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Abstract

This dissertation presents a rigorous investigation into the capabilities of Surface-
enhanced Raman Spectroscopy (SERS), a highly sensitive analytical technique, for the
detailed analysis of nucleic acids. This research aimed to systematically understand how the
SERS signal of a polyAdenine (polyA) strand is affected by two critical factors: its physical
length(5, 10, 15 and 20 bases) and the specific chemical method used to attach it to a sensing
surface. To achieve this, we employed a nanoplatform consisting of gold nanoparticles
(AuNPs) synthesized directly onto graphene oxide (GO) sheets (denoted further as GO-
AuNPs).

In this matter, firstly I synthesize the GO using the Hummers protocol [1]. The AuNPs
were synthesized in situ, by reducing the gold ions directly onto the GO surface [2]. To
confirm the successful of the synthesis, I conducted UV-VIS measurements. In addition, the

morphology of the nanoplatform was investigated using Scanning Electron Microscopy.

On this GO-AuNP surface, we grafted polyA strands using four different lengths,
containing 5, 10, 15, and 20 adenine bases, respectively and with two different 5’ ending,
SH and NH». Furthermore, we compared two distinct grafting strategies: attaching the
polyA(SH at 5’ end) at the surface of the AuNPs and the polyA(NH:> at 5’ end) to the
functional groups of GO. Then, I conducted SERS measurements for all the designed

configurations.

Our key finding was a strong and consistent correlation between the length of the
DNA strand and the intensity of the characteristic adenine peak observed at 732 cm™ in the
SERS spectrum. This correlation was better for the system with polyA(NH: at 5° end) due to
its strategic position in regions with high field enhancement called hot-spots between
coupled gold nanoparticles. To understand the underlying mechanism, I performed Finite
Difference Time Domain numerical simulations which confirmed that these intensity
variations are governed by the positioning of the DNA strands in different regions with
different electromagnetic fields amplification. Our experimental results allow us to
effectively probe the strength and spatial decay of these localized electromagnetic fields,

providing fundamental insights for designing future SERS-based biosensors.
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Introduction

The rapid advancement of nanotechnology and spectroscopy has catalyzed
considerable progress in the development of sensitive biosensing platforms. Among these,
DNA biosensing has emerged as a critical field, offering profound implications for early
disease detection, environmental monitoring, and personalized medicine. The ability to
detect and analyze nucleic acids with high sensitivity and specificity is essential for

applications ranging from clinical diagnostics to forensic science.

At the heart of this innovation is Surface Enhanced Raman Spectroscopy (SERS), a
powerful analytical tool capable of amplifying Raman scattering signals from molecules
adsorbed on nanostructured metallic surfaces. SERS exploits the electromagnetic field
enhancement that occurs at the surface of plasmonic materials, such as gold and silver
nanoparticles. This enhancement can be of several orders of magnitude higher than the
intrinsic Raman signal, enabling the detection of molecular species at extremely low
concentrations [3], [4], [5]. The phenomenon is primarily governed by the local
electromagnetic fields generated near these nanostructures, which makes the study of local

field distributions critically important for the rational design of high-performance sensors.

Local field probing is an essential aspect of understanding and optimizing plasmonic
biosensors. By mapping the electromagnetic field intensity around nanostructured surfaces,
researchers can gain insights into how different configurations, materials, and molecular
interactions influence the sensor’s performance. This local field effect is particularly
significant in the context of DNA biosensing, where the precise spatial arrangement and
orientation of DNA strands relative to plasmonic hot-spots can dramatically affect the
sensitivity and specificity of detection. Therefore, exploring the interplay between
nanostructure-induced field enhancements and biomolecular recognition processes is a key

challenge in the field.

Recent advances in materials science have provided new avenues for constructing
hybrid nanoplatforms that combine the unique properties of two-dimensional materials with
those of metal nanoparticles. For instance, graphene oxide (GO) has attracted considerable
attention due to its excellent chemical, mechanical, optical properties and due to its

capability to enhance the absorbance of the molecules [6], [7], [8], [9].
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Graphene materials and gold nanoparticles (AuNPs) form a highly synergistic hybrid
system that enhances the performance of biosensors, particularly in plasmonic applications
such as SERS. Graphene, a two-dimensional material composed of sp?-hybridized carbon
atoms, provides a large surface area, excellent electrical conductivity, and chemical stability,
making it an ideal platform for anchoring AuNPs [6], [7], [9]. The interaction between
graphene/graphene oxide and AuNPs occurs primarily through electrostatic forces, and van
der Waals interactions, which facilitate the uniform dispersion of nanoparticles onto the
graphene/graphene oxide surface [7], [10], [11]. Additionally, graphene/graphene oxide
helps stabilize AuNPs, preventing aggregation and ensuring reproducibility in biosensing
applications [8]. Moreover, regarding the signal enhancement it is known that different
graphene materials can contribute to SERS signal through Chemical Enhancement, more
specifically due to electron Charge Transfer to the molecule of interest [3], [12], [13], [14],
[15]. In this context, integration of graphene-related materials and metal nanoparticles can
enhance the actual biosensing limitations by improving the stability and limit of detection of

the sensors.

To observe the high interest in integrating graphene materials with SERS across
different research area, I plot in Figure [.1 a PieChart of WebOfScience categories resulting
after “graphene based SERS” search. As we can see, the domain is strongly interdisciplinary,

and the graphene-metal nanoparticles nanostructures are used in different areas.

The synergistic combination of graphene materials and gold nanoparticles enhances
molecular adsorption, facilitates charge transfer, and enables easy functionalization, making
it highly beneficial for developing sensitive SERS biosensors. This integration not only
improves detection sensitivity but also provides robust stability and tunable optical
properties, paving the way for the design of multifunctional biosensors with enhanced

performance.

DNA molecules, owing to their intrinsic specificity and programmability, represent
ideal candidates for molecular recognition in biosensing applications. The integration of
DNA with plasmonic nanomaterials facilitates the development of sensors that are both
selective and highly responsive [16], [17], [18], [19], [20]. The DNA strands can be used to
serve as recognition elements, linking the binding of target molecules to measurable changes

in the local electromagnetic environment. Consequently, monitoring these changes through
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SERS provides a direct route to detecting and quantifying biomolecular interactions at the

nanoscale.
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Figure I.1. PieChart of WebOfSCience categories of “graphene based SERS” search.

The convergence of DNA biosensing and local field probing represents a fertile
ground for both fundamental research and technological innovation. By leveraging advanced
spectroscopic techniques alongside state-of-the-art nanomaterial synthesis, researchers can
gain a deeper understanding of the mechanisms that govern plasmonic enhancements. This,
in turn, paves the way for the development of next-generation diagnostic tools that are not

only extremely sensitive but also capable of providing detailed molecular information.

In this study, we probe the electromagnetic field enhancement using the detection of
DNA grafted onto graphene oxide-gold nanoparticles (GO-AuNPs) nanoplatforms.
Specifically, we utilized polyA strands of varying lengths (5, 10, 15, and 20 bases) with two
distinct 5° end terminations: thiol (SH) and amine (NH2). Using both types of DNA, I
strategically placed the polyA strand in two different locations:

1. The polyA(SH at 5’ end) is bonded directly to the AuNP through a covalent thiol
bond.
2. The polyA(NH: at 5’ end) is bonded onto the graphene oxide layer through a

covalent amine bond. Here, the strand is placed between coupled AuNPs.

Therefore, using different lengths of ssDNA strands, we probe the local field
enhancement generated by isolated AuNPs and by coupled AuNPs in different locations,
therefore finding the profile of the generated electromagnetic field enhancement. Also, |

validate this model using Finite Difference Time Domain (FDTD) simulations.
7
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FDTD simulations are a computational technique widely used to model and analyze
the behavior of electromagnetic fields over time. This method breaks down Maxwell's
equations, which govern electromagnetic interactions, into discrete time and space intervals,
allowing the simulation to compute how fields evolve over both dimensions. By dividing the
simulation space into a fine grid and advancing the field values in small time and size steps,
FDTD can capture the complex interactions between electromagnetic waves and various
materials. This level of detail makes it especially valuable for simulating nanostructures,
plasmonic materials, and photonic devices where conventional analytical methods struggle
to provide accurate predictions due to the intricacy of these interactions. In practical
applications, FDTD is used in the design and analysis of optical devices, antennas, sensors,
and plasmonic nanostructures. It is instrumental in predicting field enhancements near
nanoparticles or structures designed for SERS. Despite its computational intensity, advances
in processing power have made FDTD a powerful tool in modern computational
electromagnetics, providing accurate, high-resolution insights into field distributions and

device performance [21], [22], [23].

This thesis is divided into two main chapters, one with theoretical explanations and

one with the experimental results obtained during my master’s degree.

Chapter 1 contains theoretical aspects of Raman spectroscopy and SERS explaining
the enhancement mechanism of SERS, the electromagnetic and chemical enhancement,
respectively. Also, in this chapter I detailed aspects about the integrating of graphene into

SERS spectroscopy with applications in DNA biosensing.

In Chapter II I presented the experimental results and theoretical simulations of this
study are presented. In summary, I started by synthesizing GO using an improved Hummers
protocol. I characterized the GO using UV-VIS spectroscopy and Scanning Electron
Microscopy (SEM). Then, I synthesized the GO-AuNPs colloidal solution using a modified
Turchevik synthesis. Here, the AuNPs are directly synthesized onto the GO sheets being
bond electrostatically to GO. The next step was to bond the two DNAs strand to the GO-
AuNPs nanoplatforms. For the first one, I attached the polyA(SH at 5’ end) to the AuNP
surface through a thiol bons, and for the second nanoplatform I attached the polyA(NH: at
5’ end) to GO via an amine bond using the EDC protocol. In both cases, I used four different
polyA strands with different numbers of bases (20, 15, 10 and 5 bases). Afterwards, I

characterize both nanoplatforms using UV-VIS Spectroscopy, Scanning Electron
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Microscopy (SEM), Energy Dispersive X-Ray (EDX) and Raman Spectroscopy. I conducted
FDTD simulation to calculate the field enhancement of isolated AuNP and of coupled AuNPs
to prove the model proposed. Using these results, I was able to probe the field enhancement

as a function of distance using polyA strands with different grafting methods and lengths.

The results obtained in this thesis were published in the
following article [24] : “Probing the Local Field Enhancement PHYSICAL CHEMISTRY
Using SERS Detection of DNA Strands with Different Lengths
and Grafting Strategies on Graphene Oxide Plasmonic

Nanoplatforms”: Vlad Cucuiet, Dana Maniu, Ana Maria

Craciun, Septimiu Tripon, Simion Astilean, Marc Lamy de la
Chapelle, Monica Focsan, J. Phys. Chem. Lett. 2025, 16, 2,
435-442 (IF 4.6, Nature Index). Also, the article was selected

for the cover art for its respective issue (right image).

@ Shbliator:

During my master studies, I also published two review articles, from which one as a

principal author:

1. Vlad Cucuiet, Dana Maniu, Simion Astilean, Marc Lamy de la Chapelle, Monica

Focsan; Graphene-mediated surface enhanced Raman spectroscopy for DNA
Detection&hybridization: Breakthroughs and challenges. Elsevier, Biosensors and
Bioelectronics, 2025, 286, 117610 (IF 10.5). [25].

2. Alexandru Holca, Vlad Cucuiet, Simion Astilean, Marc Lamy de la Chapelle, Monica

Focsan; Recent advances in gold nanoparticle-graphene hybrid nanoplatforms with
visible to near-infrared response for photodynamic and photothermal therapy and

bioimaging, RSC Adv, 2025, 15,11902-11922 (IF 4.6). [26]

In this thesis [ used with permission different figures and parts of text from the articles

mentioned above.

Also, these results were presented at the International Conference on Raman

Spectroscopy 28 July-2 August 2024, Rome, Italy.

1. Vlad Cucuiet, Monica Potara, Marc Lamy de la Chapelle, Simion Astilean,

Monica Focsan; Graphene mediated SERS detection of DNA hybridization.
ICORS XXVIII, 2024, Rome, Italy.
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Chapter 1.Theoretical Aspects

1.1.What is Surface Enhanced Raman Spectroscopy?

Raman spectroscopy is one of the most widely used analytical techniques in
vibrational spectroscopy today, providing essential information about the vibrational modes
of the analyzed chemical compounds. Raman spectroscopy is based on the Raman effect
[27], [28]. The Raman effect, when talking about molecules, describes the inelastic scattering
process between a photon and a molecule. This process is mediated by a fundamental
vibrational mode of the molecule. Due to this mediation, energy exchange occurs between
the photon and the molecule, and the photon energy is shifted by the characteristic energy of
the molecule’s vibration. The shifts can be both positive and negative with reference to the
incoming electromagnetic radiation energy, depending on if the molecule is found in the
ground or excited state. If the molecule is in the ground state, the photon loses energy by
excitation of a vibrational mode (Stokes scattering) and in the second case, the photon gains

energy due to the vibrational de-excitation of the molecule (anti-Stokes scattering). (Figure

1.1).

Virtual
energy

states
Al ¢

Vibrational
energy states

f v v Y

Infrared Rayleigh Stokes Anti-Stokes
absorption scattering Raman Raman
scattering scattering

O -~ N WP+

Figure 1.1. Vibrational Transition of electrons in Raman Effect. Image taken from [29]

The total power of the scattered light due to the Stokes scattering process can be written as:

Ps(vs) = N ogs I(vy),

10
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Where N is the number of excited molecules, ogs is the scattering cross-section, and I(v,) is
the intensity of the excitation beam. Therefore, to be able to measure low-concentration
solutions (thus decreasing N), we need a technique to increase the total power of the scattered
light. One of the most used techniques is called Surface Enhanced Raman Spectroscopy

(SERS).

SERS is an advanced spectroscopic technique that significantly enhances the weak
Raman scattering signals of molecules, making it a valuable tool for highly sensitive
chemical and biochemical analysis. SERS effect was first observed in 1974 by M.
Fleischmann at University of Southampton who reported a high-intensity spectra of pyridine
adsorbed on a silver electrode[30]. In 1977, R.P. Van Duyne and D.L. Jeanmaire from
Northwestern University reproduced the experiment and calculated that the Raman cross-

section of the pyridine adsorbed on the silver electrode increase by a factor of 10°-10°[31].

This enhancement occurs when molecules are absorbed onto nanostructured metallic
surfaces, such as gold, silver, or copper, which are known for their plasmonic properties.
SERS relies on two primary mechanisms: electromagnetic enhancement and chemical
enhancement, which work together to amplify the Raman signal by 7-8 orders of magnitude

[4]. In case of SERS, the increase of the Ps is due to two effects.

A. Increasing the scattering cross-section of the molecule, process known as Chemical
Enhancement: This mechanism arises from the interaction between the adsorbed
molecule and the metal surface or another molecule, often through charge transfer
processes (Figure 1.2c). When a molecule adsorbs onto the metallic surface, it can form
a chemical bond or undergo electronic coupling with the surface, altering its electronic
structure [32], [33], [34], [35], [36]. This interaction increases the polarizability of the
molecule, making it more responsive to the oscillating electric field of the incident light
and enhancing the Raman signal. Moreover, by changing the electronic structure of the
molecule, the electronic transition can become resonant with the laser energy, therefore
increasing the signal. Chemical enhancement is highly molecule-specific, influenced
by the nature of the adsorbed species and the surface chemistry of the substrate.

B. Electromagnetic enhancement, the dominant mechanism, is driven by the excitation
of localized surface plasmon resonances (LSPRs) in the metallic nanostructures and the
accumulation of the electric field lines at the metal interfaces (lightning rod effect).

This phenomenon arises when the frequency of the incident electromagnetic field

11
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matches the natural frequency of the electron oscillations (Figure 1.2a), leading to a
resonant enhancement of the local electromagnetic field around the nanoparticles [3],
[37], [38]. These fields are particularly intense in regions known as hot-spots often
found at sharp edges, tips, or junctions between nanoparticles (Figure 1.2b). This leads
to the enhancement of both the incident and scattered light. The enhancement factor
can be written as L(v) = |E;,(V)|/|Eo|, which is the ration between the field due to the
SERS effect and the field of Raman Scattering. Therefore, the new total power of the
Stokes beam due to SERS effect is [39]:

Ps(vs) = N g5grsL(v)2L(vs)? 1(vy),

Since the | L(v;)| ~ | L(vs)|, the electromagnetic contribution to the total
SERS enhancement is proportional to the 4th power of the field enhancement
factor. Therefore, we can write the enhancement factor of the Stokes beam as

follows [40]:

R = IEloc|4
|Eol*

Molecules located in these hot spots experience an amplified electric field, which
boosts the intensity of both the incident laser light and the scattered Raman signal,
leading to significant enhancement. The magnitude of this effect depends on the

material, shape, size, and arrangement of the nanostructures, as well as the wavelength

of the incident light.

(E/Eo)?

200

I 187

133

100

z(m) (x107-9)

X(m) (x10~-8)

Figure 1.2. (a) Coherent oscillations of conductions electrons in metallic nanoparticles creating localized
electromagnetic fields; (b) Coupled Nanoparticles generating high intensity electromagnetic field between
them (hot-spot); Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435-442. Copyright 2025
American Chemical Society [24]; (¢) Chemical Enhancement mechanism of SERS. Reprinted with

permission from [25].
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Together, these mechanisms enable SERS to achieve unprecedented sensitivity,
capable of detecting single molecules under optimal conditions. This makes SERS an
indispensable tool in fields such as chemical sensing, biological diagnostics, environmental
monitoring, and materials science, where trace-level detection is often required. By carefully
designing and optimizing the nanostructured substrates, researchers can harness the
synergistic effects of electromagnetic and chemical enhancement to tailor SERS for a wide

range of applications.

1.2. Using Graphene mediated Surface Enhanced Raman
Spectroscopy in DNA Biosensing

SERS has emerged as a transformative tool in biosensing due to its exceptional
sensitivity and molecular specificity, making it ideal for detecting and characterizing
biological molecules [41]. Among its numerous applications, the detection of DNA stands
out as a critical area, especially for identifying genetic mutations, monitoring diseases, and
advancing personalized medicine [42], [43], [44]. DNA detection using SERS leverages the
technique’s ability to amplify weak Raman signals from DNA molecules, enabling the
identification of specific nucleotide sequences even at extremely low concentrations. This
capability is particularly important in scenarios such as early disease diagnosis, where
biomarkers are present at trace levels in biological fluids. Traditional methods like
polymerase chain reaction (PCR) are effective but often require extensive sample preparation
and amplification steps, whereas SERS offers a label-free or minimally labeled alternative
that can provide direct molecular insights even without prior knowledge of the DNA
composition [45], [46], [47], [48]. Moreover, the unique Raman fingerprints of the four
nucleotide bases (adenine, guanine, cytosine, and thymine) allow detailed structural analysis

and sequence verification.

Also, in genetic analysis, the studies are practically applied to the central theme of
gene mutations, specifically those characterized by DNA nucleobase mismatches. This
phenomenon involves alterations in a gene's nucleotide sequence, including substitutions,
insertions, or deletions of nucleobases [49], [50]. Using SERS and DNA detection and DNA-
DNA hybridization, these mutations can be experimentally highlighted due to their pivotal
role in influencing gene function and contributing to genetic diversity and disease
development. For instance, SERS is preferred for detecting trace levels of biomarkers in the

early stages of cancer because of its ultrasensitive and non-invasive nature [51]. Beyond

13
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detection, classifying these gene mutations is a promising step toward differentiating various

cancer types [52], [25].

Graphene can directly contribute to Raman signal enhancement, through a chemical
mechanism involving charge transfer between graphene and the analyte molecules,
facilitated by n—n interactions [53], [54]. Further enhancement of signal strength can be
achieved by modifying graphene sheets through doping (e.g., with nitrogen) or mild
reduction, which effectively reduces the energy difference between the molecule's highest
occupied molecular orbital (HOMO) and graphene's Fermi level [54], [55], [25]. Graphene’s
exceptionally high thermal conductivity is another significant advantage. For example,
suspended graphene exhibits thermal conductivities ranging from 1500 W/(m*K), while
when oxidized, the GO can reach a thermal conductivity of around 1500 W/(m*K),
depending on the degree of oxidation. These remarkable high conductivities enable efficient
heat dissipation, which is critical for minimizing the risk of molecular degradation during
laser irradiation when measuring SERS signals. Furthermore, graphene/graphene oxide has
a negatively charged surface which makes them easy to functionalize with various molecules

[56], [57], [58], [25].

Graphene-enhanced Raman Spectroscopy (G-SERS) represents a significant
advancement in analytical techniques, utilizing graphene's distinctive properties to improve
the sensitivity and precision of traditional Raman spectroscopy. The integration of graphene
into the SERS methodology has established G-SERS as a potent tool capable of detecting
and characterizing molecules at exceptionally low, femtomolar concentrations. For G-SERS,
graphene has multiple roles. From SERS perspective, different studies indicate that G-SERS often
provides clearer vibrational spectra and more comprehensive chemical information

compared to conventional SERS investigations [59], [60].

By combining nanotechnology, advanced surface chemistry, and high-resolution
spectroscopic techniques, SERS has revolutionized biosensing, offering a powerful platform
for rapid, precise, and ultrasensitive DNA analysis in clinical and research settings [61],

[62], [63], [64], [65], [66].

14
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Chapter 2. Techniques and Experimental Results

2.1 Materials

Graphite flakes, 325 mesh size, 99.9995 % were purchased from Alfa Aesar
(Germany). Sulfuric acid (H2SO4, 99%) and hydrogen peroxide (H2O2, 30%) were obtained
from Nordic (Romania). The potassium permanganate (KMnQO4), Sodium Citrate, Natrium
Chloride, 1-ethyl-3-(3- dimethylaminopropyl) carbo diimide hydrochloride (EDC), Gold
(IIT) Chloride Trihydrate 99.9% were all purchased from Sigma-Aldrich. All polyA strands
(SH or NH» at 5° end) with different number of bases (5, 10, 15 and 20 bases), RP-HPLC
purified, were purchased from Eurogentec, Belgium. All the polyA was dissolved in TE
buffer purchased from ThermoScietific and stored in the freezer. During all the experiments
the ultrapure-water (resistivity ~18.2 MQ) was obtained from the Milli-Q (Millipore, Merck,

Massachusetts, USA) purification system.

2.2. Experimental Equipment

UV-VIS measurements were done wusing a Jasco V-670 UV-VIS-NIR
spectrophotometer having a spectral resolution of 1 nm. All samples were measured in the
range 190-900 nm at room temperature.

The morphology of the naonsystems were analyzed by Field-Emission Scanning
Electron Microscopy (FE-SEM) using a Zeiss GeminiSEM 560. For the Energy Dispersive
X-Ray (EDX) analysis we used the Oxford Ultim Max 100 mm detector at 20 kV. The
samples were dropped onto a Silica substrate.

The SERS measurements were made using a Confocal Raman Spectrometer from
Renishaw with a spectral resolution of 1 cm™. All the spectra were acquired using the
following parameters: 785 nm laser line, 1 second time of acquisition, 20 acquisitions per
spectrum, 1200 lines/mm diffraction gratings. The spectra were recorded by a RenCam CCD
detector 1024x256 pixels. The optical microscope used was a Leica research grade coupled
with a 20x objective (NA 0.35, WD 2mm). The SERS spectra were collected from a dried
drop on aluminum foil. For each measurement I recorded around 30 spectra. The spectra
analysis and the Principal Component Analysis (PCA) were done using OriginLab 2024

software.

15
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Theoretical Simulations. Theoretical simulations of the electromagnetic field

intensity and distribution around individual and coupled gold nanoparticles were performed

using the FDTD Lumerical software from Ansys (https://www.ansys.com /products/ optics
/fdtd), which is based on the Finite-Difference Time-Domain (FDTD) method. The AuNPs
were modeled as gold spheres (Au) with a diameter of 33 nm, positioned in air (n = 1) on a
substrate with a refractive index of 1.5. A mesh size of 0.2 nm was employed, and perfectly
matched layers (PMLs) were applied in all directions to absorb outgoing waves. The
simulations calculated the electromagnetic field intensity and distribution at a wavelength of
785 nm for both a single AuNP and a pair of coupled AuNPs separated by a 2 nm gap. A
total-field scattered-field (TFSF) source was used, propagating perpendicular to the AuNPs’
plane and polarized parallel to the substrate. To analyze the electromagnetic response at 785
nm, a field monitor was placed perpendicular to the substrate, intersecting the center of the

AuNPs.

2.3. Methods

2.3.1 In situ synthesis of gold nanospheres onto Graphene Oxide nanosheets

Graphene Oxide (GO) was produced using a modified Hummers Protocol [1], [67].

The entire protocol is at it follows.

Firstly, I mixed the graphite flakes with 0.9 g of KNO3 and 33.8 mL of H2SO4 (98%)
for 3 hours at room temperature. After the reaction took place I obtained KNO3 - H2SO4-
GIC (Graphite Intercalated Compound)[68], an intermediate compound in which molecules
of H2SO4 and KNOs are intercalated between graphite layers. The mixture was done under
continuous stirring. After this step I set the temperature of the mixture around 3-4 °C using
a proper ice bath. Then I slowly add 4.5 g of KMnOg4 as a strong oxidizing agent. This
reaction is exothermic; thus, the temperature can increase rapidly. Due to the reaction of

KMnO4 and H2SOs, the graphite starts to oxidize, the solution becoming green-ish.

The oxidation time depends on the size of the graphite flakes. For our 300 mesh size,
we let the mixture react for about 2 days under continuous stirring until the color changes
from green to brown and the viscosity of the solution increases. After the oxidation step is
finished, I diluted the mixture with 110 mL H2SO4 (5% wt) solution and let the mixture to
homogenize for 3 hours. The next step was to remove the unreacted KMnO4 adding 3g of

H>02 (30%). This reaction is strongly effervescent. After another 3 hours, I further diluted
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the solution with 100 mL of H2S04 (3wt%) and H202(0.5 wt%, 30%) solution and let it under

stirring for another 3 hours (Figure 2.1a).

Figure 2.1. (a) Image of GO in H>,SO4-H,0, solution, (b) Image of final aqueous GO solution

The final solution is purified using multiple centrifugation (10-15) at 6000 RPM. For
the first 6 centrifugations, the supernatant is eliminated and changed with a solution of 3wt%
H28504 — 0.5wt% H202(30%). The solution is well-homogenized before each centrifugation.
After this, for the next 6 centrifugations I used only ultrapure water. Initially, the
centrifugation time is around 30 minutes. After a few centrifugations it is observed that the
volume of the precipitate increases, becoming more soluble in water. Now, the centrifugation

time must be increased gradually until reached 1.5 hours.

After the purification steps, the GO solution is collected and stored in fridge (Figure
2.1b).

The colloidal solution of Graphene Oxide Gold Nanoparticles (GO-AuNPs) was
prepared through an in situ reaction. Here, HAuCls was reduced in the presence of GO and
sodium citrate, leading to the direct formation of AuNPs on the GO layers [2]. The AuNPs
are bonded electrostatically to the GO sheets. Initially, 3 mg of sodium citrate was dissolved
into 0.3 mL of water, and a 3 mL solution of GO (0.1 mg/mL) was prepared. Both solutions
were added to 30 mL of ultrapure water, and the mixture was continuously stirred while
heated to 90-95°C. Once the target temperature was reached, 400 uL of HAuCls (25 mM)

was rapidly introduced, and the solution was stirred for an additional 10 minutes while
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maintaining the heat. During this step, the solution color changes from transparent to red-

purple which proves the formation of AuNPs, as seen in Figure 2.2.

Figure 2.2. Image of a GO-AuNPs colloidal solution

Afterward the stirring continued until the solution cooled to room temperature. The
final mixture was centrifuged at 9500 RPM for 25 minutes to remove the supernatant, and
the resulting pellet was redispersed in water at the desired optical density. The final solution

was stored in a refrigerator until further use.

2.3.2 Grafting of the polyA(SH and NH; at 5 end) onto GO-AuNPs

nanoplatforms

For this study we used two grafting methods of the polyA to the GO-AuNPs
nanoplatform. Firstly, we graft the polyA directly to the AuNPs via a thiol bond using a
thiolate polyA with -SH terminal at 5’ end (polyA(SH at 5° end)). For this grafting method
we mix 10 pL of polyA(SH at 5° end) at 10°® M concentration with 5 uL of tris(2-
carboxyethyl)phosphine (TCEP) at 5 uM to break the disulfide bonds and let it sit for 2
hours at room temperature. Then I added 20 pL of GO-AuNPs colloidal solution and the
mixture was kept at room temperature overnight. To decrease the repulsion between the
polyA backbones, thus increasing polyA(SH at 5° end) density, 2 pL of NaCl was added 2-

3 times at 1.5 hours interval.

For the second grafting method, we bond the polyA directly to the GO layer. For this
case we utilized amino modified polyA strands (polyA(NH: at 5’ end)). To graft the
polyA(NH: at 5’ end) to GO surface we create an amine bond between the polyA(NH; at 5’
end) and GO functional groups. We mixed 10 pL of polyA (10°° M), 5 uL of freshly prepared
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1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) (EDC) solution at 20 mM, 20 pL GO-
AuNPs and 2 pL of NaCl (0.1 mM).

For both grafting methods, we utilized 5 different lengths of polyA strand: 5, 10, 15
and 20 bases, respectively. The synthesis protocols are the same regarding the number of the

bases of the polyA strand.

As for the hybridization of the as fabricated GO-AuNPs-polyA nanoplatforms we
used polyThymine (polyT) as complementary strand at different concentrations: 10, 107,
10% and 10”7 M. For each hybridization we matched the length of the polyT with the length
of polyA strand.

2.4. Experimental Characterization and Results

2.4.1. UV-VIS and SEM images of GO, GO-AuNPs and GO-AuNPs-polyA

We first characterized our samples using Absorption Spectroscopy. Figure 2.3a
represents the GO absorption spectra (Figure 2.3a, green line). Here, we clearly observe the
two characteristic bands of GO, the one at 231 nm corresponding to m- n* transition and the
shoulder at around 300 nm which is due to n- «* transition [6], [7]. The SEM image of GO
can be seen in Figure 2.4a. In Figure 2.3a (red line) we observed the GO-AuNPs extinction
spectrum. Here a new band at 532 nm appeared corresponding to the plasmonic band of the
AuNPs. Also, due to the mild reduction of GO during the synthesis of GO-AuNPs, a
broadening of the 231 nm band occurs [69], [70], [71]. The presence of the AuNPs on GO
layer was proved using SEM (Figure 2.3a inset and Figure 2.4b) . The mean diameter of the
AuNPs calculated from SEM images was 34 + 7 nm.
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Figure 2.3. (a) UV-VIS spectra of GO (green line) and ), GO-AuNPs (red line);) and inset the SEM image
of GO-AuNPs; (b) - UV-VIS spectra of GO-AuNPs(red line), GO-AuNPs-polyA(SH 20B) (blue line) and
GO-AuNPs-polyA(NH; 20B) (black line); Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2,
435-442. Copyright 2025 American Chemical Society [24].

The GO-AuNPs-polyA nanostructures were also characterized via UV-VIS
Spectroscopy. For GO-AuNPs-polyA(SH at 5’ end) we observed a shift of 1 nm in the
plasmonic band as compared to the GO-AuNPs (Figure 2.3b, blue spectrum), thus confirming
the covalent bond between the thiolate polyA and AuNPs. For the case of GO-AuNPs-
polyA(NH: at 5’ end) we observed a 3 nm blue shift and broadening of the main plasmonic
band and a new sharp band at 222 nm appears which correspond to the EDC involved in the
synthesis. Also, after the bonding of polyA(NH: 20B) to the GO-AuNPs controlled
aggregation of AuNPs is induced, generating a strong coupling effect between nanoparticles.
Due to this coupling, a second plasmonic band appeared ad 771 nm which is attributed to
aggregated AuNPs, the main plasmonic band at 535 nm being attributed to free spherical
AuNPs[72], [73]. The morphology of the GO-AuNPs-polyA(NH> at 5’ end) was further

studied using Scanning Electronic Microscopy (SEM) shown in Figure 2.4c.
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Figure 2.4. FE-SEM images of (a) GO, (b) GO-AuNPs and (¢) GO-AuNPs-polyA(NH2 20B). Reprinted
with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435-442. Copyright 2025 American Chemical
Society [24].
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Also, to further prove the presence of the polyA(NH> at 5’ end) strand in our system,
we conducted Energy Dispersive X-ray (EDX) measurements. In Figure 2.5 are displayed
the EDX histogram of the element composition alongside a table with the atomic ration of
each element, for GO-AuNPs (Figure 2.5a) and GO-AuNPs-polyA(NH> at 5’ end) (Figure
2.5b)
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Figure 2.5. EDX measurements on GO-AuNPs (a), and on GO-AuNPs-polyA(20B NH; at 5’ end). On the
right, the tables corresponding to the atomic mass percentage on each sample. Reprinted with permission

from J. Phys. Chem. Lett. 2025, 16, 2, 435—-442. Copyright 2025 American Chemical Society [24].

As can be seen from the tables from Figure 2.5, we have a significant increase in the
atomic concentration of C, N and O atoms in GO-AuNPs-polyA(NH:> at 5’ end) (down table)
as compared to GO-AuNPs (upper table). Specifically, the C atomic concentration increases
from 40.9% to 55.9%, the N atomic concentration increases from 0.38% to 8.76% and the O
atomic concentration from 0.83% to 5.07%. This high increase in these concentrations proves

the presence of the polyA(NH: at 5” end) in the GO-AuNPs nanoplatform.
2.4.2 Raman spectra of GO-polyA(NH2 at 5’ end, 20B), GO-polyA(SH at 5°,
20B), GO

AuNPs are commonly used in SERS applications because their optical properties can
be easily tuned to match the wavelength of the excitation laser, maximizing signal

enhancement. To illustrate the signal amplification effect provided by AuNPs, we also
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grafted polyA strands onto the surface of free GO without AuNPs and measured the Raman
spectra of polyA, including its thiol and amine derivatives. The experimental conditions
remained the same as those used when incorporating AuNPs, except HAuCls was excluded
from the synthesis to avoid the formation of AuNPs. Figure 2.6 presents the Raman spectra
of pure GO (blue spectrum), GO functionalized with polyA(SH, 20 bases) (black spectrum),
and GO functionalized with polyA(NH2, 20 bases) (red spectrum).

In the absence of AuNPs for signal enhancement, the spectra primarily show the
characteristic GO bands: the D band at 1343 cm™! and the G band at 1595 cm™!, while the
characteristic bands of adenine are not visible due to the lack of enhancement. However,
after grafting the DNA onto the GO, spectral changes can be observed in the peak positions
and relative intensities of the D and G bands. Specifically, for GO-polyA (SH, 20 bases), the
D band shifts to 1315 cm™, and the G band shifts to 1597 cm™'. Similarly, for GO-polyA
(NH2, 20 bases), the D band shifts to 1314 cm™, and the G band also appears at 1597 cm™".
Additionally, there is a noticeable change in the D/G band intensity ratio. For pure GO, the
D/G ratio is 1.03, while for GO-polyA (SH, 20 bases), this ratio increases to 1.15, and for
GO-polyA (NH2, 20 bases), it further rises to 1.18. The increase in the D/G intensity ratio

suggests the introduction of more defects in the GO sheets.
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Figure 2.6. Raman spectrum of GO-polyA(20B, NH; at 5' end) (red spectrum), GO-polyA(20B SH at 5’
end) (black spectrum) and GO (blue spectrum), Inset - table with the intensity ration between D and G band
for each Raman Spectrum. Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435-442.
Copyright 2025 American Chemical Society [24].

23



Cucuiet Vlad Gabriel Probing the Local Field Enhancement on Graphene-
Plasmonic nanoplatforms Using DNA Strands of
Varying Length and Grafting methods

2.5. Detection of polyA strands using SERS

Further, this study focuses on the detection of DNA single strands. As mentioned
above, I developed two different grafting methods for the polyA strands, one for the thiolate
polyA which is grafted directly onto the AuNPs, and one for the NH2-polyA which is grafted
onto the graphene layers. Also, in each case we used four different lengths of the polyA
strand: 5, 10, 15 and 20 bases which correspond to a total length of 4, 7.2, 10.4 and 14 nm,
to see how the length influences the SERS spectra. The SERS spectra are presented in Figure
2.7. Figure 2.7a for GO-AuNPs-polyA(SH at 5’ end) for all the lengths and Figure 2.7b for
GO-AuNPs-polyA(NH; at 5’ end). The concentration of polyA was kept the same at 10°° M
for each measurement. Also, we acquired around 20 spectra for each case, in Figure 2.7 being

provide the average spectra.

In Figure 2.7, with pink, is represented the SERS spectra of GO-AuNPs with its two
characteristics GO Raman peaks at 1326 cm™! for the D band and at 1592 cm™! for the G band
[74], [75], [76], [77]. As can be seen, when polyA is being grafter onto the nanoplatform,
different modifications in the spectra occurred. Firstly, we observe a change in the shape of
the GO bands and also a shift, which means that in that region we have an overlap of bands
from both GO and polyA. Also, in the region 700-1200 cm™! new bands appeared which are
all assigned to polyA. The most important polyA bands are the adenine ring breathing
vibration which appeared at 732 cm™! in case of GO-AuNPs-polyA(SH at 5’ end) and at 732
cm! for GO-AuNPs-polyA(NH; at 5> end) (highlighted with blue in Figure 2.7a), and the
backbone skeleton vibration which appears at 764 cm™ for GO-AuNPs-polyA(SH at 5° end)
and at 765 cm™! for GO-AuNPs-polyA(NH: at 5° end) (highlighted with green in Figure 2.7b).

I considered these two bands for quantitively measurements and PCA.
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Figure 2.7. (a) SERS spectra of GO-AuNPs (purple spectrum) and GO-AuNPs-polyA (SH at 5’) with polyA
of different lengths: 20 bases (black spectrum), 15 bases (red spectrum), 10 bases (blue spectrum) and 5
bases (green spectrum); (b) SERS spectra of GO-AuNPs (purple spectrum) and GO-AuNPs-polyA (NH; at
5”) with polyA of different lengths: 20 bases (black spectrum), 15 bases (red spectrum), 10 bases (blue
spectrum). Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435-442. Copyright 2025
American Chemical Society [24].

2.5.1 GO-AuNPs-polyA(SH at 5’ end) Nanoplatform

Let us begin by examining the GO-AuNPs-polyA(SH at 5’ end) system. For this case,
the polyA(SH at 5’ end) strand is bonded through an SH bond direction onto the AuNP
surface (Figure 2.8a). The 734 cm™! peak decreases in its intensity as the number of bases in
the polyA band decreases from 20 to 5. Specifically, a reduction in the peak intensity was
detected as the strand length shortened, as shown in Figure 2.9 (represented by red dots, with
Standard Deviation as Error). Each dot on the graph corresponds on x-axis to the distance
between AuNPs surface and the terminal adenine base in the polyA strand. For this, we
assumed a 0.63 nm spacing between two consecutive bases due to the nature of the ssDNA,
along with a 0.92 nm spacer to account for the C6 linker and the thiol group attached at the
5’ end of the strand, as described in prior studies [78]. As the number of adenine bases
decreased from 20 to 15, there was a slightly drop in peak intensity. However, a significant
reduction was observed when the number of bases decreased further to 10. Beyond this point,

from 10 to 5, the intensity drop was gradual.
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Figure 2.8. Schematic illustrations showing the strategic positioning of the polyA strand on the AuNPs
surface (a), and between AuNPs in hot-spots (b). Reprinted with permission from J. Phys. Chem. Lett. 2025,
16, 2, 435-442. Copyright 2025 American Chemical Society [24].

It is known in literature that the field enhancement of a AuNPs decrease exponentially
with distance from its surface [79]. Thus, the SERS signal of different lengths of polyA
should not have the trend seen in Figure 2.9. The field enhancement as a function of distance

from the surface of a 34 nm AuNPs was theoretically calculated using FDTD simulations

(Figure 2.10a).
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Figure 2.9. (a) Intensity of 734 cm™! band of GO-AuNPs-polyA(SH at 5°) for different number of bases (red
dots), compared to the cumulated polyA intensity normalized to the 734 cm-! band intensity for polyA
(black square). Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435-442. Copyright 2025

American Chemical Society [24].
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The exponentially decreasing field was extracted and shown in Figure 2.10b. In the
case of short strands (5 and 10 bases), the bases are closer to the AuNPs, and their SERS
signal is mainly influenced by the filed enhancement generated by the AuNPs surface to
which the polyA(SH at 5° end) is bonded. However, the field intensity is very small overall,
as seen in Figure 2.10b, thus a low SERS intensity of these strands is achieved. Conversely,
for longer polyA strands (15 and 20 bases) we observed a significant increase in SERS signal,
even though the additional adenine bases are farther away from the AuNPs surface, thus
experiencing an even low field enhancement. This suggests that while individual bases
further away from the surface contribute less to the overall SERS signal, the cumulative
effect of multiple adenine bases compensate for this reduced enhancement. Essentially, the
total SERS intensity reflects the additive contribution of each base in the polyA strand, with
bases closer to the AuNPs surface having a greater impact on the overall study. To further
analyze this effect, we simulated the total SERS intensity for polyA strands of varying
lengths by summing the contributions of all the adenine bases, each weighted by their
distance from the AuNP surface. By normalizing the enhanced electromagnetic field from
Figure2.10b to 1, we calculated the corresponding field value for each base in the strand,
depending on its distance from the nanoparticle surface. This is represented in Figure 2.9
(black squares). For instance, in the case of polyA strands with 20 bases, the contributions
of all the adenine bases were summed up, leading to a substantial increase in the overall
signal as the number of bases increased. This curve was then normalized to the value of the
734 cm! peak intensity of the GO-AuNPs-polyA(20B SH at 5° end). This trend is similar to
the experimentally observed data, where the SERS signal increases with the length of the
polyA strand. However, a notable deviation occurs between the two shorter strands (5 and
10 bases) and the two longer strands (15 and 20 bases). The SERS intensity for the 15- and
20-base polyA strands is significantly higher than that for the shorter strands and increase
gradually following the theoretical path. This suggests that another factor may be

contributing to the enhanced signal.

For the longer polyA(SH at 5’ end) strands which have the lengths of approximately
10 and 13 nm for the 15-and 20-base strands, respectively, it is possible that the SERS signal
to be influenced not only by the local field generated by the bound AuNP surface, but also
by the fields of neighboring AuNPs. In such cases, longer DNA strands may interact with
the plasmonic fields of adjacent AuNPs, leading to a greater overall enhancement of the

SERS signal, as seen in Figure 2.9 red dots. Also, the standard deviation of the 734 cm™!
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band intensity, as seen in Figure 2.9 (red dots) shows a distinct trend: it is relatively low for
the shorter polyA(SH at 5’ end) strands, but significantly higher for the longer strands. This
variation can be attributed to several factors. Firstly, the difference in standard deviation
may stem from the changes in flexibility of the DNA strands with length. Shorter strands,
such as those with 5 or 10 bases, are more rigid and restricted in the number of conformations
they can adopt, leading to fewer possible orientations. In contrast, longer strands, like those
with 15 or 20 bases, possess greater flexibility and can assume a wider range of
conformations. This increased flexibility results in more varied orientations of the strand
relative to the AuNP surface, causing a broader range of SERS signal intensities as the
molecular orientation affects the efficiency of the signal enhancement. Additionally, the
homogeneity of the electromagnetic field enhancement also plays a critical role in the
observed signal variation. For the shorter polyA strands, the SERS signal is primarily
generated by the field enhancement around a single AuNP, which even if it has low intensity,
it has a high homogeneity. Since the shorter strands remain close to the surface of this one
nanoparticle, the field enhancement is highly uniform, resulting in a more consistent and
predictable SERS signal with a low standard deviation. For longer strands, 15 and 20 bases,
their signal is influenced also by the field of neighboring AuNPs. Thus, the relative spatial
arrangement and the distance between the strands and the AuNPs from vicinity leads to a
high enhancement, but less homogeneous field. This inhomogeneity is measured by the high

standard deviation which occurs only at the longer strands.
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Figure 2.10. (a) FDTD field simulation of a 34 nm AuNPs; (b) Field Enhancement extracted from (a) in the
direction of the which arrow. Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435-442.
Copyright 2025 American Chemical Society [24].
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Finally, we performed Principal Component Analysis (PCA) to check the intensity
dispersibility of the two main bands: 734 and 764 cm™!, to check if we can distinguish the
signal coming from samples with different length of polyA(SH at 5’ end) strand. The PCA
was conducted on the range 700-800 cm™ (Figure 2.11). The results revealed that the two
major peaks were not well-separated by the analysis. The first principal component (PC1) is
primarily associated with the 764 cm™ band, though it also includes a minor contribution
from the 734 cm™!' band. Conversely, the second principal component (PC2) is primarily
linked to the 734 cm™ band, with some contribution from the 764 cm™ band. When
examining the loading plot (Figure 2.11b), we observe that there is no distinct separation
between the two principal components. In Figure 2.11 ¢ and d, we plotted the average values
of PC1 and PC2 for each case, along with their corresponding standard deviation. As seen in
these plots, no specific trends emerge for either PC1 or PC2, and no correlation can be
identified between the two principal components. This lack of correlation suggests that there
is no direct relationship between the adenine signal (734 cm™' band) and the phosphate

backbone signal (764 cm™! band).
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Figure 2.11. (a) Scores Plot of the GO-AuNPs-polyA(SH at 5’ end) with different lengths; (b) Loading Plot
of the GO-AuNPs-polyA(SH at 5° end) with different lengths of polyA; (c) The average PC1 value with

standard deviation extracted from (b);(d) The average of PC2 value with standard deviation extracted from

(b). Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435-442. Copyright 2025 American

Chemical Society [24].
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Consequently, we can infer that this particular DNA grafting method does not result
in any preferential orientation of the DNA strand relative to the AuNP surface for different
strand lengths. Instead, the DNA strand likely adopts a random conformation, with no

specific alignment or structural order in relation to the AuNP surface.

2.5.2. GO-AuNPs-polyA(NH; at 5’ end) nanoplatform

For the second grafting method, GO-AUNPs-polyA(NH> at 5’ end) with various
polyA strand length, the SERS spectra are shown in Figure 2.7b. We observed that for all
lengths the adenine SERS signal is notably stronger in comparison with the GO-AuNPs-
polyA(SH at 5’ end). In this case, the polyA strand, functionalized with a NH> group at 5’
end, forms an amid bond with the carboxylic groups of the GO, thus attaching directly onto
the GO surface. It is known that the carboxylic groups in the GO are place at the edge of the
graphene layer or in interior of the sheet where different defects occur, thus the polyA strands

are attached to GO in both these places [80], [81], [82], [83].

When polyA strands and located near the edges, they are likely positioned close to
individual AuNPs. However, if they bond within the interior of the GO layer, they may be
situated within gaps between multiple AuNPs, creating localized hot-spots, as illustrated
above in the Figure 2.8b. SEM images (Figure 2.4c) illustrate that the AuNPs tend to cluster
on the GO sheets, forming dimers or larger aggregates, compared to free GO-AuNPs (Figure
2.4b). This clustering is also supported by the extinction spectrum (Figure 2.3b, black line),
which shows a secondary plasmon band at 771 nm, indicative of nanoparticles aggregation.
Also, in Figure 2.12 I performed a statistical analysis of the number of configurations,
observed in multiple similar SEM images, with high SERS activity potential formed on the
GO-AuNPs nanoplatform before and after the polyA(NH: at 5’ end) grafting. These
configurations correspond to the creation of active hot-spots inside the gaps between
nanoparticles. Mainly, I counted for each case (before and after the polyA grafting) the
number of isolated NPs, dimers, trimers or aggregates with more NPs. In total, I counted for
GO-AuNPs about 2000 such configurations and for GO-AuNPs-polyA(NH: at 5’ end) around
1600 configurations. As it can be seen in the histogram, before the grafting of the polyA(NH:2
at 5’ end) 85% of the nanostructures were isolated AuNPs, while after the grafting the
percentage dropped to 49%. Dimers increased from 9% to 23% for GO-AuNPs-polyA(NH>
at 5’ end) and the number of trimers also increased from 3% to 12%. There was an increase

also for AuNPs configurations with 5 or more than 5 AuNPs. Therefore, numerous active
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hot-spots are created after the incubation of the nanoplatform with polyA(NH: at 5’ end),
thus increasing the chances that the ssDNA molecules to occupy the optimum position for

signal enhancement.

1,0
B GO-AuNPs
85% [ ] GO-AuNPs-polyA
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K]
Qo
c
3
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o)
o 49%
©
D 04
|—
< 23%

1 NP 2 NPs 3 NPs 4 NPs 5 NPs >5 NPs

Figure 2.12. Statistical analysis of AuNPs nanoclusters before grafting the polyA(NH>) (red) and after the
grafting (green). Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435-442. Copyright 2025
American Chemical Society [24].

To determine qualitatively which are the chances that a molecule to be placed in a
hot-spot 1 determined the ratio between the number of polyA(NH> at 5’ end) and the number
of AuNPs. Knowing that the molar mass of polyA is 6381.4 g/mol and a used volume of 10
pL at concentration 107 M, the number of polyA molecules is 6.023 - 102, I calculated the
approximately number of AuNPs from the extinction spectra using the Beer-Lamber law:

A=¢€¢-b-C

where ¢ is the Extinction Coefficient, b is the optical path and C is the concentration. For

this calculation, I used the experimental fitted extinction coefficient from Liu et a/.[84]
In(e)=k-In(D)+a

where k and a are fitted parameters and D is the diameter of the AuNPs, which in our case is

34 nm. The Molar Concentration has the following expression:

C.. — Nrof Moles _ Number of Particles
M = =

Volume [L] Avogadro Number ’
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Finding the Nr of AuNPs to be around 3.6-10° results that in the solution I have
approximately 1600 more polyA molecules than AuNPs. Therefore, even if considering that
the probability of having polyA molecules strategically positioned in hot-spots is low, having
an exceeding number of molecules compared to AuNPs makes our experimental findings

feasible.

To model the field enhancement of the strands between coupled AuNPs, I conducted
FDTD simulation using different gap sizes between coupled AuNPs, namely 2, 3 and 4 nm
(Figure 2.13 a, b, c¢). I extracted the field enhancement and plotted separately in Figure 2.13
d. The point 0 on x-axis is represented by the (0,0) point in the images (Figure 2.13 a, b and
c) and the field was extracted in the direction of negative z-axis. As can be seen, the field

decays exponentially with the distance for all the three cases.

(a)
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Figure 2.13. (a) FDTD simulation of coupled AuNPs with 2 nm gap size; (b) FDTD simulation of coupled

AuNPs with 3 nm gap size; (¢) FDTD simulation of Coupled AuNPs with 4 nm gap size; (d) Field extracted
from (a), (b) and (c) as a distance from the point (0;0) in the negative Z direction. Reprinted with permission

from J. Phys. Chem. Lett. 2025, 16, 2, 435-442. Copyright 2025 American Chemical Society [24].

Moreover, these simulations suggest that the field remains considerably higher than
the previous case of one AuNPs (Figure 2.10) even for 4 nm gap. Specifically, the field is
roughly 27 times stronger for 2 nm gap, 13 times stronger for 3 nm gap and 7 times stronger
for 4 nm gap than isolated AuNPs. Further increasing the distance between coupled AuNPs

we will obtain the limit case of two isolated AuNPs. This means that when polyA strands are
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positioned in gaps between coupled AuNPs, their SERS signals dominate, while
contributions from polyA near isolated AuNPs become negligible. This enhanced SERS
intensity observed with the GO-AuNPs-polyA(NH: at 5’ end) configuration is largely due to
the positioning of the polyA strands in these hot-spots where the field enhancement is
maximized and decays exponentially with distance from the AuNPs. FDTD simulation

confirms the exponentially decreasing field effect.

As seen from the histogram (Figure 2.12), after the addition of polyA, not only the
dimer configuration increases, but aggregates with a larger number of AuNPs increases too.
Therefore, I conducted FDTD simulation on an aggregated nanostructure (Figure 2.14). Here,
I modeled 7 different AuNPs with diameter between 20 and 33 nm with gap distances
between 2 and 6 nm (Figure 2.14 a). In Figure 2.14 b I extracted the plane (a) and in Figure
2.14 c I plotted the field enhancement from Figure 2.14 b in the direction of the white arrows.
As can be seen, the field enhancement between AuNPs is higher than in the case of surface
field enhancement from isolated AuNPs, therefore regardless of the position of polyA
molecules inside the AuNPs cluster, the SERS signal will be higher than in the polyA(SH at
5’ end) case, where the DNA strand is attached to isolated AuNPs.

(a) (E/Ey)?

' (©
200
==(3)

133 —(b)

100 150 4
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(a) plane |8

- v ‘ 0 5 10 15 20 25
. (a)? T(b) Distance from hot spot (nm)
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Figure 2.14. (a) FDTD simulation of AuNPs aggregates composed of 7 AuNPs with diameters between 20
and 35 nm with gap distance between 1 and 7 nm. Reprinted with permission from J. Phys. Chem. Lett.

2025, 16, 2, 435-442. Copyright 2025 American Chemical Society [24].

Furthermore, the broad band at 771 nm in (Figure 2.3b black spectrum), observed
after polyA(NHz at 5’ end) grafting, supports the likelihood of polyA strands being
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positioned within these gaps due to nanoparticle aggregation. Hence, we attribute the high
SERS intensities observed with GO-AuNPs-polyA(NH2) to the placement of the polyA
strands between AuNPs, directly within Aot-spots.

By examining the 732 cm™ band, we observe an exponential decrease in intensity
with decreasing polyA(NH>) strand length. Figure 2.15 (red dots) with Standard Deviation
as yError shows the band intensities for different polyA(NH>) lengths, with each point
representing the location of the last adenine base in the strand relative to the center of the
hot-spot. As the number of bases decreases, the DNA strand shortens, resulting in fewer
adenine bases in the high-field hot-spots, which in turn reduces the enhancement and causes

the SERS intensity to decrease exponentially.
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Figure 2.15. Intensity of 732 cm™! band of GO-AuNPs-polyA(NH; at 5”) for different number of bases (red
dots), compared to the cumulated polyA intensity normalized to the 732 cm™! band intensity for polyA
(black square); Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435-442. Copyright 2025

American Chemical Society [24].

As for the GO-AuNPs-polyA(SH at 5’ end), I conducted calculations regarding the
cumulative SERS signal of the different lengths considering the overall contribution of the
polyA(NH>) bases in the field enhancement produced by the coupled AuNPs. For this
calculation I used the field values from the 2 nm gap dimers (Figure 2.14d, blue curve). |
normalized to 1 the field enhancement and extracted the weight for each distance

corresponding to each adenine base in the sequence. I calculated the SERS contribution for
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each strand and added them together. The cumulative intensity was then normalized to the
peak height of the 732 cm™ GO-AuNPs-polyA(20B, NH; at 5° end). The cumulative intensity
is represented in Figure 2.15, black squares. As can be seen, the intensity decreases
exponentially with decreasing the number of bases and it is in very good agreement with the
experimental data (Figure 2.15, red squares) validating our assumption on the strategic

placement of the polyA(NH>) strand inside the hot-spot.

The distribution of the 732 and 764 cm™' bands intensity was calculated using PCA,
with the resulting Scores and Loading Plots displayed in Figure 2.16 a and b, respectively.
Compared to the GO-AuNPs-polyA(SH at 5’ end) nanoplatform (Figure 2.11), this PCA
analysis better differentiates the two main bands: here PC1 is dominated only by the 732 cm~
'band’s contribution to the SERS spectrum, while PC2 represents the 764 cm™! band, as can
be seen from Figure 2.16a. We plotted separately the PC1 and PC2 in Figure 2.16 ¢ and d
respectively alongside with their standard deviation as yError. For this particular grafting
method, we observe a clear relationship between the principal component scores and the
polyA(NH: at 5 end) strand length. As shown, the PC1 score increases with polyA length,
while the PC2 score increases has a opposite trend, decreasing with polyA length. Also, we
can observe that in both cases, the standard deviation is higher for longer strands (15 and 20

bases) and lower for shorter strands (10 and 5 bases).

This trend can be attributed to two main factors: DNA flexibility and the localized
field enhancement. First, as the DNA strand lengthens, its increases flexibility allows it to
assume various positions within the hot-spot, where the field enhancement is strongest.
Because the electromagnetic field in this region is highly localized and the gradient of the
field is high, even small changes in the adenine base’s position can cause significant
variations in the SERS signal, resulting in a larger deviation around the mean intensity. In
contrast, shorter DNA strands are less flexible and tend to occupy regions with lower field
enhancement and lower field gradient, making the SERS signal less sensitive to small

orientation or conformation changes, thereby producing a lower signal deviation.
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Figure 2.16 (a) Scores Plot — PC1 and PC2 components of GO-AuNPs-polyA(NH; at 5° end) with 20, 15, 10
and 5 number of bases. (b) Loading Plot of GO-AuNPs-polyA(NH; at 5’ end) with 20, 15, 10 and 5 number
of bases. (¢) PC1 Average with standard deviation as yError. (d) PC2 Average with standard deviation as
yError. Reprinted with permission from J. Phys. Chem. Lett. 2025, 16, 2, 435—442. Copyright 2025
American Chemical Society [24].

The Loading Plot (Figure 2.16d) clearly highlights an inverse correlation between
PC1 and PC2 contributions, further emphasizing the differential influence of each principal
component. This indicates that shorter strands (5 and 10 bases) yield SERS spectra
dominated by the DNA backbone, while longer strands are more heavily influenced by the
adenine signal. When the DNA strand, particularly at a length of 20 bases, is positioned
directly within the hot-spot, the adenine bases are oriented perpendicularly to the AuNP
surface and parallel to the electromagnetic field, maximizing the signal enhancement.
Conversely, when the DNA strand lies outside the hot-spot, the adenine is no longer
optimally oriented relative to the enhanced field, and thus, the backbone signal predominates
in the SERS spectrum. Therefore, for this particular grafting method of the polyA(NH: at 5’
end) onto the GO-AuNPs nanoplatform there is a clear correlation between the PCA results
and the strand length suggesting a stable and reproducible orientation of the DNA strand
within the hot-spots allowing for consistent signal enhancement based on length and

positioning.
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Conclusions

This study successfully highlights how the SERS signal of polyA strands depends on
both strand length and the type of chemical bond formed with the GO-AuNP nanoplatform.
These results show that the GO-AuNPs-polyA(NH: at the 5' end) nanoplatform generates a
significantly stronger adenine signal compared to the GO-AuNPs-polyA(SH at the 5' end).
This enhancement arises from the covalent bonding of the polyA(NH: at the 5' end) strand
to GO via an amide bond, which positions it between coupled AuNPs in hot-spots where the

local field amplification is higher.

Additionally, we examined how the polyA SERS signal varies with strand length for
each nanoplatform by measuring polyA strands of 5, 10, 15, and 20 bases. For GO-AuNPs-
polyA(SH at the 5' end), we observed that the contribution to the SERS signal depends on
strand length. Shorter strands (5 and 10 bases) remain in the weaker field regions of the
AuNPs to which they are attached, leading to lower signal intensity and minimal variation.
However, as the strand length increases (15 and 20 bases), the polyA strand extends into
different field regions of neighboring AuNPs, significantly enhancing the signal intensity.
The random arrangement of AuNPs affects the total field experienced by the strand,

contributing to the greater variability in SERS signal for longer strands.

For GO-AuNPs-polyA(NH: at the 5' end), the adenine strand is strategically
positioned within the hot-spot between AuNPs, where field enhancement is strongest. As
strand length increases, a larger portion of the polyA sequence remains within the high-
intensity field, further amplifying the signal. We demonstrate that the intensity of the adenine
peak at 732 cm™' exhibits an exponential increase with strand length. Additionally, we
observed an inverse correlation between the 765 cm™ peak and the 732 cm™ peak. By
systematically varying polyA strand lengths and positioning them within hot-spots 1

succeeded to probe the local field enhancement of plasmonic coupled AuNPs.
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