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Abstract Surface-enhanced Raman scattering (SERS) spec-
tra were obtained from urine samples from subjects diagnosed
with prostate cancer as well as from healthy controls, using Au
nanoparticles as substrates. Principal component analysis
(PCA) of the spectral data, followed by linear discriminant
analysis (LDA), leads to a classification model with a sensi-
tivity of 100%, a specificity of 89%, and an overall diagnostic
accuracy of 95 %. Even considering the very limited number
of samples involved in this report, preliminary results from
this approach are extremely promising, encouraging further
investigation.
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Introduction

The burden imposed by prostate cancer on public health is
very relevant: it is the most frequent non-dermatologic cancer
and the second leading cause of cancer death in men. Screen-
ing for prostate cancer has become a main controversial topic.
The currently used screening tools—serum PSA (prostate-
specific antigen) and DRE (digital rectal examination)—have
a rather low predictive accuracy (reviewed in [1]), and conse-
quently, the real benefit of these screening methods in reduc-
ing the mortality due to prostate cancer was not agreed upon
[1]. In fact, there was a great concern about the risks related to
overdiagnosis and overtreatment of Binsignificant^ prostate
cancers (i.e., those cancers not threatening patient survival).
In support of these criticisms, while prostate cancer detection
increased linearly with the use of PSA, the survival rate did
not significantly change. This implies that a greater number of
indolent tumors are diagnosed whereas real tumors are not
identified and thus not properly treated. For these reasons,
more effective diagnostic tools are needed for an efficient
screening of prostate cancer.

Surface-enhanced Raman scattering (SERS) is a vibration-
al spectroscopy technique, which has recently gained much
interest for the diagnosis of cancer, in particular for prostate
cancer [2]. In a very recent work, prostate cancer is reported to
have been detected from blood serum SERS spectra with a
diagnostic accuracy as high as 98 % [3]. SERS is rapid, por-
table, and relatively inexpensive, and thus, it is an excellent
candidate for screening. The aim of this preliminary study is to
report the use of SERS spectra of urine, another body fluid
widely used in clinical analysis, to diagnose prostate cancer by
directly comparing samples from healthy donors with those
collected from patients with prostate cancer. Since urine
comes in contact with the prostate, there might be changes
in its biochemical composition, which could be detected by
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SERS. The testing of urine has an additional advantage, that
the sampling is not invasive. Hereafter, the diagnostic poten-
tial of SERS spectra of urine has been assessed using both
principal component analysis (PCA) and linear discriminant
analysis (LDA), two widely used chemometric techniques,
often combined together in an approach called PCA-LDA
[4, 5]. Despite the limited number of samples, results clearly
show the occurrence of marked spectral differences, suggest-
ing that diagnostics based on urine SERS is worthy of further
investigation.

Materials and methods

Collection, processing, and storage of urine samples

Urine samples of all participants were provided by the
biobank of the CRO National Cancer Institute (Aviano, Italy).
Nine prostate cancer patients undergoing radical prostatecto-
my (age range 56±4) were enrolled by the Urology Depart-
ment of Policlinico San Giorgio (Pordenone, Italy), while nine
healthy subject (age range 64±5) were directly enrolled by
CRO-Biobank. Samples were collected at diagnosis, so that
no therapies could affect the results of our analysis. All pa-
tients underwent blood tests (PSA), urological examination,
and transrectal ultrasound-guided biopsy of the prostate. The
healthy controls were asymptomatic and negative for blood
tests (PSA). All controls have been re-contacted 1 year after
the urine collection, resulting still asymptomatic. All partici-
pants provided written informed consent to participate in this
study. The CRO-Biobank project has been approved by the
CRO Institutional Ethics Committee. Morning urine samples
were collected from fasting subjects and promptly frozen in
dry ice. Urine samples collected by the Policlinico San
Giorgio were transported to CRO-Biobank in dry ice. All
samples were then stored at −80 °C (within 4–5 h after col-
lection) until analysis. Urine samples were thawed at 37 °C in
a thermostatically controlled water bath and immediately fil-
tered (Amicon Ultra 3K centrifugal filter devices, cutoff
3 kDa) by centrifugation at 14,000g, at 4 °C for 15 min, in
order to remove traces of proteins (e.g., hemoglobin) which
might interfere with SERS analysis. In this preliminary study,
we focused on the detection of urine metabolites, ruling out
any interfering signal due to proteins. All samples were then
stored at −80 °C until SERS analysis.

SERS substrate preparation and characterization

The SERS spectra were acquired using Au nanoparticles
(AuNP), prepared using the Turkevich method [6]. Briefly,
10.6 mg of HAuCl4 was dissolved in 25 mL of Milli-Q water
and heated until boiling. 750 μL of a 1 % sodium citrate
solution was then quickly added under vigorous stirring.

The solution was kept boiling under stirring for 20 min.
The AuNP colloids obtained were stored in the dark at RT
and were stable for several months. All chemicals were pur-
chased from Sigma-Aldrich and used as received. All glass-
ware used for AuNP preparation was carefully cleaned with
aqua regia (HNO3+HCl 1:3) and thoroughly rinsed with
Milli-Q water. For all cleaning procedures and preparation of
solutions, Milli-Q water was used. AuNP colloids were char-
acterized by UV-visible absorption spectroscopy after each
preparation (data not shown), using a Lambda 20bio UV-vis
spectrometer (PerkinElmer, Monza, Italy). The extinction
band maximum at 535 nm indicates an average particle diam-
eter of 50 nm [7].

SERS instrumentation

SERS spectra were collected using an inVia Raman micro-
scope (Renishaw plc,Wotton-under-Edge, UK) equippedwith
NIR diode laser emitting at 785 nm (Toptica Photonics AG,
Germany) delivering 120 mW of power at the sample, and a
spectrograph with a 1800-l/mm grating. For data acquisition,
the laser was focused on the sample via a ×10 microscope
objective (N.A. 0.25). The spectrograph was calibrated using
the lines of a Ne lamp, and the calibration was checked prior to
each measurement using the 520 cm−1 band of a silicon refer-
ence sample.

Sample preparation for SERS measurements

Filtered urine aliquots were mixed with AuNP using a micro-
pipette in a 1.5-mL polypropylene tube, in a biofluid-substrate
ratio of 1:9 for a total volume of 50 μL (i.e., 5 μL+45μL); the
AuNP were those obtained as previously described and they
acted as SERS substrates. The mixtures were rapidly trans-
ferred on a UV-vacuum quality CaF2 microscope slide (Crys-
tal GmbH, Berlin, Germany) using a micropipette, and in-
stantly placed under the Ramanmicroscope for spectral acqui-
sition. The laser was then focused on the top of the drop, and
SERS spectra were immediately acquired with an exposure
time of 10 s.

Data preprocessing

All data preprocessing and analysis was performed within the
R software environment for statistical computing and graphics
[8]. In particular, data import and export, preprocessing, and
visualization were performed with the hyperSpec package [9]
for R.

The preprocessing consisted of four steps: (1) baseline cor-
rection, (2) smoothing interpolation to project the spectra on
an evenly spaced wavenumber axis (using the function
spc.loess from package hyperSpec), and (3) intensity vector
normalization. For the baseline correction, a polynomial
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baseline (4th order) was fit automatically to the whole spectral
range and was subtracted from each spectrum of the dataset
using function modpolyfit from package baseline [10], and
peak picking was performed using detectPeaks from package
MALDIquant [11].

PCA-LDA classification of SERS spectra

LDAwas performed using the lda function of packageMASS
[12]. The PCA-LDA model was then validated using the
Bleave-one-out^ (LOO) cross-validation technique [4, 5],
i.e., dividing the n spectra of the dataset in a Btraining set^
of n−1 spectra (used to build the PCA-LDA model), and a
Btest set^ of 1 spectrum (used to test the model), and repeating
this operation n times, until all spectra have been left out as
test set once. Since there was one spectrum per patient, the

validation corresponds to a Bleave-one-patient-out.^ For each
cross-validation step, training and test sets were kept indepen-
dent of each other with respect to PCA, which was carried out
on the training set only; conversely, the PCs for the test sam-
ples were calculated using the preProcess function of package
caret [13].

Results and discussion

Average SERS spectra of urine samples of the prostate cancer
and control groups are shown in Fig. 1, along with their spec-
tral difference. Literature on SERS spectra of urine is scarce
[14], and thus, most bands in the spectra of Fig. 1 are still
unassigned. Based on available data, the bands at 1426 and
1453 cm−1 are attributed to creatinine [15], and bands at 495,

Fig. 1 Average normalized
SERS spectra of urine samples of
the prostate cancer group (in red,
n=9) and of the control group (in
blue, n=9), together with their
difference spectrum (average
prostate cancer−average control,
in gray). Together with the
average spectra, intensity
standard deviations are reported
as shaded areas

Fig. 2 (Left) Scores plot for the first two PCs of the urine SERS spectra (red prostate cancer samples, blue controls) and (right) loadings for the first
component (PC1)
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653, and 1130 cm−1 are tentatively assigned to uric acid [16],
both metabolites being abundant in urine [17]. The most in-
tense band at 721 cm−1 could be due to a purine derivative,
such as hypoxanthine [16], which, in spite of its relatively
low (μM) concentration, has been observed also in other
biofluids, such as serum and tears [18]. The presence of hy-
poxanthine in urine SERS spectra is further corroborated by
the positive bands observed in the difference spectrum in
Fig. 1: positive peaks at 721, 958, 1084, and 1461 cm−1 can
be all assigned to hypoxanthine [16, 18], indicating that this
metabolite is more abundant in the prostate cancer samples
than in controls.

Spectral differences between SERS spectra of prostate
cancer and controls are also found using PCA, a well-
known Bexploratory analysis^ technique [4, 5]. PCA ex-
tracts the meaningful information out of a set of spectra,
conveying it in a limited set of principal components
(PCs). Already, the first principal component (PC1) ap-
pears to give a reasonable separation of the prostate
cancer group from the controls (Fig. 2, left). As expect-
ed, the loadings of the PC1 (Fig. 2, right) are very
similar to the difference spectrum of Fig. 1, suggesting
that the differences observed between the spectra of the
two groups might be sufficient to tell them apart.

LDA is a classification method which, given a
dataset is divided into two classes (i.e., in our case,
prostate cancer and controls), finds one linear function
of the dataset variables that can discriminate between
the classes [4, 5]. Since the number of variables should
not exceed the number of samples, dimension is usually
reduced by summarizing the spectral information into a
smaller set of latent variables, such as the PCs. In our
case, the first nine PCs, explaining the 95 % of spectral
variance, were used as variables in the LDA for the
construction of a predictive model, from which the sen-
sitivity, specificity, and overall accuracy of the method
can be estimated. The results of the LOO-cross-
validated PCA-LDA classification are reported, in the
form of a confusion matrix, in Table 1. As can be
observed, only one sample was misclassified by the
model, leading to a sensitivity of 100 %, a specificity
of 89 %, and an overall diagnostic accuracy of 95 %.

In spite of the limited number of subjects involved in this
preliminary study, the results are extremely encouraging and

comparable to those obtained from blood serum [3], suggest-
ing the need for further studies, extending this approach to a
larger number of samples.
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