Journal of Solid State Electrochemistry
https://doi.org/10.1007/510008-024-05855-0

ORIGINAL PAPER q

Check for
updates

Detection of prostate cancer using an electrochemical sensor
integrated with molecular imprinting technology and ionic liquid:
a novel approach

Ademar Wong'2® . Shakeel Zeb' - Anderson M. Santos> - Maria H. A. Feitosa® - Sabir Khan® - Fernando C. Moraes? -
Maria D. P. T. Sotomayor’

Received: 2 February 2024 / Revised: 3 March 2024 / Accepted: 4 March 2024
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

Carbon paste electrodes have been used for decades in electro-analytical screening, with numerous advancements in modi-
fying electrochemical properties. Different materials have been utilized in various applications, encompassing electroana-
Iytical techniques and healthcare sensing. The current research addresses the enhancement of the carbon paste electrode
with ionic liquid and molecularly printed polymers for sensitive and selective detection of the sarcosine biomarker. The
materials were characterized using their structural and morphological properties, and the roughness and surface area of the
polymer were evaluated. The electrochemical response for sarcosine was obtained at a potential of 1.2 V by modifying the
carbon paste electrode with ionic liquid and magnetic molecularly imprinted polymers (mMIPs). Under optimized condi-
tions, the proposed method showed a concentration linear range of 2.0 x 1077 to 1.04x 10™* mol L™" and a low detection
limit of 5.1 x 10~® mol L™!. Aiming to demonstrate the efficiency of the proposed sensor, tests with biological samples were
performed. The results showed robust recovery of sarcosine, ranging between 96 to 104% at two different concentration

levels, affirming the efficacy of this method in determining sarcosine.
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Introduction

Prostate cancer is a malignant disease that affects men and is
one of the main causes of morbidity and mortality. The serum
prostate-specific antigen (PSA) test remains the standard for
early detection and monitoring of prostate cancer. However,
there is still a lack of biomarkers to identify the most
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aggressive forms of this cancer. Urine-based tests can serve
clinical and mass screening purposes, providing predictive
and prognostic information due to their non-invasive
character. Protein, DNA, and RNA-based tests are the three
main categories of urine-based diagnostics [1, 2]. It is known
that sarcosine is an amino acid produced by the human body
that is present in urine and muscles and that can be used in
the diagnosis of prostate cancer [3]. Elevated concentrations
of sarcosine have been found in invasive prostate cancer
cell lines compared to normal prostate epithelial cells [4,
5]. To detect sarcosine, various methods are reported in the
literature such as chromatographic [6], colorimetric [7],
chemiluminescence [8], spectrophotometric [9], spectrometric
and electrochemical [10], and electrochemical methods [11].
The pursuit to craft materials featuring highly selective
polymeric receptors, engineered with artificial recognition
sites displaying a preference for the targeted rebinding of
molecules, has prompted the proposal to develop molecularly
imprinted polymers (MIPs). MIPs are highly cross-linked
three-dimensional polymer networks with selective properties
produced by the polymerization of functional monomers and
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cross-linking reagents around a model molecule [12—14].
The combination of molecular imprinting technology with
nanomaterials would produce a powerful analytical tool
with all desirable properties while also exhibiting greater
selectivity than common silica adsorbents [15, 16]. Thus,
the development of electrochemical sensors modified with
combined materials aims to achieve optimal results, with a
lower limit of detection [17, 18].

Briefly, electroanalytical methods offer greater simplicity,
fast analysis, good selectivity and sensitivity, and especially
low cost of analyte detection in different sample matrices
[19, 20]. With recent advances in the use of electrochemi-
cal sensors and biosensors, new methodologies involving
electrode modification have been reported, such as the use of
modified carbon paste electrodes. In this context, the use of
ionic liquid (IL), whether as binders or modifiers, has made
it possible to increase the analytical signal in the detection
of analytes of interest [21, 22]. IL possesses favorable solu-
bility and high viscosity, enabling seamless blending with
other materials and filling interstitial spaces, thus improving
conductivity and electron transfer [23, 24]. Several research
groups have sought to develop sensitive and selective MIPs
with other materials, such as carbon materials, metallic nan-
oparticles, ionic liquids, and other compounds for applica-
tion in electrochemical sensors.

In this sense, this work proposes the synthesis, charac-
terization, and application of new material based on mag-
netic nanoparticles coated with MIP and IL for sensitive and
selective detection of the sarcosine molecule using electro-
chemical sensors.

Experimental
Reagents and apparatus

Sarcosine, 1-buthyl-3-methylimidazolium tetrafluoroborate
(IL), FeCl;.6H,0, FeCl,.4H,0, allyl-alcohol, tetracthoxysi-
lane (TEOS), fluorenylmethyl-chloroformate (FMOC-CI),
ascorbic acid, glucose, uric acid, and NH,OH were acquired
from Sigma-Aldrich. Ethanol, toluene, acetonitrile, metha-
nol, acetic acid, mineral oil, NaCl, KCl, urea, Na,COj,,
NaH,PO,, and Na,HPO, were purchased from LAC. All
the solutions were prepared using ultrapure water (Milli-
pore Milli-Q), and the resistivity of water was greater than
18.2 MQ cm.

The electrochemical measurements were performed
using an Autolab potentiostat/galvanostat PGSTAT 128N
(Metrohm-Autolab) controlled by NOVA 2.1 software. The
experiments were conducted using a three-electrode elec-
trochemical cell, which consisted of the following: a car-
bon paste electrode (CPE) used as the working electrode
(diameter =0.30 cm), platinum wire employed as a counter
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electrode, and Ag/AgCl (KCI 3.0 mol L™!') employed as ref-
erence electrode.

The pH of the solutions was adjusted using a pH meter
with a glass electrode combined with an external reference
electrode Ag/AgCl (3.0 mol L™! KCI) (Orion Expand-
able Ion Analyzer). The morphology of the materials was
evaluated by field emission scanning electron microscopy
using FEG/SEM, with an electron beam energy of 25 keV)
in mode (Supra 35-VP, Carl Zeiss, Germany), operating at
5 kV. The samples were prepared using the same proportion
of material of the carbon paste. An aliquot of 15 pL of each
diluted suspension was dropped on a silicon plate and was
left to dry for 6 h at room temperature.

Confocal analysis was made using a confocal optical
microscope (LEXT OLS 4000) controlled by Olympus
software. The samples were prepared using a clean rectan-
gular glass plate, and a mass of 1.0 mg of mMIP and mNIP
(magnetic non-molecular imprinted polymers) was weighed
and added to a 5.0-mL flask. An amount of 100 pL of this
suspension was added in a specific area of 1.0 cmx 1.0 cm
using adhesive tape.

Brunauer—Emmett-Teller (BET) analysis was performed
using the ASAP 2020 (Micrometrics) equipment. The tex-
tural parameters of the polymers, such as specific surface
area (BET) and pore volume (PV) were calculated using
adsorption—desorption isotherms with nitrogen gas.

Synthesis of modified magnetic nanoparticles

The magnetic nanoparticles were synthesized in three steps,
such as (i) synthesis of magnetic nanoparticles, (ii) modifi-
cation with TEOS, and (iii) silanization with MPS. Under an
inert environment and with constant agitation, 40 mL of H,0
was used to dissolve the appropriate amount of FeCl;.6H,O
and FeCl,.4H,0. The reaction system was then treated with
10 mL of NH,OH in a drop-by-drop way, while the reac-
tion was kept at 80 °C for 30 min. To eliminate any unre-
acted compounds, the black Fe;0, nanoparticle precipitate
was magnetically separated and washed in deionized water
before being dried in a vacuum [25]. The nanoparticles of
Fe;0, (300 mg) were first dispersed in 40 mL of ethanol
(EtOH) and 4.0 mL of deionized water using ultra-sonication
for 15 min, after which, 5 mL. of NH,OH and 2.0 mL of
TEOS were added. At room temperature, the mixture was
allowed to react for 12 h. After collecting via magnetic sepa-
ration, the products were washed three times with deionized
water before being vacuum-dried. Then, 250 mg of Fe;0,@
Si0, nanoparticles were dispersed in 50 mL of anhydrous
toluene containing 5.0 mL of 3-metacriloxipropiltrimetox-
issilano (MPS), and the mixture was left to react for 12 h
in a nitrogen atmosphere. The final product was then mag-
netically separated using an external magnet before being
vacuum-dried [26].
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Scheme 1 The schematic rep-
resentation of the formation of
magnetic nanoparticles (A) and

(a)
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Synthesis of mMIP and mNIP

Polymerization of 1.0 X 10~ molar sarcosine (SA) and
4.0x 107 mol monomer Allyl alcohol in a total volume of
30 mL (24 mL water and 6.0 mL acetonitrile). The reaction
system was agitated at 25 °C for 3 h, and then 100 mg of
modified magnetic nanoparticles were added and agitated
for 3 more hours. In addition, 20 x 1073 molar of EGDMA
and 0.084 x 1072 mol of AIBN were introduced into the sys-
tem, sonicated for 5 min in a nitrogen atmosphere, and then
the reaction mixture was kept at 60 °C for 24 h while being
shielded from oxygen by nitrogen gas [27]. Soxhlet extrac-
tion using methanol: acetic acid (9:1, v/v) as eluent was used
to remove the template molecule after polymerization, and
the eluent was changed every 12 h. The products (mMIPs)
were then dried at 40 °C under a vacuum after completely
removing the template molecule. In the same way, mNIPs, or
magnetic non-molecular imprinted polymers, were synthe-
sized in the absence of an analyte. The synthesis process of
the magnetite (Fe;0,) and mMIP can be found in Scheme 1.

Preparation of the CPE modified with IL and mMIP

The modified working electrode (1.5 mm in diameter and
1.0 mm deep) was prepared using an amount of modified
carbon paste with 15 mg of mMIP, 85 mg graphite, and
1.0 mL of ionic liquid (1.0 mg mL™!). Initially, the graphite
was mixed with the ionic liquid and dried at a temperature
of 25 °C for 4 h. After, the mMIP was added, and the mate-
rials were subjected to homogenization for 5 min, and then
mineral oil was added to obtain the modified carbon paste.

The electrode surface was prepared by adding a quantity
of carbon paste to fill the electrode cavity and then polished
with a clean sheet of paper before carrying out electrochemical
measurements. The same procedure was used to renew the sur-
face. The proportion of the mass of mMIP and graphite powder
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and mMIP tested was 10/90, 15/85, 20/80, and 25/75 mg
being used in the procedure of a mortar and pestle, and the
ionic liquid solutions tested were 0.5, 1.0, and 1.5 mg of IL.
in a volume of 1.0 mL of solution.

Preparation of biological samples

Synthetic urine samples were prepared by mixing the fol-
lowing substances in a 25-mL flask containing 49 mmol L™!
NaCl, 20 mmol L~ KCI, 10 mmol L~' CaCl,, 15 mmol L~
KH,PO,, 18 mmol L, NH,CI, and 18 mmol L~ urea [29].
The ultrapure water was added to complete the volume. The
human serum sample was prepared using 2.0 mL of serum
samples in a 25 mL volumetric flask containing 23 mL of
ultrapure water.

Aliquots of 250 pL of the samples were tested using DPV-
based electrochemical experiments. The results obtained
showed that there was no electrochemical signal of sarco-
sine. The samples were spiked with sarcosine using two con-
centration levels (5.0 10”7 mol L™" and 5.0 10° mol L),
and the stock solution was diluted 50 times.

HPLC-UV analysis and sarcosine derivatization

The derivatization reaction of sarcosine was made according
to a study by Hottes et al. [30]. The standard solution of
sarcosine was prepared at different levels of concentration
using the ratio 1:2 (m/m) of sarcosine and 9-fluorenylmethyl-
chloroformate (FMOC-CI1). The chemical reaction was
performed using the Britton-Robinson buffer solution
(pH=9.0)/acetonitrile in the ratio 1:1 v/v in an optimized
reaction time of 30 min [31, 32]. After this step, the samples
were prepared and analyzed in high-performance liquid
chromatography with a UV detector (HPLC-UV).

The HPLC-UV analysis was performed using a Shi-
madzu HPLC 20A, equipped with an automatic injector
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Fig. 1 Morphological characterization of the materials: A graphite, B graphite and IL, C mMIP, D mNIP, E TEM image of mMIP and F graph-
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(model SIL-20A), quaternary pump, degasser system (model
DGU-20A5), and UV detector (model SPD-20A). Chroma-
tographic separation was performed using a reversed-phase
C18 column (4.6 X250 mm, 5 pm) Shim-pack CLC, Shi-
madzu. The mobile phase was composed of a mixture of
1.0x 10~ mol L™! phosphate buffer (pH=5.0) and acetoni-
trile in the volumetric ratio of 50:50 v/v, respectively. The
flow rate was adjusted to 1.0 mL min~', the detector was
operated at the wavelength of 206 nm, and the analysis time
was 15 min for each sample [33].

Results and conclusion
Morphological characterization and confocal analysis

The morphological characterization of the synthesized
polymers was evaluated by scanning electron microscopy
(SEM). Figure 1A shows the morphology of graphite, which
is arranged in irregular plates of different sizes. The micro-
graphs in Fig. 1B depict magnetic nanoparticles with an
average diameter of 15 nm. A diameter of 285 nm was pro-
duced by modifying the magnetic nanoparticles. Figure 1C,
D shows the morphological aspects of mMIP and mNIP,
respectively. The formation of a core @shell is known to
occur when magnetic nanoparticles are coated with MIP and

NIP. The TEM image confirms that mMIP was formed on
the magnetic nanoparticles with the presence of a lighter and
a darker region (Fig. 1E). The FEG-SEM images cannot be
distinguished because the cavities formed from mMIP are at
the molecular level. Figure 1F makes it possible to visualize
two distinct phases, with large plates belonging to graphite
and regular-sized spherical nanoparticles belonging to poly-
mers. When IL was mixed with graphite, no morphological
difference was observed due to the adsorption that occurred.

FTIR, BET, and confocal analysis of the polymers

The roughness of the polymers synthesized was obtained
using the Olympus FV3000 confocal laser scanning micro-
scope. Figure 2A, B shows a 3D image of mMIP and mNIP
deposited on a glass plate. The roughness value (R,) found
was 4.1 um for mMIP and 1.2 mNIP, indicating an increase
of 3.4 times. This information was expected because mMIP
has selective cavities that promote greater roughness. The
specific surface values and pore volume for mNIP were 18.2
m? g' and 0.08 cm®g™!, while for mMIP were 32.5 m* g! and
0.14 cm®g™', as determined by BET evaluation.

Fourier transform infrared (FTIR) spectroscopy was
employed to examine the samples of the chemical groups of
the polymers (mMIP and MNIP). Figure 2C illustrates the

Fig.2 Confocal image of mMIP
(A) and mNIP (B) and FTIR
analysis of mMIP (C) and
mNIP (D)
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infrared (IR) spectra of the molecularly imprinted polymer
(MIP) and non-imprinted polymer (NIP). It is noteworthy that
their main composition primarily consists of the EGDMA as
a cross-linker and the allyl alcohol as a functional monomer,
elucidating the bands associated with the groups present in
these molecules. The band at 3413 cm™' corresponds to the
O-H stretching in allyl alcohol, as reported in the literature.
The band at 1473 cm™! is associated with the C-H bending
present in both allylic alcohol and EGDMA. Lastly, the band
at 1132 cm™! is attributed to the C-O stretching of the ester
group, which is present in EGDMA. Figure 2D shows the
infrared spectrum of the sarcosine molecule and the Fe;0,.
For the sarcosine molecule, three significant bands are evident
from the figure. The first, with a wave number of 3413 cm~!,
corresponds to the N-H stretching of the amine present in
the molecule. The band at 1597 cm™" also relates to the N-H
bond, specifically its bending vibration. The band highlighted
at 1292 cm™' corresponds to the stretching of the C-N bond in
the same amino group, while in the Fe;O, sample, a large char-
acteristic peak at 1080 cm™" was observed, which corresponds
to the Fe—O stretching vibration in tetrahedral sites [34].

Optimization of the experimental conditions

The electrochemical behavior of sarcosine in different
electrolytes (phosphate, TRIM, acetate, and Britton-
Robinson buffers) was investigated by DPV. The results revealed
phosphate buffer electrolytes showed the best oxidation
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Fig.3 Effect of pH on the electrochemical response of the mMIP-IL/
CPE sensor in 0.10 mol L™! phosphate buffer using the DPV technique.
Analysis conditions: scan rate=50 mV s, step potential=5 mV, pulse
amplitude=75 mV, and sarcosine concentration=5.0x 107> mol L.~}
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current. Therefore, this buffer was chosen in the subse-
quent electrochemical analyses.

Next, the influence of pH on the electrochemical oxidation
of sarcosine was studied by the DPV technique in a range of
apH of 5.0 to 10.0, using a phosphate buffer solution. As can
be seen, the reduction of the hydrogen ionic concentration
of the electrolyte causes a shift in peak potential for sarco-
sine oxidation towards more negative values (Fig. 3). This is
a consequence of deprotonation during the oxidation process,
which is facilitated at higher pH values. The plot of /,, vs. pH
for sarcosine shows that the anodic peak current increases in
the pH range of 5.0 to 9.0, reaching a maximum value at pH
9.0. Therefore, pH 9.0 was chosen as the optimal value.

In addition, it was found that the sensor did not influ-
ence the ability of the electrochemical signal of sarcosine
in the DPV analyses.

Electrochemical profile of sarcosine

The electrochemical profile of the sarcosine was evalu-
ated using different electrodes with the differential pulse
voltammetry (DPV) technique in a potential range from 0
to+ 1.4 V. In these experiments, a concentration of sarcosine
was added in an electrochemical cell, and the electrochemi-
cal response was obtained for the electrodes as shown in
Fig. 4. The mMIP-IL/CPE reveals well-defined irreversible
oxidation peaks of the sarcosine at+ 1.2 V showing the best
analytical signal when compared to IL/CPE and CPE using
0.1 mol L™" of phosphate buffer solution at pH 9.0 (Fig. 4A,
B). Compared to the ionic liquid and TiO, nanoparticles
modified sensor proposed by Bahrami et al., the peak poten-
tial was similar in the sarcosine oxidation [35].

Effect of scan rate on the peak currents and potentials

To study the mass transport kinetics of the analyte in the bulk
solution to the surface of the electrode, the scan rate study was
performed with the electrode modified by cyclic voltammetry.
Figure 5 shows the cyclic voltammetry response of the modi-
fied electrode in a potential range of —0.7 to 1.5 V. The anodic
peak and redox potentials, respectively, increased and signifi-
cantly shifted with the scan rate increased from 20 to 300 mV/s
in the presence of 5.0x 10~ mol L™ sarcosine solution using
0.10 mol L™! phosphate buffer at pH 9.0. From the current val-
ues obtained in this study, it was possible to construct the anodic
peak current graph as a function of v and »'. Analyzing the
curve of the peak current (/,,,) against the square root of scan rate
(v"%) and scan rate (v) can be seen in the linear regression equa-
tion; the correlation coefficient (R2) of Ipa vs. 0" plot was 0.975,
while 7, vs. v plot was 0.999. This suggests that the transport of
the analyte to the electrode surface is controlled by adsorption.
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Fig.4 Profile electrochemical of the studied electrodes by DPV
(A) and error bar plot (B). Analysis conditions: »=50 mV s
AE=5 mV, pulse amplitude=75 mV, and sarcosine concentra-
tion=1.5x10"*mol L.”"

Aiming to find the number of electrons in the electro-
chemical reaction of sarcosine in basic solution, the Laviron
equation was utilized (Eq. 1).

, 2,303.R. T R.T.K°
Ep=E + (2= ) log (=)
r +< a.nF > o8 a.nF

(2,303.R.T> M
+| ———— ) log o
a.n.F

Where R=8.314J mol~' K™, T=298 K, a=charge transfer
coefficient, F=96.485 C mol™', and n=electron number.

A slope of 0.059 was found by analyzing the linear regres-
sion of the curve E vs. log v. In this sense, it was possible
to find the value of an that was 0.94 and consider a=0.5

401(i) .
80 <%0 o
=20 o
0] o r=0.999
60 T 00 01 02 03
vIi(Vs"
< “01(ii) .
=40 o
S <30 y
~ <20 ‘éaf’
id t}’)-ﬂ r=0.975
20+ 02 04 06
VI/Z/ (VS~1)I/Z
129(jij) .
0+ >126 E:0059Iogv+13:’
v T T T T T T T |_|_|°3]_23 /Y‘
06 08 10 12 14 ., "
-16 -12 -08
(E vs. Ag/AgCl) / V T

Fig.5 Cyclic voltammograms recorded at different scan rates using the
mMIP-IL/CPE for 5.0x 10~ mol L' sarcosine in phosphate buffer at
pH=9.0. Insets: (i) I, vs. v, (ii) I, vs. v 12 and (iii) E, vs.logo

for the irreversible redox system. The electron number value
calculated was 2 electrons. Scheme 2 makes it possible to
visualize the electrochemical reaction of sarcosine occurring
in two steps, involving one electron each.

Sarcosine determination by DPV method

The determination of sarcosine was performed using the
DPV technique in a phosphate buffer solution (pH=9.0).
Under the best-tested analysis conditions (Table S1), the
proposed method showed an analytical curve with a lin-
ear response in the concentration range of 2.0x 10~/ to
1.04x 10~ mol L™" and a limit of detection of 5.1 10~ mol
L! (calculated using 3 X SD/m, where SD is the standard
deviation for ten blank solution measurements (n=10), and
m 1s the analytical sensitivity) (Fig. 6).

A comparison of the performance of mMIP-IL/CPE with
other studies reported in the literature is shown in Table 1 [8,
35-39]. All of them have some advantages and limitations
that make this sensor highly promising, whether in detec-
tion limit, linear response range, repeatability, and mainly
low cost.

\H \H & M co
i i NH-éHz + 2
o] o
o [¢]
HiC
HsC e H;3C H 3%
endn, = Yid o N H;C—NH, + CH,0
\H\ ~ OH
OH

Scheme 2 The proposed mechanism of sarcosine electro-oxidation in
basic solution [35]
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Fig.6 DPV analysis of sarcosine using 0.10 mol L™' phosphate buffer
solution at pH 9.0. Analysis conditions: v=50 mV s~!, AE=5 mV,
pulse amplitude =75 mV

Repeatability and interference studies

The repeatability of the mMIP-IL/CPE sensor was studied
by the DPV method using 2.5 x 107> mol L~' sarcosine
standard. To the DPV measurements (n=15) were per-
formed for each concentration was obtained and the rela-
tive standard deviations (RSD) less 5.0% demonstrating
the precision and stability of the response of the proposed
sensor (Fig. S1, Supplementary Material).

To evaluate the efficacy of the mMIP-IL/CPE in deter-
mining sarcosine, a study of interferences found in the bio-
logical matrix was conducted in connection to the interfer-
ent test. The interferents were urea, ascorbic acid, glucose,
uric acid, and NaCl in the molar ratio 1:1, and the results
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Fig.7 Interferent study by DPV using mMIP-IL/CPE sensor. Analysis condi-
tions: scan rate=50 mV s~ step potential=5 mV, pulse amplitude=75 mV,
and sarcosine and interferent concentration=2.0x 10> mol L.™!

showed no interference in the electrochemical signal of
sarcosine (Fig. 7 and Supplementary Material, Fig. S2).

Application in biological samples

The proposed sensor was tested in synthetic biological
samples to confirm their applicability and reliability. The
percentage of recovery and relative standard deviation
were calculated according to Table 2. The recoveries near
100% of the samples indicated that the proposed method

Table 1 Comparison analytical of the mMIP-IL/CPE sensor obtained in the determination of sarcosine with other studies reported in the litera-

ture

Electrode Method Linear range (mol L) LOD (mol L) Reference
Ni-1/GCE? DPV 1.0x10™ to 1.0x 1073 - [8]
AuPt-PPy/GR/GCE DPV 2.5%107°t0 6.0x 10~ 0.7x1076 [35]
TiO,/IL/CPE* DPV 1.0x10™*to 1.0x 10~° 8.0x107° [36]
MWCNT/Nafion®/Ni(OH),/SPCE* Ccv 32x10°t02.5x107° 0.96x 107° [37]
CHIT/CuNPs/c-MWCNT/Au® cv 0.1x10™°t0 1.0x107* 0.1x1071 [38]
SOxNPs/AuE Amperometry 0.1x10™°t0 1.0x107* 1.0x107% [39]
mMIP-IL/CPE DPV 2.0%x1077t0 1.04x107* 5.1x1078 This work

#Ni metal-organic framework based on 2.20-Biphenyldicarboxylic, 4.40- bipyridine-based GCE

bGlassy carbon clectrode (GCE) was modified with a graphene-chitosan (GR) composite and further modified with gold-platinum bimetallic

nanoparticle

“Carbon paste electrode modified with TiO, nanoparticles in 1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid

IMWCNT/Nafion®/N i(OH),-modified screen-printed electrode
¢Sarcosine oxidase/chitosan/CuNPs/c-MWCNT/Au electrode
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Table2 Application of

T MIPL/CPE sensor in Samples [Sarcosine] / mol L™! ?Seecnosvoerry g‘(;l;t‘ive
biological samples Added Found” Comparative method” %) ’ (%)
Synthetic urine  5.0x1077  (5.2+0.3)x1077  (5.0+0.1)x 1077 104 +4.0
50x107°  (5.0£0.2)x10™° (4.8+0.1)x107° 100 +42
Serum 50x1077  (4.8+02)x1077  (4.9+0.1)x1077 96.0 -20
50x107%  (4.9+03)x10™°  (5.0+0.1)x1076 98.0 -2.0

* Average of 3 measured concentrations
**Recovery percentage = [Found] / [Added] x 100

“*Relative error= [(Proposed method — Comparative method) / (Comparative method)] x 100

can be successfully applied in the detection of sarcosine in
biological samples. When comparing the results with the
electrochemical sensor and HPLC-UYV, the results showed
that both procedures provided very consistent measure-
ments, with a relative error of +4.0%. By applying the
paired z-test, it was possible to find a 7, eimenca Value =5.5
which was 2.3 times lower than the f,. ica Value=12.7,
demonstrating the two methods were not statistically dif-
ferent (up to a confidence level of 95%). The chromato-
gram and analytical curve obtained from the derivatization
reaction with FMOC-CI can be viewed in the supplemen-
tary material, Fig. S3.

Conclusion

The modification of the carbon paste electrode with IL and
mMIP improves the analytical signal, allowing an excellent
catalytic activity towards the oxidation of sarcosine and a
better detectability of sarcosine in biological samples. The
mMIP-IL/CPE electrode demonstrated exceptional perfor-
mance, low limited detection, rapid detection, and inexpen-
sive cost while achieving satisfactory recoveries ranging from
96 to 104%. The proposed sensor allows for the detection of
sarcosine with high sensitivity, affordability, and applicability
in monitoring sarcosine in prostate cancer patients. The sug-
gested method enables further advancements in the design
of novel sensors to enhance human health quality affordably.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10008-024-05855-0.
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