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ABSTRACT

The temperature induced melting transition of a self-
complementary DNA strand covalently attached at
the 5’ end to the surface of a gold interdigitated
microelectrode (GIME) was monitored in a novel,
label-free, manner. The structural state of the hairpin
was assessed by measuring four different electronic
properties of the GIME (capacitance, impedance,
dissipation factor and phase angle) as a function of
temperature from 258C to 808C. Consistent changes
in all four electronic properties of the GIME were
observed over this temperature range, and attribu-
ted to the transition of the attached single-stranded
DNA (ssDNA) from an intramolecular, folded hairpin
structure to a melted ssDNA. The melting curve of
the self-complementary single strand was also mea-
sured in solution using differential scanning calori-
metry (DSC) and UV absorbance spectroscopy.
Temperature dependent electronic measurements
on the surface and absorbance versus temperature
values measured in solution experiments were ana-
lyzed assuming a two-state process. The model ana-
lysis provided estimates of the thermodynamic
transition parameters of the hairpin on the surface.
Two-state analyses of optical melting data and DSC
measurements provided evaluations of the ther-
modynamic transition parameters of the hairpin in
solution. Comparison of surface and solution mea-
surements provided quantitative evaluation of the
effect of the surface on the thermodynamics of the
melting transition of the DNA hairpin.

INTRODUCTION

There is a substantial demand for analytical platforms cap-
able of detecting specific DNA sequence markers. Struc-
tural transitions associated with specific nucleic acid
interactions often serve as the central feature for sensing
external samples. However, prior to building a sensor to
detect external samples, inherent features of the sensing
element on the specific detection platform must be cali-
brated. That is, whenDNA transitions comprise the sensing
element, selected sequences can be designed to provide
molecular transitions with specifically desired features. Eva-
luation of thermodynamic parameters and melting proper-
ties of the DNA on the surface where the reaction takes
place is required for optimal design of sensing elements.
In contrast to the same hybridization reactions that

occur on the surface, reactions of DNA in solution are
easier to characterize. Thermodynamic parameters of
these reactions can be evaluated directly from solution
measurements and employed to calibrate signals measured
by the sensor for the same reactions on the surface. A
standard measure of the solution thermodynamic stability
of short duplex DNAs is the melting temperature, Tm.
Melting temperature is defined to be the point where half
of the DNA exists in the duplex state and half exists as
single strands. Solution Tms are used both to design and
characterize DNAs in hybridization reactions. Under com-
parable conditions, when one strand of the duplex is
attached to a surface, Tm is reportedly different (>108C
in some cases) than for the same duplex DNA in solution
(1,2). Although this effect on Tm crudely reflects the influ-
ence of the surface on the stability of the duplex, it provides
little insight into how thermodynamics of the hybridization
reaction are affected by the surface.
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General models of nucleic acid helical stability have been
deduced that are applicable to estimate thermodynamic
parameters of short duplex DNAs with well defined
sequences. These approaches rely on established sets of
nearest-neighbor (n-n) stability parameters evaluated
from solution melting experiments (3,4). Employing these
parameters for stability calculations of short duplex DNAs
in solution is standard practice and in most cases, predic-
tions provide reasonable agreement with experimental
results in solution (3–13). Stabilities are often calculated
using the n-n solution parameters. An implicit assumption
underlying the use of the n-n model to predict extents of
hybridization on different sensing platforms is that the
thermodynamic rules governing strand annealing remain
the same in the vicinity of the surface (if even in a relative
sense), compared with in solution. Even so, different sur-
faces are likely to contribute to the overall stabilities of
reaction products in different ways. For different sensing
platforms, effects of the surface on molecular properties
and interaction chemistries just above the surface are
expected to be inherently complex in nature.
In this study, a DNA oligonucleotide was designed with

complementary sequences on each end so as to promote
formation of a stable intramolecular structure, with 20 bp
in the stem and a four base loop, at temperatures below
the melting temperature. The DNA was synthesized with a
50-C6-thiol linker for attachment to the surface of gold
interdigitated microelectrodes (GIME). The temperature
induced melting transition from the surface-attached hair-
pin structure to the melted, single-stranded species was
then detected using impedance spectroscopy.
The solution stability of the hairpin was determined

by differential scanning calorimetry (DSC) and UV absor-
bance spectroscopy in the same buffer as in the surface-
based electronic measurements. Thermodynamic para-
meters derived from solution measurements were used to
generate theoretical two-state model curves fit to the impe-
dance spectroscopy transition data. Comparison of the
curves derived from the two measurements indicated the
hairpin to be more stable on the surface.

MATERIALS AND METHODS

DNA

The synthetically prepared single-stranded DNA (ssDNA)
oligonucleotide was purchased from IntegratedDNATech-
nologies (Coralville, IA). As shown in Figure 1, the 44 base
sequence was designed to form a stable intramolecular
hairpin structure (the hairpin has 20 duplex base pairs in
the stem and a four base single strand loop). The first 20
bases on the 50 end are complementary to the last 20 bases
on the 30 end. DNAs were synthesized with a C6-thiol modi-
fication on the 50 end for attachment to gold surfaces and
were ordered with standard purification. Since only full
length synthetic strands contained the 50 thiol modification,
only full length strands were attached to the surface.

Attachment to gold surfaces

Single-stranded oligonucleotides were attached to gold
electrode surfaces through the C6-thiol linker modification

on the 50 end using reaction conditions taken from the
literature (14–19). As recommended by the supplier
(www.idtdna.com), DNA was stored in a buffered solu-
tion containing 10mM dithiothreitol (DTT) and 1� TE
(10mM Tris, 1mM EDTA) at pH=7.4. DTT was used to
chemically reduce the thiol-functional group and was
removed by extracting the solution four times with ethyl
acetate prior to attachment reactions of the thiolated-
ssDNA to the gold electrodes. Final reaction conditions
used for attachment contained 50 mM HS-ssDNA, 0.5�
TE, 0.5M KH2PO4, pH=3.8. Reactions were incubated
at room temperature for at least 16 h. To remove residual
salt after completion of the process, chips were washed
with ultra pure H2O.

Reaction conditions

The buffer used for measurements of temperature induced
transitions of DNAs attached to gold electrodes contained
0.1� TE (1mM Tris, 0.1mM EDTA at a pH of 7.4). The
tris base was titrated using HCl, so the primary cation
present in reactions is Tris+. The primary anion is Cl�.
Because impedance spectroscopy (described below) was
used to monitor the transition and since the technique is
based on displacement of charges, a low salt buffer was
required to minimize signals originating from salt ions.
The same buffered solvent conditions (0.1� TE) were
used for both surface and solution measurements. This
provided more reliable comparisons between thermody-
namic transition parameters determined in solution and
on the surface. It is curious that in such a low salt envir-
onment the hairpin structure has any stability in solution
or on the surface. On the surface, the local salt concentra-
tion in the neighborhood of the electrodes may be much

Figure 1. DNA hairpin melting reactions (A) DNA hairpin (containing
50 C6-thiol linker) in solution melts to a single strand. The temperature
induced melting transition of the hairpin in solution was studied by
DSC and UV absorbance versus temperature measurements. (B) DNA
hairpin attached at the 50 end to gold electrodes via a C6-thiol linker.
The temperature induced melting transition hairpin on the surface
was monitored by measuring four distinct electronic properties of the
molecule; Z, �, C and D, over a 106 frequency range at different
temperatures.
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higher as electrodes could recruit counterions out of solu-
tion to the surface. This would result in a higher ionic
strength in the local region of the electrode. However,
the hairpin is apparently stable in solution under the
same low salt conditions, which is also surprising.

Differential scanning calorimetry

Measurements of the excess heat capacity, �Cp, of DNA
solutions as a function of temperature were made using a
Nano-DSCTM (Calorimetry Sciences Corp., Lindon, UT).
�Cp is the amount by which the apparent specific heat for
a solution containing a solute exceeds the baseline specific
heat of a solution with no added solute (20). A plot of �Cp

versus temperature is the DSCmelting curve. The transition
temperature or Tm of a DSC melting curve is the tempera-
ture at which the maximum peak height is observed on the
baseline-corrected �Cp versus temperature curve. The inte-
grated area under the concentration corrected DSC melting
curve provides the DSC transition enthalpy,

�Hcal ¼

Z
�CpdT 1

The DSC transition entropy values are determined from
the integrated area under the plotted curve of �Cp/T
versus temperature,

�Scal ¼

Z
�Cp

T
dT 2

For DSC melting curves, DNA samples in 0.1� TE buffer
were heated and cooled at a rate of 1208C/h over the tem-
perature range from 158C to 1058C. Two heating (melting)
curves and two cooling curves were collected for every
sample. Data were analyzed using the CpCalcTM, version
2.1 software package from Applied Thermodynamics
Corp., USA. The analysis yielded values of the enthalpy,
�Hcal, and entropy, �Scal for the melting transition.
These evaluated parameters were used subsequently in
two-state model analyses of the acquired data.

UV absorbance spectroscopy

Optical melting curves were collected as the absorbance at
268 nm versus temperature using a Hewlett-PackardTM

8452a diode array spectrophotometer with a 89090A
PeltierTM temperature station. Absorbance values were
measured at a heating rate of 1208C/h over the tempera-
ture range from 208C to 1008C. Values of thermodynamic
transition parameters were estimated from graphical ana-
lysis of the differential melting curves as previously
reported (21). Reported parameters are average values
obtained from multiple (at least two) independent melting
experiments.

Gold interdigitated microelectrodes

Interdigitated electrodes are comprised of micrometer sized
intertwined gold fingers that provide maximum interaction
over a small area. A micrograph of a GIME is shown
in Figure 2A. Each gold electrode ‘finger’ had dimensions
(width� length� height)=1 mm� 100 mm� 0.2mm. The
corresponding surface area provided a sufficiently large

substrate for attachment of ssDNA. A schematic of a
GIME cross-section depicting well dimensions, DNA
attachment to their modified gold surfaces and the source
of electrical measurements is shown in Figure 2B. Each
chip had a total of 50 electrodes, 25 for each polarity and
a gap spacing of 1 mm between each electrode. Small
dimensions of the sensors allows for simultaneous probing
of several sets of GIMEs leading to increases in sensitivity,
higher signal-to-noise ratios and greater reliability of col-
lected data. Quality and efficiency of collected electrical
signals is influenced by electrode length, gap size and
total number of electrodes.

Electrical measurements

Dielectric response of macromolecules placed in an exter-
nal electrical potential can be measured using impedance
spectroscopy. However, it is essential that the molecules
be bound to the electrode surface so that polarization
changes induced in the molecules can be detected. Mole-
cules not bound to the surface, but suspended in buffer
solution, are likely to undergo oscillations in response to
the applied alternating electric field. This produces a broad
signal devoid of specific molecular signatures. GIMEs
were fabricated following standard processes commonly
employed throughout the microelectronic industry. Elec-
trodes were fabricated on top of a 100 nm thick layer of
silicon oxide grown on silicon wafers. Measurements at
elevated temperatures were difficult due to evaporation
of the liquid sample during the course of temperature
dependent experiments. To minimize evaporation, glass
tubing cut in half along the longitudinal axis, was placed
on top of the chip to produce a cavity sealed around the
edges. A small hole at one end of this enclosure allowed
the fluid in the cavity to expand and provided a port
through which to add solutions to the cavity. For external
connection, contact arms of the GIMEs protruded beyond
the cavity.

Impedance measurements

Impedance spectroscopy generally involves small-signal
measurement of the electrical response of a material of
interest and subsequent analysis of the response to yield
useful information regarding physicochemical properties
of the system (22). An alternating electric field was uti-
lized to probe electrical properties of the immobilized
molecules and their interfaces with electrically conducting
electrodes. Measurements were made using a circuit com-
posed of GIMEs and an impedance meter (HP 4192A)
while varying temperature and frequency of the applied
alternating electric field. Impedance measurements were
made on a probe station that was equipped with a sample
holder that could be heated. For actual measurements, a
chip was placed on the holder and the GIMEs were con-
tacted at the protruding arms with fine wire tips. Initially,
room temperature measurements were made and served
as the base line. Subsequently, measurements of four elec-
tronic parameters over a wide frequency range (described
below) were recorded at 30, 40, 50, 60, 70 and 808C.
At each temperature the four electrical parameters, Z, �,

D and C were monitored over a frequency range from
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5Hz to 13MHz. Impedance (Z) is the complex resistance,
(i.e. resistance when the phase difference between the
applied voltage and current is nonzero); Phase angle (�)
is the phase difference between the voltage and the current;
dissipation factor (D) is the ratio between the complex
resistance and resistance when the phase is zero; and capa-
citance (C) is the charge per unit voltage. To minimize
contributions from buffer components and circuit parasi-
tics, room temperature values for each of the four para-
meters were subtracted from corresponding values
measured at different temperatures.

RESULTS

Solution measurements

Multiple temperature dependent measurements of the
behavior of DNA samples were acquired using two differ-
ent techniques. Both optical absorbance spectroscopy and
DSC are consistent with the DNA forming a hairpin in
solution. Subsequent to solution measurements, the DNA
sample was diluted and the electrical conductivity of the
solution measured to confirm the salt concentration
(data not shown). Conductivity measurements were
entirely consistent with the extremely low salt condition

(1mM Tris). It is quite remarkable that intramolecular
hairpins could form under these conditions.

Optical melting curves

A plot of the absorbance measured at 268 nm versus tem-
perature for the self-complementary single strand in 0.1�
TE buffered solvent is shown in Figure 3A. Optical melting
curves exhibited sigmoidal transitions with distinct lower
linear base lines, attributed to the duplex hairpin and upper
linear base lines corresponding to melted single strands.
The normalized optical melting curve, representing the
fraction of melted hairpin (a) versus temperature, is
shown in Figure 3B. The derivative curve, da/dT versus
temperature, is shown in Figure 3C (dash–dot line). The
temperature at the maximum peak height of the derivative
curve is the melting temperature, Tm. Thermodynamic
parameters for the melting transition were evaluated by
graphical analysis of the derivative curve in Figure 3c
using Equation (S9) of the Supplementary Material.
Values of graphically evaluated thermodynamic para-
meters are given in Table 1.

Thermodynamic transition parameters estimated from
graphical analysis of optical melting implicitly assume
the hairpin melting process is two-state, i.e. there are no

200 nm

1 micron

E

+/(−) − /(+)

1 micron

A

B

Figure 2. GIMEs (A) Micrograph image of an interdigitated electrode comprised of micron-sized intertwined metal fingers that allow a maximum
interaction over a small area. Each chip had a total of 100 electrodes, 50 for each polarity, and a gap ‘spacing’ of 1 mm between the interdigitated
electrodes. (B) Schematic cross-section of two interdigitated electrodes. The width of each ‘finger’ is 1mm and the length is 100 mm. The heights of the
electrodes are 200 nm and provided a large surface area for attachment of the ssDNA allowing enhanced sensitivity. DNAs attached to the surface
are subjected to an alternating electric field, ~E, and electrical measurements are measured.
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partially melted intermediate states. Consequently, derived
parameters are inherently model-dependent. Accuracy
of the two-state model and thermodynamic parameters
evaluated from analysis of optical melting curves can be
quantitatively ascertained by comparison with values mea-
sured by DSC.

DSCmelting curves

DSC measurements provide measures of the excess heat
capacity changes during the temperature induced melting
reaction and thereby provide direct measurements of
transition thermodynamic parameters. DSC thermody-
namic parameters are model-independent, therefore. A
plot of the excess heat capacity, �Cp, versus temperature
obtained by DSC is co-plotted in Figure 3C for compar-
ison (solid line). To compare the optical and DSC shapes,
the derivative melting curve obtained from optical mea-
surements (and displayed in Figure 3C) was scaled and
shifted to align with the DSC Tm. The two curves are
quite comparable and thermodynamic parameters evalu-
ated by DSC and optical melting are listed in Table 1.
There is a slightly more prominent shoulder on the DSC
curve. As expected for a hairpin melting transition, Tm

values measured by both techniques are equivalent within
experimental error. However, thermodynamic parameters
extracted from both types of melting curve measurements
were lower than anticipated for the presumed hairpin
structure. The greatly decreased thermodynamic stability
in the low salt environment might be expected.
An alternate explanation for the observed smaller than

expected enthalpy of melting is that the hairpin has
degraded. Although an obvious possibility, we consider
it quite remote for the following reasons. Multiple surface
and solution experiments (at least four replicates) were
conducted. All gave consistent results and throughout no
evidence of degradation was observed whatsoever. In such
a low Na+ environment, it would be expected that signifi-
cantly lower values of the thermodynamic parameters
might be obtained due to a lower stability. However, it is
quite remarkable that intramolecular hairpins actually
form under these conditions.
Comparisons of parameter values in Table 1 reveal the

optical values of �H8 and �S8 are in agreement with those
obtained from DSC measurements. It should be noted
the choice of baselines has a significant effect on the
value of the peak height on the derivative melting curve,
from which �H8 is examined. Likewise, parameters

A

B

C

Figure 3. Melting curves. (A) Raw absorbance measured at 268 nm as a
function of temperature for the hairpin molecule in Figure 1A. Data were
collected for one cooling cycle and two separate heating cycles and aver-
aged. Measurements were made over a temperature range from 208C to
1008C at a heating rate of 1208C/h. (B) Fraction of broken base pairs a (T)
versus temperature obtained from the raw absorbances versus tempera-
ture in (A). This curve was obtained by normalizing the fractional absor-
bance change versus temperature between lower and upper linear
baselines (23). (C) Comparison of the optical and DSC melting curves.
The plot of the fraction of broken base pairs (a) versus temperature curve
was smoothed by fitting a sigmoidal curve to the data in (B) and the
smooth derivative plot of da/dT versus temperature was obtained
(dash–dot line). The DSCmelting curve of the excess molar heat capacity,
�Cp versus temperature (solid line) is also shown for comparison.
Integration of this curve gives a direct measurement of the heat involved
in the melting transition. The curve shown is an average of four different
scans; two from heating and two cooling cycles. The Tm values are slightly
different but the curve shapes are similar.

Table 1. Thermodynamic transition parameters measured by DSC and

graphically estimated from A268 versus temperature measurements in a

buffered 0.1� TE solution

�H8
(kcal/mol)

�S8
(cal/Kmol)

�G8(258C)
(kcal/mol)

Tm (8C)

DSC 72.0� 1.9 224� 6 5.3� 2.6 48.6� 0.8
UV Absorbance 73.3� 0.8 229� 2 5.1� 1.0 47.0� 0.1

Evaluated solution parameters (�G8 values) were used to fit the two-
state model to the melting transition of the DNA hairpin attached to
the gold surface and monitored by impedance spectroscopy.

PAGE 5 OF 11 Nucleic Acids Research, 2008, Vol. 36, No. 15 e98



obtained fromDSCmeasurements are dependent upon the
pre- and post-transition baselines. Therefore, it is essential
that baseline regions from both optical and DSC techni-
ques be consistently analyzed. The thermodynamic para-
meters combined with the comparable Tm values measured
by optical and DSC melting indicates essentially the same
reaction was monitored by both techniques. Agreement
between the experimental Tm and thermodynamic para-
meters obtained from the model-dependent (optical melt-
ing) analysis and directly measured by DSC are not
inconsistent with the two-state assumption. The data are
rather high quality in that the relative errors of measured
thermodynamic parameters evaluated by DSC or UV
absorbance are <3%.
Directly measured thermodynamic parameters evalu-

ated in solution using DSC (and given in Table 1) were
used in a two-state fit of the model to the melting transi-
tions measured electronically on the surface. In analysis of
both solution and surface melting data it is assumed only
two molecular states occur throughout the transition (i.e.
the duplex hairpin and melted single strands). Contribu-
tions of partially melted intermediates to the melting pro-
cess and melting curve shape are presumed to be minimal.
Validity of this assumption was obtained from results of
both solution and surface melting measurements that
showed quite comparable qualitative behavior. Quantita-
tive differences were presumably due to a combination of
surface effects and temperature dependent features of the
particular electrical signals used to monitor the hairpin
melting transition.

Melting curves on GIMEs

The hairpin to single strand melting transition of the
surface-attached DNA was monitored electronically as a
function of temperature. Measurements were collected on
eight different GIME devices and produced entirely con-
sistent results. Temperature was varied from 308C to 808C
while distinct (albeit different) changes in Z, �, D and C
were observed. Changes in each electrical parameter were
monitored, at distinct frequencies displaying the largest
changes, to produce the temperature profiles shown in
Figure 5. Melting transitions were consistent with a two-
state model. Typical frequency scans of the four electrical
parameters, Z, �, D and C, at six different temperatures
averaged over similar data collected on eight different
devices are shown in Figure 4.

Analysis and comparison of solution and surface melting
transitions

Each electrical signal measured as a function of tempera-
ture displayed a consistent trend. At temperatures below
Tm, average measured intensities were essentially constant
and distinct from signal intensities measured above
Tm that were clearly at a different average intensity.
Electrical melting curves were analyzed assuming that
the temperature dependent molecular process on the sur-
face occurs in a two-state manner.
For reactions in solution, derivation of equilibrium

properties associated with hairpin melting transitions
have been described previously (5,23). The same analysis

is extended here to include effects of the surface in the
unimolecular hairpin melting reaction. The thermody-
namic stability of a DNA hairpin reaction constrained
to a surface is assumed here to consist of three distinct
and separate components; the Stem, Loop and Surface as
shown in Equation (3). Details of the model analysis are
provided in the Supplementary Material. The total free
energy of the hairpin melting reaction is given by,

�Gtotal ¼ �Gstem þ�Gloop þ�Gsurface

¼ �Gsoln þ�Gsurface 3

�Gstem is the free energy that arises from formation of the
duplex stem, �Gloop is the free energy due to formation of
the loop and �Gsurface is a term that arises from interac-
tions of the hairpin molecule with the surface. For a hair-
pin in solution, �Gstem and �Gloop are combined into a
single term denoted �Gsoln that represents the stability of
the hairpin in the solution environment. �Gsoln values
were calculated from thermodynamic enthalpy and
entropy parameters measured in solution experiments.

Experimentally measured melting curves, or plots of the
fraction of observed signal change, �, versus temperature,
were fit using a two-state model as described in the
Supplementary Material (Equation S13) and used herein.

� ¼
Ktot

1þ Ktot
¼

AKsoln

1þ AKsoln
4

where Ktot is defined to be the equilibrium constant for
reactions occurring on the surface. The equilibrium con-
stant can be written as the product of two terms as

Ktot ¼ eð��Gtot=RTÞ

¼ eð��Gsurface=RTÞ � eð��Gsoln=RTÞ
5

The single fitting parameter, A ¼ eð��G surface=RTÞ, is consid-
ered to be a correction factor for effects due to the surface
compared with melting in solution. Using a standard
bounded minimization protocol [Jones, Eric, Oliphant,
Travis and Pearu Peterson. (2001–) SciPy: Open source
scientific tools for Python (www.scipy.org)], optimized
fits yielded values of A.

Thermodynamic parameters, �Hcal and �Scal deter-
mined by DSC melting curve analysis in the same buffered
solution, were used in the fitting procedure. In this
approach, melting transitions for the hairpins measured
on the surface were fit with the two-state model by varying
parameter A, from which the value of Ktot was determined
according to Equation (5). Extracted values of A that
produced the best fits to the data, are summarized in
Table 2 and the fits produced are shown as solid black
lines in Figure 5.

The value of A includes surface contributions to the
hairpin melting reaction as measured by a specific electric
parameter. Although A is expected to depend on a number
of yet poorly understood factors, reported measurements
indicate that the electrical properties provide a monitor of
the same melting transition that occurs in solution, with
added effects of the surface. These effects on different elec-
tric parameters can be quantitatively assessed through the
values of A.
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All four electrical parameters show similar trends in the
acquired data that indicate a distinct change in physical
states can be detected electronically using GIME sensors.
A fit of the simple two-state model to the data while
employing the thermodynamic parameters measured in
solution produces a curve that was used to calculate Tm.
For hairpins attached to GIMEs, a Tm=62.0� 3.28C is
reported. In contrast, the same hairpin in solution has
a Tm=47.8� 0.48C (Table 1). The surface apparently
stabilizes the duplex. Standard secondary structure pre-
diction programs {Mfold [www.idtdna.com, (24)],
DINAMelt (25) and AutoDimer (26)} predicted the hair-
pin to melt at temperatures above 408C, even at low ionic
strength (data not shown), consistent with observations.

In Figure 6, it is clear that attachment of the hairpin to
the surface has a significant stabilizing effect, although
sources of this stabilization are not currently understood.
Two melting curves were measured for the hairpin.

The melting curve shown by a solid black line is a fit of
the normalized, average electronic data for the hairpin
reaction occurring on the surface (shown in Figure 5E).
The melting curve of the hairpin in solution is shown by a
black dot–dash line. Differences between these curves

A B

C D

Figure 4. Electronic measurements as a function of frequency. Impedance measurements were made on a probe station equipped with a sample
holder capable of heating the sample. For each electronic property, measurements at room temperature (208C) served as base lines that were
subtracted from each of the four parameters to remove the contributions from the buffer and circuit parasitics. Four electronic properties were
recorded as a function of frequency at 30 (solid line), 40 (dash line), 50 (dash–dot line), 60 (dotted line), 70 (+) and 80 (�)8C. Typical frequency
scans for four parameters are shown. The electronic parameters are: (A) Conductance/impedance versus frequency. (B) Phase Angle (y) versus
frequency. (C) Capacitance (C) versus frequency. (D) Dissipation factor (D) versus frequency.

Table 2. Surface correction evaluated from minimizing fits of the ther-

modynamic two-state model to the average melting data measured on

the gold microelectrode surface (Figure 5)

A �Gsurface(258C)
(kcal/mol)

Z 0.0025� 0.0015 3.6� 0.4
� 0.0091� 0.0080 2.8� 0.5
C 0.015� 0.0098 2.5� 0.4
D 0.042� 0.0096 1.9� 0.1

�Gsurface =2.7� 0.2
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A B

C

E

D

Figure 5. Electronic measurements as a function of temperature at a single frequency for each of the four parameters. Presented data were collected
on eight different devices and error bars are the standard deviations from multiple measurements. Also shown are the best fit lines generated by
Equation (4) (see text). (A) Impedance versus temperature. (B) Phase angle versus temperature. (C) Capacitance versus temperature. (D) Dissipation
factor versus temperature. (E) Data points shown in (A–D) were normalized to their individual transition plateaus and co-plotted. The best fit line
(solid black) was generated by fitting Equation (4) to the average data. Open squares and circles signify the normalized intensities.
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determined by the melting temperatures clearly indicate
that the GIME has a stabilizing effect on the hairpin melt-
ing transition. Although origins of stabilization arising
from attachment of the hairpin DNA to the gold surface
are unknown, the observed increase in stability is consis-
tent with reported observations of increased stabilities
for DNA hybridization reactions occurring on surfaces.
Higher melting temperatures were reported for a short
DNA duplex formed with one strand attached to a surface
compared with the same duplex in solution. This indicated
stabilization of the duplex on the surface (1). Halperin
et al. (27) developed a model that assumed the surface
to be an impenetrable wall, thereby reducing the num-
ber of configurations available to a terminally anchored
ssDNA. Increased stability was attributed to a reduction
in the configurational entropy of the surface attached
DNA hybridization products. This explanation is entirely
consistent with our observations but many details remain
elusive and a more thorough characterization of such sur-
face reactions, including specific effects of the surface
charge should be performed.

DISCUSSION

Results demonstrated that intramolecular structural tran-
sitions of hairpins attached to GIMEs can be measured
electronically using impedance spectroscopy. Addition of
a C6-thiol group to the end of the single strand for attach-
ment of the DNA oligonucleotide to the surface is the
only modification required. Experimental measurements
detected a change in four different electrical parameters
as a function of temperature. Because measured transi-
tions for each electrical property occurred at nearly iden-
tical temperatures, detected signal changes were attributed
to melting of the DNA hairpins.

Presumably the GIMEs are sensitive to differences in
charge densities near the surface and as such, can detect
physical changes in structure between the duplex hairpin
and single strand states of a DNA strand. The phosphate
backbone of DNA is negatively charged so the hybridiza-
tion event (formation of the duplex stem of the hairpin)
could dramatically increase the charge density near the
surface. The distance over which this effect extends is
unknown. Conceivably, electrodes could be tuned to opti-
mize a clear difference in measured signal between a
duplex hairpin and a fully extended bimolecular duplex
that can form between the single strand on the surface
and a second complementary single strand in solution.
Analytical characterizations arising from measurements

by impedance spectroscopy involve detection of net dis-
placements of charged species in a solution to which the
electrode is in contact. As such, a low salt buffer was
required to minimize the signal originating from salt
ions. In this regard, detected signals were isolated on indi-
vidual DNA polyions in the same solution. It is essential
that the molecules be bound to the electrode surface so
that polarization changes induced in the molecules can be
detected. Molecules (of all types) not bound to the surface,
but suspended in buffer solution, also undergo oscillations
in response to the applied alternating electric field.
However, this produces a broad signal devoid of specific
molecular signatures.
In the analytical approach employed herein, potential

effects of the surface on thermodynamic stabilities of reac-
tion products are investigated. Effects are characterized by
a single thermodynamic term, or correction factor (shown
in Table 2). This factor, in turn, can be used to indepen-
dently predict stabilities of reaction products on a parti-
cular surface based on the solution thermodynamic
characteristics of the reactants and products formed.
Conversely, perturbations from solution stabilities
caused by surface effects can be utilized to calibrate bio-
sensor output. If reaction thermodynamics are well char-
acterized in solution, observed differences on the surface
from solution behavior can be attributed to ‘surface spe-
cific’ effects on the sensing reaction inherent to any parti-
cular platform. Assuming effects of the surface can be
considered independent and separable, the total thermo-
dynamic stability on the surface can be partitioned into
‘surface dependent’ and ‘surface independent’ parts, the
latter being the solution values of experiments. This
approach provides a foundation for inter-comparison of
acquired signals from different platforms that may have
distinctly different surface features. Although it is
expected that effects of interactions between surfaces and
reactions occurring just above the surfaces are complex in
nature, it is assumed herein that the two components are
separable only as a first approximation. Physical proper-
ties and fine features specific to individual surface poten-
tials is a more challenging problem that will not be
addressed.
Diagnostic detection using probes that form hairpins

has been employed to detect single-stranded DNA targets
in solution (17,28). The hybridization process in this con-
text is indirectly detected through a physical change in the
structure of the hairpin that allows hybridization of the

Figure 6. Comparison of solution and surface melting curves. The melt-
ing curve for the hairpin attached to the surface shown in Figure 5E is
shown by a solid line. The dash–dot line is the melting curve for the same
hairpin in solution generated from measured thermodynamic transition
parameters evaluated in DSC measurements and assuming a two state
transition. The significant difference in the Tm values is attributed to
effects of the surface on the hairpin melting transition.
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target to the probe. Such strategies provide the impetus to
further develop the electrical technique into a biosensor
based on detection of the bifunctional structural transi-
tions in DNA hairpins. Similar strategies have been imple-
mented in a number of DNA detection technologies.
For example, molecular beacons use ssDNAs that form
hairpins that can be detected optically because the DNA
has a fluorophore on one end that is quenched by a fluor-
escence quencher on the other end when the ssDNA is in
the hairpin conformation (28). Molecular beacon probes
are designed with loops that contain significant por-
tions complementary to the targets in solution. When no
target complementary to the hairpin probe is present in
solution, the ssDNA probe remains in the duplex hairpin
state that puts the quencher molecule in the immediate
vicinity of the fluorophore and thereby quenches the fluor-
escence resulting in relatively low intensity signals. When
targets complementary to the probe are present in solu-
tion, hybridization will occur between the probes and
complementary targets that are thermodynamically more
stable than the hairpin species. In this conformation, the
quencher and fluorescent molecules are far apart from
each other so very little quenching of the signal occurs.
Probes in this conformation generate much higher inten-
sity signals.
In order for hairpin probes coupled to GIMEs to serve

as effective electronic biosensors, successful discrimination
between a full length, perfectly matched duplex and the
(smaller) duplex hairpin attached to the surface must be
demonstrated. In solution conditions, targets that are per-
fectly complementary to the hairpin are more stable than
the hairpin itself and compete for reaction sites on the
hairpin sequence. Understanding how the surface term
affects the same competition reaction between perfect
match probe-target pairs and duplex hairpins on the sur-
face is an important step towards validation of the GIME
platform. Sequence dependent thermodynamics dictates
that the fully complementary sequence will have a higher
stability than the hairpin even in the presence of the sur-
face. Differential detection of each duplex species using
GIME and impedance spectroscopy are underway to
demonstrate that this platform can efficiently detect each
species in solution and can provide reliable characteriza-
tion via differences between the two signals. That the dif-
ferent electrical signals provide somewhat unique
temperature dependent signatures makes it attractive to
explore the extent to which these distinct changes are
related to different physical characteristics of the struc-
tural changes that accompany the melting transition.
Interpretations of the electrical measurements on this
level may be difficult to actually achieve, but are at least
conceivable from these measurements.
It remains to be shown that electrical measurements

can be employed in place of fluorescence detection to dis-
cern between a single strand in a duplex hairpin, intra-
molecular structure and the same strand in a longer
duplex structure with a second complementary single
strand. If this can be demonstrated, GIMEs may consti-
tute an alternative label free sensing platform for DNA
hybridization.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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