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ABSTRACT

Prostate cancer (PCa) is widely spread in male population, especially over 65 years. Currently used medical methods of PCa diagnosis often lead to false-positive
results thus new non-invasive methods for PCa detection, such as urine tests for cancer metabolites, are actively studied. Herein, nanostructured polycrystalline
cerium oxide thin films (CeO2/GC) prepared by magnetron sputtering on a glassy carbon substrate are tested for electrochemiluminescent (ECL) detection of sar-
cosine exploiting the oxidative-reduction mechanism using Ru(bpy)3" as luminophore. Non-functionalized CeO/GC electrodes revealed a higher ECL signal stability
compared to bare glassy carbon electrodes. Moreover, CeOy/GC electrodes were successfully applied for rapid and sensitive detection of different sarcosine con-
centrations ranging from 50 to 5000 uM. These results open new possibilities for developing sensing platforms for sarcosine detection based on the CeO2/GC working

electrode via surface modification and functionalization, aiming to further investigate and improve their sensitivity and selectivity.

1. Introduction

According to World Health Organization, prostate cancer (PCa) is the
fourth most occurred cancer overall and the second in men part of the
Earth human population [1]. Actual common screening procedures for
PCa include prostate-specific antigen (PSA) blood testing and digital
rectal examination (DRE) [2]. However, PSA test may often lead to false-
positive results as increased PSA concentration may occur also in benign
prostatic hyperplasia or prostatitis. Moreover, DRE is an invasive and
uncomfortable procedure with limited sensitivity and specificity [3]. In
order to reduce medical expenses and improve patients’ quality of life,
non-invasive diagnostic methods with high precision, able to detect
alternative and more accurate biomarkers for PCa diagnosis are needed
[2]. In the last decades, non-invasive urine tests for cancer metabolites
became a promising direction for PCa screening. In particular, the
monopeptide sarcosine (SA) has been recently studied as a potential
biomarker molecule in PCa as its urine concentration increases during
cancer progression [4,5]. SA is an N-methyl glycine metabolite and it is
involved in methylation processes, occurring during the progression of
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prostate cancer, and in the metabolism of amino acids [6].

SA detection is nowadays performed through standard analytical
methods, such as high-performance liquid-chromatography-mass-spec-
trometry (HPLC/MS) and gas-chromatography-mass-spectrometry (GC/
MS), which ensure high sensitivity (in range of nM), but need expensive
instrumentation and are time-consuming [7]. In recent years, many
research groups have focused on the design and development of bio-
sensing platforms for rapid and easy SA detection, exploiting mainly
fluorescent [8-10], luminescent [11], and electrochemical [12,13]
schemes. However, determination of SA in urine samples is challenging
because it requires high sensitivity toward SA molecules to discriminate
it from the rest of the organic matrix.

In this context, electrochemiluminescence (ECL) is an efficient
analytical technique widely employed for the development of biosensing
platforms for biomarkers detection [14,15]. In the ECL luminescence
process the excited states of luminophores are electrochemically
generated in proximity of the electrode surface and then relax to a lower
state emitting light [16-18]. Thanks to its temporal and spatial control
of light emission, ECL possess high sensitivity, wide dynamic range, and
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good stability even in complex matrixes [14,19,20]. The most efficient
ECL scheme for (bio)analytical applications involves the use of ruthe-
nium(IDtris(2.2"-bipyridine) complex [Ru(bpy)g]ZJr as luminophore and
tri-n-propylamine (TPrA) as co-reactant [17,21]. In general, tertiary
amines are the most used because they provide the highest ECL intensity
and have the lowest limit of detection (LOD) [22,23].

Since SA is a secondary amine, it can also be potentially used in the
ECL systems interacting with Ru(bpy)3+ and assisting in light emission.
Indeed, it has been shown that SA acts as a good ECL co-reactant using a
supramolecular approach to create a sensor for SA determination in
urine samples, providing good selectivity in a concentration range used
for medical diagnosis of PCa [24].

It is well known that the ECL efficiency is highly dependent on the
electrochemical properties of electrode materials and many strategies
have been proposed so far to make suitable electrodes and construct
elaborate interfaces [25]. A good electrode material should be stable for
extended use, while maintaining good kinetics for co-reactant oxidation.
In this context, carbon-based materials, noble materials, and doped
materials such as boron-doped diamond possess high chemical stability
and high conductivity [26,27]. However, almost all these materials are
characterized by scarce porosity plus modification of such electrodes can
strongly influence the ECL signal [28].

Among materials, cerium oxide is one of the most promising for
biological sensing devices thanks to its catalytic activity, good biocom-
patibility, oxygen storage capacity, and electron transfer capability
[29-31].

Recently, we reported the use of compact polycrystalline cerium
oxide thin film deposited on a glassy carbon substrate (CeOy/GC) as
electrode for the electrochemical detection of hydrogen peroxide [32].
Herein, we explore the capability of non-functionalized polycrystalline
CeO,/GC oxide film as a working electrode for ECL generation through
an “oxidative-reduction” based scheme using SA as a co-reactant. The
ECL detection of SA in aqueous solution (PBS, pH 7.2) was tested and
compared with the one at bare glassy carbon electrodes, demonstrating
advantages of nanostructured film over flat surfaces. Moreover, poly-
crystalline CeO,/GC electrodes demonstrated the ability to distinguish
different concentrations of SA in a range suitable for analytical purposes.

2. Experimental
2.1. Materials

All chemicals were of analytical grade and were purchased from
Sigma-Aldrich (St. Louis, MO) unless otherwise indicated. Glassy carbon
substrates (>99.9 %, 1 mm thick, type 2) were purchased from Alfa
Aesar (USA). The phosphate buffer solution (PBS, pH 7.2) was prepared
by dissolving 15.9 g of NaHPO4 and 13.9 g of NagHPO,4 in 1000 mL of
ultrapure water (18 MQ cm). Total concentration of PBS was 200 mM.
SA solutions (0 — 5000 uM) were prepared in PBS 200 mM (pH 7.2) and
stored at 4 °C.

2.2. Polycrystalline cerium oxide fabrication and characterization

Polycrystalline cerium oxide films were deposited onto glassy carbon
substrate by non-reactive magnetron sputtering of a CeO, target
(99.999 %, Kurt J. Lesker) under Ar atmosphere (4 x 1073 mbar). The
magnetron sputtering was done using a RF power of 65 W, providing 1
nm min~! growth rate of cerium oxide film. The thickness of the oxide
films was estimated to be about 15 nm. The surface morphology and
structure were characterized by a Bruker MultiMode 8 atomic force
microscope (AFM) and a Tescan Mira 3 scanning electron microscope
(SEM).

The chemical state of the CeO,/GC electrode on the surface and
throughout the whole thickness was examined by means of X-ray
photoelectron spectroscopy (XPS) technique. The Ce 3d core level
spectrum was recorded by XPS, providing information about oxidative
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state of Ce cations from about 7 nm deep layers of the film. The XPS
experiment was conducted at the Materials Science beamline at Elettra
synchrotron in Trieste, Italy.

2.3. Electrochemiluminescent detection of SA

ECL and electrochemical (EC) measurements were carried out with
an AUTOLAB electrochemical station (Ecochemie, Mod. PGSTAT 30) in
a home-made transparent three electrode cell with Ag/AgCl used as
reference electrode, a platinum wire as counter electrode, and bare GC
or Ce0Oy/GC as working electrode. During the EC measurements, the
surface of CeOy/GC electrodes in contact with the working solution was
delimited by 0.5 cm? (circle of 0.8 cm diameter) o-ring. ECL signals were
generated in chronoamperometry (CA) mode at potential of 1.4 V and
measured with a photomultiplier tube (Acton PMT PD471, Hamamatsu
R4220p) placed at a constant distance in front of the cell and inside a
dark box. A voltage of 750 V was supplied to the PMT. The light/cur-
rent/voltage curves were recorded by collecting the pre-amplified PMT
output signal (using an ultralow-noise Acton research model 181) with
the second input channel of an ADC module of the AUTOLAB
instrument.

3. Results and discussion

The structure and morphology of polycrystalline CeO2/GC electrodes
were characterized using SEM and AFM microscopies (Fig. 1a-b). From
Fig. 1a the surface mean roughness was estimated to be 1.2-1.3 nm and
the grain size between 10 and 30 nm. The obtained XPS results showed a
minor contribution of the Ce3" cations within the measured thickness
range in the as-prepared samples (Fig. 1c).

CV experiments to evaluate the electrocatalytic behaviour of CeOy/
GC and bare GC working electrodes, were conducted in pure 200 mM
PBS solution and in the presence of 1 mM potassium ferricyanide
(Fig. S1), confirming good conductivity of the CeO2/GC substrate. Our
group previously investigated the electrochemical properties of CeOy/
GC electrodes in the same conditions, observing good conductibility and
larger electro-active area compared to bare GC [32]. Moreover, it was
proved that the higher total surface area of the electrode, modified by
polycrystalline ceria film, brings to an improved reaction rate for het-
erogeneous catalysts and the electrode transfer kinetics compared to
bare GC electrodes [32].

ECL efficiency of the CeO,/GC electrode was first tested using Ru
(bpy)3* as luminophore and TPrA as co-reactant, applying a potential
from 0 to 1.4 V vs Ag/AgCl to ensure oxidation of both species [33]. The
CV of CeOy/GC and bare GC (Fig. 2) shows a higher current density of
the Ru(bpy)3" oxidation peak on the CeO,/GC electrode compared to
the bare GC electrode. Good conductivity of the CeO, thin film gives the
ability to act as a conducting agent between the Ru(bpy)3" and the GC
substrate surface, facilitating electron-transfer in the ECL reaction. It
was already demonstrated that surface modification of the working
electrode by inorganic thin films or nanomaterials, polymer coatings,
etc. can increase intensity of the ECL response [17]. These results
confirm the compatibility of CeOy/GC electrodes with the Ru(bpy)3t/
TPrA co-reactant ECL system.

As previously mentioned, tertiary amines are the most productive co-
reactants in combination with Ru(bpy)3* complex for the generation of
ECL signals. However, secondary amines (where the amino group is
directly bonded to two carbon atoms of any hybridization), such as SA,
have the potential to provide sufficient effectivity for light generation
and thus to be used as a co-reactant in ECL experiments. Indeed, SA
shows an irreversible oxidation peak at 1 V satisfying the energy re-
quirements for generating the excited state of the chromophore [24]. In
this work, the ability of SA to act as a co-reactant for ECL generation has
been tested according to the “oxidative-reduction” mechanism in 200
mM PBS using 10 uM Ru(bpy)3+ on the CeO,/GC electrode. Fig. 3a
shows the ECL signals generated at the CeO,/GC electrode before and
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Fig. 1. Polycrystalline CeO,/GC electrodes
characterization. a) AFM and b) SEM images of
the 15 nm thick CeO,/GC thin film. Scale bar
200 nm. c) Ce 3d XPS spectrum taken from the
as-prepared oxide film with photon energy
1486.6 eV. Violet dots and solid line correspond
to the measured data and fit result, respectively.
Gray peaks are attributed to the Ce*" cations,
and red peaks to the Ce®" cations. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 2. Cyclic voltammogram of GC (red) and CeO./GC (black) electrode
recorded in 200 mM PBS (pH 7.2) containing 30 mM TPrA and 10 pM Ru
(bpy)%*. Scan rate of 100 mV/s, potential range from 0 to 1.4 V. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

after the addition of 5 mM SA as co-reactant.

The proposed mechanism for ECL generation involves the reaction
between SA and Ru(bpy)3* to form the excited state Ru(bpy)3*", which
relaxes to the ground state generating light. The reaction can be
described as follow:

Ru(bpy);" - e 2 Ru(bpy)}" ¢8)
R-NHCH; — ¢ 2 R-NHCH3 (2
R-NHCH{ = R-NHCH3 + H* 3)
Ru(bpy)3t + R-NHCH} = Ru(bpy)3™ C))
Ru(bpy)3*" 2 Ru(bpy)3” + hv (5)

To evaluate the sensing ability of the CeO,/GC electrode to different
concentrations of SA, the experiment was conducted in 10 uM Ru(bpy)3*

Binding energy (eV)

PBS solution with stepwise addition of SA (50-5000 uM) (Fig. 3b).
Concentrations of sarcosine were chosen to investigate a wide range of
values useful for analytical applications.

Inset of Fig. 3b shows the maximum ECL intensity profile at different
concentrations of sarcosine in the working solution (hereinafter called
calibration curve) taken with CeO2/GC electrodes. For comparison and
estimation of the CeOy/GC electrode efficiency, the same measurements
were repeated with the bare GC electrode (Fig. S2). The results reveal a
direct dose-response correlation between the sarcosine concentration
and the ECL signal intensity.

The LOD parameter was calculated from the obtained calibration
lines (Fig. S3) using the following formula:

Lop = K>S
m

where K equals 3 (confidence level 98.3 %), Sy, is the standard deviation
of the blank solution, and m is the calibration sensitivity (slope of the
calibration curve). Under the optimized experimental conditions, the
LOD was found to be 45.9 and 63.10 uM for CeO,/GC and bare GC
electrodes, respectively. It confirms that GC electrodes modified with
polycrystalline cerium oxide thin film is able to detect low concentra-
tions of SA.

It is worth noting that on the CeOy/GC electrode the intensity,
measured as the total area under the ECL peak, is higher than on the bare
GC (Fig. 4), suggesting that the polycrystalline CeO2/GC electrode
possesses better electroanalytical performance and electrochemical
stability. This response may be ascribed to enzymatic-like activity of
polycrystalline cerium oxide [32,34,35], particularly visible at higher
SA concentration where SA interacts with the electrode surface at faster
rates. In addition, thanks to its higher surface area, CeO, modified
electrode saturates at higher concentration of analytes.

This represents another advantage of CeOy/GC electrodes over bare
GC ones, on which the oxygen-containing surface species, which
decrease the efficiency of coreactant oxidation, are usually formed
[20,36,37].

To evaluate the effect of possible interferents on ECL signals, we
tested three representative Sarcosine concentrations (0, 50, 3000 pM)
using CeO,/GC electrodes in a solution of 10 uM Ru(bpy)3" containing
BSA 10 mg/ml which mimic the concentration present in human urine
(Fig. S4a). Obtained results confirm the ability of CeO5/GC electrodes to
discriminate between different SA concentrations even in presence of
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Fig. 3. ECL generation using sarcosine as a co-reactant. ECL signal recorded in chronoamperometry mode using CeO,/GC electrodes measured at 1.4 V in 200
mM PBS (pH 7.2) containing 10 pM Ru(bpy)%Jr a) with (black) and without (red) 5 mM SA as co-reactant and b) after addition of 50 (red), 300 (green), 1000 (blue),
1500 (pink), 3000 (orange), and 5000 uM (dark blue) of sarcosine. Inset shows the max ECL value as a function of SA concentration. The error is represented as the
standard deviation (n = 3) and is equal to 0.00065. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 4. The ECL total intensity as a function of sarcosine concentration is measured on bare GC and CeO,/GC electrodes in 200 mM PBS (pH 7.2) containing 10 uM

Ru(bpy)%*. The error is represented as standard deviation (n = 3).

BSA 10 mg/ml. Moreover, signals are reproducible as confirmed by the
calculated RSD% which is < 5 % for both concentrations (Fig. S4b).

4. Conclusions

Polycrystalline cerium oxide thin films prepared by magnetron
sputtering on glassy carbon substrate were studied as electrodes for ECL
detection of sarcosine, using SA as a co-reactant in oxidative-reduction
mechanism with Ru(bpy)3" as luminophore. Obtained results revealed
that modification of the bare glassy carbon electrode by polycrystalline
cerium oxide layers increases the electrode’s electroactive area and
enhances its catalytic properties. Moreover, the comparative study with
bare glassy carbon electrodes revealed a higher ECL stability on the

CeO2/GC electrode due to its higher surface area. The CeO,/GC elec-
trode was successfully applied for rapid and sensitive detection of
different SA concentrations (50 — 5000 pM). CeO,/GC was shown to be a
more efficient electrode material for ECL applications compared to the
commercial GC electrode. LOD of the CeO,/GC electrode was estimated
to be 45.9 pM which makes it suitable for SA detection in the concen-
tration range used in clinical assays for PCa diagnostics. Preliminary
results demonstrated the ability of CeO,/GC electrodes to detect low
concentration of SA also in presence of BSA 10 mg/ml with a good
reproducibility (RSD < 5 %). Further investigations are ongoing in our
laboratories to better assess the analytical strength of this system in
complex matrices (i.e. urine). These results open new possibilities for the
development of sensors for SA detection based on the CeO5/GC working
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electrode via surface modification and functionalization, with the aim to
further investigate and improve their sensitivity and selectivity.
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