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ABSTRACT: Conformational changes of single-stranded DNA
(ssDNA) play an important role in a DNA strand’s ability to bind
to target ligands. A variety of factors can influence conformation,
including temperature, ionic strength, pH, buffer cation valency, 20 menolfL 1,000mmol/L
strand length, and sequence. To better understand the effects of these [NaqL)

factors on immobilized DNA structures, we employ temperature-

controlled electrochemical microsensors to study the effects of salt

concentration and temperature variation on the conformation and Tem»
motion of polythymine (polyT) strands of varying lengths (10, 20, S0 10°€ so°c
nucleotides). PolyT strands were tethered to a gold working electrode

at the proximal end through a thiol linker via covalent bonding %%ggg g% g%g%gg % %g g

between the Au electrode and sulfur link, which can tend to

decompose between a temperature range of 60 and 90 °C. The

strands were also modified with an electrochemically active methylene blue (MB) moiety at the distal end. Electron transfer (eT)
was measured by square wave voltammetry (SWV) and used to infer information pertaining to the average distance between the MB
and the working electrode. We observe changes in DNA flexibility due to varying ionic strength, while the effects of increased DNA
thermal motion are tracked for elevated temperatures. This work elucidates the behavior of ssDNA in the presence of a phosphate-
buffered saline at NaCl concentrations ranging from 20 to 1000 mmol/L through a temperature range of 10—50 °C in 1°
increments, well below the decomposition temperature range. The results lay the groundwork for studies on more complex DNA
strands in conjunction with different chemical and physical conditions.

N=10, 20,50

B INTRODUCTION the signal, as is typically the case in electrochemical (EC)
sensing'' " and fluorescence detection.'*' Apart from these
methods, DNA may also be used in label-free biosensing
through surface-enhanced Raman spectroscopy (SERS)'® and
surface plasmon resonance (SPR).”” DNA biosensor studies
have been conducted and are crucial for developing cost-
effective, time-efficient, and simpler approaches for sensing
that can be used in place of more expensive detection methods
such as liquid/gas chromatography-mass spectrometry (LC-

Biosensing is a critical field of research that can impact a range
of medical areas from drug discovery to clinical diagnostics. As
one example, the need for point-of-care technology and rapid
sensor-based screening tools has certainly been made exceed-
ingly clear by the recent HSN1 and COVID-19 pandemics.
Associated with this demand for widely deployable and
inexpensive devices is the stringent requirement that detection
g,f the target blom‘arker be highly ,mhable' Therefore, MS/GC-MS) or in conjunction with more affordable and
iomolecular interactions between the biomarker and sensor effective technologies such as polymerase chain reaction
and related processes involved in producing a signal must be (PCR)."'*
consistent and well understood. i

S ) ) Electrochemical (EC) sensors, which transduce a chemical
Sensing interfaces involve an assortment of biomolecules,

reaction into an electrical signal, have been used for studies of

with nucleic acids being one of the most popular, either as the i 1 ith 1 19 .
- DNA,” DNA h -
biomarker itself or as a biorecognition element.'~® While RNA igand binding with double-stranded ’ ybrid

and PNA formats are becoming increasingly important,” the
most common form of nucleic acid studied is DNA,
immobilized either in the single-strand or double-strand
form, with one of the earliest examples being the work of
Palacek, who studied the melting profiles of dsDNA and their
effects below melting, or denaturation, temperature.10 Often,
DNA strands are modified with tags that assist in transducing
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Figure 1. (a) Microscope image of an electrochemical device as seen from above, with an embedded Pt serpentine PRT insulated from a Pt counter
electrode (CE), Pt quasi-reference electrode (RE), and a central Au working electrode (WE); (b) cross-sectional schematic of a DNA polyT strand
bound to the gold working electrode of the device through thiol-linking and including a methylene blue moiety at the distal end.

ization through conducting polymer sensors,”’ single-nucleo-
tide polymorphism (SNP) detection,”' protein detection,””*’
and drug sensing.”* EC sensors may also be used to detect
biomolecules through the incorporation of aptamers, which are
short-stranded nucleic acid sequences that change conforma-
tion upon binding with a target analyte.”>>® Aptamers can be
ideal probes for sensing, as they can be selected to specifically
bind a wide variety of biomolecules, ranging from market
drugs® to peptides’” and proteins.”®

Whether one employs duplex DNA or more complex DNA
structures such as aptamers for EC sensing, monitoring is likely
performed in a range of environments. Differences in pH,
buffer chemistry, ionic strength, and temperature can cause
conformational changes (secondary or tertiary structure) as
well as folding that may inhibit the binding interactions for
which they were intended in a sensor assembly.”* Therefore,
understanding how environmental factors alter the orientation
and geometry of immobilized biomolecules and how those
changes might affect the general sensing signals is important. In
an effort to directly correlate measured electrochemical signals
with the action of environmental stressors, we conducted
studies of simple polythymine (polyT) strands immobilized on
gold electrodes. Differing lengths were examined and all polyT
samples were synthesized with an electrochemically active
methylene blue (MB) moiety at the distal (3’) end, and a
disulfide group used at the proximal (S') end to bind to the Au
device electrode. The polyT strand can be considered as a
model nucleotide strand and a special/simplistic form of an
aptamer due to the minimal base-pair or stacking inter-
actions.”” We investigated measured current variations
associated with differing strand length and conformational
changes induced in the tethered polyT as a result of external
stressors, specifically, variations in the chemical environment
(i, NaCl concentration) and temperature change.

MB-tagged DNA has been used extensively for biosensing, in
tracking hyb1‘idization,19’30 DNA mismatches,” binding
events,31 and measuring increases or decreases in signal as a
function of temperature, with or without DNA labels.””~*°
Doose et al. have employed fluorescence correlation spectros-
copy to investigate diffusional translation in salt solutions, with
varying salt concentrations.”” Silva et al. have studied similar
systems, with two different redox tags on a DNA strand,
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reporting that there can be effects of ion screening that hinder
the signal coming from having the moiety closer to the
electrode.’”® Uzawa et al. have studied the mechanisms of
electron transfer from MB redox tags for immobilized polyT
samples to examine how the flexibility of the strand changes
with the salt concentration of its buffer, by studying the
distance between the MB redox tag and the Au electrode of an
electrochemical device, as well as the persistence length of the
polyT strand.” The reported current was referred to as the
equilibrium current, in that the electron transfer is determined
by equilibrium statistics rather than chain dynamics. In this
study, we refer to the “average current” as the current
measured at the average position of the moiety with respect to
the electrode.

Here, we report on the effects of temperature and salt
concentration on the morphology of polyT strands of varied
length (10, 20, and SO nucleotides, referred to from this point
on as 10-mer, 20-mer, and SO-mer, respectively). The
morphological changes were monitored by measuring the
oxidation/reduction currents from a MB tag attached to the
strands, which were tethered to a gold electrode. The effects of
temperature range and varying salt concentrations of the
working buffer were studied for each strand length, thus
allowing for qualitative comparison between strands and ionic
strength (NaCl concentration). We found that a temperature
increase appears to cause stretching in the 10-mer polyT, and
that elevated temperatures can cause stretching of the 10-mer
and 20-mer polyT strands at high salt concentrations. For
lower salt concentrations of the 20-mer and 50-mer strands, we
observe the effects of what we believe is salt-induced flexibility
combined with thermal motion of the strand, which have both
been found to be more prominent for ssDNA than for
hybridized DNA strands.”® While the salt concentration of the
environment affects the rigidity of the strand, different length
strands exhibit somewhat unique electrochemical signatures
when exposed to these stressors. These model studies provide
insight into the nature of the current-based signals and
temperature-dependent profiles as stressor-induced ssDNA
conformation changes. With this knowledge, we are better
poised to move forward with more complex studies on DNA-
based aptamers en route to the development of reliable sensors
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Figure 2. Top image (left) and side schematic (right) of the device mounted with epoxy on a PCB and a Peltier unit underneath to heat/cool the
EC sensing interface. A poly(dimethylsiloxane) (PDMS) well and cover on top of the device is used to contain the sample and prevent evaporation.
The drawing on the right (not to scale) shows a representative schematic of the device configuration.

for the application in medical diagnostics or therapeutic drug
monitoring.

B EXPERIMENTAL SECTION

Materials. The electrochemical platforms (see below) were
fabricated in-house and are reusable, temperature-controlled micro-
devices that facilitate rather rapid electrochemical analyses of small-
volume samples (<10 uL). The polyT strands were purchased from
Integrated DNA Technologies* (Coralville, IA) and Biosearch
Technologies* (Novato, CA) with dual HPLC purification and
were used as received. Tris base, ethylenediaminetetraacetic acid
(EDTA), sodium phosphate monobasic, sodium phosphate dibasic,
sodium chloride, tris 2(2-carboxyethyl) phosphine hydrochloride
(TCEP), and 6-mercapothexanol were purchased from Sigma
Aldrich* (St. Louis, MO) and used as received. Chemical reagents
were all of analytical grade or higher. Deionized ultrafiltered (DIUF)
water had the desired resistance of 18.2 MQ-cm.

The DNA was reconstituted to 100 ymol/L concentration in a
Tris/EDTA (TE) buffer (10 mmol/L Tris base, 1 mmol/L EDTA,
and buffered to a pH of 8.0 using NaOH and HCI). Phosphate-
buffered saline (PBS) solutions were prepared with S mmol/L sodium
phosphate monobasic, S mmol/L sodium phosphate dibasic, and the
respective NaCl concentration (20 mmol/L to 1000 mmol/L) and
buffered to a pH of 7.4 with NaOH. All solutions were prepared using
>18 MQ deionized ultrafilter (DIUF) water.

Platform Assembly. Planar electrochemical microdevices were
fabricated in-house at the NIST Center for Nanoscale Science and
Technology NanoFab Facility and were reported on in a previous
study." In brief, multiple individual sensors, like that shown in Figure
1la, were created on a 4 in. fused-silica wafer. Each has an embedded
Pt serpentine structure which functions as a platinum resistance
thermometer (PRT) and has also been used as an integrated resistive
microheater in other studies.*' A SiO, insulation layer of thickness 1
pum and electrodes of Pt and Au were located over the PRT, as
reported previously.'” The electrodes included an Au working
electrode (WE), where the polyT is immobilized (Figure 1b), a Pt
quasi-reference electrode (RE), which establishes an electrical
potential against which all other potentials are measured, and a Pt
counter electrode (CE), which is used in conjunction with the WE to
achieve current flow. The sensors were attached to a small printed-
circuit board (PCB) to provide easy accessibility and a reliable
connection to electronics. A commercial Peltier device* (MS2-010-
06-06-11-11-00-W2, Laird Technologies Inc., Chesterfield, MO) was
also mounted on the PCB beneath the sensor for cooling and heating
(see Figure 2). Before beginning sensing experiments, the devices
were thermally calibrated in an oven to account for slight device-to-
device differences in resistance of the PRT. To calibrate the
microdevices, current values as a function of temperature from 20
to 80 °C, in increments of 10 °C, were recorded for a constant applied
voltage of 0.5 V. The resulting calibration for each device was used in
conjunction with the EC sensing control program during data
collection to specifically account for the resistance of each individual
sensor and approximate the temperature of the device.
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Preparation of Immobilized Polythymine. The polyT DNA
was purchased premodified at the proximal end (5') with a sulfide
group to bind to the Au working electrode of the EC sensors through
thiol-linking, with a methylene blue (MB) redox reporter at the distal
end (3'). The MB reporter was included to provide a viable means of
signal tracking for the effects of temperature and chemical
environment variation on the polyT conformation.

To prepare the DNA for experimentation, 1 yL of the 100 ymol/L
DNA solution was mixed with 2 uL of 20 mmol/L TCEP solution in
DIUF water. The purpose of the TCEP was to cleave the disulfide
bond in the purchased DNA, to ensure proper thiol binding to the Au
electrode. The solution was left to incubate in a high humidity
environment at room temperature for 90 min. During this incubation
step, the devices used were cleaned, first with a Piranha solution of 3
parts by volume H,SO, and 1 part H,O, (Caution: Piranha solution is
highly exothermic, and it is imperative that the H,O, be added to the
H,SO,; it is also highly explosive and should not come into contact
with organic materials.) in which it was incubated for 2 min, and then
the device was rinsed with DIUF water and dried with pressurized N,.
Next, an electrochemical cleaning was performed to help further
remove organic material from the electrode surface. The CV scan
window was —0.9 to 0 V versus the Pt pseudoreference electrode,
with a scan rate of 0.1 V/s for 20 cycles in 20 uL of a 0.5 mol/L
H,SO, solution. The device was then rinsed with DIUF water and
dried with pressurized N,. Following the TCEP reduction step, a
NaCl (250 mmol/L) phosphate-buffered saline (PBS, pH 7.4) was
added to the TCEP/DNA solution to dilute the DNA concentration
to 50 nmol/L. This concentration proved to be high enough to
achieve an immobilized layer with a low-noise electrochemical signal
while potentially precluding steric interactions between the
immobilized DNA strands. Figure S1 in the supplemental section
shows that the 50 nmol/L concentration is apparently far from the
surface saturation limit, as determined through measurements of the
nitrogen (N 1s) feature measured by X-ray photoelectron spectros-
copy (XPS). These characterizations were performed on separate Au-
coated substrate samples exposed to varying DNA concentrations of a
20-mer polyT strand. For all experiments (10-mer, 20-mer, SO-mer),
10 pL of the 50 nmol/L DNA solution was pipetted onto the device
and left to incubate for 1 h after which the device was gently rinsed
with DIUF water and dried with N,. Next, 10 yL of 2 mmol/L 6-
mercaptohexanol in 250 mmol/L NaCl PBS was pipetted onto the
device and left to incubate in the dark for 1 h, to prepare a self-
assembled monolayer (SAM). The SAM layer served the purpose of
reducing nonspecific adsorption of the DNA to the Au working
electrodes. Following this last surface functionalization step, the SAM
solution was rinsed with DIUF water, and the device was dried with
pressurized N, one final time before use.

Data Collection. Each mounted EC microdevice was connected
to a power source (E36313A Keysight Technologies*, Santa Rosa,
CA) and a source measure unit (SMU) (B2902A Keysight
Technologies*, Santa Rosa, CA) for sweeping the applied voltage
during data collection. Measurements were conducted with an
electrochemical workstation (CHI1040c, CH Instrument Inc.*,
Austin, TX). The experimental control interface (see also the
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Figure 3. Factors affecting the measured current level (a) rigidity of the strand, wherein the moiety is far from the Au electrode, represented as d"¢;
(b) minimal rigidity/maximum flexibility of the strand, bringing the moiety closer to Au, and represented as d™s (c) stretching of the strand (high
rigidity), moving the MB farther away, represented as d*"; (d) thermal motion of the strand, shown here as bringing the average position for the
MB closer to the Au in multiple directions, represented as d,,; The current in all cases is influenced by 1/d, where d is the distance between the
moiety and the Au electrode. We suggest that the profile for a strand’s flexibility due to ionic concentration can range from rigid to moderately
flexible, to overcharged, the last of which is extremely rigid. The profile for a strand’s thermal motion due to heating can range from minimal
motion to moderate motion, to stretching, the last of which also results in minimal motion.

Supporting Information—Electrochemical Control Program and Data
Collection Methods) utilized the embedded PRT of the device to
monitor the temperature varied by the commercially purchased Peltier
unit located underneath the electrodes, which was employed to heat/
cool the working buffer solution, and is an improvement on the
program used in a previous study, which had manual voltage set
points."> A PDMS well with a 2.5 mm diameter hole was placed atop
the devices to contain the working buffer solution necessary for liquid
sample sensing, and it was covered with a PDMS cap to prevent
evaporation of the small-volume solution (Figure 3).

Conformational changes in polyT strands were examined via
electrochemical measurements as a function of ionic strength
([NaCl]) and temperature using our microscale electrochemical
platform. Electrochemical response was determined through square
wave voltammetry (SWV) and the peak currents were measured (near
—0.5 V) for each temperature set-point. Electrochemical signals were
aresult of the two-electron transfer between the MB redox tag and the
Au electrode, influenced by the proximity of the MB to the Au. Salt
concentrations were used sequentially beginning at the lowest salt
during a ramp up, after which the temperature was held for 2 min to
allow for removal of the “old” solution and addition of the “new
solution” of the next highest ionic concentrations, stepped down in
temperature and held again for 2 min, at which point the next highest
salt solution was used (see Figure S2, which presents a comparison of
results from this alternating ramp-up/ramp-down data acquisition
method with an earlier approach). The temperature steps were
between 10 and 50 °C in 1° increments every 25 s, at a frequency of
60 Hz, a sensitivity of 1 fA to obtain thermal profiles and a voltage
range sweep of —0.7 to —0.2 V with an amplitude of 0.025 V, and a
step size of 0.001 V for a 20-mer. In this setup, the working electrode
is at open-cell potential when the voltammogram is not being
acquired.

The packing densities of the DNA strands on the electrode surface
were estimated to be between 1 X 10'2 and 1 X 10" molecules/cm?.
The density calculations were based on the current obtained during
CV sweeps, converted to overall charge (coulombs) based on the
frequency used in the program (60 Hz), divided by the approximate
geometric area of the WE, 0.003 cm?'? Final estimates of the number
of molecules per unit area are based on the charge of each DNA
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strand (where each MB has an exchange of two electrons with the Au
per strand). These packing densities are comparable to previous
reports of packing densities on the order of 1 X 10'? molecules/cm?,
which yield a separation of around 10 nm between probes,**** and
packing densities of between 1 X 10'? and 11 X 10'* DNA strands/
cm? as measured through CV for DNA with a MB tag.*!
Consequently, we assume in this study, consistent with the XPS
measurements in Figure S1, that steric effects between neighboring
DNA probes are likely to be small or negligible and that DNA
aggregation is at a minimum,4”46 as the concentration used is well
below the maximum coverage concentration while still being large
enough to yield a notable signal. Finally, Rashid et al. found that the
thiol-linking between a DNA strand and a Au electrode are strong
enough to prevent desorption of the DNA, and therefore, we do not
anticipate any effects of DNA desorption in this study.*’

B RESULTS AND DISCUSSION

Sources of Current. As indicated, this study used a planar
microscale electrochemical platform to measure current from
polyT strands that were thiol-tethered to the Au working
electrode at the S’ end and have methylene blue (MB) redox
tags attached at their distal ends (3’ end). MB redox reactions
provide features that can be tracked by measuring current
levels, which depends on MB proximity to the Au electrode,
over a potential range in small increments over time, and are
therefore a common choice for an electrochemical sensin
approach. Some biosensors are termed “off-on” sensors*®™>
when they go from producing essentially no current, as in the
case when MB is far from the WE where electrochemical
transfer cannot occur, to producing a measurable current when
the MB moiety is sufficiently closer to the WE to allow
measurable electron transfer. In a previous study, Silva et al.
found that the positioning of the MB redox tag on ssDNA
plays a role in the measured current transfer. It was found that
a MB tag at the proximal end of the DNA strand actually
produced a considerably smaller signal than one at the distal
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Figure 4. (a) Peak current versus temperature profile of a single run of 10-mer polyT in varying salt concentrations; (b) schematics of effects that
may explain the behavior of 10-mers as a function of both temperature and ion concentration. The electron transfer (eT) level descriptors (low to
high) give qualitative comparative magnitudes for the measurements of this strand under different conditions.

end, due to counterion accessibility. In that same study, it was
stated that a farther or distal MB tag allowed for faster transfer
kinetics.”® In a separate study by Silva et al, a MB was also
tested at points in the middle of the DNA strand, showing a
progression of increasing current as the MB redox slowly
approaches the distal end.”" This study uses the simplest case,
where the MB tag is at the distal end, precluding counterion
effects reported by Silva.

On the other hand, sensors can continually monitor changes
in current such as with graphene biosensors, where a voltage of
zero still yields some current due to graphene’s lack of a band
gap.” 7" In cases with simple immobilized nucleotide strands
(e.g, polyT), the current-producing process at a particular
voltage in the electrochemical cell can be controlled almost
entirely by the distance between the MB and the WE. This
process was demonstrated by Uzawa et al, wherein the
electron transfer rate between a MB tag and a WE was
measured for a polyT strand, and the effects of persistence
length and chain flexibility were studied.’® In the case of polyT
in those studies, a negligible current appeared to be
transported through the DNA strand, due to the high redox
potential of polyT.*”>> Additionally, a study by Pheeney and
Barton reported electron transfer for both ssDNA and dsDNA

2611

with a MB tag and found that ssDNA itself does not efficiently
conduct charge and has a high affinity for a Au surface.’
Because of the more complex aspects of the study reported
here with both varying ionic strength and temperature, other
contributions to the measured current must also be examined.

The average distance between the MB and WE is a major
factor in the measured current in this system. In addition to the
length of the polyT chain, the average distance depends on the
rigidity and conformation of the polyT, both of which depend
upon [NaCl] and temperature. One can also consider whether
the redox behavior of the MB tag itself is in any way influenced
in a solution where either temperature, the [NaCl], or both are
changing.

SWV is commonly used in electrochemical biosensing. It
utilizes a staircase potential gradient that, at each step, applies a
“reverse” pulse with potential slightly below the potential step
and a “forward” pulse with potential slightly above the
potential step; this sequence is equivalent to a square wave
function added to the staircase function. The difference of the
currents measured between the forward and reverse pulses,
known as the differential current, allows for the removal of
non-Faradaic currents resulting from charging effects rather
than electron transfer.””*®* The measurement procedure
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Figure S. (a) Peak current versus temperature profile of a single run of 20-mer polyT in varying salt concentrations; (b) schematics of effects that
may explain the behavior of 20-mers as a function of both temperature and ion concentration. The electron transfer (eT) level descriptors (low,
moderate, high) give qualitative comparative magnitudes for the measurements of this strand under different conditions.

involves scanning a potential window to find a maximum
differential current value, referred to as the SWV peak current.
According to Meunier-Prest et al., SAM layers are electroactive
within a potential range of +0.8 to —1.4 V versus saturated
calomel electrodes (SCE). In this potential range, SAM layers
are expected to retain their structural order and high packing
density, especially in an aqueous medium.”” In our experi-
ments, the SWV window was approximately —0.7 to —0.2 V,
well within the electroactive range with the peak generally
appearing around —0.45 V, regardless of strand length, with
minimal variations (less than 10%) (see Figure S3). Because
we do not observe large variations in the peak voltage, we do
not expect this voltage to have an effect on the conformation,
and therefore the current, of the polyT. Kaiser et al. have
discovered a relationship between voltage and current for
single-strand DNA, especially in the case of increased
temperature.”” Studies have also shown the effects of the
electric field in being able to dehybridize dsDNA,*" and that
modulation of both ssDNA and dsDNA is observed due to
changing frequencies, as well as responsiveness to electrostatic
perturbations.”> However, our study only employs a frequency
of 60 Hz.

Varying the salt concentration and the temperature affects
the flexibility and motion of the strands, which in turn affect
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the measured current, and we note that both salt concentration
and temperature can either increase or decrease the current
levels. This behavior can be seen in Figure 3, which
demonstrates discrete (but in some cases related) phenomena
that we hypothesize can alter the distance between the MB and
Au WE. In the figure, dlex g€ and 4 are parameters that
represent various effects controlling the MB—WE distance.
Figure 3 specifically treats these discrete phenomena, which
can be looked at as part of a continuum that ranges from very
flexible toward rigid and stretched. Furthermore, d,,, is the
average MB—WE distance and is based on the induced thermal
motion of the strand, which occurs whether the strand is rigid,
flexible, or stretched. Generally, the more flexible an oligomer
is, the more pronounced the random thermal motion will be.
For a very rigid strand, the thermal motion will be constrained
to rotation around the anchoring pivot point.63 This behavior
was also previously reported in a study by Anne and Demaille,
which demonstrated that free hinge motion due to thermal
agitation about the anchoring point of a tethered DNA strand
could augment or decrease the current signal from the
moiety.64 Additionally, the charge of the electrode, here,
negative of the point-of-zero charge (pzc), during the
experiment will have some effect on the polyT strand’s ability
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Figure 6. (a) Peak current versus temperature profile of a single run of S0-mer polyT in varying salt concentrations; (b) schematics of effects that
may explain the behavior of 50-mers as a function of both temperature and ion concentration. The electron transfer (eT) level descriptors (low,
moderate, high) give qualitative comparative magnitudes for the measurements of this strand under different conditions.

to approach the Au in low salt environments due to charge
repulsion between the electrons and the electrode.®®

The effects of temperature and salt concentration variations
are not necessarily the same for different polyT strand lengths.
Additionally, a single effect can dominate another when
combining these two stimuli, and therefore, we must address
each polyT strand case separately. For EC measurements on
each of the strand lengths, the temperature range was set from
10 to 50 °C, measuring the SWV current at 1° increments.
This temperature range was swept for each of seven different
salt concentrations, from 20 to 1000 mmol/L. The
experimental solutions were composed of 10 mmol/L
phosphate buffered with varying levels of NaCl and buffered
to a pH of 7.4. Each set of tests was completed three times.
Figure S4 indicates the reversibility of this data collection
method, and Figure S5 shows the reproducibility of the
method.

10-mer PolyT. Data for the polyT 10-mer current versus
temperature are shown in Figure 4a for the seven salt
concentrations studied. The schematics in Figure 4b show
conceptually how the phenomena in Figure 3 may explain the
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ways that temperature and salt concentration affect the eT, and
therefore the measured current.

Although influenced by changing temperature and salt
concentration, the 10-mer exhibited a generally similar thermal
profile for all of the salt concentrations. At low temperature,
where the currents for this short strand are somewhat higher
than those corresponding currents for the longer 20-mer and
50-mer, and low salt concentration, we see a high current,
mostly likely due to some flexibility and relative proximity of
the MB to the Au. As temperature and salt concentration
increase, we see a decrease in the signal, which we believe to be
a combination of overcharging and stretching, where the
stretching is the most energetically favorable phenomenon for
an overcharged, positive strand. According to a study by Belkin
et al, single-strand DNA threaded through a nanopore
exhibited an increase in the length of the chain in response
to temperature increase and gradient, referred to as
“stretching”.66 Interestingly, Kaiser et al. also noticed a
stretched state for ssDNA under increased temperature and
especially for fixed negative potentials.”” Although our setup
involves sweeping a potential range, and not a fixed potential,
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we believe we are still observing ssDNA in a stretched state
due to temperature increases.

It is well known that higher salt concentrations can
neutralize the negatively charged phosphate backbone of the
DNA, allowing it to become more flexible in its conforma-
tion.””*® We believe that low salt concentration is enough to
slightly increase the flexibility of the 10-mer strand, which has
relatively low charge due to a small number of nucleotides, but
we ascribe the decrease in current as salt concentration
increases to the excess charge of cations in the working buffer
solution “overcharging” the DNA strand, also known as charge
reversal, which has been hypothesized through simulation
studies.”””” We speculate that this charge reversal happens
only when the amount of salt is relatively high such that there
are enough ions to overcharge the strand. In this charge
reversal, we expect the negatively charged DNA to no longer
be neutral due to the salt in the buffer, but to now be positively
charged due to an excess of cations. This makes the now-
positively charged strand increase in rigidity, due to the
repulsion of the now positive—positive charges along the DNA
backbone. In this case, the MB moiety would be farther away
from the Au than for a moderate salt concentration, decreasing
eT.

Additionally, an overcharged strand may be more prone to
stretching than a neutral and flexible strand, which appears to
be in agreement with prior observations. For example, Wenner
et al. discovered that overstretching with optical tweezers in
double-strand DNA was more favorable in high salt
concentrations than low salt concentrations.”" It is possible
that overcharged strands, which are positively charged from
excess salt, are more prone to stretching, as this is the most
energetically favorable conformation due to the repulsion of
like charges along the DNA contour.

20-mer PolyT. Data for the polyT 20-mer current versus
temperature are shown in Figure Sa for the seven salt
concentrations studied. The schematics in Figure Sb show
conceptually how the phenomena in Figure 3 may explain the
ways that temperature and salt concentration affect the eT, and
therefore the measured current.

For a 20-mer polyT strand, we observe some decrease of
current as a function of temperature in higher salt solutions,
but observe an increase in current as a function of temperature
in the two lowest salt solutions. Essentially, the behavior of a
20-mer strand seems to have regimes of different behavior at
low salt concentrations and high salt concentrations,
transitioning gradually from one to another. At low salt,
when the strand is only slightly flexible, we see an increase in
the current with temperature, attributed to thermal motion
bringing the MB closer to the WE. For higher salt
concentrations and high temperatures, we believe that thermal
motion is still the dominating effect, except in this instance; the
strand begins in a flexible instead of a rigid state, therefore
allowing the MB to move farther away from the WE and
thereby decreasing the measured current. It is interesting to
note that the effects of thermal motion on current are
dependent on the initial flexibility of the strand.

50-mer PolyT. Finally, data for the polyT 50-mer current
versus temperature are shown in Figure 6a for the seven salt
concentrations studied. The schematics in Figure 6b show
conceptually how the phenomena in Figure 3 may explain the
ways that temperature and salt concentration affect the eT, and
therefore the measured current.
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We suspect that the 50-mer polyT strands are not as prone
to being overcharged by the salt solutions used in this study,
due to the greater amount of charge on a longer strand, which
would require considerably more ions to cause overcharging
compared to a 10-mer polyT strand. However, flexibility can
be expected to increase and contribute to increased current in
response to greater salt concentrations. We do note an increase
in the current as of the temperature increases for low salt
concentrations, and therefore, it seems likely that no
observable effects of stretching appear for a S0-mer polyT
strand in this temperature range. A previous study showed
stretching for a 54-mer ssDNA in the presence of a solution
adjacent to a 95 °C heater;’® however, our experimental
sample and setup are different. Instead, our S0-mer data shows
an increase in current probably dominated by increased
flexibility, combined with heat, which creates thermal motion
and further augments the signal. The 50-mer results looked
similar to the 20-mer, indicating that perhaps some polyT
“length limit” exists after which the behavior begins to look
consistent for each salt concentration and temperature.

One notable trend from the data shown in Figures 4—6 is
how the effects of stretching diminish as the strand moves
away from being “overcharged” and becomes more neutral.
This trend suggests a positive correlation between over-
charging (or very high salt concentrations) and stretching,
most likely due to the electrostatic effects of the now-positively
charged polyT strand, where the stretched state is the most
energetically favorable.

To further assess our presented concepts for the behavior of
the 10-mer, 20-mer, and 50-mer, we can turn to trends derived
from the data of Figures 4—6. Figure 7 shows the temperature
at which the maximum current occurs as a function of salt
concentration. We observe the same trend for all three-strand
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Figure 7. Trends for the temperature of maximum observed current
(within the studied range of 10—50 °C) versus salt concentration for
10-mer polyT (red squares), 20-mer polyT (green circles), and S0-
mer polyT (blue triangles). The plots shown here were obtained using
data from three separate trial runs (beginning with Piranha and CV
cleaning, followed by DNA attachment, and SAM attachment) at each
salt concentration and for each strand length and show an increase in
temperature of maximum current as the strand length increases. Error
bars are the standard error of the mean for a population with a 95%
confidence interval.
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Figure 8. Peak current versus NaCl concentration for all three polyT strand lengths (left, middle, and right) plotted for fixed temperatures, taken
from the data in Figures 4—6. In each case, the hypothesized effect that dominates the observed trend is indicated: (a) 10-mer at 10 °C, dominated
by overcharging from excess cations; (b) 10-mer at S0 °C, still dominated by overcharging from excess cations; (c) 20-mer at 10 °C dominated by
increased flexibility; (d) 20-mer at 50 °C dominated by thermal motion of the strand; (e) SO-mer at 10 °C dominated by flexibility; and (f) 50-mer

at 50 °C, dominated by thermal motion.

lengths. Regardless of strand length, the temperature of
maximum current decreases as salt concentration increases,
although the range of effects are more pronounced for the 20-
mer and 50-mer polyT. This trend demonstrates that the more
flexible a strand is initially, the less heat it needs to reach a
maximum current/minimum MB-Au distance. The character-
istics reflected in Figure 7 are fully consistent with findings in a
study that employed fluorescence correlation spectroscopy,’”
which showed that the hydrodynamic radius of polyT
decreasing exponentially due to a greater flexibility with
increasing salt concentration.

Another interesting set of derived data for the three-strand
lengths is shown in Figure 8. The current versus salt
concentration results shown are a replotting of results from
Figures 4a—6a and selected at two temperatures, 10 °C on the
low end and 50 °C on the high end, for each strand length.
These “temperature slices” offer an additional confirmation of
the phenomenological effects discussed so far. The discussed
effects for each case in Figure 8 are depicted with trend arrows,
and the hypothesized dominating factor is labeled.

In the case of a 50-mer, the strand is long enough that the
MB is generally far away from the Au, yielding low current for
low salt concentration and temperature, when d is high. As the
salt concentration increases, we again believe that there is
significantly increased flexibility in the strand, which brings the
MB closer to the WE and raises the current.

A 10-mer strand seems to display an entirely opposite trend.
This strand may only require a low salt concentration to
increase its flexibility, bringing the MB closer to the Au, thus
decreasing d for low [NaCl]. The MB moves farther away in
high salt concentrations, increasing d and diminishing the
measured current as it becomes more rigid due to over-
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charging. We see this trend at both 10 and 50 °C for the 10-
mer, although the higher temperature yields a lower current,
most likely due to the effects of stretching.

The 20-mer strand, which we suggested earlier has two
different regimes, appears to behave in a somewhat
intermediate manner (as might be expected) between the
10-mer and 50-mer, although its trends are more similar to the
50-mer than the 10-mer. This observation means that salt
concentration and temperature must have a more varied
overall effect on the position of the MB on medium-length and
long strands than for shorter strands, which seem more
dominated by a single factor.

B CONCLUSIONS

The majority of studies on electrochemical DNA biosensors
focus on dsDNA and their melting profiles and hybridization
abilities. Here, we have studied a much simple case, using
ssDNA of thymines at varying lengths. However, under-
standing how dsDNA hybridization occurs under varying
conditions provides a clearer idea of how ssDNA’s
conformation might be affected, which in turn is related to
its ability to bind to a target analyte. In this study, we used
small-volume samples and alternating sequential methods to
effectively and quickly complete data acquisition for a set of
electrochemical studies of immobilized polyT strands of
different lengths at variable salt concentrations and temper-
atures. Parametric changes and thermal ramps could be
investigated on a single device without introducing day-to-
day variations. The obtained results serve as a baseline for
understanding how external stressors, such as chemical
environment and heat, affect the conformation of modified
DNA, and therefore, the distance between the moiety and the
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working electrode of the device. It also provides insights into
how these stress factors affect a strand differently depending on
its length.

From our results, we see that the effects of salt do, indeed,
affect the conformation of the DNA, as expected. However,
when introducing temperature variations as well as length
variations, the results are not always what might initially be
expected. The effects of stretching due to temperature increase
seem to decrease the average current for a short, 10-mer
strand, which, in low salt, has its methylene blue moiety
relatively closer to the Au surface compared to longer strands.
We observed what appeared to be overcharging effects for a
10-mer at moderate to high salt concentrations, due to the
comparatively minimal amount of charge of the 10-mer, which
makes it easily overcharged by working buffer ions. For a 50-
mer, the behavior with increased salt concentration is increased
flexibility, which brings the MB closer to the WE and increases
current. Current increases are also observed due to thermal
motion lowering the MB—WE distance a bit further. For a
medium-length polyT strand such as a 20-mer, we see behavior
that is somewhat intermediate, but more similar to a 50-mer
than a 10-mer. Due to the effects of salt and temperature on
the motion and conformation of a single strand of DNA, we
believe that increased thermal motion as a result of high
temperatures and increased flexibility from high salt might
actually hinder a ssDNA’s ability to bind to a target analyte,
although finding the ideal conditions for binding would be
unique to the DNA stand and depend on length, sequence, and
secondary or tertiary structures.

The results here will be helpful as a foundation for future
investigations of how salt and temperature variations affect the
conformation of more complex immobilized aptamers, as well
as their ability to bind to target, for the purpose of biosensing
in medical diagnostic work. This knowledge can be used for
sensing DNA in solutions more complex and medically
relevant than PBS, such as human serum, urine, or sweat.
Future studies may explore the variations of frequency on
ssDNA conformation and signal strength in conjunction with
varying temperature, strand length, and salt concentration.
Additionally, these results are also suitable for computational
work, to more quickly assess the effects of additional stressors
such as divalent (Mg*") or trivalent (AP*’, Co®") cations,
increased heat, or deviations in pH.
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