ARCHIVO DIGITAL UPM

UNIVERSIDAD POLITECNICA DE MADRID

Self-assembled gold decorated polydopamine nanospheres as
electrochemical sensor for simultaneous determination of ascorbic
acid, dopamine, uric acid and tryptophan

Andrés Arroquia, Irene Acosta, M. Pilar Garcia Armada

» To cite this version:

Arroquia, A., Acosta, I., & Armada, M. P. G. (2020). Self-assembled gold decorated polydopamine nanospheres
as electrochemical sensor for simultaneous determination of ascorbic acid, dopamine, uric acid and tryptophan.
Materials Science and Engineering: C, 109, 110602. 10.1016/j.msec.2019.110602

Published Version.

Published 2020 Abril 01

Archivo Digital UPM houses in digital format the
academic and scientific documentation (theses,
pfc, articles, etc.) generated at the institution and
makes it accessible through the Internet, within the
framework of the Budapest Open Access Initiative
and the Berlin Declaration, of which the
Universidad Politécnica de Madrid is a signatory.

El Archivo Digital UPM alberga en formato digital la
documentacion académica y cientifica (tesis, pfc,
articulos, etc..) generada en la institucion y la hace
accesible a través de Internet, en el marco de la
Iniciativa por el Accesso Abierto de Budapest y la
Declaracion de Berlin, de la que es signataria la
Universidad Politécnica de Madrid.


https://www.sciencedirect.com/science/article/pii/S0928493119338433
https://www.sciencedirect.com/science/article/pii/S0928493119338433
https://www.sciencedirect.com/science/article/pii/S0928493119338433
https://www.sciencedirect.com/science/article/pii/S0928493119338433

Self-assembled gold decorated polydopamine nanospheres as
electrochemical sensor for simultaneous determination of
ascorbic acid, dopamine, uric acid and tryptophan.

Andrés Arroquia, Irene Acosta, M. Pilar Garcia Armada*

Department of Industrial Chemical Engineering, Escuela Técnica Superior
de Ingenieros Industriales, Universidad Politécnica de Madrid, José
Gutierrez Abascal, 2, Madrid 28006, Spain.

Corresponding autor: M. Pilar Garcia Armada, ORCID: 0000-0003-2410-
3365; pilar.garcia.armada@upm.es

Declarations of interest: none


mailto:pilar.garcia.armada@upm.es

Self-assembled gold decorated polydopamine nanospheres as
electrochemical sensor for simultaneous determination of ascorbic acid,
dopamine, uric acid and tryptophan.

Andrés Arroquia, Irene Acosta, M. Pilar Garcia Armada*

Department of Industrial Chemical Engineering, Escuela Técnica Superior de Ingenieros
Industriales, Universidad Politécnica de Madrid, José Gutierrez Abascal, 2, Madrid
28006, Spain.

Corresponding autor: M. Pilar Garcia Armada, ORCID: 0000-0003-2410-3365;
pilar.garcia.armada@upm.es

Abstract

Herein, a new sensor based on screen-printed carbon electrodes covalently modified with
self-assembled gold-decorated-polydopamine nanospheres (Au-PDNs) is reported. The
sensor was applied to the simultaneous determination of the biologically significant
molecules ascorbic acid (AA), dopamine (DA), uric acid (UA) and tryptophan (TR). The
Au-PDNs were anchored to gold nanoparticles electrodeposited onto the bare electrodes
via cysteamine-glutaraldehyde bridges, and were characterized by scanning and
transmission electron microscopies. The stepwise fabrication of the electrodes and their
electrochemical responses were evaluated by cyclic voltammetry, electrochemical
impedance spectroscopy and differential pulse voltammetry. The response of the new
device to these analytes is pH-dependent, which allows selecting the best working
conditions as a function of the sample characteristics. At pH values of 3.0 and 8.0, it was
possible to determine simultaneously AA, UA and TR in presence of DA, and DA, UA
and TR in presence of AA respectively, with very wide linear ranges and high
sensitivities. The simultaneous determination of AA, DA, UA and TR was possible at pH
6.0 with competitive sensitivities in two consecutive linear ranges, between 10 — 80 uM
and 80 — 240 uM; 1 — 160 uM and 160 — 350 uM; 10 — 120 uM and 120 — 350 uM; and
1 — 160 uM and 160 — 280 uM, respectively. The obtained limits of detection were 0.2
nM, 0.1 nM, 0.1 nM and 0.1 nM, respectively.

Keywords Polydopamine nanospheres; Self-assambled monolayer; Ascorbic acid;
Dopamine; Uric acid; Triptophan;
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1. Introduction

The research on determination of biologically interesting molecules is an open field
in continuous symbiotic development together with the biomedical sciences. The early
diagnosis of diseases requires increasingly sensitive and selective analytical methods for
the biomolecules of interest. Ascorbic acid (AA) is an essential vitamin in the human
nutrition and a common antioxidant in the diet. AA plays an important role in the
synthesis of the triple collagen helix and its absence or excess cause several diseases such
as scurvy or nephrolithiasis [1,2]. Uric Acid (UA) is the primary final product of the
purines metabolism in humans and abnormal levels in blood or urine cause diseases as
hyperuricemia or gout [3,4]. Dopamine (DA) is an important neurotransmitter in the
mammalian central nervous system, which deficiency is related to several mental illnesses
such as psychosis or Parkinson’s disease [5,6]. Tryptophan (TR) is an essential amino
acid, involved in the establishment and maintenance of the positive nitrogen balance, and
precursor of neurotransmitters and hormones as serotonin, melatonin, dopamine or
epinephrine. Low TR levels are associated with stress, depression, and even
schizophrenia [7,8]. These molecules have similar structures and usually coexist in the
biological samples, causing cross interferences in its respective determinations. The
determination of each one of these molecules requires the elimination of interfering
substances by physical or chemical separation, or the determination of all of them. For
this reason, the majority of reported determination methods pursuit the simultaneous
determination of the largest possible number of sample components, and the development
of improved, fast, sensitive and selective methods remains a significant research objective
[9].

Due to the redox properties of these molecules, the electrochemical techniques have
obtained great attention because its low cost, simple operation and rapid response, in
comparison with chromatography [10]. However, the sensitivity and low detection limits
achieved until now seems to be insufficient to detect the common levels of some analytes
in the biological fluids [11]. Taking into account that, at conventional electrodes, the AA,
DA UA and TR oxidation occurs at very close potentials, overlapping the electrochemical
signals, the most widely used method is the differential pulse voltammetry (DPV) with
modified electrodes. This technique provides good peaks’ resolution and low detection
levels. These facts have motivated the developing of a lot of modified electrodes for the
individual or simultaneous determination of these biomolecules, with materials as carbon
paste [12], polymers [13,14], dendrimers [15], metallic nanoparticles [16-19] to carbon
nanotubes [20-22] or graphene [23,24]. Many of these sensors undergo an important
fouling effect due to adsorption of the oxidation products that cause poor reproducibility
[25]. The properties of all these devices, as linear ranges, sensitivity and limits of
detection, continue to improve as new materials and electrode designs are developed.
Another important aspect, according to a recent review [26] would be to advance towards
the on-site analyses of biologically important compounds, in order to allow their
determination without going to a hospital.

Polydopamine (PDA) is an interesting biocompatible polymer that has been used
as universal surfaces modification agent to develop applications in fields as different as
biotechnology [27], electrochemical sensing [28,29] or nanotechnology applied to
development of batteries [30]. PDA is the final product of the spontaneous oxidation of
dopamine, in aqueous solutions, with oxygen [31] and it is able to form nanospheres
(PDNs) in stirred alkaline media [32]. In the last years, some strategies based on the
control of the reaction pH, temperature or dopamine concentration have been developed
in order to prepare monodisperse size-controlled colloidal PDNs [33,34]. Particularly, the
pH of the reaction has a critical influence on the reaction rate and number of nuclei
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formed, and thus on the nanospheres size. These PDNs have been used as biocompatible
filler for a new-generation of multifunctional biocomposites [35], as photothermal
therapeutic agents [36,37], as anti-cancer drug delivery [38,39] and other applications
[40]. An important feature of the PDNs surface is the high density of catechol and amine
functional groups [41], which are able to reduce the metallic ions to form in-situ metallic
nanoparticles uniformly distributed on the polymer film [29,42,43]. These composites
have been used as catalysts [44,45], as synergetic chemo-photothermal cancer therapy
[46] and other applications [47-50].

Gold nanoparticles (AuNPs) are the most frequently used nanomaterial because
their excellent size-dependent optical and electronic properties, chemical stability and
high surface area. AuNPs and their hybrids have been successfully and widely applied in
the nanoscience and nanotechnology fields [51], and principally as catalysts in the
development of sensors [52] and biosensors [53,54]. The modification of PDA with gold
nanoparticles extends the PDNs applications due to the electro chemical properties-
biocompatibility synergic effect [28,55, 56]. In addition, in the case of PDNs, the
modification with AuNPs also improves its chemical stability [28]. The good conductivity
of PDA, PDNs and Au-PDNs [42] makes them suitable for developing ultrasensitive
electrochemical immunosensors [42], sensors and biosensors [28,55,56].

The PDNs attracted our attention by its easy synthesis, its possibilities of size
control and because its functional groups can be anchored to other structures and supports
through a covalent bond [41,36-38]. In this way, it is possible to extend its functionalities
forming conjugates, including the formation of self-assembled monolayers (SAMs), for
sensing applications. The self-assembly technique [39] is widely employed in the
development of sensors and biosensors [57-59]. SAMs formed by thiols on gold
electrodes are stable and well-organized and show good selectivity, sensitivity, short
response-time and small overpotential in electrocatalytic reactions [60-62].

Herein, we report a new electrochemical sensor for the simultaneous determination
of AA, DA, UA and TR based on SAMs formed by Au-PDNs covalently bonded to an
AuNPs layer via cysteamine-glutaraldehyde bonds. This structure is chemically stable,
electrically conductive, easily reproducible, and maintains all the Au-PDNs properties.
We are convinced that the on-site analyses of biologically important compounds is a
significant target and, therefore, a reusable glassy carbon and two kinds of screen-printed
carbon electrodes, all covered with electrodeposited AuNPs, were used in order to
develop a portable sensor for low volumes of sample and measurements in situ, with
lower costs and simple analysis process. The report includes the morphological,
electrochemical and analytical characterization of sensors.

2. Material and methods
2.1. Reagents and solutions

Ascorbic acid, dopamine hydrochloride, chloroauric acid, L-ascobic acid, uric acid,
folic acid, glucose, cysteamine and glutaraldehyde were purchased from Sigma-Aldrich.
Trichloroacetic acid, potassium chloride and L-tryptophan were supplied by Fluka
chemika. Phosphate buffer saline solutions (PBS) 0.1 M at several pH values were
prepared using 0.1 M KCI, 0.1 M NaxHPO4, 0.1 M KH>PO4 and H3PO4. All other
chemicals were used in analytical grade without furthers purifications. Ultrapure water
was used for preparation of buffers and standards, and for the electrochemistry solutions.
The gold nanoparticles layer was electrodeposited from an aqueous solution containing



HAuCl4 0.1 mM and trichloroacetic acid 50 mM. The solutions were deoxygenated by
bubbling high-purity nitrogen for at least 15 min prior to the electrochemical
measurements.

2.2. Apparatus

All the electrochemical measurements were performed using an Ecochemie BV
Autolab PGSTAT 12. The experiments were carried out in a conventional three-electrode
cell at 20-21 C with a saturated calomel reference electrode (SCE), a Pt wire as auxiliary
and a 3 mm diameter glassy carbon disc (GC), a carbon screen-printed DropSens DRP-
C110 (Ci10) (4 mm diameter), or a carbon nanostructured screen-printed Orion OHT
C101 (Cio1) (4 mm diameter) as working electrodes. The electrochemical impedance
spectroscopy (EIS) measurements were carried out at 0.2 V vs. Ag/AgCl electrode, over
the frequency range of 0.1 to 10000 Hz, with 10 mV AC perturbation, in a 10 mM
K3Fe(CN)s/KsFe(CN)g (1:1) solution containing 0.1 M KCI. The transmission electron
microscopy (TEM) images were obtained using a JEOL JEM 2100, with a resolution of
0.25 nm, voltage acceleration of 200 kV and energy-dispersive X-ray spectroscopy
system (EDS). The scanning electron microscopy (SEM) images were obtained with a
JEOL JSM 6400. For the DPV studies, a scan rate of 55.5 mV s’!, pulse time of 30 ms
and pulse amplitude of 40 mV were used. The DPV determinations were carried out by
the standard addition method.

2.3. PDNS synthesis

Although a certain relation between the PDNs diameter and the hydroxide
concentration has been reported [34], only sizes of 20 nm, 196 nm and 367 nm have been
previosly prepared. In order to prove if a wider correlation can be inferred from this work,
we have taken a polynomial fit to intra- and extrapolate the hydroxide concentrations (y,
mM =4-10"x?—0.0391x + 11.324, being x the PDNS diameter in nm) as hypothesis, and
we have thus synthesized the PDNS by procedures based on the previously described
methods [32,34]. Briefly, the adequate quantities of NaOH solution were added to
respective 10.5 mM dopamine hydrochloride aqueous stirred solutions until reaching
concentrations of 2.00 mM and 6.00 mM of NaOH. The mixture was allowed to react for
3 hours under stirring at 50°C. The colour of the solution turned firstly to pale yellow and
finally to dark brown. Finally, the PDNs were separed by centrifugation (12000 rpm) and
washed with ultrapure water. The PDNs were dried and stored at 4 °C.

2.4. Au-PDNS preparation

The obtained PDNs suspension was mixed with a 1 mM HAuCls solution, and then
0.5 mM ascorbic acid was added to the mixture as reductor. The reaction was maintained
during 3 hours at 30°C with stirring [28]. The suspension turns gradually from dark brown
to dark purple (Fig. S1). Finally, the Au-PDNs were separed by centrifugation and washed
with water. The Au-PDNs were dried and stored in the dark at 4 °C.

2.5. Electrodes preparation

Prior to use, GCE was polished successively with 3.0 and 0.05 pm alumina powder,
rinsed thoroughly with ultrapure water and sonicated after each step. Finally, the electrode
was dried at room temperature. Ci10 and Cio1 screen-printed electrodes were used as it.
Fig. 1 shows the scheme followed to prepare the modified electrodes.
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Fig. 1. Electrode preparation scheme

To form the anchor layer on carbon electrodes, AuNPs were electrodeposited under
potentiostatic control at -1 V vs. SCE, during 300 s, and washed with ultrapure water [63].
The second layer was formed by dipping the modified electrodes in a 0.1M cysteamine
solution for 3 h to form the Au-S bonds and functionalize the electrodes with amine
terminal groups, followed by washing with water. In order to form the covalent bonds
between the modified electrode and the surficial amine groups of the PDNs and get the
cysteamine chains longer, the bi-functional reactant glutaraldehyde was used. Therefore,
the third self-assembled layer was built by dipping the modified electrodes in a 25%
glutaraldehyde solution for 3 hours and then rinsed with water. In order to form the last
layer, 8 ul of the aqueous suspension of Au-PDNs (0.2 mg mL™!) of corresponding size
were dropped on the above prepared surfaces and remained for 3 hours at room
temperature in the dark. Finally, the electrodes were washed with water, dried, and stored
in the dark at room temperature when not in use.

3. Results and discussion
3.1. Characterization of PDNs and Au-PDNs

The morphology of synthesized PDNs and Au-PDNs was characterized by TEM
(Fig. 2). As it can be seen, the smaller PDNs (Fig. 2a) appear well dispersed with sizes
close to 150 nm, while the bigger PDNs (Fig. 2b) show a larger size dispersion, with an
80 % of them in the range of 470+40 nm and maximum size of 570 nm. These findings
confirm the initial hypothesis, with little variation in the polynomial fit (Fig. S2). Fig. 2¢
also shows the result of the AuNPs modification of PDNs (470 nm as an example). As it
can be seen, little AuNPs (about 6-7 nm) cover the PDNs surface, in agreement with
previous reports [28], but also, the TEM image let us know that a lot of greater AuNPs
(about 30 nm) have formed within the nanosphere. This fact have not been reported up to
now and it is currently on study. The formation of inner AuNPs causes a light increase in
the size of Au-PDNS in comparison with the initial PDNs, especially in the smaller PDNs.
The energy-dispersive-X-ray spectroscopy (EDS) of the PDNs and Au-PDNs (Fig. S3)
confirms the existence of only C, H and O, and C, H, O and Au respectively.



Fig. 2. TEM images of the obtained PDNs with diameters of 150 nm (a) and 470 nm (b)
and of the obtained Au-PDNs from the 470 PDNS (c).

3.2. Characterization of modified electrodes

The formation of the self-assembled layer was studied in PBS 0.1M (pH 7) by cyclic
voltammetry using GC and Ciio as bare electrodes. Fig. 3 shows the steady state CVs of
the several steps of the electrodes’ modification. As can be seen, the background signals
of both AuNPs/GC (Fig. 6a) and AuNPs/Ci1o (Fig. 3b) electrodes increases as result from
the larger effective surface area of AuNPs. After the electrodeposition of AuNPs, both



voltammograms clearly show the typical oxide formation and reduction on their surface.
Fig. 3a shows the asymmetric and narrow irreversible redox system of cysteamine at 0.6
and 0.0 V [64].
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Fig. 3. Voltammetric responses of (a) bare GCE, GCE/AuNPs and GCE/AuNPs-cys and
(b) bare Ci10, C110/AuNPs and Ci10/AuNPs-cys-glu-Au-PDNs (Ciio-sensor), all in PBS
0.1M (pH 7). Scan rate 20mV/s.

The intensity of these peaks falls during the second and successive scans, and
disappears from the 30™ scan (not shown), suggesting the cysteamine desorption from the
Au surface. Other authors [61] earlier observed this fact in alkaline solution concluding
that voltammetric scans to negative potentials reduces irreversibly the Au-S bond,
liberating the thiol containing molecules according to:

Support-AuNPs-glu=N-(CHz)2-S-Au + ¢ — Au + Support-AuNPs-glu =N-(CHz)2-S

It seems clear that the covalently bounded cysteamine is also reductively desorbed
in PBS (pH 7.0) and, although in this case some re-adsorption occurs at 0.6 V, the scan
to the cysteamine reduction potential must be avoided. Fig. 3b shows the CV obtained
with a completely modified Ci10/AuNPs-cys-glu-Au-PDNs electrode (Ci1o-sensor) to be
compared with the bare and C110/AuNPs electrodes. As it can be seen, the oxide formation
and reduction in the gold surface is practically recovered after the AuDNS modification
of the insulating glutaraldehyde layer [26]. The final gold effective area is rather smaller
than Ci10/AuNPs electrode because the AuNPs-anchor are now functionalized and the
PDNs’ AuNPs are small and uniformly distributed.



The GC-, Ci10- and Cio1-sensors were also characterized by cyclic voltammetry in
0.1 M KCI containing 1.0 mM K3[Fe(CN)s], as a benchmark redox reaction for modified
electrodes (Fig. 4).
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Fig. 4. CVs at GC (a), Ci10 (b) and Cio1 (¢), bare and totally modified electrodes, in 0.1
M KClI containing 1.0 mM K3[Fe(CN)g]. Scan rate 20 mV/s. Figure (b) also shows the
Ci110/AuNPs in the same conditions.

As expected, the bare GC shows the lowest peak current. In all cases, the sensors
show higher peak current than the bare electrodes, indicating good conductivity. Fig. 4b
also shows the voltammetric response at the intermediate step C11o/AuNPs. The increases
in the peaks currents and the peak potential narrow difference after the SAM formation,
even in comparison with the AuNPs (Fig. 4b), indicates a fast electron transfer process.



The active surface areas of the three type of sensors (bare as well as modified) were
calculated from the Randles-Sevcic equation, [65,66]:

I, = 2.69-10° A D" w3212 C

where n is the number of transferred electrons, 4 is the active surface area, D is the
diffusion coefficient of K3[Fe(CN)¢], 6.7-107% cm?/s [66], v is the scan rate (V/s), and C
is the concentration of analyte (mol/cm?). The increases of active surface areas obtained
for the CG-, Ci10- and Cjo1-sensors in relation with the bare electrodes were 31.6 %, 28.0
% and 68.4 %, demonstrating the higher electrochemical activity of the modified
electrodes, mainly the nanostructured Cio:.

The morphology of sensors was studied by scanning electron microscopy (SEM).
Fig. 5 shows the SEM micrographs of a graphite bar modified with the AuNPs-cys-glu-
AuPDNs to be compared with a graphite bare. In the micrograph, despite the
heterogeneous graphite surface, it is possible to see the Au-PDNs in the surface, in which
the gold nanoparticles are distinguishable.

Fig. 5. SEM micrographs of a bare graphite bar (a) and the same modified with AuNPs-
cys- glu-Au-PDNs SAM.

Usually, the properties of the electrode interface are studied also by EIS. The
electrode interface can be modelled by an equivalent circuit that includes the charge-
transfer resistance Rcr (electron transfer kinetics), the Warburg impedance (bulk-
electrode interface ion diffusion), W, the double layer capacitance, Ca;, and the resistance
of the solution, R;. When the electrode surface is rough, Cs may not correctly describe
the electronic properties of the interface because the system move away from the ideal
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capacitive behaviour [67]. For these surfaces, a constant phase element defined as CPE
= A (jw)™ that reflects the layer non-homogeneity, is introduced instead of Ca, were N
means the deviation of interface from the Randles model. The exponent N varies between
0.5 and 1 and 4 grows to be equal to Cys when N = 1. The Nyquist plot consist of a semi-
circular part al high frequencies, which diameter represents Rcr, and a linear part at low
frequencies indicative of systems with diffusion-controlled current. Fig. 6 displays the
Nyquist plots (impedance imaginary part vs. real part) obtained with all the unmodified
and modified electrode types, and the Figs. S4, S5 and S6 shows the simulation fit with
the obtained corresponding equivalent circuits.
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Fig. 6. Electrochemical impedance diagrams of the (a) GC-sensor and unmodified GC
electrode, (b) Ciio-sensor and unmodified Ciio electrode, and (c) Cioi-sensor and
unmodified Cio1 electrode in a K3Fe(CN)s/KsFe(CN)g solution.

As it can be seen, the interfacial resistance of all the modified electrodes are
significantly lower than those obtained for the corresponding bare electrodes, indicating
high electrode-electrolyte electron conduction pathway in all the cases. Note the different
shape of Nyquist plot of Cioi-sensor, indicative of more irregular surface. The kinetic
parameters iy (exchange current) and k” (the electron-transfer rate constant) can also be
obtained from the impedance measurements [68], by the equations Rcr =RT/nFiy, and ip
=nFAk’C, being C the concentration of the electroactive specie in mol cm™ and 4 the
electrode area in cm?. Table 1 contains the results of all the electrochemical semi-circle
fits (by the conventional Randles circuit) and the kinetic calculations. These results show
that the charge transfer process of the Fe(CN)s*"*" redox system was improved in all the
sensors in comparison with the bare electrodes.

Table 1

IES results from the electrochemical semi-circle fit

Electrode Rcr(Q) CPE (uF) N io(uA) K (cms™)
Bare GC 6937.3 0.211 0.9969 3.70 537x 107
GC-sensor 11359 0.242 0.9976 22.63 3.35x 10
Bare Ci10 11319 1.001 0.9993 22.71 3.36x 10
Ci10-sensor 483.9 2.744 0.9981 53.11 7.86x 10™
Bare Cio1 389.6 5.083 0.9972 65.97 9.76 x 10
Cio1-sensor (first semicircle) 108.6 3.230 0.9959 236.65 3.50x 107

3.3. Electrochemical behaviour of AA, DA, UA and TR at the modified electrodes

In order to investigate the reliability of the developed sensors, the electrocatalytic
response of the GC-, Ci10- and Cioi-sensors toward the oxidation of AA, DA, UA and TR
was investigated by differential pulse voltammetry (DPV) as sensitive and high-
resolution technique. The physiological pH value, and therefore the most used, is 7.0.
However, some authors have preferred other pH values due to the effect caused on the
peak potentials and resolution of them. The reactions of oxidation of AA, DA, UA and
TR (Fig.S7) involves a deprotonation step that is facilitated at higher pH values. This fact
cause different shifts of peak potentials to more negative values depending on each
corresponding pKa (AA: pKa = 4.10; DA: pKa = 8.87; UA: pKa = 5.7 and TR: pKa =
5.89) [69]. Fig. 7 shows the effect of pH value on the peak potential of the sensors
developed with the three tested base-electrodes.
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Fig. 7. Effect of pH on the peak potential for the oxidation of AA, DA, UA and TR (all 20 uM)
at the GC- (a), Ci10- (b) and Ci:- (¢) sensors in PBS.

As can be seen, in all the cases, linear fits with slopes (Table S1) close to 0.05916
(RT/F) were obtained, for pH values below the corresponding pKa values. As it was
expected, slopes close to 0.02958 were obtained for higher pH values, indicating
processes two proton — two electron for all the analytes(or one proton — two electron if
pH > pKa). On the other hand, the analytes’ peak currents, i,, change notably with the pH
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(Fig. S8) and these different sensitivities must be also considered in order to select the
best conditions for the simultaneous determination. Both E, and i, vs pH plots confirm
the C110 base electrode as the best because of the achieved sensitivity and peak resolution.
This electrode, also offers the possibility of select the best pH value as a function of the
sample composition or of their components concentrations’ ranges. In the light of these
results, we have selected the Ciio-sensor and the pH-values of 3.0, 6.0 and 8.0 to study
the simultaneous determination of AA, DA, UA and TR with the best sensitivity and
selectivity.

3.4. Simultaneous determination of AA, DA, UA and TR

The simultaneous determination of AA, DA, UA and TR was carried out with
differential pulse voltammetry (DPV) by the standard addition method. The analytes that
did not show electrochemical signal were also included in the mixtures, with a
concentration 1.0 mM. Figs. 8, 9 and 10 show the DPV of all the mixtures at 3.0, 6.0 and
8.0 pH values and the corresponding obtained calibration curves.
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Fig. 8. DPVs measured at pH 3.0 in PBS containing 1 mM of DA and 40, 80, 120, 160,

200, 300, and 400 uM of each AA, UA and TR (a). Calibration curves for the same
analytes and measuring conditions (b).
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Fig. 9. DPVs measured at pH 6.0 in PBS containing 40uM of each analyte (first DPV),
subsequent additions of 80, 120 uM AA (subsequent two DPVs), and subsequent
simultaneous additions of 160, 200, 240, and 280 uM AA and 80, 120, 160 and 200 of
each DA, UA and TR (subsequent four DPVs) (a). Calibration curves for the same
analytes and measuring conditions (b).

As can be seen, AA, DA, UA and TR can be simultaneously determined at pH 6.0,
and all of them show two linear ranges. At pH 3.0, AA, UA and TR can be determined
without the DA interference. At pH 8.0, DA exhibits the best signal and can be determined
together with UA and TR without the AA interference. The obtained sensitivities and
detection limits, evaluated as three folds of the signal-to-noise ratio, are showed in Table
2. In addition, Table S2 shows the linear fits of ip vs concentration plots for the Ciio
sensor (average of five electrodes). These data demonstrate that this new development
constitutes an interesting proposal to simultaneous determination of AA, DA, UA and
TR, improving other recent published sensors, as the Table 3 demonstrates.
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Fig. 10. DPVs obtained at pH 8.0 in PBS containing 1 mM of AA and 40, 80, 120 and
160 uM of each DA, UA and TR (a). Calibration curves for the same analytes and
measuring conditions (b).

3.5. Interferences, repeatability and stability

To evaluate the selectivity of Ci10 sensor, the potential interferences of folic acid,
glucose and several amino acids as alanine, glycine, glutamic acid, cysteine, valine and
methionine were investigated. None of these compounds exhibit significant interference
on the determination at the working pH values. Unlike other reported sensors, none
adsorption was appreciated with the developed electrodes with any of studied analytes,
and all the prepared electrodes were reused after wash them with deionized water without
loss of activity or sensitivity. The stability was tested after a storage of two months and
decreases lower than 1.8 % were observed for all the DPV signals. In continuous
measurements, the electrodes have been used during 70 work hours and 200
measurements without any loss of signal. The electrode-to-electrode repeatability of the
new sensor was carried out by DPV measurements of a mixture of AA, DA, UA and TR,
all in concentration 60 uM at the three pH values, with five different electrodes. The
obtained relative standard deviations are showed in the Table S2. All these results confirm
that the new Ciio-sensor exhibits very interesting stability and robustness properties.
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Table 2
Analytical results for the Ci19 sensor. Average of five electrodes

Linear range Sensitivity Detection
pH Analyte  \p) (WA uM” cm?)  Limit (nM)
3.00 AA 1 —400%* 0.105 0.1

UA 1-200 0.524 0.1

200 —400* 0.392

TR 1-200 0.592 0.1

200 —400* 0.452
6.00 AA 10-80 0.022 0.2

80 —240 0.011

DA 1-160 0.008 0.1

160 — 350 0.016

UA 10-120 0.186 0.1
120 — 350 0.123
TR 1-160 0.370 0.1

160 - 280 0.063
8.00 DA 1-120 0.914 0.1

120 — 400* 0.380

UA 40 —200* 0.015 40
TR 1-120 0.261 0.1

120 — 200* 0.143

* At least up to this value

4. Conclusions

A new electrochemical sensor based on a screen-printed carbon electrode
covalently modified with self-assembled polydopamine nanospheres functionalized with
gold nanoparticles has been developed. In order to select the best electrode-basis, a
reusable GCE and two screen-printed electrodes (laminar and nanostructured) have been
tested. The best performance was obtained with the Ciio-sensor. All the modified
electrodes have been characterized morphologically and electrochemically. The EIS
study results show that the charge transfer process is improved in all the sensors in
comparison with the bare electrodes. The best conditions for the simultaneous
determination of these biomolecules can adapt to the characteristics of each sample
(concentration and presence of analytes), being the 3.0, 6.0 and 8.0 the three pH values
that let us achieve the best peak resolution. The simultaneous determination of AA, DA,
UA and TR was possible at pH 6.0, in the linear ranges of 10 — 80 uM and 80 — 240 uM
(AA); 1 —160 uM and 160 — 350 uM (DA); 10 — 120 uM and 120 — 350 uM (UA); and
1 — 160 uM and 160 — 280 uM (TR) respectively. The obtained limits of detection were
0.2 nM, 0.1 nM, 0.1 nM and 0.1 nM, respectively. In addition, at pH 3.0, is possible to
determine AA, UA and TR simultaneously in presence of DA, in more extended linear
ranges and increased sensitivity. At pH 8.0, DA, UA and TR can be determined
simultaneously, in presence of AA, also in more extended linear ranges and notably
increased DA signal. Finally, the new Cii0-sensor shows absence of poisoning failure and
high stability and reproducibility, which makes it an interesting device to clinical and
analytical applications.
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Table 3
Comparison of the analytical characteristics of other different reported developments

Electrode Analyte Linear Detection Sensitivity References
range  limit (LA pM ! ecm?)
™M) M)
AgNC@PDA-NS/CFG/GCE DA  2.5-130 0.25 0.538 [29]
UA 10-130 1.9 0.156
AA  50-4000 6.4 0.0084
Pt/IMo¢/GO-GCE DA 4-750 0.22 0.0544 [70]
UA  75-300 0.72 0.1457
AA  04-110 0.54 0.48
RGO-poly(PR)/AuNPs/GC DA 0.4-170 0.005 0.40° [71]
UA  0.4-150 0.005 0.63*
AA  100-1000 39 0.0124
GO/TmPO4/GCE DA 2-20 0.785 0.615 [72]
UA  10-100 3.73 0.130
AA 0.06-100 0.4 0.239
FOD/GCE DA 0.06-50 0.2 0.460 [15]
UA 0.06-100 0.2 0.453
TR  0.06-100 0.01 0.667
PBDCNPE® AA 1-80 0.3 0.143 [73]
UA - - 0.0381
TR - - 0.0911
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