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ABSTRACT: Hybridization of complementary nucleic acid strands is
fundamental to nearly all molecular bioanalytical methods ranging from
polymerase chain reaction and DNA biosensors to next generation sequencing.
For nucleic acid amplification methods, controlled DNA denaturation and
renaturation is particularly essential and achieved by cycling elevated
temperatures. Although this is by far the most used technique, the
management of rapid temperature changes requires bulky instrumentation
and intense power supply. These factors so far precluded the development of
true point-of-care tests for molecular diagnostics. To overcome this limitation
we explored the possibility of using electrochemical means to control reversible DNA hybridization by using the electroactive
intercalator daunomycin (DM). We show that redox-state switching of DM altered its properties from DNA binding to
nonbinding, under otherwise constant conditions, and thus altered the thermodynamic stability of duplex DNA. The operational
principle was demonstrated using complementary synthetic 20mer and 40mer DNA oligonucleotides. Absorbance-based melting
curve analysis revealed significantly higher melting temperatures for DNA in the presence of oxidized compared to chemically
reduced DM. This difference was exploited to drive cyclic electrochemically controlled denaturation and renaturation. Analysis
with in situ UV—vis and circular dichroism spectroelectrochemistry, as two independent techniques, indicated that up to 80% of
the DNA was reversibly hybridized. This remarkable demonstration of electrochemical control of five cycles of DNA
denaturation and renaturation, under otherwise constant conditions, could have wide-ranging implications for the future
development of miniaturized analytical systems for molecular diagnostics and beyond.
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B INTRODUCTION Thus, there is a prevailing interest in further understanding and

. . . 16,17 o . .
. . . . . controlling this reversible process. "’ Many in vitro diagnostic
Denaturation and renaturation, the reversible interconversion g p Y &

between double-stranded DNA (dsDNA) and single-stranded platforms today require expensive, high-energy consuming,
DNA (ssDNA), is crucial in many biological processes such as benchtop sized instruments in centralized laboratories which
) . . .
DNA replication. These processes, also termed DNA melting struggle to meet th? requirements of the: Increasing demands on
and hybridization, involve the breakage/formation of hydrogen decentralized testing. Thel interest in making diagnostics
bonds, as well as 7—7 and van der Waals interactions involved cheaper, faster and user-friendly has generated a focus on
in base stacking”> While the renaturation of two ssDNA integration of laboratory operations, such as nucleic acid
strands is thermodynamically favorable under ambient con- amplification or samplfz prep.aration, ir'lto miniaturized- and fully
ditions, denaturation of dsDNA is unfavorable and does not automateigl llgl_aign-a-.cmp devices or micro tot.al .a.nalys1s systems
occur spontaneously. However, both processes can be (WTAS).™ This has brought the possibility of portable

; testing within reach.?"**> However, most nucleic-acid based
controlled for example by temperature, altering the pH or g . )
ionic strength, and different chemical agents.3_7 DNA diagnostic techniques rely on thermal control for the reversible
denaturation/renaturation also plays an integral role in many hybridization of nucleic acids. This poses several challenges for
methods and applications targeting in vitro diagnostics, such as the integration into #TAS, such as bulk thermal cycling with
biosensors®® and DNA microarrays'”'" or any nucleic acid
amplification method (e.g, the polymerase chain reaction or Received: December 5, 2012
ligase chain reaction)'>”"* and next generation sequencing."® Published: March 6, 2013
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Scheme 1. Reversible Reduction and Oxidation of Daunomycin As Postulated To Be Involved in the Electrochemical Control of

DNA Hybridization in This Study
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expensive heating and cooling elements and issues with
evaporation and bubble formation."*'”** Consequently, the
implementation of alternative ways to control reversible
hybridization of nucleic acids may be a key success factor in
the development of portable nucleic acid-based diagnostics.
Owing to properties such as high sensitivity, fast response and
low cost, electrochemical-based sensing is an active area of
research for use in the development of point-of-care tests.®
Indeed, it furthermore enables simpler operations suitable for
miniaturization and integration into ,uTAS.24’25 Hence,
replacing thermal control of reversible DNA hybridization by
isothermal electrochemical means is a highly attractive
opportunity to achieve miniaturized analytical systems which
could be integrated into #TAS to enable truly decentralized
diagnostics.

Wang et al. recently demonstrated four cycles of denatura-
tion/renaturation of 290 base-pairs long DNA fragments via
electrochemically driven pH change. The cycling was obtained
by changing the bulk pH between 5.2 and 11.4 through the
application of an overall cell current, and the same current of
reverse polarity to inject and remove HCL® In contrast,
Asanuma and co-workers investigated photoregulation by
covalently attaching azobenzene units on short DNA
oligonucleotides. The azobenzene units were reversibly
isomerized from planar trans to nonplanar cis form upon the
irradiation of UV or visible light facilitating denaturation/
renaturation.”® Others have explored reversible control through
photoregulation of non-covalently binding DNA molecular
glue,'” or electronic control using radio frequency magnetic
field to induce heating and subsequent cooling for the
denaturation/renaturation of DNA-modified gold nanopar-
ticles.””

Despite many approaches to replace thermal control of
reversible DNA hybridization, no method has been presented
which enables fast, isothermal electrochemical control that does
not require dramatic change of solution conditions or
modification or immobilization of DNA nucleotides. To
overcome these limitations, we propose the use of DNA
intercalators. These molecules are organic, planar and
frequently electroactive. They contain aromatic moieties that
interact with DNA through intercalation. This process is
characterized by the perpendicular insertion of the molecule
between stacked base-pairs causing conformational changes of
the double helix, such as unwinding, lengthening and increasing
rigidity.”® While intercalators mainly stabilize dsDNA through
base stacking, further stabilization can be achieved by
interactions of side groups with base-pairs, backbone, and the
surface of the double helix. These interactions comprise H-
bonding, van der Waals, and electrostatic interactions.”® The
electroactivity of many intercalators such as daunomycin (DM)
has been vastly exploited in electrochemical detection of nucleic
acids.***7! DM is an anthracycline antibiotic and consists of
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an aglycone unit, which intercalates into dsDNA, and a sugar
ring which binds in the minor groove.>* Crystallographic
studies by Quigley et al. revealed that one DM binds per every
three base-pairs and is stabilized by three H-bonds as well as
several van der Waals interactions.>” The electroactive aglycone
unit contains an oxidizable hydroquinone ring and a reducible
quinone ring. In aqueous solutions, DM can undergo a
reversible 2e” reduction of the quinone to a full hydroquinone
as depicted in Scheme 1.** The oxidized form of DM has been
found to stabilize and increase the melting temperature (Ty) of
DNA by up to 30 °C.** Whereas the effect of oxidized DM on
DNA has been well-documented in terms of structural studies
and binding properties®* > similar systematic studies regarding
the impact of reduced DM on DNA have not been published.

For this study, we hypothesized that oxidized and reduced
form of DM bind differently to dsDNA and thus affect the
relative stability of ds and ssDNA expressed by an altered
association constant. Accordingly, redox conversion of DM
opens the prospect of isothermal reversible control of DNA
hybridization. This proof-of-principle paper demonstrates that
electrochemical redox cycling of the DM oxidation state leads
to cycles of DNA denaturation and renaturation, thereby
circumventing the need for thermal control of this process. This
was confirmed in independent experiments using in situ UV—
vis and circular dichroism (CD) spectroelectrochemistry.

B EXPERIMENTAL SECTION

All solutions were prepared or diluted with ultrapure water (Milli-Q
Synthesis, resistance = 18.4 MQ cm, Millipore Corp., Bedford, MA,
USA). Experiments were conducted in saline—sodium citrate buffer
[1x SSC (0.15 M NaCl with 15 mM trisodium citrate), pH 7 adjusted
with HCI] from Fisher Scientific (Loughborough, UK) and diluted
further as required. Analytical grade ethanol, concentrated nitric acid
(HNOs;) and 0.1 M sulfuric acid (H,SO,) were used for cleaning and
purchased from VWR Laboratories (Lutterworth, UK). Complemen-
tary 20mer and 40mer oligonucleotides were purchased from
Metabion (Martinsried, Germany). Stock solutions were prepared by
dissolving lyophilized DNA in water and stored at —20 °C.
Concentrations were determined using NanoDrop ND-1000 UV—vis
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). Daunomycin [DM, (8S,10S)-8-acetyl-10-[(3-amino-2,3,6-tri-
deoxy-a-L-lyxo-hexopyransoyl)oxy]-7,8,9,10-tetrahydro-6,8,11-trihy-
droxy-1-methoxy-5,12-naphthacenedione hydrochloride; A/, = 480/
592 nm, £4500m = 11500 M™' cm™] was purchased from Tocris
Bioscience (Bristol, UK). A stock solution was prepared in water and
aliquots were stored in dark at —80 °C. Diluted DM was freshly
prepared for each experiment. Electrochemical experiments were
performed with a three-electrode setup in a thin-layer spectroelec-
trochemical quartz cuvette (path length 0.5 mm). A Pt gauze working
electrode (WE) was used with a Pt wire counter electrode (CE) and a
single fritted Ag/AgCl (3 M NaCl) reference electrode (RE) from IJ
Cambria Scientific (Carms, UK). Spectrophotometric experiments
were conducted on an Agilent Cary 60 UV—vis spectrophotometer
equipped with a Varian Cary Peltier Accessory for temperature control
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(Agilent Technologies, Wokingham, UK). A Digitron Model 3900
thermocouple (RS Components, Corby, UK) was used to monitor the
temperature inside the cuvette. A PalmSens hand-held potentiostat/
galvanostat (PalmSens, Houten, Netherlands) was used for electro-
chemical experiments, while a Jasco J-810 circular dichroism
spectropolarimeter equipped with a Peltier thermoelectric type
temperature controller (Jasco International, Great Dunmow, UK)
was employed for CD experiments.

Sample Preparation. DNA experiments were carried out with a
1:1 mixture of complementary DNA oligonucleotides (20mer or
40mer) at a base-pair (bp) concentration of 200 uM in 0.036X SSC
(59 mM Na*) or 0.1x SSC (16.5 mM Na*) buffer (pH 7). For
dsDNA, oligonucleotides were hybridized by initial denaturation for §
min at 95 °C while shaking at 450 rpm using a Thermomixer comfort
(Eppendorf, Hamburg, Germany), followed by cooling down to room
temperature over 3.5 h to ensure complete duplex formation. Samples
were stored at +4 °C and used within a week. For DNA with DM,
intercalation was carried out before the experiment by adding DM to a
final concentration of 100 uM (molar ratio of dsDNA-bp:DM = 2:1),
and then the mixture was incubated for 10 min at 25 °C, 450 rpm,
protected from light. The solution was degassed for 2.5 min with argon
and then overlaid for 1 min to remove oxygen. Next, 300 uL of the
sample was added to the cuvette followed by electrode assembly (if
applied). To prevent evaporation, the sample was overlaid with
mineral oil (Biomérieux, Hapmshire, UK) and the cuvette was sealed
with Teflon tape and parafilm. Prior to use, the cuvette was cleaned
with ethanol and water and then finally dried with compressed air.

Cleaning of Electrodes. The Pt gauze WE and Pt wire CE were
immersed in concentrated HNO; for S min at room temperature
followed by rinsing with water and drying with a stream of N,. The
WE was electrochemically cleaned in 0.1 M H,SO, using cyclic
voltammetry. First 1.4 to —0.2 V was cycled 40 times, followed by 10
times cycling of 1.14 to —0.24 V, at 50 mV/s. Electrodes were finally
rinsed with water and dried with a stream of N, before use.

DNA Melting Studies. Melting curves were acquired for dsDNA
with and without oxidized/chemically reduced DM. Samples were
prepared as above, while chemical reduction of DM took place after
intercalation. Reduction was achieved by adding sodium borohydride
(NaBH,, Sigma Aldrich, Poole, UK) in excess to a final concentration
of S mM and incubated at 25 °C, 450 rpm, for 60 min. After baseline
correction with the appropriate buffer, renaturation followed by
denaturation was recorded by scanning the wavelength range 800—200
nm at 4800 nm/min (bandwidth 2 nm, interval 1 nm) between 25 and
95 °C (depending on sample) at 1 °C/min. Melting curves were
plotted of the absorbance at 260 nm (A, ,m) as a function of
temperature (T). For calculation of Ty and thermodynamic
parameters a two-state model, where the DNA is either single-
stranded or double-stranded, was assumed.*® Furthermore, assuming
the temperature-independence of AH® and AS®, the parameters could
be derived from the van’t Hoff plot of In(K,) versus 1/T (K™') using
the thermodynamic relationship in eq 1.>*° The hyperchromic shift H
was calculated using eq 2, where Agy. and Agjgy are the
absorbances at the upper and lower temperature, respectively.

AG° = —RT In(K,) = AH® — TAS® (1)

H260 nm — (AT,upper - AT,lower)/AT,lower % 100 (2)

Cyclic Voltammetry. The redox behavior of 100 uM DM in
0.036X SSC (5.9 mM Na*) was investigated by scanning the potential
range from 0.3 to —0.8 V vs Ag/AgCI RE S times at room temperature
with a scan rate of 5 mV/s. Prior measurement, the electrodes were
cleaned as described above and the solution was degassed for 2.5 min
with argon and then overlaid for 1 min.

Switch Experiments with in Situ UV—Vis Spectroelectro-
chemistry. dsDNA with DM was prepared as above. After baseline
correction with the appropriate buffer, 300 uL of sample was added to
the cuvette, electrodes were assembled, and finally the cuvette was
sealed. A spectrum was first recorded at 25 and 58—65 °C without
applying a potential to ensure that the dsDNA was not denatured at
the selected working temperature (Toy; see Table 1). This was
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followed by applying successive reduction (—0.8 V) and oxidation
potentials (+0.3 V) at T,y five times and recording spectra after 60 s
of potential application. The spectra were collected within 10 s, to
minimize risk of DNA damage through UV radiation, by scanning the
wavelength range from 800—200 nm at 4800 nm/min (bandwidth 2
nm, interval 1 nm). The current was recorded continuously. A final
reduction/oxidation potential sequence was then conducted at the
respective heat denaturation temperature, 85—95 °C (see Table 1), as
an internal control. At this temperature the DNA was expected to be
denatured regardless of the redox state of DM. To confirm that the
dsDNA remained intact, a final spectroscopic scan was performed at
25 °C without applying a potential. As controls, the same experiment
was carried out omitting either DNA or DM, or performing the
experiment at 25 °C where the DNA is expected to be hybridized.
Samples and controls were measured at least three times. The
exclusive switching effect from DNA was calculated using

A2D61(;U:m(Twork) = (3)
where ADRAPM(T Y and AR ,.(T,.on) are the absorbance observed
for DNA in the presence of DM at T, and the mean absorbance
obtained from switching DM alone at T, respectively. The exclusive
absorbance from DNA was then used to calculate the hyperchromic
shift using

AQ]%I(;U:;:DM ( Twork) - Zgl(;/lnm ( Twork)

DNA
H260 nm — (Ared (4)

where APYA and APNA are the exclusive absorbance of DNA at 260 nm
upon applying a reduction and oxidation potential, respectively.

— A/ APNA % 100

B RESULTS AND DISCUSSION

The aim of this study was to demonstrate the electrochemical
control of cyclic DNA denaturation and renaturation. A model
system was chosen based on the objective to establish starting
conditions in which the DNA strands would be renatured.
Then, by applying an electrochemical trigger (reduction of
electroactive intercalator DM) the hybridized DNA strands
would be transferred into a condition in which the
thermodynamic stability of the double helix decreased and
dissociated into single strands. Upon reversion of the
electrochemical trigger (oxidation of electroactive intercalator
DM) the single strands would renature. This system was
realized for 20mer and 40mer dsDNA oligonucleotides as well
as for two different salt concentration, low (5.9 mM Na*) and
high (16.5 mM Na*). Initial assessment of the effect of DM on
DNA hybridization was made by recording DNA melting
curves. Together with establishing the redox behavior of DM,
the working conditions, such as working temperature and redox
potentials for switching, were determined for the electro-
chemical switch experiments. Thereafter, cycles of electro-
chemically controlled DNA denaturation and renaturation,
through the switching of the DM redox state, were confirmed
using in situ UV—vis and CD spectroelectrochemistry.
Influence of Oxidized and Reduced DM on DNA. To
study the influence of DM, melting curves of DNA in the
absence and presence of oxidized/reduced DM were recorded.
As it was not desirable to expose the sample with a reduction
potential for >3 h DM was reduced chemically in these
experiments using NaBH, in excess. Figure 1 shows
renaturation curves for 20mer DNA in SSC buffer (5.9 mM
Na*) as typical examples. For clear visualization of differences
in Ty, the curves were normalized to the maximum value
between 0% and 100%. Results for 40mer and 20mer DNA in
SSC buffer (5.9 and 16.5 mM Na*, respectively) are found in
Figure S1 (Supporting Information). Table 1 summarizes the
Ty values and hyperchromic shifts. Ty of DNA increased
significantly in the presence of oxidized DM by up to 32.9 °C,
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Figure 1. DNA melting curves of complementary 20mer DNA
oligonucleotides in the absence and presence of oxidized and
chemically reduced DM (molar ratio 2:1). Recorded at 1 °C/min in
SSC buffer (5.9 mM Na*). Dashed line represents the selected
working temperature for the electrochemical switch experiments.
Unlike reduced DM, oxidized DM increases T); of DNA significantly.

which corresponds well with the findings of Chaires et al.** In
contrast, reduced DM only caused a slight increase in T). The
mean difference in Ty between DNA in the presence of
oxidized and reduced DM for all investigated conditions was
found to be 26.3 + 1.9 °C. The working temperature (T,,oq)
and the heat denaturation temperature for the electrochemical
switch experiments were selected at the point where 0% or
100% of the DNA was in a denatured state in the presence of
oxidized DM and reduced DM, respectively. The dashed line in
Figure 1 represents the selected working temperature for 20mer
DNA in SSC buffer (5.9 mM Na*), and a summary for all
conditions is in found in Table 1.

The majority of the existing literature on DM binding to
DNA has focused on the characterization of the thermody-
namic profile of the drug-binding action. However, the focus of
the present study lies within understanding the effect of the
intercalator on the thermodynamics of the hybridization/
renaturation of DNA. Hence, the thermodynamic parameters of
DNA for all three investigated conditions were calculated on
the basis of van’t Hoff analysis (see Table 2) to provide an
initial understanding of the effects on DNA caused by DM.
These experimentally determined parameters for 20mer DNA
alone corresponded well with predicted values from IDT
Biophysic’s DNA thermodynamics and hybridization calcu-
lator*® (see Table S2). Furthermore, similar enthalpy, entropy
and Gibb’s free energy values for 20mer DNA in the presence
of oxidized DM were observed by Belozerova and Levicky*" for
the renaturation of short DNA strands in the presence of the
minor groove binding molecule netropsin. However, discrep-
ancies were found for the 40mer DNA alone between the

calculated and predicted value suggesting it may not be
following the two-state model assumed and thus needs further
evaluation.® Nevertheless, it is apparent that two different redox
states of DM bind and affect the stability of the double helix
differently. AG® was found to be more negative for DNA in the
presence of oxidized DM while reduced DM displayed a AG®°
almost equal to DNA alone. Accordingly, oxidized DM
dramatically increased the observed association constant K,
by 4 orders of magnitude (evaluated at T,.45) for DNA
compared to the reduced form. In accordance with our
hypothesis this confirmed that, at the selected working
temperature, oxidized DM stabilized the DNA while reduced
DM did not.

Electrochemical Characterization of Daunomycin. The
redox properties of DM were investigated by means of cyclic
voltammetry and in situ UV—vis spectroelectrochemistry. For
the purpose of the method in this study, only reduction to a full
hydroquinone was required (see Scheme 1). Figure S2 displays
a fully reversible voltammogram with an oxidation peak
potential E,. = —0.43 V and a reduction peak potential E,, =
—0.59 V. E,,, was consistent with previously published values for
a 2e” reduction of the anthracycline quinone ring,**** whereas
the differing E,,, and hence the large peak separation (AE, =
154 mV), is more likely an effect of the ohmic drop due to the
design of the spectroelectrochemical cell* The scanned
potentials only displayed one set of redox peaks substantiating
that only reduction of the quinone was taking place. The
mechanism sequence of DM reduction has been established to
involve two consecutive one e~ reductions through the
formation of a semiquinone and finally hydroquinone.***
However, it has likewise been established that the reaction
equilibrium of the semiquinone formation favors the quinone
or the hydroquinone, rendering the intermediate semiquinone
unstable.*® The reversible formation of the hydroquinone was
confirmed with in situ UV—vis spectroelectrochemistry. To
ensure complete oxidation and reduction of DM in the
electrochemical switch experiments, —0.8 and +0.3 V were
chosen as reduction and oxidation potential. Figure 2 depicts
typical absorption changes of DM upon cycling —0.8 and +0.3
V five times at S8 °C. When no potential was applied (at Ty,
Tyoro and Tgoin), DM remained oxidized with characteristic
peaks*’” at 233, 253, and 480 nm. Upon reduction of DM at
—0.8 V, characteristic peaks*’ for the 2e~ reduction to a full
hydroquinone appeared at 262 and 435 nm. A continuous
decrease in absorbance was however observed per reduction,
whereas it slightly increased again at the heat denaturation
temperature 85 °C. Upon re-oxidation at +0.3 V, the
characteristic peaks for oxidized DM re-appeared. Although
the observed peaks were constant, they were less pronounced
and the third peak at 500 nm was slightly shifted, which was not
the case for the re-oxidation at 85 °C. The continuous decrease
in absorbance for reduced DM, and the less pronounced

Table 1. Values for Ty, and Hypochromic Shifts (H) of DNA with Oxidized or Chemically Reduced DM*

DNA DNA with DM, DNA with DM, 4
conditions Ty (°C) H (%) Ty (°C) H (%) Ty (°C) H (%) Tyorc (°C) heat denaturation T (°C)
20mer, 5.9 mM Na* 40.1 20.6 72.9 34.0 46.1 15.1 58.0 85.0
40mer, 5.9 mM Na* 51.0° 24.6 86.0° 346 58.0° 143 65.0 95.0
20mer, 16.5 mM Na* 49.6 22.6 76.6 37.4 52.4 10.1 60.0 90.0

“Values based on renaturation curves. H values are obtained from non-normalized melting curves with eq 2. YT values based on the first derivative

(dA/dT) of the acquired melting curves.
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Table 2. Thermodynamics Parameters of DNA with Oxidized or Chemically Reduced DM“

DNA DNA with DM, DNA with DM,
condition AH® A AG® KP(M)  AH® A AG® KP(MTY) AR AS®  AG® KPP (M)
20mer, 5.9 mM Na* —-119 —357 -7.6 6.4 —80 —208 -84 3.8 x 107 —-117 —344 =77 2.6 X 10?
40mer, 5.9 mM Na* —-109 -313 —-83 1.9 x 10* -62 —149 -9.1 2.5 x 107 —-143 —407 —-8.5 2.9 x 10°
20mer, 16.5 mM Na* —-120 —348 -7.8 5.6 X 10° -85 =217 -85 8.7 X 107 —120 —344 =79 3.0 x 10°
“Parameters from van’t Hoff analysis of renaturation curves. Units for AH® and AG® are kcal/mol, and AS° is in cal/mol-K. PAGE at Ty and K, at
Twork'
T =25°C T =25°C
0.4 start L . 0.4 start i p
— Tyork=58°C — Tk =58°C
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Figure 2. In situ UV—vis spectroelectrochemical characterization of
100 M DM in SSC buffer (5.9 mM Na*). Repeated switching of the
DM redox states is observed as redox potentials are successively
applied five times at 58 °C.

absorbance for re-oxidized DM may be related to further
formation of quinone methide intermediates from the hydro-

; 45,46 . . ) :
quinone. These intermediates result from an irreversible
glycosidic cleavage of the sugar ring and were shown to occur
under certain conditions, such as in anaerobic environments.*®
However, NMR spectra recorded before and after redox cycling
showed that DM remains intact with no sign of such cleavage
(data not shown). In addition, it is worth noting that Houée et
al. showed that even at low oxygen partial pressure, in vitro re-
oxidation of the hydroquinone is favored over the glycosidic
cleavage of the sugar ring.***°

Electrochemical Cycling of DNA Denaturation and
Hybridization. Figure 3 shows typical in situ UV—vis
spectroelectrochemical absorption spectra of electrochemically
controlled cycles of denaturation and renaturation of
complementary 20mer DNA oligonucleotides in SSC buffer
(5.9 mM Na*). The reversible interconversion between dsDNA
and ssDNA was obtained by electrochemical cycling of the DM
redox state at the working temperature of 58 °C. The strength
in utilizing in situ UV—vis spectroelectrochemistry™® lies in that
the behavior of DNA and DM can be followed simultaneously.
Changes in the conformational state of DNA upon the
application of the switch potential were followed at 260 nm,
whereas intercalation and the change in the redox state of DM
were followed between 400 and 500 nm.

Upon the application of —0.8 V a characteristic peak at 435
nm appeared for reduced DM. This was accompanied by a
significant hyperchromic shift at 260 nm indicating denatura-
tion of dsDNA. Upon applying +0.3 V, the hyperchromic shift
was reversed. A dramatic decrease at 260 nm was observed
indicating renaturation of ssDNA and the peak for oxidized DM
re-appeared at 500 nm. As the sample was heated to the heat
denaturation temperature 85 °C at the end of the experiment,
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Figure 3. Demonstration of cyclic denaturation and renaturation of
DNA by redox-state switching of DM: absorption spectra of
complementary 20mer DNA oligonucleotides in the presence of
DM (molar ratio 2:1) in SSC buffer (5.9 mM Na+) at 58 °C, detected
by in situ UV—vis spectroelectrochemistry. A significant increase in
absorbance is observed at 260 nm upon reducing DM at —0.8 V,
indicating denaturation, which is reversed upon re-oxidation of DM at
+0.3 V, indicating renaturation.

the 20mer DNA was in a denatured state irrespective of the
DM redox state (Figure 1). Upon applying —0.8 V at 85 °C, to
achieve reduction of DM, the observed hyperchromic shift at
260 nm corresponded with the shift obtained during reduction
at 58 °C. This confirmed that denaturation was in fact
occurring at the working temperature due to the reduction of
DM. As the potential was switched to +0.3 V to achieve re-
oxidation of DM, the peak for oxidized DM appeared blue-
shifted at 480 nm with an increased absorbance. As shown by
others, free DM exhibits a peak maximum at 480 nm, and
intercalation into dsDNA results in red-shift of the peak
maximum as well as a decrease in absorbance.>** It could thus
be concluded that oxidized DM was free at the heat
denaturation temperature whereas it was intercalated at the
working temperature (due to the red-shifted peak at SO0 nm).
Consequently, it could be established that renaturation did in
fact take place upon the re-oxidation of DM. These findings
corresponded well with the initial assessments on the effect of
oxidized/reduced DM on DNA.

As a further control the experiment was conducted at 25 °C,
a temperature where dsDNA was shown to be hybridized
irrespective of the redox state (see Figure 1). As visualized in
Figure S3, upon applying —0.8 V to achieve reduction of DM, a
considerably smaller and less stable hyperchromic shift at 260
nm was obtained. Hence, it corroborated that the shift observed
upon the reduction of DM at 58 °C (Figure 3) must have been
due to the additional changes occurring in the sample affecting
the absorbance. Such changes are likely to be denaturation of
dsDNA, since an increase in absorbance is seen upon exposure

dx.doi.org/10.1021/ja311873t | J. Am. Chem. Soc. 2013, 135, 5399—5407
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Figure 4. Comparison of AA,q ., for each reduction/oxidation cycle of DM only and DM in the presence of complementary (A) 20mer (SSC
buffer, 5.9 mM Na*), (B) 40mer (SSC buffer, 5.9 mM Na*), and (C) 20mer (SSC buffer, 16.5 mM Na") DNA oligonucleotides. The difference is
larger for DM in the presence of DNA, indicating contributions from changes in the DNA conformation. Error bars represent standard error (n > 3).

of the aromatic rings of the DNA nucleotides as dsDNA
denatures into ssDNA.> An additional control where DM was
omitted from the sample, Figure S4, confirmed that the
successive application of the selected redox potentials did not
induce dsDNA denaturation as no change in absorbance at 260
nm was observed. It additionally confirmed that the DNA
nucleotides were not undergoing oxidation or reduction. This
was substantiated by the findings of Nowicka et al. where an
increase in the absorbance was observed upon the electro-
chemical oxidation of guanine and adenine at potentials above
+0.9 V vs quasi Pt.* Meanwhile, others have reported more
negative potentials for the reduction of nucleotides compared
to the ones used in this study.>®

Cheng et al. studied the in vitro effects of the electrochemical
reduction of DM on fish sperm DNA to elucidate the in vivo
cardiotoxicity of DM upon administration as a clinical drug.
The authors concluded that at DNA-phosphate:DM ratios of
1:1, the DNA was damaged by fra§mentation due to free radical
generation upon DM reduction.”’ Hence, potential fragmenta-
tion was investigated. 20mer dsDNA, in the presence of DM,
before and after redox cycling was analyzed with capillary gel
electrophoresis (see Figure SS). No evidence of DNA
degradation or fragmentation was found. A clear peak for a
20 bp DNA fragment was visible both before and after the
redox cycling.

Electrochemically controlled DNA denaturation and renatu-
ration was also realized for complementary 40mer DNA
oligonucleotides (SSC buffer, 5.9 mM Na*) and 20mer DNA
oligonucleotides in higher salt concentration (SSC buffer, 16.5
mM Na*). Apart from employing different working and heat
denaturation temperatures (Table 1), experimental procedures
were kept identical to the first condition of 20mer DNA in the
lower salt concentration. Figure S6 shows the recorded UV—vis
absorption spectra upon the successive application of the redox
potentials. In Figure 2 it can be seen that DM absorbs in the
area of 260 nm irrespective of its redox state, and thus interferes
with the signal obtained for DNA at 260 nm. Therefore, the
absolute difference in absorbance at 260 nm obtained from
switching the redox state of DM only and DM in the presence
of DNA were analyzed for each of the investigated conditions
(see Figure 4). It is evident that the difference in absorbance
observed upon reduction of DM only remained smaller
compared to DM in the presence of DNA. Again, this
confirmed that the larger difference obtained for DM in the
presence of DNA was due to additional changes, such as
denaturation of dsDNA, occurring in the sample.

The reproducibility of cycles of electrochemically controlled
DNA denaturation and renaturation was studied by quantifying
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the response which could exclusively be assigned to DNA for all
investigated conditions. Using eq 3, the switching in absorbance
obtained exclusively from changes in the DNA conformation
was acquired and is summarized in the switch diagram in Figure
SA. Tt can thus be confirmed that, after the subtraction of the
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Figure S. (A) Switch diagrams displaying the change in absorption at
260 nm caused by five consecutive cycles (144 s/cycle) of DNA
denaturation (red circles) and renaturation (green circles), controlled
by switching the redox state of DM, at three different experimental
conditions. Signals represent the exclusive absorbance of DNA (eq 3)
at the given conditions. (B) Hyperchromic shifts per reduction/
oxidation cycle, to quantify the efliciency of electrochemical control of
hybridization. Error bars represent standard errors (n > 3).

contribution of DM absorbance at 260 nm, a clear stable
switching signal remained which arises from the electrochemi-
cally controlled DNA denaturation and renaturation cycles. A
similar switching behavior was observed across all three studied
conditions, with the best reproducibility for the 20mer dsDNA
in low salt concentration (standard error of absorbance within
+0.003) and a slight drift in the signal when increasing the

dx.doi.org/10.1021/ja311873t | J. Am. Chem. Soc. 2013, 135, 5399—5407



Journal of the American Chemical Society

length of the oligonucleotide (40mer). The hyperchromic shifts
obtained for each of the five reduction/oxidation cycles were
calculated using eq 4 and are presented in Figure SB. For the
electrochemical control of hybridization, hyperchromic shifts
below 20% were achieved. This corresponded to 57—80% of
the total DNA being electrochemically controlled as compared
to control by thermal means. This may be related to the
incomplete renaturation of DNA as a result of the used salt
concentration. Conducting the experiment at a higher salt
concentration resulted in a more complete renaturation of
DNA (lower relative Ayg ,, values) compared to the lower salt
concentration of 5.9 mM Na* (Figure S), which was initially
chosen to favor denaturation. In the prevailing model for this
process, the counterion condensation theory,>>*® the free
energy is formed in the limit of an infinitely long charged
polymer. Contributions to the free energy arise from a sum of
Debye—Hiickel interactions of counterions with a charged
polymer plus entropy of mixing terms. That is, the population
of condensed counterions is, in the dilute regime, not
determined by the bulk salt concentration but rather by the
linear charge density of the polymer and the counterion
valence. Assuming that the limiting conditions of the model
apply to the present system, the results in this study suggest
therefore that solvent entropy contributions, arising from
counterion redistribution at the duplex/single-strand transition,
is responsible for the observed effects on the renaturation
efficiency of the DNA.***** However, a fuller quantitative
exploration is warranted. Another possible reason may be
related to the working temperature. By selecting a working
temperature where 100% of the DNA was in a denatured state
in the presence of reduced DM, it was not feasible to avoid
slight denaturation of the DNA in the presence of oxidized DM
(Figure 1 and Figure S1).

To validate the results observed with in situ UV—vis
spectroelectrochemistry using an independent method, the
same electrochemical switch experiments were repeated
employing in situ CD spectroelectrochemistry. Initially, as
seen in Figure S7A, the change in CD upon denaturation of
dsDNA was investigated by end-point measurements at 25 and
85 °C. At 25 °C when renatured, complementary 20mer DNA
oligonucleotides in SSC buffer (5.9 mM Na*) displayed a
strong positive band at 275 nm, while a strong negative band
was obtained at 250 nm which is in agreement with previous
findings in the literature.>* Upon denaturation at 85 °C, bands
at 250 and 275 nm decreased as observed before.>® Figure S7B
shows the CD spectra of complementary 20mer DNA
oligonucleotides in the presence of oxidized DM. When
renatured at 25 °C, a strong positive band at 275 nm was
found with a dip observed at 250 nm and a strong negative
band at 300 nm. These observations were also made by
Dalgleish et al. on the characterization of DM intercalated in
dsDNA at various concentrations.*® Upon denaturation at 85
°C, bands at 275 and 300 nm decreased. Due to the decrease in
the CD signal at 275 nm upon denaturation of DNA in the
absence and presence of oxidized DM, this signal was
monitored in the electrochemical switch experiments.

Figure 6A shows the in situ CD spectroelectrochemical
spectra for DNA denaturation and renaturation cycles driven by
electrochemically switching the redox state of DM under
identical experimental conditions and procedures as used for
the in situ UV—vis spectroelectrochemical measurements
(Figure 3). The CD spectra were collected at a high scan
speed and low response time on the sacrifice of resolution but
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Figure 6. Validation of electrochemically controlled DNA denatura-
tion and renaturation cycles with in situ CD spectroelectrochemistry.
(A) CD spectra of complementary 20mer DNA oligonucleotides in
the presence of DM (molar ratio 2:1) in SSC buffer (5.9 mM Na*) at
58 °C. Consistent change in CD of the DNA is observed at 275 nm
upon switching the redox state of DM by cycling —0.8 and +0.3 V. (B)
Switch diagram of change in CD,5 ,y, for dsSDNA in the presence of
DM and controls DM only and dsDNA only. Consistent switching,
upon cycling —0.8 and +0.3 V, is only seen for DNA in the presence of
DM.

gain of experimental stability.”” Interestingly, also here, a
consistent switching in CD was clearly observed upon the
successive cycling of the redox potentials. As the sample was
heated to the final heat denaturation temperature of 85 °C, the
observed spectrum of denatured DNA corresponded well with
the spectra obtained at the working temperature during the
phase of reduced DM. To make this observation clearly visible,
the CD signals were depicted at the relevant wavelength (275
nm) of the sample along with two controls (see Figure 6B).
Whereas a clear switching of the CD signal was observed for
DNA in the presence of DM, no switching was observed for the
controls. It can be seen that upon reduction of DM, the CD at
275 nm for DNA decreased correspondingly to changes seen
for thermal melting of DNA in the presence of DM (Figure
S7B). We therefore concluded that the observed conforma-
tional changes of the DNA are due to denaturation events, and
that the proof-of-principle for our proposed technique was
confirmed with a second independent method. At present, the
underlying reasons for the observed effects induced by
oxidized/reduced DM are not fully understood. To understand
the system in detail, further investigation is needed, for example
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using molecular dynamics modeling. However, following the
available literature and theoretical consideration we are
confident that a plausible reason for the observed electro-
chemical denaturation is related to the protonation state of the
reduced DM. Kano et al. determined the pK, values for
adsorbed oxidized and reduced Adriamycin (AM) on a mercury
electrode as 8.53 and 6.83.>® AM structurally differs to DM only
by one extra hydroxyl group at position C14. The pK, values of
oxidized AM were found to correspond well to oxidized DM.*
Consequently, it may be inferred that the reduced DM behaves
similar to reduced AM and thus is partially deprotonated at
neutral pH. Due to electrostatic repulsion forces from the
negatively charged DNA, this may facilitate de-intercalation of
DM. If a working temperature was chosen where hybridization
can only be achieved by duplex stabilization through the
intercalating DM, reduction of DM would result in
denaturation of the dsDNA. This consideration is exactly
matched by our experimental observations. However, it is
worth noting that a study by Jones and Wilson>® showed that
pK, values of ligands, here the ethidium bromide analogue 3,8-
diamino-6-phenyl-phenanthridine, shift as a function of the
ionic strength upon binding to DNA. This may have an
important impact on the understanding of the system.

We believe that the concept presented here and the
successful proof-of-concept have significant translational
importance. It addresses one of the most significant road
blocks in the development of decentralized molecular testing
associated with the need to control cycles of large intervals or
prolonged periods of elevated solution temperatures to enable,
for example, nucleic acid amplification by control of hybrid-
ization. However, in the present study, based on the Ty, values
of the DNA oligonucleotides that were used, the temperature
was kept constant at around 60 °C during the denaturation/
renaturation cycles. Decreasing this working temperature will
render the method further economical in terms of energy
consumption. Additionally, while the system has been shown to
work for short oligonucleotides, future experiments will have to
address the challenge of longer oligonucleotides that have
higher Ty, values which, in the current system, would lead to
higher working temperatures. While they are expected to be
lower than the maximum denaturation temperatures used in
standard nucleic acid amplification protocols (normally ~95
°C), this will nevertheless be relevant for the application of the
system. Lastly, compared to, for example, standard PCR
protocols, the denaturation/renaturation cycle time of 144 s
is quite lorég. However, if compared to other electrochemical
approaches” for controlling reversible DNA hybridization, the
method presented here is about twice as fast already.
Furthermore, many conventional biomolecular techniques rely
on buffered solutions to achieve the ogtimum performance of
various components, such as enzymes® or fluorescent labels.®"
Dramatic changes for example in pH or temperature may easily
impede their performance. In contrast to other studies,® no
dramatic changes in the composition of the solution was
required to achieve electrochemical control of DNA denatura-
tion/renaturation, thus, demonstrating the feasibility of the
method in this study in buffered media. Additionally, no
degradation of DNA was detected.

H CONCLUSION

We have demonstrated the proof-of-principle of a new
electrochemical method to control reversible DNA hybrid-
ization as an alternative to heating and cooling of reaction
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solutions. The system was thoroughly investigated using three
experimental conditions and two independent analysis
techniques. At present, the method in this study is slower
than conventional methods for controlling reversible DNA
hybridization, however isothermal and no extreme chemical
conditions are inflicted. Because it is based on electrochemical
redox-state switching of its active ingredient, the method has an
immense potential to greatly simplify developments of
miniaturized molecular diagnostic analysis systems.
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