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Abstract— Despite the many recent advances in disposable
and wearable sensing technologies for point of care testing
(POCT), few affordable, flexible, and disposable sensors are
available for the detection of tyrosine (Tyr), a valuable
biomarker for metabolic and neurodegenerative diseases. In
this regard, the disposable screen-printed electrodes on
flexible substrates are attractive. However, current screen-
printed approaches for the detection of Tyr use rigid ceramic
substrates, expensive metal nanoparticle conductive inks and
stiff metal or metal oxide-based sensitive materials, that are
not suitable for single-use disposable or wearable POCT
devices. To address these challenges, this work presents a
flexible and disposable electrochemical sensor using
graphene oxide — chitosan (GO-CS) modified carbon-based
electrodes for the detection of Tyr. The affordable and easy to
fabricate sensor consists of a three-carbon electrode system
screen printed on a flexible, low-cost polyvinyl chloride (PVC)
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substrate. GO and CS were chosen as the sensitive nanocomposite due to their natural abundance and excellent
electrochemical sensing properties. Quantitative determination of Tyr using DPV revealed a linear proportional
response between 1 and 100 pM, with a correlation coefficient of 0.9993. The GO-CS-screen-printed carbon sensor
(SPCS) also offers a linear range detection limit of 5.86 uM, and excellent sensitivity (0.0846 pA pM-') and repeatability
(RSD = 4.02%). The GO-CS-SPCS thereby provides a promising platform for the active sensing elements of single-use,
disposable, and wearable POCT devices suitable for early diagnosis and monitoring of metabolic or

neurodegenerative diseases or nutritional management.

Index Terms— Wearable sensors; Tyrosine; electrochemical sensing; carbon-reference electrode; Disposable Sensor

|. INTRODUCTION

Point of care testing (POCT) of nutrients and metabolites
present in the human body, and their concentrations in
biofluids, forms an essential basis for health or clinical risk
assessments, fast disease diagnosis and prognosis, and for the
monitoring of therapeutic outcomes and the status of health
conditions [4, 5]. For example, tyrosine (Tyr) is a
conditionally essential amino acid that serves as a building
block for several vital nutritional proteins [8, 9]. Tyr is also
critical to the synthesis of a variety of neurotransmitters and
hormones, including adrenaline, norepinephrine, dopamine,
epinephrine, catecholamine, thyroxin, melanin and oestrogen
[1, 12]. Abnormal Tyr concentrations could, therefore,
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induce a range of congenital or neurodegenerative diseases,
including tyrosinemia, albinism, alkaptonuria,
phenylketonuria, hypochondria, dementia, hypothyroidism
atherosclerosis, eating disorders and lung disease [13-16].
Along with other amino acids, Tyr also plays an important
role in the development of Alzheimer's and Parkinson's
disease [18]. Thus, point of care (POC) measurement of this
valuable aromatic biomarker present an important
opportunity for early diagnosis and monitoring of metabolic
or neurodegenerative diseases [1, 18, 20].

Considering this, POC sensing tools that are suitable for on-
site measurements, where affordable, user-friendly, and
disposable devices are preferred, are in critical demand.
Relatively simple fabrication processes, fast and label-free
detection, portability, the possibility of miniaturization, high
sensitivity and low limits of detection, etc., are central to the
development of these POCT devices [21, 22]. Flexibility, and
biocompatibility are also crucial factors for the development
of wearable systems with conformable form factors that
interface with human skin or the curvature of soft biological
materials [23-25].
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TABLE |
PERFORMANCE COMPARISON OF SENSORS FOR THE DETECTION OF TYROSINE
Sensor Detection limit Linear range Compliant with Easy to REF
wearable POCT _ fabricate
Laser-engraved graphene-based chemical sensor 3.6uM 50 - 500 uM v X [1]
Flexible CVD graphene platform electrode modified )
with l-aspartic acid 031 uM 0.1-93.9uM v X 21
Al-CuSe-nanoparticles (NPs) modified screen-printed )
carbon electrode (SPCE) 0.04 uM 0.15-10pM X v (31
Exfoliated 2D-MoS2 nanosheets on carbon and Au 31.23 uM
screen printed electrode (SPE) 0.5 uM 0-200uM X v (6]
2D-MoS2 nanosheets modified SPCE 0.5 uM 1-500 uM X v [7]
Tetrathiafulvalene-tetracyanoquinodimethane (TTF-
04 pM .1-20pM 1

TCNQ)/ionic liquid gel modified SPE 0.04p 0.1-20p X v (101
NiO NP modified graphite SPE 0.1 uM 0.15 - 450 uM X v [11]
MWCNTs-doped Poly(glycine)/Poly(acrylic  acid) 0.25- 120 uM
conducting polymer modified SPE 0.13 uM 04 -150 uM X v (17]
GO/ZnO modified graphite SPE 0.34 uM 1 - 800 uM X v [19]
CuO/B-cyclodextrin (B-CD)/Nafion (Nf) modified
glassy carbon electrode (GCE) 0.0082 uM 0.01 t0 100 uM X v 261
Fé;/l(:?)4/MnW04 modified carbon paste electrode 77 oM 0.08-400 uM X v (34]
Molecularly imprinted polyaniline B
(MIPY/polythionine(pTH)/Au@ZIF-67 modificd GCE 00079 WM 0.01-4puM X v (331
rGO-Cu modified graphite pencil electrode 0.01 uM 55-72 uM X v [36]
Fe304 NP modified CPE 50.0 nM 0.4-270 uM X v [37]
Ultrathin g-C3N4/Ag modified GCE 0.14 uM 1-150 uM X J [38]
Flexible GO-CS modified SPCS 5.86 M 't 100 uM v v ;l;g;sk

In this regard, single-use disposable or wearable
electrochemical sensors that can detect biochemical
metabolites in biological fluids, such as blood, urine, saliva,
interstitial fluid, and sweat have opened new opportunities
for POCT [27-32]. Despite the many recent advances in
disposable and wearable sensing technologies for POCT,
current systems are primarily focused on a limited number of
metabolites, and few low-cost, flexible, and disposable
sensors are available for Tyr POCT [1, 2, 33]. Most of the
current approaches use complex or time-consuming
fabrication = processes  that  require  sophisticated
instrumentation, or solid electrodes, such as glassy carbon
electrodes (GCEs), carbon paste electrodes (CPEs) or
graphite pencil electrodes, etc., that are not suitable for
single-use disposable systems (Table 1) [1, 2, 26, 33-38]. As
an alternative, disposable screen-printed electrodes (SPEs)
offer fast, affordable, and widespread testing at the point of
care, without the need for skilled analysts or complicated
measuring equipment [39-41]. Since SPEs are customizable,
they can also be modified using metals, nanomaterials,
polymers, conducting polymers, carbon-based materials,
enzymes, mediators, or complexing agents, or by
incorporating these different materials in the ink composition
before printing to enhance performance, stability and
versatility [42, 43]. Furthermore, by using flexible substrates,
screen printed electrodes can be easily integrated into a range
of different sensing technologies — from the worlds of sports
and fashion to automotive and healthcare [44]. Be this as it
may, current screen-printing approaches for the detection of
Tyr wuse rigid ceramic substrates, expensive metal
nanoparticle conductive inks and stiff metal or metal oxide-
based sensitive materials, that are neither sustainable nor
suitable for single-use disposable or wearable sensors (Table
1 [3,6,7,10,11,17,19].

By taking advantage of easy-to-use fabrication methods,
flexible substrates suitable for wearable systems, and low-
cost, disposable, and biocompatible materials, this work thus
presents a simple method for the detection of Tyr, that could
open new opportunities for POCT and self-health
management [27-30]. This paper extends our preliminary
results presented in IEEE FLEPS 2020 [45]. Previously, a
low-cost, disposable GO-CS screen printed carbon electrode
(SPCE) (GO-CS-SPCE) was presented for the
electrochemical detection of tyrosine. GO and CS were
chosen for the sensitive film due to their natural abundance,
excellent electrochemical sensing properties, good chemical
stability, flexibility, and excellent film-forming capability.
Furthermore, the affordable, biocompatible, eco-friendly, and
biodegradable nature of this nanocomposite, as highlighted
in our previous work, make GO and CS ideal candidates for
affordable, disposable devices suitable for wearable POCT
devices [5, 22, 46, 47]. For the electrochemical detection of
Tyr, an Ag/AgCl (3.0MNaCl solution) reference electrode
and a Pt wire counter electrode were used, in addition to the
GO-CS-SPCE. The current work, however, presents a three-
carbon electrode system, including a carbon working (WE),
counter (CE) and reference electrode (RE), screen printed on
a flexible polyvinyl chloride (PVC) substrate. The surface of
the carbon WE was modified using the GO-CS
nanocomposite. By using a carbon ink for the WE, CE and
RE it is possible to reduce costs and stability issues
associated with typical Ag-based REs, for example,
incompatibility with some species that are commonly present
in biological fluids, such as chloride [48]. The efficiency of
the GO-CS-screen-printed carbon sensor (SPCS) (SPCS) for
the electrochemical detection of Tyr was investigated using
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV).
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The rest of this paper is organised as follows: Section II
presents the experimental details related to both the SPCS and
GO-CS-SPCS. The results are shown in Section III, and key
outcomes are summarized in SectionIV.

Il. EXPERIMENTAL SECTION

A. Reagents and apparatus

Graphene oxide (GO) (highly concentrated single-layer
graphene oxide solution, 5 g/l) was purchased from Graphene
Supermarket. Chitosan (low molecular weight), L-tyrosine,
acetic acid (CH3COOH), hydrochloric acid (HCI), aluminium
oxide (Al20s3) and methanol (CH3OH) were purchased from
Sigma-Aldrich, UK. All reagents were of analytical grade and
used without further purification. Conductive carbon paste
and insulative polyurethane varnish were purchased from Sun
Chemicals and Blackfriar, respectively. High purity nitrogen
(N2) gas was used for PBS deoxygenation.

B. Preparation of GO-CS

A chitosan solution (1% (w/v)) was first prepared by
dissolving chitosan powder in an acetic acid aqueous
solution (1%). The mixture was then stirred until a
homogenous solution was obtained, typically overnight. A
specified volume of GO solution was subsequently added to
the dissolved chitosan solution. The mixture was shaken
vigorously before sonicating for 5h to obtain a homogenous
GO-CS solution (Figure 1).

C. Sensor preparation and modification

A three-carbon electrode system was first prepared by
applymg a commercial carbon paste onto a PVC substrate
using a conventional screen-printing process. The SPCS
consisted of a circular working electrode (WE), with 10-mm
diameter and a partial circle of a counter (CE) and a
reference electrode (RE) (Figure 1). After printing, the SPCS
was cured at 80°C for 30 minutes. A Cu wire was then fixed to
the WE, CE and RE, respectively. Commercial carbon paste
was used to provide a conductive interconnect that was
protected by a printed layer of insulative polyurethane. To
further modify the surface of the SPCS, 10uL GO-CS
solution was drop cast onto the exposed surface of the WE
before drying in an oven at 60°C for 30 minutes.

D. Structural and morphological characterisation
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Figure. 1. Schematic representation of sensor preparation and

modification

The surface morphology of the GO-CS-SPCS was examined
using a Nikon Eclipse LV100ND microscope connected with
Leica MC170HD camera and a Hitachi SU8240 field-
emission scanning electron microscope (FESEM). The
crystallinity of the GO-CS sensitive nanocomposite was
examined by X-ray diffraction (XRD) using a P'Analytical
X'Pert with Cu Ka (A= 1.541 A).

E. Electrochemical measurements

A standard analyte stock solution was first prepared by
dissolving 1 mM Tyr in a IM aqueous HCI solution.
Working solutions containing different Tyr concentrations
(1-500 uM) were prepared by subsequently diluting the stock
solution with 1M aqueous HCI before electrochemical

measurements. CV and DPV were performed using a
Metrohm  Autolab ~ (PGSTAT302N)  electrochemical
workstation.

Ill. RESULTS AND DISCUSSION

A. Structural and morphological characterisation

Optical imaging and scanning electron microscopy (SEM)
were used to examine the surface morphology of the GO-CS-
SPCS. As shown in Figure 2a and 2b, the GO-CS-SPCS
demonstrated a denser carbon network and higher surface
roughness than the SPCS. SEM images (Figure 2d and 2e)
also show a rough and homogeneous interconnected lamellar
structure. Due to physical crosslinking and chain entangling,
the fully exfoliated GO nanosheets are well dispersed
throughout the chitosan matrix without any aggregation. The
crystallinity of the GO-CS sensitive nanocomposite film was
investigated using XRD, as shown in Figure 3. The XRD
patterns of neat GO and CS are also shown in Figure 3. The
XRD pattern of neat GO exhibited a characteristic basal

Figure. 2. Optical microscope images of (a) SPCS and (b) GO-CS-
SPCS, (c) Photographic image of flexible GO-CS-SPCS and (d)
SEM image of GO-CS-SPCS.
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Figure. 4. CV measurements with a scan rate of 100 mV s™! in the
absence and presence of 100 uM Tyr in 0.1 M PBS (pH 7) at the
surface of both the SPCS and GO-CS-SPCS.

reflection (001) at 26 = 11.5°[49]. Neat chitosan showed two
weak, broad diffraction peaks at 20 = 8.7° and 20.7°. The
peak centred at 8.7° corresponds to a hydrated crystalline
structure, whereas the broadened peak at 20.7° is attributed
to the existence of an amorphous structure [50]. GO-CS
demonstrated a similar XRD pattern to that of pure CS,
showing only one broad diffraction peak at 26 =21.5°, which
corresponds to the amorphous state of CS. The absence of a
characteristic GO peak suggests that the regular and periodic
structure of GO became more disordered due to the
formation of a randomly oriented 3D network [51]. The
incorporation of GO within the biopolymer matrix had little
effect on the crystalline properties of CS, indicating that
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Figure. 5. (a) CV measurements of 100 uM Tyr in 0.1 M PBS (pH 7)
at the surface of the GO-CS-SPCS with scan rates of 50, 100, 150,
200, 250, 300, 350, 400, 450, 500, 600, 700, 800 and 900 mV s,
resp., (b) plot of peak current (I,) vs. square root of scan rate (v''?)
and (c) plot of peak potentials (E;) vs. log of scan rate (In v).

there were mainly physical interactions between GO and CS
[52, 53].

B. Electrochemical detection of Tyr

The electrochemical detection of 100 uM Tyr in 0.1 M
phosphate buffer solution (PBS) (pH 7) was first examined at
the surface of the SPCS and GO-CS-SPCS, respectively,
using CV measurements with a scan rate of 100 mV s\
Before this, CV measurements were recorded in blank PBS
solutions (pH7) to ensure no redox peaks were observed
(Figure 4). When the potential was scanned from 400 mV to
1200 mV in the presence of 100 uM Tyr, a single anodic peak
was observed at the surface of both the SPCS and GO-CS-
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SPCS, indicating that the oxidation reaction occurring at the
surface of the bare and modified three-carbon electrode
systems is irreversible. The observed oxidation peak potential
(Ep) of Tyr at the surface of the SPCS is 750 mV. In the case
of GO-CS-SPCS, however, the E, of Tyr shifted to a more
positive potential (860 mV), along with slightly higher
currents. This shift in potential is likely due to strong
electrostatic attraction between the negative surface hydroxyl
groups (OH™) of GO and the cationic groups (NH3") of
CS.[54] As well as the increased dispersion stability of GO
nanosheets when using CS as a fixative or dispersing agent.
Furthermore, the aromatic Tyr structure may also facilitate,
n— stacking between GO and Tyr [8].

C. Effect of Scan Rate

The effect of potential scan rates on the electrochemical
oxidation current of 100 M Tyr in 0.1 M PBS (pH 7) has
been studied at the surface of the GO-CS-SPCS using CV
measurements, with different scan rates ranging from 50-900
mV s'. Due to the electric double layer (EDL) mechanism,
fast charge/discharge processes, and higher ohmic resistance,
the oxidation peak current (I,) of Tyr increases as the
potential scan rate increases (Figure 5a). The oxidation peak
also shifts from 670 mV to a more positive potential of 710
mV, typical of irreversible surface controlled electrochemical
processes [36]. A linear relationship between the I, and the
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Figure. 6. (a) 30 successive CV measurements, with a scan rate of
100 mV s7! in the presence of 100 pM Tyr in 0.1 M PBS (pH 7)
at the surface of GO-CS-SPCS (b) Repeatability performance of
the GO-CS-SPCS over 30 successive CV measurements.

square root of the scan rate (v'’?) has also been demonstrated
(Figure 5b), indicating diffusion-controlled reaction kinetics:

I,=3.57v"2 (mV s) - 9.1531 (R? = 0.9833) (1)

The electrooxidation mechanism of 100 pM of Tyr at the
surface of the GO-CS-SPCS was confirmed by the linear
relationship between anodic peak potential (Ep) and the
logarithm of the applied scan rate (Inv) (Figure 5c), which can
be expressed using the regression equation below:

Ep =0.0451 In v—0.589; (R>=0.9662) )

The linear plot presented a slope value of 0.0451, further
indicating a diffusion-controlled mechanism in accordance
with the kinetic theory of the electrode reaction.

D. Reproducibility, stability and selectivity

The repeatability performance of the GO-CS-SPCS was
examined in the presence of 100 uM Tyr in 0.1M PBS (pH
7), using successive CV measurements (N = 30), with a scan
rate of 100 mV s' (Figure 6a). For thirty consecutive
measurements using the same sensor, the relative standard
deviation (RSD) of the oxidation current responses is 4.02%
(Figure 6b), indicating good repeatability.

To evaluate the selectivity of the GO-CS-SPCS, the
disturbing influence of equivalent and increased (10-fold)
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Figure. 7. (a) DPV measurements in the absence and presence of
various Tyr concentrations, ranging from 1-500 uM in 0.1 M PBS
(pH 7) at the surface of the GO-CS-SPCS, (b) Plot of peak currents
(Ip) vs. Tyr concentration.
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TABLE 2
ANALYTICAL PARAMETERS FOR THE DETERMINATION TYR USING GO-CS-
SPCS
Parameter
Linear dynamic range (uM) 1-100
Linear regression y = 0.0846x + 0.9098
Correlation Coefficient 0.9993
SD of intercept 0.1504
LOD (uM) 5.8684
LOQ (uM) 21.2856
RSD (%) 4.02
Accuracy 86.43 +30.87

concentrations of other common amino acids and important
biological substances, including lysine, threonine, ascorbic
acid, and uric acid, on the determination of Tyr was
investigated in 0.1M PBS (pH 7), using DPV measurements.
Neither lysine nor threonine significantly interfered with the
current response for 100 uM Tyr. However, equal or
increased (10-fold) concentrations of ascorbic and uric acid
may disturb the determination of 100 uM Tyr.

E. Electrochemical determination of Tyr using DPV

The analytical performance of GO-CS-SPCS with increasing
Tyr concentration was examined in 0.1M PBS (pH 7), using
DPV. As shown in Figure 7a, well-defined oxidation peaks
were observed at the potentials of 500 mV -1000 mV, and
the peak current increased as Tyr concentration increased.
The plot of peak current versus Tyr concentration is
constituted of two linear segments with two different slopes
of 0.0846 pA puM™' and 0.0226 pA pM', respectively,
corresponding to two different analyte ranges (1-100 uM
and 200-500 pM, respectively) (Figure 7b). The first
segment of the plot illustrates a linear relationship between
anodic current and Tyr concentration in a range from 1 to
100 uM, which can be used as a calibration curve for the
detection of Tyr. This linear calibration curve presents a
correlation coefficient of 0.9993 and is described by the
linear regression equation:

I, = 0.0846 CTyr (uM) + 0.9098 (R2 = 0.9993) (3)

The limit of detection (LOD) was estimated as 5.86 uM
(Table 2). However, as the concentration of Tyr increased
beyond 100 puM, the sensitivity (slope) of the second linear
range decreased:

I, = 0.0226 CTyr (uM) + 8.4418 (R2=0.989) (4)

This decrease in sensitivity is likely due to saturation of the
electro-catalytic ability of the GO-CS-SPCS and kinetic
limitation [36, 55].

IV. CONCLUSION

This work presents a simple strategy for fabricating an
affordable, flexible, and disposable electrochemical sensor
that shows promise for Tyr POCT. Unlike current designs,
this approach employs easy-to-use fabrication methods,
flexible substrates suitable for wearable systems and cost-
effective, biocompatible, and eco-friendly active materials to
produce a sensor suitable for disposable and wearable
applications. Owing to the combined effects of GO and CS,
including excellent film-forming capability, and increased

electrostatic interactions, the GO-CS-SPCS demonstrated
good analytical performance and electro-catalytic activity.
As the concentration of Tyr increased from 1 to 100 uM, the
sensor showed a linear proportional response, with a
correlation coefficient of 0.9993. The calculated linear range
detection limit was 5.86 yM. Besides, the GO-CS-SPCS
showed excellent sensitivity (0.0846 uA pM') and
repeatability (RSD = 4.02%). The findings of this work,
therefore, suggest that the GO-CS-SPCS provides a
promising platform for single-use, disposable, and wearable
sensors that can potentially be used to investigate a range of
biologic conditions, including metabolic or
neurodegenerative processes, nutritional management, and
wound health, as well as in pharmaceutical, forensic, and
food sciences. As the sensor is proposed for wearable health-
monitoring applications, future work will consider the
stability of the sensor in real body fluids, such as sweat,
urine, wound fluid, and saliva. Due to ease of fabrication and
the versatility of this approach, the use of alternative
substrates, such as textiles or cloth, could also be explored
for additional state of the art wearable technologies.
Furthermore, given the simplicity, disability, and flexibility
of the GO-CS-SPCS, integration with readout-electronics on
a flexible printed circuit board (PCB) will be explored, using
an approach similar to that outlined in our previous works
[5], for the development of an accurate and affordable
biomedical device that can be used for the real-time detection
and easy prognosis of abnormal Tyr levels.
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