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Simple Summary: Surface-enhanced Raman spectroscopy (SERS) of urine is a promising tool for
cancer detection but is challenged by variations in urine dilution and pH variations. This study
analyzed urine from breast cancer patients and controls at various pH levels and used simulated
mixtures to explore spectral variations. Results showed that urine at pH 9 provided the most detailed
features, with hypoxanthine, uric acid, and creatinine contributing significantly. Normalizing signals
to the creatinine band helped mitigate dilution effects, improving classification accuracy using a
random forest model. Optimizing pH and signal normalization enhances SERS's potential for clinical
applications in cancer detection.

Abstract: Background: Surface-enhanced Raman spectroscopy (SERS) analysis of urine is a
promising liquid biopsy technique for cancer detection. However, its clinical translation is hindered
by two major challenges that impact classification efficacy. First, the SERS signal of urine is
confounded by fluctuations induced by physiological differences in urine composition such as pH
and dilution. Second, the molecular origin of the SERS signal of urine is incompletely understood,
limiting the interpretability of machine learning classifiers in terms of specific biochemical markers.
Methods: In this pilot study, we analyzed urine samples from breast cancer patients (n=18) and
control subjects (n=10) at three pH levels (5, 7, and 9). Additionally, we analyzed simulated urine
mixtures consisting of uric acid, hypoxanthine, xanthine, and creatinine in physiological
concentrations to explain the variation in the SERS spectra at different pH values. Results: Urine at
pH 9 yielded the most detailed spectral features. The SERS spectral pattern under alkaline pH
reflected greater contributions from hypoxanthine, uric acid, and creatinine, while xanthine
contributions diminished due to competitive interactions at the SERS substrate surface. Normalizing
SERS signals to the creatinine band at 1420 cm™ effectively mitigated the confounding effects of urine
dilution. These adjustments improved the classification accuracy of a random forest model.
Conclusions: Optimizing the pH to 9 and normalizing to creatinine significantly enhance the
interpretability and accuracy of SERS-based urine analysis for cancer detection. These findings offer
important theoretical and practical advancements in the development of SERS-based liquid biopsy
tools for cancer detection.

Keywords: breast cancer; pH; SERS; liquid biopsy

1. Introduction

Breast cancer is the most common cancer among women globally and a leading cause of cancer-
related deaths. Data shows that more than 32000 deaths have been avoided annually in Canada due
to early detection and treatment improvement [1]. Screening mammography will reduce breast
cancer mortality up to 31% according to New York Health Insurance plan trial and Swedish Two-
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Country trial, if screening mammography is applied to women population between 40 and 74 year
[2,3]. After these promising results, screening mammography has spread worldwide. Screening
mammography is associated with false positive lesions by identifying abnormalities that are not
cancers, leading to anxiety, unnecessary testing and biopsies. Another disadvantage is the over
diagnosis. Over diagnosis is about 11 to 22% and refers to the detection of cancers that would not
have caused symptoms or will not lead to death during a person's lifetime. These types of indolent
cancers may evolve slowly, remain dormant, meaning they would never become clinically significant
[4]. In this study we investigate the potential of spectrometric analysis of urine as a method of breast
cancer metabolites detection and the ability to discriminate between cancer patients and cancer free
patients. By tailoring this approach we may screen the population through urine analysis and
detecting patients at risk that will require mammography and biopsy. The rate of over diagnosis and
false positive may decrease offering a good impact on healthcare costs and population quality of life.

SERS profiling of urine represents an emerging liquid biopsy strategy for breast cancer diagnosis
[5-8]. SERS combines high sensitivity (comparable to fluorescence emission) with the advantages of
label-free molecular detection. Its rapid analysis capability and cost-effectiveness makes it
particularly attractive for clinical applications [8-11]. SERS relies on the interaction of molecules with
metallic nanosurfaces, resulting in the enhanced Raman signal of adsorbed species [12]. This
mechanism provides high specificity, as only molecules with strong affinities for the metal surface,
such as purine metabolites, are predominantly detected, while other urine metabolites have a much
lower contribution to the spectral pattern [9,13].

Among various biofluids, urine offers unique advantages for cancer diagnostics due to its non-
invasive collection, minimal pre-processing requirements, and potential to reflect systemic metabolic
changes [13]. Despite its promise, the clinical translation of SERS-based analysis of urine has been
hindered by several factors, as discussed below.

The adsorption of purine metabolites such as uric acid, hypoxanthine, and xanthine is influenced
by the pH [14] of urine, which varies between 4 and 9 [15]. Since the pKa values of purine metabolites
fall within this pH range, their protonation states and thus their affinities for the metal surface can
vary, significantly affecting their SERS spectral signatures [16,17].

A second confounding factor for the SERS signal is represented by the dilution of urine (specific
gravity), which also varies widely between 1.002 to 1.037. For most clinical markers measured in
urine, the confounding effect of urine dilution is eliminated by normalization to creatinine
concentration since the daily excretion of creatinine is relatively constant [18]. To the best of our
knowledge, such a normalization strategy has not yet been implemented for the SERS signal of urine.

In addition to analytical confounding factors, the clinical translation of SERS-based analysis of
urine for cancer detection has also been hindered by the lack of interpretability of the SERS spectra.
Indeed, there is an important overlap between the SERS bands of different purine metabolites, which
impedes a clear identification of the biochemical markers that ultimately enable the classification of
samples via machine learning algorithms.

In this study, we investigated the effect of pH on the SERS signal of urine, aiming to minimize
spectral variability caused by pH fluctuations. We also analyzed simulated urine mixtures consisting
of uric acid, hypoxanthine, xanthine and creatinine in physiological concentrations, with the aim of
understanding the specific contributions of these markers on the overall SERS signal of urine at
various pH values. Finally, we explored the possibility to use creatinine as an internal standard for
eliminating the confounding effects of urine dilution. By establishing a standardized approach of
eliminating the confounding effects of variations in urine pH and dilution and by improving the
interpretability of the SERS signal of urine, this study aims to enhance the reliability of SERS
spectroscopy for cancer detection and highlight its potential as a non-invasive diagnostic tool.
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2. Materials and Methods

2.1. Patient Enrolment

The study included a group of n=18 patients who were histologically confirmed with early stage
breast cancer (BC) and referred to our hospital for elective surgery between 2023 and 2024. We also
included a group of n=10 control subjects (CTRL) represented by female patients that had benign
screening mammography in the last 12 months. All breast cancer patients were diagnosed after breast
mammography detection of malignant lesion. All patients included in BC-group had proven
histology of breast cancer through true-cut biopsies prior to surgery. After positive diagnosis and
proper staging patients were presented to the Hospital Multidisciplinary Team (MDT) discussion.
After MDT approval, upfront radical surgery was performed with no neoadjuvant treatment prior to
surgery. Surgical procedure implied lumpectomy or mastectomy with sentinel lymph node biopsy.
Post operatory histopathological assessment of the specimens was performed in order to confirm
complete excision and evaluate the nodal status. Patients with large palpable masses, suspicious
lymph nodes, neoadjuvant hormonal therapy or chemotherapy were excluded. 24 hours prior to
surgical procedure, we harvested 10 ml of urine. In the CTRL group patients that underwent
screening mammography and approved to participate to our study required 10 ml of urine harvested.
Urine was stored at -80 degrees Celsius.

The study was approved by the Ethical Committee of the 1st Surgical Clinic, County Emergency
Clinical Hospital in Cluj-Napoca, and informed consent was obtained from all patients enrolled in
the study.

2.2. SERS Spectra Acquisition

The SERS spectra were obtained using a portable Raman spectrometer (Avantes) operated in a
clinical setting. For each sample, three 10-second acquisitions were performed using a 532 nm laser
excitation line (50 mW). Hydroxylamine hydrochloride reduced silver nanoparticles (hya-AgNDPs)
were employed as the SERS substrate [19], and calcium ions (Ca?*) were used to enhance the SERS
spectra of urine [9]. A mixture of 45 puL of hya-AgNPs, 5 puL of urine, and 5x10* M Ca(NOs)2 was
prepared (final concentration of Ca?* was 5x10+ M). Subsequently, 10 uL of the mixture was placed
on a microscope slide, and a Raman probe was used to acquire the SERS spectra. pH adjustments
were performed on 100 pL aliquots of urine samples by adding HNOs and NaOH until the desired
pH value was reached. Each spectrum represents an average of three acquisitions, 10 s integration
time each.

2.3. Data Analysis

All data were preprocessed using the Quasar-Orange software (Bioinformatics Laboratory of the
University of Ljubljana [20]). SERS spectra were truncated in the 500-1800 cm™ range, followed by
rubber band baseline correction and vector normalization. Principal Component Analysis (PCA) was
performed, retaining the first principal components (PCs) that explained 95% of the cumulative
variance. The explained variance is illustrated in Supplementary Figure S1. For the analysis of
unprocessed urine samples at physiological pH values, eight principal components (PCs) were
retained. In contrast, for urine samples adjusted to controlled pH values, seven PCs accounted for
95% of the cumulative variance. The PCs used to depict the sample distribution were selected based
on Student's t-test.

The PCs explaining 95% of the cumulative variance were then used as input for Random Forest
(RF) classifiers comprising ten trees, validated through leave-one-out cross-validation.
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3. Results and Disscusion

3.1. pH-Dependent SERS Spectral Variations of Urine Metabolites

The adsorption of molecules from a complex matrix like urine occurs competitively, driven by
their relative affinity for the metal surface, which in turn depends on pH. Figure 1a displays the SERS
spectra of real urine samples from patients with breast cancer (n=18) and control subjects (n=10)
grouped based on their initial pH (i.e. as collected). The initial pH values of the urine samples ranged
from 5 to 7, consistent with the normal physiological pH range of 4-9 [15]. The SERS spectra of urine
at their initial pH highlighted main key bands corresponding to hypoxanthine (725, 1090, 1456 cm™),
and lower-intensity bands associated with uric acid at 811, 889, 1131, and 1515 cm™. The comparative
spectra of urine at different pH values also show that the most detailed spectral features are present
under alkaline conditions (pH 9).
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Figure 1. (a) Mean SERS spectra of urine samples from breast cancer patients (black) adjusted to pH values of 5
(orange), 7(green), and 9 (blue). (b) SERS spectra of a mixture containing creatinine (10 M), uric acid (10 M),
hypoxanthine (10 M), and xanthine (10 M), adjusted to pH values ranging from 5 to 9. SERS spectra of
individual components adjusted to different pH values: (c) hypoxanthine, (d) xanthine, (e) uric acid, and (f)

creatinine, at pH 5 (orange), pH 6 (lime green), pH 7 (green), pH 8 (dark green), and pH 9 (blue).

To better understand the assignment of the SERS bands of urine, we systematically analyzed the
effect of pH on the SERS signal of simulated urine represented by a mixture of the main contributors
to the SERS signal (uric acid, xanthine, hypoxanthine and creatinine) at physiologically relevant
concentrations (Figure 1b). In parallel, we analyzed the SERS signals of uric acid, xanthine,
hypoxanthine, and creatinine individually across the same range of pH values (Figure 1c-f).

Uric acid exhibited the strongest SERS signals at pH 9, consistent with the increased
concentration of anionic uric acid in this pH range (Figure 1le). This trend is also reflected in the SERS
spectra of real urine (Figure 1a) as well as in the SERS spectra of simulated urine (Figure 1b), where
the intensity of the SERS bands at 635, 811, 889, and 1131 cm™ attributed to uric acid increases
progressively from pH 5 to pH 9.

Xanthine exhibited maximal SERS intensity at pH 7, with diminished signals under both acidic
and alkaline conditions (Figure 1d). In the case of urine and simulated urine, its detection in urine
samples is challenging because of significant overlap with uric acid bands, particularly at 665 and
1559 cm™! (Figure 1a,b). In simulated urine, increasing the pH results in a shift from a sharp band at
665 cm™, associated with xanthine, to a reduction of this band and the emergence of a shoulder as
uric acid becomes more prominent in the SERS spectrum. A distinct band at 1250 cm™?, attributed to
xanthine, is also observed, which slightly decreases with higher pH in simulated urine. In contrast,
in real urine, this band slightly intensifies with increasing pH (Figure 1a).
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Hypoxanthine exhibited its highest SERS intensity at pH 9 (Figure 1c), although its spectral
variations between pH 5 and 9 were relatively subtle. In real and simulated urine samples, the
hypoxanthine SERS bands at 725, 740, and 1090 cm™ are well-defined across all pH values in this
range (Figure 1a). Two distinct bands, at 725 cm™ and 740 cm™, were identified, both corresponding
to hypoxanthine. The 725 cm™ band is attributed to the keto tautomer, while the 740 cm™ band
represents the enolic tautomer [21]. Notably, in urine samples, the keto tautomer is predominant,
which explains the absence of the 740 cm™ band in the SERS spectrum of urine (Figure 1a) [22].

Creatinine showed its strongest SERS signals at pH 5, with minimal variation across the pH
range (Figure 1f). However, in real and simulated urine samples, the creatinine SERS band at 1420
cm™ was only observed at pH 9, while the intensity of the SERS band at 572 cm™ increased with rising
pH values.

In conclusion, for uric acid and hypoxanthine, the higher intensity of the SERS signal in real and
simulated urine under alkaline conditions (pH 9) parallels the behavior of these metabolites when
measured alone. In contrast, there is a disjunction between the effect of pH on the SERS intensity of
creatinine bands in real or simulated urine on the one hand and creatinine alone: the SERS bands of
creatinine are favored by alkaline conditions, but this is not the case for creatinine measured alone.

Thus, the observed variations in SERS signals are not solely attributable to the adsorption
behavior of individual metabolites but are also influenced by competitive adsorption on the metal
surface at different pH values. Colloidal nanoparticles (NPs) offer a limited adsorption surface, which
is typically saturated at analyte concentrations of 10-°-10-* M. Above this concentration metabolite
adsorption becomes competitive, driven by their relative affinities for the silver surface. The
protonation state, which varies with pH, plays a critical role in determining these affinities.

In the case of creatinine, the reduced intensity of the creatinine-associated bands in acidic
conditions likely reflects its decreased adsorption affinity when competing with uric acid,
hypoxanthine, and xanthine, which exhibit stronger affinities for the silver surface under these
conditions. However, under alkaline conditions, despite the lower SERS intensity of individual
creatinine, the competition dynamics shifts and in this environment, all metabolites, including
creatinine, successfully adsorb onto the silver surface, becoming clearly detectable in the SERS
spectrum.

3.2. Implications for Diagnostic Applications

The pH-dependent analysis of urine samples as well as of metabolites, both individually and in
mixtures, revealed that pH 9 yields the most intense SERS bands, including the SERS bands of
creatinine, which could be used as an internal standard to control for urine dilution. Creatinine is a
convenient internal standard to control for urine dilution because the daily output in humans is
relatively constant (around 1 g). Thus, we sought to explore whether bringing all urine samples to
pH 9 followed by normalization to the creatinine band at 1420 cm™ improves the classification
accuracy.

Towards this end, we compared the results of the principal component analysis (PCA)
performed on urine samples at their initial pH and after bringing the urine samples to fixed pH
values. The results showed that the spectral differentiation between the control (CTRL) and breast
cancer (BC) groups was optimal for urine samples brought to pH 5 and pH 9 (Figures 52-56). Given
that urine samples brought to pH 9 also featured creatinine-associated SERS band suitable for
normalization, we propose it as the optimal pH for SERS-based diagnostics. Figure 2 presents the
normalized SERS spectra (relative to the 1420 cm™ creatinine band) of urine at pH 9 (Figure 2a) and
the resulting PCA scatter plot (Figure 2b), illustrating the separation of BC and CTRL groups based
on PC1 and PC2 score values (Figure 2¢,d).
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Figure 2. Urine SERS spectra normalized to creatinine. (a) Mean SERS spectra of control subjects and breast
cancer patients at pH 9, normalized to the creatinine band (1420 cm™), with standard deviations. (b) Scatter plot
of Principal Component (PC) 1 and PC2 score values. Loadings plots of PC1 (c) and PC2 (d).

The normalization of urine SERS spectra to the creatinine band at 1420 cm™ evidenced significant
differences between CTRL and BC groups. Notably, the intensities of the SERS bands associated with
hypoxanthine (725 cm™) and uric acid (889 and 1131 cm™) were distinct between the groups (Figure
2a). The scatter plot of PC1 and PC2 score values indicates unsupervised grouping, primarily driven
by PC2 (Figure 2b). The loading plot for PC2 score values shows a negative correlation with SERS
bands at 774, 1080, and 1334 cm™, which were unassignable to the purine metabolites analyzed in
this study and were more prevalent in the CTRL group (Figure 2b,c). Conversely, bands associated
with uric acid and xanthine were more pronounced in the BC group, highlighting their potential
diagnostic relevance.

Next, we investigated whether adjusting all urine samples to pH 9 followed by normalization to
creatinine would optimize classification accuracy. To assess this, the first five PCs from each pH
condition were used as input for a Random Forest (RF) classifier. The results indicated a trend of
increasing classification accuracy with higher pH levels (Supplementary Table S1). Correction to pH
9 combined with normalization to the creatinine band at 1420 cm™ achieved the best performance,
with a classification accuracy of 92.9% (Table 1).

Table 1. Confusion matrix for the Random Forest (RF) model applied to classify control subjects and breast

cancer patients based on SERS urine spectra at pH 9, normalized to creatinine.

Predicted
Control Breast cancer
E _ Control 10 0
<(E Breast cancer 2 16

Additionally, PCA of the SERS spectra of urine acquired at pH 9, followed by normalization to
creatinine, captured the highest proportion of cumulative variance within the first five PCs (Figure
S7).

A notable limitation of this study is the small sample size, which precluded robust external
validation of the RF models. However, the head-to-head comparison of PCA and RF model results
provided valuable evidence supporting the critical role of pH adjustment and normalization to
creatinine bands in enhancing SERS-based diagnostic tools for breast cancer. Validation of these
findings in larger cohorts is warranted.
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4. Conclusions

This study underscores the clinical potential of surface-enhanced Raman spectroscopy (SERS) as
a non-invasive tool for breast cancer detection through urine analysis. By addressing key challenges
such as pH variability and urine dilution, we demonstrated that urine at pH 9 yields the most detailed
and diagnostically valuable spectral features. The significant contributions of metabolites like
hypoxanthine, uric acid, and creatinine to the SERS signal at this optimal pH enhance the method's
sensitivity and specificity. Normalizing the SERS spectra to the creatinine band effectively mitigates
dilution effects, leading to improved classification accuracy with machine learning models,
particularly random forest algorithms. These findings pave the way for integrating SERS into clinical
workflows, potentially reducing reliance on more invasive procedures like biopsies and lowering the
rates of overdiagnosis and false positives in breast cancer screening. Further validation with larger,
diverse patient cohorts will be essential to confirm these results and fully realize the potential of
SERS-based urine analysis as a practical, cost-effective liquid biopsy tool in oncology.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Cumulative explained variance for samples, pH 5 (B) pH 7(C) pH 9
(D); Figure S2: Supplementary Figure 2. Mean SERS spectra of Control and Breast cancer patients with standard
deviations at the real pH value of the samples: pH 5 (C), pH 7 (E), pH 9 (G), and the scatter plot of the significant
PCs for the discrimination of the two groups at normal pH (B), pH 5 (D), pH 7 (F), and pH 9 (H). For the
physiological pH, PC2 was found to be significant (p = 0.007). For pH 7, PC1 (p = 0.0002) and PC2 (p = 0.03) were
significant. For pH 5, PC2 (p = 0.02) and PC5 (p = 0.001) were significant. For pH 9, PC1 was significant (p =
0.0001); Figure S3: Loading plot of Principal Component 1 (A) and PC 2 (B) from the PCA analysis of sample at
their initial pH values; Figure S4: Loading plot of Principal Component 1 (A) and PC 2 (B) from the PCA analysis
of sample at pH 5; Figure S5: Loading plot of Principal Component 1 (A), PC 2 (B) and PC7 ()C from the PCA
analysis of sample at pH 7; Figure S6: Loading plot of Principal Component 1 (A) and PC 2 (B) from the PCA
analysis of sample at pH 9; Figure S7: Cumulative explained variance for samples at pH 9 normalized to
creatinine; Table S1: Classification performance of the Random Forest classifier for control and breast cancer

samples, evaluated using SERS spectra of urine measured at native pH and adjusted pH levels of 5, 7, and 9.
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Abbreviations

The following abbreviations are used in this manuscript:

SERS Surface-enhanced Raman spectroscopy
hya-AgNPsHydroxylamine hydrochloride reduced silver nanoparticles
PCA Principal Component Analysis

PCs principal components

RF Random Forest

NPs Colloidal nanoparticles
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