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ABSTRACT: The mechanism responsible for electron transport within layers of redox DNA anchored to electrodes has been
the subject of numerous studies over the last twenty years, but remains a controversial issue. Herein, we thoroughly study
the electrochemical behavior of a series of short, model, ferrocene (Fc) end-labeled dT oligonucleotides, terminally attached
to gold electrodes, using high scan rate cyclic voltammetry complemented by molecular dynamics simulations reproducing
DNA Brownian motion. We evidence that the electrochemical response of both single-stranded and duplexed oligonucle-
otides is controlled by the kinetics of electron transfer at the electrode, obeying Marcus theory, but with reorganization
energies considerably lowered by the attachment of the ferrocene to the electrode via the flexible DNA chain. This so far
unreported effect, that we attribute to a slower relaxation of water around Fc when attached to moving DNA, is shown to
uniquely shape the time-dependent electrochemical response of Fc-DNA strands and, being markedly dissimilar for single-
stranded and duplexed DNA, likely contributes to the signaling mechanism of E-DNA sensors.

Electrochemical conformational DNA sensors (E-DNA
sensors) are sensitive, selective and versatile modern ana-
lytical devices.'5 They use short DNA strands (oligonucle-
otides) attached at one end to an electrode, and carrying a
redox label at their other end, as sensing elements. Molec-
ular recognition of target molecules dispersed in solution
by the anchored redox DNA modulates the electrochemi-
cal response of the sensor, and this modulation is used to
report the presence of the sought molecules and quantify
their concentration. The versatility of E-DNA sensors
stems from the ability of oligonucleotides to specifically
recognize many different analytes, including complemen-
tary DNA strands,' small molecules,® proteins,? viruses,® or
even living cells.>* In order to optimize the sensitivity of
these sensors, it is of utmost importance to understand
their signaling mechanism. This means identifying the pro-
cesses modulating the electrochemical behavior of the
strands, among those potentially controlling the rate of
electron exchange between the redox label and the elec-
trode.

Of particular interest here are E-DNA sensors using as a
sensing elements dilute layers of end-grafted, single-
stranded, DNA oligonucleotides bearing a redox label
which is not electronically conjugated to the DNA base
stack, nor able to act as an intercalator. This description
fits many of E-DNA sensors, and also de facto excludes sys-
tems where through-DNA-chain electronic conduction
was either evidenced, or can be suspected, as mediating the
electron exchange." On the contrary, for the DNA sys-
tems considered here, a close approach of the redox label

to the electrode is required for electron transfer events to
occur. As a result, motional dynamics of the chain and elec-
tron transfer at the electrode are the two processes poten-
tially kinetically controlling the electrochemical response.
Which of these processes is actually rate limiting has been
the subject of debate for almost 20 years. 422 23726

In early works from our group, fast scan rate cyclic volt-
ammetry (CV) was used to investigate this issue.#® The
response of ferrocene (Fc) labeled dT20 chains was ana-
lyzed and it was concluded that dynamic bending or rota-
tional motion was governing the CV response of the Fc-
(dT.dA),, duplex. Subsequently, Ferapontova et al. studied
the behavior of methylene blue (MB- labeled, end-attached
DNA duplexes (16-22 bases long) and also observed CV
characteristics compatible with diffusional control of the
current.>> White et al. reported a similar diffusive-like be-
havior for end-grafted single-stranded MB-dT,, chains.>+
Schuhmann et al. reached similar conclusions for ferro-
cene-labeled short DNA analogues (peptide nucleic acids,
PNA, 3-16 bases long) grafted onto electrodes, from high
scan rate cyclic voltammetry studies.?>2°

In a series of important contributions, Plaxco et al. re-
ported experiments specifically aiming at deciphering the
mechanism of electron transport within redox oligonucle-
otide layers.9>?> They first used alternating current volt-
ammetry (ACV) to study the electrochemical response of
MB-labeled, end-attached single-stranded oligo-(dT) nu-
cleotides.” Analysis of the ACV data provided an apparent
first-order electron transfer rate constant which varied as



the inverse of chain length (i.e. number of dT nucleotides,
from 3 to 70 ). This was interpreted as evidence of the rate
of electron transfer controlling the electrochemical signal,
on the basis of polymer physics arguments. Later, these au-
thors carried out the same experiments, this time using
chronoamperometry as the experimental technique.” They
then observed an inverse square dependence of the appar-
ent electron transfer rate constant on chain length, from
which they concluded that it actually was chain dynamics
that was the current limiting factor. Shortly after that, they
applied the same technique to analyze the response of dou-
ble-stranded redox DNA and reached the same conclu-
sion.>

All of the above works report rate constants, character-
izing the electrochemical response of redox-DNA systems,
which are in the order of 1-1000 s?, or apparent diffusion
coefficients in the order of 10" cm?/s or lower. However, it
is striking that these values are orders of magnitude lower
than those characterizing the dynamics of short DNA
strands free in solution. For example, the translational dif-
fusion coefficient of a single-stranded (ss) 20 bases oligo-
nucleotide is in the order of 10° cm?/s.>7 Similarly, a dou-
ble-stranded (ds) DNA strand of the same length is char-
acterized by a rotational diffusion constant in the order of
ps—l'z&zg

Is also intriguing that, for experiments where anchored
oligonucleotides were end-labeled by a fluorophore, and
surface-induced fluorescence quenching was used to mon-
itor the motion of the DNA chain, chain dynamics in the
expected ps range were systematically observed.?o3' These
fluorescence quenching experiments are comparable to
the above-described electrochemical measurements in
that they both require the end-label of the DNA chain to
approach the anchoring surface within (sub)nanometer
distances. The major difference is that in the fluorescence
case no electron exchange takes place. One is thus natu-
rally led to wonder whether the particularly slow rate con-
stants measured by electrochemistry do in fact reflect a ki-
netic control of the signal by the electron transfer step ra-
ther than by chain dynamics.

The aim of the present work is to address this question
by: (i) assembling a model end-grafted redox oligonucleo-
tide system, (ii) characterizing its electrochemical re-
sponse with fast scan rate cyclic voltammetry, and (iii) in-
terpreting the results based on a realistic molecular dy-
namics model for DNA. These simulations, which were
previously computationally inaccessible or not quantita-
tive enough, have become possible with the refinement of
coarse grained sequence-dependent DNA models such as
0xDNA 3 For the present work, we have developed a code
(Qbiol) dedicated to electrochemical application enabling
the complete dynamics of the anchored DNA to be numer-
ically reproduced and resolved in time.

We provide evidence here that the electrochemical re-
sponse of both single-stranded and duplexed redox oligo-

nucleotides is actually kinetically controlled by the elec-
tron transfer at the electrode, as described in the frame-
work of Marcus theory,335 but with a reorganization en-
ergy considerably lowered by the attachment of the redox
label to the flexible DNA chain and to the electrode.

This decrease in reorganization energy drastically
changes the electrochemical response of redox DNA
strands in a way that can be mistaken for diffusional or
elastic bending control. Furthermore, the reorganization
energies are found to be markedly dissimilar for ssDNA
and dsDNA, a feature which contributes to making hybrid-
ization easily detectable by electrochemical measure-
ments, i.e. underlies the signaling mechanism of E-DNA
Sensors.

Results

Design and assembly of model redox DNA layers

We thoroughly studied the fast scan rate CV response of
a series of short, model, poly-(dT) oligonucleotides, la-
beled at their 3’ extremity by a ferrocene redox tag, and 5’
end-attached to a gold electrode (Figure 1). Oligonucleo-
tides of sequence dTy were specifically considered, as these
have been preferably used in previous works aiming at
characterizing the dynamic behavior of surface-anchored
redox-oligonucleotides.’>'69> In addition, ferrocene was
chosen as a redox marker because of its fast and uncompli-
cated single electron transfer properties. In contrast, meth-
ylene blue, often used as a redox label for DNA chains, has
a more complex behavior, involving the transfer of 2 elec-
trons and a proton, which interferes with the electrochem-
ical response of the MB-labeled DNA layers.®
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Figure 1. Structure of the dilute ferrocenylated DNA oligonu-
cleotide layers studied in this work. N is the number of (dT)
nucleotides, n the number of CH, units of the hydroxyl-termi-
nated alkyl thiol surface diluent.

The length of the oligonucleotides was systematically
varied by considering N values of 10, 20, 35, and 50. The
single-stranded Fc-dT chains (ssDNA) were surface thio-
attached to ultra-flat template stripped gold surfaces, via a
6-carbon long, thiol-terminated alkyl linker. Short, hy-
droxyl-terminated alkyl thiol chains (HS-(CH,),-OH) were
co-adsorbed with the DNA, to play the role of surface dil-
uent. Formation of such hydrophilic thiol layers also avoids
flat-lying adsorption of oligonucleotides.373® Alkyl chains
of various lengths, i.e. featuring n = 2, 3, 4, or 6 CH, were
used. They were chosen so that their length would not ex-
ceed that of the Cs DNA surface linker, and thus allow free



motion of the strand around its 5 end. Co-adsorption of
DNA and alkyl thiol was preferred over the more com-
monly used backfilling of already adsorbed DNA layers, as
this was shown to ensure better defined, more homogene-
ous thiol-DNA layers.3®3 Besides, by controlling the
DNA/alkyl thiol ratio of the adsorption solution, the final
Fc-DNA surface concentration could be finely tuned, and
its influence on the CV response systematically studied.

We purposefully assembled dilute Fc-DNA layers, char-
acterized by a chain surface concentration in the << 10
pmol/cm? range. Control experiments showed that no
chains could be detected on the surface by CV if Fe-dT
strands devoid of the thiolated end were used to assemble
the layer (Figure S1). We also characterized the structure
of the assembled Fc-DNA layer by atomic-force electro-
chemical microscopy (AFM-SECM). In this technique, a
force-sensing microelectrode probe is approached to the
surface and used to specifically electrochemically detect
the Fc heads of surface-anchored ssDNA chains (see Sup-
porting Information).#° As can be seen from Figure Sz, Fc
heads were detected ~5 to ~15 nm away from the anchoring
gold surface, at distances correlated to the length (N) of the
ssDNA strands. The above results are a strong indication
that the ssDNA chains were properly anchored via their 5’
thiol linker, their 3’ Fc-labeled end freely exploring a small
volume of solution extending from the surface and solely
limited by the chain length.

High scan rate CV characterization of end-attached
Fc-dT3s5

Throughout this work, the CV responses of end-an-
chored DNA layers were recorded in a wide potential scan
rate, v, region spanning as much as 6 orders of magnitude
(0.01 V/s to 10 kV/s), using a high-bandwidth home-de-
signed apparatus. A 1 M ionic strength buffered NaClO, so-
lution was used as the electrolyte since, at such a high ionic
strength, the effect of the electrode electric field on DNA
orientation was shown to be vanishingly small.#

We first considered Fc-(dT)s; layers, formed using mer-
captohexanol (n = 6) as a surface diluent. Corresponding
typical CV signals recorded at 0.1, 10 and 1000 V/s are
shown in Figure 2a, b, c.
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Figure 2. Raw CV signals of electrode end-grafted Fc-DNA
recorded at various scan rates. (a,b,c): Single-stranded Fc-dTsg
chains. (d,e,f): Duplexed Fc-(dT.dA);; chains. The scan rate is
indicated in green characters below the CVs. Chain coverage
I' = 5 pmol/cm?. Phosphate buffered, 1 M NaClO, aqueous
electrolyte, pH = 7. T= 25°C.

At slow enough scan rates (e.g. 0.1 V/s, Figure 2a), the
signal displayed a pair of well-defined, symmetrical current
peaks, located at a common peak potential value of ~ 175 +
3 mV / SCE, corresponding to the standard potential (E°)
expected for the DNA-borne Fc label used here.# The in-
tensity of the (anodic or cathodic) peak current was pro-
portional to the scan rate and the peak full width at mid-
height was ~ 97 + 3 mV. These characteristics are typical of
the response of non-interacting surface-attached redox
species, located outside the double layer and undergoing
fast (Nernstian) electron transfer at the gold electrode. In-
tegration of the charge under the peaks yielded the Fc-
ssDNA surface coverage, 5 + 0.5 pmol/cm?, for the CV in
Figure 2a, confirming that, under our conditions, dilute
ssDNA layers were formed. As the scan rate was raised the
peak separation was observed to increase, and the peaks
also became relatively broad at high scan rates (Figure 2b,
¢). A more complete and quantitative description of the
changes in signal characteristics with scan rate can be seen
in Figure 3, where the variation of the anodic (E,q) and ca-
thodic (E,c) peak positions and of the anodic peak intensity
(ipa), normalized by v, or by /v, are shown in parts a, b, and
¢, respectively (blue symbols).
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Figure 3. Characteristics of the CV signals of electrode end-
grafted Fc-dTss and Fe-(dT.dA);5 chains. Variation with the
scan rate, v of: (a) Anodic (Epe) and cathodic (Ejc) peak poten-
tials expressed vs. the standard potential of the Fc label, E°. (b)
Anodic peak current, iq, divided by v, and by the molar num-
ber of chains on the surface, N,. (c) Anodic peak current, ipq,
divided by vvand by N,. The inset is a magnification of the
0.01-1000 V/s region. Solid blue and red lines are fits to the
data using the MHL/TLC model, yielding the best fit values of
ko and A values as indicated in(a) and (b). Dash and dotted red
and blue lines were calculated with A values differing from
best-fit values by * 0.05 eV respectively. The black lines were
calculated using ko, = 900 s and A = 0.85 eV. N, was derived by
integration of the slow scan rate CVs. Chain coverage I = 5
pmol/cm?. Phosphate buffered, 1 M NaClO, aqueous electro-
lyte, pH = 7. T = 25°C.

It can be seen (in Figure 3a) that, at scan rates above 10
V/s the anodic peak shifted positively while the cathodic
peak shifted negatively, so that the peak separation mark-
edly increases, up to more than o.5 V at 10 kV/s. Such a
large increase in peak separation can be attributed to the
rate of the electron transfer becoming comparable to the
inverse of the CV characteristic “observation” time T, =
RT/Fv, with F the faraday constant. We note, however,
from Figure 3b, that in the same high scan rate region, the
ipq/v ratio markedly decreased, while the corresponding
ratio i,,/v/v increased, without reaching a plateau (Figure
3¢). Such behavior is compatible with the ssDNA chain un-

dergoing too-fast-to-be-measured chain dynamics, the sys-
tem thus behaving as a thin layer cell where a redox species
is free to “move” rapidly within a thin layer of solvent con-
fined to the electrode surface.#344

This is to be expected here since, even at the highest scan
rate explored of 10 kV/s, 1 is 2.6 ps, i.e. is approaching but
still larger than the expected sub-pus motional time charac-
teristic of (dT);5.2° Such a case is also confirmed by our mo-
lecular dynamic simulations reproducing the motion of the
anchored chain (vide infra).

As discussed by Laviron,# in this situation the CV re-
sponse is expected to be identical to the case of a motion-
less surface-attached species except that, for simple diffu-
sion, the rate of electron transfer is characterized by a
standard first-order rate constant k, = ks/L, where k is the
standard heterogeneous electron transfer rate constant of
the species and L is the thin layer thickness. In the present
case, the motion of the redox label is more complex than
simple diffusion, but the equivalence with a motion-less
surface species still holds and one can also define a k, value,
proportional to the equilibrium probability of presence of
the redox label at the electrode and to ks (see below).

Moreover, since large overpotential values (E,, - E° and
E,. - E°) were observed here (Figure 3a), the Marcus-Hush-
Levich (MHL) model has to be employed to describe the
electron transfer kinetics, rather than the Butler-Volmer
model (see Supporting Information).3+454¢ The MHL
model describes the kinetics of electron transfer in terms
of two parameters, k, and 4, the latter being the solvent
reorganization energy, which is characteristic of the mo-
lecular structure and solvation of the redox probe.3 In CV
the peak separation is only modestly dependent on the A
value,4-48 so that fitting of the Ep.- E° and E,c- E° vs. v var-
iations with the MHL/TLC model can be carried out based
on a single adjustable parameter: k, (see Supporting infor-
mation- Section 3). For Fc-dT;; this yields the best fit value
of ko, = 900 + 100 s, Figure 3a, blue traces.

In CV, the peak current is, on the contrary, quite sensi-
tive to the value of A ( see Supporting information- Section
3).46-48 A ) value of ~ 0.85 eV is reported to be typical for
ferrocene species3+49-5 both in solution and immobilized
on electrodes as redox labels of compact self-assembled
thiol layers. We therefore calculated the i,,, /v versus scan
rate variation expected for this latter A value using the
MHL/TLC model (black line in Figure 3b). As can be seen,
this could not account for the sharp decrease of the i,, /v
ratio we experimentally observed at high scan rates. How-
ever, by using A as an adjustable parameter (while keeping
ko, = 900 s7), the experimental i,,/v v.s. log v variation
could be very satisfyingly reproduced with a best fit value
of A = 0.27 £ 0.03 eV (Figure 3b blue solid line), and so could
the i,,,/Vv variation (Figure 3c). Such a remarkably low A
value seemingly reflects an unexpected effect of the attach-
ment of the ferrocene label to the surface via the flexible
DNA chain.



Hybridization of the Fc-dT;; chain: High scan rate CV
characterization of end-attached Fc-(dT.dA);; duplex

The end-anchored, Fc-dTs, layer was exposed to fully
complementary dA;; chains in solution, rinsed with the
electrolyte and thoroughly characterized again by high
scan rate CV. At slow scan rates, the CV thus obtained was
very similar to the one recorded for Fc-dTs (Figure 2d),
even showing a similar coverage, indicating the absence of
chain loss. The only noticeable difference was that the ap-
parent standard potential of the ferrocene label, E°, shifted
to a more negative value of E° = 165 + 3 mV /SCE.

At higher scan rates, the CVs recorded after exposition
to dA;s differed markedly from those initially recorded for
Fc-dT;s: the peak separation became larger and the peak
current lower (Figure 2e). As the scan rate was further
raised, the intensity of the peak current relative to the ca-
pacitive background decreased, up to the point that, at
1000 V/s and above, the Faradaic signal was no longer dis-
cernable, as if “extinct”. (Figure 2f).

Such changes in CV signals upon exposing the electrode
to dA;; are ascribable to the full hybridization of the end-
anchored Fc-dT;; chain, to form the corresponding Fc-
(dT.dA);5 duplex. Control experiments showed that when
the Fc-dT;, layer was exposed to a non-complementary
dC;; strand in solution its CV characteristics remained un-
changed (Figure S3). Besides, simple rinsing with deion-
ized water of the electrode exposed to the dA strand re-
stored the CV characteristics of the Fc-dT layers (Figure
S4), as expected from the dehybrization of the duplex in
low ionic strength solutions.>

The full characteristics of the CV response of the Fc-
(dT.dA)y layer are presented in Figure 3 (red symbols).
Most notably, upon increasing the scan rate, the peak-to-
peak separation increased while the i,, /v ratio decreased,
in a similar way than observed for the Fc-(dT);; layer, but
from a much lower scan rate threshold of only a few V/s.
Interestingly, the i,,, /v ratio passed toward a broad peak
(inset in Figure 3c). Such a CV behavior was previously re-
ported by us for Fc-(dT.dA)., layers immobilized on non-
MCH treated polycrystalline gold electrodes, and inter-
preted as a sign of diffusion or elastic rod-bending control
of the CV.5® However, we now realize that this behavior
can be quantitatively explained by the MHL/TLC model,
which, as seen in Figure 3 (red traces), enables the v de-
pendence of the CV characteristics to be perfectly repro-
duced. This result thus points to fast Fc-(dT.dA);s strand
dynamics and to a kinetic control of the CV by the electron
transfer rate. Accordingly, our simulations predict that Fc-
dsDNA strands undergo fast rotational motions around
their anchored 5 end, characterized by times in the ns
range, vide infra. By contrast, even at the highest scan rate
explored for Fc-(dT.dA);s (1000 V/s), 1o is much larger (26
ps).

Fitting of the peak potentials versus log(v) yielded a best
fit k, value of 35 + 5 s (Figure 3a, red trace). The i,, /v var-
iation could be nicely reproduced using the best fit A value

of 0.17 + 0.03 eV (Figure 3b). Notably, the peak shape of the
experimental iy, /V/v vs. v variation could nicely be repro-
duced by the MHL/TLC model (see inset in Figure 3c),
which predicts such shape only for low enough A values
(see Supporting Information - Section 3).

Effect of surface coverage on the CV response of Fc-
(dT);5 and Fe-(dT.dA);,

We next studied systematically the relation between the
Fc-DNA coverage on the electrode, I, and the CV charac-
teristics. As exemplified in Figure Ss, for all of the coverage
values explored, the peak potential and peak current vari-
ations with scan rate could be very well reproduced using
the MHL/TLC model. This yielded sets of ko, A values,
which are plotted versus the corresponding I values in Fig-
ure 4, both for Fc-(dT);5 and Fc-(dT.dA);; layers.
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Figure 4. Variation of the kinetic parameters k, and A, char-
acterizing the rate of electron transfer of end-anchored Fc-
DNA chains, as a function of the chain coverage I'. (a,b): Sin-
gle-stranded Fe-dTs;,. (¢,d): Hybridized Fc-(dT.dA);s. Red lines
are guides to the eye. Error bars correspond to 3 times the
standard deviation on the best fit values for k, and X (see Sup-
porting Information). Phosphate buffered, 1 M NaClO, aqueous
electrolyte, pH = 7. T = 25°C.

One can observe that, in both cases, k, values are the
highest for the lowest coverage values and decrease as I is
increased (Figures 4a and 4c). Conversely, A values are seen
to increase with increasing I' (Figures 4b and 4d). For Fc-
(dT)5slayers, A increases from a lower value of ~0.13 + 0.03
eV at low coverage, toward 0.25 + 0.03 eV at the highest
coverage. For the Fc-(dT.dA);; duplex, a vanishingly small
A value of ~0.025 eV is recorded at low I', and a 0.17 + 0.03
eV value at the highest coverage.

Lateral interactions between end-grafted chains are ex-
pected to become significant when the average distance
between the chains’ anchoring points on the surface is
lower than their length, L.. Counting 0.7 nm per nucleotide
for ssDNA3 and 0.34 nm for dsDNA,5* L. values of 25 nm
and 12 nm, can be estimated for Fc-(dT);;and Fc-(dT.dA)ss,



respectively. Hence, interactions can become significant if
the coverage greatly exceeds a threshold coverage: I'i=1/(A~
L), W 'being the Avogadro number. T is equal to 0.3
pmol/cm? for Fe-(dT);5and to 1 pmol/cm? for Fe-(dT.dA)ss.
Since the data presented in Figure 4 cover a I range of 0.5
to 5 pmol/cm? we can conclude that the k, and A vs I vari-
ations we measured actually translate the modulation of
the electron transfer parameters by lateral interactions be-
tween neighboring chains. Note that even at the highest I"
value explored (5 pmol/cm?), the average chain separation
is ~6 nm, which is sufficient large to exclude interactions
between the Fc labels of neighboring chains, since they are
much smaller in size (0.27 nm radius).5 The k, and A values
measured at the lowest coverage value explored (o.5
pmol/cm?) can reasonably be taken as typical of isolated
(non-interacting) chains, whose CV response we primarily
intend to model in this work.

Effect of DNA chain length, N, on the CV response of
Fc-(dT)y and Fe-(dT.dA)N

As pointed out by Plaxco et al.,'**2>a most important pa-
rameter to consider in order to decipher whether chain
motion or electron transfer kinetics control the electro-
chemical response of end-anchored redox-DNA is the DNA
chain length, represented here by the number of (dT) nu-
cleotides, N. We therefore conducted high scan rate CV
characterizations for Fc-dTx chains, with N =10, 20, 35, and
50, starting with a systemic study of the effect of the chain
coverage, I" (using MCH as a surface diluent, n = 6).

In each and every case a very good fit of the CV data with
the MHL/TLC model was obtained (Figure S6), from which
sets of k, and A values could be accurately derived. De-
creasing k, vs. I" and increasing A vs. I variations were sys-
tematically observed for all chain lengths (e.g. Figure S8
and Figure Sog).

In any case, the lowest I value explored was low enough
for the corresponding ko, A set of values to be assigned to
the behavior of isolated chains. These values are plotted as
a function of N in Figure s.
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Figure 5. Variation of the kinetic parameters k, and A, char-
acterizing the rate of electron transfer of end-anchored Fc-
DNA chains, as a function of the DNA chain length, i.e. num-
ber of nucleotides N. (a,b): Single-stranded Fe-dTw. (c,d): Hy-
bridized Fc-(dT.dA)n. Red curves in (a), (c) and insets are fits
of equation (2) to the data, in (b) and (d) red lines are guides
to the eye. Phosphate buffered, 1 M NaClO4 aqueous electro-
lyte, pH =7. T = 25°C.

For the single-stranded chains Fc-dTy, k, is observed to
decrease rapidly with increasing chain length, N, (Figure
5a). More precisely, k, nicely decreased as 1/N, as seen from
the log(k,) vs log (N) plot presented in inset. As shown in
Figure 5b, A values for the Fc-dTy varied little with increas-
ing N.

Measurements were also carried out with the fully hy-
bridized Fc-(dT.dA)n chains, except for N = 10 where hy-
bridization could not be unambiguously evidenced, likely
due to a too low melting point of this short duplex. For the
Fc-(dT.dA)x duplexes, k, was also observed to decrease
rapidly with increasing chain length (Figure 5¢), while be-
ing systematically at least an order of magnitude lower
than that for non-hybridized chains. Figure 5d shows that
A increased with N, while remaining below ~o0.1 eV.

Effect of diluent length, n, on the CV response of Fc-
(dT)s and Fc-(dT.dA),, layers

The effect of the actual length (i.e. number n of CH2
units) of the alkyl thiol diluent on the CV response of Fc-
DNA and Fc-dsDNA was also studied. For this, Fc-(dT)s,
was thiol-end adsorbed in the presence of an excess of the
chosen diluent (n = 2, 3, 4 or 6). The final Fc head coverage
was kept low enough (i.e. << 1 pmol/cm?) for the Fc-DNA
chains to behave as isolated entities. Here again, the
MHL/TLC model enabled us to fully account for the CV
characteristics of the chains, both single-stranded and du-
plexed, for all the diluent thiols explored (Figure S7).



The thus derived sets of k,, A values were then plotted as
a function of n, Figure 6.
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Figure 6. Variation of the kinetic parameters k, and A, char-
acterizing the rate of electron transfer of end-anchored Fc-
DNA chains, as a function of the length of the alkyl thiol sur-
face diluent, i.e. number of CH, units n. (a,b): Single-stranded
Fc-dTs,. (c,d): Hybridized Fc-(dT.dA)so. Red lines in (a) and
(c) are linear regression lines, in and (b) and (d) they are
guides to the eye. Phosphate buffered, 1 M NaClO, aqueous
electrolyte, pH = 7. T = 25°C.

Both for Fe-(dT)s, (Figure 6a) and Fe-(dT.dA)s, (Figure
6¢), ko, was seen to decrease exponentially, with n. Such a
result is strong evidence that, for our system, electron
transfer to the redox Fc heads does not proceed through
the DNA chain, since in this case its rate would not be af-
fected by the length of the alkyl thiol diluent. Conversely,
such dependence is expected if the electron is transferred
by the Fc label to the electrode through the diluent layer.

This result falls in line with the dependence of the cur-
rent on the diluent thickness previous noted for some E-
DNA sensors.5657

Turning now to the dependence of A on n, one can ob-
serve in Figure 6b, that, for Fc-(dT)s,, A remains approxi-
mately constant, around a low value of 0.07 eV. For Fc-
(dT.dA)so, A values are typically even lower (Figure 6d), go-
ing from almost zero for n = 2 and increasing to a maximum
value of ~0.04 for n = 6.

Molecular dynamic simulations of the behavior of
end-attached Fc-DNA layers

We have developed a molecular dynamics simulation
code (Qbiol), based on the OxDNA package, to resolve the
motional dynamics of end-anchored ss and ds FcDNA (see
Supporting Information - Section 4). While numerical sim-
ulations considering a molecular pendulum (rod with elec-
trostatics) have shown to nicely reproduce the dynamics of
protein-binding using double-stranded DNA and a specific
antibody,® such an approach remains too simple to cap-
ture the dynamics of protein-free DNA, and in particular

ssDNA that does not behave as a rod. In Qbiol, the 1% base
(in 5') is considered as the anchoring site, punctually at-
tached to the surface via a strong elastic force. The position
of the Fc head, assumed to correspond to the free 3’ end of
the DNA, can be tracked for many different configurations
with a ~1 ps time step, for periods of 10 ps, using an opti-
mized code (see Supporting Information - Section 4). This
enables us to build two-dimensional heat maps, represent-
ing the distribution of the Fc head position above the elec-
trode (more precisely above the thiol layer, see Supporting
Information - Section 4). Heat maps simulated for Fc-d T,
in its single and double stranded state, are shown in Figure
7a and 7b, respectively.
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Figure 7. Molecular dynamics simulation of electrode end-at-
tached Fc-dT strands. (Top panel) - Heat maps showing the
distribution of the position of the ferrocene label in a plane
perpendicular to the electrode surface and containing the
chain anchoring point: (a) for Fc-dT;;, and, (b) for Fc-
(dT.dA);s. (Middle panel) - Time traces of the distance z sep-
arating the ferrocene head from the electrode surface: (c) for
Fc-dT;s, (d) for Fe-(dT.dA)ss. Blue and red circles indicate “col-
lision” events, defined as the ferrocene approaching the elec-
trode surface within 0.1 nm. The average time separating two
collisions <tc>, derived from 10 ps long traces, is indicated.
(Bottom panel) - Equilibrium distribution of the position the
ferrocene above the electrode surface, derived for various
chain lengths (N): (e) for Fc-dTx, (f) for Fc-(dT.dA)w.

As expected, a “mushroom” - shaped distribution is
found for ssDNA and a hemispherical distribution for the
rigid, rod like dsDNA. The instantaneous vertical position
of Fc over the gold electrode interface, z(t), is of particular
interest here, and is monitored throughout the simulation
time. Figures 7c and 7d show short samples of such time
traces obtained for Fe-dT;5 and Fe-(dT.dA)ss, respectively.



Numerous collisions of the Fc label with the electrode, de-
fined by z< 1 A, can be identified (blue and red circles). It
is found that the average collision time <z.> is on the order
of sub-ns for ssDNA and ns for dsDNA. Such very short col-
lision times are due to confinement of the Fc-head motion
to the immediate vicinity of the electrode, within a na-
nometer-scaled hemispherical region defined by the chain
length. Similarly short collision times were obtained by
White et al. from random walk simulations of the Brown-
ian motion of a molecule confined to a hemispherical vol-
ume on an electrode.?4

Most importantly, these collision times are several or-
ders of magnitude shorter than the ps time scale one would
predict from diffusion coefficients of the ss and dsDNA
chains. This further supports our view of the motional dy-
namics of the Fc label being too fast to kinetically limit the
electron transport in anchored DNA layers, and validates
the use of the TLC model.

Averaging the time traces enables p(z), the equilibrium
probability of finding the Fc label at a distance z from the
electrode surface, to be derived. p(z) vs. z profiles simu-
lated for Fc-dTn chains of various lengths (N=10-50) are
shown in Figure 7e and 7f, for ss and ds DNA, respectively.
The profiles obtained for ssDNA are seen to be almost ide-
ally Gaussian- shaped, as expected for a 1D elastico-diffu-
sive motion,> whereas they display a more complex shape
for dsDNA. The probability of finding the Fc-label at the
electrode surface, p. = p ( z=0 ), is particularly relevant for
interpreting CV experiments. Figure 8 shows p. values de-
rived from the probability profiles presented in Figure 7.
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Figure 8. Molecular dynamics simulation of electrode end-at-
tached Fe-(dT)n and Fe-(dT.dA)y strands. Equilibrium proba-
bility of presence of the Fc label at the electrode surface, pe, as
function of the DNA chain length (N). Log(pe.) is plotted ver-
sus: (a) Log(N), and, (b), N. Blue and red symbols correspond
to Fc-(dT)n and Fc-(dT.dA)n data, respectively. The blue dot-
ted lines in (a) and (b) are a plots of the equation: pe =
1/(0.7xN). The red solid lines in (a) and (b) correspond to the
exponential best-fit function for Fc-(dT.dA)n data: pe = 0.1 x
exp(-N/14.1).

In the ssDNA case (blue symbols), a clear 1/N variation of
pevs. Nis seen, in agreement with the predictions of Plaxco
et al. in their earlier works.>» More quantitatively, we ob-
served that p. is accurately given by pe = 1/L., where L. is
the contour length of the ssDNA chain, counting 0.7 nm

per base (dashed blue line in Figure 8a and 8b). Hence, as
far as its probability of presence at the electrode is con-
cerned, the Fc head of Fc-ssDNA behaves similarly to a free
species rapidly diffusing within a planar thin layer of thick-
ness L.

In the Fc-dsDNA case (red symbols), a faster, approxi-
mately exponential decay of p. with N is observed. These
results illustrate that approaching the electrode is steri-
cally “harder” for the Fc when the DNA strand is hybrid-
ized.

Discussion

Interpretation of the dependence of k, on the DNA
chain length (N), diluent length (n) and chain cover-
age (')

In the framework of the MHL/TLC model used here, the
rate of electron transfer is jointly modulated by the proba-
bility of the presence of the Fc head at the electron transfer
site p(z), and by the rate of electron transfer between the
redox probe and the electrode, ker(z). Both quantities de-
pend on z, the distance between the Fc head and the elec-
trode. Hence the value of the overall rate of electron trans-
fer, ko, is given by integration over all possible transfer dis-
tances, ranging from the distance of closest approach, set
by the thickness of the alkyl thiol layer, d, to infinity:

ko = [, " ker(2) p(z)dz (1)

ker(z) decays exponentially with z as:
kgr(z) = kgr(z = 0)exp[—pz]

with a tunneling decay constant 5 ~1 A~

Equation (1) can be a priori calculated exactly, knowing
p(z) from the simulations. It can also be simplified by not-
ing that p(z) varies much slower with z than kgr(z), so that
one can take p(z)~p(z = 0), i.e. one can solely consider the
presence probability of the Fc head at the electrode sur-
face, noted pe.. This yields:

ko = (kgr(z = 0)/B)exp[—Bd] X p,
= ks exp[—Bd] X p, = k.sl‘i X Pe (2)

where ks = kg (z = 0)/ is the standard rate of heteroge-
neous electron transfer rate constant, familiar to the elec-
trochemists and known for many redox species, and
k& = k exp[—Pd]. We verified that this approximation and
full calculation of the integral equation (1) yielded identical
theoretical k, values, to within 40%. Equation (2) predicts
that the value of k, is jointly modulated by the intrinsic rate
of the redox label electron transfer at a bare electrode (via
ks), the thickness of the alkyl-thiol (d) and the presence
probability p. (which notably depends on the chain
length). The data presented herein enable us to assess the
validity of these predictions.

Knowing p. for any N value from our simulations, we fit-
ted equation (2) to the experimental k, vs. N variation for



Fc-(dT)n, using k% as a single adjustable parameter. The re-
sulting best-fit curves, represented by red traces in Figure
sa and inset, reproduce the experimental data very satisfy-
ingly, with the best fit value of k% = (5.5 + 0.5) x103 cm/s.
This value is very close to the k% value of (3 + 0.5) x 1073
cm/s we measured in solution for ferrocenedimethanol, a
good model of the DNA Fc label used here, at an MCH-
coated gold electrode (see Figure S10). Similarly, the exper-
imental k, vs. N variation recorded for Fc-(dT.dA)y du-
plexes could be very satisfyingly reproduced on the basis of
equation (2), using p. values simulated for the duplexed
chains, and the best fit value of k% = (2.0 + 0.5) x 103 cm/s
(red trace in Figure 5c and inset). These results are very
strong evidence that the CV response of both the ss and ds
Fc-DNA chains is controlled by the equilibrium presence
probability of the Fc head at the surface, which modulates
the actual rate of electron transfer.

Another test of the validity of the above formalism is
brought by analyzing the experimental dependence of k,
on the thiol-alkyl diluent length. Figure 6a and 6b show
that, both for ss and dsDNA, k, decayed exponentially with
the diluent length (represented by n), as predicted by
Equation (2). More quantitatively, linear regressions of the
In(k,) vs. n datayielded a slope of - 0.95 + 0.15 per CH2 unit,
both for ss and dsDNA layers. This value is in good agree-
ment with the decay length of ~ - 1 + 0.1 per CH2 charac-
teristic of tunneling processes through alkyl thiols. 49546061

Finally, the fact that k, was observed to decrease as the
surface coverage, I', was raised (Figure 4) can simply be ex-
plained by the surface crowding lowering the probability
of presence of the Fc head at the electrode.

The above results are thus strong quantitative evidence
that the rate of electron transfer through the diluent layer
kinetically controls the CV response of end anchored Fc-
DNA chains.

These results also validate the use of the MHL/TLC
model, complemented by OxDNA-based simulations to
predict the electrochemical response of end-anchored Fc-
ss and dsDNA chains.

Interpretation of the very low activation energy char-
acterizing electron transfer of redox DNA

The unexpectedly low A values measured here for ssDNA
chains, and even more so for dsDNA chains, and their de-
pendence on coverage, diluent, and chain length consti-
tute an unprecedented finding for such systems. From a
phenomenological point of view, such low A values are
found to be responsible for the decrease of the intensity of
the CV signal of dsDNA at much lower scan rates than for
ssDNA (Figure 2), i.e. for the “extinction” phenomena we
reported very early-on for the CV response of end-attached
Fc-DNA chains. 4"

Indeed, as illustrated here (see Supporting Information),
the MHL/TLC model predicts that, for sufficiently low
A values, one can obtain broad bell-shaped i,, /Nv vs. v
variations, within an experimentally attainable range of

scan rates. This range is dictated solely by the value of k,
and thus may correspond, for "slow" (low k;) redox labels,
to scan rates well within reach of commercial instrumen-
tation. Therefore, we suspect that the peak or plateau-
shaped iy, /v/v vs. v variations, or equivalently the propor-
tionality between i,,and Vv, often reported in CV studies
of end-attached DNA (or PNA) chains, 156202326 actually
reflect control of the electrochemical signal by the rate of
electron transfer associated with a low A value, rather than
by chain dynamics.

Our simulations can bring some insights into the reason
why mere attachment of the Fc head to a DNA chain, end-
tethered to the surface, yields lower reorganization ener-
gies than typical of redox species free in solution. Two hy-
potheses can be proposed.

The first one is based on the observation that collision
frequencies for Fc-DNA are much larger than what can be
calculated for free Fc confined into a planar nanogap of a
thickness comparable to the chain length, L.. Indeed, in the
latter case one would expect collision times in the order of
<> ~L%/D =100 ns, taking D =10 cm?/s, and L.~ 10 nm,
i.e. a collision frequency two orders of magnitude lower
than derived here for Fc-DNA.

Because of an increased collision frequency, it can be en-
visioned that the Fc head of DNA could, unlike free Fc, en-
ter the Stern layer. The penetration of Fc in this electro-
static layer is to be understood in the framework of the col-
lision theory, with Fc-DNA displacing adsorbed ions from
the surface,®>% the displacement rate scaling with the col-
lision frequency. Within the Stern layer, the Fc head would
experience a static dielectric constant, &, lower than in the
bulk and approaching the value of the optical dielectric
constant, €, = 1.78.%4 The solvent reorganization energy,
Ao, would consequently decrease, as, at the electrode, it is
given by:3

- ( - 0

8meg \gopt &/ 2ag

With & is the dielectric permittivity in vacuum, e the ele-
mentary charge and a, = 0.38 nm the radius of Fc. Assum-
ing &~ 2 in the Stern layer% would yield A, = 0.058 eV.

This effect would fall in line with the recent observation
that redox molecules immobilized on an electrode, close
enough to the surface to be located within the electric dou-
ble layer, display greatly decreased A, values.%

The total reorganization energy, A, determined here, is ac-
tually the sum of the solvent (},) and internal (A;) reorgan-
ization energies:

A=+ A

For ferrocene, A; was theoretically evaluated to ~0.016 eV.%
Hence the above considerations would predict A ~ 0.058 +
0.016 = 0.074 eV, which is close to the minimum value we
found here for Fc-ssDNA. In that framework, the increase
of A with the surface coverage (Figure 4b) could be ex-
plained by a decrease of the collision frequency due do
chain crowding. The modest variation of A with the chain



length (Figure 5b) is also coherent with the weak depend-
ence of the collision frequency with N as simulated (Figure
S13). The expected independence of the collision frequency
on the diluent length would also explain why A was not
found to be a function of n, (Figure 6b).

For Fc-dsDNA, the fact that we measured vanishingly
small values of A tends to show that A, was reduced to an
even greater extent than for Fc-ssDNA, but also suggests
that A; was reduced as well. This could be attributed to the
rigidity of the dsDNA backbone and linker that limits the
structural changes of the Fc head.®” Just like for ssDNA, the
experimental increase of A with I is compatible with a neg-
ative correlation of A with the collision frequency. The in-
crease of A with N (Figure 5d), and the fact that it is more
pronounced than for ssDNA, parallel the simulated varia-
tion of the collision frequency with N (Figure S13).

The second hypothesis tentatively explaining the low A
values obtained for Fc-DNA is also based on a lower value
of &, but from a different origin, and is inspired by the stud-
ies of electrons transfer between redox centers in proteins.
In these system, low A values have been reported and ex-
plained by the very slow relaxation of water due to strong
coupling of the redox species with slow parts of the system
(here the coupling of Fc with DNA affecting water relaxa-
tion).%8

Conclusions

We have demonstrated that, due to the intrinsically fast
motional dynamics of oligonucleotides, the electrochemi-
cal response of end-attached, short, redox DNA strands is
controlled by the rate of the electron transfer between the
redox label and the electrode, even in the case of a "fast"
redox mediator like ferrocene. As a result, the CV behavior
of both ss and ds Fc-DNA chains can be fully and quantita-
tively described by the simple MHL/TLC model, in terms
of only two parameters, k, and X . This can likely be gener-
alized to any redox DNA system interrogated using any
electrochemical technique. Moreover, the simulation
package we have developed, by enabling the presence
probability of the free end of the anchored DNA chains at
the electrode surface to be calculated, can reliably predict
the k, value for any given end-grafted redox ss and ds-DNA
system (of any sequence), provided the k; value of the label
is known independently.

We also revealed that the reorganization energy associ-
ated with the oxidation of the DNA-borne ferrocene label
is significantly reduced as compared to free ferrocene in
solution.

Our study also allowed us to demonstrate that the mod-
ulation of the electrochemical response of redox DNA
strands induced by their hybridization can be fully ex-
plained by a variation of the parameters describing the
electron transfer rate of the redox label (k,, ). The transi-
tion from single to double-stranded DNA is accompanied
by a decrease in the probability of the presence of the redox
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label in the vicinity of the electrode, due to steric reasons,
which results in a lower value of k,. At the same time, and
in a totally unexpected way, hybridization is associated
with a significant decrease in the reorganization energy,
which in some cases (i.e. diluted shorter chains) can reach
values close to zero, strongly modifying the current re-
sponse of the system.

The fact that A values are found to be systematically
lower for dsDNA than for ssDNA is the major factor ren-
dering the electrochemical response of ss and dsDNA ex-
perimentally discernible from each other, much more than
differences in k, values. As such this phenomenon likely
largely contributes to the signaling mechanism of E-DNA
Sensors.
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