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Abstract: The photochemical techniques applied to the sensing of bioactive molecules have become
one of the fastest-growing scientific fields. Surface-enhanced Raman scattering (SERS) measurement
is highly sensitive for detecting low-concentration; single molecules or oligomers, including DNA,
microRNA, and proteins. In the field of SERS biosensor design, the use of carbon-based nanomateri-
als as substrate materials is rapidly developing, and we intend to investigate mechanisms of the
dynamic interaction of oligomers with the environment of the SERS sensor to specify the finger-
prints of such interactions in the spectra to enhance resolution. We study the vibrational spectra of
the nucleotides in the dynamic interaction with the Au nanoparticles (NP) relaxed at (grown on)
graphene nanopore that combines (1) translocation localization by graphene nanopore and (2) nu-
cleotide interaction enhancement by Au NP. The spectral map of the cytosine nucleotide was tested
by molecular dynamics (MD) simulation with L] interaction between components. The spectra of
various bonds were compared in reaction coordinates for DNA nucleotides and Cartesian ones for
Au NP. Spectra at the interaction with the Au NP were used to select a transient COM velocity of
nucleotide passing along the cluster. At the edge of the graphene pore, the velocity has been set at
0.025 m/s that compared with the experimental range. We test the sensor’s system to evaluate the
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1. Introduction

Development of new sensing methods for such single molecules as DNA, RNA, and
proteins is essential for the accurate diagnosis of human disease that presently often re-
quires time-consuming and expensive biomedical testing because relatively simple bio-
analytical tests typically suffer from low sensitivity and selectivity and require large sam-
ple volumes for the analysis. Surface enhanced and tip-enhanced Raman spectroscopy
(SERS & TERS) has advanced significantly to nanoscale resolution [1-9] and now has the
potential to overcome microarray and qPCR limitations while maintaining its high sensi-
ditions of the Creative Commons At fivity. The SERS ability to detect a single molecule [10,11] has been proven when the mol-
tribution (CC BY) license (https://cre- €Cule has been deposited on colloidal metal or a substrate surface [12]. At the described
ativecommons.org/licenses/by/4.0/). conditions the method offers high molecular specificity [13]. In SERS, the Raman signal of
adsorbed molecules is amplified at “hot spots” on the substrates surface [14]. Attention to
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DNA/RNA and protein molecules in the manifold of applications makes identification of
oligomers in a variety of states and interaction environments highly desirable in the non-
contact real-time way of nanophotonic vibrational spectroscopy.

A two-step process of protein detection at a single molecule level using SERS was
developed [15,16] as a proof-of-concept platform. The detection method has a protein mol-
ecule bound to a linker in the bulk solution and then chemically reacted with the SERS
substrate and immobilized. Samples showed the typical behavior of a single molecule
SERS including spectral fluctuations, blinking and Raman signal being generated from
only selected points on the substrate.

Another path to the identification of small organic molecules, such as oligomers, has
employed interaction with a nanopore in a 2D material’s membrane, especially graphene
[17-23] and hexagonal BN [24-27]. The detection of the following DNA/RNA oligomers,
mononucleotides [28-30] and nucleobases [31], with SERS techniques has been demon-
strated.

In the present roadmaps for single-molecule SERS spectroscopy [32,33], the experi-
mental evidences of single-molecule SERS include intensity fluctuation as one of the rep-
resentative evidences. The migration of surface atoms of SERS substrates (e.g., amorphous
Au substrates) can influence the measured single-molecule signal. In single-molecule
SERS using plasmonic metal nanoparticles, ultrahigh Raman enhancement has been
achieved with plasmonic sharp tips as another type of configuration. The sharp geometric
configuration is capable of realizing high concentration and localization of electromag-
netic field in nanoparticles with sharp tips (e.g., sea-urchin-like nanoparticles) [34]. An-
other technique based on the plasmonic sharp tips is tip-enhanced Raman spectroscopy
(TERS) and has a shifting precision of subnanometer. TERS, as an extension technique of
SERS, not only provides a single-molecule sensitivity but also enables Raman measure-
ment in space domain with a subnanometer resolution.

In order to design and simulate the sensor that would let single oligomer detection,
the 2D graphene as substrate is combined with a sharp configuration Au nanoparticle
(NP) localized at the edge of nanopore. Such design let to guide the single oligomer
through the created “hot” spot. [35,36] We intend to simulate by molecular dynamics
(MD) method the mechanisms of the dynamic interaction of oligomers with the environ-
ment of the SERS sensor to specify the fingerprints of such interactions in the spectra of
each component of the nucleotide-AuNP-graphene system to enhance resolution. We
study the vibrational spectra of the nucleotides in the dynamic interaction with the Au
nanoparticles (NP) relaxed at (grown on) graphene nanopore that combines (1) transloca-
tion localization by graphene nanopore and (2) nucleotide interaction enhancement by Au
NP. The spectral map of the cytosine nucleotide was obtained by molecular dynamics
(MD) simulation with the Van der Waals (L]) interaction between components. The spec-
tra of various bonds were calculated in reaction coordinates for cytosine as the sample
oligomer and Cartesian coordinates for Au NP and graphene. Spectra at the interaction
with the Au NP were used to select a transient COM velocity of nucleotide passing along
the cluster. At the edge of the graphene pore, the velocity has been set at 0.025 m/s that
compared with the experimental range. We study the sensor’s system to evaluate the in-
fluence of the interaction with Au NP and graphene on the transient spectra calculated by
MD. The frequencies and modes that can serve as markers of the corresponding Au—
nucleotide and graphene —nucleotide interactions are estimated. The MD simulation can
creates spectral libraries for oligomer’s vibrations to specify the interaction’s type and
strength in SERS sensors that can be further utilized as training data for the machine learn-
ing application in spectral recognition.

2. Model and Methods

The present study considers the nucleotide-Au NP-graphene system simulation by
the MD method to evaluate the influence of the system components on the vibrational
spectra of each part. The nucleotide vibrational frequencies we obtained in reaction
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coordinates and they have been attributed to stretching, bending or ring-breathing modes.
The vibrational frequencies of the Au NP and graphene were calculated in the Cartesian
coordinates for each atom selected to reflect the effect of component’s interaction. The
vibrational density of states is calculated in the transient regime during passing time
through the graphene nanopore for each atom in the bonds of the oligomer and selected
atoms of the Au NP and graphene to resolve the difference in the spectra, structural and
due to interaction. In dynamics, the vibrational spectra are being evaluated from MD
propagation velocities computed in the anharmonic interaction potentials in the the com-
ponents of the nucleotide-Au NP-graphene system, the L] potential is used between com-
ponents. Fourier transfer I(f) of the velocity autocorrelation function G(t) is as follows

<wi(to) * vi(to+1)>

G(T) - <wi(to) * vi(to)> !
v (1)
I(f) = jG(T) exp(—2mift)dr

where 7 is the duration of correlation, v;(t,) is the velocity of the atom at time ¢,, and
v;(to + 7) is the velocity of the atom during correlation time. According to Wiener-Khin-
chin theorem, I(f) defines the vibrational density of states (DOS) of the system. The po-
tential used for DNA nucleotides is MM2/MM3 force field potential [37]. We investigate
the transient interaction with graphene modelled by REBO potential [38], Au NP mod-
elled by EAM potential [39,40] and the molecule-graphene interaction for C-X (X=H, O,
C, N) by the L] potential [37]. The interaction causes a shift in some frequencies of vibra-
tions of the nucleotide DOSes. The vibrational spectra in MD exhibit shifts and intensity
changes due to interaction between system components that causes inter-component and
intramolecular vibrational mode dynamics.

The principal SERS sensor design and subsequent calculation setup is presented in
Figure 1.
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Figure 1. The principal SERS sensor design. (a) The structure and translocation position of cytosine
nucleotide inside of the graphene pore. The spatial orientation of the nucleotide’s cyclic plane is at
30° to the z-x plane. Atoms are shown: C in grey, N in blue, O in red, and H in light grey. (b) Initial
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graphene

configuration of cytosine (right) is shown on the left with an example of corresponding atom num-
bering for bonds in MD calculations. (¢) Optimized by DFT GGA calculations Au2 nanoparticle.

To the graphene sheet with the 1.5 nm in diameter pore at its center is attached the
Aux NP in the pyramidal shape at the edge of the pore. A location of the cytosine that is
selected as the tested oligomer relative to the pore plane and center is shown in the process
of translocation in the pore. The graphene sheet is oriented in the x-y-plane, the edges
along the y-axis are fixed, and the edges along the x-axis are free. The nucleotide can move
with a given added velocity of the center of mass (Veom.) in the positive z-direction that
overall reproduces the motion in a constant electric field in experimental setups. All atoms
of the system except fixed ones are thermally relaxed before sampling to the temperatures
Tgraphene = 300 K and Thuceotide = 30 °C, as marked in Figure 1. The Au NP is initially placed
at the 4 A distance from cytosine nucleotide that maximizes the Van der Waals interaction
between the NP and the molecule without the nucleotide sticking to the surface of the NP
as shown in Figure 2. In the next step, the Au NP is lifted to the graphene surface close to
the pore edge. The distance was selected with regards to results on diffusion of gold
nanoclusters on graphite [41]. L] interaction potential between Au NP and graphene was
set with 0(C-Au) =2.74 A and &(C-Au) = 0.022 eV = 3.524788 x 1021], truncated at 4.50 A
[41]. The two attachment distances were tested (see Figure 2) and it was found that Rauc
=3.05 A gives a stable dynamics of the graphene—Au NP system while 2.45 A destroys
the pore edge in MD simulation. COM velocity of the AuNP has been initially kept equal
0 m/s at the time of calculation. However, as it might affect the pore edge graphene atom’s
dynamic and interaction, the Au NP was relaxed relative to the graphene prior to sam-
pling and remained unrestricted in the production run. In the translocation process, the
single layer graphene sheet with attached NP interacts with the nucleotide in graphene
nanopore. Graphene and Au NP affect the interaction field of the passing oligomer close
to the pore edge. The graphene-molecule C-X (X=H, O, N, C) and Au-X (X=H, O, N, C)
potentials are considered as a VAW ones to avoid bond creation and nucleotide attach-
ment in the pore.

”q!ltlllﬁn 4

Ll

L

Figure 2. Distance between Au NP and cytosine at the left panel, distance between Au NP and gra-
phene sheet at the right panel. Distances are selected to maximize Van der Waals interaction.

The transient MD calculations are sensitive to the duration of correlation time and
relative interaction of the structures studied. As was shown in [35,36], the time step of 0.05
fsec and 32,768 step number reach the resolution of vibrational modes being Af =20 cm™!
and frequency interval being up to 4000 cm™'. The Af =20 cm™! spectral resolution is com-
parable to the 15 cm™ half-width of Lorentzian function that is used to broaden Raman
spectral lines in DFT calculation [42]. The assumed resolution introduce low level
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“shadow” frequencies from adjacent bonds, therefore, only highest peaks in the spectrum
are considered as modes. Interaction and conformation dependent single molecule calcu-
lations collect correlation data on the time scale of few vibrational periods that are pres-
ently covered with 1.64 psec time interval. That approaches the psec timescale of nano-
photonic probing of the acoustic phonon propagation [43]. The employed spectral resolu-
tion in our MD calculations has been sufficient to register structural and interaction de-
pendence of the spectral map of all 3 components of the system which were treated at the
same resolution.

3. Results

In the current study, we estimated in several steps optimal simulation setup of the
nucleotide— Au NP —graphene system. As the first step, the translocation velocity of the
oligomer has been tested versus possible spectral changes at the interaction with Au NP.
The next step was to lift and attach the Au NP to graphene and relax the graphene —Au
NP part of the system. Then, we tested spectra of system components to extract influence
of the interaction between the components on the component’s spectra.

3.1. Velocity of Oligomer Translocation

Considering the DNA translocation velocity, experimental results in aqueous solu-
tion [44,45] give the range of the velocity to be in the 0.1-0.01 m/s interval. The nucleotide’s
Veom 1s tested for the following values 0.02, 0.025, 0.03 m/s that were optimized to enhance
the interaction force between the nucleotide and edge of graphene pore and reduce rota-
tion of the nucleotide in the translocation as much as possible. From simulation, we esti-
mate that the optimum center of mass’ velocity for cytosine (CYT) is around 0.025 m/s. To
confirm our estimation, we compare the interaction period of CYT and Au NP and vibra-
tional spectra with +-0.05m/s velocity changes. The result obtained can resolve nucleo-
tide’s interaction with each Au NP and graphene, however, calculated spectra were col-
lected for detached Au NP only to compare spectral response to vy for the single in-
teraction with Au NP (as shown in Figure 2, left panel, 12 A from the graphene sheet) with
exclusion of graphene. There is bending and twisting at 500 [cm™]-1000 [cm™] interval
seen in Figure 3c,d, and some modes have amplitude changes. An amplitude changes of
several to 30% was observed in the 1200-2000 [cm™] range, responsible for the C-X (X=C,
N, O) stretch modes. For the stretching modes of the hydrogen bonds C-H & N-H, the
stretching modes in the [2400-3500] range have up to 50% change in the amplitude for
veom change from 0.02 m/s to 0.03 m/s. The cytosine spectra remain stable relative to the
variations in the translocation velocity of the nucleotide up to 30% in present calculations.
Additional data on the distance between Aux cluster and CYT in x, y, z directions and
velocity during translocation can be found in Figure Al of Appendix A.
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Figure 3. (a) The Au NP response to interaction with CYT by changes in the vy) of NP relative to
time steps, (b) the Xcom of NP relative to time registers the duration of interaction, (c) spectrum of
cytosine C(2)-C(3) bond at different velocities of vy of Au NP, (d) spectrum of cytosine C(2)-
N(5) bond at different velocities of v(y. AuNP upper plane’” distance to graphene is 12 A.
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Figure 4. (a) Vibrational spectra of the 4200 atom of Aux nanoparticle attached to graphene in z
direction with and without graphene; (b) cytosine C(2)-C(3) ring bond marked on the right panel;
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(c,d) cytosine C(2)-C(3) and C(2)-N(5) vibrational spectra’s comparison with Au NP absent and pre-
sent moving with v¢oy(z) = 0 and 0.025 m/s with no interaction with graphene included.

3.2. Spectral Response to Interaction by System Components

The vibrational spectra of the nucleotides in the dynamic interaction with the Au NP
attached by Van der Waals interaction to the edge of graphene nanopore (Figure 2, right
pane) compared with the spectra for nucleotides passing by Au NP only (Figure 2, right
pane) to reveal the spectral changes. In Figure 5, two types of spectral response on the
presence of the interaction with graphene are shown. The bonds with attached H or NH2
exhibit changes in the modes attributed to the C-C stretching, ring breathing, and NH-
bending. The ring modes with frequencies of 1526 cm™" and 1404 cm™ present at all types
of interaction, however, Van der Waals interaction of H with graphene pore edge excites
additional modes shown in black in Figure 5a. The bond without attachment to the H
remains almost unchanged by interaction with graphene at the translocation with
veom(2) = 0.025 m/s through the pore.

AuMP-graph AuNP-graphene relaxed
AuNP only ’ —— AuNP only, outside graphene
[ca-c@lcs) c-c o1
stretchin \ 0(12)-C(1)
ring 1526 .J 23004
NH, breathing 1689 ¢ .
bendin 2} 2
1140 o J
508 1241 'ti3b 9 200
610 3
1404
W :
0-

T T T T T T T T T T T T
0 200 400 &00 20D 1000 1200 1400 1600 1200 2000 2200 240D

0 500 1000 1500 2000 2500 3000 3500 4000

. 1\ frequency (cm™)
frequency (cm '}

(a) (b)

Figure 5. Reaction of the vibration on the interaction with graphene for the bonds: (a) C(3)-C(2) from
the C(2) side has spectral differences in frequencies marked in black for graphene only case and in
blue for modes present in both cases; (b) O(12)-C(1) bond exhibits almost no differences in spectra.

We also registered the vibrational spectra of selected individual graphene atoms in
order to reflect changes induced by interaction with nucleotide (Figure 6) as well as inter-
action with attached Au NP (Figure 7). Interaction with cytosine causes number of split-
ting and shifts in the bending modes of graphene atoms in x and y directions. Spectra in z
direction register low frequency’s vibration of the graphene sheet and its pore edge that
are partially suppressed by interaction with the nucleotide. The interaction of graphene
with attached Au NP is traced in spectra of Figure 7. The edge atom 2176 shows essential
changes in the in-plane (x & y direction) modes as compared with the changes in Figure 6
that separate changes in spectra of graphene’s pore edge atoms related to the oligomer
translocation. As can be seen from the Figure 7d data, the out-of-plane modes exhibit sig-
nature 3 peaks starting from 427 cm™! frequency that tag presence of the Au NP below the
graphene surface. Changes in the in-plane modes (Figure 7b,c) are much more numerous
as compared with the Figure 6b,c. Not only G mode localized for the edge atoms at vicinity
of 1800 cm™ in the present MD calculation is affected by presence of the Au NP but for
pore edge atom 2176 lower frequency mode changes have the amplitudes enhanced with
either the red shift or splitting of some modes.
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Figure 7. (a) Graphene atom atop of Au NP marked as 2170 and at the pore edge 2176 next Au NP;
(b) the spectra in x velocity component; (c) the spectra in y velocity component; (d) the spectra in z
velocity component.

The task to separate probable contributions into evaluated spectral maps of translo-
cating oligomers from system components is a multicomponent one. The present research
gives an overview of vibrational spectral changes corresponding to particular parts of the
interaction in the system of oligomer —Au NP—graphene nanopore. The knowledge of
spectral changes in the graphene and Au NP modes at the time of oligomer translocation
can serve as an additional marker of interaction and localization of a particular measured
oligomer in the system. From experimental point, SERS intensity fluctuation is one of the
representative experimental evidences of single-molecule SERS. The fluctuation is related
to the instability of surfaces of SERS substrates. The measured single-molecule signal can
be influenced by the migration of surface atoms of SERS substrates (e.g., amorphous Au
substrates). The knowledge of spectral characteristics of the substrate at different config-
urations will be able to resolve possible fluctuations of the SERS signal in the sensor.

4. Discussion

The study of the vibrational spectra of the nucleotides in the dynamic interaction
with the Au nanoparticles (NP) located at the surface of graphene next to the nanopore
can’t be considered complete without the investigation of the scope of changes in vibra-
tional spectra of surrounding components of the system included into interaction. We
confirm the oligomer interaction enhancement by Au NP and graphene. The obtained vi-
brational spectra are sensitive enough to reflect even weak Van der Waals interactions in
each component of the system studied. Therefore, shape and size of Au NP and graphene
pore will affect transient vibrational spectral maps of oligomers passing through the sys-
tem. To calibrate and automate single molecule measurements, machine learning algo-
rithms are ready to be utilized. The MD simulation creates spectral libraries for oligomer’s
vibrations to specify the interaction’s type and strength in SERS sensors that can be further
utilized as training data for the machine learning application in spectral recognition.
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Appendix A

The COM velocity of nucleotide is set at 0.025m/s while Au NP has velocity 0 m/s
(Figure 2). Then, we compare the deviation in the distance between Au NP and cytosine
shown in Figure Ala relative to the time step count. Changes in the nucleotide’s COM
velocity with time are traced in Figure Alb. With obtained data, the interaction time has
been localized and used in the selection of the correlation time in Equation (1) for the
particular set up of nucleotide translocation velocity and distance from the Au NP and
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