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INTRODUCTION

Modern medicine is increasingly focused on developing early, accurate, and minimally
invasive diagnostic methods. Traditional diagnostic techniques, such as tissue biopsies
and imaging, remain widely used but are often invasive and limited in their ability to
monitor dynamic molecular changes. Consequently, liquid biopsy approaches based on
easily accessible biofluids like blood or urine have gained significant interest in the past

few years.

One promising technique for liquid biopsy is surface-enhanced Raman scattering (SERS),
which offers high molecular sensitivity and works effectively with biological samples [1-
6]. SERS detects molecular vibrational fingerprints through interactions between
molecules and plasmonic nanostructures, enabling highly sensitive analysis of biofluids.
In label-free SERS, however, the spectra reflect the combined adsorption behavior of
multiple biomolecules rather than individual biomarkers. Purine metabolites such as uric
acid, hypoxanthine, and xanthine play a major role in these spectra and are associated

with diseases including cancer, inflammatory disorders, and cardiovascular conditions.

Despite its potential, clinical implementation of SERS remains challenging due to
experimental variability, lack of standardization, and difficulties in interpreting complex
biological spectra. Overcoming these limitations requires optimized experimental

protocols, advanced data analysis, and validation across multiple clinical settings.

In this context, the present doctoral thesis is situated at the intersection of fundamental
SERS methodology and clinical application. By combining controlled experimental
design, portable Raman instrumentation, and multivariate data analysis, the primary
objective of this thesis is to evaluate and advance label-free SERS as a non-invasive

analytical approach for clinical liquid biopsy applications.
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1. SURFACE-ENHANCED RAMAN SCATTERING (SERS)

Chapter 1 presents the theoretical foundations of Raman spectroscopy and surface-
enhanced Raman scattering (SERS). Raman spectroscopy is a vibrational spectroscopic
technique based on the inelastic scattering of light by molecules, providing detailed
molecular fingerprints with minimal sample preparation. The Raman effect arises from
changes in molecular polarizability during vibration and includes Rayleigh, Stokes, and

anti-Stokes scattering processes [7, 8].

However, because only a very small fraction of photons undergo Raman scattering, the
sensitivity of conventional Raman spectroscopy is limited [9]. Consequently,

enhancement strategies are required to improve detection sensitivity.

In this purpose, SERS spectroscopy was developed as one of the most effective signal
amplification techniques, providing enhancement factors up to 10 and enabling single-
molecule detection [1-6]. SERS was first observed by Fleischmann et al. in 1974 using
pyridine adsorbed on rough silver electrodes [10], while the enhancement mechanism
was later confirmed independently by Jeanmaire and Van Duyne [11] and Creighton et
al. [12]. Since then, SERS has become an important topic of research, with its enhancement
generally attributed to two complementary mechanisms: electromagnetic enhancement

and chemical enhancement [13].

The electromagnetic enhancement mechanism originates from localized surface
plasmon resonances generated on metallic nanostructures, typically noble metal
nanoparticles [14, 15]. When incident light interacts with quasi-free electrons on the metal
surface, collective electron oscillations produce highly amplified localized
electromagnetic fields near the nanoparticle surface. The intensity of this field depends

on nanoparticle size, dielectric properties, and the distance between the molecule and the
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metallic surface [16]. Molecules positioned close to the nanostructure experience a

dramatic increase in Raman signal intensity due to this amplified electromagnetic field.

In contrast, the chemical enhancement mechanism arises from charge-transfer
interactions between the adsorbed molecule and the metallic substrate [13, 17].
Adsorption may occur through weak physisorption interactions or stronger
chemisorption processes involving orbital hybridization and the formation of metal-
molecule complexes [18]. Chemical enhancement is associated with resonant electronic
transitions within these complexes, particularly between HOMO and LUMO states,
leading to selective amplification of certain vibrational modes [19]. Molecules with high
affinity for metal surfaces, such as thiol-containing compounds, readily undergo

adsorption and contribute strongly to the SERS effect [20].

Neither electromagnetic nor chemical enhancement alone can fully explain the SERS
phenomenon. Therefore, SERS is currently understood as a synergistic interplay between
both mechanisms, where chemical enhancement explains the requirement for molecular
adsorption and electromagnetic enhancement accounts for the large increase in Raman

signal intensity.

2. SERS IN MEDICINE

Chapter 2 presents the biomedical applications of surface-enhanced Raman scattering
(SERS), with a particular focus on its use as a label-free liquid biopsy platform. Owing to
its high sensitivity, rapid spectral acquisition, low detection limits, compatibility with
biological fluids, and minimal sample preparation requirements, SERS has emerged as a
promising technique for minimally invasive molecular diagnostics and point-of-care

applications [5, 23].
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Unlike conventional tissue biopsies, SERS-based liquid biopsy enables the rapid analysis
of biofluids without the need for molecular labels or complex sample preparation
procedures, providing clinically relevant biochemical information directly from their

molecular composition [24] (Figure 2.1.).

Other (e.g. saliva,
tears, sweat)

Figure 2.1. Schematic representation of the SERS liquid biopsy workflow, including

sample collection, spectral acquisition, and data analysis for sample classification

Furthermore, the diverse applications in oncology [25], infectious diseases [26], metabolic
disorders [27], neurological diseases [28], and cardiovascular pathology [29]
demonstrates the versatility of SERS for disease detection, classification, and treatment

monitoring.

A central aspect of this chapter is the molecular interpretation of label-free SERS spectra
of biofluids, based on surface-induced molecular selectivity. Because adsorption
processes at the nanoparticle surface preferentially promote the detection of specific

molecular species [6, 30], purine metabolites (uric acid, hypoxanthine, and xanthine)
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constitute the dominant contributors to the SERS spectra of biofluids (Figure 2.2.). This is
attributed to both their high affinity for noble metal surfaces and their relatively high

biological concentrations [31-33].
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Figure 2.2. SERS spectra of deproteinized blood serum, urine, saliva, pleural, synovial,

and cerebrospinal fluid and purine metabolites mixture (10°M) recorded in a colloidal
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AgNPs suspension synthesized via hydroxylamine hydrochloride reduction and
recorded using 532 nm laser excitation. Common bands observed across biofluids,
characteristic of purine metabolites, are highlighted. * marks the methanol band used for

protein removal.

The chapter further emphasizes that biofluid SERS spectra reflect collective adsorption
equilibria rather than isolated biomarkers [34, 35]. The recorded spectral profile results
from competitive adsorption processes governed by the global biochemical composition
of the sample, including metabolite concentration, protein content, pH and surface
affinity. Consequently, label-free SERS captures broader metabolic and biochemical
alterations associated with disease states, enabling clinically discrimination even in the

absence of specific biomarkers.

In addition, Chapter 2 reviews methodological aspects critical for clinical
implementation, including sample preprocessing, which improve analyte accessibility

and spectral reproducibility [35-41].

Finally, the chapter addresses the major limitations currently hindering the clinical
translation of SERS, including substrate variability, lack of standardized experimental
protocols, difficulties in spectral interpretation, and challenges related to reproducibility
across laboratories and patient cohorts. These considerations establish the conceptual and
methodological framework necessary for the experimental investigations presented later
in the thesis and underline the importance of optimization and validation for advancing

label-free SERS toward routine clinical and point-of-care applications.

11
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3. MATERIALS AND METHODS

This chapter describes the common and general experimental design, sample handling,
SERS measurements parameters, and data analysis procedures employed across three
independent studies investigating label-free SERS profiling of biofluids: (i) urine-based
analysis, (ii) serum-based analysis, and (iii) pleural fluid characterization. Further specific
materials and methods characteristic for each study are presented in the corresponding

subsections of Chapter 4.

Biofluid samples, including urine, serum, and pleural fluid, were collected from patients
with malignant diseases and corresponding control groups following informed consent
procedures. To facilitate metabolite detection by SERS, serum and pleural fluid samples
underwent centrifugation and methanol-based protein depletion, while urine samples
were analyzed in raw form. All preprocessed samples were stored at -80 °C prior to

spectral acquisition.

Silver nanoparticles (AgNPs), synthesized through hydroxylamine hydrochloride
reduction of silver nitrate according to the Leopold-Lendl method [46], were used as the

SERS-active substrate in all experiments.

SERS measurements were performed in clinical environments using portable Raman
spectrometers operating with 532 nm laser excitation. For spectral acquisition, biofluid
samples were mixed with AgNPs and Ca?" ions prior to deposition onto aluminum-
covered microscope slides. The addition of Ca?* ions promoted the adsorption of anionic

metabolites onto the nanoparticle surface through mechanisms previously described [47].

Spectra were collected immediately after mixture deposition, with multiple acquisitions

averaged to obtain the final spectrum for each sample.

12
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All spectra were processed using a standardized workflow in Quasar-Orange platform
[48, 49]. Preprocessing included spectral range selection, baseline correction using a

rubber-band algorithm, and vector normalization.

The chapter further details the multivariate statistical: Principal Component Analysis
(PCA) was used as an unsupervised dimensionality reduction technique to identify
clustering tendencies and extract the dominant variance structure of the spectral datasets,
and for classification tasks, the supervised machine learning models Logistic Regression

(LR) and Random Forest (RF) were used.

4. RESULTS AND DISCUSSION

4.1 SERS optimization for urine-based early detection of breast cancer

Section 4.1 investigates the application of urine-based surface-enhanced Raman
scattering (SERS) as a non-invasive liquid biopsy approach for early breast cancer
detection. Although urine SERS analysis represents a promising diagnostic strategy due
to its non-invasive collection, minimal preprocessing requirements, and sensitivity to
systemic metabolic alterations [50], its clinical implementation is limited by variability in
urine composition, particularly pH and dilution, as well as by the incomplete

understanding of the molecular contributors to the recorded spectra [35].

This study analyzed urine samples collected from early-stage breast cancer patients (n =
18) and control subjects (n = 10) under controlled pH conditions (pH native, 5, 7, and 9).
Sample classification was performed using Principal Component Analysis (PCA) and

Logistic Regression (LR).

The study indicates that urinary pH strongly influences molecular adsorption on the

silver nanoparticle surface and therefore modulates the resulting SERS spectra. At native

13
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urine pH, spectra were dominated by hypoxanthine bands, whereas alkaline conditions
(pH 9) enhanced the contributions of uric acid, hypoxanthine, and creatinine (Figure 4.1.).
Xanthine signals decreased under alkaline conditions, likely due to competitive
adsorption effects occurring at the nanoparticle interface. Analysis of simulated urine
mixtures further confirmed that these spectral variations are governed not only by the
intrinsic adsorption properties of individual metabolites, but also by collective

adsorption equilibria dependent on pH and molecular competition at the metal surface.

An important finding of this study was the identification of the creatinine band at 1420
cm™ as a suitable internal normalization standard for correcting urine dilution variability.
Since creatinine excretion is relatively constant [51], normalization to this band reduced
spectral variability associated with hydration status and urine concentration differences,
thereby improving the reproducibility and clinical interpretability of the SERS

measurements.

14
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Figure 4.1. Effect of pH on label-free SERS spectral profiles of urine and purine metabolites. (A) Average SERS spectra of

urine samples from breast cancer patients at their native pH (black) and after adjustment to pH 5 (orange), pH 7 (green),

and pH 9 (blue). (B) SERS spectra of a model mixture containing creatinine (10 M), uric acid (10# M), hypoxanthine (10~

M), and xanthine (10 M), recorded across a pH range from 5 to 9. (C-F) SERS spectra of the individual components

measured at different pH values: (C) hypoxanthine, (D) xanthine, (E) uric acid, and (F) creatinine, at pH 5 (orange), pH 6

(light green), pH 7 (green), pH 8 (dark green), and pH 9 (blue) [35]
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A visual examination of the SERS spectra highlights clear distinctions between BC and

SERS-based liquid biopsy for clinical applications

CTRL samples at all investigated pH values, with the richest spectral information being

obtained at pH 9. Additionally, the normalization of SERS spectra using the creatinine

band at 1420 cm™ revealed marked differences between CTRL and BC groups. In

particular, variations were observed in the intensities of bands attributed to

hypoxanthine (725 cm™) and uric acid (889 and 1131 cm™) (Figure 4.3.A).
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Figure 4.2. (A) Mean SERS spectra of CTRL and BC at pH 9, normalized to the creatinine

band at 1420 cm™, shown with standard deviations. (B) Scatter plot of score values for

PC1 and PC2. (C-D) Corresponding loading plots for PC1 (C) and PC2 (D) [35].
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The PCA score plot demonstrated unsupervised clustering of the samples, with
separation primarily along PC2 (Figure 4.3.B). The corresponding PC2 loading plot
indicated a negative correlation between 725, 889 and 1131 cm™ bands with 774, 1080,
and 1334 cm™ ones, which could not be assigned to the purine metabolites investigated
here and were more prominent in the CTRL group. In contrast, bands related to uric acid
and xanthine showed higher intensities in the BC group, underscoring their potential

utility as diagnostic markers.

Logistic Regression achieved the highest classification accuracy for urine samples
adjusted to pH 9 (89.3%), while creatinine-normalized spectra maintained high
classification performance (85.7%) and improved robustness against dilution-related

variability.

Overall, this study demonstrates that standardizing urinary pH and applying creatinine-
based normalization substantially improve the interpretability, reproducibility, and
classification performance of urine SERS analysis. However, the relatively small sample
size represents a limitation of the present study, and validation in larger independent

cohorts is required.

4.2 Detection and treatment response in colorectal cancer

Section 4.2 explores the applicability of the SERS method for colorectal cancer detection
and for evaluating the response of rectal adenocarcinoma (READ) patients to
preoperative radiochemotherapy (RCT). Although magnetic resonance imaging (MRI) is
routinely used for assessing treatment response prior to surgery, its diagnostic accuracy
remains limited and highly dependent on radiological interpretation [52]. Consequently,
there is growing interest in non-invasive and objective liquid biopsy approaches capable

of monitoring treatment response through systemic metabolic profiling.

17
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This study included serum samples from patients with colon adenocarcinoma (COAD, n
= 35), rectal adenocarcinoma treated with RCT (READ, n =33), and controls with benign
pathologies (CTRL, n = 31). Among READ patients, 11 exhibited near-complete tumor
regression following RCT (responders, R), while 22 showed residual disease (non-
responders, NR), according to the Ryan tumor regression grading system [37]. SERS
measurements were performed using portable Raman instrumentation, while processing
and interpretation of the spectral data included Principal Component Analysis (PCA)
with supervised machine learning models, including Logistic Regression (LR) and

Random Forest (RF).

Firstly, the study explored whether SERS spectra acquired from serum could distinguish
responders from non-responders following RCT. Mean spectra of responder samples
showed higher intensities of bands associated with uric acid and hypoxanthine compared
with non-responders, together with a distinct band at 910 cm™ observed only in
responders. PCA identified differences between the two groups, primarily through PC5
and PC17.

18



Cozan Ramona-Gabriela

>

SERS-based liquid biopsy for clinical applications

Morm, SERS intensity § arb, units
= = o =
o (=] (=} o
L] w S o

o
[=}
ur

[

640

725

1136

910

400 500 600 700 8OO 900 10001100 120013001400 15001600 1700

Wavenumber / cm’’

@]

. PC17

-20

0 10
PC5

B —
20+
92910- .
P H
104
-20
PC5  PC17
PC5 9'
DL
NR %om—tkh | \’Jh“ Hk ('|rl|'|“
5 \ I
'W “ﬂ,lfm Ay
010 lwawnuibe“”
Eom w \ tw -M IH "n
30 s E

T
400 800 BOO 1000 1200 1400 1800 1800
Wavenumber / em ™

Figure 4.3. (A)Mean serum SERSspectra of patients with READ with almost

complete tumor regression (R) and no response (NR) to RCT; (B) Score distributions of
p g ( p

PC5 (p =0.048) and PC17 (p = 0.019) for R and NR patients; * depicts differences between

groups with statistical significance of p <0.05 (C) Sample score plot represented on PC5

and PC17; (D) Loading plots of PC5 and PC17 [53].

A second objective of the study was to determine whether the metabolic signatures of

READ patients resembled cancerous or healthy states following treatment. Since COAD

and READ share similar histological characteristics, a classification model distinguishing

COAD from CTRL samples was developed and subsequently applied independently to

the responder and non-responder groups. LR and RF classifiers achieved classification
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accuracies of 75% and 74%, respectively, for differentiating COAD from CTRL samples.
When applied to the READ cohort, the Random Forest classifier identified 86% of non-

responder samples as cancer-related, in agreement with histopathological findings.

Table 4.1. Classification of patients with READ (R and NR to RCT), into COAD and CTRL

groups. Confusion matrix of LR and RF classifiers.

Logistic Regression Predicted Random Forest Predicted
Sample COAD CTRL Sample COAD CTRL
= A = 0
§ é R (n=11) 8 3 g é R (n=11) 7 4
NR (n=22) 15 7 NR (n=22) 19 3

Unexpectedly, most responder samples were also classified as cancer-like despite
histopathological evidence of near-complete tumor regression. These findings suggest
the persistence of cancer-associated metabolic alterations even after substantial
histological tumor regression, supporting the hypothesis of a possible “metabolic

memory” effect or residual disease-associated metabolic signature.

Spectral interpretation indicated that the dominant SERS features were primarily
associated with purine metabolites such as uric acid, hypoxanthine, and xanthine, whose
relative intensities differed between cancer and control groups. In particular, variations
in the intensity ratio between the 725 and 740 cm™ bands appeared to contribute to the

distinction between cancerous and non-cancerous metabolic profiles.
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Figure 4.4. (A) Mean SERS spectra of COAD, READ (R and NR) and CTRL samples; (B)
The projection of the READ (R and NR), COAD and CTRL spectra on the significant PCs
for COAD and CTRL discrimination (PC1, PC2, PC9 and PC12) [53].

Overall, this study demonstrates the potential of serum-based SERS liquid biopsy for
both colorectal cancer detection and treatment-response monitoring. The wuser-
independent classification strategy, together with the concordance between SERS-based
predictions and histopathological findings, highlights the promise of SERS as a rapid,
non-invasive, and clinically adaptable approach for cancer monitoring. Nevertheless, the
relatively limited cohort size and the complexity of interpreting biofluid SERS spectra

remain important limitations, requiring validation in larger independent cohorts.
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4.3 SERS profiling of pleural fluid

Section 4.3 explores the application of surface-enhanced Raman scattering (SERS) for the
label-free analysis of pleural fluid, with the aim of developing a rapid and minimally
invasive approach for pleural effusion (PE) characterization. Pleural effusions are
common complications of pulmonary and systemic diseases, including malignancies,
infections, and cardiac disorders, and their diagnosis often relies on specialized
laboratory infrastructure. In this context, SERS represents a promising alternative due to
its ability to rapidly provide metabolic information from complex biological fluids using

portable instrumentation [54-56].

This pilot study investigated SERS profiling of pleural fluid and focused primarily on
establishing a practical and reproducible preprocessing workflow. Pleural fluid samples
were analyzed in three forms: raw (bulk), centrifuged supernatant, and protein-depleted
fractions. Initial measurements of raw and centrifuged samples produced spectra with
poor signal quality and limited metabolite information. In contrast, methanol-based
protein depletion significantly improved spectral quality and signal-to-noise ratio,
demonstrating that protein removal is a critical step for obtaining interpretable pleural

fluid SERS spectra.
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Figure 4.5. (A) The preprocessing steps (bulk sample, centrifuged supernatant, and
protein-depleted fluid) alongside the corresponding average SERS spectra. (B) Individual
SERS spectra of centrifugated pleural fluid samples, grouped as transudates or exudates.

(C) A schematic overview of the experimental workflow for SERS profiling of pleural

fluid [57].

A comparative analysis of the SERS spectra of pleural fluid, urine, and serum revealed

similar spectral contributions across the three biofluids, with the dominant spectral bands
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originating from purine metabolites, particularly uric acid (636, 811, 881, 1130, and 1201
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Figure 4.6. (A) Mean SERS spectra of pleural fluid (blue), protein-depleted serum (red)
and urine (orange). The Raman band at 1010 cm™ in pleural fluid and serum spectra
(marked with *) is attributed to methanol used for sample protein-depletetion. SERS
spectra of individual components: (B) uric acid, (C) xanthine and (D) hypoxanthine. (E)

SERS spectrum of a mixture containing uric acid, xanthine and hypoxanthine [57].

Subsequently, the study aimed to differentiate between transudative and exudative
pleural effusions. Although both groups exhibited broadly similar spectral profiles,

differences in relative band intensities and spectral reproducibility were identified.
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Transudative samples displayed sharper and more intense uric acid-associated bands
together with greater inter-sample variability. In contrast, exudative pleural effusions
showed enhanced bands particularly near 725, 740, and 1265 cm™, and demonstrated

improved spectral consistency.

Principal Component Analysis (PCA) further supported the distinction between
transudative and exudative samples through unsupervised clustering. Loading plot

analysis revealed that the separation was primarily driven by differences between uric

acid-dominated spectral regions.
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Figure 4.7. (A) Mean SERS spectra and standard deviation of protein-depleted transudate

(blue) and exudate (magenta) pleural fluid samples together with their difference
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spectrum (black); (B) Scatter plot of PC1 and PC2 score values; Loadings plot of PC1 (C)
and PC2 (D) [57].

Overall, this study proposes a workflow for label-free SERS analysis of pleural fluid. The
results highlight the potential of SERS as a rapid, cost-effective, and minimally invasive
method for pleural fluid characterization, while also emphasizing the importance of
standardized preprocessing protocols, particularly protein-depletion. Nevertheless, the
relatively small cohort size and exploratory nature of the study require further validation

in larger and clinically diverse patient populations.

5. FINAL CONCLUSIONS

Chapter 5 summarizes the main findings of this doctoral thesis and highlights the
versatility and clinical potential of SERS spectroscopy as a label-free liquid biopsy
method. Through three complementary studies focused on urine, serum, and pleural
fluid analysis, this work demonstrates that SERS can detect disease-associated metabolic
alterations directly from complex biofluids, supporting its applicability across multiple

clinical contexts.

An important achievement across all studies was the successful implementation of
portable Raman instrumentation in clinical environments. This demonstrates the
feasibility of acquiring SERS spectra outside specialized laboratory settings and supports
the potential integration of SERS into point-of-care diagnostic workflows. Combined
with automated preprocessing and machine learning analysis, portable SERS systems
may reduce operator dependence and improve the accessibility of spectroscopic

diagnostics in clinical practice.
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Despite these advances, the thesis also highlights several limitations that currently hinder
the clinical translation of SERS. Interpretation of label-free SERS spectra remains complex
due to overlapping metabolite contributions and the presence of unassigned spectral
tfeatures. Furthermore, all studies were conducted on relatively small patient cohorts,
emphasizing the exploratory nature of the work. Larger multicentric studies,
standardized experimental protocols, and further validation will therefore be essential

for establishing SERS as a reliable clinical diagnostic technique.
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