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DNA CHARGE TAGS AS ELECTRONIC LABELS FOR
DNA MICROCHIP TESTING

Victor W. Weedn, MD, JD,
David M. Sipe, PhD, Alan Rosenbloom, MD
Carnegie Mellon University

ABSTRACT

Project Goals and Objectives: We proposed to develop electronic labels, “charge tags”,
analogous to fluorescent labels for use in the detection of DNA Short Tandem Repeat
(STR) fragments for use on microchips.

Proposed Research Design and Methodology: Large dipole moments can be suddenly
created from hybridization of a probe and target where charges of opposing sign are
placed on opposing ends of the target and the probe. We intended to detect the presence
of these dipoles using Dielectric Relaxation Spectroscopy (DRS). DRS is a method to
analyze polarized molecules through AC impedance changes during high frequency
sweeps. We had hoped that by specifically engineering dipoles and creating sudden and
large dipole shifts that we could generate a specific signal and further that this signal
would relate to the dipole length—thus differentiating STR repeat fragment length sizes.
Thus, we had intended to create a revolutionary new technique which would be faster
(because it would not require electrophoretic separation) and cheaper (because it would
not require expensive fluorescent dye reagents). Furthermore, we may have been able to
create potentially inexpensive, possibly disposable, integrated microchip platforms to
employ such systems.

Results: Although we were able to generate DRS signals from certain small molecules,
we were unsuccessful in obtaining a signal using DNA fragments. Significant salt
concentrations were necessary to keep such high concentrations of DNA in solution.
Salts create a very large dipole signal that we believed effectively masked the signal that
we were attempting to detect. Had we been able to detect a signal, we had hoped to
greatly improve the sensitivity of the system through optimization of the instrumentation
involved.
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CHARGE TAGS AS ELECTRONIC LABELS FOR DNA
MICROCHIP TESTING

Victor W. Weedn, MD, JD,

David M. Sipe, PhD, Alan Rosenbloom, MD
Carnegie Mellon University

We explored the use of electronic labels, “charge tags”, analogous to fluorescent labels,
for the detection of DNA Short Tandem Repeat (STR) fragments for use on microchips.

Large dipole moments can be suddenly created from hybridization of a probe and target
where charges of opposing sign are placed on opposing ends of the target and the probe.
We explored the use of Dielectric Relaxation Spectroscopy (DRS) to detect such dipoles.
DRS is a method to analyze polarized molecules through AC impedance changes during
high frequency sweeps. However; the use of DRS in biological systems is limited by
fundamental issues such as high conductivity of physiologic solutions and spectral
blurring due to complex charge geometry. In fact, very little investigation of this arcane
technique has been conducted to date. We had hoped that by specifically engineering
dipoles and creating sudden and large dipole shifts that we could generate a specific
signal and further that this signal would relate to the dipole length—thus differentiating
STR repeat fragment length sizes. If successful, DRS would be a revolutionary new
technique which would be faster (because it would not require electrophoretic separation)
and potentially cheaper (because it would not require expensive fluorescent dye
reagents). Such technology might have eventuated in inexpensive, disposable and
fieldable DNA detection chips.

This project proceeded more slowly than anticipated for various reasons. The project
required specialized electronic equipment that operates at frequencies into the microwave
region. Sample chambers and electrode arrays had to be specifically designed and
fabricated. The DRS literature is sparse and conflicting with respect to large
biomolecules. This involved ion-beam work at the Penn State and Cornell
nanofabrication centers. We achieved replication of typical DRS spectra and were able to
establish certain parameters and understandings for the types of analytes we are interested
in. However, traditional DRS is an insensitive technique, requiring high concentrations
of analytes. To keep the analytes in solution requires high salt concentrations that we
believe masked the relevant DRS DNA signal. Thus, we were unsuccessful in
demonstrating proof of concept.

BACKGROUND

The forensic DNA community has witnessed a significant evolution in DNA typing
technology, yet the desire of even better technology persists. This project was pursued
with this quest for better, cheaper, faster DNA testing in mind. The investigators are of
the opinion that microchip technology holds promise to accomplish such a goal.
However, most DNA microchip strategies attempt to miniaturize traditional DNA typing
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techniques; i.e. capillary electrophoresis (Dan Ehrlich, Whitehead Institute), PCR (Allen
Northrup, Cepheid), and hybridization (Ron Sosnowski, Nanogen). These approaches
profit from miniaturization, but do not truly take advantage of fundamental microscale
properties. Several groups have considered pure electronic detection systems. Some
involve the use of ruthenium-enhanced conductance to distinguish double-stranded
versus single-stranded DNA, but they suffer from drawbacks in sensitivity. Motorola has
created a system involving conductance through an attached conductor contacting a
nearby molecular wire.

We investigated electronic labels, “charge tags,” for detection by dipole resonance for use
in microchip systems. Specifically, we investigated Dielectric Relaxation Spectroscopy
(DRS) to detect and characterize biologic macromolecules as an in-solution hybridization
assay. We proposed to use electronic labels (“charge tags”) to create a significant DRS
signal. By sweeping AC frequency through our interdigitated electrodes we can detect
“relaxation” of charged dipoles by simple impedance. We envisioned use of chemical
moieties with strong electrical charges (e.g., lysines [K] as positive charges, glutamates
[E] as negative charges) as “charge tags” on the ends of the molecules to create strong
dipoles. Although DNA has negative phosphate charges along sugar-phosphate
backbone, these charges would not have an appreciable effect on the overall dipole
moment, unlike a concentration of charges on the end.

We hypothesized that these charge tags could be used to perform forensic DNA identity
testing with either fragment length analysis or sequence polymorphism analysis.
Conventional forensic DNA testing is based upon analysis of short tandem repeats
(STRs), which is a fragment length based analysis. Since the average distance between
stacked bases is 3.4 A in B-form DNA and the . Since most STRs are based on a
triplicate repeat sequence, each core repeat would mean a significant difference
(approximately 49 Debye, assuming single charges [discussed below]). Thus, the
theoretic difference in dipole moment for each STR allele is very large and we
anticipated would be easily measurable. Single nucleotide polymorphisms (SNPs) would
similarly be detected by use of sequence specific oligonucleotide (SSO) probes
engineered to be different lengths.

This DRS method builds on the inherent advantages of microscales in which electrostatic
forces dominate. Charge separation could be a measure of fragment length and should
increase linearly with increasing dipole size. This is in contrast to electrophoresis or
mass spectrometry, wherein resolution decreases with fragment size. DRS analysis
dispenses with fluorescent dyes, optical sources and detectors used by current DNA
testing efforts. CMOS chip fabrication without further processing may permit small,
inexpensive and possibly disposable DNA test devices. Thus, we attempted to detect
hybridization events using little more than two electrodes and potentially enabling near-
instantaneous, inexpensive, and fieldable analysis of STRs and SNPS.
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DIELECTRIC RELAXATION SPECTROSCOPY (DRYS)

Biomolecules can spin, twist, vibrate, or stretch rhythmically to an oscillating electric
field of a specific frequency. The mass of the molecule and the collective charge
distribution determines the frequency of rotation. Higher frequencies may cause resonant
oscillations of subunits of molecules. A frequency sweep will rotate the molecules at
until a point is reached which is sufficiently fast that the molecule can no longer keep up
with the alternating field. At that point the molecules will stop rotating and assume
random orientations—so-called “dielectric relaxation.” This spectral analysis is known
as Dielectric Relaxation Spectroscopy (DRS). In general, the greater the mass of the
molecule, the more difficulty it has keeping pace with the electric field and the lower its
frequency of relaxation. DRS is not new, but has not been widely applied to biologic
solutions. New analytic equipment now allows far more precise measurements than
previously possible.

Unfortunately, there are problems with the application of DRS as a tool to specifically
identify macromolecules. In physiologic solutions, ions, such as sodium and chloride,
create large conductive losses. Furthermore, the ions create a sheath around the polar
groups of the macromolecules that may mask the desired signal. A second problem is the
complexity of dipole geometry in macromolecules. The multiple internal dipoles
contribute to the overall dipole of the molecule tend to blur the relaxation spectrum over
a large frequency range. We proposed to use DNA hybridization to create such sudden
strong dipoles to overcome these complications. Furthermore, we intended such large
dipoles that they should relax at much lower frequencies than ions and other small
molecules in physiologic solutions. This has not been previously tried to our knowledge.

Relatively little has been published on the application of DRS to biomolecules and to
DNA specifically. Existing literature is conflicting with some groups claiming the
existence of relaxation signals from DNA and others denying it. Arguably, the most
thorough publication on DNA analysis is a 1998 NIST Technical Note. This report states
that there are three types of DNA dielectric relaxation: alpha relaxation at about one Hz,
delta relaxation at one MHz, and the gamma relaxation at two GHz. We have focused on
the gamma relaxation that occurs at microwave frequencies.
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DEBYE DIPOLE MOMENTS

A molecule with a net negative and positive axis forms a dipole. The dipole can be
represented as a rod of length R, with a charge +q at one end and —q at the other end. The
separation of charges in space conveys a dipole moment, u. The Debye (abbreviated as
“D™) is the unit used to measure the electrical dipole moment. One D = 3.336 x 10 %
coulomb meters (roughly the magnitude of the electric dipole moment of many
molecules). The electric dipole moment is a linear function of both the charges and the
distance of separation between the charges, so that the dipole moment p is:

= 0aR

When the magnitude is one electronic charge and the separation is one angstrom then the
magnitude of the dipole is 4.8 D.

MOLECULAR POLARIZATION

It can be shown that the total molecular polarizability o is:

o = og + pi/3KT

where k is the Boltzmann constant and T is the absolute temperature. oy is the
contribution from distortion factors, the term u?3kT is the contribution from rotation of
the whole molecule. o is very small compared to u%/3kT. It can be seen from this
relationship that the polarizability increases as the square of the dipole moment . Since
u is proportional to the distance separating the charges of a dipole, this separation has a
large effect on the polarizability of a material and hence its dielectric constant.

Also, o is dependent on the frequency of the AC field. At low frequencies, when the
entire molecule can rotate, the term p%/3kT dominates. As frequency increases, there
comes a point at which the field polarity is changing so fast that the molecular rotations
can no longer keep pace with it—the point of dielectric relaxation. At this point, the
u?/3KT term approaches zero and o becomes:

o = Og

Since ayq gives a very small contribution toward polarizability, the dielectric constant of
the bulk material diminishes profoundly at these higher frequencies. This phenomenon is
known as dielectric relaxation.

Dielectric Relaxation Spectroscopy (DRS) can be used to characterize macromolecules.
The solution containing of the macromolecule serves as a dielectric between two
electrodes. The spectrum of dielectric (and hence impedance) changes produced will
vary for each macromolecule. The impedance of a capacitor in an alternating current
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(AC) circuit is determined by the dielectric constant (D) of the material between the
plates of the capacitor. The dielectric constant of a material is in turn a measure of its
polarizability, i.e., a physical property of the material that allows for the alignment of
charges within the material when an AC field is applied to it. The macroscopic
polarizability results from the aggregate of contributions of the molecules of the material.
The contribution of each individual molecule, denoted «, is due to: 1) alteration of charge
distribution within the molecule (i.e. electrons relative to nuclei), 2) re-orientation of the
entire molecule in line with its net dipole moment, and 3) displacement of ions within the
molecule e.g. proton movement between two carboxyl groups. At low frequencies of
alternating current (AC), the re-orientation of whole molecules within the dielectric
vastly dominates the other two factors for polar macromolecules such as protein or DNA.

STOKES-EINSTEIN-DEBYE ROTATIONAL
CORRELATION TIME

The relationship between the diameter of a biomolecule and its rotation has been
described in an equation proposed by Einstein. He hypothesized that charge-based
rotational motion of a molecule (rotational diffusion) would be slowed by the frictional
forces of a viscous medium. Einstein then combined the dipole moment equation of
Debye with the viscosity equation of Stokes to derive the Stokes-Einstein-Debye
equation.

If we begin with a population of molecules, all oriented along a single direction, then due
to rotational diffusion, the molecules will become less oriented with time. This can be

expressed as:
W(t) = W(0)e™"

where W(0) is the net orientation vector at time 0, W(t) is the rotated net vector at time
(1), and t. is the correlation time at which the net orientation of the molecules falls to 1/e
of their initial orientation.

Therefore:

when t = t,, W(t) = 0.37 of W(0)

Taking viscosity into account, and molecular volume, the Stokes-Einstein-Debye
equation thus expresses the relationship between molecular rotation and molecular
volume, and therefore radius:

t. = 1/(6Dyor) = V m/kt

Volume = 4/3(m)r?
n/kt = 0.01 poise/(1.38x10" * 293K) = 2.4732 x 10*
where n is the viscosity and r is the dipole radius
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This provides a relationship between r and t.

Thus, we predicted that the characteristic DRS relaxation frequency of maximum
dielectric loss would be related to the dipole rotational correlation time. This is because
the AC fields applied in DRS cause the dipolar molecules to rotate, with a maximum
interaction likely to occur at the natural rotational frequency of the molecules.

We first applied this equation to data in the literature. For instance, the expected
relaxation frequency of myoglobin is 10 MHz, amino acids are 160 MHz, and water is 16
GHz. We plotted correlation times against particle diameters for several large molecules
of varying sizes (hemoglobin, bovine serum albumin, green fluorescent protein,
dendrimers) and theoretical particles. The resultant plot clearly demonstrates the
correctness of the Stokes-Einstein-Debye equation for large biomolecules. We also
plotted the characteristic frequency for the DRS signal for one of the molecules (pACCA)
used in this study. The fit was good. This exercise provides us with some confirmation
of our understanding of the DRS phenomenon and permits us a basis to predict the
characteristic correlation frequency from the molecular size.
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INSTRUMENTATION

The project requires specialized electronic equipment that operates at frequencies into the
microwave region. DRS requires measurements of the relative permittivity (e’) as a
function of frequency and its derivative, dielectric loss (e’”). The frequency of maximum
dielectric loss is known as the “characteristic frequency” or the “relaxation frequency.”
A “probe” transmits a signal into the material under test and the reflected response from
the material is then related to its dielectric properties. From the reflected power the
relaxation frequency of our dipolar molecules can be characterized.

The Agilent (Hewlett-Packard) model 85070M "Dielectric Probe Measurement System"

in the CMU Center for Advanced Fuel
Technology (formerly the Microwave
Center) was used for our initial
investigations. The system comprises a
model 8753D network analyzer, a model
85070B dielectric probe and model 85071B
materials measurement software, which
together form the dielectric characterization
system and is useful across RF and
microwave frequencies. Primarily targeting
liquids and solids, this system can be used to
determine the complex dielectric
permittivity (dielectric constant), loss factor,
loss tangent, or Cole-Cole diagrams from
200 MHz to beyond 3 GHz for many
materials.
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Impedance Z is measured by the instrumentation and relates as:

Z=R+jX

where R is resistance, X is reactance, and j represents the imaginary component and is
used to represent a complex number. The real component of impedance, R, is dominated
by the resistive components in the IDEs while the imaginary component, X, is dominated
by the capacitive components of the IDEs. Reactance is an expression of the extent to
which an electronic component, circuit, or system stores and releases energy as the
current and voltage fluctuate with each AC cycle. Reactance is expressed in ohms. Itis
observed for an alternating current but not for a direct current. When AC current passes
through a component that contains reactance, energy might be stored and released in the
form of a magnetic field, in which case the reactance is inductive (denoted +jX); or
energy might be stored and released in the form of an electric field, in which case the
reactance is capacitive (denoted -jX). Conceptually, one can think of R along the real
axis, and X on the imaginary axis of a complex graph.
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Capacitors are reactive, they can store and release energy, and current through a capacitor
is phase shifted -90 degrees with respect to the voltage. Thus, it is not in the same phase
as resistance, therefore j is used to represent the component that is out of phase.

To relate the impedance to relative permittivity (e’) and the dielectric loss (e’’), the
impedance equation above can be written as the following:

1/Z=Y =G +jB
where Y is the admittance, G is called the conductivity, and B is the susceptance.

We know that:
G =5 (Al
B=we¢ (A/I)eff

Where s is the conductivity, o is the angular frequency, ¢ is the complex permittivity.
The effective area, (A/l)es , is the constant that accounts for the electrode geometries
where A is the electrode area and | is the distance between the electrodes. We can
substitute the following for the complex permittivity:

e=¢" -Je"

Where € is the complex permittivity, e’, is the relative permittivity, and e’” is the
dielectric loss.

We can solve the equations for e’ and e’’, to show that:
e’=sB/(G(0) )
e’ =¢’ (G-G(0)) /B
Permittivity describes the interaction of a material with an electric field:
K=¢e'= ¢/ €0
Where K is the dielectric constant, €’ is the relative permittivity and €, is the permittivity
of free space (8.854 pF/m). The complex dielectric constant is made up of a storage

component and loss components. The loss components are made up of conductive and
dielectric loss (e’”) components.
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The dielectric probe is used to measure the intrinsic electrical properties of materials—
dielectric properties—in the RF and microwave

frequency bands. It allows measurement of the L R e
complex dielectric constant (relative permittivity) of
liquids, the dielectric loss factor (loss tangent). The
probe features a hermetic glass-to-metal seal, which
makes it resistant to corrosive or abrasive chemicals. It n\m
withstands a wide —40°C to +200°C temperature range, —m%h 150
which allows measurements versus frequency and ’
temperature. This is an important variable, since the dielectric properties of materials can
vary significantly as a function of temperature. Measurement accuracy for the probe is
typically 5 percent.

Unfortunately, this standard probe is designed for relatively large samples, not molecular
biologic quantities. We designed and built a sample well appropriate for 500 ul samples
or less. Leads are isolated, short, and matched. Further testing indicated that we were
reproducibly able to measure small volumes down to 100 ul. We were able to achieve
replication of typical DRS spectra with this instrumental setup, but complex dielectric
permittivity generally exhibits a dependence or sensitivity to sample geometry and we
anticipated further optimizing this probe.

We recognized that we were attempting studies with crude un-optimized instrumentation,
but the system is very sensitive to specific geometries and other aspects of the
instrumentation. We had hoped that if we could detect a signal we could optimize our
instrumental setup for a practical analysis.

Our investigations were performed at 25 degrees centigrade and scanning the frequency
range of 60 Megahertz to 6 Gigahertz. Resultant plots were corrected by subtraction of
the water signal.

Traditional DRS is an insensitive technique requiring high concentrations of analytes.
We had hoped that we could address this sensitivity issue by specifically engineering
probe molecules to suddenly produce large signals upon hybridization of probe to target.
We thought that if we could accomplish this, then we could model and optimize the
system that could eventually lead to a practical DRS STR microchip.

11
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NON-DNA BIOMOLECULAR ANALYTES

We initially tested non-DNA biomolecules to verify that we could obtain appropriate
DRS spectra. We pilot tested 1,3 butanediol as a small molecule with a known DRS
spectra to verify the DRS instrumentation, and found that we could reproduce a
relaxation spectra as published in the literature. Then, to see whether changes in spectra
from our instrumentation made sense and to gain a sense of range, we compared glycine,
a 2-carbon amino carboxylic acid,

Dielectric Relaxation of EACA vs. Glycine Solns to epSilon'aminocaprOiC_ acid
(Background Subtracted) (EACA), a 6-carbon amino
— 1M EACA i i i
s 100 MmN EACA carboxyllc_amd, at two different
— H20 only concentrations. EA yields a
. 40 1 M glycine
g — 100 mM glycine stronger loss spectrum than
e ? glycine. Although the dipolar
§ 20 charges of glycine and EACA are
% 10— equal in magnitude, the increased
LI = ‘ ‘ charge separation of EACA (and
o 1E+08 1E+09 1e-10  thus greater dipole moment) results
- - in an increased signal. Also, The
requency (Hz)

relaxation frequency of 1 M EACA
(646 MHz) is considerably lower than that of 1M glycine (3.74 MHz), again, consistent
with the larger size of the dipole and a longer correlation time for rotation of the bigger
molecule. Furthermore, one-tenth molar solutions yield 1/10 the intensity of dielectric
loss of 1 M solutions at the same frequencies demonstrating the potential for quantitation
by DRS analysis. One-tenth molar solutions also relaxed at slightly higher frequencies
perhaps due to less inter-molecular interaction (lower viscosity).

We further explored concentration effects through a serial dilution study of EACA to
establish crude sensitivity limits for our assay. We varied the concentration of the small
organic dipole EACA from 3.9 mM to 1 M. Plotting superimposed spectra demonstrated
that the signal increased and

sharpened _W'th EACA DRS Concentration Dependence
concentration, as expected.
The corrected dielectric loss

50 —e— 1000 mM
(e’?) varied from near 0 to 45 = 500
units with increasing 40 o /N
concentration. A discernable _ —— 625 m / \
peak was first seen between § 30 MY / \
16 and _31 mM concer_ltratlon. g 0 —7am e
Increasing concentration o / / Ny ;
caused the peak to shift
slightly to lower frequencies it i
(from approximately 1 GHz e '

to approximately 800 MHz),
presumably due to increased
viscosity of the solution.

Frequency (Hz)
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We plotted the dielectric loss (corrected for water) at 630 MHz against concentration
using two different molecules (EACA and pACCA-explained below). The strength of
signal decreased linearly with concentration. We obtained a linear relationship (Y =
0.046X - 0.3) down to the lowest concentration of 4 mM with a correlation coefficient at
0.9988. This suggests potential sensitivity in the physiologic range.

EACA, pACCA DRS Concentration Dependence
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We then further explored dipole length changes. We performed DRS on amino
carboxylic acids of varying chain lengths to quantitate the effect of increasing chain
length on the resonant frequency and intensity. Gamma amino butyric acid (4 carbons),
8-amino caproic acid (8 .

carbons) and 12-amino DRS of 1M Amino Carboxylic Acids
dodecanoic acid (12

carbons) were first 4000 - _

studied and then further
3000 =

gation by T
sequentially increasing \ / e
carbon length from 1 to 2000

10 carbons at 1M and

100mM concentrations. 1000 —

We compared the k*“
characteristic frequency 0 | | : : |

(the frequency of

maximal signal) and the 0 2 4 6 8 10 12
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the increasing dipole length. The results confirm and more clearly show that signal
strength increases with dipole length and the frequency of relaxation decreases.

DRS of short dipoles DRS of short dipoles
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The relaxation frequency varies from 3.5 GHz for single carbon dipoles to 500 MHz at
seven carbon unit dipoles. This frequency declines with increasing dipole length in an
exponential fashion, as would be expected for slower rotation of longer dipoles. This
relationship seems to break down for molecules with greater than about 5 to 7 methylene
carbons, probably due to flexibility of the long carbon chains. Simultaneously, the
magnitude of the dielectric loss (e’”), varies linearly from about 10 to 70 units. This is
expected since dipole strength is linearly related to charge separation: u = gR.

We also investigated the effect of dipole flexibility on the DRS spectra by comparing
epsilon amino caproic acid (EACA) to para-aminocyclohexane carboxylic acid
(pPACCA). Both molecules have a six-carbon unit length, but the pACCA is rigidized and
the EACA is not. The rigidized dipole, pACCA, produced a 10% greater peak height (50

DRS on EACA vs. pACHCA,;

M 030225
B50.00

Epsilon Amino Caproic Acid (EACA)

e", Corrected
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units) at 1 M concentrations than the non-rigidized dipole, EACA, (45 units), but
apparently at the same relaxation frequency.

These results confirm that our procedure and equipment are effective in detecting dipoles
from a variety of compounds. Consistent with DRS theory, we were able to increase
signal by increasing the separation of the charges. Furthermore, they provide us a
molecular “yardstick™ against which we can test our new probes.

We measured the interference caused by salt (ionic relaxation) on dipolar DRS signals.
The graph below superimposes the salt signals of normal PBS solution and serial
dilutions on top of a 1 M EACA signal as well as a water signal that is subtracted from
the other curves. Water is separately plotted. This clearly illustrates the masking of the
analyte signal by the salt ionic signals at physiological salt concentrations. The signal
window is bounded by salt on the left and water on the right, but it appeared a millimolar
analyte signal could be detected within this window—assuming the peak frequency did
not shift too far to the left and the salt concentration was sufficiently low.
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We proposed to use a DNA probe with a charge on one end for a DNA target strand with
an opposite charge on the opposite end, to create a very large dipole moment when the
two strands hybridize. An N-terminal polylysine can provide a large positive charge
while a C-terminal polyglutamate could provide a large negative charge. Since no
opposing charge is on either single-stranded fragment and both are relatively flexible,
there is no significant dipole moment until the moment of duplex formation. In other
words, a large signal should be produced with each hybridization event with little
background signal from the unhybridized label. For repetitive sequences, like STRs, it
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may be an advantage to engineer a two-probe system that bind to the shoulder regions
and thus prevent nonspecific hybridization within the target (out-of-register
hybridization). Alternatively, two DNA probes

may be designed to hybridize with adjacent @
sequences on the DNA target. Yet another
possibility is to use a probe with opposing wona

charges at each end and forming a hairpin that
will open up upon binding to its target creating a
sudden dipole moment as the charges move O G)  DNa-PNA
away from each other. This is analogous to the

molecular beacon technology that employs a fluorophore and quencher rather than charge
tags. The advantage of this system, as of the molecular beacon system, is that the target
does not need to be labeled.

Originally, we used Peptide Nucleic Acid (PNA), a synthetic analogue of DNA, rather
than conventional DNA probes because PNA has a

more rigid structure and lacks the negative charges 909990 9 0 oo
from the sugar phosphate backbone. However, instead —
of using linear probes, we decided to produce a PNA @/ @
hairpin probe. The two positive and two negative charges in close proximity will spread
to 50 A upon hybridization to its target. The PNA sequence was synthesized by standard
solid-phase methods and purified by reversed phase HPLC. MALDI-TOF mass

PNA-2

spectrometry was used to TC
verify the identity of the P
PNA (calculated mass = H-Iys—T-T-C-CAGT-CCGGGAA-Gh—Cu-NH  ——= ce

H & & =] =1
4202.0_). uv melting Dipolar PNA e
analysis indicated that the & %

PNA did fold into a hairpin
structure with a melting temperature of 76.8 °C. Addition of the complementary DNA
yielded a PNA-DNA duplex having a melting temperature of 68.2 °C.

We compared the DRS readings of 1 uM PNA-DNA hybrids to PNA, DNA, buffer
solution, and double distilled water. The results were disappointing; no signal was
detected. All samples were identical or very close to ddH20O. The dielectric loss was
about 78 and quite stable until in the low gigahertz range (beginning ~1 GHz) where
water relaxes. We saw no dielectric effects from the DNA, the PNA or the PNA-DNA.

We considered that the concentration of the PNA-DNA was too low and the relaxation
signal possibly swamped by the relaxation signal of the water. Thus, the concentration of
the PNA was increased to 100uM. However, the PNA-DNA mixture, which was the
PNA-DNA hybrid, precipitated out of solution. We attempted to avoid precipitation by
combining the DNA and PNA at different temperatures; we attempted to melt and re-
anneal the PNA-DNA mixture at temperatures up to 100°C, to no avail.
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We then redesigned the probes to minimize precipitation by minimizing the PNA size,
addition of multiple ionic charges placed on the end of the probes, and creating a DNA
overhang upon hybridization. Specifically, we used a peptide-PNA conjugate (NH,COLys-
Lys-CTCGTGTC-NH, with only two positive charges) to bind to a series of different sized
complementary DNA oligonucleotide targets [5-GAGCACAGATTA-3' (4 base overhang), 5-
GAGCACAG-3' (match), 5-CACAGATTA-3' (3 base underhang)]. At 250 mM PNA, an 8
base pair complement

precipitated and so did a 5 base ,‘l PNA + 4 base overhang DNA (Both 250 uM) (4BOH)
underhang, but a four base pair bl

overhang was soluble. We
replaced the hydrophobic and * B
poorly soluble PNA entirely comeht M K
with DNA, which because of
its negatively-charged : N
phosphate background is far . Sy
more hydrophilic. We created B - TS B
DNA-peptide conjugates in Frequency (H2)

which a polylysine tail

provided the positive charge tag. We also reduced the number of end charges to reduce
the dipole-dipole interactions that may result in complexing and precipitation. A twelve-
charge tail requires 140 mM salt concentration to maintain solubility, whereas a six-
charge tail requires 100 mM salt concentration to maintain solubility. These strategies
did not result in significantly improved signal.

Corrected e*, 250 uM 4BOH only

e, corrected

DNA PROBES

We abandoned the PNA probe chemistry in favor of DNA chemistry to maintain
solubilization and avoid precipitation. We were unable to use PNA probes at sufficiently
high concentration without its precipitating out of solution. At lower concentrations, we
did not observe a signal which we thought was buried within the salt signal (the PNA
required high salt to maintain solubility as did our 6 positively and 12 positively charged
peptide-B conjugate combined with A). DNA, because of the negative charges along the
sugar phosphate backbone, is inherently more hydrophilic than PNA, which lacks these
backbone charges.

We decided to try linear DNA probes with charge tags. Two complementary DNA
probes of 15 and 25 base pairs were synthesized; either unlabeled (to serve as controls) or
5’ amino labeled (a positive charge) with the complementary sequence 5’ labeled with
Cy3.5 dye (which has 3 negative charges). Combinations of labeled and unlabeled
sequences were tested. In no case was any signal observed due to hybridization and
formation of a dipole. All DNA sequences were tested at 100 uM, which is much less
than the amount required for a signal using small organic dipoles, due to the cost of the
DNA probes.
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We constructed hybrid molecules using small peptides, and DNA. This was
accomplished using a heterobifunctional crosslinker. The advantages of this approach
include: 1) it is possible to construct engineered molecules by adding one amino acid and
one DNA base at a time, 2) custom DNA oligomers and peptides are commercially
available at a relatively low cost and, 3) coupling chemistry is straightforward. An
example of such is: NH2 - (LYS)s — PRO - (LYS)s — TAC-GAG-TCC-TGG-AAC. We attempted
to minimize concentration of positive charges used to minimize non-specific binding.
We recognized that the hybrid probe molecules are themselves dipoles and thus will give
dielectric loss signals. Our results with these DNA probes were equivocal.

To increase the possible signal strength, we increased the charges. Two amino-terminal
15-mer peptides: a short peptide [R-KKPKKPKKCysteine-SH] with 6 net positive charges
and a long peptide [R-KKKPPKKKPPKKKPPKKKCysteine-SH] with 12 net positive
charges were conjugated to DNA (15 negative charges) using a heterobifunctional
crosslinker. Both conjugates were made in high concentration for the experiments (~100
mM). Phosphate buffer/NaCl was required to keep them soluble. Unfortunately, the salt
obscured any DRS signals.

We decided to lower the number of charges and thus the dipole-dipole interaction in
hopes of increasing concentration while maintaining solubilization. Moreover, we also
hoped to improve our chances of demonstrating a signal through the creation of a
dynamic shift in the signal by hybridization in accordance to our original conception.
Thus, we performed a DNA hybridization study (“mixing” experiment) at the higher
concentration. An “A+1” 16mer oligonucleotide will complement to a “B-NH3"” thus
forming a negatively charged overhang on one end and a positively charged amino group
at the other end to form a dipole (A+1 and B-peptide conjugate). Unfortunately, this

strategy too was unsuccessful in creating a detectable Al correcd B e
DRS signal.
100
+ -
A+1, B-NH3", Mix
0
180 x -100 /
£ /
130 2 o
—e— ", corr, A+ mix § /
MH2-B 5+5 mhl E
80 —m— e" corr, NHEE, o -300
Srrifvl !
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Thus, after conducting our nucleic acid studies we were left with the impression that
there is a window bounded by the water relaxation frequency at the high end and by ionic
salt signals at the low end. The concentrations of dipoles necessary to see these signals
are quite high, generally in the millimolar to molar range. The maximal concentration of
DNA that we had been able to keep in solution and test was 250 uM, however our results
using small organic dipoles suggest a need for a concentration of approximately 4 mM to
detect with our original instrumentation. Unfortunately, high concentrations of analyte
required high concentrations of salt that masks their relaxation signal. This may well
explain the paucity of work on organics in the literature. Our data from our small
nonDNA biomolecules suggested that we were approximately one order of magnitude
below the salt signal.

COUNTER ION SUBSTITUTION

DNA molecules are hydrated in buffer solutions with salt ions, e.g., NH,*, Na*, and K.
The cations are attracted to negative charges on the DNA molecule, particularly cations
to the negative phosphate groups on the backbone; this sheath is surrounded by a region
of anions to form a double layer. Water molecules also orient and align themselves
around the DNA molecules. Collectively these are known as the counter-ion sheath. The
small ions from Brownian motion and other forces will temporarily move in and of the
sheath, temporarily exposing the DNA molecule itself. The authors of the NIST study
(mentioned above) believed that the signals of DNA solutions seen by DRS are really due
to this counter-ion sheath.

The predominant counterions for our 040223 e, A+1; NH2-B, mix; all desalted
pure DNA oligonucleotides are -
ammonium ions which are required

for solubilization. However, they g
appeared to mask the signal of
interest. These buffer salts were kept
at minimal concentrations by
manufacturer desalting and even in-
house gel filtration chromatography 20
with distilled water. Nonetheless,

the salt Signal still appeared to be ?.E+l]li 1E0T 1.E+08 1E/09 1.E+10
overwhelming and no DNA signal Frequency

was seen.

—— " Mix, corr

—=—e" A+, corr

&0 - e" NH2-B, cor

e", corrected

40

A strategy for decreasing the salt signal is to replace the salt ions with larger polyvalent
non-salt counter ions, such as urea, spermine or protamine. These ions will have a
significantly lower relaxation frequency and thus open the window where we hope to
detect analyte biomolecules of interest. The NIST group added spermine to their samples
to decrease the counter-ion sheath signal. We decided to investigate the use of
protamine, spermine, and two diamines to displace the salt ions in hopes of making the
DNA signal visible. We conducted DRS analysis on the DNA samples with and without
each of the amines using the traditional instrumentation setup to look for the appearance
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of a DNA signal (or stronger DNA signal) or a weaker salt signal. Unfortunately, after
mixing a 2-fold excess of spermine with the DNA and washing via a 3000 MWCO spin
column, the A+1 oligo was insoluble, and would not go back into solution, even with
heating. Thus, we were unable to obtain DRS spectra of these samples.

SALT SIGNAL

Because the signal from the salt ions in the solution is so massive and easily detected, we
decided to look at this signal as a method to detect DNA hybridization. In other words,
we considered that it may be more fruitful to look for the release of salt ions of the
counter ion sheath from hybridization events than directly from signals of the DNA
molecules themselves. We compared the DRS spectra of DNA before and after
hybridization by its complement, as well as after denaturation by the addition of
formamide. We reviewed the data from the mixing experiment above (DNA A+1
solution & DNA NH; B) for a change in the salt signal. Unfortunately, not only was no
DNA signal seen but also no change in the salt signal was recognized.

MICROGAP IDEs

Yet another strategy is to increase our detection sensitivity. We attempted to improve the
signal through our instrumentation by concentrating the field effect. We knew that the
signal in bulk solution would exponentially dissipate with distance from the electrodes.
The current probe station in our experimental setup was designed for bulk solutions of
non-biomolecular types. While it may work well for bulk mixtures, it is in all likelihood
suboptimal for this current intended use. We intend to increase the field strength by use
of micromachined interdigitated electrodes (IDEs). The gaps between such electrodes are
microscopic rather than the macroscopic of our conventional probe station. While they
are routinely used for a variety of applications, manufacture is not trivial. There are
issues of electrical connection, how to cover the IDE with sample, matching impedance
to the instrumentation, and parasitic losses.

The IDEs cannot be tested using the traditional microwave instrumentation that we had
used to perform other experiments. That original equipment uses a specially-designed
(50 ohm) probe to measure the permittivity of liquids, but is not setup to connect to our
newly manufactured IDEs. We used another network analyzer (CMU MEMS laboratory)
and then matched the instrument to the greater impedance of the IDEs. Resistive and
capacitive components between the network analyzer and the interdigitated electrodes
had to be zeroed out to measure a pure capacitance value that relates to the imaginary
component of the permittivity.

This instrument however was not set up for DRS testing and did not automatically output
permittivity results, instead it measured impedance of reflected transmitted waves from
which the relaxation frequency of our dipolar molecules must be derived.

We spent considerable effort in understanding how the impedance measurements of the
network analyzer relate to permittivity (e') and dielectric loss (e"). The Network
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Analyzer output from our IDEs is read in terms of S11 reflectance coefficients. We
needed to convert the S11 coefficients to impedance (Z). This was done in the following

manner:
S11=2Z-Zol Z+Zo

where Z is the input impedance, and Zo is the characteristic impedance of the Network
Analyzer, 50 ohms.

Rearranging:

Z = Zo (1+S11) / (1-S11)

Substituting the real and imaginary components in for Sy

3 1+ R+ X
ZIN - ZO(l_R_ JXJ
After multiplying by the complex conjugate to separate real and imaginary components:
1_ 2 . 2
Z . (REAL)=7 R 5 X ;
(1-R) +X
and
j2X

IN(IMAGINARY): o > ;
2 2 (1-R) + X

The real component of impedance, Zy(real), is dominated by the resistive components in
the IDEs while the imaginary component, Zy(imaginary), is dominated by the capacitive
components of the IDEs. The IDEs can be modeled using a series and parallel
configuration of resistors and capacitors as shown below:

1 G

AV R &

R,
b
Cp and Ry represent the capacitive and resistive components of the bulk solution,

respectively. While C, and Ry, represent the capacitive and resistive components of the
ionic double layer at the electrode surface, respectively. Since we only want to measure

Electrode
Electrode
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the capacitive and resistive components of the IDE only and not any parasitics, we have
calibrated to remove all circuit elements up to the interdigitated electrode fingers. The

c=NAe
!

dielectric relaxation phenomena can be identified by the change in permittivity, which is
embedded in the capacitive component as shown in this equation:

Where N = the number of fingers in the interdigitated electrode, A = the area of the
electrodes, e' = the permittivity, and 1 = the thickness of the dielectric.

We are able to relate the measured capacitance to the reactive component of the
impedance by using this equation:

1
2 1 fC

X =

Using these sets of equations, we can correlate the measured impedance values back to
changes in the permittivity and thus observe any dielectric relaxation.

We successfully fabricated an acceptable micro-IDE. This electrode array is composed
of gold film (5000 A) on a titanium base (100 A), deposited on an oxide-coated silicon
substrate. We can
reliably generate a
gap size down to 2
microns, but created
devices with 5-micron
gaps that should
generate field strength
of 8.2 x 10° V/m. We
have also perfected
the external wire
connects. We
connected the array to
an appropriate network analyzer to measure impedance over a wide range of frequencies
sweeping into the Gigahertz range. To remove parasitics from the bondpads and leads, a
calibration was performed using a short, open, and load set that is also on the silicon
substrate. We believed that it is possible to gain perhaps three orders of magnitude in
signal sensitivity and thus, we hoped to begin to see the signals that we were thus far
unable to detect.

MicrolDEs require that the substrate be entirely insulating, such as glass, in order to
avoid leakage of the electric field to the substrate. Unfortunately, we found that the
interdigitated electrodes (IDE) had a parasitic capacitance between the metal electrodes
to the silicon substrate, which is situated underneath the insulating layer of silicon
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dioxide. We calculated the capacitance from the electrodes to silicon to be 40,000 pF,
while the capacitance between the electrodes in air is only about 100 pF. Therefore the
parasitic is close to 400 times greater, thus the majority of the electric field is directed
downward instead of between the electrodes, as shown in this figure:
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While working on our micro-IDE chip, we found through our modeling efforts that we
can significantly increase our field strength as well as achieve other advantages with still
further reduction in electrode gap size to the nanoscale. Theory dictates that 80% of the
field strength between interdigitated electrodes is confined to a height above the
electrodes that is equal to the gap between the electrodes. Thus, by building very tiny,
closely spaced, electrodes it is possible to largely confine the interrogating field very
tightly. The model predicted that a gap of 100 nanometers should produce a field

strength of 1.8 x 10° V/m.

10’ Surface: electric potential {\/)

Silicon Dioxid

Nanogap IDE modeling
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Thus, we anticipated a sensitivity increase of up to three orders of magnitude over micro-
IDEs. However, the number of molecules sensed will also be correspondingly fewer.
The electric field created by an array of nanoelectrodes will extend out more into the bulk
fluid in a relative sense, therefore actuating more molecules. Thus, the sensitivity may or
may not scale advantageously. Furthermore, the larger electric field intensity allows
smaller dipole molecules to be rotated when an AC signal is applied. Moreover, nano-
IDEs do not require an insulating substrate, because the parasitic capacitance becomes
trivial. The calculated capacitance between electrodes that are 50 nanometers apart is
approximately 300 pF while the parasitic capacitance is only 2.8 pF. Thus, we believed
that such nano-1DEs might likely prove advantageous, but that experimentation would
have to verify this.

Using E-beam lithography, we designed nano-electrodes with gaps of 20 - 35 nm. Such a
device is at the limits of current nanofabrication. We do not have the facilities to produce
such a device at CMU. We spent considerable effort in attempts to manufacture the
device using the Penn State University nano laboratory and their E-beam lithography
instrumentation; however, after literally months of frustration, we abandoned this path in
favor of the Cornell nanofacility, arguably the most advanced in the world. We, in fact,
successfully achieved the manufacture of a nano-IDE with 80nm electrode widths and
160nm gaps without electrical shorts.

Individual nanometer scale interdigitated
electrodes (nano-IDE’s) were diced from a
wafer containing a batch of nano-IDE’s.
Gold bond pads and connecting rails were
added at CMU using a Kurt Lesker
sputtering system. All nano-IDE chips
were cleaned in an acetone bath, under
sonication in a sonicating water bath. We
initially used 5 minutes but this was
decreased to 2 minutes when one of the
nano-1DE’s was damaged by the longer
sonication. The chips were rinsed with
isopropy! alcohol, then with deionized
water. Finally they were gently dried with
compressed air. Short, open, and load devices were also fabricated for calibration of the
network analyzer. These included shorted and open bond pads with side rails but without
any nano-IDE’s. All chips were examined carefully under a microscope for defects and
each was tested for shorts before being used.

IDE with 80nm electrode widths and 160nm gaps

Measurements were performed on a Cascade Microtech Summit 6" semiautomatic pico-
guarded thermally-controlled radio frequency probe station, in combination with an
Agilent E8364A PNA 50 GHz microwave network analyzer, in a sealed, completely
copper-clad room, at CMU. Calibration of the probes was done with an impedance
substrate standard from Cascade, part number 101-190, and planarization was achieved
by using a Contact Substate, also from Cascade, part number 005-018. Standard open,
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short and 50 ohm load calibration was done. Furthermore, the “Nucleus” software,
supplied by Cascade, was used to do open, and short calibrations on the gold bond pad
and rail devices lacking the nano-1DE’s was used to remove parasitics caused by these
components. Each run of the device was repeated 3 times.

On initial experimentation, we were not able to wet the nano-IDE’s successfully and
obtained identical data for both air and water measurements. The small gaps trap air and
it is difficult to get our analyte-laden buffer to wet the IDEs. This problem was solved by
wetting the nano-1DE’s with 95% ethanol and then gently exchanging water onto the
surface of the nano-IDE’s using a micropipette. The secondary problem that arises from
the use of the alcohol is that the solution no longer exists as a bead, but rather floods the
entire chip surface. The chips are so small and brittle that it is not easy to merely create a
retention dam to hold the fluid. We were able to address this problem by carefully
removing solution from the device edges using a pipette.

The resultant nano-IDE DRS spectral data for real and imaginary components is plotted
below as reflected power (S11) in decibels versus frequency in Hertz for air on the left
and for water, after wetting with 95% ethanol, on the right.
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These results were obtained repeatedly by either drying the chip or by adding 95%
ethanol, for 3 rounds, with virtually identical results. We were encouraged to
demonstrate the ability to distinguish between air and water.

Once the system was stabilized and giving repeatable results, testing with small dipolar
molecules was begun. We began with a molecule, pACCA, which had yielded excellent
results in our large electrode system. We used a concentration of 330 millimolar pACCA
that had given a strong signal in our original set up. Unfortunately, however, despite

Reflected Power (S11) vs. Frequency

—e— .33M PACCA S11 Real
2 7 —=—.33M PACCA S11 Imag|
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numerous attempts, we were not able to distinguish the signal of pACCA from that of
water, in the nano-IDE system.

The reasons for our lack of success are unclear. The pACCA is a small molecule and
should have diffused very rapidly into the nano-gaps between the IDE’s and we expected
that the concentration of pACCA was sufficient to ensure a good signal, based on our
prior work. However, the total number of pACCA molecules in the nano-IDE gaps may
have been insufficient to alter the dielectric constant of the solvent (water). It is also
possible that the pACCA molecules may have non-specifically absorbed onto the surface
of the gold electrodes, leaving too little in solution to be detectable.

POTENTIAL FUTURE DIRECTIONS

At this point, we decided to conclude our investigations without obtaining proof-of-
concept, but having exhausted our grant funding. Nonetheless, we note there is still room
for further attempts to obtain a DNA signal.

1. Electrode Charge Bias

The DRS signal falls with at least the cube of the distance of the dipole from the
electrode. To date, we have been attempting to electrically interrogate the DNA
molecules in bulk solution. A method of achieving local analyte concentration is through
bias of the sensing electrode to increase local concentrations of analyte. It is well known
that DNA can be attracted to positively charged electrodes. By positively biasing the
electrode, the negatively charged DNA molecules should aggregate around the electrode,
thereby increasing the local concentration of the target near the electrode and increasing
the signal. By combining field confinement with electrode biasing we would expect an
extremely focused system. With molecular probes close to the biased electrode and 80%
of the field strength within 20 to 35 nanometers, there should be much less noise in the
system due to extraneous (non-target) molecules. Of course, there is the possibility that
the local concentration will result in local precipitation or concatenation of the molecules.

2. Surface-Binding

Given that signal strength drops off steeply with distance, perhaps the most likely avenue
for success will come from surface binding experiments, in which a capture DNA
oligonucleotide is bound to the electrode surface. A next step would be to tether the
DNA through a thiol linkage to the gold surface of the IDE and then add the
complementary oligonucleotide with a positive end charge (NH,"-B) and look for a
change in the signal. A hairpin DNA probe tethered to the surface would obviate the
need for labeling the target DNA.

26



This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

3. Lower Frequency

We focused on the gamma and delta relaxation signals in the gigahertz frequency range,
but it may be that the whole molecule rotation is better seen in the alpha relaxation signal
in the tens of hertz range.

4. Dielectric Resonance Perturbation

A cavity perturbation technique can measure dielectric resonance perturbation of small
samples. This involves enhanced microwave harmonic resonances to assess the complex
dielectric properties based upon resonant cavity frequency shift theory, in which the real
and imaginary parts of the complex electric susceptibility, ¢ = e, - 1, are related, through
functions dependent on sample shape, to the change in cavity resonant frequency and Q.
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