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ABSTRACT: Our recent discovery of decreased reorganiza-
tion energy in electrode-tethered redox DNA systems prompts
inquiries into the origin of this phenomenon and suggests its
potential use to lower the activation energy of electrochemical
reactions. Here, we show that the confinement of the DNA
chain in a nanogap amplifies this effect to an extent where it
nearly abolishes the intrinsic activation energy of electron
transfer. Employing Electrochemical-Atomic Force Microsco-
py (AFM-SECM), we create sub-10 nm nanogaps between a
planar electrode surface bearing end-anchored ferrocenylated
DNA chains and an incoming microelectrode-tip. The redox
cycling of the DNA's ferrocenyl (Fc) moiety between the sur-
face and the tip generates a measurable current at the scale of
~ 10 molecules. Our experimental findings are rigorously
interpreted through theoretical modeling and original mo-
lecular dynamics simulations (Q-Biol code). Several intriguing

findings emerge from our investigation: (i) The electron
transport resulting from DNA dynamics is many times faster
than predicted by simple diffusion considerations. (ii) The
current in the nanogap is solely governed by electron transfer
rate at the electrodes. (iii) This rate rapidly saturates as
overpotentials applied to the nanogap electrodes increase,
implying near-complete suppression of the reorganization
energy for the oxidation/reduction of the Fc heads within
confined DNA. Furthermore, evidence is presented that this
may constitute a general, previously unforeseen, behavior of
redox polymer chains in electrochemical nanogaps.

INTRODUCTION



There is a growing consensus that confinement has the poten-
tial to modify the structure and functional properties of bio-
molecules.! Among the various length scales of confinement,
nanoconfinement is attracting particular attention due to its
similarity in dimension to molecules.2 However, the explora-
tion of nanospaces has been hampered by experimental chal-
lenges, such as the need for a practical method to construct
nanogaps with high precision and controllability. Studying
how nanoconfinement affects the behavior of DNA strands is
of particular interest because it mimics the natural confine-
ment of DNA within the molecular machinery of replication.3
We aim to show that (nano)electrochemical studies of redox
end-labeled DNA can notably provide relevant information in
this field. When terminally attached to electrode surfaces,
redox DNA oligonucleotides have also the interest of forming
the sensing element of conformational electrochemical DNA
(E-DNA) sensors.*8. The electrochemical response of the
redox-DNA strands is highly sensitive to bio-recognition
events, which endows E-DNA sensors with superior sensitivi-
ty and selectivity for the detection of numerous analytes.49-13
However, the molecular mechanisms behind this sensitivity
are still under debate.l* Proposed explanations include the
modulation of either the dynamics of the DNA strand or the
rate of electron exchange between the redox head of the
strand and the electrode.l5-24In a recent study focusing on
ferrocene (Fc)-terminated short DNA strands,2> we highlight-
ed an additional and hitherto unsuspected contributing factor:
the reorganization energy associated with the electron ex-
change. This parameter, which is related to the reorganization
of water molecules around Fc after electron transfer, was
found to be surprisingly low for ferrocene attached to the DNA
strand end and also modulated (further diminished) by mo-
lecular recognition reactions. We hypothesized that this phe-
nomenon was related to the remarkably high collision fre-
quency of the DNA-bound Fc with the electrode, predicted by
molecular dynamics simulations.23.25 To test this hypothesis,
we are now using an experimental setup that allows the
nanoscale manipulation of the diffusion field of DNA-bound Fc
molecules and the immediate determination of the Fc reor-
ganization energy. Specifically, we confine the Fc-DNA strand
within an electrochemical nanogap. This configuration holds
immediate analytical interest because it provides an amplifi-
cation mechanism that is lacking in "conventional" electro-
chemical DNA sensors. Namely, the chain's redox probe can be
oxidized at one electrode and reduced at the other, i.e. under-
go redox cycling, 26-29 so that a single redox probe exchanges
many electrons consecutively. This principle has been suc-
cessfully applied to the enhanced detection of "free" (unat-
tached) redox molecules confined within electrochemical
nanogaps a few tens of nanometers wide (sometimes
less).27.2830-34 [n the present case of immobilized redox DNA
chains, the width of the nanogap has to be smaller than the ~
10 nm length of the trapped DNA molecules to enable redox
cycling. In this scenario, molecules are still free to move in a
thin layer of electrolyte, but over length scales approaching
their own dimension. This contrasts with related systems
examined in molecular electronics, where the molecules are
immobile and studied in the dry state.35 Experimentally, such
an “electrochemical molecular thin-layer cell” configuration
has seldom been achieved, due to the difficulty in matching
nanogap widths to molecular dimensions. In a rare exception,
Lemay et al. have grafted linear ferrocenylated
polyethylenglycol (PEG) chains to microfabricated electrodes
forming planar nanogaps (65 nm in width).3¢ Electron
transport across the nanogap was demonstrated, but it in-
volved electron exchange between the redox heads of the
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Figure 1. Schematic diagram of the redox cycling motion of the Fc
heads in the nanogap between the AFM-SECM tip and the TS-Au
surface. The Fc heads are tethered to the TS-Au surface through
flexible DNA oligonucleotides, dTso. The AFM-SECM tip potential,
Etp, is + 0.15 V vs. E°, while the surface potential, Esu, is scanned

cathodically. MPOH: 3-mercapto-1-propanol. The nanogap width, d,
is defined as shown.

chains borne by each of the electrodes, because the PEG
chains were too short to bridge the entire nanogap width.

An even earlier exception has been our own work, where we
used electrochemical atomic force microscopy (AFM-SECM) to
confine redox-labeled, nanometer-long DNA chains in the
nanogap formed by an ultramicroelectrode-tip and the DNA
anchoring substrate electrode.37.38 This work demonstrated
the ability of end-attached redox-DNA chains to shuttle elec-
trons across nanogaps, less than ~10 nm in width. However,
quantitative information about the electron transport process
could not be obtained due to the lack of a suitable model de-
scribing the motion dynamics of the confined DNA chains
coupled to electron transfer events.

Such knowledge is now readily available through the molecu-
lar dynamics software Q-Biol, which we have been develop-
ing.3° Hence, the present work aims to systematically investi-
gate, aided by Q-Biol, the electrochemical behavior of a diluted
layer of Fc-terminated dT oligonucleotides (dTso) end-
anchored to a gold electrode, confined and probed by an AFM-
SECM tip. The main goal is to achieve a complete fundamental
understanding of electron transport by the Fc-DNA chains
across nanogaps, with a particular focus on accessing the
reorganization energy associated with the redox cycling of the
Fc head. Unexpected properties are revealed: (i) Electron
transport by DNA dynamics across nanogaps is several orders
of magnitude faster than predicted from mere diffusional
considerations, (ii) the nanogap current is controlled solely by
the electron transfer rate at electrodes, (iii) this rate saturates
at relatively low overpotentials applied to the confining elec-
trodes (i.e., tip and substrate), indicating an almost complete
suppression of the reorganization energy for the oxida-
tion/reduction of the Fc heads of confined DNA. Evidence is
presented that this may constitute a general, so far unsuspect-
ed, behavior of redox polymer chains confined to electro-
chemical nanogaps.

RESULTS

Redox-DNA layer assembly and AFM-SECM ap-
proach curve

Fc-dTso was 5’ thiol-anchored to the surface of an ultra-flat
template-stripped gold surface (TS-Au) in the presence of 3-
mercapto-1-propanol (MPOH), used as a surface diluent pre-
venting flat-lying adsorption of the oligonucleotides.#? Note
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that MPOH was preferred to the longer and more convention-
ally used mercaptohexanol (MCH) diluent, as MPOH enables a
faster rate of electron transfer to the electrode for Fc-DNAs.25
As detailed previously, this led to a low-density Fc-dTso layer,
characterized by an almost ideal surface cyclic voltammetry
(CV) signal, at slow scan rates, v < 1 V/s, Figure S1. Integration
of the CV yielded a surface coverage of I'= 2 - 3 pmol/cm? and
a standard potential, E°, of + 0.17 + 0.01 V/SCE, in agreement
with previous work.2541 The chain coverage translated into an
average interchain separation (1/S#T) of ~7 -9 nm. Being
comparable to the Flory radius of dTso in solution (8-10
nm),42-44 the separation was large enough for the Fc-dTso
chains to behave independently, i.e. with minimal chain-chain
interactions.

End-anchored Fc-dTso chains were locally confined to
nanogaps of controllable widths, d, by approaching the AFM-
SECM probe to the gold surface (substrate), in-situ (in a pH 7,
phosphate buffered NaClOs+ 1M electrolyte), Figure 1. The
potentials of the tip and substrate, Etp and Esu» were con-
trolled and initially set to be positive (anodic) and negative
(cathodic) versus E°, respectively. During the approach, both
force and electrochemical current raw-approach curves were
simultaneously recorded (Figure S3).3745 This allowed the
dependence of the tip current, itp, on the tip-substrate dis-
tance, d, to be accurately obtained, Figure 2.

The onset of the electrochemical current was detected when
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Figure 2. AFM-SECM approach curve recorded on an end-anchored
Fc-dTso layer. Fc-DNA is confined within the tip-substrate nanogap
of width d. The experimental curve is shown in blue and the theo-
retical curve, calculated with eq 1, in red. The inset is a Log vs. Log
plot of the approach curve evidencing its approximate 1/d'2behav-
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Figure 3. Q-Biol molecular dynamics simulations. (a) Snap shot of
the Fc-dTso chain confined in an electrochemical nanogap of width
d =10 nm. (b) ~20 ns of a ~10 ps time-trace tracking the position
of the Fc head in the gap. The average times for the Fc head to go
from the substrate to the tip (tu) or conversely (td) are shown. (c)
Probability of presence of the Fc head at the tip, pup, or at the sub-
strate, psub, as a function of the nanogap width. (d) pxp / psus ratio vs.
gapwidth.

the tip was ~15 nm away from the surface, a distance falling
between the statistical end-to-end radius of dTso (~ 7 nm) and
the full chain contour length (35 nm).#¢ The current then
increased as the tip was brought closer to the surface, until a
sharp rise due to tunneling was recorded, typically for d <
1nm. In the d = 1-15 nm region, the current was generated by
the redox cycling of the Fc-heads of the chains, which, as a
result of chain motion, came alternatively in contact with the
tip and substrate, where they were respectively oxidized and
reduced, Figure 1. Interestingly, we noticed that it was sulffi-
cient to bias the tip and surface at potentials only modestly
remote from E° for the tip current to become independent of
their exact values. This required Etp 2 + 0.15 V vs. E®, Esub < -
0.2 V vs. E° The aforementioned data corresponds to this
situation.

In order to assess the contributions of the DNA chain motion
and of the electron transfer rate at the electrodes to the kinet-
ic control of the tip current, we made use of the Q-Biol code,
developed in our previous works.253%9 Q-Biol is based on
0xDNA%7, a nucleotide-level coarse-grained molecular dynam-
ics model of DNA. It accurately reproduces the DNA chain
motion and electron transfer events at the confining elec-
trodes, Figure 3a.39

Time traces were constructed by tracking the vertical position
(2) of the Fc head in the nanogap, Figure 3b. They showed
that the collision frequencies of the Fc head with the tip and
the substrate were in the order of nanoseconds. This is three
orders of magnitude faster than one could predict based on
the diffusion properties of the unconfined (and unattached)
DNA chain.#8-50 Such fast collision dynamics originate from
the confinement of the Fc-head “diffusion” path to a nanome-
ter-sized hemispherical domain, defined by the length of teth-
ering chain.25 Similarly high collision frequencies were also
derived from random walk simulations for the diffusion of a
species confined to an electrode surface by a hemispherical
cap.23 In the particular case explored here, this phenomenon
provides an unprecedentedly fast transport mechanism for
shuttling redox electrons across the nanogap. As a result,
chain motion cannot be the only factor kinetically controlling
the current generation. Indeed, such fast DNA dynamics would
theoretically generate currents in the hundreds of pA, where-
as sub-pA-range currents were typically recorded in AFM-
SECM for end-attached Fc-dT layers, Figure 2.3951 Besides, in
the diffusive scenario, approach curves are predicted to dis-
play a pronounced 1/d? signature (Figure S8), whereas the
actual curves vary coarsely as 1/d (inset in Figure 2).

Potential dependence of the tip-current

Further studying the electron transfer properties of nanogap-
confined redox DNA requires that the complete potential
dependence of the current is investigated. Thus, we carried-
out a sequence of controlled step-by-step approaches of the
tip toward the surface, stopping at fixed nanogap widths,
where the substrate potential was scanned from -0.2 V vs. E°
toward +0.17 V vs. E° and back, at 20 mV/s, Figure S5. The tip
was biased at a potential anodic enough for the current to be
independent of its value (+0.15 V vs. E°). The advantage of
scanning the substrate potential instead of the tip potential
was that no interfering capacitive tip current was generated.
This enabled well-defined tip current, itp vs. Esup CVs to be
recorded for various nanogap widths, Figure 4a. Note that the
nanogap width was calibrated from current approach curves
recorded in sequence with the CVs, affording a reliable deter-
mination of d to within £ 1nm, see Section 1C in Supporting
Information. The substrate current was also simultaneously
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recorded as a control, providing an isu» vs. Esus CV usable as an
un-ambiguous “in situ” potential reference, Figure 4b. Note
that for these CVs, all the chains present on the surface are
addressed, so the contribution of the redox cycling of the few
chains located below the tip is negligible.

In Figure 4a, one can first observe that the itjp vs. Esus CVs were
S-shaped, displaying a well-defined current plateau. This
evidenced the purely faradaic nature of the current, with no
interference from long-range tunneling current, which would
make the current grow exponentially with the biais.52 Moreo-
ver, the forward and backward traces of the CVs were almost
superimposable, which showed that the nanogap width did
not vary during their recording.53 Forward traces were there-
fore studied in the following analysis. The intensity of the
plateau current increased when d decreased, following the
current approach curve shown in Figure 2.
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Figure 4. Electrochemical responses of end-attached and
nanoconfined Fc-dTso upon scanning the surface potential, Esub. (a)
Tip CVs, iup vs. Esu, recorded at different nanogap widths, d. (b)
Simultaneously recorded isub vs. Esup surface CVs. Raw and back-
ground-subtracted CVs are shown in black and red traces, respec-
tively. Esus was scanned at 20 mV/s from -0.20 to +0.17 V vs. E° and
back. Esp = + 0.15 V vs. E°. Phosphate buffered, 1 M NaClO4 aqueous
electrolyte, pH = 7. T = 25°C. Coverage I' = 2.5 pmol/cm?.

A remarkable feature of these CVs was that their shape, and
even more importantly their position along the potential axis,
did not depend on d. This peculiar trend was quantified by
plotting the value of the half-wave potentials, E1/2, of a large
series of CVs (forward curves, Figure 5a), recorded at various
nanogap widths, as a function of d, Figure 5b. One could ob-
serve that E1/2 values were almost d-independent, at least for d
< 9 nm. Also remarkable was the fact that, within experi-
mental errors, E1/2 values were close to E° in this nanogap
width region. Importantly, identical results were obtained
when decreasing the ionic strength of the electrolyte by a
factor of two (down to 0.5 M), ruling out the contribution of
electrostatics to the CV response, Figure S6. This result may
seem surprising, considering the substantial charge (~30 e)54
of the dTso chain, and also knowing that the effects of the
electrochemical double layer on redox cycling in nanogaps of
multiply charged redox molecules have been reported.3455-57
However, the situation here is different because it's not the
redox label that carries the charge, but the DNA chain. Be-
sides, we observed that neutral, end-grafted Fc-PEG3400 chains
behaved in a way similar to Fc-DNA chains when confined in
AFM-SECM nanogaps: they also displayed itip vs. Esup CVs char-

acterized by very small, distance-independent E1/2 - Eo values
(Figure S7).58 This points to a general and unsuspected prop-
erty of confined polymeric redox systems.

Overall, the above-described CV behavior observed for con-
fined Fc-DNA (and Fc-PEG) chains are in striking contrast with
that reported for freely diffusive species trapped in nanogaps,
where the CV shifted toward higher overpotential regions as
the nanogap was closed.59 This shift was indicative of mixed
kinetic control of the current by the rate of diffusion and that
of electron transfer, a scenario we can thus definitely exclude
in the context of the present study.

One is thus led to conclude that the current is here under the
sole control of the electron transfer steps, a situation never
previously documented in nano-electrochemistry.

Quantitative analysis of the approach curves and
CVs : derivation of the electron transfer Kkinetic pa-
rameters

From the above analysis, it can be inferred that the intensity
of the tip current depends on the rate constants of the elec-
tron transfers at both the tip and the substrate, weighted by
the presence probability of the Fc head at their surfaces. The
S-shaped CVs presented in Figures 4 and 5 translate the po-
tential dependence of the rate of electron transfer at the sub-
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Figure 5. Electrochemical characteristics of Fc-dTso confined under
nanogaps of various widths, d. (a) Raw tip CV (forward traces,
greentraces) recorded at various d and corresponding best-fit
curves from the MHLC model, calculated with Ez2 =0V vs. E°and A
as the sole adjustable parameter (red traces). (b) Experimental E1/.
and (c) best fit reorganization energy values, A, as a function of d.
Error bars in (b) and (c) correspond to the experimental error on
E1/2 determination and the standard error on the best-fit A values,
respectively. Eup = + 0.15 V vs. E°. Phosphate buffered, 1 M NaClO4
aqueous electrolyte, pH = 7. T = 25°C. Esu scan rate 20 mV/s.

strate.

The plateau current of the CVs corresponds to the saturation of
the rate of electron transfer at high enough substrate and tip
overpotentials, a feature uniquely predicted by the Marcus-
Hush-Levich-Chidsey (MHLC) model of electron transfer ki-
netics.60-62 The plateau current is thus given by:39.
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(1)

N is the number of Fc-DNA chains involved and e the elemen-
tary charge. k7, and kg, are the heterogeneous electron
transfer rate constants at infinitely large overpotentials at the
tip and substrate, respectively. p;;;, and pg,pare the probabil-
ity of presence of the Fc head at the tip and substrate, respec-
tively.

This equation can be obtained from “classical” expressions for
the electrochemical current in a nanogap, when mass
transport is much faster than the rate of electron transfer at
the electrodes (see Section 2E in Supporting Information). 59

Due to its fast dynamics, the chain conformation is always at
equilibrium and p;; and pg,;, can be derived from the time-
averaged simulations for any nanogap width, d. The depend-
ence of p; and pgy,, on d are presented in Figure 3c. As ex-
pected, for d > 15 nm, p;;, tends toward zero as the chain
cannot touch the tip, while pg,;, is relatively low due to the
surface-avoiding behavior of the chain. Upon closing the
nanogap, both presence probabilities increase and become
comparable for d <5 nm.

From the simulated p¢;;, and ps,;, dependence on d, a theoreti-
cal current approach curve (i.e. plateau current vs. d) could be
calculated using equation (1). For this we considered

sub = k¢ip/3, since we evidenced that the rate of electron
transfer of the soluble species ferrocenedimethanol (analo-
gous to the Fc heads) at a gold electrode was slowed by a
factor of 3 by the presence of a MPOH layer, Figure S2. Using
the term Nk7,as the sole adjustable parameter then enabled a
good agreement between the theoretical and experimental
current approach curves to be obtained, down to d ~ 3 nm,
yielding a best-fit value of Nk7, = 4 cm/s (red trace in Figure
2). Deviation from the fit for d < 3 nm can be attributed to the
complex behavior of over-confined DNA chains (onset of bal-
listic motion, thermal effects),3® which was ignored here.
Comparing the radius of the AFM-SECM tips (20-50 nm) to the
interchain separation (~8 nm) one can conclude that about N
~ 10 chains may be contacted by the sharp tip, yielding k7, ~

0.4 cm/s.
The whole itip vs. Esup CVs can be accounted for by considering
the potential-dependence of the electron transfer rate con-

stant at the substrate, ksus, expressed in the framework of the
MHLC model:60-62

()‘*"'fsub‘x)z

ksub(Esub) _ 1 oo exp[— L ]
op  Vamk f‘°° 1+exp (x) dx 2)

with &g, = F(Egyup — E°)/RT and A* = F A/RT, Figure S9.

&sup and A" are the normalized overpotential and reorganiza-
tion energy associated with the reduction of the Fc* head,
respectively.

Generalizing eq 1 for any &, value, and using eq 2 to express
the electron transfer rates, yields the theoretical equation for
the itip vs. Esup CV, normalized by its plateau current, itippi (See
Section 2D in Supporting Information):

itip _ 1+A*
itip,pl - 1+edsub+ A (3)
p, IR
pp f(fsub'l )
where fGsunr A7) = ksup (Esub)/k;)/.b and

A= k??pptip/k?l)/.bpsub-

In the general case, the corresponding dimensionless CV de-
pends on the values of both A* and A*, and can be calculated
numerically from eq 3, Figure S12. The dependence of its half-
wave potential on A* and A* is shown in Figure S13. For a
given A* value, the d - dependence of the CV is captured by a
single parameter, A*. Upon approaching the tip to the surface,
A* goes from zero (since pg;, = 0 at large d) toward a constant
value of A" = k7, / kg, at small gaps, since pyy = psypwhen d
is small, Figure 3d. The simulated p;;;, and py,;, dataset of
Figure 3 enables A* to be derived at any d, and thus theoreti-
cal CVs to be calculated for any gap width. Figure 5b shows
the variation of E1/20f such Cvs as a function of d, calculated
from eq 3 for a series of 1 values (colored traces).

It can be seen that, the E1/zvalue is predicted to be equal to E°
when the tip barely makes contact with the chain (d = 15 nm,
Figure 5b). In this situation the electron transfer at the tip is
very slow while it is at equilibrium at the substrate. Conse-
quently, the current is then immeasurably small. However, as
the tip is approached further to the substrate, E1/2 is expected
to rapidly shift negatively, reaching a d-independent value
from d ~12 nm and below. One can see that this limiting E1/2
value depends on A, being more negative the higher A is. Actu-
ally, E1/z- E° then approaches a value of -A (Figure S13). This
illustrates how the reorganization energy associated with
rate-limiting electron transfers in nanogaps can be immedi-
ately “visually” estimated from the E1/z20f itip vs. Esub (or Etip)
CVs.

Our experimental observation of a wide d region, ranging
from ~2 - 11 nm, where E1/2values were found to be d-
independent, fully complies with the above prediction.

This result confirms that the electron transfer steps at the
electrodes alone control the current recorded at nanogaps
confining end-attached, redox-labeled DNA chains.

Moreover, considering again Figure 5b, the large set of exper-
imental E1/2 values, once reported on the family of theoretical
curves, lead to an exceedingly small X value of 0.04 eV or less.

Similarly, fitting the individual itp vs. Esu» CVs with equation
(3), using A as the sole adjustable parameter, yielded A values
distributed around 0.01 ev for d < 9 nm, Figure 5c. A subtle
trend of an increase of A with d can be observed for d > 9. This
could be due to a gradual transition from the confined regime
to that of a DNA chain simply end-attached (unconfined),
which is characterized by a higher A value (see below).25

Finally, it should be noted that a low value of A is required to
justify our first qualitative observation that the tip current
became independent of the overpotentials applied to the tip
and the surface once these exceeded a few hundred millivolts
only. Indeed, the MHLC model predicts that the electron trans-
fer rate constant reaches a saturation value for lower
overpotential values the smaller lambda is, see Figure S9.

DISCUSSION



Our measurement of an extremely small A value for the Fc
head of confined DNA, compared to the admitted value for the
reorganization energy of Fc (0.85 eV) (Figure S2),60 falls in
line with our previous demonstration that the electrochemical
response of (unconfined) Fc-(dT)y (N = 10-50) chains, end-
grafted to gold surfaces, was characterized by very low reor-
ganization energy values, (~ 0.2 eV for Fc-dTso). This was the
first evidence that the attachment of the Fc head to a DNA
chain, terminally immobilized on an electrode surface, con-
tributes to a large decrease in A. The present study evidences
that the reorganization energy is further reduced and almost
completely suppressed when the terminally attached Fc-DNA
chain is also confined. The fact that a decrease in A was ob-
served for two different chain configurations (unconfined or
confined), using two different techniques (transient CV or
stationary AFM-SECM) addressing a very different number of
molecules (millions or ~ 10), strongly supports our assertion
that the reorganization energy is greatly reduced in Fc-DNA
systems. We can only assume that this effect is related to the
polymeric nature of the DNA chain and its coiling behavior.
The fact that it is more pronounced for confined vs. uncon-
fined DNA would point to a role of the conformational energy
of the chain, which is modulated by the confinement in the
nanogap.

In our previous study of unconfined, surface-attached Fc-
DNA,%25 we suggested that our results could be understood
based on the expression of 4,, the solvent reorganization
energy, equation 4 : 61

e? 1 1 1 1
Ao(2) = 8mey <$ B g) (a_o 20z + ao)) (4)

where ap = 0.38 nm is the Fc radius, z the distance to the elec-
trode, gop = 1.78 is the relative water permittivity at optical
frequency, s the relative water permittivity of water at the
frequency of molecule motion (~80 in the bulk).

The total reorganization energy (A) determined here is the
sum of the solvent (Ao) and internal (Ai) reorganization ener-
gies, but for ferrocene Ai was predicted to be very small
~0.016 eV. 63

Our observation of a reduced A value would thus mostly arise
from a decrease of Ao, ascribable to a lowering of the & value,
tending toward that of &op. At a microscopic level, several
factors could be at the origin of a low &svalue, including the
entrance of Fc in the Stern layer due to the inertial motion of
DNA,39 the Stern layer having a very low dielectric constant.6*
This effect would be consistent with the recent observation
that redox molecules rigidly immobilized on electrodes, close
enough to the surface to be permanently inside the electric
double layer, exhibit small Ao values.65 Other factors could
here be the high-frequency motion of Fc, which is in the range
of water dielectric relaxation, or contributions from the DNA
chain itself, which may participate in the solvation of Fc. In
addition, the dielectric constant of water confined in nanome-
ter-wide nanogaps is known to be lowered,% so this effect
may also play a role here. In any case, the attachment of a
redox moiety to a DNA chain and its confinement within a
nanogap appears to be a completely unexpected way to modu-
late and even suppress the activation energy of electron trans-
fer.

The value found above for k¢, is also worth discussing. A
general and workable theoretical formulation for k™ is :62

k™ =Zk,

Z is the collision factor, in cm/s, given by: Z = /RT /21tM, with
M the molar mass of the redox species. k,, is the transmission
coefficient (ranging from 0-1). x depends on the electronic
coupling energy parameter, H and on A as:¢2

_ 2-2exp [-1.3510% H?/V]]

Ke = 5 exp [-1.35 103 HZ/VA]

where H and A are expressed in eV and a temperature of 25°C
is assumed. k, is plotted vs. A and H in Figure S11.

For a freely diffusing small redox molecule, such as
ferrocenedimethanol, Z ~5 103 cm/s , A = 0.85 eV and H >0.1
eV,67 so that k,~1. k™ is thus in this case in the order of 103
cm/s.

The corresponding value we obtained here for of Fc-DNA
(ktip = 0.4 cm/s) is ~3 orders of magnitude smaller. This can
be understood as a significantly smaller H-parameter value for
the DNA-attached vs. free ferrocene. A likely scenario is that
the attachment of the Fc head to the DNA chain limits the
possible orientations of the Fc with respect to the surface,
which would affect (statistically reduce) the electronic cou-
pling energy. We have previously reported quantum chemis-
try simulations which evidenced such a large dependence of
the electronic coupling energy on the angstrom-scale position-
ing of Fc.68 Of note, the reduction in A upon passing from free
Fc to Fc-DNA would have been expected to actually increase
the k7, value, but this effect is likely dwarfed by the much

sharper dependence of k, on H than on 4, Figure S11.

CONCLUSION

AFM-SECM, combined with state-of-the-art molecular dynam-
ics simulations, allowed us to decipher the electron transport
by end-attached redox DNA chains across electrochemical
nanogaps of molecular dimensions.

We reveal that, as a result of its hemispherical motional field,
the collisional dynamics of the redox head with the confining
nanogap electrodes is several orders of magnitude faster than
expected from mere diffusion. Consequently, the nanogap
current is under full kinetic control by the electron transfers
at the electrodes, an unprecedented situation for an electro-
chemical nanogap. Most importantly, the potential depend-
ence of the current most-visibly evidences a saturation of the
electron transfer rates at unexpectedly low overpotential
values. Based on the Marcus-Hush-Levich-Chidsey model of
electron Kkinetics transfer kinetics, we show that this behavior
is ascribable to an almost complete suppression of the activa-
tion energy of the electron transfer of the Fc head at the
nanogap electrodes. Such a phenomenon is tentatively at-
tributed to modulation of the solvent reorganization energy
term of Marcus equations, resulting either from the extremely
fast dynamics of the DNA-borne Fc, the inertial motion of the
DNA chain, or its contribution to the solvation of the Fc. In any
case, our results imply that future nanogap-based E-DNA
sensors could operate under very low overpotentials. Our
work provides a solid quantitative basis for the understanding
of the transduction mechanism of these nanodevices. Fur-
thermore, we also showed that the suppression of the activa-
tion energy in nanogaps is not limited to Fc-DNA chains, since
we also observed it here for Fc-PEG chains. Thus, this may be
a general, previously unforeseen property of redox polymer
chains confined in electrochemical nanogaps that could be
exploited for important applications in e.g. electrocatalysis.

MATERIALS AND METHODS



Materials. Doubly HPLC purified, custom functionalized oligo-
nucleotides (oligo-dT), bearing a redox ferrocene (Fc) label at
their 3’ end and a disulfide group at their 5’ extremity, were
acquired from Eurogentec (Belgium). Their structure and
conditioning were as described previously.25 All other chemi-
cals and solvents were analytical grade and used as received.

Assembly of the Fc-dTso layer. The assembly of the Fc-dTso
layer has been described in detail elsewhere.25 Briefly, the Fc-
oligonucleotide-disulfide was reduced to its free thiol form
just before grafting using tris(2-carboxyethyl)phosphine)
(TCEP). MCH (6-Mercapto-1-hexanol), released as a by-
product of the reduction reaction, was separated from the Fc-
oligonucleotide-thiol by using an oligo clean-up and concen-
tration kit (Norgen Biotech). 1-Propanethiol (termed MPOH),
prepared in 360 mM PBS (88.6 mM NaH:PO4, 271.4 mM
NazHPO4, 990 mM NaCl, pH 7.4) was added to the purified
oligonucleotide. The final concentrations of Fc- dTso and
MPOH in the adsorption solution were both of 20 uM. A Teflon
mask was used to delimitate a 4 mm diameter disk-shaped
region on a freshly exposed template-stripped ultra-flat gold
surface (TS-Au).69 A 20 pL drop of the Fc-DNA/MPOH solution
was deposited on this area and the incubation lasted over-
night. After thorough rising with the electrolyte (1 M NaClO4,
10.6 mM NaH2PO4, 14.4 mM NazHPOs4, pH 7.0), the surface was
mounted as the bottom electrode in an electrochemical fluidic
cell, prior to carrying out the cyclic voltammetry (CV) and
atomic force electrochemical microscopy (AFM-SECM) anal-
yses.

Assembly of Fc-PEGs400 layer. Home-synthesized, linear Fc-
PEGs400-disulfide was used to form end-grafted Fc-PEG layers
on TS-Au as described in our previous works. 70

AFM-SECM and CVs characterizations. AFM-SECM characteri-
zations were performed as described previously.2551 Com-
bined atomic force-electrochemical tips home-made from gold
wires, and displaying a radius of 20 - 50 nm and a spring
constant in the order of 1N/m, were used. The experiments
were carried out using a JPK Nanowizard II microscope, con-
nected to a homemade bipotentiostat, operated in a four-
electrode configuration. The tip and the surface carrying the
Fc-DNA (substrate) were the two working electrodes. A plati-
num coil and a home-prepared polypyrrole-coated platinum
wire (calibrated vs. KCl saturated calomel electrode, SCE)
acted as the counter and reference electrodes, respectively.
The bipotentiostat enabled the tip and substrate potential to
be independently applied (Etup and Ewb, respectively) and
scanned, while the tip and substrate current (itp and isup, re-
spectively) were recorded.

Integration of the slow scan rate isu» vs. Esup CVs (1 V/s or
slower) yielded the molar amount of Fc-DNA chains present
on the surface, Ny and the standard potential of the Fc labels
of the end-anchored DNA chains, E°. All of the potentials given
in this work are expressed vs. E° unless otherwise stated.
Dividing No by the geometric surface area of the electrodes, S,
yielded the chain coverage, I'.
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