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Abstract While cysteamine (CystAm) is widely used for forming thiol-based self-assembled monolayers on gold electrodes
in biosensor applications, its broader influence on dopamine (DA) sensing mechanisms remains underexplored. This study
re-evaluates the impact of CystAm on both electrochemical and biochemical reactions involving DA. Using model electro-
chemical experiments supported by X-ray photoelectron spectroscopy, oxygen mini-sensor, and quartz crystal microbalance
studies, it was shown that CystAm primarily suppresses the gold electrode’s oxygen reduction reaction, thereby altering
non-enzymatic DA redox behavior. In contrast, it does not significantly affect enzyme immobilization, retained mass, elution
rates, or enzymatic activity on the electrode surface. Based on this knowledge, a CystAm-modified gold electrode function-
alized with a tyrosinase—chitosan biosensing layer was produced. The resulting electrode was evaluated in artificial saliva
spiked with low concentrations of DA. It exhibited high reliability, achieving average DA recovery rates of 99-100% with
precision values <10%, demonstrating its potential for accurate analysis in biological samples.
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Abbreviations

SPE Screen printed electrodes
Au-AT (Au) Gold electrodes

CystAm Cysteamine

Tyr Tyrosinase

CS Chitosan

DA Dopamine

DQ Dopamine-quinone

LbL Layer by layer

SAM Self-assembled monolayer

QCM Quartz microbalance

()% Cyclic voltammetry

AM Amperometry

SEM Scanning Electron Microscopy

XPS X-ray photoelectron spectroscopy
ESI-MS Electrospray ionization mass spectrometry
LDR Linear dynamic range

LOQ Limit of quantification

ORR Oxygen reduction reaction

1 Introduction

Dopamine (DA) is a low molecular weight compound that

belongs to the class of neurotransmitters and plays a vital
role in various physiological processes. A deficiency in DA
has been associated to several medical conditions, including
depression, Parkinson’s, Alzheimer’s diseases, and atten-
tion deficit hyperactivity disorder [1]. The primary cause
of Parkinson’s disease is the degeneration of DA-producing
neurons in the brain. As DA levels decrease, the brain’s
ability to regulate movement deteriorates. To mitigate these
symptoms, L-DOPA, a DA precursor, is administered to help
restore DA levels [2]. However, optimizing L-DOPA dos-
age, balancing therapeutic effects, and monitoring treatment
efficacy require reliable analytical methods capable of accu-
rately and rapidly quantifying DA levels in real biological
matrices (e.g., saliva, serum, or urine) at micromolar (uM)
concentrations.

Currently, the analysis of DA-related compounds relies
primarily on ultra-performance liquid chromatography
coupled with tandem mass spectrometry (UPLC-MS/MS),
a technique that is complex, time consuming, and requires
extensive sample preparation and compound separation [3,
4]. To overcome these limitations, fluorescent, enzymatic
and non-enzymatic electrochemical biosensors have been
developed for determination of DA in model and real bio-
logical matrices [5-7].

In most cases, non-enzymatic electrochemical sensing
of DA lacks specificity in complex media containing other
electroactive compounds [6, 7]. Enzymatic-based electro-
chemical DA biosensors are primarily based on enzymes
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containing copper cofactors such as tyrosinase or laccase,
which are immobilized on a transducer surface [8, 9]. When
DA comes into contact with the enzyme, it undergoes oxida-
tion, and this reaction is coupled to a measurable electrical
signal. The generated dopamine-o-quinone (as a product of
enzymatic reaction) can then be electrochemically detected
at a lower potential, minimizing interference from other
electroactive compounds. The main limitation of enzymatic
DA biosensors lies in the rapid leaching of the water-soluble
biosensing recognition element (the enzyme) from the elec-
trode surface, finally leading to a loss of biosensor/electrode
activity.

To address this issue, cysteamine (CystAm) treatment
was proposed prior to enzyme immobilization on the elec-
trode surface. The attachment of CystAm molecules to the
surface enables the subsequent functionalization and manip-
ulation of the modified surface for various applications.
CystAm modification is commonly used in biosensor appli-
cations for electrode surface functionalization, enabling the
formation of self-assembled monolayers (SAMs) or layer-
by-layer (LbL) assemblies [10—12].

Regardless of the electrode type (copper, silver, gold,
etc.), CystAm treatment is considered beneficial for attach-
ing biomolecules in the correct/preferred orientation and
binding them more closely and reliably to the electrode
surface [13—15]. CystAm-coated noble or transition metal
electrodes are positively charged as synthesized and can
therefore interact with negatively charged enzymes, for
example, tyrosinase (Tyr) from mushrooms, which has an
isoelectric point of approximately 4.4—4.9 [16]. To sum it
up, CystAm is considered to function as a molecular linker
that facilitates enzyme immobilization and retention on
electrode surfaces.

At the same time, its role in modifying the electrocata-
lytic properties of electrodes in redox reactions involv-
ing electroactive neurotransmitters, such as DA, cannot
be excluded. In this case the tailoring of electroanalytical
responses of biosensors can simply be achieved by altering
the properties of the inorganic component/electrocatalyst
while maintaining a constant amount of the biosensing layer
(enzyme).

The goal of this study was to re-investigate the role of
CystAm modification of gold electrodes (electrocatalysts)
in redox reactions involving low concentrations of DA,
using model electrochemical experiments and a combina-
tion of advanced analytical methods. The obtained results
clearly indicate that CystAm is more likely to influence
the electroanalytical performance of the gold electro-
catalyst toward DA, rather than affect the architecture or
properties of the enzymatic biosensing layer. More spe-
cifically, modification of the gold electrode with CystAm
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suppresses its activity toward the oxygen reduction reaction
(ORR), thereby improving the specificity of enzymatic DA
detection.

2 Experimental part
2.1 Chemicals and materials

Screen-printed electrodes (SPEs) modified with a gold layer
(Au-AT, a sputtered gold thin film on the working electrode;
counter electrode —Au; reference electrode —Ag/AgCl) were
obtained from DropSens (Metrohm, Germany).

Cysteamine, catechol oxidase (tyrosinase, Tyr) from
mushroom (lyophilized powder, 50000 units/mg), medium
molecular weight chitosan (CS), acetic acid, 98% dopamine
hydrochloride, 99% hydroquinone, ascorbic acid, glucose,
L-lactate, EtOH, 35% hydrogen peroxide solution (H,0,),
artificial saliva (Fusayama/Meyer artificial saliva) were
received from Merck (Darmstadt, Germany).

2.2 Modification of gold electrodes with
cysteamine (CystAm)

The Au-AT SPEs were used without any pre-cleaning steps
in order to preserve their original surface chemistry and mor-
phology. This was essential to ensure reproducible surface
modification with CystAm, and reliable subsequent immo-
bilization of the Tyr-based biosensing layer (see Sect. 2.3).

3 pL of 20 mM CystAm, prepared in a 3:1 v/» EtOH/H,0O
mixture was drop-coated onto the working gold electrode
(Au-AT) and then stored for 12 h. After this period, the elec-
trode was rinsed with DI water to remove any remaining
unbound thioamine.

2.3 Formation of the sensing layer containing
tyrosinase (Tyr) and chitosan (CS)

Cysteamine acts as a “cross-linker” between the gold elec-
trode and the immobilized enzyme. On one side, it binds to
the gold surface through the formation of a thiol-gold bond,
anchoring it to the electrode. On the other side, the amino
group in the CystAm structure facilitates enzyme attach-
ment, leading to the formation of a self-assembled mono-
layer (SAM) [10, 15].

Next, for Tyr immobilization on the working gold elec-
trode, a Tyr solution (11 mg/mL) was prepared in phosphate
buffer (pH 5.4+0.2), and 3 pL was dropped onto the Cys-
tAm-modified gold electrode, then allowed to dry at 4 °C
for 40—50 min. The pH of test solutions was monitored by a
Horiba LAQUAtwin pH meter pH-22 (Neomeris, France).

A 2% chitosan (CS) solution was prepared by dissolv-
ing 0.309 g of CS in 15 mL of a 1% (v/v) acetic acid solu-
tion, followed by stirring for 24 h. Subsequently, 3 pL of
the freshly prepared chitosan solution was applied to the
CystAm-modified gold electrode with immobilized Tyr
and allowed to dry at 4 °C for 24 h. The architecture of the
resulting LbL sensing film is summarized in ESI, Fig. S1.
Following the drying step, the electrode was gently rinsed
with deionized (DI) water to remove any unbound or unre-
acted compounds.

As a reference system, an unmodified gold electrode
was prepared by sequentially drop-coating it with Tyr and
CS, hereafter referred to as the “Tyr-CS biosensing layer”,
following the same procedure described above. All freshly
prepared electrodes with biosensing layers were stored at
4 °C until use.

2.4 Quartz microbalance (QCM) studies

To clarify the impact of CystAm modification on the archi-
tecture of the biosensing layers, a QCM 200 system (SRS,
Scientific Instruments GmbH, Gilching, Germany) was
employed. This technique enables the detection of subtle
changes in film architecture at the nanogram (ng) or micro-
gram (pg) level. If CystAm modification significantly influ-
ences enzyme attachment to the gold surface by altering
factors such as protein conformation, orientation, or packing
density or affects the retention of the deposited Tyr-CS bio-
sensing layer, corresponding shifts in resonance frequency
would be expected.

For the experiments, the biosensing layer architectures
formed on both unmodified and CystAm-modified gold
electrodes (see Sect. 2.3) were reconstituted on the surface
of gold-coated quartz piezoelectric crystals with a funda-
mental frequency of 5 MHz. The corresponding frequency
shifts (in Hz) were then recorded to evaluate changes in
mass deposition.

The Sauerbrey model [17] was used to calculate the total
mass change:

Af
Am = - A, @)
where Af is the defined frequency shift, Hz; C is the mass
sensitivity constant (for 5 MHz AT-cut quartz, C~17.7 ng/
Hz-cm?; A is the electrode area (5.06 cm?).
In a simplified form this formula can be summarised as
follows:

m~ —17.7-5.06 - Af )
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Changes in mass (pg) of the QCM crystals were monitored
following the preparation of the biosensing layers on both
electrodes (see Sect. 2.3). The measured frequency shifts
reflect the immobilized mass (ug) of the biosensing lay-
ers. All experiments were conducted in at least triplicate to
ensure reproducibility.

To evaluate the effect of CystAm modification on enzyme
retention and elution from the gold electrode surface, 150
uL of buffer (pH 5.5) was applied to QCM crystals modified
with Tyr-CS biosensing layers and incubated for 30 min.
This was followed by a rinse with DI-water to remove any
detached components. The crystals were then dried at 40 °C
for 20 min prior to frequency shift measurements.

The retained masses of the Tyr-CS biosensing layers
on both unmodified and CystAm-modified gold electrodes
were subsequently compared.

2.5 Electrochemical studies

All electrodes with Tyr-CS biosensing layers were sub-
jected to cyclic voltammetry (CV) measurements, regard-
less of prior CystAm treatment. The measurements were
conducted using a one-channel PalmSens4 potentiostat
(PalmSens, Utrecht, The Netherlands) at a scan rate of 50
mV/s within a potential window ranging from — 0.4 t0 0.1 V
[18, 19], unless otherwise specified. Briefly, 150 pL of the
test solution was dispensed onto the surfaces of the counter,
reference, and working electrodes under ambient conditions
(i.e., in the presence of oxygen).

Signal read-out for the calibration of electrodes contain-
ing the Tyr—CS biosensing layer was conducted at — 0.1 V.
The specificity of the electrodes was evaluated in ampero-
metric (AM) mode using the droplet approach, at —0.1 V vs.
Ag/AgCl reference electrode.

To maximize Tyr activity (the enzyme exhibits optimal
catalytic performance in slightly acidic environments, typi-
cally around pH 5-6), preserve the integrity of the biosensor
layer (as chitosan is more stable and adhesive at acidic pH),
and minimize the non-enzymatic degradation of DA, the
prepared electrodes were operated at pH 5.5+0.2.

pH measurements were performed using a HORIBA
LAQUATWIN PH-22 pH meter (MMM tech support, Ber-
lin, Germany).

2.6 Model electrochemical experiments using
non-modified and CystAm-modified gold electrodes
in redox reactions involving a substrate and the
enzymatic reaction product

The copper-dependent enzyme Tyr catalyzes the oxidation of

catechols to corresponding quinones (Fig. S2, ESI). There-
fore, the electroanalytical performance of non-modified and
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CystAm-modified gold electrodes in redox reactions with
dopamine (DA, the substrate) and dopamine-quinone (DQ,
the enzymatic product formed after interaction with Tyr)
was compared using CV mode (see Sect. 2.5). To this end, a
droplet of standard DA solution (10 uM) was placed on the
surface of tested electrode, followed by CV read-out.

To prepare the DQ solution, 10 puL of Tyr was added to
a 150 pL droplet of DA in an Eppendorf tube, allowing the
reaction to proceed for 100 s (for details see Sect. 2.9). The
resulting enzymatic product (DQ) was applied to the surface
of electrodes, and the obtained CV profiles were compared
with those obtained for DA (Sect. 3.2).

2.7 Scanning electron microscopy (SEM)

The morphology of the unmodified and CystAm-modified
electrodes was investigated on an FEI Quanta 400 FEG
Scanning Electron Microscope (SEM). Back-scattered elec-
tron (BSE) images were acquired at 10 kV accelerating volt-
age using a solid-state detector.

2.8 X-ray photoelectron spectroscopy (XPS analysis)

XPS analysis was performed to characterize the surface
chemistry of the gold electrodes, irrespective of the pre-
treatment applied. Measurements were carried out using
a photoelectron spectrometer (ESCALAB Mk II, Vacuum
Generators) equipped with an Al/Mg twin anode. Al Ka
radiation (photon energy: 1486.6 eV, non-monochroma-
tized) was used as the excitation source. High-resolution
spectra were acquired with a pass energy of 50 eV, a step
size of 0.1 eV, and an energy window of 20 eV. All mea-
surements were conducted in normal emission geometry,
with the detector aligned parallel to the surface normal. The
S2p spectra were fitted using three spin-orbit doublet com-
ponents, with the energy separation between two Gaussian
components fixed at 1.2 eV. Thiol formation was evaluated
by monitoring the S2p;, signal in the binding energy range
of 163.9 eV-165.1 eV.

For stoichiometric analysis, spectral backgrounds were
corrected using a linear background subtraction. Measured
signal intensities (peak areas above the background) were
normalized to the photon flux and further corrected using
photoemission cross-sections according to Yeh and Lindau
[20, 21].

2.9 Oxygen mini-sensor studies

To investigate the effect of CystAm modification on the
surface chemistry of gold electrodes, particularly regarding
oxygen interactions, an oxygen mini-sensor was employed.
Oxygen consumption was evaluated by monitoring the



Journal of Applied Electrochemistry (2025) 55:3235-3246

3239

oxygen concentration (umol/L) within a droplet of back-
ground electrolyte or DA solution placed on the gold elec-
trode surface using an OXR430 needle oxygen mini-sensor
(Pyro Science GmbH, Aachen, Germany) [22]. All experi-
ments were performed under ambient conditions at 22 + 2
°C. Measurement protocols were optimized based on our
previous studies [23-27].

An oxygen mini-sensor was also employed to assess the
biochemical activity of Tyr in reactions with DA. Since Tyr
requires molecular oxygen to catalyze the oxidation of DA
(ESI, Fig. S2) [28, 29], monitoring oxygen consumption in
solution during the interaction between the enzyme and the
substrate provides a means to visualize enzymatic activity
and estimate the reaction time. The reaction between DA
and added Tyr in solution was completed in approximately
80-100 s (ESI, Fig. S3).

2,10 Electrospray ionization mass spectrometry
(ESI-MS)

To assess the differences in low molecular weight end-
products formed during the transformation of DA via gold
electrocatalysts (electrochemical route) in comparison with
Tyr (biochemical route; see ESI, Fig. S2), ESI-MS analysis
was performed.

For the evaluation of end-products formed via the elec-
trochemical route, a 150 pL droplet of DA was placed on
the surface of gold SPE and subjected to microelectrolysis
at 0.1 V for 3600 s. The collected droplet was then injected
into the ESI-MS system at a flow rate of 5 uL./min using an
acetonitrile/water mixture (50/50, v/v).

The analysis was performed using ultra-high-resolution
EIC-ESI-MS spectra (Bruker SolariX 7 Tesla ESI/FTICR,

Bremen, Germany). Data acquisition was carried out using
Bruker’s imaging MS software.

3 Results and discussion
3.1 Characterization of CystAm-modified electrodes

Cysteamine modification is considered a “soft” treatment
that helps avoid drastic structural changes to the material.
As expected, the morphology of the CystAm-treated gold
electrode remained very similar to that of the untreated
counterpart (ESI, Fig. S4). However, despite their compara-
ble morphology, the surface chemistry of the non-modified
and CystAm-modified gold electrodes showed significant
differences.

Thus, XPS analysis confirmed the formation of Au—SH
bonds on the surface of the CystAm-modified electrode
(Fig. 1, left, red spectrum). Typically, binding energies in the
range of 163.9-165.1 eV for the S2p core levels are associ-
ated with thiol groups (—SH), with the exact value depend-
ing on the local chemical environment [30]. In contrast, for
the non-modified gold electrode, only signals corresponding
to the Au 4f core levels were observed (Fig. 1, right, black
spectrum). In both cases, the Au 4f region exhibited a dou-
blet at approximately 84.0 eV and 87.3 eV, indicating the
presence of Au® [31-33].

Notably, the overall signal intensity corresponding to
gold on the surface of the CystAm-treated electrode was
several-fold lower compared to the non-modified gold elec-
trode (Fig. 1, right; see also ESI, Table S1). This reduction
suggests partial surface blocking by thiol compounds of
the CystAm-treated electrode, which may facilitate more
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efficient attachment of the Tyr-CS biosensing layer (see
Sect. 3.3). Conversely, the altered surface chemistry result-
ing from CystAm modification could significantly impact
the electrode’s electrocatalytic activity in redox reactions.
Therefore, even in the absence of the Tyr-CS biosensing
layer, differences in electrochemical behavior and oxygen
interaction are expected between the non-modified and Cys-
tAm-modified gold electrodes.

The subsequent electrochemical studies supported this
assumption. Cyclic voltammetry (CV) measurements con-
ducted in a background electrolyte over the potential range
of —0.4 V to 0.1 V revealed a distinct difference between
the non-modified gold electrode and its CystAm-modified
analogue (Fig. 2A). For the non-modified electrode, a
pronounced cathodic wave was observed throughout the
cathodic range, indicating the oxygen reduction reaction
(ORR) occurring at the gold surface (Fig. 2A, dashed line).
In contrast, this cathodic response was absent following
CystAm modification (Fig. 2A, solid line), suggesting effec-
tive surface passivation.
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Fig. 2 CV plots (second scans shown) of the non-modified (dashed
line) and CystAm-modified (solid line) gold (Au) electrodes recorded
in a droplet of background electrolyte at 50 mV/s vs Ag/AgCl (A).
Overlaid oxygen and electrochemical (three CV cycles from —0.4 to
0.1 V, scan rate 50 mV/s) responses recorded in a droplet of back-
ground electrolyte from the non-modified (dashed line) and CystAm-
modified (solid line) gold electrodes (B)
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A different oxygen behavior was also observed using
an oxygen mini-sensor placed in a droplet of background
solution on the electrode surface under applied polariza-
tion (Fig. 2B). Oxygen consumption at the surface of the
CystAm-modified electrode (Fig. 2B, grey solid line) was
minimal compared to that of the non-modified gold elec-
trode (Fig. 2B, grey dashed line). The baseline oxygen con-
centration at 20+2 °C was approximately 270+20 umol/L,
with no significant change detected at the CystAm-modified
electrode surface. In contrast, oxygen consumption at the
non-modified gold electrode increased progressively with
each scan, reaching approximately 160+20 pmol/L by the
end of the test.

Regarding electrochemical behavior, significantly lower
current responses were recorded for the CystAm-modified
gold electrode (Fig. 2B, black solid line) compared to the
unmodified electrode (Fig. 2B, black dashed line), indicat-
ing reduced oxygen interaction at the modified gold surface.

Whereas the suppression of the ORR by thiol modifica-
tion, especially via self-assembled monolayers (SAMs) on
gold electrodes has been reported in several studies, and the
mechanism is generally attributed to physical blocking of
oxygen access, changes in surface energy, or impeded elec-
tron transfer [34—-36], this effect has not been investigated in
the context of redox reactions involving electroactive com-
pounds such as DA.

Therefore, the performance of both non-modified and
CystAm-modified gold electrodes, along with the reduced
effect of ORR, was subsequently compared in redox reac-
tions involving DA, as detailed in the following sections.

3.2 The impact of CystAm modification of gold
electrodes on their electrochemical performance

The ORR on gold electrodes proceeds with lower efficiency
in acidic media compared to alkaline conditions [37-39].
However, under slightly acidic pH, the ORR on gold fol-
lows a two-electron pathway, producing hydrogen peroxide
(H,0,) as a byproduct. Concurrently, at acidic pH, H,O, can
react with DA, leading to the formation of DQ and other
oxidized DA species, including indoles, hydroxydopamine
and aminochrome [40, 41].

To clarify the processes occurring in the tested systems,
next, the electroanalytical performance of both gold elec-
trodes was investigated in model CV experiments using DA
and its enzymatic product, DQ, as redox-active analytes.

Interestingly, the unmodified gold electrode, which
remained active in the ORR (see Fig. 2A, dashed line),
exhibited a cathodic response to a low concentration of
DA (10 uM), as shown in Fig. 3A (see CV plot (b) in com-
parison with (a) obtained for the buffer). An increase in
cathodic current within the signal read-out potential range
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Fig. 3 CV plots (second scans shown) recorded at 50 mV/s from the
non-modified (A) and CystAm-modified (B) gold electrodes vs. Ag/
AgCl in a droplet of background electrolyte (a), 10 uM DA (b) and
10 uM of dopamine-quinone (DQ) (c). Note The inset (boxed region)
highlights the signal read-out area. In (A), the arrow indicates an
increase in cathodic current corresponding to the presence of DA. The
pH of solutions was 5.5+0.2

is highlighted by an arrow. This electrode also responded
to DQ, the enzymatic oxidation product of DA catalyzed by
Tyr (Fig. 3A, CV plot (c)).

These observations suggest that, when Tyr is immo-
bilized on the gold electrode surface, several concurrent
and potentially interfering processes may occur within the
cathodic potential range: (i) intense oxygen reduction reac-
tion (ORR); (ii) spontaneous electrochemical transforma-
tion of free DA via a non-enzymatic route, supported by
ORR and H,0, formation; and (iii) electroreduction of DQ,
the enzymatic oxidation product of DA.

Meanwhile, the electrochemically driven transformation
of DA (accompanied by the ORR and formation of H,0,)
often results in the formation of aminochrome, which can
interfere with the accurate quantification of DA by enzy-
matic reactions (biochemical route; see ESI, Fig. S5). The
formation of aminochrome during the electrochemical
process (in the absence of enzyme Tyr) was confirmed by
ESI-MS analysis. Specifically, aminochrome was detected
at m/z 150.05497, corresponding to [M+H]" (ESI, Fig.

S6, top), as a characteristic product of electrochemical DA
transformation.

In contrast, the CystAm-modified gold electrode did
not exhibit a detectable response to the same concentra-
tion of DA (10 uM), as shown in Fig. 3B (CV plots (a)
and (b)). Consequently, the formation of aminochrome is
not expected under these conditions (ESI, Fig. S6, bot-
tom). Notably, the response of the CystAm-modified elec-
trode to the enzymatic product DQ was significantly more
pronounced (Fig. 3B, CV plot (c)) compared to that of the
non-modified gold electrode (Fig. 3A, CV plot (c)). This
suggests that the absence of ORR on the CystAm-modified
electrode surface prevents the spontaneous electrochemical
transformation of free DA, while simultaneously enhancing
selectivity and sensitivity toward DQ reduction.

To verify this assumption, we heated the gold electrode
at 70 °C for 20 min to enhance its ORR activity. Subsequent
electrochemical tests using DA revealed a simultancous
increase in the cathodic current toward DA from the heated
electrode (Fig. 4A, CV plot (a)) compared to both non-mod-
ified and CystAm-modified gold electrodes (Fig. 4A, plots
(b) and (c)).

Moreover, the gold electrode heated to 70 °C exhibited
significantly higher oxygen consumption in a 10 pM DA
solution, reaching values of 120-150 pmol/L (Fig. 4B,
curve a), compared to both the non-modified (non-heated)
and CystAm-modified gold electrodes (Fig. 4B, curves b
and c).

These experiments confirm an interfering process
between the ORR activity and the DA redox reaction on
the gold surface. Specifically, within the cathodic read-out
potential range, the intense ORR leads to the formation
of H,0,, which drives the spontaneous electrochemical
transformation of free DA via a non-enzymatic pathway
(Fig. 3A). Altogether, this negatively impacts the accuracy
of DA quantification based on the enzymatic (biochemi-
cal) reaction following enzyme immobilization on the same
electrode. Under these conditions, DA may undergo conver-
sion via both electrochemical (7) and biochemical (if) path-
ways, a scenario that should be avoided to ensure selective
enzymatic detection of the target subtract.

More importantly, simple modification of the gold elec-
trode with CystAm, which reduces its activity in the ORR,
is expected to improve specificity of enzymatic biochemical
DA sensing (see Sect. 3.4).

3.3 Study of the impact of CystAm modification on
the overall architecture of the LbL biosensing layer

CystAm is widely regarded as a “cross-linker” between

the electrode surface and the functional biosensing layer,
influencing both the crystallization behavior and the
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Fig.4 CV plots (A) (second scans shown) recorded vs. Ag/AgCl from
the gold electrodes at 50 mV/s in a droplet of 10 uM DA and dynamic
oxygen mini-sensor (B) responses obtained from: (¢) non-modified
gold electrode heated at 70 °C for 20 min; (b) non-modified intact gold
electrode; (¢) CystAm-modified gold electrode. Note Oxygen mini-
sensor measurements were performed under applied polarization in
CV mode (three cycles)

architecture of the assembled functional layer [10, 15, 42].
CystAm treatment is expected to alter the packing density
and molecular orientation of the biosensing layer, as well as
affect key parameters such as the amount of immobilized or
retained enzyme, the interaction with substrate and product
molecules, and the efficiency of electron transfer pathways
ultimately impacting the overall performance of the LbL
biosensor/electrode.

To clarify this aspect, potential differences in the archi-
tecture of LbL biosensing layers formed on the non-mod-
ified and CystAm-modified gold electrodes were analysed
by SRS QCM200 system. Mass changes, nanogram-level
sensitivity, were monitored at each step of the biosensing
layers preparation (see Sect. 2).

Briefly, the application of equal volumes (3 pL) of both
the enzyme (Tyr) and the protective polymer agent (chito-
san, CS), the total immobilized mass (Am1) of the biosens-
ing layer on both the unmodified and CystAm-modified
gold electrodes did not exceed 3 pg, see Fig. 5 (indicated by
dashed arrows) and Table S2, ESI.

@ Springer

Fig.5 QCM frequency response curves recorded after immobilization
of the Tyr-CS biosensing layer and its elution from (A) non-modified
and (B) CystAm-modified gold QCM crystals. Note: prior measure-
ments, the crystals with the immobilized layers were carefully rinsed
with DI-water

Unexpectedly, although the frequency changes recorded
for the CystAm-modified gold electrode (Fig. 5B, solid
grey line) confirmed successful surface chemistry modi-
fication (see also Figs. 1 and 2), no significant additional
frequency shifts were observed following immobiliza-
tion of the biosensing layer (Tyr-CS), as compared to the
non-modified gold electrode. These results suggest that
the amount of immobilized biosensing layer by physical
adsorption on the non-modified gold electrode was nearly
identical to that on the CystAm-modified analogue (ESI,
Table S2, Am1; 2.62+0.18 pg for the unmodified electrode
vs. 2.71+£0.26 pg for the CystAm-modified electrode).

Although CystAm treatment is often considered a more
robust immobilization strategy than physical adsorption due
to its presumed ability to reduce component leakage dur-
ing use [11, 43], subsequent elution tests did not support
this assumption. Specifically, QCM analysis revealed no
improvement in the retained mass of the Tyr-CS biosens-
ing layer following elution tests (ESI, Table S2, Am2: 1.14
+ 0.17 pg for the unmodified electrode vs. 0.76 + 0.14 pg
for the CystAm-modified electrode), see also Fig. 5 (solid
arrows). These results suggest that CystAm modifica-
tion of gold electrodes does not significantly influence the
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architecture of the biosensing layer, specifically in terms of
packing density, retained mass, or elution rates.

At the same time, it is widely accepted [10—-12] that
CystAm treatment of gold electrode helps preserve the
immobilized enzyme in a favorable conformation, thereby
supporting its retained biochemical activity and enabling
effective catalytic function and interaction with the target
analyte.

To verify this aspect, the retained enzymatic activity was
compared between two electrodes, each with immobilized
biosensing layers. For this goal, an oxygen mini-sensor was
positioned directly above the working electrode surface
in a droplet of 10 uM DA solution. Since the biochemical
activity of Tyr involves molecular oxygen consumption (see
ESI, Figs. S2, S3 for details), dynamic monitoring of oxy-
gen concentration at the electrode surface upon contact with
the target substrate (DA) enables evaluation of the enzyme’s
biochemical activity. This approach provides direct compar-
ison of enzymatic performance as a function of electrode
design and surface chemistry (i.e., non-modified vs. Cys-
tAm-modified gold electrodes).

Interestingly, oxygen consumption at the surface of the
working electrode with an immobilized biosensing layer
was nearly identical for both systems (ESI, Fig. S7). In brief,
no enhancement in enzymatic activity was observed for Tyr
immobilized on the CystAm-modified gold electrode. Con-
sequently, it can be concluded that the efficiency of Tyr-CS
biosensing layer immobilization on gold electrodes appears
to be independent of CystAm surface modification.

3.4 Effect of CystAm modification of gold
electrocatalysts on the electroanalytical
performance of LbL-constructed biosensors in
biochemical reactions with DA

3.4.1 Performance in model solutions

Next, the electroanalytical performance of both electrode
systems (non-modified and CystAm-modified) with immo-
bilized Tyr-CS biosensing layers was compared using model
solutions containing DA.

Notably, the CystAm-modified electrode with the immo-
bilized Tyr-CS biosensing layer demonstrated superior

sensitivity, an extended linear dynamic range (LDR), and a
limit of quantification (LOQ) for DA concentrations above
5 uM, Table 1.

Briefly, CystAm modification of the gold electrode
nearly doubled the sensitivity for enzymatic DA determina-
tion above 5 pM compared to the non-modified electrode.
Additionally, the limit of quantification (LOQ) was reduced
by a factor of 2.5. Since the amount of Tyr-CS biosensing
layer was identical in both electrode designs (see Sect. 3.3),
these improvements in analytical performance are attributed
primarily to changes in the surface chemistry of the gold
electrocatalytic layer. More specifically, CystAm treatment
induces the formation of thiol bonds, which deactivate the
gold electrodes toward the ORR. This deactivation corre-
lates with reduced electrocatalytic activity of the gold elec-
trode for the cathodic reduction of free DA to DQ, thereby
enhancing the selectivity and sensitivity toward enzymatic
DA detection (biochemical route).

At very low DA concentrations (0.5-5 pM), the Tyr-
CS CystAm-modified gold electrode exhibited only minor
improvements in sensitivity and regression coefficient,
resulting in limited overall enhancement of analytical per-
formance. Nonetheless, even these modest gains observed
in model systems may prove significant when analyzing DA
in complex biological matrices (see Sect. 3.4.2).

Specificity tests of the fabricated gold electrodes with the
immobilized biosensing layers revealed a slight improve-
ment in the performance of the CystAm-modified electrode.
Notably, the CystAm-modified electrode with the Tyr-CS
immobilized biosensing layer showed no response to elec-
troactive interferents such as L-lactate and glucose, whereas
the non-modified electrode exhibited measurable responses,
Fig. 6.

In summary, modulating the surface chemistry and cat-
alytic properties of the gold electrocatalyst via CystAm
treatment allows for tuning the sensitivity and overall elec-
troanalytical performance of amperometric biosensors with
immobilized Tyr-CS biosensing layer, while simultane-
ously enhancing specificity without altering the biosensing
components.

Table 1 Electroanalytical performance of non-modified and CystAm-modified gold electrodes with immobilized Tyr-CS biosensing layers in DA

model solutions at pH 5.5 +0.2

System Calibration formula R’ Sensitivity/uA pM ™! cm ™22 LDR/uM LOQ/uM

Tyr-CS based on non-modified Au y=—10.066-x —0.1275 0.9943 0.5250 0-5 0.5
y=—0.0083-x—0.1215 0.8868 0.0660 0-15 5

Tyr-CS based on CystAm-modified Au y=—0.0746-x — 0.0631 0.9966 0.5935 0-5 0.5
y=—0.0128-x—0.0316 0.9794 0.1018 0-15 2

Signal read-out was conducted at — 0.1 V

2Electrode surface area was 0.1257 cm?
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Fig.6 Specificity tests recorded in AM mode at — 0.1 V from the non-
modified (@) and CystAm-modified (b) gold electrodes with the Tyr-
CS immobilized layers. Measurements were conducted by dropping
the following solutions onto the electrode surface: (/) background
buffer solution, (2) 5 uM dopamine (DA), (3) 10 uM DA, (4) | mM
L-lactate, (5) 1 mM glucose, (6) 20 pM hydrogen peroxide (H,0,), (7)
50 uM ascorbic acid (AA), (8) 10 uM hydroquinone (HQ). Note The
pH of all test solutions was 5.5+0.2. The experiments were conducted
in triplicate and yielded the same results.Since the content and com-
position of the Tyr-CS biosensing layer including the type and amount
of immobilized enzyme remain constant (see Fig. 5), the observed
effects can be exclusively attributed to the altered properties of the
electrocatalyst, specifically the CystAm-modified gold electrode and
its deactivation in the ORR (see Sect. 3.1)

Table 2 Selected recovery data for DA determination in saliva using
unmodified and CystAm-modified gold electrodes with immobilized
Tyr-CS biosensing layers

Electrode/calibra- ~ Added Found DA/pM  Recov- RSD/%
tion formula DA/uM ery/%

Tyr-CS basedon 0.5 0.45+0.005 90.0 5.91
unmodified Au 1 0.70+0.01 70.8  8.80
y=-0.0442x 2 1.88+0.03 940 15.0
-0.0812

R?2=0.992

Tyr-CS basedon 0.5 0.49+0.005 98.8 3.25
CystAm-modified | 0.99+0.01 99.0 8.42
Au 2 2.0140.02 1005 8.9

y=
—0.0593x — 0.1407
R?=0.998

3.4.2 Determination of DA in artificial saliva

Next, the electroanalytical performance of both electrode
systems was evaluated for DA determination in artificial
saliva solutions (as a case study), a relevant biological
matrix. The analytically significant concentration range
of DA in saliva typically falls within the low micromolar
range. Fusayama/Meyer artificial saliva (pH 5.2 = 0.2) was
spiked with known concentrations of DA, followed by elec-
trochemical analysis using gold electrodes with immobi-
lized Tyr-CS biosensing layer. Particular focus was placed
on the physiologically relevant low concentration range of
DA (0.5-2 uM) [3, 4, 6]. Selected quantification results for

@ Springer

DA in artificial saliva are summarized in Table 2. The cor-
responding calibration plots are provided in ESI, Fig. S8.

As expected, the CystAm-modified electrode with the
immobilized Tyr-CS layer demonstrated superior electrocat-
alytic performance for DA quantification in artificial saliva.
This improvement is likely due to the absence of interfering
ORR on the gold electrode surface and minimized electro-
chemical reduction of free DA via non-enzymatic pathways.
Average recovery rates for saliva samples were 99% and
100%, with relative standard deviations (RSD) below 10%.

Although the RSD values obtained in this study for the
CystAm-modified electrode did not exceed 10%, it is antici-
pated that replacing the current LbL architecture with an
electrodeposition-based immobilization method for Tyr and
chitosan [44, 45] could significantly enhance electrode-to-
electrode reproducibility of the amperometric biosensors.
This optimization is planned for future investigations in our
laboratory.

4 Conclusions

This study investigated the role of CystAm modification of
gold electrodes in both electrochemical (i) and biochemi-
cal (ii) reactions involving dopamine (DA). Using XPS,
CV, and oxygen mini-sensor studies, we found that Cys-
tAm treatment significantly suppresses the oxygen reduc-
tion reaction (ORR), reducing hydrogen peroxide formation
and thus limiting non-enzymatic DA transformation under
acidic conditions.

In contrast, QCM data showed that CystAm had mini-
mal effect on Tyr immobilization, retention, elution, or
enzymatic activity, leaving the biosensing layer architecture
largely unchanged. Therefore, the enhanced electroana-
lytical performance of LbL enzymatic DA biosensors was
attributed solely to the altered electrocatalytic properties,
particularly ORR suppression of the CystAm-modified gold
electrocatalyst. This highlights the potential of tuning elec-
trode surface chemistry, rather than the biosensing layer, to
improve biosensor specificity and performance.

The results obtained in this study provide a framework
for controlled and tunable surface chemistry of biosensing
layers based on gold electrocatalysts, Tyr, and chitosan,
used for enzymatic DA detection. The knowledge gained
can potentially be extended to enable reliable electroanaly-
sis of other neurotransmitters in the future.
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