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ARTICLE INFO ABSTRACT

Keywords: This work demonstrates the development, optimization, and method validation of a square-wave adsorption
EPAi“eP}.“ine stripping voltammetry (SWAdSV) method for the simultaneous determination of epinephrine (EP) and uric acid
Uric acid (UA) using a poly(L-cysteine) (pLC) film modified screen-printed carbon electrode (pLC-SPCE). The pLC film was
]l;fg_sstglgg deposited by the electropolymerization of L-cysteine (LC). The successful deposition of pLC was confirmed by
TOF-SIMS time-of-flight secondary ion mass spectrometry. A comparison was made between a bare SPCE and a pLC-SPCE

for the analysis of EP and UA. In order to improve the electroanalytical performance of the pLC-SPCE sensor, the
parameters of the square-wave (SW) technique, such as amplitude, frequency, and potential step, as well as the
pH of the 0.1 M PBS solution, the concentration of the LC, the number of cycles for electropolymerization, the
deposition potential, and the deposition time, were optimized. Subsequently, the SWAdSV method was validated
for the limit of detection (LOD), the limit of quantification (LOQ), the linear concentration range, accuracy, and
precision. The method had a very low LOD and LOQ, i.e. 10.0 ug/L and 19.8 pg/L for both analytes, respectively.
Two linear concentration ranges were obtained, i.e. from 49.0 pg/L to 326.1 pg/L and from 326.1 pg/L to 887.1
ug/L, for both analytes. The average recoveries and the relative standard deviations for both analytes were in a
range from 94.4% to 108.4% (n = 6) and from 2.6% to 11.7% (n = 6), respectively, at the four EP and UA
concentration levels tested. In addition, the effect of possible interferents, such as glucose, L-ascorbic acid, K',
cl, ca®t, SO7, Mg“, NHZ, CgO?{, and urea on the SW signal of EP and UA, were investigated. However, none of
these compounds significantly affected the performance of the electroanalytical method. Finally, the applica-
bility of the pLC-SPCE sensor was successfully demonstrated for the analysis of a pharmaceutical sample (an EP
auto-injector) and human urine, proving accurate and precise analysis using the developed sensor.

1. Introduction

Epinephrine (EP) is a hormone and neurotransmitter produced by
the adrenal gland. Deviations from normal epinephrine concentrations
in the human body are associated with Parkinson’s disease, Hunting-
ton’s disease, hypoglycemia, chronic active hepatitis, etc. [1]. EP un-
dergoes multiple metabolic pathways, including oxidation, conjugation,
and deamination, leaving only a tiny percentage of EP unchanged in
human urine. Therefore, the determination of EP in human urine re-
quires a selective method with a low limit of detection (LOD) [2]. On the
other hand, EP is used for various medical purposes, such as cardiac
arrest, sepsis, bronchial conditions, asthma management, and anaphy-
laxis treatment [3]. Anaphylaxis is a severe and potentially life-
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threatening allergic reaction characterized by the acute onset of symp-
toms involving different organ systems and requiring immediate medi-
cal attention [4]. Anaphylactic reactions are treated with EP using an EP
auto-injector [5]. The dosage of EP for the treatment of anaphylaxis
varies between adults and children or may be body-weight-dependent,
emphasizing the importance of an accurate concentration of EP in
auto-injectors [6].

Uric acid (UA) is a breakdown product of endogenous (adenine and
guanine in DNA and RNA) or exogenous (food) purines [7]. It is
important to maintain normal levels of UA in the blood as both high and
low levels can have severe effects on human health. Low UA levels are
associated with Alzheimer’s disease and Parkinson’s disease, whereas
high levels can cause Lesch-Nyhan syndrome, hyperuricemia, gout, etc
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[8]. UA is mainly formed in the liver and excreted through the kidneys in
the urine. The typical UA concentration in human urine for a healthy
individual ranges from 235.5 mg/L to 738.7 mg/L [9].

The analysis of EP and UA is usually performed by gas chromatog-
raphy (GC) [10,11], high performance liquid chromatography (HPLC)
[12,13], spectrophotometry [14,15], and capillary electrophoresis
[16,17]. While GC and HPLC offer high accuracy, precision, and selec-
tivity, they also suffer from many drawbacks such as time-consuming
analysis, the use of environmentally unfriendly organic solvents, and
the need for extensive sample pretreatment [18,19].

In contrast, electroanalytical methods outperform these techniques
in several aspects. They offer fast analysis time, low LODs, cost-effective
equipment (significantly lower compare to chromatography), the ability
to perform on-site analysis, minimal sample pretreatment, and the
advantage of using water as a solvent, which is in accordance with the
guidelines of modern chemistry [20]. Among the electroanalytical
methods, square-wave voltammetry (SWV) is widely used because of its
short analysis time, high sensitivity, and low LODs [21].

Screen-printed carbon electrodes (SPCEs) have gained significant
attention in electroanalytical instrumentation in recent years due to
their portability, low-cost, low background currents, miniaturization,
and disposability [22]. However, the primary limitation of using an
unmodified SPCE (referred to as a bare SPCE) for the individual or
simultaneous analysis of EP and UA is their inability to detect EP in the
presence of UA (or L-ascorbic acid, L-AA) and vice versa [23]. This
interference arises from their similar oxidation peak potentials (E,) and
slow electron kinetics, resulting in an overlap of voltammetric peaks.
Additionally, the LODs for both analytes are high [24]. Consequently,
developing a selective method for EP in UA determination with low
LODs and high accuracy and precision poses a real challenge. In order to
overcome these challenges, the surface of the SPCE working electrode
(WE) can be effectively modified with various modifiers, such as carbon
nanotubes [25], nanocomposites or nanoparticles [26], polymers [27],
etc. WE modification thereby plays a crucial role in lowering the LODs
and separating the oxidation Ej, of different analytes, thereby improving
selectivity [28].

Amino acids have been used as effective WE modifiers due to their
excellent physical and chemical characteristics, such as high conduc-
tivity, stability, and ease of preparation [29]. Among them, L-cysteine, a
non-essential amino acid, can be utilized as a promising WE modifier.
With its amino, sulfhydryl, and carboxyl functional groups, L-cysteine
can be electropolymerized to form a poly(L-cysteine) (pLC) film on the
WE surface. This film enhances the conductivity, stability, and selec-
tivity of the electrode, improving its overall performance [30].

In electroanalysis, parameters such as the pH of the supporting
electrolyte, the concentration of the modifier, the accumulation time,
deposition potential, etc., are commonly optimized [31].

Few research studies have been published on the simultaneous
determination of EP and UA on a modified WE, such as a glassy carbon
electrode (GCE). For example, Kalimuthu and John [32] developed a
method for the simultaneous determination of EP, UA, and xanthine in
the presence of ascorbic acid (AA). The surface of the GCE was modified
with an ultrathin polymer film of 5-amino-1,3,4-thiadiazole-2-thiol. In
another study, Ghanbari and Hajian [33] modified GCE with a Au/ZnO/
PPy/RGO nanocomposite and used it for the simultaneous determina-
tion of EP, UA, and AA.

However, to the best of our knowledge, no work has been published
on the simultaneous determination of EP and UA using a modified SPCE.

In this work, a new square-wave adsorptive stripping voltammetry
(SWAASV) method for the simultaneous determination of EP and UA was
developed. The surface of the SPCE sensor was modified with pLC film
(pLC-SPCE). Successful deposition was confirmed using time-of-flight
secondary ion mass spectrometry (ToF-SIMS). The development pro-
cess involved the optimization of several parameters. This was crucial to
achieving the best electroanalytical performance of the pLC-SPCE
sensor. The developed pLC-SPCE sensor has demonstrated its
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applicability for the simultaneous determination of EP and UA in an EP
auto-injector and human urine.

2. Experimental
2.1. Apparatus and SPCE sensors

The electrochemical measurements in this study were conducted
using a PalmSens 4 potentiostat/galvanostat (PalmSens, Houten, The
Netherlands) under controlled laboratory conditions at 22 °C + 2 °C.
The PalmSens 4 was operated with PSTrace 5.9 software.

As a three-electrode system, SPCE sensors of type AC1.W4.R2 with
batch number 21128 were supplied by BVT Technologies (Brno, Czech
Republic). These SPCE sensors consist of the WE and a counter electrode,
both made of carbon, with a 1 mm diameter for the WE. The reference
electrode (RE) was made of Ag coated with AgCl for enhanced stability.
All potentials (E) in this work are reported as E vs. this RE electrode. All
three electrodes are printed on the same alumina ceramic substrate.

2.2. Reagents and solutions

NapHPO4-7H20 (purity > 99 wt.%), NaH,PO4-H20 (purity > 98 wt.
%), MgCly-6H20 (purity 99 wt.%), and CaCl, (ACS reagent) were sup-
plied by Acros Organics (Fair Lawn, NJ, USA). NaOH (Analytical Re-
agent, Reag. ACS, Reag. Ph. Eur.) was supplied by Sigma-Aldrich
Laborchemikalien GmbH (Seelze, Germany). H3PO4 (85%) was supplied
by Lach:ner (Neratovice, Czech Republic). NH4I (purity > 99 wt.%, ACS
reagent), urea (purity > 98 wt.%, BioReagent), Nap,SO4 (purity > 99.99
wt.%, trace metals basis), L-cysteine hydrochloride (anhydrous, purity
> 98 wt.%), UA (purity > 99 wt.%), and sodium oxalate (purity > 99.5
wt.%, ACS reagent) were supplied by Sigma Aldrich (St. Louis, MO,
USA). KCI (purity > 99.5 wt.%, for analysis) and NaCl (purity > 99.5 wt.
%, for analysis, ACS, ISO, Reag. Ph. Eur.) were supplied by Merck
(Darmstadt, Germany). L-AA (for analysis-ISO) was supplied by Carlo
Erba Reagents (Val de Reuil, France). HySO4 (95-97 vol.%) and anhy-
drous ethanol (Ph. Eur.) was supplied by Kefo (Ljubljana, Slovenia). D-
glucose anhydrous (analytical grade reagent) was supplied by Fisher
Scientific (Loughborough, Leicestershire, UK). The USP reference stan-
dard EP bitartrate (purity 99.9 wt.%) was supplied by Sigma Aldrich
(Rockville, MD, USA). For the method optimization, method validation,
and real sample analysis, the solutions of EP and UA standard were
prepared in 0.1 M phosphate buffer solution (PBS) with a pH of 4.50,
which served as a supporting electrolyte. When necessary, the EP and
UA solutions were prepared in 0.1 M PBS with a pH ranging from 2.00 to
10.00. The 0.1 M PBS was prepared using ultra-pure water with a re-
sistivity of 18.2 MQ cm, produced by the ELGA water purification sys-
tem (Lane End, UK).

2.3. Square-wave adsorptive stripping voltammetry

In order to obtain optimized SWAdSV parameters such as Egep,
deposition time (t4ep), amplitude, E step (Esep), and frequency, these
parameters were changed, and the SWAdSV response was measured. For
the optimization of amplitude, Egep, and frequency, the E range was
from —0.600 V to 0.600 V.

Method optimization, method validation, and real sample analysis
were performed using SWAdSV. Prior to each SWAdSV measurement
during method validation and real sample analysis, the deposition po-
tential (Eqep) was applied at 0.000 V for 15 s (this Ege, was deemed to be
optimal, as explained below), followed by a 5 s equilibration time. The
SWAdSV measurement was performed in an E range from —0.100 V to
0.400 V with a positive-going E sweep. The optimal amplitude of 0.010
V, optimal Egep of 0.010 V, and optimal frequency of 10 Hz were
employed (optimization is explained below). During the Egep, the elec-
trochemical cell was stirred with a magnetic stirrer and a magnetic
stirring bar. The SWAdS voltammogram measurement lasted
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approximately 5 s. After multiple uses of pLC-SPCE, the surface was
rinsed with a 50 vol.% ethanol/50 vol.% ultrapure water solution to
remove any remaining EP and UA residuals before the subsequent
analysis.

2.4. Cyclic voltammetry

Cyclic voltammetry (CV) was used to condition freshly employed
SPCE sensors and deposit LC on the surface of the WE. Conditioning was
performed by immersing the SPCE sensor in 0.5 M HySO4. The CV
measurement started at a starting E (Eg) of —1.500 V. The E was swept
toward a more positive E until a switching E (Egy) of 1.500 V was
reached. The E was then reversed until reaching a final E (Ef) of —1.500
V. A sweep rate () of 100 mV/s and Egep, of 0.010 V were employed for
10 consecutive cycles.

2.5. pLC-SPCE sensor preparation

After being conditioned in 0.5 M H2SO4, the conditioned SPCE sensor
was rinsed with ultra-pure water to remove any remaining H>SO4, and
the excess water was soaked up with a chemically inert wipe (Kimtech,
Reigate, UK) without touching the surface of WE. Subsequently, the
conditioned SPCE sensor was immersed in an electrochemical cell con-
taining 0.1 M PBS solution with a pH of 7.00, which contained 2 mM of
LC. The deposition was performed using CV with the following param-
eters: an Eg of —1.000 V, an E,, of 2.000 V, an E¢ of —1.000 V, Egep, of
0.010 V, a v of 100 mV/s, and 10 cycles. After deposition, the obtained
pLC-SPCE sensor was rinsed with a 50 vol.% ethanol/50 vol.% ultrapure
water solution, followed by rinsing with ultrapure water to wash off the
residues of LC and ethanol. The remaining water on the sensor was again
soaked up with a chemically inert wipe. The pLC-SPCE sensor was then
electroactivated using SWV.

For method optimization, the number of cycles and the concentra-
tion of LC were different compared with those given above.

2.6. Optimization

In order to achieve the best electroanalytical performance of the pLC-
SPCE sensor, optimization was performed. The best electroanalytical
performance was considered in terms of maximizing the peak-to-peak

separation between the Ep of EP (E":‘P ) and UA (ELJA) (‘Eg" —EEA’)

while maintaining the ratio (AiEP/AiEA) between the peak height for EP
(AiEP) and UA (AigA) close to 1. In addition, the increase of the AiEP and
AiEA was also considered. To achieve this, several parameters were

optimized, including amplitude, Egep, frequency, the pH of the 0.1 M
PBS solution, the LC concentration for electropolymerization, the
number of cycles during electropolymerization, Egep, and tgep. However,
it is important to note that for certain parameters, different criteria were
selected based on their specific impact on the overall performance of the
pLC-SPCE sensor. With such a systematic approach to optimizing every
parameter, it was possible to improve the initial electroactive perfor-
mance of the pLC-SPCE sensor, which was useful for the real sample
analysis.

2.7. ToF-SIMS

Surface analysis of the developed pLC-SPCE sensor was performed
using ToF-SIMS. ToF-SIMS measurements were conducted using an M6
device (IONTOF, Miinster, Germany). Bi was used as a primary beam
with a target current of 0.6 pA. The calibration of the measured spectra
in both polarities (positive and negative) was performed by referencing
known peaks at a certain mass-to-charge (m/z) ratio. Positive ion spectra
were calibrated using peaks at m/z 15.02 for CH3, m/z 27.02 for CoHZ,
m/z 43.05 for CsHj, m/z 53.04 for C4H2, m/z 57.07 for C4HJ, and m/z
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69.07 for CsHg. Negative ion spectra were calibrated using peaks at m/z
24.00 for C3, m/z 36.00 for C3, m/z 48.00 for C4, and m/z 60.00 for Cs.
The data were acquired and processed using SurfaceLab 7.3 software
(IONTOF, Miinster, Germany). The pLC-SPCE sensor was dried under a
stream of nitrogen gas before transfer to the pre-chamber of the ToF-
SIMS device. The pressure in the sample analysis chamber was in the
range of 107! mbar.

2.8. Real sample analysis

The content of EP and UA in EP an auto-injector and human urine
were determined. Both real samples were analysed without sample
pretreatment. Measurements were performed in 0.1 M PBS solution with
a pH of 4.50. To check the accuracy and precision of the obtained results,
the samples were spiked with a solution of a known amount of EP or UA
standard.

3. Results and discussion
3.1. Electropolymerization of the LC and pLC-SPCE sensor activation

The electropolymerization of LC on the SPCE surface was success-
fully achieved using CV. Fig. S1 (in Supplementary Information) shows
the cyclic voltammograms obtained during the electropolymerization
process of 2 mM LC at a v of 100 mV/s in 0.1 M PBS with a pH of 7.00.
Despite the fact that the electropolymerization of LC has been previously
reported using different electrodes, such as GCE [34], this work
employed a similar procedure with a slight modification in the potential
E range. To the best of our knowledge, this study represents the first
successful electropolymerization of L-cysteine on a bare SPCE sensor.
Furthermore, there was no need for additional modifications involving
different nanoparticles, such as Au nanoparticles [35-37], which are
typically used for L-cysteine modification.

An E sweep to more positive E (the anodic direction) results in two
oxidation peaks at approximately 0.400 V and 1.500 V (Fig. S1). The
oxidation peak at 0.400 V corresponds to the oxidation of the sulfhydryl
group (-SH), which resulted in a radical formation (-RS). Subsequently,
radical coupling occurs, resulting in the formation of L-cystine. The
oxidation peak at 1.500 V corresponds to the oxidation of L-cystine to L-
cysteic acid (Fig. S1) [38].

The developed pLC-SPCE sensor was characterized by the ToF-SIMS
technique to confirm the successful deposition of LC on the WE in the
form of pLC film. The presence of SOsH™ at m/z 80.97 (Fig. 1a), SH™ at
m/z 32.98 (Fig. 1b), and NH3 at m/z 16.02 (Fig. 1¢) were confirmed on
the surface of the pLC-SPCE sensor. These two functional groups are
crucial for the formation of pLC film and the adsorption of pLC film on
the surface of the SPCE sensor [38]. Additionally, SO3 at m/z 79.96
(resulting from the loss of one hydrogen atom from SO3H", Fig. S2a), S~
at m/z 31.97 (Fig. S2b), and COO™ at m/z 43.99 (Fig. S2c) were also
present in the negative ion ToF-SIMS spectra. These fragments corre-
spond to LC (NH3, SH™, S~, and COO") and to the products of LC elec-
tropolymerization, such as L-cysteic acid (NH3, SOsH", SOz, S-, and
COO"). The presence of L-cysteic acid is consistent with the CV vol-
tammogram of LC electropolymerization, where L-cysteic acid was
formed at an E of 1.500 V (Fig. S1).

The pLC-SPCE sensor was also analysed using ToF-SIMS after
applying an Egep, of 0.000 V for 15 s in 0.1 M PBS (pH = 4.50) containing
1.0 mg/L of EP and UA. The presence of pLC film was also confirmed, as
the same fragments as mentioned above were present. In addition,
CoH13NO3 (the parent ion of EP) at m/z 183.08 (Fig. S2d) and
CoH14NO7 (the parent ion of EP after the addition of one hydrogen
atom) at m/z 184.09 (Fig. S2e) were found on the surface. On the other
hand, no parent ion corresponding to UA was found on the pLC-SPCE
after applying the Eqep. This suggests that only EP is adsorbed on the
surface of the pLC-SPCE after the Egqep, is applied.

The obtained pLC-SPCE sensor had to be electroactivated due to the
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Fig. 1. ToF-SIMS spectra measured in the negative polarity for a) SOsH™ at m/z 80.97 and b) SH™ at m/z 32.98, and the TOF-SIMS spectrum measured in the positive

polarity for ¢) NH3 at m/z 16.02.

baseline changes of sequentially measured SW voltammograms in 0.1 M
PBS with a pH of 4.50 (Fig. 2). Fig. 2a shows that the baseline of the 1%
sweep in the SW voltammogram started to increase significantly in an E
range from —0.200 V to 0.600 V. However, with the ond sweep, the
baseline stabilized (the intensity was significantly lower in that E range
compared to the 1% sweep) and the intensity decreased further with
consecutive sweeps (Fig. 2a). To activate the pLC-SPCE, it was essential
to develop a method with a stable baseline. It was found that 10
consecutive sweeps in 0.1 M PBS (pH = 4.50) in an E range from —0.600
V to 0.600 V were necessary to obtain a stable baseline. During each
sweep, the electrochemical cell was stirred for 15 s followed by a 5 s
equilibration time. Fig. 2b shows the 1%, 9", and 10" sweeps, with the
9t and 10t sweeps completely overlapping. After the 10 consecutive
sweep, the E range for SWAdSV measurements was narrowed from an E
range of —0.600 V to 0.600 V to an E range of —0.100 V to 0.400 V, since
the oxidation peaks for EP and UA develop at E more negative than
0.400 V (Fig. 2¢). This E range from —0.100 V to 0.400 V was then used
for the optimization of Egep, tdep, method validation, and real sample
analysis.

The reason for the required electroactivation of pLC-SPCE could be
the changes in the surface of the prepared pLC-SPCE sensor and, thus,
the capacitance. With each sweep, the surface of the LCA-SPCE changes,
leading to variations in capacitance until it stabilizes after 10 sweeps
[18].

A comparison was made between the bare SPCE and pLC-SPCE
sensors to assess their electroanalytical performance for the analysis of
EP and UA. A solution of EP and UA standards was measured at a mass
concentration (y) of 200.1 pg/L for both sensors. The oxidation peaks for
EP and UA completely overlapped on the bare SPCE (Fig. 3a) and were

not well shaped (not developed) at such low EP and UA concentrations,
which is consistent with the relatively high LODs for both analytes on
bare SPCE sensors reported previously [39]. On the other hand, two
well-defined and separated oxidations peaks for EP and UA were ob-
tained using the pLC-SPCE (Fig. 3b). Moreover, the peak heights (Aip)
for both analytes at a concentration of 200.1 ug/L were significantly
higher than the Ai; of the peaks that overlap on the bare SPCE. This
indicates that the presence of pLC film on the surface of the SPCE sensor
improves peak-to-peak separation and increases the signal for EP and
UA.

3.2. The effects of changing LC concentrations and the number of cycles
on the electroanalytical performance of the pLC-SPCE sensor

The effects of the LC concentration and the number of cycles were
optimized to achieve the best electroanalytical performance of the pLC-
SCPE sensor. All measurements were performed in triplicate in 0.1 M
PBS (pH = 4.50) containing 1.0 mg/L of EP and UA. The thickness of the
film can be controlled by the concentration of the modifier (LC in this
work) and the number of cycles. If the film is too thin, it will not have
enough active sites, while a very thick film will tend to block electron
transfer [34]. Thus, it is essential to determine the optimal LC concen-
tration and the number of cycles that yield the highest Ait" and Ai*
values.

To optimize the LC concentration, solutions ranging from 0.5 mM to
3.0 mM of LC were prepared in 0.1 M PBS with a pH of 7.00. The Ai, for
both analytes increased with increasing LC concentration from 0.5 mM
to 2 mM (Fig. S3a,b). With an increase in LC concentration higher than

a) b) c)
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Fig. 2. a) Electroactivation of the pLC-SPCE sensor using a SWV, where 10 consecutive sweeps were performed in 0.1 M PBS (pH = 4.50 in an E range from —0.600 V
to 0.600 V, b) SW voltammograms of the 1%, 9, and 10" consecutive sweeps (note that the 9" and 10" sweeps completely overlap), and ¢) SWAdS voltammograms
measured in 0.1 M PBS (pH = 4.50) containing 100.5 ug/L of EP and UA in an E range from —0.100 V to 0.400 V.
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Fig. 3. SWAdS voltammograms measured in 0.1 M PBS (pH = 4.50) and in 0.1 M PBS (pH = 4.50) containing 200.1 pg/L of EP and UA measured with a) the bare

SPCE and b) the pLC-SPCE.

2.0 mM, the Ai, started to decrease, possibly due to the excessive
thickness of the polymer film on the WE surface, which increases re-
sistivity and blocks electron transfer [37] (Fig. S3a,b). Therefore, an LC
concentration of 2 mM was selected as the optimal concentration for the
next optimization procedure.

In order to optimize the number of cycles, a 2 mM LC solution in 0.1
M PBS (pH = 7.00) was electropolymerized using various numbers of
cycles, ranging from 1 to 25. The highest Aif” was obtained after 10
cycles (Fig. S3c), while the highest Ai},JA was obtained after 15 cycles
(Fig. S3d). Since the highest Ai, for both analytes was not obtained with

the same number of cycles, the wider ‘E{f" - EEA) and the Ai*/Ai)*

closest to 1 were considered. However, the widest ‘EEP —EEA‘ was

observed for 15 cycles (Fig. S3e), whereas the AiEP/ AiEA closest to 1 was
obtained at 10 cycles (Fig. S3f). In this case, 10 cycles was selected as the
optimal value for the next optimizazion procedure compared to 15, as it
shortens the electropolymerization process.

3.3. The effect of changing SW parameters on the electroanalytical
performance of the pLC-SPCE sensor

The optimization of SW parameters to obtain better electroanalytical
performance of the pLC-SPCE sensor was performed. The SW parame-
ters for optimization were amplitude, frequency, and Egep. The optimal
parameters were considered to be those exhibiting the widest

‘EEP — EJ*|, while maintaining the Ai;"/Ai;* close to 1. A wide |EEP —

EEA‘ is critical to minimizing the overlap between the peaks and

achieving the desired resolution. In addition, maintaining the Ai;"/Ai)*
close to 1 in the optimization procedure ensures that one component
does not significantly affect the other one. All measurements were per-
formed in triplicate in 0.1 M PBS (pH = 7.00) containing 1.0 mg/L of EP
and UA.

The following amplitude values were employed: 0.001 V, 0.010 V,

0.020 V, 0.030 V, 0.040 V, and 0.050 V (Fig. S4c). The widest E;:P —

EJ*| and the Aif"/Ai* closest to 1 were determined at an amplitude of

0.010 V (Fig. S4a,b). It should be noted that when the amplitude was set
at 0.001 V, the Aif"/Ai;* was even closer to 1 compared to an amplitude
of 0.010 V (Fig. S4b). However, the peaks corresponding to EP and UA
were poorly defined (Fig. S4c). Consequently, an optimal amplitude of
0.010 V was chosen for the next optimization procedure.

The frequency was varied from 10 Hz to 25 Hz, with an increment of
1 Hz (Fig. S5¢). The widest ‘EEP 7EEA’ and the AiEP/AigA closest to 1

were both observed at a frequency of 10 Hz (Fig. S5a,b). Therefore, a
frequency of 10 Hz was selected as the optimal frequency for the next
optimization procedure.

The Egep, was varied in a range from 0.001 V to 0.010 V, with an

increment of 0.001 V (Fig. S6¢). The widest ‘E‘;P — EEA‘ was observed at
an Egep of 0.010 V (Fig. S6a). The Ai"/Ai* closest to 1 was determined
at an Egep of 0.009 and 0.010 V (Fig. S6b). Since an Egep of 0.010 V
showed the widest ’Egp —E*

the next optimization procedure.

, it was chosen as the optimal Ege,, for for

3.4. The effect of changing pH on the electroanalytical performance of the
PLC-SPCE sensor

The optimization of the pH of 0.1 M PBS solution to obtain the best
electroanalytical performance of the pLC-SPCE sensor was performed.

The pH at which the widest ‘EEP - EEA‘, the AiEP/AiEA closest to 1, the

highest Ait", and the highest Aij* were obtained was considered to be
the optimal pH. In order to optimize the pH, solutions of 0.1 M PBS
containing 1.0 mg/L of EP and UA were prepared with pH values
ranging from 2.00 to 10.00, with an increment of 1.00. Six measure-
ments were performed at each pH value tested.

The widest ‘EEP 7EEA‘ was observed at a pH of 10.00 (Fig. S7c).

However, at this pH, the Ai’” and Aij* were among the lowest compared
to the measurements at other pH values (Figs. S7a,b). Moreover, the
AP /Ai)* was close to zero as the peak for EP was barely formed
(Fig. S7d).

The highest A" and Ai* were observed at pH values of 5.00 and
4.00, respectively (Figs. S7a,b). Ata pH of 5.00, the Aif*/Ai)* was closer
to 1 than for the measurements at a pH of 4.00 (Fig. S7d). On the other
hand, at a pH of 4.00, a wider ‘ESP - EEA‘ was achieved compared to a
pH of 5.00 (Fig. S7c). Therefore, an additional experiment was per-
formed at a pH of 4.50. The highest Ai, for both analytes was obtained at
this pH (Figs. S7a,b). In addition, the Ai?P/AiEA was close to 1 (the
closest of all pH values tested, Fig. S7d). Therefore, a pH of 4.50 was
selected as the optimal pH for for the next optimization procedure.

A linear relationship was obtained between the EE” and Ej* vs. pH in

a range from 2.00 to 10.00 with the regression equations of EI';:P = -
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63.8-pH +432.7 (Fig. S7¢) and E;* = —61.6-pH + 557.9(Fig. S71),
respectively. The slopes for EP and UA were -63.8 mV/pH and -61.6
mV/pH, respectively, which was close to the theoretical value of 59.2
mV/pH, if the number of exchanged protons and electrons is equal [40].
This was consistent with the reaction mechanism for both analytes [41].

3.5. The effect of changing Eqep and tgep, on the electroanalytical
performance of the pLC-SPCE sensor

The Egep and tgep were optimized to obtain the best electroanalytical
performance of the pLC-SPCE sensor. All measurements were performed
in triplicate in 0.1 M PBS (pH = 4.50) containing 1.0 mg/L of EP and UA.
SWAdSV measurements were performed in an E range from —0.100 V to
0.400 V. The Egep and tgep at which the highest Aig‘P and AiEA were
obtained were considered to be the optimal Egep and tgep. In addition, the

Egep and tgep that produce the widest ’EEP —EEA‘ and the AiEP/AigA

closest to 1 were also considered.

The Egep was varied from 0.000 V to —0.800 V. In general, applying a
more negative Eqep resulted in an increased oxidation peak for EP and a
decreased oxidation peak for UA (Figs. S8a,b,e). Fig. S8e shows that for
SWAJS voltammograms, the Egep only affects the oxidation peak for EP,
while it did not have a significant effect on the oxidation peak of UA. The
decrease in the oxidation peak of UA can be attributed to the increase in
the oxidation peak of EP. This is consistent with the ToF-SIMS mea-
surements by which UA was not detected on the surface of the pLC-SPCE
after applying Egep, Whereas EP was present. This is another indicator of
why the AigP/AiEA should be close to 1. The highest Aigp and AiEA were
observed at an Eqep of —0.600 V and 0.000 V, respectively (Figs. S8a,b).
Since the highest Ai; for both analytes was observed at different Egep,

additional evaluation of these two Egep in terms of ’Egp — EEA’ and the

A’ /Ai]* was performed. The Ai*/Ai)* closest to 1 was observed at an
Egep of 0.000 V as compared to —0.600 V (Fig. S8d). Moreover, a wider

‘EEP - EEA‘ was also obtained at an Egep of 0.000 V than at —0.600 V

(Fig. S8c). Thus, an Egep of 0.000 V was selected as the optimal Ege for
the next optimization procedure.

The effect of different tgep, was studied in a range from 0 s to 120 s
(Figs. S9a—e). The highest AiEP was obtained at 15 s (Fig. S9a), while the
highest Aij* was obtained at 30 s (Fig. S9b). After 15 s and 30 s for EP
and UA, respectively, the Ai’” and Ail* started to decrease slightly with
increasing tqep. The decrease in Ait” and Ai)* is most likely a conse-

quence of the saturation of EP and UA on the pLC-SPCE surface, limiting
the available active sites for further oxidation of both analytes, leading

to an observed decrease in the AiEP and Ai;JA [42,43]. The ‘EEP - EEA‘

were similar for a tgep of 15 s and 30 s (Fig. S9c). Of all tye), tested, the
AiEP/AiEA closest to 1 was obtained for a tqep of 15 s (Fig. S9d). There-
fore, 15 s was selected as the optimal tgep, for the analysis.

Next, method validation was performed using the optimized pa-
rameters in Sections 3.2-3.5 for EP and UA. The LOD, limit of quanti-
fication (LOQ), linear concentration range, accuracy, and precision were
determined. Additionally, an interference effect study and real sample
analysis were performed.

3.6. The limits of detection and limits of quantification

The LOD and LOQ were determined experimentally based on the
signal-to-noise ratio (S/N), which had to be greater than or equal to 3.00
for LOD and greater than or equal to 10.00 (but close to 10.00) for LOQ
[44]. Three replicates were performed, each with a new pLC-SPCE
sensor. The values for the LOD and LOQ for both analytes were re-
ported as the highest LODs and LOQs from three replicates. The deter-
mined LODs for both analytes were 10.0 ug/L at an S/N of 5.93 for EP
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and 6.35 for UA. The determined LOQs for both analytes were 19.8 pg/L
at an S/N of 14.24 and 11.00 for EP and UA, respectively. The SWAdS
voltammograms for LOD and LOQ determination are shown in Fig. S10.
As this is, to the best of our knowledge, the first reported simultaneous
analysis of EP and UA on a modified SPCE (the pLC-SPCE in this work), a
comparison between the pLC-SPCE and other modified (conventional)
electrodes was performed (Table 1). The determined LODs and LOQs for
EP and UA were among the lowest values reported previously (Table 1).

3.7. Linear concentration ranges

The successive additions of solutions of EP and UA standards were
pipetted in an electrochemical cell to determine the ranges in which the
AiEP and AiEA change linearly with their mass concentrations (y). After
each addition, the SWAdS voltammogram was measured and the
resulting Ail" and Aif* were plotted vs. the y of EP and UA, respectively.
The method was deemed to be linear if the square of the correlation
coefficient (R%) was greater than or equal to 0.9900 for both analytes.
The linear concentration range for EP and UA was determined three
times using a different pLC-SPCE sensor for each determination.

Two linear concentration ranges were determined for EP and UA.
The first linear concentration range was from 49.0 ug/L to 326.1 pg/L
(Fig. 4), while the second linear concentration range was from 326.1 pg/
L to 887.1 pg/L (Fig. 4) for both analytes. The R?> was greater than
0.9900 for both analytes for all three replicates (Fig. 4).

3.8. Accuracy and precision

The accuracy and precision were determined at the low and middle
concentration levels of the two linear concentration ranges for both
analytes. The prepared concentrations, i.e. the theoretical mass con-
centrations (ytheoretical)s Of both analytes tested at the low and middle
concentration levels of the first linear concentration range (from 49.0
pg/L to 326.1 pg/L) were 50.2 ug/L and 190.1 pg/L, respectively. For the
second linear concentration range (from 326.1 pg/L to 887.1 ug/L), the
Ytheoretical Of both analytes tested at the low and middle concentrations
levels were 330.8 ug/L and 660.3 pg/L, respectively. Six replicates were
measured for each concentration level tested. The accuracy and preci-
sion were evaluated based on the recovery (Re) and relative standard
deviation (RSD), respectively. The method was deemed to be accurate
when the average Re was in a range from 80.0% to 120.0%, and precise
when the RSD was less than or equal to 20.0% [53]. The quantification
was performed by employing the calibration curve. The accuracy and
precision results for both analytes are shown in Table 2.

The average Re for all concentration levels tested was within a range
from 80.0% to 120.0% for both analytes (Table 2). The low concentra-
tion level tested (i.e. 50.2 pg/L) of the first linear concentration range
had the largest deviation from the Re of 100.0% for both analytes, with
an average Re of 108.4% for EP and 94.4% for UA (Table 2). The average
Re values at the other concentration levels tested were closer to 100.0%,
ranging from 97.2% to 98.0% for EP and from 97.8% to 99.8% for UA
(Table 2).

The RSD values for both analytes were considerably less than 20.0%
(Table 2). The low concentration level tested of the first linear concen-
tration range resulted in the largest RSD values, which were 11.7% for
EP and 10.7% for UA. The RSD values for the other tested concentration
levels ranged from 2.6% to 3.1% for EP and from 4.1% to 5.7% for UA
(Table 2).

Based on these results, the method for the simultaneous determina-
tion of EP and UA using the pLC-SPCE sensor was deemed to be accurate
and precise.

3.9. Interference effect study

The interference effect was investigated to determine whether the
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Table 1
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A comparison of electrochemical techniques, linear concentration ranges, LODs, and real sample analyses for the simultaneous determination of EP and UA determined

with various modified electrodes.

Electrode Technique  Linear concentration ranges / (mol/L) ~ LOD / (mol/L) Real sample application Reference

CuTe/GP* DPV” 5.107°-60 - 10°° for EP 18 - 10~ ° for EP Pharmaceutical and clinical samples [45]
5-107°-120 - 10~° for UA 32 - 107° for UA

Poly(caffeic acid)/GCE cv 2.0-10°°-8.0- 107> for EP 200 - 10~° for EP EP hydrochloride injection and mixed sample  [46]
5.0-107°-3.0 - 10~* for UA 600 - 10~ for UA

OMC/Nafion/GCE® DPV 0.5-107°-200 - 10~° for EP 200 - 10~° for EP EP hydrochloride injection and human urine [47]
0.25-107° - 100 - 10® for UA 70 - 10~° for UA

Electrochemically activated DPV 1.0 -107°-4.0 - 107> for EP 89 - 10 for EP EP hydrochloride injection and serum [48]

GCE 1.0-10°°-5.5- 107> for UA 160 - 10~° for UA

sG/Pd/GCE’ DPV 2.0-10°°-50.0 - 10 for EP 100 - 10~° for EP Blood serum and urine [49]
10.0 - 107° - 100 - 10" for UA 170 - 10~° for UA

Au/ZnO/PPy/RGO/GCE® DPV 0.6 - 107° - 500 - 10~° for EP 60 - 10~° for EP Synthesis samples, pharmaceutical samples, [33]
1.0 - 10 ® - 680 - 10~° for UA 90 - 10~° for UA urine

PXSP/GCE’ DPV 2-107°-390 - 107 for EP 100 - 10~° for EP Pharmaceutical and urine samples [50]
0.1-107°-560 - 107° for UA 80 - 10~° for UA

Poly(DA)-nanogold/GCE® CV, SWV 1.0-10°°-80.0 - 10° for EP 100 - 10~° for EP Human serum and urine [51]
0.8 -10°°-100.0 - 10 ° for UA 60 - 10~° for UA

PEBT/ERGO/GCE" DPV 8.0-1077-7.0 - 10~° for EP 400 - 10~° for EP Blood sera serum [52]
5.0-107°-1.4-10* for UA 1000 - 10~ for UA

pLC-SPCE SWAdSV 0.27 -107°-1.78 - 10 ° and 54.6 - 1077 Auto-injector and human urine This work
1.78 - 10°° - 4.84 - 10~° for EP and (10.0 pg/L) for EP and
UA UA

@ CuTe/GP (copper telluride modified graphite paste electrode)

> ppv (differential pulse voltammetry)

¢ OMC/Nafion/GCE (ordered mesoporous carbon nafion modified GCE)
4 sG/Pd/GCE (reduced graphene oxide palladium modified GCE)

¢ Au/ZnO/PPy/RGO/GCE (reduced graphene oxide(RGO)/polypyrrole(PPy)/zinc oxide(ZnO)/gold(Au) nanoparticles nanocomposite modified GCE

f PXSP/GCE (poly(p-xylenolsulfonephthalein) modified GCE)

8 poly(DA)-nanogold/GCE (polydopamine (PDA)-nanogold composites modified GCE)
h PEBT/ERGO/GCE (polymer of erichrome black T (PEBT)/electrochemically reduced graphene oxide (ERGO)/GCE)

presence of several different compounds (potential interferents) had a
significant effect on the AiEP and AiEA. The interferents were selected
based on their occurrence in real samples, such as an EP auto-injector
and human urine. The interferents tested were glucose, L-AA, K™, CI,
Ca2*, SOF, Mg?*, NH{, C,07, and urea.

The effect of potential interferents on the Ait" and Ai)* was evalu-

interferent _ 4 sanalyte
Aig A,

ated using the relative error (Er) as Ep (%) = 100,

-analyte
Aty

where Ai;"‘”fere“‘ is the Ail'fp or AiEA measured in 0.1 M PBS (pH = 4.50)
containing 500.0 ug/L of EP and UA and 500.0 ug/L of possible inter-
ferent, and Aig"'“‘ly“” is the Ail'jEP or AigA measured in 0.1 M PBS (pH = 4.50)
containing 500.0 pg/L of EP and UA, without the presence of interferent.
The y ratio between the analytes (EP and UA) and interferent was 1:1, as
the y of both analytes and interferent was 500.0 ug/L. Three replicates
were performed, and the average E.¢ (E.) was calculated. The inter-
ference effect was considered significant when the E,; was higher than
10.00%. The results are shown in Fig. 5, and the corresponding SWAdS
voltammograms for one replicate are shown in Fig. S11.

The E, for all tested potential interferents were less than 10.00% for
both analytes (Fig. 5). Among these compounds, the highest E, for EP
was observed in the presence of L-AA with an E; of 7.39%, while the E|
for other compounds were in a range from 0.78% to 2.13% (Fig. 5a,c).
For UA, the highest E occurred in the presence of Mg?" ions with an E
of 4.33% (Fig. 5b,c). The E,, for other compounds were in a range from
1.52% to 3.82% (Fig. 5b,c). In the presence of K*, Ca®*, Mg?*, and NH{,
the E5” and EJ* slightly shifted toward a more positive E (Figs. S11c,e,g,
h). Additionally, the baseline of the SWAdSV measurement slightly
increased in the presence of these cations. However, despite these
changes, they did not have a significant effect on the Ai;” or A
Therefore, it can be concluded that none of the tested compounds had a
significant interference effect on the A" or Af.

3.10. Analysis of EP in an auto-injector and UA in human urine

The applicability of the validated method for the simultaneous
determination of EP and UA using the pLC-SPCE sensor was tested for a
real sample, i.e. EP auto-injector and UA in human urine samples. The
content of EP in EP auto-injector and UA in human urine samples was
determined. To test the accuracy and precision of the method for real
sample analysis, the EP auto-injector and human urine were spiked with
a known amount of solution of EP or UA standard, respectively. The
same criteria for accuracy and precision were considered for the real
samples, as given in Section 3.8. The quantification was carried out
using a calibration curve. Four different urine samples were collected
from healthy individuals and analysed on the same day without any
sample pretreatment. One individual (sample 1) was instructed to
consume a large amount of water to become highly hydrated. This was
done to test whether the UA concentration in this urine sample would be
below the lower limit of the normal range of UA in human urine. Ac-
cording to the literature, the normal range of UA concentration in
human urine for a healthy individual is between 235.5 mg/L and 738.7
mg/L [9]. Three replicates were performed for every human urine
sample tested, and the results are shown in Table 3.

The SWAAS voltammograms for UA determination in the real sample
are shown in Fig. S12 (the first of the replicates), where no oxidation
peak for EP was detected for any of the four analysed samples (Fig. S12).
On the other hand, well-defined oxidation peaks for UA were observed.
This indicates that EP was not present in the human urine or the con-
centration of EP in the human urine was below the method’s LOD.

The 7gympie Of the four analysed samples ranged from 123.4 mg/L to
582.7 mg/L (Table 3). The 7,y of samples 2-4 was within the normal
range, whereas the 7, of sample 1 was below the normal range. This
may be attributed to the extreme hydration of the individual from whom
sample 1 was collected. The results of all four samples were deemed to
be accurate and precise as the average Re was within 80.0-120.0%, and
the RSD values were well below 20.0%, respectively.

The EP auto-injector, with a declared concentration of 150 pg/0.3
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Fig. 4. a—c) The 1% replicate, d—f) the 2™ replicate, and g-i) the 3™ replicate of the linear concentration range determination. a,d,g) The obtained linear concen-
tration ranges for EP, b,e,h) the obtained linear concentration ranges for UA, and c,f,i) the SWAdS voltammograms measured in 0.1 M PBS (pH = 4.50) containing the
solutions of EP and UA standards with y ranging from 49.0 ug/L to 887.1 pg/L.

Table 2

The accuracy and precision results measured at the low and middle concentra-
tion levels of the two linear concentration ranges for both analytes, where the
determined 1S the measured y.

Analyte  Yipeoreiica / (18/L) Taeterminea / (8/L) Average Re / % RSD /
(n=6) (n=6) (n=6) %

EP 50.2 54.4 108.4 11.7
190.1 185.3 97.5 3.1
330.8 321.6 97.2 3.1
660.3 588.5 98.0 2.6

UA 50.2 47.4 94.4 10.7
190.1 185.9 97.8 4.9
330.8 324.7 98.1 4.1
660.3 598.9 99.8 5.7

mL (corresponding to 500.0 mg/L), was analysed six times without
sample pretreatment, and the results are shown in Table 4. The corre-
sponding SWAAS voltammograms are shown in Fig. S13.

The determined 7, Of the EP auto-injector was 491.5 mg/L. The
accuracy and precision of the obtained results were also confirmed as
the average Re (102.2%) was within the range 80.0-120.0%, and the
RSD was well below 20.0%.

4. Conclusions

A simple, selective, and cost-effective sensor based on a poly(L-
cysteine) film modified screen—printed carbon electrode (pLC-SPCE)
sensor was developed for the simultaneous determination of epineph-
rine (EP) and uric acid (UA) using a square-wave adsorptive stripping
voltammetry (SWAdSV) method. The surface modification of the SPCE
sensor was made by the electropolymerization of L—cysteine (LC) using
multiple cyclic voltammetry sweeps, resulting in the formation of pLC
film. The successful formation of this film was proved by time-of-flight
secondary ion mass spectrometry, i.e. the presence of LC and its elec-
tropolymerization product (L-cysteic acid) was confirmed. The electro-
activation of the pLC-SPCE sensor was necessary to obtain a steady
baseline for subsequent SWAdSV measurements in 0.1 M PBS (pH =
4.50). This was achieved by performing 10 consecutive square-wave
voltammetry sweeps in 0.1 M PBS (pH = 4.50). A comparison of the
bare SPCE and the pLC-SPCE showed that the presence of pLC film on the
surface of the SPCE sensor improves peak-to—peak separation and in-
creases the signal for EP and UA. The optimization of amplitude, fre-
quency, potential step (Esep), the pH of 0.1 M PBS solution, the
concentration of LC and number of cycles during electropolymerization,
the deposition potential (Egep), and the deposition time (tgep) was
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Fig. 5. The plot of E, values vs. different interferents for a) EP and b) UA. The error bars represent the standard deviations.

Table 3
The results of UA determination for human urine analysis for four different
samples.

Sample be AverageRe  RSD . .
Vinitially determined / Vspiked / /% (n=3) /% Vsample 111
(ug/L) (n = 3) (ug/L) (n human

=3) urine (mg/
L)(n=3)

1 123.4 199.9 102.6 1.7 123.4

2 393.9 493.8 96.4 4.1 393.9

3 525.5 626.6 102.5 8.7 525.5

4 582.7 681.1 102.5 8.0 582.7

# The determined y of the diluted real sample.

b The determined y after spiking the real sample with a solution of a known
amount of EP or UA standard.

¢ The calculated analyte’s y in the real sample by taking into account the
dilution factor.

Table 4
The results of the EP auto-injector analysis. Six replicates were performed.
Replicate  7eiermined 7 Yspiked /' Re / RSD / Vsample iN AULO-
(ug/L) (ug/L) % % injector / (mg/L) (n
=6)
1% 482.3 586.7 103.8 4.9 491.5
ond 529.9 641.3 111.4
3 486.9 584.1 98.2
4th 471.1 570.5 99.3
5t 475.4 573.4 98.5
6™ 503.4 604.8 102.2

performed. The optimal amplitude, frequency, and Ege, were deter-
mined to be 0.010 V, 10 Hz, and 0.010 V, respectively. The optimal pH
of the 0.1 M PBS solution was 4.50. For electropolymerization, an
optimal LC concentration of 2 mM and 10 cycle sweeps using cyclic
voltammetry were determined. Finally, the optimal Eqep and tqep were
determined to be 0.000 V and 15 s, respectively.

Next, using these optimized parameters, the method was validated.
The LODs and LOQs for both analytes were determined to be 10.0 pg/L
and 19.8 pg/L, respectively. Two linear concentration ranges were ob-
tained for EP and UA. For both analytes, the first linear concentration
range was between 49.0 pg/L and 326.1 pg/L, while the second linear
concentration range was between 326.1 pg/L and 887.1 ug/L. The
average recoveries (Re) and relative standard deviations (RSDs) at the
low and middle concentration levels of the first linear concentration
range were in a range from 94.4% to 108.4% (n = 6) and from 3.1 to

10.7% (n = 6), respectively, for both analytes. For the second linear
concentration range, the average Re and RSDs at the low and middle
concentration levels for both analytes were in a range from 97.2% to
99.8% (n = 6) and from 2.6% to 5.7% (n = 6), respectively. The latter
proves that the method produces accurate and precise results. Moreover,
the interference study showed that glucose, L-AA, K*, CI-, Ca®", SO%,
Mg%", NHJ, C,0%", and urea had no significant effect on the EP and UA
signals. Moreover, the method was successfully employed to analyse
four different human urine samples, showing the high accuracy and
precision of the results with the average Re and RSDs in a range from
96.4% to 102.6% and from 1.7 to 8.7%, respectively. Furthermore, the
developed method also demonstrated accurate and precise results for
the determination of EP in an auto-injector, with an average Re of
102.2% and RSD of 4.9%.

The small, portable, selective, and cost-effective design of the pLC-
SPCE sensor, along with its improved peak-to-peak separation and
enhanced signal for EP and UA, make it a highly advantageous choice
over conventional methods for the simultaneous determination of UA
and EP in real samples without sample pretreatment.
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