual’s predisposition to disease, response to drugs, and reaction to the
environment.

SNP detection arrays can be used to screen large subpopulations of

people, as well as other organisms, for genetic mutations. Due to the very nature of this
type of detection measurement, these arrays are not designed to quantify how much of the
SNP-containing DNA is present in the test sample (i.e. they are not meant to produce a
graded signal); rather, they are expected to yield a binary output in response to whether a
particular SNP is present or not.
To better explain this relatively abstract concept prior to delving into the
experimental details of our validation of principle study, I have organized the chapter to
provide a reasonable discussion about the techniques, methods and requirements of
feature multiplexing. This discussion uses examples that apply to the SNP detection
array that was built for the validation of principle study. Information in the following
subsections describe: the biological target used in our study; the structure of the
experiment; probe design; the binary encryption and decoding strategy; and the
experimental controls used in this study.
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BACKGROUND ON THE P53 GENE
The biological target used in this study was the human p53 tumor suppressor
gene, which plays a role in protecting organisms from developing cancer.

Its function

within the cell is to spot DNA damage, arrest the cell-cycle, and if the DNA damage
cannot be repaired in a timely manner, to trigger the cell to undergo apoptosis, a process
also referred to “programmed cell death”.

Inactivation of the p53 gene, due to a

mutation in its gene sequence, can lead to the development of cancer and ultimately
death. More than half of all human cancers contain mutated forms of p53.9

In a effort

to understand where cancer causing mutations can occur in this gene, researchers have
endeavored to sequence the p53 gene for a number of cancer patients.10 The results are
well summarized in the histogram shown if Figure 4.3.

Mutation Rate Histogram
Human p53 Gene
Evolutionarily
Conserved Region V

DNA Binding Domain
Figure 4.3: Histogram plotting the frequency mutation versus location along the p53
gene for a group of cancer patients (figure adapted from Ref 9 – Cho 1994).
These data indicate that cancer patients have a high occurrence of mutations
within the central region of the gene, a region known to correspond to the p53’s DNA
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binding domain.

Within this domain, the frequency of mutations is even higher in

regions that are known to be evolutionarily conserved between species (i.e. the regions
labeled II, III, IV and V on the histogram).

This distribution suggest that defects to the

DNA binding domain, particularly in regions II-V, can knockout the function of the gene
and ultimately lead to cancer.

The SNP detection array we built to demonstrate feature

multiplexing was constructed to screen for SNPs in one of the high frequency sites,
Region V.

LAYOUT OF THE ARRAY
Within Region V of the p53 gene there are twenty-nine potential single base
mutations that could deactivate the gene and cause cancer.
detect

these

mutations,

twenty-nine

single

In order to design an array to

stranded

oligonucleotide

probes,

corresponding to the SNPs, were constructed. To deploy these probes using traditional
methods an array would require twenty-nine features; however, with feature multiplexing
the deployment is possible with just five features, which constitutes an approximate sixfold increase in information density. To demonstrate this, a small SNP detection array
was constructed using the shape-indexed MUFFINS platform.

The layout and shape

assignments of the features contained within this array are shown in Figure 4.4.
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Layout of the Array
Five Multiplexed Features

Containing 29 SNP Detection Probes

Two Positive Control Features

One Negative Control Feature

Containing 1 Reference Probe Each

Containing No DNA

Figure 4.4: Diagram showing the layout and shape assignments for the features
composing the p53 SNP detection array.
To do the demonstration in a controlled manner, eight sensor features were
constructed.
probes.

The function of the first five was to deploy the twenty-nine SNP detection

There output was all that was needed to detect and identify a SNP; that is, they

not only indicate whether a SNP was present but also identify the base and position of the
SNP.

The other three features served as controls for the array.

Their function will be

discussed later.

PROBE DESIGN
The binding characteristics of the probes in a SNP detection array have an
enormous impact on the signal-to-noise characteristics of the detection measurement.

In

an ideal situation a probe would form a stable double-helix only with its complement, and
thereby only produce a signal when its complement is in the test sample.
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It is not

always easy to find probes that behave like this, especially when they must distinguish
between target sequences that differ only by a single base.

Generally speaking a single

base pair mismatch is not enough to totally block binding.

Probes tend to cross-

hybridize with sequences that are similar in sequence to their complements.

This

produces noise in the detection measurement. Fortunately, there are ways to design a
probe such that cross-hybridization is held to a bare minimum.

Another major

requirement for the probes comes from the fact that an array is a multi-analyte detection
device.

This demands that the signal generated in response to the detection of each

analyte must be approximately the same. This can be achieved by matching the binding
properties of all of the probes that are used in the array.
In order to construct probes that have matched binding properties and a minimal
propensity for cross-hybridizational binding, three metrics were chosen to help evaluate
the binding characteristics of prospective probe sequences. The first metric is the melt
temperature (Tm) of the probe, which serves as a measure of its binding affinity. It is
defined as the temperature one must heat double-stranded DNA to get half of it to
dissociate into its single-stranded form.

Melt temperature, a value that has its roots in

the biological sciences, is related to the thermodynamic binding energy two strands of
DNA have for one other.

The relationship is described by the following equation11:

Tm =

∆H
(∆S − R ln(CDNA / 4))

(Eqn. 4.1)

where CDNA is the concentration of DNA, ∆H and ∆S are the change in enthalpy and
entropy associated with duplex formation respectively, and R is the universal gas
constant. To derive a set of probes with common binding characteristics, it is sufficient
to select them based on their melt-temperatures.
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The second metric we define is a “Tm-1 value”, which is the melt-temperature
between two strands of DNA containing a single base pair mismatch.

This metric is a

measure of how much cross hybridizational noise one would expect from a probe.
Taken together these two values (Tm and Tm-1) allow us to quantify both the signal
producing and noise producing binding characteristics of our probes.
The third metric called ∆Tm, was defined as the difference between the probeset’s lowest Tm value (i.e. an estimate of the smallest signal the array would ever
produce in response to the detection of a SNP) and its highest Tm-1 value (i.e. the largest
amount of noise that would be produce in response to cross-hybridizational interactions).
This is the “contrast” of the response. It serves as a means of evaluating the signal-tonoise characteristics of a probe-set where the larger the ∆Tm the better.
The probe selection process used the Nearest-Neighbor model (NN model)12 to
predict melt-temperatures. This model uses empirically derived parameters to describe
the interaction energies contributed by each base pair during duplex formation. The
parameter set contains values corresponding to mismatch interactions making it possible
to accurately predict Tm-1 values as well as melt-temperatures. More information on
the NN Model and the probe selection metrics is contained in Chapter 5.
A probe-selection program was written to automate the computationally intensive
process of probe selection based upon melt-temperature. It screens through hundreds of
prospective probe sequences for each SNP, evaluating each by its Tm and Tm-1 values,
and selecting the one that was closest to a Tm set point. This tool makes it possible to
generate a “melt temperature matched” set of probes for any specified temperature.
Using the program probe-sets were generated for a number of different Tm set points,
and the ∆Tm of each set was evaluated. The data for this process is shown in Figure
4.5.
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∆Tm Plotted vs. Tm Set Point
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Figure 4.5: Graph showing the ∆Tm value for a number of probe-sets plotted against
their Tm set point.
Also shown in this graph are the minimum, maximum and average probe lengths
for each of the probe-sets. As one would intuitively expect, probe lengths steadily
decrease as the Tm set point decreases (i.e. smaller strands of DNA have fewer base pair
interactions through which to gain stability, and, therefore, have lower melt
temperatures). This observation helps to rationalize why the ∆Tm values trend upwards
as the Tm set point decreases; a single base pair mismatch accounts for a greater fraction
of the total base pair interactions in a short oligonucleotide than a long oligonucleotide.
This tends to broaden the gap between the Tm and Tm-1 values for a probe-set. Based
on this analysis the target Tm set point used for the p53 SNP detection array’s probe-set
was set at 31.0oC. The Tm, Tm-1, and ∆Tm values for this probe-set are displayed in
Figure 4.6.
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Figure 4.6: Bar chart displaying Tm and Tm-1 values for the probe-set deployed in the
p53 SNP detection array.
The average melt-temperature of the probe-set is 30.8oC, and its standard
deviation is 1.0oC. A comprehensive list of the probe sequences associated with this
probe-set is shown in Table 4.2. The table lists all of the probe-sequences in a staggered
arrangement to better illustrate how their “footprint” falls within the reference p53 gene
sequence. The base corresponding to the SNP, for which the probe was designed, is
shown in red.
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Table4.2:

The melt-temperature matched probe-set used in the p53 SNP detection
array displayed with their Tm values.

P53 Reference Gene Sequence
5’

3’

--TGAGGTGCGTGTTTGTGCCTGTCCTGG-Probe #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
Ref-1
Ref-2

Probe Sequence
GTGAGTGTTTG
GGTGGGTGTT
GTGTGTGTTTG
GTGCATGTTTG
GGTGCCTGTT
GTGCTTGTTTG
GGTGCGTATTT
TGCGTCTTTG
TGCGTTTTTGT
TGCGTGATTG
CGTGGTTGTG
CGTGCTTGTG
TGTTAGTGCCT
CGTGTTGGTG
CGTGTTCGTG
CGTGTTTATGC
TGTTTCTGCCT
GTGTTTTTGCC
TGTTTGAGCCT
GTTTGGGCCT
TGTACCTGTCC
TGTTTGTCCCT
TTGTTCCTGTC
TTGTGACTGTC
TTGTGGCTGT
TTGTGTCTGTC
TGTGCCAGTC
GTGCCGGTC
GTGCCCGTC
GTGCGTGTTT
GTGCCTGTCC

Melt Temperature (oC)
28.7
31.0
29.9
30.6
31.9
30.5
31.4
29.0
31.9
29.2
30.6
31.5
31.4
30.6
31.2
29.9
32.5
30.9
32.5
31.7
31.8
31.6
29.6
29.8
30.2
29.8
31.5
31.2
31.2
30.3
33.2

INDEXING PROBES VIA BINARY ENCRYPTION

Organizing the probes within the array is the key to increasing the density of the
array beyond the customary limit of one probe per feature. Rather than placing each
individual probe in an exclusive feature, the probes in a feature-multiplexed array are
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distributed such that they share features. Each probe is indexed by assigning it a unique
distribution pattern within the multiplexed-features. In this manner a probe that detects
its complement will produce a recognition signal in a distinctive set of features.
The twenty-nine p53 SNP detection probes were distributed into just five
multiplexed features. Although there are many ways of choosing distribution patterns
for these probes, there are some subtle benefits, presented below, to the following threestep binary-encryption process.

The first step is to number all the probes.

For

example, in p53 array the probes were numbered 1-29. Second, assign each probe a
binary expression corresponding to its number.

The expressions should all contain the

same number of bits. For the p53 SNP array, each probe was assigned a five-bit binaryexpression (e.g. probe 21 = 10101). Finally, the third step is to use the pattern of 1’s in
each probe’s binary expression to define its loading pattern into the array. For example,
in our array the five-bit binary-expressions defined which of the five multiplexed features
each probe was to be deployed; the expression for probe 21, “10101”, indicates that probe
21 is to be placed in features 1, 3 & 5 (i.e. the square, chevron and trapezoid). An
illustration of this process is shown in Figure 4.7.
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Binary Encryption of Probes

Probe # Binary Exp.
1
2
0 0010
3
0 0011
00100
4
00101
5
00110
6
00111
7
01000
8
…
…

0

0

0

0

1

Binary Expression = Loading Pattern

Figure 4.7: A graphic representation of the binary encryption process.
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The benefit to using this binary-number encryption strategy is that it simplifies the
process of decoding the output of the array. The output pattern can be easily converted
into a binary-expression, whereby each feature producing a recognition signal counts as a
“1”, and all other features count as a “0”. The binary-expression can then be converted
into the number of the probe that corresponds to that response. Figure 4.8 illustrates this
process in the context of the shape-indexed MUFFINS platform, in which each feature
has a unique shape that corresponds to a specific bit in the binary expression. The
response depicted corresponds to the SNP associated with probe 21.

Array Decoding – Using Binary Math
Output Pattern

Bit 5

Bit 4

Bit 3

Bit 2

Bit 1

Binary Math Conversion
1

0

1 X 24 + 0 X 2 3 +

1

0

1

Probe
Number

1 X 22 + 0 X 21 + 1 X 2 0 =

Figure 4.8: Illustration showing the decoding process for a multiplexed array.
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21

A list of all the probe loading patterns used in the p53 SNP detection array is
shown in Table 4.3. It also indicates the shapes that were assigned for each feature.
Table 4.3:

The indexing patterns for all of the probes used in the p53 SNP detection
array, as well as shape assignment for each of the features.

Probe
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
Ref 1
Ref 2

Multiplexed-features

Feature Type / Shape
Reference-features

Control-feature

Binary ID
00001
00010
00011
00100
00101
00110
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011
10100
10101
10110
10111
11000
11001
11010
11011
11100
11101
N.A.
N.A.

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X

X
X

X
X

X
X
X
X
X
X

X
X

X
X

X
X

X
X
X
X
X
X
X
X
X
X
X
X

X
X

X
X

X
X

X
X
X
X

X
X
X
X

EXPERIMENTAL CONTROLS

As discussed earlier the array also contained three control features. One served
as a negative control, thus it contained no probe-DNA.
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In principle, there is no

condition for which this feature should produce a signal. If it does, it indicates that
some fluorescently active material has contaminated the test sample. In this case, the
output of the array should be completely disregarded.
The other two control features were positive controls that contained reference
probes that corresponding in sequence to the non-mutated form of the p53 gene. Each
reference probe was complementary to a different non-overlapping half of the Region V,
which enabled them to function as molecular recognition elements for the wild-type form
of the p53 gene (see Figure 4.9).
Experimental Control Features

...

P53 Reference Gene Sequence

3’

G G T

G C

G T

G T

T

T

Reference Probe 1

G T

G C C

T

...
5’

C C A C G C A C A A A C A C G G A C A G G
G T C C

Reference Probe 2

Probe Loading
Control Features

+

Negative Control
(No DNA)

Hybridization

Labeled Target DNA Containing Mutation
3’

C C A C G C A C A A A C A T
N

G G T

G C

G T

G T

T

C C A C G C A C A A A C A T

G G A C A G G

Cy3

G G A C A G G
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O

O

Ref 1

5’

G

T

G

G G A C A G G

C

C

T

Cy3

G T C C

Ref 2

Figure 4.9: Schematic illustrating the probe placement within the control features.
This schematic illustrates the function of the control features. Their response
indicates which half of the test-section contains the mutation. A mutation located in the
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5’ half of the test section prevents the second reference feature from producing a
response. The reference features show where the mutation is located, but they cannot
identify the mutation. The output of the positive control features serves as a gross check
of the output given by the multiplexed features; that is, the two sets of outputs must
match. If the multiplexed features indicate that a SNP is present in a position that
corresponds to a base located in the front half of Region V, the positive control features
must indicate that as well for the test to be valid.

THE MUFFINS PLATFORM

Although the feature-multiplexing methodology can be used in a multitude of
array platforms, including traditional Cartesian-indexed arrays, the p53 SNP detection
array was perform using the MUFFINS (Mesoscale Unaddressed Functionalized Features
INdexed by Shape) platform,13 which is a lithographically fabricated shape-indexed
sensor platform. The features are composed of hydrogel doped with biological probes.
For DNA sensing applications the oligonucleotide-probes are covalently attached to the
hydrogel.

This immobilizes them in the matrix were they function as molecular

recognition elements. The features are constructed lithographically from a liquid prepolymer, which makes it easy to incorporate multiple probes in a single feature. Each
feature is given a unique shape. This provides a means of identifying them within an
array in which they have been randomly assembled. Although the final vision for this
platform is to deploy the features after they have been immobilized onto a support matrix,
the methods for the assembly process were still in development at the time of this
validation of principle study, so the MUFFINS features were used in a loose form.
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EXPERIMENTAL
Materials

Poly(ethyleneglycol)diacrylate (PEG-da) with weight average molecular weight
of 10,000 Daltons was purchased from SunBio (Anyang City, South Korea). Darocur
1173, a liquid, photoinitiated free-radical generator, was obtained from Ciba-Geigy
(Basel, Switzerland). The DNA for the study, both probes and target analytes, were
purchased from Integrated DNA Technologies (Coralville, Iowa). To covalently attach
the probes to the hydrogel matrix, each possessed a 5’ Acrydite ™ modification (the
attachment chemistry is the same as was reported in Chapter 1). To make the target
sequences detectable via fluorescence microscopy each had a 5’-Cy3™ modification.

Pre-Polymer Formulations

The MUFFINS features were fabricated out of a pre-polymer solution consisting
(all percentages listed by volume) of 25% PEG-da 10,000 MW, 2% Darocur 1173
photoinitiator, and 73% DI water containing the required probe DNA. The negative
control feature’s pre-polymer contained the aforementioned formulation less the probe
DNA.

The pre-polymer for the two positive control features contained a probe

concentration of 30 µM.

The multiplexed feature set had formulations which

contained 30 µM of each probe that was indicated from Table 4.3.

Exposure Tool

Broadband ultraviolet radiation from a 200 W high pressure mercury arc lamp
(Oriel) was used to photo-polymerize the hydrogel pre-polymer. The bulb was housed
in an Oriel shutter enclosure that collimated the radiation to approximately a 15 cm
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diameter area and filtered out wavelengths below 365 nm. The nominal intensity of the
collimated light was 20 mW/cm2, as measured by a Molectron PowerMax 5200 intensity
meter. An Oriel 68810 Arc Lamp Power Supply, coupled with an Oriel 68705 igniter,
was used to power the bulb. The shutter was controlled by an Oriel 8160 Timer.

Feature Fabrication

All material preparation and lithography was conducted in a “yellow-lab”, a
laboratory where the lighting is filtered to remove lower wavelengths of light and UV.
The shape-encoded features were fabricated via contact lithography.

Liquid pre-

polymer was dispensed onto an anti-reflective solid-substrate containing two 160µm
standoffs. A photomask, composed of a standard glass microscope slide laminated with
a piece of patterned Kodalith™ film, was placed on the standoffs such that it was in
direct contact with the pre-polymer. This assembly was then loaded into the “blackbox” exposure fixture such that the bottom of the anti-reflective substrate contacted the
water which was contained within the fixture. Air bubbles trapped beneath the substrate
were removed by gently tipping the assembly while contact was being made. The lighttube was placed on top of the black-box, and the entire assembly was loaded into the
exposure tool. The hydrogel pre-polymer was irradiated for 90 seconds to induce the
free radical initiated polymerization reaction. After carefully removing the water-filled
black-box from the exposure tool, the light tube was removed, the photomask was
separated from the anti-reflective substrate, and all unreacted pre-polymer was rinsed
away with DI water. The features were removed from the anti-reflective substrate by
gently sliding them off free with a razorblade. The features were soaked in standard
hybridization buffer overnight to leech out any unreacted reagents that may exist in the
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hydrogel. The soak also had the effect of making the features isotonic with the test
samples on which detection assays were performed.

Hybridization Media

The SNP detection assay used two different buffers.

The first called the

hybridization medium comprised of 150 µl of the following constituents in DI water: 30
mM Tris (pH7.4), 450 mM NaCl, 3 mM EDTA, 7.5 M formamide, and 6 µM of targetDNA. It was used for the actual in the actual detection assay. The second was referred
to as the hybridization buffer, a solution containing the same ingredients as the
hybridization mixture with the exception of one ingredient; the target DNA was replaced
with 3% by volume of Tween 20™ detergent. The hybridization buffer was used to
soak the sensors prior to the detection assay as well as rinse the sensors after the target
DNA had hybridized with the array.

Detection Assays

The detection-assays were conducted by placing a set of array features, the five
multiplexed features and the three control features, in 150 µl hybridization medium
containing 6 µM of fluorescently labeled target DNA.
hours and were performed at 23oC.

The hybridizations lasted 12

Each of the three detection assays used a

hybridization medium formulated with a different target sequence; two had sequences
which contained a single base mutation, while the third had a sequence with no mutation
(i.e. identical in sequence to the reference p53 gene). A list containing the sequence
information for the targets used in the assays is shown in Table 4.4. The bases that
correspond to the single base mutations have been highlighted in red.
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Table 4.4:

The three target-sequences used in the SNP detection assays.

Target Sequences
5’

3’

CCACGCACAAACACGGACAGG – “Wild-Type” Target
CCACGCATAAACACGGACAGG – Target #7
CCACGCACAAACATGGACAGG – Target #21

After the detection assay was completed, array features were rinsed with
hybridization buffer.

This involved washing the arrays three times with 300 µl of

hybridization buffer to remove any target DNA residue from the array features’ surfaces.
Subsequently, the features were soaked in 300 µl hybridization buffer for 12 hours to
allow unbound target DNA that had transported into the hydrogel to diffuse back out.

Fluorescence Microscope

An Olympus IX-71 inverted microscope was used for fluorescence imaging. A
100 W high pressure mercury arc lamp driven by an Olympus BHL-RFL-T3 power
supply served as the light source for the microscope. Both the 2X and 4X objectives
coupled with a 10X eyepiece (for a total 20X and 40X magnifications respectively) were
used for all images. An Olympus MagnaFire SP digital camera was used to capture the
fluorescence micrographs. The Cy3™ fluorophore, the label on the target-DNA, was
imaged with a custom filter set ordered from Leeds Instruments (catalog # 41007).

Imaging
The array features were removed from the hybridization buffer soak and placed

on a microscope slide; they were arranged as close to one another as possible so as to
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image them all in the same micrograph. To keep them hydrated throughout the imaging
process, a bead of vacuum grease was placed around them. This formed a well into
which hybridization buffer was dispensed. A cover slip was placed on top of the grease
to seal the well. A diagram of this assembly is shown in Figure4.10.

Microscope Slide Assembly
Cover Slip

Microscope Slide

Vacuum Grease
Array Features

Figure 4.10: A diagram illustrating sample preparation for fluorescence microscopy.

The arrays were imaged using an Olympus fluorescence microscope. For each
detection assay two micrographs were taken. The first was a bright field micrograph
which showed the location of all of the features within the array. The second was a
fluorescence micrograph captured using the Cy3™ optical filter set. This image showed
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all of the features that were outputting a positive response. The integration time for the
fluorescence imaging was 400 ms.

RESULTS AND DISCUSSION
Microscopy

The bright-field and fluorescence micrographs of the arrays for the three different
detection assays are presented in Figure 4.11 A-C. A graphic illustrating the decoding
process is shown below each set of micrographs. The decoded output was compared to
the known identity of the target-analytes. In all cases the feature-multiplexed sensor
array correctly identified the target sequence. Moreover, the fluorescence micrographs
show a very high contrast between the features giving a positive response and those that
are not.
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A. Detection of Target Analyte #7

1.00 mm

1.00 mm

Control

Ref 1

Ref 2

Mutation is in
5’ half of target

Bit 5

Bit 4

Bit 3

Bit 2

Bit 1

0

0

1

1

1

0 X 24 + 0 X 23 + 1 X 22 + 1 X 21 + 1 X 20 =

7

Figure 4.11 A: The results of a detection assay showing both the bright field and
fluorescence micrographs taken of the p53 SNP detection array in which
target #7 was in the test sample.
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B. Detection of Target Analyte #21

1.00 mm

1.00 mm

Control

Ref 1

Ref 2

Mutation is in
3’ half of target

Bit 5

Bit 4

Bit 3

Bit 2

Bit 1

1

0

1

0

1

1 X 24 + 0 X 23 + 1 X 22 + 0 X 21 + 1 X 20 =

21

Figure 4.11 B: The results of a detection assay showing both the bright field and
fluorescence micrographs taken of the p53 SNP detection array in which
target #21 was in the test sample.
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C. Detection of Wild-Type Target Analyte

1.00 mm

Control

Ref 1

Ref 2

No mutation in

Bit 5

Bit 4

Bit 3

Bit 2

Bit 1

0

0

0

0

0

target

Figure 4.11 C: The results of a detection assay showing both the bright field and
fluorescence micrographs taken of the p53 SNP detection array in which the
wild-type target sequence was in the test sample.
Observations

These results were encouraging because they showed that with a properly
designed probe-set, feature multiplexing can be used to dramatically increase the
information density of SNP detection arrays.

In addition to the probe-set, the

hybridization conditions also played a crucial role in obtaining these results. The ionic
strength of the hybridization medium and its denaturant concentrations (e.g. formamide
or urea) are key parameters that, much like temperature, affect the hybridization state of
the DNA (i.e. whether it forms a double-helix or remains dissociated). The formulation
of the hybridization medium needs to be empirically determined based on the melt
98

temperature characteristics of the probe-set. For this set of probes the process of finding
a formulation took a number of trials. Once it was identified the arrays performed
superbly.
The features in the p53 array were constructed from 10,000 molecular weight
PEG-da.

This molecular weight is higher than what had been used in previous

MUFFINS arrays; however, it was chosen because it had qualitatively superior transport
properties. This switch had an additional benefit in that it was a lot easier to work with
(not prone to cracking). The only drawback associated with this material is that it swells
measurably after the polymerization process. Thus, the feature size at the time of the
detection assay is larger than the patterned openings in the photomask.

If this were to

become an issue, it might be necessary to compensate for the swelling by reducing the
feature size of the photomasks.
For the p53 array each of the multiplexed features contained fifteen different
probe sequences. Yet, as feature multiplexing is applied to larger arrays, the number of
probes per feature will increase. Inevitably cross-hybridizational noise will begin to
influence the measurement. For arrays seeking higher densities it might be necessary to
decrease the Tm set point as this will increase the ∆Tm value. At the time the Tm
modeling analysis, ranging from 30-55oC, was performed, it was unclear how large of a
∆Tm value was needed to resolve single base pair mismatches, so the probe-set with the
largest possible contrast window was chosen.

Although the subsequent result was

favorable, future work is necessary to understand the extent to which this technique can
be applied for DNA microarrays.
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CONCLUSION

The demand to cost effectively characterize the multitude of newly discovered
biological targets has brought about a need to increase the information density of
microarray devices. To meet this need, array designers have focused on decreasing the
physical size of the features within the array. By halving the area of the features, their
arrays can hold twice as many probes, a linear improvement. The method presented in
this paper seeks to fulfill the same need but has done so by very different means. Rather
than decreasing the feature-size or feature-spacing of the array, the information density
has been increased by changing the way probes are organized within the array. The
results of this proof-of-concept study have shown that this method is capable of yielding
a six-fold increase in density. Moreover, because there is an exponential relationship
between the number of features (n) and the number of possible probes (2n-2), an array
with more features should theoretically be able to reach even higher densities (see Figure
4.12). That said, as the compression of the array gets higher, so does the quantity of
probes that must be placed at each feature. In instances where there are limits to the
quantity of probes that can be incorporated onto a single array feature, there are indexing
strategies other than the binary numbering scheme that can attain exceptionally high
densities while at the same time minimizing the number of probes that get placed in each
feature.
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Information Density Trends

Number of Probes on Array

Multiplexed Arrays

Standard Arrays

Array Area

Figure 4.12: A chart comparing the improvements in information density associated with
feature multiplexing and feature size reduction.
Feature multiplexing is very versatile. The demonstration was performed using
a SNP-detection array, but this technique is by no means limited to just that application.
In principle, feature-multiplexing can be used for many other combinatorial analyticalchemistry applications.

The technique is platform-independent.

Virtually any

microarray device, in which multiple probes can be placed on a single feature, can benefit
from this technique. Sensor platforms that are presently limited by spatial constraints,
as well as those that possess limits to the number of unique feature-identities (i.e. dyecombinations14), stand to derive a considerable benefit from adopting featuremultiplexing. Not only would such platforms achieve higher information content, they
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could also derive an economic benefit, as feature-multiplexing results in an overall
reduction in processing steps needed to fabricate an array.
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Chapter 5: Probe Selection

INTRODUCTION

There are many classes of microarray devices, each with a different specific
purpose. All rely upon the biomolecular recognition events between their immobilized
probes and the analytes contained within a test sample as their primary detection
mechanism.

Oftentimes these devices are asked to discriminate between molecules with

very similar chemistry and structure.

In particular, single-nucleotide-polymorphism

(SNP) detection arrays, a class of DNA microarray, must distinguish between DNA
sequences that differ by only a single base.
SNP detection arrays specialize in detecting single base mutations in genetic
DNA. SNPs are the most common form of genetic mutation in humans and are believed
to account, to a large extent, for an individual’s predisposition to disease, response to
drugs, and reaction to the environment. SNP detection arrays can be used to screen
large subpopulations of people, as well as other organisms, for genetic variation. Due to
the very nature of this type of detection measurement, these arrays are not designed to
quantify how much of the SNP-containing DNA is present in the test sample (i.e. they are
not meant to produce a graded signal); rather, they are expected to yield a binary output
in response to whether a particular SNP is present or not.
The extent to which these devices manage this task depends on how well the
probes have been chosen. The probes used in SNP detection arrays are short, singlestranded oligonucleotides. Each probe, via base pair interactions, acts as a molecular
103

recognition element for its complementary sequence. In an ideal situation probes would
bind and form stable double-helices only with their complements, however, oftentimes a
single base pair mismatch is not enough to totally block binding. Probes tend to crosshybridize with sequences that are similar in sequence to their complements.

This

produces noise in the detection measurement. Fortunately, there are ways to design a
probe such that cross-hybridization is held to a bare minimum.
The very fact that the array is a multi-analyte detection device demands that the
signal generated in response to each analyte must be approximately the same. This
requires matching the binding properties of all of the probes that are used in the array.
Thus, the ideal set of probes would have a low propensity to cross-hybridize while each
probe would have similar binding affinity for it respective complement.
To address these requirements a program has been developed that simplifies the
task of selecting probe sequences for a SNP detection array. To present the specifics
associated with this program this chapter is organized into four sections. The first
section presents the two metrics that were used to evaluate prospective probe sequences.
These metrics allow us to quantify both the signal producing and noise producing binding
characteristics of the probes. The second section discusses the thermodynamics of DNA
binding. This subject presents the thermodynamic origins of our two metrics and serves
as a forward for the section that immediately follows. The third section presents the
background on the Nearest Neighbor (NN) model, a widely used tool for predicting the
binding behavior of a DNA sequence. This tool is employed by the program to evaluate
the binding characteristics of prospective probe sequences.

Finally, the chapter

concludes with a section detailing the algorithm of the program, how it works and what
its capabilities are.
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METRIC DEFINITION

To construct probes that have matched binding properties and a minimal
propensity for cross-hybridizational binding, two metrics were chosen to evaluate the
binding characteristics of prospective probe sequences.

The first metric is melt-

temperature (Tm), which serves as a measure of the probe’s binding affinity. The word
“melt” is used by biochemists and is not a phase transition, but rather it refers to the
process in which the double-helix dissociates into its two single-strands. Although the
phrase melt-temperature might suggest that dissociation proceeds at a discrete
temperature, this process progresses in a graded manner over a broad range of
temperatures. Hence, the melt- temperature is defined as the temperature one must heat
double-stranded DNA (dsDNA) for half of it to dissociate into its single-stranded form.
This definition is illustrated in the dissociation curve shown in Figure 5.1.

Defining Melt Temperature
Dissociation Curve

% Double Stranded

100
75

Tm = 62.5 oC

50
25
0
40

50

60 Temp (C) 70

80

90

Figure 5.1: A stereotypical DNA-dissociation-curve; its mid-point is defined as the
“melt-temperature”.
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Because the melt-temperature describes the midpoint of the binding/melting
process, it serves as an excellent way to gage an oligonucleotide’s gross
binding/dissociation characteristics. Probes with high melt-temperatures have higher
binding-affinities than those with low melt-temperatures. So, in order to derive a set of
probes with common binding characteristics, it is sufficient to select them based on their
melt-temperatures.
It is important to note, that although this metric has its roots in the biological
sciences, it really is a measure of the thermodynamics of duplex formation.

This

relationship is shown in the following equation1:

Tm =

∆H
(∆S − R ln(CDNA / 4))

(Eqn. 5.1)

where CDNA is the concentration of DNA, ∆H and ∆S are the change in enthalpy and
entropy associated with duplex formation respectively, and R is the universal gas
constant. This relationship is discussed in more detail later.
The second metric is a “Tm-1 value”, which we defined as the melt-temperature
between two strands of DNA containing a single base pair mismatch.

It is a measure of

how much cross hybridizational noise one would expect from a probe. Because of the
energetic penalty associated with a base pair mismatch, this value is generally much
smaller than the Tm.

To optimize the fidelity of the array, it is desirable for the Tm-1

value to be as low as possible. The relationship between Tm and Tm-1 and how they
allow us to quantify both the signal producing and noise producing binding
characteristics of our probes is illustrated in Figure 5.2.
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Probe Selection Metrics
Cross Hybridizational
Noise

Signal
Probe
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Figure 5.2: A graphic illustrating the relationship between the Tm and Tm-1 values and
the binding/dissociation characteristics of a probe.
This figure illustrates the physical meaning of our two probe selection metrics.
The Tm value describes the midpoint of the dissociation curve for a probe binding its
complement (i.e. signal generation). The Tm-1 value corresponds to a probe binding a
target sequence with a mismatch (i.e. noise generation). The difference between the Tm
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and Tm-1 is a measure of a probe’s ability to resolve a single base pair mismatch.

We

refer to this difference as a probe’s contrast window (a more detailed discussion on this
will come at the end of the chapter). Moreover, there is a similar measure for the
contrast window of a probe-set; it is the ∆Tm value, which is defined as the difference
between the probe-set’s lowest Tm value (i.e. an estimate of the smallest signal the array
would ever produce in response to the detection of a SNP) and its highest Tm-1 value
(i.e. the largest amount of noise that would be produced in response to crosshybridizational interactions).
∆Tm ≡ (Tm )lowest − (Tm −1 ) Highest

(Eqn. 5.2)

For the array’s performance to have the best possible signal-to-noise characteristics, the
∆Tm value of the probe set should be as large as possible. This is the primary measure
used to evaluate a prospective probe-set.
To predict the Tm and Tm-1 values of a probe based on its sequence information,
we employed the widely used Nearest-Neighbor (NN) model.

This model uses

empirically derived thermodynamic parameters, that describe the energetic contributions
each base pair makes during binding (i.e. duplex formation), to estimate a sequences
melt-temperature (see Equation 5.1).

The specifics about the NN model and its

thermodynamic underpinnings are presented in the sections below.
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THE THERMODYNAMICS OF DNA BINDING

The double helix owes the intricate features of its structure to a collection of noncovalent forces, the most notable being the hydrogen bonds between paired bases and
stacking forces between neighbor pairs. Hydrogen bonds contribute little to the helix
stability although they provide the specificity needed to achieve high levels of fidelity
during helix formation.2

The major support comes from short range electrostatic

attractions between stacked bases.3 Since base stacking causes consecutive bonded base
pairs to have lower free energy than isolated bonded base pairs, this stacking energy is
the principal source of the cooperative nature of helix propagation. The term “stacking
energy” refers to the change in free energy when two isolated but bonded base pairs are
“stacked” on each other in the helical configuration. Variations in the orientation of
base dipoles, sensitive to functional groups and to the distributions of charges on
neighbors, result in a context dependency of the stacking energy.4

That is, the stability

conferred to the double helix by a particular base pair is dependent not only on its identity
but also on the identity and orientation of its two nearest neighbors.
illustrating this concept is shown in Figure 5.3.
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An example

Context Dependency
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5’
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Figure 5.3: An illustration showing that the stability conferred to a double helix by a
particular base pair is dependent upon the identity and orientation of its
nearest neighbors.
This diagram compares the change in free energy associated with a C-G base pair
in two different contexts. In the first case the C-G base pair stacks with a G-C neighbor
and an A-T neighbor. This stacking configuration results in one value for ∆Go, (i.e. -3.7
kcal/mol). In the second case the G-C neighbor is replaced with a T-A base pair. This
change results in an approximate 25% loss in stability.

The Ten Watson-Crick Nearest Neighbors

The concept of context dependency led researchers to experimentally investigate
the thermodynamic contribution associated with each of the possible nearest neighbor
pairs. For the standard Watson-Crick pairing relationships (i.e. AT and CG base pairs),
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there are ten such pairs. Over the years numerous thermodynamic parameter sets have
been published. The most recent and purportedly most accurate set is presented in
Table 5.1.5 These parameters apply to oligomers dissolved in 1 M NaCl at pH 7.

To

allow for the approximate predictions at lower salt concentrations, a correction term,
which will be presented later, is needed.

Table 5.1:

The thermodynamic parameters associated with the 10 Watson-Crick
nearest neighbor pairs.5
∆Ho

∆So

∆Go

(kcal/mol)

(cal/mol K)

(kcal/mol)

AA/TT

-7.9

-22.2

-1.00

AT/TA

-7.2

-20.4

-0.88

TA/AT

-7.2

-21.3

-0.58

CA/GT

-8.5

-22.7

-1.45

GT/CA

-8.4

-22.4

-1.44

CT/GA

-7.8

-21.0

-1.28

GA/CT

-8.2

-22.2

-1.30

CG/GC

-10.6

-27.2

-2.17

GC/CG

-9.8

-24.4

-2.24

GG/CC

-8.0

-19.9

-1.84

Nearest Neighbor Pairs

In this table the nearest-neighbor base pairs are represented with a slash
separating strands in anti-parallel orientation. For example, AC/TG means 5’-AC-3’
base paired with 3’-TG-5’. Also, that the pairing configurations, when rotated 180o,
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correspond to equivalent NN pairs. For example, the AC/TG pair is equivalent to a
GT/CA pair. This pair equivalency is illustrated in Figure 5.4.

Pair Equivalency
5’

3’

A

C

T

G

3’

5’

5’

3’

G

T

C

A

3’

5’

Rotated 180o
AC/TG

GT/CA

Figure 5.4: An illustration of one of the ten Watson-Crick nearest neighbor pairs.

THE NEAREST NEIGHBOR MODEL

Using these nearest neighbor parameters Tinoco and coworkers6 proposed a
model that could predict the thermodynamics of helix-formation based on sequence
information. Over the years this model has evolved into the form presented below.
According to the model, the change in free energy can be broken down into contributions
associated with helix initiation, helix symmetry, and the contributions made by each
individual base pair in the helix.

This relationship is expressed in the following

equation:1
∆G (total ) = ∑ ni∆G o (i ) + ∆G o (init ) + ∆G o ( sym)
i
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(Eqn. 5.3)

where ∆Go(i) represents the standard free-energy changes for the ten possible WatsonCrick nearest neighbors, ni is the number of occurrences of each nearest neighbor, i,
∆Go(init) is an initiation parameter that corrects for terminal effects, and ∆Go(sym) is a
symmetry coefficient. An equation of the same general form exists for enthalpy and
entropy too.
The NN parameters for the first term have already been discussed and can be
found in Table 5.1. The initiation parameter accounts for terminal effects. The termini
of the double helix are more prone to “fray” when there is a terminal AT base pair. This
fraying affects the base pair stacking of the adjacent pair and, therefore, imparts an
energetic penalty on the helix. In order to correct for this effect, Santa Lucia5 proposed
the two initiation parameters shown in Table 5.2.

Table 5.2:

The initiation parameters used in the NN model.

Initiation Parameters

∆Ho

∆So

(kcal/mol)

(cal/mol K)

∆Go
(kcal/mol)

Initiation at G or C

0.1

-2.8

0.98

Initiation at T or A

2.3

4.1

1.03

The initiation correction needs to be made for both ends of the double helix. The
third term, a symmetry correction, applies to special cases where the sequence is selfcomplementary. This occurs so infrequently in these analyses and the correction is so
small, that its value is not presented here or included in the probe selection program.
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This model and the empirically derived parameter sets in Tables 5.1 and 5.2 can
predict ∆Go, ∆Ho and ∆So within 4%, 7% and 8%, respectively. To illustrate how to use
this model, a sample calculation is presented in Figure 5.5.

Nearest Neighbor Calculations
Five Nearest Neighbor
Stacking Interactions
5’

3’

C

G

T

T

G

A

G

C

A

A

C

T

3’

5’

∆Go(total) = ∆Go(CG/GC) + ∆Go(GT/CA) + ∆Go(TT/AA)
++ ∆Goo(TG/AC)
(GA/CT) + ∆Go(GA/CT)
(TT/AA) + ∆Go(TG/AC)
+ ∆Go(init.)GC + ∆Go(init.)AT

= −2.17 − 1.44 − 1.00 − 1.45 − 1.30 + 0.98 + 1.03

∆Go(total) = -5.35 kcal/mol

Figure 5.5: A sample calculation illustrating the predictive capabilities for the NN
model.
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Mismatch Parameters

Over the years the parameter set for the NN model has expanded to include
parameters that account for mismatch interactions.

These values are graphically

illustrated in Figure 5.6.7-12

Mismatch Parameter Set
∆Go (kcal/mol)

3.0

Matched

2.0

CG

1.0

GC

0.0

AT

-1.0

TA

-2.0

Mismatched

-3.0

GG

-4.0

TG

∆Go (kcal/mol)

-5.0

GT

3.0

AG

2.0

GA

1.0

TT

0.0

AA

-1.0

CT

-2.0
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-4.0
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Figure 5.6: A bar chart containing NN parameters for all possible matched and
mismatched base pairs (figure adapted from Ref 12 - Peyret et al, 1999).
Just like the parameters associated with the ten Watson-Crick NN pairs, the
contribution of a mismatch to DNA duplex stability depends on the location of the
mismatch, its nearest neighbors and its orientation.7

As seen in Figure 5.6, some of the

mismatch base pairs are actually energetically favorable; fortunately, they are not as
favorable as their corresponding native pair. For example, a CC mismatch is not as
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stable as a properly matched CG pair. Most notably, the GG mismatch is exceptionally
stable in a number of nearest neighbor configurations. In the case where it is straddled
by two CG neighboring pairs, the energetic penalty associated with this mismatch is only
2.2 kcal/mol. This minor difference in binding energy is what a probe must resolve in
order to distinguish a base pair mismatch in a SNP detection array.
The energetic penalty of a mismatch depends upon its location in the
oligonucleotide. A mismatch located in the middle of the duplex is less stable than a
mismatch at the termini. Likewise, since a duplex folds into its thermodynamically
lowest energy structure, mismatches near the terminus of a duplex (particularly in the
penultimate and “penpenultimate” positions) often behave as terminal mismatches
instead of internal mismatches.12

For this reason the NN model can only evaluate

mismatches that are more than three base pairs from the end. The NN model parameters
for internal base mismatches predict the thermodynamics of all sequences with an
average deviation less than ∆Go = 3.3%, ∆Ho = 7.4%, and ∆So = 8.1%.

Conversion to Tm and Tm-1

Once the enthalpy, entropy and free energy associated with binding have been
calculated for a particular oligonucleotide, its melt temperature can be estimated using
Equation 1. The calculation of a Tm-1 value uses the same equation. The designation
of the returned value as Tm-1 or Tm depends on whether the mismatch NN parameters
were used in the calculation for ∆H and ∆S, or not. The published accuracy for the Tm
calculation is plus-or-minus 1.1oC for sequences without mismatches. When mismatch
interactions exist the predictive error is nominally higher depending on the type of
mismatch; C-T mismatches9 have the highest margin of error at 1.9oC. Notice that the
calculation requires a DNA concentration. For applications of the NN model, such as
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ours, the analysis of each probes melt-temperature was performed using a standard value
of 0.25 µM. This value was selected because it is typical of the DNA concentrations
used in detection assays.

Sodium Ion Correction Term

To allow for the approximate predictions of a sequence’s melt temperature in
lower salt environments, the following empirically derived correction term can be used:1

Tm[ Na + ] = Tm[1M ] + 12.5 log[ Na + ]

(Eqn. 5.4)

where Tm[1M] is Tm predicted using the nearest neighbor parameters found in Tables
5.1 and 5.2, and Tm [Na+] is the Tm predicted at the desired sodium concentration. This
correction is reasonable for concentrations ranging from 0.1 to 1 M NaCl. For the
analyses that were performed this correction was largely unnecessary. Since all of the
probes within an array are exposed to the same general conditions (i.e. temperature, pH,
and sodium ion concentration), the correction added to the Tm of all of the probes is the
same. Because the probe selection process looked for the largest difference between Tm
and Tm-1, when these two values are subtracted from one another the correction term
disappears.

PROBE SELECTION PROGRAM

The function of the program is to select a set of probes that share a common Tm
value, while optimizing its contrast window (i.e. the ∆Tm value). This is important
especially if the array is to detect single base mutations. The program requires as input
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several key pieces of information, such as the identity of the reference gene sequence, the
target melt-temperature, and the minimum and maximum permissible probe lengths.
Based on that information the program generates a list of probes for all of the possible
SNPs that might occur within the span of the reference gene. In this sense the probe-set
that is output by the program looks much like that of a resequencing array. The user can
then choose the probes, corresponding to the SNPs, they want to include in their array.
In addition to listing the sequence information for each of these probes, the program also
presents their Tm and Tm-1 values. This allows the user to evaluate the signal-to-noise
characteristics of their probe-set. Because the program performs this computationally
intensive process in just seconds, the user, based on their need, can iteratively adjust the
Tm set point to find a probe-set that possesses the largest possible contrast window.
To present how this program carries out its function, a detailed write-up on all the
major subroutines is presented below. They are presented in an order in which they are
executed by the program, thus revealing the algorithm of the program, as well as its
capabilities.

Main Program

The main routine is responsible for gathering information from the user and
distributing it to the various subroutines. To manage the routing of this information, the
program makes use of two large arrays, a “givens” array and an “output” array. All of
the user defined parameters are placed in the givens array, and, as the name implies, all of
the output data (i.e. probe sequences, melt-temperatures, etc.) are recorded in the output
array.
There are four user defined inputs: the sequence of the reference gene, the Tm set
point, and the maximum and minimum permissible probe lengths. The reference gene
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sequence can correspond to either the coding or non-coding strand of the reference gene.
The probes that the program generates will resemble this sequence. For example, if the
coding strand is entered, the probes will be able to detect SNPs within the non-coding
strand. This example is illustrated in Figure 5.7.

Reference – Probe Relationship
Reference Gene Sequence
Entered as Input
5’

Coding Strand

3’

- - -C-G-A-T-T-A-C-T-G-G-C-A-T-A-C-C-T- - -

Non-Coding Strand - - -G-C-T-A-A-T-G-A-C-C-G-T-A-T-G-G-A- - 5’

3’

Generated by Program
Probe Sequence
(T Æ G Mutation)

5’

C-G-A-T-G-A-C-T-G

3’

Figure 5.7: A graphic showing the relationship between the reference gene sequence
entered as an input and the probe sequences generated by the program.

The Tm set point is the value the program will target for all of the probe
sequences it generates. The two probe length inputs define the range of oligonucleotide
lengths that the program will search through during operation.
discussion of these inputs, and their importance, will follow.

119

A more detailed

The probe selection process starts at one end of the reference gene sequence and
base-by-base steps across its entire span making probes. For each base the “Generate
Probe” subroutine is called three times, once for each of the three possible pointmutations at that position. For example, if the base at the present position is an A,
adenine, the Generate Probe subroutine will generate probes specific for AÆC, AÆG,
and AÆT mutations. When completed, the data from all of these sorties to the Generate
Probe subroutine and back are stored in the output array, and collectively they are
referred to as the “melt-temperature matched” probe-set. The main routine then sends
the probe-set to two refining subroutines, named Tweak and Tweak-1, which make
changes to the probe-set that improve its overall contrast window. Next, the Duplicity
Check subroutine is run to verify that the probes are specific to just one spot and one
mutation along the length of the reference gene; this is especially important for reference
genes with a great deal of repetition in their sequences. Finally, the program graphically
displays the output file in an Excel™ spreadsheet and plots the melt-temperature
information in a bar chart.

Subroutine Descriptions
Generate Probe

This subroutine is responsible for generating probes that have a specific melttemperature. It does this by evaluating all of the possible oligonucleotide sequences that
could be used as a probe.

To function as a molecular recognition element for a

particular mutation, an oligonucleotide must be complementary in sequence to this
mutation. Yet, for any given mutation there are a multitude of different prospective
probes that meet this requirement, and all have different melt-temperatures.
120

This

subroutine methodically evaluates all of the possible probe sequences that fall within the
range of probe lengths specified by the user to find the one closest to the Tm set point
(see Figure 5.8).

Probe Selection
Reference Sequence = GTACCATACGTTTACGGTCATGT
Probe List (CÆA)

Figure 5.8:

}

10mer probe length

}

9mer probe length

ATA A GTTTA
CATA A GTTT
CCATA A GTT

ATA A GTTTAC
CATA A GTTTA
CCATA A GTTT
ACCATA A GTT
…..

Tm (oC)
1.7
7.0
10.9
11.2
11.3
16.6
18.2

A graphic illustrating the how the Generate Probe subroutine creates a
comprehensive set of probe candidates.

This subroutine works by doing the following three major computational
functions. First, it constructs a comprehensive list of prospective probe sequences that
are specific for a particular mutation.

It does this by varying two parameters; the

oligonucleotide’s length, the range of which is defined by the user (i.e. the difference
between the maximum permissible probe length and the minimum permissible probe
length), and the relative position of the mutation within the oligonucleotide.

This

process is illustrated in Figure 5.8. Because the mismatch parameters for the NN model
are only reliable at predicting Tm-1 values for mismatches that are three bases or more
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from the end, the program only searches through those positions. Thus, for short probe
lengths there are fewer permutations to screen through. Conversely, for longer probe
lengths there are many. If the user defines too narrow of a range for the program, it may
not be able to find the best probe. However, if too large of a range is entered, the
computing time increases. Therefore, good judgment must be exercised in setting these
parameters.
Second, the routine calls the “Tm” subroutine, which computes the melttemperature for each sequence.

Once these values are obtained, the routine sorts

through this list, comparing each probe’s Tm value to a user defined Tm set point, and
selects the one that has the smallest residual error.
Third, the routine calls the “Tm-1” subroutine, which measures the affinity a
probe has for non-complementary DNA sequences; this value is referred to as a Tm-1
value, and it is used to estimate the cross-hybridizational noise the probe produces during
a detection-assay (more details on the Tm-1 value are discussed in the Tm-1 subroutine
description below). Finally, the probe and all of its characteristics are logged into the
output array.

Tm

The role of the Tm subroutine in this program is to calculate the melt-temperature
of the oligonucleotide sequence that is passed to it.

To make this calculation the

subroutine uses the NN model and the empirically derived thermodynamic parameters
associated with the ten Watson-Crick nearest neighbor stacking interactions (see Table
5.1). The subroutine starts at one end of the probe and sequentially steps down its
length, tallying up the number of occurrences for each type of NN stacking interaction; it
also determines the identity of the terminal bases and assigns the appropriate correction
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terms. Next, these values are used to calculate, using Equation 5.3, the total enthalpy
and entropy changes associated with double-helix formation. Subsequently these values
are used to calculate, using Equations 5.1 and 5.4, the melt temperature of the
oligonucleotide.

This melt-temperature is written to the output array where it is

accessed by other subroutines. A sample calculation illustrating this process is shown in
Figure 5.9.
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Sample Tm Calculation
Nearest Neighbor Interactions
5’

3’

C

G

T

T

G

A

G

A

G

C

A

A

C

T

C

T

3’

5’

∆Ho(total) = ∆Ho(CG/GC) + ∆Ho(GT/CA) + ∆Ho(TT/AA)
+ ∆Ho(TG/AC) + ∆Ho(GA/CT)
+ ∆Ho(AG/TC) + ∆Ho(GA/CT)
+ ∆Ho(init.)GC + ∆Ho(init.)AT
= −10.6 −8.4 − 7.9 − 8.5 − 8.2 − 7.8 − 8.2 + 0.1 + 2.3
∆Ho(total) = -41.2 kcal/mol
∆So(total) = ∆So(CG/GC) + ∆So(GT/CA) + ∆So(TT/AA)
+ ∆So(TG/AC) + ∆So(GA/CT)
+ ∆So(AG/TC) + ∆So(GA/CT)
+ ∆So(init.)GC + ∆So(init.)AT
= −27.2 − 22.4 − 22.2 − 22.7 − 22.2 − 21.0 − 22.2 − 2.8 + 4.1
∆So(total) = -115.4 cal/mol K
Tm(Na+) =

∆Ho
o
(∆S – R ln(CDNA))

+ 12.5 log(Na+)

= 9.8 oC
= 282.9 K

Figure 5.9: The sample calculation for the melt-temperature of an oligonucleotide.
124

Tm-1

By modeling the interactions a probe has with sequences containing mismatches,
the Tm-1 subroutine is able to predict the amount of cross-hybridizational noise a probeset could produce during an assay. The worst case of cross-hybridization comes when a
probe interacts with either the wild-type reference sequence (1 base pair mismatch) or a
sequence containing a mutation at the exact position for which it has been designed to
test (1 base pair mismatch).

Interactions with a target sequence containing any other

form of mutation results in multiple base-pair mismatches, which for short
oligonucleotides, blocks binding almost completely, and therefore, do not need to be
considered. An illustration of this is shown in Figure 5.10.
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Tm-1 Modeling
A

...
3’

Wild-Type Target Sequence
C C A C G C A C A A A C A C G G A C A G G
G T

G

T C

T

G

T

...
5’

G C

Probe

B

...
3’

Target Sequence (Aligned Mutation)
C C A C G C A C A C A C A C G G A C A G G
G T

G

T C

T

G

T

...
5’

G C

Probe

C

...
3’

Target Sequence (Unaligned Mutation)
C C A C G C A C A A A C C C G G A C A G G

G T

G

T C

T

G T

...
5’

G C

Probe
Figure 5.10: An illustration showing the potential probe-target cross-hybridization
scenarios.

In condition “A”, the probe is non-complementary to the wild-type target
sequence by a single base. Likewise, in case “B” the probe is still one base away from
being complementary. The only difference between these two conditions is the type of
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mismatch (i.e. a CC mismatch instead of a CA mismatch). When the mutation is in any
other position, as depicted in case “C”, there are two mismatches which block binding.
To ensure that the probe-set will function acceptably in all situations, regardless
of which SNP is present in the test sample, the program evaluates the probe by its highest
possible Tm-1 value (i.e. the worst case scenario). Depending on the mismatch, this
could be either Case A, Case B or the condition where a CT mismatch resides at that
same position. Thus, the subroutine calculates all three of these Tm-1 values and selects
the highest. All three of these Tm-1 values are recorded in the output array, but the
highest is designated a particular spot which is used for subsequent calculations. The
Tm-1 computation is carried out in a manner very similar to the Tm subroutine. It
begins at one end of the probe and steps across, one stacking-interaction at a time, to the
other end, summing up all of the corresponding NN parameters along the way. The
only difference from the Tm subroutine is how it handles interactions corresponding to
the base pair mismatch.

When it gets to this position, it uses the parameter set shown in

Tables 5.3 A & B below.7-12

In these tables the NN base pairs are represented with a

slash separating the strands in anti-parallel orientation and with mismatches underlined.
For example, AT/TC means 5’AT3’ paired with 3’TC5’.
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Table 5.3 A: The thermodynamic parameters for mismatch nearest neighbors.
∆Ho

∆So

∆Go

(kcal/mol)

(cal/mol K)

(kcal/mol)

AA/TA

1.2

1.7

0.64

AA/TC

2.3

4.6

0.84

AA/TG

-0.6

-2.3

0.08

CA/GA

-0.9

-4.2

0.37

CA/GC

1.9

3.7

0.72

CA/GG

-0.7

-2.3

-0.02

GA/CA

-2.9

-9.8

0.11

GA/CC

5.2

14.2

0.77

GA/CG

-0.6

-1.0

-0.32

TA/AA

4.7

12.9

0.67

TA/AC

3.4

8.0

0.89

TA/AG

0.7

0.7

0.45

AC/TA

5.3

14.6

0.74

AC/TC

0.0

-4.4

1.33

AC/TT

0.7

0.2

0.61

CC/GA

0.6

-0.6

0.76

CC/GC

-1.5

-7.2

0.70

CC/GT

-0.8

-4.5

0.57

GC/CA

-0.7

-3.8

0.45

GC/CC

3.6

8.9

0.81

GC/CT

2.3

5.4

0.60

TC/AA

7.6

20.2

1.30

TC/AC

6.1

16.4

0.98

TC/AT

1.2

0.7

0.95

Nearest Neighbor Pairs
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Table 5.3 B: The thermodynamic parameters for mismatch nearest neighbors.

∆Ho

∆So

∆Go

(kcal/mol)

(cal/mol K)

(kcal/mol)

AG/TA

-0.7

-2.3

-0.02

AG/TG

-3.1

-9.5

-0.18

AG/TT

1.0

0.9

0.69

CG/GA

4.0

13.2

-0.12

CG/GG

-4.9

-15.3

-0.18

CG/GT

-4.1

-11.7

-0.50

GG/CA

0.5

3.2

-0.52

GG/CG

-6.0

-15.8

-1.13

GG/CT

3.3

10.4

0.04

TG/AA

3.0

7.4

0.67

TG/AG

1.6

3.6

0.45

TG/AT

-0.1

-1.7

0.40

AT/TC

-1.2

-6.2

0.69

AT/TG

-2.5

-8.3

0.04

AT/TT

-2.7

-10.8

0.62

CT/GC

-1.5

-6.1

0.36

CT/GG

-2.8

-8.0

-0.35

CT/GT

-5.0

-15.8

-0.13

GT/CC

5.2

13.4

1.01

GT/CG

-4.4

-12.3

-0.62

GT/CT

-2.2

-8.4

0.38

TT/AC

1.0

0.7

0.75

TT/AG

-1.3

-5.3

0.31

TT/AT

0.2

-1.5

0.64

Nearest Neighbor Pairs
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Optimization of the Contrast Window of the Probe-Set

Two additional subroutines were added to the program after observing that
selecting probes based on the uniformity of their melt-temperatures, although an excellent
strategy for standardizing the binding affinity of each probe, did not always result in the
probe-set with the broadest possible contrast window. In fact, it was evident that further
benefits to the contrast window could be realized by replacing certain “outlying” probes,
which had aberrantly low Tm values or high Tm-1 values, with probe sequences that had
Tm values further away from the Tm set point. To adapt the program to recognize when
and where substitutions could be made, a set of algorithms, called “Tweak” and the
“Tweak-1”, were written. Their function is to make changes to the melt temperature
matched probe-set that improve its contrast window. Although these changes come at
the expense of increasing the variation of the probes’ Tm values, the increase is generally
very small and deemed trivial compared to the overall improvement that is made in the
contrast window.

Tweak

The lowest signal intensity that an array will ever produce, in response to
detecting a SNP, corresponds to the probe with the lowest Tm value. Likewise, the
noise of this measurement is directly proportionate to the highest Tm-1 value. The
difference between these two terms is defined as the contrast window, or ∆Tm value, of
the probe-set. Oftentimes, however, the ∆Tm value is smaller than it could be because
of one or two outlying probes. When this happens, it is advantageous to remove and
replace these probes with alternates whose Tm values are higher.
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An example

illustrating this point is shown in Figure 5.11. In this probe-set there are a few probes
with contrast window limiting Tm values.

Probe-Set with Outliers
Tm
Tm-1

Tm and Tm-1 Values for Probe-set

∆Tm = 2.1oC

50.00

Two Outliers

45.00
40.00
Temperature (C)

35.00

Tm SET POINT

30.00

45

Max
Min
Range
St. Dev.

25.00
20.00

46.08
43.87
2.21
0.33

15.00
10.00
5.00
0.00

1

5

9

13

17

21

25

29

33

37

41

45

49

53

57

61

Probe Number

Figure 5.11: A plot of Tm and Tm-1 values for a probe-set (Tm set point = 45oC)
containing two outliers, probes 57 and 58.

To replace these outliers, the Tweak subroutine first has to locate them. It does
this by scanning through the probe-set for the probe with the lowest Tm value. Once it
has found an outlier, it attempts to identify a replacement for it that has a higher Tm
value. To do this, it incrementally increases the Tm set point above the value set by the
user, and then it calls the Generate Probe subroutine. By doing this, it queries for a
probe with a marginally higher Tm value. In the event that the same probe is returned,
the Tm set point is iteratively raised again and again, two-tenths of a degree each step, up
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to a maximum of 2oC. If this search process can identify an alternate probe within this
margin, the probe is evaluated for its Tm-1 value. As long as the Tm-1 value of this
alternate is not the highest in the probe-set, the switch is made, and the process is
repeated. This subroutine ends when replacements either cannot be found within the
2oC margin, or a switch fails to reduce the ∆Tm. The result of this process is illustrated
in Figure 5.12. To facilitate the comparison, two outliners have been highlighted in
these bar charts.

Probe-Set After Tweak
Tm
Tm-1

Tm and Tm-1 Values for Probe-set

∆Tm = 2.9oC

50.00

New Values

45.00
40.00
Temperature (C)

35.00

Tm SET POINT

30.00

45

Max
Min
Range
St. Dev.

25.00
20.00

46.71
44.72
1.99
0.45

15.00
10.00
5.00
0.00

1

5

9

13

17

21

25

29

33

37

41

45

49

53

57

61

Probe Number

Figure 5.12: A bar chart of Tm and Tm-1 values for a probe-set (Tm set point = 45oC)
that has been “tweaked”.
This probe-set in this figure corresponds to the one in Figure 5.11, but it has been
refined by the Tweak subroutine. Notice that replacing the two outlier probes has
increased the ∆Tm value eight-tenths of a degree.
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Tweak-1

This subroutine looks for probes that have contrast limiting Tm-1 values (i.e.
probes that produce large amounts of cross-hybridizational noise) and attempts to replace
them with less noisy alternatives. The algorithm is very similar to the Tweak algorithm.
It begins by sorting for the probe within the probe-set that possesses the highest Tm-1
value. It then executes the Generate Probe subroutine to find a probe to substitute into
that position; however, rather than using the user-defined Tm set point, it uses a Tm value
that is incrementally smaller. This way, the Generate Probe algorithm will sort for a
probe with a slightly smaller Tm value and presumably a smaller Tm-1 value. Just like
the Tweak subroutine it uses incremental steps that are two-tenths of a degree and adjusts
the Tm set point no lower than two degrees below the value defined by the user. In the
event that a new probe is found, the program then determines whether replacing the
original probe will improve the contrast window of the probe-set.

If it does, the

replacement is made, and the process is repeated. This subroutine will continue to make
changes to the probe-set until no further contrast-window improvements are possible.

Duplicity Check

This subroutine searches for instances where the probe might inadvertently bind
to the reference gene sequence in more than one place. There is a danger of this in
reference genes that have a lot of repetition in their sequence. An example of this
phenomenon is illustrated in Figure 5.13. Here a probe, which was designed to detect a
CÆG mutation at one position, can also spot an AÆC mutation in a different location.
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Obviously, this is not a favorable attribute for the probe, as it could possibly produce a
false-positive, thus confounding the analysis of a DNA sample.

Duplicity Check

...

3’

Non-Mutated form of p53 Gene

...
5’

C C A C G C A C A A A C A C G G A C A G G

Probe intended for C Æ G mutation
G G T

G C C

T

G T

Prospective Probe Sequence

Case I: Probe Recognizes Proper Mutation

...

3’

Target Containing (C Æ G) Mutation

G G T

G C C

T

...
5’

C C A C G G A C A A A C A C G G A C A G G
G T

Case II: Probe Spots Alternative Mutation

...
3’

Target Containing (A Æ C) Mutation

G G T

G C C

T

...
5’

C C A C G C A C A A C C A C G G A C A G G
G T

Figure 5.13: A diagram illustrating the “Duplicity Check” function of the probe selection
program.
Duplicity is much more prevalent when the probe lengths are short (~7-8bp), thus
how the user defines the maximum and minimum permissible probe lengths, as well as
the Tm set point, can help avoid its occurrence. The Duplicity Check subroutine acts
like a spell checker that scans through a sentence looking for a misspelled word. It does
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this by comparing the probe to the reference sequence at every possible reference frame.
It looks for instances where the probe is only a single base different, as well as
occurrences where it is complementary to the reference gene. In principle, there should
only be one location where the probe differs by a base, and that is the position for which
it was designed to detect a SNP. If there are any other spots, the degenerate probe is
excluded from the probe-set. Likewise, there are no conditions where the probe should
be directly complementary to the reference gene. If it is, it will produce a signal in
response to the non-mutated form of the gene. In either of these two cases, the program
omits this probe from the probe-set and warns the user that a probe has failed the
duplicity check. The user must then design a probe for that particular mutation by hand
or generate a new probe-set targeting a different Tm set point.
To use the duplicity check tool properly, the reference sequence entered by the
user should correspond to the length of the target sequence that will be used in the
detection assay and not just the region for which probes are needed. This allows the
duplicity check function to look for cross-hybridization problems in the all of the possible
locations.

Make Spreadsheet

This subroutine displays the contents of the output file in an Excel™ spreadsheet
so that the data can be more easily viewed and analyzed. The data in the spreadsheet
includes all of the user defined variables as well as all the relevant information on the
probe-set. An illustration of the spreadsheet is shown in Figure 5.14 below.
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Spreadsheet Output
Reference Sequence 5'->3' (CAPS ONLY)
GACGGAACAGCTTTGAGGTGCGTGTTTGTGCCTGTCCTGGGAGAGACCGGCGCACAGAGGAAG

Tm Set Point (C)
Max Probe Length
Min Probe Length

Probe
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
…

Probe
GGTGAGTGTTT
GGTGGGTGTT
GTGTGTGTTTG
AGGTGCATGT
GGTGCCTGTT
TGCTTGTTTGT
TGCGAGTTTG
GTGCGGGTT
TGCGCGTTT
GTGCGTATTTG
TGCGTCTTTG
GGTGCGTTTT
TGCGTGATTG
CGTGGTTGTG
GCGTGCTTG
…

30

∆Tm =

14

Tm

Max
Min
Range

7

Tm
30.1
31.0
29.9
29.6
31.9
30.4
29.0
29.8
30.8
29.9
29.0
30.1
29.2
30.6
29.2
…

Max
Tm-1
20.1
20.2
22.7
18.0
10.8
18.8
18.2
18.3
0.3
22.3
8.5
15.6
20.6
22.1
3.5
…

6.12
Probe
Length

Tm-1

31.92
28.82
3.10

22.70
-6.99
29.70

11.00
8.00

Probe
SNP
SNP
Length Position Type
11
1
C --> A
10
1
C --> G
11
1
C --> T
10
2
G --> A
10
2
G --> C
11
2
G --> T
10
3
T --> A
9
3
T --> G
9
3
T --> C
11
4
G --> A
10
4
G --> C
10
4
G --> T
10
5
T --> A
10
5
T --> G
9
5
T --> C
…
…
…

Figure 5.14: An example of the spreadsheet generated by the probe selection program.
The ∆Tm for the probe-set is listed at the top of the spreadsheet and serves as a
metric with which to evaluate the predicted performance of the array.

The probes

themselves are listed in a table along with their Tm and Tm-1 values, their lengths, and
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the identity of both the type and position of the SNP they correspond to. Probes can be
chosen by the user from this list as per their needs.
The melt-temperature information is represented in a bar-chart in the spreadsheet.
Each probe has two bars, one corresponding to its Tm value, the other to its Tm-1 value.
The difference between the two values is a measure of how well this probe can resolve
the difference between its complement and a target-sequence containing a single basepair mismatch. This chart is a great way of graphically presenting this data; a sample
chart is shown in Figure 5.15.

Sample Bar Chart
Tm & Tm-1 Values for Probe-Set
Tm

Max Tm-1

35.0
30.0

Temp (C)

25.0
20.0
15.0
10.0
5.0
0.0
-5.0

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

Probe Number

Figure 5.15: A sample bar chart generated by the probe selection that presents the Tm
and Tm-1 values for the probe-set.
Discussion

The probe selection program gives its user a tool to design probes that optimize
the performance of an array. Because it can generate and evaluate a prospective probe137

set in seconds, the user can iteratively search through a number of probe-sets for the one
with the properties that best suits their needs.

The parameter that has the largest

influence over the properties of the probe-set is the Tm set point.

Selecting the Tm Set Point

Varying the Tm set point has very definite effects on both the size of the probeset’s contrast window and its average probe length. A graph illustrating the trends
associated with each of these values is shown in Figure 5.16 below. The data in this
graph were gathered by repetitively running the probe selection program for a particular
reference gene while incrementally increasing the Tm set point.

Trends Associate with the Tm Set Point
∆Tm Plotted vs. Tm Set Point

o
∆Tm in ( C) - Probe Length in (bases)

20.00
18.00
16.00
14.00
∆Τ

12.00

Max. Probe Length

10.00

Min. Probe Length

8.00

Avg. Probe Length

6.00
4.00
2.00
0.00
30

35

40

45

50

55

o

Tm set point ( C)

Figure 5.16: A graph illustrating how the contrast window (∆Tm) and average probe
length vary with respect to the targeted Tm set point.
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As one would intuitively expect, probe lengths steadily decrease as the Tm set
point is lowered (i.e. smaller strands of DNA have fewer base pair interactions through
which to gain stability and, therefore, have lower melt-temperatures). This observation
relates to the second trend shown in the graph. The ∆Tm values steadily increase as the
Tm set point decreases. This is because a single base pair mismatch accounts for a
greater fraction of the total base pair interactions in a short oligonucleotide than a long
oligonucleotide. So, for array applications where the signal-to-noise characteristics are
critical, it is necessary to choose a low Tm set point (i.e. probes with low Tm values to
populate your array).
Lowering the Tm set point too much has some negative consequences. First, as
a melt temperature of the probe decreases, so does its binding affinity. This affects the
detection limit of the device. This can be a problem for test samples containing small
amounts of DNA.

Fortunately, however, the DNA samples for SNP detection

applications are generally prepared by PCR amplification (polymerase chain reaction), in
which large quantities of DNA are generated. Thus, this drawback rarely manifests
itself as a problem, yet it is important to be aware of it.
Second, because probe lengths decrease as the Tm set point decreases, the
likelihood that a probe will recognize alternate locations in the reference gene goes up.
This can make it difficult to find probes that are not degenerate and have the proper melt
temperature characteristics.

There will eventually be a point where they are

impractically short.
Finally, there is more variation in the Tm values for the probe-set as the Tm set
point gets smaller. Recall that the base corresponding to the SNP had to be four bases
from the end (i.e. a three base overhang), so as the probe length drops, there are fewer
prospective probes to choose from.

For example, there are only two candidates that are
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eight bases long. Therefore, when targeting lower Tm set points, it may be necessary to
loosen the restriction on where the base corresponding to the SNP can reside. By
relaxing this restriction to a two base overhang, the Tm-1 value prediction will have
nominally less accuracy, yet there will be more probe candidates from which to choose.
This tradeoff may be necessary in some instances; a graphic illustrating this point is
shown in Figure 5.17.

Alternate Probe Selection
Reference Sequence = GTACCATACGTTTACGGTCATGT
Probe List (CÆA)

w/ 3 base overhang

w/ 2 base overhang

}

8mer probe length

}

8mer probe length

ATA A GTTT
CATA A GTT

2 choices

TA A GTTTA
ATA A GTTT
CATA A GTT
CCATA A GT

4 choices

Figure 5.17: A graphic showing an alternative probe selection process.
Relative Position of Probes

Running the probe selection program generates a list of melt-temperature matched
probes with as large of contrast window as possible. An interesting consequence of the
search methodology used by the program is illustrated in Table 5.4.

The relative

footprint of each of the probes with respect to the reference sequence is not rank-and-file.
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Rather, it tends to oscillate back and forth. In this table the probes are arranged to
illustrate this point, and the base corresponding to the SNP, for which the probe was
designed, is shown in red. This summarizes the main point of the program - the position
and the length of the probes are free to be varied as long as the melt temperatures are
matched.

Table5.4:

A melt-temperature matched probe-set where the probes have been arranged
to illustrate their relative position within the reference sequence.

Reference Gene Sequence
5’

3’

--TGAGGTGCGTGTTTGTGCCTGTCCTGG-Probe #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Probe Sequence
GTGAGTGTTTG
GGTGGGTGTT
GTGTGTGTTTG
GTGCATGTTTG
GGTGCCTGTT
GTGCTTGTTTG
GGTGCGTATTT
TGCGTCTTTG
TGCGTTTTTGT
TGCGTGATTG
CGTGGTTGTG
CGTGCTTGTG
TGTTAGTGCCT
CGTGTTGGTG
CGTGTTCGTG
CGTGTTTATGC
TGTTTCTGCCT
GTGTTTTTGCC
TGTTTGAGCCT
GTTTGGGCCT
TGTACCTGTCC
TGTTTGTCCCT
TTGTTCCTGTC
TTGTGACTGTC
TTGTGGCTGT
TTGTGTCTGTC
TGTGCCAGTC
GTGCCGGTC
GTGCCCGTC
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Melt Temperature (oC)
28.7
31.0
29.9
30.6
31.9
30.5
31.4
29.0
31.9
29.2
30.6
31.5
31.4
30.6
31.2
29.9
32.5
30.9
32.5
31.7
31.8
31.6
29.6
29.8
30.2
29.8
31.5
31.2
31.2

PREDICTING SIGNAL TO NOISE CHARACTERISTICS

Modeling the thermodynamics of duplex formation provides a way to select
probes that have matched binding properties. Further, this process can also be used to
forecast the signal to noise characteristics of the probe-set. To illustrate this, the section
below presents the derivation for a mathematical expression which relates the signal
produced by a probe to the thermodynamics of binding. Likewise, because of the NN
model can accurately estimate the energy associated with mismatch binding interactions,
this expression can also be used to predict the occurrence of cross hybridizational noise.
This expression is then used in a series of examples that demonstrate the effect variables,
such as probe length, target concentration, and hybridization temperature, have on the
signal to noise characteristics of the array. Understanding these trends is absolutely
necessary for making rational probe selections, as well as establishing the proper
hybridization conditions of the detection assay.

Derivation of the Relationship between the Thermodynamics of Binding and the
Signal

The binding between short oligonucleotides can be described as a two-state
equilibrium reaction:
A+ B ' AB

(Eqn. 5.5)

where A is the probe, B is the target and AB is the duplex. For longer strands this is not
always true as they can form internal hairpin structures, but since the analysis is restricted
to short oligonucleotides (i.e. probes), this two state assumption is appropriate. The
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binding reaction is described by an equilibrium constant, Keq. This value is simply the
ratio of the bound fraction over the product of the unbound fractions:

K eq =

[ AB]
[ A][ B]

(Eqn. 5.6)

where the brackets represent concentrations and Keq is the equilibrium constant. The
magnitude of the equilibrium constant is dictated by the change in free energy associated
with the binding; for DNA this constitutes double helix formation. This relationship is
described in the following equation:
 − ∆G o 

K eq ≡ exp
 RT 

(Eqn. 5.7)

where R is the universal gas constant, T is the absolute temperature, and ∆Go is the
change in free energy. By combining Equations 5.6 and 5.7, we get the following
expression relating the change in free energy with the hybridization state of the probe:
 − ∆G o 
[ AB]

= exp
[ A][ B]
RT



(Eqn. 5.8)

This equation reveals a rather intuitive relationship; a probe that forms a stable double
helix with its complement (i.e. large change in free energy) will have a large equilibrium
constant and, hence, produce a large signal when its target is present. This concept is
illustrated in Figure 5.18.
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Thermodynamics of Binding
Labeled Target DNA

Immobilized Probes

Signal

Hybridization

A + B
Probe
Target

AB
Duplex

Keq =

[AB]
[A] [B]

∆G = - RT ln Keq
Figure 5.18:

An illustration showing the relationship between the signal strength of a
probe and the change in free energy due to binding.

A large negative change in free energy drives the binding reaction forward into
the duplex state. The labeled target DNA that binds the sensing surface produces a
signal. The equilibrium constant can also be expressed in terms of the enthalpy and
entropy change associated with binding by substituting the following equation into
Equation 5.8:

∆G o =∆H o −T∆S o

(Eqn. 5.9)
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where ∆Ho is the change in enthalpy and ∆So is the change in entropy. This substitution
results in the following expression:
 − (∆H o − T∆S o ) 
[ AB]

= exp
[ A][ B]
RT



(Eqn. 5.10)

Using the NN model and its related parameter sets, both the ∆Ho and the ∆So of
binding for a particular probe can be calculated. Thus, the equilibrium constant of a
probe can be derived based on its sequence information and the temperature.
In the case of array based sensing devices, the concentration of the immobilized
probe is very minute, and in all cases it is reasonable to assume that it is much smaller
than the concentration of the target analyte. Once this assumption has been made, it is
no longer accurate to use the melt temperature of the probe to describe its hybridization
state because there should never be an instance where 50% of the DNA is in the single
stranded state (i.e. the definition of melt temperature). The fraction will always be
much higher, ~99.9%. It is more accurate to think in terms of the overall fraction of the
probes that are bound (i.e. in their double stranded state) as a function of target
concentration. Furthermore, since this fraction is proportionate to the signal produced
by a particular probe, an expression for the bound fraction gives us a way of predicting
the signal produced as a function of temperature and target concentration.

This

expression is derived by simply performing an algebraic rearrangement of Equation 5.10.

Signal ∝

[ AB]
1
=
−1
o
o
[ A] + [ AB]  

  [ B] exp − (∆H − T∆S )   + 1




RT
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(Eqn. 5.11)

It is important to note that although enthalpy is a function of temperature, the
change in enthalpy is relatively constant throughout the range of temperatures in which
detection assays are performed. Hence, this expression can accurately predict the signal
produced by a probe without an enthalpy correction term. An experimental justification
for this assumption has been reported by the groups who derived the NN parameter sets.1
Likewise, since the NN model can estimate the change in enthalpy and entropy for
mismatch interactions, this expression can also predict the level of cross hybridizational
noise produced by a probe.

Forecasting Signal to Noise Characteristics

To demonstrate how this mathematical relationship can be used to forecast the
signal to noise characteristics of an array, an example is shown below which compares
the binding interactions between a probe and two different target sequences. One of the
sequences is complementary to the probe, and the other contains a single base pair
mismatch.

Taken collectively, these two binding interactions represent the signal and

noise of a detection measurement. To make this analysis interesting, the mismatch
chosen is a GG mismatch with C-G neighboring pairs; this is the hardest base pair
mismatch to resolve, as it imposes the smallest thermodynamic penalty.

These

interactions represent the worst case scenario for signal to noise discrimination. For
each of the two binding interactions, the values for ∆Ho, ∆So and Tm have been predicted
by the NN model and are shown in Figure 5.19.
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Signal to Noise Comparison for GG Mismatch
Case I. Signal
Complementary Target
3’
5’
--T-T-G-T-G-T-C-C-G-T-T-C-T-G-C-| | | | | | | | | | | | | | |
A-A-C-A-C-A-G-G-C-A-A-G-A-C-G
5’
3’
Probe
∆Ho = -116 kcal/mol, ∆So = -313 cal/mol K

Case II. Cross Hybridizational Noise
Target w/ GG mismatch
3’
5’
--T-T-G-T-G-T-C-G-G-T-T-C-T-G-C-| | | | | | | X | | | | | | |
A-A-C-A-C-A-G-G-C-A-A-G-A-C-G
5’
3’
Probe
∆Ho’ = -110 kcal/mol, ∆So’ = -300 cal/mol K

Energetic Penalty Associated w/ Mismatch
∆Ho - ∆Ho’ = -6.0 kcal/mol
∆So - ∆So’ = -13.0 cal/mol K

Figure 5.19: A graphic comparing the binding interactions between a probe and two
different target sequences.
The penalty associated with this mismatch is shown in the bottom of the figure.
To see how this slight difference manifests itself as a signal-to-noise ratio (S/N ratio), the
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two thermodynamic values (∆Ho and ∆So), for each case, have been entered into Equation
5.11.

By holding the target concentration constant and varying the temperature, a

dissociation curve for each binding interaction (Case I & Case II) is generated. These
dissociation curves represent the fraction of probe in its double stranded state at
equilibrium as a function of temperature. It is important to point out that because of the
assumption that the target concentration far exceeds the concentration of the immobilized
probes, the midpoint of this dissociation curve (50% double stranded) does not
correspond to the melt temperature of the probe as calculated by the probe selection
program.

A plot of these two dissociation curves is shown in Figure 5.20.

Signal-to-Noise Forecasting
Predicted Dissociation Curves
25
20

75

15
50
10
25

S/N Ratio

% Double Stranded

100

5

0

0
40

50

60
Temp (C)

70

80

Figure 5.20: The signal, noise and S/N ratio for a probe plotted as a function of
temperature.
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Signal

Noise

S/N Ratio

The values for Case I are shown in green, and the values for Case II are plotted in
red; these dissociation curves correspond to the matched (signal) and mismatched (noise)
target sequences, respectively.

Because the detection assay is carried out at

thermodynamic equilibrium at a particular temperature, the ratio of these two values, at
that temperature, represents the sensor’s S/N ratio (see Equation 5.12).

S / N ratio =

% Double Stranded Matched
% Double Stranded Mismatched

(Eqn. 5.12)

Depending on the temperature, the S/N ratio will vary. A plot of the S/N ratio as
a function of temperature is shown in yellow in Figure 5.20. For a large range of
temperatures (i.e. 65 -80oC) the S/N ratio is well in excess of unity, peaking at a value of
approximately 10; however, this ratio is not the only thing to consider. At 80oC the S/N
ratio is relatively large, but there is virtually no signal being generated. This brings up
an interesting point; both the magnitude of the signal and the S/N ratio must be taken into
consideration when determining the best hybridization temperature for a detection assay.
Depending on the sensitivity of the array platform, operating at temperatures that are too
high can drive signal beneath the detection limit of the device. A practical temperature
should give both a strong signal (i.e. larger percentage in double stranded state) and
sufficiently large S/N ratio.

The Effect the Tm Set Point Has on the S/N Ratio

The literature is replete with statements asserting – “the shorter the probes, the
higher the discrimination potential between matched and mismatched duplexes”.13
Although this statement seems reasonable, it is much more accurate to say probes with
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smaller melt temperatures have greater discrimination potential between matched and
mismatched duplexes. To illustrate this point, the previous example is repeated below
with a probe that has a smaller melt temperature. The relationship between the probe
and the two target sequences is the same as before (one is complementary, the other
contains a GG mismatch), yet the probe is three bases shorter on either end. Because
the two probes recognize the same mismatch, comparing the results of this example to the
previous example, gives a quantitative illustration of the effect the melt temperature of
the probe has on discrimination potential. The understanding gained from this exercise
provides insight into the effects the choice of Tm set point has on the subsequent
performance of the probe-set. As in the previous example, the probe and its values for
∆Ho, ∆So and Tm have been predicted using the NN model and are presented graphically
in Figure 5.21 below.
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Discrimination Potential as a Function of Tm
Case I. Signal
Complementary Target
3’
5’
--T-T-G-T-G-T-C-C-G-T-T-C-T-G-C-| | | | | | | | |
A-C-A-G-G-C-A-A-G
3’
5’
Probe
∆Ho = -64 kcal/mol, ∆So = -175 cal/mol K, Tm = 23 oC

Case II. Cross Hybridizational Noise
Target w/ GG mismatch
3’
5’
--T-T-G-T-G-T-C-G-G-T-T-C-T-G-C-| | | | X | | | |
A-C-A-G-G-C-A-A-G
5’
3’
Probe
∆Ho’ = -58 kcal/mol, ∆So’ = -162 cal/mol K, Tm-1 = 13.5 oC

Energetic Penalty Associated w/ Mismatch
∆Ho - ∆Ho’ = -6.0 kcal/mol
∆So

-

∆So’

= -13.0 cal/mol K

Same penalty as before,
yet larger ∆Tm!

∆Tm = 9.5 oC
Figure 5.21: A graphic comparing the binding interactions between a probe with a
“small” Tm and two different target sequences.
Notice that the energetic penalties associated with the mismatch are the same as
the previous example, yet the difference in the two melt temperatures, Tm and Tm-1, has
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increased.

This broadening of the contrast window occurs because the energetic

penalty, although unchanged, now accounts for a larger fraction of the total binding
energy. As a side note, this illustrates why the ∆Tm value was chosen as a metric for
the probe selection program, as it describes the discrimination potential of a probe far
better than the change in free energy alone.

The contrast window is graphically

illustrated by plotting the dissociation curves for both target sequences in Figure 5.22.
As before, these curves were generated by entering the requisite thermodynamic terms
into Equation 5.11 and varying the temperature while holding the target concentration
constant. The S/N ratio plotted at the bottom of the graph was generated using Equation
5.12. To provide perspective, the dissociation curves from the previous example are
also shown in the figure. To distinguish the two sets, the Tm corresponding to each is
shown in parentheses in the legend.

Signal-to-Noise Ratio as a Function of Tm
Predicted Dissociation Curves

75

Data from
Previous example

25

Signal
(23)

20

Noise
(23)

15

Signal
(48)

50
10
25

5

0
20

40

60
Temp (C)

80

0
100

S/N Ratio

% Double Stranded

100

Noise
(48)
S/N Ratio
(23)
S/N Ratio
(48)

Figure 5.22: Dissociation curves and S/N ratios plotted as a function of temperature for
two different probes.
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There are two relevant trends attributed to decreasing the probe’s melt
temperature. First, the dissociation curves spread further apart from one another; that is,
the contrast window gets larger. Second, the peak of the S/N ratio curve shifts up and to
the left, thus the discrimination potential of the new probe is better when the detection
assay is run at lower temperatures. This result illustrates that probes with smaller Tm
values can discriminate between mismatches better than probes with high melt
temperatures. This point is important to consider when defining the Tm set point for a
particular probe-set. A smaller value will give the array better performance, and the
detection assay will have to be run at lower temperatures to attain the same signal
strength.

The Effect the Target Concentration has on the S/N Ratio

Up to this point all of the examples have used a fixed value for the target
concentration; however, varying this parameter can result in an improvement of the S/N
ratio. To emphasize that the fraction of bound probe is a function of both temperature
and target concentration, an amended form of Equation 5.11 is presented again below.

Signal ∝ f (T , [ B]) =

1
−1
o
o


  [ B] exp − (∆H − T∆S )   + 1




RT





(Eqn. 5.11)

Since the binding interactions between a probe and a target can be described as a
two-state equilibrium reaction, adding a large excess of the target will drive the reaction
in the forward direction, forcing the probes into the bound state. Once all of the binding
sites are saturated, adding more of the target will only manage to drive forward unwanted
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cross-hybridizational interactions. To illustrate this point and show how Equation 5.11
can be used to model these interactions, an example is presented below that compares the
output from two different probe sequences interacting with a target sequence. For each
of the two binding interactions values for ∆Ho and ∆So have been predicted by the NN
model. These values and sequence information for the target and probes are present in
Figure 5.23.

S/N Ratio Comparison
Probe 1

Probe 2
C C A C G G A C A A A

C C A C G C A C A A A
G T C

G G T

G C

G T

G T

T

T

G C

∆Ho = -84 kcal/mol

T

G T C

Target

∆So = -228 cal/mol K
A+B

Signal =

G G T

G

C

G

T

G T

T

T

G C

T

∆Ho = -70 kcal/mol
∆So = -193 cal/mol K

AB

A’ + B

[AB]

Noise =

[AB] [A]

A’B
[A’B]
[A’B][A’]

Figure 5.23: Thermodynamic parameters presented for two probes interacting with a
target sequence.
The first probe is complementary to the target sequences while the seconds probe
contains a single base pair mismatch. Their binding represents the signal and noise,
respectively, of a detection assay. Using Equation 5.11, dissociation curves for each of
these two binding interactions were constructed for two different target concentrations
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(10µM and 0.1µM); these curves are shown in Figure 5.24. Likewise, the S/N ratios for
each target concentration were plotted using Equation 5.12.

S/N Ratio as a Function of Target Concentration
Predicted Dissociation Curves
100

50
Signal
(10uM)
Noise
(10uM)

50

25

25

S/N Ratio

% Double Stranded

75

Signal
(0.1uM)
Noise
(0.1uM)
S/N Ratio
(10uM)

0
20

40

60

80

0
100

S/N Ratio
(0.1uM)

Temp (C)

Figure 5.24: A graph showing the effect the target concentration has on the S/N ratio of a
detection measurement.
Two things happen to the dissociation curves as the target concentration is
decreased. First, they are shifted to the left, indicating that the optimum hybridization
temperature for the detection assay decreases for dilute target samples. Second, the two
dissociation curves (signal and noise) spread apart from one another enlarging the
contrast window. This improves the S/N ratio, which in this example undergoes a
twofold increase in response to a 100x decrease in target concentration. Thus, using a
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lower target concentration will help the contrast of the measurement, but the temperature
of the detection assay needs to be lowered.

The Benefits of Melt Temperature Matching

The methodology used in the probe selection program was to choose probes that
had a common melt temperature. There are two benefits to this strategy. First, it
normalizes their signal producing potential. Second it improves the S/N characteristics
of the array. To illustrate these points, an example is presented below which calculates
the S/N ratio for a set of Tm matched probes.

Doing this analysis justifies the

methodology of selecting probes based upon their melt temperatures. It also shows the
merit of using the ∆Tm metric to evaluate the discrimination potential of the probe-set.
A probe-set was generated by the probe selection program for an arbitrarily
chosen reference sequence and the Tm set point of 21.5oC.

The sequence information,

Tm and Tm-1 values and thermodynamic parameter for these probes are presented in
Table 5.5.
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Table 5.5:

The thermodynamic values for the melt temperature matched probe-set.

Reference Gene Sequence

Sample Probe-Set

GTGCGTGTTTGTGCC
Probe #
Probe
1
GTGCATGTT
2
TGCCTGTTT
3
GTGCTTGTT
4
CGTATTTGTG
5
TGCGTCTTT
6
GCGTTTTTG
GCGTGATTG
7
8
GTGGTTGTG
9
GTGCTTGTG
10
GTTAGTGCC
11
GTGTTGGTG
GTGTTCGTG
12

Tm
20.2
21.5
20.1
21.3
22.5
20.6
23.2
21.4
22.5
20.2
21.4
22.3

o

∆H
-64.8
-62.2
-64.8
-74.4
-64.5
-68.7
-68.9
-66.4
-67.6
-65.8
-66.4
-68.7

o

∆S
-178.6
-169.3
-178.7
-209.1
-176.1
-191.1
-189.8
-183.0
-186.1
-181.9
-183.0
-189.8

Tm-1
5.7
-4.8
5.1
11.0
-3.0
3.0
12.6
11.0
-5.8
6.3
2.4
-5.2

o

∆H -1
-50.5
-48.4
-56.8
-60.0
-48.5
-53.2
-54.8
-59.1
-48.9
-54.1
-52.8
-50.2

o

∆S -1
-140.1
-139.1
-162.1
-169.0
-138.4
-151.1
-150.5
-166.0
-141.5
-152.1
-150.1
-145.8

For each probe there are two sets of thermodynamic values. One corresponds to
the probe binding its complement and is used to calculate the Tm value, an estimate of
the signal the probe can produce. The other set corresponds to binding interactions
between the probe and a sequence containing a specific base pair mismatch; it is used to
calculate the Tm-1 value, an estimate the cross-hybridizational noise the probe will
produce. To graphically illustrate the binding/dissociation characteristics of this probeset, the thermodynamics values in Table 5.5 were input into Equation 5.11 to generate a
“signal” and a “noise” dissociation curve for each probe. For these calculations the
target concentration remained fixed at 10nM, and the temperature was varied from 0 100oC. The graph is shown below in Figure 5.25.
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S/N Characterization of Probe-Set
Dissociation Curves
25
20

75

Contrast
Window

S/N Ratio

% Double Stranded

100

15

50

10
25

5

0

0
10

20

30

40

50

Signal 1

Noise 1

Signal 2

Noise 2

Signal 3

Noise 3

Signal 4

Noise 4

Signal 5

Noise 5

Signal 6

Noise 6

Signal 7

Noise 7

Signal 8

Noise 8

Signal 9

Noise 9

Signal 10

Noise 10

Signal 11

Noise 11

Signal 12

Noise 12

S/N Ratio

Temp (C)

Figure 5.25: The dissociation curves and S/N ratio for a melt temperature matched set of
probes.
In this graph, the dissociation curves representing matched interactions are
labeled “signal” and plotted in green; the worst case mismatch interactions are labeled
“noise” and plotted in blue.

This graph illustrates the effect the “melt temperature

matching” probe selection methodology has on the dissociation characteristics of the
probe-set. Matching the melt temperatures has resulted in co-localizing the midpoints
of all of the signal curves. The probe with the lowest melt temperature (probe #3) has
its signal curve plotted in light-green. Notice that it is the one that is the furthest to the
left. Conversely, the noise curves are spread farther apart; each has been shifted to the
left a different amount based on the type of mismatch interaction to which they
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correspond. Mismatches with large energetic penalties are farther to the left. The
probe with the highest Tm-1 value, and therefore the noisiest probe (probe #7), has been
plotted in red. Notice that it is the furthest to the right.
The effect Tm matching has on signal normalization is readily interpreted from
this graph. At a given hybridization temperature all of the probes come to equilibrium
with approximately the same fraction in the double stranded state. Because the signal
generated by a probe is proportionate to its bound fraction, matching the melt
temperatures has effectively normalized the signal producing potential of the probes.
The S/N ratio for this probe-set as a function of temperature is shown on the
bottom of Figure 5.25 plotted in brown. These values were calculated by taking the
ratio of the signal from the probe with the lowest Tm value (probe #3 – plotted in lightgreen) and the noise from the probe with the highest Tm-1 value (probe #7 – plotted in
red). These are the same two probes that the probe selection program used to calculate
the ∆Tm value; however, rather than taking their ratio, it measured their difference. For
this probes-set, the ∆Tm value is 7.5oC. Graphically this value represents the spacing
between probe #3 and probe #7 and is labeled “contrast window” in Figure 5.25. The
larger this value is the greater the S/N ratio will be. Calculating the ∆Tm value, unlike
the S/N ratio, does not require specifying a particular hybridization temperature or a
target concentration.

Because it can characterize the probe-set independent of the

conditions of the detection assay, it is more practical metric to use than the S/N ratio.
The peak S/N ratio for this probe-set is approximately eight in this example.
Providing that the detection assay is run at the temperature corresponding to this peak,
the probe-set will always, regardless of what target analyte is present, have an S/N ratio
at or above this point. That is, the signal generated in response to a probe detecting its
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complement will always be at least eight times larger than the cross-hybridizational noise
coming from the other probes.

Refining the Probe-Set

The two refining algorithms in the probe selection program search for instances
where improvements to the ∆Tm value can be made by replacing probes with contrast
limiting Tm or Tm-1 values. To illustrate the impact this strategy has on the S/N ratio
of the probe-set, the previous analysis is repeated with one of the probes (probe #7)
replaced with an alternate. This probe had had the highest Tm-1 value. The new probe
and its thermodynamic values are shown in Table 5.6 below.

Table 5.6:

The sequence information and thermodynamic values associated with a
probe-set that has undergone refinement.

Reference Gene Sequence

Refined Probe-Set

GTGCGTGTTTGTGCC
Probe #
Probe
1
GTGCATGTT
2
TGCCTGTTT
3
GTGCTTGTT
4
CGTATTTGTG
5
TGCGTCTTT
GCGTTTTTG
6
CGTGATTGT
7
8
GTGGTTGTG
9
GTGCTTGTG
10
GTTAGTGCC
11
GTGTTGGTG
GTGTTCGTG
12

Tm
20.2
21.5
20.1
21.3
22.5
20.6
19.3
21.4
22.5
20.2
21.4
22.3

o

∆H
-64.8
-62.2
-64.8
-74.4
-64.5
-68.7
-65.3
-66.4
-67.6
-65.8
-66.4
-68.7
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o

∆S
-178.6
-169.3
-178.7
-209.1
-176.1
-191.1
-180.9
-183.0
-186.1
-181.9
-183.0
-189.8

Tm-1
5.7
-4.8
5.1
11.0
-3.0
3.0
7.3
11.0
-5.8
6.3
2.4
-5.2

o

∆H -1
-50.5
-48.4
-56.8
-60.0
-48.5
-53.2
-51.2
-59.1
-48.9
-54.1
-52.8
-50.2

o

∆S -1
-140.1
-139.1
-162.1
-169.0
-138.4
-151.1
-141.6
-166.0
-141.5
-152.1
-150.1
-145.8

This melt temperature of this replacement probe is further from the Tm set point
by 0.5oC than the original probe, yet its incorporation into the probe-set increases the
∆Tm value from 7.5 to 8.3oC. To illustrate the effect this increase has on the S/N ratio,
the dissociation curves for the refined probe-set have been plotted in Figure 5.26.
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Figure 5.26: The S/N ratio and dissociation curves for a “refined” probe-set.
This graph shows the broadening of the contrast window associated with the
replacement. To make this more apparent, the “noise” dissociation curve for the former
probe #7 has been plotted with a red dashed line. This modest improvement in the ∆Tm
value has made the peak S/N ratio jump from eight up to fourteen. The new peak occurs
at approximately the same temperature as before. To facilitate this comparison, the old
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S/N ratio has been plotted in the graph with a brown dashed line. This result shows the
benefit of the refinement algorithms that are used by the probe selection program.
Moreover, it shows the efficacy of using the ∆Tm value to estimate the signal to noise
characteristics of the probe-set.

CONCLUSION

The thermodynamics of base stacking reveals the binding/dissociation
characteristics of oligonucleotides, a subject of great interest for array designers.
Because the NN model can accurately estimate of change in enthalpy and entropy of an
oligonucleotide based on its sequence information, it is possible to perform a
computational analysis of the binding/dissociation characteristics of an oligonucleotide.
This provides a tool for selecting the probe sequences used in DNA detection arrays.
The strategy presented in this chapter is to match the binding affinities of the probe-set by
matching their melt temperatures while at the same time minimizing their propensity to
produce cross-hybridizational noise. A justification for this methodology and its probe
selection metrics was presented which shows, from a thermodynamic perspective, melt
temperature matching normalizes the signal strength of the probes and improves the
signal-to-noise characteristics of the probe-set. An unexpected benefit of this work is
that the tool can also forecast the S/N ratio of the probe-set as a function of temperature
and target concentration. Thus, the computational analysis provides us with a way of
not only rationally designing the probe-set but also optimizing the hybridization
conditions of the detection assay.
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Chapter 6: Conclusions and Future Work
CONCLUSIONS

This project began with the goal of developing a low cost, high density
microarray device which could accommodate a wide variety of sensing elements. To
that end, a lithographically fabricated, hydrogel-based biosensor platform (named the
MUFFINS platform) was developed. Techniques were established to mass produce its
shape-index sensor features with sizes as small as 50µm and then assemble them into
randomly ordered multi-analyte detection arrays.

The flexibility of the platform to

accommodate a diverse set of sensing elements was demonstrated with proof-of-concept
studies using cells and DNA as receptors.
Cells were successfully incorporated into the features via physical encapsulation;
however, early trials showed there are formulation constraints for the hydrogel prepolymer.

Above a critical PEG-da concentration the cells aggregate, thereby losing

their biological activity and sensing functionality.

Moreover, the aggregation

phenomenon was shown to have a molecular weight dependency, where higher molecular
weights of PEG-da induce aggregation at lower weight percentages.

To avoid

aggregation, the pre-polymer formulation used in the demonstrating had a 25% PEG-da
(Mw 575 Daltons) concentration by volume. For sensing applications in which the cells
must remain viable, a pre-encapsulation strategy was developed to protect the cells from
the toxic pre-polymer constituents and reaction products.

This methodology was

successfully verified using agarose encapsulated E. coli, which was genetically
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engineered to express green-fluorescing-protein in response to detecting arabinose in a
detection assay.
Early DNA detection experiments showed oligonucleotide probes, covalently
attached to the hydrogel matrix, could discriminate between target sequences containing
single base pair mismatches in a binary manner. These results were the inspiration for a
new and more efficient probe loading methodology called feature multiplexing, which
increases the information density of an array. The initial attempt to implement feature
multiplexing in a SNP-detect array identified the requirement that the probes must have
matched binding properties.

To derive a means of evaluating a probe’s binding

properties, two metrics were defined.

The first is the probe sequence’s melt-

temperature, Tm. It describes the binding affinity between a probe and its complement
(i.e. perfect-match binding affinity). The second is the Tm-1 value, which we defined as
the melt-temperature of the probe and target sequence containing a mismatch, and thus
the mismatch binding affinity. The difference between the Tm and Tm-1 values is a
measure of how well a probe can resolve its complement from a target containing a
mismatch (i.e. a probe’s contrast window). To evaluate prospective probe sequences, a
custom piece of software was written which uses the Nearest Neighbor model and an
empirically derived set of thermodynamic parameters to predict Tm and Tm-1 values.
The program was used to generate a list of probes used in a subsequent feature
multiplexing demonstration. The signal-to-noise characteristics of the probe-set were
optimized by selecting probes with as large of contrast window as possible. Using this
probe-set, the multiplexed array showed excellent signal-to-noise characteristics in three
separate detection assays while at the same time having an information density six times
higher than traditional arrays.
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FUTURE WORK

The proof-of-concept studies have focused on demonstrating the versatility of the
MUFFINS platform.

However, amongst the various receptor types, the area where a

three-dimensional hydrogel-based sensor array would have an advantage over competing
technologies is proteomics applications.

The hydrogel medium is superior to two-

dimensional solid substrates at preserving the biological activity of protein receptors.
To demonstrate this strength, I would recommend developing a small protein-based
array. An example is a kinase array, consisting of two dozen protein-tyrosine-kinases.
It could be used to screen for interactions between the kinases and a handful of small
molecular weight kinase-inhibitor molecules.

Screening for protein-compound

interactions is a contemporary issue for pharmaceutical companies. Providing a high
profile demonstration like this would draw a lot of well deserved attention to the
platform.
Although the hydrogel materials had sufficient transport properties to
accommodate the analytes used in the proof-of-concept studies which were presented, no
quantitative analysis has been performed for larger analytes. To understand what the
limits are, a transport study needs to be undertaken. The findings will indicate whether
new hydrogel materials need to be developed.
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