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DNA's charge transfer and self-assembly characteristics have made it a hallmark of molecular electronics
for the past two decades. A fast and efficient charge transfer mechanism with programmable properties
using DNA nanostructures is required for DNA-based nanoelectronic applications and devices. The
ability to integrate DNA with inorganic substrates becomes critical in this process. Such integrations may
affect the conformation of DNA, altering its charge transport properties. Thus, using molecular dynamics
simulations and first-principles calculations in conjunction with Green's function approach, we explore
the impact of the Au (111) substrate on the conformation of DNA and analyze its effect on the charge
transport. Our results indicate that DNA sequence, leading to its molecular conformation on the Au
substrate, is critical to engineer charge transport properties. We demonstrate that DNA fluctuates on a
gold substrate, sampling various distinct conformations over time. The energy levels, spatial locations of
molecular orbitals and the DNA/Au contact atoms can differ between these distinct conformations.
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Accepted 16th May 2023 top ten conformations. We demonstrate that the relative positions of the nucleobases are critical in
determining the conformations and the coupling between orbitals. We anticipate that these results can
be extended to other inorganic surfaces and pave the way for understanding DNA—-inorganic interface

interactions for future DNA-based electronic device applications.
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make DNA a great candidate for molecular electronics research.’
Charge transmission along a DNA molecule has been studied for

Introduction

The main goal of DNA nanotechnology is to utilize DNA, a genetic
substance, as a programmable structural material. DNA consists
of four nucleobases: adenine (A), guanine (G), cytosine (C), and
thymine (T), which are responsible for DNA’s intrinsic properties
such as stability, flexibility, and a polymorphic structure. Their
specific interactions allow DNA to be assembled into complex
nanostructures that help overcome nanoscale fabrication
challenges." Besides, DNA nucleotides and sugar phosphates
can be chemically tuned by functionalization.” These properties
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more than two decades now. Both experimental®® and theore-
tical studies''™ demonstrated the feasibility of transmission
along DNA molecules via overlapping pi-pi orbitals of the stacked
bases and interactions with external molecules.”'*">™” The
charge transport in DNA molecules is reported to be driven by
decoherence added to the transmission resulting from an under-
lying Hamiltonian by various studies."”>'*'® In contrast, other
models have proposed transport driven by rate equations in the
context of tunneling and hopping between DNA bases.*"*?°
Guanine, among the four DNA bases, is found to be the key
regulator of this process, as it possesses the highest occupied
molecular orbital (HOMO) level that is closest to the Fermi level of
the gold electrodes.

Controllable conductivity, mechanical integrity, and struc-
tural stability are among the critical elements that molecular
nanodevices should possess. DNA, like other biomolecules,
fluctuates and interacts with its surrounding environment.
Several studies have been conducted to understand the relation-
ship between conformational changes and the charge transmis-
sion along DNA molecules. Woiczikowski et al.** reported that
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the effect of structural fluctuations can be different based on the
DNA’s sequence and the base pair dynamics are important in
determining the charge transport properties. Artés et al.??
demonstrated that the conductance of DNA molecules increases
by nearly one order of magnitude when their conformation is
changed from the B-form to the A-form. Bruot et al.** outlined
that conductivity is significantly responsive to mechanical
stretching and has a weak dependence on the DNA’s length.
Saientan Bag et al'* noted that the pulling direction plays a
significant role in changing the conformation of DNA and
therefore the conductance.

DNA is subjected to conformational changes when it is in
contact with a substrate. Since DNA would be in interaction
with a substrate in DNA-based nanodevices, the conformational
changes due to substrate interactions would be a key element
in determining the electronic properties of DNA-based nano-
devices. Although great efforts have been made to understand
the effect of structural fluctuations on the electronic properties
as mentioned above, the effect of structural changes due to an
external substrate on the electronic properties remains an open
subject. Depending on the sequence, length, and environmental
conditions, the interactions between biomolecules and inor-
ganic substrates can change. This affects the number of inter-
acting atoms and creates a variety of interfaces. This should in
turn impact both the charge couplings between DNA and sub-
strate atoms and between the bases. Therefore, it is important to
explore the variation in conductance values depending on the
conformation on the substrate.

In this study, we examine the electronic properties of DNA
when in contact with an Au substrate. The Au substrate is
chosen due to its chemical inertness and biocompatibility,
making it a great candidate for bio-electronic and bio-medical
applications. We focus on three different DNA sequences where
GC base pairs are separated by AT base pairs. Then, we
conceptualize a setup where DNA molecules lay horizontally
on a substrate and make electrical contact between the central
AT base pairs and the underlying gold atoms. Our motivation
for horizontal DNA molecules comes from DNA origami tiles
which can self-assemble on a surface and form long, repeating
DNA wires,>*"2” which could be used in a circuit.

First, we model DNA molecules on top of the Au (111)
surface via molecular dynamics (MD) simulations which have
been proven to be an effective tool to investigate the DNA-gold
interactions.”®* Our calculations agree with prior work which
finds several different conformations due to interactions with
the gold surface. Then, we cluster the resulting conformations
and use the top ten groups for the quantum mechanical calcula-
tions. We employ density functional theory (DFT) calculations to
study the electronic properties of each selected DNA conforma-
tion. We present that the energy and spatial distributions of the
molecular orbitals vary with sequence and molecular conforma-
tion. Next, we use Green’s function method to perform charge
transport calculations by considering the alterations in contact
atoms caused by conformational changes. Our results demon-
strate that the transmission of the HOMO energy varies by up to
60 times between different conformations.
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This paper is organized as follows: first, we examine the
structural changes of DNA lying on top of the Au (111) substrate.
Subsequently, we present a comprehensive analysis of differences
in conformations of each DNA sequence. This is followed by an in-
depth investigation of the energy levels and molecular orbitals of
each conformation. Then, we report the charge transport calcula-
tions through DNA aiming to elucidate the effect of the sequence
and conformation on its electrical properties.

Results and discussion

The interaction of DNA and solid substrates is influenced by
many factors such as the crystal structure of surfaces, orienta-
tion of atoms at the surface, the presence of surface roughness
and/or defects, the concentration, size, and sequence of the
DNA molecules, and environmental conditions. It is challen-
ging to account for all these factors and both model and
understand how DNA surface interactions affect conformation.
To understand how electronic properties depend on conforma-
tion both in a single sequence and between closely related
sequences, we study three sequences that consist of the same
content, but the position of the nucleobases differs: (1) ss(A;3)-
ds(C3T3C3)-ss(Az), (2) ss(Az)-ds(C3A;C3)-ss(Az), and (3) ss(Az)-
ds(G3A3G3)-ss(Az). We refer to these sequences as C3T;Cs,
C3A3C3, and G3A;G3, respectively. We add a single-strand poly
adenine extension to each of the 9 base-pair long double-
stranded DNAs for better adsorption to the Au (111) surface
as illustrated in Fig. 1. We restrict the length of the sequences
to nine base pairs due to the limitations of DFT calculations.

To reduce the computational time required for the MD
simulations, we place the DNA structures 3.5 A away from the
surface. Then we solvate the whole system with 0.15 M KCI. We
use the TIP3P forcefield®® to model water molecules and
CHARMM36®' and INTERFACE® force fields for the DNA and
gold substrate, respectively. It is known that when a gold surface is
in contact with water, surfactants, and biopolymers, an attractive
polarization takes place at the interface*® due to highly mobile
electrons. Therefore, while modeling the interactions between
DNA and gold surfaces, it is important to include polarization
effects on the surfaces. We use the INTERFACE force field, which
has been generated using experimental material properties like
density and surface energy as target data to fit the Lennard Jones
(L)) atomic radii and well depth, respectively.** Consequently, in
our simulations we only include van der Waals forces, and we
neglect further Coulomb interactions between the DNA molecules
and the gold substrate. We simulate the DNA-Au (111) systems for
50 ns in the NPT ensemble using the NAMD?** program. During
the simulations, we keep the location of the Au atoms fixed and
neglect the reconstruction of the surface for simplicity. We
provide a comprehensive description of the simulation procedure
in the Method section in the ESLt

We first assess the global conformational changes of DNA
upon placement on the surface using the conventional measure
of the root-mean-square deviation (RMSD). The RMSD increases
during the first 20 ns of the trajectory before reaching a plateau
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Fig. 1 Simulation system (a) for ss(As)-ds(C3TzCz)-ss(Az) named C3T3zCs, (b) ss(As)-ds(CzAzCz)-ss(Az) named C3AsCs, (c) ss(Az)-ds(GsAsGz)-ss(Az) named
G3A3Gs. The top figures show the simulation box including water and 0.15 KCl ions (gray: K & green: Cl). Below, a side view of DNA on top of Au (111) is
shown without water molecules and ions for clarity. DNA sequences are given at the bottom part for each case.

for C3T;C; and G3A;G; while it takes almost 40 ns for C;A;C; to
reach a plateau as shown in Fig. 2. We observe that the final
RMSD values converged to ~5 A indicating that significant
structural changes occurred for all three DNA sequences con-
sidered. Thereafter, we focus on the Root Mean Square Fluctua-
tion (RMSF) for each individual atom to reveal the regions of the
DNA structures that are most flexible (Fig. S2, ESIt). RMSF plots
show that the DNA molecules exhibit significant mobility in the
terminal region of the structure in all cases. On the other hand,
the central AT region for each case stays stable during the 50 ns
simulation. Therefore, we anticipate that with an increase in the
simulation time, the terminal regions will continue to fluctuate,
causing more conformational changes to the molecule, while the
central AT-rich region will remain stable for an extended period.
Since our focus is on the electronic properties of DNA and
understanding the effects of conformational changes, rather than
identifying the most thermodynamically stable conformation of
DNA on a gold substrate, we restrict the simulation time to 50 ns.

|
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Fig. 2 RMSD change within 50 ns of MD simulation together with the
RMSD histogram which shows RMSD mean and variation for each
sequence.
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However, we acknowledge that the conformation of such short
DNA sequences may exhibit greater conformational changes when
the simulation time is extended.

Next, we construct pairwise RMSD plots to monitor the con-
formational changes with time for both (i) the whole DNA
structure and (ii) the central AT region. Fig. S3 (ESIt) illustrates
the temporal evolution of the molecule’s conformation obtained
by comparing the RMSD change between the conformations
saved every 1 ns. The right column of Fig. S3 (ESIt) shows that
the central AT-region is stable and displays minimal conforma-
tional variability. We also observe the stability of this region in the
RMSF plots as previously mentioned. Conversely, the terminal
regions cause the whole structure to exhibit clusters of distinct
conformations (see the left column of Fig. S3, ESIT). Therefore, we
use a RMSD-based clustering algorithm®® and categorize the
conformations of the whole DNA with a cutoff value of 1.5 A
RMSD. Then, we select the top ten clustered groups for further
analysis. We consider the conformations that do not fit any of the
top ten groups as un-clustered. Table S1 (ESIf) presents the
number of conformations and their percentages for each cluster.

It is important to quantify the nature of the interaction
between the DNA strand and the substrate as this results in the
various transmission/conductance features which are also pre-
viously reported in the literature."”*®*” From each of the ten
different clusters, we choose the conformation that has the
minimum RMSD difference from all others in the same cluster—we
call this the representative structure. Because we only take a snapshot
from MD simulations, depending on where we are in the con-
formational space, we may end up with a conformation that is
slightly away from the local energy minimum. Therefore, we apply
energy minimization to all thirty representative structures before
DFT calculations. Fig. S4 (ESIT) illustrates all these structures.
To identify the conformational differences, we initially calculate

This journal is © the Owner Societies 2023
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the percentage of contact atoms, which were defined as the
DNA atoms within 5 A of the Au (111) surface. Our observations
indicate that, in all sequences, at least one nucleobase from
each AAA extension contacts the Au (111) substrate. In the
C;T;C; sequence, two of the Adenines are fully adsorbed for
most of the representative structures, while in C3;A;C; and
G3A;G; it decreases to one. Furthermore, we do not observe
100% interaction with the gold substrate in any nucleobase
other than AAA extensions. We also note in the complementary
strand lacking the AAA extension region, the nucleobases close
to the GC-AT boundaries interact with the substrate for each
cluster. Although these interactions depend on the initial
placement of the DNA molecules on the substrate, our results
indicate that the relative positions of nucleobases result in
different conformations on the surface.

Subsequently, we compare the hydrogen bonds between the
base pairs for each conformation (Fig. S5, ESIt). Notably, while
the representative structures displayed various percentages of
contact atoms, we see comparable numbers of hydrogen bonds
across all representative structures. This indicates that the
terminal AAA extensions provide base pair integrity for the
dsDNA part of the sequences during the simulation time.

Next, we change our attention towards investigating
the puckering angle since A- and B-form DNAs exhibit distinct
conductance values. Fig. S6 (ESIt) demonstrates the sugar
puckering angle for all representative structures, thereby shed-
ding light on the potential DNA form changes. Interestingly, we
note that most of the Ts display a pucker angle close to that of
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the A-form, rather than the B-form, while the rest of the
structure stays close to the B-form sugar puckering.

In the next section, we study the electronic properties of
each representative structure, which reveals that conforma-
tional changes induced by substrate interactions play an impor-
tant role in determining the transmission.

Effects of conformations on electronic properties

We remove the Au (111) substrate, water molecules, and
counterions from the representative structures for DFT calcula-
tions, and we set the total charge of each system to —22, which
corresponds to the number of phosphate groups in the back-
bone. We carry out the DFT calculations with the B3LYP
exchange-correlation function and the 6-31G(d,p) basis set
together with the polarizable continuum model (see details in
the Methods section in the ESIf).

First, we examine the effect of conformational changes on
the energy levels of the molecular orbitals (MO). Fig. S7 (ESIt)
illustrates the first 11 orbitals from both occupied (HOMO—10
to HOMO) and unoccupied (LUMO to LUMO+10) states. We
note the difference between the highest and lowest HOMO
levels is 155 meV for C3A;C;, 115 meV for C;T;C;, and 153 meV
for G;A3G;. We find that C3A;C; exhibits the highest HOMO
energy difference between the representative structures.
Furthermore, we also observe that C3A;C; displays less varia-
tion in the energy of the HOMO levels in comparison to the
other two sequences.
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Fig. 3

(a) Schematic representation of the conceptualized calculation setup, note that gold electrodes are not explicitly included in the DFT calculations.

E-Eriomo (eV)

(b) Transmission plots for every conformation of the C3T3zCs, C3A3Cs and G3AzGs sequences.
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Furthermore, we observe that HOMO levels are generally
higher for C;T;C; and G3A3G;: 70% of the C;T;C; and G3A3G;
conformations have a HOMO level above —5 eV, while it is only
20% for C3A;C;. Moreover, although there are shifts in the
orbital energy levels, the band gaps of all representative struc-
tures lie within the 3.8-4.2 eV range (Fig. S8, ESI{). This clearly
indicates that while the content of each sequence is the same,
energy levels differ due to conformational changes.

Later, we analyze the spatial distribution of MO along the
molecules. Fig. S9 (ESIt) represents the first 4 occupied MOs
from each representative structure. For all cases, occupied
orbitals are either located on the rightmost or leftmost gua-
nines. However, depending on the conformation, the localiza-
tion of orbitals changes; for instance, while in C3A;C; C1
(Cluster 1), the HOMO and HOMO—4 are delocalized on the
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same side, in C2 they are on the opposite guanines. As a result,
it is reasonable to expect sample-to-sample variations in the
transmission values.

To calculate the transmission, we consider a conceptual
scenario where the DNA on the Au (111) substrate makes a
contact from the top of the DNA molecule as in STM and/or
AFM measurements (Fig. 3a). We specifically place the top
contact on the backbone atoms of the central AT base pair to
ensure that the most stable portion of the structure is probed.
We chose this configuration based on the MD simulation
results which reveal that the central region is the most stable
portion of the structure. Here, the top contact can be thought
of as a gold tip (Fig. 3a), different interacting molecules, or
covalently bonded functionalization groups. As for the bottom
contact, we select the contact atoms that we previously defined
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Fig. 4 Bar plots showing the relation between time points, the number of contacts and transmission at the HOMO and HOMO+0.5 for the C3T3zCs,

C3A3C3 and G3A3zGs sequences.
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in Fig. S5 (ESIt). It should be noted that as the conformation
changes, so does the number of contact atoms (Fig. S5 (ESIT),
Fig. 4).

As mentioned earlier, we do not include explicit Au atoms in
the DFT calculations due to computational limitations. There-
fore, in modeling the charge transport properties along the DNA
molecules, we need open boundary conditions resulting from
the top and the bottom contact. To model charge transport
including these open boundary conditions, we employ Green’s
function technique, which includes self-energy terms corres-
ponding to each contact. Details about the model and calcula-
tion parameters are given in the Methods section of the ESI.}

Fig. 3b demonstrates the transmission plots for the ten con-
formations corresponding to each sequence. We shift the energy
axis to make the HOMO energy of all representative structures to
be at E = 0. First, we notice that for a given sequence, the
transmission can vary by order of magnitude at the HOMO. The
conformations which have the highest and the lowest transmis-
sion, as well as the variance between them, depend on the
sequence. For instance, at the HOMO, while the transmission
difference between C4 and C6 of C;T5C; reaches up to 23 times,
between C4 and C10 of C3A;C;, it is 60 times and between C6 and
C8 of G3A3Gg, it is 24 times. Inside the band gap, these differences
reach up to 3 orders of magnitude due to the broadening of
energy levels near the HOMO/LUMO edges, which increases the
density of states inside the bandgap. Furthermore, we observe
that the highest transmission does not always correspond to C1,
which is the most observed conformation in the simulations.

Next, we analyze the relation between each representative
structure and the number of contacts, transmission at the HOMO
and the band gap by plotting the results based on time intervals
that the representative structures correspond to (Fig. 4). The
transmission at the band gap is selected from 0.5 eV away from
the HOMO. The bar plots given in Fig. 4 indicate that the number
of contacts increases as the simulation progresses in time, and
this influences the transmission at the band gap. On the other
hand, the transmission at the HOMO does not demonstrate one
to one correlation with the number of contacts. We think that this
is related to the spatial distribution of the HOMOs (Fig. S9, ESIT),
i.e., the HOMO transmission values are highly dominated by the
HOMO only, but the transmission values at the band gap are the
collective effect of the other molecular orbitals as well.

All the results indicate that changing the position of base
pairs affects (1) adsorption onto a gold substrate, (2) conforma-
tion, (3) the number of contact atoms, and (4) energy levels and
spatial locations of the molecular orbitals. The cumulative
effects of all these change the transmission of DNA molecules.
While designing a DNA nanowire that is going to be used with a
gold substrate, it is important to consider all these effects. Our
results also indicate that it is challenging to predict transmis-
sion values just with sequence selection, since there will be
different conformations.

Limitations of the models

Although we present significant results for the community, we
acknowledge that our study has some limitations. First, we may not
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have selected the adsorbed geometries from the whole conforma-
tional ensemble. Because of the high processing demands, longer
(microseconds or milliseconds) simulations for various initial
structures are hard to achieve, resulting in insufficient sampling
of conformations. Second, we neglect the surface changes of the
gold substrate and the presence of the top contacts which can also
affect the final conformations and transmission. Finally, due to
convergence issues, we did not include the gold atoms explicitly in
electronic property calculations which may affect the relative con-
ductance values. Each of these issues are difficult standalone
challenges that are worthy of further exploration.

Conclusions

Many DNA-based electronic device applications rely on under-
standing how the molecules interact with substrates. Critical
aspects include the durability of DNA on surfaces and the
pathways of electrons flowing from contacts to the DNA and
finally into the substrate. There are many factors influencing
the interactions of DNA with solid substrates such as the
substrate’s crystal structure, surface roughness and/or defects,
the sequence, structure, and size of the DNA molecules, orga-
nization on the surface, and environmental conditions. In this
paper, as an initial step to understanding the role of these
factors in determining both the conformation and conduc-
tance, we studied a model system composed of a nine-base
pair DNA extended with three single-strand Adenines at each
end to provide adsorbability. To investigate the influence of
interactions with a substrate on charge transmission of DNA,
we brought the DNA molecules to interact with the Au (111)
substrate in an explicit solvent environment. Our MD simula-
tions revealed DNA would have significantly changed its struc-
ture to adsorb on the gold substrate, especially from the
extension (A;) regions. This leads us to encounter several
different conformations instead of one. We found that all
adenine extensions were not fully adsorbed onto the substrate
after the 50 ns simulation. Although the sequence content was
the same for all three cases, changing the relative positioning of
nucleobases alters the contact points (i.e., the DNA atoms
interacting with the Au substrate). Our ab initio calculations,
performed on the top ten conformations of each sequence
(C3T5Cs, C3A5C3, and G3A3G3), revealed that between different
conformations both energy levels and spatial locations of
molecular orbitals vary. In our charge transport model, the
interacting atoms with the gold substrate served as the bottom
electrical contact, and the backbone atoms at the center triplet
of the molecule served as the second contact, which mimics a
weakly interacting conducting AFM or STM tip. With Green’s
function-based charge transmission calculations, we found that
at the HOMO the transmission can differ up to 60 times among
different conformations. As the number of contact points
increases, the transmission at the HOMO is not directly
affected. Conversely, the transmission at the band gap region
appears to be dependent on the number of contact atoms.
Overall, we demonstrated that the interaction between DNA
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and a gold substrate is important for charge transmission and
needs to be considered while developing DNA-based electronic
devices. The knowledge to achieve measurable/differentiable
charge transmission values obtained in this paper can pave the
way for designing new DNA-based electronics such as sensors
and sequencing devices.
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