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Abstract: We report on the measurement of the response of Rhodamine 6G (R6G) dye to 

enhanced local surface plasmon resonance (LSPR) using a plasmonic-active nanostructured 

thin gold film (PANTF) sensor. This sensor features an active area of approximately ≈ 2.5 × 

1013 nm2 and is immobilized with gold nanourchins (GNU) on a thin gold film substrate 

(TGFS). The hexane-functionalized TGFS was immobilized with a 90 nm diameter GNU via 

the strong sulfhydryl group (SH) thiol bond and excited by a 637 nm Raman probe. To collect 

both Raman and SERS spectra, 10 μL of R6G was used at concentrations of 1 μM (6 × 1012 

molecules) and 10 mM (600 × 1014 molecules), respectively. FT-NIR showed a higher 

reflectivity of PANTF than TGFS. SERS was performed three times at three different laser 

powers for TGFS and PANTF with R6G. Two PANTF substrates were prepared at different 

GNU incubation times of 10 and 60 min for the purpose of comparison. The code for processing 

the data was written in Python. The data was filtered using the filtfilt filter from scipy.signals, 

and baseline corrected using the Improved Asymmetric Least Squares (ISALS) function from 

the pybaselines.Whittaker library. The results were then normalized using the minmax_scale 

function from sklearn.preprocessing. Atomic force microscopy (AFM) was used to capture the 

topography of the substrates. Signals exhibited a stochastic fluctuation in intensity and shape. 

An average corresponding enhancement factor (EF) of 0.3 × 105 and 0.14 × 105 was determined 

for PANTF incubated at 10 and 60 min, respectively. 

Keywords: thin film; gold nanourchins; R6G molecule; SERS; FT-NIR; enhancement factor  

1. Introduction 

There has been a great interest in recent years in the potential applications of 

nanostructured materials in analytical chemistry, molecular biology, and biochemical 

analysis [1–3]. In contrast to Rayleigh scattering, Raman scattering is an inelastic 

process where photons undergo scattering, and the energy of molecular transitions is 

detected by measuring the change in wavelength or frequency shift of the scattered 

photons, typically analyzed using Raman spectroscopy (RS). As a result, a chemical 

fingerprint of the sample is achieved for identification and quantitation. To be Raman-

active, the molecular vibrations induced by an external electric field, such as a laser, 

should be able to induce a change in the polarizability of molecules within the sample, 

which gives rise to Raman scattering. The intensity of scattered light varies with the 

change in the molecular polarization. Raman shift is an intrinsic property of a 

molecule. By measuring the intensity of the scattered light as a function of frequency 
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shift in cm−1, one can obtain insights into molecular vibration. Thus, it makes RS a 

powerful label-free and non-destructive analytical tool to distinguish biological 

constituents and conformation through their molecular vibrational modes. 

Unfortunately, in the spontaneous Raman, the Stokes and anti-Stokes scattering are so 

weak and inefficient that only about 1 in 107 photons can be detected, with a cross-

section of ≈ 10−30 cm−2
. However, the efficiency can be improved using surface-

enhanced Raman scattering (SERS), which is an ultrasensitive, non-destructive optical 

technique that has been utilized for biosensing of analytes at very low concentrations 

in solutions or deposited as a monolayer on nanostructured metal substrates [4–7]. 

There has been increasing interest in developing advanced SERS-based non-invasive 

point-of-care devices for clinical applications, particularly in the early diagnosis of 

cancer. This is because the advances in ultrasensitive instrumentation for SERS and 

nanostructure-enhanced SERS studies provide more accurate detection and 

identification of the analyte and vibrational spectrum of high information content for 

molecules in room-temperature colloids [1,8–11] and solid surfaces [12–16]. 

Plasmonics is the study of how light interacts with charged particles, particularly 

electrons in metals. It primarily involves the excitation of electromagnetic modes 

when these particles are influenced by an external electric field 𝐸0 , leading to a 

collective oscillation of the conduction band electrons within the metal. In the case of 

thin metal film, the electronic charge density is delocalized called surface plasmon 

polaritons (SPP), which are confined near the metal-dielectric interface, propagating 

over relatively large distance, for example, about 5–10 μm for gold. However, in the 

case of NPs with subwavelength sizes, the oscillations are localized, called localized 

surface plasmon (LSP). Gold, as a noble and the most non-reactive of all metals, has 

excellent corrosion resistance in moist air, resistance to oxidation, and catalytic 

characteristics, and is widely used in optical sensor applications. The optical properties 

of plasmonic nanoparticles (PNPs) offer significant advantages, including 

considerable optical attenuation due to absorption and scattering associated with 

localized surface plasmon resonance (LSPR) [17,18], nonlinear optical properties, 

surface-enhanced scattering, tunable resonance in the visible-NIR range, low 

oxidation, time-dependent absorption, and biocompatibility. These properties are 

determined by nanoparticle size, shape, refractive index, and density of the 

surrounding environment [19–23].  

Normally, SERS can be accounted for by two main mechanisms: (a) LSPR-

induced electromagnetic (EM) field enhancement at the molecular positions due to 

coupling of enhanced local electric field 𝐸(𝜔𝑙) at frequency 𝜔 at the surface of the 

PNP caused by the induced dipole of plasmon oscillation to the incident field 𝐸0. The 

enhancement depends on the topology of the metallic film, the size and shape of the 

NPs, and the strong light absorption and scattering that occur at the SPR frequency; 

and (b) charge transfer (CT), i.e., a molecular chemisorption during which the 

electrons are transferred from the analyte molecules into the vacant levels on the metal 

surface. As a result, a new band forms in the electronic spectrum of the molecule due 

to the electronic excitation of the coupled molecule-metal surface. It is noteworthy that 

CT is limited to molecules adsorbed directly on the metal surface, whereas EM effects 

can act as a nanoantenna to transfer the SPR radiation over a certain distance from the 
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origin. The enhancement is usually expressed as|𝐸(𝜔𝑙)|4/|𝐸0|4, but in more precise 

evaluations, the dipole reradiation term 𝐸(𝜔𝑟𝑒) specifically the Raman emitted frequency 

is also included |𝐸(𝜔𝑙)|2|𝐸(𝜔𝑟𝑒)|2/|𝐸0|4 [24]. The resonant frequency of a PNP is 

dependent on its size, shape, material properties, and surrounding medium [15–24]. 

The SERS intensity depends on several factors, including a) the type of substrate, 

as they react differently to SERS; b) the type, shape, and the size of nanostructure as 

each plays a key role and responds differently; c) the type of analyte, as various 

molecules have different Raman scattering, i.e., the greater the cross-section, the more 

intense the Raman scattering; and d) an optical setup with a higher numerical aperture 

objective improves Raman collection efficiency. 

Uniformly distributed and self-assembled PNPs can enhance Raman scattering 

when introduced into a sample by increasing the number of hot spots or nanogaps, 

which effectively amplifies the electric field, leading to enhanced Raman signal. 

Among the various nanostructures with different geometrical shapes, GNU is an 

anisotropic three-dimensional nanocrystal that possesses unique optical properties 

compared to spherical gold nanoparticles of the same core diameter. This distinction 

arises from its uneven, spiky surface, which causes a redshift in the SPR peak and 

creates a greater enhancement of the 𝐸(𝜔𝑙) at the tips of the GNU. This enhancement 

is confined to a smaller and more localized area [25]. The larger aspect ratio of the 

branches and plasmon hybridization between the spike core and tips enhances the 

polarization sensitivity of GNU by inducing different dipole moments [26,27]. GNU 

enhances the electric field due to hot spots, high core-tip aspect ratio, and off-resonant 

excitation at 637 nm of the Raman probe compared to the plasmon absorption band of 

90 nm GNU at 652 nm. 

Previously, we reported the SERS detection of cancer biomarkers using a thin 

gold film substrate [28] where the planar nanometer-thin film was used as a two-

dimensional plasmonic-active nanostructure; however, it was not considered as 

PANTF, i.e., a nanostructure possessing the properties of both thin films and 

individual nanoparticles. The importance of PANTF is due to reproducible hotspots 

between thin film-PNS and its rich plasmonic properties caused by the hybridization 

between the LSPR of NPs and propagating surface plasmon polaritons (SPP) of the 

metallic film. The physicochemical properties, including electrical, thermal, 

mechanical, and optical properties, of thin films can be significantly influenced by the 

roughness of the substrate. Recent studies have examined the optical properties of 

noble-metal NPs in proximity to a metal film [29,30]. These studies have demonstrated 

that the localization and field strength in the plasmonic gap are significantly influenced 

by factors such as nanoparticle composition, the film characteristics, nanoparticle size 

and shape, and the distance of the plasmonic gap [29,31].  

Therefore, choosing rough metallic substrates plays a key role in achieving SERS 

since the enhancement is heavily influenced by the shape, size, morphology, 

distribution of NPs, and EF of the substrate [32–40]. The goals of the present work are 

to a) fabricate GNU-based PANTF; and b) characterize and compare the interaction 

of the R6G dye with TGFS and PANTF using FT-NIR and SERS. The goal of this 

ongoing research is to develop a multiplexed PANTF-based nanobiosensor for the 

active detection of cancer biomarkers in serum. 
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2. Materials and methods 

For assembly of the GNU-gold film substrate, deionized (DI) water (6442-85), 

reagent alcohol (277649), 1,6-hexanedithiol (H12005), ultrapure water (6B7133), and 

95% Rhodamine 6G (R4127) were purchased from Sigma-Aldrich. 70% ethanol 

(BP820) was purchased from Thermo Fisher. Citric acid-stabilized GNU with a 90 nm 

diameter and 8.92 × 10−12 molar concentration was purchased from Cytodiagnostics 

(GU-90-20). Phosphate buffered saline, pH 7.4 (10010031), was purchased from 

Gibco. Commercially available sealed gold thin film substrates (SPR-1000-050) with 

10 nm gold thickness prepared by conventional electron beam evaporation were 

purchased from Platypus Technologies. Low retention 1.5 mL microcentrifuge tubes 

(3451PK, Biolynx) were used as reaction tubes. Equipment used in the reaction 

process was a microcentrifuge (OF-17710-11), a centrifugal filter (UFC503096, 

Millipore Sigma), an ultrasonic bath (Elmasonic), an orbital shaker (RK-51700-13), 

and a vortex shaker (RK-04729-07) purchased from Cole-Palmer, Canada; a combo 

pH meter (BLU2300E, Canada), an analytical balance (Sartorius, USA); as well as 

micropipettes and micropipette tips (Eppendorf, 2231302001). 

For the investigation of the enhancement factor using R6G as a probe molecule, 

a Raman concentration of 10 mM and an SERS concentration of 1 μM were used. The 

SERS concentration accounts for the increased surface area as a result of the GNU 

presence on the substrate [41–43]. For each Raman and SERS reading, 10 μL of the 

respective R6G concentration was added to the substrate. Spectra were collected at 

637 nm at varying laser powers (2, 4, and 8 mW).  

3. Substrate preparation 

The preparation procedure of the GNU-immobilized TGFS for the SERS 

experiment is schematically shown in Figure 1. 

 
Figure 1. Schematic representation of GNU-immobilized TGFS. 

3.1. Cleaning of gold substrate 

A previously cut 1 × 1 cm piece of the TGFS was placed in its own respective 

plastic circular container as a functionalization chamber. A total of 500 μL of 70% 

ethanol was added to the container to completely submerge the substrates. The 

container was sealed and sonicated at 60 kHz and 60% power for 10 min. The substrate 

was rinsed twice with fresh ethanol to remove any remaining debris. The substrate was 

left to air dry and stored in an airtight container until further use.  
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3.2. Preparation of 15 pM concentrated GNU 

In a Class II A2 biosafety cabinet (LabGard, USA), 1.12 mL, 1.12 mL, and 1.13 

mL of 90 nm GNU were added to three separate microcentrifuge tubes. To maintain 

balance, 1.13 mL of water was added to a fourth tube. The tubes were then placed in 

a microcentrifuge and spun at 3200 rpm for 30 min. After centrifugation, the 

supernatant was discarded, leaving 25 μL of GNU pellet in each tube. The GNU pellets 

were then resuspended by adding 560 μL of ultrapure water to the tube that contained 

1.12 mL of GNU and 565 μL of ultrapure water to the tube containing 1.13 mL of 

GNU. The three resuspended GNU solutions were combined in a 20 mL scintillation 

vial, resulting in a total volume of 1.685 mL resuspended GNU. To achieve a final 

volume of 2.013 mL at a concentration of 15 pM, 350 μL of ultrapure water was added 

to this vial. 

3.3. Preparation of ethanolic hexane (HDT) solution 

The concentrated GNU was immobilized on a TGFS via gold-thiol bonds. In the 

biosafety cabinet, 1999 μL of pure ethanol reagent alcohol was mixed with 1 μL of 

1,6-hexanedithiol in a 20 mL glass scintillation vial, which was then immediately 

capped. The vial was vortexed at 1800 rpm to prepare a 2 mL solution of 3 mM HDT. 

3.4. Preparation of 10 mM R6G 

9.60 mg of R6G dye was accurately weighed using an analytical balance and then 

added to a scintillation vial containing 2 mL of ultrapure water. The solution was 

vortexed at 1800 rpm to create a 10 mM R6G stock solution. 

3.5. Preparation of 1 μM R6G 

0.5 μL of the prepared 10 mM R6G stock solution was added to a scintillation 

vial containing 4999.5 μL of ultrapure water. The resulting mixture was vortexed until 

homogeneous to obtain 5 mL of 1 μM R6G solution. 

3.6. Functionalization of TGFS with HDT and GNU  

The cleaned gold chip was immersed in a vial containing 2 mL of 3 mM HDT 

and then sonicated at 60 kHz and 60% power for 2 min to functionalize the TGFS with 

HDT molecules. After sonication, the substrate was rinsed twice with 70% ethanol 

followed by ultrapure water to remove any unbound HDT molecules. Immediately 

following the rinsing, 200 μL of prepared 15 pM GNU was pipetted onto the gold 

surface. The container was sealed and placed on the orbital shaker for 10 min at 150 

rpm to allow GNU to bind to the free thiol end of HDT. The substrate was rinsed then 

with ultrapure water and air-dried in the biosafety cabinet before characterization 

using Raman spectroscopy. 

4. Characterization 

10 μL each of 10 mM and 1 μM R6G samples were pipetted separately onto the 

GNU-functionalized substrate. The substrate was analyzed using Raman spectroscopy 

as outlined in this section. The remaining volumes of 10 mM and 1 μM R6G samples 

were transferred to their respective cuvettes. These solutions were analyzed using UV-
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Vis, fluorescence, FT-NIR, and Raman spectroscopy as described. The absorbance of 

the two R6G solutions was measured using the Jenway 7205 UV-Vis spectrometer 

with a wavelength range of 200–800 nm (Cole-Palmer). Fluorescence spectra of the 

identical solutions were recorded using a 532 nm laser with a power output of 50 mW. 

The fluorescence emission was transmitted by a 500 μm core diameter optical fiber to 

the FLAME-T-XR1-ES spectrometer (Ocean Optics). The spectrometer was equipped 

with a 2048-pixel (14 μm × 200 μm) linear silicon CCD array. The device had a 

detection range spanning from 200 nm to 1050 nm and an optical resolution of 1.5 nm 

full-width half maximum (FWHM). FT-NIR spectra were recorded using a tungsten 

halogen light source, with a wavelength range between 360 and 2500 nm, and an 

output power of 8.8 mW. The light was transmitted through a 400 μm core diameter 

optical fiber (NANOQ-FIBER-400-VIS-NIR) and detected by the NanoQuest 2.5 

spectrometer (Ocean Insight) with the transmission scan time being 5 s with an 8 nm 

resolution. 

The SERS spectra were obtained using a benchtop 637 nm laser with a tunable 

output power of up to 10 mW (S1FC637, Thorlabs, USA) connected to a 638 nm 

Raman probe (RIP-RPB-638-FC-APC-SMA, Ocean Insight, USA). The Raman 

parameters on the OceanView software were set to an integration time of 5 s, a number 

of scans of 3 to average, and a boxcar width of 5. Nonlinearity correction and clean 

peaks options were applied, and a background spectrum was acquired with the Raman 

probe shutter closed. The Raman probe contains a fiber bundle, which directs 

excitation light from the laser to the sample and collects the Raman scattered light 

within a spectral range between 300–3900 cm−1. The working distance of the probe 

was 1.8 cm perpendicular to the substrate, creating a 3 mm laser diameter comparable 

to the sample drop size. The beam was centered in the middle of the droplet without 

directly interacting with the surface of the substrate before SERS spectrum was 

obtained. The experiment was performed using the laser at 2, 4, and 8 mW, 

respectively. While conducting measurements, the light at the laser’s wavelength 

(known as Rayleigh scattering) was blocked along the path to the spectrometer (HDX-

Vis-NIR, Ocean Insight, USA) using a dichroic filter that has a spectral sensitivity 

range of 150–3400 cm−1 to avoid saturating the detector. 

5. Results and discussion 

The absorbance of 90 nm GNUs is shown in Figure 2 with a bandwidth between 

500 and 800 nm and a single broad LSPR peak at about 652 nm. The inset shows the 

morphology of a single GNU with short and long branches, which play a key role in 

the field enhancement.  
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Figure 2. UV-Vis absorbance of GNU with a maximum SPR peak at 652 nm. 

Figure 3a illustrates a scanning electron microscope (SEM) image of a single, 

multi-branched GNU morphology with each tip having an axial size of ≈ 12 nm. An 

example of clustered GNU is shown in Figure 3b, where it causes an increase in size 

and the height of the nanostructure, which in turn red-shifts the SPR. The coupling 

between clusters of metal NPs becomes important and can influence the SERS results. 

The clustering or aggregation of NPs increases with the incubation time. Unlike the 

densely packed single GNU layer in a 2-D plane, clusters tend to form at the top layer 

and in overlapping areas due to the spatial overlap of double-layer clusters. The 

randomly distributed nanogaps between the individual GNUs or aggregates can excite 

the gap plasmon modes [44]. The larger GNUs exhibit a LSPR peak at longer 

wavelengths because the branches facilitate more extended longitudinal plasmon 

resonance [45]. A two-dimensional AFM image of a single GNU is shown in Figure 

3c. In our study, we maintain a constant diameter for the GNUs (neglecting the 

clustering); the ratio of center-to-center distance (𝐷) between GNUs to the radius 𝑅𝑝 

of the GNU (𝐷/𝑅𝑝) decreases as (𝐷) decreases or the particle size increases. As a 

result, we anticipate a stronger plasmon resonance coupling, which could lead to a 

greater positive shift in the LSPR wavelength when the interparticle distance 

decreases. 

Previous work suggests that the coupling, hence the resonance shift, becomes 

negligible at 𝐷 ≥ 2.5 times the nanoparticle size [46]. In addition, since most of the 

GNUs are well separated with a narrow size range of 80–90 nm in diameter, it indicates 

a strong correlation between the particle size and enhancement efficiency.  

 
Figure 3. SEM of (a) single GNU showing the branched surface topology, (b) 

clustered GNUs, and (c) 2D AFM of GNU.  
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Prior to the experiments of R6G interaction with the substrate, UV-Vis, 

fluorescence spectroscopy, and the Raman scattering of pure R6G molecules in 

solution were performed at 1 μM and 10 mM. R6G is a cationic dye, and the molecule 

contains 12 aromatic bonds, 5 double bonds, 36 non-H bonds, 17 multiple bonds, and 

7 rotatable bonds, 4 six-membered rings, i.e., benzene, which has 6 carbons, 2 ten-

membered rings, 1 aromatic ester, 1 aliphatic imine, 1 aromatic secondary amine, and 

1 aromatic ether. To avoid saturation during UV-Vis spectroscopy at 10 mM, 9 μL of 

R6G stock solution was diluted in a cuvette containing 2991 μL ultrapure water to 

obtain 0.03 mM R6G. Figure 4a illustrates the molecular structure of R6G with the 

corresponding UV-Vis spectrum of 1 μL of R6G in ultrapure water shown in Figure 

4b with a main peak at around 530 nm relating to a transition moment due to π ∗-π 

transition, and less intense peaks at 257 and 350 nm, respectively, corresponding to 

transitions to higher singlet excited states. Since there is a linear dependence between 

the initial concentration of R6G at their maximum absorption, at the higher 

concentration of 0.03 mM, the main peak at 530 nm and the secondary peaks become 

stronger (Figure 4c). Solvent molecules can interact with the molecules of absorbing 

species of ground or excited state(s) through intermolecular bonding, resulting in a 

change in the wavelength of absorption due to a decrease or increase in the energies 

of the ground or excited states. It is noteworthy that the position of the band may vary 

with solvent, which is usually attributed to solvent parameters such as polarity and 

refractive index; however, the intensity or the amplitude of response, i.e., the 

population of excited molecules, is directly related to laser intensity as well as the 

concentration and path length. 

The fluorescence emission spectrum of R6G is shown in Figure 5a with a 

maximum peak at 571 nm. Figure 5b indicates the comparison of fluorescence 

emission of two different concentrations at 1 μM and 0.03 mM, where the higher 

concentration exhibits a higher emission intensity. The samples prepared at 1 μM, 0.03 

mM, and 10 mM are shown in Figure 5c–e, with the corresponding images of 

fluorescence emission illustrated in Figure 5f–h, respectively. 

It is noted that as expected at higher concentrations, the emission becomes 

stronger, but at 10 mM no result was obtained due to total optical attenuation. The 

brightness of the fluorescence emission is defined as 𝐵 = 𝑄𝑦/𝜀, where 𝑄𝑦 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟

, 

𝑘𝑛𝑟
 and 𝑘𝑟 are non-radiative and radiative decay rates, respectively, and the molar 

absorption coefficient 𝜀 (M−1 cm−1) is directly proportional to quantum yield. Using 

the Beer’s law in a dilute solution, the intensity of measured fluorescence emission is 

given by 𝐼𝑓 = 𝑄𝑦𝑃0(1 − 10−𝜀𝑐𝑙) ≈ 𝑄𝑦𝑃0𝜀𝑐𝑙  where 𝑃0  is the laser power, 𝑐  is the 

concentration of analyte, and 𝑙 is the optical path length, respectively, i.e., the higher 

the value of B, the higher it will be 𝐼𝑓. 
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Figure 4. (a) Molecular structure and UV-Vis spectra of R6G at (b) 1 μL and at (c) 

0.03 mM.  

 
Figure 5. (a) Fluorescence emission of R6G at 571 nm excited by 532 nm laser, images of the sample prepared at 

different concentrations of (b) 1 μM, (c) 0.03 mM, and (d) 10 mM with corresponding fluorescence emission shown 

in (e), (f), and (g) respectively, and (h) shows the corresponding fluorescence emission of 1 μM and 0.03 mM, 

respectively.  
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Figure 6 illustrates the Raman spectra of dilute R6G solution at various 

concentrations of 0.03 mM and 10 mM, where each result is the average of three trials. 

The intensity of the lines in the case of 10 mM is higher than those at 0.03 mM, and 

two peaks at 1386 and 2757 cm−1 corresponding to aromatic C-C and ester(s) 

stretching modes are closely overlapped. Previous work has reported that the intensity 

of active modes is sensitive to the 𝜋-electron configuration of R6G located at the 

nitrogen atoms of the ethylamine external groups through the xanthene ring [47]. The 

amount of scattered light is directly proportional to the product of the weight-average 

molar mass, the solute concentration, and the polarizability of the molecule. The 

polarizability, in turn, is influenced by the molecular size and weight. Therefore, larger 

particle polarizability results in a greater magnitude of induced polarization and higher 

signal intensity.  

 
Figure 6. Averaged Raman spectrum for pure R6G using 0.03- and 10-mM 

solutions. 

The Raman spectra are superimposed for comparison. The peak at 653 cm−1 

corresponds to C-C ring in-plane bending, 824 and 1097 cm−1 are related to C-H out-

of-plane bending, and the peak at 1289 cm−1 likely corresponds to N-H in-plane bend 

mode. Most significant peaks between 1300 and 1700 cm−1 indicate aromatic esters. 

Therefore, the overlapped peaks probably correspond to aromatic C-C and N-H 

stretching modes. This can be due to over-masking at the higher concentration. In 

addition, the Raman lines at higher concentrations between 500 and 1500 cm−1 are blue-

shifted compared to the lower concentration. The most dominant lines start from the 

bottom of Table 1, moving upwards in the order of decreasing intensity, i.e., the highest 

lines belong to N-H stretching modes and the least to C-C ring in-plane bending in 

Xanthene/phenyl. The corresponding Raman lines are shown in Table 1 [47–52]. 

Figure 7a shows an example of TGFS prior to adding R6G. The optical picture 

of the TGFS is shown in Figure 7b and the 2-D AFM images of the initial substrate 

as supplied are shown in Figure 7c,d, respectively, before and after magnification. 

Figure 7e indicates an enlarged portion of Figure 7d with the corresponding 

histogram of the surface. The 3-D image is shown in Figure 7f, where the surface 

appears to have some micro-level size scratches, irregularities, and impurities shown 

as bright spikes despite our initial thorough cleaning of the substrate with ethanol prior 

to imaging. 
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Table 1. Assignments corresponding to the Raman shifts observed for pure R6G [47–52]. 

Raman Shift (cm−1) Assignment Reference 

613 C-C-C ring in-plane vibration mode [45] 

772 C-H out-of-plane bend mode  

1126, 1185 C-H in-plane bend mode  

1312, 1575 N-H in-plane bend modes  

1362, 1510, 1648 C-C stretching modes  

780 Aromatic C-H bending mode [46] 

1199 C-O-C stretching mode  

1375, 1511, 1545, 1580, 1650 C-C stretching mode  

772, 1187 C-H out-of-plane bending vibration [47] 

1313, 1366, 1513, 1652  Aromatic C-C stretching  

608 in-plane bending vibration [48] 

772 C-H out-of-plane bending vibration  

1184, 1309, 1362, 1495, 1567, 1646 In-plane C-C stretching vibrations  

614 C-C-C ring [49] 

779 out-of-plane bending of C-H  

1183 C-H stretching  

1312 in-plane bending of C-O-C  

1364, 1511, 1576, 1652 C-C stretching of the aromatic ring [50] 

612 C-C ring in-plane bending in xanthene/phenyl ring  

772 C-H out-of-plane bending  

797 Hybrid mode xanthene/phenyl rings  

1127 C-H in-plane bending in xanthene/phenyl rings  

1187 C-H in-plane bending in xanthene ring  

1204 Hybrid mode (xanthene/phenyl rings)  

1275 C-O-C stretching COOC2H5 group on phenyl ring  

1312 Hybrid mode (xanthene/phenyl rings & NHC2H5 group)  

1363 C-C stretching in xanthene ring  

1449 C-N stretching NHC2H5  

1509 C-C stretching in xanthene ring  

1575 C-C stretching in phenyl ring  

 Hybrid mode (phenyl ring with COOC2H5  

1651 C-C stretching in xanthene ring  

1700–2800 Ester(s) aromatic  

> 2800 NH stretching modes  
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Figure 7. (a) Schematic diagram of TGFS; (b) optical and 2D AFM images of 

TGFS; (c) before; (d) after magnification; (e) enlarged portion of (d) with the 

corresponding histogram; and (f) 3D image showing some rough morphology. 

In diffuse reflectance measurement, a reference reflector such as gold acts as a 

reference for background measurement and exhibits extremely high reflectance in the 

NIR region. The corresponding FT-NIR reflectivity of TGFS in Figure 8a shows the 

dominant strong signals in the 4500–5200 cm−1 (2.2–1.92 μm) region. Normally, a 

gold-coated surface shows an increasing reflectivity of 65%–90% between 500 and 

1000 nm and more than 90% at longer IR wavelengths. Figure 8b illustrates the non-

linear response of Raman line intensity of the substrate without R6G with the probe 

power, where the intense lines occur between ≈ 500–1500 cm−1. All materials generate 

a Raman spectrum, except for pure metals, which are highly reflective because of the 

free electrons on their surface. If a crystal is centrosymmetric, IR bands will not show 

up in the Raman spectrum and vice versa. An essential condition to obtain Raman 

spectra of samples is a change in polarizability during molecular vibration, and the 

metals do not show the polarizability change. As a result, metallic elements with the 

face-centered cubic (fcc) structure, such as gold, have no Raman-active vibrations. 

Therefore, the peaks shown in Figure 8b are considered the background spectral 

profile partly because of the presence of some impurities in the substrate.  
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Figure 8. (a) FT-NIR reflectivity of the TGFS where most reflection occurs between 

4000 and 5200 cm−1, i.e., at shorter IR wavelengths, and (b) indicates the averaged 

Raman intensity at various laser powers. 

Figure 9a shows the schematic representation of R6G dye added to the substrate, 

and Figure 9b illustrates the experimental setup where the beam travels through the 

sample droplet placed on the substrate. Figure 9c displays the SERS results of 10 mM 

R6G on TGFS at different power levels, showing significant fluctuations in the relative 

intensities of certain vibrational bands. It is noticed as expected that the intensity of 

the R6G Raman lines is enhanced compared to those in Figure 6. A common feature 

of molecular spectra is the variation of the temporal spectrum, which is mainly 

associated with a deviation from the ensemble average [53–55]. The fluctuation occurs 

due to varying charge transfer contributions caused by dynamic changes in the 

molecular environment, such as random movement of the molecule on the metallic 

surface during the adsorption [45].  

The spectral fluctuations can be influenced by various physical and chemical 

properties of molecules and substrates, including diffusion, reorientation, adsorption, 

and desorption of the molecules. Indeed, it has been demonstrated that diffusive 

processes on the surface can cause molecules to experience continuously varying 

interaction forces that may result in the modulation of emission and control of the 

vibrational modes [56,57]. Additionally, environmental factors such as light and 

temperature, optical parameters like light intensity, and chemical factors including 

charge transfer have been shown to influence spectral fluctuations [58,59]. As shown 
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in Figure 5, the intensity of the scattered Raman lines, i.e., the population of vibrationally 

excited molecules, varies almost linearly with the laser power and is more intense at lower 

wavenumber, particularly between 500 and 1500 cm−1, i.e., lower energy corresponding 

to aromatic modes of xanthene/phenyl rings, C-C rings [60], aromatic C-H bending, N-

H in-plane modes, and C-C stretching modes [56,61]. The overall stochastic behavior 

of such spectral fluctuation has been observed previously [62,63], which is attributed 

to changes in the dynamic molecular environment or thermally activated diffusion of 

individual molecules [64]. The coupling between the vibrational modes and electronic 

states of R6G molecules and small changes in the position of adsorbed molecules on 

the TGFS and NPs can create a temporal modulation of these states, leading to the 

enhancement of the intensity of the analyte molecules. It has been suggested that in 

high-concentration analyte ensembles, these changes are normally masked by 

ensemble averages and therefore cannot be detected [55]. 

 
Figure 9. (a) Schematic representation of R6G dye SERS; (b) the experimental 

setup; (c) averaged SERS intensity of R6G at 10 mM. 

The optical properties of gold thin films, along with the connection between the 

metallic thin films and the intrinsic characteristics of a plasmonic device, can be 

studied through the optical absorption of metal inter-band and intra-band electron 

transitions, as outlined by Drude’s theory. For polycrystalline metal films, the electron 

scattering at surfaces and grain boundaries plays a great role in losses [65] and affects 

the complex dielectric constant of the metallic materials 𝜀𝑚 [66]. 

𝜀𝑚 = 𝜀𝑟 + 𝑗𝜀𝑖 = 𝜀∞ −
𝜔𝑝

2

𝜔2 − 𝑖𝛾𝜔
 (1) 
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𝜀𝑚 = 𝜀∞ −
𝜔𝑝

2

𝜔2 + 𝛾2
+

𝛾𝜔𝑝
2

𝜔(𝜔2 + 𝛾2)
 (2) 

where the real part 𝜀𝑟 = (𝑛𝑠
2 − 𝑘𝑒

2) indicates the polarization of the metal in response 

to an applied external electric field, the imaginary part 𝑗𝜀𝑖 = 2𝑛𝑠𝑘𝑒 = 𝛾𝜔𝑝
2/𝜔(𝜔2 +

𝛾2) represents the optical absorption in metal, quantifying the relative phase shift of 

the induced polarization with respect to the external field, which includes losses such 

as ohmic loss as heat, 𝜀∞ is the infinite-frequency dielectric constant (i.e., the net 

electric field inside the metal is zero), 𝛾 is the damping factor, 𝑛𝑠 is the refractive 

index of metal, and 𝜔𝑝 is the plasmon frequency defined as: 

𝜔𝑝
2 =

𝑛𝑒𝑒2

𝑚𝑒𝑓𝑓𝜀0
 

(3) 

where 𝑛𝑒  is the density of electrons, 𝑒  is the electron charge, 𝜀0  is the vacuum 

dielectric constant permittivity, and 𝑚𝑒𝑓𝑓 is the electron effective mass, respectively. 

Since the total field at the metal surface is 𝐸𝑇 = 𝐸0(𝜔) + 𝐸𝑠(𝜔) where 𝐸𝑠(𝜔) in the 

dipolar mode, is given by [67]. 

𝐸𝑠 =
(1 + 𝐾)𝜀𝑒

(𝜀𝑚 + 𝐾𝜀𝑒)
𝐸0(𝜔) (4) 

where 𝐾  is the shape factor and 𝜀𝑒  is the dielectric constant of the surrounding 

environment. When a molecule is placed close to a surface, its scattering cross-section 

is significantly enhanced. A key aspect related to the origin of SERS is that the 

oscillating dipole moment 𝜇𝑑 of a plasmonic molecule re-radiates some of its energy 

at the same frequency as 𝐸0.  

After interacting with the laser, the molecule’s associated field 𝐸𝜇𝑑
 interacts with 

the incident light, causing it to scatter elastically.  

This scattering produces an isotropic intensity distribution because the wavelets 

emitted by the oscillating charges are approximately in phase with one another [68]. 

𝜇𝑑 = 4𝜋𝜀𝑚𝑅𝑚𝑜
3 (

𝜀𝑚𝑜 − 𝜀𝑒𝑛

𝜀𝑚𝑜 + 2𝜀𝑒𝑛
) �̄�0𝑒𝑖𝜔𝑡 (5) 

where 𝜀𝑚𝑜 and 𝜀𝑒𝑛 are the molecule and the medium dielectric constants, respectively, 

𝑅𝑚𝑜 is the molecule radius, and 𝜔 is the field angular frequency. The intensity of the 

scattered light, 𝐼𝑠 directly depends on the polarizability, 𝛼𝑝, which in turn depends on 

the molecular weight and on the particle size. Therefore, the higher a particle 𝛼𝑝, the 

greater will be the magnitude of induced 𝜇𝑑  and 𝐼𝑠 . Since 𝐸𝜇𝑑
 in the molecule is 

proportional to its volume 𝑉𝑚𝑜 , and 𝐼𝑠  is proportional to 𝑉𝑚𝑜
2 , it follows that the 

intensity of reradiated light 𝐼𝑟 = |𝐸𝜇𝑑
|
2
 is proportional to 𝑉𝑚𝑜

2  as well. Therefore, the 

scattered intensity will be stronger than at lower molecular weight or volume. 

Therefore, when a Raman scattering molecule is subject to an intense electric field 

generated near metal surfaces, the strong electric field intensity enhances the 

polarization on the molecule, leading to a higher induced 𝜇𝑑 [69,70]. Figure 10a is a 

schematic representation of hexane-functionalized TGFS immobilized by GNU via a 

simple covalent thiol bond, i.e., the PANTF structure. Figure 10b compares the 
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reflectivity of TGFS before and after GNU immobilization; the reflectivity 

significantly increases when GNU is added with the dominant lines of 1443, 1511, 

1685, 1702, 2044, 2125, 2200, and 2397 nm (i.e., ≈ 4172–6930 cm−1).  

 
Figure 10. (a) Schematic of GNU immobilized on the hexane functionalized TGFS (i.e., PANTF) and (b) FT-NIR of 

PANTF. 

Figure 11a shows the SERS of the TGFS due to its plasmonic properties, with 

the dominant Raman scattering observed at 2333 cm−1 corresponding to approximately 

≈ 4.2 μm. It is known that metals do not produce strong Raman signals due to a lack 

of vibrational modes that can be excited by incident light. What is observed in Figure 

11a is not the Raman signal but the enhancement of signals from molecules in close 

proximity. Homonuclear diatomic molecules are Raman active because the stretching 

and contraction of the bonds alter the interactions between the nuclei and electrons, 

causing a change in the molecule’s polarizability. Thus, it is expected that Au(I), i.e., 

aurous ion, which is the most common oxidation state with soft ligands such as 

thioethers, thiolates, and organophosphines, may produce the above result. Figure 11b 

presents the SERS spectrum of GNU colloids, highlighting prominent peaks at 1475, 

2314, 2590, 2696, and 2981 cm−1, which are associated with citrate. Citrate acts as an 

intermediate in the citric acid cycle and plays a role in reducing gold ions into atoms, 

which helps stabilize the colloidal AuNPs formed from these aggregated atoms. 

Generally, AuNPs are plasmonically active in the NIR region, making them 

suitable for biomedical applications because they exhibit minimal autofluorescence 

from biological samples. The primary factor contributing to the SERS enhancement is 

the increased intensity of inelastically scattered Raman signal due to the presence of 

nanostructured metal systems in the sample. Moreover, these particles enhance the 

morphological interaction with the incident laser, leading to more intense 

spectroscopic signals. The effect of probe power on the SERS lines of the PANTF is 

shown in Figure 11c, where the intensity is relatively enhanced due to the 

immobilization of GNU compared to those in Figure 8b of TGFS as background. The 

increase in the size of the GNU is attributed to conjugation via thiol bonds, which 

results in Raman vibrational scattering at higher frequencies. The SERS bands of 

hexane thiol are at 780 cm−1, which is associated with CH2 vibration; 935 cm−1 

corresponds to the CH3 rocking vibration, 1032 cm−1 and 1209 cm−1 indicate C-C cm−1 

stretching vibration, while the bands at 1301 cm−1 and 1448 cm−1 are likely due to the 

CH2 wagging vibration [71]. 
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Figure 11. SERS of (a) TGFS, (b) GNU solution, and (c) PANTF at various probe power. 

The GNU layer serves as hotspots within the adjacent irregular morphology of 

TGFS, enhancing the plasmon resonance effect for the detection of R6G through the 

LSPR mechanism. When the size of the NPs is much smaller than the incident 

wavelengths, the elastic scattering cross-section of the NP increases significantly, 

which leads to a strong enhancement of the local electromagnetic fields. Theoretical 

studies [56] have demonstrated that in a single NP-film system, the wavelength of 

surface plasmon polariton (SPP) remains unchanged. This is because the perturbation 

of the delocalized SPPs supported by an infinitely thin film is negligible, unlike in 

systems with a larger number of nanoparticles. In our SERS experiment, it is assumed 

that the laser directly excites the LSPR of GNUs but does not directly couple to the 

SPP of TGFS. This is due to a mismatch between the in-plane wavevectors of these 

mods and those of the incident photons that propagate through the air gap between the 

probe and the TGFS [72,73]. The GNU provides an indirect way to excite the SPPs of 

the TGFS across all wavelengths. This implies that GNU does not interact 

preferentially with any specific SPP; instead, it couples with the entire range of SPP 

modes. Therefore, the LSP scattering of GNUs transmits both into far-field, acting as 

a nano antenna, and into the non-resonant continuum of SPP modes within the TGFS, 

which further enhances the SERS signal and induces a polarization to the single 

nanoparticle light scattering [74]. 

Figure 12 illustrates SEM images of PANTF where the surface morphology 

exhibits a clustering feature, Figure 12a, where each cluster consists of a number of 

nanoparticles aggregated together. The clusters demonstrate various shapes and sizes, 
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which in turn will affect the SERS signal; some scratches and artifacts are also 

observed. At much higher magnification shown in Figure 12b, the clusters do not 

show the same smooth curve but instead an irregular and spiky shape similar to the 

geometrical shape of GNU is formed. 

 
Figure 12. SEM images of PANTF at (a) low and (b) high magnification. The inset 

shows an example of a GNU particle that could not be seen in (a). 

The surface topography and roughness of PANTF were also investigated by AFM 

in non-contact scanning mode for a number of scans. The images were taken from the 

center of the chip at a 10 × 10 μm resolution, and a 3-D profile is associated. Figure 

13a,b illustrate the 2-D surface morphology of PANTF, where the GNUs are 

aggregated together due to surface-attractive interactions to generate a larger cluster 

and have created an irregular topological feature on the surface. This effectively 

affects the surface roughness, which in turn affects the SERS signal because of a 

change in the surface plasmon probing depth between the analyte molecule and the 

substrate base. The brighter regions in the image are caused by the laser beam used to 

detect deflections of the cantilever either towards or away from the surface. When an 

incident beam reflects off the flat top of the cantilever, any deflection will cause small 

changes in the direction of the reflected beam. When the incident beam reflects off the 

flat top of the cantilever, any deflection will cause small changes in the direction of 

the reflected beam. The corresponding 3-D images are illustrated in Figure 13c,d. In 

these images, the previous spikes have nearly vanished due to coverage by GNUs. 
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Figure 13. (a) and (b) 2D AFM images of PANTF where GNUs are partly 

aggregated and distributed on the surface; (c) and (d) are 3D images showing the 

irregular feature of the surface. 

The final step was to study the SERS of R6G using PANTF as illustrated in 

Figure 14a, where the initial enhanced hexane Raman probe signal is coupled to that 

of the R6G to produce the final SERS signal. This is because GNU particles act as 

hotspots that amplify the plasmon resonance effect in R6G detection. This 

amplification is due to the increased light scattering cross-section when exposed to 

laser excitation [75]. The differential spectra indicate that R6G can be effectively used 

for SERS sensing. It is well known that SERS signals arise from a strong interaction 

between a molecule and its substrate. Furthermore, the spatial arrangement of these 

components significantly influences the electromagnetic and chemical enhancements 

observed in the Raman signal.  

The variations in the recorded SERS signal are likely due to different charge 

transfer effects, which are probably caused by dynamic changes in the molecular 

environment. This includes the random movement of the molecule onto the metallic 

surface during the adsorption process [45]. Interactions of molecules and substrates, 

including adsorption, desorption, surface diffusion, and molecular reorientation, can 

influence fluctuations. Furthermore, the analyte molecules are likely located on the 

surface of the substrate rather than in between GNU hotspots. This placement impacts 

the reproducibility of SERS because the number of GNUs can vary from one position 

to another. As a result of this non-homogeneous distribution, signals are produced with 

varying intensities and levels of enhancement.  

The variation of averaged SERS intensity (a total of three readings for each 

sample) of R6G using the 10 min incubated substrate with laser power is shown in 

Figure 14b–d, whereby increasing the power, the relative intensity increases, 

particularly at 8 mW. Certain lines, including 583, 641, 786, 799, 923 cm−1 in the low 
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wavenumbers range, as well as 2757, 2766, and 3254 cm−1 in the high wavenumbers 

range, are significantly enhanced by PANTF substrate.  

In the range between 1500 and 2500 cm−1, the intensity of both cases remains 

relatively low or unchanged, and a few lines, such as 1220, 1363, 1698, 2398, and 

2933 cm−1 mainly corresponding to secondary and NH3
+ amines, remained higher in 

the case of TGFS. It was noted that the NH3
+ amine peak showed an increase in 

intensity when GNU was present, compared to when it was absent. However, the other 

R6G peaks associated with the benzoic ester and secondary amine functional groups 

did not exhibit the same level of enhancement. It is proposed that the NH3
+ functional 

group underwent a notable enhancement as a result of the electrostatic interaction 

between its positive charge and the naturally occurring negative charge on GNU. Since 

the enhancement in SERS enhancement is dependent on distance, NH3
+ showed the 

strongest enhancement due to its direct interaction with GNU. It was also noted that 

higher laser power resulted in a stronger intensity of both Raman and SERS peaks. 

Some slight shifts in the Raman lines were noted, particularly those associated with 

aromatic C-C stretching. These shifts may result from interactions between the 

substrates and the probe molecules. The molecules of R6G contain conjugated 

aromatic rings, which predispose 𝜋 − 𝜋 to stack with GNU [76,77].  

 
Figure 14. (a) Schematic diagram of enhanced SERS of R6G using PANTF after 10 min of incubation via thiol 

covalent bond, the corresponding Raman and SERS spectra of TGFS and PANTF are presented at (b) 2 mW, (c) 4 

mW, and (d) 8 mW, respectively. 
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When using a 60 min PANTF, the results at 2 mW shown in Figure 15a are 

slightly worse compared to those in Figure 14a. In Figure 14a, the line intensity 

remains predominantly low across the spectrum except for two significant peaks at 

2998 cm−1 and 3156 cm−1. As the power increases, the Raman lines show a noticeable 

improvement across the spectrum, especially at 8 mW. One of the primary reasons for 

the varying profile patterns and reproducibility of SERS is a lack of surface stability 

in most enhancing material surfaces. 

 
Figure 15. Schematic diagram of the enhanced SERS of R6G using PANTF after 60 min of GNU incubation through 

thiol covalent bond. The corresponding Raman and SERS spectra of TGFS and PANTF are presented at (a) 2 mW, (b) 

4 mW, and (c) 8 mW, respectively. 

Figure 16a shows the overlapped results related to the PANTF incubated for 10 

min at various power levels, and similarly, the results for the 60 min incubation are 

shown in Figure 16b. It is noteworthy that as the power increases, the intensity 

behaves non-linearly at different spectral positions with increasing overall profiles. 

The positions at which the intensity of overlapped peaks increases linearly, such as 

647 and 3258 cm−1 in Figure 16a and 923, 1232, and 3156 cm−1 in Figure 16b, the 

sensor can be utilized for monitoring the detection of analyte, in our case R6G. 
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Figure 16. Comparison of overlapped peaks of PANTF for (a) 10 min and (b) 60 min incubation time. 

Figure 9a illustrates the addition of 10 μL of a 10 mM solution of R6G, a Raman-

active probe molecule, to the TFGS. The calculation is performed using 𝑁 = 𝑛𝑁𝐴 

where 𝑛 = 𝐶𝑉 is the number of moles, 𝐶 is the concentration, and 𝑉 is the volume of 

the solution; 𝑁 is the number of molecules, and 𝑁𝐴  = 6.0224 × 1023 mol−1 is 

Avogadro’s number. The corresponding values are n  = 100 × 10−9 mol and 𝑁 = 600 

× 1014 R6G molecules, respectively. For PANTF, 10 μL of a 1 μM R6G solution was 

applied to the surface to accommodate the larger surface area of the GNU during the 

SERS measurements [35]. Similarly, we found corresponding values of n  = 10 × 

10−12 mol and 𝑁 = 6 × 1012 molecules for SERS. The enhancement of line intensity 

due to LSPR is utilized to determine the EF at a specific power, as illustrated in 

Figures 13 and 14 and calculated using Equation (6), which is summarized in Tables 

2 and 3. 

𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑎𝑚𝑎𝑛
×

𝐶𝑅𝑎𝑚𝑎𝑛

𝐶𝑆𝐸𝑅𝑆
 (6) 

where 𝐼𝑅𝑎𝑚𝑎𝑛 is the intensity of the bare substrate with R6G at concentration 𝐶𝑅𝑎𝑚𝑎𝑛 

= 10 mM, 𝐼𝑆𝐸𝑅𝑆  is the intensity of the GNU-immobilized substrate with R6G at 

concentration 𝐶𝑆𝐸𝑅𝑆 = 1 μM, so 
𝐶𝑅𝑎𝑚𝑎𝑛

𝐶𝑆𝐸𝑅𝑆
 = 104. Substituting the above values given in 

Table 2 in Equation (6), we obtain 𝐸𝐹  = 3 × 104 for all three 10 min incubation 

PANTF substrates at various powers, and similarly, using the corresponding values of 

intensity for RS and SERS in Table 3, it yields corresponding average values of 0.9 × 

104, 2.1 × 104, and 1.1 × 104 for 60 min PANTF substrates, respectively. 

Table 2. Peaks used to determine the average value of EF for 10 min incubation 

PANTAF at the various power levels based on Figure 13. 

Common Peaks (cm−1) RS Intensity  SERS Intensity EF Value 

573 40.69 80.73 1 × 104 

923 30.41 230.32 6 × 104 

1220 240.82 30.51 1 × 103 

2757 60.68 320.62 4 × 104 

Average EF, Figure 13a   3 × 104 
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Table 2. (Continued). 

Common Peaks (cm−1) RS Intensity  SERS Intensity EF Value 

583 30.63 220.14 6 × 104 

786 170.62 400.07 2 × 104 

2398 280.84 40.55 1 × 103 

2766 30.21 270.28 8 × 104 

2993 230.40 60.68 2 × 103 

Average EF, Figure 13b   3 × 104 

641 390.51 340.44 8 × 103 

799 130.54 280.14 2 × 104 

1375 210.96 90.71 4 × 103 

2757 20.14 240.81 1 × 105 

3254 120.47 350.62 2 × 104 

Average EF, Figure 13c   3 × 104 

Table 3. Peaks used to determine the average value of EF for 60 min incubation 

PANTF at the various power levels based on Figure 14. 

Common Peaks (cm−1) RS Intensity  SERS Intensity EF Value 

628 40.32 7046 2 × 104 

1220 240.82 60.11 2 × 104 

2328 140.26 80.17 6 × 104 

2722 150.96 200.10 1 × 104 

2998 100.92 160.46 2 × 104 

Average EF, Figure 14a   0.9 × 104 

641 90.70 120.63 1.3 × 104 

2328 90.06 390.52 4.4 × 104 

3003 220.72 100.49 0.5 × 104 

Average EF, Figure 14b   2.1 × 104 

653 380.07 100.89 3 × 104 

1238 160.47 180.98 1.1 × 104 

2621 70.65 140.10 2 × 104 

Average EF, Figure 14c   1.1 × 104 

A single nanoparticle (NP) typically does not provide sufficient EF for SM-

SERS, and only the gaps between nanoparticles are active. It has been demonstrated 

that only the aggregation of multiple nanoparticles can provide enough EF for SM-

SERS [78–80]. Each nanostructured TGFS has a different morphology with a certain 

number of NPs of various sizes acting as dipoles and multipoles under an applied field, 

and shapes, both of which depend on the thickness of the thin films [81]. In the case 

of the thinner film, there is more unoccupied space by NPs with no or very little 

scattering, and as the film thickness increases, the empty space becomes more 

occupied by NPs. This in turn increases the NP-NP interaction in the films due to a 

decrease in the inter-particle separation, thus causing the higher scattering, i.e., 

increased intensity of SERS, thus EF. The inter-particle distance, i.e., hot spots, can 
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vary either due to an increase in number density or an increase in the size of AuNPs, 

which contributes to the variation of SERS intensity [73]. When the analyte molecule 

is positioned in the gap between the NPs, the Raman scattering is significantly 

enhanced. Research has demonstrated that the enhancement is most significant when 

the interparticle gap is less than 15 nm [82]. The relatively low EF may be attributed 

to several reasons, including variation in the spatial distribution of enhancements at 

hot spots and issues related to photobleaching. This is a photophysical phenomenon 

wherein a dye or a fluorophore molecule undergoes permanent chemical damage 

caused by prolonged laser (or non-laser) excitation, hence cleaving covalent bonds or 

non-specific reactions between the fluorophore and surrounding molecules. As a 

result, the dye loses its functionality.  

It is well-established that as temperature rises, the diffusion and randomness of 

molecules also increase. The solution to the 1-D random walk is expressed as the 

average of the square of the displacement 𝑥2 = 2𝐷𝑡, where D represents the Fick’s 

diffusion coefficient (m2/s). This coefficient is defined by the Stokes-Einstein 

equation, which indicates that a larger 𝑥2 corresponds to greater diffusion. As a result, 

raising the temperature due to the increase in power increases the molecular 

fluctuations within the medium. As a result, the temperature gradient can drive the 

analyte molecules out of confined spaces, leading to microscale movement driven by 

thermal diffusion and convection. The overall effect impacts the molecular 

distribution, resulting in varying concentrations at different positions, which in turn 

generates the corresponding SERS signal. The signal is stronger when the combined 

forces are balanced, causing the laser to irradiate areas with higher particle 

concentration. It weakens when the particles are dispersed or depleted from the 

hotspot, where the localized coupled plasmon resonance occurs between two or more 

PNP [83,84].  

Some molecules on the substrate are also susceptible to photodecomposition at 

high laser power, creating so-called dynamic species change over time [14]. The 

microscopic temperature gradient and radiation pressure can propel the analyte 

molecules and the NPs out of the confined regions, resulting in microscale movement 

driven by the photo-thermophoresis force. This movement can redistribute their 

concentrations on the surface, ultimately influencing the final SERS results [85–87]. 

The heating effect can cause the degradation of the hot spot, trigger molecular 

desorption, or initiate pyrolysis. These outcomes may lead to a reduction in the SERS 

signal and its instability. The difference in the SERS spectra could be attributed to 

variations in scattered light at different power levels, affecting the intensity, 𝐼 = |�̄�|2. 

Additionally, the heating effect on the molecules at the microscale, such as thermally 

induced fluctuation or diffusion of dynamical changes in the microenvironment, may 

play a role. According to quasi-classical thermodynamics, these effects could be 

stochastic in nature. Another interesting reason is related to the NP-Film distance, 

where the spectral response interplay between LSP and SPP, for short separations (0–

50 nm), the coupling between them can create significant enhancement, and at larger 

distances, LSP and SPP resonances overlap [72]. 

The concentrated Raman signal stems from the tips or junctions of GNU, where 

field enhancement is most significant, and possibly from the interstitial sites between 
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the core and tips of the GNU [88,89]. At certain binding sites, a red shift may occur 

due to the increasing size of the nanocomplex. This leads to greater retardation of 

multi-scattering and dispersion, which are influenced by the R6G molecular coating 

and the varying sizes of the GNU [90]. Therefore, the clustering of GNU leads to Mie 

scattering, causing the scattered light to shift to a longer wavelength and lower energy. 

Indeed, 𝐼𝑆𝐸𝑅𝑆 depends on the number of molecules within the vicinity of 0.1–1 nm to 

metallic nanostructures in the position of the laser excitation spot. It has been 

suggested that one evidence for SM behavior is the spectral changes during the 

observation and that the photochemical and photobleaching is significantly decreased. 

This is due to the rapidly quenched excited electronic state by the metal surface, thus 

preventing excited state reactions. It was noticed during the experiment that some of 

the observed SERS signals vanished or changed after irradiation for a longer time. 

There are several factors that contribute to the varying intensities observed in SERS, 

one of which is the presence of hot spots, which occur at the junctions or close 

interactions between two or more NPs. Therefore, when GNUs are chemisorbed onto 

a substrate with a lower 𝐷/𝑅𝑝 ratio, they should display stronger resonance coupling. 

This is due to plasmonic interactions between NPs at high surface densities, which 

leads to the formation of more pronounced hot spots and, as a result, an enhancement 

of SERS signals [46,91,92]. Agglomerates can have hot spots, with characteristics 

depending on the shape and size of the built unit. Increasing the separation between 

the GNU cores decouples the corresponding SPR, thereby decreasing the EF. The 

overall SERS intensity 𝐼(𝜔𝑅) can be expressed as [3]. 

𝐼(𝜔𝑅) = 𝜂𝐸𝑖𝑛𝑑|𝛼𝑅(𝜔𝑅 , 𝜔0)|2𝐼0(𝑟, 𝜔0) (7) 

where the collection efficiency of the device is 

𝜂 = [
𝐸𝑙(𝑟, 𝜔0)

𝐸0(𝑟, 𝜔0)
]

2

[
𝐸𝑙(𝑟, 𝜔𝑅)

𝐸0(𝑟, 𝜔𝑅)
]

2

 (8) 

𝐸𝑖𝑛𝑑  is the electromagnetic-induced enhancement, 𝜔0  is the frequency of 

excitation photons, 𝜔𝑅 is the frequency of Raman photons, 𝛼𝑅(𝜔𝑅 , 𝜔0) is the Raman 

polarizability of the molecule, and 𝐼0(𝑟, 𝜔0) is the intensity of the excitation light. 

Polarizability can impact dispersion forces, the weakest type of intermolecular force, 

in several ways, including enhancing the polarizability and being influenced by the 

shape of the molecule. Elongated molecules have electrons that move easily, which 

increases their polarizability and strengthens the dispersion forces. Additionally, GNU 

is sensitive to polarization because its branches create different dipole moments. The 

spatial charge distribution in each branch can produce individual dipoles pointing in 

various directions on the GNU [93,94], and alter could change the spatial thermal 

distribution when heated [14]. The scattering response of a single GNU is strongly 

polarized when excited at SPR wavelength. The polarization dependence of the 

scattering intensity, which suggests that surface plasmon resonance behaves like a 

single dipole scatterer, can have a significant impact on the results of SERS [95]. Thus, 

the SERS signals from different substrates differ with wavenumber, which 

corresponds to the wavelength of the emitted radiation. This variation represents the 

molecular rotational and vibrational energy of specific chemical bonds, as well as the 

overall chemical composition. 
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6. Conclusions 

The preliminary study demonstrated a higher intensity of R6G Raman lines for 

TGFS compared to the R6G solution alone. The surface morphology of the GNU-

immobilized TGFS was analyzed using SEM and AFM. It was shown that PANTF 

can relatively improve the SERS results compared to TGFS due to LSPR contribution. 

The results showed a stronger Raman response for R6G at higher concentrations, and 

TGFS and PANTF indicated an enhanced signal compared to R6G alone. The PANTF 

incubated with GNU at 10 min exhibited moderately better SERS results than TGFS, 

particularly at low wavenumbers such as the overlapped single peak at 647 cm−1 

corresponding to C-C-C ring in-plane bending in Xanthene/phenyl. However, the 

results deteriorated when incubated for a longer time (60 min) and became comparable 

to TGFS results. The EF for 10 min was higher than 60 min incubation. Two key 

features were consistently observed throughout the experiments. First, there was a 

variation in the Raman shift signal, which indicated changes in molecular vibrations. 

Secondly, the signal exhibited a non-linear response to the probe power. Lastly, the 

sensitivity of the PANTF sensor can be enhanced by further optimizing the film 

thickness, GNU size, concentration, and incubation time. 
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