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Chapter 1

Introduction

We are living a great technology revolution and along with it, the progress
of medicine, an area that has evolved in recent years [1-4]. Technological
advances in the medical field can help save lives by providing innovative
healthcare solutions for the diagnosis, prevention, monitoring, and treatment
of diseases.

The constant innovations in medicine have considerably increased the
expectancy and quality of life, as well as health care [5]. Medical technol-
ogy is present in our daily lives, from the single-use systems to the most
sophisticated equipment, such as glucometers, pregnancy tests, and many
other technologies and services that have radically improved both the med-
ical practice as the world health [6-10]. Innovation is driving significant
changes throughout the health sector and is called to transform health in
the coming years. World Health Organization (WHO) defines innovation in
health as “new or improved health policies, systems, products and technolo-
gies, and services and delivery methods that improve people’s health and
well-being” [11]. Moreover, the innovation concept also includes creativity,
efficiency, quality, sustainability, safety, and affordability.

Medical devices play a crucial role in proper and successful diagnosis.
They can provide accurate and relevant data about the patient, seeking the
general welfare of the entire population. The increase in these electronic

medical devices is improving patient outcomes and reducing healthcare costs
[12].

According to the Medical Device Market Report: Trends, Forecast, and
Competitive Analysis: “The global medical device market is expected to
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reach an estimated $409.5 billion by 2023, and it is forecast to grow at a
Compound Annual Growth Rate (CAGR) of 4.5% from 2018 to 2023. The
major drivers for the growth of this market are healthcare expenditure, tech-
nological development, aging population, and chronic diseases” [13]. The
new way of managing health and its data is transforming institutions and
medical centers, saving costs, improving their profitability, reducing waiting
time and, above all, improving patient care and experience.

Currently, conventional diagnostic methods are still dominant around the
world. These diagnostics tests usually are performed in centralized labora-
tories with accurate and automated equipment, which analyzes numerous
samples at an affordable price. Despite the advantages, centralized laborato-
ries, also known as provider-centered healthcare, tend to be slow. Sometimes,
centralized tests are not convenient for the patient because they are slow and
require more than one visit to the doctor to complete the evaluation pro-
cess. This process is especially tiresome in people with chronic diseases such
as diabetes since they must be regularly monitored [14]. Usually, from the
sample collection to the diagnostic result, patients anxiously await several
days or even weeks. This waiting time increase in rural areas with deficient
infrastructures, which have clinics and centralized laboratories a significant
distance away.

The healthcare approach is changing due to economic pressures and the
general recognition that care needs to be more patient-centered [15]. Patient-
centered healthcare is becoming a global trend since the growth of the pop-
ulation and their aging is increasing health expenditure. This fact makes
many countries are reducing the average healthcare spending per person.
One way to reduce health spending is to encourage patients to be evaluated
and treated in primary care centers. In this way, it is possible to reduce
the saturation of hospitals, which are more expensive and slower. The need
for self-monitoring the glucose has boosted the growth of the Point-of-Care
(POC) diagnostics, which is the largest segment of POC by far.

1.1 Point-of-Care Diagnostics

During the latest years, POC devices have arisen as rapid and accurate
diagnostic systems centered on the patient. According to the Dimensions.ai
website, more than 1.7 million articles and 325 thousand patents about POC
Diagnostic Testing have been published during the last 5 years. Most of them
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have comparable accuracy and sensitivity to centralized laboratory systems
in order to allow quick diagnostic decisions.

There are many definitions of POC testing and no accepted universal
definition. According to the article “International definition of a point-of-
care test in family practice: a modified e-Delphi procedure” POC test can
be defined as “a test to support clinical decision-making, which is performed
by a qualified member of the practice staff nearby the patient and on any
part of the patient’s body or its derivatives, during or very close to the time
of consultation, to help the patient and physician to decide upon the best-
suited approach, and of which the results should be known at the time of the
clinical decision-making” [16].

The features of POC devices depend on the application, the final scenario
where the POC is going to be used, and the profile of the final user. However,
most of these devices have in common some attributes: a) short time-to-result
and close to the patient in order to provide a rapid diagnosis and manage
clinical decisions in the same clinical encounter; b) simple to use; ¢) results
should be concordant with an established laboratory method and; d) device
together with associated reagents and consumables should be safe to use and
robust in storage and usage.

POC testing has the potential to improve healthcare. For this reason, de-
velopers of such devices must be guided by more specific design criteria to en-
sure that the technology can address the needs of the user. In response to the
need for improved diagnostics tests, the WHO Sexually Transmitted Diseases
Diagnostics Initiative established some guidelines to develop POC testing
devices for the detection of sexually transmitted infections (STT) in resource-
limited countries [17]. These attributes, also known as “ASSURED” crite-
ria, provide a framework for evaluating POC devices in resource-constrained
communities (Table 1.1).

A = Affordable Accessible at a reasonable price for public
healthcare systems, as well as for users and
patients. The tests should be cheap and
should reduce the costs for the patient.

S = Sensitive Must give few false negatives.
S = Specific Must give few false positives.
U = User-friendly Easy to carry out tests and in a few steps

by unskilled people after minimal training.
The results should be clear and easy to un-
derstand.
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R = Robust and rapid | The test must have a short response period
without the need for refrigerated storage and
must resist transport and, have a long shelf
life. In the best cases, they should not even
require electricity to work.

E = Equipment-free The equipment must be compact with easy
disposal and sample handling. Reagent han-
dling, analysis, data interpretation, and stor-
ing of waste products should limit the inter-
vention of users and their exposure to bio-
hazard as much as possible.

D = Deliverable The tests should be carried out in the field.
Consequently, the system must be portable.

Table 1.1: The ASSURED criteria that indicate the attributes that should have a POC
device.

1.1.1 Main elements of Point-of-Care Diagnostics

The development of POC needs cooperation between different areas of
knowledge, and the use of different key enabling technologies (KET) to im-
plement suitable solutions in order to overcome specific needs for the par-
ticular scenarios of application [18,19]. These areas are biosensors and new
materials, microfluidics, hardware, and software (Figure 1.1).

1.1.1.1 Biosensors and new materials

Advances in chemistry and materials are improving the performance of
POC testing. In-vitro diagnostics require affinity reagents, which are small
molecules (such as antibodies, peptides, among others) that specifically binds
to a target molecule to identify, quantify, capture, or influence its activity.

Biosensors are integrated analytical diagnostic tools with high potentials
in POC applications, which offer a number of benefits in many areas [20,21].
These small devices use a recognition element, normally a biomolecule, to
bind a specific analyte and transduction mechanisms to detect this binding
event. The use of electrochemistry in biosensors make these devices more
practical, sensitive, accurate, fast, and cheaper [22].
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Biosensors and
new materials

O

Point-of-Care
Diagnostics

Microfluidics

Figure 1.1: Main fields that compose Point-of-Care Diagnostics.

As has been mentioned, POC systems must be sensitive and accurate, as
well as practical, low-cost, and portable. Therefore, electrochemical biosen-
sors have the potential to become a key aspect for the development of POC
testing.

Moreover, new materials have been introduced to improve the capabilities
of POC diagnostics. Paper-based diagnostics has the potential to expand the
capabilities of POC testing, due to the paper is an accessible and inexpensive
material [23]. It is also able to transport fluids via capillary flow, thus remov-
ing the need to use pumps or other external equipment to drive fluid flow [24].
Biosensing systems based on flexible polymers substrates are emerging due to
their enhanced physicochemical properties. These innovative systems have
the potential to be integrated into wearable devices for personalized health
monitoring [25]. Flexible substrates could allow performing minimal or non-
invasive diagnostic tests [26] and could be integrated into a wide variety of
wearable devices.
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1.1.1.2 Microfluidics

Microfluidic lab-on-a-chip (LOC) technologies have been considered as
a promising solution to achieve the requirements of the POC diagnostics
[27]. They have the potential of miniaturizing and integrate into a small
chip most of the functional modules used in centralized laboratories such as
micropumps, microvalves, and microseparators, among others [28,29].

Some of their advantages are its small size, low sample and reagent vol-
ume, high capability of integration, and rapid analysis time. It also has
the potential to accomplish complex diagnostic assays, usually performed in
a centralized laboratory, into a single microfluidic chip. All the integrated
modules that compose a microfluidic LOC performs the steps of a diagnos-
tic assay, including fluid handling, sample pre-treatment, sample separation,
signal amplification, washings, and signal detection.

Furthermore, this technology enables POC diagnostic devices accessible
to non-specialized users due to these devices are self-contained, automated,
easy-to-use, and rapid. Current research efforts toward POC testing based
on microfluidics” LOC technologies are focused on developing methods to
detect different types of analytes such as proteins, cells, nucleic acids, and
other biological substances [30].

1.1.1.3 Hardware and software

Portable electronic medical devices are emerging to revolutionize health
care systems that will enable people to be monitored by themselves improv-
ing surveillance thanks to the early detection of diseases. Moreover, these
advances could mean more efficient and effective health care personalized and
centered on patients who take greater responsibility for their health [31,32].

The miniaturization and the integration of the electronic components en-
able the development of novel and compact devices to prevent and monitor-
ing health parameters. These innovations include smart devices, customized
wearable platforms, and wireless Internet-of-Things (IoT) systems, among
others.

Devices based on IoT technologies are of great interest [33]. This tech-
nology interconnects digitally everyday objects with the Internet using Blue-
tooth Low Energy (BLE) or Wi-Fi modules, among other communication
resources. These modules use standard protocols, which allow sending and
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storing information in large capacity databases for later analysis [34].

Moreover, these electronic systems also can be used in primary healthcare
centers, where can provide a rapid diagnosis and allow take clinical decisions
in the same visit with the medical consultant.

These innovative portable devices are adapting to new technologies cre-
ating novel systems with small size and low cost that allow performing the
most common clinical tests anywhere (such as immunoassays, molecular di-
agnostics, and enzymatic assays). An example is hand-held glucometers, the
most widespread type of POC, which are widely used in the home setting by
diabetic patients who need a constant control of their blood glucose level.

The use of smartphones has facilitated the progress of imaging, sensing,
and diagnostic tools. Furthermore, they are enhancing the measurement ca-
pabilities of researchers, educators as well as citizen, opening the door to
new opportunities and developments [35]. It is increasing the use of smart-
phones to monitor some health parameters such as body temperature, and
galvanic skin response, among others [35]. These devices, attached to exter-
nal accessories, are capable of making diagnostic imaging or sensing physical
parameters. There are several types of fitness monitoring sensors, which are
used for tracking movement and heart rate as well as pulse oximeters used
to measure blood oxygen as an indicator for lung disease [36]. Furthermore,
the camera lens of smartphones can be used to perform a rapid blood anal-
ysis as it was demonstrated in [37]. In this work, the authors developed an
imaging cytometry platform installed on a cellphone for the measurement of
the density of red and white blood cells and the hemoglobin concentration
in human blood samples.

Science, technology, and innovation are evolving rapidly, but the auton-
omy of electronic devices is still a big problem [38]. Although the current
batteries are increasing the capacity, they are still limited and very pollut-
ing. Many studies are focused on the use of fuel cells as a power sources.
Fuel cells (FC) are electrochemical cells that convert the chemical energy
of a fuel and an oxidizing agent into electricity through reduction-oxidation
reactions. They can produce electrical energy continuously for as long as fuel
and oxidant are supplied, creating infinite and non-polluting energy sources.
However, the use of FC to power biomedical devices is still limited since their
safety, durability, and cost must be improved [39].

Usually, the data collected (whether by mobile applications, Internet, or
social media platforms) are stored in large databases for analysis. These data
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are useful in medical disease research, although it is important to analyze
and validate the results to avoid data misinterpreting and protect patient
confidentiality. Recently, the European Union approved the General Data
Protection Regulation (GDPR). This regulation affects almost all industries,
but in health, the GDPR gives patients more control over the personal data
collected and provides more information about how these data are used [40].

1.1.2 Point-of-care diagnostics in low- and
middle-income countries

The developing world and low-resource settings face barriers to accessing
health services, where health care infrastructures are weak, and access to
medical services is a challenge [41].

According to a new United Nations report published in 2019, the world
population will increase 2 billion over the next 30 years, from 7.7 billion
people to 9.7 billion in 2050 [42]. Population statistics indicate that nine
countries will represent more than half of the world’s population growth be-
tween now and 2050, in descending order of the expected increase: India,
Nigeria, Pakistan, the Democratic Republic of the Congo, Ethiopia, United
Republic of Tanzania, Indonesia, Egypt and the United States of America.
India is expected to become the most populous country in the world in ap-
proximately 2027, displacing China. In addition, the data predict that the
population of Sub-Saharan Africa will grow by 99 %, doubling in 2050 [42].
The life expectancy of developing countries is 7.4 years below the world av-
erage in 2019, due to the high levels of childhood mortality, violence, and the
impact of the Human Immunodeficiency Virus (HIV) epidemic.

Poverty and diseases are still one of the most significant challenges in
the developing world where infectious diseases cause significant mortality. In
lower-income countries, most diseases are entirely avoidable or treatable with
a quick diagnosis. The so-called '10-90 GAP’ says that only 10% of global
health research is devoted to conditions that account for 90 % of the global
disease burden [43]. Infectious diseases, such as malaria, HIV, tuberculosis,
and pediatric acute respiratory infections (ARIs), cause 95 % of deaths all
over the world [44].

Numerous efforts are focused on developing technological innovations,
although effective diagnostic testing has been difficult to achieve in these
places. POC diagnostic is a valuable tool to improve the management of
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infectious diseases in an earlier stage that could kill millions of people. These
tests offer rapid results, and they can be simple enough to be used at the
primary care level in remote places with a lack of laboratory infrastructures.
POC testing can help patients to self-test in the privacy of their homes,
especially for stigmatizes diseases such as HIV.

An example is the study published by Mashamba-Thompson et al. [45],
in which the impact of HIV POC diagnostics in HIV-infected women was
demonstrated. The review study showed that the HIV POC test is sig-
nificantly associated with decreased mother-to-child transmission of HIV,
increased linkage to antiretroviral treatments, and HIV care for infected
women.

Another example is syphilis, a curable infection transmitted sexually or
during pregnancy from the mother to the fetus. Due to syphilis causes gen-
ital ulcers, it can increase the risk of transmission and acquisition of HIV.
Most of the people with syphilis are not diagnosticated and can transmit the
infection to their sexual contacts or the fetus. In the case of not receiving
treatment, 25 % of pregnant women with syphilis will give birth to a dead
baby, and 33 % will be born a baby with low weight and more likely to die
in the first month of life [46]. In most countries, within the processes of
pregnancy monitoring, pregnant women are evaluated for syphilis. However,
in sub-Saharan Africa, less than 50 % of pregnant women are undertaken
to the syphilis test [47]. The studies demonstrate that these POC tests can
increase syphilis’ pregnancy detection in developing countries [48]. Available
POC tests for syphilis are sensitive, specific, and do not require complex
equipment. Moreover, these tests are inexpensive (cost less than $1), rapid
(provide a result in 15 minutes), and only requires a drop of blood. POC
tests for syphilis must accomplish the ASSURED criteria and could make
syphilis tests accessible to all women anywhere. Furthermore, dual POC
tests for diagnosing HIV and syphilis could prevent HIV transmission from
mother to children, and prevent adverse pregnancy outcomes due to syphilis,
reducing the 300,000 cases reported annually.

A key point is to identify the barriers for POC diagnostics in the low- and
middle- income countries. The fact of having available POC diagnostics does
not ensure its success. If these devices are not widely used, and the correct
intervention process is not followed, they do not have a significant impact on
the society. Despite the increase in the investment in POC diagnostics for the
developing world, there are numerous barriers to overcome. These challenges
may depend on different factors: the country, sector (public or private), area
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(urban and rural settings), among others [49]. Some barriers that must be
overcome to achieve the success of POC devices are listing below (Figure
1.2).

Barriers in developing countries

Regulatory and
policy guidelines

PoC diagnotics Geographical Supply chain

development acces

@

Figure 1.2: Challenges to overcome for implementing POC diagnostic devices in
developing countries.

1.1.2.1 Regulatory and policy guidelines

Unclear or cumbersome processes and the lack of adequate guides make
POC devices difficult to trademark [18,32]. Some studies showed that weak
regulations on POC testing are more challenging compared to drugs and vac-
cines [18]. The distribution of POC devices is a logistical challenge. Another
obstacle is funding from multinational organizations for assistance and non-
governmental organizations (NGOs), which makes countries dependent on
these partners [18,32].

1.1.2.2 Infrastructures health system

Health systems with weak infrastructures and lack of knowledge of the
end-user are a challenge in low-income countries [18,49]. In other to imple-
ment successful POC platforms, it is necessary to take into account sev-

10
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eral topics: adaptable diagnostic technologies; quality backup infrastruc-
ture; trained personnel; and the active participation of developers, suppliers,
health professionals, and local health authorities [18]. However, developing
countries have a lack of trained health professionals, and the few trained
health workers are overloaded with a large number of patients [18,49].

Sometimes, implement some POC testing is difficult due to primary
healthcare clinics in rural areas often lack basic infrastructures, such as con-
stant electricity supply, refrigerators, waste disposal units, and temperature
control [49]. Moreover, professionals in hospitals and large healthcare centers
are often opposed to rapid tests performed outside the laboratory, due to fear
of losing their job or the control over the tests [18,49].

1.1.2.3 Point-of-Care diagnostics development

Traditionally, technologies have been developed to meet the needs of de-
veloped countries that have funded and regulated high-quality laboratories.
However, this approach does not cover the needs of healthcare centers with-
out necessary infrastructures [18,32]. Besides different design criteria must
be taken into account to develop POC testing devices for environments with
limited resources [18,50,51].

1.1.2.4 Geographical access

Geographical access is a significant barrier for POC testing. In low-income
countries, the majority of the population lives in the countryside, so access
to health facilities means to walk or travel by public transport over long
distances [52]. The study presented by Gething et al. shows that 33 % of
women in Ghana take two hours to arrive at health centers that provide
emergency obstetric and neonatal care [53]. Other studies also showed that
the access to POC tests and treatment for HIV disease in sub-Saharan Africa
is compromised by distance to health centers [52].

1.1.2.5 Supply chain

The supply chain is one of the greatest barriers in accessibility to POC
tests in environments with limited resources [18,48,54]. The main factors
which cause problems are: irregular supply; limited reagents; inappropriate

11
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diagnostic systems; confusing acquisition systems; distribution delays; and
poor maintenance [18].

Proper distribution processes are necessary for the success of the imple-
mentation of POC systems due to the reagents have a limited shelf life and
often require proper management of the cold chain [18,32,49]. It is also im-
portant to maintain the quality of the processes, a challenge due to the lack of
experience or training of health workers in these developing countries [18,32].

Deficiencies in the supply chain generate poor quality POC tests, discred-
iting the reliability of POC diagnostics [49]. An example is a study presented
by Biza et al., which identified a poor supply chain in the implementation of
prenatal care packages in different health facilities in Mozambique [55].

1.1.3 Investments in Point-of-Care Diagnostics

The healthcare, and increasingly patients, demand more technical ad-
vances in medical diagnostics. There are many studies focused on the devel-
opment of POC devices, although there has not been significant progress in
the market in recent years. However, the pandemic caused by the 2019-novel
Coronavirus (2019-nCoV) has increased the demand and the rapid develop-
ment of POC diagnostic tests. The manifestation of the virus infection is
highly nonspecific, for this reason, POC devices are crucial to confirm sus-
pected cases, screen patients, and conduct virus surveillance to control the
outbreak [56-58].

The POC diagnostics market can be divided into two blocks: the so-
called “non-professional” products (glucometers and pregnancy tests), and
the “professional” products, which includes all other tests (infectious disease,
cardiac markers, lipids, coagulation, hematology, among others) [59]. Glu-
cometers are the most widespread product followed by pregnancy tests, while
infectious disease tests are the fastest-growing product. According to the 8th
edition report of the International Diabetes Federation (2017) [60], approxi-
mately 425 million adults, between 20-79 years, had diabetes in 2017-18 and
it is expected to rise to 629 million by 2045. POC glucometers are one of
the most useful tools to manage this disease since it can control the glycemic
levels in diabetic patients.

There are several reports available to document the growth of the POC
test markets. According to the study ”Point of Care Diagnostics/Testing
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market size, share & trends analysis report by product (glucose, blood gas
/ electrolytes, cancer marker), by end-use (clinic, hospital), and segment
forecasts, 2019 - 2025” [61], the POC diagnostics market was valued at USD
18.09 billion in 2018 and is expected to increase the CAGR 3.3 %. The growth
will be produced thanks to the improvements in the laboratory automation
techniques, and the new cost-effective and high-quality medical solutions.

Bill & Melinda Gates Foundation and Grand Challenges Canada an-
nounced grants over USD 31 million to develop innovative POC diagnos-
tics test for the developing world [62]. Some factors which boost the POC
diagnostics market growth are the increase of chronic diseases and life ex-
pectancy. These issues make it look for new solutions like the POC testing,
which increasingly patients and clinicians are open to using.

1.1.4 Classification of Point-of-Care systems based on
biosensing method

POC devices can be classified in different ways. They can be catego-
rized into small portable devices (such as urine albumin tests, blood glucose,
and coagulation, among others) and as large bench-top systems (for example,
blood gas and electrolyte systems) [63]. Small handheld devices are developed
using microfabrication techniques and can show a qualitative or quantitative
measurement, of a wide range of analytes. Although they seem straightfor-
ward at first sight, internally are complex. These handheld systems can
perform various tasks such as separating cells from plasma, adding reagents
and reading color or other endpoints. On the other side, POC bench-top
systems are a reduced version of the central laboratory equipment (such as
Afinion™CRP, Alere™(q, Pima™CD4 , and Cholestech LDX™from Ab-
bott company [64-67]). In these smaller and less-complexity versions, some
steps have been automated, such as automatic sample washing, calibration,
and quality control, for not depend on vulnerable operators.

It is also possible to classify POC devices according to the biosensor
used. A biosensor is a measurement system that detects the presence or
concentration of specific biomolecules, microorganisms, or other biological
analytes through a physicochemical detector. The detection takes place in
three steps. First, the analyte binds to a recognition element, also so-called
bioreceptor. The biological binding event is translated into a signal using a
transducer. This signal is processed and translated into the concentration of
the analyte, among others [22].
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These devices are composed of two fundamental elements: a biological re-
ceptor (microorganism, immobilized enzymes, deoxyribonucleic acid or DNA|
cells, among others) prepared to detect a substance taking advantage of the
specificity of biomolecular interactions and a transducer, which interprets the
reaction of biological recognition produced by the receptor and translates the
binding event into a quantifiable signal [21,68] (Figure 1.3).

Sample analyte ——» @ o v @

- Microorganisms

- Immobilized enzymes ——»
-DNA

- Cells Bioreceptor

- Mechanic

- Optical

- Electrochemical
- Thermoelectric

e Transducer

Figure 1.3: Block diagram of the structure of a biosensor.

There are two main methods for biomarker detection: label-based and
label-free detection (Figure 1.4).

Biosensors
Label-based Label-free
detection detection
T
[
Electrochemical Mechanical Optical
biosensors biosensors biosensors
Amperometric Surface-stress Surface plasmon
X X resonance
Potentiometric Ql_xartzbclrystal Resonant
— e e

Conductometric

Figure 1.4: Classification of biosensors based on the detection method [22].

Label-based techniques tag query molecules with fluorescent dyes, iso-
topes, nanoparticles, among others [69]. The molecule of interest is chemi-
cally or temporarily linked to an external molecule to detect molecular pres-
ence or activity, which can modify its intrinsic properties. The enzyme-linked
immune-absorbent assay (ELISA) is one of the most used label-based clin-
ical tests for the detection of protein markers, together with the Frequency
Resonance Energy Transfer (FRET) transduction method. However, these
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techniques can modify the characteristics of the query molecules. Besides,
these labeling procedures are complex and may become prolonged over time,
making labeling techniques non-practical for use in POC applications [69,70].

Detection methods without labels measure inherent properties, such as
mass or dielectric properties. Label-free techniques are more suitable for POC
diagnosis because they do not interference with marker molecules [69, 71].
Advances in POC devices based on biosensors depend on the improvement
of biosensor techniques to rapid and multiple biomarker detection with high
selectivity and sensitivity.

Next, different types of label-free sensors are explained by classifying
them according to the method of signal transduction. This doctoral disser-
tation describes the development of full-custom platforms for electrochemi-
cal detections. For this reason, it is paid special attention to electrochemical
biosensors. Besides, optical and mechanical biosensors are roughly described,
although they do not form part of the study of this thesis.

1.1.4.1 Electrochemical biosensors

Electrochemical biosensors are of great interest since they enable a prac-
tical, rapid, and low-cost analysis of species with high specificity, sensitivity,
and selectivity. These kind of sensors converts the biological recognition
event into an electrical signal proportional to the analyte concentration [72].

The electrodes that make up these sensors are inexpensive and can be
integrated into portable, miniaturized, and easy-to-use electronic systems
capable of performing rapid measurements [73]. These systems allow deter-
mining the concentration of an analyte within a complex sample next to the
patient and in near real-time, making them very interesting for medical diag-
nosis and environmental monitoring applications. One of the most relevant
characteristics of electrochemical biosensors is the possibility of detecting
analytes without damage the material [74].

In particular, amperometric biosensors are widely used for determining
blood glucose levels in people with diabetes. They provide the result in
minutes using a drop of blood. Currently, these systems have been improved
and enable continuous glucose monitoring [75].

They are also used in industrial and environmental analysis applica-
tions [76]. Thanks to them, food manufacturing processes are controlled,
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evaluating their quality, and monitoring organic pollutants. An example is
the use of electrochemical biosensors to detect Salmonella and E. coli O157:
H7 [74]. Recently, the use of nanotechnology focused on the development of
biosensors has increased, which allows reducing the dimensions of the elec-
trochemical sensor elements and increasing the signal-to-noise ratio [73].

Electrochemical biosensors can be based on two- or more-electrode config-
uration. The conventional electrochemical cell contains three separate elec-
trodes: the working electrode (WE), the auxiliary or counter electrode (CE)
and the reference electrode (RE). The detection capacity depends on the
materials, the surface modification, and the dimensions of the electrodes.

The RE has a stable and well-defined electrochemical potential, besides
no current flows through it. This electrode is essential to establish and know
the exact potential without variations. The RE is kept at a certain distance
from the place where the electrochemical reaction occurs in order to maintain
stable potential [20].

The current is applied or measured through the CE and the WE. The
CE establishes a connection with the electrolytic solution, providing a flow
of electrons between both electrodes [20]. On the other hand, the WE act
as a transduction element in the biochemical reaction. The WE can be
called cathodic (when reduction occurs) or anodic (when oxidation occurs).
It can be made of different materials, creating a wide variety of electrode
types (screen printed electrode, Pt electrode, gold electrode, silver electrode,
carbon paste electrode, carbon nanotube paste electrode, among others).

To ensure the half-reaction is fast enough and to avoid the kinetic limit
of the process, CE often has a larger surface area than WE. Furthermore,
both electrodes must be conductive and chemically stable.

Screen-printed electrodes are widely used electrochemical sensors, which
are fabricated by depositing thin films of inks on the substrate of the electrode
(glass, plastic or ceramic) [77]. They are usually used to develop ampero-
metric biosensors since they are cheap and allow a large-scale fabrication.
Typically, these biosensors are disposable, reducing pollution and loss of sen-
sitivity. An example of this type of electrodes is depicted in Figure 1.5.

Electrochemical biosensors classification

They can be classified depending on their signal transduction method.
These methods include: a) amperometric detections, which rely on measur-
ing the electrochemical oxidation or reduction current that is related directly
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Figure 1.5: Electrochemical biosensor based on screen-printed electrode [78].Reprinted
from Metrohm-DropSens website.

to the concentration of the electroactive species; b) potentiometric detec-
tion that measures potential changes at the working electrode concerning
the reference electrode, under conditions of constant current flow (usually
zero); and c¢) conductometric detections, which are based on changes of elec-
tric conductivity of biolayer at the electrode surface, whose conductivity is
affected by the analyte present [20].

a. Amperometric biosensors

Amperometric biosensors are integrated devices that measure cur-
rents resulting from the oxidation or reduction of a biochemical re-
action for the quantification of an analyte. The simplicity of the
transducer enables its use on low-cost portable systems suitable for a
wide range of applications [20, 73].

In order to perform the detection, the product must be electroac-
tive and undergoes a redox process. Many biological compounds
(glucose, cholesterol, etc.) are not electroactive, so it is necessary
to combine reactions to produce an electroactive element.

b. Potentiometric biosensors

Potentiometric sensors are devices comprised of a biological sen-
sor element connected to a physicochemical transducer. The trans-
ducer generates an electrical potential signal when the target analyte
binds to the bioreceptor, which is proportional to the logarithm of
the concentration of active substances produced or consumed in the
reaction [79]. They measure the accumulation of a charge potential
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at the WE concerning the RE, under conditions of constant current
flow (usually zero) [72].

The potential difference, measured between the RE and the WE,
depends on the activity of the ions of the sample to be analyzed. The
principle of potentiometric detection is based on the Nernst equation
[80], which relates the potential difference to the activities of the
species responsible for the response.

c. Conductometric biosensors

In conductometric biosensors, the biorecognition event causes a
change in the ionic species concentration, which leads to a change in
the electrical conductivity that can be measured. These biosensors
are based on the measurement of the variations of the conductance
with the use in an AC signal at a fixed operating frequency [68].

Some advantages of conductometric biosensors are: a) they can
be miniaturized and integrated using a thin-film technology; b) they
use an inexpensive technology, enabling the large scale production;
¢) they do not require a RE; d) transducers are not light-sensitive;
and e) they operate at low-amplitude AC signal, preventing Faraday
processes on electrodes [81].

Electrochemical detection techniques

Three of the most commonly used techniques in electrochemistry are
cyclic voltammetry, chronoamperometry, and electrochemical impedance spec-
troscopy.

a. Cyclic voltammetry (CV)

In this potentiodynamic electrochemical measurement technique,
a variable potential is applied to the electrochemical cell while the
current that provides this electrochemical cell is measured (Figure
1.6). The WE potential is varied over time until it reaches an es-
tablished potential value, then it changes direction. This process is
repeated an established number of cycles. The result is plotted in
a cyclic voltammogram, which represents the current through WE
against the voltage applied to an electrochemical cell.

CV is a technique widely used to study the electrochemical prop-
erties of an analyte in a solution. Electroactive surfaces are typical in
electrochemical devices, such as energy extraction devices (batteries
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and fuel cells), as well as electrochemical sensors (glucometers, among
others). The great advantage of the CV is the diversity of informa-
tion it gives since a single scan provides a large amount of information
about the chemical and physical behavior of a system. It shows the
relationship between the speed of electrolysis on the electrode surface
and the transport speed of the chemical species that react to that
surface by diffusion. Different physical phenomena can be observed
performing voltammetry at different scan rates, modifying the rate
of change of voltage over time.

2\ by
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Current

\
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Time Voltage

Figure 1.6: Typical cyclic voltammetry input (a) and output (b) waveforms.

b. Chronoamperometry (CA)

It is a specific electrochemical technique in which chemical species
(known as electroactive substances) produced redox reactions at inert
metal electrodes [82]. CA is a time-dependent technique that drives
the WE at a constant potential. In this technique, the electrode
current is measured against the time (Figure 1.7).
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Figure 1.7: Typical chronoamperometry input (a) and output waveforms (b).

In this technique, the current varies according to the diffusion of
an analyte from the bulk solution to the sensor surface. CA measures
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the dependence between the current and time of a diffusion-controlled
process that varies with the analyte concentration. This sensitive
technique does not require analyte or bioreceptor labeling.

The procedure is as follows. Before beginning the experiment, the
electrode is maintained at a potential in which no faradaic process
occurs. Then, the potential rises to a value at which a redox reaction
occurs. For reactions under diffusion control, the current decreases
t1/2, following the Cottrell equation, Equation (1.1). The Cottrell
equation defines the current-time dependence for linear diffusion con-

trol at an electrode.
I D
I =nFA — 1.1
n Co ot ( )

where,

I: current,

F: Faraday’s constant,

N: number of transferred electrons for each molecule,
A: electrode area,

co: analyte concentration,

D: diffusion coefficient,

T: time.

c. Electrochemical Impedance Spectroscopy (EIS)

Electrical resistance is the ability of a circuit element to resist
the flow of electrical current. Ohm’s law, Equation (1.2), defines
resistance (R) as the ratio between voltage (V) and current (I).

R = 7 (1.2)
This well-known relationship is limited to the ideal resistor. The
real world contains circuit components with more complex behavior,
such as the impedance. Like resistance, impedance measures the
ability of a circuit to resist the flow of an electrical current. However,
the impedance is frequency-dependent, so it is necessary to apply an
AC potential to the electrochemical cell and then measure the current
through the cell.

The response to a sinusoidal potential signal is a sinusoidal current
signal, which can be considered as a sum of sinusoidal functions (a
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Fourier series). The impedance (Z) is calculated by setting the input
potential (V) and measuring the induced current (I) (Equation (1.3)).

Z=V-I (1.3)

In an EIS, an AC potential is applied to the sample under test,
normally a small amplitude sinusoidal signal. Then, the inducted
AC current through the sample is measured (Figure 1.8a). An EIS
measures the impedance, a complex quantity with a magnitude and
phase that represents the resistive and capacitive effects. The resis-
tance forms the real part of the complex impedance, in-phase with
the applied signal, while capacitance forms the imaginary part of the
complex impedance, out-of-phase with the applied signal. A Nyquist
diagram is often used to represent the impedance (Figure 1.8.b). This
diagram plots the imaginary component against the real component
of the impedance as a function of the frequency.
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Figure 1.8: a) An oscillating perturbation in the cell produces an oscillating current
response. b) Schematic of a Nyquist plot. Top-right points are at lower frequencies,
while bottom-left points are at higher frequencies.

EIS is a powerful technique used in a broad range of applications,

such as a corrosion monitoring processes [83], food physiological sta-
tus [84], human body analysis [85], among others.

1.1.4.2 Optical and mechanical biosensors

Optical biosensors

Optical sensors use light to detect the binding of a target molecule. They
are composed of a biorecognition element and an optical transduction sys-
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tem. The biorecognition elements can be enzymes, antibodies, antigens, nu-
cleic acids, cells, among others. Two examples of optical biosensors are Sur-
face Plasmon Resonance (SPR) and Resonant Waveguide Grating (RWG)
biosensors. Both use an evanescent field to detect the interaction between
the biorecognition element and the analyte.

a. Surface Plasmon resonance biosensors

SPR biosensors are optical sensors that detect changes in the re-
fractive index due to the binding of molecules to a sample. The SPR
phenomenon allows direct measurement, without labels, recognizing
the concentration of immobilized biomolecules in the SPR sensor [86].

Polarized light with a particular angle excites a specific mode of the
electromagnetic field-surface plasmon. This generates surface plas-
mons and the reduction of the intensity of the reflected light at a
specific angle, so-called resonance angle. The surface plasmon propa-
gates along with a thin film of metal (or other conductive materials)
and its field probes the medium adjacent to the metal (usually glass
and liquid) [87]. The index of refraction in the proximity of the metal
surface alters the speed of the surface plasmon, which can be detected
analyzing changes in the light wave coupled to the surface plasmon.
This effect is proportional to the surface mass, so, if specific biorecog-
nition elements are immobilized on the metal surface when a sample is
contacted with the sensor surface, the analyte molecules are captured
by these biorecognition molecules. This union produces changes in
the index of the refraction of the surface of the sensor, which can be
measured by the optical detector [86,87].

SPR is a potential optical biosensing technology since it allows real-
time, label-free, and noninvasive measurements. Some researchers
have published reports presenting SPR, biosensors for studying var-
ious kinds of biological reactions. Firdous et al. developed a SPR
biosensor as an approach to early-stage detection of viral and malig-
nant diseases, such as cancer tumors [88]. The developed instrument
captured and detected a biomarker in vitro for cancer diagnostics. In
another study, Dorin Harpaz et al. developed a functionalized gold
SPR chip to detect NT-proBNP and S100 § stroke biomarkers [89].
The biomolecular interaction was detected through the refractive-
index shift measured with a camera. Both biomarkers were detected
in the typical range of stroke concentrations, which ranges from 0.25
ng/mL to 10 ng/mL, demonstrating a limit-of-detection lower than
ng/mL.
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There are several advantages of SPR biosensor technology. Due
to its versatility, they can detect a wide variety of analytes, which
does not have any particular property (such as fluorescence or ab-
sorption). Also, it is possible to perform real-time analysis, providing
a quick and flexible response. However, they also have some limita-
tions. The specificity of detection is based on the ability of biomolec-
ular recognition elements to recognize and capture analytes. There-
fore, if biomolecular recognition elements are sensitive to non-target
molecules but structurally similar, it can hide a specific response.
Moreover, interferences can produce variations in the refractive in-
dex, such as variations in the background refractive index (due to the
temperature of the sample or composition variations) [90].

b. Resonant waveguide grating biosensors

This optical sensor combines the optical methods of evanescent
field detection and optical phase difference measurement. The tech-
nique is also known as Optical waveguide interferometric [91].

An RWG biosensor probes the grating sensor area with an evanes-
cent field, as depicts Figure 1.9. The biological area changes when
biorecognition molecules capture analyte molecules. This produces
a variation in the refractive index of the area, and a phase shift
of the guided mode concerning the reference field. The interfering
fields of these modes produce a signal at the sensor output, propor-
tional to the change in the refractive index and the analyte concen-
tration. [91]. This technique can be used to perform measurements
of cellular responses under microfluidics [92] or to detect of avian
influenza virus [93].

Mechanical biosensors

Advances in micro and nanofabrication technologies enable the develop-
ment of mechanical biosensors with moving parts of nanometric size. Mi-
croelectromechanical systems (MEMS) and nanoelectromechanical systems
(NEMS) provide high mass resolution. The uniform reduction of its dimen-
sions increases its ability to be displaced or deformed, converting the applied
force into a measurable displacement. These capabilities open up new oppor-
tunities to measure small forces present in biological interactions. There are
different types of mechanical biosensors, such as surface-stress sensors and
quartz crystal microbalances, among others.
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Figure 1.9: Schematic of a resonant grating waveguide biosensor. Reprinted from [94]
with permision.

a. Surface-stress mechanical biosensors

Nanomechanical biosensors usually have a cantilever-shaped which
is sensitive to the biomolecule of interest. These devices measure the
deviation of a miniature mechanical device. When biomolecules bind,
it is developed a surface tension, which produces the deviation of the
mechanical element due to electrostatic repulsion or attraction, steric
interactions, hydration, and entropic effects (Figure 1.10).
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Figure 1.10: Schematic of cantilever biosensors response: (A) initial state and (B)
sensing state. Reprinted from [95] with permision.

The displacement of the cantilever can be detected through the
piezoresistive method. Piezoresistive materials vary their resistiv-
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ity when their surface suffer stress. The resistance of the cantilever
changes when it is bent, which is measured through a Wheatstone
bridge. The main advantage of this technique is that both the sen-
sor and the detection circuit can be easily integrated into a chip. In
the study presented by Marie et al., they developed a piezoresistive
cantilever system capable of detecting DNA hybridization [96]. Elec-
trical (piezoresistive) readout has also been employed to measure the
binding of proteins [97] and DNA [98]. Due to this technique requires
electrical circuits, it is necessary to protect the system in the case
of carried out experiments in liquids. This protection produces heat
dissipation and thermal deviations that can cause parasitic deviations
of the cantilever.

b. Quartz crystal microbalances (QCM)

These label-free biosensors are centimeter-scale mechanical res-
onators extremely sensitive to mass, which allows the detection of
the binding event between analytes and bioreceptors on their surface.
QCM provides a rapid detection of pathogens and toxins because
of its simplicity in concept, sensitivity, ease-of-use, low cost, shorter
analysis time, and their easy production.

The main component of QCM biosensors is a quartz crystal wafer
sandwiched between two metal electrodes, in which an oscillating
electric field produces an acoustic wave (Figure 1.11). The resonant
frequency of these biosensors is dependent on the mass change at
the crystal surface. Analyte concentration can be sensed by com-
bining QCM devices, and highly specific biomolecules immobilized
on the surface. Many researchers applied QCM based biosensor as
the transducer to the detection microorganisms, such as E.coli bac-
teria [99] and metastatic breast cancer [100].
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Figure 1.11: Schematic of quartz crystal microbalance biosensor: when analyte binding
occurs, the resonance frequency varies. Reprinted from [101] with permission.

1.2 Architecture of POC technologies

The integration of electronic technologies and biosensors enables the de-
velopment of biomedical platforms to detect specific biomarkers in health
and environmental fields.

This thesis is focused on the development of full-custom low-power elec-
tronic platforms for POC applications oriented to work with electrochemical
biosensors. The doctoral dissertation was focused on this type of biosensors
because of the wide range of possibilities and advantages that they present.
Some key benefits of electrochemical biosensors are their robustness, easy
integration, and good detection limits [20]. Furthermore, they enable to
develop low-cost, miniaturized, and easy-to-use devices for a wide range of
applications.

The main modules that involve the development of electronic systems for
electrochemical detections generally are the Front-end module, the Back-end
module, and the Power Management module (Figure 1.12).

The Front-end module contains the instrumentation electronics which
carry out the measurement. These circuits bias the signal to drive the elec-
trochemical sensor and conditioning the signal provided. Then, the measure-
ment signal is sent to the Back-end module, in which it is processed and
translated to produce a readable signal, easy to represent. The Power Man-
agement module controls, regulates, and distributes power to the modules
that comprise the system.
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Figure 1.12: Block diagram of an electronic system to make electrochemical
measurements.

1.2.1 Front-end: Instrumentation architectures
1.2.1.1 Potentiostat-based solutions

One of the key elements of electrochemical instrumentation is the po-
tentiostat, an electrochemical equipment widely used in both research and
industry [102]. It is used for many purposes, ranging from the study of biosen-
sors for detecting cancer cells [103] to the sensing of harmful sub-substances
in the food and chemical industry [104].

The main tasks of a potentiostat amplifier are: a) driving the electrodes of
the electrochemical cell to the desired input signal, Vi, ensuring an invariant
voltage at the RE by adjusting the current in the auxiliary electrode or CE,
and b) obtaining an output voltage signal proportional to the value of the
measured analyte.

As is stated in the previous section, Electrochemical biosensors can be
based on two- or more-electrode configuration.

The two-electrode configuration consists of a RE, which fixes a constant
potential reference, and a WE wherein the chemical reaction of interest oc-
curs. The current is applied or measured through the RE and the WE, as it
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is depicted in the Figure 1.13a. The RE carries out two tasks: a) it allows a
charge flow through the cell, and b) maintains a constant interfacial potential,
regardless of current. However, in this configuration is difficult to accurately
fulfill both tasks since the flow of current through the electrode can cause a
voltage drop. Besides, the current present in the RE generates a variation
of the voltage interface [102]. This fact leads to poor control of the WE po-
tential, causing the electrode potential does not remain at a constant value.
These problems occurs in large-scale electrolysis or rapid-voltammetric anal-
ysis methods in organic solvents. A solution is to use biosensors with large
RE and a small WE, although it may not always be feasible to do [102]. This
topology is typically used with energy conversion or storage devices, like fuel
cells or batteries [105].
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Figure 1.13: Basic schematic of (a) two-electrode and (b) three-electrode configuration.

The three-electrode set-up solves many of the problems of the two-electrode
configuration. In this topology (Figure 1.13b), the RE has a stable and well-
defined electrochemical potential, avoiding any flow of current between the
RE and the WE. Due to the current flow through the RE is negligible, the
voltage drop between the RE and WE is small. Thus, the potential at RE
is more stable, and there is compensation for the voltage drop across the
solution that allows more control over the WE potential. In this set-up, the
role of the CE is to inject all the current needed to balance the current at
the WE.

A potentiostat is based on a feedback circuit made up of advanced elec-
tronic components that control with precision the potential to drive sensors
and obtain reliable information at the output. There are numerous topolo-
gies, but it usually consists of two modules: the Control Amplifier, and the
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Current-to-Voltage converter (Figure 1.14).
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Figure 1.14: Example of a potentiostat circuit comprised of the Control Amplifier, and
the Current-to-Voltage Converter.

The Control Amplifier performs three main functions: it acts as a feed-
back element, measures the voltage of the cell, and forces Vggrr, and Viy
to be equal. This module compares the actual cell voltage (VcgrL) to the
desired cell voltage (Vin), and drives current into or from the CE, forcing
these voltages to be the same. The Vi is usually generated by means of a
Digital-to-Analog Converter (DAC), which can generate constant voltages,
voltage ramps, and even sine waves.

It is mainly composed of operational amplifiers. An ideal operational
amplifier has infinite input impedance, avoiding a flow of current through
its inputs. Real operational amplifiers have an input bias current that can
vary its operation. However, operational amplifiers used in potentiostats
have small input currents, of the order of picoamps, which reduce, and even
eliminate this effect. Another relevant parameter of the operational amplifier
is the bandwidth, which characterizes the maximum frequency that the cir-
cuit can measure. The input capacitance of the operational amplifier along
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with the resistance of the reference electrode forms an RC filter. If the time
constant of this filter is large, the filter can limit the bandwidth and cause
system instabilities. When the input capacitance is small, the operation of
the circuit is more stable, and it can tolerate reference electrodes of higher
impedance.

The basic implementation of the Control Amplifier is depicted in Figure
1.15a. As it shows, the WE is connected to ground, and an operational
amplifier controls the cell current, [¢grr,, matching the cell potential, Vegrr,
to the desired potential, Viy.
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Figure 1.15: Schematic of a) a basic control amplifier circuit; and b) a Control Amplifier
circuit using voltage followers to isolate it and the RE.

Another possible implementation is depicted in Figure 1.15b, which uses
operational amplifiers as a voltage follower to isolate the Control Amplifier
and the RE [106]. In this case, the cell potential, Vogry, is proportional to
Vin and depends on the value of Ry and Ry resistors (Equation (1.4)).

R
Veerr = Vin - R—l (1.4)
2

The Current-to-Voltage Converter circuit measures the current of the
cell and translates it into voltage. For this purpose, an Instrumentation
Amplifier, a Transimpedance Amplifier, or a Switching Capacitors circuit
can be used.

The Instrumentation Amplifier (IA) measures the voltage difference in a
resistor placed on the CE (Figure 1.16). In this configuration, the current
through the resistance Ry is the same as the current generated by the elec-
trochemical reaction (Iggrr). Besides, the polarization voltage (Vegrr) is
very stable due to the direct connection of the WE to the ground.
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VIN

Figure 1.16: Potentiostat circuit formed by a basic Control Amplifier configuration with
an Instrumentation Amplifier as a Current-to-Voltage converter.

The transfer function that relates the current through WE and output
voltage, Vour, is theoretically described by the Equation (1.5).

Vour = A-Icgrr - Ria (1.5)

where,

Vour is the IA’s output voltage,

A is the amplifier’s gain,

Icgry is the current generated by the electrochemical reaction,
and Ry is the resistance located in the input terminals of the IA.

Another Current-to-Voltage Converter circuit widely used in potentiostats
circuits is the Transimpedance Amplifier (TTA). In this circuit, a feedback
resistor (Rrra) placed between the positive input and the output of an op-
erational amplifier converts current generated by the reaction (Icgry) into a
voltage (Vour) using Ohm’s law, as shows Figure 1.17 and Equation (1.6).
In this configuration, the feedback of the operational amplifier maintains the
WE at virtual ground. As it is stated previously, the input bias current of
the TTA should be small, and the input impedance large in order to minimize
current losses.

Vour = —Icerr - Rria (1.6)

The Switching Capacitors solution is based on a TTA circuit in which
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Figure 1.17: Potentiostat circuit which combines a basic Control Amplifier configuration
with a Transimpedance Amplifier as a Current-to-Voltage converter.

the resistor is replaced by a switch. The schematic of this architecture is
depicted in Figure 1.18. This solution requires a clock control signal, which
can be generated by a microcontroller that also can process the signal and
transmits the data.

The system works as follows: on the first semi-cycle of the clock, the
switch is closed, and the current of the electrochemical cell (Icgry,) charges
the capacitor (Cgc) to the output voltage (Vour). On the second semi-cycle,
the switch is opened, and Vgyr is connected to the ground discharging the
capacitor. The capacitor and the value of the clock cycle can be adjusted
in order to have a wide measurement range. The Equation (1.7) shows the
expression that relates the circuit parameters with the output voltage.

—Icprr - Tork
pr— 1 . 7
Vour = —HeEis a7

As the solution based on the TIA circuit, the WE is referenced to ground
through the virtual ground. Consequently, to minimize current losses, the
amplifier input bias current should be small, and input impedance large.
Besides, the capacitance of the electrochemical cell must be some orders of
magnitude higher than the capacitor Cgc to avoid that the charge injection
being larger than desirable.
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Figure 1.18: Potentiostat circuit composed of a basic Control Amplifier configuration
with a Switching Capacitor as a Current-to-Voltage converter.

The Switching Capacitor configuration is commonly used in ASIC (Application-
Specific Integrated Circuit) developments due to is difficult to fabricate resis-
tors of the large values, and easy to integrate low-capacitance values, making
possible to create multichannel sensor systems [107,108].

Different potentiostat architectures with their advantages and disadvan-
tages are shown in Table 1.2. The choice of the most appropriate front-end
instrumentation depends on a variety of factors such as area, power consump-
tion, minimum current detection, the operation frequency, among others.
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Potentiostat

architectures Advantages Disadvantages
- The WE is directly
connected to the ground
Instrumentation  terminal when the IA is - The resistors increase the
amplifier connected between the flicker and thermal noise.
CE and the Control
Amplifier.
- The current path does
not have active - Difficult to integrate.
components.
. - The WE is virtually
Transimpedance .
. - Simple. connected to the ground
amplifier .
terminal.
- The current path has active
components.
- The input current bias of
the amplifier causes current
measurement, losses.
oo - The WE is virtually
Switching .
. 2 - Easy to integrate. connected to the ground
capacitor circuit .
terminal.

- The current path has active
components.
- It depends on electrode
morphology and parasitic
capacitors.

Table 1.2: Summary of front-end solutions based on potentiostat architecture [109].

Several POC systems based on potentiostats are presented in the liter-
ature, and the vast majority are based on a TIA [110-112]. An example is
the potentiostat developed by Sun et al. [113], which used an integrator and
a pulse width modulation hardware to generate the signal to drive the sen-
sor and a resistive feedback to measure the current output signal. Another
example is the smartphone-based electrochemical device presented in [114].
Punter et al. also described a portable POC device for early detection of
anemia based on direct hematocrit measurement from whole blood samples
through impedance analysis [111]. The electronic instrumentation combined
a Wien bridge oscillator and potentiostat based on TIA. The device was val-
idated through 24 blood samples, obtaining an accuracy error of 2.83 % and
a mean coefficient of variation of 2.57 %.
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It is also proposed potentiostats based on IA. An example is the low-
current, high sensitivity, and high linearity biosensor dedicated to neuro-
transmitter detection based on IA presented in [115], which included an error
cancellation loop composed of high gain and rejection ratio amplifiers. The
proposed potentiostat had 0.1 % accuracy and 10 nA current sensitivity.

As is stated above, switching capacitor-based techniques are commonly
used in integrated systems. In [107], the authors developed a miniaturized
biosensing platform for amperometric electrochemical sensing in 0.35 pum
CMOS technology. The system was composed of a fully integrated current
readout circuit that measured currents in the range of £20 pA with an input
noise of 0.47 pA and an input leakage current of 2.1 nA. Another example is
presented in [108], in which a current readout circuit based on a switching ca-
pacitor technique is described for interfacing with electrochemical biosensors
for POC Bovine Viral Diarrhea diagnostics.

1.2.1.2 Current sense amplifier

One of the key aspects of this thesis is to develop different electronic
systems able to detect the current provided by the electrochemical cell.

Sensing current flow is a frequent requirement in electronic systems, and
there are a wide variety of techniques for this purpose.

A commonly used technique is current sense resistors also called shunt re-
sistors. Typically, this current sensing technique is used in high-voltage appli-
cations such as battery chargers or overcurrent protection circuits. However,
the increase of portable devices has risen the demand for dedicated current
monitors in a small package and with a low quiescent current.

This doctoral dissertation has explored the use of the current sense am-
plifier to measure the low-current signals provided by fuel cells due to its
low-complexity that enables easy-integration on self-powered systems or even
flexible substrates.

This architectures can be classified into low-side current sensing and high-
side current sensing (Figure 1.19).

In low-side current configurations, the sense resistor is placed between the
active load and ground [116]. This technique is more simple to implement
because the sense voltage is ground referenced. However, low-side current
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Figure 1.19: Principle of a) low-side current configuration, and b) high-side current
configuration.

configurations have some disadvantages: the load is not ground referenced,
and leakage currents cannot be sensed.

High-side current configurations place the current sense resistor between
the power source and the active load. The two advantages of this config-
uration concerning low-side configuration are: it detects downstream fail-
ures with the option to trigger appropriate corrective action, and it avoids
ground disturbances because the shunt resistor is not connected directly to
the ground. These benefits make the high-side current sensing configuration
more used.

Figure 1.20 depicted a high-side current sense amplifier, which can be
configured with a gain to amplify the output signal. It is composed of generic
components such as operational amplifiers, resistors, and p-channel Metal-
Oxide-Semiconductor Field-Effect Transistor (MOSFET).

The negative feedback of the amplifier forces the voltage in Ry upon gain
resistor Ry [117], while the current through R; flows through p-channel MOS-
FET to resistor Ry, developing a ground-referenced output voltage. This
voltage can be used to drive an ADC without additional buffering. This cir-
cuit amplifies the voltage across a small value sense resistor by the ratio of

resistors (Ry/Rq) [116].

Resistor tolerances determine the gain accuracy, and the offset voltage
(Vos) of operational amplifier introduces an error of Vos/Ry4. The total gain
of this solution is depicted in Equation (1.8).

R
Vour = Iroap - Ro - R4 (1.8)
1
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Figure 1.20: High-side current monitoring amplifier

Current-sense amplifiers solutions are less common in POC devices. The
author of this thesis proposed a self-powered solution able to provide a qual-
itative measurement of the analyte concentration by measuring the current
generated by a Biological Fuel Cell (BFC) [118] with a current-sense amplifier
solution able to be efficiently integrated into POC diagnosis systems. The
proposed architecture can be applied to different types of BFC and opens
the door to be implemented on flexible and printable plastic substrates.

1.2.2 Back-end solutions
1.2.2.1 Low-power microcontroller-based platforms

Most of the POC devices available in the market do not offer quantita-
tive outcomes. Obtaining quantitative results is often a challenge because
requires complex and expensive electronic sensors and equipment. One of
the possibilities for these challenges is the use of microcontrollers.

In the last two decades, applications of microcontrollers have increased,
and today it is one of the most widely used integrated circuits. They can
make easier the design and implementation of POC devices for handling
samples and detecting health parameters.

There are a wide variety of microcontrollers available in the market that
have extraordinary capabilities with powerful tools of computing, commu-
nication, and networking. This combined with an active online community,
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which helps with difficulties in writing codes and shares knowledge, could
potentially help in the successful spread of POC devices. Furthermore, in
recent years, these have reduced their cost and opened new opportunities
thanks to the emergence of open-source platforms that provide easy-to-use
development environments [119-121].

Microcontroller-based systems allow obtaining more accurate data thanks
to its powerful signal processing and graphic interfaces. These systems can
display the data on a laptop, on a Thin Film Transistor (TFT) screen in-
tegrated into the device, or send the data through wireless communications
such as Wi-Fi or Bluetooth to smartphones.

Some examples of microcontrollers-based platforms for POC applications
are described below.

A paper-based POC device to detect the Zika virus was described by
Pardee et al. [122]. The device was powered by a rechargeable lithium-ion
battery and had a 4 GB memory that allowed to perform the tests without
the need for a laptop, although it was used later to dump data. They used an
Arduino platform to control a LED array and electronic sensors, with a total
cost of under USD 250. Gahan et al. proposed a portable analysis platform
to detect kidney disease in the urine [123]. The POC device was based on
the Arduino board, a color sensor, and a urine strip. The authors showed
how the sensor detected the change in color on the strip, produced for the
presence of albumin in the urine.

Other published works did not need the use of a laptop to analyze or
display the signals obtained. An example is the portable and real-time opti-
cal detector to measure the fluorescence intensity of the tagged bio-samples
described in [124]. In this work, the authors presented an optical detection
matrix that excited the sample by an LED and sensed the light emitted from
the sample. An Arduino microcontroller controlled the LED, amplified the
detected signal, and display the measurement data on a screen. The system
was validated measuring the concentration of food poisoning protein.

Another example of a POC system is MySignals, developed by the Span-
ish electronics manufacturer Libelium. It is a physiological monitoring plat-
form for biometric and medical applications based on Atmega 2560 micro-
controller [125]. It allows connecting more than fifteen off-the-shelf sensors
such as body temperature, electromyography, electrocardiography, galvanic
skin response, glucometer, spirometer, among others. The platform includes
Wi-Fi and Bluetooth Low Energy communication module, and a complete
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graphic system with a TFT touchscreen that allows showing the data in
real-time.

The author of this thesis developed a biosensing device based on a mi-
crocontroller with the collaboration of the members of Reilly lab, within the
framework of a predoctoral stay at the Trinity Center for Biomedical Engi-
neering and Trinity College Institute of Neuroscience of the Trinity College
Dublin (Ireland) [126]. During this stay, the author developed an electronic
system to investigate the Dystonia disorder. This platform are described in
detail in the Appendix section.

1.2.2.2 Smartphone-based POC

Biosensing platforms based on the smartphone are an emerging technique
for POC diagnostics that is rapidly gaining recognition in the market [127,
128]. Biomedical parameters can be measured using smartphones thanks to
the embedded sensors, apps, wired and wireless connection methods. One of
the advantages of POC smartphone-based devices is that the results can be
saved on secure cloud servers or can be shared with the specialists to give a
diagnostic.

Several research works proposed smartphones as biomedical analyzers.
An example is the device proposed by Guo [129]. He presented a miniatur-
ized POC electrochemical analyzer based on a smartphone that used an elec-
trochemical test strip for measuring uric acid in whole blood. The disposable
test strip is placed into a slot placed at the edge of the phone, which connected
the sensor with the amperometric module embedded into the smartphone. A
picture of the proposed device is depicted in Figure 1.21.

Ji and his group also developed an electrochemical detection system based
on a smartphone to perform CVs [114]. The system combines three elec-
trodes, an electrochemical detector, and a smartphone (Figure 1.22). It had
a potentiostat that generated the stimuli signals and performed the CV mea-
surements. A Bluetooth module transmitted the result and the commands
to control the device between the detector and the smartphone. Besides, an
application controlled the system and displayed the data.

It is envisaged smartphone-based sensing devices will be a powerful tool
for the next-generation technology for detecting and monitoring cancer biomark-
ers at early stages. An example is described by Oana Hosu et al. They
designed a smartphone-based colorimetric immunosensor for the detection of
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Figure 1.21: a) Photograph of the proposed device; b) Smartphone with the sensor
pre-buried; ¢) Diagram of the electrometer; d) Capture of the electrochemical module
integrated into the PCB of the smartphone. Reproduced from [129] with permission
from American Chemical Society.

cancer antigen 125 [130]. In this work, the smartphone camera was integrated
into a custom dark box and used as a transducer of color image acquisition
and data handling. Im et al. also proposed a novel approach to molecular
and cellular diagnostics based on molecular-specific microbeads that gener-
ated unique diffraction patterns imaged by smartphones [131]. The platform
was used to monitor precancerous or cancerous cells in cervical specimens
and also to detect human papillomavirus DNA.

1.2.2.3 Qualitative data obtained with ultra-low-power
electronics

In most cases, FCs or other types of energy harvesting devices do not pro-
vide enough energy to supply low-power integrated circuits. For this reason,
it is commonly used ultra-low consumption circuits. Most of these systems
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Figure 1.22: a) Photograph of the hand-held detector. b) Schematic of the potentiostat
based on a transimpedance amplifier. ¢) Block diagram of the smartphone-based CV
system. Reproduced from Ref. [114] with permission from Biosensors and Bioelectronics
Journal.

use passive components, such as resistors and capacitors, and semiconductors
such as MOSFETs and diodes, to process the signal and display a qualitative
result.

An example of a device with a qualitative representation is described
in [132]. The authors proposed a patch composed of a paper battery whose
output was fully dependent on the conductivity of the liquid sample, in this
case sweat, enabling a sensor and battery to be merged in a single element.
They used a very simple circuit to discern between two states, a healthy
condition, and a non-healthy condition. The circuit combined discrete elec-
tronic components and two electrochromic displays to show the result, one
for test and another for control. The control display ensured that the device
worked properly, while the test display was only activated when the battery
reached a voltage that is equal to or above a determined threshold. This dis-
play was controlled by an n-channel MOS transistor that acted as a switch
when a voltage higher than 1.2 V was applied to its gate. Also, two diodes
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prevented the power discharge when the battery ceases to operate.

The authors of this thesis proposed a self-powered event detection plat-
form to monitor biological agents in which a BFC is used as a power source
and a sensor [118]. The self-powered system used the energy provided by the
BFC to monitor the concentration of the sample and to supply the low-power
electronics unit. A discrete high-side current sensing circuit monitored the
current proportional to the sample concentration and provided to its output
a voltage proportional to this current. An event detector circuit was used
to display the level concentration. It combined three comparators based on
operational amplifier, and a voltage reference integrated circuit to set the
voltage threshold of the comparator. Moreover, a resistor network was used
to adjust the three concentration levels to detect. The comparator output
changes to a high level when the reference voltage reaches a voltage deter-
mined by the resistors network. Furthermore, LEDs or an electrochromic
display could be connected at the output of the comparator to show the con-
centration’s level of the sample. Electrochromic displays are composed of or-
ganic or inorganic substances that change color when charged with electricity
and are activated with voltages below 1 V. Due to its ultra-low-power con-
sumption and simplicity, they are used in different types of applications [133].

1.2.3 Power Management: battery and self-powered
solutions

A key issue of the design of POC systems is how to power the system.
Most of the POC diagnostics systems require a fluid manipulation that can
be controlled by microfluidic components, such as micropumps, microvalves,
and microseparators, among others [28,29]. These microfluidic components
require significant external energy to apply external forces. For example,
close or open a valve can demand power from tens of milliwatts to several
Watts, demanding high voltages and currents (around 150 V and 1A) [134].
Therefore, these platforms require domestic electric power, only available in
developed countries. For this reason, passive actuation techniques are more
suitable for POC diagnostics because no external energy is required, although
they must generate more stable external forces [135,136].

Optical techniques are widespread in POC fields due to their low-power
consumption. On one side, colorimetric approaches do not require external
power systems for operation [137]. While, laser and light-emitting diode
(LED) light sources are commonly used in POC diagnostics devices because
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of their capability of integration into small-scale POC devices, operating
into a wide range of wavelengths with power consumption in the order of
milliwatts [138,139].

Electrochemical detection techniques have traditionally received the most
attention in POC testing due to the possibility to develop portable readers
with low-cost and low-power [113,140].

An ideal POC device must work independently and self-sustainable in
challenging field conditions. There have proposed POC devices with external
or integrated power, in which the power was obtained by the electrical grid or
commercial batteries. These solutions are suitable for developed countries.
Besides, innovative power supply approaches have been proposed that suggest
a path to more ideal POC diagnostics whose power sources are appropriate
even in resource-limited settings.

POC testing devices can be classified into three categories based on the
employed power technique: (a) power-free, (b) self-powered, and (c) battery-
powered POC diagnostics systems.

1.2.3.1 Power-free POC devices

Power-free solutions are usually colorimetric systems, which do not need
an electronic circuit to read the test result. These systems are cheap, al-
though many times their results are qualitative or do not provide numerical
data and can lead to errors on the measure.

Recently, Song et al. have proposed an assay for the rapid detection of
the Zika virus without the need for an external power source [141]. They
used an easy-to-use POC disposable cassette that carries out all the unit
operations from sample introduction to detection (Figure 1.23a).

They performed the molecular detection using a colorimetric transduction
technique. The system is suitable for resource-poor settings, where there is a
lack of centralized laboratory facilities and trained personnel. Castro and her
group created an inexpensive and portable device for detecting anti-T.cruzi
antibodies in whole blood solutions using magnetic levitating microbeads
that do not require electricity [143]. In addition, they also developed a
machine-vision algorithm to automatically interpret the results of the tests
from a digital image, providing a rapid, accurate, and user-friendly POC
devices for Chagas disease that can be used in resource-limited settings.
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Figure 1.23: a) Capture of the chemically heated cup for POC diagnostics of the Zika
virus and microfluidic cassette for nucleic acid extraction. b) Capture of the PAD
colorimetric testing in which the sample was “swiped” to deposit material for analysis in
several lanes. Reprinted from [141] and [142] with all permissions.

Innovative paper-based techniques for power-free POC testing have also
been proposed. Weaver et al. described a test-card assay formed with differ-
ent reagents deposited on each lane, separated by hydrophobic barriers [142].
The reactions in each lane on the paper leaves a “color bar code” dependent
on the concentration, which can be visually analyzed for detecting active
pharmaceutical substances, such as HIV DNA or blood hemoglobin (Figure
1.23b).

1.2.3.2 Battery-powered POC devices

Power-free POC diagnostics systems can flow liquids through capillary
forces with no need power sources or moving parts. However, highly-sensitive
and accurate sensors, such as chemical or biomolecular diagnostic, require
external readout instrumentation for display a numerical and quantitative
result [144,145]. These applications need external power sources that must
be miniaturized and integrated for developing handheld and portable devices
[146].

In the state-of-art, there were proposed some POC platforms powered by
commercial batteries. Ahrberg and his group reported a portable battery-
powered system able to perform real-time polymerase chain reaction (PCR)
[147]. It was powered by an external 12-V battery, and it was able to mea-
sure four PCRs simultaneously in less than 35 minutes. The system was
validated with the Ebola virus [148], performing quantitative analysis to de-
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termine viral load and the effectiveness of the Ebola treatment. Dou et al.
developed an analytical POC platform composed of a spectrophotometric
system and a microfluidic chip, which was powered by a 9 V-battery [149].
The system was validated using methylene blue as a model analyte and com-
pared with a commercial spectrophotometric system. Another example of a
battery-powered POC device was proposed by Shu and his group [150]. They
developed a portable flow genetic analysis system for real-time quantification
of nucleic acids. The handheld molecular diagnostic platform, powered by
lithium batteries, enabled a visual detection of more than 10 DNA copies in
15 minutes and allowed an accurate DNA quantification.

1.2.3.3 Self-powered POC devices

POC diagnostic devices are focused for low-resource settings in which the
use of commercial batteries is a solution. However, these power sources have
several drawbacks, such as cost and recycling issues [151,152].

An innovative solution to replace batteries is the use of self-powered
sources that harvest energy. These technologies have been applied success-
fully in POC devices in which energy was harvested from the heat, chemical
reactions, and vibration, among others [132,153-155].

At present, the fast development and the improvement of low power de-
vices allow harvesting environmental energy to power electronic devices. It
is envisaged that the future of diagnostics and health monitoring will have
smartphone-based systems or portable readers supplied by saliva or blood
and thus, continuously monitoring human health.

Fuel cells (FCs) are electrochemical devices that continuously converts
chemical energy into electricity for as long as fuel and oxidant are supplied
to it. Power generation through biological fuel cells (BFC) is similar to that
through conventional FC since both involve reduction-oxidation reactions.
The main difference is that BFCs use organic products as fuel for power gen-
eration. Moreover, these devices can work as a power source and as a sensor
because their output current is directly correlated with the concentration of
fuel.

One of the primary sources of energy of the human body is glucose. Sev-
eral studies have demonstrated the feasibility of glucose BFCs, a type of BFC
that generates energy oxidizing glucose at the anode, and reducing oxygen
at the cathode [156,157].
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Furthermore, innovative self-powered FC-based systems are proposed based
on glucose BFCs [158-160]. Qumrul et al. [161] developed a low-cost device
able to operate with no need for external power sources. They proposed
a simple electronic device that extracted the glucose level from the sample
obtaining an instantaneous measurement using a digital multi-meter for sig-
nal readout. Another example is the system proposed in [156], in which
the performance of a glucose BFC powering a small electronic device was
demonstrated (Figure 1.24). The BFC was capable of providing open-circuit
voltages of 0.735 V, and a power density of 46.31 pWems in a glucose concen-
tration of 3 mM, and 169.41 pWemsy and 0.971 V in 20 mM concentration.
The authors amplified the voltage to 1.8 V through a circuit composed of a
charge pump, among other active and passive components, and energy stor-
age elements. In order to validate the feasibility of the system, they powered
a LED continuously for 14 days.
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Figure 1.24: A) Schematic of the circuit formed by a charge pump based on an amplifier
circuit, B) capture of the system, and (C) power curve of glucose BFC. Reprinted
from [156] with permission.

The main disadvantage of in vitro testing based on BFCs is that it requires
invasive draws. For this reason, several recent studies are focused on the
design of devices based on BFC for non-invasive and wearable applications.

Recently, a paper-based self-powered sensor patch was proposed for non-
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invasive detection of glucose in human sweat [162]. The disposable glucose
sensing device did not require external power sources nor sophisticated exter-
nal transducers. However, as is depicted in Figure 1.25.a, the device needed
laboratory instruments to show the glucose concentration. Another example
of wearable BFC is presented in [153]. The authors designed a stretchable
and flexible lactate BFC which provided an open circuit voltage of 0.74 V
and a power density of 520 yWem?. The BFC voltage was boosted with a
DC-DC converter to power an LED operating in pulse mode to demonstrate
the potential of the system (Figure 1.25b). Ortega et al. [132] presented
a self-powered skin patch used for the measurement of sweat conductivity
that allows screening cystic fibrosis. The patch, composed of a sensor and
a battery merged in a single element, operated with a simple electronic cir-
cuit that provides a qualitative result that can be read in an electrochromic
display. The platform consisted of two output indicators, control, and test,
which indicated a healthy condition and a non-healthy condition.

a)

Human Skin

Figure 1.25: a) Diagram of the self-powered, wearable, and disposable patch for
monitoring glucose in sweat to detect hypoglycemia-related to the exercise. b) Power
output profile during an on-body experiment, schematics used by the authors to power
an LED with the BFC, capture of experiment setup, and the LED switched on and off.
Reprinted from [162] and [153] with permission.
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1.3 Objectives

Point-of-Care (POC) testing is an emerging technology applicable to an
immense variety of applications, which demands constant technology im-
provement. It is of great importance to developing POC systems capable of
operating in biomedical environments in order to be able to perform rapid
tests on the patient’s side, thus increasing early diagnosis. This fact raises
the need to research and develop compact and low-power consumption elec-
tronic circuits, with acceptable levels of sensitivity and accuracy that can be
integrated into portable and low-cost devices.

Typically, POC portable systems use batteries as an electrical power
source that must be periodically replaced or recharged and have limited au-
tonomy. This is a simple task in developed regions, although it is challenging
in low-resource settings, which is where these portable diagnostic devices are
most needed. Biological fuel cells (FC) are electrochemical devices that con-
vert chemical energy into electricity, using organic products as fuel. These
devices generate an electric current proportional to the concentration of the
organic product used. This electric current can be used both to detect the
concentration of the organic product used and to power electronic systems.

This doctoral dissertation presents the development of Plug-and-Power
electronic readers (e-readers) for electrochemical detections with intelligence
for displaying quantitative results, and the demonstration of their possibil-
ities in POC biomedical applications. The research looks for developing
miniaturized, portable, and low-power consumption electronic POC solutions
capable of being powered from a battery or a USB port or being self-powered
devices by using alternatives power sources such as fuel cells.

The main objectives of this doctoral dissertation consist of:

e Design electronic instrumentation circuits able to trigger the electro-
chemical reaction and measure the sensor response. These low-power
electronic systems must be able to adapt to different situations and
acquire a wide range of current values.

e Design low-power electronic circuits for measuring low-current signals
and extracting the energy provided by biological FCs. The circuits
must extract the power of the FC at the same time as they measured
the concentration of the biological product.
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e Design electronic circuits to acquire and process the sensor signals and
provide a qualitative result.

e Design electronic solutions of different levels of complexity that enable
display analytical results in a clear and reliable way.

e Develop smart, easy-to-use, and plug-and-play electronic systems that
require minimal user interaction.

e Develop easy-friendly graphical user interfaces that can be used by
individuals with minimal prior training.

e Integrate electronics modules, both hardware and software level, into
compact and portable devices applicable to POC environments.
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1.4 Contribution of this thesis

Diagnostic tests are conventionally analyzed with large bench-top ana-
lyzers at central laboratories. Usually, this involves that patients must wait
over long periods before receiving their results. This situation is compounded
in rural areas and developing countries, where there is a shortage of trained
personnel and basic diagnostic equipment [41,48].

POC testing allows monitoring health conditions and obtain rapid results
near the patient. They allow reducing medical costs and controlling infectious
outbreaks without the need for dedicated laboratory equipment. Moreover,
POC diagnostics removes the constraints of requiring large healthcare infras-
tructures, complex medical equipment, and well-trained technicians. This
emerging technology is applicable to a wide variety of applications [63]. Like
other technology, POCs are constantly improving thanks to different ad-
vances in electronics technologies, and the development of new applications.

In recent years, the interest to develop POC testing devices has increased,
as has been pointed out in the Introduction chapter of this thesis. According
to the Dimensions.ai website, over the past 5 years, more than 1.7 million
articles, and more than 325,000 patents on POC testing have been published.
There is a growing need to develop low-cost, portable, easy-to-use POC de-
vices to diagnose diseases at an early stage.

The pandemic caused by the 2019-novel Coronavirus also showed the im-
portance of POC devices. POC tests were crucial due to the manifestation of
the virus infection was highly nonspecific. These diagnostics systems helped
to confirm suspected cases, screen patients, and conduct virus surveillance
to control the outbreak [56-58].

The blood glucose detector is the quintessential POC device, which is
based on the concept of lateral flow immunoassay [24]. This device detects
the presence of a certain analyte, in this case, glucose. However, lateral
flow is not always a valid technique. There is a multitude of analytes that
require other methods based on more complex electronic systems capable
of supplying the necessary energy to trigger a reaction, detect the sensor
response, and show the result to the user. For this reason, it is needed
high-performance and miniaturized electronic circuits integrable into POC
systems.

Usually, portable POC systems use batteries as a source of electrical
power, which must be replaced or recharged periodically and have limited
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autonomy. This simple task is a challenge in low-resource settings, that is
where these systems are most needed.

The main objective of this doctoral dissertation is the development of
Plug-and-Power electronic readers (e-readers) for electrochemical detections
and the demonstration of their possibilities in biomedical studies as POC
testing. These systems can be powered from a USB port or battery or must
be self-powered systems, which extracts the energy from alternatives power
sources such as fuel cells.

Electrochemical detection approaches proposed in this thesis can acquire
low-current signals, process them, and display a quantitative result, consum-
ing minimum power. Thanks to their reduced energy consumption, it was
possible to develop self-powered platforms able to operate only with the en-
ergy extracted from the biological sample. Proposed platforms can also be
powered through external devices, such as USB ports and rechargeable or
disposable batteries. These devices are easy-to-use and plug-and-play, and
allow those unskilled individuals to carry out tests after minimal training.
Due to their user-friendly interface, results are clear and easy to understand.
The solutions proposed in this doctoral dissertation enhance POC testing,
whose premises are laboratory decentralization, personalized medicine, rapid
diagnosis, and patient care improvement [16].

The introductory chapter of this thesis analyzes the state-of-the art of
POC diagnostics with the aim to study their strengths and weakness and de-
termine the necessary improvements. An overview of the impact of POC test-
ing on healthcare in low- and middle-income countries is given, focusing on
barriers in regulatory and policy guidelines, the geographical location, char-
acteristics of health infrastructure system, and supply chain management.
Furthermore, a classification of POC diagnostic testing is done according
to the biosensor used, highlighting sensors and detection techniques based
on electrochemical sensors. The development of technologies and devices is
entailed to the integration of electronic technologies and biosensors. Further-
more, the introductory chapter provides an overview of possible architectures
to develop low-power and portable POC technologies for electrochemical de-
tections, analyzing the state-of-the-art and, describing different solutions.

The third chapter shows the results of this doctoral dissertation, which is
presented as an article compendium. According to the Dimensions.ai website,
in the last 5 years, more than 13,000 articles and 4,000 patents have been
published about low-power and portable POC systems for electrochemical
detections.
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The publications are presented in the thesis in chronological order. How-
ever, the studies were carried out in reverse sequence to the publication of
the investigations. The first developments were discrete USB- and battery-
powered electronics. These complex electronic systems led to simplified de-
vices that prompted the development of self-powered platforms. Although,
due to the strategic interests of the research groups, the publications were
published in reverse chronological order.

The publication entitled “‘Plug-and-Power’ Point-of-Care diagnostics: A
novel approach for self-powered electronic reader-based portable analytical
devices” was published in the Biosensors and bioelectronics journal of the
Elsevier editorial. All categories of the journal are ranked at first quartile
(Q1). Moreover, it has a CiteScore of 17.6 and an Impact Factor of 10.257
in 2019. The other two publications that make up this thesis were published
in the Sensors journal (MDPI editorial). Sensors is an Open Source jour-
nal ranked at first quartile (Q1) in the Instrumentation category. It has a
CiteScore of 5.0 and an Impact Factor of 3.275 in 2019. The manuscript
entitled “Self-Powered Portable Electronic Reader for Point-of-Care Amper-
ometric Measurements” has more than 775 abstract-views and 750 full-text
views, and the article “Competitive USB-Powered Hand-Held Potentiostat
for POC Applications: An HRP Detection Case” has more than 600 abstract-
views and 785 full-text views.

One of the challenges of this thesis is to develop self-powered and easy-
to-use electrochemical detection systems capable of displaying qualitative
data and measuring wide current ranges with high resolution. The article
entitled “‘Plug-and-Power’ Point-of-Care diagnostics: A novel approach for
self-powered electronic reader-based portable analytical devices” described
an innovative portable POC device able to provide a quantitative result of
glucose concentration of a sample. The proposed system combines a plug-
and-play reader and a disposable paper sensor. The battery-less electronic
reader extracts the energy from the disposable unit, acquires the signal, pro-
cesses it, and shows the glucose concentration on a display. Due to the
low-power consumption of the instrumentation and processing circuits, the
whole electronic system can operate only with the energy extracted from
the disposable element, based on two elements that acts as a sensor and the
power source. Furthermore, the process of energy collection, measurement,
and data processing is done by the device, without the need for any external
action. The smart device minimizes the user interaction, which only must
deposit the sample on the strip and wait a few seconds to see the test result.
Moreover, the high-performance device provides accurate and high-resolution
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results. It can measure currents of up to 30 pA and have a resolution of 13
nA with an error lower than 1.8 %.

The second publication entitled “Self-Powered Portable Electronic Reader
for Point-of-Care Amperometric Measurements” presents in detail the con-
ception, design, implementation, and characterization of the electronic cir-
cuits that composed the battery-less electronic reader. This versatile concept
detects amperometrically a wide variety of analytes, process, and display the
results without the need for commercial batteries since the energy to carry
out the test is extracted from a Fuel Cell (FC). The e-reader was validated
following different approaches, using FCs as a power element and as a dual
powering and sensing element. The device was tested with glucose, urine,
methanol, and ethanol FCs and sensors in order to show the adaptability of
the system to different scenarios, validating the possibility of extrapolated
the system to a wide variety of fields beyond clinical diagnostics, such as
veterinary or environmental fields.

The third article presents the study entitled ” Competitive USB-Powered
Hand-Held Potentiostat for POC Applications: An HRP Detection Case”, in
which the AmpStat system was developed. It is a low-cost, miniaturized, and
customizable USB-powered potentiostat for amperometric detections. The
portable device combines a connector that houses the disposable amperomet-
ric sensor, a full-custom electronic board for signal acquisition, and software
called AmpView, which represents and saves the results. The customizable
device was designed to measured currents up to 11.2 pA, although it can be
easily adapted to detect currents up to 3 mA. The efficacy of the AmpStat
prototype was evaluated by measuring amperometrically horseradish peroxi-
dase in a concentration range from 0.01 ng-mL™! to 1 pug-mL™?. In this study,
the performance of the device was compared against three commercial po-
tentiostats. They were tested in parallel with the proposed device, obtaining
the limit of detection, the limit of quantification, and the sensitivity of the
four equipment. The developed potentiostat provided a reasonably accurate
detection with results comparable to those obtained using three commercial
systems, which were significantly more expensive. As proof of concept, the
system was validated by detecting horseradish peroxidase samples, although
it could be easily extended its scope and measure other types of analytes
or biological matrices. It has been powered externally through the USB
port. However, in the future, the device will be upgraded and adapted to be
self-powered and send the data through a wireless module to a computer or
smartphone.
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In the context of this thesis, it has been carried out other researches,
whose results are presented in the Annexes section.

Some of these studies have been presented in conferences, such as ultra-
low-power instrumentation circuits applicable to self-powered systems, and
electronic instrumentation circuits for different biosensing applications.

Within the framework of this thesis, I have also participated in the de-
sign of the electronic instrumentation of the patent EP19382604.7 entitled
“Self-powered system and method for power extraction and measurement of
energy-generator units”.

Furthermore, a portable biosensing system was developed to investigate
Dystonia disorder with the collaboration of the members of Reilly lab, within
the framework of a predoctoral stay at the Trinity Center for Biomedical
Engineering and Trinity College Institute of Neuroscience of the Trinity Col-
lege of Dublin (Ireland). Dystonia is a neurological movement disorder that
causes involuntary muscle contractions that produce abnormal movements
or postures, sometimes painful. Temporal discrimination is the shortest time
interval at which a subject can discriminate two sequential stimuli as be-
ing asynchronous. Some studies associate cervical dystonia with abnormal
temporal discrimination. During the stay in Dublin, it was developed a
multimodal electronic platform and custom software for measuring temporal
discrimination intervals through visual and tactile stimuli, and a combina-
tion of both. This portable device is powered through a USB port, and it is
connected to an Android smartphone through Bluetooth Low Energy com-
munication module. With the custom App developed for this device, the
user can control the stimuli, register the data, and send them via email, with
the advantage that it can be used by unskilled people after minimal training
thanks to its user-friendly interface.

Finally, in the fifth and sixth chapters, it is summarized the results, and it
is presented the researches conclusions, recommending future developments
to create the next generation of low-power and self-powered POC devices.
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ARTICLE INFO ABSTRACT

Keywords: This paper presents an innovative approach in the portable Point-of-Care diagnostics field, the Plug-and-Power
Plug-and-Power concept. In this new disposable sensor and plug-and-play reader paradigm, the energy required to perform a
Self-powered measurement is always available within the disposable test component. The reader unit contains all the required
g‘;gce‘::;z::f electronic modules to run the test, process data and display the result, but does not include any battery or power

source. Instead, the disposable part acts as both the sensor and the power source. Additionally, this approach
provides environmental benefits related to battery usage and disposal, as the paper-based power source has non-
toxic redox chemistry that makes it eco-friendly and safe to follow the same waste stream as disposable test
strips. The feasibility of this Plug-and-Power approach is demonstrated in this work with the development of a
self-powered portable glucometer consisting of two parts: a test strip including a paper-based power source and a
paper-based biofuel cell as a glucose sensor; and an application-specific battery-less electronic reader designed to
extract the energy from the test strip, process the signal provided and show the glucose concentration on a
display. The device was tested with human serum samples with glucose concentrations between 5 and 30 mM,
providing quantitative results in good agreement with commercial measuring instruments. The advantages of the
present approach can be extended to any kind of biosensors measuring different analytes and biological matrices,
and in this way, strengthen the goals of Point-of-Care diagnostics towards laboratory decentralization, perso-
nalized medicine and improving patient compliance.

Low-power electronics

1. Introduction

Point of Care (POC) diagnostics have been proving their benefits in
public global health over centralized laboratory diagnostics as they
remove the constraints of requiring large healthcare infrastructures,
complex medical equipment and well-trained technicians. POC devices
allow monitoring of health conditions, reducing medical costs, as well
as controlling infectious outbreaks, without the need of dedicated la-
boratory equipment. In addition, these devices offer the advantages of
rapid results and patient proximity (Chan et al., 2017; Choi, 2016;
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Drain et al., 2014; Wang et al., 2016a; Zarei, 2017; Yager et al., 2006).
The development of portable POC diagnostics pursues the character-
istics defined by the World Health Organization in the acronym AS-
SURED (affordable, sensitive, specific, user-friendly, rapid and robust,
equipment free, and deliverable to users) to provide suitable solutions
to even the lowest-resource global health settings (Fu et al., 2011).
Despite the many advances in the field, equipment-free POC diagnostic
devices still face important challenges related to reliability. The use of
an electronic reader allows overcoming this aspect, as it provides an
unambiguous qualitative/quantitative result of an assay and can
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improve the sensitivity and the limit of detection.

The reader-disposable approach is predominantly used in the POC
devices commercially available, and it is still the one mostly followed
by initiatives undergoing research and development phases (Chin et al.,
2012; Gervais et al., 2011; Zarei, 2017). These devices consist on a
reusable electronic reader unit and a disposable part in the form of a
strip, cartridge or card. The disposable test strip is used to collect the
sample and transport it to the biosensor where the measurement is
performed. After a single use, this strip is discarded avoiding cross-
contamination. Depending on the detection principle and sample ma-
trix to be detected, portable readers may also perform a variety of
functions including for example sample pretreatment, hydraulic con-
trols, heating, timing, light sources, photodetectors, electrochemical
instrumentation, Radio frequency communications and, in most cases,
displays as the interface between the device and the user to set up the
test and show the result.

An example is the system presented by (Cruz et al., 2014). The
authors present an approach capable of performing cyclic voltammetry
for electrochemical immunosensing of cortisol. In contrast to the device
presented here, the reported approach is not self-powered and, more-
over, it does not have a custom-made design for the application since it
uses a commercial miniaturized potentiostat on an evaluation board.
However, the developed prototype is low-cost, portable and the analog
front-end is based on a transimpedance amplifier (TIA).

To perform these functions, portable readers require a source of
electrical power. This need has been fulfilled with either primary or
secondary batteries. Regardless of their autonomy, batteries must be
replaced or recharged periodically to maintain the device operation.
This may seem a simple task in developed regions with reliable electric
power grids and ubiquitous battery supplies. However, it can be quite
challenging in low-resource settings, which is precisely where this kind
of portable diagnostic devices are needed the most. Additionally, un-
controlled disposal of used batteries is becoming a severe problem in
such regions of the world, as there is not only a lack of environmental
regulations but also proper recycling facilities (Widmer et al., 2005;
Larcher and Tarascon, 2015; Ongondo et al., 2011).

This paper presents a novel solution to the power requirements in
the portable diagnostics field, the Plug-and-Power concept. We propose
a plug-and-play reader-disposable device in which the energy required
to perform a single test is always available within the disposable test
component. In this case, the reader unit contains all the required
electronic systems to run the test, including a display to visualize the
result, but does not include any battery or power source. Instead, the
disposable part acts as both the sensor and the power source.
Additionally, this approach provides environmental benefits related to
battery usage and disposal. The paper-based power source used for this
approach has non-toxic redox chemistry that makes it eco-friendly and
safe to follow the same waste stream as the disposable test strip or
cartridge, including incineration, a typical outcome of those compo-
nents that have been in contact with biological samples. The operation
of this device, from the user perspective, is the same as for a conven-
tional device, with the added advantage of not worrying about re-
charging it or where to recycle the used batteries. This approach
strengthens the goals of Point-of-Care diagnostics towards laboratory
decentralization, personalized medicine and improving patient com-
pliance.

The applicability of this novel approach is demonstrated with the
development of a self-powered portable blood glucometer, one of the
Point-Of-Care applications that is already well-established in the
market. Although many methods of glucose monitoring have been
proposed (Fischer et al., 2016; Kulkarni and Slaughter, 2017; Lee et al.,
2017; Narvaez Villarrubia et al., 2016; Slaughter and Kulkarni, 2016),
the most widely used by both patients and healthcare professionals are
the portable blood glucometers, as they are small, inexpensive, rapid
and user-friendly (Wang et al., 2016a; Wang et al., 2016b; Zarei, 2017).
These advantages are maintained in the presented Plug-and-Power
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prototype, which consists of two parts: a test strip including a paper-
based power source and a paper-based bio-fuel cell as the glucose
sensor; and an application-specific battery-less electronic reader de-
signed to extract the energy from the test strip, sample and process the
signal provided by it and display the glucose concentration in the
sample on a digital display.

2. Device concept and operation

The design and operation of the presented device resembles that of a
typical commercial handheld glucometer, consisting of two parts: a
disposable test strip and an electronic reader. However, this device
introduces a new approach based on two main features: 1) the dis-
posable test strip generates the electrical power used by the electronic
reader to perform a measurement, and 2) the glucose concentration is
measured by the reader from the output signal of a bio fuel cell, rather
than using a classical solution based on a three-electrode configuration
electrochemical cell.

The whole system is compact, lightweight and portable. The bat-
tery-less electronic reader has a size of 85.0 X 42.0 X 21.0 mm, while
the disposable test strip has a size of 20.0 X 25.0 x 1.8 mm. From a
user point of view, the device is easy to operate, as shown in Fig. 1.
First, the strip is introduced in the reader. Then, the user adds the
sample to the inlet of the test strip. Finally, the user can read the result
of the test in the display of the smart electronic reader. After the
measurement, the test strip can be safely discarded, while the electronic
reader can be reused indefinitely for subsequent measurements.

The internal operation of the device can also be seen in Fig. 1. Once
the liquid sample is added to the test strip, it flows by capillary action
through a piece of paper. The sample diverges towards both ends of the
paper, reaching on one side the power source, and on the other side, the
sensor. The liquid activates the power source and the produced energy
wakes up the electronic circuit in the reader. Then, the electronics
regulate the power to a suitable working voltage of up to 3V for the
instrumentation. Afterwards, the circuit performs an amperometric
glucose measurement using the sensor. The signal measured from the
sensor is converted and processed to, finally, show on a display the
quantitative result of glucose concentration contained in the sample.

2.1. Paper-based test strip

The disposable test strip is composed by two main components, a
paper-based power source and a paper-based bio fuel cell acting as a
glucose sensor. The components share a single paper strip of 5 X 20 mm
that receives the sample in its middle zone and diverges it towards both
ends. Fig. 2a shows a picture of the disposable test strip and Fig. 2b
depicts an exploded view of its main components.

The paper-based power source has been customized by Fuelium
Company for this application based on one of their batteries models
LF55. This paper-based power source is composed of a paper membrane
placed in contact with two electrodes. The proprietary electrode tech-
nology contains no heavy metals nor other toxic components, so it does
not require special disposal considerations after its use. The batteries
are only activated upon addition of an aqueous sample and provide a
steady power output after being activated by either deionized water
(D.1.) water or any physiological fluid such as plasma, serum, saliva,
sweat or urine. Since these batteries only start their operation after
activation with the liquid sample, they do not suffer from self-discharge
during storage so their shelf life complies with the requirements of
diagnostics test kits. For this application, the electrodes have been
placed on top and bottom sides of a paper strip and the power source
has been adjusted to provide an output voltage of 1.5V and a minimum
power of 10 mW for at least 20 min after being activated with a serum
sample with a minimum volume of 12.5 pL.

Instead of using a sensor based on a typical three-electrode config-
uration electrochemical cell, the glucose concentration is measured
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Fig. 1. Operation of Plug-and-Power Point-of-Care diagnostics device.

from the output signal of a paper-based enzymatic fuel cell. The device
is composed of a glucose dehydrogenase (GDH) anode and a bilirubin
oxidase (BOX) cathode placed on both sides of the paper strip. The fuel
cell provides a response in power output that is proportional to the
glucose concentration in the sample. This sensing method based in fuel
cells response is used, for example, in many commercial breath alco-
holmeters, known as breathalysers. It is a well-established and proven
technique that is endorsed by industry and law-enforcement agencies
worldwide (Leonard, 2012; Noordzij, 1975). In this case, the device
performs a chronoamperometric measurement, subjecting the fuel cell
to a fixed voltage while recording the produced current. All the elec-
trodes are connected to silver tracks ink-jet printed on a plastic film.

(a)
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o
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The disposable strip components are assembled on top of an acrylic
substrate to provide mechanical robustness.

2.2. Battery-less electronic reader

The electronic reader was conceived considering the particular
features of this application. It was designed to operate with the voltage
and power ranges provided by the paper-based power source and en-
sures robustness and portability. The block diagram of the electronic
reader is depicted in Fig. 3. The disposable test strip provides the power
that must be managed by the reader, and the signal to generate the
glucose measurement.
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Fig. 2. a) Picture of paper-based test strip. b) Exploded view of its main components.
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Fig. 3. Circuit of the battery-less electronic reader system.

The power supplied by the test strip goes to the Power Management
Unit (PMU), where it is managed, and the control signals and voltage
supplies of the system are generated. Meanwhile, the measurement
signal, proportional to the concentration of glucose, is sent to the Front-
End (FE) where the measurement is performed. Finally, the Control and
Processing Unit (CPU), converts and processes the received information
and sends it to a display, where the measurement result is shown.

2.2.1. Power management unit

The PMU is responsible for extracting and managing the available
energy from the power source and offering a regulated output voltage
in order to supply the different modules in the system. The PMU has
been designed to work with the power provided by the disposable
paper-based power source. In order to provide the necessary voltage to
supply the components, a boost DC/DC converter in a cascade with a
Low-Dropout (LDO) linear regulator are used. The first one boosts the
voltage provided by the power source to 3.0V (VREG_3V) to supply
power to both the control and processing unit and the screen used to
display the result. Meanwhile, the LDO provides a very stable 1.8V
(VLDO_1.8 V) regulated voltage with high noise rejection (Fig. 3). The
1.8V is used to supply the analog block composed by the front-end
module, which needs a very stable and well-regulated voltage supply
with high noise rejection to avoid the effect of the inherent switching
noise at the output of the boost converter and the effect of transient
voltage variations at the power supply. The regulated voltage levels
were selected in order to be able to supply common Components off-
the-shelf (COTS) parts, where 3.0V is a typical voltage supply for di-
gital parts (as microcontrollers or Analog-to-Digital Converters (ADC))
and 1.8V, for low-voltage analog COTS parts (as Operational Amplifiers
(OpAmp) or bandgap references).

Furthermore, the PMU has a Maximum Power Point Tracking
(MPPT) module, which ensures that the energy is extracted efficiently
from the power source, i.e. when the system demands energy from the
power source, it extracts the maximum power that the power source is
able to deliver at that moment. Thus, the solution can attend punctual
high-power requirements coming from the different modules and
shorten the required start-up time. To achieve that, the MPPT mod-
ulates the input impedance of the boost converter and sets the power
source operating point to that with output voltage of 0.7 V, where the
power source is able to provide the maximum power.

This module also provides some additional features that enable the
system to perform a smart power management carried out by the mi-
crocontroller. The boost converter outputs a signal called PGOOD. This
is a low-level signal by default that changes to a high voltage level, as a

91

flag, when the voltage outputted by the boost converter reaches a
voltage of 2.9 V. When regulated voltage drops under 2.4V, the signal
goes to low voltage level. This way, the microcontroller, able to operate
with a minimum voltage supply of 1.8V, can (dis)enable the LDO
through a LDOEN signal or manage its different Ultra-Low-Power
Modes (LPMs) to adapt the system operation to the available energy.

2.2.2. Front-end

In order to measure the current provided by the sensor, which is
proportional to the glucose concentration, a potentiostat amplifier has
been implemented. The potentiostat circuit can be divided into two
stages. The first stage is responsible for setting the working voltage of
the sensor. Based on the fuel cell characterization, it was obtained the
working voltage where the sensor has the highest sensitivity to dis-
criminate between glucose concentrations. During operation, this
working voltage is generated using a voltage divider and a buffer am-
plifier. The second stage performs the current readout and translates
this current into voltage using a transimpedance amplifier (TIA) stage.
The TIA translates the current signal provided by the sensor (Icg;;) into
a voltage signal by means of a resistor (Ryya). The output signal (Vour)
obtained at the output of the amplifier is proportional to the current
provided by the strip. The equation that relates the output voltage and
the current proportional to the glucose concentration is shown in the
following equation:

®

Vour = RrralcerL

2.2.3. Control and Processing Unit

The system is managed through the CPU. It has been chosen an
ultra-low-power microcontroller that needs only 1.8V as minimum
voltage to operate. This device has different operating modes: one ac-
tive mode and seven software-selectable low-power modes. An inter-
ruption event wakes up the microcontroller from low-power mode.
Then, the relevant tasks or operations are performed, and finally the
microcontroller restores back to the low-power mode on return from
the interrupt program. The microcontroller has been selected, because
it presents an ultra-low-power system architecture that increases per-
formance at lowered energy budgets, and an ultra-low-power 16-bit
control processing unit and intelligent peripherals to extend the au-
tonomy of the system.

For this application two ADC have been used to capture two analog
signals. One is the open-circuit voltage of the fuel cell (OCV), which
allows to know if the sensor is ready to perform the measurement. The
other one is the measurement signal (Voyr) related to the current across
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the fuel cell (Icgrr), which is proportional to the glucose concentration.
Some General Purpose Input/Output (GPIO) pins have been used in
order to manage and control the PMU module and the display interface.

The conversion of the measured current to a glucose concentration
has been carried out by means of a Lookup Table (LUT) (Bengtsson,
2012).

To manage the system, the microcontroller has been programmed to
perform the next tasks. Initially, when the voltage supply provided by
the boost converter reaches the 1.8 V needed to start its operation, it
configures a GPIO pin connected to PGOOD. This pin will monitor the
state of the regulated voltage supply. Meanwhile, the LDO is disabled
using the LDOEN signal and the microcontroller goes to LPM to mini-
mize power consumption. When PGOOD goes high, meaning that the
regulated voltage supply has reached the 2.9V, and enough energy is
harvested to start the application operation, the microcontroller exits
the Low-Power Mode (LPM) and starts to configure the different per-
ipherals that are used.

Once the system is initialized, the microcontroller monitors the OCV
of the fuel cell to check if the sample is available and start the mea-
surement. If that is the case, it enables the LDO and starts the chron-
oamperometry, connecting the counter electrode through the CE CONN
signal. During this time, the microcontroller remains in LPM. After the
selected time, the microcontroller exits the LPM, outputs the con-
centration measurement to the display and returns to LPM.

2.2.4. Display output

A commercial 7-Segments Liquid Crystal Display (LCD) has been
used to show glucose concentration result due to its low power con-
sumption. The numeric LCD used can display up to 3 digits. In order to
facilitate connection and control of the LCD, an integrated circuit has
been used, which reduces the number of control signals needed to
control the display. The total consumption of this module is 0.33 pA at
3V.

2.3. System integration and assembly

A scheme and picture of the whole system are shown in Fig. 4. The
exploded view shows the placement of the different electronic blocks
comprising the system, the connector for the disposable test strip, and
the 3D printed casing. A Printed Circuit Board (PCB) with dimensions of
77 mm X 32mm was designed and implemented.

3. Material and methods
3.1. Chemicals and materials

All chemicals and biochemicals were, unless otherwise stated, pur-
chased from Sigma-Aldrich. Human serum (H4522, Lot # SLBQ9160V)
from human male AB plasma, USA origin, sterile-filtered, was used to
validate the operation of the device. Phosphate buffer at pH 7.4 was
utilized in preliminary validation studies. It was prepared by the
combination of sodium phosphate monobasic  dihydrate
(NaH,PO,42H,0), sodium phosphate dibasic dihydrate
(Na;HPO42H,0) and potassium chloride (KCl) for a final 100 mM
concentration. Glucose solutions were allowed to mutarotate for 24 h
and were kept refrigerated at 4°C until use. Tetrabutylammonium
bromide (TBAB)-modified Nafion was prepared as previously reported.
(Klotzbach et al., 2006) Flavin adenine dinucleotide-dependent glucose
dehydrogenase (FAD-GDH, E.C. 1.1.99.10, GLDE-70-1192, Aspergillus
sp.) was purchased from Sekisui Diagnostics (Lexington, MA, USA) and
used as received. Bilirubin oxidase (BOx, E.C. 1.3.3.5, Myrothecium sp.,
BO-3) was obtained from Amano Enzyme Inc. (Japan) and used as re-
ceived. Glucose oxidase from Aspergillus niger (EC 1.1.3.4, Type X-S, 175
units/mg of solid, 75% protein) and 5% by wt. Nafion EW1100 sus-
pension were purchased from Sigma-Aldrich and used as received.
Carboxylated MWCNT and hydroxylated MWCNTs were purchased
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from cheaptubes.com.

Standard 14 papers were purchased from GE Healthcare, Pittsburgh,
PA, USA. The main structure of the test strip was constructed from
pressure sensitive adhesives (PSA) (Adhesives Research) and poly(me-
thylmethacrylate) (PMMA) (Plexiglas, Evonik Performance Materials
GmbH, Harmstadt, Germany).

Silver ink (LOCTITE ECI 1011, Henkel, Dusseldorf, Germany) and
carbon ink (C2030519P4, Gwent Electronic Materials Ltd., Pontypool,
Wales) were used to print the base electrodes for the fuel cell onto a
polyethylene terephthalate (PET) substrate. The test strip conducting
tracks were ink-jet printed using silver ink (PE410, DuPont, Bristol, UK)
on a 125 um polyethylene naphthalate (PEN) sheet (Teonex, DuPont,
Chester, VA, USA). Paper-based power source electrodes were provided
by Fuelium (Barcelona, Spain). All electronics components used for the
electronic reader were purchased from Farnell (Madrid, Spain).

3.2. Device fabrication

The test strip structural components were designed with CorelDraw
software (Corel, Ottawa, ON, Canada). Paper, PSA sheets and PMMA
were cut with a CO, laser cutter (Mini 24, Epilog Laser, Golden, CO,
USA).

The fuel cell configuration was adapted from the one reported in
(del Torno-de Roman et al., 2018). The fuel cell base electrodes were
prepared by screen-printing onto a PET substrate. Initially, a track of
silver ink was printed to improve conductivity. Following this, a carbon
ink was screen printed on top of the silver layer in order to produce a
rounded working electrode surface of 4-mm diameter. The screen-
printed substrate was cut in segments of 5mm X 9 mm, each containing
a single electrode. The active area of the screen-printed electrodes was
then functionalized with the corresponding enzymatic ink for anode
and cathode. The fuel cell anodes were prepared by adding 1.5mg of
FAD-GDH (30 mg mL ™) enzyme to 75 pL of a 0.2 M citrate/phosphate
buffer in ultrapure water. The crosslinker ethylene glycol diglycidyl
ether (EGDGE) is diluted in ultrapure water to a concentration of 10%
v/v. COOH-MWCNTs are added to isopropanol at a concentration of
5mgmL~" and sonicated for 1 h. Naphthoquinone-Linear poly(ethyle-
nimine) (NQ-LPEI) was prepared as described in (Milton, 2017) and
diluted at a concentration of 10mgmL~" in ultrapure water. In an
Eppendorf tube, 67% v/v of the NQ-LPEI solution, 30% v/v of the en-
zyme and 3% v/v of the cross-linker solution (EGDGE) are combined.
8.5uL of the combined mixture is deposited on the surface of the
electrode and left to dry overnight at room temperature. The fuel cell
cathodes were modified by suspending 1.5 mg of BOX in 75 pL of 0.2 M
citrate/phosphate buffer. 75 uL of the solution is added to 7.5 mg of Ac-
MWCNTs as described in (Meredith et al., 2011; Milton et al., 2015).
The solution is vortex mixed for 1 min, followed by 15s of sonication:
this procedure is repeated a total of 4 times. To this mixture, 25 pL of
TBAB-Nafion suspension is added, followed by another vortex/sonica-
tion step. 33 pL of the mixture is then drop coated onto the surface of
the screen-printed electrode and left to dry under a fan for 1.5-2 h. Both
anodes and cathodes are stored at 4 °C when not in use.

A modified version of LF55 paper-based power source from Fuelium
was adapted to the test strip. The anode and cathode power source
electrodes were customized for this application considering the sample
type, volume and power requirements. Each electrode had dimensions
of 5mm X 9mm, with a projected electroactive surface of 5mm X 5
mm. The conducting tracks of the test strip were ink-jet printed using
Ag ink on a PEN sheet with a Cera Printer X-serie (Ceradrop, Limoges,
France). Silver conducting paste was used for interconnection of fuel
cell and power source electrodes to the conducting tracks. All the test
strip components were manually assembled layer by layer using an
acrylic alignment holder.

The electronic circuit of the battery-less reader was first simulated
using Multisim software (National Instruments, Austin, Texas, United
States). Ultiboard program (National Instruments, Austin, Texas, United
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Fig. 4. a) Schematic of the system assembly. b) Photograph of the system.

States) was used to design the printed circuit board. The reader casing
was designed using DesignSpark Mechanical.

3.3. Electronic and electrochemical characterization and validation

All electrochemical experiments were carried out with an Autolab
PGSTAT204 (Metrohm, NL). For fuel cell and power source character-
ization, the open-circuit voltage of the fuel cell (OCV) of each cell was
measured before polarization. Polarization curves were performed in
potentiodynamic mode at a scan rate of 5mV s~ . Chronoamperometric
curves of fuel cells were measured at 0.45V for each glucose con-
centration.

The electronic validation and characterization were performed with
a Source Measurement Unit (SMU) B2962A by Keysight Technology
(USA) and an Agilent Technologies oscilloscope MSO-X 3034A (USA).
Initial electronic characterization was carried out simulating the elec-
trical behavior of the test strip via the SMU. The output voltage of the
potentiostat was captured for different current curves corresponding to
different glucose concentrations.

4. Results and discussion
4.1. Test strip characterization

The power source polarization curve was obtained after depositing
50 uL of serum at the inlet pad of the consumable test strip. In order to

see its performance in time, discharge curves at 1 and 10 mA were also
recorded. Fig. 5a and b show the obtained results. The power source
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shows its capability of delivering 1 mA for at least 40 min (far beyond
the typical operating time of point-of-care devices) whereas at 10 mA it
sustained a voltage above 1.25V for at least 5 min.

Bioelectrocatalysis of fuel cell electrodes was validated with half-
cell voltammetric characterization. Figs. S1, S2 show representative
voltammograms of bioanode and biocathode, respectively. Next, the
glucose fuel cell of the test strip was characterized with human serum at
different glucose concentrations. Serum as-purchased had a glucose
concentration of 4.8 mM. A solution of 1 M glucose in 100 mM PBS
buffer was prepared and spiked into the serum sample in order to in-
crease glucose concentration while minimizing dilution of the original
biological sample. Fig. 5c shows the polarization curves obtained at
different glucose concentrations. From these I-V curves, it could be seen
that the highest sensitivity is obtained between 0.35 and 0.50V.
Therefore, it was decided to polarize the fuel cell at 0.45 V to obtain the
chronoamperometry curves of the fuel cell and sense glucose con-
centration. The currents generated by the fuel cell biased at 0.45 V were
measured for 80s, recording a variability below 15% for each of the
glucose concentrations in serum. Mean chronoamperometric curves are
depicted in Fig. 5d.

4.2. Battery-less electronic reader validation and characterization

All electronic modules introduced in Section 2.2 were fully char-
acterized and validated individually as a prior step to the total in-
tegration of the system shown in Fig. 4. This individual characterization
of the full-custom electronics was carried out following a two-phase
testing procedure: Phase 1) an initial step using a SMU (section 3.3) to
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Fig. 5. Characterization of the Fuelium LF55 paper-based power source activated with serum samples. a) I-V paper-based power source characteristic. b) Paper-based
power source discharge curves at 1 and 10 mA. Characterization of glucose fuel cell integrated in the test strip with different glucose concentrations in serum. c) Fuel

cell polarization curves. d) Fuel cell chronoamperometry curves at 0.45 V.

simulate the electrical response/behavior of the test strip; and Phase 2)
a second phase using real test strips. Upon successful completion of
these two phases, the implementation, integration and validation of the
full system (Fig. 4) was done. In such a way, the final assembly was
programmed, calibrated to work with the given sensor and validated
with real test strips in the final test procedure (Phase 3).

It is important to underline the accurate design of the front-end
module to reduce the deviation error of the measurement through it.
This error was derived as the difference between the injected current
and the current measured through the full-custom electronic module.
The electronic system was validated and a final error lower than 1%
was verified in test phase 1 with a test strip simulated current produced
by the SMU unit and in phase 2 using test strips.

From calibration phase (Phase 3), it was obtained that the electronic
reader is able to measure currents up to 30 pA with a resolution of
13 nA. Fig. 6a shows the accuracy of the electronic reader. The elec-
tronic reader error is lower than 1.8%. This error depends on the ADC
quantification error and the passive component tolerances.

The main effort was to settle the appropriate time to extract the
measurement. This point was defined in terms of device resolution and
the uncertainty related to the electronics. In this sense, the reader was
programmed to measure the current corresponding to a given glucose
concentration. In order to characterize the whole system and determine
the precise time to extract the measurement, the consumable test strip
was connected to the reader and fed with 50 uL of serum at different
glucose concentrations between 5 and 30 mmol/L (same considerations
as section 4.1).
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The currents generated by the glucose fuel cell biased at 0.45 V were
measured and recorded by the reader for 80s. As seen in Fig. 6b, the
current measured by the reader (Icg) virtually match with the
chronoamperometry curves presented in Fig. 5d obtained with a com-
mercial potentiostat (Autolab PGSTAT2014). These results allow to
validate the operation of the reader and disposable strip system. As
expected, the main difference between the curves measured by both
instruments was identified for currents larger than 30 nA where the full-
custom reader presents a maximum current detection limit, saturating
for any higher value.

The chronoamperometric curves shown in Fig. 6b were used to
define three operation regions (A, B and C) based on two criteria: the
device resolution and the uncertainty in the time of measurement.
These regions were used to determine the time to perform the mea-
surement of current after submitting the fuel cell to the bias voltage.

The first criterion, device resolution, depends mainly on the sensor
sensitivity and the electronic reader resolution. Based on the data from
Fig. 6b, the sensor presents a higher sensitivity in region A whereas the
lowest sensitivity is obtained in region C due to its decrease rate over
time. On the other side, the electronic reader resolution is defined by
the ADC resolution with a time-invariant value of 13 nA, negligible
compared to the sensor sensitivity. According to this analysis, region C
was ruled out to settle the time to extract the measurement.

The next step was the study of the measurement uncertainty to
accurately define the time of the measurement. As it is shown in Fig. 6b,
the chronoamperometry has a decreasing exponential response. This
response excludes region A to carry out the measurement. In this
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Fig. 6. a) Electronic reader current error. b) Chronoamperometry curves done with the battery-less electronic reader. c¢) Uncertainty in current measurement
produced by the electronic reader. d) Transfer function that relates the current captured by the electronic reader with the glucose concentration and comparison
against a commercial potentiostat (Autolab PGSTAT204). f) Temporal evolution of the electronic reader power consumption.

region, a small instability in the measurement time instant causes an
important uncertainty in current measurement. Therefore, region B is
the best region to perform the measurement. At this point, the current
uncertainty in time was calculated (Fig. 6¢) to establish the best time to
extract the measurement within region B. The uncertainty is based on a
0.5s range defined by the measurement sampling period of the pro-
cessing unit. It was obtained that the best time to carry out the mea-
surement is at 12 s, because it presents an electronics’ uncertainty lower
than 5% for the lowest glucose concentration.

A Lookup Table (LUT) (Bengtsson, 2012) based technique was used
to translate the current value into the glucose concentration. Fig. 6d
shows the transfer function that relates the current captured by the
electronic reader with the glucose concentration and compares it
against the one measured with the commercial potentiostat (Autolab
PGSTAT204). Error bars in both curves account for the variability of the
glucose sensor. As it can be seen, the data are proportional and only a
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slight shift between the curves is presented. This is caused by the initial
current saturation peak but, due to its systematic behavior, it is ad-
justed by a LUT in the postprocessing at the control unit.

Finally, Fig. 6e shows the operation phases of the system and the
temporal evolution of the power consumption. The electronic reader is
switched on when the serum sample is introduced into the disposable
test strip, defining the start-up of the system. At this moment (t = 0s),
the typical inrush current peak takes place, reaching a value of up to
5mW. Then, the reader enters into a low power mode, consuming just
900 uW. It should be noted that the total electronics power consump-
tion is much lower than the maximum power that the paper-based
power source is able to supply, above the 10 mW. During this phase, the
system waits in the low power mode of operation until the voltage
provided by the disposable is stable. Then, the front-end module is
switched on, the measurement is started and maintained during 12s,
which is labeled as the Current measurement phase. Finally, in the Data
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display phase, the reader returns to the low power mode and the nu-
merical result is displayed. Two small current peaks take place during
the device operation. The first peak (P1) occurs when the front-end
module is activated and the second (P2) when the measurement data is
acquired and displayed. The result of the glucose concentration mea-
surement is displayed on the screen until the disposable component is
removed or it runs out of power after a few hours.

Significant research efforts have been made to develop systems
which generate energy while monitor the glucose of a sample (Lee
et al., 2017; Slaughter and Kulkarni, 2017). Nevertheless, the proposed
systems do not have any electronics module to display the result, and it
is necessary an external system to show it. Furthermore, accurate
commercial glucometers are available, which just need a small sample
volume to perform the measurement (Rajendran and Rayman, 2014).
However, they require batteries which become hazardous waste and
pose threats to health and the environment if improperly disposed. The
novel battery-less system presented in this paper provides quantitative
data, besides having a reusable reader and a disposable test-strip, acting
as sensor and a power source, which does not contain any toxic mate-
rial, so it can be safely disposed of after its use without the need of
recycling.

5. Conclusions

This work presents the Plug-and-Power concept, a novel approach of
powering portable Point-Of-Care devices that offers several advantages.
In this case, the disposable test strip provides the energy needed to run
an electronic reader and perform the test, defining a self-powered plug-
and-play POC.

In this case, the developed system is able to monitor glucose and
process and display the data without the need to either recharge or
replace the batteries, as the energy to run a measurement is always
available within the test strip. Additionally, this approach provides
environmental benefits related to battery usage and disposal, as un-
controlled battery disposal leads to severe environmental pollution. The
paper-based power source used for the present approach does not
contain any toxic material, so it can be safely disposed of after its use
without the need of recycling. Therefore, this eco-friendly power source
can follow the same waste stream as a test strip that has been in contact
with biological samples.

The results show that the battery-less reader is able to operate and
manage the power provided by the paper-based power source in-
tegrated in the consumable test strip. In addition, the electronic reader
performs an electrochemical detection, process the output signal of the
sensor and express the result on a display. The electronic reader de-
signed is able to measure currents up to 30 pA with a resolution of
13nA and an error below 1.8%. Due to the low power design of the
reader that consumes only 900 pW in low power mode, it is possible to
perform the measurement with the power provided by the test strip,
which is above the 10 mW. This shows that the self-powered device
could be further improved to include additional functionalities for
sample preparation or a wireless communications module to visualize
the results on a laptop or even on a smartphone. A big challenge would
be to integrate the electronic system into a single chip, making possible
develop a flexible and totally disposable system.

The advantages of this approach were here demonstrated with the
development of a portable glucometer, but this concept can be extended
to other kinds of electrochemical sensors measuring other analytes and/
or other biological matrices (Chin et al., 2012; da Silva et al., 2017;
Kaushik et al., 2018; Wan et al., 2013). Moreover, this can also benefit
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portable electronic analytical devices beyond clinical diagnostics, as for
example the veterinary or environmental fields.
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Abstract: In this work, we present a self-powered electronic reader (e-reader) for point-of-care
diagnostics based on the use of a fuel cell (FC) which works as a power source and as a sensor.
The self-powered e-reader extracts the energy from the FC to supply the electronic components
concomitantly, while performing the detection of the fuel concentration. The designed electronics rely
on straightforward standards for low power consumption, resulting in a robust and low power device
without needing an external power source. Besides, the custom electronic instrumentation platform
can process and display fuel concentration without requiring any type of laboratory equipment.
In this study, we present the electronics system in detail and describe all modules that make up the
system. Furthermore, we validate the device’s operation with different emulated FCs and sensors
presented in the literature. The e-reader can be adjusted to numerous current ranges up to 3 mA,
with a 13 nA resolution and an uncertainty of 1.8%. Besides, it only consumes 900 uW in the low
power mode of operation, and it can operate with a minimum voltage of 330 mV. This concept can be
extended to a wide range of fields, from biomedical to environmental applications.

Keywords: self-powered; point-of-care diagnostics; low power electronics; smart electronics; portable;
amperometric measurements

1. Introduction

The use of a fuel cell (FC) to replace conventional batteries in portable systems is of great
interest [1-3]. FCs open up new opportunities, mainly in the field of consumer and industrial portable
devices. There is a particular interest in the field of diagnostic tools based on biofuel cells, notably in
the frame of point-of-care (POC) devices and biosensors for environmental monitoring [4]. In such
systems, a big challenge is to implement self-powered sensing devices [5].

The general architecture of such devices is defined mainly by three modules. On the one hand the
sensor and the power source, which can be a conventional battery, sensor or a FC, and on the other
hand, the electronic reader (e-reader), which is the center of interest in the present work.

Particularly, portable and wearable devices are of interest due to their applications in health
monitoring, diagnostics, prevention, among others [6,7]. In most cases, these systems use batteries
as power sources. Generally, developed countries have a good electricity grid and batteries are
inexpensive. The problem arises if we focus on the developing world, where they are in most need
of these kind of portable diagnostic devices [8]. Furthermore, batteries are limited by their reduced
lifetime, negative environmental impact, large size, and weight. Different approaches are looking for
the best way to power a POC solution [9]. An example is paper-based assays (PBAs), wherein sample
manipulation, pre-treatment, and electronics are not required [5] since they usually use colorimetric
systems to read the results [10]. Promising alternative solutions are emerging whereby the energy
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from the environment is used by energy harvesters to produce power, which can be used to supply
portable and wearable devices. There are many approaches to harvest energy based on biofuel cells
(BFCs) [11,12], thermo-electric generators (TEG) [13], piezoelectric generators (PZT) [14], among others.

FCs are electrochemical devices that harvest electrical energy from chemical reactions. They can
work as a power source and as a sensor because they produce electricity for as long as there is available
fuel. Their output current is directly correlated with the concentration of fuel. Two sub-categories of FCs
are enzymatic fuel cells (EFCs) and microbial fuel cells (MFCs) [15,16]. Both have similar operational
principles for energy production. EFCs produce electrical power using enzymes as a catalyst to oxidize
their fuel, while MFCs use bacteria as the catalysts to oxidize organic and inorganic matter.

So far, it is only possible to power low-consumption microelectronic systems with these kinds of
FCs since their power density output ranges from pW up to mW. Due to the fact that EFCs have higher
power density and a more compact size, they are suitable to power portable and wearable electronic
solutions [11,16]. Nevertheless, MFCs are an eco-friendly way of producing electrical energy from
waste, since the electricity can come from waste material. This waste material becomes cleaner after
the break-down process and can be directly discharged to the environment [17]. Moreover, MFCs may
be employed as long-term power generating systems for online environment quality monitoring [18].

Anideal scenario is based on an FC which uses the same sample to power electronics and sense the
concentration. However, the FC can be replaced by other power sources like standard batteries, printed
batteries, energy-harvesting resources or a combination of such solutions. For instance, a possible
scenario is a FC that supplies the electronics and a sensor that measures the analyte concentration.
The sensor can be an amperometric biosensor to monitor oxygen and catechol [19] or glucose [20].
Furthermore, there are examples of amperometric systems based on the detection of the inhibition of
glucose oxidase enzyme [21] or horseradish peroxidase activity [22]. Another interesting case is the
air/water quality monitoring using FCs as a power source along with amperometric or potentiometric
sensors [23,24]. In [25], a degradable battery was proposed fabricated using organic materials. It was
able to operate up to 100 min with an adaptable output voltage from 1.5 to 3.0 V. The battery could
be combined with amperometric biosensors to power a commercial water quality POC and detect
heavy metals. Moreover, the device can be powered from polluted air generated during the treatment
of wastewater [26], or in space missions [27,28] where FCs generate electrical power from hydrogen
and oxygen.

Systems based on commercial off-the-shield (COTS) integrated circuits (IC) are an affordable way
to develop biomedical biosensing systems. Some examples of COTS-based systems have been reported
in the literature. In this context, Baingane et al. developed a self-powered biosensor system for real-time
sensing of lactic acid [29]. The system was comprised of an enzymatic biofuel cell and a simple capacitor
circuit operating as a transducer. The fuel cell-based sensor generated an electrical power proportional
to the lactic acid concentration, which was deduced by measuring the charging/discharging frequency
of the capacitor circuit. The system did not rely on external power sources, although it required
external equipment, like an oscilloscope, to monitor the capacitor frequency. Some works proposed
the use of FC to monitor lactate in sweat. An example is a non-invasive system designed by Garcia
et al. [30]. The device was composed of an enzymatic sensor, a biological FC as a power source and
an electronic system. The electronic circuit consisted of an energy harvester, which boosted the FC
voltage, and a potentiostat that performed a chronoamperometric detection. However, the system
needed an external multimeter to perform the readout. In this context, an electronic-skin-based biofuel
cell was developed by Bandodkar et al. [31]. The device harvested lactate present in human sweat to
power a light-emitting diode and a bluetooth low energy radio. Other authors also proposed wireless
systems [32], in which an operation using an organic biofuel cell was demonstrated. The full-custom
circuit was able to operate with a voltage supply of 0.23 V. Besides, the authors designed and validated
a receiver and off-chip inductor to transmit the data.

In the particular case of glucometers, recent innovative concepts have been proposed, which are
capable of generating electrical power from the biochemical energy stored in glucose [33,34]. Anexample
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is the self-powered fuel cell-based system for glucose monitoring developed by Fischer et al. [35].
The low-cost device operated with a single drop of 20 puL and lacked external power sources with
the capacity to generate rapid results, although it required a digital multi-meter for signal readout.
These monitoring approaches have a simple electronic system capable of extracting the glucose level
from the sample. However, most of them are subjective because they cannot store and process the
information [12,36].

The motivation of the batteryless e-reader derives from the needs of POC devices in different
scenarios [8,37,38]. The e-reader is an equipment with a quantitative output reading that seeks to
achieve the requirements defined by the World Health Organization with the ASSURED criteria
(Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free, and Deliverable to
users [39]).

In this work, we present in detail, the electronic modules that build up an e-reader based on the
use of FC, following two approaches: Using the FC as a power element or as a dual power/sensor
element. This power/sensor element is an external item that is inserted into the e-reader in which the
same sample is used for powering and detecting. The e-reader was previously validated with a custom
disposable test strip composed of a glucose battery, which supplied the device, and a glucose FC, which
monitored the glucose concentration [20]. However, the e-reader can be adapted to operate in other
scenarios, with another kind of FC, as power sources or biosensors. The e-reader was validated with a
FC of simulated body fluid with an ionic composition similar to human blood plasma enriched with
ethanol [40]. This FC has an open circuit voltage (OCV) of 930 mV with a maximum power density
close of 1.237 mW-cm™~2. Another example of application is the urine/Cr(VI) FC with an OCV of 1.3
V and a power of 340 pW-cm~2 [41]. In both cases, the e-reader could be supplied from the energy
extracted by the fuel. At the same time, the concentration could be obtained from the current provided
by the FC. Also, it is possible to perform a combination with another power source, like a direct
methanol fuel cell (DMFC) for portable applications [42,43], with a specific amperometric sensor [44,45].
We describe in detail the conception, design, implementation, and characterization of the electronic
modules that build-up the electronic reader based on a FC as a power source and a direct reading
interface for a FC or an amperometric biosensor. Moreover, the operation of the reader is validated for
different scenarios by emulating different FCs and sensors.

2. Materials and Methods

2.1. Architecture of the Self-Powered Measurement

As it has been pointed out before, the e-reader is conceived to operate with a FC as a power source
and as a sensor, taking a direct amperometric reading of the FC current. Also, it is possible to use any
amperometric biosensor based on a two-electrode configuration, although configuration can be easily
extended to a three-electrode configuration. Using this technique, when a potential is applied to the
counter electrode (CE), a current is produced as a consequence of the reaction at the working electrode
(WE) surface.

The general architecture of the system is defined mainly by two modules: The power and sensor
unit and the e-reader unit. The power source can be based on paper, as was presented in [20], where
the device was validated with different glucose concentrations.

The architecture of the e-reader is divided into four modules (Figure 1): A power management
unit (PMU), a front-end unit (FEU), a control and signal processing unit (CSPU) and a display unit (DU).
The PMU extracts the power from the power source and manages it to generate the control signals and
voltage supplies. All the while, the FEU picks up the measurement signal, which is proportional to the
concentration of the agent to be detected. Lastly, the output signal is converted and processed by the
CSPU and it is sent to the DU, where the measurement result is shown.
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Figure 1. (a) Block diagram of the e-reader, and (b) picture of the e-reader, the four principal modules
are labeled, derived from [20].

2.1.1. Power Management Unit

The PMU extracts the energy from the power source and generates a regulated output voltage to
supply the electronic modules that compose the e-reader. It is comprised of a DC/DC boost converter
in cascade with a low drop out (LDO) linear regulator (Figure 2a). The DC/DC boost converter steps
up the voltage provided by the power source to 3.0 V (Vgoost) to supply both the CSPU and the DU.
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Figure 2. Circuits that compose the (a) power management unit, and (b) front-end unit circuit.

The LDO provides a 1.8 V (VL pp) regulated voltage with high noise rejection, which is used to
supply the analog components that compose the FEU. This electronic module provides a stable and
regulated voltage avoiding the switching noise of the boost converter and the voltage variations of the
power supply.

Moreover, a maximum power point tracking (MPPT) module is implemented in the PMU.
It guarantees an efficient energy extraction from the power source. This module can cope with a
punctual high-power demand, such as the system’s start-up. For that purpose, the MPPT module
adapts the input impedance of the DC/DC boost converter and changes the operating point of the
power source to the voltage at which the power source provides the maximum power. This module
allows managing the energy intelligently through the microcontroller. The DC/DC boost converter
incorporates the PGOOD (power good) signal (Figure 2a). This signal is at a low level by default
but, when the converter (Vpoost) reaches 2.9 V, this signal goes high state. However, if the voltage
falls below 2.4V, it returns to a low level. In this way, the microcontroller, which operates at 1.8 V,
can enable/disable the LDO through the LDOgy signal. Moreover, as it will be explained in the next
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sections, the microcontroller has different ultra-low-power modes (LPMs) in order to adapt the system
operation to the available energy.

The PMU module is based on the BQ25504 and the LP5910 LDO (Texas Instruments;
Dallas, TX, USA). Both devices have a very marked low power character with a typical quiescent current
of 330 nA for the first one and 12 pA for the second one in shutdown mode. The total consumption of
this PMU module is 21 pA.

2.1.2. Front-End Unit

The current measurement was performed by a potentiostat amplifier (Figure 2b). The main tasks
of this module are: (a) To apply a stable voltage difference between the electrodes of the electrochemical
cell, and (b) to readout and process the output signal.

In order to control the potential applied to the cell, an operational amplifier (Op-Amp) is used
as a control amplifier (A1). Al provides the optimal bias voltage to the sensor (Vyy), which is the
voltage that enables the best sensor’s performance. The e-reader is designed to adjust the voltage
VN, adapting the system to a wide range of applications. The voltage Vi is generated through the
low-dropout regulator (Vi pp), and a voltage divider resistor network (R; and R;). Because the resistor
network modifies the measure, a unity gain buffer amplifier (A1) is introduced between the network
and the sensor to isolate both parts.

As stated above, it is possible that the power source needs some time to reach the voltage to
supply the electronic components (1.8 V). Therefore, when the PGOOD signal is at a high-level voltage,
the microcontroller sends a high-level signal (LDOgy) to turn on the LDO ensuring the e-reader
measures when enough energy is harvested to start the application operation.

For the best performance, the open circuit voltage (Vocy) applied to the counter electrode (CE)
is monitored by an analog to digital converter (ADC) pin of the microcontroller. The ADC controls the
Vocv applied to the sensor and when the sample is available, it starts the measurement turning on the
analog switch (SW1) through the CEgy signal, depicted in Figure 2b. Since the microcontroller’s port
impedance can affect the measurement, a unity gain buffer amplifier (A2) is connected between the CE
and the microcontroller.

The Transimpedance Amplifier circuit (TIA) (A3), connected to the working electrode (WE),
provides the output voltage (Voyt) that is proportional to the cell current (Icgrp). It translates the
current signal into a voltage signal by means of transimpedance gain resistor (Ryy4). The expression
that relates both magnitudes is shown in Equation (1). In this configuration, the working electrode
is kept to the virtual ground by the TIA. As before, a unity gain buffer amplifier (A4) is connected
between the TIA and the microcontroller so as not to affect the measurement value.

VOUT = RTIA - ICELL (1)

The current generated by the sensor is amplified by the TIA and translated to an output voltage
through the Ryj. Ideally, this current flows through Rrya, but in fact, the op-amp takes some of this
current (called input bias current). A similar error is derived from the input offset voltage, which is
caused by a mismatch in the input terminals of the op-amp. It specifies the voltage across the terminals
that must be applied in order to get an output voltage of zero. This input bias current and input
offset voltage results in an error voltage at the output and limits the dynamic range of the FEU circuit.
Therefore, it is important to select an op-amp with low input bias current and low input offset voltage,
to achieve the required dynamic range and overall accuracy. The selected op-amp in the FEU is the
LPV521 (Texas Instruments; Dallas, TX, USA). It is a nano-power amplifier which is able to operate
from 1.6 V up to 5.5 V with typically 345 nA of supply current. It also presents a very low offset voltage
(0.1 mV, typically at 1.8 V) and an ultra-low bias current (0.01 pA, typically at 1.8 V). The maximum
output current is 3 mA, which is the maximum current that the e-reader can read.
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The analog switch used is the SN74AUC1G66 (Texas Instruments; Dallas, TX, USA). It presents a
low power character since it is able to operate at 0.8 V to 2.7 V with only 10 pA of typical quiescent
current. In addition, the design is made up of accurate resistors with 1% tolerance. The total
consumption of the front-end unit circuit is 7.5 pA.

2.1.3. Control and Signal Processing Unit

This unit is based on a low power microcontroller, which has three main tasks: a) Generate the
signals that control the modules of the system; b) process the data and; c) show it on the display.

Figure 3 shows the flow diagram of the application. Initially, the device is switched off, waiting
for the introduction of the power and sensor module (“Disconnected phase”) into the reader. As soon
as it is inserted and the sample deposited, the “start-up phase” begins.

Start application ’ —¢

Switch on SW1 Measurement
. Sample and connect CE.
Disconnected deposited? e Microcontroller in LPM. phase
phase v

‘ Wait TM seconds.

Power source producing

- ‘Bes

energy.

VBoosT 229V

Capture VOUT.

Show concentration value on

display.
- v : Display and
‘ PGOOD on high state. ‘ Microcontroller in LPM. ‘ sleep phase
Start-up phase 1 v

’ Finish application ‘

Switch on microcontroller. -
- i Configure GP1Os and ADCs. D2

m True

Figure 3. Diagram of the application’s flow.

Thereafter, the FC-based power source starts to deliver energy to the system, and when the
output voltage of the boost converter (Vgoosr) reaches 1.8 V (the minimum voltage to turn on the
microcontroller) the microcontroller is switched on. It configures and initializes general-purpose
input/output (GPIO) pins as well as the ADCs to monitor the sample and control the power delivered
by the FC.

The PGOOD signal (Figure 2b) monitors the state of the regulated voltage supply (Veoosr). It
ensures that the e-reader performs the measurement when enough energy is harvested to start the
application operation. In order to minimize power consumption, meanwhile there is not enough
energy to start the measurement (PGOOD signal in a low state), the LDO remains disabled and the
microcontroller stays in the low power mode (LPM). When the boost converter (VpoosT) reaches 2.9V,
the PGOOD changes to the high state. Afterwards, an interruption event wakes up the microcontroller
from LPM, and it enables the LDO, which supplies the FEU’s components.

Then, the ADC pin (Vocy) begins to monitor the state of the sensor’s voltage. The “measurement
phase” starts as soon as the signal provided by the sensor is stable.

Afterwards, the microcontroller turns on the analog switch (SW1), which connects the CE,
and applies a DC bias voltage (Vyy) to the sensor as is depicted in Figure 2b. Then, a timer starts
to count until the moment in which the measurement takes place, TM. TM is the time that elapses
between the CE’s connection and the measurement takes place, fixed for each particular biosensor.
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During this time, the microcontroller remains in LPM. The criteria for determining the TM time is
described in Section 3.2.

After the TM, the microcontroller exits the LPM state and the ADC captures the measurement
signal (Vourt), which is proportional to the current provided by the sensor (Icgrr). Icgrr can be
obtained by Equation (1), as the input bias voltage (Vv), the TIA resistor (R ) and the output voltage
(Vour) are known.

In most situations, the relationship between the magnitude to measure and the voltage obtained
is not linear. For this reason, we implemented a lookup table (LUT) [46—48] in the microcontroller
to translate the data obtained to a current or concentration. A LUT is an array of data that allows
linking input values to output values, replacing the runtime computation with a simple array indexing
operation. It maps inputs to an output value by looking up or interpolating in a defined table of values.

Later, following Figure 3, the “display and sleep phase” takes place. In this phase,
the microcontroller manages the drivers that control the display and shows the concentration value on
the display. Finally, the microcontroller returns back to the LPM and remains in this state permanently.

The CSPU module is based on the MSP430FR5969 microcontroller (Texas Instruments; Dallas,
Texas, USA). This microcontroller has been selected because of its good characteristics in terms of
voltage, quiescent current and operating power consumption. It has a supply voltage that ranges
from 1.8 V up to 3.6 V with one operating active mode and seven software-selectable low power
modes. Furthermore, it consumes only 0.4 pA/MHz in standby mode and 100 nA/MHz in active mode.
The microcontroller has an ultra-low-power 16-bit architecture that allows controlling the intelligent
peripherals to extend the autonomy of the system.

2.1.4. Display Unit

Different low power solutions could be used to show the detection result, like printed and flexible
electrochromic displays [49,50]. In this study, a 3-digit 7-segments numerical liquid crystal display
(LCD,) has been used to show the result, due to its simple operation and low power consumption, it
also operates at 3 V with a typical quiescent current of 0.33 pA.

This kind of LCD uses many interconnects, to facilitate connection and control of the LCD,
the CD4055B integrated circuit (IC) (Texas Instruments; Dallas, Texas, USA) has been used. It reduces
the number of control signals needed to control the display and typically consumes 5 pA. This IC is a
single-digit BCD-to-7-segment decoder that allows controlling the 7-segments of each digit with only
four pins. The display is controlled by the display-frequency input signal, which is a square-wave
signal. The IC provides a square-wave signal to the selected segments that is 180 degrees out-of-phase
with the common-signal, making these segments visible. The segments which are not selected have the
square-wave signal and are in phase with the common-signal, so they are not visible. The consumption
of the DU module is 16 pA.

2.2. Fuel Cells and Sensors

In order to validate the operation of the e-reader, we emulated different FCs and sensors reported in
the literature(Figure 4). We emulated FCs and sensors based on urine/Cr(VI) [41] and methanol [51,52]
by using a source measurement unit (SMU). Moreover, we carried out experimental tests with an
emulated ethanol FC as a sensor [40] and a commercial ethanol FC as a power source.

These approaches fully validated the e-reader implementation. For each case, key design
parameters are indicated, like the open-circuit voltage (OCV), and the related concentrations of the
involved sample.
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Figure 4. Summary diagram of the validation tests performed.

2.2.1. Urine/Cr(VI) Fuel Cell Case

The urine/Cr(VI)’s FC presented by [41] is able to generate electrical power from processing
human urine and heavy metal, in this case, Cr(VI). This FC reduces Cr(VI) in human urine, using urine
as fuel and Cr(VI) as oxidant. The open-circuit voltage (OCV) ranges from 1.11 V at 13 mg-L~! to
1.26 V at 50 mg-L~!. In addition, this FC provides a maximum power density going from 3.4 W-m~2 at
50 mg-L~! of Cr(VI) to 2.2 W-m~2 at 13 mg-L~! of Cr(VI). To validate the operation of the proposed
system, we used the same urine/Cr (VI) FC as a sensor and as a power source.

2.2.2. Methanol Fuel Cell and Sensor Case

In this case, we used a methanol FC as a power source and as a sensor to detect methanol.
We emulated and employed a passive direct methanol fuel cell (DMFC) as a power source for portable
electronic devices [51]. In the study, the authors used six dual DMFC connected in series to produce
energy. In order to validate the e-reader operation, we considered a single FC of 1 cm? witha 1 M
of methanol concentration. It was only necessary to use a single FC because the developed e-reader
was a low power device and operated with a minimum voltage of 330 mV. A single DMFC witha 1 M
of methanol concentration provides a maximum power density of 5 mW-cm~2, a maximum current
density of 22 mA-cm~2 and an OCV of 0.6 V.

The emulated sensor is reported in [52]. It is a wearable vapor/liquid amphibious electrochemical
sensor for monitoring methanol. The sensor exhibits high selectivity, good repeatability, and reliable
stability for both vapor and liquid methanol. It was tested with methanol concentrations that go from
0% to 6%, providing current densities that go from 90 to 3.5 pA-mm~2. We validated the e-reader
considering a methanol sensor of 1 mm?

2.2.3. Ethanol Fuel Cell Case

After emulating different approaches based on fuel cells and sensors, we carried on experimental
verification working with a commercial FC. To perform the experimental test with the e-reader, we used
as a power source the commercial FCJJ-42 ethanol fuel cell science kit (Horizon Fuel Cell Technologies;
Singapore). Due to the fact that the characteristics of this FC are not described, we characterized it,
obtaining the I-V curves for different ethanol concentrations that go from 3% to 9%. This ethanol FC
provides a maximum power going from 0.23 W at 9% to 0.186 W at 3%. The maximum current given is
700 mA at 9% and 540 mA at 3%. All concentrations tested presented an OCV close to 1 V. To validate
the system, we used the commercial ethanol FC with 3% of concentration as a power source.
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The chosen FC used to sense ethanol was presented in [40]. It is a single-cell membraneless
microfluidic FC that operates in the presence of simulated body fluids, human serum, and blood
enriched with ethanol as the fuel. It provides current densities up to 6.5 mA-cm2.

2.3. Experimental Set-Up

The electronics validation and characterization were carried out with a source measurement
unit (SMU) B2962A by Keysight Technology (Santa Rosa, CA, USA) and an Agilent Technologies
oscilloscope MSO-X 3034A (Santa Clara, CA, USA).

In order to emulate the FCs and sensors previously presented, we introduced their I-V polarization
curves into the SMU and performed a piecewise linear (PWL) interpolation. The PWL interpolation is
a technique used in engineering to approximate a complex function by a simple linear function, which
allows expressing the non-linear I-V characteristics that present FCs. Next, we analyzed the start-up of
the power management unit (PMU) and emulated the current (Icpry) provided by the sensors and FCs.

Furthermore, we obtained the I-V curves in potentiodynamic mode at a scan rate of 2 mV-s~! to
characterize the ethanol FC. We performed the ethanol concentrations with deionized water obtained
from a Milli-Q® Advantage A10 water purification system and absolute ethanol for analysis (ACS
grade) at a concentration of 99.8% (Panreac, Barcelona, Spain).

3. Results and Discussion

3.1. Electronic Reader Manufacturing

We developed a printed circuit board (PCB) and an outer case, both items build up the e-reader
(Figure 5). The PCB is a double-sided printed circuit made in glass-reinforced epoxy laminate material
(FR4) with silver-finish. The total size of the board was 77.5 mm X 32.5 mm X 2 mm. The case of
the device had a size of 85 mm X 42 mm x 21 mm and was developed using three-dimensional (3D)
printing. The case was made of a photosensitive epoxy resin called Accura® 25 and it was created with
the solid-state stereolithography (SLA®) printing technology.

a) A b)

S L NIVERSITATG

i BARCELONA

LES SR L 88 & &

Figure 5. (a) Picture of the e-reader’s printed circuit board (PCB). (b) Picture of the whole self-powered
electronic reader: PCB and outer case.

3.2. Characterization and Calibration of the Self-Powered Electronic Reader

We characterized the e-reader in order to analyze its performance and uncertainty translating the
cell current (Icgrr) into a voltage (Vout). The procedure followed was previously explained, in which
the SMU and the oscilloscope were used.

First, we connected the SMU to the e-reader and we applied a current ramp (Ig) from 13 pA
to 0 pA with a change rate of 1.85 uA/s. Then, we captured the potentiostat output voltage (Vour)
by the oscilloscope. We translated Voyr into the measurement current (I;) with Equation (1). Asis
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shown in Figure 6, we compared the current measured by the e-reader (Iy;) with those applied by the
SMU (Ig). This test allowed us to obtain the uncertainty between the current generated (Ig) and the
current measured by the e-reader (If). Analyzing these data, we obtained that the maximum relative
uncertainty between I and Iys is 1.8%, which is the uncertainty associated with the FEU module. This
maximum uncertainty was obtained at a nominal current value of 12.91 pA, and it had an absolute
uncertainty value of 0.24 pA.

144
12 +
_ Current generated (Ia)
10 - Current measured (Im)
ERE
E -
o
E 64
=
o ]
4 4
2 -
0 T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7
Time (s)

Figure 6. Uncertainty between the current generated by the SMU (Ig) and the current measured by the
front-end unit (Iyy).

As it is stated in Section 2.1.3., the definition of the moment in which the measurement takes
place, TM, is the key point. It depends mainly on two aspects: (a) The device resolution, which is
constrained by the electronics’ resolution, and (b) the measurement uncertainty. This depends on the
change rate of the current because a slight deviation in the measurement time can affect the current
value, since initially the current decreased quickly. In order to obtain the ideal moment to perform the
measurement, the e-reader was calibrated for each sensor.

First, we established the polarization voltage (Viy) from the sensor’s characterization, and we
programmed the e-reader to drive the sensor to Vin. Then, we connected the sensor to the e-reader
and polarized it. After that, we captured the chronoamperometry curves with the SMU and analyzed
the device resolution and the measurement.

The e-reader resolution is defined by the ADC resolution, which is time-invariant and has a value
of 13 nA.

In a chronoamperometry, a redox reaction occurs when a potential step is applied to the electrode.
The current decays t'/2, obeying the Cottrell equation for reactions that are under diffusion control [53].
Consequently, the initial and the final region cannot afford to extract a measurement. During the initial
time, a small deviation in the moment to extract the measurement is translated into a large current
uncertainty. While in the final region, it is difficult to distinguish between concentrations because they
are too close.

Considering these facts, we found the measurement uncertainty for different concentrations. As a
result, we were able to establish the best moment to extract the measurement (TM). The time chosen in
each case was the one which presented the lower uncertainty value for the worst case of detection,
which was the detection of the lowest level of concentration.
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3.3. Start-Up and Power Consumption of the E-Reader

Figure 7a shows the startup curve graph of the e-reader when it is powered by a commercial
ethanol FC as an example case. The upper graph shows the voltage provided by the ethanol FC (Vic).
While, the middle graph shows the boost converter voltage (Vpoosr), which is used to supply both
CSPU and the DU. In the end, the bottom graph displays the voltage provided by the low-dropout
voltage regulator (Vi po), which supplies the analog components that comprise the FEU.
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Figure 7. (a) Start-up curves of the e-reader powered by an ethanol FC. (b) Transfer function that relates
the measured current by the e-reader with different emulated sensors and fuel cell concentrations
(ethanol, urine and methanol), and the comparison against the current produced by the sensor (Icgry).

When the FC is connected to the e-reader, the PMU is enabled. It starts collecting energy and
the Vppoost signal increases. During 100 ms the Vi po signal remains in a low state since there is not
enough energy to start the whole system. When the PMU has harvested enough energy, the Vi po
signal changes to a high state and the system begins to operate. The peaks that appear in the V¢
signal correspond to the MPPT sampling system that optimizes the energy extraction from the power
source. As it is shown in Figure 7a, Vpc is a noisy signal. For this reason, Vic did not power any
electronic components directly. The periodical peaks of Vpc were reduced by DC/DC boost converter
(VBoost), which supplies both CSPU and the DU. The FEU was the most sensitive circuit because it is
the circuit that carried out the measurement. Thus, the voltage which supplied the FEU circuit (Vipo)
was stabilized and regulated by a low-dropout voltage regulator (LDO).

We also obtained the e-reader’s power consumption. When the power source was connected to
the e-reader, it had a typical inrush current peak of 5 mW. At this moment, the e-reader enters into a
low power operation mode, and consumes only 900 uW. The system waits in this low power mode
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until the voltage provided by the power source is stable. Then, the FEU module is switched on and the
measurement is performed. Lastly, the numerical data is processed and displayed, and the e-reader
returns to the low power mode. During the device’s operation, the power consumption presents two
peaks that increase the consumption instantly to 1 mW. These peaks occur when the FEU module is
activated and when the data is processed and displayed.

3.4. Validation of the E-Reader

The system has been validated in different conditions and cases, with FCs of urine/Cr(VI), methanol
and ethanol, and the methanol sensor.

We verified the efficient extraction of energy from the sample in different cases, enabling the
operation of both the DC/DC boost converter and the LDO, components that supply the FEU and the
CPSU. The transitory performance of the commercial FC was obtained, extracting the curves shown in
Figure 7a. This figure shows the behavior of the power signals in the “disconnected phase” and the
“start-up phase”, explained in Figure 3. Moreover, we validated the stationary behavior of the device
with the emulated FCs of methanol and urine. These tests confirmed the self-powered performance of
the system, which can power the e-reader circuits with the same monitored sample.

Furthermore, we validated the FEU’s module operation, measuring different current ranges
produced by the FCs of urine/Cr(VI) and ethanol, and the methanol sensor. For all these experiments,
we followed the same procedure. Firstly, we connected the sensor to the e-reader, and we polarized it
to the proper bias voltage (Vin). When the sensor is polarized, it produces a current proportional to
the concentration of the analyte (Icgrr). Icgrr flows through the potentiostat circuit, which translates it
into the voltage (Vout). The microcontroller’s ADC reads Voyt and translates it to current (Iygas) by
a LUT, as stated in Section 2.1.3.

Figure 7b shows the comparison between the current produced by the emulated FC/sensor (Icprr)
and the current measured by the e-reader (Injgas). The figure depicts that the current measured by the
e-reader is practically the same as the nominal current injected by the emulated FC. The results show
that the maximum difference between Icgy 1, and Iypas is 1.8%, validating the operation of the FEU
module of the e-reader with different ranges of current and demonstrating the accuracy of the e-reader.

These tests validated the operation of the system, demonstrating the ability of the device to power
the whole system while measuring the concentration of the sample and displaying the numerical result
on the e-reader’s display. The validation has been carried out with three different FCs, although it can
be adapted to operate with other FCs, measuring a wide range of analytes.

4. Conclusions

In this work, we presented and described, in detail, the full implementation of an electronic reader
for self-powered POC solutions based on the use of FCs as a power source or as a power source and as
a sensor. The operation of the e-reader was validated in different cases, using a commercial ethanol FC,
three emulated FCs (urine, ethanol, and methanol) and a sensor (methanol), showing its capability of
adaptation to different scenarios.

Due to its low power design, the platform can operate with a minimum voltage of 330 mV,
consuming only 900 pW in the low power mode. The device has been proven to exhibit reliable,
robust, and effective results. It has a measurement uncertainty below 1.8%, a minimum resolution
of 13 nA and a maximum measurement current of 3 mA. Furthermore, the plug-and-play device
performs amperometric measurements automatically, in only a few seconds. The device presented
in this work could be the first step towards the future of point-of-care since the system provides
quantitative data, showing the numerical result on the display. Some advantages of the proposed
device include: (i) No need for external power sources, since the same sample is used to power and
sense; (ii) the ease of use; (ii) compactness and portability; (iii) the possibility of showing the data on a
display, without the need for external laboratory equipment; (iv) adaptability to wide range of cases;
and (v) the rapidity and accuracy of results. The portable device can operate with conventional lithium
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batteries or biodegradable batteries [25] or with the sensing sample. It is a valuable characteristic in
disadvantaged regions without a good electricity grid and batteries.

As future work, we propose to introduce a wireless communication system to show the resulting
data on a smartphone or a laptop, a module to set the polarization voltage (VIN) externally, or an
adjustable signal generator to perform cyclic voltammetry. A big challenge would be to integrate the
device in a single chip, developing the system in a flexible substrate.
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Abstract: Considerable efforts are made to develop Point-of-Care (POC) diagnostic tests. POC
devices have the potential to match or surpass conventional systems regarding time, accuracy, and
cost, and they are significantly easier to operate by or close to the patient. This strongly depends
on the availability of miniaturized measurement equipment able to provide a fast and sensitive
response. This paper presents a low-cost, portable, miniaturized USB-powered potentiostat for
electrochemical analysis, which has been designed, fabricated, characterized, and tested against
three forms of high-cost commercial equipment. The portable platform has a final size of 10.5 x 5.8
x 2.5 cm, a weight of 41 g, and an approximate manufacturing cost of $85 USD. It includes three
main components: the power module which generates a stable voltage and a negative supply, the
front-end module that comprises a dual-supply potentiostat, and the back-end module, composed
of a microcontroller unit and a LabVIEW-based graphic user interface, granting plug-and-play
and easy-to-use operation on any computer. The performance of this prototype was evaluated by
detecting chronoamperometrically horseradish peroxidase (HRP), the enzymatic label most widely
used in electrochemical biosensors. As will be shown, the miniaturized platform detected HRP at
concentrations ranging from 0.01 ng'mL~! to 1 pg-mL~!, with results comparable to those obtained
with the three commercial electrochemical systems.

Keywords: horseradish peroxidase (HRP) chronoamperometry; electrochemical biosensor;
reconfigurable potentiostat; portable; low-cost electronics; USB-powered

1. Introduction

Traditionally, diagnostic tests are performed at central laboratories equipped with automated
bench-top analyzers that provide highly reproducible and quantitative diagnostic results. Consequently,
patients must often wait for long periods before receiving their test results. This circumstance is
most common in developing countries and rural areas, where the lack of access to basic diagnostic
equipment and trained personnel is an additional challenge [1]. This issue has resulted in an interest
to develop Point-of-Care (POC) testing devices in recent years [2]. POC systems are diagnostic
instruments that provide rapid results geographically near the patient, even when handled by
untrained personnel. Rigorous requirements are set for POC diagnostic systems following the World
Health Organization (WHO) ASSURED criteria (Affordable, Sensitive, Specific, User-friendly, Rapid
and Robust, Equipment-free and Delivered to end-users) [3]. According to this standard, POC
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platforms must deliver quick results for early-stage disease detection to enable rapid intervention and
improve patient quality of life. The provided results must be accurate, reproducible, and optimally
quantitative, and they must be comparable to those obtained by bench-top analyzers at central
laboratories. Furthermore, these POC devices must be inexpensive, handheld, or at least portable and
easy-to-use, making them usable by non-professional personnel.

Many portable POCs are based on electrochemical detection [4-6]. Nowadays, glucose monitoring
POC devices (glucometers) are the most widespread miniaturized test systems. Of the main reasons,
glucose sensors are inexpensive, easy to produce, small, and easy-to-use [7]. Most glucometers are
based on potentiostats, measurement equipment that allow for the studying of oxidation-reduction
(redox) reactions taking place in a test solution or at the electrode surface. In this context, the redox
activity generates a current proportional to the concentration of the electrochemically active molecules
that are being monitored. These systems are suitable in a wide range of applications, such as medical
and health care monitoring [8], environmental measurements [9], or construction and characterization
of portable biosensors [10], among others. There are different approaches to implement such solutions
depending on the requirements of each situation [2], where the budget constraints are one of the
main considerations. For instance, conventional bench-top potentiostats designed for research can
perform a wide variety of electrochemical analysis. However, they are typically complex, expensive,
and tend to be bulky, making them unsuitable for POC applications. In contrast, some research groups
have developed miniaturized potentiostat-based single-chip platforms [11,12]. These devices are very
small, low-powered, and customizable for specific applications, although the fabrication costs are too
elevated for POC implementation.

The use of commercial off-the-shield (COTS) integrated circuits (IC) is an affordable way to
miniaturize instrumentation at minimum cost. Some examples based on potentiostats constructed with
COTS components can be found in the state-of-the-art for a wide range of applications [13-16]. For
instance, a portable system was developed based on a LMP91000EVM potentiostat (Texas Instruments;
Dallas, TX, USA) and a Raspberry Pi 2 Model B microcontroller, which accomplished amperometric
detection of progesterone in undiluted saliva making use of disposable immunosensors [17]. A similar
COTS-based potentiostat was proposed in [18], which included a wireless module to transmit the
measurements to a remote database. The effectiveness of the proposal was assessed by measuring
ascorbic acid and comparing the results with those provided by a commercial potentiostat. Another
example able to transmit data to a PC or via Bluetooth communication is the portable electrochemical
amperometric analyzer proposed in [19]. In this study, the performance and reliability of the platform
were validated using an indium tin oxide glass electrode. The low-cost miniaturized potentiostat
reported in [20] was also based on an LMP91000 evaluation board, this time assembled to a BeagleBone
development board. The system performed cyclic voltammetry (CV) measurements to achieve
electrochemical cortisol immunosensing, obtaining a limit of detection of 1 pM of cortisol with a
sensitivity of 1.24 pM. In a different approach, Mufioz-Martinez et al. [21] described a system capable
of performing electrochemical sensing over system-on-a-chip platforms. To validate the system, they
performed diverse electrochemical experiments and a comparison between the COTS system and a
commercial potentiostat. Alternatively, smartphones have been exploited as a resource for powering
the system, data processing, and Big-Data management [22,23]. One of the most recent advances in
the field is the employment of self-powered platforms based on the use of a fuel cell (FC) acting as
a power source. In this scenario, the same FC may even act simultaneously as a power source and
as a sensor [24]. These solutions use smartphone resources like an audio earphone port [25] or NFC
functionality [26].

The main features required for portable electrochemical instrumentation systems are the following:
to have a small size, low power consumption, high precision measurements and low fabrication, and
maintenance costs. Taking into account these considerations, we have designed a miniaturized, robust,
and customizable USB-based system for amperometric detection. The presented system, dubbed
AmpStat, is composed of three parts: (a) a connector that houses the disposable amperometric sensor,
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(b) an embedded electronic system for measurement acquisition, and (c) AmpView, custom software
which displays and stores the results. The size of the miniaturized platform is 10.5 X 5.8 X 2.5 cm
and it weighs 41 g. The full-custom circuit, which contains the power module and the front-end
module, operates a low-voltage condition of 3.6 V and only consumes up to 235 nA. Moreover, a single
prototype has an approximate manufacturing cost of $85 USD.

Operation of the proposed system was initially evaluated by detecting amperometrically
horseradish peroxidase (HRP). HRP has a particular commercial and medical interest in the molecular
biology, medicine, biotechnology, and diagnostic industry fields, as well as broad applicability in life
sciences [27]. For instance, HRP is very common in biomedical applications, in which it is used to
catalyze hydrogels [28]. On the other hand, HRP and a wide variety of peroxidase enzyme mimetics
are extensively employed as electrode modifiers, bioreceptors, and labels to produce enzymatic and
sandwich electrochemical biosensors [29-31].

As will be shown, the USB-powered prototype developed here provided current measurement
from 5 nA to 11 pA in real-time and could be adjusted to register currents up to 3 mA. This allowed
detecting HRP at concentrations ranging from 0.01 ng'mL™! to 1 ug-mL~! using screen-printed carbon
electrodes (SPCE) and a ready-to-use commercial substrate solution, with results comparable to those
obtained with three-commercial potentiostats.

2. Materials and Methods

2.1. Portable Potentiostat

The architecture of the POC system is divided into three parts (Figure 1): (a) a Front-End Module
(FEM), which drives the sensor, measures the current provided by the sensor (Isgnsg) and translates
the current into voltage (Vout), (b) a Power Module (PM) that generates a stable voltage and virtual
ground, creating a negative supply that allows measuring negative signa, and c) a Back-End Module
(BEM), comprised of a microcontroller unit (MCU), which processes the Voyr, translates it into a
current and sends the result via USB to the computer, and a graphic user interface (GUI), which
displays the data on the computer. The block diagram of the system is depicted in Figure 1.

Back-end module Power module
1
A
T
Voltage ;/r'(%l:?(; :
regulator generator 4 !
1
V 1
1

!

!

+ !

tl‘-' Al '

1

N Adjustable v 1
I'C »~ 1 1
4 1
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reference

-V WE

RE

l[sl NSE

Figure 1. Block diagram of the miniaturized portable potentiostat.
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2.1.1. Front-End Module (FEM): Signal Acquisition Module Description

This module performs two tasks: (a) drives the sensor electrodes to the desired voltage (Vi) and
(b) measures the current provided by the sensor (Isgnsg), translating it into voltage (Vour) through a
Transimpedance Amplifier (TIA) to be read by the MCU.

For VN generation, we use an adjustable voltage reference based on the AD5321 IC (Analog
Devices; Norwood, Massachusetts, USA). This is a 12-bit voltage output Digital-to-Analog Converter
(DAC), which has a typical consumption of 120 pA at 3 V and 0.05 pA in power-down mode. The
DAC is controlled by the MCU through a 2-wire serial interface, compatible with the 12C protocol.

The designed potentiostat is based on a three-electrode topology. Two operational amplifiers
(Al and A2) polarize the sensor and track Vyy to the reference electrode (RE), whose low-input-bias
current avoids voltage distortion. An operational amplifier in transimpedance configuration (A3)
performs the current readout and translates the current registered between the counter (CE) and the
working electrodes (WE) into a voltage signal (Vour) by means of a sensing resistor (Rt ). The system
includes two gain resistors (Rtja1 and Ryya) to measure a wide current range. Two switches (SWy
and SW3) connect the suitable resistor, depending on the current range to measure. In this way; if the
system detects that the measurement is out of range, it automatically changes the Rrja to adjust the
measurement circuit to the current range. Two capacitors, Ctja; and Cryap, are connected in parallel
with the gain resistors. Both passive components act as a filter, avoiding noise in the corresponding
measurement range. Finally, a unity gain buffer amplifier (A4), located between the TIA and the MCU,
isolates both parts in order to avoid errors in measurement.

As stated before, the potentiostat circuit translates Ispnsg into Vo through Ry . Both parameters
are related according to Equation (1),

Vour = —Rr1a - Isensge (1)

in which Voyr has a negative value. Accordingly, a dual-supply operational amplifier (positive and
negative operation voltage) is required to perform the electrochemical measurement. The operational
amplifier used here is a LPV521 (Texas Instruments, Dallas, TX, USA). This nano-power amplifier
operates from 1.6 V up to 5.5 V with a typical current consumption of 345 nA. It has a typical
offset voltage of 0.1 mV at 1.8 V and a typical bias current of 0.01 pA at 1.8 V. A low-resistance and
low-power consumption switch (ADG702; Analog Devices; Norwood, MA, USA) is used to change the
current range, which has a typical current consumption of 1 nA and a typical on-resistance of 40 ().
Moreover, all the resistors used in the system have a 1% tolerance to assure a minimum uncertainty in
the measurement.

2.1.2. Back-End Module (BEM): Processing and Display Module Description

The Back-end module is composed of a MCU and a GUI. The MCU used is the MSP430FR5969
LaunchPad development kit. It is a low-cost evaluation module for rapid prototyping, which is
based on the MSP430FR5969 microcontroller and includes on-board emulation for programming and
debugging. In addition, it is simplified by a 20-pin header, which allows for quick access to General
Purpose Input/Output ports (GPIOs), peripherals for communication, Analog-to-Digital Converters
(ADC), timers, etc. The MCU controls the DAC, which generates Vyy signal through an I’C protocol
and acquires the Voyr from the FEM by means of the ADC. It also activates the suitable switch, which
sets the best R value assuring the maximum measurement range. Furthermore, it processes the
obtained data, translating it into current and sending it to the computer via USB port.

The full-custom GUI, AmpVIEW, is developed using LabVIEW (National Instruments; Austin,
TX, USA), a development software for visual language programming. AmpVIEW controls the system,
including the measurement time and applied voltage and, at the same time, it registers and displays
the chronoamperometry measurement in real-time. Figure 2 summarizes the procedure followed to
perform measurements and a picture of the GUIL Once the program has been turned on, the user must
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set the pretreatment and measurement parameters (time and sensor’s polarization voltage) and must
press the “Start Measurement” button. An error message appears on the display when the device has
not been connected to the computer and the process ends. In the case of having the device connected,
the MCU configures the GPIOs and the ADCs ports, it controls the DAC through the I>C protocol
and it starts the chronoamperometry. While the FEM drives the sensor, the MCU acquires the Voyr
signal and it sends the result via USB to the GUI, which displays the data in real-time. When the
measurement is finished, the user can save the data in a file pressing the “Export Data” button, which
generates a csv or xlsx file with the chronoamperometry data. In addition, the measurement can be
aborted at any moment by pressing the “Stop Measurement” button.
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Configure GPIOs and ADC.
DAC program to generate VIN

Set pretreatment and ¢
measurement parameters.

Perform

l7 chronoamperometry.

Stop
measurement .
Finish measurement.

Is "Start Measurement"
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False Is "Export data" button ~True
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Is the device

A True
connected via USB?

Error False
message

Generate a data file in .csv
or .xlsx format.
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. 4661
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Figure 2. (a) Diagram flow of the designed program. (b) Chronoamperometry curve measured
with AmpVIEW.

2.1.3. Power Module (PM): Power Supply Module Description

The full-custom circuit board is connected to the MCU board, which operates with the power
provided by the computer USB port. The MCU board provides 3.6 V (VMCU) to the full-custom circuit
that contains the FEM and the PM. In order to avoid variations in the power supply, the Vcy is sent
to the AP3330 Low Dropout linear Regulator (LDO), which provides an output with a stable and
regulated voltage of 3.6 V (Vpy). As stated in the previous section, it is necessary to have dual supply
operational amplifiers to measure the negative voltage obtained at the potentiostat’s output (Vour).
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To generate the negative voltage supply, we created a virtual ground with a low quiescent current
LDO (ADP125 IC; Analog Devices; Norwood, Massachusetts, USA). This provides an output voltage
of 3 V that is set as a virtual ground, by creating a non-symmetrical power supply of 0.6 V (+V) and -3
V (-V), allowing a wide negative measurement range. The ADP125 has a quiescent current of 45 pA
with no-load and a maximum quiescent current of 210 pA in case of maximum load (500 mA).

2.2. Electrochemical Measurements

2.2.1. Electrochemical HRP Detection Procedure

The chronoamperometric detection of HRP (Ref. P6782, Sigma Aldrich, San Luis, MO, USA) was
performed in parallel using the full-custom AmpStat potentiostat and three commercial potentiostats.
Disposable screen-printed carbon electrodes (SPCE; Ref. DRP-110; Dropsens; Llanera, Spain) were
employed for this purpose, each one featuring a 4-mm carbon working electrode, a carbon counter
electrode, and a silver pseudo-reference electrode. Before they were used, SPCE were rinsed with
ethanol 70% and water, dried under airflow and characterized by CV in 0.1 M KCI, 1 mM K Fe(CN)g.

For detection, HRP was diluted serially in miliQQ water, obtaining eight final HRP concentrations
(0.01, 1, 10, 25, 50, 100, 500, and 1000 ng'mL_l) and a negative control without HRP. The measurement
equipment was turned on to register current at 0.00 V vs. the Ag pseudo-reference. Then, the SPCE
was plugged and 45 uL of ready-to-use 3,3’,5,5"-Tetramethylbenzidine (TMB) Liquid Substrate System
(Sigma Aldrich, Ref. T0440, which contains a mixture of TMB and H,O; in a buffer of undisclosed
composition) were pipetted onto the electrodes. Next, 5 pL. of HRP were added and the enzymatic
reaction proceeded while the current was registered for 300 s more.

2.2.2. Data Analysis

Data shown in the graphs correspond to the averages of no less than three independent replicates,
each one obtained using a new SPCE, and the error bars show their standard deviation (SD). The assay
limits of detection (LOQ) and quantification (LOQ) were calculated using the average of the blanks
plus 3 and 10 times their SD, respectively. The variability was estimated in terms of the variation
coefficient (%CV = (SD/mean) x 100). The sensitivity corresponded to the slope of the linear range of
the assay and the signal-to-noise ratio (SNR) was the signal registered for each HRP concentration
divided by the averaged signal of the blanks.

3. Results and Discussion

In this work, we report the design, production, and analytical evaluation of a USB-powered
portable potentiostat. The AmpStat prototype was designed to detect amperometrically the activity
of HRP, an enzyme widely used for the detection of electrochemical biosensors, although it could be
easily adapted for other applications.

3.1. Test and Calibration of the Electronic Platform

Figure 3 shows the final device composed by the full-custom Printed Circuit Board (PCB) connected
to the MCU board (Figure 3a) and the control AmpVIEW software (Figure 3b). The whole system
measures 10.5 X 5.8 X 2.5 cm and it weighs 41 g. The PCB, which contains the FEM and the PM, is
connected to the MCU board through a 20-pin header. Since the FEM circuit measures low currents, we
implemented a guard ring used to protect high-impedance circuit nodes from surface leakage currents.
It is a copper ring driven by a low-impedance source to the same voltage as the high impedance node.

We designed and simulated the electronic circuit with Multisim program (National Instruments;
Austin, TX, USA), and we made the PCB layout using Ultiboard software (National Instruments;
Austin, TX, USA). The MCU was programmed with Code Composer Studio (Texas Instruments; Dallas,
TX, USA), an integrated development environment (IDE) to develop applications for Texas Instruments
embedded processors.
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Figure 3. Picture of the prototype developed. (a) AmpStat potentiostat composed by the full-custom PCB
(copper board) and the MCU board (red board). (b) AmpVIEW software registering an amperometry
in real time.

The electronics characterization and a preliminary study towards the analytical validation of the
platform were carried out with a Source Measurement Unit (SMU) B2962A (Keysight Technology;
Santa Rosa, CA, USA) and an oscilloscope MSO-X 3034A (Agilent Technologies; Santa Clara, CA, USA).
This allowed analyzing the AmpStat performance and deviation by measuring the Isgnsg current. For
this purpose, the SMU was connected to the electronics platform and was programmed to apply a
ramp of current from 0 pA to 11.2 pA (maximum current that the system can measure) while Isgnsg
was measured. The maximum deviation between the current measured and the current applied was
of 4.26%. The AmpStat potentiostat, composed by the PCB and MCU board, consumes 6.45 mA at 5
V, although the PCB, which contains the FEM and PM, only consumes 235 pA, and can work with
voltages of 3.6 V. The difference between consumptions is due to the MCU board, which contains many
functionalities that increase prototype consumption. The developed system is able to measure currents
up to 11.2 pA with resolution 0.13 nA. However, it can be configured to measure currents up to 3 mA.
Furthermore, the system can polarize the sensor electrodes to voltages up to 3.6 V.

Compared to other works, AmpStat had a broader current range and resolution, while still
maintaining comparable operation voltage [32,33]. The measurement deviation of AmpStAT was
lower than the proposed by [34], which was the only work we could find in which this parameter was
discussed. Although the potentiostat reported in [11] consumes less power, it is a fully-integrated chip
designed in a 0.35-pm bulk-CMOS technology and can measure a more limited current range.
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3.2. System Verification by HRP Electrochemical Detection

The equipment was tested by detecting HRP concentrations ranging from 0.01 ng-mL~" to 1000
ng:-mL~!, as well as a negative control without HRP. HPR was detected by monitoring its activity using
a commercial ready-to-use substrate solution that contained TMB and H,O;. In this system, HRP
catalyzed the reduction of H,O, coupled to the oxidation of TMB. The resulting oxidized TMB was
then reduced at the surface of a SPCE, which registered a reduction current that was proportional
to the amount of HRP present in solution (insert in Figure 4a). The AmpStat prototype was able to
apply voltages up to 3.6 V between the WE and the RE. However, sensor characterization revealed
that the best potential for this application was 0.00 V vs. the Ag pseudo-reference, and these were the
measurement conditions used here.
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Figure 4. (a) Example of a chronoamperometry registered for 500 ng-mL~! of HRP. (b) The procedure
followed for current measurement: (1) First, the AmpStat potentiostat was connected via USB to
the computer, the AmpView software executed, and the “Start” button clicked on; (2) the SPCE was
plugged to the connector, and (3) 45 uL of TMB were added; then, to begin the enzymatic reaction, (4) 5
uL of HRP were pipetted on the electrodes, and the current was registered during 300 s; finally, the
“Stop” button was pressed and the data saved.

Figure 4 shows an example of chronoamperometric detection for 500 ng'mL~! of HRP, and the
procedure followed to perform each detection. First, we connected the AmpStat to the computer, executed
the AmpView program, and pressed the “Start” button to record the current signal (Figure 4b(1)). The
software started showing the chronoamperometry in real-time on the computer display. Then, we plugged
the SPCE to the potentiostat (Figure 4b(2)) and pipetted 45 uL of TMB onto the electrodes, which produced
a transient current fluctuation (Figure 4b(3)). We then added 5 uL of HRP (Figure 4b(4)), and allowed the
enzymatic reaction to take place while the current was registered for 300 s. Finally, when the measurement
ended, or the “Stop” button was pressed, data was saved in csv or xIsx format.

Figure 5a shows a histogram summarizing the currents registered over time for increasing
HRP concentrations and employing alternatively the customized AmpStat and the three commercial
potentiostats used in parallel as the reference standards. As can be seen, the equipment generated
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comparable results. In general, the enzymatic reaction was fast, and the highest currents were registered
over the first 100 s for HRP concentrations above 25 ng-mL~!. In contrast, detection of lower HRP
concentrations improved for longer measurement times. Additionally, the fourth equipment displayed
the highest reproducibility at 300 s, when current stabilization had been reached. In all cases, the
currents registered ranged 20-50 nA for the blanks, increased proportionally to HRP concentration
up to 100 ng'mL~!, and increased to a lesser extent or plateaued for higher HRP contents when the

reaction was substrate-limited (Figure 5b).
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Figure 5. (a) Currents recorded by the four potentiostats used for HRP concentrations ranging from 0
to 1000 ng-mL~" after 100 s, 200 s and 300 s of reaction with the substrate. (b) Currents registered after

300 s of reaction with the substrate (n = 3).
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Among the three commercial equipment that were studied, the potentiostat-3 was the one
that measured the lowest currents for all HRP concentrations, but also presented the smallest data
dispersion. On the other hand, the potentiostat-2 registered the highest currents and the most stable
and reproducible background noise in the blanks (see the currents registered over time for the blanks
in Figure 5a). Interestingly, the AmpStat portable system developed here measured similar currents
and comparable result dispersion than the potentiostat-2 (%CV ranging of 4.7-21% in both cases).
Nevertheless, the AmpStat displayed more variable blank measures. This negatively affected the assay
SNR, which was calculated by using the blank values (Figure 6).

-AmpSlat -Potcntiostat-l -Potentiostat-l -Potcntiostat-3‘

20+

0.01 1 10 25 50
HRP (ng-mL™)

100 500 1000

Figure 6. SNR of the four potentiostats for HRP concentrations ranging from 0.1 to 1000 ng mL'.

Table 1 summarizes the figures of merit calculated for the HRP detection assay, carried out with
the four electrochemical systems. The four potentiostats displayed comparable LOD and LOQ in terms
of minimal current measurable and quantifiable, respectively. However, in terms of HRP concentration,
both LOD and LOQ were higher (and thus worse) if HRP was measured using the potentiostat-3. The
customized AmpStat potentiostat designed here exhibited an LOD of 0.83 ng'-mL~! and an LOQ of 1.52
ng-mL~! of HRP, which were values only slightly higher than those provided by the potentiostat-1
and the potentiostat-2 (0.52-0.56 ng'-mL~! and 1.16-1.61 ng-mL™!, respectively). Additionally, assay
sensitivity, calculated as the slope of the corresponding assay linear range (spanning from 0.01 ng-mL~!
to 50 ng'mL~!), was comparable for all three equipment. These parameters were reasonably accurate,
taking into account that the AmpStat is a homemade prototype with an approximate manufacturing
cost of $85 USD.

Table 1. Comparison of the figures of merit of the HRP detection assay, carried out with the four
tested potentiostats.

AmpStat Potentiostat-1 =~ Potentiostat-2 Poteniostat-3
LOD
Current (1A) 0.05 0.05 0.04 0.04
Concentration (ng-mL™1) 0.83 0.52 0.56 1.27
LOQ
Current (1A) 0.07 0.08 0.07 0.06
Concentration (ng-mL‘l) 1.52 1.16 1.61 2.89
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Table 1. Cont.

AmpStat Potentiostat-1 Potentiostat-2 Poteniostat-3
Sensitivity
(ng-mL-1.uA-1) 0.0328 0.0326 0.0305 0.0219
Weight (g) 41 1600 480 5433
Dimensions (cm) 105x58x25 222x205x75 132x10.0x3.6 360.7 x 233.7 X 116.9
Cost (USD) 85 11,013 4087 16,000

4. Conclusions

In this paper, we demonstrated experimentally the performance of AmpStat, a full-custom low-cost
potentiostat. We described in detail the design, production, and preliminary analytical evaluation
of this portable high-performance prototype, which is entirely powered and controlled by USB and
includes a user-friendly interface that makes it plug-and-play and easy-to-use.

The potentiostat is composed of three blocks: the PM, which generates a stable voltage and a
virtual ground, the potentiostat-based FEM, and the BEM, which includes an MCU and the GUIL
Furthermore, we developed a full-custom software, called AmpVIEW, which controls the system,
presents the chronoamperometry in real-time on a computer display, and allows saving the data in
different file formats. The low-cost platform consumes 6.45 mA at 3.6 V. However, the full-custom
designed PCB, which contains the instrumentation, only consumes 235 pA. Furthermore, the developed
potentiostat can drive the sensor electrodes to voltages up to 3.6 V and measure currents up to 11.2 pA,
although it can be adjusted to measure a maximum current of 3 mA.

We confirmed the efficacy of the AmpStat prototype by detecting HRP in a concentration range
from 0.01 ng'mL~! to 1 ug-mL~!. As has been shown, the results obtained with the AmpStat were
comparable to those obtained using three commercial electrochemical systems that were significantly
more expensive. Our equipment displayed LOD of 0.83 ng-mL ™!, LOQ of 1.52 ng'mL ™, and sensitivity
of 0.0305 uA-mL-ng_l.

Furthermore, this platform could be additionally optimized in the future to produce a tailored
compact system. For instance, size reduction could be achieved by creating a full-custom board
with an integrated microcontroller unit. The software could also be upgraded to perform current
averaging within defined measurement time ranges and/or interpolation in preloaded calibration plots.
Also, the system could integrate additional functionalities based on mobile resources. For example,
the incorporation of a Bluetooth module to connect the system to a smartphone and a rechargeable
battery would facilitate the employment in POC testing, resulting in a more compact and flexible
electrochemical detection solution.
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Chapter 3

Summary and discussion of the
results

In this section are summarized the results that fulfill the expected objectives
behind the conception of low-power e-reader platforms for electrochemical detec-
tions defined as Plug-and-Power solutions.

An innovative solution in terms of power requirements was developed, creating
the Plug-and-Power concept in which the energy required to perform a test is
always available. The proposed self-powered Point-of-Care electronic reader (e-
reader) ran the test and showed a quantitative result, while external disposable
test-strip, acted as a sensor and a power source.

The e-reader comprises a Printed Circuit Board (PCB) and an outer case
(Figure 3.1). The doubled-sided printed circuit had a size of 77.5 mm x 32.5
mm x 2mm, and it was made in glass-reinforced epoxy laminate material (FR4)
with silver-finish. The outer case was made of a photosensitive epoxy resin called
Accura®?25, and it was created with the solid-state stereolithography (SLA®) 3-D
printing technology. It has a total size of 85 mm x 42 mm x 21 mm.

The proposed system was characterized and validated before the integration
with test units. First, it was characterized through a Source Measurement Unit
(SMU). The SMU was used to generate different current signals, emulating the be-
havior of test strips. The results showed that the reader had a maximum relative
uncertainty of 1.8%, which depended on the Analog-to-Digital (ADC) quantifica-
tion error and the passive component tolerances.

Then, it was calculated the best moment to perform the measurement that
depends mainly on the electronics’ resolution and the measurement uncertainty.
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Figure 3.1: Picture of the (a) printed circuit board, and (b) the whole self-powered
electronic reader (printed circuit board and outer case). Reprinted from [163] with
permission.

On the one hand, the resolution of the e-reader is defined by the ADC resolution,
which was 13 nA for the developed device. On the other hand, the measurement
uncertainty depends on the current change rate. In a chronoamperometry, a redox
reaction occurs when a potential step is applied to the electrode. At this moment,
the current decays t1/2, obeying the Cottrell equation. Consequently, during the
initial time, a small deviation at the time to extract the measurement is translated
into a large current uncertainty. Whereas in the final region, it is difficult to distin-
guish between concentrations because they have a similar value. For these reasons,
neither the initial nor the final region were used to extract the measurement. The
time chosen to extract the measurement for each sensor was the one that presented
the lower uncertainty value for the worst case of detection, that it is the lowest
level of concentration. When the ideal moment to perform the measurement was
calculated, the e-reader was programmed to take the measurement at this time.

Additionally, the power consumption of the system was measured in order to
assure that the developed electronic was able to work with the proposed power
sources. When the external test unit was inserted into the e-reader, electronics
started to collect the energy. When enough energy was recollected, the system was
started-up. At the start-up phase, a typical inrush current peak took place, reach-
ing a power demand of up to 5 mW. Then, the e-reader entered into a low-power
mode of operation, consuming only 900 uW. The applicability of the proposed
e-reader was demonstrated in the first publication with the development of a self-
powered portable blood glucometer. A disposable test strip used was composed of
a glucose battery, which supplied the device, and a glucose Fuel Cell (FC), which
monitored the glucose concentration.

First, the electronic reader was characterized through the SMU, which sim-
ulated the behavior of the disposable test strips. The reader was adjusted to
measure currents up to 30 pA with a resolution of 13 nA. Then, the whole system
was assembled, programmed, and calibrated to work with real test strips. The
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full-custom reader was characterized and validated using real test strips fed with
50 uL of serum at glucose concentrations between 5 and 30 mmol/L.

Sensor characterization revealed that the best potential for this application
was 0.45 V. Moreover, calibration tests showed that the best time to carry out
the measurement was 12 s. At that time, the uncertainty of the device was lower
than 5% for the lowest glucose concentration, and it had a maximum uncertainty
of 1.8% (Figure 3.2a, Figure 3.2b, and Figure 3.2c).

Chronoamperometries obtained with the e-reader were compared against a
commercial potentiostat (Autolab PGSTAT2014). The results showed that cur-
rents measured by the e-reader virtually matched with the commercial equipment.
As expected, the main difference between both systems was obtained at currents
higher than 30 pA, which is the current detection limit of the developed reader.
Moreover, it was represented the relationship between the current measurement
and the glucose concentration captured by the electronic reader, and it was com-
pared against the one measured with the commercial potentiostat. (Figure 3.2d).
Data obtained with both systems were proportional, although the results showed
a slight shift between the curves, which was corrected in the final device by the
software.

As is stated before, the e-reader presented an inrush current peak of 5 mW
and a consumption of 900 uW in low-power mode (Figure 3.2e). On the other
side, the paper-based power source could provide more than 10 mW of power.
Consequently, the power consumption of the full-custom reader was much lower
than provided by the power source, allowing show the numerical results on the
screen until the disposable component ran out of power (after few hours) or when
it was removed.

The second publication showed the e-reader’s capability of adaptation to dif-
ferent electrochemical scenarios. In this study, the e-reader was validated by using
a commercial ethanol FC and emulating three FCs (urine, ethanol, and methanol)
and a sensor (methanol). Two approaches were followed, using FC as a power
element or as a dual power/sensor element.

With the energy extracted from the FC, the self-powered platform supplied
all the electronic modules, which perform the measurement, process data, and
show the qualitative result on the numerical display. In order to verify the energy
extraction capacity of the system, and its capability of adaptation to countless
scenarios, a commercial methanol FC, and two emulated FC of methanol and urine
were used. The e-reader’s startup voltages are shown in Figure 3.3. To obtain these
signals, the platform was fed by the commercial FC of ethanol. The upper curve
(Vrc) shows the voltage provided by the ethanol FC (Vg¢), and the middle graph
shows the boost converter voltage (Vpoost). This voltage supplied the circuits
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Figure 3.2: a) Electronic reader current error. b) Chronoamperometry curves done with
the electronic reader. ¢) Uncertainty in current measurement produced by the e-reader.
d) Transfer function that relates the current captured by the e-reader with the glucose
concentration and comparison against a commercial potentiostat (Autolab PGSTAT204).
e) Temporal evolution of the electronic reader power consumption. Reprinted from [164]
with permission.

that process the signal and display the result. The bottom graph shows the low-
dropout regulator voltage (Vipo), used to feed the analog circuit, which performs
the measurement. The ethanol FC was connected to the e-reader, and it started to
collect energy. When enough energy was harvested, the system was beginning to
operate, changing the state of the Vipo signal. The Vpg peaks correspond to the
Maximum Power Point Tracking system, which optimized the energy extraction.
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The DC/DC boost converter (Vpoost) reduced the voltage peaks, and the linear
low-dropout regulator stabilized and regulated the signal, even more, to supply
the measurement module. This sensitive module needed the most stable voltage
possible because it carried out the measurement. The experiments confirmed the
self-powered performance of the system, which could operate with a minimum
voltage of 330 mV and supplied all the low-powered electronic modules.
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Figure 3.3: (a) Start-up curves of the e-reader powered by ethanol FC. (b) Transfer
function that relates the measured current by the e-reader with different emulated
sensors and fuel cell concentrations (ethanol, urine and methanol), and the comparison
against the current produced by the sensor. Reprinted from [163] with permission.

Besides, it was validated the capability of the reader to measure multiple ranges
of current. The results showed that the currents measured by the e-reader were
practically the same as the nominal current injected by emulated FCs, with a
maximum deviation of 1.8% (Figure 3.3). The system had a minimum resolution
of 13 nA and could measure a maximum current of 3 mA. The validation has been
carried out with three different FCs, although it could operate with other FCs,
measuring a wide range of analytes.

This thesis has also demonstrated experimentally the performance of a full-
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Resolution 13 nA

Maximum deviation of the measurement 1.8 %
Maximum current measurement 3 mA
Peak of power consumption 5 mW
Stationary power consumption 900 W
Electronics operating voltage 1.8V
Minimum supply voltage 330 mV

Table 3.1: Summary of the electronic characteristics of the self-powered portable
electronic reader for Point-of-Care testing.

custom, and customizable POC system able to perform fast and sensitive am-
perometric detection. The low-cost and portable e-reader, called AmpStat, was
designed, fabricated, characterized, and tested against three high-cost commercial
potentiostats.

The hand-held device had a final size of 10.5 x 5.8 x 2.5 cm, a weight of 41 g, and
an approximate manufacturing cost of $85. It was composed of a connector that
houses the disposable amperometric sensor, an USB-powered electronic platform
for measurement acquisition, and a custom LabVIEW-based graphic user interface
called Ampview (Figure 3.4). This custom software displayed and stored results,
making the plug-and-play and easy-to-use system able to operate on any computer.

Figure 3.4: Picture of the prototype developed. (a) AmpStat potentiostat composed of
the full-custom PCB (copper board) and the MCU board (red board). (b) AmpVIEW
software registering an amperometry in real-time. Reprinted from [165] with permission.
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The low-cost platform was composed of a full-custom PCB and a microcon-
troller board, which operated at 5V and consumed 6.45 mA. However, the high-
performance instrumentation circuit, placed on the full-custom PCB, operated at
3.6V and consumed a maximum current of 235 puA. The developed prototype was
powered and controlled by USB. It registered currents ranging from 5 nA to 11
#A in real-time, with a resolution of 0.13 nA. However, it could be adapted to
measure currents up to 3 mA and to drive the sensor electrodes to voltages up to
3.6 V. Moreover, it had a maximum measurement deviation of 4.26%.

The efficacy of the AmpStat prototype was validated by detecting horseradish
peroxidase (HRP) concentrations ranging from 0.01 ng-mL to 1 yg-mL™! . For de-
tections, it was used screen-printed carbon electrodes and a ready-to-use commer-
cial substrate solution. The sensor characterization showed that the best potential
for this application was 0 V. The chronoamperometry obtained for 500 ng-mL" of
HRP, and the procedure followed to perform each detection are shown in Figure
3.5.

a) 2) 3) 4 1)

|
8 H:0: H';PM
—_ 2H+ 2H+
o
= * =
GC.) H:20 HRPo: TMBRed
= 4
=1 /
(@]
24
0 '. . : : : : .
-50 0 50 100 150 200 250 300
b) Time (s)

2) 3) I 4)

Connect AmpStat, e: te AmpView software I

and start the measurement. Insert the SPCE Add 45 uL of TMB

Add 5 pL of HRP

Figure 3.5: (a) Example of a chronoamperometry registered for 500 ng-mL™ of HRP. (b)
The procedure followed for current measurement: (1) First, the AmpStat potentiostat
was connected via USB to the computer, the AmpView software executed, and the
“Start” button clicked on; (2) the SPCE was plugged to the connector, and (3) 45 pL of
TMB were added; then, to begin the enzymatic reaction, (4) 5 uL of HRP were pipetted
on the electrodes, and the current was registered during 300 s; finally, the “Stop” button
was pressed and the data saved. Reprinted from [165] with permission.

AmpStat device was compared with three commercial potentiostats used in
parallel as reference standards. A histogram summarizing the currents registered
over time for increasing HRP concentrations is shown in Figure 3.6. As is shown
in the histogram, the results obtained with AmpStat were comparable to those
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obtained using three commercial systems, which were significantly more expensive.
For the blanks, the four systems provided currents ranging from 20 to 50 nA. These
currents increased proportionally to HRP concentrations up to 100 ng-mL™!, for
higher concentrations currents increased a lesser extent or plateaued when the
reaction was substrate limited.

All the systems displayed the highest reproducibility at 300 s that it when cur-
rent stabilization had been reached. The potentiostat-3 had the smallest data dis-
persion, although it registered the lowest currents for all HRP concentrations. On
the other side, the potentiostat-2 presented the most stable and reproducible back-
ground noise in the blanks and measured the highest currents. The potentiostat-2
and the Ampstat measured similar currents and had a comparable dispersion, both
systems had a variation coefficient from 4.7% to 21%. However, the AmpStat dis-
played more variable blank measures affecting the SNR assay (Figure 3.7.).

A summary of the figures of merit calculated for the HRP detection assay
carried out with the four electrochemical systems is shown in Table 3.2. The de-
signed potentiostat displayed Limit of Detection (LOD) of 0.83 ng-mL!, a Limit of
Quantification (LOQ) of 1.52 ng-mL!, and sensitivity of 0.0305 uA-mL-ng™. The
four potentiostats displayed comparable LOD and LOQ, although potentiostat-3
had higher and worse values. The LOD and LOQ values were slightly higher than
those provided by the potentiostat-1 and the potentiostat-2. Furthermore, assay
sensitivity was comparable for all three equipment.

Table 3.3 shows a summary of the electronic specifications of the competitive
portable potentiostat for POC applications presented in this thesis.
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Figure 3.6: (a) Currents recorded by the four potentiostats used for HRP concentrations
ranging from 0 to 1000 ng-mL" after 100 s, 200 s and 300 s of reaction with the
substrate. (b) Currents registered after 300 s of reaction with the substrate (n = 3).
Reprinted from [165] with permission.
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Figure 3.7: SNR of the four potentiostats for HRP concentrations ranging from 0.1 to
1000 ng mL!. Reprinted from [165] with permission.

110



CHAPTER 3. SUMMARY AND DISCUSSION OF THE RESULTS

000°9T LS0F e10‘11 a8 (asn) soD
6OTT X L'€ET X L09¢ | 96X 00T XC€I | CLXGOCXTTC | GTXYGXCOI (urd) suorsuawi(y

eEVS 087 0091 |54 (8) Srom
£evs 087 0091 7 (8) WSrom
612070 G0£0°0 92£0°0 82£0°0 (;-v7l- . Tu-8u) Aj1aryisuog
68°C 19'1 OT'T G T (+-Tu-3U) UOIPRIIUSIUOD)
90°0 L0°0 80°0 L0°0 (V1) yueamp

001
LT 1 9¢°0 €60 €20 (;-Tu-8U) UOIPRIIUBIUO))
700 70°0 600 c0°0 (v71) jusain)

aot

£-7e3S01jua}0J g-1e)sorualod | 1-jeisonuajod | jeygdury

Table 3.2: Comparison of the figures of merit of the HRP detection assay, carried out

with the four tested potentiostats. Reprinted from [165] with permission.
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Resolution 0.13 nA
Maximum deviation of the measurement 4.26 %
Maximum current measurement 3 mA
Power consumption AmpStat 0.45 mA
Custom electronics | 235 pA
. AmpStat 5V
Operating voltage Custom electronics 3.6V
Minimum sensor bias voltage 3.6V
Cost, 85 USD

Table 3.3: Summary of the electronic characteristics of the USB-powered Handheld
potentiostat for Point-of-Care applications.
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Chapter 4

Conclusions

In this chapter, the main conclusions of this doctoral thesis are gathered, and
the feasibility of the developed Plug-and-Power systems for electrochemical Point-
of-Care applications is evaluated.

First, some general conclusions are presented to provide an overall approach
to the whole research. Then, it is drawn the specific conclusions for each study
proposed in this thesis. Finally, future steps towards portable POC devices for
biomonitoring applications are exposed.

4.1 General conclusions

e Different electronic instrumentation circuits have been proposed to trigger
the electrochemical reaction and measure the response of the sensing ele-
ment. These low-power consumption systems are capable of working with
electrochemical sensors and Fuel Cells and can adapt to a wide variety of
measurement ranges.

e Electronic solutions have been developed that enable display results of a
qualitative way. Besides, a discrete approach has been proposed capable of
showing the results with minimal power consumption.

e New approaches based on potentiostats have been presented. These e-
readers were able to perform electrochemical detections, resulting in minia-
turized, versatile, and low-cost devices for Point-of-Care applications that
require minimal user interaction. The main advantages of the developed
platforms were: portability, easy-to-use; quantitative data; adaptability to
a wide range of cases; rapidity, and accuracy of results.
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e The feasibility of a Self-powered Point-of-Care concept was validated, which
can extract energy from the sample to supply the electronic circuits and
perform electrochemical detections.

e Low-power and high-performance instrumentation circuits based on current
sense circuits were designed, implemented, and tested. The results gathered
that these electronic circuits are able to provide accurate and high-resolution
data with minimum power consumption.

e Other studies were carried out in parallel with the researches presented
in this thesis. An ultra-low-power instrumentation circuit for self-powered
applications was designed and presented in a conference. In addition, I
participated in the design of the electronic instrumentation of the patent
EP19382604.7 entitled “Self-powered system and method for power extrac-
tion and measurement of energy-generator units”. Furthermore, a multi-
modal and portable biosensing system was designed and implemented to
help in investigations about Dystonia disorder, within the framework of a
predoctoral stay at the Trinity Center for Biomedical Engineering and Trin-
ity College Institute of Neuroscience of the Trinity College Dublin (Ireland).

4.2 Self-powered portable electronic system
for POC applications

An electronic reader for self-powered POC solutions based on the use of Fuel
Cells (FC) as a power source and as a sensor was developed and successfully
employed in different cases, showing its capability of adaptation to a wide range
of scenarios.

The plug-and-play system performed amperometric detections automatically
and in just a few seconds, providing quantitative results on the display without the
need for external laboratory equipment. Moreover, it did not need external power
sources because the sample sensed was also used to power the electronics. The
system can operate with conventional lithium batteries or with the sample to sense.
It is a valuable feature for developing areas with a lack of good electricity grids
and batteries. Besides, it can provide environmental benefits related to battery
usage and disposal, as uncontrolled battery disposal leads to severe environmental
pollution. Furthermore, this portable system can be adapted to a wide range of
cases, providing rapid and accurate results.

The platform operated with a minimum voltage of 330 mV and consumed 900
uW in the low power mode. The device provided reliable, robust, and effective
results. It had a maximum measurement uncertainty of 1.8 % and a minimum

114



CHAPTER 4. CONCLUSIONS

resolution of 13 nA. In addition, it can be adapted to measure different current
ranges, measuring a maximum current of 3 mA.

The applicability of the platform was demonstrated with the development of
a self-powered portable blood glucometer. A disposable test strip was employed,
which included a paper-based power source, and a paper-based biofuel cell used
as a glucose sensor. The device was tested with human serum samples with glu-
cose concentrations between 5 and 30 mM. The results showed that the test strip
provided enough power to supply the electronic system and perform the test. More-
over, the proposed electronic platform supplied the necessary energy to trigger the
reaction, acquire the sensor response, process data, and show glucose concentra-
tions numerically on a display, providing quantitative results in good agreement
with commercial measuring instruments.

Furthermore, the electronic reader was validated in other cases, following two
approaches, using the FC as a power element or as a dual power and sense element.
The platform was validated using a commercial ethanol FC, three emulated FCs
(urine, ethanol, and methanol) and a sensor (methanol), showing its capability of
adaptation to different scenarios.

As shown, the system is fully customizable. Consequently, the applicability
of the concept can be extended to other kinds of electrochemical sensors to de-
tect other analytes or biological matrices, developing portable electronic analytical
platforms for veterinary or environmental fields.

The platform reach could be extended, for example, adding an adjustable signal
generator to perform cyclic voltammetries or including a wireless communication
module to show the results on a smartphone or a laptop. A big challenge would be
to integrate the electronic system into an Application-Specific Integrated Circuit
(ASIC) with the aim of a flexible and completely disposable device.

4.3 Portable USB-powered potentiostat for
POC amperometric detections

A low-cost and portable e-reader for electrochemical analysis was designed
and characterized, which was powered and supplied by USB. Also, it was tested
against three high-cost commercial systems. The developed platform included
user-friendly and full-custom software, which controlled the system, represented
the chronoamperometry in real-time on a computer display, and saved the data in
different file formats, making it plug-and-play and easy-to-use.

The USB-powered system operated at 5 V and consumed 6.45 mA. However,
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the high-performance instrumentation circuit developed only consumed 235 pA at
3.6 V. It measured currents from 5 nA to 11 pA in real-time, although it can be
adjusted to measure currents up to 3 mA. The proposed platform had a resolution
of 0.13 nA, with a maximum measurement deviation of 4.26 %. Moreover, the
potentiostat was able to drive the sensor electrodes to voltages up to 3.6 V. The
portable platform had a final size of 10.5 x 5.8 x 2.5 cm, a weight of 42g, and an
approximate manufacturing cost of 85 USD.

The viability of the USB-powered platform was demonstrated by detecting
horseradish peroxidase in a concentration range from 0.01 ng-mL™! to 1 ug-mL™.
The results obtained with the developed system were comparable to those ob-
tained using three commercial electrochemical systems, considerably more expen-
sive. Furthermore, the results showed that designed potentiostat had a Limit of
Detection of 0.83 ng-mL!, a Limit of Quantification of 1.52 ng-mL™!, and a sensi-
tivity of 0.0305 pA-mL-ng™.

In the future, the size of the platform could be optimized by integrating a
microcontroller module on the full-custom board. It also could be enhanced by
including additional functionalities based on mobile resources, such as a Bluetooth
module to connect the system to a smartphone. Besides, a rechargeable battery
would improve the portability of the POC system. Even, it could be adapted to
operate as a self-powered system, extracting the power from the sample to detect,
generating a more flexible electrochemical detection solution.

4.4 Future steps towards low-powered devices
for biosensing POC applications

The development of low-powered POC platforms for amperometric detections
based on a potentiostat has been shown to be a feasible option. The use of this
portable and low-power technology makes that the next generation of devices for
healthcare a step closer to a real implementation. However, the developed plat-
forms address some challenges.

As was discussed in the Introduction chapter, despite the substantial progress
of the POC testing, there are still substantial problems that must be addressed.
One way to address these issues is fomenting and incorporating new technologies
that research contributions offer. The proposed technologies enable a paradigm
shift from the traditional hospital-centered model towards a patient-centered model.
Furthermore, these technologies allow addressing the challenges of POC diagnostic
systems, establishing the basis of the next generation of POC biosensing platforms
which must accomplish the following premises:
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e Portability. They must allow to acquire, process, and represent biological
parameters (such as biochemical markers, vital signals, environmental pa-
rameters, among others) near to patient.

e Usability is a key factor. It is important to make sure that the individuals
perform tests accurately. For this reason, the systems must require the
minimum steps to obtain a result and make data easy to interpret.

e Active feedback. Provide rapid diagnosis and response, and help to the
disease prevention as well as the treatment, and rehabilitation.

e Durability and simplicity to improve the effectiveness of the systems in areas
where systems must travel across a long supply chain and are used in facilities
with very different requirements.

These premises are a good reference point to identify the different elements
that must be improved in technology, with the aim of enhance the health of the
patient while reducing the costs of the healthcare system.
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Multimodal TDT system for
biosensing Dystonia disorder

The author of this doctoral dissertation developed a portable biosensing device
with the collaboration of the members of Reilly lab, within the framework of a pre-
doctoral stay at the Trinity Center for Biomedical Engineering and Trinity College
Institute of Neuroscience of the Trinity College Dublin (Ireland) [126]. During this
stay, the author developed a tool to investigate the underlying neuropathology of
the movement disorder Dystonia. Dystonia is the third most common neurological
movement disorder, after Parkinson’s disease and Essential Tremor [166]. This dis-
ease causes sustained or intermittent muscle contractions that produce abnormal
movements or postures. Temporal discrimination is defined as the shortest time
interval at which an individual can discriminate two sequential stimuli as being
asynchronous. There is a hypothesis is that both abnormal temporal discrimina-
tion and cervical dystonia are related, and they are caused by a disorder of the
midbrain network for covert attentional orienting [167]. A study had evaluated
that visually temporal discrimination thresholds (TDT) were abnormal in cervi-
cal dystonia patients [168], and it was tested with a portable system previously
developed [169,170].

In the study carried out as a part of this thesis, it is developed a multimodal
portable platform that generated visual and tactile stimuli for measuring TDT.
This system combined two main elements: a) the electronic hardware that contains
the actuators that produce the stimuli, and the circuit for control these actuators,
and b) the software that controls the system, shows visual stimuli and records
the data. It had three operational modes: vibrotactile, visual, and multimodal (a
combination of visual and vibrotactile stimuli) and allowed producing staircase or
random stimuli. The device generated two vibrotactile stimuli of 5 ms of duration
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with precise inter-stimulus intervals (ISI). In the staircase mode, the ISI starts
in 0 ms, and it increases in steps of bms. After each stimulus, the individual is
requested to indicate if they perceive a single stimulus (or synchronous), or two
stimuli separated in time (asynchronous). The staircase mode test finishes when
the individual responds ”asynchronous” for three consecutive increasing ISIs. In
the random mode, the ISI is randomized between 0 to 100 ms, and the experiment
ends after a set duration or when the user presses the stop button. A Printed Cir-
cuit Board (PCB) was connected to an Arduino Mega board. This PCB generated
the signals to control the haptic motors and communicate with the smartphone
through a Bluetooth Low Energy (BLE) module. The Arduino microcontroller and
the Android App controlled the signals that generated the stimuli presented to the
participant’s fingers. To generate the tactile stimuli, two vibration motors were
employed, since vibrotactile stimulation generation is more power-efficient than
electrotactile stimulation systems [171]. Microcontrollers can only provide a small
amount of current from their output, as these are intended to send control signals,
not to act as power sources. In order to control a high-current DC load, such as
a DC motor, it is necessary to use a motor driver. In this device, two MOSFETSs
were employed as a switch for high-current loads. Furthermore, a BLE module
was used to connect the vibrotactile board with the smartphone. The device also
integrated a touchscreen because it is wanted to include more functionalities in
the future.

The biosensing system was controlled by an Android application called TD-
TApp installed on an Android smartphone. The TDTApp allowed a) registering
the experimenter’s name and date of the test, b) selecting the experiment mode
(staircase or random) and the type of stimuli (visual, tactile and multimodal), c)
connecting and controlling the electronic hardware, d) registering the experiment
data, and e) sending the data via email. Currently, the TDT system is being val-
idated by members of the Trinity College of Dublin and St Vincent’s University
Hospital (Dublin, Ireland), and it is expected publication of the results in the next
months.
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Figure B.1: a) Multimodal portable platform for measuring Temporal Discrimination
Thresholds in Dystonia patients. b) The two vibration motors were inserted in a
textile-black band to generate the vibrotactile stimulation in the fingers.
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Please introduce the name of

the experimenter

Welcome to Temporal
Discrimination Threshold
measuring app

Enter the name of the experimenter

E::{:;;e (2N =

Dublin

UNIVERSITATs:

BARCELONA

Developed by Yaiza Montes Cebridn. 2018

Please, put your phone on horizontal position.
When you are ready select the experiment mode

The test has finished.

Thank you for your
collaboration

Select the test mode

Please, fill in the email box if you want
to send data to your email:

Do you feel stimuli synchronous or asynchronous?

Figure B.2: Screenshots of the TDT App developed for generating visual and tactile
stimuli to measure Temporal Discrimination Thresholds.
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Resumen en castellano

Las pruebas de punto de atencién (de sus siglas en inglés, POC) son una
tecnologia emergente aplicable a una amplia variedad de aplicaciones [63]. Al igual
que otras tecnologfas, los POC mejoran constantemente gracias a los diferentes
avances en las tecnologias electrénicas y al desarrollo de nuevas aplicaciones.

Convencionalmente, las pruebas de diagndstico se realizan con grandes anal-
izadores en laboratorios centrales. Por lo general, esto implica que los pacientes
deben esperar durante largos periodos antes de recibir sus resultados. Esta situacién
se agrava en las zonas rurales y los paises en desarrollo, donde hay escasez de per-
sonal capacitado y el equipo de diagnéstico es basico [41,48]. Las pruebas POC
permiten monitorear las condiciones de salud y obtener resultados rapidos cerca
del paciente. Permiten reducir los costes médicos y controlar los brotes infecciosos
sin la necesidad de equipos de laboratorio dedicados. Ademas, los sistemas POC
eliminan muchas de las limitaciones, ya que no requieren grandes infraestructuras
de atencion médica, equipos médicos complejos y técnicos especializados.

En los 1dltimos anos, ha aumentado el interés por desarrollar dispositivos POC,
como se ha senalado en el capitulo de introduccién de esta tesis. Segun el sitio
web Dimensions.ai, en los ultimos 5 anos, se han publicado mas de 1.7 millones
de articulos y 325,000 patentes sobre pruebas POC. Esto indica que existe una
creciente necesidad de desarrollar dispositivos POC de bajo costo, portatiles y
faciles de usar con el fin de diagnosticar enfermedades en etapas tempranas.

El detector de glucosa en sangre es el dispositivo POC por excelencia. Este
dispositivo se basa en el concepto de inmunoensayo de flujo lateral [24], y permite
detectar la presencia de cierto analito, en este caso, glucosa. Sin embargo, la de-
teccion por flujo lateral no siempre es una técnica vélida. Existen multitud de
analitos que requieren de métodos basados en sistemas electréonicos mas comple-
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jos, capaces de suministrar la energia necesaria para desencadenar una reaccién,
detectar la respuesta del sensor y mostrar el resultado al usuario.Por esta razon, se
necesitan circuitos electrénicos miniaturizados, de alto rendimiento e integrables
en sistemas POC.

Por lo general, los sistemas POC portatiles usan baterias como fuente de en-
ergia eléctrica. Estas baterias deben reemplazarse o recargarse periédicamente y
tienen una autonomia limitada. Esta simple tarea es un desafio en entornos de
bajos recursos, que es donde mas se necesitan estos sistemas.

El objetivo principal de esta tesis doctoral es el desarrollo de lectores electrénicos
Plug-and-Power para detecciones electroquimicas y la demostracién de sus posibil-
idades en estudios biomédicos como pruebas de diagnéstico POC. Estos sistemas
pueden alimentarse desde un puerto USB o bateria o ser sistemas autoalimenta-
dos, que extraen la energia de fuentes de energia alternativas como las celdas de
combustible.

Los diversos enfoques de deteccién electroquimica propuestos en esta tesis per-
miten adquirir senales de baja corriente, procesarlas y mostrar un resultado cuan-
titativo, consumiendo una potencia minima. Gracias a su reducido consumo de
energia, ha sido posible desarrollar plataformas autoalimentadas capaces de operar
solo con la energia extraida de la muestra bioldogica. Las plataformas propuestas
también se pueden alimentar a través de dispositivos externos, como puertos USB
y baterias recargables o desechables. Estos dispositivos son ficiles de usar y plug-
and-play, y permiten a las personas no calificadas realizar pruebas después de un
entrenamiento minimo. Debido a su interfaz facil de usar, los resultados son claros
y faciles de interpretar. Las soluciones propuestas en esta tesis doctoral permiten
mejorar las pruebas de POC, cuyas premisas son la descentralizacion de laborato-
rio, la medicina personalizada, el diagndstico rapido y la mejora de la atencién al
paciente [16].

El capitulo introductorio de esta tesis analiza el estado del arte de los sistemas
de diagnésticos POC con el objetivo de estudiar sus fortalezas y debilidades, y
determinar las mejoras necesarias. Se da una descripcion general del impacto de
las pruebas de POC en la atenciéon médica en paises de bajos ingresos, enfocandose
en las barreras, las pautas normativas y politicas, la ubicacion geografica, las car-
acteristicas del sistema de infraestructura de salud y la gestiéon de la cadena de
suministro. Ademads, se realiza una clasificacién de las pruebas de diagndstico
de POC segtin el biosensor utilizado, destacando los sensores y las técnicas de
deteccién basadas en sensores electroquimicos. El desarrollo de tecnologias y dis-
positivos POC conlleva la integracion de tecnologias electrénicas y biosensores.
Por este motivo, el capitulo introductorio proporciona una visién general de posi-
bles arquitecturas aplicables a las tecnologias POC, analizando los ultimos avances
y describiendo diferentes soluciones.
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El tercer capitulo muestra los resultados de esta tesis doctoral, que se presenta
como un compendio de articulos. Segun el sitio web Dimensions.ai, en los tltimos
5 anos, se han publicado mas de 13,000 articulos y 4,000 patentes sobre sistemas
POC portatiles y de baja potencia para detecciones electroquimicas.

Las publicaciones se presentan en la tesis en orden cronolégico. Sin embargo,
los estudios se llevaron a cabo en secuencia inversa a la publicacién de las inves-
tigaciones. Los primeros desarrollos fueron dispositivos electréonicos discretos ali-
mentados por USB y baterfas. Estos complejos sistemas electrénicos condujeron a
dispositivos simplificados que impulsaron el desarrollo de plataformas autoalimen-
tadas. Aunque, debido a los intereses estratégicos de los grupos de investigacion,
las publicaciones se publicaron en orden cronolégico inverso.

La publicacion titulada “‘Plug-and-Power’ Point-of-Care diagnostics: A novel
approach for self-powered electronic reader-based portable analytical devices” se
publicé en la revista Biosensors and Bioelectronics de la editorial Elsevier. Todas
las categorias de la revista estdn clasificadas en el primer cuartil (Q1). Ademas,
tiene un CiteScore de 17.6 y un Factor de impacto de 10.257 en 2019. Las otras
dos publicaciones que componen esta tesis se publicaron en la revista Sensors
(editorial MDPI). Sensors es una revista Open Source clasificada en el primer
cuartil (Q1) en la categoria de Instrumentacién. Tiene un CiteScore de 5.0 y un
Factor de Impacto de 3.275 en 2019. El manuscrito titulado “Self-Powered Portable
Electronic Reader for Point-of-Care Amperometric Measurements” tiene mas de
775 vistas del resumen y 750 vistas de texto completo, y el articulo “Competitive
USB-Powered Hand-Held Potentiostat for POC Applications: An HRP Detection
Case” tiene mas de 600 vistas del resumen y 785 vistas de texto completo. Uno
de los desafios de esta tesis es desarrollar sistemas de deteccion electroquimica
autoalimentados y faciles de usar, capaces de mostrar datos cualitativos y medir
amplios rangos de corriente con alta resolucién. El articulo titulado “‘Plug-and-
Power’ Point-of-Care diagnostics: A novel approach for self-powered electronic
reader-based portable analytical devices” describe un dispositivo POC portatil e
innovador capaz de proporcionar un resultado cuantitativo de la concentraciéon de
glucosa de un muestra. El sistema propuesto combina un lector plug-and-play y
un sensor de papel desechable. El lector electrénico sin bateria extrae la energia
de la unidad desechable, adquiere la senal, la procesa y muestra la concentracién
de glucosa en una pantalla. Debido al bajo consumo de energia de los circuitos de
instrumentacion y procesamiento, todo el sistema electrénico puede funcionar solo
con la energia extraida del elemento desechable que actiia como sensor y fuente de
energia. Ademas, el proceso de recoleccién de energia, medicién y procesamiento
de datos lo realiza el dispositivode forma automatica, sin necesidad de ninguna
accién externa. El dispositivo inteligente minimiza la interaccién del usuario, que
solo debe depositar la muestra en la tira de papel y esperar unos segundos para ver
el resultado de la prueba. Ademads, el dispositivo de alto rendimiento proporciona
resultados precisos y de alta resolucién, pudiendo medir corrientes de hasta 30 pu
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A con una resolucién de 13 nA y un error inferior al 1.8 %.

La segunda publicacion titulada “Self-Powered Portable Electronic Reader for
Point-of-Care Amperometric Measurements” presenta en detalle la concepcion,
disenio, implementacién y caracterizacién de los circuitos electrénicos que com-
ponen el lector electrénico sin bateria. Este concepto versatil detecta de forma
amperométrica una amplia variedad de analitos, ademas de procesar y mostrar los
resultados sin necesidad de baterias comerciales, ya que la energia necesaria para
llevar a cabo la prueba se extrae de una pila de combustible (o fuel cell, FC de
sus siglas en inglés). El lector electrénico fue validado siguiendo diferentes enfo-
ques, utilizando las FC como elementos de potencia y como elementos duales de
alimentacién y deteccién. El dispositivo se prob6 con FCs y sensores de glucosa,
orina, metanol y etanol, mostrando la adaptabilidad del sistema a diferentes esce-
narios, y validando la posibilidad de extrapolar el sistema a una amplia variedad
de campos mas allé del diagndstico clinico, como el &mbito veterinario o ambiental.

El tercer articulo presenta el estudio titulado “Competitive USB-Powered Hand-
Held Potentiostat for POC Applications: An HRP Detection Case”, en el que se
desarrollé el sistema AmpStat. Este es sistema de bajo coste, miniaturizado y per-
sonalizable esta compuesto por un potenciostato alimentado por USB y permite re-
alizar detecciones amperométricas. El dispositivo portatil combina un conector que
aloja el sensor amperométrico desechable, un sistema electrénico totalmente per-
sonalizado para la adquisicién de senal y un software llamado AmpView, que repre-
senta, muestra y guarda los resultados. El dispositivo personalizable fue disenado
para medir corrientes de hasta 11.2 u A, aunque puede adaptarse facilmente para
detectar corrientes de hasta 3 mA. La eficacia del prototipo AmpStat se evalud
midiendo amperométricamente peroxidasa de rabano picante en un rango de con-
centracién de 0.01 ng - mL ' a1 g - mL -!. En este estudio, el rendimiento del
dispositivo se compard con tres potenciostatos comerciales. Estos se probaron en
paralelo con el dispositivo propuesto, obteniendo el limite de deteccién, el limite de
cuantificacién y la sensibilidad de los cuatro equipos. El potenciostato desarrollado
proporcioné una detecciéon razonablemente precisa con resultados comparables a
los obtenidos con tres sistemas comerciales significativamente més costosos. Como
prueba de concepto, el sistema fue validado con muestras de peroxidasa de rabano
picante, aunque podria ampliarse facilmente su alcance y medir otro tipos de anal-
itos o matrices bioldgicas. El dispositivo fue alimentado externamente a través del
puerto USB de un ordenador. Sin embargo, en el futuro, se quiere actualizar el
dispositivo con el fin de adaptarlo para que sea autoalimentado y envie los datos
a través de un médulo inaldmbrico a un ordenador o teléfono inteligente.

En el contexto de esta tesis, se han llevado a cabo otras investigaciones, cuyos
resultados se presentan en la seccién de Anexos.

Algunos de estos estudios se han presentado en conferencias. Estos se basan en
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circuitos de instrumentacién de ultra baja potencia aplicables a sistemas autoali-
mentados y en circuitos de instrumentacion electronica para diferentes aplicaciones
de biosensores.

En el marco de esta tesis, también se ha participado en el diseno del circuito
de instrumentacion electrénica de la patente EP19382604.7 titulada “Self-powered
system and method for power extraction and measurement of energy-generator
units”.

Ademsds, se desarrollé un sistema de biodeteccion portatil para investigar el
trastorno de distonia con la colaboraciéon de los miembros del laboratorio Reilly
lab, en el marco de una estancia predoctoral en el Trinity Center for Biomedi-
cal Engineering y el Trinity College Institute of Neuroscience del Trinity College
of Dublin (Irlanda) . La distonia es un trastorno del movimiento neuroldgico que
causa contracciones musculares involuntarias que producen movimientos o posturas
anormales, a veces dolorosas. La discriminacién temporal es el intervalo de tiempo
mas corto en el que un sujeto puede discriminar dos estimulos secuenciales como
asincronos. Algunos estudios asocian la distonia cervical con una discriminacién
temporal anormal. Durante la estancia en Dublin, se desarrollé una plataforma
electrénica multimodal y un software personalizado para medir los intervalos de
discriminacién temporal a través de estimulos visuales, téctiles, y una combinacién
de ambos. Este dispositivo portatil estaba alimentado a través de un puerto USB
y conectado a un teléfono inteligente Android a través de un médulo de comuni-
cacién Bluetooth Low Energy. La aplicacién personalizada desarrollada para este
dispositivo, permitia al usuario controlar los estimulos, registrar los datos y en-
viarlos por correo electronico, con la ventaja de poder ser utilizados por personas
no calificadas después de un entrenamiento minimo gracias a su interfaz facil de
usar.

Finalmente, en los capitulos quinto y sexto de esta tesis, se resumen y discuten
los resultados, y se presentan las conclusiones de las investigaciones realizadas,
recomendando desarrollos futuros para crear la préxima generacion de dispositivos
POC de baja potencia y autoalimentados.
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