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A B S T R A C T   

A portable test to rapidly determine levels of levodopa, the drug used to treat Parkinson’s disease, can improve 
clinical management of the disease. In this study, screen-printed electrodes (SPEs) were modified with polymers 
to facilitate the electrochemical detection of levodopa. Cyclic voltammetry was used to deposit a thin layer of 
polyaniline on the electrode surface. Scanning electron microscopy revealed high surface coverage, which did 
not impact the electrode’s conductivity. Differential pulse voltammetry measurements with the polyaniline- 
modified electrodes enabled the measurement of levodopa at physiologically relevant concentrations with 
discrimination between a common interferent (ascorbic acid) and a structurally similar compound (L-tyrosine). 
However, the use of the polymer layer did not permit differentiation between levodopa and dopamine; the only 
difference in these molecules is that levodopa has an amino acid moiety whereas dopamine has a free amine 
group. Density functional theory calculations demonstrated that aniline formed a hydrogen bond between the 
amino group of the monomer and the meta-hydroxyl group, which is present in both levodopa and dopamine, 
with similar binding energies (− 53.36 vs − 50.08 kJ mol− 1). Thus, the polymer-functionalised SPEs are a 
valuable tool to measure compounds important in Parkinson’s disease, but further refinement is needed to 
achieve selective detection.   

1. Introduction 

Parkinson’s disease (PD) is an incurable and progressive neurological 
disorder which is rapidly growing in prevalence [1]. The most effective 
treatment to control bradykinetic symptoms that are apparent in PD 
involves treatment with levodopa (L-dopa), a precursor to dopamine. 
However, this drug has limited efficacy and a short half-life, meaning 
most patients require a complex drug regime with multiple L-dopa doses 

over a 24-h period [2,3]. Moreover, the dosage is highly dependent on 
diet, gender, lifestyle and stage of disease [4]. During the time intervals 
when medication is working, referred to as “on periods”, patients expe-
rience significant improvement of PD symptoms. Furthermore, low 
levels of medication lead to “off periods” where there is loss of critical 
functions such as speech and mobility whereas high medication levels 
can result in debilitating dyskinesias [5]. The current method to physi-
cally assess the disease and prescribe treatment by neurologists involve 
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clinical evaluation (typically six-monthly) and use of the MDS-Unified 
Parkinson’s Disease Rating Scale (MDS-UPDRS) [6]. These laborious 
PD assessment scales necessitate multiple in-person visits, which has 
been complicated during the COVID-19 pandemic and led to significant 
worsening of physical activity and mental health of PD patients [7]. 
Real-time information on L-dopa and dopamine levels offers an objective 
manner to guide clinical management of PD, including decisions on 
medication dosage. Furthermore, abnormal levels of dopamine play a 
role in several other neurological disorders such as depression [8] and 
schizophrenia [9]. 

The concentration of L-dopa in plasma of patients with PD is gener-
ally between 5 and 20 μM depending on medication levels [10]. It is 
possible to measure L-dopa levels in serum with chromatographic tech-
niques, but they require a lab environment for analysis and have long 
turn-around times [11]. Thus, it is necessary to move towards 
point-of-care devices that can measure L-dopa levels in a fast (minutes) 
and low-cost manner. Electrochemical biosensing for clinical biomarker 
analysis has received particular attention recently due to the rapid, 
low-cost, and portable nature of the measurement technique, with an 
estimated growth in publications of >200% in the last fifteen years [12]. 
Both L-dopa and dopamine are electroactive and therefore there is no 
need for a redox probe to facilitate electrochemical detection. However, 
direct electrochemical sensing is complicated since there is an abun-
dance of interferents in bodily fluids (e.g., ascorbic acid, uric acid) that 
exhibit overlapping electrochemical signals [13]. The structure of 
dopamine and L-dopa, including that of the precursor L-tyrosine and 
ascorbic acid, a common interferent, are shown in Scheme 1. 

Selective receptors, such as enzymes [14] or molecularly imprinted 
polymers (MIPs) [15] have shown promise for detection of L-dopa in 
buffered solutions or artificial solutions that mimic clinical samples. 
Synthetic receptors such as MIPs can also be applied to dopamine 
sensing, with an overview of strategies presented in Ref. [16]. Inter-
ference of ascorbic acid can be avoided through surface modification 
with overoxidised polypyrrole in combination with nanomaterials [17]. 
Another method involves the use of a system comprised of 
vanadium-substituted polyoxometalates, copper oxide and 
chitosan-palladium, which was able to selectively detect DA with a limit 

of detection (LoD) as low as 45 pM [18]. Hannah et al., [19] have shown 
that thin-film electrodes can acurrately detect dopamine between con-
centrations of 50 pM - 1 mM without requiring the aforementioned 
surface modifications. 

In this manuscript, we will focus on SPEs which have several ad-
vantages over traditional electrodes including low-cost, high reproduc-
ibility, and simple fabrication and cleaning procedures [20,21]. It was 
shown that polymer particles can be directly embedded into 
screen-printing ink to facilitate detection of a range of biomarkers and 
neurotransmitters, including dopamine [22,23]. However, drawbacks of 
this strategy include long preparation time (at least one week to extract 
and synthesize particles), sparse surface coverage leading to low sensi-
tivity, and not being able to conduct electrochemical measurements 
since the polymer material is insulating. We report a simple method to 
modify electrodes with polymer material to enable detection of L-dopa. 
Computational modelling is employed to screen a range of monomers, 
since evaluating the interactions between functional monomers and the 
target molecule is an accurate predictor for the affinity of the polymer 
and analyte of interest [24]. Subsequently, the monomers with the 
highest binding affinity are functionalised onto SPEs using electrode-
position and lithographic methods. It is shown that polyaniline (PANI) 
can discriminate between L-dopa and dopamine and similar amino acids 
(e.g., L-tyrosine) and other components abundant in bodily fluids (e.g., 
ascorbic acid). By optimising measurements conditions (buffer, pH) and 
the electrochemical detection technique, we can measure L-dopa and 
dopamine concentrations at physiologically relevant concentration. This 
research paves the way towards a simple and low-cost method of 
monitoring PD medication levels, thus leading to better clinical 
management. 

2. Experimental section 

2.1. Reagents 

L-dopa (Pharmaceutical Secondary Standard), hydrochloric acid 
(37% in water), pyrrole (reagent grade 98%), methacrylic acid (99%, 
containing 250 ppm hydroquinone monomethyl ether as inhibitor), 

Scheme 1. The structures of dopamine (a), L-dopa (b) in addition to L-tyrosine (c) and ascorbic acid (d) that were used to analyse the selectivity. Aniline (e) was the 
functional monomer that was used to prepare polyaniline-modified electrodes that promoted binding to the surface. 

H.K. Noguchi et al.                                                                                                                                                                                                                             



Physics in Medicine 14 (2022) 100052

3

aniline (>99.5%), phenol (99%), L-tyrosine, ascorbic acid, potassium 
ferrocyanide K4[Fe(CN)6] and potassium ferricyanide K3[Fe(CN)6], 
potassium chloride and sodium chloride (>99.5%) were purchased from 
Sigma Aldrich (Gillingham, UK). Dopamine hydrochloride was obtained 
from Acros Organics (Geel, Belgium). Citric acid (>99%) was acquired 
from Alfa Aesar (Haverhill, MA, USA). Sodium citrate dihydrate (>99%) 
was obtained from Fisher Scientific (Loughborough, UK). Sodium cit-
rate/acetate buffered solutions (0.1 M) were prepared with deionized 
(DI) water with resistivity <18.2 M cm. Graphite SPEs (3.1 mm) were 
prepared according to Ref. [25], which involved screen-printing a 
graphite ink formulation (Gwent Electronic Materials Ltd) onto a stan-
dard polyester substrate. Subsequently, curing was performed at 60 ◦C 
for 30 min with a dielectric material from Gwent Electronic Materials 
Ltd. (Monmouthshire, UK) to define the rectangular shape of the SPE for 
easy handling. 

2.2. Determination of optimum electrochemical sensing conditions 

Electrochemical measurements were performed on a PalmSens4 
potentiostat (PalmSens, Houten, the Netherlands) with an Ag/AgCl 
reference electrode and a Pt wire as counter electrode (Alvatek Ltd., 
Romsey, UK). L-dopa is unstable in solution and its concentration 
gradually diminishes after 48 h when it is kept at room temperature. 
Thus, it was ensured that fresh L-dopa solutions were prepared for each 
measurement [26]. Furthermore, the electrochemical response and 
solubility of L-dopa is strongly dependent on the buffer and pH. There-
fore, the first cyclic voltammetry (CV) experiments (from 0 to +1.0 V, 
scan rate of 50 mV/s, concentration between 0 and 1 mM) were per-
formed with blank SPEs to determine the optimal sensing conditions for 
L-dopa and dopamine. The pH was varied between 3 and 7 and sodium 
citrate and sodium acetate (0.1 M) buffered solutions were studied. The 
results for L-dopa were validated with UV–vis spectroscopy measure-
ments with a Jenway 7205 UV–vis spectrophotometer (Stone, UK), 
analysing the peak of the analyte at 280 nm. UV–vis measurements were 
not performed for dopamine since, contrary to L-dopa, this molecule has 
high water solubility. Once the optimal electrochemical measurement 
conditions were determined, the influence of surface modification of the 
SPEs was studied. CV measurements for the polymer-modified elec-
trodes were conducted in the range − 0.4 V to +1.2 V since the presence 
of the polymer changes binding kinetics, which has an impact on the 
peak position, and therefore warrants evaluation of a wider potential 
window. 

2.3. Functionalization and characterisation of polymer modified SPEs 

Aniline was electrodeposited onto SPEs via chronoamperometry 
(CA) and cyclic voltammetry (CV). CA involved keeping a solution of 
aniline (3 mM), KCl (100 mM), and hydrochloric acid (10 mM) in water 
at a potential of +0.98V for several minutes. Electrodes were prepared 
fresh prior to each measurement due to the limited stability of poly-
aniline. CV measurements were conducted by cycling the same solution 
from − 0.2 to +1.0 V with a scan rate of 0.5V/s. The best results were 
obtained with five cycles, but ten and fifteen cycles were also attempted. 
Furthermore, a portable Polytec (Karlsbad, Germany) UV light source 
(А = 365 nm) was used to functionalise aniline, acrylamide, methacrylic 
acid, and pyrrole onto the surface of SPEs. 

After surface modification of the SPEs, immobilisation of the poly-
mer was confirmed via conducting CV and electrochemical impedance 
spectroscopy (EIS) measurements of the polymer in a solution contain-
ing K4[Fe(CN)6] and K3[Fe(CN)6] (1 mM) and KCl (100 mM). The 
surface of the best performing electrodes was investigated with scanning 
electron microscopy (SEM) analysis with a Supra 40VP Field Emission 
(Carl Zeiss Ltd., Cambridge, UK) machine. 

2.4. Electrochemical L-dopa measurements with polymer-modified SPEs 

Subsequently, the prepared polymer-modified SPEs were studied 
with cyclic voltammetry and differential pulse voltammetry (DPV). DPV 
was initially conducted from 0 to 1.2 V, with a potential step of 0.04 V, 
pulse of 0.05 V, pulse time of 0.01 s and scan rate of 0.06 V/s according 
to a previously reported procedure [27]. DPV was subsequently con-
ducted in the potential range from − 0.4 V to +1.2 V. 

Solutions were studied with concentration (0–1 mM) of dopamine 
and L-dopa in sodium citrate and sodium acetate buffered solutions, with 
and without the addition of K4[Fe(CN)6] and K3[Fe(CN)6] at 1 mM 
concentration and 100 mM of KCl as an electrolyte. The optimal mea-
surement protocol was defined as the method which resulted in the 
highest current of the oxidation peak. The capability of the electrodes to 
selectively determine L-dopa and dopamine was evaluated by perform-
ing DPV measurements on mixed solutions with a 1:1 ratio of target with 
L-tyrosine and ascorbic acid at a concentration of 1 mM. In the case of L- 
tyrosine, a mixture of K4[Fe(CN)6] and K3[Fe(CN)6] was added to the 
solution but this was omitted for ascorbic acid measurements since the 
chemicals react with each other. 

2.5. Density functionality theory (DFT) calculations 

All calculations in this study were carried out using density func-
tional theory (DFT) with the Vienna ab initio simulation package (VASP) 
[28]. Plane wave cut off energies of 520 eV were utilised for the ge-
ometry optimisation calculations. The projector augmented wave 
method [29] and the PBE exchange-correlation functional [30] were 
employed for all calculations. The Grimme DFT-D3 dispersion correc-
tion was also utilised to account for van der Waals interactions [31]. A 
k-point mesh spacing smaller than 0.05 Å− 1 was used for the geometry 
optimisation calculations. 

Before calculating the binding energies between the monomer (ani-
line) and template molecules, the structure of each individual molecule 
was optimized. To reflect the preparation of a MIP, complexes between 
the functional monomer and template molecules were then established. 
A wide variety of possible binding sites and configurations were 
considered and simulated for each complex. The magnitude of the 
binding energy between the molecules in such a complex provides a 
quantitative indication of the driving force for its formation and stability. 

The binding energy (ΔEb) was calculated using:  

ΔEb = Ecomplex – Eaniline – Etemplate                                                     (1) 

where Ecomplex is the energy of a monomer-template complex, Eaniline 
is the energy of an aniline molecule and Etemplate is the energy of a 
template molecule. The more negative the ΔEb value, the more stable 
the complex structure, and thus the higher predicted binding affinity. 

3. Results and discussion 

3.1. Influence of pH and buffer on electrochemical measurements 

The optimal conditions of the buffer were investigated via analysing 
the response of buffered solutions spiked with known L-dopa and 
dopamine concentrations for CV measurements. Fig. 1 shows the 
measured calibration curves of L-dopa in citrate buffer (A), and L-dopa in 
acetate buffer (B), and of dopamine in citrate buffer (C) in pH range 3–6. 
The current at the maximum peak height was plotted versus the con-
centration. For L-dopa, at pH 3 the maximum peak height was around 
+0.52 V, whereas this gradually shifted to +0.50 V for pH 4 and 5, and 
+0.48 V for pH 6, respectively. For dopamine, the maximum peak height 
was +0.50 V at pH 3, +0.45 V at pH 4, +0.37 V at pH 5, and +0.32 V at 
pH 6. The degradation of L-dopa was observed at neutral and basic pH 
levels (the solution changed colour), which is why the electrochemical 
response at neutral and basic pH was not shown. Typical CV plots for L- 
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dopa and dopamine on blank SPEs are displayed in Figure S-1. 
Tables S–1 provides the relevant fit parameters for data shown in 
Fig. 1A, B and C. 

L-dopa has limited solubility in water and therefore sodium citrate 
and acetate buffers are typically used for measurements. From Fig. 1, a 
higher electrochemical response was recorded when measuring in cit-
rate buffer compared to acetate buffer. For instance, at c = 1 mM at pH 4 
a peak height of ~37 μA was observed in citrate buffer whereas this was 
only ~25 μA in acetate buffer. We estimated the LoD with the three- 
sigma method, using the standard deviation on the analyte peak on 
three individual measurements. This led to an estimated LoD of 0.01 mM 
in citrate buffer (pH 4) and 0.1 mM in acetate buffer (pH 4). 

Furthermore, the results were validated with spectroscopic mea-
surements (Tables S–2), which indicated a higher response of the UV–vis 
signal in citrate buffer with optimal results achieved at pH 4. Thus, it 
was decided to conduct further experiments with dopamine in citrate 
buffer. Fig. 1c shows a clear linear trend of the dopamine oxidation peak 
with increasing concentration of L-dopa in citrate buffer, with an esti-
mated LoD of 0.02 mM for the blank SPE at pH 4. The electrochemical 
response was similar in the pH range 4–5 for L-dopa, with a slightly 
slower response at pH = 3 but a significant lower current at pH = 6. It is 
known that the rate constant for intramolecular cyclization reactions of 
L-dopa and dopamine vary depending on the pH, which underlines why 
it is required to study this prior to the actual sensing experiments. 
However, no significant difference between pH 4–6 was observed for 
dopamine, albeit detection was limited in the neutral and alkali range. 

To discriminate between L-dopa and dopamine and other common 
interferents such as L-tyrosine and ascorbic acid which have oxidation 
peaks in the same range, it is necessary to modify the electrode surface 
with charged polymers. The charges on the polymer surface are also pH 
dependent, which is why this is a crucial parameter to consider for 
sensing purposes. 

Fig. 1. A) Electrochemical response of blank SPEs exposed to L-dopa concen-
trations in citrate buffer from pH 3–6 (A), acetate buffer from pH 4–6 (B), and 
exposed to dopamine in citrate buffer from pH 3–6 (C). 

Fig. 2. SEM analysis of a blank SPE where graphite flakes are clearly visible 
(A). After oxidation of aniline on the SPE, the surface is covered with polymer 
material (B). 
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3.2. Characterisation of functionalised electrodes 

SPEs were modified with a range of polymer materials. Methacrylic 
acid and acrylamide were deposited onto the surface via free radical 
polymerisation initiated with UV-light. It was shown that the presence of 
the polymer significantly affected the conductivity of the SPEs (even in 
the case of a thin layer) as no significant response to a standard K4[Fe 
(CN)6]/K3[Fe(CN)6] (c = 1 mM) redox couple could be detected. The 
focus was then directed towards conductive materials polypyrrole and 
PANI, polymers which have nitrogen-based heterocycles in the back-
bone. Aniline has a pKa value of 4.6, at which there was an equilibrium 
between positively charged aniline and its neutral form [32]. Since 
measurements were performed at pH 4, this facilitated formation of a 
hydrogen bond with the OH groups present in dopamine and L-dopa. 

The conductivity of the surface architecture of the polymer-modified 
SPEs was analysed using a suite of complimentary characterisation 
techniques such as CV, EIS and scanning electron microscopy (SEM). CV 
in K4[Fe(CN)6]/K3[Fe(CN)6] solution (c = 1 mM) revealed the influ-
ence of the polymer deposition on the conductivity of the electrode 
material; for sensing, it is necessary to work with conductive materials. 
Changes in the EIS spectra reflected the formation of an additional layer 
on the electrode surface. 

SPEs were modified with pyrrole; however, the presence of the 
polymer on the surface led to a decrease in the electrochemical sensing 
of L-dopa compared to the blank electrode. Therefore, it was decided to 
further pursue aniline which has better electrochemical properties. SPEs 
were modified with aniline by keeping the potential fixed at +0.98 V for 
100, 500, and 1000 s. The green colour on the SPEs clearly indicates that 
PANI was formed onto the electrode surface, with increasing colour 
intensity indicating that a thicker layer is formed over time (Figure S-2). 
EIS measurement showed high resistance on the surface, which is not 
desirable for sensing. When CA was run, polymer was constantly formed 
since the mixture is kept at oxidation potential. In contrast, when CV was 
performed, the polymer was only formed when the voltage was above 
the oxidation potential of the monomer. Therefore, CA is generally more 

used to form dense layers whereas CV leads to patch-type polymer 
structures on the SPEs [33]. Thus, it was decided to move towards CV to 
deposit PANI, where the surface structure of respectively, 5, 10 and 15 
different cycles was studied. It was found that the highest conductivity 
occurred after 5 cycles were performed; after more cycles, the response 
to the K4[Fe(CN)6]/K3[Fe(CN)6] (1mM) redox couple was slowly decreasing. 
SEM analysis (Fig. 2) confirmed there was high coverage of PANI on the 
SPE but there was still unfunctionalized surface remaining after five 
cycles, indicating why this is beneficial for sensing of both L-dopa and 
dopamine. Analysis of the surfaces where more than five cycles were 
used to deposit PANI showed irregular coverage and the formation of 
multiple layers rather than the monolayer observed after five cycles. It is 
well-known that dopamine needs access to the surface to oxidize and 
therefore the signal is strongly dependent on the available surface area 
[34]. 

3.3. Computational modelling studies 

DFT calculations were carried out to elucidate the binding mecha-
nisms between the most promising functional monomer (aniline) and 
template molecules. The optimized lowest-energy configurations of the 
monomer-template complexes are given in Fig. 3. The binding mecha-
nism for the aniline ⋅⋅⋅L-dopa/dopamine complexes was the same and 
was dominated by the formation of a hydrogen bond between the amino 
group of aniline and the meta-hydroxyl group of L-dopa/dopamine. The 
binding energies of − 53.36 and − 50.08 kJ mol− 1 and hydrogen bond 
distances of 1.872 and 1.850 Å for the aniline⋅⋅⋅L-dopa/dopamine com-
plexes, respectively, are very similar, illustrating the challenge of 
discriminating between these two template molecules. Potential binding 
between the amino groups of aniline and L-dopa/dopamine was also 
considered but the binding energies were significantly lower (35.70 and 
39.56 kJ mol− 1, respectively). 

Given that an excess of the aniline monomer was used to selectively 
discriminate between L-dopa and dopamine in our experiments, the 
possibility of two aniline monomers binding to L-dopa and dopamine 

Fig. 3. Optimized geometries and binding energies for aniline⋅⋅⋅template molecule complexes. Intermolecular hydrogen bonds are indicated by the dashed lines.  
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was also considered. Figure S-3 shows the optimized lowest-energy 
configurations of the aniline⋅⋅⋅L-dopa/dopamine complexes with two 
aniline monomers. Binding via hydrogen bond formation between the 
amino group of aniline and the hydroxyl groups of L-dopa/dopamine 
was again favoured with strong binding energies of − 85.87 and - 

78.44 kJ mol− 1, respectively, which illustrate the energetic benefit of 
forming aniline⋅⋅⋅L-dopa/dopamine complexes with two aniline 
monomers. 

In addition to L-dopa/dopamine, the binding between the aniline 
monomer and potential interferents, namely, L-tyrosine, which possesses 

a very similar molecular structure to L-dopa/dopamine, and ascorbic 
acid, which is abundant in bodily fluids, was also simulated. Fig. 3 shows 
that aniline binds with tyrosine via a similar mechanism to its binding 
with L-dopa and dopamine, namely, through hydrogen bond formation 
between the amino group of aniline and the hydroxyl group of tyrosine. 
However, the key difference is that aniline can only bind to tyrosine at 
the para position unlike its binding with L-dopa/dopamine, which 
preferentially occurs at the meta-hydroxyl group. Furthermore, the 
binding energy of − 39.27 kJ mol− 1 between aniline and tyrosine was 
smaller compared to the values obtained between aniline and L-dopa/ 

Fig. 4. Current vs potential for a blank SPE (A) and 
polyaniline-modified SPE (B) exposed to increasing 
concentrations of L-dopa. The response of a blank SPE 
(C) and polyaniline-modified SPE (D) to increasing 
concentrations of dopamine. In panel (E) the response 
of a blank SPE to a 1:1 mixture of L-dopa and tyrosine 
is presented, demonstrating the blank SPE is not 
capable of discriminating between the two com-
pounds, which is the case for the polyaniline- 
modified SPE (F). A similar trend was observed for 
a 1:1 mixture of dopamine and tyrosine using a blank 
SPE (G) and polyaniline-modified SPE (H).   
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dopamine. These results explain why it was possible to discriminate 
between L-dopa/dopamine and tyrosine in our electrochemical experi-
ments. In the case of ascorbic acid, the preferential binding sites for 
aniline are found to be the carbonyl oxygen and the adjacent hydroxyl 
group. Although the formed hydrogen bonds result in a large binding 
energy of − 70.24 kJ mol− 1, its unique binding mechanism means it was 
still possible to differentiate between this known interferent and the L- 
dopa target molecule. 

3.4. Electrochemical measurements of polyaniline-modified SPEs 

All these measurements were conducted in citrate buffer of pH 4 
since this showed the highest electrochemical response towards both L- 
dopa and dopamine. DPV was used for sensing as it generally has higher 
sensitivity compared to CV. A wide potential window (− 0.4 V to +1.2 V) 
was selected since there are reports that peak separation between 
different catecholamines, including L-dopa and dopamine, can be ach-
ieved below pH 5 at negative voltage due to different kinetics of intra-
molecular cyclization rates [35,36]. Fig. 4 shows the electrochemical 
response for the blank and PANI-modified SPEs towards L-dopa and 
dopamine spiked solutions and mixtures of L-dopa or dopamine with 
L-tyrosine in a ratio 1:1. 

First, it was clear that the electrochemical response (current) of both 
L-dopa and dopamine was not dependent on the presence of polyaniline 
on the surface. There was a significant shift in the position of the 
oxidation peak of the compounds of interest; this shifted from +0.52 V to 
+0.68 V for L-dopa, and from +0.48 V to +0.59 V for dopamine. This 
was not unusual since the presence of polyaniline will likely slow the 
electrochemical rate constant and lead to broader peaks shifting to the 
right of the spectrum. There was also a slightly higher background 
current, which was expected since conductive polymers can hold more 
charge than graphite itself and add variability to the surface structure. 
The LoD was not significantly impacted by the presence of the polymer 
on the electrode, meaning it was possible to detect L-dopa at plasma 
concentration levels relevant to PD patients [10]. For both the blank and 
polymer-modified SPEs, there was a clear response towards both 
L-tyrosine and ascorbic acid (Figure S-4). The polymer-modified did not 
show a response towards L-tyrosine and, in the case of ascorbic acid, the 
oxidation peak did not shift and therefore fell in the same region as 
PANI. When evaluating a 1:1 mixture of L-dopa and dopamine with 
L-tyrosine, the precursor of catecholamines, and ascorbic acid, a com-
pound which is abundant in bodily fluids, significant difference between 
the blank SPE and polymer-modified SPE were observed. Without the 
presence of the polymer, the peaks of the interferents were clearly 
visible in the DPV plots for L-tyrosine (Figure S-4) with overlapping 
signals for ascorbic acid and L-dopa/dopamine (Figure S-4). Therefore, it 
was confirmed that the presence of the polymer was crucial to improve 
selective binding with no peaks of L-tyrosine or ascorbic acid seen when 
the electrodes were modified (Figure S-4). The computational modelling 
demonstrated that hydrogen bonds can be formed between the amino 
group of aniline and the meta-hydroxyl group of L-dopa/dopamine, 
meaning there was preferential binding of these compounds to the 
surface over L-tyrosine and ascorbic acid. As a result, it was possible to 
separate between L-dopa/dopamine and L-tyrosine and ascorbic acid, 
despite these compounds being similar in chemical functionality and/or 
size. Fig. 5 compares the peak current for the blank SPE and 
aniline-modified SPE for the target itself and when exposed to a mixture 
of the target with L-tyrosine. The relevant fit data is provided in 
Tables S–3. 

Fig. 5 clearly demonstrates there is no significant change in current 
between blank SPEs and those modified with polyaniline. Thus, there 
was also no significant difference in sensitivity between the electrodes. 
However, the presence of the polymer enables discrimination between 
certain compounds, although it was not possible to distinguish between 
L-dopa and dopamine since the functional monomer interacts at the 
same position. Achieving peak separation was attempted by optimising 

the pH and evaluating the peak at − 0.076 V. However, as this peak was 
substantially lower compared to the peak at ~0.5 V, this did not enable 
detection at physiologically relevant levels as the sensitivity was 
reduced by at least two orders of magnitude. Previous studies [35,36] 
achieved a similar LoD as our sensor and compared this to existing 
electrochemical sensing platforms. These reports showed that it was 
possible to measure signals at − 0.076 V to discriminate between 
different catecholamines using glassy carbon electrodes; however, the 
LoD was negatively impacted since the signal at negative voltage was 
considerably lower compared to the electrochemical peak at positive 
voltage. Moreover, glassy carbon electrodes are expensive and not 
suitable for point-of-care sensing unlike the low-cost and disposable 
SPEs employed in this study. SPEs offer higher commercial potential and 
are better suited towards continuous monitoring purposes. In the future, 
a mixture of monomers might be employed to improve selectivity of the 
modified SPEs and move the platform closer towards real life 

Fig. 5. The peak current for blank and modified SPEs when exposed to 
increasing concentration of L-dopa and L-dopa mixed with L-tyrosine (A) and for 
the blank and modified SPEs when exposed to increasing concentrations of 
dopamine and dopamine mixed with L-tyrosine (B). 
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applications. This is complicated to achieve with electrodeposition since 
different monomers have different optimal polymerisation conditions. 
Moreover, sample preparation needs to be considered since blood has a 
pH = 7.4 whereas this research showed that acidic conditions are 
beneficial for sensing. Thus, it could be that sample preparation will 
involve dilution with an appropriate buffer to enhance the electro-
chemical signal and ensure stability of L-dopa. 

4. Conclusion 

We developed a novel, straightforward sensor for the electro-
chemical detection of L-dopa using PANI-modified SPEs. Oxidation of 
aniline with hydrochloride acid was used to develop functionalised 
SPEs, with SEM demonstrating high coverage of the polymer on the 
electrode surface. With this straightforward and low-cost platform, it 
was possible to measure L-dopaand dopamine in the low mM range 
using DPV and discriminate between the structurally similar L-tyrosine 
and common interferent ascorbic acid due to hydrogen bond in-
teractions between polyaniline and target compounds. However, it was 
not possible to discriminate between L-dopa and dopamine, which share 
a similar catechol structure and both possess a meta-hydroxyl group. 
This was in line with DFT results, which demonstrated that the binding 
mechanism for the aniline ⋅⋅⋅L-dopa/dopamine complexes was the same, 
with binding energies of − 53.36 and − 50.08 kJ mol− 1 and hydrogen 
bond distances of 1.872 and 1.850 Å, respectively, illustrating the 
challenge of discriminating between these two template molecules. This 
platform therefore has high potential for monitoring compounds that are 
important for management of PD, but further refinement of the mono-
mer composition is needed to achieve selective sensing. 
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