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Marcel Ameloot,‡ Luc Michiels,‡ Ronald Thoelen,†, ) Ward De Ceuninck,†,§ and Patrick Wagner†,§

†Institute for Materials Research IMO, ‡Institute for Biomedical Research BIOMED, and §IMEC vzw, IMOMEC, Hasselt University, Wetenschapspark 1, B-3590
Diepenbeek, Belgium, ^Institute of Nano- and Biotechnologies INB, Aachen University of Applied Sciences, Heinrich-Mussmann-Strasse 1, D-52428 Jülich,
Germany, and )Department of Applied Engineering, XIOS University College, Agoralaan, Building H, B-3590 Diepenbeek, Belgium

T
he detection and identification of
single-nucleotide polymorphisms (SNPs)
in DNA is of central importance in

genomic research for several reasons. First,
SNPs are involved in hundreds of genetic

disorders such as Alzheimer, mucoviscido-
sis, phenylketonuria, and several types of
breast and colon cancer.1,2 Second, SNPs in

the so-called ADME (absorption, distribu-
tion, metabolism, excretion) genes signifi-

cantly influence the effectiveness of treat-
ment, and this is a major topic in the field of

theranostics.3 SNPs can be characterized by
hybridization-based assays such as micro-

arrays: themassive parallelized readout is an
advantage, but the method requires fluor-

escent labeling, optical readout, and long
hybridization times of ∼16 h at elevated

temperatures. Furthermore, themethodhas
an “end-point” character without providing
dynamic information on molecular recogni-

tion between probe and target fragments.
Finally, it is hard to unravel unknown muta-

tions by microarrays, although there is re-
cent progress based on refined statistical

analysis allowing detecting mutated frag-
ments in the presence of wild-type DNA.4

Due to these drawbacks, unknown muta-
tions are frequently identifiedbydenaturation-

based approaches. Widespread methods
are real-time PCR (polymerase chain reac-

tion) with associated melting curve analysis5

and denaturing gradient gel electrophoresis

DGGE or temperature gradient gel electro-
phoresis TGGE.6,7 However, real-time PCR re-
quires fluorescent labeling and expensive

instrumentation, while DGGE is time-consum-
ing, less suitable for parallelized analyses, and

lacking information on denaturation kinetics.

To overcome these limitations, several
label-free electronic and opto-electronic DNA
sensor concepts have been proposed in re-
cent literature. All of them have in common
that they can operate, in principle, under
hybridization and under denaturation condi-
tions, while they can also beminiaturized and
integrated in sensor arrays with a parallelized
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ABSTRACT

In this article, we report on the heat-transfer resistance at interfaces as a novel, denaturation-based

method to detect single-nucleotide polymorphisms in DNA. We observed that a molecular brush of

double-stranded DNA grafted onto synthetic diamond surfaces does not notably affect the heat-

transfer resistance at the solid-to-liquid interface. In contrast to this, molecular brushes of single-

stranded DNA cause, surprisingly, a substantially higher heat-transfer resistance and behave like a

thermally insulating layer. This effect can be utilized to identify ds-DNA melting temperatures via

the switching from low- to high heat-transfer resistance. The melting temperatures identified with

this method for different DNA duplexes (29 base pairs without and with built-in mutations)

correlate nicely with data calculated by modeling. The method is fast, label-free (without the need

for fluorescent or radioactive markers), allows for repetitive measurements, and can also be

extended toward array formats. Reference measurements by confocal fluorescence microscopy and

impedance spectroscopy confirm that the switching of heat-transfer resistance upon denaturation is

indeed related to the thermal on-chip denaturation of DNA.

KEYWORDS: DNA polymorphisms . molecular brushes . biosensors .
heat-transfer resistance . impedance spectroscopy . confocal fluorescence
microscopy . nanocrystalline CVD diamond
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readout. Without being exhaustive, we mention electro-
static switching effects and associated fluorescencemoni-
toring,8 impedance spectroscopy,9�12 electric field-effect-
based devices,13�15 surface plasmon resonance,16

and linear (electric) conductivity measurements through
singleDNAduplexes.17 Theunderlyingprinciples of these
sensing effects are not yet clarified in all details, but they
are presumably associated with one or several of the
following phenomena, which occur upon hybridization
or denaturation: change in mechanical rigidity of DNA,
changes in the total charge of DNA, redistribution of
counterions, and changes of the dielectric properties
near the surface onto which the probe DNA is attached.
Most straightforward, but especially hard to implement in
a low-cost diagnostic instrument, are the conductivity
measurements through single DNA molecules, which
have been subject to extensive theoretical and experi-
mental studies.17�20 Very recently, Velizhanin et al. pro-
posed in a theoretical study on nanoscale heat transport
through individual DNA molecules that the thermal
current should significantly increase upon denatura-
tion.21 This would offer, besides of the aforementioned
(opto-) electronic approaches, an alternative access to-
ward the detection of denaturation events and contri-
bute to the understanding of the underlying vibrational
dynamics.
In the present work, we study the temperature-

dependent heat-transfer properties experimentally
by using DNA brushes, in which the 50 terminus of
the probe DNA is covalently tethered to planar, tem-
perature-controlled diamond electrodes. Although this
approach is not at the single-molecule level, it offers
distinct advantages: the DNA fragments are in contact
with buffer medium at any time; the fragments are free
to undergo conformational fluctuations; and the sen-
sor device as such can be implemented with reason-
able technological efforts. The methodology allows
identifying melting temperatures by using only an
adjustable heat source in combination with two tem-
perature sensors. The sequence chosen exemplarily in
this work is an exon-9 fragment of the phenylalanine
hydroxylase (PAH) gene, and mutations in this gene
lead to the metabolic disorder phenylketonuria.22

RESULTS

General Concept of the Heat-Transfer Device for DNA Chips.
The principle of a heat-transfer measurement is illu-
strated in Figure 1A, and technical details are summar-
ized inMethods, section titledDesign of the Sensor Cell
and the Thermal and Impedimetric Readout System.
The central element through which the thermal cur-
rent will pass is a silicon chip (∼10� 10 mm2) covered
with a thin layer of boron-doped, nanocrystalline
diamond;23 see section Preparation of the Diamond-
Coated Sensor Electrodes. This diamond layer serves
as an immobilization platform onto which 29-mers of

ds-DNA are covalently bound via the photochemical
“fatty acid & EDC” coupling route.24 The length of 29-
mers is in line with established, commercial microarray
platforms like the Affymetrix platform (25-mer oligo-
nucleotide probes) or the Agilent system (60-mer
probes); see http://corefacilities.systemsbiology.net/
NucleicAcids/Microarrays/. The “fatty acid & EDC” route
is applicable to various semiconductor surfaces includ-
ing carbon nanowires,25 while diamond has in addition
an especially high thermal conductivity together with
an outstanding chemical, electrochemical, and thermal
stability. The probe ss-DNA is linked to the diamond
surface via stable C�C bonds in “head-on” configura-
tion while the target ss-DNA is free to hybridize or to
denature according to experimental conditions with-
out steric hindering (see Figure 1B,C). The sequence of
the probe DNA is given in Table 1 together with the
sequence of three different types of target DNA: the
complement (full match), a sequence causing a CC
mismatch at base pair 7, and a sequence resulting in a
CC mismatch at base pair 20. The neighboring base
pairs of both defects are in both cases CG and AT. The
hybridization conditions (see Methods, section Func-
tionalization of Sensor Electrodes with DNA, for details)
were chosen in a way that also the defective duplexes
will hybridize and be stable at room temperature. The
areal density is in the order of 1012�1013 duplexes
per cm2, meaning that the average distance between
duplexes is less than the total length of an individual
duplex.26 For optical reference purposes, unrelated to
the heat-transfer measurement itself, the target DNA
fragmentswere carryingAlexa 488 fluorescent labels at
the 50 terminus. AFM micrographs of the chip surfaces
in the subsequent stages (diamond surface, with at-
tached fatty acid linkers, with probe DNA, and finally
after hybridization with target DNA) can be found in
the Supporting Information, section AFM images of
NCD surfaces and the subsequent surface-functionali-
zation steps.

This “DNA chip” was pressed mechanically with its
backside onto a polished copper block, which served
not only as an electrical contact but also as a heat
provider (heating runs) or heat sink (cooling runs). The
internal temperature of the copper block, T1, was
measured by a thermocouple and steered via a PID
controller connected to a power resistor. Possible heat-
transfer losses between copper and silicon were mini-
mized by conductive silver paint. The front side of the
DNA chip was exposed to 1� PBS buffer (phosphate-
buffered saline solution) in a Perspex-made liquid cell:
via an O-ring seal, a contact area of 28 mm2 was
defined between the chip and the liquid. Except for
minor heat losses along the seal, heat will mainly be
transferred from the chip to the liquid. The tempera-
ture in the liquid, T2, was measured by a second
thermocouple, positioned at a distance of 1.7mm from
the solid�liquid interface. In order to validate that a
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heat-transfer measurement can indeed give informa-
tion on DNA binding or denaturation, the cell also
featured a gold electrode in the liquid, which was
connected, together with the copper backside contact,
to a homemade impedance analyzer.27 Furthermore,
a glass window allowed for optical monitoring with
an inverted confocal fluorescence microscope (see

Methods, section Confocal Fluorescence Microscopy).
Unless stated otherwise, the heat-transfer device was
operated in a temperature-stabilized environment at
19.3 ( 0.1 �C.

Heat Transfer Measurements with Fluorimetric and Impedi-
metric Control. The first series of measurements, de-
scribed in this section, refers to the most stable, fully

Figure 1. Toppanel A shows the schematic layout of the sensor cell, allowing for the thermalmonitoringofDNAdenaturation
together with impedimetric and optical control experiments. The probe DNA is covalently immobilized on a diamond-coated
silicon electrode, while the cell is filled with PBS buffer. The temperature T1 of the Cu backside contact is measured by a
thermocouple and can be actively steered via a controller unit. The temperature T2 inside the liquid is recorded by using a
second thermocouple. The gold wire serves as a counter electrode for impedance measurements, and the glass window
provides optical access. The heat-transfer related parameters are the temperature difference T1 � T2 and the input power P
provided by the heating element. Panel B sketches the DNA duplexes with labeled target strands, and panel C illustrates the
heat-transfer path through a molecular DNA brush. After denaturation, the probe DNA curls up in irregular structures
characterized by the Flory radius, thus hindering the solid-to-liquid heat transfer (panel D).

TABLE 1. Compilation of the Base Sequences of the ProbeDNA and the Three Different Types of Target DNA Employed in

the Hybridization and Denaturation Experimentsa

sequence Tm (�C)

ss-DNA (probe) 30-CCA AGC CCC CAT ATG TAC CCG ACG TCC CC - A AAA AAA C6H12-NH2-50

ss-DNA full match 50-Alexa-C6H12 GGT TCG GGG GTA TAC ATG GGC TGC AGG GG-30 79.5
ss-DNA 1MM BP7 50-Alexa-C6H12 GGT TCG GGG GTA TAC ATG GGC TCC AGG GG-30 76.7
ss-DNA 1MM BP20 50-Alexa-C6H12 GGT TCG GGG CTA TAC ATG GGC TGC AGG GG-30 75.0

a The probe DNA exhibits a spacer consisting of seven A bases, while the target DNA fragments carry a fluorescent Alexa 488 label at the 50 end. The position of the mismatches
with respect to the probe DNA is underlined and indicated by bold letters. The third column lists the calculated melting temperatures based on the HyTher algorithm, reflecting
the relative stability of the complementary and the mismatched DNA duplexes.
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complementary duplexes in combination with a
diamond-coated siliconelectrodedenoted as #D1.During
themeasurement, T1 was increased with a heating rate
of 1 �C/min from35 to 90 �C and cooled back to 35 �C at
the same rate by reducing the heating power. This was
performed for three consecutive heating/cooling runs,
and the time dependence of T1 and T2 is shown in
Figure 2. Note that, during the first heating, an anom-
alous behavior of T2 occurs, highlighted with a circle,
which was absent during the second and the third run.
This first-run temperature anomalywas also foundwith
three other electrodes (#D2, #D3, and #D4), meaning
that the effect appears to be intrinsic and most prob-
ably related to thermally induced DNA denaturation. In
order to prove this assumption, the first and second
heating run experiment was repeated with simulta-
neously measuring also the impedance of the sensor
cell and monitoring the fluorescence intensity on the
electrode surface. These measurements were per-
formed at nonregulated room temperature (about
22 �C), and we verified that there was no measurable
heat input by the laser beam into the system.

Figure 3 summarizes the data obtained with three
independent methods, confirming the assumption
that DNA denaturation has indeed an impact on the
heat-transfer properties of the device. The temperature
(T1) dependence of the fluorescence intensity signal
from the electrode surface is shown in Figure 3A:
denaturation sets in at 47 �C and terminates at 55 �C,
where the fluorescence intensity drops to its back-
ground value, which originates from strayed laser light.
The denatured sample shows this background inten-
sity at all temperatures. The midpoint temperature of
the fluorescence intensity decay is found at 49.7 (
0.3 �C. Labeled target DNA, removed from the immo-
bilized probe DNA during denaturation, cannot con-
tribute to the signal anymore because the confocal
volume is limited to a maximum of 5 μm above the
chip surface, which is negligible as compared to the
total cell volume. This fluorescence test is a stringent
and independent control because it is electronically
and physically decoupled from the rest of the setup,
which is steering and monitoring T1 and T2 and mea-
suring the impedance values. Therefore, the fluores-
cence data are definitely free of any hypothetical
crosstalk effects. Confocal images of the denaturation
process are included in the Supporting Information,
section Confocal fluorescence images during thermal
DNAdenaturation. Figure 3B shows the T1 dependence
of the amplitude and the phase angle of the impe-
dance signal at a frequency of 1058 Hz, avoiding
possible noise input from the 50 Hz power grid. Below
47 �C, the double- and the single-stranded DNA elec-
trode behave differently in impedance amplitude
and in phase angle while they coincide for temper-
atures above 57 �C. The impedance amplitude of the
first heating run (denaturation) clearly shows a local

maximum at 49.5( 0.2 �C, which corresponds nicely to
the midpoint temperature of the fluorescence decay
curve. We mention that the impedance results are a
superposition of two effects: the surface impedance of
electrodes with ds- versus ss-DNA is different as re-
ported earlier,12 but also, the impedance of the buffer
solution depends sensitively on temperature. More
details are given in the Supporting Information, section
Discussion of the impedance signal upon crossing the
DNA-melting transition.

The top-right of Figure 3C shows the temperature
difference ΔT = T1 � T2 as a function of T1, with the
black curve corresponding again to the first heating
run while the red curve presents the second heating
with only ss-DNA on the chip. Both curves coincide at
temperatures above 55 �C, where the melting transi-
tion is completed. Figure 3C also includes the tem-
perature dependence of the electrical heating power P
(T1), which was required to achieve the linear increase
of T1 according to the heating rate of 1 �C/min. Also
here, there is a difference between the ds- and ss-DNA
chip, which disappears above 55 �C. In order to extract
the heat-transfer resistance Rth quantitatively, we ana-
lyzed for all temperatures T1 the ratio of the tempera-
ture difference ΔT = T1 � T2 and the input power P
according to Rth = ΔT/P (see, for example, ref 28). The
resulting data are summarized in Figure 3D. The some-
what noisy appearance is related to the fact that we
show nonfiltered, raw data obtained in an environ-
ment without active temperature control: while the
temperature T1 is strictly linear and smooth in time, the
required heating power shows small fluctuations with-
in short time periods. In case of the ds-DNA chip, we
find a low-temperature value of Rth = 7.7 �C/W, which

Figure 2. Three subsequent heating and cooling cycles
performed with electrode #D1 with immobilized probe
DNA. As a starting condition, the probeDNAwas hybridized
with the complementary target, and the anomalous beha-
vior of the liquid temperature T2 (indicated with a circle)
during the first heating run is associated with the double-
helix melting. The black solid line is the temperature T1 of
the Cu backside contact, and the liquid temperature T2 is
shown as a red solid line. For heating and cooling, the
temperature T1 is increased or reduced at a rate of 1 �C/min.
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starts to increase around 46 �C and reaches a new
equilibrium value of 8.9 �C/W at and above 55 �C (black
curve). The midpoint of the transition is found at
Tmidpoint = 49.2 ( 0.5 �C, which is again close to the
midpoint temperature of the fluorescence decay curve.
Performing the same Rth analysis with the ss-DNA chip
during the second heating run resulted in an almost
temperature-independent Rth of 8.9 �C/W (red curve).
This increase of the absolute Rth value by ∼1.2 �C/W
(16% increase) upon denaturation is a substantial
effect, keeping in mind that the DNA brush is only a
miniscule component (the fragment length corre-
sponds to 10 nm) as compared to the total heat-
transfer path with a distance of almost 3 mm between
the two thermocouples. The effect size is also more
than twice as strong as the denaturation-induced
change of the impedance amplitude with an increase
by about 7%. From these observations, we conclude
that the temperature anomaly documented in Figure 2
(first heating run) is one-to-one related to the thermally
induced denaturation of ds-DNA, which changes the
heat transfer resistance at the solid�liquid interface.

Studies on Various Chip Surfaces and DNA with Sequence
Defects. In the following, we will describe experiments
performed with the diamond electrode #D2 in a

temperature-stabilized environment (see Figure 4).
First, the as-grown diamond chip was oxidized with a
UV-ozone treatment to obtain a hydrophilic surface
termination, which is stable in aqueous solutions. The
Rth value is about 6.7�7.0 �C/W andwidely temperature-
independent (red line). Attaching the fatty acid
cross-linker molecules (purple line) also resulted in a
temperature-independent Rth, which cannot, within
the experimental resolution, be distinguished from
the behavior of the oxygen-terminated surface. In
principle, this does not come as a surprise because
the dense molecular brush of alkyl chains consisting of
10 carbon atoms is not longer than 1 nm. Attaching the
single-stranded probe DNAmade the Rth rise to 9.0 �C/W
at 40 �C with a monotonous decrease to 8.4 �C/W at
80 �C. This sample was subsequently hybridized with
complementary target DNA (black line), target DNA
with a CC mismatch at base pair 7 (green line), and
target DNA with the CC mismatch at base pair 20
(orange line). Note that the three hybridizations were
performed with the original probe DNA on the sensor
chip without any kind of surface regeneration. All
curves exhibit the stepwise increase of Rth upon dena-
turation with midpoint temperatures of 63.0 ( 0.1 �C
for the complement, 57.6( 0.1 �C for the mismatch at

Figure 3. Compilation of simultaneously measured fluorescence-intensity data (A) impedance data (B) and heat-transfer
related data (C,D) obtained for electrode #D1 with complementary ds-DNA (first heating run in black solid lines) and
subsequently with ss-DNA (second heating run, red solid lines). Fluorescence indicates that denaturation starts at 47 �C and is
completed at 55 �C. This is also the temperature rangewhere the amplitude and phase of the impedance signals (here at 1058
Hz) converge. Panel C shows the temperature difference ΔT = T1 � T2 as a function of T1 (temperature of the copper back
contact) together with the T1 dependence of the heating power P at the right-hand axis. The heat-transfer resistance Rth,
being the ratio ΔT/P, is given in panel D. All data are raw data without further processing.
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base pair 7, and 56.8( 0.1 �C for the mismatch at base
pair 20. The relative order of stability agrees nicely with
calculated melting temperature values summarized
within Table 1. These calculations were based on the
online HyTher algorithm (http://ozone3.chem.wayne.
edu/), taking into account the lengths of fragments, the
identity and orientation of neighboring bases, the ionic
strength of the buffer, and the fact that all fragments
are tethered at one end. We point out that our dena-
turation temperatures are lower than the predicted
values; however, the fluorescence control renders the
experimental data unquestionable. Moreover, the
same order of stability was confirmed with the three
other DNA chips (#D1, #D3, and #D4).

Finally, Table 2 summarizes all Tmidpoint and Rth data
for the four different DNA chips under study regarding
the thermal denaturation of the most stable, comple-
mentary DNA duplexes. All data were obtained from
measurements in the temperature-stabilized environ-
ment of 19.3 �C. In the case of #D3, the measurement
was performed in three-fold (run a, run b, and run c)
with a complete regeneration of the sensor surface
between run b and run c, meaning that the fatty acid
and probe DNA layers were etched off in oxygen
plasma and built up for a second time. There is a
certain sample-to-sample variation of the midpoint
temperatures, and we attribute this to the manual
mounting of the DNA chip in the sensor device,

possibly in combination with minor fluctuations in
the precise size of the chips and the thickness and
grain size of their diamond coatings. When looking at
the intrasample variability, it can be seen that the
subsequent runs a and b performed with sample #D3
deliver practically identical results, and only after
the complete surface regeneration, a certain shift of
Tmidpoint occurs. Despite this, the absolute change of Rth
upon denaturation is remarkably constant and has for
all DNA chips a value between 1.3 and 1.5 �C/W. To
determine the jump height, ΔRth, we calculated the
difference between Rth measured at 10 �C above
Tmidpoint and the corresponding value 10 �C below
Tmidpoint, in both cases clearly outside the regime of
the melting transition. The universal amplitude ofΔRth
strongly supports the idea of a universal feature, which
is independent of the employed sensor chip. Data
obtained with heating rates of 0.5 and 2.0 �C/min are
shown in the Supporting Information, section Heat-
transfer resistance measured with different heating
rates.

DISCUSSION

The increase of Rth upon denaturation has to our
knowledge not been reported in prior literature, and
there is also no explanation yet based on first-principles
calculations. The theoretical work of Velizhanin
et al. predicts actually an enhanced heat transfer
by single-stranded DNA, but the boundary conditions
are different (DNA molecule under dry conditions,
clamped between two heat reservoirs with a fixed
temperature difference) and modeling parameters
come into play.21 The experimental thermal and elec-
tronic conductivity studies by Kodama et al. on indivi-
dual ds-DNA fragments combined with gold nano-
particles are also not comparable to our approach:
These measurements under vacuum conditions
(temperature regime 100�300 K) did not cross the
melting transition, and both fragment ends were
tethered to gold contacts, limiting the mechanical
freedom of the molecules.29

However, we can clearly state that the observed
impact of denaturation on the heat-transfer resistance
cannot be explained by a calorimetric effect. Calori-
meters measure interaction energies during a molec-
ular recognition or unbinding process and have been
employed in classical DNA studies30,31 and, more re-
cently, in the context of synthetic receptors.32,33 Here,
we find a persistent change of Rth from low values at all
temperatures below the melting transition to higher
values at all temperatures above this transition, an effect
which is not restricted to themelting transition itself. The
fact that ds-DNA does not measurably increase the heat-
transfer resistance can be understood on the following
grounds: the fragments of 29 base pairs have a length of
10 nm, which is far below the estimated persistence

Figure 4. Heat-transfer resistance Rth as a function of
temperature for electrode #D2 (data have not beenfiltered):
the unmodified electrode (red line) and the electrode with
covalently attached fatty acid linkers (purple line) have a
widely temperature-independent Rth around 7 �C/W. In the
configurationwith attachedprobeDNA (blue line), the heat-
transfer resistance has notably increased to 9 �C/W, indicat-
ing an efficient thermal insulation by the highly flexible ss-
DNA fragments. The Rth of double-stranded DNA (black line
for the complementary duplexes) is comparable to the
nonmodified surface at low temperatures and switches to
the ss-DNA behavior upon denaturation with a midpoint
temperature Tmidpoint = 63.0( 0.1 �C. Repeating the experi-
ment with defective DNA duplexes results in a clear shift of
Tmidpoint to lower temperatures: for the duplex with CC
mismatch at BP 7 (green line), we obtain Tmidpoint = 57.6 (
0.1 �C, and for the samemismatch at BP 20 (orange line), this
is 56.8(0.1 �C. The relative order of stability corresponds to
the calculated data given in Table 1.
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length of 50 nm.34,35 Therefore, these fragments can be
considered as “stiff rods” on the chip surface with a tilt
angle in the range of 31�52�.36,37 Most publications
agree that the areal density of ds-DNA is, irrespective of
the immobilization method, in the range from 1012 to
1013 duplexes per cm2; see ref 26 and references therein.
Themostprobable areal density inour case, asdetermined
by X-ray photoemission spectroscopy, is 8 � 1012/cm2

[H. Yin and H.-G. Boyen, manuscript in preparation].
With a diameter of 2.37 nm for ds-DNA, we conclude that
about 35% of the chip surface is dressed with ds-DNA,
while the remaining surface fraction of 65% still repre-
sents the unaltered solid�liquid interface (see Figure 1C
for a schematic illustration). The unaltered surface trans-
fers thermal energy from the phonons in the diamond
lattice to the water molecules, while there is also recent
evidence that the heat transfer along ds-DNA is based on
molecular vibrations.29 After denaturation,wearedealing
with fragments with a total length of 36 nucleotides (L =
12.24 nm), while the persistence length drops to lp =
1.48 nm.34 Therefore, the ss-DNA curls up in irregular
shapes, and the typical Flory radius can be approximated
according to rFlory = (lp � L/3)1/2.35 This results in rFlory =
2.46 nm. On the basis of the presence of 8� 1012 ss-DNA
fragments per cm2, the surface coverage increases to
nominally 150%, corresponding to a densely covered
surface. Therefore, we suppose that denaturation brings
about major parts of the sample surface being covered
with random coils of ss-DNA, which interrupts the heat-
transfer channel from the phonons in the solid to the
liquid. A visualization of the situation in the denatured
state is given in Figure 1D. FromΔRth∼ 1.5 �C/W, the size
of the solid�liquid interface (28 mm2), and an areal
density of 8� 1012/cm2 ss-DNA fragments, we conclude
that each curled-up fragment can be considered as an
individual thermal resistor Rth

*(ss-DNA) with a value of
about 3.4 � 1012 �C/W. Interestingly enough, Velizhanin
et al. predict for individual ds-DNA fragments a thermal
conductivity of σth = 1.8 � 10�2 W/(�C 3m) at 300 K.21

Considering the 29-mer fragments as stiff rods with a
length of 10 nm and a nominal radius of 1.2 nm, this
conductivity translates to a resistance Rth

*(ds-DNA) =
1.2 � 1012 �C/W or roughly one-third of the value we
derived experimentally for the disordered, single-stranded

state. Despite of thegoodagreementwellwithin the same
order of magnitude, this comparison is not yet stringent
because in our case a substantial part of the thermal
current in the ds-DNA state passes through the 65%
surface fraction where the sensor surface is in direct
contact with the buffer solution.
Besides the considerations on the underlying prin-

ciple of the heat-transfer effect, the method should, of
course, be applicable in genetic research, where high-
throughput analysis and parallelization are important
aspects. The fact that DNA on diamond electrodes can
be denatured and rehybridized for at least 30 times
without loss of binding capacity is already highly
beneficial for serial analyses.38 Moreover, the current
hybridization time of 120 min (see Methods, section
Functionalization of Sensor Electrodes with DNA) can
be shortened by employing higher concentrations of
target fragments, by increasing the temperature to
facilitate diffusion, or by a higher ionic strength of
the hybridization buffer. This way, hybridization times
in the order of 20 min are reported in literature.14

Whether an accelerated hybridization would have an
adverse influence on the precision of the heat-transfer
technique is not yet clarified; however, there is evi-
dence that the current protocol guarantees a one-
to-one correspondence between the numbers of probe
DNA and target DNA fragments.26 Comparing the 8 �
1012 fragmentsper cm2 to thecell volumeof110μL results
in a concentration of target molecules of 34 nM, corre-
sponding in turn toΔRth∼ 1.5 �C/W. Smoothening of the
Rth datawill easily allow one to identify Rth changes on the
order of 0.1 �C/W, meaning that the detection limit is
about 2 nM. For comparison, the detection limit obtained
for oligonucleotideswith label-free surfaceplasmon imag-
ing is 10 nM,39 andmicromechanical sensors operatewith
target DNA concentrations of 100 nM or higher.40

The first step toward an array format would be
the miniaturization of the sensing electrodes, and
diamond-based electrodes on glass substrates with a
diameter below 100 μm have been documented in
the literature.41 Also, diamond nanowires with a thick-
ness even below 10 nm have been fabricated by
reactive ion etching.42 The functionalization of these
micro- and nanostructures with selected probe and

TABLE 2. Compilation of the TMidpoint and Heat-Transfer Data of Thermally Induced Denaturation of Complementary

DNA Duplexes Obtained with Four Different Diamond Electrodesa

#D1 #D2 #D3 (run a) #D3 (run b) #D3 (run c) #D4

Tmidpoint (�C) 52.5 ( 0.2 63.0 ( 0.1 53.5 ( 0.2 53.5 ( 0.1 56.5 ( 0.1 52.0 ( 0.3
Rth (�C/W) ss state 8.9 ( 0.2 8.6 ( 0.1 8.6 ( 0.1 8.7 ( 0.2 8.7 ( 0.1 8.7 ( 0.3
Rth (�C/W) ds state 7.6 ( 0.2 7.1 ( 0.2 7.3 ( 0.2 7.3 ( 0.2 7.4 ( 0.2 7.2 ( 0.2
ΔRth (�C/W) 1.3 ( 0.2 1.5 ( 0.1 1.3 ( 0.2 1.4 ( 0.2 1.3 ( 0.2 1.5 ( 0.2

a The data with electrode #D3 were measured in three-fold (runs a, b, and c) with a complete sensor regeneration between run b and run c. The Rth values of the single-
stranded state were measured at 10 �C above Tmidpoint, while the corresponding Rth in the double-stranded state was taken at 10 �C below Tmidpoint. Note that the jump height
ΔRth is remarkably constant and independent of the electrode or the midpoint temperature, suggesting an intrinsic effect of the DNA brush on the total heat-transfer
resistance of the device.
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target DNA can, for example, be achieved by dip-pen
nanolithography.43 A bigger challenge would be the
development of an array-type detection system, more
specifically, an array of planar thermocouples with a
contact area comparable to the size of the sensor
spots. Here, the present state-of-the-art systems are
thermocouple arrays with an area of a few square
micrometers of each junction,44 which looks most
feasible to detect the heat flow through the individual
sensor spots with sufficient spatial resolution to mini-
mize crosstalk between neighboring spots.

In conclusion, we propose that label-free heat-transfer
monitoring should be considered as a promising, inex-
pensive, and real-time alternative to the currently used
denaturation-based techniques for DNA characterization
and the identification of new point mutations. Moreover,
the heat-transfer effect is certainly not limited to dia-
mond surfaces alone, and it may also be useful in
monitoring other biomolecular interactions on solid sup-
ports. Finally, themethodmay serve as a characterization
technique for the areal density and conformational
aspects of molecular polymer brushes in general.

METHODS
Design of the Sensor Cell and the Thermal and Impedimetric Readout

System. The sensor setup shown in Figure 1 was described
earlier in the context of chemical denaturation studies.12 The
flow cell has an inner volume of 110 μL, and liquids can be
exchanged with a syringe-driven flow system (ProSense, model
NE-500, The Netherlands). All measurements described here
were performed under static conditions. For heat-transfer mea-
surements, the devicewas nowequippedwith twominiaturized
thermocouples (type K, diameter 500 μm, TC Direct, The
Netherlands) monitoring the temperature T1 of the copper
backside contact and the liquid temperature T2 at a position
in the center of the flow cell at 1.7 mm above the chip surface.
The heat flow was generated with a power resistor (22Ω, MPH
20, Farnell, Belgium) glued onto the copper block with heat-
conductive paste and tightly fixed with a screw. To regulate T1,
the thermocouple signal was led to a data acquisition unit
(Picolog TC08, Picotech, United Kingdom) and from there
processed into a PID controller (parameters: P = 10, D = 5,
I = 0.1). The calculated output voltage was sent via a second
controller (NI USB 9263, National Instruments, USA) to a power
operational amplifier (LM675, Farnell, Belgium) and fed into the
power resistor. Sampling of the T1 and T2 values was done at a
rate of one measurement per second. For impedance monitor-
ing, the counter electrode was a gold wire (500 μm diameter),
also at a distance of 1.7 mm from the surface of the diamond
working electrode, but spanning the entire diameter of the
liquid cell (5 mm). There was nomeasurable electronic crosstalk
between the impedance spectroscopy and the temperature
regulation unit. The impedance unit (see ref 27 for circuitry
details) measured the impedance in the frequency range of
100 Hz to 100 kHz with 10 frequencies per decade on a loga-
rithmic scale and a scanning speed of 5.7 s per sweep. All data
presented here refer to a frequency of 1058 Hz, ensuring an
optimal signal-to-noise ratio. The amplitude of the ac voltage,
applied under open circuit conditions, was fixed to 10 mVrms.

Preparation of the Diamond-Coated Sensor Electrodes. The nano-
crystalline diamond-coated sensor electrodeswere prepared by
plasma-enhanced chemical vapor deposition from methane/
hydrogen mixtures (3% CH4) in an ASTeX reactor.23 The sub-
strates were 2 in. silicon wafers (thickness 500�550 μm, crystal-
line orientation (100), p-type doped with resistivities from 1 to
20 Ω 3 cm), which were diced into chips after deposition. The
diamond layers had a thickness of 100 nm and an average grain
size of 50 nm. To ensure a good electrical conductivity of the
coating (∼1Ω 3 cm), the deposition was donewith an admixture
of trimethyl borane gas to the CH4 with a ratio of 200 ppm B/C.
The as-prepared electrodes were hydrogenated in H2 plasma
(50 Torr, 800 �C, power 4000 W for 14 min) to obtain hydro-
phobic surfaces prior to the photochemical attachment of the
fatty acid linker molecules. Here, we employed 10-undecanoic
fatty acid (purchased from Sigma-Aldrich), which was tethered
with its hydrophobic CdC terminus to the electrodes by UV
illumination (wavelength 254 nm, intensity 265 mW/cm2) for
20 h underN2 atmosphere. A reactionmechanism for this covalent
binding process was recently proposed by Wang et al.45 After

this photochemical step, the samples were rinsed in acetic acid
at 100 �C to release unbound fatty acid fragments.

Functionalization of Sensor Electrodes with DNA. The probe ss-DNA
(purchased from Invitrogen) was a 36-mer (see Table 1) with a
NH2-modified 50 terminus allowing for a covalent linking to the
COOH group of the fatty acid by using carbodiimide (EDC)
coupling. EDC was purchased from Perbio Science, and details
of this procedure are published in ref 26. The first seven adenine
bases at the 50 terminus served as a spacer to minimize steric
hindering during hybridization due to the proximity of the solid
surface. The total amount of probe ss-DNA used to functionalize
1 cm2 of electrode surface was 300 pmol. This actually exceeds
the binding capacity of the surface but ensures a rapid functio-
nalization. Nonreacted probe DNA was rinsed off by washing
the samples for 30 min in homemade 2� SSC buffer (sodium
chloride/sodium citrate) with 0.5% SDS (sodium dodecyl
sulfate) at room temperature. Hybridization with the 29-mer
target DNA (from Invitrogen) was performed by incubating
these samples for 2 h at 30 �Cwith 600 pmol of target fragments
in 10� PCR buffer (homemade). During hybridization, the
samples were kept under a saturated water vapor atmosphere
to avoid evaporation of the reaction fluid. After hybridization,
nonreacted target DNA was removed by rinsing again with 2�
SSC buffer with 0.5% SDS (30 min, room temperature), followed
by two 5 min rinsing steps, once in 2� SSC buffer and once in
0.2� SSC buffer, both at room temperature. Reference testswith
a hybridization temperature of 50 �C confirmed that the
temperature of the melting transition is insensitive to the
hybridization temperature.

Confocal Fluorescence Microscopy. For fluorescence intensity
studies and photobleaching experiments, a Zeiss LSM 510
META Axiovert 200 M laser scanning confocal fluorescence
microscope was used. Excitation of the Alexa Fluor 488 labels
was done with the 488 nm emission line of an argon ion laser
with amaximum intensity at the sample surface of 1.00( 0.05mW.
The settings of the filters and the confocal optics are docu-
mented in ref 26; the confocal volume had a diameter of
0.44 μm and a height of 5 μm. All images were collected with a
10�/0.3 Plan Neofluar air objective with a working distance of
5.6mm. The image size was 128� 128with a pixel dwell time of
51.2μs, corresponding to a total scanned area of∼225� 225μm2.
The pinhole size was 150 μm, and the laser intensity was set at
10%, corresponding to a power input of 33 μW on the chip
surface. The detector gain, a measure for the photomultiplier
voltage, was set at 1000 for all measurements. After hybridiza-
tion with the different types of labeled target DNA, the fluores-
cence of each DNA chipwas studied to ensure the presence and
homogeneous distribution of DNA.Moreover, bleaching experi-
ments (laser intensity set to 100% for 15 min, bleached area
of 20 � 200 μm2) confirmed that the fluorescence intensity
originated from the Alexa 488 dyes and not from the underlying
diamond layer. The bleached areas served also to define the
remnant background intensity due to strayed or reflected laser
light. The fluorescence intensity decay during denaturation was
monitored at a frequency of one confocal image taken every 1.4 s,
and the area-averaged intensities were retrieved using the
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ImageJ1.44 software package. All intensities measured after
denaturation were in full agreement with the remnant inten-
sities found before on bleached regions, meaning that the data
are not affected by laser-intensity fluctuations.
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