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Epigraph
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Abstract

Non-invasive biosensors offer significant advantages over traditional invasive methods,
as they eliminate discomfort, reduce risks of infection, and enable continuous monitoring without
disruption. In humans, these sensors enable the possibility of early disease diagnostic even
before symptoms manifest, leading to improved disease management and more effective
treatment strategies. In the agriculture field, non-invasive biosensors offer a non-destructive and
efficient approach to assess plant responses to environmental stresses. By understanding how
plants adapt and respond to different biotic and abiotic stresses, researchers can develop
strategies for crop improvement, optimize resource utilization, and enhance agricultural
productivity in a sustainable manner. However, there are several challenges that need to be
addressed, which include improving the sensitivity, selectivity, and stability of the biosensors, as
well as enhancing their compatibility with diverse plant species and environmental conditions.
Additionally, novel strategies are needed to expand the range of analytes that can be detected
non-invasively, allowing for a comprehensive understanding of plant physiological processes.
Research on novel non-invasive biosensors holds immense potential for advancing healthcare
practices, promoting preventive medicine, and enhancing our understanding of plant stress

physiology, thereby contributing to human well-being and global food security.

This dissertation presents the development and application of three novel biosensor
platforms for non-invasive health monitoring in both humans and plants. The first platform is based
on a stand-alone point-of-care (POC) device for rapid (< 10 min) SARS-CoV-2 diagnosis infection
in human swab or saliva using an antigen modified screen-printed carbon electrode (SPCE) and
electrochemical impedance spectroscopy (EIS) technique as quantification method. The sensor
exhibits an impressive limit of detection (LOD) of 1 fg/mL and a remarkable selectivity (> 90%).
These achievements represent substantial enhancements, with the LOD surpassing traditional
RT-PCR methods by over 23% and an astounding 99.98% improvement compared to a relevant
vertical-flow cellulose-based technology currently available. Additionally, this innovative
technology reduces the diagnostic time to just 10 minutes, marking a remarkable 91.67%
improvement compared to the time-consuming RT-PCR method and an important 33.33%
reduction compared to similar approaches. In the second platform, a chronopotentiometry
wearable biosensor, based on an iontophoretic system for plant exudation and a glucose oxidase
(GOx) modified SPCE, is proposed for glucose determination in plants under light and

temperature stress. This sensor achieves a low LOD of 9.4 umol L* and demonstrates a
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sensitivity of 22.7 nA/umol L*-cm, exposing significant improvements of over 130.98% and
99.95%, respectively, compared to a relevant microneedle-based biosensor designed for in-vivo
glucose monitoring in plants previously published in the state of the art. In the last platform, a
bioagent-free chronopotentiometry wearable biosensor based on the iontophoretic system and a
laser-induced graphene (LIG) electrode is proposed for non-invasive salicylic acid monitoring in
plants under drought and salinity stress. With a sensitivity of 82.3 nA/umol L'*.cm? and an LOD
of 8.2 umol L%, the proposed sensor demonstrates remarkable improvements of over 99% in
sensitivity and 90% in linearity, compared to the first non-invasive SA biosensor presented in the
state of the art. Overall, the presented platforms represent significant advancements in the field.
These biosensors hold great potential for revolutionizing healthcare and agriculture, enabling

efficient and timely monitoring of health conditions, stress responses, and disease detection.

Keywords: Non-Invasive biosensors, electrochemical impedance spectroscopy (EIS),

chronoamperometry, chronopotentiometry, SARS-CoV-2, abiotic plant stress monitoring.



Introduction

In recent years, biosensors have emerged as powerful tools for detecting and quantifying
biological analytes in various fields, including human healthcare and agriculture'?. A biosensor
integrates a biological recognition element, such as enzymes, antibodies, or nucleic acids, with a
transducer (electrode) to convert the biological or chemical response into a measurable signal®.
The development of biosensors has opened new avenues for non-invasive sensing technologies,
offering advantages over traditional invasive methods such as lower fabrication costs, ultrahigh
sensitivity and selectivity, real-time response, and the elimination of invasive procedures like

blood sampling or tissue biopsies*.

In the human healthcare field, there has been increasing attention on the development of
novel non-invasive sensors that combine the portability of wearable devices with the efficient
detection of ultra-low concentrations of analytes of interest>2. These sensors have extended their
use to monitoring disease-related metabolites (glucose®, lactate'®, ketones™, etc.) and viruses
(influenza'?, SARS-CoV-2'3, HIV'#, Ebola'®, etc.), enabling early disease detection and
personalized healthcare. However, wearable biosensors in healthcare face several challenges
that need to be addressed for widespread adoption'®. These challenges include understanding
the correlation between analyte concentrations in blood and non-invasive biofluids, developing
new bioaffinity assays and sensing strategies, conducting large-scale validation studies, and
commercializing reliable and accurate wearable biosensing platforms. Issues such as surface
fouling, stability, calibration, and fluid sampling systems must also be addressed. Additionally, the
composition of biofluids and their relation to blood chemistry and medical disorders should be
better understood. Rigorous interpretation of biosensor data, correlation studies with blood
assays, and integration with medical data mining and machine learning are crucial for the
successful realization of wearable biosensors in healthcare. Ensuring accuracy and reliability of
wearable sensor responses is vital for market acceptance and requires addressing challenges

related to surface fouling, biofouling, and stability under uncontrolled conditions.

Similarly, in the agriculture field, innovative biosensors have been proposed to effectively
monitor water availability'="°, soil nutrient levels?®-2®, environmental stressors?*2°, disease and
pest presence®3¢, pesticides®*!, and endogenous metabolites**=*°. These biosensors aim to
improve the understanding of plants' biological processes, especially considering the significant
impact of climate change on crop productivity worldwide'*5-%. Climate change, with its rising

temperatures, changing precipitation patterns, and increasing frequency of extreme weather
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events, poses a major challenge to agricultural productivity. Abiotic stresses such as drought®®°,
heat®!, cold®?, salinity®®, floodings®, light®>, and heavy metals®” are exacerbated by climate
change, disrupting plant physiological processes, reducing nutrient uptake, impairing
photosynthesis, and increasing susceptibility to diseases and pests. Consequently, crop yields
are negatively affected, leading to economic losses and food security concerns. Novel biosensor
technologies are required to monitor and manage these abiotic stresses by providing real-time,
non-invasive measurements of metabolites and enabling early detection of stress conditions for
timely interventions'%8-72. However, despite the significant progress in the development of these
sensing technologies, there are still challenges that need to be addressed to ensure their
scalability and global market introduction”. Two major challenges include the clean extraction of
plant metabolites without affecting the plant and the selective and sensitive detection of target
metabolites in complex plant matrices. Interfering substances, such as pigments or secondary
metabolites, can impact the accuracy and reliability of biosensor measurements. Additionally, the
stability and longevity of biosensors in plant environments, characterized by varying pH,

temperature, and humidity, pose challenges for long-term monitoring.

In this dissertation, the focus will be on the fabrication of non-invasive platforms for
quantifying metabolites related to human health and plant stress response. To address the
pressing need for rapid and accurate detection of SARS-CoV-2, the virus responsible for the
COVID-19 pandemic, the first developed platform is an electrochemical POC device that utilizes
cutting-edge technologies and methodologies. This device enables rapid (<10 min), sensitive, and
specific detection of the virus in human swab or saliva. The sensor has demonstrated remarkable
performance, exhibiting high sensitivity and selectivity, thus making it a promising tool for efficient
and early diagnosis of SARS-CoV-2 infections. Additionally, to comprehend the impact of abiotic
stresses, such as extreme temperatures, light, drought, and salinity, on plant health, two wearable
biosensors have been developed as the second and third platforms. These biosensors allow real-
time monitoring of glucose and salicylic acid levels. It offers a non-invasive and non-destructive
approach by integrating an iontophoretic system, which induces plant exudation. Through this
integration, valuable insights into the physiological response of plants to abiotic stresses are
obtained, aiding in the implementation of effective stress management strategies. Thereby, these
technologies serve as a valuable tool for researchers and farmers, enabling them to monitor
metabolite levels in plants and facilitating the early detection of stress and disease conditions.

Consequently, timely intervention measures can be undertaken.



Background: Electrochemical Biosensors,
Fundamentals and Recent Applications

Electrochemical methods are used to measure the presence of an analyte from the
detection of changes in potential, current, resistance or conductivity produced by a chemical
redox-type (reduction-oxidation) reaction that takes place inside an electrochemical cell. The
analyte of interest is contained in an electrolyte solution that interacts (conventionally) with three
electrodes, which act as the sensor’s transducer (Figure 1). Two key aspects define the electro-
chemical biosensor: 1) the working electrode and 2) the electrochemical technique. The working
electrode types are primarily categorized as carbon-based electrodes, which include mercury
drop electrodes, glassy carbon electrodes, diamond electrodes, carbon paste electrodes, screen-

printed electrodes, and paper-based electrodes.
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Figure 1. Electrochemical biosensor with three electrodes configuration. Purple-spherical markers
represent the target analyte. A redox type reaction occurs on the surface of the working electrode due to
the interaction between the functionalized electrode and the target analyte. As result of this chemical
process, a current flow through the working and counter electrode. If the analyte is reduced at the working
electrode the current is a cathodic current, while the analyte oxidation produces an anodic current. The

potentiostat ensures the required voltage conditions on each electrode and measure the faradaic current.



Currently, the most common electrochemical techniques are potentiometric,
conductometric, voltammetric, amperometric and impedimetric’4”®. Recently, unlike these
conventional techniques, photoelectrochemical (PEC) biosensing has drawn tremendous
attention from researchers in the field of biosensing. PEC sensors are based on a photo-to-electric
conversion process, where a photocurrent is obtained under the excitation from an external light
source, which improves the sensitivity of the method compared with the traditional techniques’®.
Zeng et al. developed an advanced photoelectrochemical platform for the determination of Kana
antibiotic by coupling palindromic molecular beacon based strand-displacement recycling
amplification with bismuth oxychloride (BiOCI-Au)-CdS quantum dot (QDs)-based Z-scheme
photoinduced reaction system’’. This sensor used for the first time the palindromic molecular
beacon as nucleic acid based amplification technique improving sensitivity and limit of detection
(29 fmol L™).

Traditional electrochemical techniques and electrode types are discussed next.

Electrochemical Techniques

Potentiometric methods are based on the measurement of charge potential at the working
electrode. This potential results from the chemical reactions that take place inside the sample
solution due to the analyte concentration at the reference electrode, and under condition of non-
current flow. The measured potential corresponds to the separation of charge across an interface
that directly depends on the electrode type and can be described using the Nernst equation, which
allows the calculation of ionic activities or effective concentration as a function of the electrode
potential and a standard potential’®. Lv et al. used a sensor of this type for detection of prostate-
specific antigen (PSA) and proposed an in-situ signal-amplification strategy to overcome weak
electrical readout’. This strategy consists of using oligonucleotides and detection antibody-
labeled gold nanoparticles as the signal-generation tags on anti-PSA capture antibody-modified
glassy carbon electrode with a sandwich-type assay mode. The results indicated an improved

performance of the sensor characterized by high sensitivity and a low LOD (13.6 pg mL™").

There are two types of electrodes commonly used in potentiometric methods: metallic and
ion selective electrodes. Metallic electrodes work as a direct indicator of the metal’s cation in
solution, through a redox reaction that develops an electrical potential depending on the
equilibrium between the cation and the electrode surface. lon selective electrodes (ISE) on the
other hand, are capable of selectively measuring the activities of a specific ion using a permeo-

selective membrane or ISM and the resulting potential depends on an ion transport process

9



between an inner membrane solution containing the ion of interest at a fixed activity and the outer
solution with the target analyte, resulting in charge separation or a phase-boundary potential
across the membrane. The membrane can be composed of silicate glass, inorganic salts, viscous
organic liquids or polymers, and must be non-soluble in the analyte solution, electrically
conductive and highly selective to the analyte of interest. In practice, the membrane interface is
not only permeable to a specific ion, which causes undesired ions to interfere and produce
additional charge. In these cases, the Nernst equation can be derived in the Nikolsky-Eisenman
equation, which allows the estimation of a sensor’s selectivity and LOD®" &', The increasing
interest in the use of potentiometric sensors for biological applications has given rise to the
development of novel models. For example, a sensitive potentiometric ascorbic acid (AA)
biosensor was introduced in®. It uses a magnetic beads-ascorbate oxidase/graphene oxide/zinc
oxide (MBs-AO/GO/ZnO) membrane-based screen-printed electrode to improve sensitivity,
selectivity and LOD for AA, in comparison to other AA sensor models. Recently, Silva et al.
reported the use of a paper-based strip electrode in a label-free potentiometric immunosensor for
Salmonella typhimurium detection, showing two different immunosensig interfaces assembled on
the electrode surface to control an ionic flux through a poly(vinylchloride) carboxylated (PVC-
COOH) membrane®3. Enzymatic biocatalytic precipitation and nanogold labeling techniques have
been used to improve the sensitivity in potentiometric immunosensors response®. The
logarithmic dependence between the chemical potential and the analyte activity, as expressed by
the Nernst equation, leads to a low sensitivity in potentiometric ion sensors. To overcome this, a
recently coulometric transduction method for solid-contact ion selective electrodes (SCISEs) was

introduced, which lowers membrane resistance and improves response time®°.

Voltammetric methods involve a time dependent potential applied to the working
electrode. The changing potential leads to a current flow --involving a chemical redox reaction in
the sample solution-- between the working and reference electrodes, which provides quantitative
and qualitative information associated to the target analyte. Depending on the oxidation or
reduction process, the current flows through the working to the counter electrode (also known as
a faradaic current). If the analyte is reduced at the working electrode, the faradaic current is a
cathodic current, while the analyte oxidation produces an anodic current. The magnitude of this
current is determined by the rate of the redox reaction, which is proportional to the rate of the
mass transport to and from the electrode and electron kinetics®. The mass transport represents
the rate at which the involved chemical species move toward or away the electrode surface and
can be expressed through diffusion, migration and convection modes. The diffusion mode is

based on the movement of ions or molecules, due to the different analyte concentrations on the
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electrode surface and the bulk solution. In convection, the motion occurs when the solution is
mechanically mixed. During the migration mode, reactant and products move due to the electrode
surface charge. Voltammetric processes generally occur in the region where the diffusion is the
only significant influencing mode in the mass transport. The rate at which electrons move in the
redox process, i.e., electron kinetics, also affects the current. If the electron kinetics are fast, the
redox process is reversible and at equilibrium. If the electron kinetics are slow, the redox process
is irreversible, and the chemical reaction is not described by the Nernst equation. In addition to
the faradaic current, other non-faradaic or background currents exist that can affect the
voltammetric measurements. This current is typically related to the redox reaction of impurities,
at the bulk solution and the electrode surface charge that leads to the formation of a structured

electrode solution interface also known as electrical double layer (EDL).

The different existing voltammetry techniques are uniquely classified based on the applied
time-based potential characteristics®”. The most common techniques include linear sweep and
cyclic voltammetry. Each one results in a plot or voltammogram of current vs applied potential,
where the current is a function of the target analyte’s concentration. In linear sweep voltammetry,
a linear potential ramp is applied to scan either oxidation or reduction reaction, whereas in cyclic
voltammetry positive and negative potentials are used to scan both analyte oxidation and
reduction process. In the cyclic process, the current response has separate current peaks for
oxidation and reduction processes. If an irreversible redox reaction takes place just one of these

peaks is defined®®.

Aptamer-based voltammetric biosensors have attracted great attention in early disease
diagnosis. Linlin Li et al. introduced a novel voltammetric sensor for Mycobacterium tuberculosis
(MTB) early detection using the ESAT-6 antigen secreted by the bacteria as target analyte, and a
glassy carbon electrode (GCE) with reduced graphene oxide with metal-organic framework (MOF-
rGO) deposited on the surface®. Toluidine Blue (TB) was immobilized on the GCE and
platinum/gold core/shell (Pt@ Au) was used to assemble thiolated ESAT-6 binding aptamer on
the electrode and further response amplification. The sensor performance exhibited excellent
specificity and favorable spike recovery for ESAT-6 detection. For voltammetry immunosensors
in health care, a novel signal amplification strategy is introduced in®. It is based on two current
changes produced by the synergism between the degradation of methylene blue and non-
conductive calcium carbonate spheres, which is used for CA199 detection and improves the
overall sensor sensitivity. Other fields of application have been successfully demonstrated using

voltammetric techniques. For example, in food monitoring applications, the sensitive detection of
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heavy metals, such as mercury ions, is important to food safety. In pharmaceutical analysis,
voltammetry biosensors performance has been improved by using carbon paste electrodes. For
instance, Vieira Thomaz employed a nanostructured TiOJ/carbon graphite matrix in the
development of a laccase (Lcc) carbon paste biosensor for paracetamol detection, improving the

sensor response with low LOD and good sensitivity®'.

The Amperometric technique is similar to the voltammetric one, albeit the applied electrical
potential to the working electrode is constant and the current is measured as a function of time
compared to the reference electrode. The oxidation or reduction reactions occur at the electrode
surface. This method has a higher sensitivity when compared with the potentiometric technique.
The amperometric technique is commonly used in biocatalytic and affinity sensors, due to its
simplicity and low background current effect®?. Recently, Cordeiro et al. introduced the use of
coated tungsten (W-Au) microelectrodes functionalized with permeo-selective membranes, for
biocatalytic sensors®®. This microelectrode improved the sensitivity and selectivity of glucose
monitoring in human brain. Multiplexing to the simultaneous detection of several analytes is an
important capability in biomarker sensing. Printed multiplexed amperometric biosensors have
been demonstrated on nanostructured conductive hydrogels in®. Moreover, Kucherenko et al.
presented a biosensor array for the simultaneous determination of glutamate, glucose, choline,
acetylcholine, lactate and pyruvate, by immobilizing selective enzymes on the surface of
amperometric platinum disc electrodes, demonstrating good selectivity and reproducibility

capabilities®.

In health monitoring, Guerrieri et al. presented a novel highly selective amperometric
biosensor for choline determination in patients with renal diseases based on choline oxidase
immobilized by co-crosslinking on a Pt electrode with a novel anti-fouling and anti-interferent
membrane, that aim to improve the interference rejection, stability and selectivity of the device®.
In the precision agriculture field, pesticide control is an important topic for environmental safety.
Recently, a novel amperometric biosensor was presented by B. Jiang et al. for organophosphorus
pesticides determination using an ionic layer-by-layer self-assembly technique, colloidal AuUNPs
and a p-aminobenzenesulfonic acid-modified glassy carbon electrode with immobilized diazo-

resins (DAR) on the surface®. This sensor exhibited improved precision, stability and low LOD.

In conductometry, changes in conductivity are measured from the analyte or medium
involved in chemical reactions. Conductivity is expressed as the ability to conduct a current. If the
media is a solution containing ions, its conductivity depends on the ion’s mobility between the

electrodes, where the bulk solution acts as an electrical conductor. Also, the immobilization of
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species on the electrode surface can produce changes in the conductivity of the electrode when
detecting binding events with the target analyte. This technique is characterized by its simplicity
and the no dependence on a reference electrode, and faradaic effects®®. Conductometry has been
widely used for biosensors in environmental monitoring and clinical analysis applications. A novel
conductometric immunosensing platform for highly sensitive detection of prostate cancer marker
is developed in® by using tetracyanoquinodimethane (TCNQ)-doped thin films of copper-MOF
and Cuz(BTC),, assembled on gold screen-printed electrodes. Target specific antibodies related
to the prostate cancer antigen (PSA) were immobilized on the electrode surface. The doping
process improved the overall conductance reaching low LOD and good linearity. In the
environmental monitoring field, a recent study by Kolahchi et al. presented a sensitive
miniaturized conductimetric biosensor for phenol detection'®. The sensor was developed by
immobilizing Pseudomonas sp. (GSN23) bacteria on the surface of gold interdigitated

microelectrodes.

Last but not least, the EIS technique is based on a small AC potential signal applied to the
working electrode, in order to measure the alternate current resulting from the chemical
reaction'"192, The impedance response can be analyzed from the relation between the applied
voltage and output current and has both magnitude and phase. The applied signal frequency is
varied over a wide range for obtaining the impedance spectrum. Then, the equivalent resistance
and capacitance can be determined by the in-phase and out-phase current responses, i.e.,
current can be i) in phase, with the voltage signal in a resistive behavior, and ii) out of phase, if a
capacitive behavior is presented. The resistive components include the sample solution
resistance, charge transfer resistance and mass transfer resistance. The capacitive components
are defined by the electrical double layer (EDL) on the electrode-sample solution interface. The
charge and mass transfer resistance are related to the electron kinetics and diffusion mass rate

at the chemical redox reaction, respectively.

EIS is capable of sampling electron transfer at high frequency and mass transfer at low
frequency'®. If the overall impedance response of the electrochemical system is determined by
the mass transfer behavior, the chemical redox reaction is interpreted as reversible. In contrast,
if the electron transfer behavior predominates, the chemical redox reaction is irreversible. The
EIS technique is insensitive to environmental disturbance and offers a good signal to noise ratio.

Commonly, impedance applications are related to affinity sensors designs'%*.

A novel EIS biosensor was developed by Bahner et al. for the detection of doxorubicin, a

pervasive cancer treatment drug'®. The sensor is based on the daunorubicin-binding aptamer,
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used as recognition element, and is immobilized with mercaptohexanol on gold. The overall
sensor performance is characterized by a linear relationship between the charge transfer
resistance and the doxorubicin concentration, resulting in high sensitivity, selectivity and low LOD.
In the food monitoring field, Elshafey and Radi presented an EIS biosensor for the determination
of alachlor (ALA) in human food'®. The sensor uses a molecularly imprinted polymer (MIP),

immobilized onto a glassy carbon electrode by electrodeposition of o-phenylenediamine (o-PD).

Electrochemical Electrodes

Mercury drop electrodes were widely used in electrochemical techniques such as
voltammetry. Mercury electrodes continuously drops into the solution through a capillary tube,
thereby constantly renewing the electrode surface, hence guaranteeing reproducible and
repeatability current-voltage curves. Unfortunately, this electrode has been restricted for in-vitro

biological applications due to toxicity considerations'"’.

Carbon-based electrodes are established as a good alternative due to their
biocompatibility and useful properties, as chemically inertness, reduction of background currents,
broad potential windows, optimal surface chemistry and high stability against corrosion% 1%, Ryu
et al. fabricated a carbon-based electrode by plasma-enhanced chemical vapor deposition (CVD)
of vertically aligned nanotubes on a graphite foil substrate, which showed high chemical active

area and electrocatalytic affinity for high performance in electrochemical applications™°.

Glassy Carbon electrodes, also known as vitreous carbon electrodes, offer similar
properties to the carbon-based electrodes, yet they are impermeable to gases, have extremely
low porosity, are compatible with all common solvents, and are not chemically inert under
electrochemical oxidation at high anodic potentials™". Yi et al. showed that the performance of a
glassy carbon electrode under electrochemical oxidative conditions causes morphology changes

on the electrode’s surface''2.

Diamond electrodes have attracted great attention in recent years for electrochemical
sensing applications, given that they can work under extremely high anodic potentials and exhibit
robustness to aggressive chemical media in comparison with other electrodes. Furthermore,
diamond has unique properties, including a high atomic density, good optical response (i.e.
transparency), chemical inertness, and high thermal conductivity, albeit it is an electrical insulator.
To improve its electrical conduction, diamond is doped with boron (BDD) showing an extremely

high structural stability, while being insensitive to oxygen evolution, enabling low signal to noise
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ratios and an enhancement of the potential window''®"'411%  BDD sensors have been

demonstrated in the early detection of influenza'? and other related applications'6117.118,

Carbon paste electrodes are the result of combining graphene powder with insoluble
organic binders. This type of electrodes exhibit fast surface renewal, low background current,
polarizability, modifiable structure and high reproducibility, although the organic solvent can affect

the organic binder, decreasing the overall electrode’s performance’'®'2°,

Screen-printed electrodes are based on the screen-printing technology of graphite
powder, or any other ink onto a polymer, ceramic or an inert substrate. This type of electrode is
usually designed for single-use, has a small form factor, and provides important analytical

features, albeit its kinetics are slow'?" 122,123,124

Paper-based electrodes are composed of cellulose fibers. These exhibit high mechanical
flexibility, have reduced thickness and provide a porous open structure capability. Printing
techniques allows different materials to be deposited on paper, including carbon nanomaterials,
with improved electronic transport response’?S. Preston et al. reported a novel silver nanowire (Ag
NW) paper hybrid electrode with stable optoelectronic properties, high transmittance and low

sheet resistance due to its grater optical haze'?®.

Each one of the above electrodes can be used in any electrochemical technique.
Generally, the choice depends on the analyte of interest, its chemical properties, and the sensing
requirements. The most used electrochemical sensors are three-electrode systems: with working,
reference and counter electrodes. The working electrode handles the chemical reactions of the
target analyte, the reference electrode provides a stable (unchanging) potential during the
reaction processes at the working electrode (typically based on a conductive material or
semiconductive polymer). The faradaic currents from chemical reactions flows through the
working electrode to the counter electrode, which is usually made of a highly conductivity

materials, such as platinum.

Biocatalytic and Affinity Electrochemical Sensors
Electrochemical biosensors can use recognition elements, such as, antibodies, nucleic

acids, proteins, enzymes, tissue slices, etc., and can be grouped into two important categories:

biocatalytic and affinity sensors'?’.
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Biocatalytic sensors are commonly used for protein detection using enzymes as the
principal recognition element, due to their high biocatalytic activity, affinity to biorecognition and
signal amplification, and substrate specificity. These unique properties offer a biological detection
process that is cheap and easy to implementation'?®. For these sensors, the probe or working
electrode must be coated with a thin layer of an immobilized enzyme that has to be replaced
periodically according to the electrode’s lifespan. Common immobilization techniques include
enzyme entrapment, encapsulation, incorporation, adsorption, cross-linking, and covalent

attachment2°®. 130, 131,

Affinity Sensors are based on strong and selective binding events between a biological
recognition element, such as antibodies (Abs), membrane receptors, and oligonucleotides, and
the target analyte. Here, the recognition process depends on size and shape complementarity,
between the binding site and the target analyte®213133, Depending on the biorecognition element
that is employed, affinity sensors can be grouped as DNA hybridization and immunosensors. The
DNA hybridization-based sensors detect the interaction of a DNA, RNA or aptamer with certain
proteins or base-pairing sequence complementarity to immobilized DNA/RNA on the electrode’s
surface. This sensor is commonly used in medical diagnosis for cancer, viral infections and
genetic diseases™* 135 136137 |mmunosensors, on the hand, are based on the non-covalent
reaction between an antigen (Ag) and an antibody (Ab). This process is characterized by high
specificity and affinity. An Ag is any molecule recognized as foreign in an organism, whereas Ab
molecules are produced by specialized cells of the immune system. The Ab must be immobilized
on the electrode’s surface, using a specific, high catalytic organic label. The most common labels
used are GOx, alkaline phosphatase (ALP) and [-galactosidase (B-Gal). Generally, Ab
immobilization techniques includes covalent binding, adsorption and biotin-streptavidin

Iinkages138,139,140

A key factor that affects the sensitivity of the immunosensors is the non-specific binding
(NSB) interaction between Ab and undesirable molecules. Design strategies to prevent this
involves the usage of specific blockers, such as, BSA. Immunosensor applications include food

safety, detection of biological toxins, bacteria and virus'1142143 as well cancer-specific drugs'#*.

Table 1 presents a summary of different electrochemical sensor techniques applied to

biosensing.
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Table 1. Selected studies on electrochemical biosensors.

Target Electrochemical Functionalized LOD Pros Cons Reference
Analyte technique probe
Dopamine Voltammetry Graphite/nafion- 0.023 pmol L't Good Constrained 145
SPCE selectivity  sensitivity
and
stability
Beta-amyloid  Voltammetry AuUNPs/ITO 50 nmol L1 In-vitro Specificity 146
(AB) peptide electrode highly depends  on
sensitive redox
sensor properties
TNF-a Voltammetry TNF-a antibodies 2 fgmL? High Low portability 147
sensitivity
selectivity
, Stability
and
reusability
SARS-CoV-2  Voltammetry Spike antibody- 1agmL? High Low potability =~ 148
graphene oxide specificity
(f-GO) modified ,
glassy carbon sensitivity
electrode and fast
detection
time.
Prostatic Amperometry Ab-AuNPs-HRP 0.2ngL? Rapid and Non 149
specific sensitive repeatability
antigen detection  consideration
(PSA)
HER2 Amperometry CD24c/AuNPs- 0.23nmol Lt Early Non-specific 150
GO/GCE analyte current
detection  appearance
Cardiac EIS Anti-cTnl- 1 pg mL? High No reported 151
troponin | PtNPs/Graphene sensitivity
(cTnl) -MwCNTs/GCE and
selectivity
SARS-CoV-2 EIS Spike (S) 1.065fgmL?  High Electrode 152
sensitivity ~ repeteability.
and
selectivity
, low-cost,
portable,
rapid
diagnosis
Testosterone EIS Molecularly 0.4 fmol L Good No reported 153
imprinted selectivity
polymer/graphen and long-
e-oxide (MIP/GO) term
stability
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Perspectives and current challenges

The use of sensors for biomarker detection continues to attract a growing interest,
therefore the search for novel designs with higher sensitivity and selectivity, non-invasive
approaches, lower cost and ease of implementation and operation continues. The design of
biosensors focuses on improving two major aspects: i) selectivity of target analyte/s and ii)
detection technique. The former involves all information related with the analyte and its interaction
with the experimental environment. Designers must establish the best possible signals
(measurable and distinguishable with high SNR) associated to the interaction between a probe
and a given target analyte. On the other hand, the detection method, or transducer, guides costs,
ease of implementation, power consumption, reliability, and capabilities for in-vivo or ex-vivo
measurements, etc. A significant part of this effort remains on materials’ choices that seek to
improve the overall biosensor’s sensitivity, LOD, selectivity, measurement range, measurement
time and repeatability. State-of-the-art approaches show that the most common biosensors today
are based on optical, mechanical, electrochemical and FET principles. Each type with its own
advantages and disadvantages depending on the application, as summarized in Table 2. In the
medical field, the electrochemical biosensors are preferred for protein detection due to its simpler
implementation, high sensitivity (fmol L' to nmol L") and selectivity, low cost and fast chemical
response. Moreover, bio-functionalized electrochemical devices can detect a wide range of
biomarkers by chemical affinity between the analyte and the electrode’s surface material.
However, the sensor’s performance may be compromised by the type of electrode and its
response within the electrochemical technique that is employed. Therefore, the electrode material

and functional groups need to be chosen accordingly.

Current research and development efforts on biosensors, seek to overcome the inherent
design and manufacturing limits at the nanoscale, by exploiting new techniques, materials, and
implementation technologies. Continued research in the field is expected to enable higher levels
of technology integration, new bottom-up and self-assembled synthesis, improved portability and
power efficiency, higher accuracy and resolution, and faster real-time monitoring capabilities.
Biosensors will soon become an integral part of hand-held or embedded devices, e.g., for real-
time and non-invasive health monitoring, early disease detection, improved drug delivery systems
in disease treatments, for humans, animals and plants alike. Furthermore, biosensors will become
essential tools to improve our understanding of, and to optimize the response of living organisms
to biotic and abiotic stresses, i.e., to elucidate complex genomic-phenotypic relationships to

correlate gene function with gene expression, under different conditions. Biosensors will offer new
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ways to study and understand a wide range of biological processes, over multiple length and time

scales.
Table 2. Summary of biosensors platforms.
Sensing LOD range Sensitivity Pros Cons Preferred
platform applications
Optical 1pgmL?tto Can be Ultrasensitive Selectivity Environmental
100 pg mL? improved using  analyte detection decreases in biomedical and
nanoparticles complex pH measurement
(NPs) biological
solutions
Mechanical 4fgmL1to 20  Proportional to Mass per area Detection signal Biological and
pg mL?t the molecular sensitivity can be can be affected food monitoring
mass of the improved by highly affected by
analyte cantilever non-specific
geometry adsorption
FET 0.04 fgmL? to Can be Ease integration Short Environmental
20 mg mL? controlled by with electronic measurement measurement,
the channel’s and portable ranges that ion detection and
electronic systems depend on IoT devices!®
transport channel geometry
properties and electrical
properties
Electrochemical 0.4 fgmL'to  Depends on the Ease Non-specific Food Monitoring,
0.023 pg mL? relation implementation,  binding molecules  pharmaceutical
between the setup. decreases signal and biomarker
chemical affinity measurementand to noise ratio and detection

among the

species and
electrode
properties

characterization

specificity
depends on redox
properties
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Objectives

General Objective

Design non-invasive, portable, and low-cost electrochemical biosensors with improved analytical
sensitivity and selectivity for quantifying pathogens and metabolites in humans and plants,

enabling real-time, in-vivo, and in-situ health monitoring.

Specific Objectives

1. Design and implement electrodes, transducers, and a processing single device for the
non-invasive detection and monitoring of target analytes in humans (SARS-CoV-2) and
plants (glucose and salicylic acid).

2. Optimize the sensitivity and selectivity parameters for the detection of these analytes
within a linear measurement range of applicable interest in each case (i.e., 1 fmol L to
50 fmol L' for SARS-CoV-2, and 1 ymol L to 500 mmol L™ for salicylic acid).

3. Assess the performance of the biosensors using in-situ and in-vivo measurements (of
humans and plants exposed to different stressors).

4. Demonstrate quantifiable improvements in sensitivity or selectivity, and non-invasiveness,
compared to state-of-the-art methods for detecting and monitoring the target analytes.

5. ldentify limitations of the designed biosensor in terms of repeatability, linearity, electrode
lifespan, and commercialization aspects, providing insights for future research and

development.
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Materials and Methods

Biosensor Platforms for Human and Plant Health Monitoring

Portable Instrument for Electrochemical Measurements

Figure 2a presents a block diagram illustrating the architecture of the developed
instrument. It utilizes an Arduino Nano 33 loT, featuring a low-power Arm® Cortex®-M0 32-bit
SAMD21 processor, 8 ADC channels (8/10/12 bits), and a 10-bit DAC. The instrument also
includes a 0.91" OLED display with 128x32 pixels resolution, an integrated AD9833 waveform
generation module capable of producing sine, square, and triangular waveforms within a
frequency range of 0.1 Hz to 12.5 MHz. Signal conditioning and filtering are carried out using an
operational amplifier circuitry (MCP6074). Power is supplied by two 1.5 V AAA batteries, providing
approximately 5 hours of continuous operation. To determine this duration, we conducted
consecutive measurements using the instrument until the batteries were depleted, and we
observed that it was able to complete approximately 25 measurements before the power source
was exhausted. A DC-DC converter generates 5 V and -3.3/3.3 V sources, where the 5 V source

powers the Arduino unit and the 3.3 V source powers the digital components.

The signal conditioning module adjusts the offset (0 V) to compensate for the open circuit
potential (OCP), which represents the initial voltage when no current is flowing, as well as the +/-
signal amplitudes. It then applies the potential waveforms produced by the signal generation
module to the working electrode (WE), amplifies and filters the current through the WE™.
Moreover, the signal conditioning module, includes a potentiostat to maintain a constant potential
between the reference electrode (RE) and counter electrode (CE) while decoupling the
electrodes'®>"'%". The operational amplifiers act as buffers for each electrode. Here, the MCP6074
JFET-based operational amplifier allows for high input impedance and low input noise current. To
capture ultra-low analyte concentrations (< fg mL™"), with currents in the nArange, we use a trans-
impedance amplifier (TIA)'58-"81 that provides the current ranges specified in Table 3, while filtering
adherent noise'®2. These current ranges can be controlled with the analog switch 74hc4066 using
the Arduino. Currents above these ranges are limited (saturated) by the dual +/-3.3 V potential
and the low feedback resistance implemented in the TIA operational amplifier. The latter stage in
the conditioning module incorporates the 10-bit Arduino ADC unit capable of sampling at 300 ks/s

that discretizes the generated waveforms and the output current from the electrodes. Here, the
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offset of the output signal form the TIA stage must be adjusted to span it within the range of 0 V
to 3.3 V allowed by the ADC.

The PCB is housed in a plastic enclosure that provides support and protection. It includes
a 4-terminal electrode connector, enabling the use of 2, 3, and 4 terminal electrodes. Additionally,
there is a button-controlled interface to enhance user control and monitoring (refer to Figure 2b).
Areusable electrode base, based on a PCB, ensures safe measurements and secure disposal of

connected electrodes.

The user interface offers various options, including the Covid-19 diagnosis method,
technique selection menu, customization of technique parameters, WiFi connectivity, Micro SD
storage, test ID input, and language selection. Before applying the waveform excitation potential
between the WE and RE and recording the output current flow, the instrument verifies the
presence of an electrode inserted. All input signals undergo digital filtering to reduce noise. The
supported electrochemical techniques include cyclic voltammetry (CV), differential pulse
voltammetry (DPV), amperometry (CA), and EIS. For the EIS method, the CPU calculates the

real and imaginary impedances for each applied frequency, based on Euler's equation (1).

%4 %4
Z'=7005F,Z”=75‘en1" 1)
A Fourier transform algorithm is implemented to determine the phase difference between
the applied potential and the output current. Impedance tuples are used to generate the

corresponding Nyquist plot.

Table 3. Signal generation module specifications.

Parameters Value
Range 1 1 nA-100nA
Range 2 100 nA—-1uA
Range 3 1 uA —-100 uA
Range 4 100 UA -1 mA
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Figure 2. Portable Instrument for electrochemical measurements. a) Block diagram illustrating the
components of the instrument. The Arduino serves as the central processing unit (CPU) and controls the
generation of signal waveforms using the AD9833 module and the 10-bit DAC. b) Device enclosure
showcasing the compact design. The instrument is powered by two AAA batteries and includes a power

jack port for easy recharging.
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Fabrication and Functionalization of Screen-printed Carbon Electrodes for SARS-
CoV-2 Detection

The screen-printed carbon electrodes (SPCEs) were fabricated using a screen-printing
thick-film deposition process'®. The electrodes included a working electrode (WE) with 0.44 cm
diameter, an Ag/AgCI pseudo reference electrode, and a counter electrode, all printed on a PET
film substrate. The WE and CE were printed using carbon-based conductive paste, while the RE
was printed using Ag/AgCl paste. The RE was dried at 120 °C, and the WE and CE were cured
at 130 °C. A total of 132 SPCEs were printed on PET sheets, and 15 sheets were produced in a
single batch. The electrodes were cleaned using methanol, followed by cyclic voltammetry scans
(scan rate = 0.05 V/s, potential = 10 mV) and EIS tests (frequency = 0.02 Hz to 20 kHz, potential
= 10mV) to confirm quasi-reversible behavior towards redox species using 50 ul of 1mmol L™
KsFe(CN)s in PBS 1X solution.

For selective detection of SARS-CoV-2 spike protein, the WE's surface was modified by
electrodeposition of para-aminobenzoic acid (PABA) through 50 uL diazonium salt in 0.1 mol L'
HCL solution. CV sweeps were performed to ensure proper modification. The PABA-modified WE
was washed with distilled water and dried. The PABA-modified WE was chemically activated with
1-ethyl-3-(3-dimethylamino propyl) carbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide
(NHS) (0.05 mol L' EDC and 0.05 mol L NHS in 2-morpholinoethane sulfonic acid, sodium salt-
MES Na, pH 6.0) for 1 hour at 5 °C + 0.5 °C. A solution of monoclonal antibody (mAb) dissolved
in 1X PBS (0.01 mol L', pH 7.4) was incubated on the WE for 2 hours. Reference 4015-D003
chimeric Anti-Spike-mAb from Sinobiological was used for spike protein selectivity. To accelerate
the EDC-sulfo (NHS) activation process 2-(N-morpholino)ethanesulfonic acid (MES) was used.
mAbs bind to the carboxyl end of PABA, preferentially through their lysine residues. The SPCE
was then washed with 5 mL of PBS 1X solution and dried at room temperature. To reduce the
non-specific binding of other molecules to the surface of the electrode, preventing unwanted
interactions and reducing background noise, a 1% concentrated solution (10 mg mL™") of bovine
serum albumin (BSA) was dissolved in a sodium salt (0.5 mol L' MES) buffer solution at pH 6.0
and incubated on the WE for 1 hour at room temperature. The SPCE was then washed again with
5 ml of PBS 1X solution and dried at room temperature, before use or preservation in a 4 °C

humid environment.
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Fabrication and Functionalization of Screen-printed Carbon Electrodes for Glucose

Monitoring in Plants

Glucose sensors were fabricated using a screen-printing process with a semiautomatic
MMP-SPM printer (Speedline Technologies, Franklin, MA, USA). The metallic steel stencils
compatible with this printer were manufactured by engraving the electrode design drawn on
AutoCAD 2018 software (Autodesk, San Rafael, CA, USA) onto 12 in. x 12 in. and 75 pm thick
stencils by Metal Etch Services, San Marcos, CA, USA. Thus, the three-electrode system consists
of a working electrode (WE) with 0.3 cm diameter, an Ag/AgCI pseudo reference electrode, and
a counter electrode fabricated using stencils with two different designs with the layer-by-layer
screen printing method. In this context, Ag/AgCl patterns were printed on the PET substrate as
interconnection and reference electrode, then curing was applied for 10 min at 85 °C. Afterward,
working and counter electrode patterns were printed with Prussian Blue carbon ink, and curing

was used under the same conditions.

The enzyme-based modification applied to the Prussian Blue WE transducer area (0.07
cm?) of the electrodes was carried out with a single-layer drop-casting method. First, stock
enzyme solution was prepared, dissolving 40 mg mL"" GOx and 10 mg mL™' BSA in 0.1 mol L
PBS (pH 7.4). Then, the drop-casting solution was formed by mixing the stock enzyme stock
solution, 0.1% Nafion, and Glutaraldehyde 1 wt. % in H>O in a ratio of 1:1:0.33 respectively.
Therefore, the modification process was completed by taking 3 L for each WE from this mixed
solution. After completing all these procedures, the electrodes were stored at 4 °C overnight to
allow them to dry. The dried electrodes continued to be stored under the same conditions before

testing.

Fabrication and Reaction Mechanism of Laser-induced Graphene Electrodes for

Salicylic Acid Monitoring in Plants

LIG electrodes were fabricated using a MUSE 3D (Full spectrum laser, USA) laser
machine equipped with a 45 W CO;, laser (A = 10.6 um). Graphene was induced onto a 125 pm-
thick polyimide (Pl) substrate with a parameter configuration of 10% (4.5 W) power and 15 cm/s
raster speed'®. Prior to laser exposition, the substrate was cleaned with ethyl alcohol and
thermally treated in an oven at 180 °C for 15 minutes. To reduce thermal deformation caused by

the laser the Pl substrate was coupled to a 130 pym-thick adhesive vinyl sheet. Then, the LIG
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electrode consists of a rectangular graphene-induce working electrode with 0.18 cm? effective
area (0.3 cm x 0.6 cm), a graphene-induced reference electrode, and a counter electrode with
0.36 cm? effective area. CE electrode was covered with Ag/AgCl ink to improve the kinetics of the
electrochemical reaction and facilitate the mass transfer of SA to the electrode surface, then
curing was applied for 10 minutes at 85 °C. Two connection terminals were added to the WE to

ensure compatibility with 3 and 4 electrode connectors.

Salicylic acid was detected through its electro-oxidation process. Since this reaction is
irreversible and pH dependent, all measurements were performed in 1X PBS buffer (0.01 mol L™
at pH 7.4). Under neutral pH conditions, the electrochemical oxidation of salicylic acid occurs via
a one-electron transfer process'®. As result, the hydroxyl radicals formed on the electrode surface
during the oxygen transfer reactions of water oxidation causes the hydroxylation of SA to form
2,3-dihydroxybenzoic acid, 2,5-dihydroxybenzoic acid and other SA based dimeric products?.
The large surface area of LIG provides numerous active sites for the adsorption of salicylic acid

molecules, thereby enhancing the reaction kinetics®'.

lontophoretic Electrodes and Hydrogels Fabrication

The iontophoretic electrodes (anode and cathode) were designed on AutoCAD 2023
software (Autodesk, San Rafael, USA) with an effective area of 2.65 cm? and then fabricated by
cutting a substrate (PET or PI) film with the Cricut Maker 3 machine. Subsequently, Ag/AgCl ink
was printed onto the electrodes, and three layers of ink were applied, each cured at 85 °C for 10
minutes. These electrodes were then stored in a petri dish under room conditions. Agarose
hydrogels were created by dissolving 3% (w/v) agarose in 0.1 mol L' PBS buffer. The solution
was stirred at 150 °C with a constant rotation speed of 100 rpm until it became transparent. An
acrylonitrile butadiene styrene (ABS) mold consisting of circular discs with a diameter of 3 cm and
a thickness of 500 ym was used to give the desired shape to the solution. Next, 600 pL of agarose
gel solution was transferred for each circular disc to these cavities. The gels that hardened at
room temperature were then stored at 4 °C for future use. PVA hydrogels were created by mixing
10 g of 0.1 g mL™" PVA solution, 14 g of 0.2 g mL" KOH, and 2.6 g of 1.3 g mL"" sucrose. The
resulting solution was transferred to a mold with shapes corresponding to the effective sensing
area of the sensing electrode and approximately 0.1 cm thick, then were dried for 12 hours in a
vacuum desiccator. Once the drying process was completed, the hydrogels were washed in 0.1

mol L' PBS buffer until the hydrogel pH reached approximately 7.4. The PVA hydrogels were
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stored in 0.1 mol L' PBS buffer at room temperature. Before been used, any excess surface

water was removed from the hydrogel using tissue paper.

In-vitro Characterization

SARS-CoV-2 Determination

All SPCEs for SARS-CoV-2 detection were characterized using EIS'®. Impedimetric
measurements were conducted by depositing 50 uL of 1 mmol L' KsFe(CN)s in PBS 1X solution
onto all three electrodes. Impedance measurements were performed at the equilibrium potential
of the [Fe(CN)s]*/[Fe(CN)s] redox couple with a sinusoidal excitation amplitude of V(t)=0.01 V
(RMS). The measurements were taken at 40 steps per decade within the appropriate frequency
range (0.5 Hz — 10 KHz), with five repetitions at each frequency, and averaged for each run. The
impedance (Z) was expressed in terms of a real component (Z') and an imaginary component (-
Z"). On an unmodified WE, the surface is not blocked, allowing the redox probe to easily undergo

alternating reactions induced by the AC voltage, V(t).

At each modification step of the WE (4-PABA, mAb, and BSA) and during the testing of
SARS-CoV-2(S) antigens, the ions in the redox probe gradually become blocked by bound
molecules, resulting in an increase in the charge transfer resistance (Rc) of the interface. The
impedance of the WE is influenced by the biological layers that modify its surface. This effect is
visualized in a Nyquist plot of real vs imaginary impedance using an AC excitation signal of 10
mV amplitude across the frequency range of 0.5 Hz to 10 kHz. These parameters were chosen
to improve the measurement speed and response time of the EIS test while ensuring the recording
of all critical data and producing an interpretable EIS response with minimized noise'®’. Each EIS
measurement was parameterized using a Randles equivalent electrical circuit model'® to
describe the biosensor-liquid interface. A 50 pl solution of 1 mmol L' KsFe(CN)s in 1X PBS was

employed for this purpose.

To evaluate the performance of the biomodified SPCEs, laboratory sample solutions
containing recombinant SARS-CoV-2 spike protein (Reference 40591-VO8H, Spike S1-His
Recombinant Protein from Sinobiological, USA) were prepared. These solutions covered a
concentration range of 1 to 50 fg mL™ and were prepared in 1X PBS. For the experimental
procedure, 4 L of this solution was applied to the surface of the WE and incubated at controlled

temperature of 5 °C £ 0.5 °C for 5 minutes before performing an EIS measurement. To assess the
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in-vitro reproducibility of the sensor, three replicates were included as error bars in the calibration

curve, ensuring good statistical validity.

Glucose Determination

To quantify glucose, first, a stabilization step was performed by adding 60 yL of 0.1 mol L™
PBS buffer to the electrode surface, followed by performing 5 consecutive cronoamperometric
scans. The last scan served as the current reference or baseline for the subsequent
measurements on the SPCE. Subsequently, different concentrations of glucose (20 umol L, 40
umol L', 60 umol L', 80 umol L") were applied, and each one was characterized by performing
another 3 CA scan. The last current scan was then compared to the baseline, and the current
difference (Ai) between the baseline and the recorded current response at 60 seconds was
calculated. These Ai values for each specific concentration were used to construct the calibration
curve of the sensor. The CA measurements were conducted using a reduction potential for
glucose of -0.15 V for a duration of 60 seconds using the Palmsens4 potentiostat. To assess the
reproducibility of the sensor, three replicates were included as error bars in the calibration curve,

ensuring good statistical validity.

Salicylic Acid Determination

The electro-oxidation process of salicylic acid can result in the formation of poly-SA films on
the electrode surface through coupling and cross-linking reactions. These films can cause fouling,
leading to decreased accuracy, precision of subsequent reactions, and reduced electrode
reusability. To mitigate this issue, the use of strong bases such as NaOH has been employed to
non-destructively remove the poly-SA films from the electrode surface'®. To ensure accurate
measurements and enable electrode reusability, a post-reaction treatment was implemented.
After each SA oxidative reaction, 60 pL of 0.1 mol L"' NaOH was drop-casted onto the electrode

surface and allowed to sit for 1 minute before being washed away with distilled water.

To quantify salicylic acid, the response of 60 yL of 1X PBS buffer was first stabilized by
conducting three consecutive CA scans. The last scan was considered as the current reference
or baseline for the LIG electrode. Subsequently, a specific standard concentration of SA (10 umol
L1, 60 umol L', 150 umol L', 270 ymol L', 360 umol L, 550 ymol L', 1 mmol L") was applied
to the electrode surface, followed by another CA scan. The current difference (Ai) between the
baseline and the recorded SA current response at 20 seconds was calculated. Each Ai value for

each specific concentration was utilized to construct the calibration curve of the sensor. Cyclic
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voltammetry studies were conducted to estimate the oxidation peak of SA on the LIG electrodes.
The CV measurement was carried out with the potential range from -0.3 to 1.2 V and a scan rate
of 0.1 V/s. To assess the sensor's reusability after NaOH treatment, LSV measurements were
performed. LSV was conducted from 0.2 to 1.0 V, with parameters including a 0.005 V increment
in potential and a scan rate of 0.05 V/s. Salicylic acid concentrations were quantified using CA
measurements, in which a constant oxidation potential of 0.8 V was applied for a duration of 30
seconds. All SA in-vitro measurements were conducted using 60 pL of 1X PBS buffer media and
a PalmSens4 potentiostat and to assess the reproducibility of the sensor, three replicates were

included as error bars in the calibration curve, ensuring good statistical validity.

Non-invasive Evaluation
SARS-CoV-2 Diagnosis

The EIS measurement is employed to determine the concentration of spike proteins that
have bound to the immobilized monoclonal antibodies (mAbs) on the electrode surface. Prior to
detecting the SARS-CoV-2 virus, each electrode used in the process undergoes characterization
(blank SPCE with EIS data up to the BSA layer), and the Randles circuit parameters are stored
in the SD memory of the instrument. During the diagnosis process, the user enters the pre-defined
9-digit ID of the electrode into the device's GUI. Once the human swab or saliva sample
measurement is completed, the implemented firmware compares the newly obtained charge R
value for the electrode with the previously stored value. If an increase of at least 10% is calculated,

a positive diagnosis is displayed on the device's screen.

On-Plant Glucose and Salicylic Acid Monitoring Under Abiotic Stresses

The reverse iontophoretic system applies an electric current between the anode and
cathode terminals, creating an electric field that facilitates the transport of biomarkers from the
plant to the electrodes through electroosmotic flow. Depending on their charge, different
metabolites exhibit distinct migration patterns: neutral and positively charged metabolites move
towards the cathode (negative polarized terminal), while negatively charged ones are transported
to the anode (positive polarized terminal)'®43168 The ionization behavior of salicylic acid is
influenced by pH. Under acidic conditions, salicylic acid exists primarily in its neutral form,
whereas in alkaline environments, the carboxylic acid group can lose a proton, resulting in the
formation of the negatively charged carboxylate ion (salicylate)'®. In plants, most SA and its

constituents exist in the pH range of 5.0 to 8.0. Under these conditions, salicylic acid exists
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predominantly as negatively charged salicylate ions'°. Consequently, the sensing LIG electrode
was positioned in the anode terminal of the iontophoretic system to detect the anionic form of
salicylic acid extracted from the leaves. Conversely, due to the neutral charge of the glucose
molecule (with balanced positive and negative charges), the SPCE was placed in the cathode

terminal.

The utilization of reverse iontophoresis for non-destructive metabolite extraction and
identification in plants has been explored in previous studies'®'7°, However, the extended
extraction time required to obtain usable volume samples for electrochemical analysis (> 1 h) has
hindered the practical application of this technique for plant sensing, considering that the temporal
resolution of measurements should be shorter than the biological processes of interest''-'74. To
overcome this limitation, an agarose hydrogel layer was incorporated between the iontophoresis
electrodes and the plant's leaf surface to enhance electron transfer at the interface. Additionally,
a porous PVA hydrogel membrane was integrated to facilitate the diffusion and absorption of
glucose into the working electrode. Implementing a magnetic sandwich setup ensured constant
pressure on the leaf surface, effectively reducing the reverse iontophoresis time to just 10

minutes.

The sensor's cathode and anode terminals were strategically positioned on the abaxial
and adaxial planes of the leaf surface'®®, using magnetic holders in a sandwich-like configuration.
This setup effectively reduces the required current intensity for fluid extraction from the plant by
minimizing the resistance between the sensor terminals. Each experiment utilized a single
designated leaf, and no more than one leaf was involved in a stress experiment. The on-plant
measurements followed the following procedure: i) prior to reverse iontophoresis application, the
sensor response was stabilized by conducting 15 to 20 consecutive amperometry scans until a
consistent current was achieved, with the final scan serving as the current reference or baseline,
ii) reverse iontophoresis was then initiated using the anode and cathode electrode terminals, iii)
one new amperometry scan was performed after reverse iontophoresis, and iv) the current
difference (Ai) between the baseline and the post-reverse iontophoresis value was calculated at
20 seconds for salicylic acid and 60 seconds for glucose. To validate the results, each studied
metabolite was also measured without the reverse iontophoresis step. After a 10-minute waiting
period, five consecutive chronoamperometry scans were conducted, and the last scan was used
to calculate Ai. Additionally, for glucose measurements, control experiments without the enzymatic
modification step were carried out. Reverse iontophoresis studies were conducted using a current

magnitude of 053 mA for 10 minutes, employing the Palmsens4 potentiostat.
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Chronoamperometric measurements were performed with a constant oxidation potential of 0.8 V
applied for 30 seconds to detect salicylic acid and a reduction potential of -0.15 V for 60 seconds

to detect glucose.

Different plant species were utilized to evaluate glucose and salicylic acid under abiotic
stress conditions. Glucose analysis was conducted on Capsicum annuum L. (sweet pepper),
Gerbera jamesonii (gerbera), and Lactuca sativa L. (romaine lettuce) plants subjected to light and
temperature stresses. Salicylic acid measurements were performed on Persea americana Hass
(avocado) plants exposed to abiotic and salinity stresses. These plants were chosen because
they have a leaf surface area > 7 cm?, which fits the sensing platform comfortably. To induce light
stress, plants were subjected to prolonged darkness (> 3 consecutive days) to observe the
behavior of endogenous glucose. Additionally, glucose response was monitored using different
light bulbs with the same specifications as the study by'7>'7® (fluorescent lamp: 10 W/21397, 400
nm — 700 nm, Goodwill, blue: 9W/A19, 430 nm, Gonhom; red: 9W/A19, 670 nm, Gonhom) placed
30 cm from the top of the plant to ensure consistent and evenly distributed irradiance'””. For
temperature stress, glucose levels were monitored in plants exposed to room temperature (25
°C) as well as two extreme temperatures (10 °C and 40 °C) for a duration of 40 minutes. During
all glucose experiments, plants were regularly watered with 400 mL per week. In the case of
salicylic acid, three avocado plants were included: one under no stress (control), one under salt
stress, and one under drought stress. The plants were watered twice a week with 500 mL of water
prior to the start of salicylic acid monitoring tests. The drought stress plant did not receive water
for 10 consecutive days, starting from the beginning of the salicylic acid measurements. For salt
stress induction, the corresponding plant was regularly watered with distilled water containing
varying concentrations of NaCl (5 mmol L', 15 mmol L', and 50 mmol L) for 10 days. All
measurements were conducted on the same leaf of each plant every 24 hours, maintaining
consistent environmental conditions at 25 £ 0.5 °C. Following each stress measurement, the
sensor was easily removed without causing any damage to the leaf, which was then rinsed with

distilled water.
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Results and Discussion

Electrochemical SARS-CoV-2 Detection using mAb Modified SPCEs
and the Developed Potentiostat Instrument

By fitting the curve obtained for each EIS to an equivalent Randles electrical circuit model, it
was possible to estimate the charge transfer resistance (R«), the double layer capacitance (Cq)
and the ionic solvent’s resistance (Rs). Figure 3A illustrates the fitted curve for a SPCE modified

up to BSA using Matlab, and Figure 3B represents the equivalent Randles model.
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Figure 3. EIS equivalent circuit estimation. A) Fitted curve for a BSA-modified SPCE. B) Equivalent
Randles model depicting the estimated Rct, Rs and Cq based on the EIS analysis.

To evaluate the performance of the developed electrochemical instrument using biological
samples, a comparison was made between the obtained EIS results of different SPCEs incubated
with liquid samples. The measurements were conducted using the developed device (dubbed

SenSARS), Autolab, and Palmsens4 potentiostats, all set to the same EIS parameters.
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Figure 4. Comparison of electrochemical impedance spectroscopy results. A) EIS comparison between
SenSARS, Palmsens4, and Autolab's PGSTAT128N potentiostats for a SPCE modified with bovine serum
albumin (BSA), and the same electrode's response with SARS-CoV-2 spike protein at a concentration of 5
fg mL-'. B) Comparison of relative ARct values obtained from EIS measurements on different SPCE

electrodes at a concentration of 5 fg mL".

In Figure 4A, the EIS test results obtained by the custom-designed instrument,
Palmsens4, and Autolab systems are displayed for various electrodes. Each electrode was
functionalized with BSA and incubated with a PBS fluid matrix sample containing SARS-CoV-2
(S) antigen at a concentration of 5 fg mL™". The results illustrate the performance of the different
systems for the given experimental conditions. Figure 4B presents the corresponding percentage
change in Rc for each pair of BSA-functionalized electrodes and spike protein-functionalized
electrodes. The changes in R¢ values, denoted as AR, were calculated by subtracting the R

value of the BSA electrode from that of the electrode functionalized with the spike protein.

To determine the sensor's dynamic range for SARS-CoV-2 detection, a calibration curve
was constructed by adding successive concentrations of recombinant SARS-CoV-2 spike protein
(1 fg mL", 5 fg mL™", 10 fg mL™", 20 fg mL™", 50 fg mL™") on different electrodes. The results are
shown in Figure 5, indicating a linear response across the entire virus concentration range of 1-
50 fg mL". The sensitivity of the sensor, represented by the slope of the calibration curve, was
determined to be 7.5 MQ/fg mL", and the LOD was found to be 1.065 fg mL", which was
calculated from LOD=3.30/S, where o is the standard deviation of the response (Table 4) and S
is the slope. Figures 5A and 5B illustrate the linear response observed with increasing spike
protein concentrations. As the concentration of the virus in the sample (spike protein content)

increases, the charge transfer resistance at the electrode's interface also increases.
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Table 4. Relative R values for different spike protein concentrations and electrodes

Test 1 Test 2 Test 3 o (Virus)
SPCE Stage R %R Rcet %R Rcet %Ry | Re(M Q) %R
MQ) MQ) MQ) Virus
BSA 1.09 1.18 1.09
1 Virus (1 fg 1.498 37.43 1.573 333 1.403 28.71 0.0852 4.362
mL)
BSA 1.211 1.047 1.081
2 Virus (5 fg 1.959 61.76 2.024 93.31 1.92 77.61 0.0525 15.7751
mL)
BSA 1.06 1.082 1,01
3 Virus (10 fg | 2.354 122.07 2.162 99.81 23 127.72 0.099 14.7558
mL")
BSA 1.046 1.087 1.071
4 Virus (20 fg | 3.296 215.1 2.989 | 174.33 2.596 142.39 0.3509 36.444
mL")
BSA 1.18 1.022 1.082
5 Virus (50 fg | 15.57 | 1219.49 | 14.739 | 1342.17 15.97 1376.61 0.6279 82.586
mL")
A
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Figure 5. Quantification of SARS-CoV-2 in vitro. A) Relative EIS response with increasing spike protein

concentrations in a fluid sample. B) Linear relationship between concentration and ARct (change in charge

transfer resistance) in the range of 1-20 fg mL-".

Subsequently, the sensor's specificity was assessed in the presence of potential

interferences. The specificity test, as shown in Figure 6, involved measuring the EIS response of

an electrode incubated with influenza virus (H1N1) and Epstein-Barr virus (EBV) at concentrations
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of 10 and 20 fg mL™", dissolved in 1X PBS with a pH of 7.4. These potential interfering compounds
showed a negligible effect on the spike current signal, with no significant changes observed in the
Ret. This high specificity indicates that there are no cross-reactions between the antigens from
H1N1 and EBV and the immobilized anti-spike-mAbs, demonstrating the sensor's ability to

recognize and respond to SARS-CoV-2 antigens without interference.
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Figure 6. Interference Analysis of SARS-CoV-2 Sensor. Comparison of Relative ARct Values for
Incremental Spike Protein Concentrations and Negative Control Tests.

Non-invasive, Real-time, In-vivo Glucose Monitoring in Plants

Figure 7 presents the non-invasive, non-destructive, and real-time wearable electrochemical
biosensor designed for in-situ and in-vivo detection of glucose extracted from plant leaves through
reverse iontophoresis (RI). The sensor is attached to the leaf surface using a sandwich
configuration of barium ferrite magnets (0.25 cm diameter and 10 g weight) to ensure easy
application and removal (Figure 7a). It consists of two main components: the cathode and anode
(Figure 7b). The cathode magnet includes the glucose-selective measurement electrode and the
negative terminal of the iontophoretic system, while the anode magnet only contains the positive
terminal for iontophoretic application. A low current density (0.2 mA/cm?) is applied between the
anode and cathode through the iontophoresis electrodes to facilitate the molecular flow of plant

fluids from the leaves to the measurement electrode. This iontophoretic field induces the
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movement of neutral glucose molecules from the anode to the cathode. Within 10 minutes, fluid
samples containing glucose are extracted. The sandwich-type configuration allows the sensor to
be placed on the leaf surface without causing damage, as the magnets do not exert high pressure
(Figure 7c). Additionally, this configuration protects the sensing area from environmental
exposure. The overall system integrates a three-electrode screen-printed electrochemical cell
configuration, including an enzyme-functionalized working or sensing electrode, a counter
electrode, and a reference electrode for glucose sensing. It also incorporates two Ag electrodes
(anode and cathode) for iontophoretic extraction of plant fluid, two agarose hydrogels, one PVA
hydrogel, medical tape, and two magnetic holders (Figure 7d). The agarose hydrogels act as a
protective physical barrier between the leaf and the iontophoretic electrodes, preventing any
damage to the leaf. On the other hand, the PVA hydrogel serves as a reservoir and transport
scaffold for moving the extracted glucose to the sensing electrode surface. The sensing working
electrode is modified with GOx enzyme, which catalyzes glucose oxidation to gluconic acid and
oxygen reduction to hydrogen peroxide (H20;). Consequently, glucose can be quantified based
on the detection of the H2O, produced. In this case, chronoamperometric detection of the H20O;
byproducts is utilized (Figure 7e). The integrated setup was employed to investigate plant glucose

levels under different light and temperature conditions (Figure 7f).

In-vitro Characterization

To evaluate the performance and accuracy of the glucose sensor, an in-vitro assessment was
conducted. The screen-printed electrode was tested with a range of glucose concentrations (20-
80 pmol L") in 20 ymol L™ increments, using PBS (pH 7.4, 0.1 mol L") as the buffer medium
(Figure 8a). The results displayed a linear response between current and concentration, as
depicted in Figure 8b, demonstrating a sensitivity of 22.7 nA/(umol L'-cm?) (equivalent to 1.6
nA/umol L), a LOD of 9.4 ymol L, and a LOQ of 28.5 ymol L™, calculated from LOD=3.30 /S,
and LOQ=100/S, where o is the standard deviation of the response and S is the slope of the
calibration curve. To assess selectivity, negative control experiments were performed using
fructose and sucrose at different concentrations, as these sugars are essential metabolites in
plant physiology. The incremental additions of these interfering molecules displayed a negligible
(decreasing) response, as illustrated in Figure 8c. This observation further confirms the sensor's
high selectivity for glucose detection, distinguishing it from other metabolites commonly found in

plants.
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Considering the utilization of GOx enzymes as the recognition element, a temperature
calibration was conducted to assess the sensor's performance across its operational range of 10-
40 °C (Figure 8b). At lower temperatures (10-25 °C), the enzymatic activity remained stable,
indicating a nearly constant rate of the enzymatic reaction. This stability was attributed to the
presence of glutaraldehyde and Nafion coating’’®'8, Glutaraldehyde cross-linking provides a
robust physical linkage between the enzyme and the electrode, preventing enzyme detachment
and maintaining its catalytic activity. Furthermore, the Nafion coating acts as a protective barrier
(hydrophobic layer), shielding the enzyme from environmental factors that may compromise its
functionality. Conversely, at higher temperatures, an expected increase in enzymatic reaction
rates with glucose resulted in an amplified amperometric signal from the sensor. The temperature
effect exhibited a linear relationship within the operational range, which allow to adjust the
sensor's calibration curve by a constant factor derived from the temperature-corrected slope
difference between the lines in Figure 8b. Notably, the high quality of fit for each calibration curve
is indicated by R-squared (R?) values of 0.9945 for the 25 °C curve, 0.9768 for the 10 °C curve,
and 0.9845 for the 40 °C curve. These R? values underscore the precision and reliability of the

temperature calibration.
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Figure 7. Conceptual illustration of the wearable electrochemical biosensor for plant glucose monitoring. a.)

Current
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Magnetic clamp assembly on the leaf to secure the sensor. b.) Cross-section illustration of a leaf with
clamped sensor inducing a glucose gradient by RI. c.) Clamped sensor mounted on a leaf. d.) Sensor
system components and assembly. e.) Glucose recognition mechanism via the GOx enzymatic reactions.
f.) Conceptual influence of light and temperature stresses on glucose production (photosynthesis) and its
quantification by chronoamperometry. Glucose concentration is determined by the increment of current (red
curve) with respect to the baseline (dark curve) of the electrode.
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Figure 8. In-vitro sensor characterization. a.) Amperometric response of the sensor for different glucose
concentrations (0-80 ymol L). b.) Effect of temperature on glucose sensor calibration curves at 25 °C (dark
blue), 10°C (light blue), and 40 °C (red) (LOD=9.4 umol L'). c.) Amperometric response of the sensor to
possible interfering agents such as sucrose and fructose.

This temperature effect on the sensor's performance can be elucidated by examining its
chemical kinetics using the Arrhenius equation. By analyzing the slopes obtained for each
calibration curve at specific temperatures (10, 25, and 40 °C) and the corresponding intercepts, a
generalized equation (2) to adjust the sensor's glucose concentration (Gc in umol L") for the
entire range of interest (10-40 °C), was obtained:

I+2.56x107%2-1.7033x10"%-T
G.(T) == 2
C( ) 1.5x10~3+4.566x10~5-T (2)

Where [; is the sensor signal (in yA) obtained after the RI, and T is the temperature (°C).
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In-vivo Control Measurements

To validate the in-vivo performance of the sensor as a wearable device for plants, enzymatic
and RI control measurements were conducted on the leaf of the plant (Figure 9). In the first
experiment, an initial sensor was assembled using a non-modified working electrode (without
GOx enzyme) and subsequently mounted on a gerbera leaf. After performing an amperometric
stabilization step to establish a baseline, Rl was applied for 10 minutes, followed by a sensing
step. As shown in Figure 9a, no glucose was detected from the leaf after the post-Rl amperometry
stage, confirming the requirement of the enzymatic bioreceptor for successful glucose
quantification. In the second experiment, a stabilization step was applied to establish a baseline,
followed by a waiting time of 10 minutes. The current curves in the post-stabilization step showed
negligible glucose detection, confirming the absence of glucose extraction from the leaf without
the RI (Figure 9b). Finally, a third sensor with the enzyme-functionalized working electrode was
assembled, followed by an amperometric stabilization measurement and 10 minutes of RI. The
resulting increase in the current response demonstrated that the combination of both enzymatic
bioreceptor and RI steps enables the extraction and subsequent quantification of glucose (Figure
9c).
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Figure 9. Glucose control tests. a. without sensing system (GOx), b. without the application of RI, and c.

with the complete sensing system and the RI application.
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In-vivo Glucose Monitoring under Abiotic Stress

To investigate the effect of light on photosynthesis production'', glucose production was
monitored under two stress scenarios: i) a five-day period without light exposure, and ii) a one-
hour exposure to three different radiation wavelengths: fluorescent (FL), blue (B), and red (R). In
scenario i), a gerbera plant was placed inside a light-sealed box after measuring the initial glucose
concentration under standard laboratory conditions (referred to as day 0). Glucose measurements
were taken daily at a consistent time (18:00 PT). The plant received a weekly watering of 400 mL,
and the temperature inside the box was maintained at a constant 25 °C. The glucose response

of the gerbera plant during the 5-day darkness period is presented in Figure 10.
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Figure 10. Evaluation of Low-Light Stress in gerbera. Glucose response of gerbera plants during a five-day
period of darkness, with weekly watering at a rate of 400 mL and a constant temperature of 25 °C. Statistical
analysis was conducted using a T-test, comparing the data to previously obtained results. The significance

codes used are "NS" for P > 0.5 (not significant) and "***" for P < 0.001 (highly significant).

In Figure 10, it can be observed that exposing the plant to complete darkness for 120
hours (day 5) resulted in an 85% reduction in its initial glucose concentration (day 0). This decline
was expected, as the absence of light inhibits the synthesis of glucose molecules and leads to
the gradual consumption of existing glucose for vital biological functions such as respiration'82183,
The statistical analysis conducted using the T-test revealed significant differences (P < 0.001) in
the measured glucose concentrations for days 1, 2, 4, and 5. Interestingly, on day 3, there was
no significant difference (NS) observed, and the glucose concentration remained relatively

constant (within 5 ymol L), indicating the plant's efforts to conserve glucose reservoirs or the
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utilization of other carbohydrates to reduce overall energy consumption'. After eight days, when

glucose levels were entirely depleted, the plant entered an early senescence stage '8,

In the second part (ii) of the experiment, the photosynthetic efficiency of three different
plant specimens (sweet pepper, romaine lettuce, and gerbera) was studied under three different
light wavelengths (fluorescent, blue, and red). Each plant was placed inside a light-free box after
establishing the baseline glucose concentration under normal laboratory conditions. After 12
hours of darkness, the glucose concentration was measured, and then the fluorescent light source
was turned on for 1 hour. Glucose concentration was measured again, and the light source was
turned off. The same process was repeated after 12 hours to evaluate the effects of blue and red
light sequentially under identical conditions. The glucose concentrations for each plant under the

respective light conditions are depicted in Figure 11.

The results demonstrate that fluorescent light had a significant impact on glucose
production compared to the blue and red light sources (Figure 11b-d). The broad spectrum of
fluorescent light allows specific frequency bands of photosynthetic pigments to receive more
energy, leading to increased glucose production'’. Statistical analysis revealed significant
differences (P < 0.001) in glucose concentration increments caused by each light exposure across
the three plant models. Each glucose measurement taken without light (dark 1, dark 2, and dark
3 bars in Figure 11b-d) displayed distinct sugar levels after the light stimulus, as confirmed by
significant differences (P < 0.001) in glucose concentration determined through the T-test.
Consequently, each dark measurement served as a reference to calculate the overall increase in
glucose concentration or photosynthetic rate resulting from each light effect (Figure 11e). Under
fluorescent light exposure, sweet pepper and gerbera exhibited a higher photosynthetic rate
(>75%) compared to romaine lettuce, suggesting a more sensitive photosynthetic system that
responds to a broad spectrum of light'’>'88_|n the case of blue and red lights, gerbera achieved
the highest photosynthetic rate'®, while sweet pepper showed the highest rate under red light.
Romaine lettuce displayed minor differences between red and blue lights, with a slightly higher

photosynthetic rate observed under the latter'°1,
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Figure 11. Low-light stress analysis. (a) Protocol for glucose measurement under low-light stress for each
plant, measuring glucose levels before and after each light stimulus. The effect of light on photosynthetic
response in (b) sweet pepper, (c) gerbera, and (d) romaine lettuce. (e) Calculated rate of photosynthesis
for sweet pepper, gerbera, and romaine lettuce under each light wavelength source. Statistical analysis
was performed using a T-test with respect to the previously obtained data, and significance codes are as
follows: P < 0.05 ™", P <0.01 "**", P < 0.001 "***".

To assess the impact of temperature on our three plant models, the glucose production at
high (40 °C) and low (10 °C) temperatures was further investigated (Figure 12a). Each plant was
placed inside a dark room with controlled environmental temperature and received regular
watering (400 mL/week). The starting temperature was fixed at 25 °C. After 12 hours, the glucose
concentration was measured, followed by an increase in temperature to 40 °C. After 45 minutes
of exposure, the glucose was measured under the same settings. Once the sensing step was

completed, the plant was left at room temperature (25 °C). To avoid cumulative stress on the
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plant, a 24-hour (one-day) recovery step was applied to allow the plant specimen to recover under
basal conditions. The same procedure was repeated with a lower temperature (10 °C), with the
glucose production measured at 25 °C before the temperature treatment. Figure 12 depicts the
glucose response for each plant under the described temperature stress scenario. Glucose values
were corrected using the results from the in-vitro calibration curves at each specific temperature
(Figure 8b).
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Figure 12. Temperature stress response in three plant models. a) Experimental protocol schematic.
Glucose response under temperature stress for b) sweet pepper, c) romaine lettuce, and d) gerbera.
Statistical analysis was conducted using a T-test on the collected data. Significance codes: P <0.01 "**", P
< 0-001 ll***ll-
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Plants experiencing high-temperature stress respond by initiating stomatal closure to
minimize excessive water loss. As a result, the photosynthetic rate is reduced'®? due to the
inhibition of ribulose 1,5-bisphosphate carboxylase (Rubisco)'® and a reduction in intracellular
COs.. Heat stress-induced leaf water loss leads to a decrease in intracellular chlorophyll and
carbohydrate content'. Consequently, each plant specimen in Figure 12b-d exhibited a
significant decrease in glucose concentration (P < 0.001) when exposed to higher temperatures
(40 °C). Analysis from Table 5 suggests that gerbera exhibits the highest tolerance to temperature
variations, as evidenced by the lowest percentage of changes shown in Figure 12d. Conversely,
cold-temperature stress triggers sugar accumulation in plants''%_ |In order to sustain essential
biological processes at low temperatures, sugars serve as osmoprotectants'%?'%” to safeguard
cells from damage and facilitate acclimatization through lipid bilayer contact'®®. From Figure 12b
and 11d, it is evident that sweet pepper and gerbera plants displayed a significant increase in
glucose concentration (P < 0.001) at low temperatures (10 °C), whereas romaine lettuce did not
show a highly significant change (P < 0.01) (Figure 12c). This observation aligns with the high

tolerance of romaine lettuce to low temperatures, as indicated in Table 5.

Table 5. Temperature tolerance for the studied plant species.

Temperature (°C)

Plant Specie Minimum Optimal Maximum
Sweet Pepper®® 18 25 32
Gerbera 200 16 21 35
Romaine Lettuce 20t 8 20 25

Non-Invasive, Real-time, In-vivo Salicylic acid Monitoring in Plants

The wearable device showcased in Figure 13 enables the non-invasive and non-
destructive measurement of real-time, in-situ, and in-vivo salicylic acid levels in plant leaves. The
device operates based on the established principles described for the glucose platform (Figure
13a). Extracted samples are directed to an electrochemical sensing LIG electrode, where the
oxidative reaction of SA is measured (Figure 13b). Utilizing the negative charge of the SA
molecule, the anode magnet is designed to attract the SA molecules through induced
electroosmotic flow. To evaluate SA levels, chronoamperometry was employed on avocado plants

subjected to two distinct abiotic stress scenarios: drought and salinity (Figure 13d).
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In-vitro Characterization

To investigate the electrochemical behavior of SA on the LIG electrodes, cyclic voltammetry
was performed. Figure 14a displays the CV curve obtained for 0.5 mmol L' SA in 1X PBS buffer.
The oxidation peak current of SA (I°*) was observed at an oxidation peak potential of 0.8 V. In the
subsequent scan, a decrease in the oxidation peak current was observed due to electrode fouling,
confirming that this peak corresponds to the SA oxidation process. Additionally, two additional
peaks were observed, attributed to the reduction of dimeric SA products (II"®%) and their
consecutive oxidation (111°%) in the second scan'®. The reusability of the SA sensor was evaluated
by washing the LIG electrode with 0.1 mol L' NaOH after each SA measurement. The
electrochemical behavior of the 0.5 mmol L' SA electro-oxidation process in 1X PBS buffer was
measured before and after the cleaning process to ensure complete recovery of electrode surface
activity. Figure 14b demonstrates that the electrode surface activity was fully restored with a 1-
minute NaOH treatment, showing no significant changes. This highlights the reusability of our LIG

sensors and their extended shelf life.
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Figure. 13. Wearable electrochemical system for non-invasive salicylic acid monitoring in plants. a)

Current
Current

Components of the sensor: The reverse iontophoresis system consists of two silver electrodes and two
agarose hydrogels. The electrochemical system includes one LIG electrode as the sensing probe and one
polyvinyl alcohol (PVA) hydrogel for sample diffusion on the LIG electrode surface. b) Salicylic acid oxidative
pathway: lllustration of the electrochemical reaction involved in the measurement of salicylic acid. c) Sensor
assembly demonstration on a plant leaf: The sensor is securely attached to the leaf surface using two
barium ferrite magnets. d) Comparison of salicylic acid levels monitored using chronoamperometry in plants

under drought and salt stress scenarios, along with a non-stress scenario.
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Figure 14. Electrochemical characterization of salicylic acid (SA) on LIG electrodes. a) Cyclic voltammetry
analysis of the irreversible electrochemical oxidation of 0.5 mmol L' SA in 1X PBS buffer, showing the
oxidation peak current (1°¢) at 0.8 V and additional peaks corresponding to dimeric product reduction (IId)
and subsequent oxidation (l11°%) in the second scan. b) Evaluation of electrode reusability by comparing the
electrochemical behavior before (black line) and after (red line) removing poly-SA films on the LIG electrode
using NaOH treatment, demonstrating the restoration of electrode surface activity with no significant

changes.

The concentration of SA was quantified using the chronoamperometry method in 1X PBS
buffer, covering a concentration range of 10 umol L' to 1 mmol L' (Figure 15a). The response
current showed a linear relationship with increasing SA concentration (Figure 15c). The fitted
linear equation model for the calibration curve is represented by equation (3). Each replicate used
different LIG electrodes. From the calibration curve, a sensitivity of 82.3 nA/(umol L'-cm?)
(equivalent to 14.83 nA/umol L), a LOD of 8.2 umol L, and a LOQ of 24.8 ymol L were
determined from LOD=3.30 /S, and LOQ=100/S, where o is the standard deviation of the

response and S is the slope of the calibration curve.

Ai(nA)—4.3701x10~1
1.483x102

SAc(umol L™1) = (3)

To assess the potential impact of chemical interferences commonly found in leaf samples,
a test was conducted to quantify SA in the presence of a mixture of sucrose, fructose, oxalic acid,
and citric acid. The concentrations of these interference metabolites were at least ten times higher
(200 pmol L") than the minimum standard concentration of SA (> 10 umol L") (Figure 15b). The
resulting interference calibration curve was compared to the curve obtained for SA without any

interferences (Figure 15c). The correlation coefficient was determined to be 0.9996, with only a
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2% change in slope between the curves. These results demonstrate that the quantification of SA
was minimally affected by the presence of common interference molecules found in leaf
samples'®®. The electro-oxidation mechanism at the oxidative potential of 0.8 V selectively targets

SA, effectively avoiding the electrochemical activity of other metabolites.

a b
60 60
SA |pg1((:F|' ;é]) SA [umol L]
—_— ——0(PBS
48 - —10 484 — 10(* )
——B0 — 60*
—_ 150 —_ 150*
"g 36 4 270 < 36 270"
2 —— 360 = —— 360
= ——550 € — 550"
g 24 - g 24 4
= = §
O (@)
1 2 - 12 _ &!%
0{ T —_—— 04 5
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)
c SA Calibration Curve
@ With Interference I
16 (R? = 0.9977, Pr = 0.9988)
@ No Interference
(R? = 0.9992, Pr = 0.9996)
12
<
= 84
=
4 -
04

0 200 400 600 800 1000
Salicylic Acid (umol L)
Figure 15. In-vitro electrochemical characterization of the SA biosensor. a) Chronoamperometric response
of the sensor for various concentrations of SA (10 umol L', 60 pmol L', 150 ymol L', 270 umol L', 360
pgmol L', 550 pmol L', and 1 mmol L-') in 1X PBS buffer without interference. b) Chronoamperometric
response of the sensor for the same SA concentrations in the presence of interference (*: 200 umol L
sucrose + 200 ymol L' fructose + 200 umol L citric acid + 200 pmol L' oxalic acid). c.) Calibration curves
for SA quantification with and without interference, demonstrating a high correlation coefficient of 0.9996

and minimal impact of interference on the quantification process.

In-vivo Control Measurements
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To validate the in-vivo and in-situ detection of SA from samples extracted through the RI
process, two control tests were conducted on an avocado plant leaf. The first control test involved
measuring SA without applying the RI technique. After stabilizing the current with 20 CA scans
and a waiting period of 10 minutes, a new set of 5 CA scans was performed. The obtained current
curve, as shown in Figure 16a, revealed no detection of SA compared to the baseline, confirming
that SA was not extracted from the leaf without Rl. In the second control test, the same
measurement process was performed with the inclusion of the Rl application. After completing
the current stabilization step, the Rl was activated for 10 minutes, followed by a CA scan. A
significant increase in current compared to the baseline was observed (Figure 16b), confirming
that Rl enables the extraction and quantification of SA from plant leaves.
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Figure 16. Validation of in-vivo reverse iontophoresis. a) SA determination without Rl application. No
significant change in current response is observed compared to the baseline. b) SA determination with RI

application. A notable increase in the current response is observed after 10 minutes of RI.

In-vivo Salicylic Acid Monitoring under Abiotic Stress

To investigate the effects of drought and salinity stress on avocado plants, the SA levels were
continuously monitored for 10 consecutive days. Three plants were assigned to different
conditions: i) no stress (control), ii) drought stress, and iii) salt stress. SA levels were measured
with a sampling interval of 24 hours, chosen to capture significant changes in SA dynamics while
considering the controlled application of stress and the expected gradual response of the plants.

The SA response during the 10-day stress monitoring for each plant is depicted in Figure 17.
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Figure 17. In-vivo monitoring of salicylic acid levels in avocado plants under drought and salinity stresses
over a 10-day period. The non-stressed plant serves as a reference for comparing SA dynamics under
optimal environmental conditions and during stress scenarios. Increased endogenous SA accumulation
was observed under both drought and salt stress conditions, with drought stress exhibiting more

pronounced effects.

As depicted in Figure 17, both drought and salt stresses led to the accumulation of
endogenous SA in the respective plants, consistent with previous studies?%2-205, Under the salt
stress scenario with 5 mmol L' NaCl, a maximum increase of 16 umol L' SA from the initial
concentration on day 1 was observed on day 4. Similarly, the drought-stressed plant exhibited a
maximum increase of 17.8 ymol L' SA on the same day. The difference in SA accumulation
between these scenarios was only 1.8 umol L. However, the dynamics of SA levels diverged
significantly after day 5. On day 6, SA accumulation reached 86.3 umol L in the drought-stressed
plant, while in the salt-stressed plant watered with 15 mmol L' NaCl, the SA concentration
increased by 33.7 umol L. Although this was 55% higher than the salt stress level on day 4, it
was still 52.6 ymol L' lower than the value observed in the drought plant. Consequently, the

accumulation of SA remained more substantial under drought stress than under salt stress in the
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following days. By day 10, the SA concentration had increased by a total of 423.3 pmol L in the
drought scenario and 92 pymol L in the salt-stressed plant treated with 50 mmol L™ NaCl. In
contrast, the non-stressed plant exhibited negligible SA accumulation, with only a 15.4 ymol L™
increase from the initial concentration after 10 days. This increase was lower (< 5%) than the final

concentrations observed in the stress scenarios.

The pronounced accumulation of endogenous salicylic acid in the plant under drought stress,
compared to the plant under salinity stress, can be attributed to several factors. Firstly, water is a
crucial requirement for the growth and development of avocado plants?°62%’, Therefore, when a
water deficit occurs, it rapidly impacts the plant's health, making it more susceptible to
environmental stresses. Secondly, the protective mechanisms activated by the plant to combat
drought, such as stomatal closure to reduce transpiration and conserve water, can inadvertently
have consequences. The closure of stomata reduces CO. uptake, thus affecting the
photosynthetic system?°2. As a result, prolonged drought stress can have a more immediate and
significant impact on the plant's biological system compared to salinity stress, which is typically a
longer-term stressor?%82%°_ | astly, considering that more than 20% of irrigated lands are affected
by high salt content, plants have developed more effective mechanisms to combat salinity stress,
including the efficient exclusion of Na* and CI- ions by roots, compared to mechanisms developed

to mitigate drought stress?0221°,

Comparative Performance Analysis of the Proposed Non-Invasive
Biosensors Against State-of-the-Art Technologies

SARS-CoV-2 Non-invasive Electrochemical Biosensor

The developed device benefits are compared in Table 6 against RT-PCR and other antigen-

based technologies.

The time required for diagnosis using the developed system is approximately 10 minutes,
with 7 minutes allocated for acquiring electrode response signals to the AC potential excitations,
and less than 3 minutes for EIS calculation. This timeframe assumes that the disposable SPCE
has been characterized beforehand with a blank solution after bio-modification, and the
corresponding EIS is readily available for computing the relative change in Re. This represents a
substantial improvement of 91.67% compared to RT-PCR diagnostics, which typically take 2-3
hours?", and a 33.33% improvement compared to other relevant biosensor technology that

demands 15 minutes for virus diagnosis?*3.
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Table 6. Key benefits of the proposed platform vs other technologies.

212

213

214

215

216

217

218

Properties This Work RT-PCR
Viral sample NO YES YES YES YES YES NO NO NO
manipulation
Requires NO YES NO YES YES YES YES YES YES
trained
personal*
Requires NO YES NO YES YES YES NO YES NO
specialized
laboratories™
Degree of 5% 75 % 0% >70% >70% >70% 30% 50 % 30%
manual
sample
processing
Time to ~10 min 2-3h 30 min > 30 > 30 21 min  NA 15 min 30 min
results min min
LOD 77 virions 100 102103 10 1 0.1 15 fmol 5nmol 8 ng/ml
virions viruses/ml  ng/ml copy/ul  ug/mi L L
(1 fg/ml)
Type of AS, HO,or AS,HO, AS,HO Human AS, Cells AS, HO Human AS, HO
samples SA or SA or SA serum HO or or SA serum or SA
SA
Selective to  Antigen RNA Antigen Antigen RNA RNA Antigen Antigen  Antigen
Price per <$5 $100 > $10 $8 > $10 > $10 NA NA > $10
test
TRL TLR7 TLR9 TLR 6 TRL4 TLR9 NA TRL4 TRL4 NA
Pathogen YES YES YES YES YES NO YES YES YES
adaptability
Specificity >90 % >96 % >90 % >90% >90% NA NA NA NA
Negative YES (EPV, NA NA NA YES YES YES (S1, YES YES
control to H1N1, BSA, E2
other rhino) HCV,
pathogens CD48)
Mass YES YES YES NO NO NO YES YES NO
producible
Portable YES NO YES NO NO NO YES YES YES
EMI YES NO YES NO NO NO NO NO NO
electrode
protection
Standalone  YES YES YES NO NO NO NO YES NO
System*

*For usage, not production. *No external devices required for detection. AS: nasopharyngeal aspirate, HO:

nasopharyngeal swab, SA: Saliva, NA: not available.
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When compared with other technologies, as is shown in Table 6, the proposed system stands
out as portable and standalone, eliminating the need for external devices and enhancing its
portability. Moreover, it eliminates the need for trained personnel and specialized equipment,
making it more accessible for Covid-19 diagnostics. With a LOD of 1 fg mL" and a specificity of
over 90%, provided by the antibody-based detection mechanism, the proposed technology
exhibits improved LOD performance (over 23%) compared to the standard RT-PCR diagnostic
method and 99.98% improvement against the relevant sensing technology demonstrated in?'3.
It's important to note that only a human swab or saliva sample is required for virus diagnosis, and
the portable device can process the sample in just 10 minutes. Consequently, invasive samples
such as blood or cell extraction are not necessary to quantify low viral loads. Additionally, the
overall cost of the instrument is less than $200, considering manufacturing and assembly costs,
with the estimated cost per bio-modified SPCE being under $5. This makes the technology
scalable for mass production and commercially viable. As a result, this technology enables
ubiquitous, rapid, early, and accurate detection of SARS-CoV-2 infections, along with the ability
to track viral load over time. These advancements address significant challenges in the diagnosis

of this disease?'9220,

Wearable Electrochemical Biosensor for Plant Metabolites Monitoring

The proposed sensing technology for monitoring real-time, in-situ, in-vivo, and non-invasive
response of glucose and salicylic acid in plant leaves encompasses three key innovations. Firstly,
it offers non-invasive analyte detection capabilities through a short 10-minute reverse
iontophoresis process, enabling the extraction of interstitial fluid from plant leaves. Secondly, it
introduces a wearable technology specifically designed for easy placement and removal without
causing harm to the plant. Lastly, it enables in-situ and in-vivo quantification of glucose and
salicylic acid, with the potential for adaptation to measure a wide range of analytes or to be applied
to various plant species for in-field measurements. The RI process allows for the extraction of

plant fluids that contain crucial metabolites of interest in plant physiology 6.

Glucose Biosensor

The key benefits of the proposed plant sensor are compared in Table 7 against other glucose-

selective plant biosensors.
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Table 7. Advantages of the proposed sensor compared with other glucose-selective plant

biosensors.
G|UCOSE ThIS WOI'k 221 222 223 224 225
Detection
in-vivo (on YES YES NO NO YES NO
plant
evaluation)
Non-invasive YES NO NO NO NO NO
sample
extraction
Sensor Magnetic Stem NO NO Microneedle NO
placement and wound patch
removal
LOD 9.4 umol L1 NA 13 pmol L 0.01 mg NA NA
glucose g*
Fw
Sensitivity 22.7 NA 11.64 pA/(mmol L NA 1.22 NA
nA/(umol Lt -cm?) nA/mmol L
-cm?)
Measurement <10 min <10 min <1 min <1 min <1 min <1 min
time
Requires NO YES YES YES NO YES
trained
personal
Requires NO NO YES YES NO YES
specialized
laboratories
Negative YES YES YES (ascorbic YES NO YES
controls to (fructose, (sucrose) acid, fructose) (phenolics, (enzyme
other sugars sucrose) organic omitted)
acids)
Portable YES YES NO NO YES NO
Detection Enzymatic Enzymatic Enzymatic Enzymatic Enzymatic Enzymatic
mechanism
Measurement CA OECT DPV CA CA OECT
method
Live plant Light and NO NO NO NO NO
stress temperature
evaluation

NA: not available, CA: chronoamperometry, DPV: differential pulse voltammetry OECT: organic electrochemical

transistor

As shown in Table 7, the developed wearable glucose biosensor exhibits a sensitivity of

22.7 nA/(umol L'-cm?) (equivalent to 1.6 nA/umol L"), surpassing the performance of the novel
microneedle biosensor designed for in-vivo measurements proposed in?? by at least 130.98%. In
terms of LOD, the proposed sensor achieves a value of 9.4 ymol L', which is the lowest among
the compared sensors and outperforms the microneedle technolog??® by 99.95%. This
outstanding performance is the result of combining an enzymatic bioreceptor (GOx), a carbon-
based electrode, and a low reduction potential step (-0.15 V), which enhances selectivity for
glucose detection while minimizing responses to interfering molecules such as sucrose and
fructose, resulting in a high specificity (>90%) for glucose detection. Notably, this sensor allows

the non-invasive extraction of plant fluids through the RI process, making it a pioneering device
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for glucose detection and monitoring directly from plants, without the need for invasive extraction

procedures —an achievement not reported by any other technology to date (Table 7).

Furthermore, its real-time monitoring capabilities enable the study of glucose responses to abiotic

stresses, providing valuable insights into the biological processes that regulate sugar levels in
stress-tolerant plant mechanisms.

Salicylic Acid Biosensor

A comparison of the key features of the proposed technology against other salicylic acid

plant biosensors is presented in Table 8.

Table 8. Key-features comparison between the proposed sensor against other representative

SA biosensing technologies.

SA This work 44 49 226 52 53
Sensing
In-situ/in-vivo YES YES YES YES YES YES
detection
Invasive NO YES YES NO YES YES
measurement (Microneedles) (Leaf wound) (Microneedles)  (Microelectrode)
Sensing CA DPV DPV DPV DPV DPV
method
Real-time YES YES YES YES YES YES
monitoring
LOD 8.2 umol Lt 37.4 pmol L 0.05 pumol L 0.644 umol  0.14-0.46 umol  48.11 pmol L
Lt L
Sensitivity 0.01483 0.0001 (umol 38.44 pA/umol L 0.002264 0.133-0.277 45 yA/umol L1
pA/umol Lt Lt 1 (umol L)t MA/umol Lt
(at0.1
pmol L1)
Selectivity YES YES (JA, YES (JA, YES YES (glucose,  YES (IAA, malic
validation (fructose, glucose, succinic acid, (glucose, sucrose, acid, citric acid,
sucrose, ascorbic acid, citric acid, ABA, sucrose, L- fructose, succinic acid,
citric acid, citric acid, malic acid) tryptophan, maltose, ABA, ABA, JA)
oxalic acid) cysteine) L-cysteine, 1AA)
ABA, GA,
JA, OA,
IAA, citric
acid)
Electrode LIG Graphene MWCNTs/Nafion CuMOF- Nitrogen-doped PtNf/ERGO/Pt
technology coated with modified carbon carbon graphene
CuMOF tape black-
Nafion
Abiotic or YES YES (drought)  YES (pathogen) YES NO YES (Salinity)
biotic stress (drought (drought)
monitoring and
salinity)
Portable YES YES YES YES YES YES
sensor

CA: chronoamperometry, DPV: differential pulse voltammetry, ABA: abscisic acid, CuUMOF: copper-based metal-organic
framework, MWCNYs: multi-walled carbon nanotubes, GA: gibberellic acid, OA: oleic acid, IAA: indole-3-acetic acid.
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The wearable biosensor designed for salicylic acid monitoring, based on LIG electrodes,
operates on the principle of the electro-oxidative reaction of SA at an oxidation potential of 0.8 V.
It boasts an impressive sensitivity of 82.3 nA/(umol L-'-cm?) (equivalent to 14.83 nA/umol L) and
a limit of detection of 8.2 ymol L-'. When compared with the most relevant SA biosensor for plants
available in the state of the art??2, it demonstrates a sensitivity improvement of over 99%. While it
has a lower LOD, the linearity of the proposed sensor is 90% better than that demonstrated by
the other work???, especially within the SA concentration range of 1 — 1000 umol L'. Moreover,
this bio-agent-free technology exhibits outstanding selectivity, with minimal interference effects
from common metabolites typically found in iontophoretic samples extracted from plant leaves,
including sucrose, fructose, citric acid, and oxalic acid. The recent interest in developing SA
biosensors for plants, as evidenced in Table 8, highlights the significance of this work. Among the
various technologies listed, our developed sensor emerges as a highly competitive option, offering
advantages such as non-invasive and real-time evaluation, portability, impressive sensitivity, and
high linearity. Notably, only one additional study has reported on the non-invasive detection of SA

in plants, as indicated in Table 8.

Considering the current advancements in sensing technologies for plants, as reflected in
Table 6 and Table 7, the proposed technology represents a significant step forward in
understanding the real-time dynamics of crucial plant metabolites and their relationship with stress
tolerance responses. By investigating how plants differentiate the induction of phytohormones like
SA and sugars such as glucose under different stress conditions, we can enhance the
understanding of the specificities of plant responses to both biotic and abiotic stresses. This
knowledge can also contribute to improving existing crop breeding strategies by enabling high-

resolution phenotyping.

Furthermore, the proposed technologies exhibit significant potential for commercial
viability, primarily owing to their cost-effective fabrication requirements for mass-producing
electrodes using screen-printing and laser-induced techniques. Their portability and user-
friendliness eliminate the need for highly trained personnel and specialized equipment, thereby

reducing costs and making them even more attractive for widespread adoption.

Limitations of the Designed Biosensors

SARS-CoV-2 Biosensor

57



While the sensor demonstrated a coefficient of variance of 4.446%, it is important to address
issues arising from the manual bio-modification of the SPCEs, as this can impact the overall
repeatability of the sensor. These issues can be mitigated by employing finer-grain carbon-based
paste for the SPCE thick-film screen printing process. Additionally, automation using a pipetting
robot or a liquid-handling station, equipped with a Peltier-controlled SPCE sheet holder at 5°C
and a multiplexed potentiostat configuration, can streamline surface functionalization and
characterization protocols. To enhance linearity for virus concentrations exceeding 20 fg mL™", it
may be beneficial to focus on optimizing antibody orientation. This enhancement can improve
epitope binding, resulting in a stronger signal response at higher concentrations and greater
sensor sensitivity. Furthermore, preserving the SPCEs in a controlled humid environment,
including safeguarding the reference electrode in a saturated KCI solution, can reduce
degradation caused by oxidation, contamination, and denaturing of bio-functional layers. While
SPCE characteristics have been confirmed to remain consistent for up to one week, this can be

further improved under controlled environments.

Glucose Biosensor

Thanks to the enzymatic mechanism used for glucose detection, the sensor achieved a
coefficient of variance of 2.87%. However, there are certain limitations to consider. The PET
substrate utilized for electrode fabrication lacks elasticity, limiting the stretchability of the
electrode. Given that this sensor is intended for use in uncontrolled environments and on plants,
external factors like climate can influence leaf morphology, directly impacting electrode response,
repeatability, and stability. To address this issue, exploring alternative substrate materials such as
paper-based and elastomeric materials could significantly improve the sensor's stretchability.
Another challenge arises from enzymatic degradation, which restricts the sensor's lifespan due to
the controlled environmental conditions required by the enzyme to prevent denaturation.
Consequently, the fabricated electrode was designed as single-use, but this approach could raise
concerns regarding the environmental impact, especially in large-scale agricultural applications.
Therefore, investigating novel methods for selectively detecting glucose emerges as an
environmentally responsible choice, potentially enhancing the commercial viability of this
technology. Additionally, the use of solid magnets to attach the sensor to leaves can limit the
device's form factor. Research into flexible magnets and alternative attachment methods is

necessary to enhance the sensor's size and adaptability.
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Salicylic Acid Biosensor

Fabrication parameters such as power and speed can directly influence the stability of LIG
electrodes. Therefore, it is necessary to determine the most suitable values depending on the
desired application. Although the SA biosensor exhibits a coefficient of variance of 8.2%, allowing
for accurate and repeatable analyte concentration determination, this value can be further
improved by optimizing the parameters of LIG fabrication for this specific application. Similarly, in
the case of the glucose sensor, the electrode substrate, polyimide in this instance, limits the
sensor's stretchability but offers high thermal tolerance, making it suitable for LIG fabrication.
However, exploring new materials with higher elastic coefficients can enhance the electrode's
adaptability to different leaf morphologies. Additionally, despite improvements in sensor reusability
through the cleaning protocol involving NaOH, it is not recommended to use a single electrode
more than 10 times for measurements. This is because the washing process can flake off
graphene, potentially altering the electrode's surface and affecting stability, sensitivity, and
reusability. Another noteworthy limitation to consider is the susceptibility of LIG electrodes to
environmental factors such as humidity and temperature variations. These can introduce
variability in sensor performance, especially in outdoor settings where climate conditions can be
unpredictable. For this reason, the need for careful handling and storage to prevent contamination
or physical damage to the fragile LIG electrodes can be a practical limitation in uncontrolled

environments.
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Future Work

Future work should primarily focus on further improving the biosensor technologies presented

in this dissertation. Enhancements may include:

1.

Automated fabrication and bio-modification processes to streamline production and

increase efficiency.

Integration of microfluidic techniques to enhance the functionality and performance of the

biosensors.

Exploration of new materials that offer increased flexibility and long-term stability for

improved sensor performance.

Integration of the iontophoretic system onto the developed device (SenSARS) to enable
diagnosis and analyte measurement from human sweat. This integration holds the
potential to broaden the spectrum of detectable analytes, including but not limited to
glucose, lactose, ketones, and more, thus expanding the range of applications and the

capabilities of the device.

Integration of multiple sensors for environmental and physical monitoring of plant variables

such as humidity, temperature, and water availability.

In addition to these improvements, there are specific challenges that need to be addressed in

future research. These include:

1.

Adapting the proposed leaf biosensor design for integration into a lab-on-chip device. This
entails the microfabrication of all electronic circuitry, necessitating the creation of intricate
patterns using materials like silicon, glass, or polymers to construct channels, electrodes,
and other essential components. Additionally, there's a need to explore new power supply
methods to reduce the overall size to a few square centimeters. Given that the sensor will
be placed outdoors on the leaf, the incorporation of solar cells as power sources emerges
as a noteworthy alternative. Furthermore, the fabrication of controlled microfluidic
channels using microcontact printing techniques is essential to facilitate sample
preparation, cleaning, and separation of samples obtained from the leaf. It's important to
consider a microfluidic channel for transporting the extracted fluid from the leaf through

reverse iontophoresis directly to the sensing area. Novel strategies for attaching the
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sensor to the leaf must be explored. While flexible magnets may enhance leaf attachment,
new methods to adapt the sensor to different leaf morphologies are needed. Moreover,
the inclusion of a wireless communication system is imperative to transmit measured data
to a computer or a mobile app. Given the expected low power consumption of the device,
the Bluetooth Low Energy (BLE) protocol stands out as an attractive alternative. The
purpose of creating such a compact device, as described here, is to reduce fabrication
costs and size, thereby offering an attractive commercial system capable of real-time plant
status monitoring. This, in turn, can facilitate the development of more effective control

strategies to enhance agricultural production.

Conducting studies on the application of iontophoresis to plant leaves to comprehensively
characterize its potential for non-invasively extracting plant samples. In this dissertation,
all measurements were consistently performed on the same leaf of each plant species
studied. This approach was adopted to minimize undesired variability in the resulting
measurements. However, it is crucial to explore how measurements can vary from leaf to
leaf, depending on specific characteristics such as distance from the stem, height with
respect to roots, age, and degree of exposure to the environment. To achieve this,
techniques such as High-Performance Liquid Chromatography (HPLC) or spectroscopy
could provide valuable insights related to the quantification of the analyte of interest from
different leaves on the same plant with varying characteristics. It is important to consider
that plants undergo different biological processes throughout the day. Therefore, it is
necessary to monitor the analyte of interest in short time intervals (< 4 hours) over a 24-
hour period. Additionally, it will be indispensable to study the long-term impact that the
application of reverse iontophoresis has on the plant's overall health and to quantify the
number of measurements possible before affecting leaf integrity. Performing this analysis
on at least three different plant species will provide sufficient information to determine the
optimal points for monitoring the analyte of interest based on plant physiology. It is
essential to note that there is currently limited information in the existing literature
regarding the optimization of reverse iontophoresis for ensuring the optimal extraction of
plant metabolites of interest. Therefore, this study has the potential to pioneer the
development of the most suitable protocols for applying reverse iontophoresis to non-

invasively extract plant samples.

Simultaneously performing in-vivo, in-situ and real-time detection of essential analytes

such as salicylic acid (SA), ethylene (ET), jasmonic acid (JA) and abscisic acid (ABA),
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could provide valuable insights in how different hormones crosstalk and interact in
response to stressful environments in plants. For example, there is growing evidence that
salicylic acid and jasmonic acid crosstalk to modulate the plant defenses against pathogen
attacks. However, quantifying the precise contribution of each hormone to this process
remains limited. To achieve simultaneous monitoring of at least four different hormones, a
multiplexed electrochemical biosensor based on a microarray arrangement can be
designed. In this setup, each spot on the array contains capture molecules on a
microelectrode surface that specifically bind to a particular analyte. Fabricating closely
spaced microelectrodes requires applying a pattern to a substrate using photolithography.
Electrical connections for each microelectrode can then be established using metal leads
or bonding wires. This approach creates a multisensory system capable of monitoring
various compounds simultaneously in the reverse iontophoretic extract from plant leaves.
Additionally, it is crucial to develop software for data integration and analysis. This software
could rely on real-time signal processing blocks to filter noise and employ neural networks
to merge data from each microelectrode, characterizing specific plant hormone behavior
and interactions under distinct stress scenarios. Different stressors induce varying
responses in plant hormone levels. For instance, elevated levels of certain phytohormones
like ABA may indicate water stress, while increased SA levels might signal the presence
of pathogens. Real-time monitoring of these analytes could enable the detection of
individual or combined stress conditions before visible symptoms manifest, facilitating

timely interventions and improving plant health management.
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Conclusions

In this dissertation, the primary focus was on the development of non-invasive biosensor

platforms for quantifying metabolites associated with human health and plant stress responses.

The research aimed to address various challenges and limitations in the field of biosensors,

particularly in terms of non-invasive extraction of plant metabolites and the selective and sensitive

detection of target analytes in complex matrices. The dissertation presents several significant

achievements:

1.

To address the urgent need for rapid and accurate detection of SARS-CoV-2, the virus
responsible for the COVID-19 pandemic, an electrochemical low-cost and portable POC
device was developed. The device exhibited remarkable performance in terms of LOD (1
fg mL™") and specificity (>90%). Notably, these properties demonstrated remarkable
improvements in LOD of more than 23% compared to traditional RT-PCR methods and an
astonishing 99.98% enhancement over the most pertinent biosensor technology
presented in the current state of the art. Furthermore, in terms of diagnostic time, this
proposed technology reduces the diagnosis time to a mere 10 minutes, marking an
impressive 91.67% improvement compared to the time-consuming RT-PCR method and
a commendable 33.33% reduction compared to similar approaches. These significant
reductions underscore the device's potential for efficient and early diagnosis of SARS-
CoV-2 infections. In addition to its remarkable diagnostic capabilities, this technology
exhibits scalability, and the potential for mass production, making it well-suited for global
market introduction. Furthermore, its adaptability allows for seamless reconfiguration to
detect other viruses or biomarkers by adjusting the sensor's selectivity and evaluation
methods. Consequently, this versatile platform is expected to set the standard for the
development of future low-cost diagnostic devices, promising a brighter future for efficient
and accessible healthcare solutions.

A wearable biosensor was developed to enable real-time monitoring of glucose levels in
plants, offering an in-situ, in-vivo, non-invasive, and non-destructive approach. The
integration of an iontophoretic system facilitated rapid (<10 minutes) and clean sample
extraction. Two magnetic holders were incorporated to ensure the easy positioning and
removal of the sensor on leaves while protecting the sensing area from environmental
exposure. This sensor demonstrated a limit of detection of 9.4 ymol L™ and a sensitivity

of 1.6 nA/umol L', marking remarkable improvements of over 130.98% and 99.95%,
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respectively, compared to a relevant microneedle-based biosensor designed for in-vivo
glucose monitoring in plants previously published in the state of the art. Furthermore, the
device's sensing performance was assessed by monitoring glucose concentrations in
three different plant species subjected to variations in light and temperature. These results
provided quantitative insights into the behavior of this sugar under diverse environmental
conditions, a novel contribution in plant science. Given that plant fluids contain a rich array
of primary and secondary metabolites, the proposed sensor concept can be readily
adapted to monitor other analytes of interest by adjusting the selectivity of the working
electrode, as was demonstrated in the determination of salicylic acid.

To detect salicylic acid, a crucial signaling molecule in plants involved in defense against
pathogens and abiotic stresses, a bioagent-free LIG electrode was adapted onto the
developed wearable iontophoretic-based platform. This technology enables real-time,
non-invasive monitoring of SA in plant leaves, offering notable advantages, including a
sensitivity of 82.3 nA/ umol L'*-cm2 and a LOD of 8.2 uymol L. In terms of sensitivity and
linearity, the proposed sensor demonstrated remarkable improvements of over 99% and
90%, respectively, compared to the first non-invasive biosensor presented in the state of
the art for this analyte. Furthermore, the results highlighted the significant role of salicylic
acid as a regulatory phytohormone in the adaptive responses of avocado plants to drought
and salinity stresses. These findings unveiled distinct dynamics in SA accumulation, with
drought stress inducing a rapid and substantial increase in SA levels, while salinity stress
triggered a more gradual response. This research contributes valuable insights into plant
stress responses and their potential applications in crop management and stress tolerance

breeding programs.
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