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ABSTRACT: Understanding complex contributions of sur-

face environment to tethered nucleic acid sensing experiments . | ::Sll:’ H}
has proven challenging, yet it is important because it is * - }
essential for interpretation and calibration of indispensable S 1ol : i N
methods, such as microarrays. We investigate the effects of 4 : - Jth}{.
DNA sequence and solution temperature gradients on the "% "™ { ¢ {‘}
kinetics of strand displacement at heated gold wire electrodes, ¢ " t i

and at gold disc electrodes in a heated solution. Addition of a + o + {'

terminal double mismatch (toehold) provides a reduction in £~ \ + *

strand displacement energy barriers sufficient to probe the [ Vi H i

secondary mechanisms involved in the hybridization process. e = S - o 2 e
In four different DNA capture probe sequences (relevant for ¥ ™™ “/\t Toyor /°C

DNA-Target

the identification of genetically modified maize MON810), all
but one revealed a high activation energy up to 200 kJ/mol during hybridization, that we attribute to displacement of protective
strands by capture probes. Protective strands contain 4 to S mismatches to ease their displacement by the surface-confined
probes at the gold electrodes. A low activation energy (30 kJ/mol) was observed for the sequence whose protective strand
contained a toehold and one central mismatch, its kinetic curves displayed significantly different shapes, and we observed a
reduced maximum signal intensity as compared to other sequences. These findings point to potential sequence-related
contributions to oligonucleotide diffusion influencing kinetics. Additionally, for all sequences studied with heated wire electrodes,
we observed a 23 K lower optimal hybridization temperature in comparison with disc electrodes in heated solution, and greatly
reduced voltammetric signals after taking into account electrode surface area. We propose that thermodiffusion due to
temperature gradients may influence both hybridization and strand displacement kinetics at heated microelectrodes, an
explanation supported by computational fluid dynamics. DNA assays with surface-confined capture probes and temperature
gradients should not neglect potential influences of thermodiffusion as well as sequence-related effects. Furthermore, studies
attempting to characterize surface-tethered environments should consider thermodiffusion if temperature gradients are involved.
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thermodiffusion (Soret effect)

Bl INTRODUCTION

Electrochemical sensors are versatile tools for sequence-specific
nucleic acid analysis. Hybridization detection has been
performed by means of self-assembled monolayers of capture
probes' > and also magnetic beads.* Approaches for electro-
chemical hybridization detection include intercalators such as
methylene blue” or sandwich assays with an alkaline phosphatase
conjugate on biotinylated signaling probes.’ The different
methods of electrochemical hybridization detection have been
reviewed several times, for instance by Paletek and Bartosik” and
Batchelor-McAuley et al.” Recently, we have reviewed the literature
about temperature effects in electrochemical DNA sensing,
revealing that temperature has been gaining increasing atten-
tion as a crucial parameter in sequence-specific electrochemical
DNA and RNA detection.”"® For this purpose, self-assembled
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monolayers (SAMs) of DNA capture probes are usually
immobilized on gold electrodes by means of thiol linkers,
sometimes alternatively via direct gold—carbon bonds with
diazo-compounds as precursor. Civit et al. considered the
thermal stability of such different DNA-linkers on gold
electrodes, and found diazo-precursor-based DNA linkers to be
the system with superior stability.""

Surface plasmon resonance (SPR) spectroscopy has also been
used to study temperature effects including melting curves.'”
Cisse et al. discovered a “rule of seven” (subsequently matching
base pairs) for predicting thermal stability of dsDNA against
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mismatches.'” Pesciotta et al. studied the influence of mismatch
position both in the bulk solution and on the surface. They also
found that the dissociation constant Kj, for a DNA duplex is
significantly larger on the surface than in the bulk solution."*
Bartlett et al. used surface-enhanced Raman spectroscopy
(SERS) to study the effect of electrochemical polarization
upon thiol-linked dsDNA denaturation on gold electrodes.'®
Mismatches can be detected this way. A pure electrostatic
interaction is apparently not the reason for this kind of melting
effect.'® Molecular beacons (MBs) have also been applied in
electrochemical mismatch detection.'” A dense and well-ordered
SAM seems to be crucial for sensors based on MBs.'® On the
other hand, dense probe layers as well as mismatched targets
lower the hybridization reaction rate.'””’

Recently, Yang et al. used their MB approach for electro-
chemical melting curve analysis.”' Before that, several other
groups had reported on thermal DNA melting curve analysis with
electrochemical detection. Hartwich et al. used osmium labels for
the probe and ferrocene labels for the target.”” The same study
revealed that electron transfer rate depends on the distance from
the electrode surface, provided that the SAM of dsDNA is well
ordered. The single stranded probes yielded the same signal
height for the distal osmium label compared with the proximal
terrocene label, suggesting that the SAM of ssDNA probes was
not well ordered. Our group used multiple osmium tetroxide
bipyridine labels for melting curve analysis. The effects of 1, 2, or
3 mismatches could be discriminated.”” Nasef et al. used covalent
electrochemical ferrocene labels for melting curve analysis,”* and
also methylene blue as an intercalator,” as well as fluorescent
labels to study DNA melting on gold surfaces.* Belozerova et al.
used ferrocene,”” whereas Shen et al. used covalent methylene
blue labels.”®

Covalent labels have a great advantage of being tightly bonded
to probe, target or signaling strands. However, labeling during
oligonucleotide synthesis leads to diminished yield and increased
costs. The complex [OsO,(bipy)] can be utilized as a covalent
DNA-label.”” The osmium(VIII) reagent reacts readily with
nucleic acids®” in a “click-reaction” under oxidation of the C—C-
double bond in the pyrimidine rings forming stable diesters of
osmic(VI) acid. Both single-stranded oligonucleotides and PCR
products can be labeled this way’* leading to high and
reversible voltammetric signals ;°Y this method can also be used in
hybridization assays with peptide nucleic acids.*

Intact double-stranded DNA does not react with [ OsO,(bipy)],
while a single strand, thoroughly modified with [OsO,(bipy)] at
all pyrimidine bases, cannot hybridize with its complementary
strand. The complex can thus be used to explore the structure of
nucleic acids including single base mismatches.”*> These
properties were also exploited when protective strands were
introduced to protect a certain recognition site within the target
strand.”"*® We previously investigated model oligonucleotides
from 4 different sequences relevant to genetically modified
maize MONS10 (SSIIb, CRY, 810, ivrp), in order to analyze
multiplexed [OsO,(bipy)]-labeling and hybridization on gold
electrodes.”” Subsequently, we were able to detect less than 0.9%
of maize MONS810 in real flour samples®® using these labeling
and hybridization protocols for asymmetric PCR products. In
these two studies, the hybridization step with gold disk electrodes
had been carried out at 40 or 50 °C bulk hybridization solution
temperature. Otherwise, temperature effects on hybridization
detection with gold electrodes, using these sequences, have not
been investigated. There are only a few other studies about
acceleration of the hybridization process on electrochemical

DNA sensors. Liu et al. proposed “acoustic micromixing,” leading
to S-fold acceleration.”® Sosnowski et al. applied constant
electrical fields on agarose-streptavidin modified electrode arrays
coupled with optical hybridization detection.*’

Ten years ago, we introduced a probe-SAM-modified heated
gold wire electrode to perform DNA hybridization at desired
elevated temperatures. We found a 140-fold increase of the
hybridization signals at higher electrode temperatures.”’ In
earlier studies, such directly heated electrodes had been found
advantageous for heavy metal*** and DNA stripping analysis.**
We also performed DNA melting curve analysis by means of
heated electrodes.”® If mass transport can be identified as the
rate-limiting step, as is the case for fast reactions like reductive
metal deposition, the enhancement factor is typically 10-fold.*>**
Otherwise, if kinetically sluggish processes like reduction of
arsenic(V) or adsorption of dsDNA at carbon electrodes are rate
determining, improvement of electrochemical signals of 30-fold
and more were observed if elevated electrode temperatures were
applied.”* Fundamental and basic studies of heated electrodes
have been reviewed several times.”** Our heating device allows
direct electrical heating of a broad variety of electrode designs.*’

The behavior of short oligonucleotides tethered to surfaces has
been found to be difficult to accurately characterize and explain,
especially for single-stranded molecules.””~>* Deconvolution of
the multifarious contributions from electrostatics, excluded
volume, crowding, and surface-molecule interactions to sur-
face-regime kinetics has been challenging both theoretically and
experimentally, yet these effects have been shown to result in
dramatic differences as compared to the solution setting.”*™>*
Surface-tethered assays, such as microarrays, have become an
essential biotechnology used in numerous applications from
pharmaceutical development, to cancer diagnostics, to forensics;
however, accuracy and reliability of these methods are still
proving difficult to optimize, due in large part to a lack of
thorough understanding of exact details of the biophysical prop-
erties underlying these processes.”" For a solution-based experi-
ment such as ours, the influence of bulk diffusion of the molecules
of interest as well as the fluid dynamics of the solution both around
the electrode and in more distal regions of the bulk volume must
also be considered as a potential influence on the assay.

Thermodiffusion, or the Soret effect, is the motion of
molecules in a specific direction in response to a temperature
gradient.54_36 Frequently, more massive molecules will move to
the colder region, however, influences of molecular interactions
and temperature ranges have been found to occasionally result in
reversal of direction of motion.”””® While this effect has been
used in industry for over a century,”" it has only been described
empirically, in varying levels of detail, and its molecular origins
have not been explained, even being referred to as “one of the
unsolved puzzles in physical chemistry.”*® The linear-response
theory, nonequilibrium thermodynamics description of thermo-
diftusion is based on the Onsager relations and involves empirical
coefficients which must be measured experimentally or
estimated.” This model assumes the absence of any free
convection, and assumes a steady state: considered to occur at
the time when the mass transfer of the solute due to the
thermophoretic force is balanced by the opposing response of
diffusion due to the concentration gradient set up by the
thermophoresis.”*~*® The Soret coefficient is then the ratio of
the diffusion due to thermophoresis to the diffusion due to the
resulting concentration gradient. Originally, the concentration
on the depleted side and the concentration on the enriched side
were measured, and the temperature difference between hot and

DOI: 10.1021/acsami.5b04435
ACS Appl. Mater. Interfaces 2015, 7, 19948—19959


http://dx.doi.org/10.1021/acsami.5b04435

ACS Applied Materials & Interfaces

Research Article

cold was used to apply an empirical formula to obtain the Soret
coefficient.>* When convection is involved, a detailed mathe-
matical description results in a system of coupled differential
equations which are much more difficult to solve than those
provided by the Onsager relations.”” While the influence of the
Soret effect had been traditionally assumed to be negligible in
most solution experiments, research over the past few decades
has shown that this effect can play a very significant role in small-
volume settings, and seems to have a particular influence on
nucleic acids in solution.*”**%~%

In this work, we report dramatic temperature effects observed
during hybridization detection of different DNA oligonucleotide
sequences. This hybridization step on gold electrodes was
coupled with a strand displacement. Due to the use of
[0sO,(bipy)], we applied protective strands that have the
same sequence as the capture probes, except for a few
mismatches that we have introduced to foster the strand
displacement reaction. Our findings reveal that such strand
displacements, in many cases, require very high activation energy.
For a particular sequence with a double terminal mismatch
(toehold), however, the activation energy was found to be greatly
reduced, and enabled a glance into processes secondary to the
strand displacement step, such as diffusive phenomena. This
finding suggests an avenue for probing both the surface
environment and bulk transport-related diffusion influences on
such assays in future studies. Additionally, performing the strand
displacement reaction at heated gold-wire electrodes resulted in
surprising differences compared to results obtained with gold
disk electrodes in a heated bulk hybridization solution. These
results can be explained in part by a possible presence of the Soret
effect resulting from large temperature gradients in proximity to
the heated microelectrode. A computational fluid dynamics
analysis supports this interpretation.

B EXPERIMENTAL SECTION

Materials. For the experiments described here, we used the same
four maize MONS810 sequences as earlier reported:>”** SSIIb (starch
synthase gene IIb of maize) and ivrp (invertase gene of maize) as a
positive control for the detection of any maize and probes CRY
(existence of the cryla/b transgene within the sample) and 810
(existence of the transgene at the MON 810 specific insertion locus) for
the specific detection of the GM-maize.

Sequence ivrp

Capture probe ivrp:

S'-CACGTGAGAATTTCCGTCTACTCGAGCCT-
aaaaaaaaaaaaaaa[Dithio];-3’ (29 + 15a)

Protective strand ivrp:

5’-CAGC TGAGAATTTCCGTCTAG TGC AGCCT-3' (29)

Target ivrp:

5ttt AGGCTCGAGTAGACGGAAATTCTCACGTG-3' (29 + St)
Sequence SSIIb

Capture Probe SSIIb:

5'-AGCAAAGTCAGAGCGCTGCAATGCAaaaaaaaaaaaaaaa-
[Dithio];-3" (25 + 15a)

Protective strand SSIIb:

5'-ACG AAAGTCAGAGCGCTCG AATGG A-3' (25)

Target SSIIb:

5/ttt TGCATTGCAGCGCTCTGACTTTGCT-3' (25 + 5t)
Sequence CRY

Capture Probe CRY:

5'-AGATACCAAGCGGCCATGGACAACAAaaaaaaaaaaaaaaa-
[Dithio];-3" (26 + 15a)

Protective strand CRY:

5’-AGATAG CAAGCGGCCATGC AG AAG AA-3' (26)

Target CRY:

5ttt TTGTTGTCCATGGCCGCTTGGTATCT-3' (26 + 5t)

Sequence 810

Capture Probe 810:

S'-AACATCCTTTGCCATTGCCCAGCaaaaaaaaaaaaaaa-
[Dithio];-3" (23 + 15a)

Protective strand 810:

§'-AACATCCTTTGG CATTC CCCACG —3' (23)

Target 810:

5ttt GCTGGGCAATGGCAAAGGATGTT-3' (23 + 5t)

Melting temperatures were calculated, for reference, by means of
OligoAnalyzer 3.1 (PrimerQuest program, IDT, Coralville, USA),
resulting in the following values for ivrp, SSIIb, CRY and 810 capture
probe-target duplexes: 76.6 °C, 77.5 °C, 76.5 °C, and 74.5 °C,
respectively. 2,2'-Bipyridine was purchased from Merck and osmium
tetroxide was obtained as a 2% aqueous solution from Fluka. The Tris-
buffer containing 10 mM tris(hydroxymethyl)-aminomethane and
0.5 M Na,SO, was adjusted to pH 7.5 using sulfuric acid. All DNA
oligonucleotides were delivered by biomers.net GmbH, Germany. The
probe strands contained 15 adenine bases as a spacer to allow high
hybridization efficiency on the electrode surface. All electrochemical
measurements were performed in a 3-electrode system using an Autolab
PGSTAT 12, (Ecochemie, The Netherlands). The reference electrode
was an Ag/AgCl (3 M KCl) electrode (Metrohm, Switzerland) and the
counter electrode was a glassy carbon rod (Metrohm). A modified gold
disc electrode (diameter 2 mm, Metrohm) and an in-house-made
heatable (25 pm diameter, S mm length) gold-wire electrode®’ were
used as the working electrodes. The bulk solution temperature during
the hybridization process on the gold disc electrodes was controlled by
means of a thermostat (Huber). The gold microwire electrode was
heated directly by means of an HF ThermaLab heating generator
(Gensoric GmbH, Rostock, Germany).

Target and electrode preparation. The DNA-targets were
labeled with [OsO,(bipy)] by means of protective strands.”’ In the
first step, 25 pL unlabeled DNA-Target solution and 25 uL protective
strand solution (each 100 yM in Tris-buffer) were mixed together and
left for 2 h at room temperature to allow hybridization. Then 12.5 yL
of 10 mM [OsO,(bipy)] were added to label the five unprotected
§’-terminal thymine bases and left again for 2 h at room temperature.
This way, the recognition site of the signaling strand remained
unmodified. To remove the excess of [OsO,(bipy)], the solution was
placed into a dialysis cell (Slide-A-Lyser Mini Dialysis Units, USA,
Rockford). Dialysis was performed against Tris-buffer at first for 1 h and
again after refreshing the buffer overnight at 4 °C. According to earlier
reports, this procedure was sufficient to remove all excess of
[0s0,4(bipy)].® After the dialysis, the solution containing the
[0sO,(bipy)]-labeled target was used at the given concentration for
the hybridization experiments. Before each measurement, the gold disc
electrode was polished using corundum 0.3 pm (Buehler GmbH,
Germany) and thoroughly rinsed with ultrapure water. Ultrapure water
was prepared by means of an SG Water system (2005, SG Water GmbH,
Germany, now Evoqua LLC); 18 MQ*cm, TOC better than 2 ppb.
A new gold wire electrode was prepared prior to each probe DNA
immobilization. The gold wires were cleaned by electrical heating to red
glowing in air. After the first cleaning step, both the gold disk and the
gold-wire electrodes were cleaned electrochemically by using cyclic
voltammetry (25 scans, — 0.3 to 1.7 V, scan rate 100 mV/s) in 0.5 M
sulfuric acid. After rinsing the electrodes with water, they were then
dried under a stream of nitrogen. In the next step, a probe solution
(30 uM in Tris-buffer) was placed onto the cleaned electrode surface in
order to form the capture probe SAM. After 16 h at room temperature in
a water-saturated atmosphere, the electrodes were immersed in 1 mM
aqueous 6-mercapto-1-hexanol solution for 1 h to fill the gaps between
the probes, thus minimizing capacitive currents and preventing any
nonspecific DNA-adsorption on the electrode surface. After rinsing the
ssDNA-SAM-modified-electrodes with water, they were used for
hybridization experiments with the target strands.

Hybridization step and measurements. For the hybridization,
the gold disc electrode was dipped for 15 min into a heated buffer
solution containing the labeled DNA target. The bulk solution
temperature during the hybridization process on the gold disc electrodes
was controlled by means of a thermostat and a water jacketed glass cell.
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Figure 1. DNA detection procedure by means of protective strands and labeling with [OsO,(bipy)]. The protective strand, which is partially
complementary, hybridizes with a single stranded target sequence. After the hybridization, [OsO,(bipy)] is added. [OsO,(bipy)] reacts with the five
terminal, unprotected thymine bases. The labeled target is detected using a complementary capture probe, which is immobilized on a gold surface. The
electrochemical current increases after the hybridization of target with the probe.

For the hybridization at the directly heated gold wire electrodes, the
electrode was dipped into an 8 °C target solution, for 15 min as well,
while the gold wire was directly heated with an AC heating current by
means of the ThermaLab heating generator. Circuitry, potentiometric
temperature calibration of the electrode and an experimental setup for
electrode heating have been described earlier.*” Note that replicating the
exact conditions as those found in the disc electrode setting is impossible
for our wire electrode system, as the material surrounding the wire
electrode cannot withstand immersion in solutions of temperatures
much greater than S0 °C. After hybridization the electrode was rinsed
with Tris-buffer and then dipped into an electrochemical cell in order to
perform measurements. All electrochemical measurements were
performed at room temperature in the Tris-buffer using square-wave
voltammetry (SWV) with the following parameters: start potential
—0.55 V, end potential 0 V, amplitude 40 mV, frequency 200 Hz. After
the voltammetric measurements, the gold disc electrode was immersed
into S0 °C water for 60 s, while the gold wire electrode was also
immersed into water for 60 s, but electrically heated to 41 °C to allow
dehybridization and regeneration of the capture-probe SAM. After
detecting the dehybridization signal, the electrodes were used again for
another hybridization reaction at another temperature. The peak-
shaped voltammetric signals were smoothed according to Savitzky and
Golay, and baseline-corrected using the GPES 4.9 software.
Simulation of heat transfer, temperature distribution and
convection. For preliminary calculations, the classical two-dimensional
free convection model of two temperature plates separated by an
insulating layer, using a characteristic temperature gradient and size scale
for our system, was considered analytically to derive an approximate
estimate of expected average temperature and momentum boundaries
and confirm the assumption of a laminar regime. For this model, it is
possible to analytically estimate the Reynolds number, the Raleigh
number, the Prandtl number, the momentum and temperature
boundary, and the average order of magnitude of the velocity due to
buoyancy forces, with and without consideration of the effects of
viscosity. For the size scale and temperature gradient in the heated
wire electrode system, as well as for the gold disc electrode in heated
bulk solution, these calculations showed a regime well in the laminar
region, with temperature and momentum boundaries of about

19951

0.8—0.5 mm, and estimated an average velocity on the order of
magnitude of 1 to 10 mm/s.

Using the conjugate heat transfer, laminar flow portion of the heat
transfer module of COMSOL Multiphysics version 5.1 (COMSOL
Inc.), several models of the experimental systems were created for
simulation. In all models, temperature dependent functions for density,
dynamic viscosity, and heat capacity at constant pressure were used for
water, and constants were used for the gold surfaces. The gold wire
electrodes were modeled using the conductive thin layer boundary
setting, and the gold disc was modeled as a solid. The sheath around the
gold disc electrode was included, with the appropriate values of
thermodynamic constants specific to peek. For the wire, a boundary heat
source was set to 0.8 W, which created a temperature at the wire surface
of 3132 K.

For the three-dimensional model of the wire, the entire bulk system
was initially calculated (hereafter referred to as coarse-grained model),
using a symmetric boundary cross-section to decrease computational
time. These calculations, while considering the overall scale of the entire
experiment, were not fine-grained enough to capture fluid dynamics in
the smaller region immediately around the wire. However, they are used
to justify the settings used in the detailed model, which considers a
smaller region around the wire, in order to use a more detailed mesh and
achieve corrected values for velocity and temperature.

For the detailed calculations, the S mm wire surrounded by a 3 mm X
3 mm X 8 mm box of fluid, cooled to 283.15 K on all exterior boundaries
except the top boundary, was simulated. The top boundary was set to a
temperature of 288.15 K, according to the effects of a layer of air on top
of the bulk model, simulated by a conductive boundary layer. The actual
model created was half of this system, with an added symmetry
boundary at the radial cross section of the middle of the wire, to reduce
computational time. A graded mesh was used which increased in size
from 12 pm at the wire surface, to 200 ym in the bulk fluid, at the
appropriate regions for fluid dynamics and heat transfer. Both steady-
state calculations and time dependent calculations with time steps
of 0.5 s ranging from 0.5 to 10 s were performed.

Additionally, an axisymmetric model of the disc electrode in a heated
bulk solution was simulated, also using the conjugate heat transfer
multiphysics node, and again considering the entire bulk volume as a
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Figure 2. Square-wave voltammetric response of 4 different target strands labeled with [OsO,(bipy)] obtained at gold disc electrodes in Tris-buffer after
15 min of hybridization with immobilized capture probes at 0.2 yM target concentration at 3 different hybridization temperatures. SWV conditions:
frequency 200 Hz; amplitude 40 mV. During the hybridization step, the solution was stirred with a magnetic stirrer. The insets show magnified SWV
peaks obtained at 30 °C hybridization temperature. Signals were smoothed using Savitzky and Golay followed by baseline correction.

coarse-grained model, and then a smaller region with the same
dimensions as used in the detailed model of the wire. Steady-state and
time-dependent calculations were performed for the coarse-grained
model, and time-dependent only for the detailed model. Further
simulation details such as mesh size and parameters can be found in the
Supporting Information.

B RESULTS AND DISCUSSION

Gold disk electrodes in a heated hybridization
solution. Figure 1 displays the detection procedure, including
the location of mismatches, the toehold, and the osmium label.
Figures 2 and 3 demonstrate an extreme effect of bulk solution
temperature during the 15 min hybridization step. In case of
sequence SSIIb, a 319-fold increase of hybridization signals was
observed when going from 25 to 62.5 °C bulk hybridization
solution temperature. Also CRY and ivrp sequences revealed a
similarly dramatic temperature behavior. The according
Arrhenius plots (Figure 4 and Table 1) were calculated for the
exponential first parts seen in Figure 3, and indicate very high
formal activation energies of 123.8, 130.8, and 150.9 kJ/mol for
sequences ivrp, CRY, and SSIIb, respectively. Even the pre-
exponential factors are very high ranging between 6.1 X 10*° and
1.85 X 10* pA. The sequence 810 stands out remarkably, its
activation energy being only 29.7 k] /mol and the pre-exponential
factor 7.2 X 10> yA. An error estimation for these parameters is
provided in the SI. Literature findings confirm that such high
values for activation energies are not uncommon for strand
displacement reactions. Furthermore, a so-called toehold region
can greatly accelerate this process.”* A 2-nucleotide toehold
containing only G or C, as found for sequence 810 and its
protective strand, can accelerate the displacement rate by factor

1000.° The dramatic difference in pre-exponential factors is
even more astonishing. The large numbers can be attributed to
the measure (peak current in A) that we have chosen as a
representative for the reaction constant. Taking into account the
unit prefix (10~°), the Faraday constant (96,485 C/mol) and the
10 transferred electrons, the pre-exponential factor values would
be lowered by 12 orders of magnitude. However, in square-wave
voltammetry, the peak current is proportional to the transferred
charge, but the latter cannot be calculated by simple integration
of the peak area. Linear sweep voltammetry or chronocoulom-
etry would be needed to obtain information about the transferred
charge. What is probably more important here, is the huge
difference in pre-exponential factors. As pre-exponential factors
(a measure for collision frequency and steric conditions) for
similar reactions with comparable reactants are relatively equal,
the observed difference indicates that another reaction step is
rate limiting for 810, probably surface diffusion instead of strand
displacement. The activation energy of 29 kJ/mol is relatively
high for bulk diffusion in water, but might be indicative for
surface diffusion. In other words, the very large difference in pre-
exponential factors suggests that strand displacement is not the
rate-limiting step for 810 sequence.

Assuming that the rate-limiting kinetics for 810 are not strand
displacement, the experimental results for this sequence can
be analyzed as reporting on the secondary processes involved
in these reactions. For both the disc electrode and the wire
electrode, the shape of the kinetic curves for 810 are not
sigmoidal, indicating that the reaction cannot be modeled by a
single exponential, and does not have a single rate-limiting step.
This indicates that certain aspects of the various bulk transport
and surface-environment factors may contribute equally to the
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Figure 3. Influence of hybridization temperature on square-wave voltammetric signals of 4 different target sequences with their capture probes
immobilized on gold disc electrodes in Tris-buffer after 15 min of hybridization under magnetic stirring in 0.2 uM DNA target. T, represents the
temperature of the target solution during the hybridization step. SWV conditions and data processing were the same as in Figure 2. The error bars
indicate standard deviations of three independent repetitive measurement series, each obtained with a newly prepared probe SAM.
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Figure 4. Arrhenius plots for the hybridization data sets obtained with
gold disk electrodes as depicted in Figure 3.

Table 1. Activation Energies and Pre-exponential Factors
from the Arrhenius Plots Depicted in Figure 4

a sequence-related effect on some aspect of the secondary
processes works to decrease overall hybridization rates. One
possibility is that the combined presence of the toehold and the
heavy osmium moiety on the same end of the strand increases
friction and slows diffusion rates either in the bulk solution, at the
electrode surface, or both. The second lowest signal is observed
for SSIIb, which has a single mismatch at the base second from
the terminal base, thus this sequence may also experience similar,
though reduced, drag forces.

Since we were using a 3'-(dA) s-spacer for all our capture
probes and a 5'-(dT);s-end for all our targets, our results also
suggest that [OsO,(bipy)]-labeled thymines cannot act as a
toehold. This is not completely surprising, as Pale¢ek et al.”” have
been reporting for some 30 years that [OsO,(bipy)]-labeled
thymines prevent a single strand from further hybridization. This
was the reason why we introduced the protective strands in the
first place 10 years ago, in order to perform hybridization with
partially [OsO,(bipy)]-labeled strands at gold electrodes.®®
Another possible factor that could lead to accelerated displace-
ment of the 810 protective strand could be that one of the
protective strand mismatches is located exactly in the middle of
the sequence. Internal mismatches destabilize a DNA duplex
significantly more, in comparison to near-terminal and terminal
mismatches.'**”

maize sequence E, [KJ/mol] A [uA]
SSIIb 150.9 1.85 x 10%
CRY 130.8 1.61 x 10*
ivrp 123.8 6.07 x 10%°
810 29.72 7.22 X 10°

Heated gold wire electrodes. The sequences SSIIb and
810 were also studied at heated gold microwire electrodes as

reaction. Furthermore, for the disc experiment, the maximum
signal is lower than for the maximum signal observed for the
other sequences (the same is true for the wire setting also, but
error bars preclude making conclusions here). This indicates that
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depicted in Figure S (see Table 2 for activation energies and pre-
exponential factors). The highest voltammetric hybridization
signals at the gold microwire were about 150-fold smaller
compared with the gold disk electrode. This cannot be fully
explained by the different surface areas (factor 8), even in
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Figure S. Influence of gold microwire electrode temperature on square-wave voltammetric signals of the target sequences SSIIb and 810 (0.2 #M) with
their immobilized capture probes after 15 min of hybridization in Tris-buffer. SWV conditions and data processing were the same as in Figure 2. The
error bars indicate standard deviations of three independent repetitive measurement series, each obtained with a newly prepared probe SAM. The insets
display representative SWV signals obtained after hybridization at 15 °C electrode temperature. Signals were smoothed using Savitzky and Golay
followed by baseline correction. Also shown are the linear parts of the according Arrhenius plots.

Table 2. Activation Energies and Pre-exponential Factors
from the Arrhenius Plots Depicted in Figure 5

maize sequence E, [KJ/mol] A [pA]
SSIIb 200.0 1.86 x 10%
810 442 3.55% 10°

combination with a different probe surface coverage (factor 3),
that we had observed earlier."’ Otherwise, we found a basically
similar thermal hybridization behavior. The activation energies
were now significantly higher with 200 and 44.2 kJ/mol for the
sequences SSIIb and 810, respectively. Both the great difference
in activation parameters and the general trend for both sequences
were comparable to hybridization at the gold disk electrode.
However, the optimal hybridization temperatures at the heated
gold wire electrode were much lower in comparison with
hybridization at the gold disk in the heated bulk solution. This
corresponds with findings that we had reported earlier:***' Our
first report on DNA hybridization at heated gold wire electrodes
revealed dramatic temperature dependence. In that study we
used 80 nM ferrocene labeled targets that yielded small AC
voltammetric signals up to 400 pA after 4 min hybridization.""
The covalent osmium labels that we used in the present study
delivered 10-fold more electrons than the single ferrocene label.
Also, the measurements with a heated gold microwire electrode
in that early study yielded a low voltammetric signal level. Later
we found no significant difference in optimal hybridization
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temperature when comparing a rotating gold disk electrode in a
heated solution with an indirectly heated gold disk electrode.’® In
another study, electrochemical DNA melting curves obtained
with capture probes immobilized on gold disk electrodes indi-
cated significant differences in melting temperature (5 to 8 K)
depending on whether the entire bulk solution or only the
gold disk electrode was heated.”” Here in this present study, in
case of the maize sequences SSIIb and 810, the difference in
optimum hybridization temperature obtained at different
electrode types was very large. For sequence 810, this value
was lowered by 25 K, and for SSIIb, we found a 22 K decrease.
A major difference to our earlier DNA melting study”” was that
we did not work under equilibrium conditions, i.e. this time we
hybridized for only 15 min instead of 16 h. This might be one
reason why in the earlier study the decrease of melting
temperature was only 8 K when going from heated bulk solution
to heated gold wire electrode. That was in accordance with all the
other reports on thermodynamic stability of DNA duplexes.
Applicable in our current study, however, are nonequilibrium
conditions, where kinetic parameters such as the mass transport
toward and from the electrode surface control the signal height.
Thermal convection that occurs around a heated electrode, can
be very intense compared with magnetic stirring at the disk
electrodes.”” In our case, intense convective mass transport also
facilitates the removal of displaced protective strands, and thus,
accelerates the strand displacement process. Moreover, several
studies have revealed dramatic effects of thermodiffusion
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(thermophoresis, Soret effect) upon mass transport in a
temperature gradient,”’ particularly in the case of larger
molecules such as DNA.”> Very large temperature gradients can
indeed be found around a heated microwire’" due to cylindrical
heat distribution, but not at a disk electrode inside a heated bulk
hybridization solution. Because of planar heat distribution at the
indirectly heated gold disk electrode considered above,” the
temperature gradients are expected to be lower. Braun et al. found
that the Soret effect for DNA molecules in aqueous electrolyte
solution depends on DNA size, temperature, ionic strength
(Debye length),”” and type of electrolyte, because it is coupled
with the Seebeck effect.”®’* Accordingly, for the DNA strands and
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Figure 6. Temperature contour plot (K) overlaid with velocity field for
stationary solution, detailed model of heated wire electrode. Arrow size
represents velocity magnitude. The size of the slice is 3 mm by 3 mm.

hybridization conditions studied in this work, the Soret coefficient
is expected to be positive. That means, both the protected DNA
target strands and the released protective strands tend to flee from
the heated wire electrode into the cold bulk solution. For the
protective strands this movement points into the same direction as
the diffusion caused by the concentration gradient. For the target
strands, however, thermophoresis and diffusion point into
opposite directions. We think that together, this will facilitate
the strand displacement, but lead to overall small signals. The Soret
effect has been seen as a negligible factor when considering the emf
of nonisothermal cells comprising heated electrodes.”® Mass
transport of large analyte molecules with or without electro-
chemical polarization, however, seems to be greatly influenced,
especially if coupled with thermal convection. This will require
closer attention in future studies.

Simulation results. For the wire electrode models, for the
coarse-grained model, temperature gradients did not reach
steady-state values by 10 s, although they were similar (see
Supporting Information). Differences were found in the regions
of the bulk closer to the air interface and showed slightly higher
values at steady state. Velocity values were close for steady state
and 10 s, however, their distribution was slightly different as can
be seen by isosurface plots in the Supporting Information. For
the detailed model, temperature gradients in the local region
were found to reach steady state values in 10 s, and velocity
profiles did not reach the exact steady state values by 10 s,
although they approached closely. Velocities at steady state were
reduced in magnitude, but streamline directions and overall flow
was very similar. The coarse-grained model shows that the
majority of the solution can be found at a temperature of
283-284 K, with a region approximately 1 mm by 2.75 mm by
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Figure 7. Temperature profiles for stationary solution, heated wire electrode, detailed model, along radial line in y-direction (top) and x-direction
(bottom) of a cross-sectional slice at 0.5 mm from wire center. The cross-sectional slice is the same as visualized in Figure 6. Right hand side is a close-up
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of the left-hand side.

3 mm containing higher temperatures, ranging from 285 to 314 K.
Velocity profiles in the coarse-grained model showed significant
convective circulation, and velocity magnitudes followed a similar
pattern as temperature, but with additional regions of varying
circulating velocities found in regions further away from the wire.
Temperature and velocity profiles for time dependent and steady
state analyses can be seen as 2D colormap slices, 2D contour maps,
and 3D isosurface plots in the Supporting Information. Maximum
velocities for the coarse-grained wire model were found to be
around 2.5 mm/s, however, these values are not extremely
accurate as the grid size and velocity finite element order was large
due to computational cost limitations.

The detailed wire electrode model finds corrections to the
calculated temperatures and velocities near the wire. Figure 6
shows a contour plot of steady state values for temperature over a
cross-sectional slice found 0.5 mm from the wire center, which is
the symmetry boundary. The image shows the entire width and
height of the detailed model, which is 3 mm X 3 mm. An overlay
of velocity field lines shown as arrows scaled according to velocity
magnitude, for this same cut-plane, is also shown. Figure 7
displays temperature and velocity as a function of distance from
the electrode for the same cut-plane, traveling radially along the
y- and x-directions, also for the steady state. Temperature
gradients are steeper in the x-direction, and reach values close to
the cooled bulk within 500 ym of the wire. For both directions, a
temperature difference of about 3.5 K can be found over the first
10 pm. The Supporting Information also shows temperature and
velocity profiles for time dependent and steady-state computa-
tions in the detailed setting.

Figure 8 shows the same radial line plots for velocity
magnitude over the same cut-plane as for the temperature
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profiles in Figure 7. Maximum velocity in the region was found to
be 1.08 mm/s, and is located above the wire. A lower velocity
region, found immediately surrounding the wire, is found in this
detailed model, with velocity magnitudes ranging from about
50 um/s, one ym from the wire surface, to about 400 ym/s,
10 yum from the wire surface. Lower velocities are found in the
region directly above the wire, as can be seen from the plots of the
y-direction radial profiles. While this finding is similar to previous
results’' and velocity profile estimations’” noting an apparent
“quiescent solution layer” of ca. 8 ym, it is difficult to know
exactly what velocity designates a purely diffusive regime.
Translational self-diffusion of single-stranded and duplex DNA
of length 12—40 bp, converted to a one-dimensional value in
order to compare to velocity values, is of the order 10 ym/s, with
estimated values ranging from 7 to 13 pm/s.”* Concentration-
driven diffusion of DNA oligonucleotides was also estimated to
be around 10 ym/s when considered as a one-dimension value.”
Thus, the diffusive regime may only be found in a region less than
S pum away from the wire surface, where the velocity magnitude
stays below 50 pm/s, and this is still much greater than most
estimates for translational speeds of small oligonucleotides due
to diffusion. In the region of the y-axis, however, within 5—8 ym
of the wire surface, the velocity magnitudes are indeed well
below 50 um/s, and the temperature difference over that region
is about 4 K.

In order to consider the Soret effect using the mathematical
models provided by the Onsager relations in the linear
formalism, a pressure gradient and the influence of viscous
forces must not be involved.”*>*” When buoyancy forces are
present in the system, the exact solution of the steady-state
problem becomes much more difficult.’” The linear model can
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possibly be applied locally, in the lower-velocity region near
the wire. For this regime, the net effects of the thermophoretic
force are observed after steady-state is reached between
thermophoretic motion, and the subsequent concentration-
gradient induced diffusive motion in the reverse direction
in response to thermophoresis. Concentrations of DNA at the
wire surface may also be affected by depletion by probe
capture, as well as by influx of molecules from the more rapidly
circulating bulk solution. An estimate for the time to reach
steady state, also called the relaxation time, has been modeled
by the equation 7 = a*/ D% where a s the distance between the
hot region and the cold region, and D is the ordinary diffusion
coefficient. Using a value of 100 yum?/s for D, and a distance of
10 pim, the relaxation time may be a mere 100 ms. If changes to
the concentration at the surface due to capture are balanced
by influx from the bulk due to convective mixing, within
100—200 ms the required conditions may be achieved to
predict a concentration gradient, in this local, quiescent region,
due to the Soret effect.

For most systems in aqueous solution, the expected
concentration enrichment at temperatures above 20 °C for the
larger molecule in a solution (here the DNA) occurs at the cold
side.***>*? For DNA at room temperature, a difference of 2 K
was sufficient for significant enrichment at the colder region.”®
According to our simulation results, a 2 K difference is found
S pm from the wire surface at steady state, and a difference of 5 K
is found within 15 gm from the wire surface. These conditions
indicate a distinct possibility for a positive Soret effect driving
unbound DNA away from the tethered probes. Furthermore, a
local “thermophoretic force” driving DNA molecules away from
a small hot region in solution in real time, not at steady state, has
been observed both in laser-heated microfluidics experiments®'
and in atomic-level nonequilibrium molecular dynamics
simulations.”” Therefore, even without conditions approximat-
ing the steady state, this local thermophoretic force may begin
driving DNA molecules away from the wire surface even during
the first few microseconds of the experiment. In addition, the
driving of DNA away from the heated wire may also help to drive
the kinetics of the hybridization reaction, as the protective strand
“products” after hybridization may also be driven away from the
reaction site by thermophoresis. This helps to explain the
decrease in optimum temperature found in the wire experiments
as compared to those at the disc.

For the disc electrode system, the electrode, at room
temperature, is dipped into a heated solution. For the first few
seconds, it is possible that the reverse temperature gradient is
found near the reaction surface. This situation would suggest a
movement of DNA toward the tethered probes, at least until the
disc reaches the temperature of the solution. Simulations of the
disc experiment showed that such a temperature gradient does
exist initially. Figure 9 shows temperature profiles along a line
extending from the disc surface, at the solution interface,
downward into the solution over 2 mm, for times of 3 to 11 s.
Very small currents are also present, and do not completely settle
until after 16 s (see the Supporting Information figures). The
temperature gradients range from about 8 K to over 2 K for these
times. Steady-state temperatures (a constant value over the entire
system) are not reached until after 11—15 s. Thus, it is possible
that thermodiffusion can occur in the first ten seconds, carrying
DNA molecules toward the disc. This early stage enrichment at
the electrode surface may contribute to increased initial capture.
For later times, the absence of a temperature gradient (and a
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Figure 9. Temperature profiles along a line extending from disc surface
into solution for time values of (a) 3 s, (b) S5, (c) 7 s, and (d) 11 s.

force driving DNA away from the electrode) may also explain
some signal differences found in the experiments.

Bl CONCLUSIONS

When optimizing the hybridization temperature for different
maize DNA sequences, we found dramatic effects of DNA
sequence upon the kinetics of strand displacement at gold
electrodes in a heated hybridization solution, as well as directly
heated gold wire electrodes. Three in four sequences revealed
very high activation energy up to 200 kJ/mol during the
hybridization step. We attribute this to the strand displacement
of protective strands by the capture probes. These protective
strands contained 4 to 5 mismatches to ease their displace-
ment by the surface-confined capture probes at the gold
electrodes. Sequence 810 revealed much lower activation energy
(30—44 kJ/mol). This was attributed to a double mismatch at
the end of the double-stranded part (a so-called toehold)
besides two other mismatches. We found a similar hybridization
behavior on directly heated gold wire electrodes as well.
However, two major differences were observed: whereas the
activation energy was significantly higher at the gold microwire,
the optimal hybridization temperature was on average 23 K
lower in comparison with the gold disk electrode in a heated
bulk solution.

Considering the results for 810 as reporting on effects
secondary to the strand-displacement step, it is possible to see
some characteristics of these processes from the kinetics curves.
A nonexponential shape and a reduced maximum value suggest
the presence of multiple, equally influential parallel processes and
the influence of sequence on these secondary processes, such as a
possible reduced diffusion rate due to increased friction. Due to
the steep temperature gradient around a heated gold microwire,
we conclude that the Soret effect may potentially influence strand
displacement kinetics at heated electrodes, through its effects on
thermodiffusion of DNA. Further studies in this vein can attempt
to differentiate the secondary processes in toehold-containing
sequences by modifying, for instance, probe density and location
of the osmium moiety. Future studies on DNA assays with
surface-confined capture probes should take into consideration
both possible thermodiffusive effects and sequence-specific
variations in hybridization behavior. This applies, in particular,
to assays that include a strand displacement step, such as
competitive assays and molecular beacons. Analyses of surface-
tethered molecular environments should also consider the
potential influence of the Soret effect when any temperature
gradients are expected to be present.
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