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The electronic properties of DNA make it an attractive candidate for applications in biosensing and mole-
cular electronics. One approach to utilizing DNA in these fields involves binding molecules, such as apta-
mers, to control DNA’s electrical conductance. By combining molecular dynamics simulations and
density functional theory with Green's function-based charge transport calculations, we gain insights into
aptamer induced structural realignment of DNA base pairs near the binding site. We find that this struc-
tural realignment enhances the electronic coupling, creating a conductive path near the highest occupied
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molecular orbital. This interaction results in a significant modulation of conductance by at least an order
of magnitude compared to the dsDNA without the aptamer. We anticipate that our findings will promote
the development of DNA-aptamer complexes for use in molecular electronics and biosensing
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1. Introduction

In recent years, the modulation of DNA’s electrical conduc-
tance has garnered significant interest due to its distinctive
structural and electrical properties. DNA’s sequence-specific
base-pairing and self-assembly capabilities have been lever-
aged to construct two-dimensional and three-dimensional
structures using a bottom-up approach.’” Additionally, DNA
can conduct electrical current, which is influenced by both its
sequence and molecular alterations within the strand.*™°
DNA’s ability to bind with organic and inorganic molecules
further enables the modification of its electronic
properties."’ 2 To functionalize nucleic acids while preserving
DNA’s core benefits (base-pairing and charge transport),
several approaches have been explored. One strategy is chemi-
cally modifying DNA to enhance its structural stability and
nuclease degradation. Examples include peptide nucleic acids
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(PNA),>" where the phosphate group in the backbone is
replaced with peptides, and the 2'-deoxy-2'-fluoro-arabinonu-
cleic acid (2'F-ANA),**> where a fluorine replaces hydrogen on
the sugar’s 2’ carbon. Another example is to expand the DNA
bases by the addition of benzene ring (xDNA),>*** which
increases surface area, thermal stability, and reduces HOMO-
LUMO gaps.

The applicability of different techniques to alter DNA opens
open new opportunities for utilizing DNA as a molecular
device and electrical biosensor."""®**>° From an electronics
perspective, tuning nanostructures to achieve substantial con-
ductance contrast is essential for the development of advanced
devices. By designing DNA nanostructures with a significant
conductance variation across different strands, it may be poss-
ible to pave the way for future memory devices and bio-
inspired interconnects.>**'>

One approach to altering DNA conductance is by utilizing
aptamers, which are short nucleic acid sequences designed to
bind with high affinity and specificity to target molecules.**
Aptamers, such as G-quadruplex structures, extend the range
of targets to include non-nucleic acid molecules, enabling the
detection of biomarkers for health, environmental and food
safety monitoring.>**”*® In the context of molecular elec-
tronics, the charge transport properties of G-quadruplexes
have been explored both theoretically and
experimentally.***>*° However, the intrinsic aptamers’ effect
on DNA conductance has yet to be fully understood.

In this study, we conduct fundamental investigations on a
G-quadruplex (5-GGTTGGTGTGGTTGG-3') aptamer (Gquad)
linked to double-stranded DNA (dsDNA) via a short 5-

Nanoscale, 2025, 17, 8035-8046 | 8035


http://rsc.li/nanoscale
http://orcid.org/0000-0002-9783-2326
http://orcid.org/0000-0002-6691-5831
https://doi.org/10.1039/d4nr05139d
https://doi.org/10.1039/d4nr05139d
https://doi.org/10.1039/d4nr05139d
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr05139d&domain=pdf&date_stamp=2025-03-21
https://doi.org/10.1039/d4nr05139d
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017013

Published on 04 March 2025. Downloaded by University of Washington on 5/15/2025 12:14:45 AM.

Paper

TTTAA-3' bridge, a sequence known for its high stability.” We
employ combination of molecular dynamics (MD) simulations,
density functional theory (DFT), and Green’s function-based
quantum charge transport calculations to model the system in
a contact-DNA-contact setup. Our results show that the term-
inal conductance of the aptamer-mediated DNA differs signifi-
cantly from that of the equivalent structure without the
aptamer. We find that the presence of the aptamer can lead to
over an order of magnitude difference in conductance, offering
a potential pathway for developing DNA strands with substan-
tial resistance contrast.

2. System under study

Following the sequence design of DNA-aptamer structure
reported in,*! we propose a 12 base-pair long DNA strand that
binds with the aptamer via a binding-site sequence similar to
that in reference®’ to investigate the electrical properties of the
system and fundamentally understand the effect of attaching
the aptamer. We employ a combination of molecular dynamics
(MD), density functional theory (DFT), and quantum charge
transport calculations based on Green’s function approach.
We simulate a dsDNA with the sequence 5
GCGCCGCGTCCC-3' that is in a contact-DNA-contact setup
with and without the aptamer as shown in Fig. 1. We note that
we maintained the dsDNA binding site sequence (in bold) as
in ref. 41. We opted to change the rest of the DNA sequence to
be GC-rich to favor charge transport and enhance conductance
along the DNA.

The conformation of the dsDNA can be found in multiple
forms depending on the solvent environment.”**™** B-form
DNA is mainly found in high dialectic solvents such as water,
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which has a dielectric constant of 78.4. G-quadruplexes are
secondary structures formed by guanine-rich sequences.*>*
Their formation is often facilitated by the presence of cations,
which stabilizes the G-quadruplex structures. Monovalent
cations-mainly K" and Na'- can stabilize specific G-quadruplex
strands.””* It was noted that increasing the Na* concen-
tration stabilizes antiparallel G-quadruplex structures.’® In this
study, we model the system in water with Na* as the counter-
ions present in solution. Thus, we built the DNA-aptamer
system by using B-form dsDNA and anti-parallel G-quadruplex
structure for the dsDNA and aptamer, respectively. In a solvent
environment and room temperature operation, DNA is con-
sidered a soft floppy molecule as it constantly interacts with
the surrounding water and counterions. Therefore, in model-
ing charge transport, we include decoherence to incorporate
phase-breaking scattering events that occur to the electron as
it traverses the DNA and interacts with the environment.

3. Methods

The construction of the DNA-aptamer structure involves three
structures: A 15-mer G-quadruplex with the sequence 5'-
GGTTGGTGTGGTTGG-3' (Fig. S1(a)f) sourced from the PDB
Database (PDB ID: 148D); A 12-mer dsDNA with the sequence
5-GCGCCGCGTCCC-3' created in B-form DNA using
Avogadro®® (Fig. S1(c)f); and a double-stranded 5-TTTAA-3'
sequence to bridge the G-quad and DNA together (Fig. S1(b)t).
The ds-TTTAA DNA was generated in B-form using Avogadro,
and then imported into GaussView,”> where the complemen-
tary thymine bases to the AA-3' proximal to the dsDNA were
removed, and a phosphate group (PO;) was manually added to
the terminal O3’ of the 3’-end Adenine (Res ID: A;). First, all

TGgo
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VV‘S 9 &&\7’3\7’ Aptamer-component
&%

5-GCGCCGCG TCCC-3
3'-CGCGGCGC AGGG-5'

DNA-component

Fig. 1 DNA system under study in the contact-DNA-contact setup. Two systems are studied: ds-DNA with and without the aptamer (blue). The
yellow colored nucleotides represent the location of the contacts self-energy for charge transport calcualtions.
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three structures—G-quadruplex, TTTAA, and the dsDNA—were
individually energy minimized using Amber®® in an implicit
water solvent model. After combining the three structures, we
ran 100 ns MD simulations with explicit solvent on the full
DNA + aptamer structure, followed by single-point DFT and
charge transport calculations. The detailed steps for generat-
ing the DNA + aptamer structure are provided in the ESI.{

3.1 MD simulation

The structural preparation of the DNA-aptamer was carried out
in AMBER®® using the DNA.bsc1 force field.** The system was
solvated in a cubic box with the TIP3P>® water model and a
15 A buffer. To neutralize the structure, 45 sodium ions (Na*)
were added.

The molecular dynamics simulations were conducted in
five stages. First, the system underwent two energy minimiz-
ation steps: one with restraints on the DNA-aptamer to relax
the solvent and ions, and a second targeting the entire system
without restraints. Both minimizations used a non-bonded
cutoff of 10.0 A. The heating phase raised the system’s temp-
erature from 0 K to 300 K over 1 ns under constant volume
(NVT) conditions, with restraints applied to the DNA-aptamer
structure. During equilibration, the system was further relaxed
for 1 ns under constant pressure (NPT) with reduced restraints.
The final production run, conducted under constant pressure
(NPT) conditions, lasted for 100 ns, during which all restraints
were removed. The SHAKE>® algorithm was applied throughout to
constrain bonds involving hydrogen atoms, and the Particle Mesh
Ewald (PME)*” method was used for long-range electrostatics.

To analyze the electronic properties of the DNA-aptamer
structure, we utilized an RMSD-based clustering algorithm
within VMD,*® categorizing the conformations observed
during the simulation. A cutoff value of 4 A was used to cluster
the DNA-aptamer structure. We then selected the centroid
structures from the most populated cluster, representing the
conformations with the minimal RMSD difference from others
in the top cluster. The selected structures were then mini-
mized prior to the DFT calculation step to help with conver-
gence. The clustering figures and tables are provided in the
ESIt along with additional notes on the effect of minimization
on charge transport results.

The clustering of pristine DNA shows that more than 90%
of the conformations belong to the top cluster (see Tables S1
and S2 in ESIT). For the DNA + aptamer structure, 68.3% of
conformations are classified under the top cluster, with 25%
belonging to clusters 2 and 3. In our study, we focus the ana-
lysis on the most probable conformation, cluster 1, however,
we also include results of clusters 2 and 3 in the supplemen-
tary for the DNA + aptamer.

3.2 DFT calculations

We used Gaussian 16’ to run single-point energy calculations
on the representative structures from the previous step. We
imported the DNA-aptamer structure from the MD step and
stripped it from water and counterion molecules. In a previous
study,®® we found that the high dielectric constant of water

This journal is © The Royal Society of Chemistry 2025
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solvent screens the effect of surrounding counterions. Their
effect was found to mainly add energy levels deep in the unoc-
cupied orbitals region, which is far from our energy range of
study. The resulting DNA + aptamer size is 1500 atoms. We
modeled the system using B3LYP hybrid functional with 6-31G
(d,p) basis set. We included the solvent effect using the con-
ductor polarizable continuum model (C-PCM), which is found
to yield good results for modeling DNA in water.®™%
Especially with the large system size, this approach gives us a
good balance between accuracy and computational complexity.
We note that recently, Teo and coworkers® have benchmarked
several DFT functionals to study DNA charge transport. They
used the results of CASSCF and CAS-PT2 calculations that
include 11 electrons in 12 orbitals as benchmark values for
the effective electron coupling. They reported that B3LYP
results in excessive delocalization of the valence charge and
overestimation of the effective electron coupling when com-
pared with other functionals that have higher percentages of
HF exchange component. Thus, they recommend functionals
that include higher HF exchange component to better describe
the long-range interactions. While our approach in this work
relies on B3LYP, this warrants further discussions in the future
to investigate the choice of functionals on the DNA charge
transport results. The DFT calculations result in the Fock and
Overlap matrices, which we then use in the next step for the
charge transport calculations.

3.3 Quantum charge transport calculations

We model the system in a contact-DNA-contact setup as shown
in Fig. 1. We refer the reader to® for the details of the charge
transport model and will only mention the main points here.
After obtaining the Fock (F) and Overlap (S) matrices from
DFT, we use Lowdin transformation®® to generate the system
Hamiltonian (H,) as follows,

Hy = STIFS 3 (1)

Following our approach in,°> we partition the DNA into

nucleotides (backbone + base), where nucleotide m corres-
ponds to the partition labeled m.

Let H,,, represent the diagonal blocks of H, corresponding
to nucleotide m, and u,, is a diagonal sub-matrix consisting of
the eigenvectors of Hy,,. We define the matrix U to be

MUy 0 07
0 Uy
U= (2)
Um
.0
L 0 0 Un |

where N is the total number of nucleotides in the DNA and the
dimension of u,, is O,,, and,

Om = Ebz (3)
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is equal to the total number of basis functions (0,,) used to
represent nucleotide m. N,, is the total number of atoms in
nucleotide m. Then, the unitary transformation,

H=U'H,U (4)

diagonalizes the diagonal blocks corresponding to each
nucleotide m. The diagonal blocks of H are now diagonal
matrices. The diagonal elements of the diagonal blocks rep-
resent the eigenvalues of that nucleotide. The off-diagonal
blocks of H represent the hopping parameters between the
molecular orbitals of the nucleotides. The size of each diag-
onal block corresponding to nucleotide m is equal to O,,. We
then use H as input for the Green’s function approach of
charge transport calculations with energy-depended
decoherence.

The model requires finding the retarded Green’s function
term of the DNA by including the self-energies of the contacts
and the decoherence,

E—(H+2Z,+2p+23)G" =1 (5)

where E is energy, I is the identity matrix, H is the diagonalized
Hamiltonian. The term Xy is the left (right) contact self-
energy, which includes the effect of having two contacts
attached to the DNA. We model the effect of having semi-infi-
nite gold electrodes connected to the DNA as self-energy
within the Green’s function formalism. Previous work has
shown that for gold contacts, applying the wide-band limit to
represent the self-energy as an energy-independent coupling
parameter is sufficient.” This approach includes the level
broadening due to contacts, where Xy g, is a diagonal matrix

defined as Xy ) (E) = —1 %. The term I represents the scat-
tering strength of electrons in and out of the DNA at the
left(right) contact sites. The last term, X, is the decoherence
self-energy. It is similar to the contacts self-energy but taken to
be energy dependent. The diagonal elements of the Xy matrix

are given by,

Tym(E)
2

Zp(E) = —i (6)
where 't ,, represents the coupling strength between the deco-
herence probe and molecular orbital k£ of nucleotide m. It is
defined as

T'ym(E) =Tg X exp {— (7)

1B — ekl
A

where I'y represents the maximum scattering strength, &, is
the molecular orbital k£ of nucleotide m, and A dictates the
exponential decay of decoherence off-resonance.

The density of states can be found from the retarded
Green'’s functions

Im[diag[G"(E)]]

T

DOS (E) = — (8)
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The low-bias conductance of the system can be found by

f (E — Er)
T (9)

26>
G(Ef) = T dE Teff(E)
where Ef is the Fermi energy, e is the electron charge, # is
Planck’s constant, T.g is the effective electron transmission
probability with decoherence (see ref. 65, 68 and 69 for full

E—E\]!
proof), and f(E — E¢) = {1+exp< T fﬂ is the Fermi

function, k is Boltzmann constant and T is temperature.

In the current work, our goal is to investigate the effect of
aptamer binding to DNA, so we assumed that both systems
(pristine DNA and DNA + aptamer, respectively) have the same
contacts setup (location and coupling value). This helps us
reduce the variability and focus on the inherent transport pro-
perties of the two systems. In our previous,®> we tested several
values of contacts coupling that extend from 10 to 10 000 meV
and found that around 600 meV the transmission becomes
less dependent on the contact coupling strength. Therefore,
the coupling in the current study is set as I';r) = 600 meV to
minimize the contacts resistance effect. We also assumed the
electrodes are coupled with the DNA nucleotides to be consist-
ent with previous work reported in literature. Following our
previous work,”> we set the remaining transport calculation
parameters to 'y = 100 meV, A = 50 meV, and k7 = 0.0259 eV
(i.e., room temperature operation). These values were deter-
mined to yield conductance that quantitatively agree with
those reported experimentally. We also set the contacts self-
energy to be at the 5-ends guanines to maximize the trans-
mission within the HOMO energy range.”>’®”" In the follow-
ing when discussing the results, we will refer to DNA without
aptamer as dsDNA, and DNA + aptamer structure as dsAPT.

4. Results and discussion
4.1 MD results analysis

The RMSD analysis of the DNA + aptamer system in Fig. 2
shows a conformational change throughout the MD simu-
lation. The RMSD plot in Fig. 2 represents a 2D matrix where
both axes correspond to time frames of the simulation (0 to
100 ns). The x-axis represents the simulation frames being ana-
lyzed, and the y-axis represents the reference frames against
which these are compared. Each point on the matrix corres-
ponds to the RMSD value (in A) between a simulation frame
(x-axis) and a reference frame (y-axis). The color bar indicates
the magnitude of structural deviations. The RMSD in Fig. 2(a)
indicates approximately four distinct clusters, suggesting
periods of stability at various points in the simulation. When
analyzing RMSD separately for the DNA and aptamer com-
ponents (Fig. 2(b) and (c), respectively), we observe that the
aptamer’s RMSD trend closely mirrors that of the full struc-
ture, although with significantly lower RMSD values. In con-
trast, the DNA component remains largely stable, with only
minor conformational shifts occurring. These results suggest
that the observed conformational changes in the overall

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 RMSD plot of the simulation frames for DNA + aptamer within the 100 ns MD simulation used for clustering the conformations. (a) RMSD for
the whole DNA + aptamer structure, (b) RMSD for only the DNA component, and (c) RMSD for only the aptamer.

system are primarily due to the aptamer, with having both
DNA and aptamer we have larger structural size contributing
to the higher RMSD values seen in the full system.

The RMSD plot for the dsDNA (without an aptamer) is pro-
vided in Fig. S7.f Comparing the plots for dsDNA and the
DNA-component of the DNA + aptamer in Fig. 2(b) indicates
that both structures remain stable across the MD simulations,
with only minor conformational shifts. Notably, the dsDNA
structure exhibits slightly higher stability, which is expected
given the absence of additional interacting components that
could influence its conformational stability.

To accurately capture the fluctuations of each structure
individually, we measured the root mean square fluctuation
RMSF for the aptamer and DNA components separately, rather
than analyzing the full dsAPT structure together. When align-
ing the full system, the RMSF values ranged between 2 and
5 A, as shown in Fig. S9,T which does not fully reflect the indi-
vidual fluctuations of each component. Therefore, we reana-
lyzed the RMSF separately for a clearer comparison. For the

(a) Aptamer-component of dsAPT

aptamer component, shown in Fig. 3(a), the RMSF values
mostly range between 1 and 2 A, indicating overall structural
stability. However, a notable peak appears between atoms 180
and 190, where the fluctuation reaches slightly above 6 A. This
corresponds to the thymine region 7j, at the top of the
G-quadruplex aptamer, as referenced in Fig. S10.f This high
flexibility occurs far from the DNA binding sites, suggesting
that the observed structural dynamics are intrinsic to the
aptamer and not influenced by DNA binding. For Fig. 3(b), the
comparison between the DNA-component of dsAPT and the
pristine DNA (dsDNA) reveals that both structures exhibit
similar fluctuation patterns, with the dsDNA showing slightly
lower fluctuations. This is expected, as the pristine DNA
remains unbound, whereas DNA-component of dsAPT inter-
acts with the aptamer-component, potentially causing slight
structural adjustments. We observe higher fluctuations in
specific regions, particularly at the base pair terminals: atoms
numbers 1-34, 343-404, and 726-755, where the RMSF
reaches around 3 A. The remaining structure exhibits fluctu-

(b) dsDNA vs DNA-component of dsAPT

RMSF (A)
w_ e

Aptamer-component

dsDNA
DNA-component

0 100 200 300 400 500 600 700
Atom Index

0 100 200 300 400 500 600 700
Atom Index

Fig. 3 RMSF of (a) Aptamer-component of dsAPT, (b) dsDNA and DNA-component of dsAPT. The purple shaded regions in (b) highlight the atom
numbers with high RMSF value which corresponds to terminal bases colored in purple.
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ations mostly between 1 and 2 A, indicating overall stability.
Comparing the two individual components of dsAPT, the DNA-
component appears more stabilized than the aptamer-com-
ponent. This aligns with our previous RMSD analysis, where
the aptamer-component exhibited higher conformational
changes.

4.2 Transmission and conductance

We note that for the charge transport and conductance calcu-
lations, we did not calculate the Fermi Energy (Ei).
Determining the exact Fermi energy of the contact-DNA-
contact system is not an easy task because it requires self-con-
sistent calculations that involve accounting for the contact
details (atoms geometry), solving and Poisson’s equation. As

0[ T T ]
-1 X .

S 3.95 eV
2
w

3.89eV

1E v
-5

-6

dsAPT dsDNA

Fig. 4 Overall energy levels distribution of DNA + aptamer (dsAPT) and
dsDNA.
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an alternative approach suggested by Zahid et al,”” we treat
the Fermi energy as a fitting parameter and sweep the energy
when we plot the transmission (or conductance). When model-
ing DNA conductance in a two-terminal contact-molecule-
contact setup, we expect the Fermi energy of the contacts to be
in the bandgap closer to the HOMO of the molecule. This
comes from comparing the workfunction of gold contact with
the ionization potential of DNA nucleotides, and the occur-
rence of partial charge transfer between the contacts and
DNA.>'%32 Therefore, in this work, we will focus our analysis
on an energy window close to the HOMO.

The energy levels distribution and transmission profile are
shown in Fig. 4 and 5. Both systems resemble wide-bandgap
semiconductors, with bandgap values of 3.89 eV for dsDNA
and 3.95 eV for dsAPT. We notice that the addition of aptamer
shifts the HOMO and LUMO to higher energies by 27 meV and
81.6 meV, respectively. Further, the aptamer yields 193x higher
transmission around the HOMO (~—4.8 eV) than the pristine
dsDNA.

We then calculated the low-bias conductance using eqn (9),
which yielded G(HOMOgyspna) = 0.55 PGy, and G(HOMOgygapr) =
26 UGy, where G, = 7.74 x 107> S is the conductance quantum.

As shown in Fig. 6, the aptamer increases conductance by
at least 47 times within the Fermi energy window from
HOMO to the bandgap. Experimentally, previous work on 8
bps long DNA strands modified with binding molecules have
reported to have conductance within the range of 72 pGy—
3.5 mG,.">"'® Additionally, Guo et al. reported conductance of
11 bps long modified DNA with intercalator in the range of
2.7-10 pGo.'* Our previous work in modeling DNA conduc-
tance modulation via anthraquinone intercalation yielded a
maximum of 4 times increase in conductance.'® Therefore,
the current results present us with a promising conductance
modulation method to increase the conductance of a 12 bp
long DNA.

0@ (b)
1 0 T ¥ T 1 00 8 = . =
%%v\ :
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Fig. 5 (a) Transmission profile extending from HOMO to LUMO regions. (b) The zoom-in window from the HOMO edge into the bandgap. The

dashed colored lines correspond to HOMO and LUMO of each structure.
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Fig. 6 Conductance as a function of Fermi energy shifted with respect
to HOMO.

The dsDNA without the aptamer exhibits a low conductance
of 0.55 pGy (42.5 pS). AT base pairs, with higher ionization
potential than GC pairs,”>”* act as energy barriers in charge
transport, while GC pairs form the main conduction pathway
in the occupied orbitals region.**”*”" Previous studies also
report conductance in the pS-nS range for AT-containing
dsDNA.**>'®7> We also compared dsDNA conductance before
and after MD simulations, which reveals significant differ-
ences: the textbook B-DNA structure shows a much higher con-
ductance (342 pGy, 620 times greater than dsDNA after MD,
see ESI Fig. S131). This suggests that low conductance in the
MD-simulated dsDNA arises not only from presence of AT but
also structural changes impacting energy levels distribution.
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The next section explores molecular orbital distribution and
structural differences in greater detail.

5.3 Molecular orbital distribution and structural analysis

To gain further insights into why the aptamer increases the
conductance, we next investigate the molecular orbitals’ (MOs)
distributions. First, we plot the wavefunctions’®’” of the orbi-
tals generated from DFT calculations in HOMO region closer
to the bandgap edge, with energies between —4.9 eV and —4.8
eV. For the dsAPT structure, there are four MOs present within
this energy window: HOMO to HOMO-3. However, there are
only two MOs for the dsDNA structure: HOMO and HOMO-1.

Looking at the dsAPT structure in Fig. 7 (left), we can see
that HOMO-1 is the highest occupied MO localized at the
aptamer-component, and it is far away from the DNA-com-
ponent. This shows that near HOMO, the highest occupied
energy levels of the aptamer do not contribute to charge trans-
port along the double-stranded DNA. Further, HOMO,
HOMO-2, and HOMO-3 are spatially distributed at the base-
pairs segment C,C5G¢C,Gg. The 2D DOS plot in Fig. 8(a) also
shows that the MOs in this segment are energetically close,
with an average energy difference of 55 meV (~2 KkT). One
major effect of decoherence is to broaden the energy levels,
hence, increasing the electron transmission off-resonance by
making these levels with the ~2 kT difference accessible to the
electrons.®>”® The combination of the spatial distribution of
HOMO, HOMO-2, and HOMO-3 along the C,C;G¢C,Gg
segment and the small energy separation creates a conductive
path for the electron along the DNA-component near HOMO
energy.

In contrast, the dsDNA without aptamer has two energy
levels between —4.9 eV and —4.8 eV, separated by a large 4 bp

Fig. 7 Wavefunction plots of HOMO-3: HOMO for dsAPT (left), and HOMO-1: HOMO for dsDNA (right). The ISO value is 0.01.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 2D DOS plot of (a) dsAPT and (b)dsDNA alone. The localized DOS of the Aptamer was omitted for clarity. The red blocks highlight the mole-
cular orbitals between —4.8 eV and —4.9 eV. The black arrows highlight the MOs of the G¢C;Gg segment (see main text for further details).

gap (~1.45 nm), as shown in Fig. 7 (right) and the red boxes of
Fig. 8(b). Moreover, unlike the dsAPT, the highest occupied
MOs along the G¢C,Gg segment in the dsDNA create a ladder-
like distribution with a 140 meV average energy separation (see
arrows in Fig. 8(b)). We expect this larger spatial and energy
separation between the highest MOs to hinder charge trans-
port and reduce transmission (conductance) near HOMO.

The MOs analysis shows that the aptamer does not directly
contribute to charge transport via its localized HOMO, and
that the orbitals of the G¢C,Gg segment play an important
role. Considering the aptamer is attached at the backbones of
Gg and its neighboring thymine, we next investigate the struc-
tural effects of this attachment on the dsDNA, focusing at the
G¢C,Gg segment. We analyzed the distance between the
nearest neighbor base-pairs (rise) and the spatial overlap
between them”® in Fig. 9. We also include the textbook B-DNA
structure parameters as a reference. For simplicity, we refer to
the base-pair comprised by the 6™ guanine from the 5-end

(a) (b)

and its complementary cytosine as (G¢C), and so on for the
other bps. We can see in Fig. 9(a) that in the dsDNA case, GcC
and its neighboring C,G bp are 4.75% farther away when com-
pared with dsAPT, and the distance for dsAPT is almost match-
ing the textbook B-DNA case. In contrast, the C,G and GgC are
closer in the dsDNA case and farther apart when the aptamer
is attached, with the aptamer increasing the separation by
9.4%. When compared with textbook B-DNA, the dsDNA with
MD simulations has a rise value of 3.2 A, which is 5% lower
than the textbook B-DNA case (3.36 A), whereas it is 3.5%
higher for the dsAPT with respect to the textbook case. Finally,
GgC and its neighboring TA bp show 5.61% distance increase
between dsDNA and dsAPT, which is similar to the textbook
case. This draws an image that at the aptamer binding site,
both and GgC and TA are pulled closer together, increasing
their spatial overlap by 30% as shown in Fig. 9(b). Also, it
results in GgC being pulled away from C,G, reducing the
overlap by 36.4%. Further, C,G gets closer to G¢C, increasing

©

3.6 10 ~120
o Q S %dsDNA
X 9 £ | X [7dsDNA-textbook| |
35 O = OdsAPT
& =
3.4 o 6 < g @ x §. 80}
< O 8 7 S
233 < o 60f
@ s6 X &
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3.2 X O gs % = 40 o
31 %dsDNA %dsDNA S 20t O
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C7G GSC TA C7G GBC TA C7G GBC TA

Fig. 9 (a) Rise, (b) overlap, and (c) localized HOMO coupling plots between the nearest neighboring base-pairs GgC,GgT.
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the overlap by 58%. Overall, the binding of the aptamer results
in the G¢C,Gs segment to have rise and overlap parameters
resembling those of the textbook B-DNA.

We further used the Hamiltonian to extract the coupling
between the localized HOMO of G4C, C,G, and GgC bps. For
this, we arrange the Hamiltonian from eqn (1) in the order of
the base-pairs,

Hll le e HlN
Hy H. :

Hy= |20 72 (10)
HNl cen HNN

where N is the number of base-pairs (N = 12 for dsDNA, and N
= 13 for dsAPT, with the aptamer treated as one block). The
diagonal subblocks H,, correspond to the Hamiltonian of
base-pair g, and the off-diagonal subblocks H,, represent the
coupling between the base-pairs g and p. Then, we apply eqn
(4) to perform the unitary transformation to diagonalize all
Hgq. For this, U in eqn (2) is defined such that its diagonal sub-
blocks U, = eigenvectors (Hyg).

The diagonal subblocks of the resulting Hamiltonian
contain the localized energy levels of each base-pair, and the
off-diagonal subblocks correspond to the coupling (hopping

8
2
w
0.2 meV
Relative Position
22 meV
CGg
§ 40 \') C
@ me'
hv f’ C7

Gl G
C

Relative Position

Fig. 10 Overall picture of the aptamer effect on the DNA structure and
its localized HOMO coupling. Top dsDNA without aptamer, bottom DNA
+ aptamer.
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strength) between energy levels on two different base-pairs.
The coupling of localized HOMO for the G¢C,Gg segment bps
are shown in Fig. 9(c). We find that after attaching the
aptamer: (1) the HOMO coupling between G¢,C and C,G
increases by 200 times from 0.2 meV to 40 meV. (2) In contrast,
the HOMO coupling between C,G and GgC is reduced by 4.6
times from 102 meV to 22 meV. (3) The HOMO coupling
between GgC and TA is very low for all cases, this leads to AT
creating an energy barrier for the G¢C,Gg segment. We can
summarize the effect of the aptamer in Fig. 10 as follows: the
pulling of GgC away from C,G allowed C,G to get closer to
G6C, which increases their HOMO coupling (n-n stacking).
Although the distance has increased between C,G and GgC,
their HOMO coupling did not diminish and is still appreciable
(22 meV). As a result: C;G now has an appreciable coupling
with its nearest neighbors, which results in ~degenerate
energy levels along the G¢C,Gg bp segment and at higher ener-
gies than the pristine case. To ensure the results are consistent
throughout the conformations extracted from MD, we analyzed
dsAPT structures from clusters 2 and 3 and they yielded the
similar results (provided in the ESI¥).

5. Conclusion

Using DNA in electrical applications is driven by the progress of
conductance measurement techniques employing the contact-
DNA-contact setup. Modifying the conductance of DNA through
binding of molecules opens the possibilities of creating future
molecular-electronic devices. DNA aptamer is an already estab-
lished method for creating biosensors as it binds to target mole-
cules. In this work, we studied the electronic and structural
effects of aptamer binding to ds-DNA within a contact-DNA-
contact setup. We modeled a 12 bp dsDNA with a G-quadruplex
aptamer binding to it through a TTTAA bridge DNA segment.
We used a combination of MD simulations, DFT, and Green’s
function-based charge transport calculations. Our results show
that while the aptamer energy levels do not contribute to charge
transport across the dsDNA within the HOMO region, it structu-
rally affects the dsDNA. The aptamer modifies the distances
between the three GC base-pairs segment closest to the binding
site, enhancing their electronic coupling and creating a conduc-
tive path near the HOMO edge. The combined effects result in a
large modulation of conductance by at least 47 times when com-
pared with the dsDNA without the aptamer. The findings of this
study can help evolve future techniques for utilizing DNA in
molecular electronics, such as creating high-versus-low currents
that comprise the two-bit states of zero and one. Further, it
helps us create electrical-based biosensors using the contact-
DNA-contact method.
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