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Abstract

The detection of cancer biomarkers is of great significance for the early screen-
ing of cancer. Detecting the content of sarcosine in blood or urine has been
considered to provide a basis for the diagnosis of prostate cancer. However, it
still lacks simple, high-precision and wide-ranging sarcosine detection methods.
In this work, a Ti;C,Tx/Pt-Pd nanocomposite with high stability and excel-
lent electrochemical performance has been synthesized by a facile one-step
alcohol reduction and then used on a glassy carbon electrode (GCE) with sar-
cosine oxidase (SO,) to form a sarcosine biosensor (GCE/Ti;C,Tx/Pt-Pd/SO,).
The prominent electrocatalytic activity and biocompatibility of Ti;C,Tx/Pt-Pd
enable the SO, to be highly active and sensitive to sarcosine. Under the opti-
mized conditions, the prepared biosensor has a wide linear detection range to
sarcosine from 1 to 1000 uM with a low limit of detection of 0.16 uM (S/N = 3) and
a sensitivity of 84.1 yA/mM cm?. Besides, the reliable response in serum samples
shows its potential in the early diagnosis of prostate cancer. More importantly,
the successful construction and application of the amperometric biosensor based
on Ti;C,Ty/Pt-Pd will provide a meaningful reference for detecting other cancer
biomarkers.
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1 | INTRODUCTION

Cancer is one of the greatest health challenges facing

Abbreviations: AA, ascorbic acid; CV, cyclic voltammetry; EDS,
energy dispersive spectrometer; EG, ethylene glycol; EIS,
electrochemical impedance spectroscopy; GCE, glassy carbon electrode;
NPs, nanoparticles; PSA, prostate-specific antigen; Rct, charge transfer
resistance; RT, room temperature; SO,, sarcosine oxidase; UA, uric acid.

human beings. It is killing millions of lives every year,
and the number is still increasing rapidly [1]. Early diag-
nosis can significantly improve cancer patients’ treatment
effect and survival probability. However, it is hard to
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identify cancer at an early stage by the conventional meth-
ods, including ultrasound, magnetic resonance imaging,
and biopsy, as these methods depend on the phenotypic
properties of the tumor [2]. Biomarker detection is an effec-
tive tool for early cancer diagnosis with the advantages
of noninvasiveness and the ability to assess the risk of
cancer development [3]. Much effort has been made to
study biomarker detection for cancers, some of which are
successful in clinical applications [2, 4, 5].

Prostate cancer is the second most frequent cancer and
the fifth leading cause of cancer death in men [1]. The
prostate-specific antigen (PSA) level in serum (above four
ng/ml) has been utilized as a prostate cancer biomarker for
about 30 years, and the PSA scanning has brought revolu-
tionary changes to the clinical management of the disease
[6]. However, the lack of specificity of PSA (especially
when patients have a total PSA in the 4-10-ng/ml “gray
zone”) may cause false-positive and false-negative diag-
noses, as well as conflicting clinical screening trial results,
leading to overdiagnosis and overtreatment of prostate
cancer [7-9]. Therefore, there is an urgent need to use
alternative or extra prostate cancer biomarkers in conjunc-
tion with PSA to improve the diagnosis accuracy. Those
biomarkers should be able to provide extra information on
the aggressiveness of the disease. Sarcosine is an important
intermediate in glycine metabolism and could provide an
extra indication of cancer progress. It has been proven to
be a satisfactory candidate in biomarker panels for early
prostate cancer detection and aggressivity prediction [10,
11]. Therefore, sarcosine has been chosen in this study as
an extra biomarker to develop prostate cancer detection
techniques.

Generally, sarcosine exists in trace amounts in normal
human blood, whereas its concentration increases during
the progress of prostate cancer, typically at the level of yM
[10, 12]. Many techniques can be used to detect sarcosine
in this concentration level, such as high-throughput
liquid chromatography-mass spectrometry [13, 14], flu-
orescence spectroscopy [15-18], and colorimetric assay
[19-21]. However, the operational complexity, costs, and
the needs for trained professional operators are the main
obstacles to the large-scale deployments of detection
technologies [22]. Electrochemical sensing techniques are
highly likely to overcome the issue mentioned previously
due to the advantages of simpleness, portability, and
general disposability [23]. Recently, several studies have
reported simple and inexpensive amperometric biosensors
for sarcosine detection [12, 23-26]. These sensors were
usually developed by integrating the specific enzymatic
and electrochemical reactions. The sensing mechanism is
as follows. The sarcosine is converted to glycine, formalde-
hyde, and H,0, in the presence of the enzyme, that is,
sarcosine oxidase (SO,) (Equation 1). The electrochemical

oxidation of H,0, at the electrode interface (Equation 2)
leads to a current variation, which can be measured to
calculate the concentration of sarcosine:

SOx
sarcosine + H,O 4+ O, — glycine + H,0,

+ formaldehyde 1)
H202 - 02 +2H" + 2e~ (2)

To improve the sensitivity of sarcosine detection, various
nanomaterials, such as graphene [27, 28], carbon nan-
otube [29, 30], and metal nanoparticles (NPs) [31, 32], have
been applied for electrode modification to facilitate elec-
tron transfer reaction. Still and all, these sensors cannot
yet achieve highly sensitive detection of sarcosine in a wide
concentration range.

Ti;C,Tx MXene is a newly developed two-dimensional
material that has been widely used in electrochemical
biosensors due to its unique properties like layered mor-
phology, high electrical conductivities, excellent mechan-
ical stability, high surface area, and good biocompatibility
[33-35]. For example, Ti;C,Tx can act as conductive
support to immobilize enzymes/proteins to achieve the
direct electron transfer between the enzyme and the elec-
trode and enable sensitive biomolecules detection [36].
It can also be used to quantify biomolecules by detect-
ing H,0, produced during the enzymatic reaction [37,
38]. Besides, similar to graphene, it is possible to com-
bine noble metal NPs with Ti;C, Ty to increase its surface
area and catalytic activity, improving the electrochemical
sensor performance. Lorencova et al. [39] reported that
the modification of Ti;C,Tx with Pt NPs could enhance
its stability in an anodic potential window and exhibit
high catalytic activity for hydrogen peroxide, ascorbic acid
(AA), and so on. Furthermore, owing to the bifunctional
or synergistic effects, bimetallic NPs have a significant
improvement in chemical selectivity and catalytic activ-
ity superior to those of monometallic NPs, which is a
fascinating material in the study of electrochemical biosen-
sors [40-43]. Bimetallic NPs, especially Pt-Pd NPs, have
been applied with graphene/reduced graphene oxide [44,
45], carbon nanotubes [46], and carbon fiber [47] in elec-
trochemical H,0, sensors and showed an outstanding
sensitivity. To date, only a limited number of biosensors
based on MXene-bimetallic NPs have been developed. Yao
et al. [48] prepared self-supported Ti;C, T paper decorated
with bimetallic NPs for sensitive superoxide detection.
However, the synthesis of such materials involves a mul-
tistep process, and the sensor constructed from it has
limited application scenarios. Further, the bimetallic NPs-
modified Ti;C,Tx nanocomposites have not been used for
cancer biomarker detection.
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FIGURE 1
sensing mechanism

Preparation of sarcosine sensing electrode and the

This study describes a simple method to develop an
amperometric sarcosine biosensor for prostate cancer diag-
nosis based on Ti;C,Ty/Pt-Pd nanocomposites (Figure 1).
In this strategy, the Ti;C,Tx/Pt-Pd bimetallic nanocom-
posites were prepared by a facile one-step alcohol reduc-
tion process and then applied with SO, on glassy carbon
electrode (GCE) to construct a sarcosine sensing electrode
GCE/Ti3;C,Tx/Pt-Pd/SO,. The SO, on GCE/Ti;C,Ty/Pt-
Pd/SO, converted sarcosine to glycine, formaldehyde, and
H,0,. The current changes caused by the oxidation of
H,0, on Ti;C,Tx/Pt-Pd were used for the quantifica-
tion of sarcosine. It is the first time to our knowledge
that the Ti;C,Tx/Pt-Pd bimetallic nanocomposites have
been used for cancer biomarker detection. Furthermore,
owing to the outstanding electrochemical performance
and biocompatibility of Ti;C,Ty/Pt-Pd nanocomposites,
the prepared sarcosine biosensor exhibits a wide meaning-
ful detection range with high sensitivity and low limit of
detection (LOD) compared to other biosensors reported in
the literature.

2 | MATERIALS AND METHODS

2.1 | Materials

Multilayer Ti;C, Ty nanosheets were purchased from Nan-
jing XFNANO Materials Tech Co. Potassium chloroplati-
nate (K,PtClg), sodium tetrachloropalladate (Na,PdCly),
ethylene glycol (EG), and sarcosine were obtained from
Aladdin Industrial Corporation. The Nafion 117 solution
(5% in a mixture of lower aliphatic alcohols and water) was
purchased from Sigma-Aldrich. Potassium ferrocyanide
(K4Fe(CN)y), potassium ferricyanide (K;Fe(CN)y), hydro-
gen peroxide (H,0,), SO,, uric acid (UA), glucose (Glu),
and AA were purchased from Shanghai Macklin Biochem-
ical Co., Ltd. Normal human serum was obtained from
Abbkine Scientific Co., Ltd. All chemicals were analytical
grade and used without further purifications. For all of the

solution preparations, ultrapure water (18.2 MQ/cm) was
used.

2.2 | Instruments

The scanning electron microscopic (SEM) images and
energy-dispersive spectrometer (EDS) mapping images
were captured using a ZEISS SUPRA 55 electron micro-
scope (Carl Zeiss, Germany). Transmission electron micro-
graph (TEM) and selected area electron diffraction (SAED)
pattern were taken using a Tecnai G2 spirit electron
microscope (FEI, USA). X-ray diffraction (XRD) study
was performed using a D8 Advance (Bruker, USA) X-ray
diffractometer with Cu K, radiation (1 = 1.5418 A). X-ray
photoelectron spectroscopy (XPS) data were collected from
PHI 5000 VersaProbe II (PHI, Japan). All electrochemical
measurements were carried out in CHI660E electrochem-
ical workstation (Shanghai Chen Hua Instrument Co. Ltd,
China).

2.3 | Synthesis of Ti;C,Ty/Pt-Pd
composites

The Ti;C,Tx/Pt-Pd composite was synthesized by a facile,
one-step alcohol reduction process. First, 20-mg Ti;C,Tx
nanosheets, 24.3-mg K, PtClg (50 umol), 14.7-mg Na,PdCl,
(50 umol), and 10-mg trisodium citrate were dispersed in
40-ml EG solutions (50% in water) and deoxygenated by
bubbling with pure nitrogen for 30 min. After 20-min ultra-
sonication, the mixture solution was incubated at 80°C
for 6 h with continuous stirring. Then, the black products
(Ti3C,Tx/Pt-Pd) were obtained by centrifugation, washed
with water three times, and finally vacuum-dried at room
temperature (RT) overnight.

2.4 | Fabrication of the modified
electrodes

An amount of 1-mg Ti;C,Tx or Ti;C,Tx/Pt-Pd was dis-
persed in 100-pl water and sonicated for 10 min to obtain
homogeneous dispersions. To avoid oxidation of Ti;C, Ty,
the dispersions were bubbling with nitrogen for 30 min.
Before modification, the bare GCE (3-mm diameter) was
polished with Al,O5; powder (0.3 um) to a mirror surface,
washed with ultrapure water, and dried under nitrogen
gas flow. The GCE/Ti;C, Ty and GCE/Ti;C,Tx/Pt-Pd were
prepared by covering 10 pl of Tiz;C,Tyx and Ti;C,Tx/Pt-
Pd suspension on the GCE surface, respectively, and dried
at RT. The sarcosine sensing electrode GCE/Ti3;C,Tx/Pt-
Pd/SO, was obtained by sequentially drop-casting a certain
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Scanning electron microscopic (SEM) images of Ti;C,Tx (A), Ti;C,Ty/Pt-Pd (B), and the energy dispersive spectrometer

(EDS) mapping images (C, Ti, Pt, and Pd) of Ti;C,Tx/Pt-Pd (C). Transmission electron micrograph (TEM) image (D), the Pt-Pd nanoparticles
(NPs) size distribution (E), and the selected area electron diffraction (SAED) pattern of Ti;C,Tx/Pt-Pd (F)

amount of Ti;C,Ty/Pt-Pd suspension (10 pg/ul), SO, solu-
tion (1 U/ul), and 2.5 pl of 0.05-wt% Nafion solution onto
the GCE (3-mm diameter) surface then dried at RT and
stored at 4°C before use.

2.5 | Electrochemical measurements

All electrochemical tests were carried out in a three-
electrode system as a GCE (3-mm diameter) or the modi-
fied electrode as the working electrode, Ag/AgCl (in 3.5-M
KCI) electrode as the reference electrode, and a platinum
electrode as the counter electrode.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of Ti;C,Ty/Pt-Pd
The morphologies of Ti;C,Tx and Ti;C,Tx/Pt-Pd were
characterized by SEM and TEM (Figure 2). As shown in
Figure 2A, the Ti;C,Ty is a typical multilayer graphene-
like structure, and this unique nanostructure can provide
a large surface area for NPs loading. Figure 2B shows that
Pt-Pd bimetallic NPs were obviously decorated on Ti;C,Tx
after the alcohol reduction. EDS mapping images of
Ti;C,Tx/Pt-Pd in Figure 2C confirm the loading of Pt-Pd
NPs. Figure 2D shows the TEM image of Ti;C,Tx/Pt-Pd.
It can be seen that the Pt-Pd NPs are uniform and well dis-
persed on the Ti;C, Ty nanosheet, and the average particle
size of Pt-Pd NPs is 5.64 + 1.05 nm (Figure 2E).

The crystalline structure of Ti;C,Tx/Pt-Pd was charac-
terized by SAED and XRD. An SAED pattern correspond-
ing to Figure 2F clearly shows the reflections of (111),
(200),(220),and (311) from Pt-Pd NPs and indicates that
it is a polycrystalline structure. The additional reflection
peak (101) is attributed to TiO,, which was produced by
the local heat developed at the time of etching of the MAX
phase [49]. Figure 3A presents XRD patterns of Ti;C,Tx
and Ti;C,Tx/Pt-Pd. The observed diffraction peaks of
Ti;C,Tx approximate at 26 values of 8.8°,18.2°, 27.8°, 35.2°,
41.7°, and 60.7° are associated with (002), (004), (006),
(008), (0010), and (110), respectively. The broad peaks
reveal that the Ti;C, Ty is amorphous to some extent. As
for the Ti;C,Tx/Pt-Pd pattern, three diffraction peaks at
40.1°, 46.6°, and 67.9° are ascribed to (111), (200), and
(220) planes of Pt-Pd NPs with the face-centered cubic
structure, respectively. However, the addition of Pt-Pd NPs
attenuates the diffraction peak of Ti;C,Ty.

XPS was carried out to investigate the detailed elemen-
tal composition and chemical states of the Ti;C,Tx/Pt-
Pd nanocomposites. In the full-survey-scan spectrum in
Figure 3B, both Ti;C,Tx and Ti;C,Tx/Pt-Pd consist of the
characteristic peaks of Cls, Ti2p, Ols, and F1s. In addition,
the presence of two characteristic peaks of Pt4f and Pd3d
in Ti;C,Tx/Pt-Pd confirms the loading of Pt-Pd NPs in
the composite. The high-resolution XPS spectra of Pt and
Pd elements in Ti;C,Tx/Pt-Pd were analyzed. Figure 3C
shows the deconvolution of the core-level XPS spectrum of
Pt4fyielded two pairs of peaks, in which the more intensive
peaks at 70.8 and 74.2 eV are attributed to Pt(0), whereas
the others at 71.9 and 75.8 eV belong to the Pt(II). For the
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FIGURE 3 X-ray diffraction (XRD) patterns of Ti;C, Ty and Ti;C,Tx/Pt-Pd (A). Full-survey-scan X-ray photoelectron spectroscopy

(XPS) spectrum of Ti;C,Ty/Pt-Pd (B) and the core-level spectrum of Pt4f (C) and Pd3d (D)

Pd3d core-level XPS spectrum in Figure 3D, two doublets
at binding energies of 335.2-340.4 and 337.3-342.2 eV are
fitted and assigned to the Pd(0) and Pd(II), respectively.
According to the peak intensity ratios of Pt(0)-Pt(II) and
Pd(0)-Pd(1T), metallic Pt(0) and Pd(0) are the predomi-
nant species in the Ti;C,Tx/Pt-Pd. Moreover, the element
analysis spectrum shows that the amounts of Pt and Pd
in Ti;C,Tx/Pt-Pd are 1.52 and 1.29, respectively, and their
ratio is close to 1:1 (Figure S1).

3.2 | Electrochemical performance of the
modified electrode

It was reported that pristine Ti;C, Ty could be irreversibly
oxidized in the anodic potential window and result in less
electrochemical activity [39]. As illustrated in Figure S2,
the cyclic voltammetry (CV) experiments show a dramatic
decrease in the current of GCE/Ti;C,Tx between the 1st
and 20th CV scans (89% reduction at +0.6 V). Meanwhile,
there is only a 10% current loss of GCE/Ti;C,T/Pt-Pd
at +0.6 V after 20 times CV scans. It suggests that the
loading of Pt-Pd bimetallic NPs can significantly enhance
the stability of Ti;C,Ty in an anodic potential window,
which enables it to be more widely used in electrochemical
sensing.

Figure 4A shows the CV curves of GCE and
GCE/TizC,Tx/Pt-Pd at the potential ranges from —0.1
to 0.6 V with a scan rate of 0.05 V/s in 5-mM K;Fe(CN),
solution containing 0.1-M KCl. The redox current of
GCE/TizC,Tx/Pt-Pd is significantly higher than that
of bare GCE. The peak current is proportional to the
electroactive surface area of the working electrode
and can be expressed by the Randles-Sevcik equation:
I, =2.69 x 10°ADY/2n3/291/2C, where I, (A) is the peak
current; A (cm?) is the electroactive surface area of the
electrode; D is the diffusion coefficient (6.7 x 107% cm?/s
for [Fe(CN)s]*>~; n is the number of electrons transferred
in the redox reaction, which is 1 for [Fe(CN)¢|>~/#~; 8 (V/s)
is the scan rate, and C (mol/cm?) is the concentration of
the redox reactant. The calculated electroactive surface
areas of bare GCE and GCE/Ti;C,Tx/Pt-Pd are 0.05518
and 0.08748 cm?. These results reveal that Ti;C,Ty/Pt-Pd
nanocomposites have good conductivity and large surface
area and are expected to be used as the base material for
enzyme-based biosensors.

The electrochemical impedance spectroscopy (EIS) of
GCE and GCE/Ti;C,Tx/Pt-Pd was measured in 10 mM
of Fe(CN)¢>~/#~ solution containing 0.1-M KCI with the
frequency ranging from 1 MHz to 0.01 Hz, and the Nyquist
plots are displayed in Figure 4B. The charge transfer
resistance (R.) of the electrode is inversely proportional
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(A) Cyclic voltammetry (CV) of glassy carbon electrode (GCE) and GCE/Ti;C,Tx/Pt-Pd at a scan rate of 50 mV/s in 5-mM

K;Fe(CN); solution (containing 0.1-M KCl), and their electrochemical impedance spectroscopy (EIS) (B) in 10-mM Fe(CN),>~/4~ solution
(containing 0.1 M KC1) with the frequency ranging from 1 MHz to 0.01 Hz. (C) CV of GCE/Ti;C,Tx/Pt-Pd in 5-mM K;Fe(CN), solution
(containing 0.1-M KCl) at scan rates from 0.02 to 0.2 V/s, and the relationship between the square root of the scan rate and peak current (D)

to the electron transfer rate, which can be obtained
through the equivalent circuit simulation of the EIS
curve. Generally, the R of the electrode surface is equal
to the semicircle diameter of the Nyquist diagram [50].
The result shows that the R, of the modified electrode
GCE/Ti;C,Tx/Pt-Pd (6.7 Q) is much lower than that of
the bare GCE (230 Q) and also lower than the reported R,
of GCE/Ti;C, Ty (48.58 Q) [51], reflecting the high surface
area and remarkable electron transmission capability of
Ti;C,Tx/Pt-Pd. The CV curves of GCE/Ti;C,Tx/Pt-Pd
in 5-mM K3Fe(CN)y solution with the scan rates from
0.02 to 0.2 V/s and the relationship between the scan
rate and the anodic/cathodic peaks’ current are shown
in Figure 4C,D, respectively. Figure 4C shows that the
shape of the CV curves is well preserved as the scan rate
is varied, which indicates the rapid mass transport at the
electrode/electrolyte interface [25, 52]. In addition, the
favorable linear relationship between the anodic/cathodic
peaks’ current and the square root of the scan rate in
Figure 4D indicates that the electrochemical reaction on
the surface of GCE/Ti;C,Tx/Pt-Pd is controlled by the
diffusion of the electroactive species [52].

3.3 | Detection of H,0,

The outstanding electrochemical performance of
GCE/Ti;C,Tx/Pt-Pd makes it a useful nonenzymatic
sensor for detecting H,0,. Figure S3 shows the CV
curve of GCE/Ti;C,Tx/Pt-Pd in 0.1-M PBS (pH 7.4) with
and without H,0,. When a CV scan was performed
in PBS without H,0,, the result showed a typical CV
curve of Pt-based material and a broad peak at about
+0.1 V owing to the reduction of Pt-Pd NPs. After 5-mM
H,0, was added, the oxidation and reduction current of
GCE/Ti;C,Tx/Pt-Pd increased significantly. Additionally,
the oxidation of H,O, on GCE/Ti;C,Tx/Pt-Pd started at
+0.32 V, whereas a much higher overpotential is needed
on the conventional solid electrode (~0.8 V vs. Ag/AgCl)
[53], indicating an outstanding electrocatalytic activity of
Ti;C,Tx/Pt-Pd toward H,0,. The amperometric curve
of GCE/Ti;C,Tx/Pt-Pd for successive additions of H,0,
into 0.1-M PBS (pH 7.4) at +0.4 V was recorded. As
shown in Figure 5A, the sensor can quickly respond to
the added H,0, and reach a steady current in a short
time. Figure 5B shows that the response current is
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at +0.4 V (A). The corresponding linear relationship between the H,0, concentration and response current (B) and the partially enlarged

view (inset of B)

proportional to the concentration of H,O, in the range
of 1-1896 uM. The linear regression equation and sensi-
tivity are I (uA) = 0.01012C (uM) + 0.27204 (R? = 0.998),
and 144.6 uA/mM cm?, respectively. Furthermore, the
GCE/Ti3C,Tx/Pt-Pd has a lower LOD (0.35 uM, S/N = 3)
than the reported GCE/Ti;C,Tx/Pt (0.448 uM) [39]. These
results reveal the high performance of GCE/Ti;C,Tx/Pt-
Pd in the electrochemical detection of H,0,, which
enables it to be further applied in an enzyme-based
biosensing platform.

3.4 | Optimization of biosensor
performance

The amperometric sarcosine biosensor was constructed
based on GCE/Ti;C,Ty/Pt-Pd/SO,. Prior to the amper-
ometric analysis of sarcosine, the experimental param-
eters that may affect the analytical performance of the
biosensor during the preparation process are optimized.
The optimal amount of Ti;C,Tx/Pt-Pd and SO, on the
GCE/Ti;C,Tx/Pt-Pd/SO, was studied by comparing the
response current in 100-uM sarcosine solution (0.1-M PBS,
pH 7.4) at +0.4 V. Figure 6A displays the biosensor fab-
ricated with 10 pl of Ti;C,Tx/Pt-Pd suspension (10 ug/ul)
has the highest response current. It can be attributed to
the sufficient amount of catalytic material on the sur-
face of GCE to form a uniform and efficient sensing
layer, whereas a larger amount of material will agglom-
erate and cannot function effectively and even attenuate
the response signal. As depicted in Figure 6B, when the
amount of SO, in the biosensor increases to 5 ul (1 U/ul),
the response current reaches the maximum. However, an
excessive SO, causes a decrease in current as the SO, can
act as resistance material. Therefore, 10 pl of Ti;C,Tx/Pt-
Pd suspension (10 pg/ul) and 5 pl of SO, solution (1 U/ul)
were used in the preparation of the sarcosine biosen-

sor. The morphology of the sensing electrode prepared
with the previous parameters was characterized by SEM.
Figure S4A,B shows the SEM images of GCE/Ti;C,Tx/Pt-
Pd and GCE/Ti;C,Tx/Pt-Pd/SO,, respectively. It can be
seen that, compared with the GCE/Ti;C,Tx/Pt-Pd, most of
Ti;C,Tx/Pt-Pd on the GCE/Ti;C, Tx/Pt-Pd/SO, is covered
by SO, to form a uniform coating.

The influence of pH on the sarcosine biosensor was
tested in 50-uM sarcosine solution (0.1-M PBS) at various
pH values. As shown in Figure 6C, the response current
gradually increases from pH 5.0 to 8.0, and the highest
magnitude of the current response is obtained at pH 8.0,
which is the same as the reported optimal pH for the
SO, catalytic reaction [54]. Considering the difference in
response current between pH 7 and pH 8 is negligible, and
the pH value of blood samples is usually around 7.4, pH 7.4
was selected as the suitable working pH in the following
experiments.

3.5 | Amperometric detection of
sarcosine

The amperometric curve of the prepared sarcosine biosen-
sor was recorded in 0.1-M PBS (pH 7.4) with a successive
addition of sarcosine at the applied potential of +0.4 V (see
Figure 7A). It shows that the response current gradually
increases with the addition of sarcosine solution, indicat-
ing that sarcosine is catalyzed by SO, to produce H,O,,
and then H,0, was oxidized with the electrocatalysis of
Ti3C,Ty/Pt-Pd. As Figure 7B shows, a quality linear rela-
tionship exists between the response current and the sar-
cosine concentrations in a wide range from 1 to 1000 uM.
The linear regression equation is I (uA) = 0.00589C (uM) +
0.21086 (R? = 0.997). The sensitivity, LOD, and LOQ of
the biosensor are 84.1 pA/mM cm?, 0.16 uM (S/N = 3),
and 0.53 uM (S/N = 10), respectively. Table 1 shows the
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All the tests were performed at +0.4 V.

TABLE 1 Comparison between different electrochemical sarcosine sensors
Linear range LOD Sensitivity

Sensor Sensor type (uM) (uUM) (ULA/mM cm?) Ref.

1 SCPE/Au NPs/MIP 0.011-17.9 0.008 N/A [55]

2 AuE/SO, NPs 0.1-100 0.01 N/A [56]

3 GCE/Pt-Fe304@C/SO, 0.5-60 0.43 48.8 [57]

4 GCE/MNP/Pt/SO, 5-40 0.24 123.51 [32]

5 AuE/CNTs/Pd-Pt/SO, 5-60 1.28 171 [30]

6 Pt/CNT/SO,, 6-750 6 16.6 [29]

7 GCE/Ti;C,Tx/Pt-Pd/SO, 1-1000 0.16 84.1 This work

Abbreviations: GCE, glassy carbon electrode; LOD, limit of detection; NPs, nanoparticles.

comparison of the performance of the developed sarco-
sine biosensor with several other sensors. It can be seen
that although Sensor 1 to Sensor 3 has lower or compa-
rable LOD, their linear range is much narrower than that
of the currently developed sensor [55-57]. Sensor 4 has a
higher sensitivity than the current sensor; however, the lin-
ear range is much smaller [32]. Sensors 5 and 6 are inferior
to our sensor due to the poorer performance in LOD, linear
range, and sensitivity [29, 30].

3.6 | Selectivity, reproducibility, and
stability of the sarcosine biosensor

The selectivity of the sensing platform is crucial to real
sample analysis. Thus, the selectivity of the sarcosine
biosensor to several common interfering analytes was
tested. Figure S5 shows the current responses upon suc-
cessive addition of 50-uM sarcosine, NaCl, KCI, AA, UA,
glucose, and a mixture containing all of them into 0.1-M
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The columnar interference error analysis of sarcosine detection (A). The response currents in 50-UM sarcosine at five glassy

carbon electrode (GCE)/Ti;C,Ty/Pt-Pd/sarcosine oxidase (SO,) electrodes that prepared in the same condition (B). The response currents to
50-uM sarcosine at GCE/Ti;C,Tx/Pt-Pd/SO; after storage at different times (C).

PBS (pH 7.4). The columnar error analysis in Figure 8A
turns out that the response of these species to the sarcosine
amperometric detection is negligible, owing to the com-
bination of the selective enzyme and the anti-interference
Nafion layer on the biosensor and the low applied potential
(+0.4 V).

The reproducibility of the sarcosine biosensor was eval-
uated by amperometry in 50-uM sarcosine solution at five
sensing electrodes of GCE/Ti;C,Tx/Pt-Pd/SO,, as shown
in Figure 8B. The relative standard deviation (RSD) of
sarcosine detection is 3.4%, which means the good repro-
ducibility of this sensing platform for sarcosine detection.

Additionally, the long-term stability of GCE/Ti;C,Tx/
Pt-Pd/SO, is crucial for maintaining the sensing proper-
ties of the biosensor. Figure 8C shows the response current
of the biosensor to 50-uM sarcosine after being stored at
4°C for different times (1d, 3d, 5d, 7d, and 15d). The results
indicate that the biosensor can maintain 91% of the initial
response after 15 days, illustrating the satisfying stability. It
can be attributed to the enhanced electrochemical stability
of the Ti;C,Ty decorated with Pt-Pd NPs and its excel-
lent biocompatibility to maintain the enzymatic activity
of SO,.

3.7 | Detection of sarcosine in spiked
human serum samples

The developed biosensor was tested to detect sarcosine
in human serum (diluted 20 times with 0.1-M PBS solu-
tion) by a standard addition method. Three spiked samples
were obtained by adding sarcosine solution, with final
sarcosine concentrations of 19.96, 108.80, and 300.68 uM,
respectively. Table 2 shows the recovery and RSD of the
sarcosine detection. It can be seen that the recovery rate for
these three spiked samples is 98.07%, 98.02%, and 94.06%,
respectively, and the corresponding RSD is 1.08%, 1.81%,
and 3.79%, respectively. The results show that the biosen-
sor is reliable for detecting sarcosine in serum samples,

TABLE 2 The recovery and relative standard deviation (RSD)
of sarcosine in serum samples
Added Found Recovery RSD
No. (uM) (uM) ) %)
1 19.96 19.61 98.07 1.08
2 108.80 98.03 98.02 1.81
3 300.68 282.18 94.06 3.79

indicating that it has the potential for early prostate cancer
screening.

4 | CONCLUDING REMARKS

This study developed an amperometric sarcosine biosen-
sor based on Ti;C,Tx/Pt-Pd nanocomposites prepared by
simple procedures. The Pt-Pd bimetallic NPs were loaded
on Ti;C,Tx nanosheet by a facile one-step alcohol reduc-
tion. The resulting Ti;C,Tx/Pt-Pd nanocomposites can be
easily applied to the surface of GCE to construct an elec-
trochemical sensing interface and exhibit high stability
and electrochemical performance. The sensing electrode is
formed by coating SO, on the surface of GCE/Ti;C,Tx/Pt-
Pd. The biosensor has been tested and demonstrated a
wide linear range from 1 to 1000 uM, low LOD of 0.16 uM,
and high sensitivity of 84.1 yA/mM cm?. The overall per-
formance of the biosensor is superior to those reported,
especially in terms of clinical applications. The current
biosensor exhibits excellent selectivity to sarcosine in the
presence of a variety of interfering substances and has a
good recovery rate for sarcosine detection in serum sam-
ples. The good performance of the developed biosensor
makes it a potential technique in the early screening of
prostate cancer.
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