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Electrochemical detection of creatinine: exploiting
copper(i) complexes at Pt microelectrode arrayst

*

This work develops a rapid and highly sensitive electrochemical sensor for creatinine detection at platinum

microelectrode arrays (Pt-MEA). Copper(i) ions are introduced to form the electroactive creatinine
complex, which is then detected at Pt-MEA through a direct reduction reaction. Electrochemical
behaviors of the creatinine complex are also explored at Pt macrodisc and microdisc electrodes in
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comparison with Pt-MEA. At the Pt-MEA, the linear range, sensitivity, and limit of detection of creatinine

are determined to be 0.00-5.00 mM, 5401 + 99 A m2 M™%, and 0.059 mM (3Sg/m), respectively.
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1 Introduction

Creatinine is a chemical waste product that arises from muscle
metabolism, specifically as a byproduct of creatine breakdown.*
It is produced in the muscles and subsequently filtered out of
the body by the kidneys, primarily through urine, at a constant
rate. In clinical analysis, creatinine serves as a crucial indicator
for assessing renal function and is used as a biomarker to
evaluate kidney health. Moreover, creatinine finds applications
not only in diagnosing renal function but also in studying
muscle atrophy,® thyroid disease,® diabetic nephropathy,* and
drug-induced nephrotoxicity.® Additionally, it is utilized as
a detection agent in sports to identify the prohibited use of
stimulants.® Given its significance, there is substantial interest
in developing sensitive, specific, and rapid methods for
detecting creatinine.

In recent years, various laboratory-based techniques such as
liquid chromatography,” mass spectroscopy, chem-
iluminescence,® enzymatic assays,” and microfluidics'® have
been developed for the measurement of creatinine. These
methods have shown significant advancements in the analysis
of creatinine, particularly addressing selectivity issues encoun-
tered with the conventional Jaffe reaction." The Jaffe reaction
can be influenced by several compounds present in blood or
urine, including urea, glucose, dopamine, uric acid, bilirubin,
and pyruvate.””** However, despite these improvements, these
available techniques often face limitations for on-site diagnosis
and point-of-care due to their high cost of instruments or
reagents, time-consuming analysis, and complex pre-treatment
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Notably, the Pt-MEA requires only 10 puL of sample and allows direct measurement of creatinine in
synthetic urine with 97.39 + 4.78% recovery.

requirements. Therefore, the main objective of this study is to
develop a method for creatinine detection using an electro-
chemical sensor, which offers distinct advantages such as
rapidity, high sensitivity, and simplicity.

To detect creatinine electrochemically, enzymes and biomol-
ecules such as creatinine amidinohydrolase,” creatinine deimi-
nase,’® and creatinine iminohydrolase’” have been employed
through their immobilization on the electrode surface. Never-
theless, these enzymatic electrochemical creatinine sensors are
not without limitations, as they exhibit a certain extent of enzyme
instability and are susceptible to damage when exposed to
extreme conditions.' Recognizing the significance of addressing
these shortcomings, recent developments have led to the creation
of non-enzymatic creatinine sensors.'®>* This work proposes an
alternative methodology for the non-enzymatic detection of
creatinine, an apparently electrochemically inert compound.
Specifically, the detection mechanism relies on the formation of
electrochemically active creatinine complexes and direct vol-
tammetric analysis at microelectrode arrays.

Microscopic electrodes offer advantages over conventional
macroelectrodes in electrochemical sensors, including
measurements in low ionic strength samples, reduced ohmic
drop, high current density, high mass transfer flux, and low
background charging current.>*** The arrays of microelectrodes
are suitable for in vitro and in vivo applications, enhancing
current responses and sensitivities while overcoming issues
with low magnitude currents, electrical noises, and stray
capacitance encountered at the isolated individual microelec-
trode.?® Microelectrode arrays demonstrate high sensitivity, low
limit of detection, and can handle small sample volumes,
making them successful in detecting various organic and
inorganic analytes.*”**

This work progressively investigated the electrochemical
characteristics of creatinine complexes with copper ions on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 A schematic diagram showing the measurement procedure and the redox process of the developed creatinine sensor.

platinum (Pt) electrodes, spanning from macro-scale to micro-
scale and culminating in the utilization of microelectrode
arrays. Subsequently, a novel direct sensor for creatinine
detection was developed, built upon the copper complex
formation approach (Scheme 1).

2 Experimental
2.1 Chemical reagents

All chemical reagents were of analytical grades and used as
received without further purification: creatinine (2-amino-1-
methyl-2-imidazolin-4-one, =98.0%, Sigma-Aldrich), sodium t-
lactate (C3HsNaOs;, =99.0%, Sigma-Aldrich), r-ascorbic acid
(CeHgOg, =99.0%, Sigma-Aldrich), urea (NH,CONH,, =99.0%,
Sigma-Aldrich), dopamine hydrochloride ((HO),C¢H;CH,CH,-
NH,-HCI, =97.5%, Sigma-Aldrich), citric acid
(HOC(COOH)(CH,COOH),, 99.5%, QREC), copper(n) sulfate
pentahydrate (CuSO,-5H,0, =99%, Sigma-Aldrich), sulfuric acid
(H2S04, 98.0%, Ana Pure), potassium sulfate (K,SO,, =99.0%,
Sigma-Aldrich), sodium chloride (NaCl, =99.0%, Sigma-Aldrich),
sodium phosphate monobasic (NaH,PO,;, =99.0%, Sigma-
Aldrich), sodium phosphate dibasic (Na,HPO,, =99.0%, Sigma-
Aldrich), sodium hydrogencarbonate (NaHCO;, 99.8%, QREC),
magnesium sulfate (MgSO,, =98.0%, Tokyo Chemical Industry),
and sodium sulfate (Na,SO,, =99.0%, Sigma-Aldrich).

A synthetic urine sample was prepared according to estab-
lished protocols from previous literature studies to closely
mimic the composition of real urine samples.” The synthetic
urine was formulated to contain the following components:
170.0 mM urea, 11.0 mM sodium t-lactate, 1.7 mM r-ascorbic
acid, 3.0 uM dopamine hydrochloride, 2.0 mM citric acid,
90.0 mM sodium chloride, 7.0 mM sodium phosphate mono-
basic, 7.0 mM sodium phosphate dibasic, 25.0 mM sodium
hydrogencarbonate, 2.0 mM magnesium sulfate, and 10.0 mM
sodium sulfate.

2.2 Electrochemical studies

All electrochemical measurements were conducted with an
Autolab PGSTAT302N potentiostat (Metrohm, Netherlands) in

© 2023 The Author(s). Published by the Royal Society of Chemistry

a Faraday cage at a temperature of 25 °C, employing a standard
three-electrode setup. For reference and counter electrodes,
a mercury/mercury sulfate (Hg/HgSO, in saturated K,SO,, Ital-
Sens) and a platinum wire were used, respectively. Three types
of platinum (Pt) working electrodes were investigated: a Pt
macrodisc with a diameter of 2.00 mm (CH Instruments), a Pt
microdisc with a diameter of 25.00 um (ItalSens), and a Pt
microdisc electrode array (MEA) consisting of 90 electrodes with
a diameter of 10 um (MicruX). Prior to use, the working elec-
trodes were cleaned in 0.50 M H,SO, at an applied potential of
1.8 V for a duration of 5.0 minutes. The working electrodes were
characterized using the standard [Fe(CN)g]* >~ redox probe in
Section S1, ESI.t

The electrochemical measurements of copper-creatinine
systems were conducted in the presence of a 0.10 M K,SO,
supporting electrolyte. This choice of supporting electrolyte was
made to prevent any potential precipitate or complex formation
between Cu®" and anions in the electrolyte, allowing us to
exclusively investigate the interaction between Cu®" and creat-
inine. All experiments were conducted in triplicate, and the
reported values represent the means of these replicates, with
the accompanying error bars indicating the standard
deviations.

3 Results and discussion

In this work, the electrochemical behaviors of creatinine,
copper, and copper-creatinine complexes were investigated at
the Pt macrodisc electrode, Pt microdisc electrode, and Pt
microelectrode array (Pt-MEA). Subsequently, an electro-
chemical sensor for creatinine detection was developed based
on the formation of the copper-creatinine complexes. The
analytical performance of the sensor was evaluated, and the
sensor was then applied to synthetic urine samples.

3.1 Cyclic voltammetry of creatinine at a Pt macrodisc
electrode

Initially, the electrochemical properties of creatinine and the
formation of copper-creatinine complexes were investigated at

RSC Adv, 2023, 13, 33210-33220 | 3321
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Fig.1 Cyclic voltammograms at a Pt macrodisc electrode: (a) blank 0.10 M K,SO4 (black), 7.5 mM creatinine (green), 10.0 mM CuSOy4 (blue), and
a mixture of 10.0 mM CuSO, and 7.5 mM creatinine (red) at 50 mV s~ scan rate. (b) A mixture of 10.0 mM CuSO,4 and 5.0 mM creatinine in 0.10 M
K>SOy at varying scan rates (inlay: peak C' currents (n = 3) vs. square root of scan rates).

a Pt macrodisc electrode in the presence of a 0.10 M K,SO,
supporting electrolyte. Fig. 1a illustrates that creatinine did not
display any oxidation or reduction responses at the Pt macro-
electrode, indicating its electrochemically inert nature in the
aqueous solution within the studied potential window.
However, upon the introduction of Cu** ions, the voltammo-
gram exhibited distinct reversible reduction and oxidation
peaks, denoted as C’ at —0.40 V and A’ at 0.16 V, respectively.
These peaks emerged due to the complexation between copper
ions and creatinine and were absent when only Cu®** was
present in the solution (without creatinine). The formation of
Cu(u)-creatinine complex was evidenced by the change in the
colors of the solutions as well as their corresponding UV-visible
spectra, as shown in Fig. S4 in the ESL}

3.1.1 Effect of scan rates. The effect of scan rates was
subsequently investigated in Fig. 1b. The observed increase in
peak C’ currents in direct proportion to the square root of the
scan rate suggests that the processes involved are governed by
diffusion-controlled mechanisms. To determine the diffusion
coefficient of the creatinine-copper complex, the Randle-Sevcik
equation (eqn (1)) was employed. Considering the structure of
the copper-creatinine complex ([Cu(creatinine),(H,0),]*"), it
was deduced that the concentration of the complex is half of the
initial concentration of creatinine. Based on these consider-
ations, the diffusion coefficient was calculated to be 1.04 x 10~°
+0.01 x 10 ° m*s™ .

« [nFvD
Iy = 04d6nFAc [ (1)

where I, is the peak current, n is the number of electrons
transfer, F is the Faraday constant (96 485 C mol %), A is the
electrode surface area, D is the diffusion coefficient, c* is the
bulk concentration, v is the voltage scan rate, R is the molar gas
constant, and 7 is the absolute temperature in kelvin.

3.1.2 Effect of solution’s pH and creatinine concentrations.
This section studies the pH-dependent effects on the

33212 | RSC Adv, 2023, 13, 33210-33220

voltammetric responses of copper—-creatinine complexes at a Pt
macrodisc electrode. In order to evaluate the influence of pH,
varying concentrations of H,SO, were incorporated. It is
important to note that conventional buffering agents, such as
citrate/citric acid buffer, phosphate buffer, and carbonate
buffer, were deliberately excluded due to the formation of
precipitates resulting from the interaction between Cu®** and
the anions present in these buffer solutions.

Fig. 2a illustrates that when pH < 3, the voltammetric
response exhibits only the peaks corresponding to the oxidation
and reduction of free copper ions, with no discernible presence
of peaks associated with the copper-creatinine complexes.
These observations suggest that at lower pH levels, the forma-
tion of a complex between creatinine and copper is not favor-
able or that creatinine experiences reduced stability under such
acidic conditions.*® In contrast, at pH = 3, distinct responses
denoted by peaks C’ and A’ become apparent, which signifies
the successful formation of copper—creatinine complexes under
these specific pH conditions. Notably, the voltammograms
manifest the most substantial cathodic peak C’ current at a pH
of 4.0.

Subsequently, we explored the influence of creatinine
concentrations on the voltammetric responses. As illustrated in
Fig. 2b, an increase in creatinine concentrations corresponded
to a shift in reduction peak potentials towards less negative
values. This shift indicates that the Cu(u)-creatinine complex is
more easily reducible than free Cu®>" and suggests an enhanced
energetic stability of the reduction product. This observation
aligns with the presence of peak C’ at a lower overpotential
compared to the reduction of free Cu>* as seen in the previous
section.

The relationship between the change in peak potential (AE;)
and log[creatinine] yielded a slope of —0.118 £+ 0.006 V per
decade of log[creatinine], which is consistent with prior studies
conducted on a glassy carbon electrode.” Our previous research
has also delved into the identity of the copper-creatinine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Cyclic voltammograms of a mixture of 10.0 mM CuSO, and 5.0 mM creatinine in 0.10 M K,SO, at varying pH (scan rate: 50.0 mV s™%) at
a Pt macrodisc electrode (inlay: peak C' currents vs. pH). (b) Cyclic voltammograms of 1.0 mM CuSO,4 and excess concentrations of creatinine at
a Pt macrodisc electrode (inlay: peak C' potentials vs. creatinine concentrations).

complex that forms when Cu®* is introduced to aqueous creat-
inine solutions, and it has been identified as
[Cu(creatinine),(H,0),]**.* Other thermodynamic parameters
of the [Cu(creatinine),(H,0),]** complex such as binding ener-
gies, bond lengths, and charge distribution have also been re-
ported.” The results thus suggests that upon the application of
cathodic potentials, the complex undergoes a one-electron
reduction to form [Cu(creatinine),]’, acquiring two additional
creatinine molecules as ligands in replacement of water
ligands.

The reduction reaction of the copper-creatinine complex
that occurs at the electrode can be summarized below.

18 M —0.0mM
i . e —1.0mM
200 < 15 o g —25mM
= 12 s ——5.0mM
T gl —75mM
- -10.0 mM
100 - 2 4 6 810
< [Creatinine] (mM)
=
0-
'100 T T T T
-1.2 -0.8 -0.4 0.0

E vs. Hg/HgSO, (V)

Fig. 3 Cyclic voltammograms of varied creatinine concentrations at
a Pt macrodisc electrode in the presence of 10.0 mM CuSO,4 and
0.10 M K»SOy, at a scan rate of 50.0 mV s~ (inlay: peak C’ currents (n =
3) vs. creatinine concentrations).

© 2023 The Author(s). Published by the Royal Society of Chemistry

[Cu(creatinine),(H,0),]**(aq) + 2 creatinine(aq) + e~ O
[Cu(creatinine)s]*(aq) + 2 H,O(l) (2)

3.1.3 cCalibration plot of creatinine at a Pt macrodisc elec-
trode. Fig. 3 illustrates the voltammograms obtained at a Pt
macroelectrode with a scan rate of 50 mV s ' for various
creatinine concentrations mixed with 10.0 mM CuSO, (excess)
and 0.10 M K,SO,. The decrease in the magnitudes of peaks A
and C, observed as the creatinine concentration increased, was
attributed to a reduction in the concentrations of free Cu®>* due
to the formation of a complex between copper ions and creati-
nine. Conversely, peaks A’ and C’ demonstrated an increase
with the rise in creatinine concentration, as the concentrations
of the copper-creatinine complex increased. For quantifying
creatinine concentrations, the currents at peak C’ were there-
fore utilized. The linear range, sensitivity, and limit of detection
were determined to be 1.00-10.00 mM, 1.09 x 10~° £ 0.04 x
10 AmM* (or 347 £ 13 Am > M), and 0.10 mM (3Sg/m)
respectively.

3.2 Cyclic voltammetry of creatinine at a Pt microdisc
electrode

To obtain a reliable voltammetric response at a macroelectrode,
a substantial amount (100-fold the concentration of the target
analyte) of a supporting electrolyte is required.** This ensures
the creation of a homogeneous electric field undisturbed by the
oxidation or reduction of the analyte, leading to a well-defined
voltammetric response. However, in many cases, samples may
have lower ionic strengths than required, necessitating the
addition of supporting electrolytes during sample preparation.
This introduces an extra step in the process. On the other hand,
microelectrodes enable measurements in low ionic strength
solutions and offer several advantages, including efficient radial

RSC Adv, 2023, 13, 33210-33220 | 33213
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diffusion, increased current density, reduced ohmic drop, and
low capacitive current. Cyclic voltammetry of copper-creatinine
complex was therefore next investigated at a Pt microdisc elec-
trode in this section.

3.2.1 Electrochemical polishing of a Pt microdisc elec-
trode. In this section, we explore the most suitable method for
preparing the Pt microdisc electrode to ensure consistent acti-
vation and reproducibility for its application in creatinine
analysis. Unlike the preparation of macroelectrodes, conven-
tional electrode pre-treatment, primarily mechanical surface
polishing, can inadvertently damage insulator materials,
leading to impaired electrical properties and measurement
inaccuracies in microelectrodes. Additionally, manual polish-
ing lacks the precision required for micro-scale electrodes,
which may result in untreated areas or significant alterations to
the electrode's size.

In particular, our main focus lies in the use of electro-
chemical cleaning in sulfuric acid, a solvent commonly utilized
for cleaning metal electrodes.**** Due to its strong acidic
properties, the use of sulfuric acid in electrode cleaning has
effectively eliminated various organic and inorganic impurities,
as well as restored the electrode's conductivity and perfor-
mance.* Four methods were considered in this work: (i)
mechanical polishing using alumina powder with three
different sizes (1.0, 0.3, and 0.05 um diameter), (ii) immersing
the electrode in 0.50 M H,SO, for 5.0 minutes at open circuit
potential, (iii) applying a constant potential of 1.80 V for 5.0
minutes in 0.50 M H,S0,, and (iv) applying a constant potential
of 1.80 V for 5.0 minutes, followed by cyclic voltammetry in the
potential range from —1.80 to 1.80 V at a scan rate of 10.0 mV
s~'in 0.50 M H,SO,.

The voltammograms of the copper-creatinine complex in
Fig. 4 demonstrate that ‘Method iii’ produced the highest
cathodic peak currents and excellent reproducibility (%RSD =
1.42%, n = 3). Consequently, this method was chosen for the
subsequent studies. Additionally, the cathodic measurement
exhibited better reproducibility (%RSD = 1.42%, n = 3)
compared to the anodic response (%RSD = 65.04%, n = 3). This
difference arises from the high sensitivity of copper oxidation to
various factors, including surface structures of the electrodes,
residual O, in solution, applied potential ranges, and electrode
cleanliness.®® Given these considerations, the cathodic
responses were employed for measuring the copper-creatinine
complex in the following sections.

3.2.2 Voltammetric responses at a Pt microdisc electrode.
At a Pt microdisc electrode, the voltammogram of free creati-
nine exhibit neither oxidation nor reduction response (Fig. 5,
green line), which is consistent with its electrochemically inert
nature as observed in the response at the Pt macroelectrode in
Section 3.1.

Meanwhile, the voltammogram of free Cu”>* reduction yields
a steady-state response due to convergent/radial diffusion at the
microelectrode.*® Additionally, there is a peak-shaped anodic
response whose peak size is limited by the amount of copper
metal deposited on the electrode surface during the forward
cathodic scan (Fig. 5, blue line).

33214 | RSC Adv, 2023, 13, 33210-33220
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Fig. 4 Cyclic voltammograms of a mixture of 10.0 mM CuSO,4 and
5.0 mM creatinine in 0.10 M K>SO, (scan rate: 10.0 mV s™%) at a Pt
microdisc electrode prepared using different methods: (i) mechanical
polishing, (ii) immersing in 0.50 M H,SO,4 for 5.0 min at open circuit
potential, (iii) applying £ = 1.80 V for 5.0 min in 0.50 M H,SO,4, and (iv)
applying £ = 1.80 V for 5.0 min, followed by cyclic voltammetry in
0.50 M H,SOy4, [full details described in text].

In the presence of both creatinine and Cu®", where the
copper-creatinine complex is formed, two cathodic peaks
emerged at —0.45 V and —0.52 V (Fig. 5, red line). The steady-
state currents of free Cu** reduction was no longer observed
after the complex formation. The peak splitting could be
attributed to the two-step reduction: Cu(u) to Cu(1) and Cu(i) to
Cu(0), possibly due to the stabilization of the Cu() intermediate
by creatinine.”?

It is worth noting that the oxidation response of copper, both
in the presence and absence of creatinine, exhibits reproduc-
ibility issues, making it unsuitable for analytical purposes. As

0
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< 400 -
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Fig. 5 Cyclic voltammograms at a Pt microdisc electrode of blank

0.10 M K5SO4 (black), 10.0 mM CuSO,4 (blue), 5.0 mM creatinine
(green), and a mixture of 10.0 mM CuSQO,4 and 5.0 mM creatinine (red).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a result, our subsequent sections will place a predominant
emphasis on the reduction reactions and present the outcomes
using linear sweep voltammetry (LSV) in the reduction scans.

3.2.3 Effect of pH at a Pt microdisc electrode. The effect of
pH on the voltammetric responses of the copper-creatinine
complex at a Pt microdisc electrode was investigated next. At pH
< 3, no responses associated with the copper-creatinine
complexes were observed (Fig. 6), which aligns with the obser-
vations at a Pt macroelectrode. The highest current responses of
the copper-creatinine complex were observed at pH 4.0;
however, the magnitude of currents was not significantly
different from those observed at pH 5.0 and 7.0. For further
analysis of creatinine, a pH of 7.0 was chosen in this study, as it
closely resembles the conditions in human body fluids such as
blood (pH 7.35-7.45)*” and urine (pH 6.00-8.00).*®

3.2.4 Calibration plot of creatinine at a Pt microdisc elec-
trode. Fig. 7 displays the voltammograms of various creatinine
concentrations mixed with 10.0 mM CuSO, in 0.10 M K,SO, at
a Pt microdisc electrode using a scan rate of 10 mV s~ '. Among
the two peaks observed, peak C2’ was selected for evaluating the
concentration of creatinine due to its higher magnitude and
better reproducibility. The linear range, sensitivity, and limit of
detection were determined to be 0.0-5.0 mM, 1.03 x 10~ % +
0.04 x 107 AmM ™" (or 2097 + 80 Am > M '), and 0.67 mM
(3Sg/m), respectively.

3.3 Cyclic voltammetry of creatinine at a Pt microelectrode
arrays (Pt-MEA)

To further enhance the analytical performance and overcome
the challenge of the low magnitude of currents that often lead to
noise issues at a microscale electrode, Pt microelectrode arrays
(Pt-MEA) were employed and investigated in this section. This
approach allows us to maintain the advantages of microelec-
trodes, such as reduced ohmic drop and a low requirement for

——pH1.0 =/—pH 2.0 /pH 3.0
———pH 4.0 ——pH 50 ——pH7.0

I (nA)

E vs. Hg/HgSO,

Fig. 6 Linear sweep voltammograms of a mixture of 10.0 mM CuSO4
and 5.0 mM creatinine in 0.10 M K,SO4 at varying pH (scan rate:
10.0 mV s at a Pt microdisc electrode (inlay: peak currents (n = 3) vs.
pH).
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Fig. 7 Linear sweep voltammograms of varied creatinine concentra-
tions at a Pt microdisc electrode in the presence of 10.0 mM CuSO4
and 0.10 M K>SO, at a scan rate of 10.0 mV s (inlay: peak currents (n
= 3) vs. creatinine concentrations).

supporting electrolyte, while simultaneously improving the
sensitivity of the measurement.

3.3.1 Imaging and morphology of Pt-MEA. The illustrations
and morphological characteristics of the Pt-MEA are elucidated
in Fig. 8. Notably, Fig. 8a highlights the minimal volume
requirement of 10 pL for analysis. The confocal microscopic
depiction (Fig. 8b) and the SEM visualization (Fig. 8c) both
unveil circular-shaped electrodes with uniformity in size (8.3 +
0.5 pm diameter) and surface distribution. Fig. 8d shows the
surface of Pt-MEA under high magnification SEM.

3.3.2 Effect of pH at a Pt-MEA. Fig. 9 illustrates the impact
of pH on the voltammetric responses of the copper-creatinine
complex at a Pt-MEA. No voltammetric responses of the copper-
creatinine complex were observed under acidic conditions (pH
< 3), consistent with the results obtained using Pt macrodisc
and Pt microdisc electrodes. Within the pH range of 4.0-7.0, the
voltammetric response did not exhibit significant variations in
peak magnitude. Given that pH 7.0 closely approximates the
physiological pH, it was therefore chosen for further creatinine
analysis.

3.3.3 Calibration plot of creatinine at a Pt-MEA. Fig. 10
presents the voltammograms of varied creatinine concentra-
tions mixed with 10.0 mM CuSO, in 0.10 M K,SO,, using Pt
microelectrode arrays (Pt-MEA) at a scan rate of 10.0 mV s .
The linear range, sensitivity, and limit of detection were deter-
mined to be 0.0-5.0 mM, 2.63 x 10" %4 0.05 x 10" AmM ' (or
5401 + 99 A m~> M "), and 0.059 mM (3Sg/m), respectively.
Notably, the application of Pt-MEAs offers the advantage of
reduced sample volume (~10 pL), making it particularly suit-
able for clinical analysis when implementing the developed
sensor.

The analytical performances of the three types of platinum
electrodes investigated, namely Pt macrodisc electrode, Pt
microdisc electrode, and Pt-MEA, have been summarized in
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Fig. 8 (a) Photo of Pt-MEA. (b) Confocal microscopic image of Pt-MEA. (c and d) SEM images of Pt-MEA at different magnifications.

] ——pH 1.0 ——pH 2.0 — pH 3.0
——pH4.0 —pH 5.0 ——pH 7.0

I (uA)

pH

06 04 02 00
E vs. Pt (V)

Fig. 9 Linear sweep voltammograms of a mixture of 10.0 mM CuSO4
and 5.0 mM creatinine in 0.10 M K,SO4 at varying pH (scan rate:
10.0 mV s7Y at a Pt-MEA (inlay: peak currents (n = 3) vs. pH).
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Fig. 10 Linear sweep voltammograms of varied creatinine concen-
trations at a Pt-MEA in the presence of 10.0 mM CuSO4 and 0.10 M
K,SO, at a scan rate of 10.0 mV st (inlay: peak currents (n = 3) vs.
creatinine concentrations).
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Table 1 Comparation of non-enzymatic electrochemical sensors for creatinine detection®

Electrode Method Linear range (mM) Sensitivity (A m > M) LOD (mM) Ref.

Au-Ag bimetallic Ccv 1.0-10.0 19391 0.8 40

Cu/SCPE DPV 0.0-3.0 117 0.084 22
3.0-20.0

Cu,O/MIP/SPCE AMP 1-25 2169 2.2 x 107° 41

CuO/ERGO/SPCE AMP 0.01-2.0 280 2.0 x 107* 42

EPPG CvV 0-6 1743 0.27 43
7.5-11.5

Fe*" based nPAD/CB DPV 0.106-4.50 N/A 0.084 44

Fe*'/CB/SPCB DPV 0.100-0.650 N/A 0.043 45

PAA gel-Cu%/CuzO NPs/SPCE DPV 0.200-100 N/A 0.0065 46

SPCE SWvV 0.36-3.7 851 0.0086 47

Pt macrodisc Ccv 1.00-10.00 347 £13 0.10 This work

Pt microdisc LSV 0.00-5.00 2097 + 80 0.670 This work

Pt-MEA LSV 0.00-5.00 5401 £ 99 0.059 This work

“ Abbreviations: AMP: chronoamperometry, CuPc: copper phthalocyanine, CV: cyclic voltammetry, DPV: differential pulse voltammetry, EPPG: edge
plane pyrolytic graphite, ERGO: electrochemically reduced graphene oxide, GC: glassy carbon, LSV: linear sweep voltammetry, MIP: molecularly
imprinted polymer, NPs: nanoparticles, PAA: polyacrylamide, pPAD: micropaper-based analytical device, Pt-MEA: Pt microelectrode arrays,
SPCB: screen printed carbon black, SPCE: screen printed carbon electrode, SWV: square wave voltammetry.

Table 1 and compared with other existing electrochemical
methods for creatinine detection. Notably, the utilization of Pt-
MEA has significantly enhanced the sensitivity and limit of
detection for creatinine detection through the copper
complexes formation approach. Although the limit of detection
(LOD) attained in this study was higher than that reported in
certain prior investigations, it is important to emphasize that
our sensitivity outperforms most existing methods, and the
achieved LOD remains substantially lower than the typical
urinary creatinine levels observed in healthy individuals (12.8 to
13.4 mM in males and 9.8 to 10.3 mM in females).* The
selectivity of the developed sensor and its application in
synthetic urine will be evaluated in the subsequent sections.

3.4 Reproducibility tests

The reproducibility of voltammetric measurements was
assessed for both within (intra) and between (inter) Pt-MEAs.
For the mixture containing 4.0 mM creatinine and 10.0 mM
CuSOy,, the relative standard deviation (RSD) of voltammetric
peak currents within the same Pt-MEA was determined to be
1.65% (n = 3, refer to Fig. S3a in the ESI}), showcasing the
remarkable repeatability of the electrode. Furthermore, when
comparing measurements across three different Pt-MEA elec-
trodes, the RSD was calculated as 1.41% (n = 3, refer to Fig. S3b
in the ESIf), indicating excellent reproducibility between
electrodes.

3.5 Interference studies

The selectivity of the developed method was examined by add-
ing potential interferences commonly present in urine, such as
250.0 mM urea, 0.50 mM uric acid, 0.60 mM ascorbic acid, 20.0
uM dopamine, and 15.0 mM lactate. The concentrations of the
interferences studied in this work were higher than those typi-
cally observed in human urine. The measurement of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

mixture containing 5.0 mM creatinine and 10.0 mM CuSO, at
both the Pt microdisc electrode and Pt-MEA showed no signif-
icant changes in the current responses (<5%) when all the
interferences were added, demonstrating the excellent selec-
tivity of the developed method for creatinine detection.

3.6 Application in synthetic urine

The developed method was used to detect creatinine in
synthetic urine at both the Pt microdisc electrode and Pt-MEA.
The developed method was investigated by standard addition
method of 1.00 mM creatinine in the synthetic urine. Synthetic
urine was prepared following established protocols from
previous literature studies, as described in Section 2.1.>* When
CuSO, was added to the synthetic urine sample, precipitation
occurred due to the complex formation of Cu®* ions with anions
such as hydrogen carbonate ion ([HCO;]"), dihydrogen phos-
phate ion ([H,PO,]”), and hydrogen phosphate ion ([HPO4]*").
To eliminate the anions, 100.0 mM CaCl, was added to form
complexes with the anions, and the solution was then filtered
using filter paper. The percentage recoveries were found to be
99.02 + 1.60% for the Pt microdisc electrode and 97.39 + 4.78%
for Pt-MEA. These close to 100% recoveries serve as a validation
of the developed sensor's high selectivity, accuracy, and preci-
sion in detecting creatinine.

The high selectivity of the developed sensor can be attributed
to the strong affinity between Cu®** and creatinine, leading to
the formation of a distinctive electroactive complex. Previous
theoretical studies have elucidated the strength of the interac-
tion between copper ions and creatinine, encompassing critical
parameters such as binding energies, bond lengths, and charge
distribution.”® While it is plausible that other analytes could
potentially form complexes with Cu®*, the resulting complexes
would exhibit different electrochemical properties compared to
the copper—creatinine complex. Consequently, they would not
produce a reduction peak at the same potential. Additionally,
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this selectivity was ensured through the implementation of an
excess quantity of Cu**. This approach guarantees that, even in
samples containing potential interfering chemical species, an
ample supply of Cu®>" remains available for the formation of
complexes with creatinine.

4 Conclusion

We have developed an electrochemical sensor for the determi-
nation of creatinine through the formation of copper-creati-
nine complexes at Pt microelectrode arrays (Pt-MEA), as well as
Pt macrodisc and Pt microdisc electrodes. We have also estab-
lished an electrode preparation method to ensure high elec-
troactivity and reproducibility. The developed sensor has
demonstrated high sensitivity, excellent reproducibility, selec-
tivity, and a low limit of detection for precise creatinine deter-
mination. The method's validity was confirmed by percentage
recoveries close to 100% in synthetic urine. The utilization of Pt-
MEA allows simple and convenient analysis without the need
for sample dilution or addition of supporting electrolytes,
requiring only 10 pL of samples, which is beneficial in clinical
analysis. This newly developed electrochemical approach offers
promising potential for accurate and efficient creatinine
detection in various applications, including clinical diagnostics
and biomedical research. In addition to platinum (Pt), alter-
native electrode materials, which may potentially offer cost-
effectiveness and equivalent or superior performance
compared to platinum, could be explored.
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