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Abstract Objective This work examines the impact of external electric fields at terahertz (THz) frequencies on double-
stranded deoxyribonucleic acid (dsDNA) systems adsorbed on Au(111) surfaces in aqueous environments. Methods The
investigation utilizes a molecular dynamics (MD) approach at the atomic level and vibrational dynamics calculations using the
GolDNA-Amber force field. Results The results reveal that the sugar-phosphate backbone of the DNA exhibits reduced adherence
to the gold surface, while the side chains display a stronger affinity. When subjecting the hydrated DNA strands to an electric field
with frequencies up to 10 THz, peak intensities of vibrational dynamic density (VDoS) are observed at five different frequencies.
Moreover, the strong electric field causes hydrogen bonds in the DNA within the slit to break. The sensitivity to the electric field is
particularly pronounced at 8.8 THz and 9.6 THz, with different vibrational modes observed at varying electric field strengths.
Conclusion These findings contribute to an enhanced understanding of the molecular organization of gold-plated charged

biological interfaces.
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Deoxyribonucleic acid (DNA) molecules, known

as  double-helical biopolymers consisting  of

nucleotides, are renowned for their function as
carriers of genetic knowledge!'*!. Biological processes
such as halogenation, deamination, oxidation,
alkylation, and cyanation are intricate alteration
mechanisms of DNA, governing crucial life processes
such as gene expression, DNA replication, and repair.
The accuracy and intricacy of these chemical
reactions establish the basis for the genetic variety and
adaptability of organisms. Therefore, comprehending
the fundamental characteristics of biomolecules is
essential for exploring their biological roles.

In recent years, terahertz (THz) spectroscopy has
become a robust and efficient approach in
complementing traditional detection methods. This
technique boasts high sensitivity to subtle changes
observed in molecular structures, presenting distinct
fingerprint characteristics that effectively depict
compound configurations’™”). Both experimental and
theoretical investigations have highlighted that the
THz spectral attributes are primarily induced by low-
frequency intramolecular vibrations stemming from
noncovalent interactions, including van der Waals
forces, diffusion forces, and hydrogen bonds within
the Sub-THz frequency range (0.1-10 THz)"™. Chen
et al. ¥ systematically investigated the molecular
mechanisms by which THz waves affect the structure
of AP42 monomer, dimer and tetramer through all-
atom molecular dynamics (MD) simulations. It was
shown that THz waves at a specific frequency
(42.55 THz) could enhance the intramolecular and
intermolecular interactions of AP42 monomer and
dimer, respectively, by resonating with the symmetric
stretching mode of the —COO— group and the
symmetric bending/stretching mode of the —CH,
group. As a result, the B-structure content in AP42
monomer is greatly increased and the binding energy
between monomers in AB42 dimer is significantly
enhanced. In addition, THz waves mildly stabilize the
structure of tetrameric protofibers by enhancing the
interactions between peripheral peptides. Wu et al.!'”
proposed that THz electromagnetic stimulation also
accelerates the process of unspinning the double helix
in a physiological environment (room temperature,
with the involvement of helicase and ATP), which
could contribute to the development of rapid nucleic
acid detection devices based on THz technology. In

addition, the vibrational modes of these biomolecules

vary in frequency in the THz band and are rich in
hydrogen bonds. Combining a specific window of
THz-electromagnetic ~ stimulation  intensity and
frequency is also expected to affect the dynamic
behavior of biomolecules, which in turn disrupts their
hydrogen bonding and ultimately non-thermal
modulation of their structure. Consequently, delving
into the THz domain to analyze the peculiarities of
biological macromolecules, such as DNA, proves
immensely captivating!''"'4,

with  THz

detection, particularly molecular bioelectronics, is a

Nanobiotechnology =~ combined
highly promising and rapidly expanding field"*"®. Ji
et al.'"! proposed a method for THz virus detection
that utilizes a nanogap to enhance sensitivity. In this
method, the resonance peak of the nanogap exhibits a
noticeable red shift when the target virus is present on
the nanogap. When the virus is firmly attached to the
etched gap, the resonance frequency shift of each
virus particle increases by 400%, resulting in further
improved sensitivity. Tang et al.® combined THz
spectroscopy with nanostructures, which not only
reduced the strong absorption of water in the THz
frequency range but also enabled the specific
detection of ssDNA with five base mutations. This
different THz
absorption spectra of the four oligonucleotides of

was achieved by analyzing the

ATCG. A nanobiosensor, designed by Keshavarz and

21
Vafapour?,

consists of an H-shaped graphene
resonator on a film.  This
nanobiosensor successfully detects three subtypes of
avian influenza (Al) viruses (HINI1, H5N2, and
HO9N2) in the THz frequency range. The sensitivity of
the sensor was as high as 540 GHz/RIU. The
development of nanobiotechnology and THz probing
has generated great interest. However, the state and
of biomolecules, DNA, in
nanostructures are still unclear. MD simulation is a
suitable tool for this task, while the nanoslit/DNA
work is a good example.

Here, we

semiconductor

nature such as

probe the collective kinetic
characteristics of double-stranded DNA molecules in
the gold nanoslit at THz frequencies up to 10 THz by
To better

understand the adsorption relationship between DNA

employing all-atom MD simulations.
and the gold slit surface under the influence of an
electric field, we also calculate the interaction energy
between DNA and the gold surface. The simulated
structures of DNA are shown in Figure 1.
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Fig.1 Studied DNA

Red: oxygen atoms, blue: nitrogen atoms, brown: phosphorus atoms, cyan: carbon atoms, white: hydrogen atoms.

1 Simulation details and methods

The accuracy of interatomic potentials in force
fields (FFs) is the key to realistic MD simulations.
GolDNA-Amber FFs account for polarization of the
metal atoms and can be parametrized for all the
specific interactions found in DNA bases®?, as GOLP-
CHARMM was previously done for peptides'****.. For
this work, GolDNA-Amber is designed for nucleic
acids and is compatible with Amber, which is
acknowledged as the most reliable classical
description of DNA in solution.

Here, we model gold as a five-layer slab with the
Au(111) crystal face. Each simulation setup consisted
Au(111) 8.200 nmx5.800 nm,

separated by an aqueous solution (Figure 2). At least

of two surfaces,
twice thicker vacuum layer was added to prevent slab-
slab
conditions. The starting configuration of the objective
DNA was obtained from the Protein Database Bank
(PDB) with entry code 1ZEW (i. e., 10-bp
CCTCTAGAGG), which is classified as B-DNA, and
topologies were prepared using Sobtop **! followed

interactions through the periodic boundary

by the manual reassignment of atomic types in accord
with  GolDNA-Amber. To conduct the MD

Gromacs 2021.6%'was utilized. The
representations

simulations,
molecular were visualized using

visual molecular dynamics (VMD)!?"!,

In order to observe the impact of a THz electric
field (THz-EF) stimulus on DNA vibration, we
introduced a THz-EF into the entire simulated system.
It is worth noting that the dominant force in the
wave and DNA
duplexes is the electric component due to the equality

interaction between the THz-EF

of the electric and magnetic components’ ratio to the
speed of light®®. To mimic the THz-EF wave, we
utilized the electric field E(f)=A-u-cos(wt+¢). A is the
amplitude of the electric field, determining the
strength of the electric component, while @ denotes
the angular frequency, u and ¢ denote its polarization
direction and phase as set to be (1,0,0) and 0. The
relationship between the angular frequency w and the
EF frequency v is defined by the equation v= w/2m,
thus involving the THz-EF stimulus in the molecular
dynamics simulation through the electric force
associated with £ and charges on all atoms. External
electric fields with various frequencies were applied
to the DNA configuration, with the electric fields
predominantly oriented along the x-direction,
perpendicular to the gold layer. The frequency range
of the applied electric fields fell within 10 THz.

To ensure consistency in simulations, a constant
temperature of 298.15 K was maintained utilizing a
velocity-rescale thermostat with a coupling time of
0.2 ps. For the treatment of long-range electrostatic
interactions, the smooth particle mesh Ewald method

was employed®%. To ensure stability, all bonds
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involving hydrogen atoms were constrained using the
LINCS algorithm®", The MD time step for all
production runs was set to 2fs. All the FF-based
simulations were performed in the canonical ensemble
(NVT). After the equilibration, production MD
simulation was run for 100 ns.

THz electric field

Vacuum Au(111)

Aqueous solution

Au(111) Vacuum

Sodium ions

Gold atoms

Fig.2 Representative example of a simulated system
demonstrating the computational model: a DNA molecule
in aqueous solution between two Au (111) surfaces

Sodium ions and gold atoms are shown as green and yellow spheres.

To study the MD of the simulated system, we
define all the dynamic properties calculated for this
system, namely the root mean square deviation
(RMSD), the root mean square fluctuations (RMSF),
the velocity
corresponding power spectra.

The RMSD is an important tool that is used to
characterize the conformational changes of DNA. It is
defined as:

I < . .
RMSD:’/NE;’1’rﬁnal(L)_rinitial(") (D

where N is the number of protein atoms, and 7, (7)

autocorrelation function and the

| 2

and r;;,;,(7) are the coordinates of an atom 7 in its final
structure and initial structure, respectively. RMSF
represent the average changes in atomic positions
over time. They provide insight into the flexibility and
intensity of movement in both the DNA backbone and
side chains during the simulation. It is defined as:

1
RMSF = //sz_lhl ~ Tiitial 2

Where T is the time of simulation. The vibrational

2

density of states (VDOS) was obtained via the Fourier
transform of time auto-correlation functions of the
atomic velocity V:

Cps(a))=J:dtexp( — i) (V(O)V (1)) ()

where V(f) is the atom velocity at time ¢ and the
average is taken over different time origins. The
velocity autocorrelation functions and the power
spectra reveal the microscopic dynamics in liquids.

DNA and the gold surface interacted through the
Lennard-Jones (LJ) potential and Coulomb pair
potentials. Because these potentials are independent
of each other, the total DNA-gold interaction potential
energy U is the sum of the LJ U;; and Coulomb U,
components. The dependence of U, ; was given by the
following:

12 6
g, o A, B,
U,J(Ti,-) = 4s, (1) - (1) = r|.2 - _6_1 4)

T T i T

where r; is the distance between atoms i and j, g; is
the combined van der Waals radius, and ¢ is the depth
of the potential well. The distance parameters between
different atom types o, were obtained through the
Lorentz-Berthelot mixing rule, i. e., arithmetic mean.
The dependence of U, was also modeled with a
linear relationship given by the following:

1 qq,
UC"“I(ri") - 41re, #

®)

Ulotal(rij) = ULJ(rL]) + UCoul(rij) (6)
where g, g; is the atomic charge and ¢, is the vacuum
dielectric constant.

2 Results and discussion

2.1 Simulation result

Adding electric field will alter the distribution of
the dipole moment in the DNA molecule, causing its
atomic arrangement to align with the direction of the
electric field. In Figure 3, the electric field is oriented
along the x-axis, which is perpendicular to the gold
nano-slit. Simultaneously, the side chains of the bases
are attracted to the gold layer, leading to a 90° rotation
of the DNA molecule. This rotation gradually
stabilizes over time. Before the electric field is
applied, the bases at the 3' and 5' ends are absorbed on
the gold layer, and the structure is stabilized by
hydrogen bonding. After the application of an electric
field with THz frequency, the bases at the 3' and 5'
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ends are influenced by the electric field, causing the
disruption of hydrogen bonding. As a result, they
move parallel to the gold layer. Due to the impact of
different frequencies on the DNA or backbone and
side chains, the electric field force will stretch and
straighten the backbone, causing the bases in the

middle section (transparent parts) to rotate and the
base pairs at both ends (solid parts) to separate in
Figure S1. This implies that the THz electric field at
10 THz affects

vibrational modes.

either the overall or localized
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Fig. 3 Final snapshots of DNA molecular conformation (neglecting solvent and equilibrium ions)
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Red circles indicate broken hydrogen bonds between base pairs.

2.2 RMSD

The temporal evolution of the RMSD of DNA
strands exposed to applied electric fields at various
frequencies is depicted in Figure 4. Simulations were
obtained from DNA exposed to electric fields with
varying frequencies along the x direction. The RMSD
of the reference system without electric field, remains
stable at approximately 0.3 nm. The fluctuations of
the system with THz electric field are larger, but the
average value of the RMSD is similar to that of the
system without the electric field. This suggests that
the stability of entire DNA is not significantly affected
by the dramatic fluctuations in its structure after the
application of the electric field with amplitude of
0.1 V/nm. It also indicates that the stability of the
entire DNA is not greatly compromised by the
fluctuations following the application of the electric
field. This indicates that the electric field in the THz

frequency range has little impact on the structure of
the DNA molecule, despite the significant fluctuations
in its structure. The root mean square deviation
increases from 0.3 nm to 0.4 nm at 1.7 THz and
5.3 THz, respectively. This suggests that the THz
electric field affects the backbone or side strands,
causing the overall DNA structure to change, and a
comparison with the final snapshot shows that the
ends of the DNA are the most affected.

To delve deeper into the impact of an electric
field on DNA structure, we analyze the changes in the
RMSD of the sugar-phosphate backbone and base side
chains at varying frequencies of the electric field, as
illustrated in Figure 4. The RMSD values of the
backbone and side chains reduce to 0.1 nm post
adsorption onto the gold nanolayer (Figure 4a). Both
components exhibit simultaneous changes without
altering the overall DNA structure. An increase in
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Fig. 4 RMSD at different electric field frequencies
(a) No electric field applied, (b) 1.7 THz, (¢) 5.3 THz, (d) 7.4 THz, (e) 8.8 THz, (f) 9.6 THz.

RMSD of the side chains during the 50-60 ns
timeframe affects the entire DNA molecule. This
indicates that electric fields at 1.7 THz (Figure 4b),
5.3 THz (Figure 4c), and 9.6 THz (Figure 4f)
predominantly impact the side chains of DNA bases,
making a substantial contribution. A sudden rise in
RMSD of the backbone and side chains is observed
between 60-70ns, influencing the overall DNA
structure (Figure 4d). Figure 4e demonstrates a
notable peak in the RMSD value of the backbone
between 70-80 ns due to the electric field at 8.8 THz,
also affecting the DNA structure.

We demonstrate the impact of various directions
and intensities of electric fields on DNA (Figure S2).
In the first 10 ns, the RMSD of Figure S2a,b exhibits
a significant variation ranging from 0.2-0.4 nm. This
indicates the presence of intense movement of the
DNA strands within the gold nanoslit. In the
meantime, the DNA gradually adsorbed onto the gold
layer, which is a process of progressively enhancing
the interaction between DNA and gold. Although we
made changes in the direction and intensity, the
“firmness” between the DNA and the slit is difficult

to break, and the final value of the RMSD stabilizes at
about 0.3 nm.
2.3 RMSF

RMSF provides information about the dynamics
of different regions or atoms within a biomolecule.
Regions with high RMSF indicate that these areas
experienced the
simulation. These fluctuations may be linked to

significant fluctuations during
structural changes or specific biological processes. In
Figure 5, the bases at the 3' and 5' ends of the DNA
fluctuate more because the side chains of the DNA
bases at the ends are absorbed on the gold nanolayer.
These bases (atom index 283-316, guanine; atom
index 317-344, cytosine; atom index 1-28, cytosine;
atom index 599-632, guanine) are free from hydrogen
bonding between the bases, making them more
“flexible” compared to the bases in the middle
portion. The THz electric field has a great effect on
the two ends of the DNA molecule, i.e., the 3' end and
the 5' end, and the RMSF values of both regions are
higher than the other positions (Figure 5), but it is
found from the simulation process that the THz
electric field affects the two ends of the DNA in two
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conditions, one is a single end, and the other is that
the two ends are subjected to the electric field effect at
the same time. This is consistent with the structural
changes of the DNA in the final snapshot, where the
fluctuation of the C-G of the bases at both ends of the

DNA at an electric field frequency of 1.7 THz is
significantly smaller than at other frequencies. This
suggests that the low frequency is not sufficient to
break the hydrogen bonds between the bases at the
same electric field strength.

1.0
0.8
06 E
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g
A 04 &~
l I A 0'2
MN’\MM/ MWW 0
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1.7 THz
5.3 THz
| w“' W 7.4 THz
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/ / / / / / 9.6 THz
0 100 200 300 400 500 600
Atom index

Fig.5 RMSF at different electric field frequencies

2.4 Vibrational density of states (VDoS)

We calculated the VDoS for DNA in 4 nm gold
slit (Figure 6), where the VDoS spectra of the sugar-
phosphate backbone exhibit peak intensities at
frequencies around 1.7, 5.3 and 7.4 THz. Meanwhile,
the VDoS spectra of the side chains show peak
intensities at frequencies around 1.7, 5.3, 7.4, 8.8 and
9.6 THz. Consequently, the VDoS spectra of the entire
DNA strand display five peaks at frequencies of 1.7,
5.3, 7.4, 8.8 and 9.6 THz, respectively. This is the
same conclusion as in previous studies®*. Within 1-
3 THz, there is a broad overlapping peak attributed
mainly to the DNA backbone and side chains. The
peak intensity at 9.6 THz in the side chain is not
clearly distinguishable. Examination of the complete
power spectrum indicates that as THz frequency
increases, DNA transitions from collective vibration
to local vibration. In the low-frequency range (below
5 THz), the collective vibration of DNA is easily
affected by the surrounding environment (water and
the gold slit), resulting in restricted movement and a
decrease in the number of modes in this range.

The VDoS of the sugar-phosphate backbone is

shown to be influenced downward by the electric
field, in contrast to the base side chains (Figure 6).
Peaks in the DNA power
contributions of both the backbone and side chains.
When subjected to the electric field at the peak
frequency, these two components exhibit distinct

spectra arise from

responses, largely due to differences in vibrational
frequencies. Following the introduction of THz
electric fields, notable peak shifts were observed in
the DNA strands and side chains at corresponding
frequencies, while the VDoS spectra of the backbone
remained relatively unaffected. These findings
suggest that THz electric fields primarily impact the
base side chains, leaving the backbone relatively
stable. The VDoS peaks at all five corresponding
frequencies are significantly increased by tens or even
hundreds of times when an electric field is applied,
indicating an enhancement in the collective vibration
of DNA. Comparing Figure 6b—f, it is evident that the
VDoS of the DNA backbone and side strand are
relatively low, especially for the DNA and side strand.
Analysis of the final snapshots and RMSF suggests

that the increased VDoS peak is a result of hydrogen
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Fig. 6 VDoS at different electric field frequencies at 0.1 V/nm
(a) No electric field applied, (b) 1.7 THz, (c) 5.3 THz, (d) 7.4 THz, (e) 8.8 THz, (f) 9.6 THz.

bond breaking between the base pairs at both ends of
the DNA, except at a frequency of 1.7 THz. Further
examination under different electric field strengths
depicted in Figure S3 reveals that the peaks at each
frequency notably increase when the electric field
strength is 0.5 V/nm. This implies that at this level of
electric field strength in the gold slit, hydrogen bonds
between DNA strands break at any frequency. As the
electric field strength decreases, the VDoS also
decreases, although hydrogen bond breaking still
occurs. For instance, at an electric field strength of
0.05 V/nm, hydrogen bond breaking ceases at the
electric field frequencies of 1.7, 5.3, and 7.4 THz.
This
decreases to 0.01 V/nm, at which point it completely
disappears. The variation of the VDoS at different
frequencies under varying electric fields is illustrated
in Figure 7a. As the strength of the electric field
decreases, the VDoS at different frequencies also
decreases significantly. Notably, there is a tenfold
difference in electric field strength between 0.5 V/nm
and 0.05 V/nm, resulting in a thousandfold change in
amplitude. Similarly, there is a hundredfold amplitude

continues until the electric field strength

0.1 V/nm 0.01 V/nm.
Meanwhile, the VDoS values at all five frequencies

change  between and
show an upward trend. The frequency of the electric
field jumps to 5.3 THz when the electric field strength
is 0.1 V/nm, and it jumps to 8.8 THz when the electric
field strength is 0.05 V/nm. From the spectra shown in
Figure 7a and VDoS, when the frequencies are
8.8 THz and 9.6 THz, the VDoS at these two
frequencies increases with the electric field strength
and the multiplicity of the increase is tens of times
that of other frequencies. And the slopes of the curves
with increasing electric field strength are larger than
the other frequencies for both 8.8 THz and 9.6 THz
(Figure 7a). It can be observed that frequencies of
8.8 THz and 9.6 THz are more sensitive to the electric
field than other frequencies. Figure 7b—e and Figure
S4 demonstrate the vibrational direction of the
hydrogen-bond breaking portion of the DNA at
frequencies of 8.8 THz and 9.6 THz, respectively. The
free bases on the gold layer, which are the part of the
hydrogen bond that is broken, vibrate in a rotational
twist around the DNA spindle. This information is
helpful for us in our search for a THz electric field
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that is suitable for detecting the collective vibration of
DNA. The snapshots of hydrogen bond breakage are

(@) 104

VDoS (arb. units)
z 5

—_
<

shown in detail in Figure S5.

‘ ‘ ! ‘ !
0.0 . 0.2 0.3
Electric field strength/(V-nm™")

Fig.7 Relationship between VDoS values and electric field strength and frequency

(a) VDoS at different frequencies and electric field strengths, (b—e) vibrational direction of the broken portion of the hydrogen bond at 8.8 THz,

0.5 V/nm (b), 0.1 V/nm (c), 0.05 V/nm (d),0.01 V/nm (e).

We investigated the effects of the gold slit width
and electric field strength on the collective vibrational
modes of DNA (Figure 8). The VDoS of DNA
decreases with increasing slit width and increases
with increasing electric field strength over the entire
frequency range. As the width of the gold slit
increases, the thickness of the water layer where the
DNA is located also increases (Figure 8a). Sufficient
water leads to a decrease in the value of the VDoS,
and the peak intensity generated by the excitation of
the DNA molecules is significantly reduced after the
addition of an electric field with a frequency of
1.7 THz. This suggests that, in addition to the
restriction of the DNA collective vibration caused by
the removal of the gold layer, the DNA molecules are
also confined within the water network. After adding
an electric field of 1.7 THz and varying the intensity,
the peak intensity produced at 1.7 THz increases with
the increase in electric field intensity (Figure 8b).
Additionally, the collective vibration of DNA at
1.7 THz is also enhanced. It should be noted that the
width of the gold nanoslit and the electric field
strength did not have an effect on the frequency shift
of the VDoS. All the peaks remained in the same
position, indicating that changes in the width of gold
slit and strength of electric field did not significantly

alter the vibrational dynamics of the DNA.
2.5 Interaction energy
The presence of an external electric field has a

profound effect on intermolecular interactions,
particularly by inducing electric dipole moments in
field-induced

interactions, which influences the movement of

molecules and causing electric
electrons within the molecule. When an external
electric field is applied to a molecule, it directly
affects the distribution of the electron cloud within the
molecule. This causes the positive and negative
charge centers in the molecule to shift in the direction
of the electric field. This electric field-induced electric
dpole moment plays a crucial role in molecular
interaction process. Such changes in the electric
dipole moment can trigger attractive or repulsive
forces between molecules, which can affect their
orientation and alignment****. In Figure 9, the more
negative the value, the stronger the interaction
between DNA and the gold layer. The electric field at
THz frequency mainly affects the collective vibration
of DNA and does not significantly alter the overall
electronic distribution of DNA. The change in the
total dipole moment is minimal, resulting in the total
energy remaining near —800 kJ/mol. This can be
observed from the final snapshots in Figure 3.
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3 Conclusion

This study investigates the collective vibrational
modes of DNA in nanogold using molecular dynamics
simulations under THz electric fields. The analysis
reveals that the backbone and side chains of DNA
contribute differently to the vibrational dynamics. As
the electric field strength increases, the contribution to

the collective vibration of DNA also increases;
however, it is important to note that a strong electric
field may result in the breaking of hydrogen bonds
within DNA. This effect diminishes as the electric
field strength decreases. Moreover, the study
identifies rotationally twisted vibration modes at
frequencies of 8.8 THz and 9.6 THz under different
electric fields. Additionally, the interaction between
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DNA and the gold layer is quantitatively evaluated,

providing valuable insights into the structural changes

of DNA molecules in nanostructures. Gold layers play

a key role in THz biosensors as a source and

enhancement

medium of electric fields.

Understanding the interaction mechanism between

DNA molecules and the gold layer is of crucial

importance for designing THz biosensors with high

sensitivity and specificity.
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