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Preface

Recent progress in nanomaterials science has significantly expanded the scope of chemical
and biological sensing, enabling the development of platforms that operate beyond conventional
electrochemical transduction. This Reprint brings together a curated selection of research articles
published in the Special Issue “Advanced Nanomaterials-Based (Bio-)Sensors for Electrochemical
Detection and Analysis”, reflecting both electrochemical and complementary sensing strategies
supported by advanced nanostructured materials. The contributions included in this Reprint cover a
broad spectrum of sensing modalities, ranging from electrochemical and electroanalytical systems
to optical, plasmonic, and gas-sensing platforms. Despite methodological differences, all studies
share a common foundation in the rational design and application of functional nanomaterials to
enhance sensitivity, selectivity, stability, and real-world applicability. By presenting this diverse
yet conceptually unified collection, this Reprint aims to highlight how nanomaterials serve as a
unifying element across multiple sensing technologies, offering valuable insights for researchers
and practitioners working at the interface of analytical chemistry, materials science, and sensor

engineering.

Iolanda Cruz Vieira, Edson Roberto Santana, and Jodo Paulo Winiarski
Guest Editors
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Fabrication of Palladium-Decorated Zinc Oxide Nanostructures
for Non-Enzymatic Glucose Sensing

Reagan Aviha !, Anju Joshi ! and Gymama Slaughter 1-2-*

Center for Bioelectronics, Old Dominion University, Norfolk, VA 23508, USA
Department of Electrical and Computer Engineering, Old Dominion University, Norfolk, VA 23508, USA
Correspondence: gslaught@odu.edu

2

*

Abstract: The growing global burden of diabetes necessitates the development of glucose
sensors that are not only reliable and sensitive but also cost-effective and amenable to point-
of-care use. In this work, we report a non-enzymatic electrochemical glucose sensor based
on laser-induced graphene (LIG), functionalized with zinc oxide (ZnO) and palladium
(Pd) nanostructures. The ZnO nanostructures were systematically optimized on the LIG
surface by varying electrochemical deposition parameters, including applied potential,
temperature, and deposition time, to enhance the electrocatalytic oxidation of glucose in
alkaline medium. Subsequent modification with Pd nanostructures further improved the
electrocatalytic activity and sensitivity of the sensor. The performance of the LIG/ZnO/Pd
sensor was investigated using chronoamperometric and cyclic voltammetric analysis in
0.1 M NaOH at an applied potential of 0.65 V. The sensor exhibited a wide dynamic
range (2-10 mM; 10-24 mM) with a limit of detection of 130 uM, capturing hypo- and

2 was observed.

hyperglycemia conditions. Moreover, a sensitivity of 25.63 pA-mM~!.cm™
Additionally, the sensor showcased selective response towards glucose in the presence of
common interferents. These findings highlight the potential of the LIG/ZnO/Pd platform
for integration into next-generation, non-enzymatic glucose monitoring systems for clinical

and point-of-care applications.

Keywords: non-enzymatic; glucose; sensor; zinc oxide; palladium; nanostructures

1. Introduction

Diabetes mellitus is considered a chronic metabolic disorder that has emerged as a
critical global health concern due to its increasing prevalence and severe complications. The
most common and debilitating consequences remain diabetic neuropathy and the accumu-
lation of advanced glycation end products, which can trigger kidney inflammation, leading
to multi-organ failure [1,2]. In the United States alone, diabetes affects approximately
38 million individuals (11.6% of the population), with an estimated 8.7 million remaining
undiagnosed [3]. Additionally, diabetes also imposes a profound economic burden, with
annual healthcare costs reaching USD 412.9 billion in 2022, with an average per-person cost
of USD 19,736, which is 2.6 times higher than for individuals without diabetes [4,5]. On a
global scale, the number of diabetes cases has increased by 338% over the past 17 years,
and current projections estimate this figure will reach 853 million by 2050 [6].

Blood glucose (CgH1,0g) is considered a crucial component associated with metabolic
processes like glycolysis and glycogenesis. The normal glucose levels lie between 4.4 and
5.0 mM and are maintained due to insulin. However, levels exceeding 11 mM indicate
hyperglycemia, while those below 2.8 mM can trigger hypoglycemic seizures [7,8]. The

Chemosensors 2025, 13, 201
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concentration-dependent relevance necessitates that patients and clinicians manage glu-
cose levels effectively [9]. The existing diagnostics for glucose monitoring include optical,
electrochemical, acoustic, and electromagnetic sensors. However, the existing diagnostics
face challenges like signal interference, photobleaching, and sensitivity issues [10,11]. Elec-
trochemical sensors are considering promising attributed to their specificity, sensitivity,
affordability, and ease of integration [12,13]. These electrochemical sensors can be conve-
niently categorized into enzymatic and non-enzymatic types. Enzymatic electrochemical
sensors have progressed through the development of three generations, focusing on sensi-
tivity and lowering operational voltage, but suffer due to enzyme instability and mediator
toxicity [14-17]. As a suitable alternative, non-enzymatic sensors are often considered as
fourth generation, exploring the use of the exceptional electrocatalytic capabilities of the
nanostructured catalysts with improved durability and convenience. The approach in-
volves the direct electrocatalytic oxidation of glucose on nanostructured electrode surfaces
in alkaline media [18].

Therefore, different nanostructured materials like noble metals (Au [19], Ag [20],
Pd [21] and Pt [22]), transition metals (Cu [23], Ni [24], Co [25], and Fe [26]), metal ox-
ides (ZnO [27-29], Fe; O3 [30], Co304 [31] and CuO [32]), alloys (Pd-Mn [33], Cu-Ni [34],
Cu3Al [35], Ag-Au [36] and NiFe [37]), carbonaceous nanostructures [38—40], and poly-
mers [41,42]) have been explored towards the enzyme-less electrochemical sensing of
glucose with good sensitivity, stability, and catalytic efficiency. In this regard, zinc oxide
(ZnO) nanostructures have been widely explored due to their biocompatibility, high surface
area, and catalytic activity for glucose sensing [43]. Jia et al. employed an innovative
green synthesis approach to modify nitrogen-doped carbon with nano-ZnO to attain a

sensitivity of 255 pA- mM~!.cm 2

over a detection range of 2 uM to 3.28 mM with a
limit of detection (LOD) of 0.39 uM [44]. There have been numerous reports focused on
enhancing the potential of ZnO nanostructures through doping with other transition-metal
nanostructures to attain a significant electrochemical response towards glucose. For in-
stance, Mahmoud et al. developed a Cu-doped ZnO sensor for an ultra-sensitive low limit
detection of glucose over a linear range (1 nM to 100 uM) with an LOD of 0.7 nM [45].
Further, composites of CuxO-ZnO nanostructures were explored towards attaining a wider
detection range (0.03-3.0 mM) with a sensitivity of 384 HAmM~lem =2 [46]. A similar
response was obtained by Cheng et al., who developed CuO-decorated ZnO structures for
a higher glucose range (5-25 mM) in the detection of glucose [47]. Therefore, it is of utmost
importance to modify ZnO nanostructures with electrocatalytic nanostructures to offer a
wide detection range and low LOD. In this regard, noble metal (e.g., palladium (Pd) [48],
platinum (Pt) [49], and silver (Ag) [50]) nanostructures have shown promising applications
for the modification of ZnO nanostructures for non-enzymatic glucose sensing.

Among all, Pd has attracted significant attention for non-enzymatic glucose sens-
ing due to its excellent electrocatalytic activity in alkaline media, coupled with a lower
overpotential for glucose oxidation compared to Pt and Au [51]. In addition to its fa-
vorable catalytic properties, Pd readily forms stable composites with various transition
metal oxides [52]. These advantages make Pd a highly promising material for the devel-
opment of efficient and affordable glucose sensors, particularly in hybrid configurations
aimed at enhancing surface reactivity and electron transfer kinetics [53]. However, these
reports are scantily available in the literature. In this direction, Yang et al. reported a
hydrothermally modified composite of palladium nanostructures with zinc oxide on car-
bon cloth [48]. The developed sensor enabled a LOD of 0.52 uM over a wide detection
range (0.1 pM-10 mM) of glucose. Likewise, Pt nanoparticle-modified ZnO nanorods were
synthesized through physical adsorption on a glass substrate for the enzyme-less sensing
of glucose [49]. The sensor demonstrated a comparable electrochemical response with
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a detection range of 0 to 8 mM and a sensitivity of 32.05 pA-mM~!.cm~2. Additionally,
Lin et al. [50] fabricated Ag-decorated vertically aligned ZnO nanorods on a silicon wafer
to attain an exceptional sensitivity of 2792 pA-mM~!.cm~2 towards glucose. However,
the detection range (50-175 uM) for the fabricated sensor was significantly lower to deal
with hyperglycemic conditions in a point-of-care setting. Although Wu et al. reported a
promising non-enzymatic electrochemical glucose sensor based on a synergistic combina-
tion of graphene, Pd, and ZnO on nickel (Ni) foam [27], several limitations remain that
constrain its clinical utility. Despite achieving an ultra-low detection limit of 0.056 pM and
high sensitivities of 129.44 and 213.3 pA mM~! cm 2, the sensor’s linear detection range
(5 uM to 6 mM) falls short of addressing glucose concentrations typically encountered in
hyperglycemic patients, where physiological levels can exceed 7 mM. This discrepancy
diminishes its diagnostic significance for diabetic monitoring and undermines its poten-
tial for real-world applications, particularly for continuous glucose monitoring (CGM) in
hyperglycemic states.

Recently, there have been extensive efforts towards the development of cost-
effective, flexible laser-induced graphene (LIG)-based sensors for diverse clinically relevant
biomolecules [54-56]. LIG offers exceptional electrical conductivity and serves as a porous,
conductive 3D framework for anchoring functional nanomaterials [57,58]. Here, this work
highlights the uniform growth of ZnO nanostructures onto the porous LIG framework to
enhance surface reactivity and provide multiple sites for Pd nanostructures to nucleate and
further grow to ensure a sensitive electrocatalytic oxidation of glucose. We systematically
investigated the growth of ZnO at the axes of applied potential, temperature, time, and
precursor concentration to ensure a well-distributed, high-surface-area nanostructured in-
terface which is synergistically combined with optimized Pd nanostructures for a sensitive
and selective electrocatalytic oxidation of glucose. The fabricated LIG/ZnO/Pd sensor
demonstrated a wide dynamic linear range (low detection range: 2-10 mM; high detection
range: 10-24 mM) covering hypoglycemia and hyperglycemia ranges, with a LOD of 130
uM. The sensor also demonstrated excellent sensitivity (25.63 uA-mM~!.em—2) and stabil-
ity towards glucose detection. Moreover, the sensor was able to selectively detect glucose
in the presence of interfering species such as maltose, sucrose, fructose, ascorbic acid, uric
acid, and dopamine. Therefore, in this study, we introduce a facile, scalable, two-step
electrochemical deposition strategy for modifying LIG with ZnO/Pd nanostructures to
create a high-performance, enzyme-free glucose sensor.

2. Experimental Section
2.1. Chemicals and Materials

Zinc nitrate hexahydrate (Zn(NO3),-6H0, 98%), potassium chloride (KCI, 99%), pal-
ladium chloride (PdCly, 99%), D-(+) maltose (C12H22011.Hy0O, > 99.0%), D-(+) glucose
(CeH1206, > 99%), uric acid (CsH4N4O3, > 99.0%), potassium ferricyanide (K3[Fe(CN)g],
99%), potassium phosphate monobasic (KHyPOy4 99%), sodium dibasic phosphate
(NapHPOy4, > 99.0%), ethanol (94-96%), and acetic acid (CHzCOOH, 99.7%) were obtained

from Sigma-Aldrich. D-(—) fructose (C¢H120g, > 99%) was obtained from ACROS. Sucrose
(C12H2,011, > 99.0%) was obtained from Thermos Scientific. L-(+) ascorbic acid (C¢HgOg,
99.0 + %) and dopamine (CgH11NO,, 99.0%) were obtained from Alfa Aesar. Sodium
acetate (CoH3NaOy, > 99.0%), sodium hydroxide (NaOH), and sodium chloride (NaCl)
were obtained from Fisher Chemical Scientific. The aqueous solutions were prepared with
ultrapure deionized (DI) water with a conductivity of 18.20 M(). Kapton polyimide (PI)
tape procured from TapeMaster (Troy, MI, USA) and polyethylene terephthalate (PET)

sheets were used as the base for LIG fabrication.
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2.2. Apparatus

The electrochemical performance of the fabricated Pd/ZnO-modified LIG-based sen-
sor was characterized using a Metrohm Dropsens (uStat-i-MultiX) electrochemical worksta-
tion. The set-up involves LIG as the working electrode (WE), platinum wire (Pt) electrode as
the counter electrode (CE), and an Ag/AgCl/3 M NaCl electrode as the reference electrode.
A two-step modification process involving chronoamperometric technique was used for the
uniform modification of the LIG with ZnO nanostructures followed by Pd nanostructures.
The electrochemical characterization of the Pd/ZnO/LIG nanostructured electrodes was
evaluated towards non-enzymatic glucose detection using a chronoamperometric tech-
nique at a fixed potential of +0.65V. A morphological and compositional analysis of the
electrochemically synthesized Pd/ZnO composites on the LIG surface was conducted using
a field emission scanning electron microscope (FE-SEM, JSM-IT700HR InTouchScope™,
JEOL USA, Inc., Peabody, MA). Elemental analysis was performed using energy-dispersive
X-ray spectroscopy (EDXS) integrated with the SEM.

2.3. Fabrication of the LIG Electrodes

LIG electrodes were fabricated by first designing a 4 mm x 4 mm active surface area
using the in-built LightBurn software (v. 0.909). A 1.25 cm-wide strip of polyimide (PI) tape
was placed on a flexible PET substrate to ensure mechanical support. The PI layer was then
patterned using a CO, pulsed laser system (BOSS LS51416, Sanford, FL, USA), operated
through LightBurn software. The laser parameters were optimized at a speed of 250 mm/s,
20% maximum power, and a focal height of 20 mm. After laser processing, nail enamel was
applied to define the electroactive area and contact pads, effectively isolating the functional
regions of the electrode. The electrodes were thoroughly rinsed with deionized water to
remove any residual debris. Finally, a ZnO/Pd nanocomposite was electrodeposited onto
the LIG surface to enable the non-enzymatic sensing of glucose as illustrated in Scheme 1.

LIG electrode fabrication \\
using CO, laser irradiation *!
C
@ w K Electrochemical modification with ZnO

nanostructures on LIG

LIG Fabrication Process

Electrochemical modification with palladium
nanostructures on ZnO modified LIG

Scheme 1. A schematic representation of the electrochemical modification of laser-induced graphene
(LIG) electrode with zinc oxide (ZnO) and palladium (Pd) electrodeposited nanostructures.

3. Results and Discussions
3.1. Optimization of ZnO/Pd Modified LIG Electrodes

The intrinsic electrocatalytic activity of the LIG electrodes were investigated using
cyclic voltammetry under variable glucose concentrations (Figure S1, Supporting Infor-



Chemosensors 2025, 13, 201

mation). The electrochemical response of the bare LIG was found to exhibit insignificant
electroactivity towards glucose, necessitating further modification with nanostructured
catalysts capable of catalyzing glucose oxidation. Therefore, ZnO nanostructures were
grown and optimized at the axes of potential, temperature, duration, and Zn precursor
concentration to ensure a significant electrocatalytic response towards glucose.

An initial seed layer of ZnO was grown on the LIG surface by performing ten sequential
cyclic voltammetric scans within a potential range of 0.0 to —1.4 V in 10 mM Zn(NO3),-6H,O
solution containing 0.1 M KCl at a temperature of 70 °C. The growth of ZnO nanostructures on
LIG was modulated at variable deposition potentials (—0.85V, —1.0 V, —1.15V,and —1.25 V)
using a chronoamperometric technique in 10 mM Zn(NOj3),-6H,O solution at 70 °C under
stirring conditions (125 rpm). The choice of deposition potential values was considered based
on the preliminary cyclic voltammograms obtained at an unmodified LIG in 10 mM of zinc
nitrate solution containing 0.1 M KCl (Figure S2, Supporting Information). The resulting
LIG/ZnO electrodes grown at the various potentials were evaluated for electrocatalytic
oxidation of glucose, as shown in Figure 1a. Figure S3a (Supporting Information) provides
the corresponding concentration-dependent chronoamperometric response for the different
potential variants. Additionally, at lower potential values (—0.85 V and —1.0 V), the deposition
process of ZnO resulted in a sparse distribution of nanostructures, whereas increasing the
potential values to —1.15 V led to the formation of dense ZnO nanostructures [59]. At higher
potential values (—1.25 V), the ZnO nanostructures agglomerated due to the accelerated
deposition process [60]. Although there was no significant variability in the electrochemical
response for the different potential variants, the performance of LIG/ZnO nanostructures
grown at a potential of —1.15 V exhibited a slightly higher sensitivity compared to the
other potential variants and was selected for further investigation. The growth of the ZnO
nanostructures on LIG was monitored under variable temperatures ranging from 35 °C to
90 °C at a constant deposition potential of —1.15 V. The resulting LIG/ZnO nanostructures
were evaluated for the electrocatalytic oxidation of glucose depicted in Figure 1b (Figure S3b,
Supporting Information).

A significantly higher sensitivity was observed for the ZnO nanostructures grown at a
temperature of 50 °C and therefore was further explored for the Zn precursor optimization.
Here, the electrochemical deposition of ZnO follows a temperature-dependent reaction
pathway involving the reduction in nitrate and dissolved oxygen, leading to hydroxide ion
generation and the subsequent formation of zinc hydroxide and ZnO [61]:

NOj; + HyO +2¢~ — NO, +20H™ ... (precursor breaking down)

Oy +2Hy0 4 4e~ — 40H ™ ... (oxygen dissolution)
Z2Y +20H — Zy(OH), ... (zinc hydroxide formation)
Z,(OH)y, = Z,0 + Hy0... (ZnO formation)

Although the crystalline structure of ZnO is more favorable at higher temperatures
(over 70 °C), the deposition at 50 °C likely results in a mixed-phase composition of ZnO and
Zn(OH);. The presence of Zn(OH); is advantageous for glucose sensing, as its abundant sur-
face hydroxyl groups promote enhanced glucose adsorption and facilitate electrocatalytic
oxidation. Following oxidation, the Zn—-OH catalytic sites are regenerated via interaction
with OH™ ions in the electrolyte, thus sustaining the redox catalytic cycle. At a constant
potential (—1.15 V) and temperature (50 °C), the impact of growth duration (5, 10, 20,
and 30 min) on the electrochemical performance towards glucose was investigated. As
shown in Figure 1c, the ZnO nanostructures grown on LIG at the 5 and 10 min exhibited
low electrocatalytic capability toward glucose and this may be attributed to the sparsely
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distributed nanostructures on LIG electrode. Increasing the duration to 20 min resulted in
a LIG/ZnO nanostructured electrode with significant electrochemical response towards
glucose. Further increasing the growth duration to 30 min resulted in agglomerate ZnO
layers and lower electrocatalytic activity towards glucose. The decline in electrocatalytic
activity observed for ZnO nanostructures grown on LIG for 30 min can be attributed to the
agglomeration of the nanostructures. It is expected that extended growth duration leads
to an increase in ZnO crystallite size with a decrease in defect density, which may reduce
the availability of catalytically active sites for the electrocatalytic oxidation of glucose.
Additionally, agglomerated ZnO nanostructures tend to limit the overall electrochemically
active surface area and hinder the effective diffusion of glucose molecules to the inner
catalytic sites, leading to a reduction in electrocatalytic activity under prolonged durations.
These observations support the optimal growth condition of ZnO nanostructures on LIG
electrodes at —1.15V and 50 °C for 20 min (Figure S3c, Supporting Information). In addition,
the impact of Zn precursor (Zn(NOj3),-6H,0) concentrations (5, 10, 20, and 25 mM) on the
growth of ZnO nanostructures on the LIG electrode and the corresponding electrochemical
performance towards glucose were also investigated. Based on the comparative electro-
chemical response depicted in Figure 1d (Figure S3d, Supporting Information), 20 mM
Zn(NOj3),-6H,O was chosen to be the optimum concentration for the growth of ZnO nanos-
tructures on LIG. Therefore, subsequent ZnO nanostructures on LIG were synthesized at a
potential of (—1.15 V), temperature (50 °C), duration (20 min), and precursor concentration
(Zn (NO3),-6H,0) (20 mM).

The successful optimization of the ZnO nanostructures on the LIG electrode was
further followed by the electrochemical deposition of palladium (Pd) nanostructures in
a 2 mM PdCl, solution prepared in 0.1 M acetic buffer. Pd is widely recognized for its
exceptional electrocatalytic activity for glucose oxidation in alkaline media, attributed
to its favorable d-band electronic structure, which enhances the adsorption and dehy-
drogenation of glucose molecules [62]. The growth of the Pd nanostructures on ZnO
nanostructured LIG was optimized under variable deposition potentials (+0.10, —0.05,
—0.20, —0.35, and —0.50 V) and were investigated in 5 mM potassium ferrocyanide in 0.1
M KCl (redox probe). The deposition potentials for the Pd growth were chosen based on
the cyclic voltametric studies carried out in 2 mM PdCl, solution in acetic acid (Figure S4,
Supporting Information). As seen in Figure 2a, Pd nanostructures deposited at a potential
of (—0.20V) demonstrated a significantly enhanced electrochemical response than other
potential variants, suggesting an enhanced electron transfer kinetics. The electrodeposition
of Pd nanostructures was found to be more effective at negative potentials (—0.05, —0.2,
—0.35, and —0.50 V) compared to a positive potential (0.10 V), which aligns with previous
literature [63]. A potential of —0.2 V facilitates the accelerated nucleation and growth of
Pd, forming high-surface-area hierarchical nanostructures that enhance electron transfer
kinetics. However, further increasing the negative potential results in non-uniform Pd
growth accompanied by surface cracks and hydrogen evolution. These effects cause an
uneven modification of the sensor surface, ultimately leading to decreased electron transfer
efficiency as in other literature [63]. Moreover, the impact of different growth durations (1.5
min, 2.5 min, 3.5 min, and 4.5 min) was evaluated. As shown in Figure 2b, Pd nanostruc-
tures grown for 2.5 min yielded enhanced electron transfer kinetics attributed to a uniform
well-oriented Pd nanostructure on the LIG/ZnO electrode. The synergistic combination of
resulting LIG/ZnO/Pd electrodes was explored for the electrochemical characterization of
glucose.
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3.2. Physical Characterization of LIG-Modified Electrodes

The morphology of the LIG electrodes was investigated using the scanning electron
microscopic technique. As seen in Figure 3a, the LIG surface displayed a highly fibrous
and porous 3D interconnected morphology. The porous network observed in the LIG
electrodes is attributed to the laser-induced ablation process which breaks bonds such
as C-O, C=0, and N-C, creating a high-density defect structure [64]. Figure 3b shows
the presence of spherical ZnO nanostructures uniformly grown on the LIG electrode.
The electrodeposition of Pd nanostructures was performed in a mildly acidic medium
(pH ~ 5.0), which resulted in the formation of surface ridges on the ZnO nanostructures.
These morphological changes are not detrimental; rather, they enhance the surface area
without compromising the structural or electrochemical integrity of the LIG/ZnO substrate,
suggesting successful modification of the LIG electrode (Figure 3c). Energy-dispersive
X-ray (EDAX) analysis revealed the presence of C, O, Zn, and Pd with atomic percentages of
47.84%, 24.33%, 26.55%, and 0.09%, respectively, for the Pd/ZnO/LIG electrodes (Figure S5,
Supporting Information).
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Figure 3. Scanning electron micrograph of the fabricated (a) LIG, (b) LIG/ZnO, (c) LIG/ZnO/Pd
electrodes.

3.3. Electrochemical Characterization of LIG/ZnO/Pd Electrodes

The electron transfer kinetics of the fabricated electrodes were systematically investi-
gated using cyclic voltammetry in a 5 mM potassium ferricyanide (K3[Fe(CN)g]) solution
containing 0.1 M KCL The bare LIG electrode exhibited two well-defined redox peaks
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corresponding to the reversible redox reaction of [Fe(CN)6]*~ /[Fe(CN)6]>~, demonstrating
the intrinsic electron transfer capability of the LIG substrate (Figure 4a). Upon modification
with ZnO nanostructures, an enhancement in the electrochemical response was observed
and attributed to the high surface area and favorable electron transport properties intro-
duced by the semiconducting ZnO nanostructures. The LIG/ZnO/Pd nanostructured
electrode resulted in a significant increase in redox current, indicating a significant improve-
ment in electron transfer kinetics. The observed electrochemical response is attributed to
the synergistic electrocatalytic capabilities of Pd, ZnO, and conductive LIG, which creates
an efficient electron-conducting pathway and active sites for redox activity [65], thereby
facilitating fast electron transfer kinetics. Additionally, the 3-dimensional porous network
of LIG provided anchoring sites for the growth of ZnO and Pd nanostructures and facili-
tated mass transfer leading to an enhanced electron mobility within the composite sensor
material [66]. To assess the individual contributions of ZnO and Pd, binary composites
(LIG/ZnO and LIG/Pd) were also evaluated. Both showed improved electrochemical re-
sponses relative to bare LIG attributed to the ZnO’s high surface area and semiconducting
nature, and Pd’s inherent catalytic activity. However, their performance remained notably
lower than the ternary LIG/ZnO/Pd system. These results confirm that the integrated
ternary architecture offers a pronounced synergistic effect, enhancing redox activity than
either binary combination alone.
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Figure 4. Cyclic voltammogram of LIG-modified electrode surfaces in the presence of (a) 5.0 mM
K3[Fe(CN)g] in 0.1 M KCI; (b) 2 mM glucose in 0.1 M NaOH. Scan rate of 50 mV/s.

The LIG/ZnO/Pd-based sensor’s electrocatalytic performance towards glucose oxida-
tion in 0.1 M NaOH was examined. Cyclic voltammetry was carried out in 0.1 M NaOH
containing 2 mM glucose at variable modified LIG surfaces, as shown in Figure 4b. The
bare LIG electrode showed a negligible anodic response, indicating poor catalytic activ-
ity toward glucose oxidation. Modification with ZnO nanostructures showed a modest
increase in anodic current, which is attributed to the enhanced surface area and partial
facilitation of electron transfer through ZnO nanostructures on the LIG sensor’s surface.
The uniform modification of the LIG electrodes with Pd nanostructures resulted in a sharp
and well-defined anodic increase in current at an onset potential of ca. 0.6 V, signifying
a substantial improvement in electrocatalytic activity towards the oxidation of glucose.
This enhanced response is attributed to the high electrocatalytic efficiency of Pd towards
glucose oxidation, as well as the synergistic activity of Pd, ZnO, and LIG. The composite
nanostructured electrode provides an integrated platform with redox active sites, excellent
conductivity, and efficient charge transfer kinetics, making it a promising candidate for
non-enzymatic glucose detection.
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3.4. Electrocatalytic Performance of LIG/ZnO/Pd-Based Glucose Sensor

The electrochemical response of the LIG/ZnO/Pd sensor toward the electrocatalytic
oxidation of glucose was investigated using cyclic voltammetry (Figure S5, Supplementary
Information) and chronoamperometry (Figure 5) techniques in 0.1 M NaOH. The cyclic
voltametric analysis was performed in the presence of varying concentrations of glucose
within a potential range of 0.2 V to +1.0 V at a scan rate of 50 mV/s. As shown in Figure S6
(Supplementary Information), in the presence of 0.1 M NaOH, insignificant electrocatalytic
activity was observed. Upon the addition of glucose, an electrocatalytic activity towards
glucose was observed at the onset potential of ca. +0.60 V, suggesting the electrocatalytic
oxidation of glucose following the reaction mechanisms below [49]:

Figure 5. (a) Chronoamperometric response of LIG/ZnO/Pd at varying glucose concentration in
0.1 M NaOH; (b) corresponding calibration curve.

With increasing glucose concentrations, a positive shift in the oxidation onset potential
was observed, which is attributed to the increased adsorption of glucose or intermediates
on the electrode’s catalytic active sites, thereby altering the surface reaction kinetics. The
electrocatalytic oxidation of glucose on the LIG/ZnO/Pd sensor surface is governed by
a Langmuir-type adsorption—desorption mechanism. In this process, glucose molecules
initially adsorb onto the active sites of the sensor, where they undergo oxidation to glu-
conolactone. At higher glucose concentrations, the accumulation of oxidation products
may lead to partial blockage of these active sites. Additionally, this buildup can alter
the local diffusion gradient, hindering the effective transport of glucose molecules to the
electrode surface. These effects contribute to a shift in the oxidation potential, resulting in
an increased overpotential during the sensing process [67,68].

The chronoamperometric analysis was performed at a fixed potential of 0.65 V. A
stepwise increase in oxidative current with subsequent increase in glucose concentrations
(2 mM each) was observed as shown in Figure 5a. The corresponding calibration curve
(Figure 5b) exhibited extended linear range (low detection range: 2-10 mM; high detection
range: 10-24 mM) suggesting a transition in the electrocatalytic oxidation mechanism of glu-
cose, from an adsorption-controlled process at lower concentrations to a diffusion--limited

10

Pd+20H~ — Pd(OH), 4 2¢~ 1)
Pd(OH), + OH~ — PAOOH + H,O + e~ @)
PdO(H)z 4+ CeH120¢4 — Pd(OH)z + C¢H1207 3)
1251 - E E E h R? = 0.9499
= £ =] o ©
T ) < 1N ~ |
100 3 E s o loc = 0.83 G, + 78.25
= T | R?=0.94764
754 °© E
50 -
| lec = 4.10 G + 47.69
25 . b
i (a) . ( )
0 N 0 ¥ y 0 5 10 15 20 25
12 1 1 .
200 SO0 . a0t 40 1300 1300 Glucose Concentration/mM
Time/sec




Chemosensors 2025, 13, 201

process at higher concentrations. As illustrated in Figure 5b, at low glucose concentrations,
the molecules adsorb onto the LIG/ZnO/Pd sensor surface and are efficiently oxidized
due to the availability of multiple active sites, resulting in a linear increase in peak current.
However, at higher glucose concentration, the active sites become progressively saturated,
and the system transitions to a diffusion-limited regime, where mass transport becomes the
rate-determining step, leading to a reduced sensitivity as reported in other studies [69,70].

The calculated limit of detection (LOD) of 130 uM was attained using 30/S [71], where
o represents the standard deviation of the blank signal (n = 3) and S represents the slope of
the calibration curve. The sensitivity was calculated to be 25.63 pA-mM~!.cm~2. Moreover,
the electrochemical performance of the fabricated LIG/ZnO/Pd sensor was found to
be comparable with existing literature and exhibited an extended dynamic linear range
with a fabrication time of 28 min. A detailed comparative analysis of the electrochemical
performance of the proposed sensor has been provided in Table 1.

Table 1. Comparative performance analysis of ZnO and Pd nanostructured glucose sensors.

Sensitivity Linear Range Synthesis Time

Electrode Method (uA mM-lcm-2) LoD (uM) (mM) (hrs) Ref.
Zn0O/Co304/reduced . .
graphene oxide nanocomposite Amperometric 1551.38 0.043 0.015-10 59 [31]
Pd-Mn alloy nanoparticles 52.16 0.0161-1.152
supported on reduced Amperometric 1.25 49.08 [33]
graphene oxide 22.55 1.152-4.875
Nano-ZnO/N-doped porous Amperometric 255.99 0.39 0.002-3.28 295 [44]
carbon composites
. Cyclic . _6
Cu-doped ZnO nanoparticles Voltammetry Not provided 0.0007 1076-0.1 4.5 [45]
CuxO-ZnO composite Amperometric 384.6 07 0.03-3 Not provided [46]
Copper oxide decorated zinc Amperometric 1142 13.9 1-7 3 [47]
oxide
. Cyclic
PANI/Pd composite Voltammetry 2140 0.3 0.01-0.1 0.63 [54]
. This
LIG/ZnO/Pd Amperometric 25.625 130 2-24 0.46 work

3.5. LIG/ZnO/Pd Sensor Selectivity, Reproducibility, and Shelf Life

The selectivity of the LIG/ZnO/Pd sensor towards glucose detection was evaluated in
the presence of commonly encountered interfering species including disaccharides (maltose,
sucrose), monosaccharides (fructose), and biologically relevant electroactive species such as
dopamine (DA), uric acid (UA), and ascorbic acid (AA). The concentrations of these species
are relatively lower than glucose in serum and, therefore, the electrocatalytic oxidation
of glucose (2 mM) was investigated in the presence of maltose, fructose, and fructose,
UA, DA, and AA (50 uM each). As shown in Figure 6a, the LIG/Pd/ZnO electrode
exhibited a distinct and sharp current response upon the addition of 0.2 mM and 2 mM
glucose, whereas the subsequent introduction of different sugars (maltose, sucrose, and
fructose) yielded negligible changes in the overall current signal. Further addition of UA,
DA, and AA (50 uM each) resulted in a slight current change of 0.79, 0.86, and 1.26 pA,
respectively, indicating minimal interference. The results indicate the LIG/ZnO/Pd sensor
can effectively detect glucose in the presence of interfering analytes and is attributed to
the presence of facet-dependent selective electrocatalytic activities of Pd towards glucose
oxidation [72,73].
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Figure 6. Chronoamperometric response of LIG/ZnO/Pd towards (a) 50 uM interfering analytes
(maltose, sucrose, fructose, uric acid, dopamine, and ascorbic acid); (b) reproducibility analysis via
three identically prepared sensors in the presence of varying glucose concentration; (c) stability
profile of the LIG/ZnO/Pd sensor over a period of 13 days.

The reproducibility of the LIG/ZnO/Pd sensor was assessed by performing chronoam-
perometric analysis in the presence of varying glucose concentrations at three identically
prepared sensors (Figure 6b). A standard deviation of less than 5% was observed from the
electrochemical response of three identically prepared sensors, thereby suggesting good
reproducibility. The additional reproducibility of three identically fabricated electrodes was
assessed across low, medium, and high glucose concentrations (6, 14, 22 mM). As depicted
in Table S1 (Supplementary Information), the percent coefficient of variation (% CV) was
found to be 0.62, 1.11, and 2.39 (<5%), respectively, suggesting excellent reproducibility at-
tributed to the consistency of the electrode modification process. Further, the LIG/ZnO/Pd
exhibited excellent stability over a period of 13 days (Figure 6¢) in the presence of 2 mM
glucose in 0.1 M NaOH. Although the sensor demonstrates high stability, there was a
slight reduction in electrocatalytic activity, retaining ca. 93% of its initial response by the
7th day. These findings highlight that the LIG/ZnO/Pd sensor exhibits good sensitivity,
selectivity, reproducibility, and stability towards glucose, thereby suggesting its suitability
for non-enzymatic glucose detection.

12



Chemosensors 2025, 13, 201

3.6. Real Sample Analysis

The applicability of the proposed LIG/ZnO/Pd-based glucose sensor was evaluated
in artificial urine samples to simulate physiological conditions. To mitigate matrix interfer-
ence, the samples were diluted 100-fold with 0.1 M NaOH prior to analysis, and known
concentrations of glucose (6, 16, 18, and 22 mM) were introduced. Chronoamperometric
measurements yielded recovery rates ranging from 88.83% to 102.55%, demonstrating the
sensor’s capability for accurate glucose quantification in complex biofluids ((Figure S7,
Supporting Information) (Table S2, Supporting Information). These results suggest good
practical utility and highlight the sensor’s robustness and reproducibility under non-ideal
sample conditions.

4. Conclusions

In this study, a flexible, scalable, and cost-effective non-enzymatic glucose sensor was
successfully developed through the sequential electrodeposition of ZnO and Pd nanostruc-
tures onto a porous LIG substrate. The resulting LIG/ZnO/Pd nanostructured electrodes
exhibited excellent electrochemical performance, making them highly relevant for detecting
elevated glucose levels, especially in diabetic patients. The detailed optimization of the
dual-step electrodeposition process significantly contributed to the sensor’s broad dynamic
detection range (low detection range: 2-10 mM; high detection range: 10-24 mM) with
a sensitivity of 25.63 tA-mM~t.ecm~2 and a low LOD of 130 uM. Furthermore, the sen-
sor demonstrated strong anti-interference capabilities, effectively discriminating against
glucose from common interferents. In addition to its sensing performance, the proposed
sensor offers notable advantages such as flexible substrate, facile fabrication, and excellent
reproducibility, underscoring its potential for integration into point-of-care and wearable
glucose-monitoring platforms. Future work will explore the incorporation of antifouling
strategies, such as Nafion and bovine serum albumin, to mitigate nonspecific adsorption
and improve anti-interference capabilities against equimolar concentrations of common
interferents such as cysteine, glutathione, lactic acid, lactose, and key electrolytes (Na™,
Ca?*, C17), thereby further enhancing the sensor’s selectivity and operational stability in
complex biological environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors13060201/s1.
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Abstract: A PAAc-PVI(4:1)@MWCNT hybrid was synthesized for the selective electro-
chemical detection of serotonin. Multi-walled carbon nanotubes (MWCNT) enhanced
electrode conductivity, while the hydrophilic polymer Poly(Acrylic Acid-co-Vinyl imida-
zole) (PAAc-PVI) facilitated serotonin recognition. At pH 7.4, the carboxyl (-COO™) groups
in PAAc-PVI interacted with the amine (-NHj; ™) groups of serotonin, enabling oxidation
and electron transfer for signal detection. Additionally, 7-7r interactions between vinylimi-
dazole and MWCNT improved dispersion and stability. The hybrid materials enhanced
electron transfer efficiency, increasing sensitivity and reliability. Structural and electro-
chemical properties were characterized using FT-IR, HR-TEM, TGA, Raman spectroscopy,
impedance analysis, and differential pulse voltammetry (DPV). Serotonin detection using
the fabricated electrode demonstrated high selectivity (LOD 0.077 uM and LOQ 0.26 uM),
reproducibility (%RSD 1X PBS condition (4.63%) and human serum condition (4.81%)), and
quantitative capability (dynamic range 1.2 uM to 10.07 pM) without interference (potential
shift from +0.40 V to —0.15 V) from blood-based substances, confirming its potential for
electrochemical biosensing applications.

Keywords: biosensor; allergy; mwcnt; serotonin

1. Introduction

Atopic dermatitis (AD) is a chronic, incurable inflammatory skin disease that causes
itching, skin redness, lichenification, and skin infection [1]. Itching is an unpleasant symp-
tom that suddenly makes you want to scratch your skin. This phenomenon causes skin
inflammation, which is highly recurrent and chronic [2]. Additionally, it causes mental
stress, poor concentration, and depression, which are bigger problems than the pain of the
disease itself [3]. Atopic dermatitis is an immune hypersensitivity reaction caused by ab-
normalities in the immune system and has been reported to cause an allergic inflammatory
reaction due to excessively produced IgE antibodies due to an imbalance between T helper
1 cells (Th1s) and T helper 2 cells (Th2s) [4]. An increase in IgE stimulates the high-affinity
IgE receptor (Fc € RI) and activates mast cells. When mast cells are degranulated by antigen,
histamine, serotonin, prostaglandins, and leukotrienes are secreted, and the expression of
serotonin in particular increases [4].

Chemosensors 2025, 13, 185 https://doi.org/10.3390 /chemosensors13050185
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Unfortunately, current treatment methods to alleviate atopic dermatitis rely on improv-
ing the environment, using moisturizers that protect the skin, and drug treatments such as
topical steroids, antibiotics, and antihistamines. However, long-term use of the drug for
therapeutic purposes is difficult due to side effects or resistance to drug prescriptions. There-
fore, it is important to prevent and monitor atopic dermatitis on a daily basis [5]. Although
chronic pruritus in atopic dermatitis is quantitatively correlated with the concentration of
5-HT, the exact mechanism remains unclear, and the causal relationship between atopy and
serotonin has not been fully elucidated. However, recent studies have demonstrated that
HTR?Y expression is influenced by serotonin levels, and the mechanism of pruritus involves
the activation of adenylate cyclase via G proteins (Gas and Gf3y), leading to the opening
of the TRPA1 ion channel [6]. Early monitoring of serotonin levels is very important for
reducing atopic disease treatment costs and improving quality of life because it can detect
atopic disease before it occurs. Furthermore, serotonin is a neurotransmitter involved in
various diseases, including Parkinson’s disease (PD), serotonin syndrome, and attention-
deficit hyperactivity disorder (ADHD). Its physiological importance extends beyond the
prevention of atopy, playing a key role in the management of multiple neurological and sys-
temic conditions [7]. Among the serotonin monitoring methods, electrochemical biosensors
have been studied extensively as they have the advantages of being miniaturized, accurate,
selective, and easy to use [8-11]. The electrochemical detection of serotonin is known
to generate an oxidation current at 0.35 V using a working electrode(carbon), a counter
electrode(platinum), and a reference electrode(silver/silver chloride (Ag/AgCl)) [12]. How-
ever, while the concentration of serotonin in healthy individuals ranges from 0.284 to 1.135
uM, the calibration range that can be quantified using the carbon electrode is between 40
and 750 uM [13,14]. Additionally, electrochemical interferents such as dopamine, ascorbic
acid, and uric acid are detected at similar potentials, with ascorbic acid and uric acid
typically present at higher concentrations compared to serotonin, leading to significant
issues with precision. (Physiological ascorbic acid concentration: 40-80 uM; physiological
uric acid concentration: females 89-357 uM/males 149-416 uM) [15,16]. To address these
issues, various approaches have been attempted, with a commonly used method involving
the modification of the working electrode surface [17]. The working electrode is modified
using materials such as multi-walled carbon nanotubes (MWCNT) and metal nanoparticles.
Reports indicate that employing these methods improves both the selectivity and detection
limits for serotonin [14,18]. We have modified the electrode by combining multi-walled
carbon nanotubes (MWCNT) with a conductive polymer, poly(acrylic acid-co-vinyl im-
idazole) (PAAc-PVI), rather than using a single modification approach. MWCNTs have
been widely used in electrodes of biosensors due to their excellent electrical conductivity,
high surface area, and excellent corrosion resistance [19]. However, it has the disadvan-
tage that it is not biocompatible due to its hydrophobic nature and cannot be used with
enzymes. Many researchers have studied chemical/physical surface modification to make
hydrophilic carbon nanotube complexes [20-23]. Generally, various methods are employed
to improve the dispersibility and solubility of MWCNTs, including modification through
polymers, nucleophilic addition reactions, oxidation reactions, and radical and electrophilic
addition reactions [24]. Among these methods, the modification of MWCNTs using poly-
mers, which we selected, involves forming a complex between aromatic polymers and
MWCNTs through 7-7t stacking, based on techniques used in existing polyaniline-MWCNT
composites. By utilizing poly(acrylic acid-co-vinylimidazole) (PAAc-PVI), we activated the
-COOH functional groups on the MWCNT surface, endowing it with anionic characteristics
in aqueous solutions and significantly enhancing its solubility. This hydrophilic MWCNT,
facilitated by intermolecular interactions, can maintain its electrical properties [25,26].
Subsequently, PAAc-PVIRQMWCNT was dispensed onto screen-printed carbon electrodes
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(SPCEs) and adsorbed onto the electrode surface through -7t stacking. This design is
based on a principle opposite to that of our previously studied poly(acrylamide-co-vinyl
imidazole) (PAA-PVI). In our earlier work, the copolymer synthesized with acrylamide
was intended to repel dopamine electrostatically under physiological pH conditions, as
both dopamine and the copolymer carried positive charges. This repulsion was expected
to prevent dopamine from approaching the electrode surface and thus provide protection
against electrochemical interferents. However, while a reduction in dopamine signal was
observed, the signal for serotonin was also significantly decreased, ultimately failing to
improve the signal-to-noise ratio. This phenomenon can be attributed to the small pKa
difference between dopamine and serotonin, which are 9.44 and 9.97, respectively. As
a result, both molecules carry positive charges at physiological pH and were unable to
penetrate the PAA-PVI film [27,28].

To overcome this limitation, we synthesized a copolymer using acrylic acid instead
of acrylamide. The newly developed PAAc-PVI copolymer possesses a negative charge
under physiological pH conditions, thereby enabling electrostatic attraction with positively
charged analytes such as dopamine and serotonin. In this configuration, when the analytes
are adsorbed onto the electrode surface, the full width at half maximum (FWHM) of the
redox signal is improved, allowing for the simultaneous detection and electrochemical
separation of serotonin and dopamine signals. Moreover, the PAAc-PVI copolymer ef-
fectively blocks common electrochemical interferents in biological samples, such as uric
acid and ascorbic acid, through electrostatic repulsion. In addition, the electrochemical
fouling phenomenon, which hinders the detection of serotonin due to by-products formed
during its oxidation, can be mitigated. This is because the oxidation by-products and the
serotonin signal are separated via a selective interaction between serotonin and the conduc-
tive polymer on the electrode surface. Recent studies have revealed that this mechanism
involves protonation of the conductive polymer by protons generated during the reversible
oxidation of serotonin. In this study, the aromatic nitrogen in the imidazole group of PAAc-
PVlis also expected to participate in the same protonation mechanism [29,30]. Following
this, differential pulse voltammetry (DPV) measurements of serotonin and physiological
interferents (uric acid, dopamine, and ascorbic acid) were conducted using 1X PBS as
the electrolyte.

2. Materials and Methods
2.1. Chemicals and Reagents

Multi-walled carbon nanotubes (Model MR99; purity > 99 wt%, diameter 5-15 nm,
length approximately 20 um) were obtained from Carbon Nano-material Technology
Co. (Pohang, Republic of Korea). Acrylic acid, 1-vinylimidazole, azobisisobutyroni-
trile, dimethylformamide, dopamine hydrochloride, serotonin, uric acid, ascorbic acid,
and human serum normal were purchased from Sigma-Aldrich Co. (Milwaukee,
WI, USA). Phosphate-buffered saline (1X PBS, pH 7.4; containing 4.3 mM NaH,POy,
15.1 mM Nap;HPOy, and 140 mM NaCl), along with all other solutions, was prepared
using Milli-Q-grade deionized water (Millipore, Tokyo, Japan).

2.2. Preparation of PAAc-PVIRQMWCNTs
2.2.1. PAAc-PVI(4:1) Polymer Synthesis

The hydrophilic PAAc-PVI(4:1) polymer was synthesized by minor modification of
the reported method [31]. Acrylic acid (11.1 mL, 155 mmol) and 1-vinylimidazole (3.5 mL,
39 mmol) were dissolved in DI water (75 mL) in a 100 mL round-bottom flask with vigorous
stirring at room temperature. This solution was heated to 70 °C, and a prepared solution of
azobisisobutyronitrile (0.32 g, 1.95 mmol) dissolved in 1 mL of dimethylformamide was
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added dropwise for 24 h under the nitrogen gas purging. It was added for 3 h at a time,
reacted for 5 h, and repeated a total three times.

2.2.2. PAAc-PVIRMWCNT Composite Preparation

The PAAc-PVI@MWCNT composite was synthesized by minor modification of the
reported method [32]. A total of 0.034 g of PAAc-PVI was fully dissolved in 40 mL of
deionized water. Subsequently, 40 mg of MWCNTs were introduced into the solution,
followed by ultrasonication at 40 kHz and 50 °C for 1 h. PAAc-PVI@MWCNT composite
was successfully prepared and showed high homogeneity. Finally, the PAAc-PVIRQMWCNT
composite was washed three times via vacuum filtration using deionized (DI) water to
remove physically adsorbed PAAc-PVI polymer. A Whatman® nylon filter disc with a pore
size of 0.45 pm was used for the filtration. After obtaining the solid polymer-MWCNT, it
was stored in a refrigerator at 4 °C and used by dispersing it in DI water when manufac-
turing electrodes. Ultrasonication facilitated the formation of a highly homogeneous and
transparent dispersion. The resulting PAAc-PVIRQMWCNT suspension was analyzed for
its physicochemical, morphological, and electrochemical characteristics using FI-IR, TGA,
Raman spectroscopy, zeta potential measurements, HR-TEM, and elemental analysis (CH).

2.3. Fabrication of PAAc-PVIRQMWCNT5/SPCEs

The screen-printed carbon electrodes (SPCEs) were prepared by a screen-printing
machine (BS-860AP, Bando, Pusan, Korea) using carbon black ink (423SS, Acheson, Bigfork,
MT, USA). The diameter of the electrode was 4.0 mm. And SPCEs was used after being
fully dried for 24 h at room temperature. The 20 uL of PAAc-PVIRMWCNTs dispersed
solution (5 mg/mL) was loaded onto the SPCEs and dried for 24 h in a 37 °C desiccator. The
fabricated electrodes were stored at 4 °C under refrigerated conditions and were utilized
for experiments within two months of preparation.

2.4. Equipments for Characterizization

The physicochemical, morphological, and electrochemical characteristics of the PAAc-
PVI@RMWCNT dispersion were examined using a range of analytical techniques, including
FT-IR (Agilent Cary 630, Santa Clara, CA, USA), TGA (Horiba ARAMIS and Rigaku TG
8120, Kyoto, Japan), Raman spectroscopy (Horiba Xplora Plus, Kyoto, Japan), zeta potential
analysis (Horiba SZ-100, Kyoto, Japan), high-resolution transmission electron microscopy
(HR-TEM; JEOL JEM-2100, Akishima, Japan), and electrochemical analysis using a CHI
660B system (CH Instruments, Austin, TX, USA).

HR-TEM analysis was performed at an accelerating voltage of 200 kV, and FFT was
applied to images obtained at 250 K and 300 K. Raman spectra were measured using a
514 nm laser (10% power, ULF mode) with a 600 g/mm grating (500 nm center), 20 s
exposure, 3 accumulations, 50 x LWD objective, and 200 pm aperture in the visible range.
Zeta potential was measured at 24.8 °C with an electrode voltage of 3.8 V, dispersion
medium viscosity of 0.899 mPa-s, and conductivity of 0.074 mS/cm. The DPV measurement
conditions were a positive scan from —0.2 V to +0.6 V, a scan speed of 4 mV /s, an amplitude
of 50 mV, a pulse interval of 50 ms, and a pulse period of 200 ms.

2.5. Biosensing Application

The working electrode consisted of a PAAc-PVI@MWCNT-modified screen-printed
carbon electrode (SPCE) with a 4.0 mm diameter. A micro Ag/AgCl electrode (3.0 M KCl;
Cypress, Lawrence, KS, USA) and a platinum wire (0.5 mm diameter; Aldrich, St. Louis,
MO, USA) served as the reference and counter electrodes, respectively. For comparison,
the electrodes (PAAc-PVI/SPCEs and MWCNT/SPCEs) were fabricated by loading 20 uL
of 5 mg/mL in DI onto the electrode. All the manufactured electrodes were used within
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2 months. Electrochemical impedance spectroscopy (EIS) was performed on the modified
electrodes in a solution of 0.5 M KCI (pH 7.4) containing 2.0 mM Ks[Fe(CN)g]/K4[Fe(CN)g],
with an applied potential of 0.266 V versus Ag/AgCl. The measurements were conducted
using a 5 mV amplitude over a frequency range of 1 Hz to 100 kHz. Serotonin detection
using the PAAc-PVIRQMWCNT-modified electrode was carried out under ambient air by
differential pulse voltammetry (DPV). The DPV measurement conditions were a positive
scan from —0.2 V to +0.6 V, a scan speed of 4 mV /s, an amplitude of 50 mV, a pulse interval
of 50 ms, and a pulse period of 200 ms. DPV experiments were performed to investigate
the response to different serotonin concentrations (0, 0.103, 0.2, 0.38, 0.8, 1.2, 2.25, 3.24, 4.18,
5.08,6.43,7.7,8.9, and 10.07 uM).

3. Results
3.1. Chemical Properties of PAAc-PVI

The structure of the copolymerized acrylic acid and 1-vinylimidazole was assessed
by FT-IR. Figure 1 shows the FT-IR spectrum measured by ATR (attenuated total reflec-
tion) mode ranging from 500 to 4000 cm~!. The FT-IR spectrum of PAAc-PVI (blue)
shows the disappearance of specific peaks due to the vinyl and carboxylic acid groups
in 1-vinylimidazole (black) and acrylic acid (red), such as the disappearing C=C stretch
at 1645 cm !, weak = CH, antisymmetric stretch at 3110 cm !, medium = CH, rocking
band at 1045 cm !, and strong = CH; wag at 975 cm ™ !. These results evidenced successful
copolymerization to PAAc-PVI [33].

—— 1-Vinyl imidazole
Acrylic acid
— PAAc-PVI

nYad

Transmittance % (a.u.)

! Y

1 1 1 L 1 L | L 1 L 1 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 1. FT-IR spectra of 1-vinylimidazole (black), acrylic acid (red), and PAAc-PVI (blue).

3.2. Physicochemical and Morphological Characterization of PAAc-PVIRMWCNTs

Raman spectroscopy of typical MWCNTs reveals characteristic D and G bands near
1350 cm~! and 1583 cm ™1, respectively [34,35]. In our study, the D and G bands of the
synthesized MWCNTs were observed at 1350.68 cm ™! and 1583.13 cm ™!, as shown in
Figure 2. And the synthesized PAAc-PVI polymer (dash) shows no particular peak. The
D band represents structural defects in MWCNTs associated with sp? hybridized orbitals,
while the G band corresponds to the scattering effect of the graphitic structure with sp?
hybridized orbitals in MWCNTs. In the case of PAAc-PVI@MWCNT developed in this
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study, non-covalent modification via 7-7t stacking preserves the electrical properties of
MWCNTs. If PAAc-PVI were to modify MWCNTs through covalent bonding, the defects in
MWCNTs would increase, leading to an enhanced Ip, signal and, consequently, an increased
Ip/Ig ratio [36,37]. The Ip/Ig values of MWCNT and PAAc-PVI@RMWCNT were measured
as 0.998 and 0.965, respectively. The gap of their D/G band ratio showed no difference
between MWCNT and PAAc-PVI@MWCNT. The detailed results were indicated in Table 1.
These results suggest that the PAAc-PVI polymer coated well onto the surface of MWCNTs
under the sonication treatment. Also, the ultrasonication method represented an excellent
tool without structural deformation of MWCNT.

D-band G-band

—— MWCNT

—— PAACc-PVI(4:1)

Intensity (a.u.)

— PAAC-PVI(4:1)@MWCNT!

800 | 1000 | 1200 | I1400 | 1600 | 1800 | 2000
Raman shift(cm~-1)

Figure 2. Raman spectra of MWCNT, PAAc-PVI(4:1), and PAAc-PVI(4:1)@MWCNT.

Table 1. Ratio of the G Band and D Band with MWCNT and PAAc-PVI@MWCNT.

Intensity of Intensity of
D Band G Band Ratio (Ip/Ig)
(1350 cm—1) (1583 cm~—1)
MWCNT 23,264.9 23,301.47 0.998
PAAc-PVIGMWCNT 25,288.6 27,052.2 0.965
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To confirm the adsorption of PAAc-PVI(4:1) polymer on MWCNT, PAAc-PVI(4:1)@MWCNT
dispersed on a carbon 300 mesh Cu grid was dried and then measured by HR-TEM. As
shown in Figure 3, high-resolution transmission electron microscopy (HR-TEM) revealed
that the MWCNT surface was uniformly coated with a PAAc-PVI polymer layer, exhibiting
an average thickness of 3.07 nm.

Figure 3. HR-TEM images of (a) MWCNT, (b) PAAc-PVI(4:1)@MWCNT.

As presented in Figure 4, the TGA curves of PAAc-PVIRMWCNTs (black line), PAAc-
PVI (green dots), and MWCNTs (red dashed line) show distinct thermal degradation
patterns. The MWCNTs exhibited significant weight loss between 550 and 800 °C, while the
standalone PAAc-PVI polymer decomposed primarily in the 200450 °C range. In contrast,
the polymer incorporated within the PAAc-PVI@MWCNTs composite showed a slower
degradation, occurring between 500 and 700 °C. These results suggest that PAAc-PVI was
successfully integrated with the MWCNT structure.
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- - -PAA-PVI4:1)

100 I 200 I 300 I 400 I 500 I 600 I 700 I 800
Temperature(°C)

Figure 4. TGA results of MWCNT (red dash), PAAc-PVI(4:1) (green dot), and PAAc-
PVI(4:1) @MWCNT (black line).
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Zeta potential analysis provides a quantitative indication of colloidal stability in
dispersions. Prior research has demonstrated that poly(ethyleneimine), containing terminal
amine groups, exhibits a positive zeta potential, whereas sodium dodecyl sulfate (SDS),
bearing terminal carboxylic acid groups, shows a negative value. Moreover, increasing the
concentration of SDS, which introduces more negatively charged functional groups, results
in a more negative zeta potential [38—40]. The average zeta potential of the MWCNT and
the prepared PAAc-PVI@MWCNT are —20.5 £ 0.53 and —51.2 4= 1.03 mV in Figure 5a,
respectively. And its more negative value may be attributed to the negative acrylic acid
functional groups of the PAAc-PVI compared with MWCNT. As shown in Figure 5b,
the photograph illustrates the stable dispersion of the PAAc-PVI/MWCNT composite
in deionized water following centrifugation at 13,000 rpm for 1 h. The prepared PAAc-
PVI@RQMWCNT showed excellent distribution in DI water.

—— PAAC-PVI(4:1)@VMWCNT

351 205my "M MWCNT  PAA-PVI@MWCNT

w
o
T

N
[3,]
T

-51.2mV

-
(3]
T

Intensity (a.u.)

[3,]
T

0 1 1 1 1 1
-300 -200 -100 0 100 200 300

Zeta potential(mV)
(a) (b)

Figure 5. Dispersion analysis via (a) zeta potential measurements and (b) visual comparison of
dispersibility between bare MWCNTs and modified MWCNTs after centrifugation.

3.3. Electrochemical Characterization of PAAc-PVIRQMWCNTs/SPCEs

The interface properties of the PAAc-PVIRQMWCNT modified SPCEs were studied by
EIS (Figure 6). In the Nyquist plot obtained from EIS measurements, the high-frequency
semicircle represents the electron transfer resistance, while the low-frequency linear region
reflects diffusion-controlled behavior. The diameter of the semicircle is directly related
to the charge transfer resistance (R¢t) [41]. The Ret of PAAc-PVI/SPCEs (yellow) dramat-
ically increases over that of bare SPCEs (blue), from 10,000 to 25,200 (), and the Rt of
MWCNTs/SPCEs (black) slowly declines from that of PAAc-PVI@MWCNTs/SPCEs (red)
(from 530 to 480 ). Accordingly, whereas the PAAc-PVI polymer film increased the charge
transfer resistance (Rct) on the SPCE surface, the PAAc-PVI@QMWCNT composite facilitated
electron transfer at the electrode interface.
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Figure 6. EIS spectra in the frequency range of 1 to 10* Hz in 0.5 M KCl (pH = 7.4) containing 2.0 mM
K3[Fe(CN)s]/K4[Fe(CN)s].

3.4. Serotonin Sensing
3.4.1. Electrochemical Characterization Changing Electrode Conditions

In Figure 7, pulse difference voltammetry (DPV) was carried out ranging from —0.2 to
0.6 V (vs. Ag/AgCl) at 1X PBS. DPV was measured on SPCEs, MWCNT/SPCEs, PAAc-
PVI(4:1)/SPCEs, and PAAc-PVI(4:1)@MWCNT /SPCEs, where 40 pL of 10 uM serotonin
was dissolved in 1X PBS (pH 7.4). In the SPCEs, the serotonin signal appeared as a single
signal at 0.4 V, which is presumed to be because the electrons are released at once. In
MWCNT/SPCEs, the serotonin signal was amplified at 0.4 V. DPV increased due to the
combination of the negative carboxylic acid in PAAc-PVI/SPCEs and the amino group of
serotonins. Also, the peak was located at 0.4 V (vs. Ag/AgCl). However, in the PAAc-
PVI(4:1) @MWCNT/SPCEs, multiple peaks at —0.15V, 0.1 V, and 0.4 V were confirmed
due to the combination of high conductivity MWCNT and hydrophilic polymer. This
phenomenon is consistent with the findings of a recently reported study [30], where
each peak is believed to correspond to specific interactions: the PAAc-PVI(4:1) @MWCNT
interaction at —0.15 V, a signal originating from the buffer solution at +0.10 V, and the
inherent response of the SPCE at +0.40 V.
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Figure 7. DPV graphs of 10uM Serotonin at 1X PBS (pH 7.4) in SPCEs, MWCNT/SPCEs, PAAc-
PVI(4:1)/SPCEs, and PAAc-PVI(4:1)@MWCNT /SPCEs.

3.4.2. Interfering Test

To investigate the influence of interferences, 1X PBS (pH 7.4), 10 uM of uric acid, dopamine,
ascorbic acid, and serotonin were measured by DPV in PAAc-PVI@MWCNT /SPCEs and SPCEs.
As shown in Figure 8a, the serotonin peak was overlapped with ascorbic acid in SPCEs at
0.4V (vs. Ag/AgCl). On the other hand, in Figure 8b, the serotonin peaks were separated
with all interferences at —0.15 V (vs. Ag/AgCl). Therefore, we confirmed that the PAAc-
PVI@MWCNT /SPCEs enables selective quantification of serotonin without being affected
by interfering substances such as uric acid, dopamine, and ascorbic acid.
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Figure 8. DPV of interfering agents in (a) SPCEs and (b) PAAc-PVIRMWCNT /SPCEs for 10 uM
ascorbic acid, uric acid, dopamine, serotonin at 1X PBS (pH 7.4).
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3.4.3. Serotonin Quantification

The DPV technique was used to quantify various concentrations of serotonin. To
evaluate the quantitative response of the fabricated electrode to serotonin, differential pulse
voltammetry (DPV) measurements were performed in 1X PBS (pH 7.4). The solution was
first spiked with 20 uM serotonin, followed by the addition of various serotonin concen-
trations (0, 0.103, 0.2, 0.38, 0.8, 1.2, 2.25, 3.24, 4.18, 5.08, 6.43, 7.7, 8.9, and 10.07 uM). The
DPV analysis was conducted to assess the electrode’s sensitivity and linearity in detecting
serotonin under these conditions. Figure 9a shows that the current signal increased sequen-
tially as the serotonin concentration increased at —0.15 V. The DPV peaks increase with
successive increases in the serotonin concentrations (0~10.07 uM). As shown in Figure 9b,
the amount of serotonin is determined by monitoring the increase in DPV current at
—0.15V (vs. Ag/AgCl) on the PAAc-PVI@MWCNTs/SPCEs. A strong linear relationship
was observed for serotonin concentrations ranging from 0 to 10.07 uM, with a correlation
coefficient (R?) of 0.983. The limit of detection (LOD) was determined to be 0.015 uM, and
the relative standard deviation (RSD) was 3.88% based on four independently prepared
electrodes (N = 4), as summarized in Table 2. Therefore, the PAAc-PVIRMWCNTs/SPCEs
can be used for the determination of serotonin.
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Figure 9. (a) DPV of measuring serotonin at concentrations of 0, 0.103, 0.2, 0.38, 0.8, 1.2, 2.25, 3.24, 4.18,
5.08,6.43,7.7,8.9,and 10.07 uM in PBS buffer (pH 7.4) (b) Calibration curve of serotonin concentration
from 0.103 to 10.07 uM at —0.15 V.

Table 2. RSD% of different concentration of serotonin at 1X PBS (pH 7.4).

RSD% (n =4)

0puM 1.20% 3.24 uM 4.12%
0.103 uM 0.23% 4.18 uM 3.79%
0.2 uM 3.59% 5.08 uM 3.95%
0.38 uM 1.79% 6.43 UM 3.43%
0.8 uM 4.63% 7.7 uM 1.42%
1.2 uM 2.91% 8.9 uM 1.39%
2.25 uM 3.83% 10.07 uM 2.88%
LOD LOQ
0.015 uM 0.05 £ 0.025 uM
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3.5. Serotonin Sensing in Serum Sample

The DPV technique was used to quantify various concentrations of serotonin in
serum samples. To verify the quantitative response of the fabricated electrode to serotonin,
differential pulse voltammetry (DPV) measurements were performed in human serum
(Sigma-Aldrich, USA). The serum was first spiked with 20 uM serotonin, followed by the
introduction of various serotonin concentrations (0, 0.103, 0.2, 0.38, 0.8, 1.2, 2.25, 3.24, 4.18,
5.08,6.43,7.7,8.9, and 10.07 uM). The DPV analysis was conducted to evaluate the elec-
trode’s sensitivity and linearity in detecting serotonin under these conditions. Figure 10a
shows that the current signal increased sequentially as the serotonin concentration in-
creased at —0.15 V. It is assumed that the decreased current is due to the existence of
various matrices in the serum sample. Similar to the result in Figure 9, the DPV peaks
increase with successive increases in the serotonin concentrations (1.2, 2.25, 3.24, 4.18, 5.08,
6.43,7.7,8.9,10.07 uM) in Figure 10a. As shown in Figure 10b, the amount of serotonin is
determined by monitoring the increase in DPV current at —0.15V (vs. Ag/AgCl) on the
PAAc-PVIRMWCNTs/SPCEs. A linear detection range for serotonin was obtained from 1.2
to 10.07 uM, with a correlation coefficient (R?) of 0.981. The limit of detection (LOD) was
calculated to be 0.0769 uM, and the relative standard deviation (RSD) was 3.88% based on
four distinct electrodes (N = 4), as summarized in Table 3. These findings suggest that the
PAAc-PVI@MWCNT composite is a promising candidate for use as a functional material in
biosensor applications.
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Figure 10. (a) DPV of measuring serotonin at concentrations of 0, 0.103, 0.2, 0.38, 0.8, 1.2, 2.25, 3.24,
4.18,5.08,6.43,7.7,8.9, and 10.07 M in serum sample (b) Calibration curve of serotonin concentration
from 1.2 to 10.07 uM at —0.15 V.

Table 3. RSD% of different concentration of serotonin at human serum.

RSD% (n =4)

0uM 2.71% 3.24 uM 3.87%
0.103 uM 4.46% 4.18 uM 4.29%
0.2 uM 3.70% 5.08 uM 4.81%
0.38 uM 4.01% 6.43 UM 417%
0.8 uM 4.63% 7.7 uM 3.82%
1.2 uM 2.97% 8.9 uM 4.17%
2.25 uM 1.73% 10.07 uM 3.08%
LOD LOQ
0.077 uM 0.26 £ 0.059 uM
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4. Discussion and Conclusions

In this article, we evidenced an excellent peak separation of serotonin onto the SPCEs
using PAAc-PVI@MWCNT materials. The hydrophilic nanocomposite materials showed
great conductivity because of no structural leaking. The electrochemical technique method
of DPV determined serotonin level even if existing physiological interference species such
as ascorbic acid, uric acid, and dopamine. Interestingly, the PAAc-PVI@MWCNT /SPCEs-
based LOD (0.076877 uM) value offers promising results for the peak classification of
serotonin, especially when compared with other electrochemical materials. Additionally, in
the analysis using human serum as the solvent, the signal response of serotonin showed
high linearity with an R? value of 0.981 in the concentration range from 1.2 uM to 10.07 uM.
This suggests the potential for quantitatively measuring serotonin concentrations in actual
blood samples without interference by the hybrid matrix components present in blood. This
method does not require specialized skills compared to traditional HPLC measurements.
Unlike conventional electrochemical methods that involve surface modification of glassy
carbon electrodes with nanoparticles or polymers, it was developed by utilizing MWCNTs
and random copolymers on disposable screen-printed carbon electrodes.

The serotonin detection technology developed in this study offers a low-cost and
user-friendly approach that enables easy measurement of serotonin levels. Future work
will follow for more detailed control to separate other physiological species such as ascor-
bic acid, uric acid, and dopamine. The high-conductivity electrode fabricated with the
MWCNT-polymer composite developed in this study is not only applicable to serotonin
detection but also holds potential for broader applications such as glucose sensing, im-
munoassays, and point-of-care diagnostic systems. Furthermore, this platform may be
extended to emerging biofuel cell electrode research, offering a versatile foundation for
future bioelectrochemical applications.
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Abstract: Previous studies have reported the development of a taste sensor using a surface modi-
fication approach to evaluate umami taste, specifically substances like monosodium L-glutamate
(MSG) and monosodium L-aspartate. The sensor was modified with 2,6-dihydroxyterephthalic acid
(2,6-DHTA). However, the mechanism underlying umami substance detection in the 2,6-DHTA-
treated sensor remains unidentified, as does whether the specific detection is due to an intermolec-
ular interaction between the modifier and the analyte. In this study, 'H-NMR measurements were
conducted for a variety of modifiers and analytes in terms of structures, along with taste sensor
measurements. By comparing the 'H-NMR spectra and the results of the taste sensor, we suggested
that both modifiers and analytes need to meet certain molecular structure conditions to produce
intermolecular interactions. The modifier needs to possess intramolecular H-bonds and have carboxyl
groups in the para position of the benzene ring, i.e., two carboxyl groups. In conclusion, we validated
that the response mechanism of the taste sensor for umami substance measurement proposed in
previous studies is reasonable and predicted the binding form of 2,6-DHTA and MSG.

Keywords: umami; taste sensor; lipid / polymer membrane; surface modification; NMR

1. Introduction

Over a century ago, the first umami compound, monosodium L-glutamate (MSG),
was extracted by lkeda from seaweed broth [1]. Unlike the other four well-defined tastes
qualities (sourness, bitterness, saltiness, sweetness), umami qualities exhibit a meaty,
mouth-filling, rich taste [2,3]. Umami qualities not only serve as food additives to enhance
the taste of food, but also play a significant role in health. Studies have indicated that
umami, as a flavor enhancer in food, can reduce the risk of diseases such as hypertension
and cardiovascular diseases due to excessive consumption of salt [4-6]. In addition, umami
has been reported to stimulate saliva secretion, promoting the appetite of patients with
impaired taste and smell functions, resulting in decreased saliva production, and improving
their overall health [4,7,8]. Some studies also suggest that continuous intake of MSG can
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improve the nutritional status of hospitalized elderly patients and the cognitive abilities of
patients diagnosed with dementia [9,10].

Based on its unique taste presentation and health-promoting functions, umami has
received much attention [2]. Chemical sensors, i.e., odor sensing systems and taste sensing
systems, have been developed to reproduce the sense of humans or animals [11]. Odor
sensing systems use various transducers such as carbon nanotubes [12,13] and carbon black
composites [11]. Taste sensing systems, also known as the electronic tongue, comprise
various sensing methodologies, such as potentiometry [14-17], triboelectric fingerprint
signals [18], biomimetic biosensing [19-21], and enzymatic methods [22,23]. Among them,
the potentiometric taste sensors developed by Toko and co-workers can detect five basic
tastes, including umami, with excellent reproducibility [24-26]. An example of the com-
mercialized machine is TS-5000Z (Intelligent Sensor Technology, Inc., Kanagawa, Japan).
This instrument features sensor electrodes with lipid /polymer membranes designed based
on the ionic and/or hydrophobic (or hydrophilic) properties of taste substances. Using
such lipid/polymer membranes in taste sensors can classify and quantify the five basic
tastes [15].

The taste sensors for detecting umami substances employ phosphoric acid di(2-
ethylhexyl) ester (PAEE) as one of the lipids [15]. Due to the phosphate groups in lipid
PAEE having a lower dissociation constant compared to the carboxyl group of MSG, pro-
tons dissociate from the phosphate groups of the lipid, leading to a negative change in
membrane potential [27]. Nonetheless, the membranes containing the lipid PAEE exhibit
a response to alkaline substances such as NaOH and NaHCOj3, closely resembling the
response to MSG [27]. This implies that the sensor may not effectively differentiate between
responses to MSG or alkaline substances, as the reaction is not based on the membrane’s
molecular recognition of the chemical structure of MSG. Instead, it is caused by the transfer
of H* from PAEE to the carboxyl group of MSG.

Recently, researchers have developed a novel taste sensor employing lipid /polymer
membranes for detecting umami substances (e.g., MSG, monosodium L-aspartate (MSA))
using a surface modification method [28]. The lipid/polymer membranes of the taste
sensor were immersed in the modifier solution to adsorb modifiers onto the lipid/polymer
membranes for sample measurement [29]. Such a method was also employed to de-
tect non-charged bitter substances like caffeine [30]. The response value of umami sub-
stances was compared by employing various structurally different modifiers, such as
2,6-dihydroxyterephthalic acid (2,6-DHTA) and 2,6-dihydroxybenzoic acid (2,6-DHBA). It
was concluded in a previous report [28] that modifiers capable of detecting umami sub-
stances should meet two conditions: possess intramolecular H-bonds and have carboxyl
groups in the para position, i.e., two carboxyl groups. In [28], it was thus inferred that
the detection mechanism for umami substances involves the intermolecular interaction
between the umami substance and the modifier. This interaction influences the formation
of intramolecular H-bonds within the modifier, thereby influencing the dissociation state
of the carboxyl groups of the modifier. This change in the dissociation state of the carboxyl
groups results in a return of H* on the membrane surface, altering the surface charge
density of the membrane and ultimately generating a positive response. However, this
intermolecular interaction, involving multisite binding between MSG and modifiers, has
yet to be verified at the molecular level.

NMR measurement involves applying radiofrequency pulses to nuclei in a strong mag-
netic field to detect their resonance frequencies, providing detailed information about their
molecular structure, chemical environment, and dynamics [31,32]. The resonance frequency
of a nucleus or chemical shift (5, ppm) is affected by the electron distribution in its chemical
bonds, with the specific resonance frequency determined by the molecule’s structure [33].
Thus, by analyzing changes in the chemical shift phenomenon, NMR spectroscopy can
examine intermolecular interactions between substances at the molecular level.

In this study, we used modifiers with different structures for sensor surface modifica-
tion. Sensors were employed to measure analytes with different structures. We analyzed
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the influence of the structures of the modifiers and analytes on the response values of
the taste sensors. Additionally, we employed 'H-NMR measurements to investigate the
intermolecular interactions between the modifier (e.g., 2,6-DHTA and aniline) and umami
substances (e.g., MSG and MSA). The 'H-NMR spectra were analyzed to validate the
intermolecular interaction between the modifiers and the analytes. Thus, we compared
the 'H-NMR spectra with the detection data from the taste sensors to identify the response
mechanism of umami taste detection in taste sensors.

2. Materials and Methods
2.1. Reagents

Tetradodecylammonium bromide (TDAB) and tetrahydrofuran (THF) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Dioctyl phenyl-phosphonate (DOPP) was
purchased from Dojindo Molecular Technologies (Kumamoto, Japan). Polyvinyl chloride
(PVC), 2,6-DHBA, aniline, and MSA were purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan). 2,6-DHTA was purchased from BLDpharm (Shanghai, China).
MSG, L-glutamine (GIn), potassium chloride (KCI), and tartaric acid were purchased
from Kanto Chemical Co. (Tokyo, Japan). Figure 1 shows the structural formula of 2,6-
DHTA, 2,6-DHBA, aniline, MSG, MSA, and GIn. DO (99.8 atom% D) was purchased from
Acros Organics (Fair Lawn, NJ, USA). 3-Trimethylsilyl-1-propanesulfonic acid-dg (DSS-dg,
98.0 atom% D) was obtained from Santa Cruz Biotechnology Inc. (Dallas, TX, USA).

HO._ O
HO._ _O
HO OH NH;
HO OH
0~ "OH
2,6-DHTA 2,6-DHBA Aniline
+ (@) N +
N o e
HO 0 (0] H,N OH
2 O NH, NH,
MSG MSA Gln

Figure 1. The structural formula of 2,6-DHTA, 2,6-DHBA, aniline, MSG, MSA, and Gln.

2.2. Fabrication of Lipid/Polymer Membrane

In this study, we prepared the sensor electrodes with a lipid/polymer membrane.
The lipid/polymer membrane comprises TDAB as the lipid, DOPP as the plasticizer, and
PVC as the supporting material. In a cleaned and dried screw tube bottle, 0.01 mmol
TDAB was dissolved in 10 mL THEF. A total of 1.5 mL DOPP and 800 mg PVC were added
sequentially. The resulting mixture was stirred thoroughly and then spread onto a clean
Petri dish (90 mm ¢). The lipid/polymer membrane was formed through the evaporation
of THF. Then, the obtained lipid /polymer membrane was cut and placed onto the sensor
electrode.

2,6-DHTA, 2,6-DHBA, and aniline were employed for surface modification. Following
the same method as in a previous study [28], a group of sensor units was immersed into a
0.03 wt% 2,6-DHTA solution for 72 h. Similarly, surface modification for two additional
groups of sensor units was conducted using 0.03 wt% solutions of 2,6-DHBA and aniline,
respectively. Each group of sensor units comprises eight electrodes.

2.3. Measurement of Umami Substances by Fabricated Taste Sensors

The taste sensor measurements were conducted using a commercial taste sensing
system (TS-5000Z, Intelligent Sensor Technology, Inc., Kanagawa, Japan). Both the sensor
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and reference electrodes, as depicted in Figure 2, utilize a Ag wire coated with a AgCl layer
and are filled with an inner solution containing 3.33 M KCl and saturated AgCL

|

An Ag wire coated
with an AgCl layer
3.33 M KClI + Saturated Lipid/polymer
T A Tt membrane
gCl solution
\Us&——— DPorous ceramics

(Internal)  (External)

()
Y

(a) Reference electrode (b) Sensor electrode

Figure 2. The structure of the reference electrode and the sensor electrode.

The detection process of the taste sensors can be divided into four steps. Initially, the
sensor and reference electrodes are immersed in a reference solution, which contains 3.33 M
KCl and 0.3 mM tartaric acid, for 30 s to obtain the reference potential (Vr). Subsequently,
they are immersed in the test sample solution for 30 s to obtain a sample potential (Vs). The
relative response values of the test samples is calculated by taking the difference between
Vs and Vr. Finally, the membrane surface is refreshed by applying a water-based solution
consisting of 10 mM KOH, 100 mM KCl, and 30 vol% EtOH for the next measurement cycle.
To ensure the reliability of the experimental data, the detection process was conducted five
times, and the data from the last three measurements were used for analysis.

MSG, MSA, and GIn were utilized as the test samples and were dissolved in the
reference solution. The concentrations of the test samples were 1, 10, and 100 mM. MSG
and MSA are umami substances and were used as umami substance samples in our
previous experiments. For Gln, a previous study suggested [34] that the taste profile
of Gln is primarily characterized by sweetness, although it demonstrates subtle umami
attributes at higher concentrations. It is noteworthy that Gln is not an umami substance.
Gln’s side chain is similar to that of glutamic acid, except the carboxylic acid group is
replaced by an amide group. Based on its structural similarity, we utilized Gln as a control
group sample in our experiments to further confirm the specific recognition conditions
of umami substances MSG and MSA. We prepared solutions of these three samples at
different concentrations to test the response of the taste sensor. Mean values and standard
deviations were calculated from 24 (8 electrodes x 3 rotations) sets of electrical response
values. Three types of taste sensors, i.e., sensors modified with 2,6-DHTA, 2,6-DHBA, or
aniline, were used for measuring these samples.

2.4. Measurement of Umami Substances and Modifiers by 'H-NMR

To confirm whether there were intermolecular interactions between the prepared mod-
ifiers and umami substances, we conducted TH-NMR measurements. All 'H-NMR spectra
were obtained using an ECS-400 spectrometer (JEOL, Tokyo, Japan). The investigated
modifiers were 2,6-DHTA, 2,6-DHBA, and aniline. Although aniline does not meet the
structural criteria for modifiers established in our previous studies, it was included for
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comparison with the other two modifiers as a negative control. The test samples included
the umami substances MSG and MSA, as well as Gln, which is a non-umami substance
with a structure similar to that of MSG. We prepared mixed solutions of the modifiers and
test samples in five different molar ratios, 0:1, 0.5:1, 1:1, 2:1, and 3:1, using D,O as the
solvent. Additionally, to mimic the conditions of the taste sensor measurements, which
utilized the KCl electrolyte solution as the solvent, we also employed 1 mM KCl-containing
D, 0 solution as the solvent for the test samples.

An aliquot of the test sample containing DSS-dg as a reference compound (d at
0.00 ppm) was placed into a 5 mm NMR sample tube (Nihonseimitsu Scientific Co., Tokyo,
Japan). 'H-NMR spectra were acquired by a single-pulse sequence under the following
conditions: acquisition time, 2.73 s; scans, 16; relaxation delay, 12 s; auto-gain and spinning
at 15 Hz.

3. Results and Discussion
3.1. Detection of Umami Substances Using Taste Sensors Treated with 2,6-DHTA, 2,6-DHBA,
and Aniline

A previous study [28] indicated that the taste sensor, after surface modification with
2,6-DHTA, demonstrated a significant potential response to umami substances, i.e., MSG
and MSA. Based on these understandings, in this experiment, we used 2,6-DHTA as a
modifier and employed 2,6-DHBA and aniline as control group modifiers. 2,6-DHBA and
2,6-DHTA both contain two hydroxyl groups, and the hydroxyl groups on the benzene
ring can form intramolecular H-bonds with the neighboring carboxyl groups [35-37].
Compared to 2,6-DHBA, 2,6-DHTA has an additional carboxyl group in the para position
of the benzene ring. In contrast to 2,6-DHBA and 2,6-DHTA, aniline has only one amide on
the benzene ring and cannot form intramolecular H-bonds. By comparing the response
values of sensors modified with different modifiers to the test sample, we aim to verify
the most suitable modifier for test sample detection and summarize the characteristics of
the modifiers.

Figure 3a—c show the taste sensors’ response to MSG, MSA, and GIn solutions at
different concentrations of 1, 10, and 100 mM. According to Figure 3a,b, sensors treated with
2,6-DHTA exhibited significant responses to MSG and MSA, with the response increasing
with the increase in umami substance concentration. These results were consistent with
our previous experimental findings [28].

By comparing the data from sensors treated with different modifiers, as depicted
in Figure 3a—c, it is evident that sensors treated with 2,6-DHBA and aniline exhibited
negligible responses (less than 10 mV) to MSG, MSA, and GIn. This result indicates that
the sensor modified with aniline or 2,6-DHBA cannot induce a significant response to MSG
and MSA. Aniline lacks the structural condition of intramolecular H-bonds. Although
2,6-DHBA contains two intramolecular H-bonds, it lacks the structural factor of having
carboxyl groups in the para position on the benzene ring. These findings further indicate
that modifiers used to test sensors’ response to MSG and MSA should possess specific
structural factors: intramolecular H-bonds and carboxyl groups in the para position on the
benzene ring, i.e., two carboxyl groups.

In Figure 3c, we also noticed that the 2,6-DHTA-treated sensor exhibited a slight
response to the 100 mM GlIn solution (approximately 20 mV), but it showed negligible
potential changes for 1 mM and 10 mM Gln solutions. This agrees with the fact [34] that
GIn shows umami properties at high concentrations.

Additionally, by comparing the results between Figure 3a,b, this sensor showed a
lower response to MSA. Thus, we infer that the analytes should also possess certain
structural conditions: the structure of MSG. For instance, MSG has carboxyl groups at both
sides of its carbon chain; MSA has one less carbon chain compared to MSG, making it
shorter in length, and the sensor’s response to MSA is lower than that to MSG. Due to the
amide group in GlIn, the sensor modified with 2,6-DHTA exhibits negligible membrane
potential changes at low concentrations of GIn.
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Figure 3. The response to (a) MSG, (b) MSA, and (c) Gln solutions with three types of sensors: the
sensor modified with 2,6-DHTA, 2,6-DHBA, and aniline, respectively. Error bars indicate the SD of
the data; n = 8 (electrode) x 3 (rotation) = 24 values.

In general, for effective detection by taste sensors utilizing surface modification, both
the modifier and the umami substance should possess specific structural conditions. We
infer that the structural factors between the sensor’s modifier and the target substance
induce bidirectional molecular interactions which may effectively cause changes in the
membrane surface potential of the taste sensor, thereby enabling selective measurement of
the umami substance. To confirm whether such a molecular interaction exists between the
modifier and the umami substance (analyte), we conducted an "H-NMR measurement at
the molecular level.

3.2. Investigation of the Interaction between Modifiers and Umami Substances by 'H-NMR

To further analyze the molecular interactions between the modifiers and the test
samples, we conducted 'H-NMR measurements. Figure 4 shows the 'H-NMR spectra for
each modifier and MSG in D,0O solution containing 1 mM KCl. The chemical shift varied
with the mixing ratio of each substance. The chemical shift change is very sensitive to
structural changes and can be measured very accurately, meaning that almost any genuine
binding interaction will produce the chemical shift change [38,39]. Figure 5 was plotted
to demonstrate the variations in chemical shift clearly. The horizontal axis represents the
molar ratio of the mixed solution, while the vertical axis represents the change in chemical
shift. According to Figure 5a, it can be clearly observed that as the concentration of MSG
increased, the chemical shift of 2,6-DHTA changed to high magnetic fields. Moreover,
according to Figure Sla—c in the Supplementary Materials, the chemical shifts on the MSG
side also changed with the varying molar ratio of the mixed solution. In the mixed solution
of 2,6-DHTA and MSG, the chemical shift changes were observed in both 2,6-DHTA and
MSG molecules as the concentration of MSG increased. This suggests the occurrence of
bidirectional intermolecular interactions between 2,6-DHTA and MSG.
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(b) 2,6-DHBA (B1); (c) 2,6-DHBA (B2); (d) aniline (A1); (e) aniline (A2); (f) aniline (A3). Chemical
shift of 2,6-DHTA (T1) changed. Chemical shift of 2,6-DHBA and aniline did not change. Changes in
chemical shifts indicate interaction occurs between modifier and MSG.

Figure 5b depicts the chemical shift changes on the 2,6-DHBA side in the mixed
solution of 2,6-DHBA and MSG as the concentration of MSG increases. Evidently, 2,6-DHBA
presented no significant chemical shift changes, although pronounced shifts were observed
on the MSG side, as indicated by Figure S1d-f in the Supplementary Materials. Similarly,
in Figure 5c and Supplementary Figure S1g—i, both aniline and MSG exhibit no remarkable
chemical shift changes. Drawing on the experimental data and the structural features
of different modifiers, we suggest that 2,6-DHBA and aniline have difficulty forming
bidirectional molecular interactions with MSG because their structural configurations
do not meet the specific criteria outlined in Section 3.1. 2,6-DHBA, lacking a carboxylic
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group, and aniline, which lacks intramolecular hydrogen bonding, present obstacles to the
formation of bidirectional interactions with MSG.

We confirmed the presence of intermolecular interactions between 2,6-DHTA and MSG
through chemical shift changes observed in 'H-NMR measurements. To further identify
that the test substance should possess specific structural conditions, we also conducted
'H-NMR measurements using the same sample substances, i.e., MSA and Gln, as those
used in the taste sensor measurements.

Figure 6 shows the 'H-NMR spectra and the chemical shift plots of the 2,6-DHTA
modifier and the analytes (MSA and Gln) in D,O solution containing 1 mM KCl. According
to Figure 6c, the chemical shift of 2,6-DHTA changes with increasing MSA concentration.
Although the magnitude of this chemical shift change is not as significant as that observed
in the mixed solution of 2,6-DHTA and MSG, it can be confirmed that the chemical shift of
2,6-DHTA changes with the concentration of MSA. According to Supplementary Figure
S2a,b, the chemical shift of MSA also changes with the increase in MSA concentration in the
mixed solution. This further suggests that there are bidirectional intermolecular interactions
between 2,6-DHTA and MSA, although these interactions are weaker compared to those
between 2,6-DHTA and MSG. This is evident from the lower response in taste sensor
measurements and the less significant chemical shift changes observed in the 'H-NMR

experiments.
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Figure 6. TH-NMR spectra for 2,6-DHTA and analytes: (a) MSA; (b) GIn. Chemical shift (§) with
increasing molar ratio for 2,6-DHTA and analytes: (¢) MSA; (d) GIn. Chemical shift of 2,6-DHTA (T1)
changed. Changes in chemical shifts indicate interaction occurs between modifier and analytes.

According to Figure 6d, although the chemical shift of 2,6-DHTA undergoes significant
changes at low concentrations of Gln compared to no addition of Gln, there is no significant
change in chemical shift at the high concentration of GIn. Additionally, according to
Supplementary Figure S2c—e, despite the increase in Gln concentration, the measured
chemical shift of GIn shows almost no significant change. Moreover, some studies indicate
that when some protons are close to amide groups, they undergo chemical shifts due
to the anisotropic distributions of electrons in amide groups [38]. We inferred that the
chemical shift changes at low concentrations of Gln were caused by its amide group. Unlike
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MSG and MSA, as the concentration of Gln increases in the mixed solution, no continuous
and significant chemical shift changes are observed for either GIn or 2,6-DHTA. Based on
the structure of Gln, which has a carboxyl group at one end and an amide at the other,
we speculated that Gln’s structure cannot effectively form bidirectional intermolecular
interactions with the modifier 2,6-DHTA.

3.3. Discussion of Experimental Results from Taste Sensors and 'H-NMR Measurements

To identify the mechanism underlying the detection of umami substances by employ-
ing taste sensors with surface modification, we have conducted taste sensor measurements
on three different structural modifiers and samples with different structures.

Table 1 summarizes the responses of the taste sensors and 'H-NMR measurements for
various modifiers. By comparing the results of taste sensors and 'H-NMR measurements,
we have found that only the combination of 2,6-DHTA and MSG can yield a significant
sensor response and clear chemical shift changes. Moreover, both the modifier itself and
MSG exhibit chemical shift changes. This indicates that this specific combination is effective
in forming bidirectional intermolecular interactions.

Table 1. Summary of taste sensor results and 'H-NMR results for MSG.

Taste Sensor Chemical Shift Changes
Modifier Response Investigated by TH-NMR
(100 mM Sample) Modifier MSG
2,6-DHTA 96.0 mV Yes Yes
2,6-DHBA —5.0mV No Yes
Aniline 0.7 mV No No

Regarding the combination of 2,6-DHBA and MSG, although in 'H-NMR measure-
ments, chemical shift changes were detected on the MSG side when 2,6-DHBA acted as the
modifier in 'H-NMR measurements, no significant chemical shift changes were observed
on the 2,6-DHBA side. Additionally, as Figure 3a shows, using 2,6-DHBA as a modifier did
not lead to noticeable membrane potential changes in MSG detection. Therefore, it is con-
cluded that bidirectional intermolecular interactions were not formed between 2,6-DHBA
and MSG.

Moreover, aniline did not induce significant membrane potential changes in MSG
in taste sensor measurements, and no significant chemical shift changes were observed
for aniline and MSG in 'H-NMR measurements. Consequently, it is determined that
intermolecular interactions between aniline and MSG do not exist.

By comparing the different structural characteristics of the three modifiers, we in-
dicated that the prerequisites for modifiers are the presence of intramolecular hydrogen
bonds and carboxylic groups on the para position of the benzene ring.

To understand why the 2,6-DHTA-treated taste sensor showed the most significant
response to MSG, we discussed the prerequisites for analytes with 2,6-DHTA-treated sensor
detection. The results of the taste sensor and 'H-NMR measurements are summarized in
Table 2. Chemical shift changes were observed in TH-NMR measurements for both 2,6-
DHTA and MSA. MSA has one less carbon chain compared to MSG, making it shorter, and
the potential changes in the taste sensor are weaker than those of MSG. On the other hand,
no notable chemical shift changes of Gln were observed in the 'H-NMR measurements.
Additionally, the taste sensor treated with 2,6-DHTA only detected potentials far lower than
MSG in high concentrations (100 mM) of GIn solution. By comparing the results of the taste
sensor and 'H-NMR measurements, we further confirmed that the structure and length of
MSG provide the optimal conditions for its detection by the taste sensor with 2,6-DHTA as
the modifier. Therefore, we inferred that it is the structural conditions met by both MSG
and 2,6-DHTA molecules, forming effective bidirectional intermolecular interactions, that
ultimately cause the changes in membrane surface potential.
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Table 2. Summary of taste sensor results and ITH-NMR results for 2,6-DHTA.

Taste Sensor Chemical Shift Changes
Analytes Response Investigated by TH-NMR
(100 mM Sample) 2,6-DHTA Analytes
MSG 96.0 mV Yes Yes
MSA 80.6 mV Yes Yes
GIn 21.0 mV Yes No

3.4. Prediction of the Binding Form and Response Mechanism between 2,6-DHTA and MSG

By comparing the results of the taste sensor and the 'H-NMR measurements, we
confirmed the presence of intermolecular interactions between 2,6-DHTA and MSG. Fur-
thermore, these intermolecular interactions require specific structural factors in both the
modifier and the test sample. According to the chemical shift plots of the 2,6-DHTA side
(Figure 5a) and the MSG side (Figure Sla—c), it is evident that the T1 position of 2,6-DHTA
and the M2’ position of MSG show significant chemical shift changes as the molar ratio
increases. This indicates that the electron density around the hydrogen atoms at these sites
undergoes noticeable changes, suggesting the presence of hydrogen bonding interactions
between 2,6-DHTA and MSG.

Based on these results, we can infer the form of the intermolecular interactions between
2,6-DHTA and MSG, as illustrated in Figure 7. The results from the 'H-NMR measurements
delineate the positions with the most significant chemical shifts for both 2,6-DHTA and
MSG. The carboxyl groups of these molecules can act as proton donors or acceptors,
enabling various H-bond interactions [40]. One of the most classic examples is the H-
bond of carboxyl dimers [41,42]. Considering the results from the !H-NMR measurements
and molecular structure, we speculated that the carboxyl groups of MSG may form two
intermolecular H-bonds with the carboxyl group at the para position on the benzene ring
of 2,6-DHTA. The formation of intermolecular H-bonds needs the participation of H* in
the MSG sample solution, which results in the return of H* on the membrane surface.
The return of H" can change the membrane surface charge density, resulting in a positive
response for MSG. Based on the intermolecular interactions between 2,6-DHTA and MSG,
the detection principle for umami substances using the taste sensors that we proposed in
our previous study [28] is reasonable.

Na* NHg*
0= o
MSG
.':o O"_

" on J

2,6-DHTA O%@ﬁf

(@) (@]

OH

------------ Intermolecular H-bond
O The site with the most significant chemical shift change in 'H-NMR

Figure 7. The prediction of the binding forms of 2,6-DHTA and MSG. These binding forms were
predicted from the information of the chemical shift changes provided by the 'H-NMR measurements.

4. Conclusions

Previous studies have documented the sensitivity and selectivity of taste sensors
treated with 2,6-DHTA for umami substance (MSG and MSA) measurements. In this
study, we used taste sensors and TH-NMR measurements to analyze the mechanisms
underlying the detection of umami substances by taste sensors with surface modification.
Most notably, in the mixed solution of 2,6-DHTA and MSG, significant chemical shift
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changes were observed in both substances with increasing MSG concentration through 'H-
NMR measurements. This demonstrated the existence of the bidirectional intermolecular
interactions between 2,6-DHTA and MSG. By comparing the results of the taste sensors
and the 'H-NMR spectra, we found that the modifiers and analytes need to meet certain
structural factors to generate bidirectional intermolecular interactions. Considering the
results from the 'H-NMR measurements and the presence of carboxyl groups in both
molecules, which can act as H-bond donors and acceptors, we speculate that intermolecular
H-bonds are formed between the two molecules. The H* involved in forming H-bonds
eventually alters the membrane surface charge density. However, there are still some
limitations in the field of detecting umami substances using the taste sensors reported
here. For example, taking into consideration molecular distance as a benchmark, further
exploration of new modifier structures, such as isophthalic acid structural modifiers, can be
undertaken to enhance the sensitivity of taste sensors to umami substances. Additionally,
for other structurally different umami substances, such as IMP (inosine monophosphate)
and GMP (guanosine monophosphate), novel binding modes can be investigated based
on membrane surface modification methods for detection by taste sensors. This approach
will thereby broaden the recognition range, sensitivity, and selectivity of this novel umami
sensor for various umami substances.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemosensors12080146/s1, Figure S1: Chemical shift (5) of MSG
changes with increasing molar ratio in a mixed solution containing; Figure S2: Chemical shift (5) of
MSA and GIn changes with increasing molar ratio in a mixed solution containing.
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Abstract: This paper describes the development of a novel glucose biosensor through the layer-
by-layer technique (LbL). The self-assembled architectures were composed of a positive-charged
silsesquioxane polyelectrolyte, 3-n-propylpyridinium silsesquioxane chloride (SiPy*Cl™), nickel
(IT) tetrassulphophthalocyanine (NiTsPc), and a conductive surface of FTO (fluor tin oxide). The
construction of the biosensor was influenced by the isoelectric point (pI) of the glucose oxidase
enzyme (GOx), which allowed electrostatic interaction between the outer layer of the silsesquioxane
film and the enzyme. The architecture of modified electrode GOx/(SiPy*Cl~ /NiTsPc)5 5 /FTO was
confirmed by UV-Vis, FTIR, and chronoamperometry techniques using different immobilization
methods of GOx. Among the studied methods, a higher variation of current was observed for the
modified electrode formed by mixed LbL films of SiPy*Cl™ and NiTsPc and the enzyme immobilized
by drop coating. The stability and reproducibility of the biosensor were verified when the last layer
containing the enzyme was coated with 0.2% Nafion® polymer. Under these conditions, a linear
response for glucose was obtained in the concentration range of 0.2 to 1.6 mmol L~! (R? = 0.991) with
a limit of detection of 0.022 mmol L. The proposed biosensor was applied to quantify glucose in
two different samples of kombucha juices with accuracy, allowing the glucose content of the healthy
beverages to be estimated.

Keywords: LbL thin films; kombucha beverages; glucose biosensor

1. Introduction

Kombucha is a healthy beverage that is the result of tea fermentation by adding starter
cultures such as yeast and acetic acid bacteria. Sucrose is the most commonly added sugar
in kombucha tea production [1]. Depending on the temperature of fermentation, sucrose
content decreases, which is an expected result of the conversion of fructose and glucose
by yeast cells [2,3]. An indirect way to measure the yeast’s hydrolysis of sucrose into
glucose and fructose by Invertase is to control the content of glucose produced by bacteria,
and a simple device, such as an electrochemical biosensor, may present an alternative
to controlling quality in routine analysis. Applegate et al. developed an analysis of
kombucha using three different techniques for verifying the changes in sugar content
during fermentation of kombucha beverages. The authors demonstrated the accuracy
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of glucometers for quantifying glucose concentrations in kombucha samples [4]. This
directive offers the advantages of developing novel biosensors for glucose quantification in
fermented kombucha samples.

Amperometric glucose biosensors based on the immobilization of glucose oxidase on
the electrode surfaces have attracted considerable interest due to their advantages in terms
of simplicity, short response time, high sensitivity, and excellent selectivity [5,6]. Nanotech-
nology has relevance in biosensing since it can provide alternative ways to immobilize
biomolecules, whose activity must be preserved for long periods [7]. Immobilization of
enzymes on the transducer surface is an important and critical step in the design of biosen-
sors [8]. These biomolecules must maintain their structure and function when immobilized
to retain their biological activity, in addition to remaining tightly bound to the surface and
not being desorbed during the use of the biosensor [9]. In addition, the configuration of
the electrodes and materials is crucial for the immobilization of the bioreceptors on the
electrode surface [10].

A large number of methods have been proposed to immobilize enzymes on electrode
surfaces, concomitantly preserving enzymatic activity and designing efficient electron-
transfer pathways between the immobilized enzyme and electrode surface, preventing
unspecific side reactions [11-13]. Among them, the mostly commonly applied are self-
assembled monolayers [14], Langmuir-Blodgett films [15], sol-gel methods [16,17], and
LbL films [18-22].

As far as biosensing is concerned, the advantages of the LbL technique lie in the
easy control of thickness and possible tuning of molecular architectures to yield tailored
sensing units [23]. There are specific methods to immobilize enzymes on the electrode
surface combined with the LbL technique. 3-n-propylpyridinium silsesquioxane chloride
(SiPy*Cl7) and its analogues are hybrid organic-inorganic materials that possess highly
advantageous properties in biosensing such as biocompatibility and high chemical sta-
bility [24,25]. Nickel(Il) phthalocyanine-tetrasulfonic acid tetrasodium salt (Nitsch) is an
inorganic complex that possesses valuable characteristics in electrochemical sensors [26,27],
such as a good thin film former, a conjugated 7t system that can add electronic properties to
the system, and the anionic nature of the complex that makes it accessible for adsorption in
cationic materials.

One of the strategies to improve the performance and lifetime of the biosensor is the
application of Nafion®. This polymer has been extensively used in the construction of
biosensors since it presents a series of advantages, such as high chemical stability and
biocompatibility [28,29].

In this paper, the glucose oxidase enzyme (GOx) was immobilized on the nanoarchi-
tecture (SiPy*Cl~ /NiTsPc)5 5 /FTO by different methods: adsorption and cross-linking, both
using the coating surface by dropping the GOx on its surface or dipping the modified elec-
trode in a solution of GOx. The biosensor based on the adsorption of GOx onto the modified
electrode that showed a major current response was used to quantify glucose in kombucha’s
beverage samples. The quantification of glucose content in kombucha’s beverages is an
alternative to measuring the hydrolysis of sucrose from the fermented beverage.

2. Materials and Methods
2.1. Enzyme and Chemicals

All reagents were of analytical-grade purity. Glucose oxidase (EC 1.1.3.4 type VII, from
Aspergillus niger, having 100-250 units g ! of activity, isoelectric point at pH 4.2), nickel(IT)
phthalocyanine-tetrasulfonic acid tetrasodium salt (NiTsPc), Nafion®, D(+)—glucose, and
glutaraldehyde (GA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
polyelectrolyte 3-n-propylpyridinium chloride silsesquioxane (SiPy*Cl ™) was synthesized
as described in the literature using pyridine as a ligand [30]. The fluorine-tin oxide, one-side
coated on a glass substrate (FTO), was purchased from Flexitec with Rs = 10-20 Om. The
dimensions of the FTO substrate were length: 1.1 cm, width: 0.7 cm, and thickness: 0.1 cm.
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2.2. Film Assembly

The LbL films were assembled onto FTO-coated glass (fluorine-tin oxide, one-side
coated on glass). Before modification, the FTO substrate was cleaned by immersion in
a mixture of HyO:Hp,O:NH4OH (10:1:1) and heating. After that, it was cleaned with
CHCI; followed by isopropyl alcohol below the boiling point. The (SiPy*Cl~ /NiTsPc),
LbL film, where n = number of bilayers, was carried out as follows: FTO electrodes
were treated with an aqueous solution of 2.0 mg mL~! SiPy*Cl~ (pH 5.2) for 5 min to
form a positively charged surface, then the electrode was dipped in a negatively charged
2.0 mg mL~! NiTsPc solution (pH 5.2) for 5 min. After deposition of each layer, the
film was washed with distilled water and air-dried. This procedure was repeated until
five bilayers were formed. In order to form a positive layer to immobilize the GOx, a
new layer of SiPy*Cl~ was deposited on the surface [29]. After five bilayers formed,
(SiPy*Cl~ /NiTsPc)5/FTO, the electrode was immersed for another 5 min in the SiPy*Cl~
solution, forming (SiPy*Cl~ /NiTsPc)s55/FTO LbL film.

2.3. Enzyme Immobilization on (SiPy*Cl~ /NiTsPc)s5 5/FTO Modified Electrode

Different immobilization methods of the GOx enzyme on the electrode surface were stud-
ied: adsorption and cross-linking, both using the coating surface (SiPy*Cl~ /NiTsPc)s 5/FTO
by dropping the GOx on its surface or dipping the modified electrode in a solution of GOx.
In addition to this, alternative methods using glutaraldehyde as a cross-linking agent were
also used. For a better understanding, these methods were named cross-linking-dip coating
and cross linking-drop coating.

In the drop-coating method, 40 uL of 2 mg mL~! enzyme (25 U) was dropped on the
(SiPy*Cl™ /NiTsPc)5 5 /FTO and stored at 4 °C. In the dip-coating method, the modified
electrode was submerged in a GOx solution at the same concentration as in the previous
method for 24 h at 4 °C. The GOx solution was prepared in PBS buffer at pH 5.5.

In the cross-linking method by drop-coating (cross-linking-drop coating), 10 uL of
a GOx solution was dropped on the (SiPy*Cl~ /NiTsPc)s55/FTO and dried at room tem-
perature (23 °C). Then, 10 pL of glutaraldehyde (GA) (1:1 v/v) were dropped on the GOx
layer and dried at 4 °C. The electrode obtained by the cross-linking dip-coating method
was made by the immersion of (SiPy*Cl~ /NiTsPc)5 5 /FTO in a mixed solution of GA and
GOx for 24 h. All the modified electrodes, denoted as GOx/(SiPy*Cl~ /NiTsPc)55/FTO,
were stored in a PBS buffer of 0.1 mol L—1, pH?7.0,at4 °C.

The Nafion/GOx/(SiPy*Cl~ /NiTsPc)5 5 /FTO electrode was performed by dropping
10 uL of 0.1, 0.2, or 0.3% (v/v) of 5% Nafion® solution in ethanol on the outer layer coated
with GOx, drying at room temperature, and storing at 4 °C. Scheme 1 shows the preparation
of self-assembly LbL films and the biosensor construction.

First Step: Layer-by-Layer self-assembly films of silsesquioxane and nickel(II) phthalocyanine tetrasulphonic
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Scheme 1. Steps of glucose biosensor preparation.
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2.4. Characterization of the Biosensors Obtained by Different Techniques

The UV-Vis spectra of (SiPy*Cl~ /NiTsPc)5 5 /FTO, GOx/ (SiPy*Cl~ /NiTsPc)s5 5 /FTO and
GOx/FTO films were measured with a MultiSpec-1501 spectrophotometer (Shimadzu, Japan).
Infrared spectra of these films were collected as the average of 128 scans, with a resolution
of 2cm™!, in the range from 4000 to 400 cm 1 in the transmission mode, using a FTIR-8400
spectrophotometer (Shimadzu, Kyoto, Japan). All measurements of FTIR were performed
on a Si substrate.

The electrochemical experiments were carried out with a PGSTAT 30 potentiostat
(Metrohm Autolab, Utrecht, The Netherlands), controlled by a personal computer using GPES
version 4.9 software using a conventional three-electrode cell. Chronoamperometric measure-
ments were performed with Ag/AgCl (KCI 3.0 mol L~!) and platinum wire as reference and
auxiliary electrodes, respectively. FTO modified with Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5
films were used as working electrodes in an electrochemical cell with PBS buffer 0.1 mol L~!
pH 7.0 as a supporting electrolyte.

2.5. Determination of Glucose in Kombucha Beverages Samples

The standard addition method was used to evaluate the glucose concentrations in
the samples. The proposed electrode was applied to the determination of glucose in two
beverage samples of kombucha acquired in a local market in Florianépolis, Brazil. For
the determination of glucose in beverages, 9.50 mL of supporting electrolyte and 500 uL
of the sample were used in an electrochemical cell. The chronoamperometric analysis
was performed with different volume additions of a 0.1 mol L~! glucose solution into an
electrochemical cell using the Nafion/GOx/(SiPy*Cl~ /NiTsPc)5 5 /FTO biosensor.

3. Results and Discussion
3.1. Characterization of GOx/(SiPy*Cl~ /NiTsPc)s5 5 Films

The nanoarchitectured film (SiPy*Cl~ /NiTsPc)s 5 presents itself as biocompatible
for immobilization of the GOx enzyme, as described in similar thin films [29]. Since
enzyme activity is dependent on the ionization state of the amino acids in the active
site, pH values play an important role in maintaining the proper conformation of an
enzyme. The pH value optimum of GOx varies from 5.0 to 7.0 [31], at which the enzyme
presents major activity for glucose. However, enzymatic biosensors that present only
biomolecules immobilized by physical adsorption can lose activity over time because
desorption may occur. The surface layer contains SiPy*Cl~ with a positive charge at
pH 5.2 [32], and the GOx enzyme has an isoelectric point of 4.2 [33,34]. Consequently, the
GOx at pH 5.5 is negatively charged. Therefore, the immobilization will occur through
electrostatic interactions while maintaining GOx the native conformation. The formation
of the electrode with the architecture GOx/(SiPy*Cl~ /NiTsPc)s 5 /FTO was monitored by
UV-Vis spectroscopy, as shown in Figure 1A,B.

As observed in Figure 1A, the polyelectrolyte SiPy"Cl™ does not display any absorp-
tion bands in the range of 300 to 800 nm, whereas the aqueous solution of NiTsPc shows its
characteristic absorption bands. The band with major energy at 335 nm (B band or Soret)
is related to the 7r-7t* transition of the macrocycle ring of the phthalocyanine structure
associated with the transition a, — eg orbitals [35]. At 620 and 675 nm, it is assigned to
its dimeric and monomeric species, respectively, due to its transitions between HOMO
and LUMO orbitals attributed to the interactions between Ni and axial ligands of the
phthalocyanine structures, represented by the transition of a;, — eg orbitals [36]. For
(SiPy*Cl™ /NiTsPc)s5 5/FTO LbL film, a slight shift of Q bands at 614 and 664 nm indicates
the incorporation of NiTsPc on LbL film.

The UV-Vis spectrum of GOx solution exhibited two characteristic bands at 375 and
465 nm attributed to 77-77* transitions along the three cycles of the isoalloxazine ring of FAD,
characteristic of the oxidized form of flavin7 groups [37]. Since the enzyme was dropped
onto the (SiPy*Cl~ /NiTsPc)s55/FTO, a weak band at 459 nm was observed, which can be
assigned to the characteristic band of the oxidized form of the flavin7 group in protein
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structure [38], indicating that the GOx was immobilized onto the LbL film. The band in the
region of 375 nm related to the neat GOx (Figure 1A) was supposed to be overlapped by
the Soret band of NiTsPc in GOx/(SiPy*Cl~ /NiTsPc)s 5 /FTO, as seen in Figure 1B. The
position of the Gox band is in good agreement with the work by Zhou et al., in which GOx
was co-immobilized with Au and graphene to further modify a GCE [37]. The shifting of
the bands to lower wavelengths observed in LbL film in relation to the precursor solutions
is attributed to a very strong interaction when SiPy*Cl~, NiTsPc, and GOx are sandwiched
in the platform [39].
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Figure 1. UV-Vis spectra of the (A) aqueous solutions of (—) SiPy*Cl~, (*-- ) GOx and (----)
NiTsPc; (B) (—) (SiPy*Cl™ /NiTsPc)s5 5/FTO and (----) GOx/(SiPy*Cl~ /NiTsPc)s5 5 /FTO LbL films.
Experimental conditions: [SiPy*Cl™] =2.0 mg mL~1; [NiTsPc] = 2.0 mg mL~1; [GOx] 2.0 mg mL~L;
pH = 5.5. For the aqueous solutions, a cell with an optical path of 1.0 cm was used.

FTIR spectra of the Nafion®/GOx/ (SiPy*Cl™ /NiTsPc)355/5i, native GOx/Si, and
Nafion®/Si films are shown in Figure 2. The absorption band for native GOx (Figure 2a)
at 3284 cm ! is assigned to the N-H stretching, and the bands at 1654 and 1537 cm ™! are
attributed to amide I (the C=0 stretching vibrations of the peptide bond groups) and amide
II (the N-H in-plane bending and C-N stretching modes of the polypeptide chains) bands
[40-42]. The spectrum of Nafion® membrane (Figure 2c) showed bands at 1205 (C-F asym-
metric stretching), 1147 (C-F asymmetric stretching), 1056 (S=O symmetric stretching), and
981 cm~! (symmetric stretching C-O-C) [43]. The Nafion®/GOx/ (SiPy*Cl™ /NiTsPc)s 5
spectrum (Figure 2b) also shows two characteristic adsorption bands at 1647 and 1524 cm !,
suggesting that GOx has been successfully immobilized on the LbL film. The presence
of these two bands is indicative that the bioactivity and secondary structure of the GOx
enzyme are maintained after its immobilization on the LbL film. Moreover, two bands at
1226 and 1153 cm ™! related to Nafion® membrane were also observed.

4000 3500 3000 15'00] 1000
wavenumber / cm

Figure 2. FTIR spectra for (a) cast glucose oxidase film, (b) Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5 film,
and (c) cast Nafion® membrane.
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3.2. Studies of Different Methods of GOx Immobilization on LbL Modified Electrodes

Enzyme immobilization on the electrode surface is one of the most important fac-
tors to be considered in the construction of amperometric biosensors [44—47]. Different
immobilization methods of the GOx enzyme on the electrode surface were studied: the
conventional dip and drop-coating methods and using glutaraldehyde as a cross-linking
agent, which are based on electrostatic interaction and covalent bonding, respectively.
These methods were performed using the coating surface ((SiPy*Cl~ /NiTsPc)5 5 /FTO) by
dropping the GOx on its surface or dipping the modified electrode in a solution containing
the GOx in the absence or presence of glutaraldehyde. The aim of this study is to evaluate
the immobilization procedure of the GOx enzyme on the (SiPy*Cl~ /NiTsPc)s 5 LbL film
using the chronoamperometric technique. The current as a function of different glucose
concentrations was monitored to compare each immobilization technique (Figure 3). It
was verified that the drop-coating method (Figure 3—curve a) shows a higher variation
of current and a chronoamperometric profile (results not shown) compared to the other
three methods. It can be inferred that the last layer of polycation (SiPy*Cl™) on the film
architecture provides a strong interaction with GOx since it is negatively charged at pH 5.2
(above the isoelectric point of GOx at pH 4.2) [29]. The reason why inner layers should
not contain GOx is that in this case the enzyme is tightly packed in the layers, thus ham-
pering catalytic activity by blocking glucose diffusion and electron transfer during the
redox process [48,49]. Therefore, when GOx was deposited electrostatically by the dip
coating method on the LbL film, it did not show any significant current response. This
may be attributed to the low amount of enzyme immobilized, so the few active centers
present are saturated with low quantities of glucose, resulting in a significant decrease in
the current signal. For the methods of dip and drop coating, when used in combination
with glutaraldehyde, a considerable decrease in the electrode response is observed. This
behavior is related to the fact that GA promotes cross-linking reactions that may lead to
deep structural changes of the protein and block its active center, causing a decrease in
activity [50].

14
.a
].2_ .
]
10- =
‘T‘E ]
08— ]
m
< . _
e d
~ 44 > P
| [ ] .'o.c
2 L4 3y ¢ v .
0 T T T

00 02 04 06 08 10 12 14 16
1
[glucose] / mmol L

Figure 3. Calibration plot for modified electrodes prepared by different methods of GOx immobiliza-
tion. (a) drop-coating; (b) dip-coating; (c) drop-coating cross-linking with GA; and (d) dip-coating
cross-linking with GA. Experimental conditions: Electrolyte PBS pH 7.0, working potential of —0.1 V
with successive additions of 0.01 mol L~ glucose.

One of the problems associated with electrochemical biosensors is the leaching of
the enzyme from the substrate during the electrochemical measurements [51]. Therefore,
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the repeatability of the electrode obtained by the drop-coating method was evaluated. It
was verified that after the first chronoamperometric measurement with the same electrode,
the current response decreased significantly and the enzyme had been leached from the
electrode to the solution (results not shown). In order to prevent this and to evaluate
the repeatability of the biosensor, Nafion® polymer was used to recover the GOx layer
and protect the enzyme on the electrode surface to improve its stability, even though this
strategy affects the sensitivity of the electrode with the incorporation of this polymer. In
the literature, it has been reported that Nafion® polymer is used as a membrane to recover
electrodes. In addition, it works as an anti-interference barrier on the enzymatic elec-
trodes [52,53]. Miao et al. reported a glucose biosensor based on gold nanoparticles hosted
on nanocomposites of polyvinylpyrrolidone and polyaniline on GCE. The immobilization
of GOx on the topmost electrode was filled with Nafion® dropped on the whole surface,
which improved the operational and storage stability of the biosensor [54].

In order to avoid the loss of activity of the enzyme, the ideal concentration of Nafion® to
recover the GOx on the last layer of the electrode was optimized. The concentrations of 0.1, 0.2,
and 0.3% (v/v) of Nafion® were investigated. Figure 4 shows the calibration plot of different
concentrations of Nafion® used on the GOx/ (SiPy*Cl~ /NiTsPc)s 5/FTO modified electrode.
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Figure 4. Calibration plot of different concentrations of Nafion® on the outer layer of the
GOx/(SiPy*Cl~ /NiTsPc)s 5 /FTO. Electrolyte PBS 0.1 mol L~!, pH 7.0, at an applied potential of
—0.1 V with successive additions of 0.01 mol L~! glucose.

Although the chronoamperometric of the electrode with 0.1% Nafion® on the outer
layer shows the major variation of the current, GOx still leaches from the film after three
successive measurements, as indicated by no amperometric response. The response of
0.3% shows lower current variation, demonstrating the blocking of the analyte by the
biomembrane. The choice of 0.2% Nafion® concentration is attributed to a good chronoam-
perometric profile with good signal compared to two others studied. Furthermore, the
stability of this electrode is enhanced compared with the first one (as can be seen in the
last section). Therefore, for the next studies, the Nafion® concentration was kept at 0.2%.
A very thin film of Nafion® is satisfactory to offer minimal obstruction to the diffusion of
the analyte to the electrode surface while at the same time preventing the desorption of
biomolecules from the electrode surface [55,56].

3.3. Electrochemical Performance of the Glucose Biosensor Nafion/GOx/(SiPy*Cl~/NiT5Pc)5 5/FTO

Figure 5 shows the typical chronoamperometric response curves of Nafion/GOx/
(SiPy*Cl~ /NiTsPc)s 5/FTO on successive additions of glucose to the PBS at 0.1 mol L~ at
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—0.1 V. The response increased linearly with the increase in glucose concentration, ranging
from 0.2 to 1.6 mmol L~! (R? = 0.993). The limits of detection and quantification (LOD and
LOQ) were calculated according to LOD =3 x Sb/B and LOQ =10 x Sb/B, where Sb is
the standard deviation of the intercept and B is the slope of the calibration plot [57]. The
LOD and LOQ values obtained were 0.022 mmol L~! and 0.074 mmol L™}, respectively.
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Figure 5. Chronoamperometric profile of Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5 /FTO. Electrolyte PBS,
0.1mol L1, pH 7.0, applied potential of —0.1 V with successive additions of 0.01 mol L1 glucose.
The inset is the corresponding calibration curve (1 = 3).

The analytical methods reported for the quantification of glucose in kombucha samples
are mostly chromatographic or spectrophotometric. In that regard, the LOD obtained with
the Nafion/GOx/(SiPy*Cl™ /NiTsPc)s55/FTO is between the values obtained by other
studies using LbL electrode systems, as can be seen in Table 1.

Table 1. Comparison between different glucose oxidase LbL-modified electrodes.

. Electrochemical . . Linear Range LOD
LbL Modified Electrode Technique Applied Potential mmol L1 mmol L-1 Ref.
Nafion/GOx/(SiPy*Cl~ /CuTsPc), 5/FTO AMP —0.1Vvs. Ag/AgCl 1.0-10.0 0.16 [29]
GOx/Nafion/(LbL)35/ABS/GCE cv - 0.1-8.0 0.05 [58]
GOx/(CNT/CS/GNp)s/GCE AMP +0.6 V vs. SCE 0.006-5.0 0.003 [59]
(GOx/AMWNTs)s/CA/Au AMP —0.3 vs. SCE 0.1-7.0 0.008 [60]
(GPDDA- B
GOx),/(GPDDA/GPSS); / /ITO AMP 0.3 vs. SCE 0.14-0.95 0.134 [61]
(CS/GLM); /GCE cv - 0.01-10.0 0.00132 [21]
CS*(NG+GOx) /PSS~ /CST(NG+GOx)/ AuQC AMP —0.2vs. Ag/AgCl 0.2-1.8 0.064 [62]
Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5 /FTO AMP —0.1vs. Ag/AgCl 0.2-1.6 0.022 This work

AMP—amperometry; CV—cyclic voltammetry; GCE—glassy carbon electrode; ABS—sulfanilic acid; ITO—
indium tin oxide; CNT—carbon nanotube; GNp—gold nanoparticles; CA—cystamine dihydrochloride;
AMWNTs—amino-terminated multiwalled carbon nanotubes; GPDDA—poly(diallyldimethylammonium chlo-
ride); GPSS—poly (styrene sulfonated); CS—chitosan; GLM—glucose oxidase liposome microreactor; AuQC—
gold quartz crystal; NG—nitrogen-doped graphene; PSS—polystyrenesulfonate.

The reaction of glucose with the catalytic site of the GOx enzyme generates H,O, that
is electrochemically reduced to —0.1V, as can be seen in Scheme 2.
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Scheme 2. Indirect electrochemical detection of glucose using Nafion/GOx/(SiPy*Cl~ /NiTsPc)s55/FTO
by reduction of H,O, generated in the enzymatic reaction.

Table 1 lists some modified LbL glucose biosensors with some analytical parameters
for glucose determination reported in the literature.

The proposed biosensor shows good performance compared to other electrode archi-
tectures, as summarized in Table 1. As one can see, the estimated LOD value is quite promis-
ing, showing that the proposed method based on Nafion/GOx/(SiPy*Cl~ /NiTsPc)5 5 /FTO
is suitable for real-sample routine analysis protocols.

3.4. Reproducibility and Storage Stability of Nafion/GOx/(SiPy*CI~ /NiTsPc)5 5/FTO

The reproducibility of the biosensor was estimated from the responses of 0.38 and
0.64 mmol L~! glucose (PBS, pH 7.0) using three different electrodes prepared by the drop-
coating method. The results revealed that the biosensor has satisfactory reproducibility
(RSD = 0.38 and 1.26%, respectively). The stability of the Nafion/GOx/(SiPy*Cl~ /NiTsPc)s 5/
FTO biosensor has been monitored by the amperometric response for 0.38 and 0.64 mmol
L1 glucose for a period of 23 days, maintaining the biosensor in a PBS solution for
storage. The biosensor retained between 92 and 95% of its original response when stored in
refrigerated conditions (4 °C). These results indicated that the biosensor exhibits higher
storage stability.

3.5. Determination of Glucose Content in Kombucha Beverages

The proposed biosensor was applied to the determination of glucose in two different
commercial kombucha juices (Figure 6). The glucose determination was performed with
the standard addition method. In sample 1 (kombucha with strawberry and hibiscus,
Figure 6A), the estimated concentration was 22.8 mmol L~! (4.11 g L™!) and in sample
2 (kombucha pineapple with mint, Figure 6B), the concentration was 12.62 mmol L~!
(2.27 g L71). It was verified that the fabrication days of sample 1 differed by four days
from sample 2, considering the same manufacturer. It can be inferred that the hydrolysis
of sucrose keeps occurring throughout the day. Similar results were observed in Neffe-
Skociniska et al.’s studies of kombucha’s fermentation on different days (from zero to ten
days of fermentation—1.4-37.7 g L~ + 0.15) [2]. In addition, we have tested the proposed
sensor (SiPy*Cl~ /NiTsPc)5 5 /FTO for the same applications. As can be seen in Figure 6A,B,
there is no response for glucose additions, letting us know that GOx is primordial for
glucose sensing in the electrochemical platform (SiPy*Cl~ /NiTsPc)s 5 /FTO.

These results agree with other published studies using other analytical techniques for
the determination of sucrose fermentation in kombucha samples. Kallel et al. verified the
biochemistry of kombucha samples using high performance anion exchange chromatogra-
phy with pulsed amperometric detection (HPAEC-PAD) and observed the appearance of
glucose and fructose with increasing fermentation time. After that, the authors verified
that the glucose disappearance was more important than that of fructose [63].
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Figure 6. Chronoamperometric response of kombucha beverages and standard addition of
glucose from (A) kombucha juice—sample 1 and (B) kombucha juice—sample 2. Exper-
imental conditions: Applied potential: —0.1 V vs. Ag/AgCl; PBS 0.1 mol L1 using
Nafion/GOx/(SiPy*Cl~ /NiTsPc)5 5/FTO and (SiPy*Cl™ /NiTsPc)s 5 /FTO.

4. Conclusions

We have shown that a simple self-assembly of positively charged silsesquioxane inor-
ganic polymers and anionic nickel(Il) tetrasulphophtalocyanine complex formation films
can effectively act as a support for GOx under accessible conditions. Since the immobiliza-
tion of the enzyme is a crucial step in order to obtain a stable device, these conditions were
evaluated. It was observed that the simple drop-coating method without any cross-linking
agent presented higher current values and that Nafion® in low concentrations improved
the biosensor’s stability and sensitivity. Therefore, a novel sensory platform for glucose
determination was successfully constructed, and the results had appreciable sensitivity,
stability, and detection limits applicable to fermented kombucha samples. These findings
will help determine glucose in other relevant food matrices and samples.
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Abstract: Surfactant-based nanostructures are promising materials for designing novel colorimetric
biosensors based on aggregation/disaggregation phenomena. In this work, a colorimetric sensor
based on the plasmonic shift of surfactant-capped gold nanoparticles via the disaggregation mech-
anism was developed. To perform this, the optimum SDS concentration was firstly determined
in order to form Au@16-s-16/SDS complex aggregates with a well-defined SPR band in the blue
region. Once the optimal SDS concentration for Au@16-s-16 aggregation was established, the sensing
method depended on the nature of the electrostatic charge of the biopolymer studied where both
the strength of the biopolymer/SDS and biopolymer/Au@16-s-16 interactions and the cationic gold
nanoparticles play a key role in the disaggregation processes. As a result, an instantaneous color
change from blue to red was gradually observed with increasing biopolymer concentrations. The
response of the sensor was immediate, avoiding problems derived from time lapse, and highly
dependent on the order of addition of the reagents, with a detection limit in the nanomolar and
picomolar range for DNA and Lysozyme sensing, respectively. This behavior can be correlated with
the formation of different highly stabilized Au@16-s-16/biopolymer/SDS complexes, in which the
particular biopolymer conformation enhances the distance between Au@16-s-16 nanoparticles among
the complexes.

Keywords: gold nanoparticles; gemini surfactants; colorimetric sensor; colloid aggregation—disaggregation;
biopolymers

1. Introduction

Accurate and reliable biopolymer determination is of immense importance not only for
its role in the pharmaceutical industry but also for medical applications [1]. For instance, in
the case of DNA, its successful detection can have an important impact on many important
areas of research such as invasive-species research, medical diagnostics, drug development,
or environmental health [2]. Additionally, DNA detection makes up an important tool in
identifying the presence of genetic diseases such as cancer [3]. Likewise, protein detection
has been shown to be useful for clinical diagnosis, treatment, and biological research [4].
In particular, Lysozyme is a cationic bacteriolytic protein and important biomarker whose
abnormal concentration in serum and urine can be related to the presence of many diseases
such as leukemia, meningitis, renal infection, and even the presence of cancer cells [5,6].
Importantly, in the case of lysozyme, the production of an excess of this protein, detectable
in urine and other biological fluids such as blood serum, was shown to be a good indica-
tor of the presence of monocytic and myelomonocytic leukemia (both subtypes of acute
myeloid leukemia) in the 1960s [7,8]. Moreover, it was postulated that some alterations in
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renal function are associated with these types of leukemia, which would cause a decrease
in the reabsorption of lysozyme in the kidney, leading to a disease called lysozymuria [9].
Specifically, acute lymphoblastic leukemia, which is currently considered the main type of
childhood leukemia, causes a sharp decrease in serum lysozyme concentration with respect
to control cases [10,11]. In view of this great need, therefore, multiple biopolymer measure-
ment methods have been developed such as colorimetry [12], Raman spectroscopy [13],
fluorimetry [14], mass spectrometry [15], chromatography [16], gel electrophoresis [17],
lab-on-chip methods [18], and electrochemical sensing [19]. For the conventional methods,
such as DNA detection using fluorescent labels in combination with amplification by poly-
merase chain reaction (PCR), several major drawbacks still remain to be overcome. The
main reason for this disadvantage is related to the need to use complex algorithms and
expensive instrumentation [20]. Particularly in the case of the detection of proteins such as
Lysozyme, in addition to the abovementioned limitations, high instrument dependence is
combined with low sensitivity and time lapse due to the long period required for sample
incubation [21]. Moreover, commercial kits for detecting serum Lysozyme concentration
involve the use of expensive antibodies requiring preservation (limited to 2-8 °C) and
qualified personnel to manipulate and analyze the samples [7,22]. Therefore, it is clear that
further simplification in terms of the time, cost, instrumentation, and complexity of sample
preparation is needed, with all of this needed to effectively take these implementations
from the laboratory to the production line. Among these sensing modalities, colorimetric
sensors based on nanoparticles (NPs) provide several great advantages in comparison with
other sensing methods, such as the high capability of surface modification of nanoparticles
and simple biorecognition [23]. Furthermore, since physicochemical properties including
charge, hydrogen-bonding ability, hydrophobicity /hydrophilicity, and surface topology
can easily be modulated on the surface of NPs, nanosystems provide a versatile scaffold
for biosensor output [24]. Specifically, AuNPs can be readily fabricated in sizes comparable
to proteins, facilitating high-affinity interactions [25]. In a recent work, anisotropic gold
nanostructures were used in an electrochemical biosensor to detect cardiac tiopronin I, with
a wide range of detection from 0.06 to 100 ng/mL with high selectivity [26]. In another
work, a colorimetric sensor array based on walnut-like Au@MnQO, nanoparticles and MnO,
nanostars was developed for detecting alkaloids. The sensor is based on the etching of two
kinds of nanomaterials by choline action [27]. The design and working principle of the
colorimetric methods is based on significant changes in NPs” optical light absorption due to
biopolymer recognition, and related changes in the position and intensity of the nanopar-
ticles” SPR bands [23]. However, the major drawback of such colorimetric biosensors is
related to the time needed for biopolymer recognition, since the mechanism of action of
the majority of AuNPs-based colorimetric sensors is established in biopolymer-induced
nanoparticle aggregation [28-33]. In fact, aggregation events are frequently time-dependent,
with aggregation kinetics in the range of hours or even days, clearly limiting their practi-
cal application [34—40]. Our strategy relies on in situ reversible disaggregation processes
induced by biopolymers starting from a previously aggregated colloidal system. Our
initial biosensing studies involved biopolymer identification employing negatively charged
Au@citrate nanoparticles linked to a monomeric cationic gemini surfactant, forming aggre-
gated complexes as biopolymer receptors [41]. Our efforts have concurrently been directed
towards enhancing the sensitivity of the method. For this reason, in this report, we used
arrays of cationic gold nanoparticles covered with gemini surfactants featuring an SDS
single-chain surfactant on the surface in order to obtain aggregated complexes.

The aim of this work was to develop a new method to detect large biomolecules
with a well-defined global charge. To perform this, we selected DNA and Lysozyme as
model systems of highly negative and positive charge biomolecules, respectively. The
sensing strategy and detection mechanism of large biomolecules described in this work are
illustrated in Scheme 1. At first, to carry out the biosensor construction, it was necessary
to find out the SDS concentration at which gold colloid aggregation was maxima. When
SDS concentrations are below the CMC, the SDS is in its monomer form and the favor-
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able electrostatic and hydrophobic interactions among cationic Au@16-s-16 nanoparticles
and the anionic surfactants induce the formation of Au@16-s-16/SDS aggregates. Then,
for nanocomplex disaggregation processes induced by biomolecule addition, the global
charge of them and their affinity for both SDS surfactant and cationic gold nanoparticles
plays a key role, in such a way that when the biomolecules have a well-defined posi-
tive charge, as in the case of Lysozyme, a competitive binding for the SDS that forms
part of the Au@16-s-16/SDS aggregates is given, promoting Au@16-s-16 disaggregation.
Thus, sensor construction for positively charged biomolecules is based on the addition
method, A, in which increasing concentrations of the positive biopolymer are added to
the previously formed Au@16-s-16/SDS aggregates, promoting the gradual disaggrega-
tion of the complexes and a color change in the solution that passes from blue to red.
Note that Au@16-s-16/Lysozyme/SDS complexes are also formed due to the high affinity
of Au@16-s-16 nanoparticles with the biopolymer (see Scheme 1). On the other hand,
when well-defined negative-charge biopolymers such as DNA are sensed, the interaction
biopolymer/SDS is almost negligible and, thus, the competitive binding for the surfactant
is not feasible. Thus, in this case, the addition method B is operative. In this way, the
biopolymer is firstly added to the nanoparticles followed by the SDS surfactant at a fixed
concentration that guarantees the maxima Au@16-s-16/SDS aggregation. As a result, the
favorable interaction DNA/Au@16-s-16 causes gradual Au@16-s-16/SDS complex dis-
aggregation with increasing biopolymer concentration. Consequently, the color of the
solution gradually passes from blue to red. In the specific case of DNA, a well-defined
Au@16-3-16/DNA /SDS network is formed in which gold nanoparticles are well separated
from each other, guaranteeing the gold colloid disaggregation. Thus, the detection strate-
gies involving Lysozyme and DNA are not the same and depend on the global charge of
the biomolecule studied. Precisely, one of the advantages of this work compared with the
previous one based on Au@citrate/12-s-12 complexes is the nature of the surfactant used
to form the initial aggregates [41]. Note that the negative charge of SDS makes DNA /SDS
interaction not feasible and, consequently, the method of detection changes depending on
the global charge of the studied biopolymer. Moreover, two kinds of surfactants play a key
role in the biosensor: (i) the positively charged 16-s-16 gemini surfactant that integrates
the Au@16-s-16 nanoparticle and (ii) the negative charge SDS monomer. This results in
the formation of more stable Au@16-s-16/SDS aggregates induced by the highly favored
electrostatic and hydrophobic interactions among the surfactants. This characteristic of the
new rearrangement allows a more gradual disaggregation process, expanding the range of
concentrations in which the sensor response is linear as well as its sensitivity. On the other
hand, another advantage of this work in comparison with the use of nanosystems based
on surfactants is related to the simplicity of the sensor. In a previous work, an array of
surfactant-stabilized gold nanoparticles that used CTAB or SDS as a monomeric surfactant
was employed to distinguish different proteins. The results showed that higher protein con-
centrations in the solution were required to induce nanosystem aggregation under higher
CTAB concentrations [42]. However, in this work, the sensor response is based on the use of
fixed gold nanoparticle and SDS concentrations, which contributes to simplifying both the
data analysis and sensor construction. Different methods based on colorimetric approaches
and electrochemical methods have been developed to detect different biomolecules such as
DNA or Lysozyme [43-46]. The main advantages of this work with respect to the previous
ones are: (i) the rapid response of the sensor in the order of seconds which highly reduces
the time cost for biomolecule determination, especially in the case of Lysozyme; (ii) the
simplicity of the method that does not require qualified personnel for its determination
and requires less complex protocols; (iii) the versatility of the method that permits detect-
ing both positive- and negative-charge biomolecules by changing the addition order of
the reactants; and (iv) the stability of the nanocomplexes which contributes to gaining
reproducibility and storage stability for commercial purposes. Thus, the novel method is
sensitive and fast compared with other colorimetric methods reported in the literature. For
instance, a polymer—aptamer detection probe based on the AuNPs crosslinking strategy
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has served to detect Lysozyme through the UV-visible technique with a detection limit of
4.4 nM [47]. In another recent work, this protein was detected in human urine based on the
use of Au@citrate of 15 nm and colorimetric analysis based on CIEL*a*b* with a detection
limit of 4 uM [48]. In the case of DNA, Au@xcitrate nanoparticles were used to detect DNA
based on SPR displacement with an LOD of 1 uM [49]. In another work, a more complex
nanosystem based on oligonucleotide-modified AuNPs was used to detect genomic DNA
with an LOD of 600 pM [50]. The greater physicochemical interaction between Au@16-s-
16/SDS and biopolymers permits their recognition from the molar to the nanomolar or
picomolar range of concentration for DNA and Lysozyme, respectively, with Au@16-s-16
SPR band modification from blue to red at about 200 nm. Taken together, these studies
demonstrate that through the tuning of the AuNPs receptor structure and charge, highly
effective and sensitive array-based sensors for biopolymers can be produced. However,
the mechanism of molecular recognition developed in this work should be individually
designed and adapted taking into account the global charge of the biomolecule and the
media used in the quantification to be able to expand the pool of available analytes.
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Scheme 1. Proposed sensing strategy for biomolecule detection based on gold nanoparticle
color changes.

2. Experimental Section
2.1. Materials

All commercial chemicals mentioned were of Anal. R. Grade. The biopolymers used
were Lysozyme (from chicken egg white) and calf thymus DNA. Both reactants were
purchased from Sigma-Aldrich-Merck KGaA (Darmstadt, Germany). Donor equine serum
was purchased from Cultex (165H30074.03, CULTEK, Hanover, Germany). Hydrogen
tetrachloroaurate (III) trihydrate, sodium cacodylate, and 3-aminopropyltriethoxilane
(APTES) were also purchased from Sigma-Aldrich-Merck KGaA (Darmstadt, Germany).
Sodium borohydride (NaBH4) was purchased from Panreac Quimica S.L.U (Barcelona,
Spain). No protein contamination was evaluated measuring the absorbance ratio of DNA
stock solutions at 260 nm and 280 nm (Apeo/Azgy = 1.87) [51]. The average number of
DNA base pairs (mean bp) was tested in a previous work by using electrophoresis and
ethidium bromide as biomarker. As a result, the DNA mean size in base pairs was higher
than 10,000 [52]. DNA polynucleotide concentrations, given in phosphate groups, were
determined spectrophotometrically from the molar absorptivity (6600 M~! cm~! at 260
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nm) [53]. The temperature of the samples was maintained at 298.0 £ 0.1 K in all the
experiments, and the water used for preparing the samples had a conductivity of less
than 107% Sm~!. The working pH for the experiments in water and in horse serum media
was 6.4 and 7.4, respectively. Total concentrations of DNA and Lysozyme biopolymers,
gold nanoparticles covered with 16-s-16 gemini surfactant, and the SDS surfactant in a
working solution will now be referred to as Cpna, Crysozyme, CAu@i16-s-16 (S =3 or 6), and
Csps, respectively.

2.2. Synthesis and Characterization of Cationic 16-3-16 and 16-6-16 Gemini Surfactants

To synthesize the gemini surfactant compounds, 0.05 mol of «,w-dibromoalkane and 0.12
mol of N,N-dimethylalkylamine was mixed in 100 mL of acetonitrile as the solvent. Then, the
resulting solution was stirred under reflux for 20 h. Upon cooling, a white solid was recovered
with filtration. The obtained samples were recrystallized from ethyl acetate. This process
was repeated up to five times and, finally, the products were dried under a vacuum [54].
The gemini-obtained were characterized using the mass spectrometry technique [55], nuclear
magnetic resonance spectroscopy, and elemental analysis. Critical micelle concentrations
(CMC) of the surfactants were measured by using the surface tension technique. As a result,
values of 2.4 x 107> M and 3.2 x 107> M for 16-3-16 and 16-6-16, respectively, were obtained
at 298 K. The obtained results are in accordance with the values reported by Zana et al. [56].
For more details of gemini surfactant characterization, see the SI of this paper.

2.3. Synthesis of Au@16-3-16 and Au@16-6-16 Gemini-Surfactant-Capped Gold Nanoparticles

Gold nanoparticles functionalized with gemini surfactants were prepared following
a similar process developed by our group [57]. A modification of the Turkevich method
was used for which Au®* ions were reduced to Au® ions using NaBH, as a reducing
agent, obtaining stable nanoparticles [58]. Au@16-s-16 nanoparticles were synthesized
using NaBHy (100 uL, 0.4 M) as a reductant for hydrogen tetrachloroaurate (III) hydrate
(HAuCly-4H,0) (390 pL, 23 mM) and the appropiate gemini surfactant concentration as
a stabilizing agent (30 mL of 16-3-16 or 16-6-16 gemini surfactant 1 - 10~* M aqueous
solutions). A yellow solution that was stirred for 5 min was obtained at first when the
surfactant was added to the gold. Then, a freshly prepared borohydride solution was
added drop by drop to the gold—surfactant mixture. The sample was stirred moderately for
15 min in darkness and, finally, a reddish-color solution was obtained. TEM measurements
and the Image] sofware program were used to characterize the size and morphology of the
synthesized nanoparticles. For this, a sample set of over 200 nanoparticles was used. As a
result, we obtained monodisperse Au@16-3-16 and Au@16-6-16 gold nanoparticles whose
mean size was found to be 3.8 £ 0.8 nm and 4.1 &+ 0.9, respectively (see Figure S1). The
total concentration of the colloidal stock solution was taken from the average nanoparticle
size obtained from the TEM (see Section 2.4.3) and considering the reduction process was
fully accomplished. As a result of this, Cay@16-s-16 Wwas 1.74 x 107" Mand 1.38 x 10~/ M
for Au@16-3-16 and Au@16-6-16, respectively.

2.4. Methods
2.4.1. UV /Vis Spectroscopy

A CARY 500 SCAN UV-vis-NIR (Ultraviolet/Visible/Near Infrared) UV-vis spec-
trophotometer (Varian, Markham, ON, Canada) was used to measure absorbance spectra,
by using a standard quartz cell of 1 cm path length. The temperature of the measurements
was fixed at 298.2 K and the wavelength range explored for measuring the spectra was
400-800 nm. The wavelength accuracy and spectral bandwidth were +0.3 and 1 nm, re-
spectively. The Au@16-s-16/SDS samples prepared to study the aggregation process were
incubated for 15 min to ensure the stabilization of the system after recording the absorbance
spectra. In contrast, the disaggregation experiments of the complexes in the presence of
biomolecules were carried out in situ. This is because we proved that the solutions were
stabilized quickly. Absorbance titration experiments were carried out at a fixed colloidal
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gold concentration of Caya@ie-3-16 = 1.74 X 1078 M and Caua@ie6.16 = 1.38 x 1078 M for
all the experiments. The samples were repeated three times and the relative error was
calculated to be < 5%. Moreover, it was checked that the samples were stable for at least
24 h of their preparation.

To measure biopolymer/16-s-16 equilibrium binding constants, a fixed Cy¢.4.16 Was
used, and Cpjopolymer Varied from 5.0 x 108 M t0 8.0 x 107* M and from 5.0 x 10~° M
to 1.0 x 10~* M for DNA and lysozyme, respectively. Absorbance data at 525 nm and
516 nm were then analyzed in accordance with the Hildebrand-Benesi model for Au@16-
3-16/biopolymer- and Au@16-6-16/biopolymer-based systems, respectively [59,60] (see
Section 3.2 for more details).

2.4.2. Deconvolution Procedure

The deconvolution of experimental absorbance spectra was carried out with the help
of Fityk deconvolution software (version 0.9) [61]. The absorbance spectra of distinct
nanosystems were always fitted to two Gaussian functions. The deconvolution model was
based in the use of two absorbance bands: one of them centered at around 526-548 nm
and 515-551 nm for Au@16-3-16/SDS and Au@16-6-16/SDS systems, respectively, that
was assigned to the nonaggregated nanoparticles, and another Au@16-s-16 absorbance
band quite far above 540 nm that was associated with aggregated nanoparticles. The
second band can be assigned to particles with different size distributions depending on
the aggregation state of the analyzed sample. Moreover, a variable linear function was
included to ensure the best fit. The functionality of the added function was to correct the
possible effect of residual gold salts remaining in the solution as well as the effect of light
scattering phenomena in each sample [62,63].

2.4.3. TEM Measurements

Isolated gemini surfactant nanoparticles and Au@16-s-16/SDS complexes were placed
on a copper grid coated with a carbon film for TEM examinations. The samples were
dispersed in water as solvent and a total of 10 puL of nanoparticles or the complex solution
was dropped onto the copper grid. The samples were then air-dried at room temperature
for a period of 2 h. The size of gold nanoparticles was analyzed in Figure S1. EDS
measurements were employed to confirm the presence of gold in the Au@16-s-16/SDS
complexes. Figure S2 shows EDS spectra in which the presence of K and L lines associated
with the gold element demonstrated the presence of gold in the nanocomplex. Moreover, the
intensity (counts) versus position (nm) profiles for Au@16-s-16/SDS complexes provided
values of d = 0.24 nm in both nanosystems (see Figure S3). TEM analysis was performed
in a high-resolution TEM-TALOS F200S electron microscope (FEI Company, Hillsboro,
OR, USA) equipped with an energy-dispersive X-ray spectrometer and working at 200 kV.
Image] 1.52a software was used to analyze the obtained TEM images.

2.4.4. Zeta Potential Measurements

The zeta potential charges of the free nanoparticles and Au@16-s-16/SDS complexes
were measured in water after 15 min of sample preparation and stabilization. A Zetasizer
Nano ZS from Malvern Instrument Ltd. (Worcestershire, UK), which employs a laser
Doppler velocimeter (LDV) to quantify the velocity of the particles based on their elec-
trophoretic mobility, was used to measure the Zeta potential (C) values. The type of cell
used was a DTS1060 polycarbonate capillary cell thermostatized to 298 K. The number of
sample repetitions was at least six in each case. To prepare the samples, Cay@16-s-16 CONcen-
trations were fixed at 1.74 x 1077 M and 1.38 x 10~7 M for Au@16-3-16 and Au@16-6-16,
respectively, while Cgps was varied from 1.0 x 107 M to 1.0 x 1073 M.

2.4.5. Atomic Force Microscopy Measurements (AFM)

The AFM micrographs were obtained with a Molecular Imaging Picoscan 2500 (Agilent
Technologies, Las Rozas, Madrid, Spain). Images were registered in air and in tapping
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mode using scan speeds of 0.5 Hz. To perform this, silicon cantilevers (Model Pointprobe,
Nanoworld Neuchatel, Switzerland) were used; the resonance frequency was 240 kHz
and the nominal force constant was 42 N/m. In order to guarantee the correct complex
formation, in all cases, the total biopolymer concentrations were fixed at 5.0 x 107> M and
1.0 x 107> M for DNA and Lysozyme, respectively. These concentrations were selected in
accordance with results obtained from TEM microscopy and UV-visible spectrophotometric
titrations. To prepare samples for AFM visualization, a freshly cleaved mica surface was
firstly modified with 0.1% (v/v) APTES in water solution. An incubation time of 20 min was
used to modify the mica surface with APTES. This process was followed by washing of the
surface with ultrapure water, which was then dried with air. Next, a total of 100 puL of each
sample was dropped onto the APTES-modified mica surface. After 60 min of adsorption,
the sample was washed with doubly distilled water and then air-dried. Subsequently, the
AFM images were acquired and flattened to remove the background slope [64].

3. Results and Discussion
3.1. Au@16-s-16 Aggregation Induced by Anionic SDS Surfactant: Optimization of
Biosensor Configuration

As previously mentioned, contrary to what occurs in aggregation processes, disaggre-
gation processes occur instantaneously under the appropriate conditions. Consequently,
for the development of an efficient response in a biosensor, it could be relevant to find a
system configuration permitting the study of colloidal gold disaggregation phenomena.
Thus, the first step of this work was to determine the optimum SDS concentration to induce
Au@16-5-16 aggregation in the absence of any added biomolecule. For this purpose, it
is crucial to find a well-defined SPR band of the Au@16-s-16/SDS aggregated complex
located in the blue region around 600-700 nm. Firstly, it allows the incorporation of an SDS
anionic surfactant to cationic Au@16-s-16 gold nanoparticles, and the formation of the com-
plex is fundamentally promoted by attractive electrostatic interaction. At concentrations
below the CMC of the anionic surfactant [65], SDS monomer interactions promote gold
nanoparticle aggregation, leading to a color change in the solution from red to blue, visible
to the naked eye (see Figures S4 and S5). Moreover, when we represent the maximum
wavelength of the SPR band for the aggregation of the Au@16-s-16/SDS systems as a
function of Cgpg concentration, it is possible to distinguish the optimum aggregation of
Au@16-s-16 nanoparticles in the maximum observed for Figures S4 and S5, that is, 651 nm
and 650 nm for Au@16-3-16/SDS and Au@16-6-16/SDS systems, respectively, at a Cgpg
concentration of 30 uM in both cases. In addition, Figures 1A and S6A denote a great shift
in the maximum wavelength of the SPR band of 125 nm and 135 nm for Au@16-13-16 and
Au@16-6-16, respectively, where the maximum passes from 526 nm (in the absence of SDS)
to 651 nm for Au@16-13-16, and from 515 nm to 650 nm in the case of the analogous s = 6
derivative. As previously mentioned, this behavior can be explained considering the favor-
able electrostatic interaction between the anionic SDS surfactant and the positively charged
Au@16-s-16 nanoparticle. It is important to note that the positive charge of the particles
emerges from the adsorption of the 16-s-16 cationic gemini surfactants onto the colloid’s
surface. Note that this process occurs when gold nanoparticles are synthesized [57]. It
is significant that the aggregation process is progressive and time-dependent as to when
a purple color is observed (see Figures 54 and S5) and a time lapse of approximately
15 min is required for Au@16-s-16/SDS complex stabilization working below the CMC.
Furthermore, when we analyzed the absorbance results in depth, we noted that changes
in the maximum SPR bands for both systems upon aggregation were accompanied by
a shift in the absorbance intensities at the maximum wavelength (650 nm and 651 nm
for s = 3 and s = 6 nanosystems, respectively) to higher values (see Figures 1C and S6C),
together with a concurrent decrease in the absorbance intensities at 526 nm and 515 nm
for the s = 3 and s = 6 systems, respectively, whose wavelengths were selected to represent
the behavior of the nonaggregated systems. However, starting from Cgpg = 30 pM above
the maximum aggregation concentration, the trend in the absorbance spectra with Cgpg
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concentrations was opposite to that previously described (see Figures 1B and S6B). In this
sense, the absorbance intensity clearly decreased at the maximum wavelength (in blue)
and increased at the minimum wavelength (in red). Therefore, two zones can be clearly
distinguished in the graph of the absorbance data versus Cgpg concentrations: a change
zone and a stabilization zone that begin near the CMC value (see Figures 1D and S6D).
Furthermore, the final state of the system at the higher SDS concentration was similar to
the Au@16-s-16 isolated system; namely, when the surfactant self-assembled into micelles
over CMC, no color change was observed with respect to the control. According to the
bibliography, a valid explanation for this behavior would be that the formation of SDS
micelles allows the Au@16-s-16 nanoparticles to remain separated from each other through
steric impediment even upon interaction with the surfactant [66,67].
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Figure 1. Absorbance titration of the Au@16-3-16/SDS system at a fixed Cauy@16-s-16 = 1.74 X 1078 M
concentration and its corresponding absorbance intensities at A} = 526 nm and A, = 651 nm wave-
lengths. (A) Aggregation experiments. Red spectrum, Cgpg = 0 uM; blue spectrum, Cgpg = 30.0 uM;
black-spectrum arrow direction, Cgpg = 1.0, 5.0, 10.0 and 20.0 uM. (B) Disaggregation experiments.
Red spectrum, Cgpg = 0.07 M; blue spectrum, Csps = 30.0 uM; black-spectrum arrow direction,
Cgps =40.0 uM, 50.0 uM, 60.0 uM, 75.0 uM, 10.0 mM, 50.0 mM, 75.0 mM, 1.0 mM, 2.0 mM, 3.0 mM,,
4.0 mM, 5.0 mM, 6.0 mM, 7.0 mM, 8.0 mM, 9.0 mM, 0.01 M, 0.02 M, 0.03 M, 0.04 M, 0.05 M, and 0.06 M.
(C) Absorbance intensities of aggregation experiments versus Csps. (D) Absorbance intensities of
disaggregation experiments versus Cgps.

However, this model of interaction is highly conditioned by the nanoparticle/micelle
size ratio. In our case, the mean diameter of the Au@16-s-16 nanoparticles was found to
be 3.8 nm and 4.1 nm for the s = 3 and s = 6 derivative, respectively. Furthermore, the
published values for the diameter of an SDS anionic micelle are between 3.5 and 4.0 nm,
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very similar to gold nanoparticles in solution [68,69]. Accordingly, it is reasonable to
assume that for Cgpg concentrations over CMC, the interaction of the negatively charged
micelles with positively charged gold nanoparticle surfaces acts as a steric impediment
among nanoparticles, avoiding colloidal aggregation. Additionally, at concentrations below
but close to CMC, the formation of surfactant aggregates on Au@16-s-16 nanoparticles
could be the reason for the observed gradual color change, becoming purple in solutions
near CMC. In light of this, since the formation of the micelles is not yet fully completed, it
seems that the size of the aggregates can in part prevent the aggregation phenomena (see
Figures 5S4 and S5). At concentrations over CMC, the surfactant-gold solutions returned to
the red color exhibited by isolated nanoparticles, and no aggregation was observed. Note
that these results are in good agreement with the model proposed by Kazakova et al., who
studied the interactions of citrate-capped gold nanoparticles with an SDS surfactant [67].

The color changes observed, and thus the associated changes in the maximum wave-
length of Au@16-s-16/SDS systems, can be used to give an approximation of the CMC
of SDS surfactants. Therefore, a graphical representation of the SPR maximum wave-
length (Apiax) with Cgpg near and above CMC allowed us to distinguish two very distinct
branches that can be assimilated in two straight lines (see Figure 2). CMC was then calcu-
lated through the intersection of those lines. The implementation of this methodology for
CMC determination through Ayax measurements gave very close values for SDS by using
both Au@16-s-16 systems: a value of 7.2 x 1073 M and 7.7 x 107> M fors =3 and s = 6
derivatives, respectively. Note that these CMC values in water are in good agreement with
those reported by Khan et al. [70] who found a CMC value of 8.0 x 1073 M.
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Figure 2. CMC determination for SDS surfactant following changes in maximum SPR wavelength.
(A) Au@16-3-16/SDS system. (B) Au@16-6-16/SDS system.

It is important to note that a better approximation was obtained for CMC determination
employing Au@16-s-16 A\jax measurements than that based on the use of Au@citrate of 10
nm core size, where a CMC value of 7.5 x 10~* M in the presence of 0.01 M of NaCl was
found [67], in comparison with data previously reported by Williams et al. of 1.46 x 1073 M
under identical experimental conditions [71]. This fact can be explained taking into account
two fundamental differences with previous similar methodology: the smaller diameter of
Au@16-s-16 nanoparticles compared to Au@citrate and the cationic character of the gemini-
surfactant-based nanosystem. Therefore, one of the applications of this colorimetric system
based on cationic gold nanoparticles is the CMC determination of distinct anionic surfactants.
Finally, the SPR experimental spectra of Au@16-s-16/SDS systems were analyzed in depth
using a simple deconvolution procedure in order to obtain the isolated contribution of
each individual band. For this purpose, the experimental spectra were divided into two
contributions: the band corresponding to the nonaggregated and the aggregated system
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with A} max and Ay nax as characteristic parameters, respectively, as well as its corresponding
area of peaks (see Section 2.4.2). The data in Table 1 show that the nonaggregated system is
represented by a narrow peak, Aj max, Which varies between 526 and 548 nm and 515 and 551
nm for Au@16-3-16/5DS and Au@16-6-16/SDS systems, respectively. Consequently, this
peak corresponds not only to the isolated gold nanoparticle but also to the nonaggregated
complexes formed between Au@16-s-16 and SDS in monomeric and micelle forms.

Table 1. Deconvolution parameters for the experimental spectra obtained by Au@16-3-16/SDS and
Au@16-6-16/SDS systems.

Au@16-3-16/SDS System Au@16-6-16/SDS System
A1, max/nm A2, max/nm A1, max/nm A2, max/nm
Csps(M) (Area;) (Areap) Csps/M (Areay) (Areay)
0 526 — 0 515 —
1.0 x 107° 527 — 1.0 x 107° 517 —
5.0 x 107¢ 528 — 5.0 x 1076 518 —
1.0 x 107> 528 — 1.0 x 107° 519 —
2.0x10°° 547 (2.03) 646 (9.02) 2.0 x 107> 550 (1.83) 648 (10.81)
3.0 x 1075 548 (1.94) 651 (10.17) 3.0 x 1075 551 (1.82) 650 (10.84)
40 % 107> 547 (2.03) 647 (9.01) 40 x 105 534 (3.39) 605 (6.39)
5.0 x 107> 540 (2.28) 615 (7.06) 5.0 x 107> 524 (1.12) 571 (5.09)
6.0 x 107 533 (2.51) 589 (5.56) 6.0 x 107> 524 (1.08) 569 (5.21)
7.5 x 1072 () 531 — 7.5 % 107> 528 —

(*) Data specification for the first concentration at which the deconvolution process is not necessary for
each system.

In addition, the broader red-shifted peak, Ay max, was only due to the assembly of
Au@16-s-16 in the presence of monomeric SDS, since from Cgpg = 75 uM, only a single
peak was visualized and the deconvolution procedure was not needed. On the basis of
the results given in Table 1, the magnitude of the aggregation—-disaggregation processes
measured using the maximum changes registered in both peaks was very similar in both
Au@16-s-16 systems. However, these processes were only slightly greater in the case of
Au@16-6-16, which is in accordance with the more precise CMC value obtained for this
system. To verify or not the aggregation/disaggregation processes of gold nanoparticles
detected with the absorbance spectroscopy technique as a consequence of anionic SDS
surfactant addition, TEM experiments were carried out (see Figure 3).

To verify the aggregation/disaggregation processes of gold nanoparticles detected with
the absorbance spectroscopy technique as a consequence of anionic SDS surfactant addition,
TEM and DLS experiments were carried out. Two different aggregation states for the Au@16-
s-16/SDS systems can be observed as a function of the SDS concentration. When the SDS
concentration was far below the value of the CMC of SDS in water, large-size aggregates
could be seen (see Figure 3A-F). Hence, the interaction of monomeric anionic SDS surfactant
with highly cationic gold nanoparticles covered with 16-3-16 and 16-6-16 gemini surfactant
resulted in colloid aggregation, where favorable electrostatic and hydrophobic interactions
probably played a key role in this process. Note that the size of the aggregates was very
similar in the two nanosystems explored, with values that varied between 200 and 800 nm,
revealing that the nature of the spacer length was negligible. However, for solutions prepared
at SDS concentrations very near or above the CMC, the disaggregation process took place in
both Au@16-s-16/SDS systems (see Figure 3G-I). A close examination of Figure 31 reveals
that SDS micelles could probably act as an electrostatic barrier for Au@16-s-16 aggregation,
showing well-spaced colloids. Note that this assumption is in accordance with the model
proposed by Kazakova et al. and Kuong et al. [66,67] in that when the surfactant concentration
was above CMC, the formation of the micelles led to the separation of distinct nanoparticles
and the solution turned red. In addition, as the nanoparticle/SDS micelle size ratio was
close to 1 in both cases (1.01 for s = 3 and 1.09 for s = 6 derivative), steric hindrance between
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the nanoparticles and SDS micelles could reinforce the disaggregation phenomena. Both
aggregation/disaggregation behaviors described using the TEM measurement were in good
agreement with the results obtained using DLS and spectrophotometric titration, showing a
corresponding increase/decrease in both the hydrodynamic size of the complexes and the
spectra maximum wavelength with varying SDS concentrations. The results obtained from
DLS are given in Table 2 and Figure S7, showing different steps of aggregation/disaggregation
processes observed for Au@16-s-16/SDS nanosystems.

Figure 3. TEM images of aggregation/disaggregation processes for Au@16-s-16 nanoparti-
cles in the presence of monomers and micelles of SDS, Cauai63-16 = 1.74 x 1078 M and
Cau@16-6-16 = 1.38 x 1078 M in the samples. (A-C) Au@16-3-16/SDS system, Cgpg = 3.0 X 1075 M;
(D-F) Au@16-6-16/SDS system, Cgps = 3.0 X 107> M; (G,H) Au@16-3-16/SDS system,
Csps = 1.5 x 1073 M; (I) Au@16-6-16/SDS system, Cspg = 1.5 x 1073 M.
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Table 2. Values of the hydrodynamic diameters of different Au@16-s-16 nanoparticles and Au@16-s-

16/SDS structures.
Csps/M Au@16-3-16/SDS Au@16-6-16/SDS
0 (3.6 £ 0.5) nm (3.9 £ 0.5) nm
5.0 x 1075 (748 + 11) nm (400 + 12) nm
1.0 x 1073 (18 & 4) nm (15 & 4) nm

Considering the hydrodynamic sizes values in Table 2, it can be concluded that at
Csps below the CMC, the diameters of the Au@16-3-16/SDS aggregates was greater than
those of the analogous Au@16-6-16/SDS nanosystem. Furthermore, at Cgpg above the
CMC, the size of the Au@16-s-16 structures was not exactly the same as that observed
in the absence of the monomeric surfactant. This result seems to support the idea that
SDS micelles play a key role in Au@16-s-16 disaggregation in the absence of biomolecules
(see Scheme 1). Despite the fact that the aggregation/disaggregation processes have
been verified using absorbance spectroscopy, DLS and TEM microscopy techniques, the
possibility that electrostatic forces may mediate such SDS/Au@16-s-16 interactions still
needs to be confirmed. In order to verify the importance of electrostatic Au@16-s-16/SDS
interactions, zeta potential experiments were performed; the results are given in Figure 4.
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Figure 4. Zeta potential of the gold nanoparticles as a function of the SDS concentrations. (A) Au@16-
3-16/SDS system. (B) Au@16-6-16/SDS system.

As shown in Figure 4A,B, for both systems, the highly positive charge of the free gold
nanoparticle strongly diminished when a small quantity of SDS surfactant was added to the
solution, in such a way that the charge switched from 50 mV to 3.1 mV and from 34.3 mV to
1.7mV at 2.5 x 10~° M for the Au@16-3-16/SDS and Au@16-6-16/SDS systems, respectively.
The charge was then inverted to a small global negative charge of —17.5mV and —14 mV
at 5.0 x 107> M, and remained below —20 mV up to 6.5 x 107> M. Note also that these
results are in good agreement with the data in Table 1, in which the deconvolution of the
measured spectra was needed for both systems from 2.0 x 107> M to 6.0 x 107> M due to
the overlapping spectra of the free and aggregated colloid in the solution. As is known,
low values of zeta potential may be associated with colloid aggregation/flocculation
phenomena that occur due to the action of van der Waals attractive forces among the
nanoparticles [72]. Hence, it is clear from the zeta potential analysis that the driving forces
for particle aggregation are mainly electrostatic in nature. Moreover, the observed sharp
decrease in zeta potential at Cgpg values below the CMC is in accordance with the idea that
the coating of SDS is responsible for the Au@16-s-16 aggregation at concentrations well
below the CMC. This fact contributes to the destabilization of the colloidal suspension by
eliminating nanoparticle repulsions.

Once the changes in the nanoparticle aggregation state as a function of Cgpg concen-
trations were analyzed in depth using UV-vis, TEM, DLS and zeta potential techniques, the
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optimization of the biosensor configuration was tackled. The sensor was prepared in two
consecutive steps: (i) the formation of aggregated Au@16-s-16/SDS complexes as a starting
point, followed by (ii) the disaggregation phenomena of the formed complexes, induced
by the nanoparticle/biopolymer interaction which occurred gradually as a function of
Chiopolymer- As previously discussed, at concentrations below the CMC for SDS, the direct
interaction between the monomeric anionic surfactant and the gold nanoparticle induced
the aggregation of the system, leading to a color change from red to blue easily detected by
the naked eye. Thus, taking into account the Cgpg concentration needed for the maximum
colloid aggregation (Cgpg = 30 uM), the formation of Au@16-s-16/SDS complexes was
firstly accomplished. To this end, a mixture of gold nanoparticles and SDS with final concen-
trations of Cgpg = 30 pM and nanoparticle concentrations of Caya@i6-3-16 = 1.74 % 108 Mor
Cau@ls6.16 = 1.38 x 1078 M, respectively, was first prepared, giving blue colloidal solutions.
The colloid disaggregation phenomenon was then induced by adding increasing amounts
of biopolymer to the aggregated Au@16-s-16/SDS complexes, with the changes in the
aggregation state of the nanosystem being mediated by the strong interaction between
the biopolymer and gold nanoparticles. As a result, the color of the solution gradually
changed from blue to red. These changes were accompanied by quantitative changes in the
maximum SPR band as a function of Cpiopolymer, leading to biopolymer sample quantifica-
tion. The method suitability was tested using DNA and Lysozyme as examples of model
systems for biomolecule recognition, working in a concentration range from 1.0 nM to 0.55
mM and from 1.0 pM to 0.1 mM for DNA and Lysozyme biopolymers, respectively. Two
possible addition orders were analyzed for each nanosystem. In method A, the surfactant
was first added to the nanoparticle solution, followed by the biopolymer. In method B, the
addition order was the opposite:

(A) Au@16-s-16 + SDS + Biopolymer;

(B) Au@16-s-16 + Biopolymer + SDS.

As a result, no significant changes in the color or SPR band position were obtained for
DNA detection in method A or lysozyme detection in method B, independent of the biopoly-
mer concentration. Moreover, the gold nanosystem underwent aggregation features in all
samples. Therefore, we considered discarding these methods in the explored nanosystems.
However, considerable changes were registered for the opposite method in each system,
namely for method B for DNA and method A for Lysozyme. The spectrophotometric
results are given in Figures 5,6 and S8.

From these results, it can be deduced that DNA can protect gold nanoparticles against
the SDS aggregation, with this protective effect being greater with increasing Cpiopolymer-
These results are in line with those for the interaction of Au@citrate nanoparticles with
DNA in the presence of low NaCl electrolyte concentrations, in which such favorable
DNA /Au@citrate interactions protect the nanosystem from salt-induced aggregation [57].

However, the most striking feature of this work is the way in which Lysozyme was able
to induce Au@16-s-16/SDS disaggregation following addition method A, where Au@16-s-
16 and SDS were previously mixed together. This effect could be due to two possible causes:
(i) the interaction between the Lysozyme and SDS, with SDS sequestration in the biopolymer
structure hindering the aggregation of the nanosystem, or (ii) the direct Lysozyme/Au@16-
s-16 interaction that induces SDS liberation to the bulk solution, including the possibility
of induced biopolymer conformational changes. To analyze these possibilities in depth
and shed light on the sensing mechanism for DNA and Lysozyme, in the next section, we
evaluate both the binding interactions between the species and the structural features of
these interactions.
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Figure 5. Absorbance titration of aggregated Au@16-s-16/SDS nanosystems at different Cpya
concentrations (addition method B). (A,B) Cpna = 0 uM (blue spectrum), Cpna = 580 uM (red
spectrum), Cpna = 0.050, 0.10, 0.50, 0.75, 1.00, 5.00, 10.0, 30.0, 100.0, and 500.0 uM (black spectrum,
arrow direction). (C,D) Absorbance versus Cpna, red (nonaggregated nanoparticles) and blue points
(aggregated nanoparticles) correspond to absorbance data at fixed wavelength. (A,C) Au@16-3-
16/SDS/DNA system and (B,D) Au@16-6-16/SDS/DNA system. (E) Detailed view of corresponding
color changes for Au@16-3-16/SDS/DNA system. (1) Cpna =0 uM, (2) Cpna =0.050, (3) Cpna = 0.10,
(4) CDNA =0.50, (5) CDNA =1.0 uM, (6) CDNA =10.0 },LM, (7) CDNA =30.0 LLM, (8) CDNA =100.0 },LM,
and (9) Cpna = 580.0 M.

3.2. Binding Interactions and Sensing Mechanism for DNA and Lysozyme Detection

The anionic surfactant SDS interacts with cationic Au@16-s-16 gold nanoparticles but
not with DNA [73]. Thus, to avoid SDS-induced nanoparticle aggregation, it is necessary
to add the biopolymer to the mixture before adding the anionic surfactant. Hence, optimal
colorimetric changes were obtained with addition method B. In contrast to this, in the
case of Lysozyme, the situation is completely different: SDS forms a stable complex with
lysozyme without causing gross conformational changes in the enzyme molecule [74].
The great strength of the binding is controlled by both the hydrophobic regions and
positive charges of the protein, and the hydrophobic tail and the negative charge of the
detergent, with an association constant of 514 (M~!) in direct SDS micelles [75,76]. The
binding enthalpy determined from the ITC isotherm depends on the SDS concentration:
at a low SDS concentration (<3 mM), it was —7.15 kJ/mol, indicating that binding was
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predominantly via the electrostatic interaction, while at high surfactant concentrations,
the nature of binding was cooperative, with the equilibrium binding constant decreasing
exponentially with increasing lysozyme concentration [77]. Thus, since Lysozyme is able to
interact with SDS, a competitive binding between SDS and Lysozyme for gold nanoparticles
could be responsible for the optimal colorimetric changes registered with addition method
A. The equilibrium binding constants for biopolymer/Au@16-s-16 can be determined
following the absorbance changes at the maximum SPR for Au@16-s-16 nanoparticles upon
biopolymer addition using the Hildebrand—Benesi approach [59,60]. According to this
approach, the binding of a nanoparticle (Au) to a free biopolymer site (S) to produce an
occupied site (AuS) can be expressed by the following reaction:

Au+SE Au )
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Figure 6. Absorbance titration of aggregated Au@16-s-16/SDS systems at different Cpysozyme con-
centrations (addition method A). (A,B) Crysozyme = 0 M (blue spectrum), Crysozyme = 100 pM
(red spectrum), Crysozyme = 0.001, 0.005, 0.01, 0.05, 0.50, 0.65, 1.00, 5.00, 10.0, 50.0 and 75.0 and
100.0 M (black spectrum, arrow direction). (C,D) Absorbance versus Cryzozyme, red (nonaggregated
nanoparticles) and blue points (aggregated nanoparticles) correspond to absorbance data at fixed
wavelength. (E) Detailed view of corresponding color changes for Au@16-3-16/SDS/Lysozyme
system. (1) Crysozyme = 0 BM, (2) Crysozyme = 0.001, (3) Crysozyme = 0.005, (4) Crysozyme = 0.05,
) CLysozyme =1.0 uM, (6) CLysozyme =10.0 uM, (7) CLysozyme =50.0 uM, (8) CLysozyme =75.0 uM,
and (9) Crysozyme = 100.0 uM.

Denoting the optical absorbance of the nanoparticle in the presence of biopolymer
or SDS, the optical response in its absence, and the molar extinction coefficient of the
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i-th species as A, Ay, and ¢i, respectively, it was shown that the concentrations of the
gold nanoparticle/biopolymer complex and the free nanoparticle were: [AuS] = (A — Ap)/
(eaus — €au) = AAbs/Ae and [Au] = Cpy — [AuS], respectively. Consequently, both the
equilibrium constant, defined as K = [AuS]/([Au] x [S]), and the value of the difference in
the extinction coefficients of the nanocomplex and the nanoparticle, Ae = €545 — €Ay, can be
evaluated from titration data using iterative fits to an extension of the Hildebrand-Benesi
equation [78]:

CAuxCS AAbs\ 1 Cau +Cs
( AAbs | ad ) _Ker+< Ae > @

The values of the binding constants for DNA /Au@16-s-16, Lysozyme / Au@16-s-16
and Au@16-s-16/5SDS interactions calculated from Equation (2) are collected in Table 3; the
curve fitting for distinct Au@16-s-16/biopolymer complexes is given in Figure S9.

Table 3. Equilibrium binding constants for the interaction among the reactants.

KM-1) Au@16-3-16 Au@16-6-16 SDS
DNA (1.2 £ 0.5) x 10°@ (5.1 £0.5) x 10*@ —®
Lysozyme (8.40 + 0.04) x 106 @ (9.0 +£0.5) x 10°@ 514 ©
SDS (254 0.2) x 10*@ (1.21 £ 0.13) x 10*@

(a) Fit to Equation (2) of the absorbance data at the maximum of SPR band. (b) Estimation from reference [73].
(c) Data obtained from reference [75].

From these results, it can be observed that gold nanoparticle/biopolymer binding
was highly favored for both biopolymers and the associated binding free energy of the
interaction was more negative than that corresponding to the SDS/biopolymer interac-
tion. It is important to note that the strength of the interaction was higher in the case of
Lysozyme. This fact is in line with colorimetric results, in which DNA biopolymer exerted
an important protective effect on SDS-induced Au@16-s-16 aggregation (see Figure 5).
However, it does not explain the behavior of the nanosystem based on Lysozyme, in which
it was necessary to add the biopolymer to the previously mixed Au@16-s-16/SDS com-
plex (addition method A) to effectively accomplish the disaggregation processes. Thus,
the explanation of such behavior could be related to biopolymer conformational changes
and must be explored with other structural techniques. In this sense, we used the highly
sensitive AFM technique to explore the existence and nature of possible conformational
changes induced in the biomolecules. In particular, we selected the system configuration in
which we observed complete disaggregation for each nanosystem according to the results
described in Figures 5 and 6; taking into account the appropriate order of addition, the
results are given in Figures 7 and 8. Figure 7A-C show that when the SDS surfactant was
added to the Au@16-3-16/DNA mixture using method B, the APTES-modified mica surface
was covered with a large-scale two-dimensional x-y DNA network. In these structures,
biopolymer aggregation was mediated by cross-linking features and some condensation
events were evident from the existence of globular condensates along the biopolymer
chains. Moreover, bright dots coincident with DNA chains could be observed; their height
in the z-direction was compatible with the size of the isolated Au@16-3-16, taking into ac-
count the typical DNA height in the z-direction. The mean size of the dots from the analysis
of more than 200 particles measured in the z-direction was (4.8 = 1.1) nm. This value can
be directly compared with the size of Au@16-3-16 measured with TEM (3.8 & 0.8) nm and
the DNA heights in the z-direction, which had a mean value of 1.2 nm. Given the DNA
deformation induced by the force applied to the AFM tip, the DNA height in the z-direction
was somewhat smaller than the theoretical values of 2 nm, in accordance with Bustamante’s
hypothesis [79]. The similarities between the sizes of the dots coincident with DNA chains
suggests that the complexes observed in the z-direction were formed as a consequence of
the highly favored Au@16-3-16/DNA interaction, and the gold nanoparticle’s multiple
binding sites were easily exposed to the biopolymer. The situation was quite different for
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the analogous 16-6-16-based nanosystem depicted in Figure 7D-F. That is, the presence
of a large-scale DNA network in the x-y direction was replaced by the existence of large
aggregates of about 20 nm and (10.3 & 1.6) nm in the x-y and z-direction, respectively, in
which some free DNA chains protruded outward. Moreover, some nanoparticles remained
outside the nanocomplex. This fact suggests that the Au@16-6-16/DNA interaction and
the distance between the nanoparticles along the DNA chains were not sufficient to main-
tain the stability of the DNA x-y network, and the biopolymer tended to collapse around
Au@16-6-16-bound nanoparticles, forming the aggregates observed in the z-direction.

3.4Tam 237 am

2. frum]

Zm]

Figure 7. AFM topography images of Au@16-3-16/DNA/SDS and Au@16-6-16/DNA /SDS systems
adsorbed on APTES-modified mica surface under Au@16-s-16 disaggregation conditions, and the
corresponding size distribution of Au@16-s-16 nanoparticles along the selected lines. Reactant
concentrations used were: Cpu@i6.3-16 = 1.74 x 1078 M, Cay@i66-16 = 1.38 x 1078 M, Cgpg = 30 uM,
and Cpna = 1.0 x 107> M. (A-C) Au@16-3-16/DNA /SDS system. (D-F) Au@16-6-16/DNA /SDS
system (addition method B).

In the case of the Lysozyme-based nanosystem, favorable lysozyme/SDS binding
influenced the nature of the nanostructures observed. Figure 8 shows that given the size
of the free Lysozyme proteins, with a particle size of around 2.5 nm [41] and a mean
size of the free nanoparticles measured by TEM of less than 5 nm, it is clear that both
Au@16-s-16/SDS/Lysozyme nanocomplexes originated aggregates in the z-direction. The
size of the particles in the z-direction was very similar among the distinct nanostructures,
with an average size of (10.3 £ 1.6) nm and (12.5 £ 1.8) nm for 16-3-16 and 16-6-16-
based nanosystems, respectively. However, larger aggregates were observed from the
AFM analysis, with a size of about 2 um in the x-y direction in the case of the Au@16-
6-16/SDS/Lysozyme nanosystem; these were much larger compared to the analogous
16-3-16-based nanosystem.

To verify the size of the nanostructures observed using AFM technique, we performed
DLS experiments in the presence of biomolecules. The results obtained are given in Table 4
and Figure S10. The hydrodynamic values observed in the table reveal the existence of large
x-y aggregates for Au@16-3-16/DNA /SDS and Au@16-6-16/SDS/Lysozyme nanosystems,
respectively. Moreover, the progress of the Au@16-s-16/SDS disaggregation phenomena
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with increasing biopolymer concentration could be observed when comparing the value of
the hydrodynamic diameter in the absence of the biomolecule with those obtained at very
low Cpiopolymer concentrations, in which the formation of such structures were still in an

early stage (see Table 4).
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Figure 8. AFM topography images of Au@16-3-16/Lysozyme/SDS and Au@16-6-16/Lysozyme/SDS
systems adsorbed on APTES-modified mica surface under Au@16-s-16 disaggregation condition, and
the corresponding size distribution of Au@16-s-16 nanoparticles along the selected lines. Reactant
concentrations used were: Cauais-3-16 = 1.74 x 1078 M, Can@ie6.16 = 1.38 x 1078 M, Cgpg = 30 uM,
and Crysozyme = 1.0 107> M. (A-C) Au@16-3-16/SDS/ Lysozyme system. (D-F) Au@16-6-
16/SDS/Lysozyme system (addition method A).

Table 4. Values of the hydrodynamic diameters of different Au@16-s-16 nanosystems in the presence
of fixed Cgpg = 5.0 x 1072 M concentration and biomolecules.

Cgiomolecule/M Au@16-3-16/Biopolymer/SDS Au@16-6-16/Biopolymer/SDS
0 (748 + 11) nm (400 + 12) nm
C —10 x 10-6 dq = (220 £ 10) nm, 5% dy = (106 £ 14) nm, 2%
DNA = & dy = (43 + 5) nm, 95% dy = (33 + 7) nm, 98%
_ dy = (450 & 6) nm, 96%
— 4 1 s
Cpna =5.0 x 10 dy = (50 + 6) nm, 4% (11.7 + 1.3) nm
_ d; = (342 + 17) nm, 7%
_ 8 1 ’
Clysozyme = 5.0 X 10 (615 + 21) nm dy = (79 = 3) nm, 93%
Clysozyme = 1.0 x 107 (44 £ 3)nm (712 + 14) nm

To summarize, distinct types of aggregates were observed for both DNA- and Lysozyme-
based nanosystems: (i) a large-scale network in the x-y direction for the Au@16-3-16/DNA /SDS
system without aggregation in the z-direction, (ii) small aggregates with an average
size of 20 nm and 10.3 nm in the x-y and z directions, respectively, for the Au@16-6-
16/DNA/SDS system, (iii) small aggregates in the z-direction of 10.3 nm in size for the
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Au@16-3-16/5DS/Lysozyme nanosystem, and (iv) large aggregates of 12.5 and 2 pm in the
z and x-y directions, respectively, for the Au@16-6-16/SDS/Lysozyme nanosystem.

However, there were certain similarities among the aggregates depending on the type
of gemini surfactant that integrated into the nanosystem. Specifically, nanosystems based on
16-3-16 gemini surfactant were smaller in size in the z-direction, and the distance between
the neighboring Au@16-3-16 nanoparticles was greater than in the case of the homologous
16-6-16 nanosystem. In fact, this special spatial distribution of the nanoparticles among the
complexes could contribute to the differences in the absorbance response pattern observed
in Figures 5 and 6, in which the amplitude of absorbance changes in the aggregate band
was more evident for 16-3-16-based nanosystems in both biopolymers. On the other hand,
focusing again on the type of surfactant used to functionalize the nanoparticle, it can
also be noted that the 16-3-16 derivatives produced more stable Au@16-s-16/biopolymer
complexes (see Table 3). Therefore, the strength of the binding Au@16-s-16/biopolymer, the
nature of the aggregates, and the distance between the nanoparticles in the nanocomplexes
could directly influence the aggregation state of the original nanosystem and, consequently,
the sensitivity of the sensor. To correlate these aspects with the sensitivity of the sensor,
the changes observed in the SPR experimental spectra of Au@16-s-16/SDS systems in the
presence of biomolecules were analyzed in depth using deconvolution procedures (see
Figure S11). The results are summarized in Tables 5 and 6.

Again, two characteristic bands were displayed when the deconvolution procedure
was applied; one can be assigned to nonaggregated particles, designated A1, and the other
to aggregated nanosystems, designated A;, which diminished as the Cpiopolymer increased
in each case. Taking into account the values of the peak area assigned to each wavelength
A1 and Ay, it seems evident that, at low biopolymer concentrations, the main contribution
to the SPR band corresponded to the aggregated systems. Subsequently, the magnitude of
the nonaggregated peak area gained importance until a certain concentration was reached,
at which point a unique SPR band appeared.

Table 5. Deconvolution parameters obtained from Au@16-s-16 spectra in the presence of DNA and
SDS following the addition method B (Au@16-s-16 + DNA + SDS). Gold nanoparticle and SDS
concentrations were fixed in all experiments (Cay@16-3-16 = 0.174 nM, Cayai6-6-16 = 0.138 nM, and

Csps = 30 uM).
Au@16-3-16/DNA Au@16-6-16/DNA

A1, max/nm A2, max/nm A1, max/nm A2, max/nm

ConaM) (Areay) (Areay) Cona/™M (Areaq) (Areay)
0 548 (1.94) 651 (10.17) 0 551 (1.82) 650 (10.84)
50 x 1078 548 (1.68) 642 (11.08) 5.0 x 108 547 (1.87) 639 (10.01)
1.0 x 1077 545 (1.65) 640 (10.73) 1.0 x 1077 545 (1.70) 638 (10.15)
5.0 x 1077 544 (1.66) 638 (10.71) 5.0 x 1077 544 (1.73) 634 (9.51)
1.0 x 107° 543 (2.02) 620 (9.17) 75 %1077 542 (1.71) 632 (9.93)
5.0 x 1076 (¥) — 539 1.0 x 107 542 (1.73) 629 (9.31)

50 x 1076 — 538

(*) Data specification for the first concentration at which the deconvolution process is not necessary for
each system.

Table 6. Deconvolution parameters obtained from Au@16-s-16 spectra in the presence of Lysozyme
and SDS following the addition method A. Gold nanoparticle and SDS concentrations were fixed in
all experiments (CAu@16—3-16 =0.174 nM, CAu@16—6—16 =0.138 nM, and CSDS =30 HM).

Au@16-3-16/Lysozyme Au@16-6-16/Lysozyme
A1, max/nm A2, max/nm A1, max/nm A2, max/nm
Crysozyme(M) (Areap) (Areay) Crysozyme/M (Areap) (Areay)
0 548 (1.94) 651 (10.17) 0 551 (1.82) 650 (10.84)
1.0 x 107? 545 (1.92) 640 (12.83) 1.0 x 107? 547 (1.71) 637 (10.44)
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Table 6. Cont.

Au@16-3-16/Lysozyme Au@16-6-16/Lysozyme

A1l max/nm A2 max/nm A1 max/nm A2 max/Nnm

Crysozyme(M) (’Afi’-al) (,Ar:az) Crysozyme/M (Ar:al) (’Araeaz)
5.0 x 1077 545 (1.96) 639 (9.20) 5.0 x 107 543 (1.71) 629 (9.18)
1.0 x 108 545 (2.06) 637 (10.60) 7.5 x 1077 541 (1.86) 628 (9.36)
5.0 x 108 544 (2.47) 631 (8.50) 1.0 x 108 542 (1.76) 627 (9.21)
1.0 x 1077 543 (2.27) 623 (8.92) 5.0 x 108 541 (1.73) 625 (9.44)
5.0 x 1077 (*) — 553 1.0 x 1077 541 (1.78) 624 (9.62)
5.0 x 1077 541 (1.68) 616 (8.47)
1.0 x 107 539 (1.70) 614 (7.07)
50 x 1076 534 (1.84) 604 (7.21)

1.0 x 1075 (%) — 586

(*) Data specification for the first concentration at which the deconvolution process is not necessary for
each system.

As illustrated in Figure 9, the plots of In (1/AA) vs. In(Cpiopolymer/ AA2) gave a
linear calibration curve for all the nanosystems regardless of the surfactant used or the
biopolymer detected.
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Figure 9. Colorimetric response patterns obtained with colorimetric sensors in water, showing the
linear relationship between 1/A\; logarithms and the logarithms of the quotient between biopolymer
concentration and AX,. (A) Au@16-3-16/SDS/DNA system. (B) Au@16-6-16/SDS/DNA system.
(C) Au@16-3-16/SDS/Lysozyme system. (D) Au@16-6-16/SDS/Lysozyme system.
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The analytical method developed in water media was validated using horse serum
media to assess the possible matrix effect in the sensor response. Figure 10 shows the
plot of In (1/AA;) vs. In(Cpiopolymer / AA2), giving a linear response in the same range of
concentrations verified in water for all the studied nanosystems. These results support the
selectivity and validity of the method due to the presence of multiple components in the
serum media that can act as possible interferences in the measurement process.
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Figure 10. Colorimetric response patterns obtained with colorimetric sensors in horse serum media,
showing the linear relationship between 1/A\; logarithms and the logarithms of the quotient between
biopolymer concentration and AA;. (A) Au@16-3-16/SDS/DNA system. (B) Au@16-6-16/SDS/DNA
system. (C) Au@16-3-16/SDS/Lysozyme system. (D) Au@16-6-16/SDS/Lysozyme system.

However, looking at the values of the ordinate (y() and the slope (m) of the curves
collected in Table 7, it is clear that the specific colorimetric response was distinct for
each nanosystem and the type of media used, in such a way that given the slope val-
ues, the best sensitivity was obtained for the Au@16-3-16/DNA /SDS nanosystem (see
Figures 9A and 10A), and in general, when the 16-3-16 gemini surfactant was used. More-
over, the detection limit (LOD) and quantification limit (LOQ) values were calculated
as LOD =3.3 x o/m and LOQ = 10 x o/m, where o is the standard deviation of the
response [80].
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Table 7. Values for limit of detection (LOD), limit of quantitation (LOQ), and linear regression
parameters (slope = m and y intercept = y, and standard deviation = SD) for DNA and Lysozyme
quantification based on colorimetric response obtained from data in Figures 9 and 10.

System m Yo SD LOD LOQ
Au@16-3-16/DNA /SDS (water) —0.519 £ 0.02 —5.80 £0.10 0.194 8§ nM 24 nM
Au@16-6-16/DNA /SDS (water) —0.498 £ 0.02 —0.570 +0.10 0.198 9nM 27 nM
Au@16-3-16/SDS/Lysozyme (water) —0.44 +0.02 —5.77 £ 0.11 0.185 0.12nM 0.37 nM
Au@16-616/SDS/Lysozyme (water) —0.304 £ 0.017 —4.89 £0.08 0.109 8.5 pM 25.7 pM
Au@16-3-16/DNA/SDS (horse serum) —0.966 + 0.05 —10.4 +0.30 0.230 0.24 nM 0.73 nM
Au@16-6-16/DNA /SDS (horse serum) —0.846 £ 0.04 —9.45 £ 0.30 0.240 0.50 nM 1.52 nM
Au@16-3-16/SDS/Lysozyme (horse serum) —0.581 £ 0.03 —8.51 £ 0.25 0.140 3.1pM 9.5pM
Au@16-6-16/SDS/Lysozyme (horse serum) —0.322 + 0.015 —5.99 +0.14 0.143 3.5pM 11 pM

Taking into account these values for each nanosystem, again, the colorimetric response
suitability was presented in the following order: Au@16-3-16/SDS/Lysozyme > Au@16-6-
16/SDS/Lysozyme > Au@16-3-16/DNA /SDS > Au@16-6-16/DNA /SDS. As a result, the
Au@16-3-16-based nanosystem presented a better sensing response for each biopolymer
studied here. Finally, a comment about the variation in the sensor response in the presence
of horse serum seems to be pertinent. Note that some of the serum components were even
biomolecules of high molecular weight such as gamma globulin, lactose dehydrogenase, or
albumin. Additionally, there were other smaller biomolecules such as creatinine or bilirubin
that could also interfere in the measurement. However, we demonstrated that if the
concentration of serum is fixed in the measurement, the sensor response varies but retains its
linearity in the same range of DNA and Lysozyme concentrations, supporting the validity
of the method. Thus, correlating the colorimetric response with the thermodynamic and
structural features analyzed at the beginning of this section, we can conclude that: (i) the
greater the biopolymer-nanoparticle interaction is, the better the sensor response obtained;
(ii) if the biopolymer/SDS interaction is negligible, it is better to add the biopolymer to the
mixed Au | @16-s-16/SDS complex according to addition method A; (iii) the presence of
larger aggregates in the z-direction is unfavorable for the sensitivity of the method; (iv) the
higher the interparticle distance in the nanocomplex is, the better the sensor response and
sensitivity obtained. Note that maximum nanoparticle separation was obtained in the
specific case of the formation of cross-linking aggregates in the x-y direction.

4. Conclusions

Biopolymer sensing was controlled following Au@16-s-16/DNA/SDS or Au@16-s-
16/Lysozyme/SDS complex disaggregation using the UV-visible spectroscopic technique.
The disaggregation procedure was accompanied by changes in the SPR band and color
changes from blue to red that were visible to the naked eye, with a limit of detection in the
picomolar range for lysozyme sensing.

Thermodynamic and structural studies using UV-visible spectroscopy, DLS, and AFM
techniques served to gain insight into better nanosystem configuration, in which factors
such as favorable Au@16-s-16/biopolymer binding, the absence of z-aggregates, and the
interparticle distance among nanoparticles in aggregates are key parameters to be optimized
and controlled for a better sensor response. In this sense, a better linear response was
observed for both Au@16-3-16/DNA/SDS and Au@16-3-6/SDS/Lysozyme nanosystems,
highlighting, from a structural perspective, the formation of cross-linking aggregates that
favor both the distance between nanoparticles in the complexes and the absence of z-
aggregates. These facts demonstrated that controlling the structural and binding features
among the components of the nanosensor is crucial for the effective sensing of biomolecules
using colorimetric methods.

Finally, the colorimetric method developed was shown to be simpler, faster, and more
sensitive compared to other previously reported colorimetric, fluorimetry, mass spectrome-
try, chromatography, gel electrophoresis, and electrochemical methods. Moreover, the new
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approach resolves problems associated with time lapse determination, especially in the case
of Lysozyme, which usually requires a long incubation period for sample quantification.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors11040207 /s1, Figure S1: TEM images and size distribution
of Au@16-s-16 nanoparticles in water. Figure S2: EDS spectra for Au@16-s-16/SDS complexes.
Figure S3: Intensity versus position profiles for Au@16-s-16/SDS complexes showing the d spacing
among gold atoms. Figure S4: Changes in maximum SPR wavelength as a function of CSDS
concentration for the Au@16-3-16/SDS system, and associated color changes. Figure S5: Changes
in the maximum SPR wavelength as a function of Cgpg concentration for the Au@16-6-16/SDS
system, and associated color changes. Figure S6: Absorbance titration of the Au@16-6-16/SDS
system and its corresponding absorbance intensities versus Cgpg concentrations. Figure S7: DLS
results for Au@16-s-16/SDS complexes. Figure S8: Absorbance titration of aggregated Au@16-s-
16/SDS systems at different Cpigpolymer concentrations, showing irreversible aggregation processes.
Figure S9: Analysis of the absorbance titration data according to the Hildebrand-Benesi model for
Au@16-s-16 /biopolymer systems in water. Figure S10: DLS results for Au@16-s-16/SDS complexes
in the presence of biomolecules. Figure S11: Example of deconvolution of experimental SPR spectra
obtained using Method B at three different Cpya concentrations. Table S1: Values of the CMC of
16-s-16 gemini surfactants obtained by the surface tension tech-nique and their comparison with
other values reported in the bibliography.
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W N e

Abstract: Hydrogen sulfide (H;S) and sulfur dioxide (SO;) are two typical decomposition byproducts
of sulfur hexafluoride (SFy), commonly used as an insulating medium in electrical equipment; for
instance, in gas circuit breakers and gas insulated switchgears. In our work, fiber-like p-CuO/n-ZnO
heterojunction gas sensing materials were successfully prepared via the electrospinning method to
detect the SFg decomposition byproducts, H,S and SO, gases. The sensing results demonstrated
that p-CuO/n-ZnO nanofiber sensors have good sensing performance with respect to HyS and
SO;. It is noteworthy that this fiber-like p-CuO/n-ZnO heterojunction sensor exhibits higher and
faster response-recovery time to HS and SO,. The enhanced sensor performances can probably
be attributed to the sulfuration—desulfuration reaction between HjS and the sensing materials.
Moreover, the gas sensor exhibited a high response to the low exposure of H,S and SO, gas (below
5 ppm). Towards the end of the paper, the gas sensing mechanism of the prepared p-CuO/n-ZnO
heterojunction sensors to SO, and H»S is discussed carefully. Calculations based on first principles
were carried out for Cu/ZnO to construct adsorption models for the adsorption of SO, and H,S gas
molecules. Information on adsorption energy, density of states, energy gap values and charge density
were calculated and compared to explain the gas-sensitive mechanism of ZnO on SO, and Hj;S gases.

Keywords: electrospun synthesis; CuO/ZnO p-n heterojunctions; SFs decomposition byproducts;
H,S and SO,; sensing performances; sensing mechanism; first principles

1. Introduction

SF¢ as a common insulating gas. It is commonly used as the insulating medium for
various types of gas-insulated equipment [1,2]. Despite the high stability of SFs at normal
operating temperatures, under conditions of discharge fault caused by arcs, sparks and
partial discharges, some SFs molecules react with small amounts of water and solid insula-
tion materials and decompose into various typical decomposition by-products, including
SOy, HyS, SOF;, SO, F; and other gases and solid byproducts [3]. Thus, one of the effective
methods for identifying and diagnosing early faults in SFq gas-insulated equipment is
the detection of typical decomposition components of SFq gas [4,5]; the development of
technology, photoacoustic (PA) spectroscopy [6], gas chromatography [7] and infrared ab-
sorption spectrometry [8] is put into practice for SFs decomposition component detection.
However, the methods mentioned above are offline monitoring means for analyzing the
insulation status. In terms of online analysis of insulation status, gas sensor detection
methods have been well developed recently [9,10]. Zhang et al. worked on the applica-
tion of online monitoring of SFy decomposition by-products TiO, nanotubes and carbon
nanotube sensors for GIS equipment [11,12]. Intrinsic and Au-modified anatase had been
prepared. The gas-sensitive properties of Au-modified anatase to SOF, and SO,F, are
better than those of pure anatase, but the results of SO, are opposite [11]. Metal-oxide
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semiconductor nanomaterials have received much attention as they represent one of the
effective approaches for detecting various gases for high sensitivity, low cost, and low
power consumption [13,14]. Over the last decades, various metal oxides sensors such as
SnO; [15,16], ZnO [17,18], WO3 [19,20], CuO [21,22], MoOj3 [23] and TiO, [24,25] have been
prepared for gas sensing. However, the research on using a metal-oxide semiconductor for
the detection of decomposed byproducts of SFj is still insufficient.

Moreover, to improve the gas sensing properties, several methods have been re-
searched such as metal doping [26] and loading, as well as changing nanostructures for
an increasing surface area. The metal-oxide semiconductor composites [27], one of the
most effective methods, have gained great attention for their prominent effect in terms
of improving their sensing performances. For example, Yan et al. utilized a facile electro-
spinning method to synthesize SnO,-ZnO hetero-nanofibers, which have great stability
and excellent selectivity to ethanol [28]. Zhang et al. successfully synthesized flower-like
CuO/Zn0O nanostructures’ gas sensing materials, utilizing a two-step synthesis route. The
result showed an obvious improvement with respect to gas sensing properties [29]. Qu et al.
achieved the synthesis of NiO/ZnO nanowire by a simple hydrothermal method and tested
the prepared gas sensors” H,S gas sensing properties; they demonstrates fast response
and high sensitivity [30]. Maryam et al. synthesized an Au-decorated ZnO-polyaniline
(PANI) ternary system composite nanofibers for NO, gas sensing studies and demonstrated
the promising effect of this ternary system for NO; sensing [31]. Bo et al. first prepared
Zn0O nanorods and self-sacrificed them by heating them in a water bath to produce the
commonly used porous ZIF-8 then firmly attached them to the ZnO surface. They then
demonstrated by gas-sensitive experiments that ZnO coated with ZIF-8, having a core-shell
structure, showed a better response than pristine ZnO [32].

Here, we successfully synthesized fiber-like p-CuO/n-ZnO heterojunction nanomate-
rials via the electrospinning method for detecting H,S and SO,, two of the most important
decomposition byproducts of SF4. The nanostructure and morphology of the electrospun
p-CuO/n-ZnO nanomaterials were characterized, as were their HpS and SO, gas sensing
properties, such as responses at varying operating temperatures or different gas concentra-
tions, so the response and recovery times were tested. Finally, the sensing mechanism of
the p-CuO/n-ZnO heterojunction sensor was discussed.

2. Materials and Methods
2.1. Materials Synthesis

The fiber-like CuO/ZnO sample were synthesized via the electrospinning method.
All reagents (analytical grade reagents), zinc acetate (Zn(CH3COO),), cupric chloride
(CuCly-2H,0), polyvinyl alcohol (PVA, Mw = 80,000) and unpurified deionized water
were used directly. All the raw materials were purchased from Chongqing Chuandong
Chemical Reagent.

In a typical electrostatic spinning [33], 1 g PVA was dissolved in 9 mL deionized water
and stirred for 20 min. Then 0.2 g CuCl,-2H;0 and 1.5 g Zn(CH3COO), were added in
the solution. To obtain a homogeneous sample for subsequent synthesis, the mixture was
stirred at 25 °C for 10 h. The prepared mixture was put into a 2 mL syringe with a 0.5 mm
needle and was electrospun by applying a voltage of 15 kV. The collector to needle distance
was 15 cm. The as-electrospun sensing materials were annealed at 600 °C for 3 h with a
heating rate of 5 °C/min in air to remove the organic polymer components.

2.2. Materials Characterization

The crystal structure of the prepared CuO/ZnO sensing materials was investigated
by X-ray diffraction (XRD, Rigaku D/Max-1200X) with Cu-K« radiation (1.542 A) over
2 0 from 20° to 80°. Moreover, the morphology of the powders was determined by field
emission scanning electronic microscopy (FESEM, JEOL, JSM-6700F, operating at 15 kV)
and transmission electron microscopy (TEM, JEOL, JEM-2100, operating at 120 kV). The
elemental composition was characterized using energy dispersive spectroscopy (EDS,
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Oxford INCA 250). The specific surface areas and porosity was calculated by nitrogen
adsorption—desorption isotherm using Micromeritics ASAP2020 apparatus at 77 K.

2.3. Fabrication and Measurement of Gas Sensors

The planar-type sensors were fabricated by the screen-printing technique [34]. The
complete sensor comprises ceramic substrate, Ag-Pd interdigital electrodes and sensing
materials as shown in Figure 1. The preparation process of the sensor is as follows: firstly,
the as-electrospun materials were ground into power, and then mixed with distilled water
and small amounts of ethanol forming the homogeneous paste; secondly, the paste was
screen printed on the ceramic substrate; finally, the planar sensor was dried for 12 h and
aged at 300 °C for 12 days before measurement.

ensing materials

Ap-Pd interdigitated electrodes

eramic substrate

Figure 1. Structure of the planar-type gas sensor.

The gas sensing performances of the fabricated planar sensors were tested by Chemical
Gas Sensor-1 Temperature Pressure intelligent gas sensing analysis system (CGS-1TP,
Beijing Elite Tech Co., Ltd., Beijing, China). The system can control the temperature
environment and relative humidity for testing the gas sensing performance. The gas
response value was specified as S = Ra/Rg, where the Rg is the resistance of the sensor in
target gas and Ra is the resistance of the sensor in air. The response time is the time taken
by the gas sensor to reach 90% of steady state response value, whereas recovery time refers
to the time required to attain 10% of the initial response value [15].

The average crystal sizes of the prepared sensing materials were calculated using the

Scherrer equation:

0.89A
d= B-cosO @)

where d states the crystal size of the synthesized samples, A has a value of 1.542 A corre-
sponding the X-ray wavelength, 6 is the Bragg diffraction angle and f is the peak width at
half maximum.

3. Results and Discussion
3.1. Nanomaterials Characterizations

The XRD pattern provides crystallinity information of the fiber-like CuO/ZnO nano-
materials as can be seen in Figure 2. The strong diffraction peaks could be classified as the
hexagonal wurtzite ZnO (JCPDS: 89-0510) and monoclinic CuO (JCPDS: 89-5895) with the
main peaks at (100), (002), (101), (102), (110), (103) and (112) for ZnO and (111), (111), (202),
(202), (113) and (311) for CuO. No further peaks related to other phases have been detected
in the XRD pattern. Therefore, the final ZnO and CuO with high purity was successfully
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prepared. The average crystal size of ZnO and CuO of prepared materials is 26.3 nm and
23.2 nm, respectively.

—

= +7n0 (JCPDS No. 89-0510)
+Cu0 (JCPDS No. 89-5895)

+(100)

*+ (002)

| )

Intensity (Arb. Units)

20 (degree)
Figure 2. XRD pattern of CuO/ZnO nanomaterials.

SEM and TEM images of the electrospun CuO/ZnO nanomaterials were shown in
Figure 3. It can be observed that the fiber-like nanomaterials are randomly oriented
with an average diameter of 100-200 nm, and the sample agglomerates of nanoparti-
cles have a diameter ranging from 20 nm to 50 nm. Moreover, the surface of the sam-
ple has a high degree of roughness. In fact, the decomposition of PVA polymer tem-
plate can cause the formation of a porous structure in the nanofibers obtained by the
electrospinning method [34].

Figure 3. SEM images (a,b) and TEM images (c,d) of the synthesized CuO/ZnO nanomaterials.

The EDS measurement was applied to analyze the elemental composition of the
synthesized CuO/ZnO nanomaterials. The atomic and weight ratios of the synthesized
fiber-like CuO/ZnO are shown in Table 1. As illustrated in Figure 4, the composition of
CuO and ZnO is successful. The Zn, Cu, O and C are seen in the EDS spectrum, while the
atomic ratio of the Zn and Cu is 44.65: 5.72, indicating that the ratio of ZnO and CuO is 8:1.
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Table 1. Atomic and weight ratios of the synthesized fiber-like CuO/ZnO.

Element Norm. C [wt%] Atom. C [at.%]
C 3.36 12.48
O 13.31 37.15
Zn 65.39 44.65
Cu 17.94 5.72
i Zn
£
= |
=
Q
o Zn
e o |
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Figure 4. EDS spectrum of the synthesized fiber-like CuO/ZnO.

The adsorption—desorption isotherms of nitrogen with CuO/ZnO nanomaterials were
measured to understand the pore structure as shown in Figure 5a. According to the [UPAC
classification, the curve exhibits a typical IV isotherm and a H3-type hysteresis when P/Py
is in 0.7-1. The Figure 5b is the images of the aperture distribution carried out using the
Barret-Joyner-Halenda (BJH) method. It can be seen that the pore size distribution is
centered at 9.5 nm, Moreover, the surface area of the nanomaterials is 30.7 ng_l in BET.
The results proved that the formation of the fibers’ structure possesses a wide surface area,
greatly improving the adsorption of gases, and thus leading to high sensing performance.
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Figure 5. (a) N, adsorption—desorption isotherm and (b) the corresponding BJH pore size distribu-
tion of the synthesized CuO/ZnO nanomaterials.

3.2. Gas Sensing Studies

To investigate possible applications for the detection of SFs decomposition components
with the synthesized CuO/ZnO gas sensor, SO, and H,S gas properties were tested. The
response and the response time of the fabricated CuO/ZnO gas sensor to 50 ppm H;S
and SO, were measured at different operating temperatures and displayed in Figure 6a,b,
respectively. The prepared sensor’s response value first increases and then decreases with
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increasing temperature. It can be explained that when the sensor was at a low temperature
environment, the reaction between H;S (or SO,) gas molecules with oxygen species does
not occur due to the lack of thermal energy. With further increasing temperature, the gas
desorption rate becomes faster, and it can lead to the drop of response value. The optimal
temperature of the fabricated p-CuO/n-ZnO sensor is 200 °C and 240 °C for HS and SO;,
respectively. The response value to H;,S gas is higher than that with respect to SO, gas at
different operating temperatures. As illustrated in Figure 6b, as the operating temperature
rises, the response time drops quickly and then slowly. The response time for detecting SO,
gas is longer than that for H,S gas. The above results prove that the fabricated CuO/ZnO
sensor has a high sensitivity to H,S and SO, and has better gas sensing properties to

H5S than SO,.
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Figure 6. (a) Response and (b) the response time of the fabricated p-CuO/n-ZnO sensor to 50 ppm
H,S and SO, at different operating temperatures.

The responses of the CuO/ZnO sensor to HyS and SO, gas in the concentration range
of 1-2000 ppm at their optimal working temperatures were tested and shown in Figure 7.
As illustrated in Figure 7a, when the target gas concentration increases from 1 to 1000 ppm,
the response value increases rapidly. The response values tend to be stable when the
gas concentration increases further. When the H,S and SO, gas concentration is low at
5 ppm, the response value of the sensor is 11.65 and 3.53, respectively. It can fully meet the
requirement stipulated in Chinese National Standard [35]. Figure 7b shows the responses
for low concentrations of target gases from 1 to 100 ppm. The gas response reaches a good
linear relationship with gas concentration in the range of 1-100 ppm, indicating that the
sensor is ideal for the low target gas concentration detection and practical applications.
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Figure 7. (a) Responses of the fabricated p-CuO/n-ZnO sensor to various concentrations of H,S and

SO; at their optimal working temperatures and (b) response value to 1-100 ppm H,S and SO;.
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In Figure 8, we present response curves of the CuO/ZnO sensor to 20, 40, 60, 80 and
100 ppm H,S and SO; at their optimal working temperatures. From the Figure 8, the

sensor shows excellent response and recovery characteristics. The resistance can return

to the nearly original resistance after several cycles. The relation between the CuO/ZnO
that to SO,.
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Figure 8. Dynamic sensing curves of the fabricated CuO/ZnO gas sensor to (a) HpS and (b) SO, at
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Further, Figure 9 depicts the response and recovery times of the fabricated CuO/ZnO
gas sensor to HyS and SO, gas at the optimal working temperatures. It is displayed in
Figure 9 that the response and recovery times of the prepared gas sensor for 20, 40, 60, 80
and 100 ppm of HyS are 41 sand 71's,46 s and 74 s, 44 s and 85 s, 42 s and 89 s, 48 s and 96

s, respectively. For SO,, response and recovery times are 66 s and 98 s, 61 s and 104 s, 67 s

gas concentration.

and 108 s, 63 s and 125 s, 72 s and 134 s, respectively. The response time remains basically
constant at the same temperature and recovery time increases slightly with the increase of

140 20
&
O
1204 0O 0O -40
i o O
<& .
’0?1 004 & O response time of SO, | 60 m
; <& < recovery time of SO, \q';
i [ | - O response time of H,S £
= g04 B recovery ime of H,S | gg
nm @)
O
60 - o o " Lioo
40 T T T T T 120
20 40 60 80 100

Concentration (ppm)
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Figure 9. Response and recovery times of the fabricated CuO/ZnO gas sensor to different concentra-

Finally, the CuO/ZnO sensor was compared with other ZnO based H;S sensors to
explore whether its sensing performance demonstrates outstanding progress, as shown in
Table 2 [36-39]. It can be seen from the table that the materials prepared in this study have
certain advantages in response value, working temperature and concentration.
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Table 2. Comparison of H,S gas sensing performance of this work and other material.

Material Response T (°C) Concentration Ref.
Pt/ZnO 51.2 320 20 ppm [36]
CO304 / ZnO
CuO/ZnO 1.8 270 0.2 ppm [37]
In;O3/ZnO 1.9 250 25 ppm [38]
Ni/ZnO 10.2 25 100 ppm [39]
CuO/ZnO .
nanofibers 11.35 200 5 ppm this work

3.3. Gas Sensing Mechanism

The H,S and SO, gases sensing mechanism of the p-CuO/n-ZnO sensor can be
explained by the change of depletion layers and the p-n junction mechanism [33], as shown
in Figure 10. The resistance would change with it being exposed to different atmospheres.
When the nanomaterial in the sensor is in air, oxygen molecules near the surface are
formed by reaction to O, ~, O~ and O?~ through the capture of electrons in the conduction
band. [40]. The optimal working temperature is above 100 °C, so O~ and O?~ ions are
dominantly adsorbed oxygen species. It can be expressed as follows [11,41]:

Oy +e” + O, (below 100 °C); ()
O, +e~ <20 (over 100 °C); ©)]
O~ +e <+ O* (over 100 °C). 4)
D o« \ T
- - >
b1 L 50,
CuS
; H,S M0
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Figure 10. Sensing mechanism of p—CuO/n—ZnO nanomaterials.

Owing to the electron depletion layer thickening as oxygen absorbs electrons, the
resistance of p-CuO/nZnO sensor is high in air. Under the target gas environment, the
oxygen adsorbed reacts with the H,S and SO, gas molecules and the electrons released in
the reaction return to the conduction band [42]. The reactions are as follows [43-45]:

HS +30" — H,O+ SO, + 3e; (5)

SOy, + 0~ — SO3(ads) +e™. (6)
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As a result, the resistance is low in reducing atmospheres. At the junction of CuO and
ZnO, the band is bending and an electron-depleted region is generated as the formation
of a p—n heterojunction. In Figure 10, electrons will transfer from ZnO to CuO, while the
holes will move from CuO to ZnO. Therefore, the barrier will be formed at the interface
of CuO and ZnO resulting in further increase of resistance in the air. When the sensor is
exposed to H;S or SO, gas, the released electrons decrease hole storage width of CuO and
the depletion layer width of ZnO, resulting in reduced resistance.

When the sensor exposed in H,S gas, the CuO of CuO/ZnO nanomaterials would
transform into CuS by reacting with H,S [45]:

CuO + HpS — CuS(s) + H,O. @)

While CuS is unstable in high temperature environments, it could transform into Cuj,S.
Therefore, when the sensor id exposed in H;S gas, the transition from CuO to CuS or Cu,S
leads to an obvious drop of the potential barrier in the p-n heterojunction, thus increasing
the conductivity of the sensor [46]. When the sensor is exposed in air again, CuS converts
to CuO as the following reaction:

CuS + %Oz — CuO(s) + SO». 8)

The reaction retains the sensor recovering the original high resistance [33]. The
sulfuration—desulfuration process can explain CuO-ZnO nanomaterials showing higher
response to HS than SO, gas.

4. First-Principles Based Simulation Analysis
4.1. Computational Details

The DMol® module within the Materials Studio software was used for the simulation
part of this paper, and the generalised gradient approximation GGA/PBE was chosen
to calculate the electron exchange and association energies. Double numeric basis with
polarization (DNP) was chosen for the basis group. Orbital electrons are calculated using
the DFT Semi-core Pseudopods method [47]. The Bree abyssal K-point was chosen as
2 x 2 x 1. The energy convergence accuracy, maximum stress and maximum displacement
were set to 1075, 0.002 Ha/A and 0.005 A, respectively. The self-consistent field charge
density convergence was accelerated using DIIS [48].

4.2. Cu/ZnO-Based SO,, H»S Gas Sensing Mechanism Based on the First Principles

The Cu/ZnO model is based on first-principles, replacing the surface Zn atoms. The
following Figure 11 shows the Cu atoms replacing the surface Zn atoms at different angles.

(@) (b)

Figure 11. Cu substituted surface layer Zn atom ZnO cell model (a) side view (b) top view.
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The calculated energy band structure and density of states of Cu/ZnO are shown in
Figure 12 below. Figure 12a Shows the energy band structure and it can be seen that the
conduction band is significantly shifted downwards with a band gap of 0.049 eV, which
is significantly lower than that of pure ZnO (1.553 eV), indicating that the electron leap is
easier during gas adsorption. Figure 12b shows a plot of the total density of states of the
Cu/ZnO and pure ZnO cells for comparative analysis. It can be seen from the plot that the
band gap width decreases and the conduction band shifts significantly to the left, indicating
that the involvement of Cu reduces the conduction band significantly. Comparing the
fractional density of states plot with the atomic density of states plot, it can be found that
the valence band within —19.3 to —17.5 eV is mainly provided by O2s, which are deep
energy level electrons and have little effect on the surface properties of the material. The
peak at the Fermi energy level consists mainly of O2p and Cu3d.
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Figure 12. The energy band structure and DOS of Cu/ZnO model. (a) Band structure; (b) TDOS;
(¢) PDOS; (d) PDOS—Cu; (e) PDOS—Zn; (f) PDOS—O.

93



Chemosensors 2023, 11, 58

To study the adsorption reaction between Cu/ZnO and SO, and H;S molecules, a
model for the adsorption of SO, and HjS gases on the surface of Cu/ZnO was established
and geometrically optimized to obtain a stable structure as shown in Figure 13. Figure 13a,b
shows the optimized structural models for SO, and H,S gas adsorption, respectively.

(a) (b)

Figure 13. Adsorption structures of (a) SO, and (b) H;S on the intrinsic Cu/ZnO (0001).

The adsorption distance, adsorption energy and charge transfer are shown in the
Table 3 below, from which it can be seen that the adsorption distance of HjS is significantly
reduced compared to pure ZnO by only 0.976 A. It is found that the adsorption energy
of H,S adsorbed on the Cu/ZnO crystal plane is the largest at —2.2152 eV, which is a
stronger chemisorption. In terms of charge transfer, H,S adsorption on the Cu/ZnO crystal
faces showed the highest charge transfer, further implying that Cu/ZnO would show a
higher sensitivity to H,S. Comparing the experimental data, CuO/ZnO showed the highest
sensitivity for testing H,S gas. The simulation results agree with the experimental results.

Table 3. Parameters of SO, and H,S adsorbed on the surface of Cu/ZnO (0001) model.

Gas Adsorption Distance A Adsorption Energy (eV) Charge Transfer (e)
SO, 2.172 —1.2217 —0.248
H,S 0.976 —2.2152 0.322

To further investigate the adsorption mechanism, this section calculates the electronic
density of states before and after the adsorption of the Cu/ZnO model [48]. As shown in
the Figure 14 below, it can be seen from the graph that the total density of states changes
very little after adsorption with Cu/ZnO and SO,, producing island peaks at the end of the
valence band, between the band gaps. In the adsorption of H,S gas, it can be found that
the total density of states shifts to the left, indicating a significant reduction in the energy

of the system.
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Figure 14. Total density of states of the system before and after adsorption (a) SO, adsorption
Cu/ZnO (b) H,S adsorption Cu/ZnO.
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To further investigate the sensitivity of Cu/ZnO to SO, and H,S gases, HOMO and
LUMO calculations were conducted. As shown in the Table 4 below, the energy gap value
of Cu/ZnO decreases after adsorption of both gases, and the energy gap value of SO,
gas does not decrease much, which means that the SO, gas molecules do not improve the
electron transfer ability of Cu/ZnO surface significantly. The adsorption of H,S gas shows
a significant reduction in the energy gap value, which is macroscopically reflected in the
significant change in material resistance and increased sensitivity of Cu/ZnO after exposure
to H,S gas. Figure 15 shows the visualized HOMO, LUMO diagram after adsorption. For
the SO, adsorption system, the HOMO is mainly distributed on the matrix Cu atoms. For
the H,S adsorption system, HOMO is distributed on both gas molecules and Cu atoms.
The LUMO distribution is uniform for both systems.

Table 4. The HOMO and LUMO values of Cu/ZnO after adsorbing SO,, HjS.

Adsorption Systems HOMO (ha) LUMO (ha) Energy Gap (eV)
Cu/ZnO —0.160075 —0.115594 1.2104
Cu/Zn0O/SO, —0.165323 —0.121176 1.2013
Cu/ZnO/H;S —0.153723 —0.11019 1.1846

(d)

Figure 15. The HOMO and LUMO of Cu/ZnO after adsorbing SO,, H,S. (a) SO,-HOMO;
(b) SO,-LUMO; (¢) H,S-HOMO; (d) H,S-LUMO.

The model adsorption of SO, and H,S gas is manifested as chemisorption. From the
analysis of adsorption energy and charge transfer amount, H,S adsorption and Cu/ZnO
adsorption energy is the largest, and the charge transfer amount is the most, corresponding
to the fact that the experimental part of CuO/ZnO sensors’ operating temperature is
significantly lower when testing H,S, and the sensitivity is significantly increased. The
simulation results are in agreement with the experimental results, indicating that the
established simulation model can be used to explain the gas-sensitive mechanism of
CuO/ZnO for SO, and H,S gases.

5. Conclusions

In conclusion, a fiber-like p-CuO/n-ZnO gas sensor was successfully developed for
detecting two decomposition byproducts of SFs (HyS and SO;). The nanomaterials were
prepared by the electrospinning method, then characterized by XRD, SEM, TEM, EDS

95



Chemosensors 2023, 11, 58

and BET. The gas sensing test results showed that the prepared sensors exhibit higher
responses and faster response times and recovery times to H,S gas than SO; in the same
experimental conditions. The best capability of the prepared sensing materials to detect
5 ppm Hj)S was 11.65 at 200 °C. The ideal linear relationship between low concentration
and response of target gases indicated the potential applications of the p-CuO/n-ZnO gas
sensor to detect low concentrations of H,S and SO,. The mechanism can be explained by
oxygen adsorption-desorption and the formation of p-n heterojunction. The formation of
highly conductive CuS leads to more enhanced H;S gas properties, compared to SO;. The
calculation method based on first principles uses the Dmol® module of the Materials Studio
software to calculate the cell structure and density of states of Cu/ZnO, and to construct
a model for the adsorption of SO, and H)S gas molecules by Cu/ZnO. The simulation
results are in good agreement with the experimental results, indicating that the established
simulation model can be used to explain the gas-sensitive mechanism of ZnO on SO, and
H;S gases. The current results indicated that the fiber-like CuO/ZnO nanomaterials can be
effective gas-sensitive mechanisms for the detection of HpS and SO,.
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Abstract: Surface-plasmon-based biosensors have become excellent platforms for detecting biomolec-
ular interactions. While there are several methods to exciting surface plasmons, the major challenge is
improving their sensitivity. In relation to this, graphene-based nanomaterials have been theoretically
and experimentally proven to increase the sensitivity of surface plasmons. Notably, graphene nanorib-
bons display more versatile electronic and optical properties due to their controllable bandgaps in
comparison to those of zero-gap graphene. In this work, we use a semi-analytical approach to
investigate the plasmonic character of two-dimensional graphene nanoribbon arrays, considering
free-standing models, i.e., models in which contact with the supporting substrate does not affect
their electronic properties. Our findings provide evidence that the plasmon frequency and plasmon
dispersion are highly sensitive to geometrical factors or the experimental setup within the terahertz
regime. More importantly, possible applications in the molecular detection of lactose, x-thrombin,
chlorpyrifos-methyl, glucose, and malaria are discussed. These predictions can be used in future
experiments, which, according to what is reported here, can be correctly fitted to the input parameters
of possible biosensors based on graphene nanoribbon arrays.

Keywords: graphene; graphene nanoribbons; surface plasmons; semi-analytical model

1. Introduction

Plasmons are coherent and collective oscillations of valence electrons on the surface of
conducting or semiconducting materials as well as topological insulators (e.g., gold, silver,
Cup-xS, and BipTes) [1]. Interestingly, these collective oscillations are characterized by a
strong interaction with light and a small spatial extension compared with the wavelength
of light [2]. A point to highlight is the fact that the control over the spectral and spatial
properties of these oscillations has attracted a huge amount of attention due to their
applications in ultrasensitive detection down to the single-molecule level [3], enhanced
photovoltaics [4], cancer therapy [5], and nonlinear optics [6], among others. Mostly,
surface plasmons in metals (solid specimens) show a low level of control of the plasmon
frequency and a small plasmon propagation length which can be solved by using metal
nanoparticles [7]. In this context, novel nanomaterials have been investigated; for instance,
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graphene (a two-dimensional (2D) honeycomb carbon material [8-10]) has emerged as a
powerful plasmonic nanomaterial [11-13], increasing the number of potential applications,
mainly, in surface plasmon resonance biosensors (e.g., graphene-based prism-coupled
biosensors [14], graphene-based fiber-coupled biosensors [15], graphene-based grating-
coupled biosensors [16], graphene-based nanoparticle-coupled biosensors [17], graphene-
based plasmon-coupled emission biosensors [18], and surface-enhanced Raman-scattering
biosensors [19]).

Surface plasmons in graphene offer several advantages over metals; for instance, (i)
these collective oscillations are found in the terahertz-to-midinfrared frequency range, and
(ii) the charge carrier concentration in graphene can be tuned by doping, which enables the
electrostatic control of its electronic and optical properties [20]. Specifically, two plasmon
excitations have been observed in graphene at low energies (< 1 eV): a 2D (surface) plasmon
and an acoustic plasmon [21,22]. It is worth noting that plasmon-enhanced infrared optical
absorption based on 2D materials such as graphene is considered a promising spectroscopic
technique for detecting vibrational modes in biopolymers, such as proteins, nucleic acids,
and synthetic polymers [23,24].

An extra tunability of the 2D surface plasmon by direct optical excitation has been
observed in graphene nanoribbons (GNRs). GNRs are quasi-one-dimensional structures
with two different possible chiral-edge geometries at the atomistic scale (i.e., ultra-narrow
systems), namely zigzag or armchair [25,26]. Nevertheless, the chiral-edge effect disappears
with increases in the ribbon width. GNRs have different electronic and optical properties
than pristine graphene; for instance, graphene is a gapless material, while all GNRs are
semiconducting materials with bandgaps from few meV to eV [27].

Plasmons in wide GNRs have been experimentally measured, demonstrating the
existence of a 2D surface plasmon and a new edge plasmon [28]. The latter arises as an
effect of the charge carrier confinement due to the dimensionality change from 2D to 1D
and the boundary conditions. From the technological point of view, the tunability of the
2D surface plasmon is expected to be predominant over the edge plasmon [29,30]. In order
to minimize electron scattering and obtain the best plasmonic properties, GNRs organized
as 2D periodic arrays [28,29] have been proposed as excellent platforms for plasmonic
applications. Such ribbon systems have been experimentally realized by Fei et al., with
ribbon widths of 155, 270, 380, and 480 nm [28]. In the literature to date, there have been no
theoretical reports on the plasmon behavior in these 2D GNR arrays. Previous theoretical
studies have explored plasmons in ultra-narrow GNR arrays (< 2 nm), mainly by time-
dependent density functional theory (TDDFT) within the random phase approximation
(RPA) [29]. Nevertheless, this atomistic approach cannot be used to handle the vast number
of atoms involved in wide GNRs (> 100 nm wide).

Recently, we have described a modeling approach based on a semi-analytical
model [31-33], which with the accurate estimation of the charge carrier velocity of graphene
can be used to scrutinize the electronic and plasmonic properties of narrow and wide GNR
arrays. To our knowledge, this semi-analytical model has not been adapted to prove the
plasmon frequency dispersion and plasmon excitation lifetime in 2D GNR arrays of widths
such as those reported in Ref. [28]. Here, such a study is reported with a quasi-freestanding
approach, for instance, suspended GNR systems onto the surface of honeycomb boron
nitride. Particularly, we demonstrate that the plasmonic properties in wide GNRs are highly
sensitive to the ribbon width change or the experimental setup. Although experimental
confirmation is needed, our predictions are expected to be of immediate help in the design
of future biosensors based on 2D GNR arrays.

2. Theoretical Framework

Even though we do not propose a biosensor as such, this work aims to demonstrate
the sensitivity and tunability of the surface plasmons in 2D GNR arrays that can be tailored
into more complex biosensor structures for a specific demand. This fact is discussed in
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detail in Section 4, considering possible applications in the molecular sensing of lactose,
a-thrombin, chlorpyrifos-methyl, glucose, and malaria.

With this in mind, we briefly proceed to describe the theoretical framework of the
semi-analytical model, which is divided into two parts: (i) numerical computations based
on density functional theory (DFT) to calculate the charge carrier velocity of graphene;
and (ii) analytical expressions to obtain the electronic and plasmonic features of wide 2D
GNR arrays (Figure 1a). The complete theoretical description is given in Ref. [33] (and
references inside) and the step-by-step approach to estimate the charge carrier velocity
(Fermi velocity) of graphene is given in Ref. [31].

Energy
Energy

S [

Figure 1. Schematic representations: (a) freestanding 2D GNR array; (b,c) the band dispersion
around the I point (k — 0) of a hypothetical ultra-narrow and wide GNR, respectively, for n = 1
The ribbon width is denoted as w, the vacuum distance between contiguous ribbons is denoted as
d — w, q is the wave vector along the GNR direction, and 6 is the angle for different orientations of

the plasmon momentum.

2.1. Semi-Analytical Model

Popov et al. [33] asserts that owing to the quasi-one-dimensional confinement of the
charge carriers in GNRs, several sub-bands (E;) with a bandgap (A) can be observed, in
which the (electron/hole) band dispersion can be described as [34,35]:

2
A 2p
En:iz\/nz—i-ﬁ (1)

where 1 is the sub-band index (n = 1, 2, 3, ...), 4l is the parallel momentum along
the GNR direction, and m* is the effective electron mass. The bandgap can be estimated

as follows: ) ;
_ £TtVER )

w

A
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where v is the charge carrier velocity, w is the ribbon width, and 7 is the reduced Planck
constant. Now, the effective electron mass can be calculated by:

. A

m = —-=
2
2 vi

®)

Notably, for ultra-narrow GNRs, Equation (1) displays a parabolic band structure and
bandgap opening around the I' point (Figure 1b), and this band dispersion changes to a
linear behavior, with A — 0, with increases in the ribbon width, w — co (Figure 1c), simi-
larly to the graphene band dispersion around the K point (Figure 2a). Hence, wide GNRs
organized as 2D periodic arrays are expected to show electronic and optical properties
similar to those of graphene.
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Figure 2. (a) Band structure and (b) density of states (DOS) of graphene computed by density
functional theory (DFT). Color density plots (c,d) for the and bands in the vicinity of point vs. the
charge carrier velocity, respectively. Adapted from Ref. [31].

It is worth noting that the estimated values of the bandgap (Equation (2)) and effective
mass (Equation (3)) depend substantially on the input values of the ribbon width (i.e., m})
and the charge carrier velocity, which are reported in Tables S2 and S3.

From the point of view of plasmonics, the plasmon wavelength is expected to follow
the sample length instead of the vacuum distance between the contiguous ribbons or
the ribbon width, which allows us to conclude that GNR arrays can be taken as regular
2D planes (Figure S1) in which the charge carrier velocity of graphene is the critical
free parameter that must be estimated (discussed below) to be introduced in the present
modeling approach. Hence, with the suitable vy value, the plasmon dispersion relation can
be calculated by following the strategy of Ref. [33]:
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2 me2 Nop v v
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where e represents the electron charge, Nop represents the 2D electron density, € represents
the dielectric constant, g represents the reciprocal wave vector, 6 represents the angle
created along the plasmon wave vector and GNR direction, and v represents the electron
relaxation rate. We point out that the real part of Equation (4) is taken to obtain the plasmon
frequency dispersion.

To acquire the plasmon spectrum (i.e., plasmon excitation lifetime) for selected g
values of the systems under study, a conventional Lorentzian line shape function (L) set to
a maximum value of 1 can be used as follows:

1

L=———
4(w—wo

©)

where w, is the transition frequency/energy at the specific g value (peak position) (Tables 54,
S6, S8, and 510), w is the frequency/energy range of interest, and the capital W is the full
width at half maximum (FWHM). The latter was fixed to the value of 0.5 for all plasmon
spectra.

It is important to note that the plasmon response is not expected to be a simple
Lorentzian peak; however, we use this approach to clearly show the controllability and
tunability of surface plasmons in 2D GNR arrays. Furthermore, the maximum of the
plasmon peak could be delayed as an effect of core-electron excitations [36], which is not
strictly considered in the proposed model. Delayed maxima have been observed in metals,
such as Nb, Mo, and Ag, suggesting that this effect might be predominant in supported
(non-freestanding) 2D GNR arrays.

2.2. Estimation of the Charge Carrier Velocity

The Fermi velocity of charge carriers in graphene was estimated by DFT computations
at the level of the local density approximation (LDA) [37]. To do this, the following input
parameters were fixed: a cut-off energy of ~680 eV, an out-of-plane distance of 15 A to
cancel out the unphysical interactions along the z-direction between replicas, a C-C bond
length of 1.420 A with a lattice constant of 2.460 A, and a dense Monkhorst-Pack grid of
720 x 720 x 1. For details, see Ref. [31].

Figure 2 shows the DFT-LDA band structure (Figure 2a) and density of states (DOS)
(Figure 2b) of graphene from —20 to 15 eV. Special attention should be paid from —1 to
1 eV (Figure S2a), in which the graphene band structure shows a linear electron dispersion
around the K point, and as a consequence, the Dirac cone approximation can be applied.
While the Fermi velocity also follows a linear behavior in the same energy-momentum
range (Figure S2b, Table S1), a closer view demonstrates that the valence band (7, blue line,
Figure 2c) and conduction band (7t*, red line, Figure 2d) deviate slightly from the linear
behavior of the charge carrier velocity (see rectangular dashed regions), suggesting that the
semi-analytical model, which is based on the Dirac cone approximation, is valid from —0.3
to 0.2 eV, i.e., about 50 THz.

As stated, the charge carrier velocity (vg) of graphene was calculated in [31], whose
average value was found to be vg = 0.829 x 10° m s~!, which is the average charge carrier
velocity between the conduction (77*) band and valence (7r) band.

3. Results and Discussions
3.1. Electronic Properties

In Figure 3, we show the bandgap (A) calculated by Equation (2) (using two dif-
ferent charge carrier velocities: vp = 0.829 x 10° m s~! [31] (blue markers) and vy =
1.0 x 10° ms~! [33] (orange markers), for the experimentally realized GNRs (155, 270, 380,
480 nm wide [28]).
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Figure 3. Bandgap (A) as a function of the ribbon width (w). Markers represent the GNR systems under
study and the continuous line is the fitting curve using Equation (2). The numerical values of the bandgap
and effective mass are calculated using two different charge carrier velocities: vp = 0.829 x 10 ms~!
(blue markers) and vg = 1.0 x 106 m s~} (orange markers) and reported in Tables S2 and S3.

As observed, regardless of the charge carrier velocity, the bandgap decreases as the
ribbon width increases as expected. Nevertheless, it is important to note that the electronic
properties can be over- or underestimated and therefore also the optical properties of the
systems under study.

Particularly, the bandgap values of the experimental GNRs are of the order of a few
meV (Tables S2 and S3); however, these numerical results differ by about 20%, suggesting a
similar result for the plasmon properties. With this in mind, in the remainder of the article,
we focus on the electronic and plasmonic properties of GNR arrays using the previously
estimated Fermi velocity of vg = 0.829 x 10° m s~!, which in fact is in good agreement
with previous measures [38].

GNRs 155, 270, 380, and 480 nm wide are characterized by very small bandgaps in
the order of a few meV (Table S2): w155 = 22.12 meV, wyyg = 12.70 meV, wsgg = 9.02 meV,
and wygp = 7.14 meV. The blue and orange curves predict the bandgap for GNRs from
100 to 500 nm wide. The estimated effective electron masses are in good agreement with
those previously reported [35,39]. To emphasize, an ab initio treatment of these wide
nanoribbons is impractical due to the vast number of atoms, demonstrating the advantage
of the semi-analytical model.

In Figure 4, we show the band structure and DOS of the GNR systems of interest. The
band structure is calculated by Equation (1) with the corresponding bandgap values and
effective electron masses reported in Table S2 and considering a sub-band index of n =9
(nine valence sub-bands (blue curves) and nine conduction sub-bands (black curves)). The
DOS is calculated from the energy-momentum data list by using a conventional histogram
with equal bin widths. Note that the band structure of the GNRs is illustrated assuming
the same effective electron mass (m*) for all bands; however, the plasmonic properties of
these are restricted to the two (71, 77*) bands at the Fermi level in which the charge carrier
velocity of graphene is calculated (Section 2.2).
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Figure 4. Band structure and density of states (DOS) as a function of parallel component k, considering
the experimental realized ribbon widths: (a) 155 nm, (b) 270 nm, (c) 380 nm, and (d) 480 nm. Blue
and black curves represent the valence and conduction states, respectively.

From Figure 4, two important facts can be observed: (i) there is a direct bandgap at
the I point; and (ii) there are several sub-bands within 430 meV created by increasing the
ribbon width, originating from strong peaks in the DOS around the zero-energy region
(Fermi level, dashed black line), unlike graphene whose linear band dispersion yields a
vanishing DOS at the Fermi level (Figure 2b).

As is evident, the band structure and DOS of GNRs differ from those of graphene
(Figure 2a,b) regardless of ribbon width since 1D sub-bands and the bandgap opening
arise due to the charge carrier confinement. Then, all GNRs are predicted to be semicon-
ducting materials with the 7t (highest occupied) sub-band and 7t* (lowest unoccupied)
sub-band having parabolic-like band dispersions around a small gap at the I" point (e.g.,
see Figure 1b).

3.2. The Effect of Ribbon Width on the Plasmonic Properties

As stated, previous works on 2D GNR arrays have demonstrated the existence of two
plasmon excitations: the surface plasmon and the edge plasmon [28,29]. In addition, Yan H
et al. [40] have proved the coupling between plasmon resonances in graphene micro-rings,
which could also be expected for 2D GNR arrays. However, Fei Z. et al. [28] confirmed
well-defined and well-separated plasmons resonances, particularly, for GNRs wider than
200 nm. Additionally, Vacacela Gome et al. [29] have demonstrated that the coupling
between the surface and edge plasmon resonances is a direct effect of doping, i.e., for larger
doping values, Nop ~ 4.0 x 10'2 cm~2 (~ 0.3 eV), the coupling and hybridization begin
to appear. With this in mind, the proposed model here can reasonably be used for future
experiments. On the other hand, from point of view of biosensors, the surface plasmon
is the most interesting because its plasmon frequency relation and plasmon response can
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be controlled by gating or doping working on the THz scale, which in turn, is the most
interesting regime of the plasmonic applications of graphene-based biosensors [41].

Before discussing the plasmonic properties of the freestanding systems in detail, it is
important to note that it has been shown that the charge carrier velocity in graphene can be
modulated by changing the supporting substrate [38], which should indeed substantially
affect the electronic and plasmonic properties of 2D GNR arrays. The latter is confirmed in
Figure S3. These outcomes require detailed and extensive work.

Figure 5 shows the plasmon frequency dispersion of the experimentally realized
GNRs [28] organized as periodic 2D arrays (Figure S1) with ribbon widths ranging from
155 to 480 nm. Based on the experimental setup reported in Ref. [39], the parameters of
Nop = 1.0 x 102 em ™2, v = 1.0 x 1013 571, and 6 = 0 are fixed.

L T T T T T T T T T T T T T

N,,=1.0x10">cm™

[ 9=0°
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N
T |
£
=
3

— 155 nm

5.
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— 380 nm
O. — 480 nm
0 2000 4000 6000 8000

g (cm™)

Figure 5. Plasmon frequency dispersion (w/27) vs. wave vector (q), considering different ribbons
widths (155, 270, 380, and 480 nm). The parameters of Equation (4) have been fixed as: Nyp =
1.0x 102 em 2,0 =0,0=1.0 x 101*s7!, and vg = 0.829 x 10 m s~ 1.

In Figure 5, The plasmon frequency trend follows a ,/g-like dispersion regardless
of the ribbon width. Indeed, this plasmon trend has been observed in well-defined 2D
materials, confirming the viability of the semi-analytical model to analyze the plasmonic
properties of 2D GNR arrays. Another important result is the fact that increasing the
ribbon width increases the plasmon frequency, for instance, from 10.63 THz (w = 155 nm,
blue line) to 18.71 THz (w = 480 nm, red line) at the end of the sampled momentum
(g = 10,000 cm 1) (Table S4). To further explore this fact, the plasmon spectra for selected g
values are reported in Figure 6a—c and Table S4. In particular, for g = 100 cm ! (Figure 6a),
the maximum plasmon response shifts from 1.03 THz (w = 155 nm, blue curve) to 1.85 THz
(w = 480 nm, red curve), for ¢ = 1000 cm~! (Figure 6b), from 3.35 THz (w = 155 nm,
blue curve) to 5.91 THz (w = 480 nm, red curve), and for g = 10,000 cm~! (Figure 5d),
from 10.63 THz (w = 155 nm, blue curve) to 18.71 THz (w = 480 nm, red curve). The
percentage variation in plasmon frequency, as the ribbon width increases, appears to be
slightly affected by the value of g (see Figure 6d and Table S5).
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Figure 6. (a) Plasmon excitation lifetime (<4 THz) for different ribbons widths at g = 100 em L.
(b) Plasmon excitation lifetime (<10 THz) for different ribbons widths at g = 1000 em 1. (c) Plasmon
excitation lifetime (<20 THz) for different ribbons widths at g4 = 10,000 cm~L. (d) Percentage vari-
ation in plasmon frequency by increasing ribbon width for three different g values (g = 100, 1000,
10,000 cm™1). The parameters of Equation (4) have been fixed as: Npp = 1.0 X 102 em=2, 0 =0,
v =1.0 x 1013 s71, and vg = 0.829 x 10° m s~!. The plasmon spectra were calculated using the
Lorentzian line shape function to a maximum value of 1 with FWHM = 0.25.

3.3. The Effect of Excitation Angle on the Plasmonic Properties

We now focus on the effect of the excitation angle. Figure 7 shows the plasmon
frequency dispersion by taking different directions for the excitation wave vector: 8 = 0,
8 = 60, and 6 = 80, and different ribbon widths: w = 155 nm (Figure 7a), w = 270 nm
(Figure 7b), w = 380 nm (Figure 7c), and w = 480 nm (Figure 7d). For comparison, we
fix Nop = 1.0 x 1012 cm~2 and v = 1.0 x 10'3 s~1. Again, the plasmon frequency trend
follows a ,/g-like dispersion regardless of the excitation angle. The important finding is
the fact that there is a momentum range for which no plasmons are allowed to exist.

As a notable example, at 8 = 80 (red lines), no plasmons are detected at g < 1200 cm™
for w = 155 nm, at g < 700 cem ! for w = 270 nm, at g < 500 cm ! for w = 380 nm, and at
q < 400 cm ! for w = 480 nm. Therefore, as the ribbon width increases, the momentum
region for which the plasmon does not exist shrinks, suggesting that for w — oo, the
plasmon dispersion recovers the results of graphene, i.e,, THz = 0 and q = 0. Additionally,
it is observed that the plasmon frequency increases by changing the ribbon width. Indeed,

1
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for the case of w = 155 nm (Figure 7a, black line), the entire frequency-momentum
dispersion is about 20 THz, whereas, for the case of w = 480 nm (Figure 7d, black line) the
entire plasmon dispersion is about 35 THz.
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Figure 7. Plasmon frequency dispersion (w/27) vs. wave vector (g) (using Nop = 1.0 X 1012 cm~—2,

v =1.0x 10 s71, and vg = 0.829 x 10° m s~ ) for different orientations of plasmon momentum
(6 =0, 60, 80)with different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (¢) w = 380 nm, and
(d) w = 480 nm.

To further highlight the effect of the excitation angle at § = 80, the plasmon spectra
for selected g values (from 1000 to 10,000 cm~!) and different ribbon widths are reported in
Figure 8 and Table S6. Notably, no plasmons are detected at g = 1000 cm ! for w = 155
nm (see Table S6, Figure 7a). The plasmon excitation peak is found from 1.05 to 3.43 THz
for w = 155 nm (Figure 8a), from 0.87 to 4.65 THz for w = 270 nm (Figure 8b), from 1.31 to
5.58 THz for w = 380 nm (Figure 8c), and from 1.60 to 6.30 THz for w = 480 nm (Figure 8d).
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Figure 8. Plasmon excitation lifetime (w/2m < 7 THz) (using 6 = 80, N;p = 1.0 x 1012 cm~2,
v=1.0x103s"1, and vp = 0.829 x 10° m s~ 1) for selected q values from 1000 to 10,000 cm ™!, with
different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (¢) w = 380 nm, and (d) w = 480 nm. The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.25.

Figure 9a—c show the plasmon spectra at § = 80 for g = 2000, 5000, 10,000 cm ! as a
function of the ribbon width. From these results, we provide evidence for the sensibility of
the plasmon response by increasing the ribbon width and showing that the plasmon peak
mainly shifts to higher values of frequency in all cases. On the other hand, Figure 9d and
Table S7 exhibit the greatest effect of the combination of the excitation angle and ribbon
width occurring at small g values, say, ¢ = 2000 cm~! (Figure 9d, black curve). In fact, the
plasmon frequency increases by ~40% for GNR arrays from 155 nm to 270 nm wide, by
~22% from 270 nm to 380 nm wide, and by ~14% from 380 nm to 480 nm wide. For the
other values of g a similar situation is observed but with a lower percentage variation (red
and green curves).
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Figure 9. Plasmon excitation lifetime (< 7 THz) at (a) g = 2000 cm~ L, (b) g = 5000 em 1, () q=
10,000 cm™1; considering different ribbons widths (155, 270, 380, and 480 nm). (d) Percentage
variation in plasmon frequency by increasing ribbon width for three different g values (g = 2000,
5000, 10,000 cmfl). The parameters of Equation (4) have been fixed as: Nop = 1.0 x 1012 em—2,
0 =80,v=1.0x102s"1 and vg = 0.829 x 10° m s~ 1. The plasmon spectra were calculated using
the Lorentzian shape function to a maximum value of 1 with FWHM = 0.25.

3.4. The Effect of Relaxation Rate on the Plasmonic Properties

Regarding the experimental part, the preparation process of graphene produces sam-
ples with different defects, such as sp>-defects, vacancy-like defects, and edge-type de-
fects [42]. These defects can also be found in wide GNRs which are expected to modify their
electronic and optical properties [43]. In line with the present work, high carrier mobility
is usually observed in defect-free samples but as the density of the defects increases, the
charge carrier mobility is reduced. This fact is precisely what we proceed to examine in
Figure 10, by changing the electron relaxation rate (v) due to a high v value being connected
with a higher density of defects, hence, a low charge carrier mobility. As an example,
an electron relaxation rate of v = 1.0 x 10! s~! corresponds to an electron mobility of
50,000 cm?/V s whereas v = 4.0 x 10'3 to ~22,100 cm?/V .
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Figure 10. Plasmon frequency dispersion (w/2m) vs. wave vector (g) (using 8 = 0, Nop =
1.0 x 102 em™2, and vg = 0.829 x 10° m s~1) for different values of electron relaxation rate

(v = 1.0 x 1013, 2.0 x 1013, 4.0 x 101 s71) and different ribbon widths: (a) w = 155 nm,
(b) w = 270 nm, (c) w = 380 nm, and (d) w = 480 nm.

In this context, the sensitivity of the plasmon frequency dispersion is investigated
using three values of the relaxation rate (v = 1.0 x 1018 571 v = 2.0 x 10% 571, and
v=40x10%s1)and fixing the other parameters as: Nop = 1.0 x 102 cm~2and 6 = 0.
We point out that the horizontal axes of Figure 10 are ten times smaller, i.e., § < 1000 cm !
In all the GNR arrays, as the v value increases, the frequency—momentum dispersion shifts
toward larger values of 4 and furthermore, the plasmon frequency is reduced.

The interesting part of the results is the fact that there is a momentum range for which
no plasmons are allowed to exist again, particularly, at v = 2.0 x 10'® s~! (blue curves)
and v = 4.0 x 10'3 s7! (red curves). The greatest effect of the electron relaxation rate is
distinguished at v = 4.0 x 10'3 s~! where no plasmons are found at 4 < 550 cm ™! for
w = 155 nm (Figure 10a), at § < 350 cm ™! for w = 270 nm (Figure 10b), at g < 250 cm ™! for
w = 380 nm (Figure 10c), and at g < 200 cm ™! for w = 480 nm (Figure 10d). Consequently,
as the v value increases, the momentum region for which the plasmon does exist is enlarged.

To highlight the effect of the relaxation rate at v = 4.0 x 10'® s7!, the plasmon spectra
for selected g values from 100 to 1000 cm~! and different ribbon widths are reported in
Figure 11 and Table S8. In particular, no plasmons are detected at 0 < g < 500 cm ™!
for w = 155 nm (Figure 11a), at 0 < g < 300 em~! for w = 270 nm (Figure 11b), at
0 < g <200 cm~! for w = 380 nm (Figure 11c), and at 0 < g < 500 cm ! for w = 480 nm
(Figure 11d). Additionally, the plasmon excitation peak is detected from 0.69 to 2.45 THz for
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w = 155 nm, from 1.35 to 4.04 THz for w = 270 nm, from 1.53 to 5.11 THz for w = 380 nm,
and from 0.86 to 5.92 THz for w = 480 nm.
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Figure 11. Plasmon excitation lifetime (w/2m < 7 THz) (using 6 = 0, N;p = 1.0 x 1012 cm~2,

v=40x10%s"1 and vp = 0.829 x 10° m s 1) for selected g values from 100 to 1000 cm~!, with
different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (¢) w = 380 nm, and (d) w = 480 nm. The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.25.

On the other hand, Figure 12a—c displays the plasmon spectra at v = 4.0 x 1013
s~ 1 for g = 600, 800, 1000 cm~! as a function of the ribbon width. Similarly, for all
cases, the plasmon peak shifts to higher values of frequency by increasing the value of
the ribbon width. Additionally, Figure 12d and Table S9 show that the greatest effect of
the combination of the electron relaxation rate (v = 4.0 x 10!3 s71) and ribbon width,
particularly, occurs at ¢ = 600 cm~! (Figure 10d, black curve). The plasmon frequency
increases by ~73% for GNR arrays from 155 nm to 270 nm wide, by ~27% from 270 nm to
380 nm wide, and by ~16% from 380 nm to 480 nm wide. Thus, we can conclude that the
electron relaxation rate is a significant parameter in the conductivity-related phenomena of
2D GNR arrays which should be taken into account when designing new biosensors.
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Figure 12. Plasmon excitation lifetime (< 7 THz) at (a) § = 600 cm ™!, (b) ¢ = 800 cm~, and (c)
q = 1000 cem! considering different ribbons widths (155, 270, 380, and 480 nm). (d) Percentage
variation in plasmon frequency by increasing ribbon width for three different g values (3 = 600,
800, 1000 cm~1). The parameters of Equation (4) have been fixed as: Nop = 1.0 x 1012 em=2,60 =0,
v =4.0x108 s71, and vg = 0.829 x 10° m s~!. The plasmon spectra were calculated using the
Lorentzian shape function to a maximum value of 1 with FWHM = 0.25.

3.5. The Effect of 2D Carrier Concentration on the Plasmonic Properties

The final parameter to be controlled in Equation (4) is the 2D charge carrier con-
centration denoted as Npp. This effect can be commonly altered by injecting or ejecting
electrons, i.e., by doping the GNRs or by a gating voltage. In particular, this quantity
can be varied easily in a reasonable range up to Nop ~ 5.0 x 10'> cm~2 [35]. Figure 13
shows precisely this effect on the plasmon frequency-momentum dispersion for each of
the systems (w = 155 nm (Figure 13a), w = 270 nm (Figure 13b), w = 380 nm (Figure 13c),
and w = 480 nm (Figure 14d)) by using three reference Npp values (Nop = 1.0 10'2 cm—2
(black curve), Nop = 1.0 x 102 em~2 (blue curve), and Nop = 2.0 x 102 em ™2 (red curve)),
and fixing: v = 4.0 x 1013 s~ and 6 = 0.
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Figure 13. Plasmon frequency dispersion (w/27) vs. wave vector (q) (using § = 0, v = 1.0 x 1013 s71,
and vg = 0.829 x 10° m s~ 1) for different values of charge carrier concentrations (Npp = 1.0 x 10'2, 2.0 x
10'2, 4.0 x 1012 cm~2) with different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (c) w = 380 nm,
and (d) w = 480 nm.

Particularly, Figure 13 shows that increasing the value of Npp, the forbidden region for
the plasmon becomes zero in other places where the value of the charge carrier density used
in wide GNR arrays, i.e., the plasmon frequency—-momentum dispersion, shifts towards
g — 0. However, this effect is very dramatic for the plasmon frequency dispersion in all
the analyzed cases because increasing the charge carrier density leads to an increase in
the plasmon energy. As noticed, a significant increase in frequency is observed, by the
comparison from v = 1.0 x 1013 s to v = 4.0 x 10'3 s~! (red curves) of about 20 THz
for the GNR arrays 155 nm wide (Figure 13a) to ~40 THz for 480 nm wide (Figure 13d).
We point out that these results are below the limit of the semi-analytical model (~50 THz,
Section 2.2), suggesting a good agreement between our predictions and future experiments.

To scrutinize the crucial effect of the charge carrier density at Nopp = 4.0 x 102 em—2,
the plasmon spectra for g values from 1000 to 10,000 cm~! and different ribbons widths are
reported in Figure 14 and Table S10. Interestingly enough, surface plasmons are detected at
a frequency—-momentum range of zero for all cases (Figure 13), i.e., the forbidden regions
are absent. More importantly, the plasmon excitation peak is found from 6.72 to 21.26
THz for w = 155 nm (Figure 14a), from 8.87 to 28.06 THz for w = 270 nm (Figure 14b),
from 10.53 to 33.29 THz for w = 380 nm (Figure 14c), and from 11.83 to 37.42 THz for
w = 480 nm (Figure 14d).
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Figure 14. Plasmon excitation lifetime (w/27r < 40 THz) (using 8 = 0, Nop = 4.0 x 1012 cm 2,
v=1.0x103s71 and vp = 0.829 x 10° m s 1) for selected q values from 1000 to 10,000 em !, with
different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (c) w = 380 nm, and (d) w = 480 nm. The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.25.

Figure 15a—c presents the plasmon spectra at Nop = 4.0 x 102 cm =2 for g = 1000, 5000,
10,000 cm ! as a function of the ribbon width. As evidenced, the 2D charge density is
the most critical parameter to substantially increase the plasmon frequency because the
plasmon peak shifts, for instance, from 21 THz (at ¢ = 10,000 cm~! and w = 155 nm)
to 37.42 THz (at g = 10,000 cm ™! and w = 480 nm). Lastly, regardless of the value of g,
Figure 15d and Table S11 show that the combined effect of the 2D charge carrier density
and ribbon width increased the plasmon frequency by ~24% for the 2D GNR arrays from
155 nm to 270 nm wide, by ~16% from 270 nm to 380 nm wide, and by ~11% from 380 nm
to 480 nm wide.
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Figure 15. Plasmon excitation lifetime (< 40 THz) at (a) ¢ = 1000 cm~ 1, (b) g = 5000 cm~ 1,
(¢) g = 10,000 cm~1; considering different ribbons widths (155, 270, 380, and 480 nm). (d) Percentage
variation in plasmon frequency by increasing ribbon width for three different g values (g = 1000,
5000, 10,000 cm™~!). The parameters of Equation (4) have been fixed as: N;p = 1.0 x 1012 em~—2,
0=0,v=40x103s"1 and vp = 0.829 x 10° m s~ . The plasmon spectra were calculated using
the Lorentzian shape function to a maximum value of 1 with FWHM = 0.25.

4. Potential Applications of Wide 2D GNR Arrays in Biosensors

All the results presented in the previous section are very relevant because they suggest
that precise control of the plasmonic response is possible using wide graphene nanoribbons
and by combining different technical parameters to adapt to a specific demand of graphene-
based biosensors. With this in mind, we proceed to discuss our results in terms of some
potential applications, such as molecular sensing.

4.1. Detection of Lactose Molecules

Very recently, Choi G., et al. [44] reported the fabrication of a graphene/metallic
nanoslot antenna for the molecular detection of lactose molecules as prototypical biomolecules
which have intermolecular absorption in the THz regime. Specifically, the lactose molecules
have weak and strong peaks at 0.53 THz and 1.35 THz, respectively. In terms of sensitivity,
the peak at 0.53 THz has a smaller absorption coefficient, making it difficult to detect.
Hence, all the analyzed 2D GNR arrays become interesting candidates for ultrasensitive
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molecular detection because of the enhanced electric field due to the one-dimensional
confinement, and more importantly, these systems have resonance modes at the same THz
scale working on lower g values (7 < 100 cm™!). The latter is shown in Figure 16a by
setting Nop = 1.0 x 1012cm=2,0 =0,and v = 0.0s~ L.
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Figure 16. (a) Plasmon frequency dispersion (< 2 THz) (w/27r) vs. wave vector, considering different
ribbons widths (155, 270, 380, and 480 nm). The parameters of Equation (4) have been fixed as:
Nop = 1.0x 102 em™2, 0 = 0, and v = 0.0 s~L. (b) Plasmon excitation lifetime at 1 THz for
momentum g < 20 cm L, considering different ribbons widths (155, 270, 380, and 480 nm). The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.5.

In all cases, plasmon responses are observed at 0.53 THz; however, only the widest
ribbons give plasmonic responses at 1.35 THz, i.e., w = 270 (blue curve), w = 380 (red
curve), and w = 480 (green curve). Note that we are using v = 0, which means defect-free
GNR samples, resulting in the highest possible electron mobility. Another important result
is the fact that although all 2D GNR arrays have plasmon responses at 0.53 THz, these
resonances are found at different values of momentum (g); for instance, for w = 155 nm
wide, the peak is found at g ~ 18 cm ! (Figure 16b, black curve) whereas for w = 480 nm
wide, the peak is found at g ~ 6 cm~! (Figure 16b, green curve).

4.2. Detection of Molecules in Water

In clinical analysis, a significant problem is the identification of pure aqueous molecules
because water generates strong THz absorption at 1 THz and g ~ 240 cm~! [45] which
severely obscures the response of solute molecules, leading to similar absorption features
for different trace molecules. To weaken the interference of water, sample preparation re-
quires a tedious drying process or the replacement of water with a low-absorption medium;
however, this is not possible in all cases. In this context, THz nanomaterials with obvious
resonance peaks in the water frequency-absorption range could greatly enhance the interac-
tions between incident THz waves and adherent target molecules, demonstrating practical
applications in sensing proteins, nucleic acids, and cells. This fact is confirmed in Figure 17
by setting Nop = 1.0 x 102 cm 2,0 = 0,and v = 2.24 s~ 1.

Note that we now use even a high value of the electron relaxation rate (v) to be able to
achieve the desired frequency (1 THz) and momentum range (g ~ 240 cm~!), suggesting
that GNRs with a high defect density (such as oxidized graphene ribbons) could be the
best choice for detecting aqueous molecules. Figure 17a demonstrates that this issue can
be solved using 2D GNR arrays 155 nm wide (black curve), setting the possibility of
assembling optimized THz biosensors to sense, for instance, human «-thrombin whose
resonance peak is detected at about 0.9 THz [45]. In response to this, Figure 17b displays
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the existence of plasmon resonance modes in 2D GNR arrays 155 nm wide in the same
THz frequency of water at ¢ = 240 cm~! (purple curve) and «-thrombin at ¢ = 229 cm !
(red curve).

(a)

Peak i " Tpeak ’
(b) ’ | o

=
n

Peak, ,= 1.00 THz

Peak

‘a-thrombin’

=0.90 THz

w/2m (TH2)
o
Relative Intensity

o
"

240 cm?

q=

100 150 200 250 300 0.0 0.5 1.0 1.5 2.0
q(cm™) w/2m (THz)

Figure 17. (a) Plasmon frequency dispersion (< 2 THz) (w/2m) vs. wave vector (7), considering
different ribbons widths (155, 270, 380, and 480 nm). (b) Plasmon excitation lifetime for w = 155 nm,
considering different momenta from 200 to 290 cm~!. The parameters of Equation (4) have been fixed
as: Npp = 1.0 X 1012 em=2,0 = 0, and v = 2.24 x 1013 s~ 1. The plasmon spectra were calculated
using the Lorentzian shape function to a maximum value of 1 with FWHM = 0.5.

4.3. Detection of Chlorpyrifos-Methyl Molecules

In cases in which the samples can be dried, one of the most interesting physical
properties of graphene can be used, which is also present in wide 2D GNR arrays, i.e.,
the out-of-plane 7r electrons. As an example, the chlorpyrifos-methyl molecule is an
insecticide mainly used to control insect pests on a range of crops. However, this pesticide
is highly toxic to organisms and humans, requiring urgent detection methods and removal
techniques. Regarding the chemical structure conformation, chlorpyrifos-methyl has a
benzene-like ring with 7 electrons, which are expected to have a direct interaction with
the 7t electrons of GNRs through 7 — 7 stacking, and furthermore, this molecule has
a resonance peak at 0.95 THz [46]. The following is illustrated in Figure 18 by setting
Nop =25x102ecm™2,0 =0,and v = 2.24 s~ 1.

Precisely, all the analyzed 2D GNR arrays offer the required THz response at these
frequencies (Figure 18a), demonstrating their application in label-free sensing. Note that
we are using high values of the electron relaxation rate (v) and charge carrier concentration
(N2p), which in turn demonstrates two important facts: (i) the use of GNR samples with a
high density of defects; and (ii) a charge transfer from the molecule (doping) is expected
due to the interaction between the 2D GNR array and chlorpyrifos-methyl molecule via the
7T — 7t interactions. Additionally, an important result is the fact that although all 2D GNR
arrays have plasmon responses at 0.95 THz, these resonance modes shift to lower values of
momentum (g); for instance, for w = 155 nm wide, the peak position at 0.95 THz is found
at g ~ 94 cm~! (Figure 18b, black curve) whereas for w = 480 nm wide the peak position is
found at g ~ 30 cm~! (Figure 18b, green curve).
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Figure 18. (a) Plasmon frequency dispersion (< 3 THz) (w/27) vs. wave vector, considering different
ribbons widths (155, 270, 380, and 480 nm). The parameters of Equation (4) have been fixed as:
Npp =25%102cm 2,0 =0, and v = 2.24 s~ 1. (b) Plasmon excitation lifetime at ~ 0.95 THz for
momentum g < 100 cm L, considering different ribbons widths (155, 270, 380, and 480 nm). The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.5.

4.4. Detection of Glucose and Malaria

Last but not least, materials with specific ranges of physical parameters, such as
permittivity and permeability, are needed for high-frequency sensing applications. The
purpose of these materials is the implementation of ultrathin, ultrasensitive, and absorption-
based biosensors with a narrowband THz response. The required features are covered by
the 2D GNR arrays examined here. As evidenced throughout our present work, GNRs
have interesting tunability and controllability in the frequency of interest. In particular,
the excitation of surface plasmons in 2D GNR arrays causes strong field confinement
which results in a perfect absorption spectrum. As illustrative examples, glucose in water
and malaria in blood have resonances at 14.88 and 12.7 THz, respectively [47]. These
resonance modes are investigated in Figure 19 by setting Nop = 1.5 x 1012 em™2, 0 = 0,
and v = 0.0 s~ 1. Here we propose the use of defect-free GNR samples and we increase the
value of the charge carrier density a little bit since the latter is expected as an effect of the
charge transfer from the molecules to the 2D GNR arrays.

Interestingly enough, 2D GNR arrays 480 nm wide (Figure 19a, green curve) show
similar THz excitation peaks, confirming the prospect of building excellent adsorbers that
can be utilized as faultless absorption platforms working at the frequency of higher-order
resonance. On the other hand, 2D GNR arrays 380 nm wide show resonance modes
below 14 THz, suggesting their use for detecting malaria in blood but not glucose in water.
Nevertheless, this fact is relative, since depending on the type of molecule, the interaction
could be stronger (see the discussion in the previous section, Section 4.3), causing a larger
charge transfer, which performs in larger doping of 2D GNR arrays. Indeed, even the other
2D GNRs arrays (e.g., w = 270 nm) could also be candidates for the detection of glucose
and malaria. Figure 19b confirms the presence of plasmon resonance modes in the same
frequency of glucose at ¢ = 2200 cm ! (green curve) and malaria at § = 3000 cm ™! (red
curve).
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Figure 19. (a) Plasmon frequency dispersion (< 16 THz) (w/27) vs. wave vector (g), considering
different ribbons widths (155, 270, 380, and 480 nm). (b) Plasmon excitation lifetime for w = 480 nm,
considering different momenta from 2000 to 3000 cm~!. The parameters of Equation (4) have been
fixedas: Nop = 1.0 x 102 em 2,0 = 0,and v = 2.24 x 103 s~ 1. The plasmon spectra were calculated
using the Lorentzian shape function to a maximum value of 1 with FWHM = 0.5.

5. Conclusions

In summary, we have presented a semi-analytical approach based on the charge carrier
velocity of graphene to study the plasmonic properties of experimentally realized 2D GNR
arrays with widths ranging from 155 to 480 nm within the THz scale, and considering
freestanding systems, for instance, GNRs on insulating substrates.

This simple model allows us to analyze the trends of surface plasmon’s characteristics
in 2D GNR arrays, for which an ab initio approach is unworkable. Our study provided a
complete picture of controlling the plasmon frequency dispersion and plasmon response.
In particular, the surface plasmon modes are strongly dependent on the ribbon width and
experimental setup.

As main results:

The analyzed systems show bandgap values from 22.12 to 7.14 meV.

Several sub-bands are observed in the equal energy region as the ribbon width increases.
All GNR systems display a direct bandgap at the K point.

An interesting outcome is the fact that increasing the ribbon width increases the
plasmon frequency dispersion.

At excitation angles of 6 = 80, no plasmons are detected at g = 0.

At higher values of v, the entire plasmon frequency-momentum dispersion is signifi-
cantly reduced with the presence of forbidden regions for plasmons.

e  The combination of ribbon width and 2D charge concentration increases the plasmon
frequency up to about 40 THz.

Additionally, we have evidenced the possibility of using the scrutinized 2D GNR
arrays in molecular sensing. Particular attention is given to the detection and sensing of:

Lactose molecules;
Human o-thrombin;
Chlorpyrifos-methyl;
Glucose in water;
Malaria in blood.

Our findings are very relevant because they suggest that precise control of the plas-
monic response is possible in the case of wide nanoribbons by combining different technical
parameters to fit a specific demand for future biosensors based on graphene or materials
beyond graphene [48].
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10120514/s1, Figure S1: Experimentally realized
graphene nanoribbons organized as 2D periodic arrays for (a) w = 155 nm, (b) w = 270 nm,
(c) w = 380 nm and (d) w = 380 nm (Ref. [1]); Figure S2: (a) Band structure of graphene in the vicinity
of K point with the Fermi level set to zero energy. The blue line is the 77 band and the red line is the
7r* band. (b) Fermi velocity as a function of the single-particle energy for the 7w band (blue circles)
and the 77* band (darker red circles) in the k-point region; Figure S3: (a) Bandgap (A) as a function of
the ribbon width (w). Markers represent the GNR systems under study and the dashed lines are the
fitting curve using Equation (2). The numerical values of the bandgap are calculated using different
charge carrier velocities as reported in Ref. [2]. (b) Plasmon frequency dispersion (w/27) vs. wave
vector (q) for 2D GNR arrays of w = 270 nm wide. The parameters of Equation (4) have been fixed
as: Npp = 1.0 x 1012 em™2,0 = 0, v = 1.0 x 1013 571, and different carrier velocities are considered;
Table S1: Computed k-points and single-particle energies using LDA-DFT for the 7t and 7* bands
close to the K point. Calculated Fermi velocity by Equation (2); Table S2: Bandgap and charge carrier
effective mass of GNRs with ribbon width: w = 155, 270, 380, 480 nm. The free-electron mass is
denoted as my. The charge carrier velocity is vi = 0.829 x 10° m/s; Table S3: Bandgap and charge
carrier effective mass of GNRs with ribbon width: w = 155, 270, 380, 480 nm. The free-electron
mass is denoted as 1. The charge carrier velocity is vy ~ 1.0 x 10° m/s; Table S4: Peak position of
plasmon response in 2D GNR arrays of 155, 270, 380, and 480 nm wide, selecting three different g
values (g = 100, 1000, 10,000 cm™~1); Table S5: Percentage increase in plasmon frequency by increasing
ribbon width for three different g values (g4 = 100, 1000, 10,000 cm™1); Table S6: Peak position of
plasmon response in 2D GNR arrays of 155, 270, 380, and 480 nm wide, for selected g values at 6 = 80;
Table S7: Percentage increase in plasmon frequency by increasing ribbon width for three different g
values (g = 2000, 5000, 10,000 cmfl) at 6 = 80; Table S8: Peak position of plasmon response in 2D
GNR arrays of 155, 270, 380, and 480 nm wide, for selected g values at v = 4.0 x 1013 s—1; Table S9:
Percentage increase in plasmon frequency by increasing ribbon width for three different g values
(9 = 600, 800, 1000 cm~!) at v = 4.0 x 10'3 s~1; Table S10: Peak position of plasmon response in
2D GNR arrays of 155, 270, 380, and 480 nm wide, for selected q values at Nop = 4.0 x 1012 ecm~2;
Table S11: Percentage increase in plasmon frequency by increasing ribbon width for three different
q values (g = 600, 800, 1000 cm~1!) at Nop = 4.0 x 101> cm 2. References [28,38] are cited in the
supplementary materials.
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Abstract: Certain dyes are deleterious to the biological system, including animals and plants living
in the water sources, soil sources, and so on. Thus, the analysis of these dyes requires a potent,
quick, and cost-effective approach to the environmental samples. The present research work shows
a modest, low-cost, and eco-friendly electrochemical device based on poly(dl-phenylalanine)-layered
carbon nanotube paste electrode (P(PAN)LCNTPE) material for indigo carmine (ICN) detection in
the presence of tartrazine. The cyclic voltammetric, field emission scanning electron microscopy, and
electrochemical impedance spectroscopic methods were operated for the detection of the redox nature
of ICN and electrode material surface activities, respectively. In better operational circumstances,
P(PAN)LCNTPE provided better catalytic activity for the redox action of ICN than the bare carbon
nanotube paste electrode. The P(PAN)LCNTPE showed good electrochemical activity during the
variation of ICN concentrations ranging from 0.2 uM to 10.0 uM with improved peak current, and the
limit of detection was about 0.0216 M. Moreover, the P(PAN)LCNTPE material was performed as
a sensor of ICN in a tap water sample and shows adequate stability, repeatability, and reproducibility.

Keywords: indigo carmine; poly(dl-phenylalanine); carbon nanotubes; electrochemical sensor;

tartrazine; water samples

1. Introduction

Dyes or colorants are important organic compounds, used as artificial dyeing medi-
ators in various industries including food, pharmaceutical, paper, photographic, paint,
leather, and electronic industries. Numerous assessments reported that over 10,000 of
various dyes are operated in several industrial products and over 700,000 tons of synthetic
dyes are industrialized in the global market. Regrettably, 10.0-50.0% of colorants are
wasted in the dyeing process and that massive quantity of colorants is directly liberated
to environmental sources like water, soil, and so on. Here, most of the dyes are toxic,
which formulates some harmful effects on nature such as decreasing photosynthesis action,
oxygen lack, dissimilarity in BOD, the salinity of the soil, chemical oxygen demand, and
so on. Additionally, less than 1 mg of colorant in 1 L of water is harmful to the plants and
animals living in water resources [1].

Indigo carmine (ICN) is a water-soluble hydrophilic coloring agent (dye), naturally
obtained during the indigo sulfonation process. ICN exhibits some significant applications
during the detection of superoxide and ozone, redox reactions as a pH indicator, in the
formulation of pharmaceutical pills, and coloring of food products, fabric materials, and
beverages [2]. Likewise, ICN is extensively utilized during the treatments of gastric cancer
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and vesicoureteral reflux, transurethral resection, chemotherapy of hepatic tumors, obstetric
surgery, and so on [3-6]. Nevertheless, the anomaly of ICN concentration in water samples
promotes some side effects in living species, such as hereditary problems, invariable blood
pressure, hypertension, urticaria, eye problems, bronchospasm, and cancer-related tumor
growth [7-10]. Therefore, the detection and protection of ICN in water resources are most
crucial. Both can be performed using a simple, sensitive, and eco-friendly methodology.

Numerous methods were described for ICN detection, including high-performance
liquid chromatography [11], thin-layer chromatography [12], chemiluminescence [13],
flow amperometry [14], tandem mass spectrometry [15], and spectrophotometry [16].
Here, almost all methods are tedious and laborious and need costly instruments, well-
trained analysts, and sample pre-treatment procedures. Nevertheless, the electrochemical
approaches are the best practical approaches for the detection of electroactive compounds
due to their higher steadiness, sensitivity, selectivity, rapid response, low-priced, simplicity
of optimization, comfort of handling, and lesser analysis time [17-26].

Additionally, working electrode materials are key tools for the operation of electro-
chemical approaches. Currently, CNTs are the finest material in the sensor field for the
detection of electro/bioactive compounds due to the presence of various special character-
istics including good bio-compatibility and conductivity, high electroactive surface area,
higher mechanical, chemical, and thermal stability, good electronic activities, low-priced,
easy preparation approach, and low background current [27,28]. These applications make
CNTs-based materials a key sensing tool for the detection of ICN with high sensitivity and
selectivity in the present research.

Here, the base electrode material needs a surface activation for improved electrocat-
alytic activity; hence, we used amino acid as a surface activator. Presently, electrochemically
polymerized amino acid-based electrodes attain a huge interest in the sensor field for the de-
tection of various bio/electroactive molecules. Particularly, electrochemically polymerized
dl-phenylalanine P(PAN) displays raised stability, sensitivity, and bio-compatibility, non-
hazardous character, therapeutic activities, robust activity with the analyte and electrode
surface with more active sites and conducting channels [29].

As a result of limited literature information, no described research works were found
on the sensitive and selective electrochemical analysis of ICN alone in the real sample
(tap water) and concurrent ICN and tartrazine (TN) detection at the surface of poly(dl-
phenylalanine)-layered carbon nanotube paste electrodes (P(PAN)LCNTPE) using cyclic
voltammetric (CV) operation. Correspondingly, this article confirms the great analytical
applications and authentications for the examination of the quality of water samples.

2. Experimental Section
2.1. Chemicals and Reagents

ICN (electroactive compound under study), dl-phenylalanine (PAN) (surface activa-
tor), CNTs (electrode base material), and silicone oil (binder) were bought from Molychem,
Mumbeai, India. TN and potassium chloride (supporting electrolyte) were bought from
Nice Chemicals, Kochin, India. Sodium salts (supporting electrolytes: Na,HPO4-2H,O and
NaH,PO4-H,0) and potassium ferrocyanide (electroactive compound) were procured from
Sisco Research Laboratories Pvt. Ltd., Maharashtra, India. These chemical compounds are
analytical reagents graded and operated without extra purification. The solutions of know
concentration were made by dissolving an estimated amount of chemical compound in
a known amount of distilled water. The complete ICN analysis in the present work was
done at the lab temperature of 25 °C.

2.2. Instrumentation

The CV and electrochemical impedance spectroscopic (EIS) methods were operated
using z CHI-6038E instrument. The CHI-6038E (CHI Instrument, Austin, TX, USA) was
used as a potentiostat for ICN in phosphate buffer (PB). Here, the mentioned potentiostat
was connected to the electrochemical cell with three electrodes (three-electrode system),
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the P(PAN)LCNTPE and bare carbon nanotube paste electrode (BCNTPE) were used as
a working electrode, the platinum wire was operated as a counter-electrode, and the
saturated calomel electrode is used as a reference electrode. The field emission scanning
electron microscopy (FE-SEM) characterization of the bare and modified electrode materials
was conducted at DST-PURSE Laboratory, Mangalore University, Mangalore, India.

2.3. Preparation of BCNTPE

The preparation of the BCNTPE was performed with the optimum composition like
60% CNTs and 40% silicone oil based on the previous literature [19]. Here, the powder
of CNTs (60%) and silicone oil (40%) were mixed well for about 15 to 20 min in an agate
mortar using a pestle to accomplish a homogeneous paste of CNT and silicon oil. A bit
part of the resulting CNTP was filled into the void (3.0 mm width) of the Teflon tube and
a copper wire was inserted to provide an electrical connection. The surface of the electrode
was smoothened attentively utilizing soft paper and rinsed with distilled water. The finally
obtained material is called BCNTPE.

2.4. Preparation of P(PAN)LCNTPE

The P(PAN)LCNTPE was prepared using the electrochemical polymerization of PAN
(1.0 mm) in PB (0.2 M & 7.0 pH) at the surface of fresh CNTPE through cycling 10 CV
cycles at the scan rate of 0.1 Vs~! and the potential window of —1.0 V to 1.5 V. After the
completion of 10 CV cycles the modified electrode surface was rinsed with distilled water
to achieve a fresh sensitive electrode surface called P(PAN)LCNTPE.

3. Results and Discussions
3.1. FE-SEM and EDX Analysis of BCNTPE and P(PAN)LCNTPE

FE-SEM is an innovative characterization technique operated to capture and analyze
the microstructure picture of the material surfaces. FE-SEM is characteristically operated in
a high vacuum, since gas molecules tend to interrupt the electron beam and the emitted
secondary and backscattered electrons used for imaging and morphological observations.
In this study, FE-SEM and EDX techniques are used for the analysis of surface morphology
and elemental analysis of BCNTPE and P(PAN)LCNTPE, and the data are shown in
Figure 1. Here, Figure 1la shows an unsystematically distributed tube-like shape with
rough exterior, which signifies the presence of CNTs on the surface of BCNTPE material.
Nevertheless, Figure 1b shows a surface structure of P(PAN)LCNTPE, here the electrode
surface is surrounded by a film of Poly(PAN) on the CNTP surface. In addition, the
characteristic elemental analysis was performed using the EDX technique to coincide with
the elemental configuration of BCNTPE and P(PAN)LCNTPE. Figure 1c,d display the
EDX images of BCNTPE and P(PAN)LCNTPE with different topographies. In Figure 1c,
elements such as carbon (C), oxygen (O), and silicon (Si) appeared, and it indicates the
material of unmodified electrode (BGPPE). Nonetheless, Figure 1d presents C, nitrogen (N),
Si, and O elements. Hence, it indicates the modification of nitrogen-based moiety (amino
acid: PAN) on the CNTPE surface.

3.2. EIS Study of BCNTPE and P(PAN)LCNTPE

EIS systems are functioned by computer programs specifically designed for EIS testing.
Hence, before conducting EIS experimentation, all components of the arrangement must be
accomplished. In this study, three electrodes were used (already explained in Section 2.2).
The PB solution of known concentration and volume was prepared and transferred to
the electrochemical cell and all three electrodes were connected to the potentiostat. Here,
four leads were operated to assign the three electrodes to the EIS analyzer. Once all leads
were connected, the EIS system was set up and ready for testing.

EIS is the simple method for the examination of charge transfer resistance (Rct) of
the materials (BCNPE & P(PAN)LCNTPE). Here, EIS was performed for K4[Fe(CN)],
and (1.0 mM) was used as a standard analytical sample in KCl1 (0.1 M) at the surface
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of BCNTPE (curve-a) and P(PAN)LCNTPE (curve-b). The EIS outcomes are displayed
based on the Nyquist plots (Figure 2). The described Nyquist plots show that the surface
of BCNTPE material offers a greater semicircle size and the surface of P(PAN)LCNTPE
material presents a smaller semicircle size. Also, the fitted equivalent circuit of R(CR(QR))
shows the parameters such as Rct, Q represents the constant phase element, Cq; represents
the double layer capacitance, R represents the internal resistance, and Rs represents the
solution resistance. The data relating to Rs, Rct, Q, and Cg; of bare and modified electrodes
are tabulated in Table 1. These outcomes agree that the Rct of P(PAN)LCNTPE is lesser
with a high charge transfer character than BCNTPE [27].

Signal A = InLens Mag= 10.00KX WD= 36mm EHT = 5.00 kv Signal A = InLens Mag= 1000KX WD=35mm

2 4 6 8 10 2 4 6 8 10
Full Scale 7875 cts Cursor; 0.000 keV{|Full Scale 7875 cts Cursor: 0.000 ke

Figure 1. FE-SEM image of (a) BCNTPE and (b) P(PAN)LCNTPE. EDX image of (c) BCNTPE and
(d) P(PAN)LCNTPE.

Table 1. EIS results for BCNTPE and P(PAN)LCNTPE.

Electrode
Parameter
BCNTPE P(PAN)LCNTPE
Rs (Q) 26.9 24.28
Ret (Q) 177.4 148.8
Cgq (F) 1.08 x 108 1.60 x 1078
Q (S.sec™) 6.456 x 1077 1.27 x 1078
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Figure 2. EIS curves for BCNTPE (curve-a) and P(PAN)LCNTPE (curve-b).

3.3. Active Surface Area of BCNTPE and P(PAN)LCNTPE

The study of the electrochemically active surface area supports the clarification of
the conductivity and sensitivity of the electrode materials. Figure 3 displays the cyclic
voltammograms for a standard analytical sample K4[Fe(CN)¢] (1.0 mm) in KC1 (0.1 M)
at the surface of BCNTPE (curve-a) and P(PAN)LCNTPE (curve-b) having a potential
window of —0.3 V to 0.6 V and a scan rate of 0.1 Vs—!. The P(PAN)LCNTPE shows
improved electrocatalytic activity for the redox action of K4[Fe(CN)4] with enhanced peak
current and reduced peak potential in contrast to BCNTPE. These results are dependant
on the electrochemically active surface area of the electrode materials. The active surface
area of P(PAN)LCNTPE and BCNTPE was calculated using the following Randles-Sevcik
equation [23,27,28],

I, =2.69 x 10° 222 AD2 Cv 12

where A (cm?) is the electro-active surface area, I,(A) is the peak current, z is the electron
number in redox action of K4;[Fe(CN)g], v (Vs 1) is the scan rate, D (7.3 x 107¢ cm? s 1) is
the diffusion coefficient of K4[Fe(CN)g] [28], and C (M) is the concentration of K4[Fe(CN)g].
Primarily, in the bare electrode (before modification) the calculated electroactive surface
area (geometric surface area) value was found to be 0.017 cm?, but after modification of
CNTPE surface by P(PAN), the calculated active surface area was found to be 0.034 cm?.
These data indicate that the geometric surface area of the bare electrode is lesser than the
modified electrode and it is due to the effect of the modification.

The heterogeneous electron transfer rate constant (k) is calculated through the data of
EIS and active surface area, and the rate constant relation are as follows:

k = RT/n? F2 A C Rct

128



Chemosensors 2022, 10, 461

where n represents the number of electrons, and other terms have their traditional deno-
tation. The calculated value of k for P(PAN)LCNTPE was 0.0013 cm/s and for BCNTPE
0.0017 cm/s. These results show that the development of the P(PAN) layer at the surface of
CNTPE increases its catalytic activity with a high number of active sites.
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Figure 3. Cyclic voltammograms for K4[Fe(CN)4] (1.0 mm) in KC1 (0.1 M) at the surface of BCNTPE
(curve-a) and P(PAN)LCNTPE (curve-b) having a potential window of —0.3 V to 0.6 V and a scan
rate of 0.1 Vs~ 1.

3.4. Electrochemical Polymerization of PAN on CNTPE Surface

Inset Figure 4 shows the cyclic voltammograms for the PAN (1.0 mm) in PB (0.2 M
and 7.0 pH) at the surface of CNTPE for the electrochemical polymerization and the plot
of the number of cycles vs. peak current. Firstly, the effect of film thickness was studied
by varying the number of CV cycles from 5 to 20 (Figure 4a). Here, 10 CV cycles show
better electrochemical peak current for ICN than 5, 15, and 20 cycles. Hence, 10 CV cycles
are selected as optimum for the polymerization of PAN on the surface of CNTPE. Addi-
tionally, the cyclic voltammograms were documented through the cycling of ten CV cycles
(twenty CV segments) having a potential window of —1.0 V to 1.5 V and a scan rate of
0.1 Vs~!. The achieved PAN cyclic voltammograms exhibited an improved anodic peak
current based on each CV cycle. This result authorized the alteration of the monomer film
of PAN to the polymer film of PAN on the surface of CNTPE. Furthermore, the developed
P(PAN) film probably expands the electrocatalytic activity, electrostatic interface, and sen-
sitive electrochemical behavior. The possible electrochemically polymerized structure of
PAN is shown in Scheme 1.

3.5. Electrochemical Nature of ICN

The electrochemical redox action of 0.01 mM ICN on the surface-bare and modi-
fied electrodes was analyzed using the CV method. Cyclic voltammograms for the pres-
ence and absence (blank: curve-b) of 0.1 mM ICN in 0.2 M PB (pH 6.5) at the surface of
P(PAN)LCNTPE (curve-c) and BCNTPE (curve-a) with a scan rate of 0.1 Vs 1 (Figure 5).
Here, P(PAN)LCNTPE provided higher electrocatalytic activity for the redox action of ICN
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with more improved redox peak current than the BCNTPE. Additionally, the absence of
ICN (only PB of 6.5 pH) at P(PAN)LCNTPE (curve-b) did not show any electrochemical
behavior. From the recorded information, the greater ICN electrochemical redox activity at
P(PAN)LCNTPE as compared to BCNTPE was due to the faster electron transfer among
electrode and analyte interface, higher electrochemical heterogeneous rate constant, high

active surface area, stronger interactions like electrostatic, hydrogen bonding, electronic,

covalent, and so on, among the interface of the modified electrode surface and ICN.
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Figure 4. (a) Plot of I, vs. number of cycles. (b) Cyclic voltammograms for the electro polymerization
of PAN (1.0 mm) in PB (0.2 M & 7.0 pH) at the surface of CNTPE having the scan rate of 0.1 Vs 1.
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Scheme 1. The probable structure of Poly(PAN) on CNTPE surface.

130

OH



Chemosensors 2022, 10, 461

2.0-
1.0 1
<
= 1
e
=
o 0.0
T
-
U J
-1.04

I I
0.16 0.32 0.48

Potential (V)

Figure 5. Cyclic voltammograms for the presence and absence (blank: curve-b) of 0.1 mM ICN in
0.2 M PB (pH 6.5) at the surface of P(PAN)LCNTPE (curve-c) and BCNTPE (curve-a) with a scan rate
of 0.1 Vsl
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3.6. Effect of pH on ICN Electrochemical Activity

ICN is very sensitive to pH, oxidation, and reduction effects. Under normal conditions
the ICN is in its oxidized form since it is always in interaction with oxygen in the air.
ICN is pH-sensitive and at strongly basic conditions it has a yellow-greenish color. The
ICN is in its blue form that dominates when the pH of the solution is less than about
eleven points. Hence, the analysis of the pH effect on the redox activity of ICN at the
surface of the modified electrode is essential. The influence of 0.2 M PB solution pH
on the redox reaction of 0.1 mM ICN at P(PAN)LCNTPE was inspected using the CV
method. Figure 6a shows the cyclic voltammograms recorded for the redox activity of
ICN at the surface of P(PAN)LCNTPE in altered 0.2 M PB solution pHs ranging from
5.5-8.0 with the scan rate of 0.1 Vs~!. Figure 6b represents the plot of Epa vs. pH, here
the movement of ICN peak potential (Epa) towards the negative path as the increase
of pH from 5.5 to 8.0 was noticed with an effective linear relationship among Ep, and
pH (Epa(V) =0.716 - 0.054 pH (V/pH) & R? = 0.988). Here, the slope value of Epa vs. pH
was —0.054 V/pH was nearer to the hypothetical value of —0.059, suggesting that the
redox reaction of ICN was conducted through an equal number of protons and electrons
(1:1 ratio). Supportive of this, the number of protons in the electro-redox reaction of ICN
in P(PAN)LCNTPE was verified using the slope of Epa vs. pH and the Nernst relation:
AE,/ApH = —2.303 mRT/nF. Here, m is the number of protons, n is the number of
electrons, AE,, is the change in potential, F is the Faraday constant, T is the temperature,
R is the universal gas constant, and ApH is the change in pH. The calculated value of
the number of electrons (n) was found to be 2.190 (almost two), signifying that the ICN
electro-redox reaction in P(PAN)LCNTPE probably continues through the transmission
of two electrons and two protons. Additionally, Figure 6¢c shows that the 6.5 pH presents
the maximum ICN redox peak current in comparison with the remaining pHs (5.5, 6.0, 7.0,

131



Chemosensors 2022, 10, 461

E,, (V)

7.5, and 8.0). The maximum electrochemical response of ICN at 6.5 is probably due to the
stronger interactions such as electrostatic, hydrogen bonding, electronic, covalent, and so
on. Therefore, 6.5 pH was selected as the optimum pH value for the current research.
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Figure 6. (a) Cyclic voltammograms for 0.01 mM ICN at the surface of P(PAN)LCNTPE in altered
0.2 M PB solution pHs ranging from 5.5 to 8.0 with the scan rate of 0.1 Vs~1. (b) Plot of Epa vs. pH.
(c) Plot of I, vs. pH.

3.7. Scan Rate Impact on Peak Current and Potential

Figure 7 signifies the influence of scan rate on the redox action of 0.01 mM ICN in
0.2 M PB at P(PAN)LCNTPE to understand the reliability of the redox peak current and
peak potentials during the variation of scan rate. The cyclic voltammograms were detailed
for ICN in 0.2 M PB of pH 6.5 at P(PAN)LCNTPE in the different scan rates ranging
from 0.025 Vs~! to 0.3 Vs~! (Figure 7a). Figure 7b,c show the plots of log Ipa vs. logv
and Ip, vs. v, respectively. Here, both the plots show good linear association, and the
corresponding linear relations are log (Ipa, A) = 4.710 + 0.925 log (v, Vs~1) (R? = 0.997) and
Ipa (A)=0.295+20.193 v (Vs™1) (R? = 0.995). The slope value of 0.925 of log Ipa vs. log v and
the linear regression coefficient value of 0.995 of I, vs. v are near the theoretical value of
unity. These data suggest that the redox reaction of ICN at the P(PAN)LCNTPE surface was
continued by the adsorption-controlled reaction pathway. The probable electrochemical
redox reaction of ICN is shown in Scheme 2 [27].
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Scheme 2. Probable electrochemical redox reaction of ICN at P(PAN)LCNTPE surface.

3.8. Simultaneous and Interference Analysis

The CV method was used for the inspection of 0.01 mM ICN in presence of
0.1 mM TN at the surface of BCNTPE (curve-a) and P(PAN)LCNTPE (curve-b) in PB
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Current (LA)

(0.2 M and 6.5 pH) at 0.1 Vs~! scan rate. In Figure 8a, BCNTPE reveals lower electrochemi-
cal activity with a low redox peak for ICN and low oxidation peak for TN. Nonetheless,
P(PAN)LCNTPE displays a good and well-defined redox peak for ICN and an oxidation
peak for TN. These results clarify that the elevated catalytic nature of P(PAN)LCNTPE
for the redox action of ICN with TN (presence and absence) is approximately similar.
Additionally, the interference effect on the surface of the modified electrode was tested
for the electrochemical behavior of ICN in the presence of different organic molecules
such as alizarin red (AR), erythromycin (ECN), methyl orange (MO), riboflavin (RF), TN,
sucrose (SR), and Congo red (CR). The results are shown in Figure 8b. Here, only less than
£5.0% of signal change in ICN electrochemical oxidation is observed with respect to the
base potential of ICN at P(PAN)LCNTPE. Therefore, the proposed P(PAN)LCNTPE shows
acceptable anti-interferent and is good for simultaneous analysis even in the presence of
different organic interferents.
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Figure 8. (a) Cyclic voltammograms for 0.01 mM ICN in presence of 0.1 mM TN at the surface of
BCNTPE (curve-a) and P(PAN)LCNTPE (curve-b) in PB (0.2 M & 6.5 pH) at 0.1 Vs ! scan rate. (b) %
error in signal vs. interferents.

3.9. Limit of Detection and Quantification

The electrochemical-based redox nature of ICN was examined by changing its concen-
tration in the range of 0.2 uM to 10.0 pM in PB (0.2 M & 6.5 pH) at the modified electrode
surface (P(PAN)LCNTPE) using the CV method (0.1 Vs~! scan rate) and the recorded cyclic
voltammograms are displayed in Figure 9a. Here, the concentration of ICN and I, and
I of ICN are proportional to each other, and they provide a good linear relationship. In
this contrast, we considered anodic peak current as an analytical signal to plot a calibration
curve and the results are noticed in the plot of I, vs. [ICN] shown in Figure 9b. The
linear relation among I, vs. [ICN] is shown as Ipa (A) =9.265 x 10~7 + 0.096 [ICN] (M)
& R? = 0.999. The ICN-detecting ability of P(PAN)LCNTPE was studied using the limit
of detection (LOD) and limit of quantification (LOQ). The values of LOD and LOQ are
calculated using the relations of LOD = 3 (Standard deviation of the blank/Slope of the
calibration curve) and LOQ = 10 (Standard deviation of the blank/Slope of the calibration
curve). The calculated value of LOD and LOQ were found to be 0.021 uM and 0.072 uM,
correspondingly. The attained LOD and prepared electrode were contrasted with the earlier
ICN electrochemical sensors, and the assessment data is documented in Table 2 [27,30-33].
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Figure 9. (a) Cyclic voltammograms for ICN with different concentration ranging from 0.2 uM to
10.0 uM in PB (0.2 M & 6.5 pH) at the surface of P(PAN)LCNTPE having 0.1 Vs~! scan rate. (b) Plot
of [ICN] vs. Ipa.
Table 2. Comparison of present LOD of ICN, electrode material, and methods used in previous
ICN reports.
Technique Electrode Linear Range (uM) LOD (uM) Reference
. . 4-(4-Nitrophenilazo)N-
Differential pulse benzyl,N-ethylaniline-carbon 1.0-100.0 0.36 20
voltammetry (DPV)
paste electrode
DPV P(GA)LMWCNTPE 5.0-50.0 0.36 27
v Poly (glycine) modified carbon 2.0-60.0 011 [30]
paste electrode
Cathodically pre-treated
SWV boron-doped 0.5-84.1 0.058 [31]
diamond (CPTBDE)
Poly(arginine)/carbon
DPV 0.2-1.0 0.036 [32]
paste electrode
Flow. injection analysis with CPTBDE 0.07-1.0 0.04 33]
multiple pulse amperometry
(&Y% P(PAN)LCNTPE 0.2-10.0 0.021 Present work

3.10. Stability, Repeatability and Reproducibility

The stability, repeatability, and reproducibility of the proposed electrochemical sensor
(P(PAN)LCNTPE) were inspected by recording the cyclic voltammograms for a redox reac-
tion of 0.01 mM ICN in PB (0.2 M & 6.5 pH) at a scan rate of 0.1 Vs~1. The P(PAN)LCNTPE
stability was analyzed by recording cyclic voltammograms by driving 25 CV cycles (fifty
CV segments) at a scan rate of 0.1 Vs~!. Here, the stability of the sensor was calculated
using the initial and final electrochemical peak currents and the value was about 92.22%,
which proposes acceptable P(PAN)LCNTPE stability. P(PAN)LCNTPE repeatability was
verified based on five successive CV cycles for ICN analyte (changed at the end of each cy-
cle) at the surface of constantly fixed P(PAN)LCNTPE. Here, all five cyclic voltammograms
show a nearer oxidation peak current for ICN at P(PAN)LCNTPE with the relative standard
deviation value of 0.544%, which proposes an adequate P(PAN)LCNTPE repeatability.
P(PAN)LCNTPE reproducibility was confirmed with respect to five successive CV cycles
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for a constantly fixed ICN analyte at the surface of P(PAN)LCNTPE (changed at the end
of each cycle). Here, all the recorded cyclic voltammograms showed a closer oxidation
peak current value for ICN at P(PAN)LCNTPE with a relative standard deviation value
of 1.025%, which suggests decent P(PAN)LCNTPE reproducibility. The results related to
stability, repeatability, and reproducibility are shown in Figure 10.
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Figure 10. Results for P(PAN)LCNTPE stability, repeatability and reproducibility.

3.11. Analysis of Water Sample

To authenticate the resolution of the projected P(PAN)LCNTPE by examining ICN
in a water sample (the tap water is used as a real sample and it was collected from the
municipality water tank, Madikeri, India). The operated CV method was used for ICN
inspection in a tap water sample in PB (0.2 M & 6.5 pH) at a scan rate of 0.1 Vs~! at the
surface of the projected P(PAN)LCNTPE. Here, the tap water sample did not give the
voltammetric response for ICN, hence the ICN investigation was completed in the tap
water sample using the typical spike recovery method with three trials for each addition.
The P(PAN)LCNTPE provided decent recovery for ICN in tap water samples under the
standard addition method ranging from 97.80 £ 0.0005% to 100.40 £ 0.001%, and the
institute outcomes are tabulated in Table 3.

Table 3. The recovery data of ICN in tap water sample.

Sample Added (um) Found (um) Recovery (%)
1.0(n=3) 1.004 + 0.001 100.40 + 0.001

2.0 (n=23) 1.967 + 0.003 98.35 £ 0.003

Tap water 3.0(n=23) 2.982 4+ 0.001 99.40 + 0.001
40(n=23) 3.995 + 0.0002 99.87 4+ 0.0002

50(n=23) 4.890 £+ 0.0005 97.80 £ 0.0005
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4. Conclusions

In this research, the simple, responsive, and low-priced electrochemical sensors:
P(PAN)LCNTPE and BCNTPE were prepared using an eco-friendly procedure for the
sensitive and selective ICN electrochemical analysis in presence of TN. The surface of
CNTPE was effectively activated by developing an active layer of P(PAN) through a simple
electrochemical polymerization approach. The enhanced electrochemical surface area of
P(PAN)LCNTPE developed a faster rate of electron transference during the ICN redox
reaction with elevated electrocatalytic action and more active spots than the BCNTPE. The
surface features of P(PAN)LCNTPE and BCNTPE were confirmed successfully by means of
FE-SEM, CV, and EIS approaches. The P(PAN)LCNTPE frames an improved electrochemi-
cal response with good linear correlation, lower LOD, higher stability, repeatability, and
reproducibility toward the analysis of the redox nature of ICN. Furthermore, the projected
P(PAN)LCNTPE and the CV technique retain superb ICN recapture in a tap water sample
with fine recovery in the range of 97.80% to 100.40%.
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Abstract: The fabrication of miniaturized and durable pH electrodes is a key requirement
for developing advanced analytical devices for both industrial and biomedical applications.
Glass electrodes are not an option in these cases. Electrodes based on metal oxides have
been the most studied for pH sensing in these and other applications. Stainless steel pH
electrodes have been an option for many years, both for measurement using steel as a
sensitive material and using it as a substrate for the deposition of other metal oxides;
in the latter case, the sensitive ability of stainless steel seems to play a crucial role. In
addition, recent use as a substrate for materials such as polymers, carbon nanotubes, and
metallic nanoparticles should be considered. This paper presents a review of this type of
pH electrode, covering aspects related to the sensing mechanism, the treatment of stainless
steel, potentiometric performances, applications, and the prospects of these sensors for use
in modern analytical instruments. Sensing with the oxide passive layer and the artificial
layer by oxidation treatments is analyzed. The use of metal oxides and other materials as
the sensitive layer on stainless steel, their application in wearable devices, microneedle
sensors, and combination with field-effect transistors for high-temperature pH sensing are
covered as the most current and promising applications.

Keywords: pH; sensor; stainless steel; metal oxide; analytical device

1. Introduction

pH is a fundamental parameter measured in any modern chemical laboratory. For
this purpose, the most widely used is the glass membrane electrode, which is based on the
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potential difference between the internal and external sides of a glass membrane selective
to H ions [1]. The difference in H* activity between the solutions of both sides causes a
potential difference that is quantitatively evaluated through the Nernst equation. Since
the H* ion activity in the inner solution is constant and known, the potential difference
at the boundary between the inside and outside of the membrane depends on the pH of
the sample. This makes it possible, after calibration, to know the H* activity and thus the
pH when measuring a potential difference from a reference electrode. The measuring cell
scheme of a glass membrane pH electrode is [2,3]:

Ag(s) 1 AgCl(s) ICl™ (aq, sat) | IH" (aq) | Glass membrane | H" (aq), C1~ (aq)|AgCl(s)|Ag(s)

The external reference electrode (first from left to right) is currently already integrated
in the glass tube of the “combined” pH electrode.

Glass membrane electrodes for pH are mainly composed of a silicate matrix containing
other atoms such as sodium, lithium, calcium, barium, aluminum, and boron, depend-
ing on the requirements for the working pH range as well as the manufacturer. In the
glass membrane, the oxygen atoms of silicates are negatively charged, and this charge
is compensated by Na* or Li* ions [3,4]. These ions have a certain mobility when the
membrane is hydrated, which allows an ion-exchange process with the H* ions of the
sample, establishing a potential difference dependent on the H" activity in the external
solution, which ultimately governs pH measurement with this type of electrode [3,5].

In a potentiometric cell, several potentials are developed. There are potentials associ-
ated with the reference electrodes (E.ef; and E,p). There is also the potential associated
with the junction of the solutions, known as the liquid junction potential (E;), which affects
the accuracy of the measurements because it is not strictly constant. In addition, the asym-
metry potential is associated with the glass membrane due to morphological differences
between the outer and inner surfaces [3]. For a pH electrode, the Nernst equation describes
the potential as a function of the H* activity, according to Equation (1) [3,5]. A constant,
K, groups all constant potentials, such as the standard half-cell potential, the reference
potentials, and the liquid junction potential, although the latter, as mentioned above, is not
entirely constant.

AE =K+ $IHQH+ = K+ 0.059log ay+ 1)

where AE is the potential difference (V), K is a constant (V), R is the ideal gas constant
(8.314 J/mol K), T is the temperature (K), F is the Faraday constant (96,485.33 C/mol), and
ay+ is the activity of the H* ions.

The effect of interfering ions, such as sodium, can be considered by introducing the
product of the potentiometric selectivity constants of the interfering ions by their activity
in the logarithmic term [5].

Glass membrane pH electrodes have certain disadvantages, although they are the
most used in laboratories. First, they generally exhibit an alkaline error and an acid error
due to the intrinsic response mechanism of the glass. The pH at which the alkaline error
becomes significant depends on the type of glass used in the membrane, but in general, it is
an effect that exists for any glass electrode, resulting in a pH reading lower than the actual
value of the solution. On the other hand, the acid error is mainly present in the cheaper
glass electrodes and consists of a pH measurement higher than the actual value of the
solution. This error is associated with saturation of the active sites in the membrane, which
causes loss of response at pH values below 0.5 [3]. Another limitation of glass membrane
electrodes is the fragility of the material, which prevents their use in certain conditions,
such as highly agitated systems with a high content of solids; this can lead to electrode
breakage. On the other hand, glass electrodes are not suitable for the miniaturized systems
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that can be used in industry or in vivo analysis, for decentralized analysis in confined
environments, for biomedical, and other special applications.

This has led to the development of other pH sensors with increased mechanical
strength and structural flexibility. Among the best known are metal/metal oxide (MMO)
and metal oxide (MO) electrodes, which consist of a metal surface coated with an oxide
layer. Both types are very similar, but they differ in their pH response mechanism [6]. In
both cases, the oxide layer allows the recording of a potentiometric response to pH when
the electrode is immersed in the solution. Oxides of iridium, zinc, platinum, tungsten, and
other metals have been used for pH measurement [7-10]. Another material that has been
widely used is stainless steel, which is believed to respond to the activity of H* ions in a
solution via the same mechanism. Stainless steel has been used for pH measurement for
many years [11], and although other materials such as IrO, or RuO; have been investigated,
stainless steel remains an inexpensive alternative for pH-selective electrode construction.
In addition to being a sensitive material, it also provides a substrate for coating with metal
oxides, polymers, and nanomaterials [12,13].

This paper summarizes, for the first time, aspects related to the application of stainless
steel as a material for pH sensors. In the context of the current development of miniatur-
ized and decentralized analytical technologies, with a clear example in wearable devices,
stainless steel can be a low-cost and high-performance material for this type of applica-
tion. The review discusses aspects related to the response mechanism, surface treatments,
potentiometric performances, and future perspectives of stainless steel pH electrodes.

2. Mechanism Behind the pH Response of Stainless Steel Electrodes

It is important to emphasize that the possible mechanisms of potentiometric response
to pH of a stainless steel electrode are based on a surface layer of metal oxides, so these are
fulfilled for the oxides of the metals that compose the stainless steel, as well as for other
oxides that may be deposited on the steel as a substrate.

To discuss the mechanism underlying the potentiometric response of stainless steel to
pH, it is first necessary to address the chemical characteristics of this metallurgical material.
Stainless steel is an alloy containing iron and carbon, but it contains at least 10.5% chromium,
which gives it a high resistance to corrosion [14]. There are several types of stainless steel:
austenitic, martensitic, ferritic, austeniticferritic, and precipitation hardening. These
microstructures are defined by the chemical composition and metallurgical conditions of
formation, which directly influence their properties, such as hardness, ductility, magnetic
properties, etc., and at the same time, they define their applications. It is common to use
the series of the American Iron and Steel Institute (AISI). The series 200 and 300 include
austenitic steels, which are the most used. The series 400 includes ferritic and martensitic
steels [15]. All these chemical and microstructural characteristics are essential for explaining
the potentiometric behavior of a stainless steel pH electrode.

Stainless steels are protected from corrosion by a passive surface oxide layer, but in
order to be used as pH electrodes, they are typically exposed to a synthetic surface oxidation
process that mainly produces iron and chromium oxides (including mixed oxides), though
depending on the type of stainless steel, other oxides may also form [16,17]. This suggests
that the response mechanism to H* ions in solution is the same as that proposed for metal
oxide electrodes. Nomura and Ujihira [18], some of the pioneers of stainless steel pH
electrodes, state that any type of oxide-coated metal can function as a pH sensor if the
oxide film is properly prepared. Furthermore, they propose that the response of metal
oxide electrodes occurs according to the ion-exchange mechanism at the active -OH sites
formed on the metal oxide surface when the electrode is introduced into solution. This
mechanism has been assumed by other authors [19].

141



Chemosensors 2025, 13, 160

When a metal oxide film is immersed in an aqueous medium, several processes occur
that depend on the surface and solution chemistry. The structure of an electric double
layer (EDL) and the charge generation at the MO-electrolyte interface are not yet fully
understood. However, attention must be paid to the development of acid-base surface
groups in order to support what occurs with H* ion sensing. A recent theoretical study by
Zhang et al. [20] provided information on the behavior of metal oxides in neutral, basic,
and acidic media, although it focused specifically on TiO,. According to these authors,
water can adsorb both dissociatively and non-dissociatively on the oxide surface, and the
former leads to the formation of surface OH™ and H* groups adsorbed on M and O atoms,
respectively, which are undercoordinated at the interface (Figure 1). Both the adsorbed
water molecules and the OH™ and H* are active sites, which is consistent with site-binding
theory. In a basic medium, an OH™ ion can bind to an H* ion adsorbed to an oxygen
atom of the oxide (mechanism I) to form a water molecule in the liquid or dissociate an
adsorbed water molecule to form a surface OH™ and a free water molecule (mechanism
II). According to Zhan et al. [20], mechanism II is more probable, which does not mean
that both cannot occur. This leads to a negative surface charge in alkaline media, as has
been observed experimentally [21,22]. On the other hand, if the medium is acidic, the H*
ions can bind to adsorbed OH™ ions and form water (mechanism III) or they can bind
to the surface of the oxide via oxygen atoms (mechanism IV). Mechanism III is the most
expected, but mechanism IV can also occur. In this way, a positive surface charge is created,
in agreement with what has been observed experimentally for metal oxides [21,22]. These
surface changes result in a potential variation that allows potentiometric pH measurement
using a stainless steel electrode coated with a passive layer of metal oxides. It is important
to note that all these phenomena occur in the context of an EDL. A Gouy—Chapman-Stern
EDL consists of a Stern layer containing the layer of specifically adsorbed species and the
counterion layer, followed by the diffuse layer [20].

Neutral Basic Acidic

;——OHZ ;——-OHZ ;:——-
e 3
OH-~ <—
H20
/ @® Undercoordinated O atom @ Undercoordinated M atom

Figure 1. Most probable mechanisms for the development of surface charge on a metal oxide layer
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immersed in a solution.

This is an updated understanding of the mechanism of pH measurement using this
type of electrode. It is important to keep in mind that there is a simple theory based on
the formation of a MOH layer when the electrode is immersed in water. In this case, the
dissociative adsorption of a water molecule causes the formation of two surface -OH
groups, due to the adsorption of the hydrogen atom on oxygen and the OH™ on the metal
atom of the surface oxide (Figure 2) [23]. These -OH groups are responsible for the surface
ion exchange that causes potential variation in pH measurement, forming O~ and -OH,*
groups depending on whether they give or accept H*.
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Figure 2. A simple mechanism for the dissociative adsorption of a water molecule on a metal oxide
to obtain surface -OH groups.

The ion-exchange mechanism discussed above is similar to that which occurs in a glass
membrane, naturally adapted to the chemical characteristics of the MO-electrolyte interface.
However, in addition to the ion-exchange mechanism, Fog and Buck [24] proposed four
other mechanisms that should be considered, detailed as follows:

1. The redox equilibrium between two solid phases, such as a lower and a higher
valence of an oxide, or an oxide and a pure metal. This is the operating principle of the
well-known antimony pH electrode (Equation (2)).

SbyO3(s) + 6H' (aq) +6e~ <> 2Sb(s) + 3H,0(1) )

The potential difference between the solid phase (an MO electrode in this case) and
the liquid phase (solution, aq) is described according to Equation (1).

2. Solid solution or intercalation reaction, in which an H* ion from the solution
enters the metal oxide structure (Equation (3)). The potential difference governing the
potentiometric response is calculated according to Equation (4).

H,MOx,(s)+dH" (aq)+de~ > HysMOq(s) (3)

RT RT
AE:K-I-TIHQLHH—TIHIZSH (4)

where L and S are the liquid and solid phases, respectively. The other variables are the
same as described in Equation (1).

3. The reaction between the H* ions of the solution and the surface oxygen of the
metal oxide (Equation (5)). This mechanism is also known as oxygen intercalation. The
potential difference is calculated using Equation (6).

MOx(s) +26H" (aq) + 26e~ <> MO, _;(s)+5HO(1) (5)
RT RT
AE:K+TlnaLH++ﬁlnaSo (6)

4. A steady-state corrosion of the electrode material. If there is kinetic control, there
will be no Nernstian response.

Although these mechanisms were proposed in the 1980s, the exact mechanism of the
potentiometric response of an electrode with a metal oxide interface remains unclear to
this day. This is because it is difficult to generalize the same mechanism for all oxides,
since each material has different chemical and crystalline characteristics that directly
influence its behavior at the MO-electrolyte interface. Among these, the ion-exchange
mechanism, two-solid-phase equilibrium, and intercalation reaction seem to be the most
widely accepted. In the case of the response of the oxide layer of stainless steel, this may be
even more difficult to explain by a single mechanism because the surface composition of
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the oxide layer in this material is complex due to the presence of oxides of different metals
and even mixed oxides.

3. Surface Treatments of Stainless Steel for pH Response

In general, stainless steel is subjected to oxidative treatment in order to increase the
surface oxide film, which allows a potentiometric response to H" ions. This treatment can
be performed in an aqueous medium with strong oxidizing agents, or atmospherically at
high temperature.

Strong oxidants are used for wet oxidation, and a mixture of 2.5 M CrO3 and 5.0 M
H,S0, at 70 °C is common. A time between 10 and 30 min is sufficient to cause the
formation of a layer that produces a potentiometric response [18]. Another alternative is to
use a mixture of 2.5 M KyCryO7 and 5.0 M H,5Oy, at 70 °C, with stirring, for up to 3 h [25].
Note that in both cases, a highly oxidizing chromic mixture is prepared.

Atmospheric oxidation is carried out in a furnace at temperatures above 400 °C,
usually between 600 and 700 °C for the best results. The treatment time can usually vary
from 1 h to 24 h [11,18]. After heating, the stainless steel undergoes a color change that
depends on the intensity of the treatment in terms of temperature and time [18]. A yellow
to violet-brown color can occur when going from a less to a more intensive treatment.
These colors reflect different surface chemical characteristics that affect potentiometric
measurement. Temperature is a critical factor in this case, and the potentiometric response
varies depending on the type of steel used. The most common is the AISI 300 series, with
304, 303, and 316 as the most used.

On the other hand, stainless steel has been used as a substrate for the deposition
of metal oxides that are generally foreign to the elemental composition of this material.
Some oxides, such as iridium, ruthenium, and tungsten have shown Nernstian, stable,
and reproducible pH response [7]. Methods such as electrodeposition, sol-gel dip-coating,
and sputtering have been used [6,26-28]. Electrodeposition consists of insoluble oxide
forming on the surface of stainless steel while it is used as an electrode in an electrolytic cell.
Cyclic voltammetry using a solution of the metal has been used for this purpose [26,27].
On the other hand, sol-gel dip-coating combines the sol-gel method with dip-coating to
form homogeneous films on substrates. The sol is prepared from the chemical precursors
of the oxide, then the substrate is immersed, extracted, and covered with a film; thereafter,
a surface gel is formed because of the evaporation of the solvent. The film is stabilized by
a subsequent drying process and, usually, a high-temperature treatment [29]. Sputtering
is a physical deposition method in which plasma is formed from an inert gas; the ionized
atoms in the plasma are accelerated and, upon impact with the target material, release
atoms that are deposited on the substrate to form a coating. In the case of metal oxides,
oxygen gas is injected into the system [30,31]. Coatings with other materials such as poly-
mers and nanomaterials are commonly achieved by the dip-coating and electrodeposition
techniques [13,32].

4. Potentiometric Performance of Stainless Steel for pH Electrodes and
Their Applications

4.1. pH Electrodes Based on Stainless Steel as a Sensitive Material

One of the most important contributions to the use of stainless steel as a pH-sensitive
material was published by Nomura and Ujihira [18]. They used the austenitic steels SUS304
and SUS316 (Japanese standards similar to AISI 304 and AISI 316), which were exposed to
an oxidative treatment to produce a sensitive oxide film. Both wet oxidation with a 2.5 M
CrO3/5.0 M HpSO4 mixture at 70 °C and oxidation by heating in an oven at 400-700 °C
were tested, whereas some electrodes were prepared by combining both techniques. The
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pH electrode was connected to the gate of a field-effect transistor system (FET) and a
Ag/AgCl electrode was used as a reference.

Among the main findings of this work was that the SUS304 electrode only showed
a Nernstian response from pH 1 to 13 with heat treatment at 700 °C, while at lower
temperatures, there was a loss of response below pH 4 due to surface defects caused by
insufficient coverage and changes in the oxide layer due to iron dissolution. Temperatures
above 800 °C were not effective for treatment. It was observed that upon increasing the
treatment time and temperature, the film thickness increases. The best film thickness
was between 30 and 70 nm. The only significant interfering effect was found for CI~
ions, especially at 0.5 M, where the linear response was lost below pH 4, possibly due
to the dissolution of the metal oxides in the HCl medium. Unlike SUS304, SUS316 did
not produce a stable pH response when heat-treated. However, the treatment with the
oxidizing mixture produced the same response as SUS304. Nevertheless, in this case, there
was no effect of C1~ ions, demonstrating the better suitability of this material for pH sensing.
The indifference to Cl1~ ions was attributed to the presence of molybdenum in SUS316,
resulting in less charge in the active sites where chloride is incorporated. This suggests
that the adsorption of chloride ions generates destabilization, blocking, or competition
at the interface, which affects the potentiometric response. This work laid some of the
groundwork for the use of stainless steel as a pH-sensitive material, showing some of its
main limitations and the differences in response depending on the surface treatment. These
were factors that subsequently played an important role in the abandonment of the native
oxide layer of stainless steel for pH sensing.

Zampronio et al. [25] developed a potentiometric flow cell using AISI 316 stainless steel
pH electrodes with oxidative pretreatment. This cell was used for the determination of acid
mixtures by flow injection analysis (FIA). They constructed electrodes with two different
geometries, a flat electrode and another with tubular geometry. In the work, a mixture
of 2.5 M K,Cr,O7 and 5.0 M H,SOy4 at 70 °C was used for oxidation for different periods
ranging from 10 min to 3 h. The pH range evaluated was from 2 to 12 in buffer medium.
Three FIA cell designs were tested; in one of them, the 80 pL potentiometric cell contained
the reference electrode (Ag/AgCl) in direct contact with the liquid flow. Another model
contained a 3 M KCI solution between the reference electrode and the flow system. The
third model cell was constructed for the tubular electrode in which the stainless steel plate
was perforated to create an internal cell volume of 15 pL, and the solution was passed
through this hole. According to Zampronio et al. [25], the electrodes showed yellow, red,
green, blue, and violet colors depending on the time, temperature, and agitation during the
treatment. As mentioned above, the intensity of the treatment changes the coating color
due to a different composition in terms of the amount and type of surface oxide on the
stainless steel.

Calibration of the oxidized electrode for 1 h yielded a slope of —52 mV/pH, which
decreased (in absolute value) to —43.7 mV /pH when recalibrated after 5 days of uninter-
rupted use and remained close in subsequent calibrations. The calibration of 10 different
electrodes had an average slope of —45 mV /pH. In general, the response of these electrodes
was sub-Nernstian. The response time of the electrode in FIA cells must be fast; in this
case, the electrode responded in 5 s, a sufficient time for this kind of application. This
demonstrates the potential of these electrodes for applications where traditional membrane
glass electrodes have limitations, ranging from adaptation to the analytical system to
performance parameters such as response time.

The electrode was stable for one month, but the authors observed that the presence of
chloride ions and the use of solutions with pH < 3 reduced its durability to one week. This

145



Chemosensors 2025, 13, 160

is one of the main limitations of stainless steel electrodes with native oxides as a sensitive
material, as observed in the case of the results reported by Nomura and Ujihira [18].

The cell with the reference electrode separated by a KCl solution showed high noise
(50 mV amplitude) in the potentiometric response, which the authors attributed to the
pulsations of the peristaltic pump or the interference from the laboratory circuit. The noise
was reduced to 6 mV by using a grounded stainless steel tube. The cell with direct contact
between the sample and the Ag/AgCl reference electrode showed less noise (2 mV) without
the need for the grounded stainless steel tube. However, this cell had some disadvantages
related to air bubbles around the electrodes. The response of the tubular electrode was
not good, due to a loss of sensitivity. The authors used the FIA system with the stainless
steel electrode to titrate mixtures of succinic acid and oxalic acid (both with close pKa,)
with NaOH. A multivariate calibration model was built, and the data were inverted to
use time as an independent variable to extract more information from the variation of the
potentiometric titration process.

The work of Zampronio et al. [25] is an example of the potential that stainless steel pH
electrodes could have for specific applications within analytical systems. However, it also
highlights some important drawbacks compared to other sensitive materials. The fact that
the sensor loses stability in very acidic conditions or in the presence of chloride ions from
one month to one week limits the application of the electrode only for routine titrations
where HCl is not used. However, these characteristics may be specific to each stainless steel
electrode, so the fact that this was the case in this instance does not mean that it would be
the same for another electrode, even if it is made of the same type of stainless steel. This is
indicated by the fact that, for example, the slope of the calibration curve is not the same
in all papers reporting results using the same type of stainless steel, such as the results of
Zampronio et al. [25] and those of Nomura and Ujihira [18]. This is because potentiometric
sensing is an interfacial phenomenon, and the surface properties of the stainless steel
determine the potentiometric and analytical performance parameters. Properties such as
surface roughness, surface defects, or local surface composition influence the characteristics
of the oxide layer formed after oxidative treatment. However, the fact that several authors
have reported the effect of chloride ions and loss of response in highly acidic media is an
important reason to evaluate it when developing any stainless steel electrode.

Hashimoto et al. [11] investigated the effect of the heat treatment on the sensitivity of
the stainless steel pH electrodes. SUS304 stainless steel electrodes were treated at 500 to
700 °C for 24 to 96 h in an oven under atmospheric air. The electrode potential was cyclically
measured in three buffer solutions with pH values of 7, 4, and 9. The relative sensitivity
of the sensor (%) was calculated using Equation (7), which is a way of measuring the
change in the potential differences E; and E;, (versus a Ag/AgCl reference electrode in this
case) between pH, and pH), against the theoretical slope of —2.303 RT/F = —0.05916 V/pH,
when T =298.15 K.

_(Eh — Eu)
(pHp — pH,) x 2.3026RT/F

pH,_psensitiviy(%) = x 100 (7)

Among the main findings of this work is that increasing the oxidation temperature
up to 600 °C resulted in an increase in the martensite crystalline phase, although austenite
remained dominant. Martensite decreased again when the treatment was carried out
at 700 °C. The pH sensitivity of the material showed the same trend as the martensite
composition, so it was concluded that there is a dependence between them. In addition,
this work discussed the influence of the stainless steel underlayer on electrodes in which
this material is coated with a metal oxide. Currently, stainless steel is used more as a
substrate for other oxides than as a sensitive material. Several authors have found that
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the potentiometric response of these oxides is better on stainless steel than on other metal
substrates. According to Hashimoto et al. [11], citing an earlier paper [28], the response of
CuO/Al and Al was unstable and over-Nernstian, while that of CuO/SUS304 and SUS304
was stable and Nernstian. This shows that the electrode’s response is strongly dependent
on the underlying layer of the substrate and not only on the surface oxide. For this reason,
the sensitivity of stainless steel to H ions cannot only be seen as an aspect relevant to the
application of this material as an electrode; it is also an active property in the application as
a substrate.

As part of research into the use of stainless steel as a pH-sensitive material, our research
group demonstrated that the response of AISI 304 can be Nernstian and reproducible
without the need for artificial oxidative treatment, i.e., the response of the passive oxide
layer of stainless steel can be enough, so a previous investigation of the material without
artificial oxidation is necessary. In addition, the non-artificially oxidized electrode was
tested in an acid-base titration. A slight underestimation of the pH was observed at pH 9.5
and above. However, this behavior did not affect the result of the potentiometric titration
when the data were processed by first- and second-derivative methods. The results were
comparable to those obtained with a glass electrode and with titration with a colored
indicator [33].

Although the chemical properties of stainless steel allow it to be used as a pH-sensitive
material, as seen above, currently, this application has been displaced because coating
with oxides, polymers, nanomaterials, and others, allows a more versatile handling of the
interface, which improves the potentiometric response to H* ions in terms of sensitivity,
selectivity, and stability. This makes stainless steel a preferred material as a substrate rather
than as an electrode. However, there are still many aspects to be investigated in depth
that could revive interest in the use of stainless steel as a sensitive material, such as the
mechanism underlying chloride ion interference or loss of response in highly acidic media.
All of this is important, considering that a pH electrode may be much less expensive when
using stainless steel as the sensing material than when using advanced materials such as
metal nanoparticles or carbon nanotubes as part of the modifier coating. This makes this
material very viable for industrial applications, as will be detailed below.

4.2. pH Electrodes Based on Stainless Steel as a Substrate

The use of stainless steel as a substrate for other sensitive materials seems to be a trend
for this alloy in potentiometric pH sensing. In this context, Hashimoto et al. [28] fabricated
3d-block metal oxide-coated SUS304 electrodes for pH sensing via the sol-gel dip-coating
method. According to these authors, RuO, and IrO, materials are too expensive, while
some attempts to reduce the cost—through the use of binary systems like IrOx-TiO,, RuO,-
SnO;, and RuO;-Tay;Os—have produced sub- or over-Nernstian responses. In contrast,
metal oxides from the 3d-block of the periodic table are a cheaper option. Therefore, they
tested MOy /SUS-type systems, where M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn.

The electrode modification consisted of preparing the coating system from the metal
source, where the SUS304 electrode was immersed and pulled up at a rate of 0.5 mm/s.
The film was preheated at 500 °C for 10 min. This was repeated three times, and finally,
the film was treated at 500 °C for 24 h. In this work, a Ag/AgCl reference electrode was
used. The SUS304 electrode showed 90.9% relative sensitivity with an initial pH response
time of 1 s, while SUS304 treated at 500 °C showed 94.1% relative sensitivity with the
same initial pH response time. Some oxides showed lower relative sensitivity than the
substrate, such as NiO/SUS, with a sensitivity of 87.7%. The best relative sensitivity was
obtained for the Co304/SUS electrode with 99.8% and 1 s initial pH response time. The
ZnO/SUS, CuO/SUS, CrpO3/SUS, and Mn, 03 /SUS all showed relative sensitivity greater
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than 97%, the last two being greater than 98%. The glass pH electrode showed a relative
sensitivity of 99.2%, but its initial pH response time was 14 s. Most of the electrodes showed
good pH repeatability. The reaction that the authors associated with the potentiometric
response mechanism of these oxides to H* ions is shown in Equation (8), where MOy is
a higher-valence metal oxide and MOx_5(OH); is a partially hydrolyzed lower-valence
oxide. The sensitivity of the 3d-block metal oxides to pH depends on how likely this
reaction is.

It is important to note the significant difference in response time compared to the glass
pH electrode. This advantage of metal oxide electrodes is mainly due to their sensing mech-
anism. Firstly, in these electrodes, the process takes place directly at the electrode-solution
interface, whereas in the glass electrode, ionic diffusion into the selective membrane is
required. In the mechanism presented in Equation (8), it can be observed that, in these
electrodes, the potentiometric response arises from a surface redox reaction, which results
in a faster response compared to the ion-exchange mechanism governing glass membrane
electrodes. In addition, metal oxide electrodes exhibit a lower electrical resistance. All
these factors facilitate faster detection and transduction than when using a glass membrane
electrode for pH measurement.

MOx(s) + 8H,0(1) + §H" (aq) + e~ +» MO, _5(OH);(s) + 8H,O(1) 8)

On the other hand, the physical properties of stainless steel can also be an im-
portant advantage for its selection as a substrate for pH electrodes. In this context,
Hashimoto et al. [34] presented Fe,O3-TeO;-based glass enamel/stainless steel electrodes
for pH sensors. These authors chose SUS304 stainless steel for enameling because of its ease
of handling compared to carbon steel and emphasized the importance of the coefficient
of thermal expansion for this type of fabrication. The work of Hashimoto et al. [11,28,34]
is essential to understand the path of stainless steel in the construction of pH sensors
and the reasons that this material is among the favorites for this application. The use of
stainless steel as a substrate is not only beneficial in terms of cost; its chemical and physical
properties also allow the construction of pH sensors with higher performance than those
constructed with other materials, both metallic and non-metallic. This makes stainless steel
suitable for the manufacture of advanced pH-sensitive devices for industrial applications
and biomedical technologies, to name just a few.

Sadig et al. [35] fabricated pH sensors using SUS304 stainless steel and Ti wires as
substrates. The technique used was sol-gel spray-coating, in which an aerosol of the
coating solution was formed using a nozzle and pressure and sprayed onto the moving
substrate. The spray-coating system was designed to make the technique more economical
and environmentally friendly. After coating, the substrate was dried at 90 °C and then
calcined at 400 °C for 2 h. This method allowed the development of an IrO,-RuQO;-TiO, film
sensitive to H* ions. The authors suggest, according to the general reaction presented in the
paper, that the redox equilibrium between two solid phases is a possible mechanism among
those proposed by Fog and Buck [24], with partial reduction of Ir/Ru(IV) to Ir/Ru(III)
and the formation of a couple of higher- and lower-valence metal oxides. More details on
the reactions can be found in the work of Sadig et al. [35]. The authors propose that TiO,
is involved in sensing, although no reaction for this oxide has been described. Perhaps
it is important to keep in mind that there are several possible sensing mechanisms and
that, in reality, this situation may be too complex. The slope of the calibration curve of
potential (versus calomel reference electrode) as a function of pH for the SUS304-based
electrode was —59.0 mV /pH, which is very close to the calibration slope of the Ti-based
sensor (—59.1 mV /pH). Both values were very close to the Nernstian theoretical value of
—59.16 mV/pH.
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The slope of the calibration curve and standard potential remained virtually un-
changed over 120 days, demonstrating the long-term stability of the sensors. In addition, a
drift rate of 3 mV /h and low hysteresis were observed for both film-modified substrates.
The response time for both pH sensors was between 4 and 8 s, and the response was
reproducible. Furthermore, the substrates were very stable at temperatures between 10 and
60 °C, and the slope of the electrodes remained close to the Nernstian value. There was no
significant effect of K*, Na*, Li*, and Mg2+ cations. The electrodes were used to measure
pH in real samples of milk, yogurt, lemon juice, rainwater, distilled water, and tap water,
with very similar values compared to the commercial glass electrode. As an example of
how each stainless steel electrode can respond differently, regardless of whether it is the
same material, the slope of the calibration curve of SUS304 was —31.75 mV /pH, well below
the value obtained in other previously discussed papers. In the field of stainless steel-based
pH electrodes, the work of Sadig et al. [35] is very interesting since it allows a comparison
of two substrates with very similar potentiometric performances, but with very differ-
ent prices. Stainless steel-based electrodes are much less expensive than titanium-based
electrodes. Therefore, it is possible to remark upon the competitiveness of this material
against others.

Also comparing stainless steel and titanium substrates, Fiore et al. [36] presented a
functionalized orthopedic implant as an electrochemical pH-sensing tool for intelligent
diagnosis of hardware infections. The work focused on the problem of orthopedic implant
infections, which can be life-threatening for patients. The monitoring of bacterial prolif-
eration in these implants is possible through monitoring the pH, since the occurrence of
infection involves a decrease in pH from physiological to acidic values. Screws made of
stainless steel, titanium, and titanium alloy were tested as substrates for IrO; electrodeposi-
tion. The stainless steel screw showed a sensitivity of —0.092 + 0.004 V/pH (R? = 0.975); for
the titanium screw, it was —0.061 = 0.002 V/pH (R? = 0.992); and the titanium alloy screw
showed a sensitivity of —0.058 + 0.004 V/pH (R? = 0.957). These results indicate that the
stainless steel substrate caused an over-Nernstian response, making Ti-based substrates a
better choice. From these results, a sensor was developed using a Ti implant modified with
electrodeposited coating. The results of this work contrast with those of Sadig et al. [35],
and several reasons may justify this. First, the sensitive layer and the coating method were
not the same, which caused the surface characteristics, both chemical and physical, to differ.
Second, if stainless steel is different, it can lead to different results. This is a clear example of
the importance of investigating not only the sensitive coating but also the type of substrate.

An interesting aspect of this work is that the performance of three reference electrodes
in potentiometric pH measurements was studied. A screen-printed Ag/AgCl pseudo-
reference electrode, a bulk Ag/AgCl reference electrode (the traditional electrode with a
glass tube containing KCl solution), and a silver wire reference electrode were compared in
terms of sensitivity, reproducibility, and correlation coefficient. The results showed similar
performance for all three electrodes, allowing the Ag wire to be selected for the implantable
sensor due to its size and flexibility. The reference electrode is essential in an electrochemi-
cal measurement, and this type of study provides insight into the performance of electrodes
when their design differs from the traditional type used in the laboratory. In particular, for
applications such as those discussed in this article, the reference electrode must be minia-
turized, which often leads to the modification of the chemical system that allows a constant
and known reference potential, ultimately resulting in a pseudo-reference electrode.

On the other hand, the use of analytical technologies in wearable devices is now a
reality. Electrochemical analytical methods are the most appropriate instrumental methods
for these applications. In this context, sensors play a fundamental role in these devices, as
do electronic circuits suitable for miniaturized and high-accuracy systems. The sensing
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of pH is of particular importance in the field of sports medicine. Athletes are exposed
to conditions that can cause physiological changes in a very short time, which can lead
to health problems. Sweat pH is an important indicator of these changes, so monitoring
this parameter in athletes and other people is relevant to medical professionals. In this
context, Zamora et al. [37] presented the development of textile potentiometric sensors for
pH measurement. These authors tested different conductive fabrics (Argenmesh, Ripstop
silver, and stainless steel mesh) as substrates for a sensitive layer of iridium oxide that
was electrodeposited. An Ag/AgCl/KCl (3 M) reference electrode was used in this work.
According to the authors, the Argenmesh fabric is made of nylon threads, 55% of which are
coated with Ag; the Ripstop fabric is also made of nylon threads, all of which are coated
with Ag; and the stainless steel mesh fabric is made of 100% surgical stainless steel threads.
They also point out that the wearability and comfort of these fabrics are similar to those of
traditional fabrics used in the textile industry, which will facilitate their integration into
athletic or medical garments without discomfort.

The morphological and surface composition study showed a higher amount of elec-
trodeposited metal oxide (i.e., IrO;) on the stainless steel mesh, and, unlike the other
substrates, it did not undergo surface changes detrimental to the electrodeposition process.
The others, however, suffered a loss of Ag coating, exposing non-conductive polymer fibers,
which resulted in lower conductivity. The best potentiometric response was obtained for the
stainless steel mesh electrode, whose calibration slope was sub-Nernstian (—47.57 mV /pH)
but higher than that of —25.25 mV /pH for Argenmesh and —17.15 mV /pH for Ripstop.
The difference in sensitivity was related to the amount of IrO, electrodeposited in each of
the fabrics. These results were obtained in a configuration in which the fabric was folded
to form a double layer, but a new configuration was tested in which the steel fabric was
stretched to provide a better contact surface between the wires. In this case, a decrease
in slope (—32.11 mV /pH) was observed, which was related to the fact that the previous
configuration provided a larger surface area for IrO, electrodeposition. On the other hand,
in response to the temperature change from 35 to 40 °C, the stretched fabric configuration
proved to be more robust.

The pH of a sweat-like saline solution (pH 7.0) was measured using the stretched
fabric configuration. The pH calculated from the measured potential difference was 7.011,
an error of only 0.15%, demonstrating the accuracy of the measurement. The measurement
was then carried out on real human skin, which gave a pH of 6.2, compared with 6.5 using
a commercial strip test, giving a relative error of 4%. The sensor gave a response in a few
seconds, whereas other reports took up to 30 min. It must be emphasized that the reference
electrode used for these measurements, i.e., Ag/AgCl/KCl (3 M), was used within a small
square flat device intended for this type of application. This further demonstrates the
feasibility of the prototype for technological development and eventual real-world use.

The results of this work demonstrate the competitiveness and superiority of the sensor
developed using a stainless steel textile substrate. The authors see this sensor as a viable
device for wearable applications with wireless communication. From our point of view,
the existing data supporting stainless steel as the material of choice for the fabrication of
pH electrodes are strengthened by this work. In this case, the best results were attributed
solely to the amount of IrO, deposited on the fiber, but as previously demonstrated, the
sensitivity of stainless steel may also play a role in the results.

As seen previously, in vivo pH monitoring is impractical with conventional analytical
technologies. However, the use of advanced microsensors allows this type of analysis to be
performed with results that are competitive with traditional methods in terms of analytical
performance. Garcia-Guzman et al. [38] used stainless steel microneedles as a substrate for
in vivo transdermal potentiometric pH sensing. The indicator electrode was based on a
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three-layer structure of carbon ink, functionalized multi-walled carbon nanotubes as an ion-
to-electron transducer, and a hydrogen-selective membrane. The reference electrode was a
layer of Ag/AgCl covered by a polyvinyl butyral membrane in one of the microneedles.
The sensing system allowed responses close to Nernstian value, with repeatability and
reproducibility. In the same vein, Liu et al. [32] presented a microneedle electrode array
for multiparameter biochemical sensing in gouty arthritis. Gouty arthritis is one of the
most common forms of inflammatory arthritis caused by the accumulation of uric acid in
the joints. It is a health problem that affects many people and often becomes a cause of
temporary disability due to the inflammatory process. This makes it necessary to monitor
the patient’s clinical parameters in order to control the chronic disease. The monitoring
system was developed in a plug-in design for a portable device controlled by a mobile
application, allowing real-time, in situ, and dynamic monitoring of biomarkers. AISI 201
stainless steel microneedles were used. The parameters monitored by this device were
pH, uric acid, and reactive oxygen species. First, the microelectrodes were pickled and
electroplated with Au. For pH monitoring, the Au-coated microelectrode was modified
with carbon nanotubes and polyaniline. In this work, the reference electrode was also
integrated into the microneedle device by coating one of the gold electroplated microneedles
with a Ag/AgCl paste and then with a layer of polyvinyl butyral, as in the work of
Garcia-Guzmadn et al. [38]. The slope of the calibration curve was —62.8 mV /pH, close to
the Nernstian value. This system showed good response to pH in the presence of the other
analytes, indicating interference-free detection. In addition, the response was reproducible
and stable. In vivo application demonstrated potential for real-world scenarios.

On the other hand, Ming et al. [13] presented an implantable microneedle sensor for
pH monitoring (MNS). A stainless steel acupuncture needle (AN) was used as the sensitive
substrate to construct the sensor. A layer of platinum black and gold nanoparticles was
prepared by electrodeposition and subsequently modified with polyaniline to increase
the pH sensitivity. An Ag/AgCl reference electrode was prepared and integrated for the
sensing system (Figure 3).

Pt black AuNPs Polyaniline
Electrodeposition [ Electrodeposition Electrodeposition
AN PIb/AN" AuNPS/Pt/AN PANI/AUNPs/Ptb/AN

AgCl
— —
Electrodeposition Integration OPCT ¢
Measurement
Ag Ag/AgCl MNS

Figure 3. Schematic of the preparation of the implantable microneedle sensor for pH monitoring
(MNS). AN: acupuncture needle, Ptb: platinum black, AuNPs: gold nanoparticles, PANI: polyaniline,
OPCT: open-circuit voltage-time. Image taken from Ming et al. [13] under CC-BY 4.0 license [39].

Figure 4 shows the calibration of the MNS. It can be noted that the OPCT decreases
with the increasing pH of the solution (Figure 4a), yielding a calibration curve with a near-
Nernstian slope value of —57.4 mV /pH (Figure 4b). This sensor demonstrated the ability
to monitor pH in real time by analyzing buffer solutions and blood serum. In both cases,
there was a minimal change in the potential with time for each pH value. The estimated
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pH response time was 420 s. Continuous in vivo pH monitoring was performed in rats by
implanting the MNS in the main abdominal vein, demonstrating the functionality of the
device for this application. The sensor response was selective to H* ions in the presence of
potential interferents Na*, K*, and Mg?*. In addition, the response was repeatable. After
7 days of storage of the sensor in serum, a decrease in the difference between the potential
for pH 6 and pH 8 of 15.99% was caused, which the authors did not consider significant.

Therefore, the sensor was found to be stable for continuous pH monitoring.
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Figure 4. Calibration of the implantable microneedle sensor for pH monitoring: (a) potential versus
time for different pH values, and (b) calibration curve of potential versus pH. Image taken from

Ming et al. [13] under the CC-BY 4.0 license [39].

The authors pointed out the following main limitations; firstly, the trauma during

implantation because the sensor is composed of a needle electrode and a reference electrode.

Second, the sensor needs to be connected to an electrochemical workstation. However, the

contribution in terms of operability with respect to conventional methods is remarkable.

In a clinical laboratory, blood pH measurement requires sample extraction, preservation,
and preparation. All this is avoided by this potentiometric sensor. It should also be noted
that these limitations can be overcome by using a sensor that integrates the indicator and

reference electrodes in a single needle. On the other hand, working on the electronic system
allows portability by using a smaller potentiometer and a wireless communication system.

The authors mentioned this as an avenue for future work.

Note that the sensors presented by Garcia-Guzman et al. [38], Liu et al. [32], and
Ming et al. [13] are not based on metal oxides. Instead, they integrate other types of materi-

als such as nanoparticles, carbonaceous materials, polymers, and others, demonstrating the
potential of stainless steel for applications in the context of electrochemical sensing based
on advanced materials. There have been other works using materials such as polypyr-

role with hydroquinone monosulfonate and oxalate co-doping, achieving a response of
—54.67 mV /pH, close to the Nernstian value, for a pH ranging from 2 to 12 [40]. All these
materials improve the potentiometric response in different ways, in some cases making

it more selective and in others improving the conductivity or increasing the surface area,

depending on the sensitive mechanism of the active layer.

4.3. pH Electrodes Based on Stainless Steel for Industrial Applications

The industrial approach to stainless steel as a pH-sensitive material has not been
neglected. For example, measuring pH at elevated temperatures can be complicated using
traditional sensors, and in this context, Kawaguchi et al. [41] investigated pH measurement

at elevated temperatures using a vessel gate and an oxygen-terminated boron-doped
diamond solution gated FET (C-O BDD SGFET). Solution-gated field-effect transistors
(SGFETs) are well known in the field of electrochemical sensing. These FETs operate in a
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solution, and the drain current is controlled by the potential induced by the electrical double
layer on a gate electrode. According to the authors, diamond SGFETs are good candidates
for pH-sensing applications because the hole concentration of boron-doped diamond
SGFETs varies with different ion concentrations in the solution. These semiconductor
sensors have a smaller size and higher mechanical resistance than glass electrodes, making
them an alternative in cases where the traditional electrode cannot be used. However, the
authors point out that these sensor systems use a glass gate electrode, which makes their
use in the food industry, where high temperatures are required, unfeasible. They used a
stainless steel (SUS304) vessel called a “vessel gate” as the gate electrode instead of a glass
electrode. Stainless steel was chosen because of its proven sensitivity to H* ions and its
widespread use in the food industry due to its low cost and corrosion resistance. Figure 5a
shows the cross-sectional view of the C-O BDD SGFET and the Ag/AgCl electrode in
contact with a solution inside the vessel gate. Figure 5b shows the measurement schematic
of the design with the Ag/AgCl electrode as a gate, while Figure 5c shows it with the vessel
gate. When the Ag/AgCl electrode is used as a gate, the gate voltage is applied between
the tip of the electrode and the FET channel, which is the sensing surface. When the vessel
gate is used, the entire stainless steel surface becomes the sensing surface.

@) (b) Ag/AgCl electrode  (c) Vessel gate
Gat¢ Electrode
(AgfAgCl)
Diamond SGFET
Stainless steel vessel (Vessel gate) Stainless steel vessel

Figure 5. (a) Cross-sectional view of the C-O BDD SGFETs and the Ag/AgCl electrode in contact
with a solution inside the vessel gate, (b) measurement schematic of the design with the Ag/AgCl
electrode as a gate, and (c) measurement schematic of the design with the vessel gate. The blue colors
represent a solution. Image taken from Kawaguchi et al. [41] under the CC-BY 4.0 license [39].

The sensitivities of the pH measurements for the system using the Ag/AgCl electrode
as a gate are shown in Figure 6a for room temperature and in Figure 6b for 80 °C. The
slope is high in the acidic medium but decreases in alkaline pH at room temperature. At
80 °C, however, the sensitivity drops sharply to 4.27 mV/pH over the entire pH range. The
authors attribute this loss of sensitivity at high temperatures to an increase in the amount
of activated boron, which reduces the effect of changes in the drain current caused by
ions adsorbed on the surface due to changes in pH, ultimately resulting in a reduction in
sensitivity. On the other hand, the sensitivity of the system using the vessel gate is shown
in Figure 6¢ for room temperature and in Figure 6d for 80 °C. It is observed that at room
temperature, the system becomes insensitive at acidic pH, with a slope of —11.5 mV/pH,
increasing (in absolute value) to —27.3 mV/pH in alkaline medium. At room temperature,
the sensitivity of the system is worse than when the Ag/AgCl electrode is used. The
authors attributed the difference in the signs of the slope between the two systems to the
fact that, in a sensing circuit, the direction of the surface dipole in the FET channel is the
opposite of that of the vessel surface. Consequently, the effects of the ions on the two EDL
capacitors of the FET channel and the vessel surface were opposite. At 80 °C, the system
with the pH-sensitive vessel gate showed a slope of —54.6 mV /pH. At this temperature
(353.15 K), the theoretical Nernst slope was —70.1 mV /pH, indicating that a system with
77.9% sensitivity was achieved.
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Figure 6. pH sensitivity when (a) using a Ag/AgCl electrode at room temperature (RT), (b) using a
Ag/AgCl electrode at 80 °C, (c) using the vessel gate at room temperature, and (d) using the vessel
gate at 80 °C. Images taken from Kawaguchi et al. [41] under the CC-BY license [39] and combined
into a single figure.

In a similar work, Chang et al. [42] presented an ion-sensitive stainless steel vessel for
an all-solid-state pH-sensing system incorporating pH-insensitive hydrogen-terminated
diamond SGFETs. In this case, the sensitivity with the Ag/AgCl electrode as the gate was
0.60 mV /pH, while when the stainless steel vessel was used as the gate, the sensitivity was
—54.18 mV /pH, which is close to the Nernstian value.

The works of Kawaguchi et al. [41] and Chang et al. [42] are very interesting because
they combine a system based on field-effect transistors with the pH sensitivity of stainless
steel. This makes it possible to take advantage of this material for a specific application
wherein traditional materials in potentiometric systems cannot be used. This work is
undoubtedly a clear example of the evolution of scientific knowledge in order to combine
the best of each study to make new systems with technological value. Although already
mentioned by Chang et al. [42], it is necessary to emphasize the need for a study of the
response to the presence of other ions, so that we might then know the selectivity of the
pH-sensing systems developed by these authors, especially considering the discussed effect
of chloride ions.

5. Conclusions and Prospects of the Use of Stainless Steel in pH Electrodes

Stainless steel is a material with great potential for the development of pH sensors.
Among the types of stainless steel, austenitic AISI 304 is the most widely used. Surface
oxidation of stainless steel by heat treatment between 600 and 700 °C or by wet oxidation
with chromic mixture is recommended to obtain a sufficiently sensitive oxide film. However,
if the material is not subjected to surface oxidation, i.e., using the natural passive layer of
stainless steel, a response close to Nernstian is possible. Therefore, it is advisable to test the
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response and stability of the electrode without any artificial oxidation before proceeding
with this process.

Artificially oxidized stainless steel can show a significant effect of chloride ions in the
solution and lose sensitivity to extremely acidic pH values, so these are aspects that must
be considered when studying a pH sensor made of this material to define its limitations
and scope.

Stainless steel is a good substrate material for metal oxides for pH sensing. The fact that
this material is sensitive to hydronium ions enhances the response of the outermost layer of
metal oxides, so its use is recommended not only for its conductivity and low-cost but also
for its active role in sensing. In addition, it can also be used as a substrate for polymeric,
carbonaceous, nanometric, and other materials that enable or enhance pH sensing.

For some years, stainless steel was a forgotten material for pH sensing, and it is now a
promising material for the development of wearable pH sensors for medicine and sports
science. In addition, its combination with sensors based on field effect transistors allows
the development of systems sensitive to H" at high temperatures, such as those used
in industry.

In general, stainless steel is a promising sensitive and substrate material for appli-
cations wherein the glass electrode cannot be used due to its mechanical fragility or loss
of response with an increase in temperature. In addition, it allows use in miniaturized,
decentralized, wireless, and low-cost systems that can be used in many applications.
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Abstract: The increasing prevalence of pathogen outbreaks underscores the urgent need
for rapid, accurate, and cost-effective diagnostic tools. Colorimetric detection has gained
significant attention among the available techniques due to its simplicity, portability, and
potential for point-of-care applications. The nanomaterial-based colorimetric detection
field continues to evolve, with innovations focusing on improving sensitivity, specificity,
robustness, cost-effectiveness, and friendly analysis. Additionally, efforts to address limita-
tions, such as stability and environmental impact, pave the way for more sustainable and
reliable diagnostic solutions. This review highlights recent advances in nanomaterials for
colorimetric pathogen detection in the last five years.

Keywords: gold nanoparticle; aggregation; LSPR; LFA; virus; bacteria

1. Introduction

Infectious diseases caused by pathogenic microorganisms, including food-borne
pathogens such as Clostridium botulinum, Salmonella enterica, Escherichia coli O157:H7, and
Listeria monocytogenes; water-borne pathogens like Vibrio cholerae, Cryptosporidium parvum,
and Giardia lamblia; and nosocomial pathogens such as methicillin-resistant Staphylococcus
aureus (MRSA), Pseudomonas aeruginosa, Acinetobacter baumannii, and vancomycin-resistant
Enterococcus (VRE); or even others caused by viral pathogens, such as influenza, Zika virus,
coronaviruses (e.g., SARS-CoV, MERS-CoV, and SARS-CoV-2), dengue virus, and hepatitis
viruses, continue to pose a growing threat to public health and the global economy [1,2].
These infections not only lead to significant morbidity and mortality but also place an im-
mense burden on healthcare systems, disrupt economic activities, and compromise societal
resilience [3]. Emerging viral outbreaks such as COVID-19 and the Zika pandemic have
further demonstrated the devastating global impact of viral diseases, causing widespread
social and economic disruptions [4,5]. Then, the necessity of monitoring viruses and
bacteria epidemiological profiles assisted by computational predicting and new low-cost
detection technologies is requisite to countries’ equity access towards mitigating worldwide
emergencies caused by pathogenic agents.

Various conventional approaches to detecting and identifying pathogenic bacteria and
viruses, such as culture and colony-counting methods, enzyme-linked immunosorbent
assays (ELISA), and polymerase chain reaction (PCR)-based techniques, have been widely
developed and employed in the field [6-10]. However, such gold-standard traditional
methods often require specialized laboratories, skilled personnel, and extended turnaround
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times, underscoring the urgent need for diagnostic tools that are rapid, sensitive, cost-
effective, and easily deployable in diverse settings. Apart from effectiveness, these methods
are also time-consuming, labor-intensive, and reliant on specialized and expensive equip-
ment, limiting their accessibility and practicality in resource-constrained settings. The
World Health Organization has outlined the ASSURED criteria—Affordable, Sensitive, Spe-
cific, User-friendly, Rapid and Robust, Equipment-free, and Deliverable to end-users—as a
benchmark for developing practical diagnostic tools [11]. Numerous innovative diagnostic
platforms have emerged to address these requirements, including optical and electrical
sensors, microfluidic devices, DNA microarrays, and nuclear magnetic resonance tools [12].
Among these, colorimetric biosensors are favored for their simplicity and ability to align
with the “ASSURED” criteria. Rapid detection of pathogens is critical for controlling
their spread, enabling timely treatment, and implementing practical governmental public
health actions.

Colorimetric biosensors have emerged as powerful tools in advancing detection tech-
nologies, mainly to detect and analyze color changes triggered by interactions with the
target analyte [13-15]. This visual response enables rapid, preliminary assessments with
the naked eye, making the approach highly desirable for rapid screening. For example,
gold nanoparticles, widely used in colorimetric biosensors, exhibit a distinctive color shift
from red to blue upon aggregation, a property harnessed for detecting DNA hybridization
and target protein interactions [16]. Compared to other detection methods, the colorimetric
approach offers significant advantages, including cost-effectiveness, simplicity, and porta-
bility. Notably, this technique can be applied to diverse sample types, such as solids or
liquids, without interference from reference materials that may degrade over time. Fur-
thermore, colorimetric methods are particularly effective in detecting specific analytes in
challenging scenarios, such as environmental pollutants and trace contaminants in food
safety applications [17]. These attributes underscore the versatility and practicality of
nanomaterial-based colorimetric biosensors in various applications.

Nanomaterials are increasingly utilized in colorimetric analysis due to their excep-
tional ability to enhance detection sensitivity and specificity [18-20]. Their high surface-to-
volume ratios allow for more substantial interactions with analytes, while their tunable
optical properties enable precise control over colorimetric responses. Additionally, nano-
materials often exhibit catalytic activities that amplify the visual signals of chromogenic
reactions, making it easier to detect even trace amounts of pathogen biomarkers. These
properties make nanomaterials ideal for developing rapid, accurate, and cost-effective
diagnostic tools, particularly in point-of-care settings where quick and reliable results are
critical for effective disease management and outbreak control.

This review focuses on recent breakthroughs in nanomaterial-based colorimetric
detection of pathogens, emphasizing innovative strategies rather than providing a compre-
hensive field survey. We highlight key advancements leveraging the unique properties of
nanomaterials for colorimetric detection, categorizing them into three primary mechanisms:
aggregation-based detection, plasmonic effects, and dual/multiplexed detection platforms.
Recently, research has emphasized the development of colorimetric sensors based on the
distinctive optical properties of gold nanoparticles (AuNPs), such as those for pathogen
detection [21] and bacterial contamination monitoring in food, water, and environmen-
tal safety [22,23]. Other studies have investigated colorimetric strategies for identifying
pathogenic viruses, integrating carbon allotropes and inorganic/organic nanomaterials for
virus sensing [24,25], and detecting airborne pathogens. We showcase the versatility and
potential of new virus and bacteria diagnostic methodologies, focusing on the most impact-
ful developments from the last five years. Additionally, we provide insights into future

159



Chemosensors 2025, 13, 112

directions, emphasizing the need for advanced nanomaterials to enhance the sensitivity,
specificity, and practical applicability of colorimetric biosensors.

2. Colorimetric Detection Based on Aggregation

Since 1990, nanomaterials have garnered significant interest in the colorimetric field due
to their unique properties, distinguishing them from conventional bulk materials [26-28].
Their integration into the development of biosensors has emerged as a highly dynamic
area of research, driven by their remarkable sensitivity, exceptional selectivity, high surface-
area-to-volume ratio, and nanoscale dimensions. The pioneer methodology describes
detection based on the aggregation of nanomaterials in the presence of pathogens, with
the process being influenced by both the size of nanomaterials and the degree of their
aggregation [29,30]. This phenomenon arises from shifts in the absorbance spectrum within
the visible light range, allowing its quantification after easily eye-naked color change detec-
tion. This visually detectable transformation offers a straightforward and practical platform
for colorimetric detection, enabling the rapid and efficient identification of pathogenic
bacteria and viruses. Such mechanisms revolutionize aggregation-based systems in devel-
oping accessible and user-friendly diagnostic tools for various applications [31], mainly
using gold nanoparticles due to their interesting features.

Gold nanoparticles (AuNDPs) are widely regarded as the most versatile and practical
tools in developing colorimetric detection systems for pathogen-specific antibodies and
proteins [32-35]. Their unique optical properties, particularly the ability to exhibit distinct
color changes upon aggregation, make them ideal for visual detection. When antibodies
bind to their corresponding antigens on the surface of a pathogen, this binding triggers
the aggregation of gold nanoparticles, leading to a measurable color shift. Gold-like ag-
gregation is primarily due to the collective behavior of the nanoparticles, which alter their
surface plasmon resonance, a phenomenon that underlies the visible color change [36]. This
simple yet highly sensitive mechanism has positioned gold nanoparticles as a cornerstone
in biosensor technology, offering a rapid, cost-effective, and highly accurate approach for
detecting pathogens in various diagnostic applications. Our group has studied the function-
alization of gold nanoparticles with different biomolecules easily and practically [36-41].
These studies highlighted challenges in this area, particularly concerning the stability and
activity of conjugated proteins. Aggregation-based colorimetric detection using AuNPs em-
ploys a variety of methodologies to induce and control them, leveraging specific molecular
interactions and chemical modifications. Classic AuNP colorimetric assays typically rely
on monitoring color changes in a solution to determine a target analyte’s concentration,
providing a straightforward and low-cost approach lacking the need for complex sample
pretreatment or intricate instrument operation [36]. The fundamental design strategy
often hinges on aggregation or anti-aggregation phenomena, which result in noticeable
color shifts that can be easily observed. EDC/NHS (1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide) coupling remains a widely employed technique in
colorimetric methodologies, particularly for functionalizing AuNPs. This method facilitates
the covalent attachment of biomolecules, such as antibodies, proteins, and aptamers, to
the surface of AuNPs. The process involves EDC activating carboxyl groups on the target
biomolecule, forming an active intermediate that reacts with NHS to create a stable NHS
ester. This ester can then efficiently bind to amine groups on the surface of AuNPs, forming
a robust amide bond. This coupling increases the likelihood of successful biomolecule
attachment, thus improving the sensitivity and selectivity of the colorimetric assay. The
EDC/NHS method is particularly advantageous in colorimetric detection due to its sim-
plicity, effectiveness under mild conditions, and ability to preserve the bioactivity of the
attached molecules. This technique functionalizes AuNPs by attaching biomolecules, such
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as antibodies, aptamers, or peptides, to their surfaces, enhancing their utility in various
biomedical and biosensing methodologies [42-45]. This approach creates a stable and
specific interface for target recognition.

Another standard methodology utilizes enzymatic reactions to induce aggregation.
Enzymes such as horseradish peroxidase (HRP) or urease catalyze reactions that produce
charged species, altering nanoparticle electrostatic interactions and triggering aggregation.
These enzyme-mediated methods are highly efficient and sensitive, and specific enzyme-
based assays resembling ELISA have been developed to detect bacteria and viruses, en-
compassing gram-negative and gram-positive bacteria and RNA and DNA viruses. These
assays predominantly utilize nanomaterials exhibiting peroxidase-like activity, including
pristine, composite, or derivative forms of silver nanoclusters [46], gold nanoparticles [47],
iron oxide nanoparticles [48], graphene quantum dots [49], cobalt oxide nanoparticles [50],
manganese dioxide nanoflowers [51], and metal-organic frameworks [52]. The bacte-
rial targets cover Escherichia coli, Salmonella enteritidis, Listeria monocytogenes, Pseudomonas
aeruginosa, Enterobacter sakazakii, Yersinia enterocolitica, and Burkholderia pseudomallei (gram-
negative), along with Staphylococcus aureus and Streptococcus mutans (gram-positive). Virus
detection encompasses RNA viruses such as SARS-CoV-2, HIV, avian influenza A, norovirus
(NoV), Zika virus, Rubella virus, measles virus, mumps virus, and respiratory syncytial
virus, as well as DNA viruses including hepatitis E virus, porcine circovirus type 2, and
human papillomavirus [42-52]. Each methodology exhibits unique detection limits regard-
ing quantification apart from the eye-naked feature and linear ranges, enabling tailored
detection for diverse similar pathogens.

DNA hybridization is another highly effective approach for nucleic acid detection,
leveraging the unique properties of nanoparticles. In this method, complementary DNA
strands functionalized on AuNPs bind selectively to a target DNA sequence, resulting
in a well-controlled aggregation of nanoparticles [53]. This aggregation, induced by the
hybridization event, can be easily monitored due to the notable color change associated
with the shift in the surface plasmon resonance of the gold nanoparticles. The ability
of AuNPs to enhance the sensitivity and specificity of DNA detection makes them a
powerful tool for applications such as pathogen detection and genetic analysis [54,55]. In
another approach, DNA hybridization has been studied as ionic strength or pH change,
which can also be utilized to induce the aggregation of gold nanoparticles. For example,
introducing high salt concentrations, such as sodium chloride (NaCl), can screen the
electrostatic repulsion between AulNPs, allowing them to aggregate in the presence of a
specific target molecule [56]. This aggregation is often accompanied by a noticeable color
change, which can be easily detected visually. Such strategies are particularly effective
in biosensor applications where sensitivity and simplicity are paramount. For instance,
in detecting specific proteins or pathogens, adding salts can promote the formation of
aggregates when AulNPs are functionalized with antibodies or aptamers that bind to the
target. A similar approach is used to detect environmental pollutants, where changes
in pH trigger aggregation of functionalized AuNPs, providing a straightforward and
rapid detection method. This ionic strength or pH-based aggregation approach is highly
suitable for resource-limited settings, as it does not require expensive equipment or complex
reagents, making it accessible for field diagnostics and low-cost healthcare applications,
demonstrating its broad applicability and efficiency [57-59].

Moreover, nonspecific adsorption has been a significant challenge in colorimetric
biosensing, as it can interfere with accurate detection by leading to false-negative results,
mainly when pathogens are present at low concentrations. Unwanted interactions between
nanomaterials and non-target biomolecules can reduce sensor sensitivity, hinder signal
generation, and compromise assay reliability. This issue becomes even more pronounced in
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complex biological and environmental samples, where proteins, lipids, and other interfering
substances may adsorb onto the sensor surface, masking or weakening the specific detection
signal. To address this problem, various strategies have been explored. Researchers have
achieved highly selective pathogen recognition by modifying the nanomaterial surface
with specific ligands, such as antibodies [42], aptamers [56], or DNA/RNA [52], while
reducing background noise from unwanted interactions. Antibodies are widely used due
to their strong affinity for viral and bacterial antigens. They are typically immobilized
on nanoparticle surfaces through covalent bonding or physical adsorption. However,
proper orientation control is crucial to ensure the binding sites remain accessible for target
recognition [60,61]. Recently, a low-cost and easy-to-use colorimetric flu virus biosensor
was developed using a sandwich assay format. This approach immobilized antibodies
onto cotton swabs to rapidly detect influenza A and B viruses. Notably, the biosensor
showed no cross-reactivity with non-specific antigens, indicating minimal nonspecific
adsorption. Moreover, the method demonstrated stability for over six months at room
temperature, making it highly practical for real-world applications [62]. Aptamers have
also been explored to minimize nonspecific adsorption. Due to their stability and ability
to undergo conformational changes upon binding, aptamer-functionalized nanoparticles
enhance pathogen detection while reducing interference from non-target molecules [63].
For instance, a colorimetric biosensor using aptamer-functionalized gold nanoparticles
has been successfully employed to detect Pseudomonas aeruginosa, demonstrating high
sensitivity and specificity [64]. Aptamer-functionalized nanomaterials enhance selectivity
while minimizing nonspecific interactions in complex biological samples. Newly, a novel
biosensor was developed using aptamer-functionalized polydiacetylene (Apta-PDA) to
detect E. coli O157:H7, Salmonella typhimurium, and Vibrio parahaemolyticus. In this
approach, the target bacteria were covalently modified onto the surface of magnetic beads
(MBs) to form MB-oligonucleotide conjugates, allowing bacterial enrichment while pre-
venting nonspecific adsorption. This method significantly improved detection accuracy
and reduced background noise [65]. Another promising approach involves molecularly
imprinted polymers (MIPs) that mimic natural receptors [66,67]. MIPs are fabricated by
polymerizing functional monomers around a specific virus or bacterial epitope, which
is later removed to create highly selective binding sites. When incorporated into colori-
metric sensors, MIPs significantly reduce nonspecific adsorption by ensuring that only
the target pathogen binds to the sensor surface, improving detection reliability in real-
world applications. Zwitterionic materials have gained attention recently due to their
exceptional anti-nonspecific adsorption properties [68,69]. These materials carry positive
and negative charges, preventing unwanted interactions with non-target molecules while
maintaining strong binding specificity for pathogens. A recent study introduced a Listeria
monocytogenes-specific biosensor utilizing sodium sulfonyl methacrylate (SBMA) poly-
mers. These polymers were photothermally polymerized onto cotton swabs and combined
with a Listeria monocytogenes-specific aptamer (Aptl) to create SBMA /Aptl cotton swabs.
This innovative design effectively captured and isolated Listeria monocytogenes from
complex sample matrices, expanding the detection range and offering a promising new
strategy for food safety monitoring [70]. Overall, the combination of antibodies, aptamer-
functionalized nanomaterials, molecularly imprinted polymers, and zwitterionic materials
represents a powerful approach to enhancing the specificity and accuracy of colorimetric
biosensors. By integrating these strategies, researchers have minimized nonspecific ad-
sorption and improved pathogen detection in diverse real-world applications. All these
methodologies have discussed the complexities of maintaining protein functionality upon
conjugation to nanomaterial, emphasizing the need for optimized surface modification
techniques to preserve biological activity. These findings underscore the importance of ad-
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dressing challenges related to protein conjugation and detection capabilities in developing
nanomaterial-based colorimetric applications.

Next, we will focus on recent efforts to enhance colorimetric sensors for visually
detecting ultralow analyte concentrations. Researchers have explored various approaches
to overcome these challenges, including signal amplification techniques and integrating
cutting-edge nanomaterials with remarkable physicochemical properties, particularly plas-
monic nanomaterials. Moreover, advancing lateral flow assays (LFAs) have revolutionized
rapid and on-site diagnostic applications, providing a cost-effective and user-friendly plat-
form for detecting pathogens and biomarkers. Additionally, dual and multiplexed detection
platforms have further enhanced the analytical performance of colorimetric sensors by
allowing simultaneous detection of multiple analytes, reducing false positives, and improv-
ing overall diagnostic accuracy. As a result, these innovative strategies are paving the way
for next-generation colorimetric sensors with superior sensitivity, specificity, and practical
applicability in various fields, including medical diagnostics, environmental monitoring,
and food safety.

3. Plasmonic Properties for Enhanced Sensitivity

Integrating plasmonic nanoparticles with biomolecules—such as enzymes, antibod-
ies, DNA, or aptamers—has become a cornerstone in developing advanced colorimetric
technologies [71]. This integration leverages the unique optical properties of plasmonic
nanoparticles, which exhibit strong localized surface plasmon resonance (LSPR) effects.
When these nanoparticles bind to specific biomolecules, the local refractive index near
the nanoparticle surface changes, leading to detectable shifts in the LSPR signal. This
phenomenon enables highly sensitive and label-free detection of various analytes, includ-
ing pathogens, toxins, and biomarkers [71]. Moreover, the functionalization of plasmonic
nanoparticles with selective biomolecules enhances the specificity of the biosensors, allow-
ing for precise targeting of desired analytes. The high specificity of biomolecules for target
recognition is enhanced by coupling nanoparticles with biomolecules, enabling the creation
of highly sensitive and selective sensing platforms capable of detecting a wide range of bio-
logical targets, including pathogens, biomarkers, and environmental contaminants. These
hybrid systems have paved the way for medical diagnostics, environmental monitoring,
and food safety innovations, offering rapid, accurate, and scalable solutions to pressing
challenges in these fields [72,73].

Gold is among the most favored materials for LSPR applications due to its exceptional
optical properties, ease of synthesis, chemical and photostability, biocompatibility, and
straightforward surface functionalization. AuNDPs typically range in size from 1 to 100 nm
and are commonly synthesized as colloidal particles dispersed in aqueous solutions [74].
Their functionalized forms exhibit excellent stability and biocompatibility, making them
highly effective for detecting analytes in complex biological environments. Leveraging the
intrinsic properties of AuNPs enables the design of highly efficient sensing platforms. Their
strong optical responses facilitate the development of colorimetric sensors, which offer
simple, rapid, and cost-effective solutions for detecting various targets across biomedical,
environmental, and industrial domains [74,75]. Compared to other types, one of the most
appealing features of colorimetric sensors is their simplicity. The entire analysis process can
be performed using only the naked eye, without complex or sophisticated instrumentation.
This makes colorimetric systems highly accessible and cost-effective, offering rapid, on-site
detection capabilities ideal for resource-limited settings or field applications. The ease of
interpretation, based solely on color changes, enhances the practicality and user-friendliness
of these sensors for a wide range of detection tasks [76,77].
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3.1. Antibody Functionalization

In recent years, combining antibodies with colorimetric localized surface plasmon
resonance has significantly advanced pathogen detection, offering rapid and sensitive
diagnostic tools. For instance, antibody-conjugated AuNPs have been employed in food
safety applications to detect foodborne pathogens. These biosensors recognize specific
pathogens, leading to nanomaterial aggregation and a corresponding color change, facili-
tating the visual identification of contaminants. This method has been applied to detect
various bacteria, including Salmonella enterica [77], Escherichia coli [78], ochratoxin A [79],
and Staphylococcus aureus [80], demonstrating the potential for rapid on-site testing. Simi-
larly, studies based on antibody-functionalized AuNPs have been utilized to detect oral
bacteria. Bacteria binding to these antibodies induces changes in the LSPR signal, has
been developed, and authors observed a color change in the solution [81]. This approach
allows for the rapid and specific identification of four oral bacterial species (Aggregatibacter,
actinomycetemcomitans, Actinomyces naeslundii, Porphyromonas gingivalis, and Streptococcus
oralis) in oral samples, aiding in the diagnosis and management of oral infections. In
this context, Marin et al. developed a direct colorimetric detection of S. aureus using an
aptamer sensor based on LSPR and AuNPs in milk and infant formula [82]. In the assay,
S. aureus selectively bound to aptamers, depleting them from the test solution. This de-
pletion triggered the aggregation of AuNPs upon adding salt, resulting in a visible color
change from red to purple. Under optimized conditions, the assay enabled visual detec-
tion of S. aureus within 30 min, with detection limits of 7.5 x 10* CFU/mL in milk and
8.4 x 10* CFU/mL in infant formula. Recently, Seele et al. presented the development
of a rapid, cost-effective diagnostic test for tuberculosis (IB) by detecting Mycobacterium
biomarkers from non-sputum-based samples [83]. Two AuNP-based rapid diagnostic tests,
designed as lateral flow immunoassays, were developed to target immunodominant TB
antigens: the 6 kDa early secreted antigen target EsxA (ESAT-6) and the 10 kDa culture
filtrate protein EsxB (CFP-10). AuNPs were synthesized using the Turkevich method and
characterized using a UV-Vis spectrophotometer and transmission electron microscopy
(TEM). Kaushal et al. have harnessed metallic nanoparticles’ unique optical and plasmonic
properties, positioning them as innovative and powerful components for integration into
biosensors aimed at bacterial detection [84]. This study developed a hybrid antibody
biosensor featuring graphene oxide (GO)-coated gold nanoparticles (AuNPs) for the rapid,
specific, and highly sensitive detection of Escherichia coli and Salmonella typhimurium. The
colorimetric assays exhibit an apparent, visible color change within just 5 min upon the
binding of the nanosensor to the target bacteria (Figure 1A). This assay is highly convenient
and requires no sample pretreatment or specialized training. Zhao et al. developed a
versatile, antibody-free bacterial detection platform allowing naked-eye observation [85].
This platform is composed of concanavalin A-modified gold nanoparticles (ConA-AulNPs),
vancomycin-modified gold nanoparticles (Van-AuNPs), and polymyxin B-modified Prus-
sian blue nanoparticles (PMB-PBNPs). The platform operates based on the rapid agglutina-
tion of bacterial cells induced by concanavalin A. ConA-AuNPs bind to Escherichia coli and
Staphylococcus aureus cells (Figure 1B). This leads to aggregation and a visible color change
within 30 min. This color shift occurs due to the alteration of surface plasmon resonance
properties of the nanoparticles.
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Figure 1. (A) Schematic representation of specific bacterial recognition through antibody conjugated
PEG-GO-AuNPs (pegylated graphene oxide coated gold nanoparticles) via colorimetric detection
and its photothermal ablation upon NIR irradiation, reproduced with permission [84]. (B) In the
clinical diagnosis process for UTIs, physicians prescribe antibiotics based on experience, reproduced
with permission [85].

Similar approaches have been employed for virus detection, such as the Canine Dis-
temper virus [36], Dengue [38], PCV-2 [39], Influenza A [46], and others. Two novel
strategies have recently paved the way for advanced colorimetric analysis, offering new
avenues for sensitive and rapid detection [86,87]. A colorimetric serological assay was
developed to detect SARS-CoV-2 IgGs in patient plasma, utilizing short antigenic epitopes
conjugated to gold nanoparticles (AuNPs) [86]. The specific bivalent interaction between
SARS-CoV-2 antibodies and the epitope-functionalized AuNPs triggers nanoparticle aggre-
gation, leading to a noticeable optical shift in the AuNPs’ plasmonic characteristics within
30 min of antibody addition. By co-immobilizing two epitopes, the assay’s sensitivity
was significantly improved over single-epitope AuNDPs, achieving a limit of detection of
3.2 nM, corresponding to IgG levels in convalescent COVID-19 patients. This strategy was
applied to preserve its sensing capability in human plasma to enhance the assay’s stability.
Zhang et al. introduced a methodology that integrates CRISPR/dCas9 with the localized
surface plasmon resonance (LSPR) of gold nanoparticles (AuNPs) [87]. Their approach
involves designing a dual protein corona-mediated detection platform capable of simulta-
neously enabling rapid point-of-care (POC) testing and single-molecule counting of nucleic
acids in a one-pot, one-step process. As a result, targets as low as 100 aM can be visually
detected within just 30 min, making this platform highly suitable for rapid point-of-care
(POC) applications and the early screening of emerging epidemics. Furthermore, the excep-
tional LSPR properties of AuNPs enhance the light-scattering signal during target-induced
aggregation, allowing the aggregated AuNPs to be visualized as diffraction-limited spots
under confocal microscopy.

In a recent study, D’Amato et al. designed a biosensor to detect the Zika virus (ZIKV)
non-structural protein 1 (NS1), which utilizes gold nanoparticles (AuNPs) functionalized
with monoclonal antibodies, coupled with dynamic light scattering (DLS) for detection [88].
This approach allows for sensitive and specific identification of the NS1 protein, provid-
ing an effective tool for ZIKV detection. During the experiments, the high ionic strength
medium caused particle aggregation in the absence of the protein, demonstrating a detec-
tion limit of 0.96 g mL~!. The technique was also specific for detecting the Zika virus and
did not show cross-reactivity with the DENV2 and SARS-CoV-2 spike proteins that were
also tested. Another methodology constructed a colorimetric immunosensor for detecting
SARS-CoV-2 infection [89]. This method utilizes a localized surface plasmon resonance
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(LSPR) sensor based on a silver nanotriangle (AgNT) array functionalized with human
angiotensin-converting enzyme 2 (ACE2) protein, designed for swift coronavirus detection
and validated with SARS-CoV-2. The limits of detection for the spike receptor-binding
domain (RBD) protein, CoV NL63 in buffer, and untreated saliva are 0.83 pM, 391 PFU/mL,
and 625 PFU/mL, respectively, with a detection time of less than 20 min, providing a
straightforward and effective detection method.

3.2. Aptamer-Functionalized

Aptamer-based LSPR colorimetric detection has emerged as a powerful and highly
sensitive approach for identifying pathogens [90,91]. Aptamers—short, single-stranded
DNA or RNA sequences with high specificity for target pathogens—serve as molecular
recognition elements, enabling precise and selective detection. Upon interaction with a
pathogen, aptamer-functionalized AuNPs undergo conformational changes or aggregation,
leading to a measurable shift in LSPR signals or a visible color change. This colorimet-
ric response allows for rapid, label-free, and equipment-free detection, making it ideal
for point-of-care (POC) applications and field diagnostics. Recent advancements in this
methodology have significantly improved detection sensitivity, enabling the identifica-
tion of pathogens at ultralow concentrations. For instance, Zhan et al. present a simple
and efficient colorimetric detection platform for bacterial identification using silver (Ag)
nanoplates as a chromogenic substrate [92]. The method leverages aptamers’ high speci-
ficity and affinity, along with the catalytic activity of catalase, which hydrolyzes H,O,
to etch Ag nanoplates. By incorporating catalase into a sandwich structure based on a
dual-aptamer recognition strategy, the presence of bacteria is translated into a detectable
LSPR peak shift and a visible colorimetric change. This approach enables rapid, naked-eye
detection of S. aureus at concentrations as low as 60 CFU/mL, benefiting from the combined
sensitivity of the streptavidin-biotin system and the inherent plasmonic properties of Ag
nanoplates. Deb et al. harness the localized surface plasmon resonance (LSPR) properties
of gold nanoparticles (AuNPs) to develop a point-of-care aptasensor, facilitating the rapid
and reliable screening of urinary tract infection (UTI) samples with high sensitivity and
specificity [93]. This sensor exhibits distinct absorbance changes in the visible spectrum
upon interaction with the target pathogen, ensuring high specificity and sensitivity. In
this study, we demonstrate the precise detection of Klebsiella pneumoniae with a limit of
detection (LoD) as low as 3.4 x 10° CFU/mL. This study demonstrates the quantification of
Klebsiella pneumoniage in human urine samples. Additionally, the developed prototype has
the potential to identify the effectiveness of specific drugs, helping to determine whether
a pathogen is susceptible or resistant due to mutations that contribute to antimicrobial
resistance (AMR). Arani et al. focus on developing a colorimetric Vibrio cholerae aptasensor
using gold nanoparticles (GNPs) and the localized surface plasmon resonance (LSPR)
technique [94]. A specific DNA aptamer was selected and validated through bioinfor-
matics analysis and molecular docking simulations to ensure strong binding affinity to
the outer membrane protein U (OMP U) of V. cholerae. The aptamer’s effectiveness in
bacterial detection was assessed by monitoring the aggregation or dispersion of GNPs in
the presence of NaCl. The final evaluation was conducted using both colorimetric analysis
and LSPR spectral measurements. Molecular docking results confirmed that the selected
aptamer demonstrated high sensitivity and specificity in detecting OMP U on the surface of
V. cholerae in suspension.

A colorimetric aptasensor was developed to detect oxytetracycline (OTC) based on
the aggregation of aptamer-functionalized gold nanorods (AuNRs) [95]. The synthe-
sized AuNRs were thoroughly characterized and functionalized with a specific DNA
oligonucleotide aptamer, which generated an optical signal upon binding to the OTC
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antibiotic (Figure 2A). The longitudinal surface plasmon resonance of AuNRs exhibited
a concentration-dependent decrease within the linear range of 0.1 nM to 100 nM, with
a detection limit as low as 0.04 nM. This proposed method is simple, highly sensitive,
and selective, making it a promising approach for OTC detection. This approach enables
label-free detection, eliminates the need for complex instrumentation, and offers tunable
sensitivity by optimizing aptamer sequences and nanoparticle properties. Aithal et al. em-
ployed aptamers to detect SARS-CoV-2 [96]. In this assay, AuNPs were functionalized with
specific aptamers targeting the spike membrane protein of SARS-CoV-2 (Figure 2B). An ag-
glomeration assay employing nanoprobes detects elevated concentrations of spike protein
in the buffer by measuring the absorbance spectra of the samples. The critical coagulant
salt concentration, which triggers agglomeration, is a key metric for assessing spike protein
binding with the aptamer, increasing proportionally with spike protein concentration. The
technique was validated using plasmon absorbance spectra, and the detection limit was
3540 genome copies/pL of inactivated SARS-CoV-2. The nanoprobes can detect as few as
3540 genome copies/pL and higher concentrations of inactivated SARS-CoV-2 virus. With
further validation using real-world samples, both methodologies could be adapted into
a user-friendly, inexpensive, and straightforward approach. Aptamer-based colorimetric
methods enable real-time monitoring and offer adaptability across diverse environmental
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and clinical applications, enhancing their versatility and effectiveness in colorimetric assays.
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Figure 2. (A) The presence of OTC resulted in AuNRs/aptamer assembly and led to different
conjugation and spectroscopic changes, produced with permission [95]. (B) Schematic illustrating
the principle of the SARS-CoV-2 test. Nanoprobes are AuNPs functionalized with aptamers in
an aqueous suspension. When the SARS-CoV-2 spike protein is absent from the colloid, adding
the coagulant Salt M neutralizes surface charges on the nanoprobes, inducing their agglomeration.
Nanoprobes with spike protein bind with aptamers and resist agglomeration, which depends on the
extent of this binding. Protein binding provides additional charge to the nanoparticle, enhancing
steric stabilization. Reproduced with permission [96].

3.3. Other News Approaches

Several LSPR strategies have been developed for the colorimetric detection of
pathogens in biological samples, each offering unique advantages for specific applica-
tions. One new methodology utilizes chromogenic substrate-mediated catalytic activity,
where enzymes produced by the pathogens catalyze a reaction that results in a colorimetric
shift, indicating the presence of the target [97]. Another study presents a simple, cost-
effective digital microfluidic (DMF) platform combined with colorimetric loop-mediated
isothermal amplification (LAMP) for on-site disease diagnosis, visible to the naked eye [98].
The DMEF chip features four parallel units, enabling the simultaneous detection of mul-
tiple genes and samples. The platform’s analytical performance was demonstrated by
detecting Enterocytozoon hepatopenaei, infectious hypodermal and hematopoietic necrosis
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virus, and white spot syndrome virus genes in shrimp. Its sensitivity was comparable to
microfluidic-based LAMP assays using other point-of-care testing (POCT) devices, such
as centrifugal discs, for the same targets. Additionally, the device’s straightforward chip
structure and high flexibility for multiplex analysis make it a promising tool for broader
POCT applications. Zhao et. Al. presents a particular visual bacterial sensing assay based
on a surface plasmon resonance (SPR)-enhanced peroxidase (POD) mimetic [99]. The POD
mimetic, designed using platinum (Pt) nanoparticles asymmetrically decorated on Au/TiO,
magnetic nanotubes (Au/Pt/MTNTs), leverages the intrinsic photocatalytic activity of TiO,
and the limited transport depth of light. These asymmetric nanotube-localized surface
plasmon resonance (LSPR) effect significantly enhances the generation of hot electrons,
which are efficiently transferred to Pt and MTNTs, thereby considerably improving catalytic
performance. Using Staphylococcus aureus (S. aureus) as a model for Gram-positive bacteria,
the assay exploits the colorimetric reaction’s dependence on the POD mimetic’s active sites,
enabling sensitive and selective bacterial detection.

More recently, machine learning-assisted colorimetric sensor arrays have emerged as
a powerful tool for enhancing detection accuracy and sensitivity. Traditionally, colorimet-
ric sensors for food applications have utilized linear regression to correlate colorimetric
data with bacterial concentration for detecting foodborne pathogens. Researchers have
identified linear relationships between bacterial concentration and various colorimetric
parameters depending on the data type, enabling quantitative microbial analysis [100].
Yang et al. present a machine learning-assisted colorimetric sensor array that leverages
ligand-functionalized Fe single-atom nanozymes (SANSs) for microorganism identification
at the order, genus, and species levels [101]. The array was constructed using SAN Fe;-NC
functionalized with four distinct recognition ligands, generating unique microbial identifi-
cation fingerprints. This platform can identify more than 10 microorganisms in UTI urine
samples in less than one hour. Diagnostic accuracy of up to 97% was achieved in 60 UTI
clinical samples, holding great potential for translation into clinical practice applications.
Another methodology involves the development of a microfluidic biosensor for the rapid
and sensitive detection of Salmonella, utilizing nanoflowers to amplify the biological signal
while enabling automated operations [102]. A smartphone app equipped with a saturation
calculation algorithm processes the captured images for analysis. The detection process
begins with immune magnetic nanoparticles capturing Salmonella from the sample. These
nanoparticles are then mixed with immune MnO, nanoflowers (NFs) and incubated in
a spiral micromixer, facilitating the formation of MNP-bacteria-MnO, sandwich com-
plexes. These complexes are subsequently magnetically captured in a dedicated separation
chamber within the microfluidic chip, allowing efficient and precise bacterial detection.

4. Point-of-Care Testing Based on Colorimetric Sensors

Colorimetric sensing is a leading point-of-care testing (POCT) method across diverse
applications [103]. Over the past five years, more than 500 research papers have been
published on this topic, reflecting its growing significance. To streamline traditionally
complex detection processes, various POCT devices have been developed, integrating
both sensing and readout mechanisms through visible color changes, making them highly
practical. These devices are designed for ease of use, allowing non-specialists to operate
them with minimal training. By leveraging nanostructures, colorimetric POCT platforms
enhance detection accuracy through direct visual assessment or smartphone-based analysis.
The following sections explore two key types of colorimetric POCT devices: lateral flow
assays and microfluidic chips.

Lateral flow assay (LFA)-based colorimetric sensors offer a rapid, cost-effective, and
user-friendly approach for detecting various pathogens [104-109]. These sensors leverage
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the principles of capillary action and antibody-antigen or aptamer-target interactions to
produce a visible color change, enabling easy result interpretation without the need for
specialized equipment. Recently, Tian et al. developed polydopamine (PDA)-coated dyed
cellulose nanoparticles (dACNPs@P) with tunable colors as probes for multiplex lateral flow
assays (mLFAs) [108]. The cellulose nanoparticles (CNPs) were synthesized with uniform
spherical shapes and adjustable sizes, ensuring consistency and adaptability. The dCNP@P-
based mLFAs demonstrated successful application in detecting multiple mycotoxins in
cereals and measuring inflammatory biomarkers to distinguish between viral and bacterial
infections. These assays exhibited high specificity and accuracy, outperforming gold
nanoparticle-based tests in sensitivity and reliability. Another LFA was developed to detect
detection of Salmonella typhimurium using an aptamer-based assay [109]. This platform
effectively distinguishes relevant color changes with high accuracy. The devices incorporate
gold-decorated polystyrene microparticles functionalized with S. typhimurium-specific
aptamers (Ps-AuNPs-ssDNA), achieving a detection limit of 102 CFU mL~! in buffer
solutions and 103 CFU mL~! in romaine lettuce samples.

Lateral flow assay (LFA) devices have also been extensively applied for the colorimet-
ric detection of viruses due to their simplicity, rapid response, and cost-effectiveness [110].
These devices are particularly advantageous for point-of-care diagnostics, allowing quick
and reliable screening without sophisticated laboratory equipment. In recent years, numer-
ous LFA-based biosensors have been designed to detect various viral pathogens, including
influenza [111], Porcine epidemic diarrhea virus (PEDV) and porcine rotavirus (PoRV) [112],
dengue [113], Zika [114], and coronaviruses [115]. Recently, Yang et al. developed an ad-
vanced colorimetric LFA tool for detecting and monitoring a virus that caused a global
outbreak in 2022 [116]. Their approach leveraged antibody-functionalized nanoparticles
to enhance detection sensitivity, allowing for rapidly identifying viral antigens within
minutes. Such advancements in LFA technology have improved detection limits, enabling
the identification of low viral loads with high specificity. The biosensor consisted of a
flexible lateral flow immunoassay (LFIA) with strong colorimetric and enhanced fluores-
cence dual-signal output for the rapid, on-site, and highly sensitive. A nanocomposite
of silicon dioxide (5i0;) and AuNPs was first synthesized and conjugated with an A29L
detection antibody (Catalog#40,891-VO8E, Sino Biological Inc. (Beijing, China) to provide
good stability, strong colorimetric capability, and superior fluorescence intensity. Next,
the structure of the LFIA strip was produced by immobilizing goat anti-mouse IgG and
the A29L capture antibody on the surface for control and testing. A running buffer with
different concentrations of the MPXV A29L protein was employed for the experiments.
After a 15-min incubation, the colorimetric signal on the C/T line of the strip was observed
visually. Alternatively, the fluorescence signal was captured using a portable fluorometer
for more precise quantitative analysis—Figure 3.

The continuous evolution of LFA-based colorimetric detection strategies, including
incorporating novel nanomaterials and signal amplification techniques, has significantly
broadened their applicability for emerging infectious diseases. Future developments aim to
improve multiplexing capabilities, enabling simultaneous detection of multiple pathogens
in a single test, thereby strengthening global surveillance and outbreak preparedness.
Ventura et al. demonstrate that a colorimetric biosensor based on gold nanoparticle (AuNP)
interactions induced by SARS-CoV-2 is an outstanding tool for detecting viral particles
in nasal and throat swabs [117]. AuNPs functionalized with antibodies targeting three
SARS-CoV-2 surface proteins (spike, envelope, and membrane) undergo a rapid red shift
within minutes when exposed to a virus-containing solution. This colorimetric method
enables the detection of extremely low viral loads, achieving a sensitivity comparable
to real-time PCR. Another article presents an assay of foldable paper strips, utilizing
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nucleic acid strand-displacement reactions to detect SARS-CoV. This amplification enables
a colorimetric pH-based readout via a smartphone. In a study of 50 throat swab samples,
the assay successfully detected both the presence of SARS-CoV and virus-specific mutations
with 100% concordance to real-time PCR. They demonstrated that in the future, affordable,
portable, and user-friendly viral screening strategies could be rapidly adapted to detect
other emerging pathogens, such as the dengue and Zika viruses.
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Figure 3. Colored dCNPs@P were used for LFA. (a) Schematic illustration of the synthesis process of
dCNPs@P and the conjugation of detection receptor. (b) Photograph of 2 L CNP suspension (1 wt %).
(c,d) Colored dCNPs (2 wt %) and the corresponding ultraviolet-visible (UV-vis) absorption spectra.
(e) LFA using colored dCNPs@P as probes. (f) Time-elapsed evolution of the colorimetric signals at T
lines in an mLFA using colored dCNPs@P as probes. (g) Scanning electron microscope (SEM) image
of the T line of a LFA strip capturing dCNPs@, reproduced with permission [108].

Although LFA is performed on a flat substrate format, it offers several advantages
over those in solution, and certain technical challenges remain. One major limitation is the
potential for uneven reagent distribution, leading to inconsistent signal intensity and re-
duced sensitivity. Additionally, surface fouling or nonspecific binding of biomolecules may
interfere with accurate detection, necessitating improved surface modification strategies.
Another concern is the need for precise fabrication techniques to ensure reproducibility
across different sensor batches. Furthermore, optimizing immobilized reagents’ stability
and shelf life remains a crucial factor for widespread adoption. Addressing these chal-
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lenges through advancements in nanomaterials, microfabrication techniques, and surface
chemistry will be essential for further improving the reliability and performance.

5. Dual and Multiplexed Detection Platforms

In addition to single nanoparticle-based methods, colorimetric approaches that em-
ploy a combination of multiple nanoparticles or combine with other methodologies offer
enhanced sensitivity and specificity for pathogen detection [118-122]. Integrating nanopar-
ticles of various materials and sizes makes fine-tuning their optical properties possible,
allowing for the simultaneous detection of multiple pathogens in complex samples. Multi-
nanoparticle-based systems can generate distinct color changes by leveraging different
plasmonic behaviors and nanoparticle interactions. This multi-nanoparticle strategy fur-
ther improves detection accuracy, enabling a broader range of detectable pathogens and
minimizing the chances of false positives or negatives. Furthermore, these systems can
be engineered to exhibit synergistic effects, where the combined nanoparticle ensemble
enhances the overall performance of colorimetric assays, making them even more robust
for point-of-care diagnostic applications.

Magnetic nanomaterials possess great potential for applications in biomedicine. Com-
bining them with biological markers or other nanomaterials while maintaining their mag-
netic characteristics enhances their sensitivity [123,124]. Recently, plasmonic nanoparticles
with magnetic separation, we developed an achromatic colorimetric nanosensor with highly
enhanced visual resolution for simultaneous detection of hepatitis E virus (HEV), HEV-
like particles (HEV-LPs), norovirus-like particles (NoV-LPs), and norovirus (NoV) [125].
In the presence of one or more pathogens in the sample, magnetic probes separate the

respective colors for the detected pathogens magnetically, isolating them from the black
color. Therefore, the methodology addresses an easy, rapid, and low-cost sample detection
method, depending on the presented color. This well-defined nano platform intelligently in-
tegrates dual-modality sensing and magnetic bio-separation, opening a gateway to efficient
point-of-care testing for virus diagnostics.

Lately, optically active quantum dots (QDs) encapsulated within an iron oxide (hol-
low shell) have been used for virus detection [126]. It presents a dual-modality sensing
platform for ultrasensitive virus detection based on V,Os nanoparticle-encapsulated lipo-
somes (VONP-LPs). The sensing mechanism leverages the intrinsic peroxidase-like activity
and electrochemical redox properties of V,05 nanoparticles (V,O5 NPs). Target-specific
antibody-conjugated VONP-LPs and magnetic nanoparticles (MNPs) facilitate virus en-
richment via magnetic separation. The bound VONP-LPs are hydrolyzed upon isolation,
releasing V,0Os5 nanoparticle NPs, which function as peroxidase mimics and electrochemi-
cal redox indicators. This process generates a distinct colorimetric response and a robust
electrochemical signal, enabling highly sensitive and specific virus detection. Furthermore,
electrochemical analyses demonstrated, through electrochemical impedance spectroscopy,
a substantial increase in impedance only in the sample containing Hev-like particles, with
a detection limit as low as 1.2 fg/mL Another methodology provides an innovative dual-
signal readout immunochromatography assay (ICA) with colorimetric and fluorescence,
which co-enhanced capabilities for the ultrasensitive and flexible detection of the mon-
keypox virus (MPXV) antigen [127]. This assay utilizes a customized two-dimensional
film-like nanotag composed of a molybdenum disulfide core surrounded by multilayered
quantum dot shells. Compared to traditional spherical nanolabels, this advanced nanotag
offers superior signal responses, a larger reaction interface, and enhanced stability. The
integrated platform leverages the colorimetric signal for rapid MPXV screening, while the
fluorescence mode enables quantitative detection with a remarkably low detection limit
of 0.0024 ng/mL. This dual-signal approach significantly expands the application range
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of current ICA techniques, providing a powerful tool for infectious disease diagnostics.
These methods enhance sensitivity, enable simultaneous detection of multiple pathogens,
and provide precise, distinguishable results based on color changes. This innovative new
approach holds great potential for improving diagnostic accuracy and efficiency in diverse
applications, particularly in point-of-care settings.

Several studies have reported the incorporation of LFA combined with different types
of nanomaterials [128]. Recently, Chen et al. proposed a ratiometric fluorescence LFA
with melamine-coated gold nanoparticles to create crescent-shaped Janus nano assem-
blies [129]. These were applied to reduce signal interference by establishing a colorimetric
and ratiometric fluorescence dual-mode lateral flow immunoassay. It is the first time we
successfully established a colorimetric and ratiometric fluorescence dual-mode lateral flow
immunoassay (Au-AIENPs-RLFIA) for the visual and quantitative detection of aflatoxin B1
(AFB1). Another work was introduced into the LFA system to replace common spherical
SERS nanotags for bacteria detection [130]. The antibody-labeled tags can efficiently and
tightly cover the bacteria surface as nano stickers, providing stronger SERS signals and
facilitating the fluidity of bacteria—nanotag complexes, thereby improving the detection
sensitivity and multiplex ability of LFA for Salmonella typhimurium (S. typhi), Escherichia coli
(E. coli), Staphylococcus aureus (S. aureus), and Listeria monocytogenes (L. mono) within 20 min
(Figure 4). Another work demonstrated an advanced lateral flow immunoassay platform
with dual-functional [colorimetric and surface-enhanced Raman scattering (SERS)] to de-
tect the spike 1 (S1) protein of SARS-CoV-2 [131]. The nanosensor was integrated with a
specially designed core—gap—shell morphology consisting of a gold shell decorated with
external nanospheres to produce a strong colorimetric signal and an enhanced SERS signal.
This methodology showed excellent sensitivity, reproducibility, and rapid detection of the
SARS-CoV-2 S1 protein, demonstrating excellent potential as a promising point-of-care
platform for the early detection of respiratory virus infections. Wang and co-workers
developed a multi-layered quantum dot-based silica nanoparticle marker combined with a
fluorescent lateral flow assay (NFLFA) for nucleic acids, designed to identify Acinetobacter
baumannii (CRAB) by targeting two genes: RecA (T1), a carrier gene, and blaOXA-23 (T2), a
drug-resistant gene [132]. To enable simultaneous and rapid quantitative detection of both
amplified DNA types, loop-mediated isothermal amplification (LAMP) was integrated
into the system. The fluorescent properties of quantum dots (QDs) enhanced the assay’s
accuracy in detecting the T1 and T2 analytes, achieving detection limits of 199 CFU/mL
for RecA and 287 CFU/mL for blaOXA-23. This method allows rapid detection without
requiring complex equipment or specialized training. Combining lateral flow assays with
colorimetric techniques has offered a viable solution to meet these demands. LFA provides a
simple, rapid, and user-friendly platform, while colorimetric detection enhances the visual
interpretation of results without the need for complex instruments. This integration allows
for the development of diagnostic devices that are not only efficient and cost-effective
but also accessible for point-of-care testing. By utilizing the complementary strengths of
LFA and colorimetric methods, it is possible to achieve accurate and timely diagnostics,
particularly in resource-limited settings.

Another technique that demonstrates significant synergy is the combination of colori-
metric methods with electrochemistry. Many nanomaterials exhibit notable electrochemical
activity, which can be attributed to their intrinsic properties. For instance, gold electrodes,
whether in nanoparticle form or not, can facilitate the formation of a self-assembled mono-
layer (SAM), enabling the detection of virus-derived proteins such as the recombinant
nucleocapsid protein (rN) from SARS-CoV-2 [133]. Additionally, integrating electrochem-
istry with microfluidics can enhance the functionality of these electrodes, enabling the
detection of IgG antibodies against Toxocara canis (IgG anti-T. canis) [134]. This combined
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approach leverages the sensitivity of electrochemical detection and the precision of mi-
crofluidics, offering a powerful platform for accurate and efficient diagnostics. For the
latter, an immunosensor was developed to diagnose toxocariasis. This disease represents a
significant public health problem due to the limited available drugs of treatments and its
association with neurodegenerative diseases. Another demonstration of synergy between
these two techniques involves the detection of the SARS-CoV-2 spike antigen using gold
nanoparticle-based biosensors [135]. In the presence of the SARS-CoV-2 spike antigen, gold
nanoparticles aggregated rapidly and irreversibly due to the antibody-antigen interaction,
resulting in a visible color change from red to purple. This colorimetric change was de-
tectable with the naked eye or through UV-Vis spectrometry, exhibiting a spectral redshift
and a detection limit of 48 ng/mL. Additionally, electrochemical detection was performed
by applying the developed probe solution onto a commercially available, disposable screen-
printed gold electrode, without the need for electrode preparation or modification. This
method achieved a detection limit as low as 1 pg/mL for the SARS-CoV-2 spike antigen.
Both colorimetric and electrochemical methods demonstrated high specificity for the SARS-
CoV-2 spike antigen, effectively distinguishing it from other antigens, such as influenza A
(HIN1), MERS-CoV, and Streptococcus pneumoniae, even at high concentrations.
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Figure 4. (A) (a) Schematic representation of the biosensor. (a) SiOp-AuNPs nanocomposite synthe-
sis. (b) MPXV A29L antibody coupling method, and (c) schematic diagram of SiO,-AuNPs-based
LFIA analysis of MPXV A29L protein, (i) naked eye and (ii) fluorescence reader. Reproduced with
permission [116]. Copyright 2023, Springer Nature. (B) Schematic diagram of GO@Au-/Ag-based
SERS-LFA mechanism for multiplex detection of four bacteria [131]. Copyright Elsevier.

6. Conclusions

As outlined in this review, various colorimetric strategies based on functionalized
nanomaterials have been extensively utilized for pathogen detection, highlighting key char-
acteristics such as functionalization, repeatability, and sensitivity, which are summarized
in Table 1. Despite significant progress in constructing nanomaterial-based colorimetric
systems, this promising field faces several challenges and limitations. We have discussed
primary sensing strategies relevant to pathogen detection, many of which can produce
rapid results within minutes, with sensitivities comparable to or exceeding those of con-
ventional assays. But there is still much work to be conducted. Firstly, improving the
selectivity and stability of colorimetric sensors is crucial for detecting pathogens in real-
world samples. Decreasing the size of nanomaterials can increase the specific surface area,
thereby enhancing sensitivity. A stable signal output pattern also reduces the likelihood of
false positive results. Developing novel colorimetric sensors that address public health con-
cerns, including emerging infectious diseases, should also be a priority. Secondly, current
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colorimetric systems are often limited to detecting a single type of pathogen and strug-
gle with simultaneously detecting multiple pathogens. While machine-learning-assisted
sensor arrays offer promise in identifying pathogen species, quantitative analysis of con-
centrations remains underexplored. Enhancing the performance of colorimetric sensors for
various analyte detection is vital for achieving both qualitative and quantitative analysis
of multiple targets. Integrating advanced machine learning techniques with array-based
sensors, such as convolutional neural networks, could enable more accurate pathogen
analysis. Combining colorimetric systems with multichannel microfluidic systems presents
a promising approach to improving multi-target detection capabilities. Recent advance-
ments have focused on fabricating enzyme-like functional nanomaterials and 3D-structured
lateral flow assays for pathogen detection. Unlike traditional aggregation-based meth-
ods primarily used for signal visualization, these methodologies are less affected by the
complex components of real samples, providing more accurate signals. These advanced
sensing systems can quantitatively detect bacteria and viruses across a broad range using
digital cameras, smartphones, or mobile devices to capture color intensity and process
data. Lateral flow formats offer a user-friendly, transportable assay method and, when
combined with sensitive electrochemical or fluorescent signal transduction, can become
viable alternatives to RT-PCR and ELISA due to their quantitative sensitivity. In conclusion,
while the field of nanomaterial-based colorimetric sensors has made notable strides, there
remains significant potential for innovation and improvement. Addressing challenges such
as multi-target detection, signal stability, and integration with artificial intelligence will be
critical for advancing these systems into more robust, practical tools for pathogen detection
in diverse settings.

Table 1. Applications of colorimetric sensors for pathogen detection.

Type of Pathogens Analyte Strategy LOD Ref.
Staphylococcus aureus Sugar cane Antibody/Aggregation 105 CFU/mL [37]
Dengue Serum Antibody/Aggregation TCIDsg 107 [38]
PCV-2 Serum Antibody/Aggregation 10° DNA copies/mL  [40]
Staphylococcus aureus Milk Antibody/Magnetic/ Aggregation 1.5 x 10° CFU/mL  [43]
Influenza virus A Blood sample Peroxidase mimic 1.11 pg/mL [48]
Ersinia enterocolitica Human serum Enzyme mimics 30 CFU/mL [49]
Sﬁ;);zh;lcoilcloi;cqc_zesszsizgpfs Food sample Aptamer/Aggregation 20nM [52]
E.Coli Food sample fluorescein-labeled aptamer 10 CFU/mL [58]
Human adenovirus Human sample Antibody/Aggregation 10* copies/mL [60]
Influenza A and B viruses Human sample Antibody/Aggregation 0.04 ng mL~! [62]
E. coli O157 39 CFU/mL
S. typhimurium Food sample Aptamer/Aggregation 60 CFU/mL [65]
V. parahaemolyticus. 60 CFU/mL
H5NT1 virus Human sample Aptamer/Aggregation 11.6 M [66]
Listeria monocytogenes Food samples Aptamer/Aggregation 2.83 x 10° CFU/mL  [70]
Klebsielli ';Zi;monme Urine samples Catalyze H,O, 512 x 10° CFU/mL  [77]
Ochratoxin A Food samples Antibody/Aggregation 0.001 pg mL~! [79]
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Table 1. Cont.

Type of Pathogens Analyte Strategy LOD Ref.
E. coli . . . .
Staphylococcus aureus Minced chicken Antibody/Aggregation 50 CFU/mL [80]
Aggregatibacter
actinomycetemcomitans - .
Actinomyces naeslundii Human sample Positively/ Negatwe!y charged 107 CFU/mL [81]
Porvh oivali gold nanoparticles
orphyromonas gingivalis
Streptococcus oralis
: : : 7.5 x 10* CFU/mL
Staphylococcus aureus Milk and infant food Aptamer/Aggregation 8.4 x 10* CFU/mL [82]
Mycobacterium Clinic samples Antibody/Aggregation 0.0625 ng/mL [83]
Escherichia coli . : 10® CFU/mL
Salmonella Food samples Antibody/Aggregation 102 CFU /mL [84]
Escherichia coli .. . . 10° CFU/mL
Staphylococcus aureu Clinic samples Protein/Aggregation 108 CFU /mL [85]
Zika virus Human serum Antibody/Aggregation 0.96 ugmL~! [88]
Corona virus Saliva Enzyme/Aggregation 625 PFU/mL [89]
Klebsiella pneumoniae Urine Aptamer/Aggregation 34 x 103 CFU/mL  [93]
Vibrio cholerae Human sample Aptamer/Aggregation 103 CFU/mL [94]
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Abstract: Biosensing shows promise in detecting cancer, renal disease, and other illnesses.
Depending on their transducing processes, varieties of biosensors can be divided into
electrochemical, optical, piezoelectric, and thermal biosensors. Advancements in mate-
rial production techniques, enzyme/protein designing, and immobilization/conjugation
approaches can yield novel nanoparticles with further developed functionality. Research
in cutting-edge biosensing with multifunctional nanomaterials, and the advancement of
practical biochip plans utilizing nano-based sensing material, are of current interest. The
miniaturization of electronic devices has enabled the growth of ultracompact, compassion-
ate, rapid, and low-cost sensing technologies. Some sensors can recognize analytes at the
molecule, particle, and single biological cell levels. Nanomaterial-based sensors, which
can be used for biosensing quickly and precisely, can replace toxic materials in real-time
diagnostics. Many metal-based NPs and nanocomposites are favorable for biosensing.
Through direct and indirect labeling, metal-oxide NPs are extensively employed in detect-
ing metabolic disorders, such as cancer, diabetes, and kidney-disease biomarkers based
on electrochemical, optical, and magnetic readouts. The present review focused on recent
developments across multiple biosensing modalities using metal/metal-oxide-based NPs;
in particular, we highlighted the specific advancements of biosensing of key nanomaterials
like ZnO, CeO;,, and TiO, and their applications in disease diagnostics and environmental
monitoring. For example, ZnO-based biosensors recognize uric acid, glucose, cholesterol,
dopamine, and DNA; TiO; is utilized for SARS-CoV-19; and CeO; for glucose detection.

Keywords: biosensors; enzyme-free biosensors; metal-based nanomaterial; metal-oxide
nanomaterial; biochip

1. Introduction

A biosensor comprises two coupled segments: a bioreceptor and a transducer [1].
The bioreceptor acts as the recognition element, where the bioreceptor detects and inter-
acts directly with a target analyte. The transducer converts the bioreceptor signal into a
quantifiable output that can be evaluated. The receptors of a biosensor are expected to
interact with the analytes so that their concentration may be calculated within a range of
specificity. Proteins, nucleic acids, and other analytes may be interesting based on their
origin [2]. Biosensors are preferred for detecting such analytes compared to other detection
approaches, as they are handy, benefit multiple applications, and are less time-consuming.
The first biosensor was depicted in a published paper in 1956 [3]. As the biosensor field
has expanded, the number of accurate and accessible testing options that do not require
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invasive procedures has increased [4]. Recent research has focused on developing biosen-
sors with high sensitivity, selectivity, affinity, simplicity, quick response, and cost-effective
analysis [5]. For example, some biosensors can recognize one parasite in a single microliter
of blood [6]. As a result, biosensors effectively detect infectious diseases to improve clinical
outcomes and promote public health. Advances in biosensor technologies have prospects
to bring point-of-care diagnostics to match or exceed the current standard of care regarding
time, cost, and accuracy.

Nanotechnology offers potential approaches to address the current limitations of con-
ventional biosensors [7]. Implementing nanotechnologies such as functional nanomaterials,
nanoengineering, and nanoplatform fabrication techniques to biosensors is crucial for
enhancing the utilization of biosensors. One of the significant advances in experimental
design before expanding a nanomaterial into the sensing application is “Nanofabrication”.
This progression prompts two significant activities: first, the assembling and designing
of nanoscale adhesion using external fields such as electric field-, magnetic field-, optical
field-, and fluidic flow-directed assembly, and second, the utilization of micromachining
measures for designing nanomaterial surfaces [7,8].

There is a growing demand for early-stage detection of diseases, such as diabetes,
chronic kidney disease (CKD), and malignant growth [8]. In recent decades, biosensors have
been used in the early detection of such chronic and fatal diseases, with a number of studies
on improved biosensors for the rapid and simple detection of analytes [4-7,9]. Combining
biosensors with nanofabrication techniques has greatly improved the performance of
biosensors as well as expanded the range of sensing targets. This review highlights recent
advances in electrochemical, optical, physical, and chemical biosensors and their uses
in disease detection. Metal-oxide-based nanomaterials have the aptitude to advance the
sensitivity and responsiveness of biosensors. For example, nanowires and nanorods offer a
one-dimensional construction that can enable effective charge transfer and sensitivity for
biosensing. This review highlights recent advances in electrochemical, optical, physical,
and chemical biosensors and their uses in disease detection.

2. Types of Biosensors

Biosensors are classified based on their biological recognition and transduction mech-
anisms [4]. Here, we describe biosensors, including electrochemical, optical, physical
(e.g., piezoelectric and thermal), chemical, and biological sensors [10]. Figure 1 exhibits
a schematic of biosensing and Table 1 demonstrates different types of biosensors, their
principles, and their applications.

2.1. Electrochemical Biosensors

An electrochemical sensor is based on transducing biochemical events to electrical
signals. An electrochemical biosensor is composed of an electrochemical transducer, re-
ceptor, and detector. Electrochemical biosensors utilize an electrode as a solid support to
immobilize biomolecules and electron movement. Electrochemical biosensors, the most
commonly available and widely utilized type among biosensors, are more effective than
regular estimation approaches [11-17]. This is because of their instrument affectability,
high scope of discovery, simplicity of manufacturing and control, replicability, and minimal
expense. Cyclic voltammetry, potentiometry, electrochemical impedance spectroscopy
(EIS), amperometry, and differential pulse voltammetry are the electrochemical procedures
that are utilized in biosensors [11]. Electrochemical biosensors have been promising in
clinical diagnosis, food-processing quality control, and environmental monitoring [12]. An
example of a highly successful and commercially available electrochemical biosensor is
closed-loop artificial pancreas devices, which are used to detect glucose for the manage-
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ment of diabetes. This closed-loop biosensor is used for continuous glucose monitoring
and insulin delivery via an extracorporeal shunt [4]. Hence, electrochemical biosensors are
widely utilized for the diagnosis and management of diabetes to improve the quality of life
of diabetic patients [13].

Analyte
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Figure 1. Schematic representation of biosensing. Electronics include read-out technology, amplifica-
tion, and conversion of signals to digital form.

Various types of nanoparticles, including manganese oxide, titanium dioxide, and
nickel oxide, are advantageous candidates for electrochemical sensing. Metal-oxide NPs
are low-cost and nontoxic [14]. Additionally, polyaniline (PAni)-TiO; nanotubes [15] and
ZnO nanostructures have been utilized in developing electrochemical biosensors [16].
ZnO-based electrochemical biosensors have been used for the detection of a variety of
analytes such as uric acid, glucose, cholesterol, dopamine, and DNA [17].

Glucose and lactate are both nutrients that fuel our tissues. Lactate is a byprod-
uct of glucose metabolism, which plays a crucial role in human health and disease [18].
The concentration of glucose and, to a lesser degree, lactates, can be dramatically lower
than the concentration of dissolved oxygen in the body [19]. As a result, an oxygen de-
ficiency might cause the enzymatic process to be severely stoichiometrically restricted.
This oxygen inadequacy/hypoxic condition can be detected by electrochemical biosen-
sors by monitoring reduced glucose levels [20]. Amperometric biosensors are a common
method in this category [21]. In separate studies, mesoporous NiO and CuO were uti-
lized for lactate detections [22,23]. NiO/nafion/GCE biosensor for lactate was fabricated
utilizing mesoporous NiO with a sensitivity of 62.35 pAmM ~'em 2, detection limits of
27 uM, and detection range of 0.01-27.6 mM [22]. Similarly, using mesoporous CuO, fab-
ricated CuO/nafion/GCE biosensor for lactate detection demonstrated a sensitivity of
80.33 pAmM 'em 2 [23]. Using an amperometric transduction device, researchers have
been able to monitor HyO, using the horseradish peroxidase (HRP) bioreceptor [24]. In
the study, PANi-modified platinum terminals were used to immobilize HRPs entrapped in
mesoporous silica SBA-15 (SBA-15(HRP)) through electrostatic coupling [24]. An electro-
chemical biosensor can also be used for the determination of biological oxygen demand in
the wastewater [9].

In medicine, electrochemical biosensors have gained much attention over the past few
decades for their use in the detection of cancer and other disease biomarkers [25]. In plasma
medicine, electrochemical biosensors have been used in various forms including wearable,

184




Chemosensors 2025, 13, 49

implantable, invasive, non-invasive, contact, and non-contact devices [26]. The electronic
sensors are fabricated to recognize and quantify different physicochemical parameters such
as ion molecules, electrons, antibodies, and enzymes. Electronic sensors are also being
used to monitor various parts of the body, such as the heart (electrocardiography), muscles
(electromyography), and brain (electroencephalography) [26].

2.2. Optical Biosensors

An optical biosensor is an analytical device that combines a biorecognition sensing
element with an optical transducer system. Optical biosensors are well known for their
selectivity, sensitivity, and accessibility. These qualities make them ideal for continuously
monitoring toxins, drugs, and other microbiologically minute organisms. The sensing
mechanism of optical fiber-based sensors is depicted in Figure 2. The sensing mechanism
involves exploiting variations in the intensity of light, phase, wavelength, and polarization
introduced by the external factors being measured, such as temperature, pressure, strain,
and reflective index (Figure 2a) [27]. The optical fiber-based sensor primarily utilizes
evanescent waves (EWs) to detect small-scale environmental perturbations. When light
propagates through the core of a single-mode fiber, a small portion of EWs penetrates the
cladding, facilitating the interaction with surroundings for biosensing. The incident light
can be guided using total internal reflection when it strikes the core-cladding interface. A
small part of the incident wave penetrates cladding, as shown in Figure 2b. When cladding
is partially removed, the EWs interact with the surrounding environment on the etched
fiber section, resulting in the change in optical characteristics and enabling the biosensing
and detection, as can be seen in Figure 2c [28].

In detecting microbes, optical methods such as surface plasmon resonance (SPR)
and resonant mirrors have been utilized. When antibodies against E. coli can be immo-
bilized on a Au SPR surface, the maximum number of cells detected at a single spot is
106 cells/mL [29].

Optical biosensors are selective and sensitive in monitoring toxins, and pathogenic
bacteria. For identifying E. coli and Listeria monocytes, it has been demonstrated that
utilizing Surface-Enhanced Raman Spectroscopy (SERS) is specific and selective [30], with
low detection and quantification limits, 12 cfu/mL and 37 cfu/mL, respectively [31]. An
optical fiber biosensor has been developed to detect E. coli O157: H7 using a fluorescently
tagged aptamer which can specifically distinguish other bacterial strains from E. coli
strains [32]. In this case, fluorescently labeled aptamers are bound to complementary
E. coli DNA or probe DNA immobilized on the optical fiber surface, and fluorescent
measurements identify E. coli [10]. It is possible to detect that even the samples being tested
contain fewer instances of E. coli if the bright indicator is greater than expected.

A biosensor SiO;-TiO,-APTES-PDC-DNA probe was developed to detect E. coli in
environmental samples [33]. SiO,-TiO, NPs were deposited on a glass substrate and then
coupled with APTES, crosslinking the PDC monolayer and the DNA probe. The strands
of the DNA probe in the sensor were hybridized with the target DNA strands in E. coli,
effectively facilitating the E. coli detection and measuring the refractive index changes.

A sensitive calorimetric optical aptasensor was fabricated using ZnFe,O4-reduced
graphene oxide (ZnFe;O4-rGO) as an effective peroxidase mimetic to detect S. typhimurium [34].
ZnFe;O04-rGO NPs were conjugated with aptamers to obtain specific recognition elements.
ZnFe;O4-rGO NPs catalytically oxidized 3,3',5,5'-tetramethylbenzidine (TMB) by H,O,
and produced blue light that was detected by a microreader at 652 nm. The detection range
of S. typhimurium was 11 to 1.10 x 10° CFU/mL and LOD was 11 CFU/mL [34]. Further,
Ag/ZnO/rGO was developed for the detection and killing of E. coli. In this nanocomposite,
the photocatalytic properties of ZnO, the bacteria-killing and SERS properties of Ag NPs,
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and the photothermal conversion properties of rGO were combined to detect and kill E.
coli effectively [35].

(@) Measurands: Temperature,

Light in pressure, chemicals, humidity, Light out
strain, refractive index....

i

Change in intensity,
phase, poalrization and

wavelength of light
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Figure 2. The sensing mechanism of the optical fiber-based sensor; (a) the working mechanism of the
fiber optics-based biosensor sensor; (b) the incident light guided by total internal reflection when it
strikes the core-cladding interface and a small part of the incident wave penetrates the cladding area
with penetration depth dp; (c) EWs interact with the surrounding environment on the etched fiber
section, resulting in a change in optical characteristics facilitating biosensing; ((a) adapted from [27],
and (b,c) adapted with permission from [28] © Optical Society of America/Optica Publishing Group).

A biosensor fabricated using ZnO nanorods coupled with Au NPs (ZnO/Au) coated
on the tip of a multimodal plastic optical fiber was utilized for the detection of E. coli in
polluted water [36]. Au Nps were coated on a transparent plastic optical fiber tip and
the ZnO was grown on it through a hydrothermal process to construct the biosensor
platform. The sensor showed a fast response within the first 10 s in the presence of polluted
water containing E. coli with different concentrations ranging from 1000 to 4000 CFU/mL.
This sensor platform demonstrated potential in wastewater and food quality monitoring
of various pathogenic bacteria [36]. Silver and gold nanoparticles have the potential to
revolutionize SERS-based microbial DNA biosensors [37]. Gold NPs exhibit colorimetric
changes when they bond with matching DNA, eliminating the need for expensive and
labor-intensive fluorescent tagging. As a result, gold NPs are commonly used in bacterial
detection equipment, especially for analyzing samples of dark water collected from the
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ocean (which absorbs blue light) and from a hypoxic region with low oxygen levels and a
minimal number of organisms [10].

ZnO has been used with gold or silver NPs to make efficient biosensors based on
SPR and SERS. A thin film of ZnO was deposited on a glass prism coated with Au NPs to
detect Neisseria meningitidis [38]. The SPR biosensor demonstrated good sensitivity in the
range of target DNA concentration from 10 to 180 ng/uL. ZnO deposited on the Au surface
increased the surface area and SPR signals [36,38]. ZnO was used as a passive component
to compensate for losses in optical signal and to enhance the attachment of Au NPs in SPR
biosensors [36,38].

rGOs are promising materials for biosensors because they have a high specific surface
area, are inexpensive to make, and can interact directly with a wide range of proteins [39].
GO has sp2- and sp3-hybridized carbon atoms and several functional groups like epoxy,
carboxyl, hydroxyl, etc. Biomolecules can be stuck to the surface of GO through p-stacking
contacts or covalent bonds between the carboxyl groups of GO and the amino groups of
biomolecules. GO with specific optical properties has crucial applications in biosensors. It
has been established that GO can be used to perform selective biosensing of single-stranded
DNA (ssDNA). It has been discovered that ssDNA adsorbs strongly on GO, but duplex
DNA (dsDNA) is unable to attach to it stably. It is commonly used in the selective detection
of ssDNA in a mixture of other substances (including dsDNA).

Silica fiber is a material that is advantageous in terms of cost, flexibility, and availability.
A surface-modified conjugated polymer served as the basis for a biosensor that uses silica
microfibers to detect label-free ssDNA targets between pH 1 and 7 [39]. Herein, GO thin
film was used as a connecting layer for the adsorption of ssDNA. The selective interaction
between GO and ssDNA, which was used as a trap, produced selectivity, and the surface
aggregation of ssDNA on the microfiber produced sensitivity [39].

Long-period gratings (LPGs) in optical fiber have been presented as a viable method
for label-free biosensors. LPGs are simple to fabricate, robust, and have many of the
advantages of optical fibers, such as ease of use, intrinsic small size, high compatibility with
optoelectronics, ability for long-distance measurements, and multiplexing. LPGs permit
the coupling of the basic core mode to co-propagating cladding modes at well-defined
resonance wavelengths because of periodic refractive index (RI) disturbances created in the
core of a single-mode optical fiber [40,41]. The transmission spectrum of an LPG can be
characterized through one or more attenuation bands, where the minimum of each band
corresponds to the coupling with a specific mode when the phase-matching requirement is
tulfilled, as stated by the characteristic equation of LPGS, Ares(m) = (1eff,core — Yeff,clad(m)) N/
where A is the grating period (usually range from 100 to 600 um), #eff core aNd eff clad(m)
represent the effective Rls of fundamental core mode and m-th cladding mode, respectively;
Neff,clad(m) depends on the RI of the surrounding medium [40].

SPR using fiber optics is a type of label-free optical biosensor. In label-free detection,
the detected signal is generated directly with the on-site interaction of the analyte and the
respective transducer. As a result of its adaptability to downsizing and remote-sensing
capabilities, it may be put into many hard-to-reach situations for in situ detection as a
hand-held probe or as a collection of remotely controlled devices installed at various points
along a fiber-optic cable. The most prevalent fiber-optic SPR sensors are composed of
unclad, side-polished, tapered, U-shaped optical fibers coated with a nanometric coating of
gold or less frequently silver. The fiber grating technology is based on tilted fiber Bragg
grating (TFBG). A tilted TFBG sensor, created by tilting the diffraction grating of the FBG
sensor at a slight angle, can measure temperature and stain simultaneously without an
additional sensor. It can also measure the refractive index around the sensor, the degree
of resin hardening, bending deformation, humidity, torsion, etc. The TFBG sensor is a
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multifunctional sensor [42]. The TFBG has been created to fabricate a highly efficient SPR
sensor with several distinct benefits. This sensor offered an extra resonant mechanism of
high-density, narrow-mode spectral combs at near-infrared wavelength (with a spectral
width of the resonance between 0.01 and 0.1 nm). Thus, it overlapped with the surface
plasmon’s wide absorption for high-precision investigation. It increased the RI resolution
from 106 to 108 refractive index units. This provided a linear RI response in both liquids and
air. The TFBG sensor’s mechanical resistance is slightly affected. Using well-established
phase masks for grating inscription, its mass manufacturing with high repeatability is
simple to perform [43]. Coating TFBGs with indium tin oxide (ITO) enabled them to be
used in a variety of applications. Enhanced leaky mode resonances (eLMR) correspond
to the high-order modes with an effective refractive index (ERI) that is smaller than the
surrounding refractive index (SRI). These modes exhibit very different characteristics
compared to those of cladding modes, SPR, and lossy mode resonance (LMR), and they
have the potential to become the third type of resonance associated with optical fiber
coated with thin films. This type of resonance is characterized by a high real part of the
complex RI of the material. Recent research has resulted in the development of two distinct
applications that make use of the same sensor arrangement. The first aspect is referred
to as the use of birefringence in ITO-coated TFBGs, which makes it possible to create a
device for detecting vector twists. The latter term refers to an in-fiber linear polarizer that
has a comb-like structure and is based on leaky mode resonances in ITO-coated TFBGs.
Enhancing the mode coupling with the guided mode is accomplished by the thin film’s
ability to induce the guiding of S-polarized leaky modes. By tweaking the specifications of
the device, it was possible to achieve both a spectacular polarization extinction ratio and
an extremely narrow bandwidth [44]. Figure 3 demonstrates an ITO thin film-coated TFBG
sensor consisting of four layers, including a fiber core where the tilted grating is inscribed,
fiber cladding, ITO coating, and the external environment. The input light polarized in p-
or s-states (as indicated by P and S in Figure 3) was launched into the fiber core to excite
the p- or s-polarized core-guided mode that couples with cladding-guided modes, leaky
modes, and even with the lossy modes in the tilted grating regions. The output light is
then collected at the other end of the fiber core to generate the resonance, including the
cladding mode resonance and eLMR (enhanced lossy mode resonance), in the transmission
spectrum. LMR may be generated if the condition is satisfied. Leaky modes are essentially
highly lossy in bare optical fiber due to the large imaginary part of the ERI, and they can
not propagate through the waveguide. They could become guided similarly as a surface
wave, only when the imaginary part of ERI is reduced. In that case, the core-guided mode
will interact with guided leaky modes within its propagation to generate eLMR. The eLMR,
LMR, and SPR are dependent on leaky modes guided in optical fiber, lossy modes guided
in nanocoating, and SPR modes guided in nanocoatings (commonly metal films only).
eLMR can be effectively excited by s-polarized light while p-polarization demonstrates
little variations. SPR can only be excited by p-polarized light. LMR can be excited by
both s- and p-polarized light. The LMR represents the highest sensitivity evaluated by the
wavelength shift. The SPR has lower sensitivity, but SPR-based devices have received an
exponential increase during the last 2-3 decades. The eLMR is a relatively new optical
sensor with increased performance. The eLMR excited in TFBG has the narrowest FWHM
among these three resonance, indicating that the g-factor can be greatly improved [45].
Over the last two decades, the study of meta-materials has been the focus of progres-
sively growing attention in several different scientific groups. This leads to the demonstra-
tion of strange phenomena such as invisibility cloaking, negative refraction, and superlens-
ing. Their 2D analogs, commonly called “meta-surfaces” (MSs), have been the subjects
of active study owing to several benefits. This is because 2D MSs are easier to work with
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than 3D counterparts [44]. A ‘Lab-on-Fiber’(LoF) optrode based on phase-gradient plas-
monic MSs integrated on the tip of an optical fiber can potentially outperform plasmonic

benchmarks in biological systems for the detection of nanoscale molecular interactions [46].
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Figure 3. Schematic diagram of ITO-nanocoating-integrated TFBG sensor (adapted from [45]).

C-reactive protein (CRP), a biomarker implicated in various illnesses and the subject
of substantial research, was used as an example analyte to evaluate the performance of a
fiber-optic-based label-free biosensor [47]. The device is based on a long-period grafting
constructed in a double-cladding fiber with a W-shaped RI profile. The fiber transducer
was coated with a nanometric-thin GO layer to provide functional groups for covalently
immobilizing the biological recognition element. A meager detection limit (0.15 ng/mL)
was achieved for detecting CRP in serum with a large working range of clinical relevance,
1 ng/mL-100 ug/mL [47]. Age, gender, smoking status, weight, cholesterol levels, and
blood pressure may alter the serum CRP level, which is expected to be 0.8 g/mL in
healthy Caucasians. In some bacterial infections, CRP, a blood biomarker of infection or
inflammation, can rise 1000-fold [24]. Devices that are based on optical fiber are beneficial
for CRP detection, and because of their micro-sized cross-sections, they are excellent for
minimally invasive procedures as well as in vivo procedures for the detection of CRP [48].

Alzheimer’s disease (AD) is one of the most severe neurological conditions. Stroke is
associated with AD among elderly people, and the relation is strongest in the presence of
known vascular risk factors [49].

Table 1. Principles and applications of different types of biosensors.

Sensor Name Principle Sensing Elements Transducers Application Refs.
: . . Cuprophane-glucose . A .
Glucose oxidase Electrochem1§try using Clucose oxidase—Cuprophane Analysis of glucose in biological [50,51]
electrode-based glucose oxidation Sample
membrane and a pH electrode.
Electrochemistry using Glycated hemoglobin
HbAlc L Hemoglobin Ferroceneboronic acid (FcBA) measurement using a robust [52]
Ferrocene boronic acid . .
analytical technique
Uric acid Electrochemistr Uric acid Enzymatically generated H,O, Detection of illnesses or clinical [53]
y ¥ v 22 abnormalities
Acetylcholinesterase Electrochemistr: Pesticide Acetylcholinesterase Understanding pesticidal impact [54]
inhibition-based y &P P
Cholinesterase (ChE) Identifying carbamate
Piezoelectric Electrochemistry Pesticides Molecular imprinting ying [55]

polymers (MIPs) and organophosphate
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Table 1. Cont.

Sensor Name Principle Sensing Elements Transducers Application Refs.
Optical/visual biosensor Cytochrome P450 Ph tical h
Microfabricated using cytochrome P450 Cholesterol Enzyme microfabricated armaceutical researc [56]
and development
enzyme electrodes
Hydrogel
(polyacrylamide)- Optical/visual biosensor DNA DNA-functionalized hydrogels Biomolecular immobilization [57]
based
Silicon Optical /visual/fluorescence DNA Sand.vxlzlched-struc'tured Bioimaging, biosensing, and [58]
Silicon nanowire cancer therapy
Quartz—crystal Electromagnetic Protein Wireless-electrodeless QCM Ultrahighly sensitive protein [59]
Y detection in liquids
Nanomaterials-based Electrochemical or optical/ Enzyme Gold-NPs Diagnosis and Therapy [60]
visual/fluorescence
Genetically encoded or Evaluation of }t\l'lehb'lol?gécal
fluorescence- Fluorescence ADP and ATP ATPase processes, which include [61]
tagoed numerous molecular systems
&8 inside the cell
Environmental monitoring of
Microbial fuel cell- . - Chlorella vulgaris coupled optic biochemical oxygen demand and
based Optical Pesticides fiber signal toxicity, and heavy metal and [62,63]

pesticide toxicity

The early detection of AD is necessary for accurate prognosis, treatment, and mon-
itoring. The affordability and ease of use of biomarkers distinguish them for early AD
screening. Rl-sensitive metal-oxide biosensors may be effective in the early detection of
AD. In cutting-edge applications, optical sensors are becoming more prevalent. Fiber-optic
sensors provide exceptional light control. Light from a photonic device interacts with
its environment to generate surface waves. The evanescent field analyzes all medium
changes in surface waves by measuring RI. Nano LoF sensor systems and nanoparticles,
nanofilms, or nanostructures modify the interaction between light and matter with astound-
ing resolution, precision, and accuracy, thus offering an image of technologically advanced,
ultrahigh-performance optical systems. The transmission spectrum of the sensor reveals
that biological changes at the fiber surface influence the surface RI, which has a significant
impact on the optical properties of the LMR. Existing resonance-based optical technology
platforms are surpassed by the adaptability and advantage of LMR detection [50]. SPR is a
well-known thin-film-sensing phenomenon. The nanocoating must have a complicated
RI to generate this resonance. LMR bands in a well-defined wavelength range described
the transmission spectrum of an LMR-based sensor [51]. LMRs are less well known than
SPRs, but they have many interesting features, such as the ability to tune the resonance
position at any wavelength in the optical spectrum by controlling the nanocoating thickness
and the ability to complement metallic materials typically used in SPR-based sensors with
polymers and metallic oxides [52]. LMR has many advantages over SPR, such as easy
wavelength tuning in the optical spectrum as a function of coating thickness, cheaper
coating material, the ability to excite both transverse electric (TE) and transverse magnetic
(TM) light polarization states, and multiple LMR generation. To have a particularly sensi-
tive response in LMR, the waveguide modes must be matched with a lossy mode of the
semi-conductor nanocoating, and an optimal film thickness may enhance transmission
spectrum attenuation [53]. Sensors based on LMR need nanocoating thickness control
and characterization. SnO, nanomaterials are most RI-sensitive and LMR-exciting [54].
The LoF biosensor utilized SnO, for the specific detection of Tau protein as one of the AD
biomarkers that are highly correlated with AD progression in cerebrospinal fluid with a
detection limit of 10712 M and over a wide concentration range (103 to 10 ug mL~!). The
LoF, SnO;-based sensors are promising for the rapid and highly sensitive detection of Tau
proteins at low concentrations, which may be a potential approach for early screening and
personalized medicine for AD patients [50].
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A sensitive plasmonic photonic crystal fiber (PCF) was reported for cancer cell de-
tection by measuring RI [55]. PCF sensor was fabricated with dual V-shaped groves to
enhance the sensor activity where two AuNRs were mounted on the etched surfaces. A RI
optical sensor was utilized to track the electromagnetic coupling between the leaky core
mode (LCM) and the surface plasmon mode (SPM) at the metal/dielectric interface. When
the SPM and one of the fundamental core modes are phase-matched, a strong coupling
occurs. The maximum confinement was achieved for the core-guided mode at the reso-
nance wavelength, which is dependent on the analyte RI. The V-shaped groove increased
the core/SPM coupling, where a high RI sensitivity of 24,000 nm/RIU was achieved in
an RI range from 1.38 to 1.39 with a resolution of 2.73 x 10° RIU. Good sensitivities of
23,700 nm/RIU, 8208 nm/RIU, and 14,428 nm/RIU were achieved for basal, cervical, and
breast cancer cells with resolutions of 4.22 x 10° RIU, 12.18 x 10° RIU, and 6.93 x 10° RIU,
respectively. In this approach, the RI measured for normal and cancer cells for basal
(1.360/1.380), cervical (1.368/1.392), and breast cells (1.385/1.399) were distinguishable
and suitable for cancer detection. The RI cancer sensor demonstrated good sensitivity
and resolution as well as a good fabrication tolerance of 5% for fabrication imperfection.
Label-free sensors are safer than chemical and surgical approaches [55].

Optical biosensors with metal oxides perform better in sensing biological samples
in clinical diagnostics [56]. Various types of optical biosensors utilizing metal-oxide NPs
have been used for the detection of numerous biological entities including serum ferritin,
H,0,, IgG, nucleic acid, and glucose [56]. A nanoplatform based on titanium dioxide
nanotubes and TiO, NT/alginate hydrogel scaffold was developed for lactate and glucose
monitoring in artificial sweat. The sensing time for glucose and lactate were 6 min and
4 min, respectively. The biosensor platform was utilized for the detection of glucose and
lactate in a concentration range of 0.1-0.8 mM and 0.1-1 mM. The sensor TiO, NT/alginate
hydrogel scaffold platform used calorimetric optical signal (blue color) detection in sweat
samples. The sensor TiO, NT/alginate hydrogel scaffold was integrated into the paper
substrate to enhance the sensing performance [56].

3. Piezoelectric Biosensor

Piezoelectricity is the ability of a material to create an internal electric field when a
mechanical stress or strain is applied. Piezoelectric materials may be crystal, ceramic, or
polymer films, such as aluminum phosphate or nitride, ZnO, or quartz (5iO;). An alternat-
ing voltage is applied to piezoelectric materials between two electrodes in biosensing. The
oscillation frequency of a piezoelectric material changes according to mass bound to the
electrode or the medium viscosity. For example, a piezoelectric response is observed when
an antigen that binds to an antibody immobilizes on the electrode surface [57].

Piezoelectric biosensors have been used to detect small molecules and ions in biological
samples. One such biosensor, developed by covalently linking metallothionein and quartz
crystal, has been used to monitor Zn?* and Cd?* in fluid media, such as phosphate buffer
and tetraborate buffer [58].

Quartz crystal microbalance (QCM) has been used in the development of a piezoelec-
tric nano-biosensor for accurate Hg?* detection. The detection component of this system is
made up of three different kinds of DNA assays, each of which includes reporter DNAs
linked to NPs. The particular T-Hg?*~T (T = thymine) complex has been gathered by Hg?*
stacking because this complex could not be hybridized with functionalized NPs. Due to the
higher concentration of Hg?*, there was a decrease in the NP-induced improved QCM-Dw
reaction. This has the consequence of the reduction in the hairpin formation by the linker
DNA [59-62]. Similarly, a DNA enzyme-based QCM-D biosensing instrument demon-
strated high affinity and selectivity toward Pb?* [61]. Nanosensors utilizing AlIGaN/GaN
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HEMTs (high electron mobility transistors) have been fabricated to monitor different ions.
These sensors are sensitive to charges at the surface without requiring a reference electrode.
Devices covered with plasticized poly(vinyl chloride) (PVC)-based layers containing an
ionophore can be utilized to identify Hg?* and Ca®* ions in water [10]. Temperature and
pH are also detected by different methods including the piezoelectric approach [26].

Lymphocytes (B, T, and NK cells) and immunoglobulins are vital for the adaptive
immune response against external pathogens. A gold NP (AuNP)-doped polyaniline
nanofiber (Au/PANI-NF) composite was fabricated to monitor T cell activation [51]. Anti-
CD antibody (Ab) molecule was immobilized onto the composite to observe the expression
of CD69, CD25, and CD71, which are T-cell surface activation markers, at the early, middle,
and late stages at 8 h, 24 h, and 48 h, respectively, after stimulation of the T cell. EIS
measurement demonstrated a limit of detection (LOD) of 10* cells/mL. The Au/PANI-NF
sensor exhibited a higher LOD than other electrochemical biosensors that are used to
monitor the T cells [63].

Zhao et al. reported on nanowire sensors to detect IgG in buffer solution [64]. Piezo-
electric ZnO nanowires were vertically grown onto a Ti plate (first electrode) and then
coated with a SiO, layer. The surfaces of SiO; /ZnO nanowires were modified with AuNPs
and anti-IgG. An Al foil on top of the nanowire was the second electrode. Observations
have been made regarding the fluctuations in the surface-free carrier density of nanowires
caused by the adsorption of antigens. This shift in the free-carrier density can be utilized
to gauge the concentration of antigens. Piezoelectric biosensors exhibit potential in the
monitoring of small molecules or ions in biological fluids, as well as biomolecules.

4. Thermal Biosensors

A thermal biosensor is based on the measurement of total heat energy absorbed or
produced or the temperature change in a system. Thermal biosensors utilize a flow injection
analysis approach using an immobilized enzyme reactor, organized with a differential
temperature measurement across the enzyme reactor [65]. The configuration incorporates a
pair of thermal transducers, such as thermopiles or thermistors, across the enzyme column
packed with immobilized enzymes to alter a substrate to a product [66]. Thermopiles
or thermistors are the two commonly utilized thermal sensors. Thermopiles measure
the temperature difference between two regions. Thermopiles are a set of thermocouple
junctions in series made from metals, semiconductors, and various substrate semiconductor
components. The thermistor is a sensitive temperature transducer, which depends on the
variations in electric resistance with temperature from which the absolute temperature can
be determined but with a limited sensitivity [66]. Bimetallic strips, liquid-gas expansion,
pyroelectric systems, metal resistance, and microelectromechanical systems are also used
as thermal transducers. Furthermore, highly sensitive thermocouples are an outstanding
substitute for detecting temperature changes [67].

Thermal biosensors are now being used to determine the chemical oxygen demand
(COD) of H,O and wastewater utilizing a biosensing device that detects temperature
variations. To investigate the COD qualities, periodic acid solutions may be used as
oxidants, and flow injection testing equipment can be utilized. This detecting system can
deliver a broad range for the sensing of COD in H,O derived from a variety of sources. The
calorimetric COD determination strategy provides more feasible identification outcomes
than the standard approach in terms of strength, long-term solidity, and speed [11,65,67].

5. Chemical and Biological Sensors

Different promising nano-structural metal-oxide NPs (MONPs) exist for specific and
selective biosensor applications. Engineered MONPs are among the most widely used man-
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ufactured materials for their unique properties. MONPs and their potential for chemical
and natural gas detection applications have been thoroughly studied [68-71]. Addressing
the future financial and social necessities, shrewd determination, planning, and use of
MONPs will prompt another age of detecting devices displaying novel capacity alongside
improved sign enhancement and coding methodologies [68-70].

A chemical sensor is a device that facilitates communication between the analytical
gases or fluids and the sensor. This communication converts chemical or biochemical
information into a useful signal, either quantitative or qualitative. The transducers in the
sensor device generate signals that are typically electrical. Chemical sensors have a few
highlights like steadiness, selectivity, affectability, reaction and recuperation time, and
immersion [68]. While the surrounding gases respond with the oxygen in the oxide at
high temperatures, the changes in surface potential and resistivity occur as a result. In
addition, metal-oxide-based chemical sensors can be utilized in clusters permitting the
detection of numerous species with high affectability and low detection limits around ppm
levels for certain species. Tin oxide-based chemical sensors, with various morphologies,
high affectability, and quick reactions, can recognize hydrogen (H;) on the SnO, NWs
surfaces [71,72]. Further, semiconducting metal-oxide gas sensors are effectively utilized
for environmental gases (e.g., CO,, O,, O3, and NH3), highly toxic gases (e.g., CO, H;S,
and NO,), combustible gases (e.g., CHy, Hp, and liquefied petroleum gas), and volatile
organic compound gases. These sensors are effective in monitoring the gaseous markers in
the breath of patients for diagnostic and monitoring purposes, as well as for controlling
environmental pollution [73,74].

6. Why Metal-Oxide Biosensors?

Nanostructured metal oxide offers an effective surface for biomolecule immobiliza-
tion with desired orientation, conformation, and biological activity, resulting in improved
sensing features and providing a biocompatible environment [75,76]. Nanostructured
metal oxides with unique electrical, optical, and molecular properties along with antici-
pated functionalities and surface charge properties afford suitable platforms for interfacing
biorecognition elements with transducers for signal amplification. Metal-oxide-based
nanowires and nanorods with a one-dimensional design are suitable for efficient charge
transfer and signal transduction. Quantum dots aid particular signal amplification and mul-
tiplexing, providing additional sophistication in biosensor technology. Strategies have been
implemented to enhance the performance of nanostructured metal-oxide-based biosensors
with versatile podiums for functionalizing them for clinical and non-clinical applications.
These nanostructured metal oxides have demonstrated many crucial applications in a new
generation of miniaturized biosensing devices [75,76]. Here, we emphasized the develop-
ment of biosensors based on metal-oxide nanoscale materials, including ZnO, TiO,, and
CeO,, and their applications in medical diagnostics and environmental sensing.

6.1. Biosensors Based on Metal-Oxide NPs

MONPs have been utilized in the fabrication of biosensors due to their potential and
versatility in modifying their morphology, chemical stability, and physicochemical interfa-
cial properties [73]. MONPs can be assembled into heterostructures, hybrid structures, and
composite structures, with innovative electrochemical properties that can be modified for
a specific biosensor application. MONP-based biosensor devices consist of sensitive bio-
metric elements, transducers, and signal analysis systems permitting the fast detection of
various trace-level analytes. The recognition element can react with (enzyme-based) or bind
with (antibody-based) analytes depending on the sensing molecule used. Consequently,
the transducer captures the results of the interaction between the recognition elements and
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the analyte, in the form of the number of transferred electrons, in the case of redox enzymes,
or changes in mass or potential. The chemical modification of MONP biosensors allows for
a wider range of detection of various biomolecules [73]. MONP biosensors may be suitable
for extended lifetime, stability, and reliability of sensor signals. Further, metal-oxide-based
thin-film transistors (TFTs) may contribute to the environmental sensor and automation
biosystems [77]. The chemically modified metal-oxide biosensors may be nanoparticles
like ZnO, MgO, NiO, TiO,, CoO, and WOj3, which are used in biosensor devices to detect
biomolecules [78,79] (Table 2). They can improve signal and biomolecule immobilization in
new in vivo biosensing devices [80]. The bioactive recognition element is connected to the
transducer using different methods [81]. A DNA /CeO,-NP-based fluorometric sensing
framework has been developed for the detection of H,O, [82].

CuO is a transition metal oxide with excellent physiochemical properties at the
nanoscale, making it a desirable candidate for biosensing. It offers strong electrochemical
activity, high surface area, adequate redox potential, and solution stability. CuO nanoparti-
cles can facilitate faster electron transfer on an electrode, making it an excellent platform
for glucose electro-oxidation. Various types of CuO nanoparticles have been used to en-
hance the glassy carbon electrode, enabling nonenzymatic glucose detection in alkaline
conditions [83].

ZnO is used in fabricating electrochemical biosensors due to its high isoelectric point,
which allows for a simple and more grounded binding of different biomolecules on its
surface, its great biocompatibility, and its quick charge-transfer properties. ZnO is a
delicate optical and piezoelectric biosensor because of its fluorescence and piezoelectric
properties. ZnO-based platforms can be used as an immobilization matrix to build elec-
trochemical biosensors for the discovery of biologically significant analytes such as DNA,
metabolites, cancer markers, and so on, and can have clinical implications [84]. ZnO NP-
based biosensors have been successfully developed to sense glucose [85,86], xanthine [87],
DNA [88], lactate [89], cholesterol [90-92], N-Acyl Homoserine Lactone [93], uric acid [94],
epinephrine [95], and urea [96]. Additionally, poly(glutamic acid)/ZnO nanoparticles [97],
ZnO NP film [98], and ZnO/ chitosan-graft-poly(vinyl alcohol) core-shell nanocrystals
(NCs), are utilized as glucose sensors [99]. ZnO NPs-polypyrole film has been utilized in
developing a biosensor that can sense hemoglobin [100]. ZnO NP-based biosensors have
been developed to sense acetylcholinesterase (AChE) [101]. AChE is an important enzyme
that plays a crucial role in the transmission of nerve impulses mediated by ACh. Any ab-
normal change in its activity can disrupt neurotransmission and lead to neurodegenerative
disorders [102-104]. Researchers have developed ZnO nanoparticles to study AChE activity,
which is affected by Cd?* at different concentrations [105]. MgO nanostructures are utilized
for the sensing of ascorbic acid, dopamine, and uric acid [106,107]. CuO nanoparticles can
sense glucose [108]. CeO, nanostructures are also utilized in sensing glucose [109-112],
DNA [113], uric acid [114], and concanavalin A [115]. SnO; nanofibers [116] and carbon
nanotubes@SnO,-Au composite [117] have activity as glucose sensors. Fe3O4 NPs can
sense tetracyclines [118], glucose [119-122], coliforms [123], and tyrosinase [124].

Table 2. Different types of biosensors using metal-oxide NPs.

Metal Oxide Target Biosensor Type Transducer Refs.
SnO, NPs Glucose Electrochemical PANI/SnO,-NF/HRP-GOx/Ch/GC electrode [116]
Glucose Electrochemical TiOZ{;R/GOD;:g?éiSEg%P;d glassy carbon [125]

TiO, NPs Alpha-Synuclein Photoelectrochemical immunosensor Au-doped TiO; nanotube [126]
PEC-based DNA Photoelectrochemical CA-modified TiO, photoelectrodes [127]

Organophosphate pesticides Electrochemical Chitosan (CS) film-modified TiO,-CS hydrogel [119]
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Table 2. Cont.

Metal Oxide Target Biosensor Type Transducer Refs.
Glucose Photoelectrochemical CeO,@MnO; core-shell hollow nanosphere [128]
Uric acid Electrochemical In doped CeO, NP-modified glassy carbon [129]
CeO, NPs paste electrode
Concanavalin A Electrochemiluminescence CeO,@Ag NPs modified graphene quantum dots [115]
DNA Electrochemical CeO,-ZrO; NCs on gold electrode [128]
. . XOD/ZnO-NP/chitosan/carboxylated-
Xanthine Electrochemical MWCNT,/PANT, Pt electrode [87]
. . ZnO NPs-CGR-nafion (NF) modified glass carbon
Acetylcholinesterase Electrochemical electrode (GCE) [130]
Glucose Electrochemical Graphene (GR)-CNT-ZnO composite modified GCE [131]
DNA Electrochemical Tonic liquid /ZnO NPs/chitosan/gold electrode [88]
ZnO NPs Lactate Electrochemiluminescence GCE/nanoZnO-MWCNTs (multiwall CNTs)/LOx/NF [89]
Cholesterol Voltammetric MWCNT-ZnO NPs [90]
N-Acyl Homoserine Lactone Photoluminescence Cysteamine functionalized ZnO NPs [71]
Uric Acid Electrochemical Enzyme electrode modified by ZnO NPs and MWCNT [94]
. . . ZnO NPs/1,3-dipropylimidazolium. Bromide ionic
Epinephrine Electrochemical liquid-modified carbon paste electrode 9]
Urea Electrochemical Nano-ZnO/ITO film-based electrode [96]
Ascorbic acid Electrochemical MgO nanobelts/GCE [132]
Dopamine Electrochemical MgO nanobelt—mpdlfled graphene-tantalum [133]
MgO NPs wire electrode
Uric acid Electrochemical MgO nanobelts/GCE [132]
Glucose Electrochemical GE/MgO/ glucose oxidase (GOx)/nafion electrodes [108]
Tetracyclines Colorimetric Fe;O4 NPs [118]
. . Fe304— —Ppy NP tic gl b
FexOy NPs Glucose Potentiometric e3amenzyme gzctm;:?MnéagE)e 1€ glassy carbon [121]
Coliforms Tyrosinase (Tyr) Tyr/Fe304 NPs-CNTs/GCE [126]

Various TiO, NPs have shown promising biosensor applications. TiO,—graphene
composite [125], silver-Prussian blue-modified TiO, nanotube array [134], nanocrys-
talline TiO, / Au/glucose oxidase films [135], and TiO, /APTES cross-linked to carboxylic
graphene [125] have been used to fabricate glucose sensors. A photoelectrochemical (PEC)
biosensor, fabricated utilizing a caffeic acid (CA)-modified TiO, photoelectrode, was de-
veloped to detect DNA in a concentration range of 100 nM to 1 pM, and with a limit
of detection 1.38 pM [127]. Another TiO,-based sensor, for detecting organophosphate
pesticides, was developed by inserting Au nanorod@SiO, NPs into a TiO,-chitosan hy-
drogel [136]. A self-assembly of a monolayer to introduce oligomeric DNA on the contact
layer is crucial for a DNA sensor, as shown in Figure 4. Herein, the surface of TiO, NPs
was terminated by a hydroxyl group that attached the molecule through a condensation
reaction. The transducer was salinized by APTES, which modified the TiO; layer by the
hydrolyzation of the -OH group on the surface of the TiO, NPs and formed siloxane bonds
(5i-O-5i) to immobilize the DNA at the surface of the TiO, NPs. The silane layer over
TiO, NPs was thin and uniform, suitable for DN A immobilization on it. The salinization
of TiO, NPs, and the immobilization of DNA on salinized TiO, NPs, are demonstrated
in Figure 4 [136]. Further, photochemical DNA sensing on the TiO; NP surface by DNA
probe immobilization on the catechol-modified TiO, NPs in the presence of ascorbic acid
generated a photocurrent that decreased following the target DNA hybridization due to
steric hindrance aiding the DNA detection, as can be seen in Figure 4b [126].
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Figure 4. A schematic diagram of the (a) salinization of TiO; NPs and the immobilization of DNA on
salinized TiO, NPs (adapted from [136]); (b) photochemical DNA sensing on the TiO, NP surface:
the DNA probe (blue) immobilized on the catechol-modified TiO, NPs in the presence of ascorbic
acid (AA) created a photocurrent which decreased following the target DNA (green) hybridization
due to steric hindrance enabling the DNA detection. (Adapted from [126]).

The TiO,—3,4-dihydroxybenzaldehyde—chitosan photoelectrodes can pave the way
for photoelectrochemical DNA detection [137]. TiO, nanostructured films are also utilized
in developing third-generation biosensors [138,139]. Bacterial cellulose/polypyrrole/TiO,-
Ag (BC/PPy/TiO,-Ag) film can be utilized to sense and quantify the growth of five harmful
bacteria [140]. The electrodes treated with TiO,/CNT NCs may be utilized in bioanalytical
applications such as constructing whole-cell biosensors with improved detection sensi-
tivity [141]. The photoluminescence from TiO, NPs can be used as the sensor of Bovine
leucosis antibodies because photoluminescence from nanostructured metal oxides has
auspicious properties that can be utilized as a sensor for biological compounds [142-144].
The luminous nature of aluminum oxide nanostructures has been used in biosensing appli-
cations for a variety of bio-detecting objectives. Al NPs have demonstrated the capacity to
detect chemicals in biomolecules [145].
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6.2. Metal-Oxide Semiconductors as Biosensors

Numerous metal-oxide semiconductors are utilized as biosensors. ZnO semiconductor
nanomaterials can be used as fluorescence-enhancing substrates in biosensing. ZnO can be
used to check glucose utilizing an existing general packet radio services (GPRS)/global
system for mobile communication (GSM) system. Comparative procedures with different
ZnO nanostructure-based systems in the future may invent nanosensors to observe various
health parameters [84,146,147].

The complementary—-metal-oxide-semiconductor (CMOS) technology is a suitable
option that might help answer some of the most important problems in the development
of biosensors [148]. Passivation based on atomic layer deposition may be carried out
at low temperatures when Al,O3 is used. The gadget can be biocompatible. It has a
thickness of 50 nm across all its layers. In addition, depending on the requirements of a
biosensor array, CMOS-based electrochemical interface circuits may be tailored to provide
low noise while maintaining a high degree of sensitivity. This apparatus can evaluate the
strength of the cell adhesion as well as the health of the cell. The system is capable of
functioning for in vitro cell viability testing for an extended period. In a separate study that
made use of the 0.35 m 2P4M CMOS technology, researchers found that a piezoresistive-
type-microcantilever-based system on chip could detect hepatitis B virus DNA constantly
without the need to label [141]. In addition, salmonella lens-free CMOS image sensors
have been applied to identify bacteria that are transmitted via food. Devices based on
CMOS have been developed and used in the creation of retinal prostheses and brain
implants. These CMOS-based devices may be used for the stimulation of live cells and have
the potential to provide exceptional and flexible use for biological signal detection [141].
The use of CMOS-compatible silicon (Si) nanowires in the configuration of a field-effect
transistor has shown significant advantages for continuous biosensing that is level-free
and extraordinarily sensitive. An original concept of a split-entryway dielectric modulated
metal-oxide-semiconductor field-effect transistor has been presented as a method for label-
free electrical detection of biomolecules [149,150]. For example, the cardiac biomarkers
CRP and cardiac troponin I (cTnl) were immobilized through the cTnl-specific aptamer
and CRP-specific antibodies on Si NWs, which facilitated the rapid detection of biomarkers
with high sensitivity. The attachment of both biomarkers on the Si NWs’ surface was
confirmed by an AFM study. The sensor demonstrated sensitivity towards CRP and ¢Tnl in
a wide concentration range from 1 pg/mL to 1 pg/mL [149]. Metal-oxide-semiconductor
field-effect transistors have several benefits, including an extended-gate structure and
differential-mode activity. These types of biosensors can be utilized with high sensitivity
and excellent stability [150]. RuO,-based ascorbic acid biosensor demonstrated a sensitivity
of 58.43 mV/decade, a linearity of 0.995, a LOD of 1.5 uM, good selectivity for ascorbic
acid, and a fast response time of 17 s [150].

6.3. Metal-Oxide-Based Enzyme Biosensor

Enzyme biosensors have been concocted based on immobilization strategies, for exam-
ple, the adsorption of enzymes through bonding. The enzymes normally utilized for this
purpose are oxidoreductases, polyphenol oxidases, peroxidases, and amino oxidases [151].
Though enzyme-linked immunosorbent assays (ELISAs) require a much longer analysis
time (~1 h), they have considerably greater sensitivity at low concentrations (~1 pM) [152].
Analytes and biocatalysts mounted on acceptable substrates are required for an enzyme
biosensor to work. Nanostructured metal oxides feature biological recognition combined
with electrical signal transduction is important in new-generation biosensors. The MONP-
based electrode surface’s plausibility of direct electron transfer between chemicals can
foster unrivaled reagent-less sensitivities [80]. For instance, utilizing gold nanoparticles that
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are housed inside tubular nanoclusters of titanium dioxide has allowed for the creation of
thiolated enzyme biosensors [153]. Electrochemical Enzyme NP (ENP) biosensors depend
on the electrochemical reactions among ENPs and reaction blends. The resultant signs of
the electrochemical reactions rely on the sort of transducer utilized which can be estimated
as current, voltage, or conductance. An ENP-based biosensor has three electrodes (counter,
reference, and working electrode) and these sensors have been utilized to work on the
health of individuals, food ventures, and climate monitoring. Among them, the health sec-
tor area is the central space of biosensing applications. By utilizing glucose biosensors, the
detection of blood glucose levels in diabetic people and an investigation of urea in patients
experiencing kidney illnesses can be executed. Additionally, glucose biosensors detect
cholesterol, fatty substances, glycerol, and pyruvate levels in heart patients [154]. ZnO NPs
are used in developing highly sensitive and selective enzymatic biosensors [155,156]. An
enzyme electrode with ZnO nanoparticles and MWCNTs added to it to boost its perfor-
mance was used to create a novel L-lactate sensor. An enzyme electrode serves as the basis
for this sensor’s construction [157].

Urine is a complex physiological fluid utilized for many years to recognize certain
metabolic disorders, including urinary tract infections, kidney diseases, and diabetes. Urea
is the most abundant organic solute in urine, the level of which is utilized for evaluating kid-
ney disorders. The development of a suitable sensor for urea in patients suffering from CKD
is crucial to saving their lives. As a terminal disease patients with end-stage renal disease
(ESRD) require hemodialysis to remove uremic toxins including urea. The urine nitrogen
tests the function of the kidneys. Urinary urea measurement is also utilized as a means
of estimation of nitrogen balance in hospitalized patients who are malnourished [158,159].
Several metal oxides and metal/metal-oxide nanocomposites have been studied for the
detection of urea. Among them, Ni-based catalysts demonstrated better outcomes in the
electrochemical oxidation-based detection of urea. Arian et al. utilized NiO nanomaterials
for developing a urease-free simple, highly sensitive, selective, and steady urea sensor for
biological samples including blood, urine, and duodenal fluids, and the sensor does not
need specific storage conditions [160]. The silver catalyst deposited on ZnO rods/carbon
substrate also functions as an enzyme-free urea sensor [161].

7. Metal-Oxide Biosensor Devices

Metal oxides have assorted chemical and physical properties including bigger ac-
tive surface area, simpler functionality, high adsorption ability, quick electron-transfer
capacity, and tunable bandgaps. They are fundamental for the manufacture of biosens-
ing devices [162]. Among the different metal-oxide NPs, the nano CuO [163], ZnO [164],
SnO; [165], CeO,, TiO, [80], Fe304 [166,167], and MgO [168] have biosensor device ap-
plication. Due to ZnO’s high isoelectric point (9.5), it may immobilize elements with a
low isoelectric point through electrostatic contact [164-171]. ZnO nanomaterials-based
biosensors, for instance, MWCNT /ZnO nanofiber-based biosensors, can be utilized for the
detection of malarial parasites [172]. Biosensor innovation has been an expanding interest
in nanosized biosensors dependent on ZnO nanomaterials since they have been utilized in
the blend of different biosensing molecules. ZnO thin films are incredible for biosensing
devices with exceptional sensitivity to manage the cost of a phenomenal stage. These films
are created by a flexographic printed procedure, bordering a nanotextured surface during
the manufacturing process, and such surface nanostructures have brilliant potential for
expanding surface functionalization, which is fundamental for the high sensitivity needed
to detect illnesses [173]. As it has been estimated that over 3.4 million individuals die from
hypoglycemic and extreme diabetic difficulties, the consistent, consecutive testing of glu-
cose is critical to forestall hypoglycemic and diabetic inconveniences. The efficient glucose
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biosensors depend on electrochemical techniques or optical techniques. Most commercial
glucose biosensors need disposable glucose test strips, which are costly for successive blood
glucose testing. Surface acoustic wave (SAW) biosensors dependent on ZnO films have
acquired a lot of consideration since SAW biosensor devices have high sensitivity, reliability,
and reusability. SAW devices dependent on ZnO demonstrated superiority and could be
incorporated into portable micro-array systems to work with basic and modest electronic
components, making them endurable and reasonable for clinical applications [174].

8. Detection of Dangerous Biologics by Biosensor

Biosensors have been utilized for the biological detection of problems like diabetes,
cancer, CKD, and allergic responses, that is, different issue-based serum investigations. Ex-
amples of uses include recognizing diabetic patients’ glucose levels, detecting uremic toxins
and infections in the urinary system, detecting HIV/AIDS, and diagnosing cancer [175].
High glucose levels result in diabetes mellitus, and it can be a threat, even though glucose
plays an important role in some biochemical processes, such as glycolysis. A high glucose
level brings about a metabolic disorder caused by defective pancreatic function. Because
enzymes oxidize glucose in a certain way, the great majority of biosensors are geared
toward monitoring glucose levels. Since the measurement of glucose levels is vital, this is
the primary focus of most biosensors. Glucose biosensors rely only on the enzyme glucose
oxidase (GOx). GOx is responsible for the transformation of glucose and oxygen into
gluconic acid and H;O. This transformation enables the glucose biosensors to detect the
presence of glucose. Following that, hydrogen peroxide is oxidized electrochemically at a
voltage of +500 mV vs. Ag/AgCl.

Glucose + Oy — Gluconic acid + HyO,, HyOp — Oy + 2H™ + 2e™

ZnO nanostructures are utilized in glucose biosensors because their shape has a
significant impact on their electrochemical characteristics [176]. The generation of a signal
in an ELISA is based on the diffusion of the target component from the sample solution
to a solid surface. This test is an excellent example of a heterogeneous biosensor in its
typical form. Using a wash step, the detecting signal and the background signal can
be separated from one another [177]. To successfully detect SARS-CoV-2, a completely
innovative plasmonic-based biosensing device that is also equipped with dual capabilities
has been developed [178]. The occurrence of plasmonic phenomena is necessary for
the successful operation of this technology. The plasmonic photothermal effect and the
localized surface plasmon resonance effect (LSPR) have been combined in the enhanced
biosensor to make use of both phenomena. Using lanthanide-doped polystyrene NPs
has opened the door to the field of biosensing. Because lanthanides have their unique
electronic configuration, lanthanide-doped NPs have the potential to display a broad range
of fascinating optical characteristics. The SARS-CoV-2 infection can be diagnosed with the
use of biosensors that are based on lanthanide-doped NPs [178]. A fast and sensitive lateral
flow immunoassay that utilized Eu-doped polystyrene nanoparticles based on fluorescence
technique to detect anti-SARS-CoV-2 IgG in human serum was reported [179]. The method
was validated for the identification of anti-SARS-CoV-2 IgG in suspicious cases, which
was found convenient for monitoring the progression of COVID-19 and assessing the
response of patients to treatment [180]. An electrochemical biosensor that is based on
functionalized TiO, nanotubes might potentially be employed for the rapid sensing of
SARS-CoV-2 [180] (Figure 5). Further, doped with AuNPs, zinc-oxide nanorods can detect
Human Papillomavirus-16 in cervical cancer samples [181].
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Figure 5. Schematic of co-functionalized TiO, nanotube (Co-TNT)-based sensing platform for
detecting SARS-CoV-2. (adapted from [180] in modified form).

9. Early Detection of Cancer Using Biosensor

Cancer is an uncontrolled growth of cells brought on by environmental toxins and
inherited and acquired genetic and epigenetic mutations. A biomarker is a biological
molecule that can be identified in blood, other body fluids, cells, or tissues and acts as
an indication of either a normal or abnormal process or a disease or sickness. Cancer
biomarkers have the potential to be helpful in the early detection of cancer, the accurate
preoperative staging of the illness, the response to chemotherapy, and the development
of the disease. The biosensor system is beneficial for early cancer detection and effective
therapy, primarily for such cancers that are typically diagnosed at the final stages of the
progression of the disease and demonstrate poor sensitivity to therapy, which ultimately
results in an improvement in patient quality of life and the prolonged survival [182].
Different types of electrochemical biosensors utilizing various support materials such
as carbon allotropes, polymers, metal nanoparticles, and nanocomposites, biomolecules
such as immunoglobulins, nucleic acids, and hormones are useful in cancer diagnosis,
particularly for point-of-care testing (POCT) [183]. Recently, a tapered optical fiber (TOF)
plasmonic biosensor was developed and employed for the sensitive detection of a panel of
microRNAs (miRNAs) in human serum taken from people with and without prostate cancer
(PCa). Since multianalyte detection reduces the number of false positives and negatives
and provides a solid basis for early PCa diagnosis, the oncogenic and tumor suppressor
miRNAs let-7a, let-7c, miR-200b, miR-141, and miR-21 were evaluated as predictive cancer
biomarkers. Further, multianalyte monitoring reduces false-positive and false-negative
rates and offers the opportunity for early PCa diagnosis [183].

The biosensing platform has metallic gold triangular nano prisms (AuTNDPs) coated
on the TOF to stimulate surface plasmon waves in the supporting metallic layer and boost
the evanescent mode of the fiber surface. Without RNA extraction or sample amplifi-
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cation, this sensitive TOF plasmonic biosensor, as a point-of-care cancer diagnostic tool,
enabled the identification of the panel of miRNAs in the serum of the patients. With a
detection limit between 179 and 580 aM and good selectivity, the TOF plasmonic biosensor
could detect miRNAs in human serum. With a p-value of less than 0.0001, statistical
analyses were conducted to distinguish malignant from noncancerous samples. This high-
throughput TOF plasmonic biosensor has the potential to advance and expand POCT for
cancer diagnoses [184].

Cancer and genetics are interlinked. So, DNA analysis is most important in cancer
treatment and diagnosis. DNA biosensors have been recognized as a screening tool that
can be used for the bioanalysis of environmental pollution studies as well as DNA-drug
reactions. The concept of testing at the point of care has emerged as the new top priority
for biosensor applications. It is now feasible to dramatically enhance the delivery of health
services and healthcare due to POCT [185]. The diagnosis of cancer in clinical medicine is
now mostly dependent on imaging tools as well as the morphological study of diseased
cells or tissues. Particularly, 2D nanomaterials have found great uses in the construction
of electrochemical biosensing platforms, which have enabled the very sensitive detection
of cancer markers present in extremely low concentrations in relatively small amounts of
a variety of clinical samples [186]. Two-dimensional graphene nanomaterials functional-
ized with Fe;04, M0O;3, Si/5i0;, Cu, Au, Pt, etc., have shown promise in electrochemical
biosensing systems to screen and diagnose different types of cancer both in vitro and
in vivo. The H,O, sensors based on a graphene nano-sheet decorated with Pt, Au, and
CusS have been fruitfully utilized for monitoring H,O; liberated from different cancer cells,
as well as quantifying HyO; levels in human serum and urine samples [186]. Further, a
graphene-based ternary nanocomposite such as an rGO nanocomposite decorated with
Au, Pt, and Fe3O4 nanoparticles was employed to fabricate a sensitive electrochemical
biosensor for the detection of HyO, released from cells during redox hemostasis distraction
by ascorbic acid, including human cervical cell lines (HeLa), human primary glioblastoma
cell lines (U87), human hepatocellular carcinoma cell lines (HepG2), and human embryo
liver cell lines (L02). The study provided crucial information on the intracellular tumor mi-
croenvironment during the tumor development process. The nanostructure microelectrode
based on Au NPs, MnO, nanowires, and a graphene nanosheet-coated carbon-fiber elec-
trode demonstrated excellent sensitivity, reproducibility, stability, and selectivity, making
it ultrasensitive and specific for real-time tracking of the secretion of HyO; from human
HeLa cells and human normal mammary epithelial cells, HBL 100 [186].

Prostate-specific antigen (PSA) was one of the first tumor biomarkers used for the
identification and monitoring of prostate cancer. Smith discovered that 30% of males with
PSA levels between 4.1 and 9.9 mg/mL had prostate cancer. A PSA result that is unusually
high may suggest the existence of benign prostatic hyperplasia, prostatitis, or a benign
prostate tumor. Abnormally high levels of cancer antigen (CA) 125 have been linked not
just to ovarian cancer but also to uterine, cervical, pancreas, liver, colon, breast, lung, and
digestive cancers. The most frequent kind of cancer related to CA 125 levels is ovarian
cancer. As a crucial biomarker, the CA 15-3 levels of breast cancer patients are measured.
Currently, the levels of CA 15-3 are included in the development of therapy protocols.
Other parameters, such as tumor size, malignancy stage, and unfavorable risk factors
(such as HER-2 status and ER /PR status), are also taken into consideration. In addition
to generating an increase in CA 15-3 levels, endometriosis, pelvic inflammatory disease,
hepatitis, pregnancy, and breastfeeding can all be contributory factors. Among the many
types of cancer biomarkers, cancer—testis (CT) antigens stand out. The presence of CT
autoantibodies in serum, which is far more accessible than tissue biopsies, is a benefit of
CT autoantibodies as cancer biomarkers. Therefore, they could be especially useful for
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forecasting the onset and/or development of cancer [182]. An early diagnosis, which makes
use of biomarkers that are particular to prostate cancer, has the potential to significantly
increase the prostate cancer survival rate while simultaneously reducing the total costs of
therapy. miRNAs have attracted a lot of interest as potential biomarkers due to the critical
role that they play in several physiological and pathological processes, one of which is
the development of cancer. Functional research has shown that abnormal expression of
miRNAs may have a direct impact on the progression of prostate cancer. This is because of
aberrant miRNA expression targets components that oversee governing processes such
as the development of the cell cycle, apoptosis, DNA repair, differentiation, androgen
signaling, angiogenesis, hypoxia, and chromatin remodeling. It is typical for patients
with prostate cancer (PCa) to have an elevated level of oncogenic miRNAs. This level
of oncogenic miRNAs contributes to the progression of cancer by inhibiting the activity
of tumor suppressor genes (i.e., TP53, PTEN). Similarly, tumor suppressor miRNAs are
found in the prostate of cancer patients. These miRNAs prevent the formation of malignant
tumors and govern the differentiation or death of cancer cells by focusing on oncogenic
factors, which allows them to do both simultaneously [182,187].

The introduction of label-free chemical imaging techniques in biological samples
has sparked a significant amount of interest in mass spectrometry imaging, which has
successfully garnered a significant amount of this attention [177]. Antibody arrays, in
which antibodies are organized in a two-dimensional pattern on a solid substrate, are
one use of this ground-breaking method. One possible use for this technique is antibody
arrays. The capacity of the antigens to bind to certain antibodies at specified sites allows
for the detection of a variety of different antigens using antibody arrays. Automated
multi-analyte analysis is feasible with the use of these array biosensors, microfluidics
technology, and a detecting element. The use of integrated biosensor chips may enable a
thorough study of a challenging biospecimen, such as blood or other bodily fluids [188].
Zinc-oxide and iron-oxide (Fe;Os) films are innovative solid support for DNA microarrays
and may be effectively utilized for cancer diagnosis [189]. GeO,-, TiO;-, Al,O3-, and
B,0O3-doped fused silica-based fluorescent biosensors may be utilized for the detection
of cancer biomarkers [190]. A peptide-based PEC biosensor was constructed based on
the CdTe/TiO,-sensitized structure as the electrode and CuS nanocrystals as a signal
amplifier to detect PSA with good specificity, stability, and reproducibility in a linear range
from 0.005 to 20 ng/mL. The sensor was constructed based on a reaction that the PSA
specifically cleaves a specific amino acid sequence [191,192]. Neuron-specific enolase (NSE)
is a tumor biomarker with expression in non-small cell lung cancer. A 3D-hyperbranched
TiO, nanorod array was fabricated and utilized to construct a dopamine-sensitized PEC
biosensor for the detection of NSE. In this sensor, dopamine was used as a sensitizer
and combined with a TiO, nanorod array to achieve signal amplification. The biosensor
demonstrated an excellent linear relationship range from 0.1 ng/mL to 1000 ng/mL,
with a detection limit of 0.05 ng/mL for NSE detection [193]. A PEC immunosensor for
NSE detection based on a Z-scheme WO3/NiC0,04/Au nanoarray p-n heterojunction
utilized the LSPR effect of Au to convert thermions into a photocurrent to achieve signal
amplification. NiCo,O4 with good electrical conductivity and WO3;/NiCo,04 with a large
specific surface area and a large number of active centers for the loading of polyamidoamine
films were utilized in biosensor fabrication. The constructed PEC immunosensor for NSE
detection was used in the range of 0.1 pg/mL to 50 ng/mL. The logarithmic value of
NSE concentration showed a linear relationship with the photocurrent intensity with a
LOD of 0.07 pg/mL [194]. TP53 is one of the most muted genes in cancer. TP53 is an
important tumor marker for colon cancer. A sensitive fluorescent biosensor based on
DNA-functionalized Fe3O4 NPs was fabricated for the detection of TP. The consensus
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DNA was immobilized on animated dextran-modified Fe304 NPs and tagged by Cy-5 to
generate a fluorescent signal. The interaction between DNA and TP53 protein led to a
decrease in fluorescent emission, enabling the detection of the TP53 tumor marker. The
DNA-functionalized Fe304 NP sensor for TP53 detection had a detection limit of 8 pM and
a linear range of detection from 50 pM to 2 nM [195]. Carcinoembryonic antigen (CEA)
is a tumor marker for gastrointestinal tumors. Two-dimensional TiO, nanosheets were
modified with carboxylated graphite carbon nitride (g-C3Ny4) with a strong photocurrent.
The antibody of CEA was bound to the nanosheets, and the specific binding of CEA
and its antibody decreased in the photocurrent allowed for the detection of CEA [196].
Human epidermal growth factor receptor 2 (HER2) is a tumor biomarker for breast cancer.
HER?2-positive breast cancer has a high degree of malignancy and accounts for 20-30% of
molecular types of breast cancers. Magnetic Fe;O4 nanospheres, spherical and uniform in
shape, were modified with anti-HER?2 antibodies to proficiently capture HER2 in serum
samples. The signal amplification was performed with ascorbate oxidase-modified CozO4
NPs and HER2 aptamers. The detection of the HER2 was based on the reduction in
photocurrent intensity. The selectivity and specificity of the HER2 senor were detected
using human IgG, CEA, BACEL, p53, and human IgM, which confirmed its good specificity
and selectivity. The linear range was 1 pg/mL to 1 ng/mL and the LOD was 0.026 pg/mL
for the HER2 sensor [197].

10. Enzyme-Less Metal-Oxide Biosensors for Biomarker and
Biomolecule Detection

The recent developments in nanomaterial research have facilitated a huge break-
through in smart, portable, and electronic devices. Their high-end features like excellent
sensitivity, portability, fast response, flexibility, validity, and stability have drawn significant
attention from consumers, promoting their use in day-to-day life in the biomedical and
healthcare sectors. As a result, these enzyme-less portable sensor devices need to be further
developed by supplying low-dimensional binary or ternary nanostructure material for
continuous use. To boost the usage demand in everyday life, enzyme-less nanomaterial
sensors fabricated from nanomaterials, conductive polymers, and other available sources
have received remarkable attention to meet the demand in the upcoming decades for
portable biomedical devices due to their stability, reusability, and long-term applicability.
Therefore, researchers have been interested in integrating different functional electro-active
low-dimensional doped nanostructure materials and their NCs with green sources for
portable use in biomedical and healthcare sectors on broad scales. In this era of modern
electrochemical research, enzyme-less sensors have shown remarkable accomplishment
because of their wide operation ranges, elevated sensitivity and large-linear dynamic
ranges, long-term stability, reproducibility, fast response, validity, and uses in conventional
devices and tools. Different selective and sensitive enzyme-less biosensors were developed
with various nanostructures or NC materials [198-200]. The enzyme-less y-amino-butyric
acid sensor has been introduced with low-dimensional copper-oxide NPs by an electro-
chemical approach. The sensor exhibited good sensitivity, a large linear dynamic range,
the lowest limit of detection (11.70 pM), a good limit of quantification (39.0 pM), and
robustness. The impedance impacts were assessed by the I-V strategy with the proposed
sensor (GCE/nafion/CuO NPs) for the y-amino-butyric acid sensor [201]. A CuO NC
sensor exhibited good electrochemical performances. This sensor probe has been validated
with biological samples, for instance, human serum, mouse serum, and rabbit serum, with
acceptable and satisfactory results [191]. A low-dimensional doped silver oxide nanorod
was synthesized wet-chemically and applied for enzyme-less choline detection by an elec-
trochemical approach [202,203]. Further, the CdO/SnO,/V;0s5 micro-sheet sensor probe
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was validated with real biological samples. This study introduced a noble approach to
detect unsafe biological matter with CdO/SnO,/V;0s5 micro-sheets/nafion/GCE sensor
probes [204].

Creatine (CA) is produced in the liver and kidney in humans and distributed through
the blood circulation in the body. The CA is then carried out to tissues with high energy
demands in the body, such as the brain and skeletal muscle. CA is also found in meat
and vegetables which are common in the human food chain. CA has a vital role in energy
production and control of the pH of the buffer system in the living tissues. As a result, the
continuous delivery of CA is essential either through biosynthesis or by food in the human
body [159,205,206]. A shortage of CA may result in several neurological symptoms such as
autism, extrapyramidal syndrome, hypotonia, auto-mutilating behavior, delays in speech
acquisition, and neurodevelopmental disorders [207-209]. Creatinine is a breakdown
product of CA phosphate from muscle and protein metabolism. In normal healthy people,
creatinine is excreted from the body through the kidney. Creatinine is released into the
circulation and almost exclusively excreted in urine. Creatinine is easily filtered by the
glomerulus, and unlike urea, it is not reabsorbed or affected by urine flow rate. If the
kidney function is not healthy, creatinine levels in the body will increase. In the case of a
CKD patient, excess creatinine is accumulated in the body as a uremic toxin, because the
kidney loses its normal filtration activity due to its failure to function normally.

Considering the pathophysiological aspects of CA in humans, it is crucial to develop
reliable and effective sensors for CA in biological systems. The normal serum CA is in the
range of 0.6 to 1.2 mg/dL or 53 to 106 umol/L for adult males and slightly lower (~10%)
in adult females [210]. CA is produced in the body at a virtually constant rate and its
concentration in blood changes a little in healthy people. However, it may be elevated in
some pathological conditions such as metabolic disorders, including CKD and cancer. Like
proteinuria, a high creatine level is a sign of a likely health problem, rather than a problem
itself. If the creatine level increases because of kidney issues, one may experience related
indications. The derivative CA riboside is a significant metabolite of cancer metabolism. It
is used as a urinary biomarker of lung and liver cancer risk and prognosis. Some of the
existing approaches generally utilized for the quantification of CA in human fluids such
as urine and blood include calorimetry, spectrophotometry, and fluorometry [211-213].
These conventional strategies for CA quantification face some difficulties, such as heavy
and expensive instruments, the time-consuming process, the costly reagents, and the lack
of portability. Figure 6 represents the metabolic biomarker detection process with GCE
decorated with porous nano-formulated CMNO materials, such as the detection of CA
with GCE decorated with porous nano-CMNO materials. The higher sensitivity and lower
detection limit, stability, fast response time, large linear dynamic range (0.1 nM~0.1 mM),
repeatability, and validity were significantly determined with this electrode assembly in
the phosphate buffer phase. This research method is an effective enzyme-less sensor probe
for metabolic biomarkers for kidney disease, cancer, etc. [205].

The higher level of uric acid is very unsafe and toxic to human health, and it is
necessary to develop an enzyme-less biosensor probe for detection [214]. The association
of hyperuricemia with CKD is attributed to the retention of serum uric acid that occurs as
the glomerular filtration rate falls. Uric acid may have several roles in kidney disease. Uric
acid induces chemokines in tubular cells and can tempt intrarenal inflammation. Diabetic
patients may develop elevated serum uric acid, and a reduction in uric acid level could
lower kidney disease [215]. Cyclosporine may raise the uric acid level, and the renal disease
induced by cyclosporine could be worsened by increasing the uric acid level and improved
by reducing it [216,217]. A method has been developed utilizing CuO nanomaterials to
detect uric acid [218,219]. Large linear dynamic range, stability, sensitivity, reproducibility,
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Figure 6. Schematic representation of creatine biomarker detection with CMNO-decorated GCE for
the creatine. (a) Modification of glassy carbon electrode (GCE) with CMNO NMs, (b) electrochem-
ical oxidation of CA on CMNO NMs/GCE, and (c) responses recorded in electrometer. (adapted
from [205]).

A metal-oxide-based heterojunction thin-film transistor (HJ-TFT) using In,O3/ZnO
was developed for the label-free fast detection of uric and vitamin D3 in PBS and human
saliva. The HJ-TFT used a solution-processed InyO3/ZnO channel that was functionalized
with a uricase enzyme and vitamin D3 antibody for the selective detection of uric acid
and vitamin D3 [220]. The ultra-thin tri-channel system facilitates enhanced coupling
between the electron transport along the buried InyO3/ZnO interface and the electrostatic
perturbations caused by the interactions between the surface-immobilized receptors and
target analytes. HJ-TFT-based microarray for the noninvasive detection of uric and vitamin
D3 in human saliva demonstrated steady performance under physiologically relevant
conditions. The sensor system was able to detect uric acid at a concentration range of 500 nM
to 1000 uM, and 100 pM to 120 nM vitamin D3 within 60 s, respectively. The LOD for uric
acid was ~152 nM and that for vitamin D3 was ~7 pM. HJ-TFT microarray biosensor system
exhibited specific detection of uric acid and vitamin D3 by the selective functionalization
of the individual transistors with uricase enzyme and vitamin D3 antibody [220].

C0304-5nO;, NPs can be utilized for the detection of selective L-glutathione [221]. Non-
enzymatic glucose detection is possible by utilizing AuNP-anchored poly-aniline blue (PAB)
NCs on a glass substrate covered with fluorine-doped tin oxide (FTO), AuNP/PAB/FTO.
The PAB has been applied to the FTO electrode using cyclic voltammetric sweeping to
obtain a high level of surface coverage. On the PAB/FTO electrode, AuNPs are then
deposited using the seed-assisted growth method. When glucose in its native state has
been oxidized, the NCs demonstrated potent electrocatalytic activity. Two linear responses
with sensitivities of 1.30 pAcm 2uM~! and 0.12 pAcm—2uM ! have been identified in the
concentration ranges of 2-50 pM and 50-250 uM. The difference between these concentra-
tions was 250 uM. The most sensitive level of this sensor can detect things up to 0.40 pm
away. Due to the sensor’s high repeatability, long-term stability, and excellent glucose
recovery in real samples with little interference, it has been used several times without
losing precision [222]. Cu-NPs have been effectively coated on the side wall of MWCNTs
using a polyelectrolyte as a template for a simple and effective in situ process. Due to the
presence of polyelectrolytes in these materials, NCs may undergo fast changes in GCE. This
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has occurred due to the presence of polyelectrolytes in the environment. Utilizing CV and
chronoamperometry as the principal techniques, the glucose oxidation activity of modified
electrodes has been investigated. Under alkaline conditions, the NCs demonstrated potent
non-enzymatic electrocatalytic reactions to glucose. As a result, using NCs, researchers
may investigate and build glucose sensors that do not depend on enzymes [223]. To study
rabbit serum, orange juice, and urine, the ZnO-CuO sensor probe has been developed
and found acceptable with satisfactory results for acetylcholine and ascorbic acid sensing,
which demonstrated sensitivity (317.0 pAuM~'em~2 and 94.94 pAuM ~lem~2), stability,
lowest detection limit (14.7 pM and 12.0 pM), good quantification limit (490.0 mM and
367.0 mM), linearity (R? = 0.9049 and 0.9201), large linear dynamic ranges, repeatability,
and short response times, in large concentration ranges (100.0 pM-100.0 mM). For the
safety of biomedical and healthcare industries in general, this method introduces a novel
approach to simultaneously detect acetylcholine and ascorbic acid using binary doped
nanostructure material via an electrochemical approach. Another oxidative stress indicator
is hydrogen peroxide, which may be a symptom of terminal illnesses including cancer, ag-
ing, and brain damage from trauma as well as ischemia/reperfusion problems and memory
loss. Due to its medicinal significance and status as a major agent, a sensitive and accurate
method of determining its concentration is needed. For the hydrogen peroxide detection
with flower-flake La;ZnO4 NCs material, researchers have introduced a non-enzymatic
sensing matrix by an electrochemical approach in room conditions, where the target H,O,
analyte has been detected selectively with higher sensitivity [224].

The nitrite (NO?~) analyte has been implicated in many health complications such
as cancer and oxygen deficiency in blood when it exceeds the limit. The graphene oxide—
polyaniline-Au NP (GO-PANI-AuNP) nanomaterial has displayed an enhanced electro-
chemical conductance as well as electro-catalytic activity towards the target nitrite analyte
compared to other sensors. Good sensor analytical parameters have been obtained a with
good selectivity of 0.5 micrometer to 0.24 mm [225]. A non-enzymatic sensor composed of
AuNPs/PANI/SnO, NCs has been developed to enhance the electrochemical detection of
nitrite. These NCs were created to combine the beneficial properties of MONPs, conducting
polymers, and noble metals. Several spherical AuNPs were dispersed throughout the
fibrous PANI-SnO, surface. The sensor responded effectively to NO?>~ detection. Addition-
ally, this sensor exhibited superior selectivity, stability, and repeatability. Au/PANI/SnO;
can serve as a novel sensor for the non-enzymatic sensing of NO?~ [226]. Cu,S nanorods
on 3D copper foam (CuyS NRs@Cu foam) were fabricated in situ at reasonable costs and
with little effort. CuyS NRs@Cu foam has the potential to be used as a source for the
non-enzymatic detection of glucose and H,O, in biological samples. This biosensor has
shown high sensitivity and a low detection limit for the electrocatalytic oxidation of glucose.
When presented to HyO;, this nonenzymatic sensor exhibited an outstanding response, for
instance, high sensitivity (1.686 mA mM~! cm™2) and low detection limit (0.2 uM). It has
offered a method that is both effective and promising for the development of non-enzymatic
glucose and H,O, sensors and may be used in real-world applications [227]. Malathion
(MLT) is a kind of organophosphorus pesticide, and it has very high toxicity. Electrochemi-
cal platforms for the rapid, simple, cost-effective, and sensitive testing of pesticides remain
a challenge. The AuNP-CS-IL/PGE (pencil graphite electrodes) NCs were evaluated for
their prospective use as a sensing matrix in the non-enzymatic electrochemical detection of
malathion. This has been accomplished by utilizing cyclic voltammetry and square wave
voltammetry to conduct measurements. The findings showed that electrodes modified with
AuNP-CS-IL can be used to perform a simple, quick, highly sensitive, and cost-effective
detection of MLT [228]. It has been shown that enzyme-free glucose detection can be carried
out using Fe3O4 nanotubes (NTs) on FTO as a nanoelectrode. The Fe304 NT array’s me-
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chanical stability has made it a feasible material for electrochemical sensing. When utilized
for amperometric glucose detection, it has shown a powerful electrocatalytic reaction with
a detection limit of 0.1 pM, rapid response, and excellent sensitivity. The electrochemical
detection potential of this array electrode is high, and it can be employed with a wide
range of analytes [229]. Using a standard wet chemical technique, the copper foil has
been used as the substrate for the deposition of uniform, petal-like CuO nanostructures
at room temperature. Their electrochemical performance has been assessed using cyclic
voltammetry, amperometry, and electrochemical impedance spectroscopy. CuO films have
been proven to be active electrode materials for the non-enzymatic amperometric detection
of HyOlt has a lower detection limit and higher sensitivity. This electrode is an especially
sensitive and reliable device for non-enzymatic electrochemical detection of H,O, [230].

The hybridization chain reaction (HCR) and dsDNA-templated copper NPs have been
used to generate a label-free and non-enzymatically amplified fluorescent method for DNA
detection. Without the need for enzymes, this approach can identify DNA. The biotin
and streptavidin interaction has been used to connect biotinylated capture DNA probes
to streptavidin-modified beads. The target DNA then hybridized with the capture DNA
probes to produce sticky DNA. The sticky end stimulated the HCR process and dsDNA
polymerization despite the presence of two hairpin probes at the same time. CuNPs
with high fluorescence properties were created utilizing dsDNA polymers as a template,
resulting in a non-enzymatic signal response. The fluorescence detection method, on the
other hand, is reliant on HCR activation by the target DNA. In biological and medical
applications, the suggested notions and approaches in this research hold a lot of potential
for quantitative DNA identification [231].

11. Metal-Oxide Biosensors in Healthcare and Environmental Protection

Metal-oxide-based biosensors have significant applications in the healthcare and
environmental sectors. Biosensors that can detect nitrogenous substances like urea are
critical for reducing economically motivated adulteration (EMA) in the food and dairy
industries. US-FDA has categorized urea among chemicals most likely to be used in protein
adulteration. In milk, urea is illegally added to increase solid nonfat (SNF) value and
nitrogen content to mislead the testing result of protein content. Such an adulteration of
milk with cheap toxic chemicals like urea poses a serious health hazard. The acceptable
range of urea in milk is 70 mg/dL. Above this limit, urea has fatal effects on human health,
particularly in children’s. Excess urea in milk can cause indigestion, renal failure, urinary
tract obstruction, gastrointestinal bleeding, and cancer [232]. An aptasensor utilizing
gold NPs (Au NPs) was developed to detect urea in milk [232]. Here, DNA aptamer
interaction with urea was evaluated by affinity, melting curve analysis, CD, and truncation
tests. A user-friendly, “non-enzymatic” aptasensor with dual readouts was developed that
interpreted intrinsic fluorescence variations and color changes produced by aptamer-urea
binding simultaneously. This sensor has high selectivity in the detection of urea. The
response signals increased in proportion to the amount of urea adulteration in the milk.
The detection limit for urea adulteration in milk was 20 mM to 150 mM [232].

To increase food and agricultural production, it is necessary to utilize pesticides
to protect plants. However, this approach poses pesticide poisoning and also increases
environmental hazards. An urgent development of pesticide detection technologies to save
the environment is thus crucial. There have been many efforts to develop technologies
for the development of sensors for different pesticides [233]. Pesticides are frequently
utilized in crop production; however, they may substantially affect both the environment
and human health. Therefore, an effective biosensor for pesticide detection must control
pesticide utilization and safely enhance crop production.
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Metal-oxide-based biosensors have shown great promise in healthcare applications,
as electrochemical biosensors based on NiO were utilized in the sensitive detection of
4-acetaminophen, a NiCo,O4 biosensor was applied for the detection of glucose and lactic
acid, and a NiCoZnO biosensor was utilized to detect dopamine in biofluids [234].

Therefore, metal-oxide-based biosensors facilitate the immobilization of DNA probes
and antibodies, enabling the specific detection of nucleic acids and proteins, which has
applications in the diagnosis of genetic, infectious diseases, and cancer. Metal-oxide
biosensors are useful for recognizing uric acid, dopamine, and lactates and identification of
pathogens and hormones. Biosensors are also effective in the detection of pesticides and
other environmental toxins [235,236].

12. Conclusions

A variety of biosensor types based on promising transducing mechanisms are being
investigated, including electrochemical, thermal, optical, and piezoelectric biosensors.
Metal-oxide NPs have been applied for quick and exact biomolecule detection. MONPs
are auspicious in sensing pathogens, dangerous biologics, and other important species
of the human body. There have been numerous progressions in material manufacturing
methodologies, enzyme/protein designs, and immobilization/conjugation approaches,
which have advanced novel nanoparticles with further developed functionality. Uses
of metal/metal-oxide biosensors include recognizing diabetic patients’ glucose levels,
detecting uremic toxins and infections in the urinary system, detecting HIV/AIDS, and
diagnosing cancer. ZnO-based electrochemical biosensors have been used for the detection
of a variety of analytes such as uric acid, glucose, cholesterol, dopamine, and DNA. Metal-
oxide-based optical biosensors are promising in identifying E. coli and Listeria monocytes,
CRP, cTnl, Tau proteins, DNA, and other biomolecules. An electrochemical biosensor based
on functionalized TiO, can potentially be employed for the rapid detection of SARS-CoV-
19. Zinc-oxide nanorods doped with gold NPs can detect Human Papillomavirus-16 in
cervical cancer samples. Piezoelectric biosensors are excellent sensors for lymphocytes
and immunoglobulins such as SiO;/ZnO nanowires modified with AuNPs, which can
be utilized for detecting IgG, and Au/PANI-NF sensors applied for monitoring the T
cell activation. The anti-CD antibody molecule was immobilized onto the composite to
observe the activation by studying the expression of CD69, CD25, and CD. Research in the
state-of-the-art field of biosensing with biofunctionalized multifunctional nanomaterials,
and the advancement of practical biochips utilizing nanoscale sensing material, are very
promising and prospective. Biosensing is an auspicious approach in the biomedical arena,
particularly in cancer, CKD, AD, and the detection of and protection from other diseases.

13. Current Challenges and Future Perspectives

Even though biosensors can be installed in a certain setting, it is far more challenging to
use them in biological matrices like body fluids. This is because biological matrices are more
complex. Research on biosensor application, diagnosis, and follow-up analytical equipment
may be distinguished from research on biosensors [237]. The presence of interference
signals brought on by interferents is a common problem in biosensing. This problem arises
when a sensor is in persistent contact with biofluids, for example, oxidizable acids, and
bases of larger and lower molecular weight. These have the potential to cause interference.
In addition to this, it is quite likely that metabolites derived from pharmaceuticals will be
found in the fluids of the body (e.g., acetaminophen). Allosterically, interfering proteins
with a high molecular weight adsorb on the surface of the transducer. This is known as an
allosteric interaction. Because of this methodology, the chemicals, which are often found in
very trace levels, are not detected even if they are present there [238].
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The biological medium contains a broad variety of substances, any one of which can
encourage the growth of biofouling or cause enzymes to become inactive. In addition to pro-
teins, these molecules can include water-soluble small molecules (such as carbohydrates), as
well as hydrophobic substances (e.g., lipids). Electrode passivation and biofouling develop
from any contact with these chemicals. Polyurethanes with phospholipid-polar polymers,
2-Methacryloyloxyethyl phosphorylcholine, polyvinyl alcohol hydrogels, hyaluronic acid
(HA), and phosphorylcholine are the components that make up these membrane coverings.
Phosphorylcholine, HA, and humic acids are some of the other components that may be
used to coat membranes. These membranes diminish protein adsorption, which in turn
allows target analytes to reach the surface of the biosensor where they can be detected. This
helps to lessen the influence of biological fluids on biosensors. Protein fragments with a low
molecular weight as well as large, charged cell deposits have a lower level of resistance to
these approaches [237]. Enzymes can be stimulated or stifled by the presence of cations in
biological fluids, whether they are monovalent or divalent. Cation effects on enzymes can
be influenced by any one of these effects. The structure of cations determines whether they
are monovalent or divalent. This opens the door for the use of allosteric effectors, which are
not involved in the enzymatic activity or conformational requirements required for catalytic
performance, but have a function. Catalysis is not influenced by allosteric effectors in any
manner, shape, or form, and an effector that does not participate in the catalytic process is
referred to as an “allosteric effector.” There is a chance that one of these occurrences will
ensue at some time. The size of the catalytic region and charge are regarded to be the two
most important factors when selecting whether a metal ion can block an enzyme [239].
Monovalent cation interactions with enzymes are critical in some circumstances, such
as when K* and Na™ protect glucose oxidase against heat denaturation [240]. Proteins
and lipids may sometimes adsorb onto an electrode in a non-specific manner, which can
result in the electrode being passivated. Polymeric films, in addition to other films, can
circumvent the passivation process. On the other hand, this would result in a delay in the
responses that are provided. To reduce the amount of fouling that can occur on electrodes,
such as that which is caused by the oxidation of NADH, carbon nanotubes have also been
used [241,242].

The development of nanophotonic devices, which can control light in quantities less
than a wavelength and boost the number of interactions between light and matter, has
cleared the way for new biosensing opportunities. The limits of existing bioanalytical
technologies in terms of sensitivity, throughput, convenience of use, and downsizing have
inspired the development of a great deal of nanophotonic biosensors in recent years [243].
When dealing with biological material, it is best to use disposable biosensor chips, since
they prevent the spread of infection and eliminate the need for labor-intensive cleaning
processes. In this context, the most workable integration solutions are those that support
both single-use cartridges and independent readers. For example, the nanophotonic biochip
can be put in a disposable cartridge that is kept separate from the light source and detector.
These types of disposable cartridges can be customized to function as consumables for
detecting a variety of analytes using the same reader. This scenario can cut reader costs
by permitting the use of off-the-shelf optoelectronic components. It also has additional
advantages over multiuse biosensor designs, which generally degrade sensor efficacy and
boost ultimate cost due to approaches for surface functionalization renewal. However,
to manufacture affordable cartridges that are intended for a single use, it is necessary for
this technique to need monitoring regarding the cost of biomaterials [244]. It is becoming
more common to use nanophotonic biosensors in conjunction with smartphones. This
is because the light sources, cameras, image recognition capabilities, and connections
offered by smartphones may help to reduce costs and make it possible to disseminate
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information on a large scale [245-247]. They would be used to gather data from patient
samples through wireless transmission, and then custom software would be utilized to
analyze the results of that data collection. It is true that single-use biosensors have a
smaller physical footprint and are simpler to carry. Still, the manufacturing and packaging
operations related to their various device layers contribute to an increase in the cost of
these biosensors. Because of the versatility of these methods in producing a wide variety
of nanostructures, engineers have mostly relied on electron-beam or focused-ion-beam
lithography to create nanophotonic biochips. Because the currently used techniques for
serial patterning have poor throughput and a high cost, it is necessary to create alternative,
more cost-effective manufacturing methods.

Gold and silver are incompatible with front-end CMOS processing. It is projected
that low-cost, large-scale, top-down lithography techniques such as nanoimprinting, nano
stencils, interference lithography, and deep and severe UV lithography can gain popularity
as alternatives to the manufacturing methods that are now in use [248]. As the choice and
arrangement of nanomaterials are basic for quick and exact biomolecule detection, the
constant progressions in material manufacture methodologies, enzyme/protein designing,
and immobilization/conjugation procedures will keep yielding novel nanoparticles with
further developed functionality. Research in the field of cutting-edge biosensing with
biofunctionalized multifunctional nanomaterials, and the advancement of practical biochip
plans utilizing nanoscale sensing materials can additionally prepare for nano-biosensing
stages. An imaging blend of recently emerging fabricating methodologies incorporates
a nanoscale-arranged three- or four-dimensional printing of multicomponent, multifunc-
tional nanostructures, and they are required to pave new roads from the current sensor
design [147]. MONPs can be manufactured and evaluated in a variety of configurations,
such as sensor arrays, to facilitate the production of functional integrated devices [80]. For
this reason, efforts should be made to overcome certain important technological limits
such as regulating the morphology of MONPs on devices to commercialize enzymatic
biosensors based on MONPs. Additionally, work should be carried out to recognize op-
timal enzyme immobilization, maintain the enzyme’s long-term bioactivity, and reduce
matrix interference and sensor fouling [249]. Nanotechnology has changed the nature
of biological detection through the advancement of biosensors. The future is bright for
this dynamic, flexible, and fast recognition framework, considering the multidimensional
capability of nanomaterials and nanostructures. With the momentous progress and thor-
ough research speed of nanomaterial investigation, the detection technology has grown
increasingly flexible, robust, and dynamic, and the expanding headway of miniaturization
and nanomaterials research has invigorated the utilization of these materials for detecting
a few key pathways and regulatory occasions [175]. Ongoing progressions in biosensing
platforms have utilized different novel types of nanomaterials, going from monomolecu-
lar nanomotors to generally bigger nanocages, so the quick, financially savvy, and easy
functional procedures achieved by nanomaterial-based biosensors are required to redesign
current detecting frameworks and their pricing.
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Abstract: Neurotransmitters (NTs) are known as endogenous chemical messengers with important
roles in the normal functioning of central and peripheral nervous systems. Abnormal levels of
certain NTs, such as dopamine, serotonin and epinephrine, have been linked with several neurode-
generative diseases (such as Alzheimer’s disease, Parkinson’s disease and Huntington’s disease).
To date, various strategies have been employed for the quantitative determination of NTs, and
nanocomposite materials based on conducting polymers and metal nanoparticles constitute a cor-
nerstone for the development of electrochemical sensors with low costs, stability, fast response rates
and high selectivity and sensitivity. The preparation and analytical applications of nanocompos-
ite materials based on metal nanoparticles in the electrochemical sensing of neurotransmitters are
discussed in this paper. Recent developments in the electrochemical sensing of neurotransmitters
are also discussed with emphasis on the benefits brought by metal nanoparticles in improving the
sensitivity of the analytical measurements. The electrochemical synthesis methods for the in situ
generation of metal nanoparticles within conducting polymer layers are reviewed. The analytical
applications of the nanocomposite-sensing materials towards the detection of neurotransmitters such
as dopamine, epinephrine and serotonin are discussed in terms of detection and quantification limits,
linear response range, sensitivity and selectivity.

Keywords: electrochemical sensors; neurotransmitters; sinusoidal currents and voltages; conducting
polymers; metal nanoparticles

1. Introduction

Neurotransmitters (NTs) are known as chemical messengers involved in the trans-
mission of nerve impulses between two nerve cells (neurons), thus providing important
regulatory pathways in the central and peripheral nervous system: cardiac rhythm, muscles
movements, emotions (feelings of sadness, fear, stress, happiness and excitement), learning
capacity, sleeping behavior and appetite [1,2]. The nervous system is a very complex
network that transmits messages (signals) between the brain and various organs in the
body, controlling and regulating important processes through neurons, the fundamental
cells of the brain. Hence, it is known as the body command or control center.

Billions of neurons communicate with each other by forming a neuronal network, thus
transmitting the information in the form of electrical signals or action potentials over long
distances through the body [3,4]. In 1921, Otto Loewi discovered an inhibitory substance,
‘vagusstoft’, currently known as the first neurotransmitter discovered, acetylcholine [5].
He also demonstrated that the transmission of NTs at the synapses takes place through
mainly chemical and not electrical mechanisms as previously believed. For this excellent
contribution to the scientific world, Otto Loewi received the Nobel Prize in Medicine in
1936 [5]. Since 1921, more than 200 NTs have been discovered, but researchers expect to find
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more biomolecules that show neuroactivity, with the advancements in the neuroscience
field giving rise to a novel perspective and understanding of the nervous system [6].

Neuroactive biomolecules can be classified as NTs if specific criteria are met: (a) they
are produced and released by the same neuron and kept at the presynaptic terminal; (b) their
action on the postsynaptic neuron provides a particular behavior; (c) their exogenous
administration must produce the same effect; and (d) their action on the postsynaptic cell
can be stopped by a specific process [7].

According to the literature, NTs can be classified based on their chemical structure
(e.g., catecholamines, amino acids, indoleamines, neuropeptides and soluble gases) and
function (excitatory and inhibitory) [6-8]. Epinephrine (EPI), norepinephrine (NE) and
dopamine (DA) are known as catecholamines owing to the catechol group present in their
chemical structure. Indoleamines comprise serotonin (SER) and histamine (His), along with
catecholamines constitute the monoamine N'Ts. Notable amino acids include glycine (Gly),
glutamate (Glu), y-aminobutyric acid (GABA), aspartate (Asp) and D-serine (Ser) [6-8].
Multiple neuropeptides are classified as NTs due to the criteria previously mentioned:
opioid peptides, such as enkephalins and dynorphins; and hypothalamic hormones, such as
oxytocin and vasopressin, neurotensin and angiotensin. Carbon monoxide (CO), hydrogen
sulfide (H»S) and nitric oxide (NO) are part of the gasotransmitter family, synthesized in
the nerve cells [9]. In Figure 1 are depicted the chemical structures of NTs responsible for
the most encountered neurological disorders in the modern era.

OH
OH NH, HO
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Figure 1. The chemical structures of DA, EPI and SER.

Abnormal concentrations of DA, SER and EPI in the body and dysregulations of the
neuronal functions have been linked to Alzheimer’s disease, Parkinson’s disease, depres-
sion, schizophrenia, cardiovascular diseases, Huntington’s disease, pheochromocytoma
and other life-threatening illnesses [6,8,10-12]. A Global Burden of Diseases, Injuries and
Risk Factors Study (GBD) from 2016 revealed that neurological disorders are considered
the first cause of disability-adjusted life-years (DALYs), a measure for neurological diseases
burden, and the second cause of deaths globally [13]. The variation in the concentra-
tion of these chemical substances must be analyzed in bodily fluids (urine, blood plasma
and cerebrospinal fluid) with high accuracy for a proper medical diagnosis [8,9]. Con-
sequently, electrochemical sensors based on nanocomposite materials have come to the
fore for the quantitative analysis of NTs by reason of their cost-effectiveness, reliability,
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real-time monitoring with fast sampling times and device miniaturization for point-of-
care applications [14]. The intercalation of nanosized materials brings novel electric and
catalytic properties as well as self-assembly capability, improved sensitivity, selectivity,
surface-to-volume ratio and reduced response times [14,15].

According to the literature, the most employed electrodes for NT detection are glassy
carbon electrodes (GCEs), carbon screen-printed electrodes (SPEs), carbon paste electrodes
(CPEs), diamond electrodes, carbon fiber electrodes (CFEs), pyrolytic carbon electrodes and
Au, Ag and Pt electrodes. However, it is worthy to note that carbon microelectrodes and
nanoelectrodes have become the most popular tools for performing in vivo assays [14-16].
The major challenges associated with the complex composition of biological fluids, ultra-low
levels of NTs, low sample volumes and diminished sensing properties can be overcome with
the deposition of various electrode modifiers, such as polymers (conducting polymers and
molecularly imprinted polymers), metal NPs, metal oxide NPs, metal-organic frameworks
(MOFs) and carbon nanomaterials (carbon nanotubes, carbon dots and graphene) [15,17].

The general oxidation mechanisms of DA, SER and EPI usually proposed in the
literature are presented in Figure 2.
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Figure 2. The general oxidation mechanisms of DA, SER and EPL

This review aims to provide an overview of the recent developments registered in the
last decade on the use of electrochemical sensors based on conducting polymers and metal
nanoparticles for neurotransmitter detection. The preparation of metal nanoparticles by
electrochemical methods directly onto polymeric coatings is mainly addressed as a versatile
way for the development of novel electrochemical sensors. A large number of literature
reports and research papers was analyzed from this point of view and we are aware that,
due to the limited space, not all reported results could be included in the current review.
In order to provide a self-consistent approach and content of the scientific discussion of
the topic, a short description of the conducting polymers and metal nanoparticles design
and properties is firstly introduced, followed by the critical analysis of the proposed
electrochemical sensors for neurotransmitter detection. A Conclusion Section summarizing
the main achievements and results of the topic, including possible future perspectives, is
also included.

2. Electrochemical Sensors

To date, researchers have created multiple NT detection methodologies for in vitro and
in vivo analyses to properly understand the nervous system and the association of chemi-
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cal messengers with altered brain functions: analytical methods (i.e., high-performance
liquid chromatography, fast-scan cyclic voltammetry, differential pulse voltammetry, cap-
illary electrophoresis and magnetic resonance spectrometry), optical sensing methods
(i.e., fluorescence imaging, colorimetry and chemiluminescence), microdialysis method
and positron emission tomography [6-9]. In vivo applications require the use of high-
performance tools due to the presence of very-low levels of NTs in the central nervous
system (nM and pM) [6,8]. Real-time concentration measuring is another key factor con-
cerning in vivo detection and the main suitable techniques are high-performance liquid
chromatography coupled with microdialysis [18], positron emission tomography [8], mag-
netic resonance spectrometry [8], electroencephalography [18] and magnetic resonance
imaging [18]. In the medical field, a rapid and accurate diagnostic is essential for the access
to an optimal treatment, with point-of-care testing meeting all the pre-requisite criteria.
These outlined techniques implicate increased costs, qualified personnel and a long time
period during the measurements [6]. Thus, electrochemical transduction techniques are
currently considered as a good alternative on account of their low costs, device minia-
turization, ease of operation, selectivity and sensitivity for biologically active compound
determination [6,8,9,11,12,18,19].

Electrochemical sensors are widely known as analytical devices capable of converting
chemical signals into electrical output signals through a transducer, an important con-
stitutive element. The receptor or the sensing element is another integrated part of an
electrochemical sensor, providing a proper interaction with the analyte in the form of a
redox chemical reaction. This component is responsible for the selectivity towards the
analyte of interest in the presence of other interfering species, hence the selected sens-
ing material strongly influences the performance of the sensor [20,21]. In recent decades,
nanocomposite materials based on conducting polymers have shown their superiority in
terms of enhanced electrocatalytic activity, charge transfer capability, selectivity, sensitivity
and reduced fouling of adsorbed species [6,20]. Figure 3 highlights the specific design of
nanocomposite-materials-based electrochemical sensors for the electrochemical sensing of
the most important NTs in clinical diagnosis.
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Electrochemical detection of
neurotransmitters

Electrochemical cell Nanocomposite material

Figure 3. Schematic illustration of the specific design of electrochemical sensors based on nanocom-
posite materials implemented for NT sensing.
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2.1. Conducting Polymers

Research studies of intrinsically conducting polymers (CPs) started in the 1970s [22]
and have been expanded tremendously in the last decade owing to the outstanding proper-
ties of these materials, such as electrical conductivity, chemical and mechanical stability,
as well as the important applications in various fields, such as batteries, supercapacitors,
electrochromic devices, solar cells and sensors [23]. Amongst CPs, polypyrrole (PPy),
polyaniline (PANI), polythiophene (PTh) and poly(3,4-ethylenedioxythiophene) (PEDOT)
are the most investigated. These CPs have been applied in electrode surface modification
for the development of electrochemical sensors through various methodologies that include
(i) direct electrochemical polymerization of the corresponding monomers and (ii) chem-
ical polymerization followed by casting of the formed CPs onto electrode surfaces. The
modulation of the electrochemical and electrocatalytic properties of CPs deposited as thin
layers onto electrode surfaces can be easily achieved in electrolyte solutions during the
electrosynthesis or post-synthesis step and ensures the enhancement of the selectivity and
sensitivity of the analytical measurements. In this context, the electrical conductivity of
CPs can be easily controlled by doping with various dopants during the electrochemical
polymerization process. Moreover, the CPs display very good stability during electrochem-
ical cycling between the oxidized (conducting) and the neutral (insulating) forms [22,23].
The deposition of CPs as sensing layers onto electrode surfaces is usually performed by
electrochemical and/or chemical polymerization that consists in the formation of a poly-
meric backbone carrying positive charges that are compensated by the inclusion of anionic
species from the polymerization solution. Consequently, the doping ions that could be of
inorganic or organic nature markedly influence the final properties of the deposited CP
layers, including their structure, morphology and electrical conductivity. In this sense, vari-
ous surfactants, such as sodium dodecyl sulfate (SDS) and sodium polystyrene sulfonate
(PSS), have been investigated as dopants during CP electrodeposition aiming to enhance
specific properties, such as the electrical conductivity, electrocatalytic activity, chemical and
mechanical stability of the formed polymeric layers [24-26]. Alongside surfactants, metallic
nanoparticles (MeNPs) have been extensively investigated as dopants in order to enhance
mainly the sensitivity of the sensing elements based on CPs. These novel CP-NPs nanocom-
posite materials have provided peculiar properties such as increased electrochemical-active
surface area, electrocatalytic activity towards target analytes and optical properties that
could be exploited in the design of novel electrochemical sensors and biosensors. The
inclusion of MeNPs into CP layers can be achieved by (i) drop casting of pre-synthesized
NPs on top of polymeric layers or (ii) in situ electrochemical deposition of the NPs from
solutions containing the appropriate metallic precursors via electrochemical procedures.
The first approach benefits from the homogenous size distribution of NPs obtained by the
chemical route but suffers from the difficulty in achieving a final homogeneous dispersion
of the NPs onto the CP layers. The second approach ensures a straightforward control of
the size and distribution of the NPs within the polymeric layers. This review focuses on
the procedures for the in situ electrodeposition of MeNPs within the CP matrix by electro-
chemical methods such as potentiostatic, galvanostatic and potentiodynamic approaches.
Among these methodologies, the novel procedures based on the use of alternate voltages
and currents are also discussed.

2.2. Noble Metal NPs

Metal nanoparticles have been extensively studied in the last decade due to their
outstanding physicochemical properties and they have found applications in a wide range
of industrial applications, such as therapeutics and diagnostics, drug delivery systems,
energy storage and (bio)sensors technology [27]. Amongst the noble metal nanoparticles
(MeNPs), platinum (PtNPs), gold (AuNPs) and silver nanoparticles (AgNPs) have attracted
a great deal of interest in the development of selective and sensitive composite materials
for (bio)sensor technology thanks to their electrochemical, optical and catalytic properties.
MeNPs represent outstanding building blocks in the synthesis of nanostructured composite

225



Chemosensors 2023, 11, 179

materials with tunable physicochemical properties. The incorporation of MeNPs within
the CP matrix ensures the preparation of a large scale of composite materials displaying
novel properties such as increased catalytic activity, enhanced electrochromic properties
and chemical stability compared to the pristine components. Thanks to the reduced size
and high surface-to-volume ratio, the MeNPs provide enhanced electron transfer capability
and catalytic activity of the corresponding sensing composite materials for applications in
sensor technology [28].

3. Electrochemical Synthesis Methods of the Composite Material CPs-NPs
3.1. Conventional Methods

The use of nanocomposite materials based on metal nanoparticles in electrochemical
sensor technology has attracted special attention in recent years due to the electrochemical,
catalytic and optical properties of metal nanoparticles [29]. The in situ synthesis of metal
nanoparticles by means of chemical and electrochemical methods had as its main objective
the improvement of the analytical performance of the electrochemical sensors. Recent stud-
ies have allowed researchers to obtain new information on the influence of nanoparticles
on their catalytic, electrochemical and optical properties. Although there is quite a large
number of studies and research papers in the field of composite materials based on metal
nanoparticles, there is still a special interest in eliminating some disadvantages, such as the
agglomeration of metal nanoparticles, reduction in catalytic activity and low chemical sta-
bility. In this respect, different methods for the synthesis of nanocomposite materials have
been developed both chemically in solutions and by means of electrochemical procedures.
It should be noted that the control of the size of the synthesized metal nanoparticles is an
extremely difficult major goal to achieve for large-scale applications. The elaboration of new
methods for the synthesis of nanocomposite materials allowed the improvement of their
physico-chemical properties as well as of the analytical performances of the electrochemical
sensors, namely, sensitivity, selectivity, linear response range, detection limit, response
time, repeatability and reproducibility.

Electrochemical methods of synthesis of metal nanoparticles involve the use of a metal
precursor and its electrochemical reduction by means of potentiostatic procedures, at a
modulated [30] or constant potential [31-33], on the surface of the electrodes. Another
alternative electrochemical synthetic route consists in the galvanostatic control of the elec-
troreduction of the metal precursor under constant current polarization or current pulses.
Thus, nanocomposite materials based on metal nanoparticles can be efficiently synthesized
on the surface of Pt, Au, semiconductors and carbon or screen-printed electrodes. These
electrochemical methods allow a rigorous control of the size, composition and morphology
of the nanoparticles. The electric charge used in the in situ synthesis of metal nanoparticles
allows an efficient control of the electrochemical process and the estimation of the surface
coverage of the electrodeposited metal nanoparticles. The shape and dimensions of the
metal nanoparticles depend on the electrochemical parameters, the composition of the
deposition solution and the use of surfactants to prevent agglomeration. A disadvantage
of these methods is the reduced control of the distribution of nanoparticles on the surface
of the electrode.

The use of CPs as immobilization matrix for MeNPs turned out to be a very promising
platform in the development of sensitive and selective electrochemical sensors. The CP
matrix provides a suitable microenvironment, biocompatibility and stability for the subse-
quent MeNP immobilization. For instance, PPy decorated with AuNPs has been developed
as a sensitive electrochemical platform for serotonin detection [34]. An electrochemical
sensor was prepared by a two-step method: in the first step, the polymerization of pyrrole
monomer is achieved by multipulse amperometry, followed in the second step by the
electrodeposition of AuNPs by scanning the electrode potential from —0.2 to +1.2 V vs.
Ag/AgClin an aqueous solution containing the HAuCl4 precursor for a fixed number of
potential cycles. The morphological characterization of the PPy-~AuNPs composite material
revealed a maximum size of AuNPs of 48 (£5.5) nm. The electrochemical procedure pro-

226



Chemosensors 2023, 11, 179

vided a composite PPy-AuNPs coating with an increased electrochemically active surface
area and catalytic effect towards serotonin oxidation. A preconcentration step of serotonin
at the electrochemical sensor surface resulted in increased sensitivity and selectivity over
interfering species such as dopamine and noradrenalin. A low detection limit of 33.22
nM was obtained. The sensor was successfully applied in serotonin detection in serum
samples.

The synergy between the CP immobilization matrix and the MeNPs has been exploited
in the improvement of the selectivity of the proposed electrochemical sensors for neuro-
transmitters. The resolution of the analytical signals between various neurotransmitters
is a challenging task for the developed electrochemical sensors. On the other hand, there
could be a significant interference due to the presence of ascorbic acid and uric acid in real
samples. In this sense, various CPs-MeNP-based composite materials were investigated
with the aim of improving the selectivity of the analytical measurements. A PANI-AuNPs
composite material was developed for the selective detection of dopamine [35]. The in situ
electrodeposition of AuNPs onto the PANI layer was achieved by linear sweep voltamme-
try (LSV) providing a better loading of AuNPs compared to the cyclic voltammetry method
(CV). An average size of 65 nm for the AuNPs was observed. The PANI-AuNPs compos-
ite material displayed enhanced sensitivity and selectivity in dopamine detection in the
presence of ascorbic acid and uric acid with peak potential separations of 108 and 346 mV,
respectively. The detection of dopamine occurs at a potential of 0.168 V at a neutral pH. A
low detection limit of 16 uM was reported. The overall improved analytical performance
was ascribed to the synergic effects of PANI and the in situ electrodeposited AuNPs. The
PANI was investigated as a reliable and stable matrix for neurotransmitter electroanalysis
in connection with AuNPs towards the development of fast, simple, sensitive and selective
electrochemical sensors. The use of screen-printed electrodes as substrates for sensors
development ensured the fabrication of single-use sensors [36]. This approach allows
the design of disposable sensors for point-of-care testing devices as well as to potential
commercially available single-use sensors for the management of chronic diseases. The in
situ electrodeposition of Au, Pd and PtNPs onto a PANI coating was successfully achieved
in an aqueous solution and the obtained composite materials displayed good electroactivity
in alkaline media [37].

Amongst CPs, PEDOT revealed outstanding capability in the incorporation of MeNPs
and ensuring the fabrication of sensitive electrochemical platforms. The incorporation of
reduced graphene oxide and AgNPs within the PEDOT matrix ensured the preparation
of a sensitive electrochemical sensor for serotonin detection [38]. The nanocomposite
material displayed increased electron transfer capability and overall improved analytical
performance with a low detection limit of 0.1 nM. The proposed sensor ensured the
serotonin detection in the presence of some interfering species, such as ascorbic acid,
uric acid and tyrosine. The inclusion of carbon-based nanomaterials within the CP matrix
alongside MeNPs provided a versatile route for increasing the electron transfer rate and
the selectivity and the sensitivity of the analytical measurements. Thus, an electrochemical
sensor based on reduced graphene oxide and AuNPs was designed for the selective
detection of dopamine [39]. The sensor displayed an increased electroactive surface area
and a linear response range of 0.1-100 uM, with a low detection limit value of 0.098 pM.

These results demonstrate the feasibility of the CPs—-MeNPs composite materials in the
development of fast, reliable, sensitive and selective sensors for neurotransmitter detection.
Despite the processability and easy of fabrication of MeNPs by electrochemical methods,
there are still important issues to be addressed, such as the polydispersity distribution of
MeNPs over the CP matrix, the precise size control of the final metal nanoparticles and the
reproducibility from one synthesis to another. However, promising results are encouraging
the progress of research in the field of the in situ electrodeposition of MeNPs onto currently
available CPs as well as new CPs for electrochemical-sensing applications.
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3.2. Innovative Methods

The in situ electrochemical deposition of MeNPs by means of potentiostatic, potentio-
dynamic and galvanostatic methods represents a straightforward and feasible approach in
the design of MeNP-based composite materials for sensing applications. In addition to the
electrochemical methods listed above, novel electrochemical preparation procedures have
been recently proposed by our research group. The novel procedures consist in the use of a
sin wave excitation signal of a selected frequency and amplitude that was superimposed on
a constant potential /current. The novel preparation procedures were implemented under
potentiostatic or galvanostatic control. In the potentiostatic control, a sinusoidal voltage
was superimposed over a constant potential. This approach is referred to as sinusoidal
voltage (SV) procedure. The schematic representation of the SV excitation signal is shown
in Figure 4, where the frequency of the sinusoidal wave is designated as the reciprocal
of the period T and the amplitude is marked as AE;.. The frequency of the sinusoidal
voltage could be scanned in the range from 10 kHz to 0.01 Hz, while the amplitude can
be changed between 50 and 350 mV. This SV procedure was applied successfully in the
electrodeposition of biocomposite materials based on PEDOT and tyrosinase onto gold mi-
crodisk electrodes and their arrays for dopamine electroanalysis [40-45]. The incorporation
of the enzyme within the PEDOT matrix was achieved thanks to the electrostatic attraction
between the polarons on the polymer backbone and the electrical charge of the enzyme
at a given pH of the electrodeposition solution. For the sake of comparison, the PEDOT
matrix alone was prepared by both potentiostatic and SV procedures [46]. In addition, the
PEDOT-tyrosinase biocomposite material was also prepared by potentiostatic and poten-
tiodynamic methods in order to elucidate the benefits brought by the novel SV procedure.
The SV procedure ensured a higher porosity and roughness of the PEDOT matrix and an
enhanced amount of the immobilized enzymes compared to the classical methods, i.e.,
the potentiostatic and potentiodynamic approaches. Thanks to the enhanced analytical
performance of the biosensors obtained by the SV procedure, the novel procedure was
further improved by using sinusoidal voltages of a narrow frequency range or a selected
frequency value. It was demonstrated that SV signals of frequencies higher than 1 kHz
provided a PEDOT matrix with properties such as those of the potentiostatic or galvanos-
tatic methods, while the SV signals of low frequencies in the range of a tens of millihertz
ensured the increased roughness of the PEDOT layer. The selection of the constant potential
was optimized according to the electrochemical behavior of the corresponding monomer
EDOT during the electrochemical process, and a value of +0.60 V vs. Ag/AgCl/KCl (3 M)
ensured a separation between the contribution of the SV excitation signal and the constant
potential. In this way, the clear benefit of the SV signal was demonstrated.

A
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> time

Period (s)
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v
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Figure 4. Schematic representation of the SV excitation signal.
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The SV procedure was also successfully applied in the in situ electrodeposition of Pt
and AuNPs within the PEDOT matrix. The use of SV signals of the selected frequency of
50 mHz and a modulable amplitude provided homogenous distribution and good size
control of the electrodeposited metallic nanoparticles. The in situ electrodeposition of Pt
and AuNPs was achieved in an aqueous solution from the corresponding metallic precur-
sors within a narrow potential window designed according to the nature of the metallic
nanoparticles. The experimental parameters of the SV procedure, namely, the frequency
and amplitude of the SV signal, the value of the constant potential and the electrodepo-
sition time, were optimized in order to obtain electrochemical sensors with an improved
overall analytical performance. In a first attempt, the PtNPs were prepared onto the PEDOT
coating by using a SV signal of a wide frequency range [47]. The PtNPs electrodeposited by
means of the SV procedure showed improved catalytic activity in an acidic solution. The
morphology of the PtNPs was investigated by means of scanning electron microscopy and
atomic force microscopy, proving the successful electrodeposition of the metallic nanopar-
ticles. The wide frequency range of the SV excitation signal was optimized in order to
allow a finer control of the size distribution of the metallic nanoparticles. Moreover, the
constant potential was judiciously selected upon the voltammetric characterization of the
metallic precursor in an aqueous solution at the polymer-modified electrode. The proper
selection of the applied constant potential ensured a clear separation of the contribution
of the SV excitation signal in the metallic nanoparticles electro-synthesis. In this way, the
advantages of the SV procedure could be identified compared to classical potentiostatic
and galvanostatic methods. The use of an SV signal with a fixed frequency of 50 mHz
provided the successful in situ synthesis of AuNPs with narrow-size distribution homoge-
neous dispersion within the polymeric PEDOT matrix [48]. The prepared electrochemical
sensor enabled the quantification of caffeic acid in food samples with a good analytical
performance. The SV procedure based on the fixed frequency excitation signal was also
applied in the synthesis of AgNPs [49]. The AgNP-based electrochemical sensor developed
by the novel SV procedure demonstrated an enhanced analytical performance compared
to other electrochemical sensors prepared by potentiostatic and galvanostatic methods.
The AgNPs-PEDOT-based sensor displayed a high sensitivity of 32.2 uM~! cm~2, limit
of detection of 1.9 uM and the quantification limit of 6.5 pM. These results demonstrate
the usefulness and the capability of the SV procedure in the development of reliable, sen-
sitive and robust electrochemical sensors based on electrodes modified by CPs—-MeNPs
composite materials.

In addition to the SV procedure, another innovative preparation method has been es-
tablished by using a sinusoidal current of a selected frequency superimposed on a constant
current. This approach is referred to as the SC procedure. In this case, the optimization
of the experimental parameters, in terms of the amplitude and frequency of the excitation
sinusoidal current, the value of the constant current and the final electrodeposition time, is
very challenging. While the SV procedure provides a straightforward way to control the
final potential during the electrosynthesis of conducting polymer coatings and metallic
nanoparticles, the SC procedure is very demanding in the establishment of the optimum
parameters. Despite these challenging technical issues, we succeeded in the electrosynthe-
sis of a PEDOT-tyrosinase biocomposite coating by using the SC procedure [50,51]. The
applied SC signal provides a final potential value in the range of the required value for
the electropolymerization of the EDOT monomer or the electrochemical reduction of the
metallic precursors in the case of AgNPs/AuNPs. Despite the quite large amplitude of the
SC signal, the resulting potential reach the specific value demonstrating a linear behavior
of the electrochemical system. The further development of the SV and SC procedures was
recently demonstrated by the in situ preparation of PB nanoparticles within the PEDOT
layer [52]. The hybrid material was synthesized in two steps by means of the SV and SC
procedures: in the first step, the electrochemical polymerization of the EDOT monomer in
the presence of ferricyanide ions was performed by SV procedure, while in the second step,
the PEDOT coating doped with ferricyanide ions was immersed in a Fe(Ill)-containing
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solution and the SV or SC procedure was applied in order to ensure the in situ formation of
PBNPs within the PEDOT layer. This approach based on the use of SV and/or SC proce-
dures represents a novel synthetic route for preparing hybrid inorganic-organic materials.
The developed electrochemical sensor displayed a good analytical performance towards
potassium ion detection compared to commercially available screen-printed electrodes
based on PB-containing ink. In conclusion, the novel SV and SC preparation methods
provide reliable, fast, cost-effective and straightforward procedures for the design and
synthesis of composite materials with applications in (bio)sensor technology.

4. Electrochemical Sensors for Dopamine, Serotonin and Adrenaline Detection

As aforementioned, from a clinical perspective, electrochemical sensors coated with
nanocomposite materials constitute the starting point in the development of point-of-
care applications for neurological biomarkers due to an increasing trend of neurological
disorders in recent decades. Nonetheless, sensor selectivity still remains a major problem
concerning the complex composition of human biological fluids with multiple chemical
species possessing similar chemical structures [53]. The modulation of composite material
properties by intercalating, in the conductive polymeric matrix, various nanomaterials with
beneficial physical and chemical properties can acquire a desired synergistic effect for the
proper electrochemical detection of NTs.

The current section provides outstanding data with respect to clinically relevant
biomolecules, more explicitly, monoamine NTs, the most encountered disease-associated
chemical messengers: DA, SER and EPI. The scientific progress of the developed electro-
chemical sensors modified with nanocomposite materials based on metal nanoparticles
from the past 10 years is highlighted with reference to the limit of detection (LOD), the
limit of quantification (LOQ), linear response range, sensitivity, selectivity and the electro-
chemical method implemented.

4.1. Dopamine

DA is a catecholamine that provides important key roles in the central nervous system,
being associated with the reward system, attention, learning behavior [54], sleep cycles [55]
and motor control functions [55]. By hydroxylating the L-Tyrosine precursor [56] with
tyrosine hydroxylase enzyme, L-tyrosine is converted to L-Dihydroxyphenylalanine (L-
DOPA), which can be further transformed into DA by the action of the aromatic L-amino
acid decarboxylase (DOPA decarboxylase) [54,55]. Therefore, L-Tyrosine is considered
the precursor of DA, and DA is also a precursor for other important catecholamines,
such as NE and EPI [54]. Disturbances in DA concentration are linked with Parkinson’s
disease, Huntington’s disease, schizophrenia [55], drug addiction and memory problems [8].
Table 1 presents the recent developments in electrochemical sensors for DA detection with
respect to limit of detection, linear response range, sensitivity and detection method. More
attention has been paid to AuNPs for sensor elaboration due to their excellent properties:
enhanced electrical conductivity, enhanced specific surface area provided by their reduced
dimensions, biocompatibility, the possibility of shape and size modulation and versatility
regarding functionalization with various materials and nanomaterials [57].
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Table 1. Electrochemical sensors for DA detection from recent studies.

Linear

Detection LOD Sensitivity Sample
Electrode Method (uM) ReSP"af,DRa“ge (LA uM 1) Matrix Refs.
Au@PSi-P3HT/GCE CA 6.3 x 107! 1-460 0.5112 O(‘;}I_‘I/I:P%S [58]
AuNPs/PM/CPE DPV 6.7 x 102 2 x 107111 - 0.1 MPBS [59]
(pPH=6)
AuNPs/PAN/ITO CA 9.1 x 1071 1-102 0.0928 0'1(131‘%12215)0 4 [60]
1 mM
PT/Au/CNT/ITO/glass DPV 6.9 x 101 1-10 19.492 acetate buffer [61]
(pH=4)
Au/PEDOT-Aupan, - .. SDS LSV 39 x 1074 5 x 107120 0.0381 0.1 MPBS [31]
(pPH=74)
AuNPs/PTAP/GCE DPV 17 x 102 15 x 102215 x 101 6.580 ?leNiI;iS) [62]
OPEDOT/AuNPs/ERGO/GCE SWV 1 4102 ; 10 mM PBS [63]
(pH =7.4)
0.1 M PBS
Ag/PANI/GCE CA 1.9 10-90 0.102 64
g/ / (pH = 6) [64]
PEDOT/AgNPs/CNCC/GCE CA 1.7 x 1072 5 x 1072-782 - ?I')zHl\Sis) [65]
0.1 M PBS
1 .
POA@Ag/GCE CA 83 x 10 5-45 (PH = 6) [66]
0.1 M PBS
—4 -3_10-1 _
Cu/PPy/GCE DPV 8.5 x 10 1073-10 (pH=7) [67]
Pt/PF (BE)/Pd (CV) DPV 48 %102 5 x 10-1-102 0.478 0.1 M H,SO4 [68]
0.1 M PBS
-3 —2_
Pt/PMT/Pdnano DPV 9 x 10 5 x 1072-1 1.37 (pH = 7.4 [69]
0.1 M PBS
-2 -1
Pt/PMPy/Pdnano DPV 1.2 x 10 10-1-10 0.71 (pH = 7.0 [70]

PSi-P3HT—porous silicon-poly-3-hexylthiophene; GCE—glassy carbon electrode; AuNPs—gold nanoparticles;
PM—polymelamine; CPE—carbon paste electrode; PAN/PANI—polyaniline; ITO—indium tin oxide; PT—
polythiophene; CNT—carbon nanotubes; PEDOT—poly(3,4-ethylene-dioxythiophene); Aupano—gold nanoparti-
cles; SDS—sodium dodecyl sulfate; PTAP—poly(2,4,6-triaminopyrmidine); OPEDOT—overoxidized poly(3,4-
ethylene-dioxythiophene); ERGO—electrochemically reduced graphene oxide; Ag—silver; CNCC—carboxylated
cellulose nanocrystals; POA—poly(o-anisidine); Cu—copper; PPy—polypyrrole; Pt—platinum electrode; PF (BE)—
polyfuran film prepared by bulk electrolysis; Pd (CV)—palladium nanoclusters electrodeposited through cyclic
voltammetry; PMT—poly(3-methylthiophene); Pdnano—palladium nanoparticles; PMPy—poly(N-methylpyrrole);
CA—chronoamperometry; DPV—differential pulse voltammetry; LSV—linear sweep voltammetry; SWV—square
wave voltammetry; PBS—phosphate-buffered saline.

Ahmed et al. [58] successfully developed an electrochemical sensor with a gold-
decorated porous silicon-poly-3-hexylthiophene (Au@PSi-P3HT) nanocomposite material
deposited onto a GCE for DA sensing. The nanocomposite material was synthesized by
means of chemical stain etching, sonication and photo-reduction processes. The sensor
exhibited increased sensitivity (0.5112 pA uM 1), linear response range (1-460 uM), good
limit of detection (0.63 uM), good reproducibility, repeatability and stability [58]. In
contrast, the same group developed an electrochemical sensor modified only with the
porous silicon (PSi) for DA determination and it provided unsatisfactory results compared
with the nanocomposite material. The beneficial effects of the P3HT polymeric matrix and
Au nanoparticles (Au NPs) are clearly seen with regard to the excellent electrocatalytic
activity and sensor selectivity, thus providing an enhanced charge transfer capability at the
electrode/electrolyte interface [71].

Polymelamine (PM) is considered a very interesting conducting polymer with applica-
tions in analytical chemistry. It contains amine groups that provide a good interaction with
Au NPs, at the same time preventing their aggregation [72]. Harsini et al. [59] modified

231



Chemosensors 2023, 11, 179

a CPE with a composite material consisting of polymelamine (PM) and AuNPs for DA
sensing. The polymerization of melamine and the deposition of AuNPs were carried out
through electrochemical routes. The good stability and distribution of metallic nanoparti-
cles in the polymeric matrix as well as the excellent selectivity for DA in the presence of
uric acid (UA) and ascorbic acid (AA) were successfully assessed. Furthermore, the sensor
response was linear in the concentration range of 0.2-11 uM with a LOD of 0.067 uM [59].

Other studies regarding gold-modified electrochemical sensors were conducted with
different composite materials in order to verify the electrochemical response toward
DA. Chu et al. [60] prepared a composite material consisting of an electrodeposited
layer of polyaniline (PAN)-conducting polymer and a self-assembled AuNPs layer on an
polyvinylpyridine (PVP)-modified indium tin oxide electrode (ITO). In this study, Au NPs
demonstrated a high effectiveness in improving the overall electric conductivity of the com-
posite material and enhancing the oxidation process of the aniline monomer. Moreover, the
obtained electrochemical sensor effectively detected DA in the presence of UA, providing a
linear response in the concentration range of 1-100 uM and a reduced LOD (0.91 pM) [60].
The electrochemical behavior of DA was also evaluated with a novel composite material
introduced by Khudaish et al. [62], namely, a film of poly (2,4,6-triaminopyrmidine) (PTAP)
modified with AuNPs.

According to the literature, tri-composite materials based on Au NPs, conducting
polymers and sp2-hybridized carbon nanomaterials [73] have gained popularity for sensing
applications. Inagaki et al. [61] employed a liquid-liquid interfacial reaction for the synthe-
sis of a thin film of polythiophene (PT), Au NPs and carbon nanotubes (CNTs). The main
advantage of the film is that it can be easily transferable to any substrate, in this case, an
ITO/glass-working electrode. CNTs act as stabilizers for the polymer matrix and together
with AuNPs can enhance the charge transfer capability and the electroactive surface area
of the electrode. It was concluded that a smaller amount of AuNPs generates the optimum
response for DA with a linear response in the concentration range of 1-10 pM, a good
sensitivity (19.492 pA uM~1) and a reduced LOD (0.69 uM) [61]. Pan et al. [63] pointed
out that the reduced conductivity of an overoxidized poly (3,4-ethylenedioxythiophene)
(OPEDOT) film can be overcome with the intercalation of other conductive materials:
Au NPs and electrochemically reduced graphene oxide (ERGO). The obtained electrode,
OPEDOT-AuNPs-ERGO/GCE, successfully demonstrated its selectivity for DA in the
presence of UA and AA with remarkable results: 1 uM LOD and 4-100 uM linear response
range [63].

AgNPs, as well as AuNPs, have been employed in electrochemical-sensing appli-
cations by reason of their low costs, simple synthesis reactions, biocompatibility, high
specific surface area, shape and size variations and adequate stability [74]. Paulraj et al. [64]
modified a GCE with Ag-doped PANI nanocomposites for H,O, and DA detection. The
composite was synthesized by means of a mechano-chemical oxidative polymerization
process. A PANI-conducting polymer, which acts as a substrate for AgNPs, prevents their
agglomeration and can also interact with the analyte (DA) through hydrogen bonding.
Hence, the sensor provided a linear response range for DA of 10-90 pM, alow LOD (1.9 M)
and a great sensitivity (0.102 pA uM~1) [64]. Even though AuNPs are implemented much
more frequently, copper nanoparticles (CuNPs) [67], palladium nanoclusters [68,70] and
PtNPs [69] have also been explored as potentially useful sensing materials.

In addition to the utility of conducting polymers and metallic nanoparticles in de-
veloping electrochemical sensors, research in the electrochemical engineering branch also
focuses on surfactants or doping ions, such as SDS, PSS and poly (2-acrylamido-2-methyl-
1-sulfonate) (PAMPS). Their intercalation in the polymeric backbone alongside metallic
nanoparticles causes an enhanced interaction with the analyte, thus providing outstanding
sensing properties of the composite material [26]. For instance, Atta et al. [31] prepared
an electrochemical sensor with a composite film consisting of Au NPs, PEDOT and SDS-
doping ions for DA determination. The experimental results demonstrated a high diffusion
of DA in the electrodeposited material and an increased charge transfer capability through
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the interaction of DA cations with the amino groups (-NH2) of Au and the electrostatic
interactions of DA cations with the anionic surfactant [31]. At present, the presence of sur-
factants is considered as a great benefit concerning the proper interaction with biologically
active compounds, the excellent electrochemical properties generated and the synergism
created between them and metal nanoparticles in terms of enhanced sensitivity.

Since 2011, two-dimensional materials based on metal carbides, nitrides and car-
bonitrides (MXene) have demonstrated outstanding properties for electrochemical sen-
sors/biosensors development: increased surface area and conductivity, the presence of
variable hydrophilic groups and the possibility of composition variation. Notably, DA has
been the center of great interest for analytical applications [75]. Ni et al. [76] proposed a
composite material consisting of titanium carbide (Ti3C,), graphitized MWCNTs and ZnO
nanospheres. The TizC, /G-MWCNTs/ZnO NSP sensor detected DA on a wide linear range
of 0.01-30 uM, with a LOD of 3.2 nM. Moreover, the superior anti-interference properties
were evaluated in the presence of Gly, oxalic acid, ascorbic acid, uric acid, leucine, alanine
and 5-fold glucose [76]. Another recent study by Zheng et al. [77] focused on a novel
composite material comprised of Ti3Cy, nanosheets and Pd/Pt NPs attached through a
DNA template on a GCE for DA detection. The 1:1.1:2.5 mass ratio of Ti3Cp, Pd and Pt
was responsible for the excellent sensitivity (1.05 mA mM~!cm~2), large concentration
range (0.2-1000 uM) and reduced LOD (30 nM). The developed sensor displayed increased
selectivity, sensitivity, accuracy and repeatability [77]. Ankitha et al. [78] implemented a
hydrothermal process to create a composite material based on Nb,CTy, MXene and MoS,
deposited on a carbon cloth for DA sensing. The author demonstrated that the 12.5% MoS;
composition provided remarkable sensing properties towards DA with a wide concen-
tration range (1 fM-100 uM) and an excellent LOD (0.23 fM) [78]. Composite materials
based on MXene are widely explored because they can enhance the overall stability of
materials by preventing MXene sheet stacking, the conductive properties and the active
surface area [75].

4.2. Serotonin

5-hydroxytryptamine or serotonin is a monoamine NTs that modulates important
physiological and neuronal functions: appetite, sleeping behaviors, mood and learning
capacity [6]. Most psychiatric disorders (e.g., psychosis, schizophrenia and depression) [6]
are influenced by changes in SER concentration values, but a major advantage for the world
of psychiatry lies in the discovery of serotonin re-uptake inhibitors, the most prescribed
antidepressants [79]. L-tryptophan amino acid is the precursor of SER, the biosynthesis
process characterized as a two-step reaction: 5-hydroxytryptophan (5-HTP) is produced
from L-tryptophan amino acid with the action of tryptophan hydroxylase enzyme followed
by a decarboxylation process through the action of aromatic amino acid decarboxylase.
This final step initiates the biosynthesis of SER, also known as the happiness hormone [80].

Taking into account the essential role of serotonin in the organism and the impaired
quality of life associated with its imbalance, simple and efficient measurements have been
sought. For this aim, the synergism created between metal nanoparticles and conducting
polymers in electrochemical sensors can enhance the analytical properties for the investiga-
tion of real samples. In order to gain a general perspective of the most recently developed
electrochemical sensors for SER sensing, in real and synthetic probes, we summarized the
most significant research studies in Table 2.
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Table 2. Electrochemical sensors for SER detection from recent studies.

Linear

Detection LOD Sensitivity Sample
Electrode Method (M) Respo(r;j\e/I )Range (LA uM-1) Matrix Refs.
AuNPs@PPy/GSPE SWV 3322 x 1073 1071-15 0.3316 0.02 M PBS [34]
(pH=74)
AuNPs@rGO/pTBA-Pd 3 Y 2 ) 0.1 M PBS
(C2H4N,59)2 /NF SWV 25 x 10 2 x 1072-2 x 10 (PH = 7.4) [81]
nano-Au/PPyox/GCE DPV 1x10°3 7 x 107322 x 107! - 0(';134 :P];)S [82]
0.1 M PBS
-3 —-1_103 -
PANIS/Au/GCE DPV 25 x 10 3 x 1071-10 (PH = 7.4) [83]
rGO/PANI/ AuNPs@MIPs DPV 11.7 x 1073 2 x1071-10 - ?lel\il;is) [84]
0.1 M PBS
—4 -2 -
Ag/PPy/Cu,0/GCE DPV 124 x 10 1072-250 (PH =7.2) [85]
Pt/MWCNT/PPy/AgNPs DPV 15 x 1072 5x 10715 - 0(.;13\1/1 ZPSB)S [86]
PEDOTNTs/rGO/AgNPs/GCE DPV 1x1074 10735 x 1072 14.304 0(‘;514583)8 [38]
PtNPs/OPPy /1GO/GCE DPV 106 x 103 10-470 - 0(';12’15173)5 [87]
P-Arg/ErGO/AuNP/GCE DPV 30 x 1073 1072-5 x 107} 5.97 0(';1345]73)8 [88]
0.1 M PBS
- - -3 . 2 -
CNTs-Cu, O-CuO@Pt CA 3x10 10-5 x 10 (PH = 7.4) [89]

AuNPs—gold nanoparticles; PPy—polypyrrole; GSPE—graphite-based screen-printed electrode; rGO—reduced
graphene oxide; pTBA—polyterthiphene; Pd (C;H4N,S;),—palladium complex; NF—Nafion; nano-Au—gold
nanoparticles; PPyox—overoxidized polypyrrole; GCE—glassy carbon electrode; PANIS—polyaniline nanowires;
PANI—polyaniline; MIPs—molecularly imprinted polymers; Ag—silver nanoparticles; Cu, O—copper oxide; Pt—
platinum electrode; MWCNT—multi—walled carbon nanotubes; PEDOTNTs—poly(3,4-ethylene-dioxythiophene)
nanotubes; rGO—reduced graphene oxide; PtNPs—platinum nanoparticles; OPPy—over-ozidized polypyrrole;
P-Arg—poly(L-arginine); ErGO—reduced graphene oxide; CNTs—carbon nanotubes; CuO—copper oxide; SWV—
square wave voltammetry; DPV—differential pulse voltammetry; CA—chronoamperometry; PBS—phosphate-
buffered saline.

AuNPs are still considered an optimum choice for sensor development, with a notable
number of research papers providing detailed and promising results for NT detection in
synthetic and biological samples. Tertis et al. [34] prepared a novel electrochemical sensor
based on a graphite screen-printed electrode (GSPE) modified with PPyNPs and AuNPs for
the efficient detection of SER. The AuNPs@PPy/GSPE sensor displayed a LOD of 33.22 nM
with a linear response in the concentration range of 0.1-15 uM and a good sensitivity
(0.3316 pA pM 1), mainly attributed to the presence of AuNPs that enhance the active
surface area of the electrode. It was tested in the presence of interfering species (ascorbic
acid, paracetamol and acetylsalicylic acid) with promising results and also in human serum
samples with good recovery times [34]. A study of Li et al. [82] reported the modification
of a GCE with a composite material consisting of over oxidized-polypyrrole (PPyox) and
AuNPs for SER and DA electrochemical sensing. The Au nanoclusters were electrochem-
ically synthesized with mean diameters of 80 nm and a homogenous distribution. The
sensor efficiently responded towards SER in the concentration range of 7 x 1073-2.2 uM
with a LOD of 0.001 uM, in 0.1 M PBS, pH =7 [82].

An interesting approach is attributed to Sadanandhan et al. [83] and constitutes the
electrodeposition of polyaniline nanowires (PANIS) on the surface of a GCE, followed by
the electrodeposition of AuNPs on the surface of PANIS/GCE through chronoamperometry
(CA). PANIS nanostructures were assembled with a template of anilinium-3-pentadecyl
phenyl sulphonic acid by template electrochemical polymerization. The obtained sensor
demonstrated its efficiency for SER sensing over a wide concentration range, 0.3-1000 M,
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with a LOD of 0.025 uM, comparable with the new research data from the literature. More-
over, it simultaneously detected SER, DA, AA and UA in 0.1 M PBS (pH = 7.4) and human
serum samples, demonstrating its potential application for NT sensing [83]. In general,
nanowire nanocomposites based on conducting polymers and metal nanoparticles are seen
as high-performance materials useful for the development of sensors, supercapacitors, light
emitting diodes and batteries [90].

Complex sensing materials with multilayered nanocomposites are desirable for NT
determination because each material exhibits a different chemical or physical property
that can further enhance the overall analytical response of the sensor. Chung et al. [81]
simultaneously detected SER and DA with an electrochemical sensor composed of bottom
and upper substrates. The bottom substrate consisting of AuNPs@rGO was drop-casted
on the surface of an SPCE. In the next step, the upper substrate formation, the monomer
2,2:5,2-terthiophene-3-(p-benzoic acid) (TBA), was electropolymerized to pTBA by cycling
the potential between 0 and +1.4V (vs. Ag/AgCl) in a solution of 0.1 M PBS, pH = 7.4.
Moreover, in order to form a catalytic material, a palladium complex (Pd (CoH4N,S;),) was
chosen for covalent bonding with the conducting polymer, pTBA, in the upper substrate.
The best current response was ascribed to a concentration of 1 mg/mL AuNPs@rGO and
the optimum thickness of the pTBA layer was achieved during three cycles of electropoly-
merization. The AuNPs@rGO/pTBA-Pd (CoH4N,S;),/SPCEs sensor is useful for SER
detection in a wide concentration range, 0.02-200 uM, and it has a reduced LOD of 2.5
nM. Additionally, the SER concentration was also evaluated from cancerous cells (MCF7)
and non-cancerous cells (MCF10A) [81]. Xue et al. [84] proposed a novel material with a
double-layered membrane of rGO/PANI nanomaterials and molecularly imprinted poly-
mers (MIPs) modified with AuNPs for SER sensing in a 0.1 M PBS (pH = 7.5) solution and
human serum probes. The first layer, the rtGO/PANI nanomaterial, was obtained via elec-
trostatic adsorption and electrodeposited on the surface of a GCE via cyclic voltammetry
by cycling the potential between —0.2 and 0.8 V. The second layer, AuNPs@MIPs, was
prepared at a constant potential of 0.9 V, in an electrolyte solution containing SER, AuNPs,
p-aminothiophenol (p-ATP) and PBS solution. The presence of the rGO/PANI nanocom-
posite with a diameter of 93 nm imparted a high specific surface area, good stability and
conductivity, and the presence of AuNPs@MIPs enhanced the sensor conductivity and
thus the overall sensitivity. Notably, the rGO/PANI/AuNPs@MIP sensor detected SER
in 0.1 M PBS (pH = 7.5) on a wide concentration range, 0.2-10 uM, with a lower LOD of
11.7 nM [84].

Several studies expressed the beneficial effects of ternary nanocomposites for SER-
sensing applications. For instance, Selvarajan et al. [85] implemented the ultrasonic irradia-
tion technique to generate a uniform layer of ternary nanocomposites, CupO NPs, AgNPs
and PPy by drop-casting it onto a GCE. The Ag/Ppy/Cu,O/GCE sensor with a mean
nanocomposite size of 20 nm showed higher electrocatalytic properties compared with un-
modified GCE, PPy/GCE and Cu,O/Ppy/GCE sensors. Furthermore, linear dependences
were acquired between the peak currents and the analyte concentration in the range of
0.01-250 uM with a reduced LOD of 0.0124 uM [85]. Other electrochemical sensors based
on ternary nanocomposites from the literature intercalate AgNPs with multi-walled carbon
nanotubes (MWCNTs) and a PPy-conducting polymer [86] or with PEDOT-conducting
polymer and rGO [38].

Nonetheless, various complex electrochemical sensors based on nanocomposite mate-
rials successfully detected SER in real and synthetic probes with high accuracy, selectivity
and sensitivity, thus providing a potential application for point-of-care testing in the medi-
cal area. The presence of conducting polymers assures an anti-biofouling effect and good
selectivity [91], whereas metal nanoparticles enhance the sensitivity [92]. The best electro-
chemical capacities were established through the optimization of working parameters, such
as buffer concentration, pH, temperature and type and concentration of the supporting
electrolytes, and the by the use of sensitive electrochemical techniques, such as square
wave voltammetry (SWV) and DPV [93].
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4.3. Epinephrine/Adrenaline

EPI or adrenalin is a catecholamine NT produced in adrenal glands (outside the
nervous system) and axon terminals (inside the nervous system). For this reason, it is
considered both a hormone and a NT [19,94]. Its effects are mostly encountered dur-
ing fight-or-flight responses, a condition caused by a very stressful situation where the
organism produces several effects: elevated blood glucose levels, tachycardia, mydria-
sis and blood transport to vital areas needed for survival, such as muscles, lungs and
heart [95,96]. EPI is biosynthesized from the same precursor as DA, L-tyrosine, by the
action of phenylethanolamine-N-methyltransferase on NE [54]. NE or noradrenalin is also
a catecholamine, the precursor of EPI, and is mainly associated with stressful situations [94].
It provides similar effects as EPI in the organism and its reduced levels in the brain can
cause depressive episodes [95].

The immediate identification of EPI in human biological samples is of primordial
importance due to an increase in neurological disorders in recent decades. For this aim,
simple and reliable techniques are required to obtain a proper diagnosis, to avoid un-
pleasant complications or just to improve life quality. Electrochemical sensors based on
nanocomposite materials can check all these criteria, with miniaturized sensors being an
excellent option in physiological monitoring. Table 3 summarizes the main research studies
of nanocomposite-materials-based electrochemical sensors for EPI detection in real and
synthetic probes with high accuracy, stability, reproducibility, selectivity and sensitivity.

Table 3. Electrochemical sensors for EPI detection from recent studies.

Linear

Detection LOD Sensitivity Sample
Electrode Method (M) Respo(r;j\e/I )Range (LA uM-1) Matrix Refs.
MIP/AuNPs/GCE DPV 7.6 x 1072 9 x 1072-102 - O(‘;II_‘I/I:P%S [97]
Au/ZnO/PPy/RGO/GCE DPV 6 x 1072 6 x 1071-5 x 102 - O(';SIA:P%S [98]
Au/PILs/PPyNTs/GCE DPV 298.9 x 103 35-960 427799 O('gill\f 5 E)S [99]
GNPs/Pan-LB/GCE SWV 8 x 1072 4 x 107110 - 0('531452)8 [100]
PPy/AuNPs/SWCNTs-AuE DPV 2% 1073 4 x1073-107! - 0'$HM:I;1)3S [101]
Nano-Au/PPyox/GCE DPV 3 x 1072 3 x 107121 - 0(.}1*1\1/1:13173)5 [102]
AuNPs/TGA/CS-MWCNTs CA 60 x 103 410111 231 0(.;)1{\1/121);3)5 [103]

0.1 M PBS

103 -

AuNPs/PDA/AN DPV 0.26 1-10 (PH = 7.4) [104]
Au nanoporous film/AuE (@)% 19 50-10° - 0'(Op1 HM:I;E;S [105]
rGO/AgNPs cotton and SWv 9.73 x 1073 0.5-40 i 0.1 M PBS [106]

rGO/AgNPs/polyester DPV 3.05 x 1073 1-30 (pH=7)

g poly p

AuPt@GR CA 0.9 x 1073 15 x 107%-96 x 1071 1628 ?}‘)ﬁ‘gis) [107]

MIP—molecularly imprinted polymer; AuNPs—gold nanoparticles; GCE—glassy carbon electrode; Au—gold
nanoparticles; ZnO—zinc oxide; PPy—polypyrrole; RGO—reduced graphene oxide; PILs—poly(ionic lig-
uids); PPyNTs—polypyrrole nanotubes; GNPs—gold nanoparticles; PAn-LB—polyaniline Langmuir-Blodgett
film; SWCNTs—single-walled carbon nanotubes; AuE—gold electrode; nano-au—gold nanoparticles; PPyox—
overoxidized polypyrrole; TGA—thioglycolic acid; CS—chitosan; MWCNTs—multi-walled carbon nanotubes;
PDA—polydopamine; AN—acupuncture needle; AuPt—gold and platinum nanoparticles; GR—graphene; DPV—
differential pulse voltammetry; SWV—square wave voltammetry; CA—chronoamperometry; CV—cyclic voltam-
metry; PBS—phosphate-buffered saline.

236



Chemosensors 2023, 11, 179

Liu et al. [97] reported the electrochemical detection of EPI with an electrochemical
sensor consisting of MIP and AuNPs. Firstly, AuNPs were electrodeposited on the surface of
a GCE from a solution of 4 mM HAuCl, by applying a constant potential of —0.2 V for 500 s.
Subsequently, the MIP/ AuNP-sensing material was achieved by immersing previously
formed AuNPs/GCE in a solution of 0.1 M PBS (pH = 6), the monomer, 3-thiophene boronic
acid (3-TBA) and EPI, followed by the removal of EPI with 0.05 M HCI. Several parameters
were optimized for a proper electrochemical response: pH = 6 for the electropolymerization
solution, the effective mole ratio 3-TBA: EPI was 4:1, 20 electropolymerization cycles and
50 mV/s scan rate. In these optimum working conditions, the MIP/AuNPs/GCE sensor
demonstrated its superiority in terms of a wide linear range (0.09-100 uM), LOD (0.07 uM),
good reproducibility, stability and selectivity in the presence of interfering species (AA, UA
and DA) [97].

The following studies describe several designs of electrochemical sensors based on
PPy-conducting polymers and AuNPs for EPI sensing, the most extensively used materials.
PPy has a good electrical conductivity, stability, ease of fabrication and surface modification,
large surface area and low charge-transfer resistance [108,109]. However, the intercalation
of AuNPs with a multitude of shapes and sizes assures an improvement of surface-to-
volume ratio, electrocatalytic properties and redox behavior for multiplex assays [57]. Ghan-
bari et al. [98] proposed a chemical modification of a GCE with a nanocomposite material
consisting of rGO, zinc oxide nano-sheets (ZnO) and AuNPs for EPI sensing in pharma-
ceutical and real samples. Scanning electron microscopy (SEM) images revealed a uniform
distribution of AuNPs and PPy nanofibers with mean diameters of 100 nm on the surface
of rGO sheets and ZnO nano-sheets with 1 um diameter. The Au/ZnO/PPy/RGO/GCE
sensor simultaneously detected AA, EPI and UA, providing high oxidation currents in 0.1
M PBS (pH = 7). Regarding EPIL, a 0.06 pM LOD was obtained with a linear current increase
in the concentration range of 0.6-500 uM [98]. Lu et al. [101] modified a gold electrode
(AuE) with multilayers of single-walled carbon nanotubes (SWCNTs)/AuNPs and PPy NPs
through the layer-by-layer method, a thin-film fabrication technique. The ternary nanocom-
posite effectively separated the oxidation peak potentials of UA and AA interferents from
EPI. As a result, the sensor is useful for the selective determination of EPI in 0.05 M PBS
(pH =7), human plasma, serum and urine [101]. Another similar study of Mao et al. [99]
described the use of poly (ionic liquids) that act as binding agents between AuNPs with
13-16 nm diameter and PPy nanotubes (PPyNTs), drop-casted on the surface of a GCE.
In optimum conditions (0.05 M PBS with pH = 7.4, 20 °C), the Au/PILs/PPyNTs/GCE
sensor response towards EPI was linear in the concentration range of 0.035-0.960 nM, with
a LOD of 298.9 nM and a good sensitivity of 42.7799 uA/mM. Furthermore, the CA method
was implemented to investigate the interference behavior in the presence of EPI, glucose,
D-fructose, sucrose, citric acid, UA, AA and DA. The results showed the anti-interferent
capability of the sensor as well as its good stability and sensitivity [99].

Alternatively, Yousif et al. [106] proposed novel textile-based sensors comprising
rGO/Ag nanocomposites prepared by the electron-beam irradiation technique, followed by
the pad-dry-cure method to impregnate the nanomaterials in cotton and polyester textiles.
CV, LSV, DPV and SWV methods were implemented to evaluate the electrochemical
behavior of rGO/AgNP/cotton and rGO/AgNP /polyester sensors. From the LSV results,
it was concluded that the rGO/AgNP/cotton sensor possessed the highest current density
associated with an increased selectivity compared with the rGO/AgNP/polyester sensor.
This occurs as a consequence of the enhanced structural porosity of the cotton fabric.
The highest sensitivities were achieved by using SWV and DPV methods. The prepared
rGO/AgNP/cotton and rGO/AgNP /polyester sensors exhibited wide linear ranges in
the concentration ranges of 0.5-40 pM and 1-30 uM as well as reduced LODs, 9.73 nM
and 3.05 nM, respectively [106]. In terms of electrode material, boron-doped diamond
(BDD), a p-type semiconductor, has also been explored for EPI sensing owing to its specific
properties: chemical and mechanical stability, low background currents and high potential
window [14,110].
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The present section successfully described the most notable research studies based on
various chemically or electrochemically developed nanocomposite materials with electro-
catalytic effects for EPI determination. Most researchers used DPV and SWV voltammetric
detection methods, instead of CV and LSV, due to their low capacitive current [93] and
improved selectivity [111]. However, the real-time monitoring of NTs in the brain area
(in vivo) requires the employment of fast-scan cyclic voltammetry (FSCV), an electrochem-
ical technique that measures NT release on a millisecond time scale per scan [112,113].
Moreover, it should be noted that the electrode material is crucial for biological mea-
surements. Usually, carbon-based electrodes are desirable for NT sensing due to their
biocompatibility, conductivity, good chemical and spatial resolution [114,115]. Another
essential parameter that must be considered while designing implantable sensors for NT
monitoring is the size of the electrode. FSCV conducted on conventional GCEs produces
large background currents and can also damage the neuronal tissue. For this aim, carbon
microelectrodes and nanoelectrodes are sought. Nonetheless, for the long-term monitoring
of NTs, the selectivity, sensibility and antifouling capability must be improved and the
large background charging currents removed [113,114]. In optimum working conditions,
the electrochemical sensors displayed good sensitivity, LOD, stability and reproducibility
coupled with low costs, ease of operation and the possibility of device miniaturization for
the manufacturing of portable devices.

5. Conclusions and Future Perspectives

The monitoring of neurotransmitters remains a challenging task for analytical chemists
and clinicians due to the great importance of neurotransmitters level in the management
of chronic diseases, such as Parkinson’s and Alzheimer’s diseases. The development of
novel analytical tools based on electrodes modified with nanocomposite materials remains
very active in the last decade. Amongst the most investigated analytical tools for neuro-
transmitters determination, electrochemical sensors based on CPs-MeNP-sensing materials
demonstrated improved sensitivity and selectivity. The ease of fabrication, low-cost ma-
terials, enhanced electrochemical and electrocatalytic properties and the possibility of
functionalization of MeNP-bearing sensing materials represent the current technological
achievement in the above-discussed research topic. The developed electrochemical sensors
have outstanding capabilities in the monitoring of neurotransmitters with the very-low
detection limits and linear response range that are required for real sample analysis. The
complex composition of biological samples containing several major interfering species
such as ascorbic acid, uric acid and tyrosine has been successfully addressed by using
CPs-MeNP-based sensing elements. The selectivity of the analytical measurements is a
challenging task in real sample analysis and the proposed electrochemical sensors demon-
strated very good anti-interference capability for dopamine, serotonin and epinephrine
detection in both synthetic and complex matrices. In addition to the selectivity factor, the
very-low level of neurotransmitters in biological fluids represents another difficult issue in
the development of novel electrochemical sensors. Thanks to the outstanding properties of
MeNPs, mainly Au, Pt and AgNPs, the sensitivity of the measurements has been greatly
enhanced, with the achievement of very-low detection limits in the range of nM and pM
range being possible.

The use of various electrode substrates, ranging from conventional electrodes such
as glassy carbon, metal or semiconductors to screen-printed electrodes, has paved the
way to the development of single-use, disposable sensors with a great potential for com-
mercialization. The versatility of the preparation methods for CPs—-MeNPs ensured their
successful immobilization over the wide range of substrates mentioned above, but also
including flexible, textile-based substrates for patch sensor design. The electrochemical
in situ reduction of metal precursors over polymeric coatings showed great potential for
electrochemical sensor development by a finer control of the size distribution and polydis-
persity of the metal nanoparticles. Novel electrochemical preparation methods based on
sinusoidal voltages and currents for CPs—-MeNP synthesis have also been developed. The
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synergic effects of the conducting polymers and the metal nanoparticles resulted in an over-
all increased analytical performance. In addition, the processability, the good mechanical
and chemical stability of the prepared CPs-MeNP-sensing materials as well as of new ma-
terials based on graphdiyne quantum dots enhanced their analytical applications [116-118].
All these efforts were devoted to the fabrication of fast, sensitive, selective, reliable and
versatile electrochemical sensors for the real-time monitoring of neurotransmitters. The
increasing impact of neurological diseases prognosed for the coming years underpins the
research on the topic of electrochemical sensors for neurotransmitter detection. Despite
the great achievements reported in the last decade, there are still challenging issues to be
addressed such as the improved reproducibility of the CPs—-MeNP synthesis from one batch
to another, improved selectivity and sensitivity, enhanced antifouling properties of the
sensing composite materials, miniaturization and fast integration with smart electronics
for the real-time monitoring and collection of analytical data. Additionally, the design of
novel conducting polymers will provide a suitable and stable microenvironment matrix
for metal nanoparticle in situ electrodeposition in the search for novel electrochemical
sensors. Finally, the development of implantable electrochemical sensors for the real-time
monitoring of neurotransmitters and their integration within internet-of-things devices
and applications constitute the most challenging tasks to be achieved in the near future.

Author Contributions: Conceptualization, S.-A.L., C.L. and S.L.; writing—original draft preparation,
S.-A.L. and S.L.; writing—review and editing, S.-A.L., C.L. and S.L.; supervision, S.L.; project
administration, S.L.; funding acquisition, S.L. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors thank the Ministry of Research, Innovation and Digitization, CCCDI—UEFISCDI,
for the grant PN-III-P2-2.1-PED-2021-3693 (607PED /27.06.2022), within the PNCDI III program.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by a grant of the Ministry of Research, Innovation and
Digitization, CCCDI—UEFISCDI, project number PN-III-P2-2.1-PED-2021-3693, within PNCDI III.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Moon, ].M.; Thapliyal, N.; Hussain, K.K.; Goyal, R.N.; Shim, Y.B. Conducting polymer-based electrochemical biosensors for
neurotransmitters: A review. Biosens. Bioelectron. 2018, 102, 540-552. [CrossRef] [PubMed]

2.  Tavakolian-Ardakani, Z.; Hosu, O.; Cristea, C.; Mazloum-Ardakani, M.; Marrazza, G. Latest trends in electrochemical sensors for
neurotransmitters: A review. Sensors 2019, 19, 2037. [CrossRef] [PubMed]

3. Laughlin, S.B.; Sejnowski, T.]. Communication in neuronal networks. Science 2003, 301, 1870-1874. [CrossRef]

4. Herculano-Houzel, S. The human brain in numbers: A linearly scaled-up primate brain. Front. Hum. Neurosci. 2009, 3, 1-11.
[CrossRef] [PubMed]

5. McCoy, A.N,; Tan, S.Y. Otto Loewi (1873-1961): Dreamer and Nobel laureate. Singapore Med. ]. 2014, 55, 3—4. [CrossRef]

6.  Banerjee, S.; McCracken, S.; Faruk Hossain, M.; Slaughter, G. Electrochemical Detection of Neurotransmitters. Biosensors 2020, 10,
101. [CrossRef]

7. Niyonambaza, S.D.; Kumar, P.; Xing, P.; Mathault, J.; De Koninck, P.; Boisselier, E.; Boukadoum, M.; Miled, A. A Review of
neurotransmitters sensing methods for neuro-engineering research. Appl. Sci. 2019, 9, 4719. [CrossRef]

8. Su, Y; Bian, S.; Sawan, M. Real-time: In vivo detection techniques for neurotransmitters: A review. Analyst 2020, 145, 6193-6210.
[CrossRef]

9.  Perry, M,; Li, Q.; Kennedy, R.T. Review of recent advances in analytical techniques for the determination of neurotransmitters.
Anal. Chim. Acta 2010, 653, 1-22. [CrossRef]

10. Baluta, S.; Zajac, D.; Szyszka, A.; Malecha, K.; Cabaj, ]. Enzymatic platforms for sensitive neurotransmitter detection. Sensors
2020, 20, 423. [CrossRef]

11. Suppiramaniam, V.; Bloemer, J.; Reed, M.; Bhattacharya, S. Neurotransmitter Receptors. Compr. Toxicol. Third Ed. 2018, 6-15,

174-201. [CrossRef]

239



Chemosensors 2023, 11, 179

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Marc, D.T; Ailts, ].W.; Campeau, D.C.A.; Bull, M.].; Olson, K.L. Neurotransmitters excreted in the urine as biomarkers of nervous
system activity: Validity and clinical applicability. Neurosci. Biobehav. Rev. 2011, 35, 635-644. [CrossRef]

Feigin, V.L.; Nichols, E.; Alam, T.; Bannick, M.S.; Beghi, E.; Blake, N.; Culpepper, W.J.; Dorsey, E.R.; Elbaz, A.; Ellenbogen, R.G.;
et al. Global, regional, and national burden of neurological disorders, 1990-2016: A systematic analysis for the Global Burden of
Disease Study 2016. Lancet Neurol. 2019, 18, 459-480. [CrossRef]

Sanghavi, B.J.; Wolfbeis, O.S.; Hirsch, T.; Swami, N.S. Nanomaterial-based electrochemical sensing of neurological drugs and
neurotransmitters. Microchim. Acta 2015, 182, 1-41. [CrossRef]

Rajarathinam, T.; Kang, M.; Hong, S.; Chang, S. Nanocomposite-Based Electrochemical Sensors for Neurotransmitters Detection
in Neurodegenerative Diseases. Chemosensors 2023, 11, 103. [CrossRef]

Kaur, H.; Siwal, S.S.; Saini, R.V.; Singh, N.; Thakur, V.K. Significance of an Electrochemical Sensor and Nanocomposites: Toward
the Electrocatalytic Detection of Neurotransmitters and Their Importance within the Physiological System. ACS Nanosci. Au 2022,
3, 1-27. [CrossRef]

Lakard, S.; Pavel, I.A.; Lakard, B. Electrochemical biosensing of dopamine neurotransmitter: A review. Biosensors 2021, 11, 179.
[CrossRef]

Hugo, V.; Castro, C.; Lucia, C.; Valenzuela, L.; Carlos, J.; Sanchez, S.; Pefia, K.P,; Pérez, S.J.L.; Ibarra, ].O.; Villagran, A.M. An
Update of the Classical and Novel Methods Used for Measuring Fast Neurotransmitters during Normal and Brain Altered
Function. Curr. Neuropharmacol. 2014, 12, 490-508. [CrossRef]

Labib, M.; Sargent, E.H.; Kelley, S.O. Electrochemical Methods for the Analysis of Clinically Relevant Biomolecules. Chem. Rev.
2016, 116, 9001-9090. [CrossRef]

Hulanicki, A.; Stanislav, G.; Folke, I. Chemical sensors: Definitions and classification. Pure Appl. Chem. 1991, 63, 1247-1250.
[CrossRef]

Baranwal, J.; Barse, B.; Gatto, G.; Broncova, G.; Kumar, A. Electrochemical Sensors and Their Applications: A Review. Chenosensors
2022, 10, 363. [CrossRef]

Diaz, A.F; Castillo, ].I; Logan, J.A.; Lee, W.-Y. Electrochemistry of conducting polypyrrole films. J. Electroanal. Chem. 1981, 129,
115-132. [CrossRef]

Inzelt, G. Conducting polymers. A new era in electrochemistry. In Monographs in Electrochemistry, 2nd ed.; Scholz, F., Ed.; Springer:
Berlin/Heidelberg, Germany, 2012; ISBN 978-3-642-27620-0.

Lyutov, V.; Efimov, I.; Bund, A.; Tsakova, V. Electrochemical polymerization of 3,4-ethylenedioxythiophene in the presence of
dodecylsulfate and polysulfonic anions—An acoustic impedance study. Electrochim. Acta 2014, 122, 21-27. [CrossRef]

Lyutov, V,; Gruia, V.; Efimov, I.; Bund, A.; Tsakova, V. An acoustic impedance study of PEDOT layers obtained in aqueous
solution. Electrochim. Acta 2016, 190, 285-293. [CrossRef]

Tsakova, V.; Seeber, R. Conducting polymers in electrochemical sensing: Factors influencing the electroanalytical signal. Anal.
Bioanal. Chem. 2016, 408, 7231-7241. [CrossRef]

Darabdhara, G.; Das, M.R;; Singh, S.P.; Rengan, A.K,; Szunerits, S.; Boukherroub, R. Ag and Au nanoparticles/reduced graphene
oxide composite materials: Synthesis and application in diagnostics and therapeutics. Adv. Colloid Interface Sci. 2019, 271, 101991.
[CrossRef]

Qiao, Z.; Zhang, J.; Hai, X;; Yan, Y.; Song, W.; Bi, S. Recent advances in templated synthesis of metal nanoclusters and their
applications in biosensing, bioimaging and theranostics. Biosens. Bioelectron. 2021, 176, 112898. [CrossRef]

Zhao, X.; Zhao, H; Yan, L.; Li, N.; Shi, ].; Jiang, C. Recent Developments in Detection Using Noble Metal Nanoparticles. Crit. Rev.
Anal. Chem. 2020, 50, 97-110. [CrossRef]

Espino-Lopez, LE.; Romero-Romo, M.; de Oca-Yemha, M.G.M.; Morales-Gil, P.; Ramirez-Silva, M.T.; Mostany, J.; Palomar-Pardavé,
M. Palladium Nanoparticles Electrodeposition onto Glassy Carbon from a Deep Eutectic Solvent at 298 K and Their Catalytic
Performance toward Formic Acid Oxidation. J. Electrochem. Soc. 2019, 166, D3205-D3211. [CrossRef]

Atta, N.F,; Galal, A.; EI-Ads, E.H. Gold nanoparticles-coated poly(3,4-ethylene-dioxythiophene) for the selective determination of
sub-nano concentrations of dopamine in presence of sodium dodecyl sulfate. Electrochim. Acta 2012, 69, 102-111. [CrossRef]
Tian, J.; Peng, D.; Wu, X,; Li, W,; Deng, H.; Liu, S. Electrodeposition of Ag nanoparticles on conductive polyaniline/cellulose
aerogels with increased synergistic effect for energy storage. Carbohydr. Polym. 2017, 156, 19-25. [CrossRef]

Agrisuelas, J.; Gonzélez-Sanchez, M.L; Valero, E. Hydrogen peroxide sensor based on in situ grown Pt nanoparticles from waste
screen-printed electrodes. Sens. Actuators B Chem. 2017, 249, 499-505. [CrossRef]

Tertis, M.; Cernat, A.; Lacatis, D.; Florea, A.; Bogdan, D.; Suciu, M.; Sandulescu, R.; Cristea, C. Highly selective electrochemical
detection of serotonin on polypyrrole and gold nanoparticles-based 3D architecture. Electrochem. Commun. 2017, 75, 43-47.
[CrossRef]

Mahalakshmi, S.; Sridevi, V. In Situ Electrodeposited Gold Nanoparticles on Polyaniline-Modified Electrode Surface for the
Detection of Dopamine in Presence of Ascorbic Acid and Uric Acid. Electrocatalysis 2021, 12, 415-435. [CrossRef]

Selvolini, G.; Lazzarini, C.; Marrazza, G. Electrochemical nanocomposite single-use sensor for dopamine detection. Sensors 2019,
19, 3097. [CrossRef]

Hatchett, D.W.; Quy, T.; Goodwin, N.; Millick, N.M. In-Situ Reduction of Au, Pd, and Pt Metal Precursors in Polyaniline:
Electrochemistry of Variable Metal Content Polymer/Metal Composites in Alkaline Solution. Electrochim. Acta 2017, 251, 699-709.
[CrossRef]

240



Chemosensors 2023, 11, 179

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

Sadanandhan, N.K.; Cheriyathuchenaaramvalli, M.; Devaki, S.J.; Ravindranatha Menon, A.R. PEDOT-reduced graphene oxide-
silver hybrid nanocomposite modified transducer for the detection of serotonin. ]. Electroanal. Chem. 2017, 794, 244-253.
[CrossRef]

Park, D.J.; Choi, ].H.; Lee, W].; Um, S.H.; Oh, B.K. Selective electrochemical detection of dopamine using reduced graphene oxide
sheets-gold nanoparticles modified electrode. . Nanosci. Nanotechnol. 2017, 17, 8012-8018. [CrossRef]

Lupu, S,; Lete, C.; Balaure, P.C.; Del Campo, EJ.; Muiioz, EX.; Lakard, B.; Hihn, J.Y. In Situ electrodeposition of biocomposite
materials by sinusoidal voltages on microelectrodes array for tyrosinase based amperometric biosensor development. Sens.
Actuators B Chem. 2013, 181, 136-143. [CrossRef]

Lupu, S.; Lete, C.; Balaure, P.C.; Caval, D.I.; Mihailciuc, C.; Lakard, B.; Hihn, J.Y.; del Campo, FJ. Development of amperometric
biosensors based on nanostructured tyrosinase-conducting polymer composite electrodes. Sensors 2013, 13, 6759-6774. [CrossRef]
Lete, C.; Berger, D.; Matei, C.; Lupu, S. Electrochemical and microgravimetric studies of poly|[3,4-ethylenedioxythiophene]-
tyrosinase biocomposite material electrodeposited onto gold electrodes by a sinusoidal voltages method. J. Solid State Electrochem.
2016, 20, 3043-3051. [CrossRef]

Lupu, S.; Lete, C.; JavierdelCampo, F. Dopamine Electroanalysis Using Electrochemical Biosensors Prepared by a Sinusoidal
Voltages Method. Electroanalysis 2015, 27, 1649-1659. [CrossRef]

Lete, C.; Lupu, S.; Lakard, B.; Hihn, J.Y.; Del Campo, FJ. Multi-analyte determination of dopamine and catechol at single-walled
carbon nanotubes—Conducting polymer—Tyrosinase based electrochemical biosensors. J. Electroanal. Chem. 2015, 744, 53-61.
[CrossRef]

Lete, C.; Lakard, B.; Hihn, J.Y.; del Campo, EJ.; Lupu, S. Use of sinusoidal voltages with fixed frequency in the preparation of
tyrosinase based electrochemical biosensors for dopamine electroanalysis. Sens. Actuators B Chem. 2017, 240, 801-809. [CrossRef]
Lupu, S.; Del Campo, EJ.; Mufioz, FX. Sinusoidal voltage electrodeposition and characterization of conducting polymers on gold
microelectrode arrays. J. Electroanal. Chem. 2012, 687, 71-78. [CrossRef]

Lupu, S.; Lakard, B.; Hihn, ].Y.; Dejeu, ]. Novel in situ electrochemical deposition of platinum nanoparticles by sinusoidal voltages
on conducting polymer films. Synth. Met. 2012, 162, 193-198. [CrossRef]

Bottari, D.; Pigani, L.; Zanardi, C.; Terzi, F.; Paturca, S.V.; Grigorescu, S.D.; Matei, C.; Lete, C.; Lupu, S. Electrochemical sensing
of caffeic acid using gold nanoparticles embedded in poly(3,4-ethylenedioxythiophene) layer by sinusoidal voltage procedure.
Chemosensors 2019, 7, 65. [CrossRef]

Garcia-Guzman, ].J.; Lopez-Iglesias, D.; Cubillana-Aguilera, L.; Bellido-Milla, D.; Palacios-Santander, ].M.; Marin, M.; Grigorescu,
S.D.; Lete, C.; Lupu, S. Silver nanostructures-poly(3,4-ethylenedioxythiophene) sensing material prepared by sinusoidal voltage
procedure for detection of antioxidants. Electrochim. Acta 2021, 393, 139082. [CrossRef]

Garcia-Guzman, J.J.; Lopez-Iglesias, D.; Cubillana-Aguilera, L.; Lete, C.; Lupu, S.; Palacios-Santander, ].M.; Bellido-Milla, D.
Assessment of the polyphenol indices and antioxidant capacity for beers and wines using a tyrosinase-based biosensor prepared
by sinusoidal current method. Sensors 2019, 19, 66. [CrossRef]

Garcia Guzman, J.J.; Aguilera, L.C.; Milla, D.B.; Rodriguez, LN.; Lete, C.; Palacios Santander, ].M.; Lupu, S. Development of
Sonogel-Carbon based biosensors using sinusoidal voltages and currents methods. Sens. Actuators B Chem. 2018, 255, 1525-1535.
[CrossRef]

Leau, S.A.; Lete, C.; Marin, M.; Javier, F.; Diaconu, I.; Lupu, S. Electrochemical sensors based on antimony tin oxide-Prussian blue
screen-printed electrode and PEDOT-Prussian blue for potassium ion detection. J. Solid State Electrochem. 2023. [CrossRef]
Yoon, H. Current trends in sensors based on conducting polymer nanomaterials. Nanomaterials 2013, 3, 524-549. [CrossRef]
Judrez Olguin, H.; Calderén Guzman, D.; Hernandez Garcia, E.; Barragan Mejia, G. The role of dopamine and its dysfunction as a
consequence of oxidative stress. Oxid. Med. Cell. Longev. 2016, 2016, 9730467. [CrossRef]

Klein, M.O.; Battagello, D.S.; Cardoso, A.R.; Hauser, D.N.; Bittencourt, ].C.; Correa, R.G. Dopamine: Functions, Signaling, and
Association with Neurological Diseases. Cell. Mol. Neurobiol. 2019, 39, 31-59. [CrossRef]

Daubner, S.C.; Le, T.; Wang, S. Tyrosine hydroxylase and regulation of dopamine synthesis. Arch. Biochem. Biophys. 2011, 508,
1-12. [CrossRef]

Saha, K.; Agasti, S.S.; Kim, C.; Li, X.; Rotello, V.M. Gold nanoparticles in chemical and biological sensing. Chem. Rev. 2012, 112,
2739-2779. [CrossRef]

Ahmed, J.; Faisal, M.; Alsareii, S.A.; Jalalah, M.; Harraz, FA. A novel gold-decorated porous silicon-poly(3-hexylthiophene)
ternary nanocomposite as a highly sensitive and selective non-enzymatic dopamine electrochemical sensor. J. Alloys Compd. 2022,
931, 167403. [CrossRef]

Harsini, M.; Widyaningrum, B.A.; Fitriany, E.; Ayuparamita, D.R.; Farida, A.N.; Farida, A.; Kurniawan, F; Wibawasakti,
S.C. Electrochemical synthesis of Polymelamine/gold nanoparticle modified carbon paste electrode as voltammetric sensor of
dopamine. Chinese J. Anal. Chem. 2022, 50, 100052. [CrossRef]

Chu, W.; Zhou, Q.; Li, S.; Zhao, W.; Li, N.; Zheng, J. Oxidation and sensing of ascorbic acid and dopamine on self-Assembled
gold nanoparticles incorporated within polyaniline film. Appl. Surf. Sci. 2015, 353, 425-432. [CrossRef]

Inagaki, C.S.; Oliveira, M.M.; Bergamini, M.F.; Marcolino-Junior, L.H.; Zarbin, A.].G. Facile synthesis and dopamine sensing
application of three component nanocomposite thin films based on polythiophene, gold nanoparticles and carbon nanotubes. J.
Electroanal. Chem. 2019, 840, 208-217. [CrossRef]

241



Chemosensors 2023, 11, 179

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Khudaish, E.A.; Al-Nofli, E; Rather, ].A.; Al-Hinaai, M.; Laxman, K.; Kyaw, H.H.; Al-Harthy, S. Sensitive and selective dopamine
sensor based on novel conjugated polymer decorated with gold nanoparticles. J. Electroanal. Chem. 2016, 761, 80-88. [CrossRef]
Pan, J.; Liu, M,; Li, D.; Zheng, H.; Zhang, D. Overoxidized poly(3,4-ethylenedioxythiophene)-gold nanoparticles-graphene-
modified electrode for the simultaneous detection of dopamine and uric acid in the presence of ascorbic acid. J. Pharm. Anal.
2021, 11, 699-708. [CrossRef] [PubMed]

Paulraj, P; Umar, A.; Rajendran, K.; Manikandan, A.; Kumar, R.; Manikandan, E.; Pandian, K.; Mahnashi, M.H.; Alsaiari, M.A.;
Ibrahim, A.A; et al. Solid-state synthesis of Ag-doped PANI nanocomposites for their end-use as an electrochemical sensor for
hydrogen peroxide and dopamine. Electrochim. Acta 2020, 363, 137158. [CrossRef]

Xu, G.; Liang, S.; Zhang, M.; Fan, J.; Feng, J.; Yu, X. Studies on the electrochemical and dopamine sensing properties of
AgNP-modified carboxylated cellulose nanocrystal-doped poly(3,4-ethylenedioxythiophene). Ionics Kiel 2017, 23, 3211-3218.
[CrossRef]

Pandian, P.; Kalimuthu, R.; Arumugam, S.; Kannaiyan, P. Solid phase mechanochemical synthesis of Poly(o-anisidine) protected
Silver nanoparticles for electrochemical dopamine sensor. Mater. Today Commun. 2021, 26, 102191. [CrossRef]

Ulubay, $.; Dursun, Z. Cu nanoparticles incorporated polypyrrole modified GCE for sensitive simultaneous determination of
dopamine and uric acid. Talanta 2010, 80, 1461-1466. [CrossRef]

Atta, N.F; El-Kady, M.F,; Galal, A. Palladium nanoclusters-coated polyfuran as a novel sensor for catecholamine neurotransmitters
and paracetamol. Sens. Actuators B Chem. 2009, 141, 566-574. [CrossRef]

Atta, N.F,; El-Kady, M.F. Novel poly(3-methylthiophene)/Pd, Pt nanoparticle sensor: Synthesis, characterization and its applica-
tion to the simultaneous analysis of dopamine and ascorbic acid in biological fluids. Sens. Actuators B Chem. 2010, 145, 299-310.
[CrossRef]

Atta, N.F; El-Kady, M.F,; Galal, A. Simultaneous determination of catecholamines, uric acid and ascorbic acid at physiological
levels using poly(N-methylpyrrole) /Pd-nanoclusters sensor. Anal. Biochem. 2010, 400, 78-88. [CrossRef]

Ahmed, J.; Faisal, M.; Harraz, FA ; Jalalah, M.; Alsareii, S.A. Development of an amperometric biosensor for dopamine using
novel mesoporous silicon nanoparticles fabricated via a facile stain etching approach. Phys. E Low-Dimens. Syst. Nanostruct. 2022,
135, 114952. [CrossRef]

Amidi, S.; Ardakani, Y.H.; Amiri-Aref, M.; Ranjbari, E.; Sepehri, Z.; Bagheri, H. Sensitive electrochemical determination of
rifampicin using gold nanoparticles/poly-melamine nanocomposite. RSC Adv. 2017, 7, 40111-40118. [CrossRef]

Cao, Q.; Puthongkham, P.; Venton, B.J. Review: New insights into optimizing chemical and 3D surface structures of carbon
electrodes for neurotransmitter detection. Anal. Methods 2019, 11, 247-261. [CrossRef] [PubMed]

Wani, I.A. Review—Recent Advances in Biogenic Silver Nanoparticles & NanoComposite Based Plasmonic-Colorimetric and
Electrochemical Sensors. ECS J. Solid State Sci. Technol. 2021, 10, 047003. [CrossRef]

Ankitha, M.; Arjun, A.M.; Shabana, N.; Rasheed, P.A. A Mini Review on Recent Advances in MXene Based Electrochemical
Wearable Sensing Devices. Biomed. Mater. Devices 2022. [CrossRef]

Ni, M,; Chen, J.; Wang, C.; Wang, Y.; Huang, L.; Xiong, W.; Zhao, P; Xie, Y.; Fei, ]. A high-sensitive dopamine electrochemical
sensor based on multilayer Ti3;C, MXene, graphitized multi-walled carbon nanotubes and ZnO nanospheres. Microchem. ]. 2022,
178, 107410. [CrossRef]

Zheng, J.; Wang, B.; Ding, A.; Weng, B.; Chen, J. Synthesis of MXene/DNA /Pd/Pt nanocomposite for sensitive detection of
dopamine. J. Electroanal. Chem. 2018, 816, 189-194. [CrossRef]

Ankitha, M.; Shabana, N.; Mohan Arjun, A.; Muhsin, P.; Abdul Rasheed, P. Ultrasensitive electrochemical detection of dopamine
from human serum samples by Nb2CTx-MoS2 hetero structures. Microchem. ]. 2023, 187, 108424. [CrossRef]

Kondziella, D. The Top 5 Neurotransmitters from a Clinical Neurologist’s Perspective. Neurochem. Res. 2017, 42, 1767-1771.
[CrossRef]

Lv, J.; Liu, E. The role of serotonin beyond the central nervous system during embryogenesis. Front. Cell. Neurosci. 2017, 11, 1-7.
[CrossRef]

Chung, S.; Akhtar, M.H.; Benboudiaf, A.; Park, D.S.; Shim, Y.B. A Sensor for Serotonin and Dopamine Detection in Cancer Cells
Line Based on the Conducting Polymer—Pd Complex Composite. Electroanalysis 2020, 32, 520-527. [CrossRef]

Li, J.; Lin, X. Simultaneous determination of dopamine and serotonin on gold nanocluster/overoxidized-polypyrrole composite
modified glassy carbon electrode. Sens. Actuators B Chem. 2007, 124, 486—493. [CrossRef]

Sadanandhan, N.K.; Devaki, S.J. Gold nanoparticle patterned on PANI nanowire modified transducer for the simultaneous
determination of neurotransmitters in presence of ascorbic acid and uric acid. J. Appl. Polym. Sci. 2017, 134, 1-9. [CrossRef]
Xue, C.; Wang, X.; Zhu, W.; Han, Q.; Zhu, C.; Hong, J.; Zhou, X,; Jiang, H. Electrochemical serotonin sensing interface based
on double-layered membrane of reduced graphene oxide/polyaniline nanocomposites and molecularly imprinted polymers
embedded with gold nanoparticles. Sens. Actuators B Chem. 2014, 196, 57-63. [CrossRef]

Selvarajan, S.; Suganthi, A.; Rajarajan, M. A novel highly selective and sensitive detection of serotonin based on
Ag/polypyrrole/Cu20 nanocomposite modified glassy carbon electrode. Ultrason. Sonochem. 2018, 44, 319-330. [CrossRef]
Cesarino, I.; Galesco, H.V.; Machado, S.A.S. Determination of serotonin on platinum electrode modified with carbon nan-
otubes/polypyrrole/silver nanoparticles nanohybrid. Mater. Sci. Eng. C 2014, 40, 49-54. [CrossRef]

242



Chemosensors 2023, 11, 179

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Ghanbari, K.; Bonyadi, S. An electrochemical sensor based on Pt nanoparticles decorated over-oxidized polypyrrole/reduced
graphene oxide nanocomposite for simultaneous determination of two neurotransmitters dopamine and 5-Hydroxy tryptamine
in the presence of ascorbic acid. Int. . Polym. Anal. Charact. 2020, 25, 105-125. [CrossRef]

Khan, M.Z.H,; Liu, X.; Tang, Y.; Zhu, J.; Hu, W,; Liu, X. A glassy carbon electrode modified with a composite consisting of gold
nanoparticle, reduced graphene oxide and poly(L-arginine) for simultaneous voltammetric determination of dopamine, serotonin
and L-tryptophan. Microchim. Acta 2018, 185, 3-12. [CrossRef] [PubMed]

Ashraf, G.; Asif, M.; Aziz, A ; Iftikhar, T.; Liu, H. Rice-Spikelet-like Copper Oxide Decorated with Platinum Stranded in the
CNT Network for Electrochemical in Vitro Detection of Serotonin. ACS Appl. Mater. Interfaces 2021, 13, 6023-6033. [CrossRef]
[PubMed]

Kausar, A. Polymeric nanocomposites reinforced with nanowires: Opening doors to future applications. J. Plast. Film Sheeting
2019, 35, 65-98. [CrossRef]

Soloducho, J.; Cabaj, J. Conducting Polymers in Sensor Design. In Conducting Polymers; Faris, Y., Ed.; IntechOpen: London, UK,
2016.

Malathi, S.; Pakrudheen, I.; Kalkura, S.N.; Webster, T.].; Balasubramanian, S. Disposable biosensors based on metal nanoparticles.
Sens. Int. 2022, 3, 100169. [CrossRef] [PubMed]

Deroco, P.B.; Giarola, ].d.F.; Wachholz Junior, D.; Arantes Lorga, G.; Tatsuo Kubota, L. Paper-Based Electrochemical Sensing Devices,
1st ed.; Elsevier B.V.: Amsterdam, The Netherlands, 2020; Volume 89.

Ellis, L.; Farrington, D.P.; Hoskin, A.W. Handbook of Crime Correlates, 2nd ed.; Ellis, L., Farrington, D.P., Hoskin, A.W., Eds.;
Academic Press: San Diego, CA, USA, 2019; ISBN 9780128044179.

Teleanu, R.I;; Niculescu, A.G.; Roza, E.; Vladacenco, O.; Grumezescu, A.M.; Teleanu, D.M. Neurotransmitters—Key Factors
in Neurological and Neurodegenerative Disorders of the Central Nervous System. Int. J. Mol. Sci. 2022, 23, 5954. [CrossRef]
[PubMed]

Kozlowska, K.; Walker, P.; McLean, L.; Carrive, P. Fear and the Defence Cascade: Clinical Implications and Management; Harvard
Review of Psychiatry; Harvard Medical School: Boston, MA, USA, 2015; ISBN 9780128033579.

Liu, E; Kan, X. Conductive imprinted electrochemical sensor for epinephrine sensitive detection and double recognition. .
Electroanal. Chem. 2019, 836, 182-189. [CrossRef]

Ghanbari, K.; Hajian, A. Electrochemical characterization of Au/ZnO/PPy/RGO nanocomposite and its application for simulta-
neous determination of ascorbic acid, epinephrine, and uric acid. J. Electroanal. Chem. 2017, 801, 466—479. [CrossRef]

Mao, H.; Zhang, H.; Jiang, W.; Liang, J.; Sun, Y.; Zhang, Y.; Wu, Q.; Zhang, G.; Song, X.M. Poly(ionic liquid) functionalized
polypyrrole nanotubes supported gold nanoparticles: An efficient electrochemical sensor to detect epinephrine. Mater. Sci. Eng. C
2017, 75, 495-502. [CrossRef]

Zou, L,; Li, Y;; Cao, S.; Ye, B. Gold nanoparticles/polyaniline Langmuir-Blodgett Film modified glassy carbon electrode as
voltammetric sensor for detection of epinephrine and uric acid. Talanta 2013, 117, 333-337. [CrossRef] [PubMed]

Lu, X,; Li, Y;; Du, J.; Zhou, X.; Xue, Z.; Liu, X.; Wang, Z. A novel nanocomposites sensor for epinephrine detection in the presence
of uric acids and ascorbic acids. Electrochim. Acta 2011, 56, 7261-7266. [CrossRef]

Li, J.; Lin, X.Q. Electrodeposition of gold nanoclusters on overoxidized polypyrrole film modified glassy carbon electrode and its
application for the simultaneous determination of epinephrine and uric acid under coexistence of ascorbic acid. Anal. Chim. Acta
2007, 596, 222-230. [CrossRef]

Dorraji, P.S.; Jalali, F. Novel sensitive electrochemical sensor for simultaneous determination of epinephrine and uric acid by
using a nanocomposite of MWCNTs-chitosan and gold nanoparticles attached to thioglycolic acid. Sens. Actuators B Chem. 2014,
200, 251-258. [CrossRef]

Zhan, S.; Xu, C.; Chen, J.; Xiao, Q.; Zhou, Z.; Xing, Z.; Gu, C.; Yin, Z.; Liu, H. A novel epinephrine biosensor based on gold
nanoparticles coordinated polydopamine-functionalized acupuncture needle microelectrode. Electrochim. Acta 2022, 437, 141468.
[CrossRef]

Fouad, D.M.; El-Said, W.A. Selective Electrochemical Detection of Epinephrine Using Gold Nanoporous Film. J. Nanomater. 2016,
2016, 6194230. [CrossRef]

Yousif, N.M.; Attia, R.M.; Balboul, M.R. Adrenaline biosensors based on r Go/Ag nanocomposites functionalized textiles using
advanced electron beam irradiation technique. J. Organomet. Chem. 2022, 972, 122392. [CrossRef]

Thanh, T.D.; Balamurugan, J.; Tuan, N.T; Jeong, H.; Lee, S.H.; Kim, N.H,; Lee, ]. H. Enhanced electrocatalytic performance of an
ultrafine AuPt nanoalloy framework embedded in graphene towards epinephrine sensing. Biosens. Bioelectron. 2017, 89, 750-757.
[CrossRef]

Jain, R.; Jadon, N.; Pawaiya, A. Polypyrrole based next generation electrochemical sensors and biosensors: A review. TrAC-Trends
Anal. Chem. 2017, 97, 363-373. [CrossRef]

Kaur, G.; Adhikari, R.; Cass, P.; Bown, M.; Gunatillake, P. Electrically conductive polymers and composites for biomedical
applications. RSC Adv. 2015, 5, 37553-37567. [CrossRef]

Marcu, M.; Spataru, T.; Calderon-Moreno, ].M.; Osiceanu, P; Preda, L.; Spataru, N. Anodic Voltammetry of Epinephrine at
Graphene-Modified Conductive Diamond Electrodes and Its Analytical Application. J. Electrochem. Soc. 2018, 165, B523-B529.
[CrossRef]

243



Chemosensors 2023, 11, 179

111.

112.

113.

114.

115.

116.

117.

118.

Scott, K. Electrochemical Principles and Characterization of Bioelectrochemical Systems; Elsevier Ltd.: Amsterdam, The Netherlands,
2016; ISBN 9781782423966.

Borgus, ].R.; Wang, Y.; Discenza, D.J.; Venton, B.]. Spontaneous Adenosine and Dopamine Cotransmission in the Caudate-Putamen
Is Regulated by Adenosine Receptors. ACS Chem. Neurosci. 2021, 12, 4371-4379. [CrossRef]

Venton, B.J.; Cao, Q. Fundamentals of fast-scan cyclic voltammetry for dopamine detection. Analyst 2020, 145, 1158-1168.
[CrossRef]

Cao, Q.; Shin, M.; Lavrik, N.V.; Venton, B.J. 3D-Printed Carbon Nanoelectrodes for In Vivo Neurotransmitter Sensing. Nano Lett.
2020, 20, 6831-6836. [CrossRef]

Hao, S.W.; Jin, Q.H. Association between the +104T/C polymorphism in the 5UTR of GDF5 and susceptibility to knee osteoarthri-
tis: A meta-analysis. Mol. Med. Rep. 2013, 7, 485-488. [CrossRef]

Berni, A.; Lahcen, A.A.; Salama, K.N.; Amine, A. 3D-porous laser-scribed graphene decorated with overoxidized polypyrrole as
an electrochemical sensing platform for dopamine. J. Electroanal. Chem. 2022, 919, 116529. [CrossRef]

Shabana, N.; Arjun, A.M.; Ankitha, M.; Mohandas, S.A.; Gangadharan, P; Rasheed, P.A. A flexible and sensitive electrochemical
sensing platform based on dimethyl sulfoxide modified carbon cloth: Towards the detection of dopamine and carvedilol. Anal.
Methods 2023, 15, 685-692. [CrossRef]

Bai, Q.; Luo, H.; Yi, X.; Shi, S.; Wang, L.; Liu, M.; Du, E; Yang, Z.; Sui, N. Nitrogen-Doped Graphdiyne Quantum-dots as an
Optical-Electrochemical sensor for sensitive detection of dopamine. Microchem. J. 2022, 179, 107521. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

244



MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

Chemosensors Editorial Office
E-mail: chemosensors@mdpi.com

www.mdpi.com/journal/chemosensors

Z

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the
Guest Editors. The publisher is not responsible for their content or any associated concerns. The
statements, opinions and data contained in all individual articles are solely those of the individual
Editors and contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or
property resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
‘¢ Access Publishing

t mdpi.com ISBN 978-3-7258-6807-0




