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Diamondoid-functionalized gold nanogaps as
sensors for natural, mutated, and epigenetically

modified DNA nucleotides

Ganesh Sivaraman,? Rodrigo G. Amorim,®< Ralph H. Scheicher® and Maria Fyta*®

Maodified tiny hydrogen-terminated diamond structures, known as diamondoids, show a high efficiency

in sensing DNA molecules. These diamond cages, as recently proposed, could offer functionalization

possibilities for gold junction electrodes. In this investigation, we report on diamondoid-functionalized

electrodes, showing that such a device would have a high potential in sensing and sequencing DNA.

The smallest diamondoid including an amine modification was chosen for the functionalization.

Here, we report on the quantum tunneling signals across diamondoid-functionalized Au(111) electrodes.

Our work is based on quantum-transport calculations and predicts the expected signals arising from

different DNA units within the break junctions. Different gating voltages are proposed in order to tune the
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1. Introduction

Nanometer-sized pores opened in a material have shown high
potential as a cheap and ultra-fast third generation sequencing
technology.'™ A nanopore sequencer involves a single mole-
cule technique. This does not require any labels or amplifica-
tion. Such a device can potentially sequence almost in real
time. Nanopores are of low cost and compatible with conven-
tional electronics. They can be rendered into a parallel high-
throughput device for reading-out DNA and are able to
support long read lengths. Nanopores can electrophoretically
translocate biomolecules (DNA, RNA, and proteins) within a
salt solution, giving rise to ionic current blockades. The ionic
signals can in turn be used to detect the translocation of the
biopolymers.*°

Different sequencing protocols, that is ways to identify the
bases along DNA, have been proposed. Among these, the use
of transverse current signals across nanopores shows a high
promise in view of sequencing applications.'™'? Specifically, in
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sensitivity of the functionalized electrodes with respect to specific nucleotides. The relation of this sensi-
tivity to the coupling or decoupling of the electrodes is discussed. Our results also shed light on the
sensing capability of such a device in distinguishing the DNA nucleotides, in their natural and mutated

a tunneling recognition scheme a voltage bias which is applied
across the electrodes is able to capture the translocating single
stranded DNA (ssDNA)."”*™* 1t involves a solid state nanopore
including break junction electrodes which can measure the
transverse tunneling current, detect the difference in the elec-
tronic structure of the translocating nucleobases, and read out
the genetic information (i.e. sequence the nucleobases). This
method of sensing can be very efficient, but the distinctive
coupling of the different nucleotide species to the electrodes
needs to be improved and there should be a sufficient
sampling in the measurement of each nucleotide located
between the electrodes."®"”

A possible improvement is to functionalize the electrodes
with small molecules which can form hydrogen bond bridges
with the translocating nucleotides.'® In this way, the functio-
nalizing molecule introduces molecular states into the elec-
tronic gap of the band structure of the electrodes across which
the electrons can hop enhancing the tunneling current.'®
Recently, we have shown the potential of amine-derivatives of
lower diamondoids to be used as functionalization molecules
in a nanogap.”””’ Diamondoids are tiny hydrogenated
diamond cages, with tunable electronic properties and a
variety of potential applications.”* The smallest diamondoids
with a diameter up to a few nanometers are commonly
known as ‘lower diamondoids’. The hydrogen bonding
between amine-modified diamondoids and DNA nucleobases
was proven to be strong enough to be detected, while a
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comparison of the electronic properties of the diamondoid/
nucleobase complexes showed distinguishable character-
istics.?® This suggests a possible electronic detection of the
nucleobase identity, which needs to be confirmed by an
inspection of the tunneling current signals.

To this end, in this work, we perform quantum transport
simulations as a proof of concept of the ability of diamondoid-
functionalized electrodes to identify different types of DNA
nucleotides. Note that nucleotides are the nucleobases
attached to a sugar-phosphate group of the DNA backbone. In
the following, a lower diamondoid, amantadine (ama), is used
as the functionalization molecule of gold electrodes. These
electrodes can potentially be embedded in a solid-state nano-
pore. In order to effectively attach the functionalizing molecule
on the gold surface of the electrode, one hydrogen atom of the
diamondoid cage has been replaced with a thiol group at the
apical position.* Our investigation will involve four nucleo-
tides, as well as a mutated nucleotide, and an epigenetic
marker. We show that diamondoid-functionalized gold electro-
des can be used to identify these molecules and differentiate
among them.

2. Methodology

We use the amantadine-functionalized gold electrodes to
investigate the quantum transport properties of four natural
nucleotides: deoxyadenosine monophosphate (dAMP, in the
following abbreviated simply as A), deoxythymidine mono-
phosphate (dTMP, in the following abbreviated simply as T),
deoxycytidine monophosphate (dCMP, in the following abbre-
viated simply as C) and deoxyguanosine monophosphate
(dGMP, in the following abbreviated simply as G). These are
separately placed between the functionalized electrodes. Here,
we investigate only the single-functionalization case, that is
only the left electrode has been functionalized by a diamond-
oid. Only one diamondoid (ama) will be used in this work, as a
proof of concept. The choice of this diamondoid is based on a
broader analysis (to be published elsewhere) using additional
diamondoids as functionalization molecules. In addition to
the analysis of the tunneling current signals arising from
each nucleotide between the functionalized electrodes, we
extend the investigation to study the efficiency of such a
functionalized-nanopore device in distinguishing natural
nucleotides from mutations (8-oxodeoxyguanosine mono-
phosphate - 8-oxo-Gua, in the following abbreviated simply as
d8oG*®) and epigenetic markers (5-methyl deoxycytidine
monophosphate - 5-mdCMP, in the following abbreviated
simply as d5mC?®). The diamondoid is attached on a (111)
gold surface. For the calculations we have used semi-infinite
electrodes.

In this work, density functional theory (DFT) base
simulations as implemented in the code SIESTA*® were carried
out. The use of quantum-mechanical calculations has been
proven very efficient in the field of nanopore sequencing.*®
We have used the generalized gradient approximation of
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Perdew-Burke-Ernzerhof (PBE-GGA),”" and the norm-conser-
ving Troullier-Martins pseudopotentials.®* For expanding the
Kohn-Sham states, we have considered a double-{ with polar-
ization (DZP) basis-set for the molecules, and a single-{
with polarization (SZP) for the gold atoms (5d'°, 6s'). These
basis sets have been proven efficient in simulating similar
systems.'®?° An energy shift of 0.01 Ry with a real space
sampling grid (mesh cutoff) of 200 Ry, and 5 x 5 x 1 k points
using the Monkhorst-Pack scheme were also used. The ionic
relaxations were performed until the net forces of each atomic
component become smaller than 0.01 eV A™*. The Au(111)
unit cell was fully relaxed and we obtained a lattice constant of
4.186 A which compares well with the data reported in the
literature.?

The electronic transport calculations are performed using
DFT combined with the non-equilibrium Green’s function
(NEGF) formalism, as implemented in the TranSIESTA** code.
Fig. 1a shows the electronic transport setup, composed of
three parts: the two electrodes (left and right) and the scatter-
ing region (device). For solving this transport problem, it is
possible to write Green’s functions according to:

G(E,V) = [E x Ss — Hs|p] — Z(E,V) — Zx(E, V)", (1)

where Sg and Hs are the overlap matrices and the Hamiltonian
for the scattering region, respectively. The terms Xy, are self-
energies, which take into account the effect of the semi-infi-
nite left (L) and right (R) electrodes. E and V correspond to the
energy and the applied bias voltage, respectively. Within this
scheme, the charge density is calculated self-consistently
using Green’s functions, until convergence is achieved. Accord-
ingly, the transmission T'(E) can be written as:

T(E) = Tr | (E, V)G(E, V)R (E, V)G (E, V)], (2)

the matrix I'y(E) is defined as i[Z, — X{], where a = (L, R).
Further details on the theory and also the implementation can
be found in the literature.?® The last theoretical aspect raised
here is the Keldysh formalism leading to the local current or
the current between the two states M and N as:

B =15 > S{o@nd'®} ] 6

Here, the sum is performed over all orbitals m (n), associated
with the sites M (N). For a zero bias calculation, the local
current maps the transmittance projection between the two
states M and N.

Fig. 1c shows the zero bias conductance for different
nanogap widths (d). We have noticed a high conductance for
distances smaller than 4.5 A. For distances larger than 5 A the
conductance goes to zero. The local current is shown in
Fig. 1d, for two nanogap widths. For the smallest nanogap
width of 3 A, we have seen the highest conductance. Since, no
bias voltage was applied across the electrodes, this conduc-
tance can lead to the projection of the transmittance and the

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 The computational setup for the transport calculations along the Z direction is shown in panels (a) and (b). Three outer layers of the Au(111)
material on either side of the nanogap form semi-infinite leads. The inner five layers of Au(111) on either side along with the embedded molecules

form the scattering region. (c) Variation of the zero bias conductance with the capacitor gap size. (d) Local curren

t2* across the nanogap for two

different capacitor gaps. In these panels, gold atoms are shown in yellow, carbon in gray, nitrogen in blue, hydrogen in cyan, and sulfur in orange.

tunneling current passing across the gap. For a nanogap of
6 A, the conductance is zero and the local current is observed
to diminish.

For the device functionalization we have used a supercell of
14.8 x 14.8 x 40.8 A. Five unit cell repetitions in x and y direc-
tions, and ten perpendicular to the atomic planes in the
z direction with a gap of 19 A between the gold capacitor were
used and are shown in Fig. 1b. A thiolated amantadine is
placed close to the left gold layers and was relaxed until the
thiol group of the amantadine was bonded to the gold surface.
Next, a nucleotide was added close to amantadine with an
orientation favoring the formation of hydrogen bonds with the
diamondoid. The nucleobase and the sugar-phosphate group
point towards the right inner gold layer. The choice of the dis-
tance between the gold layers is based on the condition that
even the largest two nucleotides (A and G) should fit inside the
gap. These specific conformations are chosen for consistency
with our earlier studies.>

In real experiments, DNA is a charged molecule, which
would react to a small bias voltage across the device and
would re-orient with respect to the applied bias direction.
Accordingly, a conformational scan would be necessary to
capture the dynamics of the nucleotides within the electrodes
and include the conformational variability in the analysis. In
this work, though, we aim to present a proof of principles of
the bio-sensitivity of a diamondoid-functionalized sequencing
device and will not focus on the effect of the nucleotide con-
formations on the transport properties. This should be the
subject of a separate study.

This journal is © The Royal Society of Chemistry 2016

3. Results

The geometries obtained after relaxation for all the natural
nucleotides (A, C, T, and G), as well as for the two modified
nucleotides (d5mC and d8oG) within the diamondoid-functio-
nalized gold electrodes are depicted in Fig. 2. For all cases, the
nucleobases point to the diamondoid side, while the phos-
phate groups are closer to the right electrode. No covalent
bonding occurs between the nucleotides and the electrodes.
The residual distances on each side are not larger than 2.5 A.
The full relaxation of each geometry gives the best coupling
between the molecules and the device. These configurations
will be used further in evaluating the transport properties for
all nucleotides.

The main challenge for the Au(111)-diamondoid functio-
nalized device is to efficiently distinguish the nucleotides
using the tunneling current signals. To this end, Fig. 3 shows
the calculated transmission curves for all nucleotides. We
observe sharp peaks with T(E) ~ 107", at different energies for
each nucleotide in the transmission T(E) spectra. The values
for T(E) in the range 107*-107° correspond to energies far
from the resonances. In order to evaluate the peak origin, we
calculated the projected density of states via Green’s functions,
which were projected in three atomic groups: (i) gold atoms,
(ii) nucleotides, and (iii) diamondoids. We have found that the
higher contribution for each peak comes from the nucleotides
(not shown here). These results suggest that for specific ener-
gies, the transmittance spectral resonances lead to the nucleo-
tide fingerprints. The observed T(E) hierarchy at the Fermi

Nanoscale, 2016, 8, 1010510112 | 10107
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Fig. 2 Fully relaxed geometries of diamondoid-functionalized electro-
des including the nucleotides. The transport calculations are performed
for the systems shown in this figure. The setups are generated for six
nucleotide cases: the four natural ones, as well as one methylated and
one mutated nucleotide, as denoted by the labels. In these panels, gold
atoms are shown in yellow, carbon in gray, nitrogen in blue, hydrogen in
cyan, oxygen in red, phosphorus in purple, and sulfur in orange. The
same color coding is used throughout this work.

Transmission

-1.2 -0.3 0

-0.9 -0.6
Energy (E-EF) (eV)

Fig. 3 Transmission curves plotted on a semi-log scale for the six geo-
metries shown in Fig. 2. The shaded region is of interest for sensing (see
text). The energy axis has been shifted so as to align zero with the Fermi
energy, Er.

level (G > C > A > T) shows a difference up to one order of mag-
nitude for the nucleotides compared to G. A and T show a very
similar transmission close to the Fermi level, which might
result in overlapping electronic signals, and a difficulty in dis-
tinguishing them from each other. The sensing device pro-
posed here shows better read-out possibilities than other types
of functionalizing devices. A qualitative comparison of the
transmission peaks shown in Fig. 3 of the present paper to
those obtained from cytosine-functionalized gold electrodes
(see Fig. 4 in ref. 18) reveals that in the former setup the peaks
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are energetically further separated and hence more dis-
tinguishable than in the latter case.

In the following, we analyze the energy range (shaded
region in Fig. 3), which includes the resonance peaks for all
nucleotides studied here, in order to propose a path to clearly
identify each nucleobase. Accordingly, we will tune the Fermi
energy in a nucleotide-specific way. In practice, in real experi-
ments, this can be done by tuning the gating voltage of an
external gate. For example, if we are interested in identifying
d8oG to which the first peak on the right side of the shaded
region corresponds, we would need to tune the Fermi energy
to Vy = —0.76 eV. In order to generalize this analysis, we will
assume a similar definition of the gating conductance g (for a
small bias) as a function of the gate voltage, V,:*

§(Vg) = GoT(n) (4)

where u = Ep — eV, T is the transmission function, and
26>
G() - T

In order to sense DNA based on the formalism above,
a reference system with a specific conductance is needed. Based
on this reference, the properties of each nucleotide can be
identified. For tunneling systems, the reference device conduc-
tance is zero for a large capacitor distance, as is shown in
Fig. 1c. Accordingly, another reference system is needed. As a
solution to this, we introduce the device sensitivity, consider-
ing one nucleotide as a reference with respect to the sampling
gating voltage V; as:

ref — gx

X

S(Vy) [ %] = x 100,

where g is the reference gating conductance, which corres-
ponds to the transmission peak of a specific nucleotide at a
gating voltage V;, and g, is the gating conductance at the same
gate voltage (V,) for any other nucleotide (excluding the refer-
ence nucleotide).

From the sensitivity at a specific sampling gating voltage, it
is possible to observe how well resolved the conductance of
the reference nucleotide will be with respect to other nucleo-
tides. The device sensitivity according to the definition above
and for all nucleotides is summarized in Fig. 4. (Results for
the modified nucleotides, d5mC and d80G, are shown only in
panels (c)-(f), since for these the question is whether they can
be distinguished from their natural counterparts, C and G.)
We begin the analysis with the sensitivity for A (Fig. 4a). For
this, A is taken as the reference at a gating voltage of V, =
—0.98 V. It is evident from this figure that the sensitivity of the
device in recognizing A is at least five orders of magnitude
higher than its natural counterparts (T, C, and G). Accordingly,
we can infer that at this gating voltage, the device could clearly
identify A.

In order to understand the underlying physics in Fig. 4a,
the zero bias scattering state eigenchannel wavefunctions
(EWF),’® at V, = —0.98 V, are shown in the lower panel of
Fig. 5. Both the real and imaginary contributions to the EWFs

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 The device sensitivity is plotted on a semi-log scale for different
gating voltages corresponding to the transmission peaks of the refer-
ence nucleotides. The labels denote the reference nucleotide and the
respective gating voltage.

are shown. For reference A, the real part of EWF is localized
over the whole scattering region. For the non-reference nucleo-
tides (T, C, and G) the EWF is mainly located at the diamond-
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oid site, showing a small contribution to the nucleotide sites.
For the non-reference nucleotides, the EWFs clearly decay as
we move from the left electrode to the right, resulting in a
smaller T(E). An inspection of the imaginary part of the EWFs
for A points to states spread almost over the whole device,
from the left, over the molecules, to the right electrode. This
behavior clearly denotes an enhancement of the electronic
coupling between the gold electrodes, the diamondoid, and
A. Such a spread contribution is not observed for the non-
reference nucleotides. This effect of electronic coupling is
reflected in the local currents,*® which are also sketched in the
top panel of Fig. 5. According to this figure and based on the
above analysis, local currents are observed mainly for the refer-
ence A and not for the non-reference nucleotides, for which
the local current is negligible. These results indicate that,
based on the device sensitivity and the local current measure-
ments for a gating voltage of V, = —0.98 V, it is possible to
identify only A.

In Fig. 4 we observe that the device sensitivity spans a range
of 10?-10” and note that the gating voltage should be carefully
chosen in order to identify the nucleotides. At a gating voltage
Vy = —1.3 V, the conductance for C is at least three orders of
magnitude more resolved compared to its natural non-refer-
ence counterparts (A, T, and G). At V, = —1.06 V, the gating
conductance for G is at least four orders of magnitude more
resolved than that for the non-reference A, T, and C. For V, =
—0.98 V or V,; = —1.06 V, the sensitivity distributions for the
non-reference nucleotides are not considerably broad, but
differ only by one order of magnitude. On the other hand,
taking C as a reference for V, = —1.30 V, leads to a sensitivity in
the range 10°-10° (see Fig. 4c).

Fig. 4b shows the sensitivity histogram for T at V, = —1.26 V,
calculated from the transmission curves in Fig. 3. In the latter
figure, the transmittance peak for T is very sharp and smaller
than the peaks for the other nucleotides. It is clear that T
shows at least one order of magnitude difference in the trans-
mission with respect to the relevant data for A, G, d8oG, and

Fig. 5 A comparison of four natural nucleotides at a gating voltage of V; = —0.98 V which corresponds to the first transmission peak for A below
the Fermi level. The local currents are plotted in the top panel and the eigenchannel wavefunctions at the bottom panel. For clarity all wavefunctions
are plotted for the same isovalues, while positive values of the wavefunctions are shown in purple and negative in blue. The imaginary part is not

clearly visible in most of the cases since its too small or below the cutoff.

This journal is © The Royal Society of Chemistry 2016
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d5mC, and about two orders of magnitude difference from the
C case. At this gating voltage, other nucleotides (A and C) have
a much higher transmission than T. In order to evaluate the
contribution of the nucleotides to the transmission, we have
calculated the projected density of states (PDOS). We have
observed (not shown) that the transmission peak for T has at
least two major contributions: one from the diamondoid and
one from the nucleotide T.

Up to this point, we have shown that it is possible to ident-
ify the nucleotides by choosing the respective gating voltage.
In the following, we consider another possibility to distinguish
the nucleobases based on the respective differential conduc-
tance j—gg. This can resolve peaks of the nucleotides in cases
when these are not easily distinguishable. This can for
example be the case for T, according to our previous analysis.
The advantage in using the differential conductance is that
this quantity can lead to information on the conductivity
changes for a range of gating voltages V,. Fig. 6 shows how
well resolved the conductance change for each natural nucleo-
tide is. For A and C, the differential conductance does not
overlap with that for the other nucleotides in the range V, <
—1.3 Vand -1.06 V < V, < —0.97 V. In the range V, = —1.26 +
0.01 V the differential conductance for T is highly resolved, as
it does not overlap with any of the other nucleotides. This
observation indicates the possibility to distinguish T for this
gating voltage range. The differential conductance for G is very
broad and overlaps with A and C. A further inspection of Fig. 6
reveals three ranges for the gating voltage, in which no overlap-
ping between the curve for G and those for the other nucleo-
tides occurs. These results point to the possibility to use the
information arising from the differential conductance in order
to identify the natural nucleotides within a range of the gating
voltage.

Another important issue in the field of DNA sequencing
is the possibility to distinguish pristine nucleotides (like C
and G) from their modified forms (like d5mC and d8oG). The
transmission curves in Fig. 3 show defined peaks for these two

o

dG/dv (G,)
o
T

.4_ 1
10 /
10°F 1

1 |

12 K|
Gating Voltage (V)

Fig. 6 Derivative of the conductance with respect to the gating voltage
plotted in the gating window for the four natural nucleotides.
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modifications, which do not overlap with the curves for the
pristine nucleotides. In Fig. 4c and e, we show the sensitivity
for pristine C and its mutant d5mcC, and in Fig. 4d and f the
data for dGMP and d8oG, respectively. At the chosen gating
voltage values the modified nucleotides can be easily distin-
guished from their pristine counterparts. The EWF and local
currents are shown in Fig. 7. For a gating voltage V, = —1.3 V,
corresponding to the peak for C in the transmission spectra,
C can be distinguished from d5mC. For d5mC and a gating
voltage of V, = —1.02 V, corresponding to the transmission
peak for this nucleotide, the sensitivity difference from the
pristine C is about five orders of magnitude. The respective
EWFs for d5mC and C are presented in the left panels of Fig. 7
for a gating voltage of V, = —1.3 V. The real part of the EWFs is
localized in both cases. In the pristine C, though, a stronger
coupling to the right electrode occurs. This difference is
mapped on the local currents, also shown, which are negli-
gible for d5mC, but are finite for C.

Finally, by sampling at V, = —1.06 V, the gating voltage
corresponding to the transmission peak for G, it is possible to
distinguish G from the mutation d8oG. For V, = —0.76 V,
which corresponds to the transmission peak for d8oG, the sen-
sitivity for d8oG is seven orders of magnitude higher than that
for dGMP. Going back to V, = —1.06 V, at this voltage, the real

Fig. 7 A comparison of C vs. d5mC can be seen in the left panels for
V4 = —1.3 V (corresponding to the second transmission peak below the
Fermi level for C). A comparison of G vs. d8oG is made in the right
panels for V4 = —1.06 V (corresponding to the second transmission peak
below the Fermi level for G). For each case, the local currents are
sketched in the top panel and the EWFs at the bottom panel. For clarity
all wave-functions are plotted for the same isovalue and are color
coded according to their positive (purple) and negative (blue) signs.

This journal is © The Royal Society of Chemistry 2016
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part of the EWF is localized along the entire device for G and
at the functionalized left electrode for the d8oG case, as shown
in the right panels of Fig. 7 for G and d8oG. For this gating
voltage, the electrodes in the pristine case (G) are coupled and
there is a respective local current. In the mutated nucleotide
(d80G) there is no current at this gating voltage. These results
again strongly indicate the possibility to distinguish the pris-
tine G over its mutation d8oG. An inspection of the EWFs for
d8oG shows a significant difference in the symmetry of the
eigenchannel compared to that of G, which suggests a larger
asymmetry in the I-V curves for the case of d8oG with respect
to G at a low applied bias.”” This asymmetry indicates that
d8oG can potentially reveal its rectifying behaviour when the
gating voltage is tuned so that the conduction due to these
orbitals moves closer to the Fermi level.

4. Conclusions

Using quantum-mechanical calculations, we were able to
provide a proof of concept regarding the feasibility of a bio-
sensor based on amantadine-functionalized gold electrodes.
Our work has shown that such a device can detect different
nucleobases and their modifications based on quantum tun-
neling measurements across the electrodes. Different gating
voltages can tune the sensitivity of the functionalized electro-
des with respect to specific nucleotides having a high trans-
mission peak at these voltages. We have also revealed the
sensing mechanism for one of the pristine nucleotides (T)
by analyzing the derivatives of the conductance with respect
to the values of the gating voltage. The sensitivity at
different gating voltages is also related to the coupling or
decoupling of the functionalized electrodes, and the obser-
vation or lack of observation of local currents. In order to
reveal the physics underlying the observed transport pro-
perties, the scatter state wave functions at a higher trans-
mission, as well as the local current plots were presented
and discussed.

Our results involve the zero bias voltage case, but can give
an indication of the I~V characteristics of the diamondoid
functionalized device at a small applied bias. The current as a
function of applied voltage in the low bias regime (up to 0.1 V)
for d5mC and d8oG should be significantly different compared
to their respective natural nucleotides. Our data support this
assumption, as a low applied bias should not prevent the
possibility of distinguishing the different nucleotides based on
their I-V response.’® It is not trivially clear how the trans-
mission peaks would shift with respect to an applied bias.
However, Fig. 5 and 7 indicate that the EWFs in all cases are
more associated with the same (left) electrode implying that
the transmission peaks would shift towards the same direction
to more negative energies. Accordingly, at a low bias and for a
moderate coupling of the electrodes, we can assume that all
the transmission peaks do not shift too strongly and that the
shift is similar in all cases. The sharp transmission peaks for
G and d8oG at —0.28 eV and —0.75 eV, respectively would then
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show a sharp rise in the current for G between —0.2 Vand —0.3 V.
The sharp rise in the current for d8oG would be expected at
more negative bias voltages. For C and d5mC having their
transmission peaks below —1 eV, a bias of about —1 V beyond
the low bias limit would be needed. At such a high applied
bias the situation is expected to change, as the peaks would
shift in a different way, possibly leading to overlapping and
indistinguishable transmission peaks. Overall, the amount of
increase in the current for each nucleotide is related to the
gating voltage needed to shift the transmission peak closer to
the Fermi energy and the applied bias voltage. Note, that
within our methodology, calculations at a very small bias are
still possible as the system is still not out of equilibrium. The
application of a large bias, though could also lead to a break-
down of the system.

The focus of this work was to reveal the suitability of
diamondoid-functionalized electrodes as biosensors. There are
of course many complex issues that have not been taken into
account at this point. Some of these involve the effect of con-
formational variability and dynamics in the transport pro-
perties across the electrodes and the corresponding
sensitivity of the device. The effect of the surrounding
medium, Ze. water and ions is also expected to play a major
role. The question is whether these factors will only shift the
transport spectra shown in this work or will make the whole
picture more complex. Some of these points we aim to
address in follow-up studies in the near future. A confor-
mational scan of the DNA orientation in the nanopore and
the role of a solvent in the pore can be unveiled in view of
the electronic current signatures in diamondoid-functiona-
lized nanopores. The role of the solvent is expected to influ-
ence the transport properties. Currently, the focus of a
parallel investigation is the comparison of the performance
of different diamondoid derivatives as functionalization mole-
cules in a nanopore device, which is also expected to shed
light onto pathways to enhance the sensitivity of functiona-
lized nanopores.
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