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RESUMO

Diagnésticos no ponto de atendimento sdo centrados no paciente para diminuir a
dispersdo do processo em localizagdes diferentes (hospitais, clinicas e consultérios médicos).
Biossensores sdo comumente integrados a sistemas miniaturizados para oferecer diagnosticos
mais acessiveis com resultados mais rapidos no ponto de atendimento. A miniaturizagdo, no
entanto, ainda apresenta desafios, os quais foram discutidos nesta tese. No Capitulo II,
otimizou-se a imobiliza¢do de biomoléculas sobre o papel por meio da oxidagdo das fibras de
celulose com NalO4. A oxidagdo foi caracterizada extensivamente visto que as propriedades
fisico-quimicas do papel foram alteradas ao longo do processo. O papel oxidado por fim foi
utilizado para determinar a quantidade de proteina em urina, detectando precocemente casos de
microalbuminuria. O Capitulo III descreve um método alternativo de fabricagao de dispositivos
microfluidicos vestiveis usando-se o brinquedo Shrinky-Dinks (SD). O dispositivo vestivel foi
integrado a ensaios colorimétricos de glicose e lactato em suor. Apesar do biossensor nao
apresentar detectabilidade e sensibilidade adequada para detectar os biomarcadores, o
dispositivo microfluidico foi capaz de coletar continuamente o suor sem perturbar o usuario. O
Capitulo IV descreve a fabricagdo de eletrodos altamente sensiveis e flexiveis pela mesma
premissa do Shrinky-Dink. Os eletrodos enrugados quantificaram glicose na faixa de 0,1
pmol L' a 0,1 mmol L' em pH fisiolégico, demonstrando sensibilidade e detectabilidade na
deteccao de glicose em suor. Por fim, o Capitulo V descreve dois biossensores eletroquimicos
como diagndstico rapido e barato para COVID-19. Ambos os biossensores sdo portateis e foram
capazes de detectar a proteina S do virus SARS-CoV-2 in microlitros de saliva sem a
necessidade de reagentes quimicos especificos. Espera-se que com os avangos descritos na tese
no campo da imobilizacdo, microfabricacdo e deteccdo contribuam no desenvolvimento de
biossensores modernos para que no futuro diagndsticos mais acessiveis estejam disponiveis no

mercado.






ABSTRACT

Point-of-care (POC) testing provides diagnostic tools centered on the patient rather than
dispersed in different locations (hospitals, clinics, doctor's offices). POC biosensors are often
integrated into miniaturized systems and consist of portable and cheaper devices with fast
output than conventional clinical analysis. However, significant challenges still exist in the
miniaturization field, addressed in this dissertation. In Chapter II, the immobilization of
biomolecules on paper was optimized by oxidating the cellulose with NalO4. The oxidation was
extensively characterized since it affected the physicochemical properties of the paper.
Moreover, the oxidized paper was applied to quantify protein in urine, detecting early cases of
microalbuminuria. Chapter III describes an alternative fabrication method for wearable
microfluidic devices using the toy Shrinky-Dinks (SD). As a proof-of-concept, a wearable
colorimetric device for glucose and lactate was demonstrated. Although the assays lacked
detectability and sensitivity to detect glucose and lactate in sweat, the SD-based microfluidic
channels demonstrated the capability of continuously collecting sweat without disturbing the
user. Chapter IV describes a sensitive and stretchable electrode fabricated by the same premise
of SD wearable devices. The stretchable wrinkled electrodes quantified glucose at a
concentration range from 0.1 umol L™! to 0.1 mmol L™! in physiological pH, demonstrating the
applicability for sensing in sweat. Finally, Chapter V describes two electrochemical biosensors
for faster and more accessible diagnosis tools for widespread testing for COVID-19. Although
they present different approaches, both biosensors were portable and detected the S protein of
SARS-CoV-2 in microliters of saliva without requiring chemical supplies. The improvements
described in this dissertation on immobilization, fabrication process, and detection will
hopefully contribute to further works on the development of biosensors to finally reach

commercial ends and broaden access to health care.
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PRESENTATION

This dissertation describes the work and results obtained in 6 years financially supported
by CNPQ (130494/2016-0) from 2016 to 2017, and FAPESP (2017/05362-9 and 2018/19749-
5) from 2017 to 2021. The financed project aimed the detection of cortisol in a wearable and
paper-based microanalytical device integrated with contactless conductometric detection.
Although the initial goal was not accomplished, the research resulted in two published
manuscripts as first author from the advances achieved over the years as well as two
manuscripts related to COVID-19 research as second author in the last couple years. The
dissertation is divided into five chapters, with introduction and four chapters based on the
manuscripts, and with a closing with final remarks and perspectives.

Chapter 1 is an introduction revisiting the historical context on the development of
sensors and the contribution of Analytical Chemistry. It states the importance of low-cost and
portable diagnostic technologies, describes the fundamentals of sensors and biosensors, and
finally, the actuation of microfluidic in the miniaturization of sensing devices.

Chapter 2 investigates the oxidation of cellulose to functionalize biomolecules on
paper-based sensing devices. Later, the oxidized paper quantified protein in urine. The results
obtained in this work were published on Microchimica Acta, paper attached in ANNEX 1 (DOI:
10.1007/s00604-020-04250-6).

Chapter 3 describes the colorimetric detection of glucose and lactate in sweat by
wearable devices fabricated using the toy Shrinky-Dinks.

Chapter 4 describes the electrochemical characterization of the wrinkled electrode
fabricated with Shrinky-Dinks. The work was conducted during a research internship abroad at
Khine Lab (University of California, Irvine). The wrinkled electrodes were also applied for
glucose sensing. The results were published on Advanced Materials Technology manuscript
attached in ANNEX 2 (DOI: 10.1002/admt.201900843).

Chapter 5 highlights two works developed during the COVID-19 pandemic for the

detection of SARS-CoV-2. One of the works, in collaboration with the Khine Lab, exploits
high-sensitive wrinkled electrodes for the detection of the S protein using an aptamer (published

at Analytical Methods, attached at ANNEX 3 - DOI: 10.1039/D1AY00041A). The second work

was developed at BioMicS lab in collaboration with other researchers and was based on gold-
modified screen-printed electrode as immunosensor for S protein and inactivates virus The
results were published on Analytical and Bioanalytical Chemistry, manuscript attached in

ANNEX 4 (DOLI: 10.1007/s00216-022-03956-1).
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I.1. INTRODUCTION

The diagnosis of a disease is the first step in the health care system to assess the adequate
treatment, reduce the disease dissemination, and minimize the costs and resources in inefficient
treatments. Although medicine technology has advanced with more specific diagnosis and
efficient treatments for several diseases, only a small part of the worldwide population is
benefited. Countries in development sometimes lack on minimum resources, such as electricity,
and health care professionals to run clinical laboratories. Moreover, the low income of the
population discourages the diagnosis step since most of the medical treatments can be expensive
and sometimes not even available in these regions.

Conventionally, the diagnosis is performed by a health professional, who evaluates the
symptoms and interpret the results from clinical analysis. With the development of point-of-
care (POC) testing, the approach for health care has been shifting from a fragmented diagnosis
taking places in different locations (hospitals, clinics, doctor’s offices) to a more centralized
system focused on the patient. POC testing consists of medical tests that can be performed at
or near the patient care. The POC testing devices are characterized by the portability, fast output,
and lower cost compared to conventional clinical analysis. Some of the commercially
successful POC devices are glucose meter and pregnancy test, which will be further discussed
in this Chapter.

The importance of the development of the tests centralized in the patients with fast
diagnosis has never been so evident as during the current pandemic. The year of 2020 was
struck by the COVID-19, an infectious disease caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Despite the lower fatality rate compared to other respiratory
diseases, such as caused by SARS-CoV or Middle East respiratory syndrome-related
coronavirus (MERS-CoV),! the number of people infected by SARS-CoV-2 increased
exponentially since its first appearance in the Chinese city of Wuhan in December of 2019.
According to the World Health Organization (WHO), the virus spread to 215 countries with
more than 318 million cases and 5 million deaths by Jan 15" 2022, as shown in the map
provided by WHO in Figure I.1A.%2 Given the rapid spread of the virus and consequently the
high number of confirmed cases, COVID-19 was described as a pandemic by WHO in March
2020.> In Brazil, there are more than 22 millions confirmed cases (Figure 1.1B) and 620
thousands of deaths (Figure 1.1C) since the first confirmed case in February 26™ 2020.> The
infection rate by the SARS-CoV-2 concerned the health agencies around the world since the
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health care systems could hardly assist the elevated number of infected people, which

unfortunately was the case in many countries.

Figure I.1 - (A) Confirmed cases of infected by COVID-19 across the world according to WHO
on Jan 15" 2022. (B) Cumulative confirmed cases and deaths in Brazil according
to WHO on Jan15™ 2022,

Source: Data from WHO. Accessed in Jan 15M 2022.2

The main symptoms of COVID-19 can be similar to a common flu, including cough and
fever, and in severe cases, respiratory issues with difficulty in breathing.! However, the
infection by SARS-CoV-2 can be asymptomatic. Some studies indicated that more than half of
the people that tested positive for the SARS-CoV-2 were asymptomatic, but still carried a high
viral load even before the development of the symptoms, differently from infections caused by

SARS-CoV.* Due to the silence transmission of the virus by asymptomatic patient, symptom-
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based screening failed to detect a high proportion of the infected cases and COVID-19 spread
unnoticedly. The number of confirmed cases and deaths provided by WHO is underestimated
since many asymptomatic people were not tested for COVID-19.

The screening of COVID-19 has been based on the Polymerase Chain Reaction (PCR)
testing, which is considered the gold standard for diagnosing infectious agent. Once the genetic
sequence of the infectious agent is elucidated, primers (an essential component for the
functioning of the PCR) can be produced for the PCR tests. The first quantitative reverse-
transcriptase-based PCR (RT-PCR) tests for SARS-CoV-2 were designed and distributed in
January 2020 by the WHO. RT-PCR protocols are complex and expensive, mainly suited to
centralized diagnostic laboratories. The test takes 4 to 6 h for the results, but due to logistical
requirement to ship the samples, the turnaround time can be up to 24 h. In Brazil, less than
150,000 tests for COVID-19 were performed by April 2020, which, considering the population
of 210 million people, represents the proportion of 0.63 (or 63 tests per 100,000 inhabitants).’
By the time, other countries performed more tests, such as Argentina (0.76), Chile (6.43),
United States (12.08), Germany (23.64), Iceland (127.58).% The bottleneck to perform the tests
by the health care system in many countries, including Brazil, is attributed to the lack of
resources such as clinical laboratories, equipment, and specialized professionals. In Brazil, the
clinical laboratories were oversaturated with samples to be tested for COVID-19 and the results
could take up to weeks to be delivered during the highest infection peaks. Unfortunately, large
part of the Brazilian population was unaware if they carried the virus and many deaths could
not be confirmed if they were related to SARS-CoV-2.

Some countries and regions that limited the impact of the sudden new respiratory
disease were Singapore, Taiwan and Hong Kong. Despite their proximity to China, these
regions have managed to hold the infection and fatalities under control by learning from the
previous coronavirus (SARS-CoV) outbreak in 2003. The rapid response for the imminent
outbreak of the new coronavirus prevented the exponential growth in the number of infected
people and deaths. These regions quickly deployed several actions to fight against the spread
of SARS-CoV-2, such as strict quarantine in suspect cases and widespread testing combined
with digital surveillance to trace individual’s movement.” Symptomatic people were quickly
tested for the disease then socially isolated, and by contact tracing, the health agencies were
able to test possible new sources of transmission including the asymptomatic people. Although
these regions are comparably smaller in area and population, which facilitate the management
of a pandemic, it demonstrates the positive impact of widespread diagnosing in the fight against

COVID-19.
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In countries in development, the widespread testing would be facilitated with the
employment of POC tests, which would take some of the workload off the clinical laboratories
and more people could be tested for the disease. When coupled with digital surveillance, the
density of the cases can be mapped and preventive campaigns and assistance can be better
addressed. Some of the home-testing POC for COVID-19 consist of immunoassay, which is
detailed under the chemical aspect further in this Chapter. Immunoassays are based on the
antibody-antigen recognition and can either detect the pathogen or the antibodies produced by
the patient’s immune system (IgG, IgM, IgA, etc). Inmunoassays are easier to use compared
to PCR and deliver the results in 20-60 minutes, however they are less accurate.” The first
immunoassays for COVID-19 were based on the detection of IgG and IgM, therefore they only
provided historic information about the viral exposure. If the patient has already been exposed
to the virus, meaning that their immune system previously produced the antibodies against the
SARS-CoV-2, the result will be positive regardless of the infection status at the moment of the
test. Also, IgM and IgG take respectively from 3 to 6 days and up to 8 days to be produced,
therefore initial state of the infection cannot be detected with this device. Later, immunoassays
for antigen detection were developed, in which the virus itself is detected by the antibodies on
the device. For the antigen detection, the immunoassays provided fast results at lower costs in
comparison to PCR. However, immunoassays are typically less sensitive, not being able to
detect low viral loads in infected patients. Although immunoassays are easily mass produced,
there are still some concerns on the recognition elements applied in these tests because of the
inherent variability of antibody response.

It is evident that, with a widespread testing, the fight against COVID-19 would be more
efficient since large part of the transmission of the virus is carried by asymptomatic people.
Unfortunately, the PCR was not ideal to restrain the spread of the disease in many countries,
especially for those under development, like Brazil, at the beginning of the pandemic.
Alongside with the production of vaccines, more efficient and faster diagnosis for the COVID-
19 were heavily developed by several biotechnology companies and research centers, which
helped to restrain the pandemic.” Science progressed fast and the scientific community
profusely investigated the new coronavirus, publishing new findings on daily basis, which
contributed to fight COVID-19. The fast response of the scientific community on investigating
the new coronavirus and on developing new technologies has contributed to fight COVID-19,

proving that investments in science and technology are crucial to critical events.
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I1.2. CHEMICAL SENSORS AND BIOSENSORS

I.2.1. Chemical sensors

Chemical sensors are defined as devices that acquire analytical signal from a sample by
analyzing the chemical information originated from a physical property of the system or a
chemical (or biochemical) reaction of the analyte.® The chemical sensor is constituted by two
parts: the receptor and the transducer, as illustrated in Figure 1.2. The receptor component is
responsible for recognizing the analyte and transforming the chemical information into a form
of energy analyzed by the transducer. Then the transducer transforms the energy carrying the

chemical information into a useful analytical signal.®1°

Figure 1.2 - Fundamentals of a chemical sensor with a receptor, which recognize the analyte,
and a transducer, which convert the chemical information into a measurable signal.

Source: Own authorship.

The transduction techniques can be mainly divided in chemical and physical
transduction. Chemical transduction relies on the change in the chemical composition, such as
the concentration of the analyte or of the product that forms after the recognition process. If the
analyte or its products are not detectable, signaling labels can be used. Label is a simple
molecule or a nanostructure that can be detected in function of the analyte concentration. In a
physical transduction, the signal is based on a specific physical property of the sensing element
that is affected by its interaction with the analyte. Changes in mass, dielectric properties or
electrical resistivity can be measured and correlated to the concentration of the analyte. Physical

transductions are as a rule label-free methods.’

The operating principles of a transducer can be classified as:
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a)

b)

c)

d)

e)

Optical sensors transform the change of optical property into a useful signal, such as
absorbance, reflectance, luminescence, fluorescence, refractive index, or light
scattering. The optical transduction can be achieved by the interaction of the receptor
with the analyte or by the label species.®’

Electrochemical sensors are based on transport, distribution, and reactivity (electron
transfer reactions) of the analytes at the solution-electrode interface. In a
potentiometric transduction, the potential of an indicator electrode is measured
against a reference electrode. In an amperometry detection, the current generated by
the interaction of the analyte with the electrode is measured. Transducers based on
electrochemical impedance measures the opposition to the flow of an alternating
current through the electrochemical cell and provides information about the
physicochemical processes of the analyte interacting with the receptor.®

Electrical sensors measure the change in the electrical properties cause by the
interaction of the analyte without any occurrence of an electrochemical process. The
interaction of the analyte with the receptor can affect the electrical resistivity or the
dielectric constant, known as resistive and capacitive transduction respectively.®?
Mass sensitive sensors are known for applying mass crystal microbalance, which is
based on a vibrating piezoelectric crystal. The accumulation of the analyte on the
support material (receptor) causes a change in the mass, affecting the vibration
frequency measured by the transducer.®’

Magnetic sensors are commonly used for oxygen monitors by analyzing the
paramagnetic properties of a gas.®?

Thermometric sensors are based on the thermal effect of the recognition process of
the analyte by the receptor, resulting in a change of temperature. The recognition
process can be a specific chemical reaction such as enzymatic reaction or

adsorption.®?

Concerning the reception process, there are several methods of recognition of the analyte

by the receptor. The extension of this interaction is defined by the affinity of the receptor for

the analyte. Higher affinity is preferred to guarantee the recognition process of the analyte in a

complex sample. Another important characteristic of the recognition process is the selectivity

of the receptor, which is the ability of the sensor to respond preferentially to the analyte over

other species that may be present in the sample acting as an interferent.’
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The mechanism of recognition of the analyte by the receptor may be based upon different
principles: physical, chemical, and biochemical. In the physical recognition, there is not a
chemical reaction. It is based on the measurements of physical properties of the analyte, such
as absorbance, conductivity, refractive index, temperature, or mass change. The chemical
receptor recognizes the analyte through a chemical reaction that results in the analytical signal.
Best known chemical sensor is the pHmeter, firstly designed by Dr. A. O. Beckman in 1934.!!
The pH measurement is based on a glass electrode (receptor), which is selective to hydrogen
ions. The difference in the concentration of the hydrogen ions between the test solution and the
solution inside the glass electrode translate to a potential difference (potentiometric
transduction), which is measured by a voltmeter.!” Sensors with physical and chemical
recognition processes usually lack on selectivity of chemical species, which are required in
clinical analysis. The use of biochemical recognition on sensors improves the specificity of the
detection method due to the high affinity interactions encountered in biological and biochemical

processes. Sensors that utilize biochemical recognition (bioreceptor) are known as biosensors.

1.2.2. Biosensors

Biosensors are sensors with a biochemical receptor, also known as bioreceptor. The
bioreceptor recognizes the analyte through a biochemical process that results in the analytical
signal. The field of biosensors was founded by Leland C. Clark Jr, considered as the “Father of
Biosensor”.!* The first biosensor was reported by him and Lyons in 1962 for glucose
measurement.'* The glucose biosensor evolved from Clark’s previous work on oxygen
electrode, which was calibrated by adding glucose and the enzyme glucose oxidase (GOx) to
deoxygenate the test solutions.!* Glucose oxidase requires the flavin adenine dinucleotide
(FAD), a redox cofactor, to oxidize the glucose to glucolactone, as the reaction below: '

Glucose + GOx — FAD" — Glucolactone + GOx — FADH:

Subsequently, the cofactor regenerates to the former oxidation state by reacting with

oxygen (O2) present in the enzyme environment and producing hydrogen peroxide (H202):'?
GOx — FADH: + O2 - GOx — FAD + H202

Eventually Clark realized that the calibration procedure could also work to detect
glucose itself. He developed the first prototype by immobilizing the enzyme on his oxygen
electrode and monitored the oxygen signal. The decrease in the signal was proportional to the
increase of glucose concentration in the solution. Further glucose sensors were developed to

monitor the oxidation of peroxide instead of oxygen consumption (more details on glucose
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sensor in the next section).'*!> With the development of electronics and miniaturization
(discussed in CHAPTER Il and CHAPTER 1V)), hand-held glucose meters for self-monitoring
of blood glucose have been substituted by wearable devices for continuous glucose monitoring

and without the need of puncture.

1.2.2.1.Biosensing elements

In a biosensor, the bioreceptor carries a specific group reaction or binds to a particular
group of compounds through biochemical processes. The bioreceptor can be attached near to
or onto the transducer surface by several approaches depending on the nature of the bioreceptor
and the analyte to be detected, and on the surface chemistry. The immobilization of bioreceptors
can be achieved by different mechanisms: adsorption, physical entrapment, covalent coupling
and bioaffinity.'® The immobilization mechanism will be discussed in more details in
CHAPTER II more specifically on paper substrate. The bioreceptor are classified in catalytic
and affinity types. Catalytic biochemical reactions are mediated by enzyme, as described for
the glucose biosensor, microbes, organelles, cells, or tissues. Affinity bioreceptors include
antibodies, receptors, and nucleic acids.”!'”!® The characteristics, as well as the advantages and

disadvantages, of the most used bioreceptors, illustrated in Figure 1.3, are described as follows.

Figure 1.3 - Commonly used bioreceptor in a biosensor: aptamer, DNA, enzyme, antibody and
cell. Representation out of scale.

BIOSENSOR
A ‘.
i BIORECEPTOR i
E Aptamer DNA Enzyme Antibody Cell i
‘ ~2 nm ~0.6 nm per ~10 nm ~15 nm ~100 pm |
: nucleotide i
| TRANSDUCER ;

Source: Own authorship.
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Recognition by enzymes

Enzyme-based sensors have been widely developed and commercially applied for
medical applications. The most successful commercial enzymatic biosensor is the glucose
biosensor, firstly introduced in the market in 1973 by Yellow Springs Instrument based on
Clark’s first glucose biosensor.!>!” Glucose is an important health biomarker specially for those
diagnosed with diabetes, which is a metabolic disorder.!® According to the WHO, diabetes is
one of the leading causes of death in the world and about 422 million people worldwide have
this endocrine disease.’® Assessment of the glucose level is an important tool for the
management and therapy of the disease, which is achieved by the glucose biosensors. The
glucose biosensor accounted for approximately 85% of the world market for biosensors in 2004,
which had been estimated to be around $5 billion USD."?

Enzymes are proteins that function as catalysts in biochemical reactions with selectivity.
The enzymatic recognition of a compound (enzyme substrate) is a dynamic process involving
three steps, as shown in Figure 1.4.° Considering the glucose oxidase as an example, the first
step consists of the binding of the glucose (substrate) on the active site of the glucose oxidase
(enzyme) to form a substrate-enzyme complex. Then, the substrate undergoes a chemical
reaction catalyzed by the enzyme with contribution of other species such as cofactors and
accompanied by the consumption or generation of compounds like O2, CO2, H202, NH3, and
H*.>2! In this example, the chemical reaction is the oxidation of the glucose to glucolactone by
the GOx assisted by the cofactor FAD" with consumption of Oz and production of H20x2. Finally,
the product (glucolactone) is released by the enzyme and the enzyme returns to its initial state,
ready to catalyze the next substrate.” Besides GOx, commonly used enzymes as recognition
element in a biosensor are horseradish peroxidase and alkaline phosphatase.?!

The enzymes activity is susceptible of inhibition by the bonding of small molecules and
ions. Irreversible inhibitor slowly dissociates from the enzyme because it binds strongly
covalently or non-covalently to the enzyme. Reversible inhibitor, on the other hand, dissociates
quickly from the enzyme due to weaker binding strength. Competitive inhibitors present a
chemical structure similar to the substrate and bind to the enzyme’s active site, blocking the
substrate (Figure 1.4B). This kind of inhibition slows the kinetics by reducing the available
enzymes to catalyze the substrate. The competitive inhibitor effect is annulated by a large
amount of substrate; in this case, the substrate can successfully compete for the active sites.
Unlike the competitive inhibitors, non-competitive inhibitors bind to a different site of the

enzyme (Figure [.4C). This inhibitor decreases the number of functional enzymes, slowing the
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kinetics. Finally, the uncompetitive inhibitor only binds to the enzyme-substrate complex
(Figure 1.4D). In fact, the binding site of the uncompetitive inhibitor is created after the
substrate binds to the enzyme. The complex enzyme-substrate-inhibitor is uncapable to proceed
the catalysis reaction on the substrate.?? Inhibitors can be applied in enzymatic assays to

modulate the kinetics for sensing applications, as will be shown in CHAPTER II1.

Figure 1.4 - Enzyme structure and the interaction with substrate: (i) Interaction between the
enzyme and its substrate, forming the enzyme-substrate complex; (ii) Catalysis of
the substrate to products, forming the enzyme-product complex; (iii) Release of the
products and regeneration of the enzyme for new cycle. Types of enzymatic
inhibition: (B) Competitive, (C) non-competitive, and (D) uncompetitive inhibitor.

Source: Own authorship.

The main advantage of the enzyme-based recognition in a biosensor is the continuous
measurement since the enzyme remains unaltered after the reaction with its substrate. The
isolation and purification of enzymes are simple and, with genetic engineering, the binding sites
can be modified to be applied for a wide range of analytes. However, enzyme activity is highly
dependent on the pH, ionic strength and temperature of its environment, which can limit its

application.!”?!

Recognition by microbes, organelles, cells and tissues

Instead of using isolated enzymes, whole biological materials such as microbes, organelles,
cells and tissues can be incorporated in the sensor as biosensing element. Using whole
biological structures are easier and cheaper than the enzymes since the purification step is not
necessary, and the enzymes perform better in their natural environment, which can result in
higher efficient.” However, these complex structures are still sensitive to their environment, and

harsh physical and chemical conditions should be avoided as well. Due to its sensitivity to the
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surrounding environment, cells have been used to monitor treatment effects of drugs and to
detect global parameter like stress conditions, toxicity, and organic derivatives.!” The complex
structure found in microbes, organelles, cells and tissues results in a broader and convoluted
response, hard to discriminate individual effect from different chemical stimuli of the

environment. Therefore, specificity is hard to be achieved with this recognition process.
Recognition by antibodies

Antibodies are glycoproteins found in plasma and other extracellular fluids that are used
by the immune system to neutralize and/or eliminate molecules and organisms, called antigen.?*
Because of the high affinity and specificity of the complex antibody-antigen, antibodies have
been widely applied in diagnostic assays and as therapeutic reagents. Antibodies are produced
for medical and research application by stimulating the immune system of animals, usually
mice, rabbits, sheep and goats. The B-lymphocytes respond to the antigenic stimulation and
secrets antibodies with specific binding domains for the antigen. Then the antibodies are
extracted from the blood.”>!’

The antibodies are often illustrated as a Y-shaped molecule (Figure 1.5). The two arms of
the antibody contain the antigen-binding domains (Fab), which recognize the antigen, and the
base (Fc), which is responsible for modulating other biological functions of the cell. For
research and medical application, the antigen interaction draws most of the interest. Each Fab
contains a region, known as paratope, that specifically binds to one particular region of the
antigen, known as epitope. The paratope from the antibody and epitope from the antigen present
complementary shapes and chemical reactivities to form the association complex with high
specificity.” The recognition of an antigen epitope by the paratope of an antibody occurs
through affinity interactions, which involve multiple non-covalent bonds, such as ionic bond,
hydrogen bond, and van der Waals interaction.

Antibodies are classified as polyclonal and monoclonal, depending on the response of
multiple or a single clone lymphocyte.?* Because an antigen can present numerous epitopes,
several lymphocytes can recognize each one of epitopes and produces a polyclonal antibody
response. Therefore, polyclonal antibodies are heterogeneous and can differ among immunized
animals with different response over time. Meanwhile, monoclonal antibodies are produced by
a single lymphocyte clone, resulting in a homogenous and consistent antibody.?* However, the
specificity of monoclonal antibody limit their use since a small structural change of the epitope
can affect the performance of the antibody in recognizing the antigen. Also, monoclonal

antibodies are more sensitive to pH and salt concentration. Monoclonal antibodies are useful in
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evaluating changes in the molecular conformation, protein-protein interactions, and in
identifying single member of protein families.>* Polyclonal antibodies frequently have better
specificity than monoclonal antibodies because they can recognize more epitopes, and are
frequently used in quantitative and qualitative assays. Biosensors with antibodies are known as

immunosensors and apply the highly selective antigen-antibody reaction for the recognition.?!

Figure 1.5 - (A) Antibody structure: Fc domain, Fab domain and antigen binding site. (B)
Difference of monoclonal and polyclonal antibodies interaction with antigen.

Source: Own authorship.

Immunoreactions are widely applied for infectious disease diagnosis, such as for human
immunodeficiency virus (HIV) and most recently for SARS-CoV-2.”24?% The diagnosis of an
infection is usually based on the detection of antibodies produced in the human body to fight
against the virus. After the infection by SARS-CoV-2, the immune system produces the
antibodies at detectable levels after 3 to 6 days for I[gM and 8 days for IgG. The immunosensor
is based on lateral flow assay (LFA) technology employing two antibodies. These antibodies
are against the human IgG and IgM (anti-human IgG and anti-human IgM antibodies) and are
immobilized on a nitrocellulose strip in two testing lines, as shown in Figure [.6. A recombinant
protein of the SARS-CoV-2 was labeled with gold nanoparticles and deposited upstream the
test lines. With the application of the blood or serum infected by the virus, the IgG and IgM
interact with its antigen recombinant protein, forming a labeled complex. The complex flows
through the strip by capillary action. When reach the test lines, the IgG and IgM now in the
form of labeled complex interact with the immobilized anti-human antibodies and are captured

in the strip, resulting in a red line.?®
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Figure 1.6 - Lateral flow assay for detection of COVID-19 human IgG and IgM. (A) Scheme of
the detection device. (B) Illustration of the results of the test: negative, IgM
positive, IgG positive, and IgM and IgG Positive.

Source: Reprinted with permission from Li et al. Journal of Medical Virology, 92, 9, 1518-1524 © 2020 The
Authors. Journal of Medical Virology Published by Wiley Periodicals, Inc. DOI:10.1002/jmv.25727.%

Another commercial immunoassay is home pregnancy testing. Pregnancy tests are also
based on lateral flow technology employing two antibodies specific for human chorionic
gonadotrophin (hCG), a hormone which concentration rises rapidly days after the conception.
One of the antibodies is immobilized on a nitrocellulose test strip (test line). The second
antibody is labeled with colored marker, usually gold or latex nanoparticles, and it is placed
freely upstream of the test line. When a positive sample (urine) is applied on the strip, the hCG
reacts with the labeled antibody and the formed complex flows by capillary action along the
strip. When it reaches the testing zone, the complex is captured by the immobilized antibody
on the strip by the reaction with its antigen, resulting in a colored line on the strip.%¢

Despite the success of several immunoreaction-based devices, there are some
limitations for antibody-based sensors. As for enzymes, the binding strength of an antibody is
strongly affected by pH, ionic concentration and temperature. The typical high affinity of
antibody toward its antigen results in highly specific detection, however it can also result in

irreversible interaction, which translates to a one-measurement sensor.!’
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Recognition by nucleic acids

Nucleic acids are composed by four nucleobases namely adenine (A), cytosine (C),
guanine (G) and thymine (T) for DNA, and uracil (U) replacing thymine for RNA. The
nucleobases interact specifically with each other by hydrogen bonds forming distinct pairs: G-
C, A-T or A-U. Through this pairing, two nucleic acid strands associate with each other forming
the double-strand complex in a process called hybridization.” A sensor with a short nucleic acid
sequence as receptor is known as genosensor and it detects the complementary sequence by the
hybridization process. The complexed strands can be denatured to reverse biding and
regenerated to be reused.?! Genosensors are applied in clinical diagnosis to detect genetic
anomalies and diagnose pathogen microorganisms, however, their limitation relies on the small
DNA amount in samples. These sensors usually require an amplification step beforehand such
as polymerase chain reaction (PCR) to achieve a readable amount of the target nucleic acid

sequence.
Recognition by aptamers

Aptamers are synthetic nucleic acid molecules engineered through a process known as
SELEX (Systematic Evolution of Ligands by EXponential enrichment).?”-* In this process,
aptamers can be designed to associate with a variety of target molecules, from small molecules
hard to be recognized by antibodies to full microorganisms such as a virus.?’ Unlike the
genosensors, the biosensors with aptamers recognize the target molecule through affinity
reactions rather than hybridization. The single stranded DNA or RNA sequence folds into a
variety of secondary structural elements, and its conformational shape functions as a pocket to
bind the target molecule. Since they are composed of nucleotides, aptamers can be regenerated
to the unbound state by denaturation induced by heat or light, allowing the reuse of the
biosensor if desired. Aptamers are often compared to antibodies due to the similar affinity
mechanisms and high specificity for their targets. However, aptamers productions are
significantly easier and cheaper than the production of antibodies.”’ Also, aptamers are 10 to
100 times smaller (usually from 20 to 60 nucleotides) than antibodies therefore can be more
densely immobilized on the substrate, enhancing the binding sites for the target molecule.?’
Compared to immunosensors, aptamer-based sensors are recent and there is limited knowledge

on the structural and biochemical mechanism of the aptamer-target interaction.?*
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1.2.3. Characteristics of a biosensor and analytical figures of merit

In analytical chemistry, method validation is crucial to prove that the results obtained
by the analytical procedure is statistically close to the real value from the target analyte. As an
analytical device, sensors and biosensors performance can be evaluated by parameters used to
characterize an analytical method. Main analytical parameters are given by the analytical

calibration relationship between the analyte concentration (x) and the analytical signals (y):
y=a+bx Eq -1

where a is the intercept and b is the slope.

Sensitivity

Sensitivity is defined as the slope (b) of the analytical calibration curve. A sensitive
biosensor gives a large change in the signal with small change in the analyte concentration, i.e.,

large slope.*°
Detection and Quantification Capabilities

Limit of detection (LOD) has been calculated in different ways in literature, but the
general concept is defined as the lowest concentration of the analyte that can be statistically
distinguished from the absence of the substance (blank).>** The recommended calculation of
LOD by IUPAC is based on the statistical theory of hypothesis testing.3*? According to the
IUPAC, the smallest measure y; that can be determined with reasonable certainty is given by

the equation:
V., = Yb+k5b Eq1—2

where y, is the mean of blank measurements, S, is the standard deviation of the blank
measurements, and k is a numerical factor chosen according to the confidence level desired.?!
The recommended value for k is 3 for LOD, which implies that there is less than 5% of
probability of a signal being higher than 3S}, as illustrated in Figure 1.7.32 LOD is a function

of y; according to the analytical calibration relationship:

y, =bLOD + 7y, = LOD= 0L~ yb)/b Eq -3

Because the measurements of the blank do not always equal to zero, the signal must be corrected

for the background (y;, — y,). The LOD then can be calculated as:

LoD = 33/, Eq -4
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Figure 1.7 - Definition of limit of detection (LOD) and limit of quantification (LOQ). The curves
represent the Gaussian distribution of errors.

10S,

Blank LOD LOQ Signal (y)
Yp

Source: Own authorship.

As demonstrated by the equation, the LOD depends on the blank response and its
standard deviation, which represents the noise of the system. By the Eq I — 4, a low LOD is
obtained when the blank response and the noise are very low. But in practice, the detectability
also relies on the ability of the sensor to detect the target analyte. Blank fluctuations, which
may arise from the transduction and electronic components of the system, deteriorate the
detectability of the sensor.’ If the LOD of a method is poor, there is a possibility of the sensor
reporting the absence of the analyte when it is in fact present in the sample. These false-negative
results may have an impact on decision making ability in health care area. A more reliable
analytical result can be obtained by limit of quantification (LOQ), which corresponds to a signal
that differs from the blank average by 10Ss (k = 10).° At this range, the analyte signal is not
interfered by the blank fluctuations, as illustrated in Figure 1.7. The LOQ can be calculated as:

Log = 19%/, Eq L5

Although the ITUPAC method is widely applied due to its statistical simplicity, the
resulting LOD can be too small to be detected by the calibration curve since, in this calculation,
it depends on the standard deviation of the blank measurements, which often are very low.*?
Miller and Miller statistical calculation can provide more accurate LOD than the TUPAC.** The
equation is similar to the Eq I — 2. y;, can be replaced by the intercept of the calibration curve

(a), S, by the random errors in y-direction, calculated as:
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Sy/x EqI-6

_ JZi(Yi - )7i)2/

where y; is the analytical signal for each concentration x, ¥; is the fitted y-value calculated by
the linear regression, and n is the number of the points in the calibration curve. The analytical

signal from the LOD based on Miller and Miller statistical approach is calculated as:
Yiop = @ +35yx EqI-7

Finally, the LOD is determined by the linear regression of the calibration curve. In this

approach, the LOD is independent of the blank measurements since Sy, /5 is obtained directly

from the analytical calibration curve.
Selectivity and Specificity

Selectivity is the ability of the biosensor to detect a specific target in a sample containing
other molecules. Selectivity is a broad definition for the interaction between the analyte and the
receptor. The ultimate selectivity is denominated as specificity, which is typically used for a
particular pair of receptor and analyte that interact with each other with high affinity. If another
component of the sample interferes in the signal of the analyte by interacting with the
bioreceptor, it is known as specific interference. Concomitant effects on other parts of the
biosensor are known as nonspecific interference.’ Selectivity can be calculated as the ratio of
the slopes of the calibration curves of the target analyte and a particular interference.’® A
selective sensor detects the analyte with a signal that can be significantly differentiate from the
signal resulted by the interference.

The application of biochemical recognition processes enhanced the selectivity of the
sensors. An appropriate bioreceptor should be chosen for improved selectivity of the biosensor.
Poor selectivity in health care biosensors may result in false-positive measurements, which

could potentially jeopardize patients’ lives.
Repeatability and reproducibility (reliability)

For a same sample condition, the sensor needs to deliver results that closely agree
between successive measurements carried out in the same (repeatability) or different
(reproducibility) conditions related to operation, apparatus, laboratories and intervals of time
analysis.>® Poor repeatability arises from unwanted modification in the sensing properties
during extended exposure to the sample or repeated measurements, resulting in the drift of the
calibration parameters. The susceptibility of a sensor to ambient disturbances is defined as

stability.*® For commercialization, high reproducibility of the sensors is required since the
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performance should not fluctuate significantly in different environment. However, optimal
conditions such as storage and working temperature should be stated especially for biosensors

and if followed, they should be reproducible.

I.3. POINT-OF-CARE TESTING AND MINIATURIZATION

As stated before, laboratory test results are pivotal to critical care decisions. Unlike
conventional clinical analysis, point-of-care testing (POCT) offers a rapid turnaround time with
fewer processing steps. It eliminates the need for transporting the specimens, avoiding sample
degradation and sources of errors caused by pre-analytic (sample preparation and pipetting) and
post-analytic procedures. It also minimizes multiple persons handling the sample, with ready-
to-use reagents like in disposable cassettes or unit-use devices. Therefore, the diagnosis can be
operated outside of a central laboratory and without medical technical qualification.’¢
Because of these advantages, POCTs have many applications within the hospital settings, like
in intensive care units, operating and recovering rooms, delivery room and neonatal ward, and
outside the hospital settings, for example, in sports medicine, outpatient care, home care,
forensic drug screening, patient self-monitoring, and by emergency physicians in a military
setting or disaster control.?’

The first generation of POCT relied on the detection of biomarkers that occur at high
levels in biological fluids and with easy detection mechanism based on simple biochemical
reactions.*® One of the well-known first-generation POC is the home pregnancy test, which was
firstly introduced in the US market in 1977 (Figure 1.8).>° The first home pregnancy test
consisted of a nine-step procedure executed in a kit similar to a chemistry setup with a test-tube,
two droppers, and a plastic tube-holder with a mirror to reveal the results from the bottom of
the tube.’® Despite the complex procedure for women without laboratory training, the home
testing allowed women for the first time to knowledge the pregnancy in the privacy of their
bathroom without the need of visiting a doctor's office. Previously, pregnancy was identified
by many procedures dating from the ancient Egyptian Age, when women urinated on barley or
wheat seeds, and their sprouting was confirmed as a positive case.* Since then, it was known
that the urine properties are different during the pregnancy, which in early 1920 was attributed
to the presence of hormones, more specifically to the human chorionic gonadotropin (hCG)
hormone.*® The first large scale laboratory testing for pregnancy, known as the Aschheim-

Zondek reaction (A-Z test), was introduced in the 1920s and it was based in the women's urine

as well.*! In the A-Z test, the urine was injected into sexually immature female animals (mice,
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rabbits, or toads), and in the case of pregnancy, the animals' ovaries would grow and produce

eggs.t!

Figure 1.8 - Timeline of pregnancy test. From: (A) Ancient pregnancy test, which involved
urinating on grain seeds; (B) Animal-based tests, known as A-Z test, in which the
urine was injected into an animal; Start of antibody-based techniques with (C)
Hemagglutination inhibition test; (D) First at-home pregnancy test; and (E) the
first stick test similar to current commercial pregnancy test.

Source: Reprinted with permission of SITN Boston. Pee is for Pregnant: The history and science of urine-based
pregnancy tests. Available at: https:/sitn.hms.harvard.edu/flash/2018/pee-pregnant-history-science-
urine-based-pregnancy-tests/#.

With the development of polyclonal antibodies in 1960, the first immunoassay for
pregnancy testing was introduced and animal sacrifices were no longer required.* Compared
to bioassays, the immunoassays are more cost-effective and deliver results in a couple of hours.
However, the immunoassay, which was based on a hemagglutination inhibition test, was still
primarily performed in the doctor's office, where the woman's urine was sampled and tested in
a tube.*® Subsequently, with efforts from pharmaceutical companies, the laboratory setup was
transferred into the first usable, portable test for home use. In addition to the laborious protocol,
the first home pregnancy test resulted in many false-positives because it utilized polyclonal
antibody, which was not specific enough to the hCG. The polyclonal antibody also recognized
the luteinizing hormone (LH), which is naturally present in the urine during the ovulation phase.
Since the proteins hCG and LH have identical alpha subunits, the polyclonal antibody is not
capable to distinguish the hormones, resulting in many false-positives.** In 1973, the biologic
specificity of hCG was found in the beta subunit of the protein.*> With the discovery of
monoclonal antibodies in 1975,* these findings led to the development of the immunoassays
technology still used in the current commercial pregnancy test strips, firstly introduced in

1988.%° The test only requires one step, which is peeing in the stick, and it is extremely accurate.
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Modern women can confirm pregnancy at the early stages even before noticing physical
changes in their body, like weight gain or abdominal movements, as it was done back in the
1950s. The home pregnancy testing, though not even half-century old, not only symbolizes the
progress in the field of POC testing but also allowed women to assume control of knowledge
that had been previously in the hands of doctors. Later on, other diagnostic tools were
introduced in the market such as blood-sugar testing for diabetes, workplace drug testing,
highway blood-alcohol testing, malaria, and HIV testing.

POC diagnostic testing plays an important role in the control of the spread of infectious
diseases, especially in low- and middle-income countries. For instance, Zambia is one of the
countries with the highest incidences of HIV infection but with only three PCR equipment to
diagnose the disease in children.** As consequence, the treatment for the patient is often delayed
with poor follow-up and adherence to appropriate therapy, contributing to transmission and
mortality increased rates. With the development and application of HIV POC testing, there was
an increase in the volume of HIV tests and it has a positive effect on programs to prevent HIV
transmission.** However, these POC testing needs to meet the quality assurance to deliver
trustable results. Concerning the quality assurance issue, the World Health Organization
stablished the REASSURED criteria, a guideline which the testing is required to attend to. The
REASSURED criteria are an acronym for Real-time, Affordable, Sensitive, Specific, User-
friendly, Robust and Rapid, Equipment-free, and Deliverable to those who need them.*

In order to improve the performance and reliability of the POC testing, the sensors have
been integrated into microfluidics systems. The more complex systems integrated with
microelectronics gave rise to the second generation of POC testing, which can detect less
accessible biomarkers, such as nucleic acids and cell-surface markers. Microfluidics started
with the concept of manipulating small sample volumes and reagents within a chip.*
Microfluidic technology has been developed under the expectation to revolutionize the health
care industry by providing simple, inexpensive, effective, and ubiquitous miniaturized
diagnostic devices. Although the field has been continuously progressing, significant
challenges still exist, and many microfluidic devices cannot reach out of the laboratories and
launch to the practical settings. An example is the miniaturization of PCR methods into
centrifugal microchips to diagnose infectious diseases. The detection of the pathogen’s nucleic
acids involves several steps from lysing the pathogen to expose the genetic material, separating
the nucleic acid strands from other biological components, amplifying the genetic material, and
reading out the answer. Despite the high sensitivity of the method, in practice these on-chip

processes are not possible without the support of a bulky and external centrifugal force source
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(such as CD player or a rotational support) and optical detectors for signal measurements. Many
published microfluidic chips face the same challenges of relying on external components, such
as pumps, switches for fluid actuation and detectors for signal reading.

Paper microfluidics is a good example of novel low-cost fluidic manipulation.
Pioneered by Whitesides groups at Harvard University, the paper-based microfluidic devices,
also known as pPAD, does not require an external pumping system since the flow is driven by
capillary forces. Also, paper is a lightweight, biocompatible low-cost material that can be easily
modified for different applications. The first uPAD introduced by Whitesides group in 2007
consisted of microchannels patterned with photoresist onto chromatography paper.*’” Another
way of patterning the paper is by wax printing, which dispenses the use of organic solvents as
for the photolithography.**#° The areas with photoresist or printed with wax are hydrophobic
which provides spatial control of the fluids within the area delimited by the lines and walls of
the photoresists or wax (Figure 1.9). There are several other approaches to micropattern the
paper such as by inkjet printing, laser cutting, polydimethyl-siloxane (PDMS) printing, hot
embossing, hydrophobic silanization, among others.>® The uPADs were proven to analyze a
variety of biomarkers in blood, urine, saliva, tear, and sweat samples. Integrated with mobile
phone camera for optical transduction, the uPADs enabled the first signs of telemedicine for
diagnostic testing (Figure 1.9B).°! Telemedicine provides in site diagnostic tests in remote
locations and shares the results of the assay with the physicians without their presence at the
site of the test.

As technology advances, the future of POC testing will allow the detection of multiple
targets (multiplexing), gathering more information about the body. Correlating each
physiological and chemical parameter could give a better and deeper understanding of the
patient’s health condition. The future of POC testing is trending to increasingly smaller devices
with simple operation and instrument-free, enabling reliable self-testing, but still connected to

the clinics and health care professionals through the internet of things.
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Figure 1.9 - (A) Micropatterning methods on paper. (i) Schematics of a paper-based microfluidic
channel with hydrophobic barriers created by (ii) photolithography and (iii) wax
printing. An example of a device fabricated by (iv) photolithography and by (v)
wax printing. (B) Integration of uPAD with mobile phone cameras for performing
bioassays in remote locations and for exchanging the results of the tests with oftf-
site technicians.
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Source: (A) Reprinted with permission from Martinez et al. Anal. Chem. 2010, 82, 1, 3—10 © 2009 American
Chemical Society. DOI: 10.1021/ac9013989.* (B) Reprinted with permission from Martinez ef al. Anal.
Chem. 2008, 80, 10, 3699-3707 © 2008, American Chemical Society. DOI: 10.1021/ac800112r.3!

I.4. 'WEARABLE DEVICES

With the advance of smartphones and other mobile devices technology, wearable
devices emerged as a new concept for health care sensors. Wearable devices are characterized
as sensors mounted onto to the user’s skin on which they detect body signals, analyze, and

transmit the information without restricting the user’s motion. These devices promote real-time
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measurement of the signals originated from the body without the need of bulky equipment nor
sampling or storage of samples for the results, empowering individual health care.

Early wearable devices focused on mobility, such as steps, burned calories, and walking
distance, which are helpful for tracking physical activity performance.’® With advances in the
field, wearable devices has been proven to monitor vital signs such as heart rate, oxygen levels,
temperature, and blood pressure. Motion-based and physical wearable sensors have been
commercialized for a while and are heavily used by consumers. However, only few chemical
wearable sensors are available on the market since chemicals parameters are relatively more
difficult to detect.>® Chemical wearable devices focused on the analysis of body fluids that can
be sampled by minimally invasive way such as sweat, saliva, tear, and interstitial fluid.
Commonly analyzed biomarkers by wearable devices are metabolites such as glucose, lactate,
urea, ethanol, and cortisol, along with other electrolytes such as sodium, potassium, chloride,
and ammonium. Trace elements, such as zinc and copper, can also be detected as well.

Technology for detecting glucose has been evolving since first commercial glucose
biosensor by Yellow Springs Instrument Company in 1973 (Figure 1.10A). With advance in
electronic miniaturization, as discussed earlier, the biosensor was miniaturized to a hand-held
instrument for home monitoring of glucose (Figure I.10B). Since the detection of glucose was
extensively exploited over the decades, glucose wearable devices are so far the most developed
and available on the market. The first “real-time” continuous glucose monitoring was launched
in 2002 by Cygnus as GlucoWatch (Figure 1.10C).>* The device was worn as a wristwatch and
utilized two gel pads on the skin for the reverse iontophoresis. A cycle of DC potential was
applied on the electrodes and stimulated the extraction of the interstitial fluid, in which glucose
levels were measured by the enzymatic reaction with glucose oxidase firstly described by Clark.
Although the innovative and impressive approach, the GlucoWatch failed commercially. The
device required constant calibration with traditional finger-prick methods, failed in readings in
the presence of sweat, and caused tingling sensation or skin damage after multiple hours of
use.’* Since then many improvements were achieved for wearable glucose sensors and some of
the wearable glucose devices are already approved by the FDA. Other biomarkers have also
been detected by wearable technology.

Glucose was also measured as a food intake parameter by a tooth-mounted device
(Figure 1.10D).>°> For this sensor, a conformal radiofrequency sensor was integrated to a
permeable hydrogel membrane capable of responding to changes in temperature, pH, and
glucose concentration. The sensor can be sensitized to others fluid properties (salinity and

alcohol content for example) by functionalizing the biopolymer films or hydrogels.
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Figure 1.10 - Evolution of glucose sensing: (A) First commercial glucose analyzer based on
Clark biosensor by Yellow Springs Instrument Company, (B) hand-held glucose
monitor Accu-Chek Advantage by Roche, (C) GlucoWatch by Cygnus Inc
operating principles, (D) tooth-mounted glucose sensor, and (E) smart contact
lenses for glucose detection in tear.
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Source: (A - C) Reprinted with permission from Newman et al. Biosens. Bioelectron., 2005, 20, 2435-2453 ©
2004 Elsevier B. V. DOI: 10.1016/j.bios.2004.11.012.'° (D) Reproduced with permission from Tseng et
al. Adv. Mater, 2018, 30, 1703257 © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. DOI:
10.1002/adma.201703257.% (E) Reproduced with permission from Keum et al. Science Advances, 2020,
6, caba3252 © 2020 The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science. DOI: 10.1126/sciadv.aba3252.%¢

Glucose levels have been tracked in other fluids like tear by smart contact lenses as
shown in Figure I.10E.>” Although promising, these devices are not commercially available yet
since there is a need to stablish correlation of glucose levels in tear and blood. Recently, it has
been demonstrated the integration of wireless smart contact lenses for diabetes diagnostic and
therapy. The smart contact lenses developed by Do Hee et al. not only continually monitor
glucose levels in tear but also control drug delivery for treating diabetes retinopathy.*® Although
only tested in rabbits, this study shows a promising and feasible future for wearable devices,

which will be integrated with personalized drug therapy.

58



Chapter |

I.5. CHALLENGES IN THE FIELD OF MINIATURIZATION AND PORTABLE
BIOSENSING DEVICES

Despite the advance in the field, only a few miniaturized and portable biosensors are
available in the market as point-of-care tests or continuous sensing devices. Some of the
technological gaps in the biosensing field can be found in the analytical procedure, power
supply if needed, materials, data acquisition, integration, and interface of many components
required for the functioning of the device.>* For the portability and easy use for people without
any laboratory training, these devices must control the sample introduction and preparation,
flow rate, mixing of reagents, reaction time, separation of possible interferents and provide
effective and easy to read measurement capability.®

Regarding the chemical aspect, the miniaturization of biosensors is challenging because
of the small sample volumes of complex biological fluids with femtomolar to millimolar
concentrations of the analytes.’® Although non-invasive biological fluids, such as tear, saliva,
and sweat, have been exploited as sample sources, they are not as reliable as blood, and there
is still a need to stablish a correlation of the analyte levels between fluids.’* Furthermore, the
concentrations of the analytes are often diluted in non-invasive biological fluids, demanding
higher sensitivity and detectability of the biosensor. The issue can be addressed by coupling a
preconcentration technique prior to the analysis or by improving the signal-to-noise ratio of the
device. Another challenge in the biosensing field is the selectivity often impaired by the biofluid
complex matrix.

In this dissertation, some of these challenges under the chemical scope are addressed by
improving bioreceptor immobilization (CHAPTER II), device wearability (CHAPTER III), and
sensitivity (CHAPTER 1V). Furthermore, in CHAPTER V, it is demonstrated the adaptability of
the sensing technology for a current global concern: detecting SARS-CoV-2.
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Chapter I1

II.1. INTRODUCTION

Paper has been used for analytical purposes since the 1850s firstly for urine test strips,
then for chromatography, electrophoresis and pH measurements.!™> Paper was mainly utilized
as strip in which the sample (aqueous solution) wicked along its length and reacted with any
chemicals previously deposited in the substrate, such as in lateral flow assays. In 2007,
Whitesides’s group developed the first microfluidic paper-based analytical devices (uPADs),
which consisted of patterning hydrophobic walls in the paper to manipulate the flow of the
sample within the device without external pumping.* Since then, paper has been majorly
adopted as substrate for microfluidic analytical platforms.

The development of a biosensor requires the immobilization of the bioreceptor onto the
device substrate. This is a crucial step since the molecular recognition of the analyte plays an
important role on the final performance of the biosensor. The rate of false-positives is strictly
related to the specific recognition of the analyte. Other parameters such as stability, robustness,
repeatability and reproducibility are affected by the attachment of the bioreceptor near to or
onto the transducer surface since it dictates the stability, attachment, conformation, activity and
orientation of the biomolecule. Therefore, it is important to properly evaluate the
immobilization of the biomolecule into the analytical device.

The first paper-based biosensor was reported in 1957 for the detection of glucose in
urine by impregnating paper strip with glucose oxidase, peroxidase, and orthodoline.’ In this
work, the enzymes were merely adsorbed in the fibers of the paper. Physical adsorption is a
straightforward approach of immobilizing molecules onto the paper. However, due to the weak
interactions of van der Waals forces, hydrogen bonding, hydrophobic interactions, and
electrostatic forces, the biomolecule is easily washed off the substrate. In fact, many
biomolecules desorb from the papers, for example for antibodies the loss is around 40%.°
Moreover, the biomolecule is hardly anchored in an oriented way, which affects its ability of
recognizing and interacting with the target analyte and results in biosensors with poor
sensitivity and reproducibility. Despite that, because of its simplicity, physical adsorption has
been reported in many works in the literature for the immobilization of enzymes,*’* DNA,8
antibodies,” and aptamers”'°.

Biochemical coupling or bioaffinity attachment explores specific biochemical
interactions to immobilize biomolecules on paper, for example protein/ligand
(streptavidin/biotin), protein/antibody (protein G/human IgG) or metal ion/chelator (Ni**/His-

tag).!! This approach requires the modification of both biomolecule and paper, one of the
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binding parts is attached onto the substrate and the other is conjugated or genetically expressed
in the biomolecule. By strategically modifying the biomolecule, preferably far from its active
site, bioaffinity attachment ensures controlled orientation of the biomolecules and guarantees
the retention of the biological activity. To avoid the modification of the cellulose with one of
the binding parts, a special protein domain, the cellulose binding domain (CBD), was
introduced by genetic engineering. CBDs are naturally found in enzymes that degrades
cellulose.!? Biomolecules can be genetically fused with CBDs and spontaneously bind to
cellulose. Although bioaffinity attachment is noncovalent, it is still a strong and specific,
allowing for robust biosensors. However, the modifications required for this technique are
expensive and time-consuming. '

Another approach consists on chemically bonding the biomolecules with the paper
through covalent bonds.'"* Chemical coupling results in a uniform and stable adhesion of the
biomolecules on the surface of the paper. However, cellulose carries few functional groups for
the chemical coupling. Since the hydroxyl groups are negligibly reactive, activation of the
cellulose is required to promote a covalent immobilization on the paper.'*!> Cellulose are
susceptible to oxidation in the presence of different chemicals such as nitrogen oxides, alkali
metal nitrites and nitrates, permanganates, peroxides, nitroxyl radicals, and periodate.'®
Periodate (I047) oxidizes selectively the vicinal hydroxyl groups to aldehyde groups, which are
more reactive. The aldehyde group can react with amine groups from biomolecules, forming an
imide bond and covalently attaching it to the paper.

Despite the oxidative treatment with 104~ is widely described in the literature, the
literature lacks on characterization and standardization of this process. Therefore, this chapter
describe an in-depth characterization of the physicochemical properties of a chromatography

paper after the oxidation with periodate and its performance on protein immobilization.

I1.2. AIMS

Oxidize Whatman chromatography paper with sodium periodate (NalO4) and
characterize the physicochemical properties of the oxidized paper. Evaluate the oxidized paper
as substrate for covalent immobilization of proteins. Finally, apply the oxidized paper for

protein quantification in urine.
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I1.3. MATERIALS & METHODS

I1.3.1. Oxidation of chromatography paper with sodium periodate

Whatman chromatography paper (CHR #1) was submerged into 25 mL of
supersaturated NalO4 solution at 0.5 mol L™! for 30 min, 1, 2, 4, 8, 12 and 24 h. Less
concentrated solutions of NalOs4 were not evaluated since longer oxidation time would be
required to achieved same oxidation efficiency. During the oxidation, the solution with the
paper was kept away from the light. After the established time, the paper was washed
abundantly with distilled water and then left to dry in the desiccator overnight.

I1.3.2. Characterization of oxidized paper

Once the paper strips were dried, the dimensions of the oxidized papers were measured
with a digital caliper Mituoyo ABSOLUTE Super Caliper SERIES 500.

The functional groups of the native and oxidized paper were analyzed by infrared
spectroscopy PerkinElmer Spectrum Frontier with universal attenuated total reflection (ATR)
accessory (diamond/ZnSe crystal). Spectra were recorded between 4000 and 600 cm™' by
accumulation of 32 scans with a resolution of 4 cm™!. The distribution of functional groups
along the cellulose fibers was also evaluated by Micro-FTIR Spectroscopy using an FTIR
spectrometer (Vertex 70v) coupled with an FTIR microscope Hyperion 3000 (Bruker). The
measurements were done in the transmittance mode with spectral resolution of 4 cm™! and 256
scans in the mid infrared spectral range (4000 — 600 cm™!). The FTIR microscope was equipped
with cooled liquid N2, a 64 x 64 elements focal plane array detector. Each element of the focal
plane array worked as an individual detector, measuring 4096 spectra from the probed sample
area in a single detection with a spatial resolution of approximately 2.5 pm. The 2D and 3D
chemical images were acquired by integrating the area under the peak corresponding to a
specific vibrational mode in the FTIR spectrum. All the FTIR spectra are the difference spectra
where the absorption signals corresponding to the background were subtracted from those of
the samples.

The surface of the native paper and oxidized for 24h were visualized by scanning
electron microscopy (SEM; Zeiss LEO-440). Before the analysis, the samples were sputtered
with gold.
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The crystallinities of native and oxidized cellulose were evaluated by an X-ray diffractor
(Model D8 Advance, Bruker). The diffractograms were obtained in the range from 5 to 60
degrees with step of 0.02 degree and 0.5 s as irradiation time.

The contact angle of the paper before and after 12h of oxidative treatment were
measured by a goniometer (KSV CAM 200) equipped with CAM 2008 software.

Dynamic mechanical analysis (DMA; TA instruments Q800) using the tension film
clamps characterized the native and 24h-oxidized papers. For this analysis, the native paper was
cut in the dimensions of 30 X 3 mm and 54.5 x 1.76 mm. The larger specimen was oxidized for
24 h, as described in the protocol above. After the oxidation, the specimen shrunk to the same

dimension of the smaller native paper.

I1.3.3. Evaluation of the oxidized paper on protein immobilization

The oxidized paper was evaluated as a substrate to covalently immobilize proteins.
Bovine serum albumin (BSA) was chosen as a proof of concept for immobilization since it is a
widely used protein in the bioanalytical field. The BSA immobilization was only evaluated on
the paper oxidized for 0.5, 1, 2 and 4 h since longer oxidation caused significant change in the
physicochemical properties of the paper as further discussed. The paper was laser cut in the
design shown in Figure II.1A. The evaluated BSA concentrations were 1, 2, 4 and 8 mg mL™!

in phosphate buffer at pH 4.8.

Figure II.1 - Layout and dimensions of the chromatography paper strip to evaluate (A) BSA
immobilization and (B) quantify HSA in urine on oxidized paper.

(A) BSA immobilization (B) HSA quantification in urine

Waste Waste

15 mm 15 mm

—A —
Channel Channel
4 x 30 mm 2x 30 mm

— —
Sampling Sampling
8 mm 8 mm

Source: Own Authorship.

For the immobilization assay, 0.5 pL. of BSA solution was applied at 0.5 cm above the
absorption circle (diameter = 8 mm). For the percolation step, the paper strip was stood up with

the absorption circle immersed in a phosphate buffer to allow the solution to percolate through
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the channel (length = 30 mm) until it reached to the end of the waste circle (diameter = 15 mm),
around 20 min. In this step, the pH of the percolation solution was evaluated at BSA pI £ 1 (3.8,
4.8, and 5.8). The temperature was set at 24 °C and the humidity was controlled with room air
conditioner. After the percolation step, the paper strip was quickly immersed in a 0.1% (m/v)
Ponceau in 10% (v/v) acetic acid solution. The paper strip was washed 3 times with 10 mL of
10% (v/v) acetic acid solution and then dried in an oven at 80 °C with an absorbent paper on it.
The dried paper strip was scanned in a digital scanner and then analyzed on ImageJ® software,

by which the lengths of the blot and the color intensity were measured.

I1.3.4. Quantification of proteins in human urine

Chromatography paper was cut as shown with a narrower channel of 2 mm (Figure
I1.1B). The paper chips were oxidized for 4 h, as described previously. Firstly, to evaluate the
correlation between blot length and protein concentration, BSA solutions from 1 to 8 mg mL™!
were applied on the paper chip and the immobilization protocol described above was applied.

The oxidized paper chips were evaluated as a platform to detect protein in urine in order
to demonstrate the versatility of oxidized paper. For this study, a urine pool was spiked with
human serum albumin (HSA) for a final concentration of 10 mg mL™!. The concentrated HSA
solution was diluted in urine pool to concentrations of 0.1, 0.5, 1.0, 1.5, 2.0, 3.0, and 5.0 mg
mL™". 0.5 uL of the HSA sample was spot in the oxidized paper chip and the protocol for BSA
immobilization described above was applied.

The HSA samples were analyzed by Bradford method, which is considered as a
reference method to quantify proteins. 2 puL of the urine sample were mixed with 200 puL of
Bradford reagent and 798 pL of water. The mix reacted for 20 min before the measurement on
ThermoFisher NanoDrop 2000c spectrophotometer at 595 nm in a quartz cuvette of 10 mm

wide.
I1.4. RESULTS & DISCUSSION

I1.4.1. Chromatography paper oxidation with NalO4

Cellulose is a natural polymer with linear chains of D-glucose units. Periodate
selectively oxidizes vicinal hydroxyl groups on carbon C2 and C3 of the glucose to aldehyde
groups, as shown in Figure 11.2A.'7 The aldehyde groups are more reactive than the hydroxyl
groups and react with amine groups from the protein, resulting in the imide bond (Schiff base),

shown in Figure I1.2B. The presence of the carbonyl group on the oxidized samples were
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evaluated by FTIR-ATR. The C=0 stretching band at 1733 cm ™! appears and intensifies over
the oxidation time, as shown in Figure I1.3. It is also possible to visualize the decrease in the

O-H stretching band at 3333 cm™! after the oxidation with the 104"

Figure I1.2 - (A) Oxidation of glucose monomer of the cellulose chain with NalOas. (B) Reaction
between the aldehyde and amine groups, resulting in the Schiff base.

Source: Own Authorship.

Figure I1.3 - (A) FTIR-ATR spectra of the native chromatography paper and after 0.5, 1, 2, 4,
8, 12, and 24 h oxidation in 0.5 mol L' NalOs. (B) Magnification in the range
from 2000 to 1500 cm™'. Carbonyl stretching band at 1733 cm™.
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The oxidized paper for 0.5 and 2 h were analyzed by micro-FTIR. Samples 2D and 3D
images of the chemical distribution of carbonyl groups were obtained, as illustrated in Figure
I1.4. Firstly, the micrographs of the oxidized paper for 0.5 and 2 h were acquired, Figure I1.4A
and B respectively. Infrared spectra were collected within the delineated area on the micrograph,

resulting in several individual FTIR as shown in Figure I1.4C and D. In these spectra, the

72



Chapter I1

carbonyl stretching band at 1733 cm™! can be observed. The area under this band was integrated
for all FTIR spectra collected, from which the 2D and 3D chemical images were reconstructed
(Figure I1.4E-H). In these chemical images, the distribution of the carbonyl group along the
cellulose fibers can be visualized. Because of the absence of the carbonyl groups on the native
paper, the chemical images with the distribution of the C=0 bond were not reconstructed. The
blue regions represent the absence of the carbonyl group, which correspond to the pore areas in
the micrograph. The red regions illustrate the aldehyde groups in the cellulose fibers and its
distribution is not homogenous at this magnification. There is no significant difference in the
distribution of aldehyde group in the samples oxidized for 0.5 and 2 h. This is further evidenced

on the BSA immobilization assay (see Section 11.4.2).

Figure I1.4 - Micro-FTIR spectroscopy of the paper treated for 0.5 h (A, C, E, G) and 2 h (B,
D, F, H) recorded with FPA detector from 4000 to 900 cm! at spectral resolution
of 4 cm™" with 256 spectra co-added. (A), (B) Optical images showing a part of
the sample paper, where fibers can be easily seen. The area marked in red was
selected for the extraction of the spectra and consequent chemical images. (C),
(D) micro-FTIR spectra of the treated paper with the integrated spectral bands
highlighted. (E), (F) 2D Chemical images showing the distribution of carbonyl
spectral band along the cellulose fibers. (G), (H) 3D chemical images.
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Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

The oxidation results in the cleavage of the D-glucose rings, as illustrated in Figure
I1.2A, which can modify the physicochemical properties of the chromatography paper. In fact,

the paper shrunk after long hours of oxidation, as also described by Strong et al.'® The area
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decreased significantly after 2 h of oxidation (Figure II.5A). Simultaneously, the thickness of
the paper increased 2.4-fold from 0.18 to 0.43 mm. Since the decrease in area is more noticeable
than the increase in thickness, the volume of the paper strips reduced over the oxidation time.
The decrease in the volume of the paper can worsen the device capacity of carrying chemicals
and diminish the performance of the paper as a substrate for analytical devices. It is important
to state that there is no evidence of mass loss after the oxidation, which indicated that the
shrinking is due to the reducing of the pore size. The micrography in Figure II.5B illustrate the

cellulose fiber closer to each other after 24 h of oxidation, leading to a lower porosity.

Figure I1.5 - (A) Geometrical area (blue) and volume (red) in function of time. (B) Shrinking
of the paper strip after 24 h of oxidation (middle) and micrographs in 500 and
3000 x magnification of the native (left) and the oxidized (right) papers.
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Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

Each glucose unit has three hydroxyl groups, which form intra- and interchain hydrogen
bonds. These bonds are responsible for the linear structure of the cellulose chains and for the
physical properties of this polysaccharide. The alignment of the chains arranges the
crystallographic planes (110), (110) e (200),' shown in Figure I1.6A. Because the oxidation
by periodate resulted in the conversion of two hydroxyl groups to two aldehyde groups (Figure
I1.2A), the cellulose chains disarranged. In addition, the opening of the glucose ring disarranged
the linear chains. This effect was observed in the diffractograms in the insert of Figure I1.6A.
There is a decrease of the peak intensity along the oxidation time, implying the loss of cellulose
crystallinity. The disarrangement of the chains entailed the changes in the physico-chemical
properties of the cellulose, such as an increased rigidity after long exposure to periodate. The
mechanical properties of the 24h oxidized cellulose was evaluated by a tensile test. The strain
vs. stress profile of the oxidized paper was unique, with a region of negative strain (Figure
I1.6B) even stressing the specimen. After the oxidation, the oxidized specimen was not fully

straight, which under the application of the initial pressure curled back, representing the
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negative strain. Even with the negative strain region, the oxidized paper required higher
pressure (15.3 MPa) to rupture the strip with the same dimensions of the native paper (10.3
MPa). This implied an increase in the stiffness of the paper after prolongated oxidation

treatment which can be explained by the higher density of cellulose fiber on the oxidized paper.

Figure 11.6 - (A) Paper diffractogram with the index peaks of the crystalline planes, and in the
insertion, diffractograms of the oxidation progress. (B) Stress-strain curve for
paper without (black) and after (red) exposure to NalO4 for 24 h; specimen
dimensions: 30 %X 3 x (.18 mm.

(A) (B)
5000 20
22.7° | — Native paper
= 4000 (200) 1000 a.u. | ® 16 — 24-h oxidized paper
3 -
] = 1 6.11 min
; 3000 oh - 124 2.82 %
= o 15.3 MPa
@ 20004 A l o 81 1.65 min
0 ———————————  24h » 1.54 %
¥ 1000 10 20 30 40 50 N 4] 10.3 MPa
0 : . ‘ . : . : . 0 , , ‘ ,
5 10 15 20 25 30 35 40 45 50 0.0 1.0 2.0 3.0 4.0
260 (") Strain (%)

Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

The oxidation of the paper by NalOs also altered its capillarity. The capillarity of water
in paper occurs through the hydrogen bonds between the water molecules and the glucose
hydroxyl groups. Figure II.7 illustrates the oxidation effect on the contact angle of a drop of
water on paper. On the native paper, the contact angle is 40.8° (Figure I1.7A) and the water
quickly absorbed by the paper (Figure I1.7B). The contact angle increased to 73.5° when the
drop of water contacted the paper oxidized for 12h (Figure I1.7C) and remained on the paper
until 10™ frame with a contact angle of 60.2° (Figure I1.7D). The excessive oxidation hindered
the capillarity since the hydroxyl groups were converted to aldehyde groups, resulting in the

loss of hydrogen bond sites and decreased polarity.

Figure I1.7 - Drops of water on native paper: (A) 1st and (B) 10th frames. Drops of water after
12h oxidation: (C) 1st and (D) 10th frames. Contact angles inserted in the frames.

— ., cp— e W

Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/500604-020-04250-6.
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I1.4.2. BSA immobilization on oxidized paper

11.4.2.1.Influence of the oxidation time on protein immobilization

On the oxidized paper, there are aldehyde groups with which the protein can covalently
bind through their amine groups, forming a Schiff base (imide bond), as shown in Figure I1.2B.
With the application of BSA on the oxidized paper, the protein covalently linked to the paper
at the application spot area. In this method, it did not require a rigid time control after spotting
the protein in the paper as in many typical adsorption protocols, in which the incubation time
usually takes at least 30 min.?’ The percolation of buffer solution carried away any excess of
unbound protein through the channel until finding a free binding site of the oxidized paper. The
time required for the buffer to percolate the channel and reach to the end of the saturation circle
was close to 20 min for all oxidized paper chips, demonstrating that the capillarity has not
changed significantly in samples oxidized up to 4 h. Evaporation rate was not quantified, though
room temperature and humidity were controlled by a room air conditioner. To visualize the
immobilized protein on paper, Ponceau dye was applied. This dye is characterized by three
sulfonic acid groups negatively charged, which interact with the positively charged amine
groups from proteins. Once electrostatically attached to the protein, the dye defined with red
color the region where the proteins are immobilized. Figure I1.8A illustrates the paper strips
after the application of BSA in different concentrations and staining with the Ponceau dye. The
lengths of the blots were measured by ImageJ® and they were illustrated in Figure I1.8B. The
length data was analyzed by ANOVA and Tukey test.

For all samples of paper including non-oxidized and oxidized for 0.5, 1, 2 and 4 h, there
is an increase in the blot length with increase on BSA concentration. Due to the minimal change
in area and volume of the paper chips oxidized for 0.5 - 4h (Figure II.5A), the blot length is
correlated to the amount of protein. The correlation with protein mass and blot length was
confirmed by comparing between BSA concentrations, in which the variance of data is
significantly and statistically different (Table II.1).

Comparing within the same BSA concentration, the blot lengths of any oxidized paper
were shorter than the native paper ones (Figure I1.8B), which was statistically proven as shown
in Table II.1. With the oxidation of the cellulose, there was a reduced displacement of the
protein through the channel during the percolation step because of the improved immobilization
of the protein on paper. However, increasing the oxidation time did not improve the
immobilization since there is no statistically significant difference between the blot lengths,

proven by ANOVA and Tukey’s tests. (Table I1.2). Therefore, the oxidation of chromatography
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paper with periodate for 0.5 h suffices to promote the immobilization of any concentration of
BSA.

Figure I1.8 - (A) Paper chips from native (0 h) and oxidized papers for 0.5, 1.0, 2.0, and 4.0 h
after the immobilization with 0.5 pL of BSA at 1.0, 2.0, 4.0, and 8.0 mg mL"!
solutions. (B) Graphical relation between oxidation time, BSA concentration, and

the blot length.
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Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

The effect of oxidation time was also analyzed for each BSA concentration (Table I1.3 -
Table 11.6). For BSA concentrations of 2, 4 and 8 mg mL ™! (Table 11.4 - Table 11.6), the native
paper statistically differed from the oxidized papers on the immobilization of protein, in

agreement with the main effect (Table I1.2).
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Table II.1 - Main effect of BSA concentration. Pink-shaded area highlights the statistically
significant variance of data.

comparison test Mo Difference o erence Sigmficant?  Summary
1 mg mL™!' vs. 2 mg mL™! —0.8300 —1.132 to —0.5279 Yes S0 <0.0001
1 mg mL™! vs. 4 mg mL™! —1.283 —1.585 to —0.9813 Yes S0 <0.0001
1 mg mL ! vs. 8 mg mL™! —-2.130 —2.432 to —1.828 Yes S <0.0001
2mg mL ! vs. 4 mg mL! —0.4534 —0.7555 to —0.513 Yes ok 0.0014
2mgmL ! vs. 8 mg mL! —1.300 —1.602 to —0.9980 Yes o <0.0001
4mgmL™' vs. 8 mg mL™! —0.8467 —1.149 to —0.5446 Yes SEE <0.0001

Source: Reprinted with permission from Imamura ez al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

Table I1.2 - Main effect of time of oxidation. Pink-shaded area highlights the statistically
significant variance of data.

Comparison test MM DITTeISe  yu o ienee SENTeane?  Summary "SI0
0Ohvs.0.5h 0.9691 0.6092 to 1.329 Yes ek <0.0001
Ohvs.1h 0.8494 0.4895 to 1.209 Yes R <0.0001
Ohvs.2h 1.100 0.7400 to 1.460 Yes R <0.0001
Ohvs.4h 0.9965 0.6366 to 1.356 Yes X <0.0001
0.5hvs. 1h ~0.1197 ~0.4795 to 0.2402 No ns 0.8755
0.5hvs.2h 0.1308 ~0.2290 to 0.4907 No ns 0.8360
0.5hvs.4h 0.02742 ~0.3325 t0 0.3873 No ns 0.9995
lhvs.2h 0.2505 ~0.1094 to 0.6104 No ns 0.2902
lhvs.4h 0.1471 ~0.2128 t0 0.5070 No ns 0.7696
2hvs.4h ~0.1034 ~0.4633 t0 0.2565 No ns 0.9227

Source: Reprinted with permission from Imamura ez al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

Table I1.3 - Simple effect of oxidation time for BSA concentration of | mg mL .

comparons test___ Mem DIference 1) oFiignee _ Stficant?  Swnmary U0
0vs. 0.5 ~0.01367 ~0.7334 t0 0.7061 No ns >0.9999
0vs. 1 ~0.06633 ~0.7861 to 0.6534 No ns 0.9989
0vs.2 0.01900 ~0.7008 to 0.7388 No ns >0.9999
0vs. 4 ~0.03800 ~0.7578 t0 0.6818 No ns 0.9999
0.5vs. 1 ~0.05267 ~0.7724 10 0.6671 No ns 0.9996
0.5vs.2 0.03267 ~0.6871 to 0.7524 No ns >0.9999
0.5 vs. 4 ~0.02433 ~0.7441 to 0.6954 No ns >0.9999
1vs.2 0.08533 ~0.6344 to 0.8051 No ns 0.9971
1 vs. 4 0.02833 ~0.6914 to 0.7481 No ns >0.9999
2vs. 4 —0.05700 —0.7768 to 0.6628 No ns 0.9994

Source: Reprinted with permission from Imamura ef al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.
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Table I1.4 - Simple effect of time oxidation for BSA concentration of 2 mg mL™!. Pink-shaded
area highlights the statistically significant variance of data.

Tukey's multiple 95% Confidence Adjusted

Mean Difference Significant?  Summary

comparisons test Interval of difference P Value
0vs. 0.5 1.279 0.5596 to 1.999 Yes SRS <0.0001
Ovs. 1 1.453 0.7336 to0 2.173 Yes uhololy <0.0001
0vs.2 1.558 0.8386 t0 2.278 Yes SRS <0.0001
0vs. 4 1.570 0.8502 to 2.290 Yes SRS <0.0001
0.5vs. 1 0.1740 —0.5458 to 0.8938 No ns 0.9574
0.5vs.2 0.2790 —0.4408 to 0.9988 No ns 0.8018
0.5vs. 4 0.2907 —0.4291 to 1.010 No ns 0.7772
1vs.2 0.1050 —0.6148 to 0.8248 No ns 0.9934
1vs. 4 0.1167 —0.6031 to 0.8364 No ns 0.9902
2vs. 4 0.01167 —0.7081 to 0.7314 No ns >0.9999

Source: Reprinted with permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

Table I1.5 - Simple effect of Time oxidation for BSA concentration of 4 mg mL™!. Pink-shaded

area highlights the statistically significant variance of data.

' 3 o 3
Tukey's multiple 95% Confidence Significant?  Summary Adjusted

Mean Difference

comparisons test Interval of difference P Value
0vs.0.5 1.881 1.161 to 2.600 Yes uhololy <0.0001
Ovs. 1 1.205 0.4849 to 1.924 Yes ook 0.0002
0vs.2 1.837 1.117 to 2.557 Yes uhololy <0.0001
0vs. 4 1.527 0.8069 to 2.246 Yes SIS <0.0001
0.5vs. 1 —0.6760 —1.396 to0 0.04376 No ns 0.0746
0.5vs.2 —0.04367 —0.7634 t0 0.6761 No ns 0.9998
0.5vs. 4 —0.3540 —1.074 to 0.3658 No ns 0.6283
1vs.2 0.6323 —0.08743 to 1.352 No ns 0.1088
1vs. 4 0.3220 —0.3978 to 1.042 No ns 0.7061
2vs. 4 —0.3103 —1.030 to 0.4094 No ns 0.7333

Source: Reprinted with permission from Imamura ef al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

Table 11.6 - Simple effect of Time oxidation for BSA concentration of 8 mg mL™!. Pink-shaded

area highlights the statistically significant variance of data.

' 3 o, i
Tukey's multiple 95% Confidence Significant?  Summary Adjusted

Mean Difference

comparisons test Interval of difference P Value
0vs. 0.5 0.7300 0.01024 to 1.450 Yes < 0.0454
Ovs. 1 0.8060 0.08624 to 1.526 Yes < 0.0215
0vs.2 0.9853 0.2656 to 1.705 Yes Wi 0.0030
0vs. 4 0.9273 0.2076 to 1.647 Yes Wi 0.0059
0.5vs. 1 0.07600 —0.6438 to 0.7958 No ns 0.9981
0.5vs.2 0.2553 —0.4644 to0 0.9751 No ns 0.8478
0.5vs. 4 0.1973 —0.5224 t0 0.9171 No ns 0.9340
1vs.2 0.1793 —0.5404 to 0.8991 No ns 0.9526
1vs. 4 0.1213 —0.5984 t0 0.8411 No ns 0.9886
2vs. 4 —0.05800 —0.7778 t0 0.6618 No ns 0.9994

Source: Reprinted with permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.
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For 1 mg mL™! of BSA, there was no statistically significant difference between blot
lengths from native and oxidized samples, as shown by the error bars in Figure I1.8B and
confirmed by ANOVA and Tukey’s tests (Table I1.3). This can be explained by the small
amount of protein used for the immobilization. For low concentration of protein, the paper chip
required higher sensitivity to distinguish the blots from different concentrations and oxidation
time. The sensitivity to detect protein in the range of low concentration can be improved by
narrowing the channel width, as it was done to detect human serum albumin in urine (further
described in the Section 11.4.3). However, the color intensity for the non-treated paper is faded
when compared with oxidized samples, including for the low BSA concentration of 1 mg mL ™!,

as illustrated in Figure I1.9.

Figure I1.9 - RGB intensity of the blot after immobilization of BSA (A) 1, (B) 2, (C) 4, and (D)
8 mg mL ! on the paper without treatment and after 0.5 to 4.0 h of oxidation.

(R) (B)
250 BSA 1 mg mL~" --R -4-G -¥-B 250 1 BSA 2 mg mL" -+-R -+-G -»-B
e g e | I S—
3 230 - . 5 230 A
S \\"‘1 ----- Al B T v S E \i ------ §--- T i‘ ----- ¥
2 2
© 210 © 210
8] O
0 (] | &
m m N
8 1904 A 8 190
RRRRPSNEELL % """" %’ ------ i * ~~~~~~ USRS Y L
170 T M T T T T 170 T 1 T 1 T
0 0.5 1.0 2.0 4.0 0 0.5 1.0 2.0 4.0
Time of oxidation (h) Time of oxidation (h)
(C) (D)
2501 BSA 4 mg mL™' --R -4-G --B 250 | BSA 8 mg mL~' --R -4-G -¥-B
_______ *-— b O -
[ ] @ --___§ _______ § [ o -9 --——--- _§
5 2304 ¥ . 5 230 A N
.S s ]
o | | Q. E } o Y- L { ------ i
© 210 © 210 -
O O
(7] i n |
1] 1) i
£ 190 2 190
L ' R s S
170 T T T T T 170 T ’ T v T T T
0 0.5 1.0 2.0 4.0 0 0.5 1.0 2.0 4.0

Time of oxidation (h) Time of oxidation (h)

Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
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Because the Ponceau dye attached to the protein, the color intensity in Figure I1.9 is
related to the amount of protein immobilized in the application spot. Despite the blot lengths
could not be distinguish at 1 mg mL™!, there was a decrease of the green channel in the RGB
scale after the oxidation. This trend was also observed for higher BSA concentration but with
more noticeable effect. Therefore, the oxidation of paper with NalOs improve the
immobilization of proteins. However, it is important to state that the results may change with

the type of the paper, the oxidant agent and protein evaluated.

11.4.2.2.Influence of the percolation solution pH on protein immobilization

The pH of the protein solution was evaluated for the immobilization of BSA at 4 and 8
mg mL™!. The evaluated pHs consisted of isoelectric point of the protein (4.8), and 1 pH unit
around the pl (3.8 and 5.8). The blot lengths are shorter at pl of the protein for both
concentrations (Figure II.10). This result agrees with the work of McCann et al. in which the
adsorption of BSA on chromatography paper 3 MM was studied.?’ At pH different than the pl,
the proteins are positively (pH < pl) or negatively (pH > pl) charged and they repel each other
electrostatically. When the protein attached to a binding site on the paper, the electrostatic
repulsion forces the remaining proteins to flow through the channel to find a new binding spot,
which resulted in an enlarged blot and in a distribution similar to a monolayer. When the pH of
the buffer was at pl, the proteins aggregates and linked to binding sites next to each other,

resulting in the stacking and formation of multilayers of proteins.

Figure I1.10 - Blot lengths of 4 and 8 mg mL™! of BSA at pH of 3.8, 4.8 and 5.8 performed in
the paper chip oxidized for 4 h; error bars indicate one standard deviation from

three chips.
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Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.
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I1.4.3. Quantification of protein in urine

11.4.3.1.Blot length and protein concentration correlation

As previously discussed, the oxidation for 0.5 h was enough to improve the
immobilization of protein on chromatography paper. The oxidation protocol can be used to
enhance the performance of paper-based analytical devices as a biosensor. However, the
oxidation of the paper for 4 h exhibited lower variation of the blot lengths (Figure I11.8B), which
can be explained by a more homogenous oxidation of the cellulose promoted by prolongated
exposition to NalOas. Therefore, the paper oxidized by 4 h was evaluated as a sensing platform.

BSA at 1 to 8 mg mL™! were spotted in the paper chip oxidized for 4h and the resulting
blot lengths were plotted against concentration. Two distinct correlation regions are observed
in the plot of Figure II.11. The first region consisted in a linear correlation (R? = 0.998),
comprising the BSA concentrations from 1 to 5 mg mL'. The concentration range from 5 to 8
mg mL™! could not be linearly correlated with the blot length since it spread to the saturation

circle. To extend the linearity of the device, paper chips with longer channels can be fabricated.

Figure II.11 - Plot of blot length vs. BSA concentration in paper chip oxidized for 4 h in a
phosphate buffer pH 3.8; error bars indicate one standard deviation from five

chips.
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Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

11.4.3.2.Quantification of HSA in urine

The paper oxidized for 4h was tested as a sensing device for quantification of total
protein in human urine. From healthy individuals, the level of protein in urine is less than 30

mg per day for a daily volume from 1 to 3 L.2! Microalbuminuria is characterized by a protein
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concentration ranging from 0.01 to 0.3 mg mL™' and proteinuria by concentrations above 0.3
mg mL!.%2

The urine pool was tested to check the initial concentration of proteins, which was below
the detectability of the sensor. Thus, the urine pool was spiked with HSA reaching a
concentration range from 0.1 to 10 mg mL™! to simulate proteinuria samples and then tested in
the oxidized paper chip since no color was revealed in the paper chip for smaller concentrations
(Figure I1.12A). The blot lengths were plotted against HSA concentrations, as shown in Figure
I1.12B, and two regions of correlations were observed. The first region comprising from 0.1 to
3 mg mL™! is a linear correlation (R? = 0.995) representing the blots confined in the channel
area of the paper chip. At concentrations higher than 3 mg mL™, the blot reached the waste
circle area and the lateral spreading of the protein attenuated the length-increasing rate, which
translated to the loss of linearity in the analytical curve. As stated before, increasing the channel
length would increase the linear range of the protein quantification. However, if a real urine
sample was tested in this paper chip design and resulted in a blot that reached the drain pad
(therefore, protein concentration above 3 mg mL™"), the subject would be under a severe
proteinuria case.

Bradford method was also performed to quantify proteins in the urine samples for
analytical comparisons. The Bradford reagent reacts with the protein through its peptide bonds,
resulting in a colorimetric response that can be measured by UV/Vis spectroscopy at 595 nm
and its absorbance correlated to the protein concentration. The absorbance at 595 nm was
plotted against HSA concentration as shown in Figure II.13A. The linear range for HSA
detection in urine composed from 0.1 to 3 mg mL™!' (R? = 0.995), as for the paper chip. The
Bradford method presented a lower limit of quantification of 0.02 mg mL™' calculated
according to [IUPAC definition (Eq I — 5). For the paper chip, however, it was not possible to
calculate the LOQ using the IUPAC definition since the blank measurements in this method
does not result in any blot to measure its length. Therefore, the LOQ was defined as the lowest
protein concentration that resulted in a blot in the paper chip channel, in this case 0.1 mg mL™".
Although the Bradford method offered lower LOQ, the paper chip method is a low-cost sensing
platform which does not require a spectrophotometer or large amount of Bradford reagent. The
paper chip method also presented a higher sensitivity, as can be visualized by the larger changes
in signal with increasing concentration of protein (Figure 11.13B). Furthermore, the paper chips
method correlated with the Bradford method (Figure I1.13C). Table II.7 summarizes the figure

of merit from both methods.
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Figure I1.12 - (A) Paper chips oxidized for 4 h after the immobilization of 0.5 pL of HSA 0,
0.1, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0, and 10.0 mg mL™" in urine pool. (B) Blot length
vs. HSA concentration in urine pool; error bars indicate the standard deviation
from 5 chips.

Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

Figure I1.13 - (A) Absorbance at 595 nm vs. HSA concentration in urine pool. Error bars
indicate the standard deviation from three measurements. (B) Absorbance from
Bradford method and blot length from paper chip method plotted against HSA
concentration in urine. (C) Correlation between signals obtained from Bradford
and paper chip methods. Error bars in x-axis and y-axis represent, respectively,
the standard deviations of three absorbance measurement and from five chips.

(A) (B) (C)
1.0 4 4
— 05 - = J 8 = 8 = [Pearson'sR=0.9965
= 4 o 3 08 . £ £ £ £
o = S £ «© "] 3 ¥ O ¥ 0O 3
O ® 0.4 "a S~ ° QO — O —
§ g £ 305 Eg E5
Kel € 0.3 - £ L of2 & ‘E') 2 ‘E') 2
5 £ 0 = © 04] o« £ c £ c
o 1n o L 4 0O o (S}
2 8 o2 £ 5 KL 1 o = o =1
< e T o 024 + Bradford 2% 2%
S 04 4 o = b o Paper chip © o © o
< t—r—F———0 a a 0 S —
0 2 4 6 8 10 0 2 4 6 8 10 01 02 03 04 05
HSA concentration HSA concentration Absorbance (a.u.)
in urine (mg mL-") in urine (mg mL") Bradford method

Source: Adapted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.
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Table I1.7 - Summary of the figures of merit from the Bradford method (reference) and the

paper chip method.
Linear ra_nlge Sensitivity Limit of quant_ilﬁcation
(mg mL ™) (mg mL™)
Bradford method 0.1t0 3.0 0.0767 ua mg mL ! 0.02
Paper device 0.1t03.0 0.8666 cm mg mL™! 0.10

Source: Reprinted by permission from Imamura et al. Microchim Acta, 2020, 187: 272 © 2020 Springer Nature
Customer Service Gmb DOI: 10.1007/s00604-020-04250-6.

A commercial urine test strip is available for a semi-quantitative analysis of protein.
The protein level is given by a color scale corresponding a set of concentrations of 0.3, 1.0, 3.0,
and 20 mg mL™!. Any concentration smaller than 0.3 mg mL™! results in a color less intense
than the scale and is considered as trace level of protein. The commercially available urine test
strip is not sensitive enough to distinguish healthy levels of protein from microalbuminuria
(0.01 to 0.3 mg mL "), which is a clinical marker of early diabetic nephropathy and concomitant
cardiovascular disease.®* The paper chip method could detect protein three times lower than the

commercial strip, perceiving early symptoms of health problems.

II.5. CONCLUSION

Immobilization of proteins on paper is an important step for a fabrication of a biosensing
devices in both lateral flow and flow-through assays. The immobilization of protein on paper
was improved by oxidizing the chromatography paper for 0.5 h with NalO4 0.5 M. The covalent
bonding of protein on paper promotes the fabrication of more reproducible pPADs as well as
makes them more resistant to variabilities from handling. However, the oxidation process
modified drastically the physical properties of the paper. The longer exposure of the cellulose
in NalOs4 resulted in a reduction of capillarity, loss of crystallinity and shrinkage of the substrate.
Therefore, the oxidation process must be controlled and well-characterized.

The oxidized paper was applied as a low-cost platform to quantify protein in urine
without the need of any instrument. The alternative method correlated really well with a
standard method to quantify proteins and presented higher sensitivity. Although there is already
a commercial urine dipstick for protein screening, the paper chips arise as quantitative
determination of total protein and it even perceived cases of microalbuminuria. The protein
quantification by this method still requires multiple steps, which can be further optimized for
practical purposes. Moreover, this method allows the detection of any protein non-specifically

and can be adjusted for several applications.
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III.1. INTRODUCTION

Athletes are continually seeking new technologies to enhance their performance and
improve their safety to gain competitive advantages on the field. Time-motion analysis, such
as video recording and computer digitalization, was commonly utilized in sports science.
However, these procedures are laborious to acquire data, and they were incapable of retrieving
key metrics to the current physiological state of the athletes.!* With the advance of wearable
technologies, important physiological and biochemical parameters can be acquired in real-time,
quantifying the athlete’s health and performance. In sports medicine, saliva and sweat from
eccrine glands are commonly analyzed since they are easily accessed without interrupting the
athlete during activities.> To analyze saliva during a physical activity, a mouthguard device is
required, limiting the applicability depending on the sport (e.g., swimming). Moreover, the
modified mouthguards described in the literature could not continuously measure biomarkers
in saliva.? On the other hand, sweat can be sourced continuously and non-invasively. The
eccrine glands are easily accessed in the body, and the wearable devices can be placed in many
regions, such as the forearm, back, fingers, wrist, forechead, among other parts of the body. The
sweat is rich in biomarkers important for sports medicine: glucose, lactate, orexin-A, cortisol,
some ions (Na*, CI', K*, NH4"), and pH.? Glucose is a known biomarker for diabetes, and in
sports medicine, it can control the fatigue levels in the athlete. Lactate is also an important
biomarker that indicates body fatigue and can indicate body exertion and exercise intensity
since it is produced during anaerobic activity without sufficient oxygen.? By monitoring these
biomarkers in sweat, it is possible to track the biochemical fatigue of the body, intervene early
if necessary to prevent injuries, and maximize performance.! Wearable devices are ideal for
tracking individual parameters in athletes and enables personalized sports medicine.

Microfluidic wearable technology is defined as the application of microfluidics into
wearable devices.® As microfluidics, by definition, manipulates a minute volume of samples in
a confined space, they have been widely applied to develop wearable devices to retrieve the
signals originated by the body at the chemical level. The precise handling of samples combined
with the small volume required for the analyses enabled microfluidics to extract information
from samples with limited volumes, such as sweat. Furthermore, microfluidic devices are ideal
for attaching to the body without causing discomfort since they are miniaturized and lightweight.
Besides appropriate size and weight, the wearability of a device depends on properly mounting
onto the skin, which consists of irregular, curvilinear, and contoured surfaces. Moreover, the

skin is highly deformable and viscoelastic.® Therefore, the materials employed for wearable
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microfluidic devices are often soft, flexible, and stretchable. Commonly used materials as a
substrate consist of fabric, polymer, and silicone rubber, which present low elastic modulus.
These materials minimize the slipping of the device from the skin since they can easily deform
under slight pressure without detachment or fracture.*

Polydimethylsiloxane (PDMS) is a silicon-based polymer commonly used for soft
lithography. Besides the excellent flexibility and stretchability, PDMS is biocompatible and
optically transparent.’ Furthermore, chemical modifications on PDMS are extensively reported
in the literature for altering hydrophobicity, immobilizing biomolecules, and covalently
bonding onto other substrates without the need for adhesive.® There are several prototyping
techniques for fabricating PDMS-based microfluidic devices. They can be classified as
photolithography, print-and-peel, which uses printers to make the molds, and scaffolding,
which commonly employ 3D printers.® Photolithography is the gold standard for the fabrication
of PDMS-based microfluidic networks. This technique is based on silicon molds fabricated by
photolithography and deep reactive ion etching that defines the geometry of the channels,
valves, and reservoirs. The uncured PDMS is cast onto the silicon mold and is peeled off after
the curing process. Photolithography based on silicon molds produces high resolution and
accurate microfluidic networks at the sub-micrometer scale. Although this technique is still the
most applied for the fabrication of PDMS-based microfluidic devices, it is a laborious and time-
intensive (up to 24 h) manufacturing process, requiring specialized equipment and laboratory
conditions, such as cleanroom.’ In contrast, the print-and-peel techniques rapidly prototype the
molds at a low cost outside the cleanroom. The molds can be printed onto a transparency film
using a laser-jet printer. The final PDMS device presented channels widths of 60 um and depth
of 10 um.” Although the technique is straightforward, the molds are not reusable due to their
degradation after casting. Besides, the channels’ low aspect ratio (depth/width) increases the
resistance of the solution to flow in the channels and restricts the fluidic manipulation. Channels
with a higher aspect ratio were achieved by Grimes et al. by replacing the transparency films
with the toy Shrinky-Dinks (SD), on which the microfluidic networks were printed.® SD
consists of a thermoplastic sheet, such as polystyrene (PS), that shrinks upon heating. The
drawn or printed features on the plastic shrunk dimensionally with the thermoplastic film by
63% from the original size. In addition, there was an increase in the height of the features by
over 500%. The shrunk thermoplastic was used as the mold for PDMS, resulting in channels as
thin as 65 um and down to 80 pm depth.® The SD molds are reusable, like the silicon wafers,
and present inherent rounded channels, which are difficult to make by typical photolithography.
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The microfluidic devices fabricated by SD molds were tested as gradient generators and for the
flowing of mammalian cells.®

Textile or fabric-based microfluidic devices are an extension of the microfluidic paper-
based analytical devices (WPAD). uPADs have been exploited for wearable applications since
the paper is lightweight and cheap with slight flexibility. The capillarity from the cellulose
fibers promotes the flowing of the sweat into the device, enabling sample collection. There are
several microfabrication techniques on paper described in the literature, as well as chemical
modifications for a variety of detection strategies. However, paper is fragile, which can be
easily torn apart, especially when it is wet. Besides, papers do not often conformally mounts
onto the skin. Fabric-based microfluidic devices also exploit the fibers’ capillarity for sample
collection with additional resistance to tear and conformal mounting on skin.

nPADs are often coupled with colorimetric transduction because it is simple and does
not require external equipment. A sample-to-answer system can be simply developed for
wearable devices with colorimetric assay without a power supply for electronics components
required for data acquisition and transfer systems. However, colorimetric detection assessed by
the human eye is susceptible to variability from user interpretations, suffering from person-to-
person perceptual differences which can cause inaccurate results.” To mitigate the subjective
analysis on colorimetric detection, the assay can be coupled with an image acquisition system,
such as a scanner or cellphone, and an image processing tool. In a digitalized image, the colors
information is converted into a numeric matrix of binary digits (0 or 1) that form a checkered
structure, known as a matrix of points. Each point is equivalent to a pixel of the image. The
colorimetric analysis of digitalized images by image processing software, such as Adobe
Photoshop, Image J, and MATLAB, is known as digital image colorimetry (DIC).

In DIC, common color spaces, also known as color models, are RGB and HSV (or HSB,
HSL). RGB is a color model system composed of the primary colors Red, Blue, and Green. The
model is based on the linear combination of the primary colors to generate the remaining colors.
The intensity of each color ranges from 0 to 255 or 0 to 1 in normalized values. Since the black
color is the absence of any color, it is represented as [0 0 0], and white as [1 1 1] or [255 255
255].> HSV model defines color space in terms of three components: hue, saturation, and
brightness. The hue component is represented by a circle with the color types ranging from 0°
to 360°. For example, red, yellow, green, and cyan are represented as 0°, 60°, 120°, and 180°
respectively. Saturation is the intensity of color, and brightness (or value) is the brightness of
the color, both ranging from 0 to 100%.!° For monotonal and colorless-to-colored responses, it

is indicated to report the intensity as one or more components of RGB and as saturation channel
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of HSV color space. Meanwhile, for bitonal transition, the hue channel of HSV is more
indicative of distinguishing bitonal transitions.’ Other color models, such as L*a*b and YUV,
are often applied in DIC for image segmentation and masking.’

In this Chapter, we integrated paper-based colorimetric assay into a soft microfluidic
device fabricated with SD molds for sweat sampling and spot analysis of glucose and lactate

for physical activities.

I1I1.2. AIMS

Fabrication of soft microfluidics with SD molds and evaluation of the wearability.
Optimize the colorimetric detection of glucose and lactate on paper-based platforms. Integrate

the SD-based microfluidics with the uPAD for glucose and lactate.

I11.3. MATERIALS & METHODS

I11.3.1.Fabrication of microfluidic channel by Shrinky-Dinks

SD-based mold was used to fabricate soft microfluidic channels for wearable devices.
For the fabrication of the molds, the microfluidic design was drawn in AutoCAD software
upscaled by 2.6 times the desired final size. The pattern was printed with a laser printer (model
HP CP1215) on the highest quality printing mode (photography printing) on prestressed
polystyrene (PS) sheet up to 5 times to optimize the microfluidic channel height. The PS sheet
with the printed tonner was heated up in an oven for 20 min at 160 °C for the shrinking. (Figure
III.1A). Before taking the PS piece out of the oven, a Teflon weight with a flat surface was
placed on top to flatten the shrunk PS, which can curl during the shrinking process.

For the in vitro studies, an acrylic wall was glued with epoxy glue around the embossing
to function as a container to hold the uncured PDMS and control the thickness of the final
microfluidic device. Around 2 g of uncured PDMS (ratio of 1:5) was deposited onto the mold
and degassed for 10 min before curing at 60 °C for 4 h.

Since the on-body studies required a thinner PDMS layer for a conformal adhesion on
the skin, there was no need for the acrylic wall. However, the uncured PDMS (1:5) was
deposited on the mold and spun coat at 100 rpm for 10 s to guarantee a uniform film. The PDMS
was also degassed for 10 min then cured at 60 °C for 4 h (Figure III.1B).
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Figure III.1 - Fabrication steps of (A) Shrinky-Dinks (SD) molds and (B) PDMS microfluidic
devices with the SD molds.

Source: Own authorship.

Once cured, the PDMS was lifted off the mold with a scalpel. A punch with 2 mm of
diameter was used to create the holes required for the connections with the syringe pump. To
seal the channels, the patterned PDMS was covered with double-sided polystyrene adhesive
(thickness of 0.3 mm) or with a thin layer of flat PDMS (1:10) that was prior activated with O2

plasma for 5 min. The resulting microfluidic channels were characterized by stylus profilometry.

I11.3.2. Functionalization of the paper

Chromatography paper was cut in small disks of 3 mm of diameter in a laser cutter and
washed abundantly with distilled water prior to use. For the oxidation, the paper disks were
soaked in NalO4 0.5 mol L' solution in DI water for 30 min, as previously described in

CHAPTER II.

I11.3.2.1.Enzymatic assays on paper for glucose

The colorimetric assay for glucose consisted of a couple of enzymes, glucose oxidase
(GOx) and horseradish peroxidase (HRP), and a color indicator, 3,3’,5,5’-tetramethylbenzidine
(TMB).

The oxidized and native paper disks were modified with 1 or 2 pL of low-weight
chitosan solution (15 mmol L' in acetic acid) to improve the sensitivity of the color change.
After the application, the paper disks were dried at room temperature for 30 min. Then 1 puL of

a solution containing both enzymes, GOx at 120 U mL™!' and HRP at 30 U mL™" in phosphate
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buffer (0.01 mol L', pH 7.4), was dropped on the paper. After 20 min drying at room
temperature, 1 pL of TMB 15 mmol L™! in methanol was added to the paper. The paper was
dried for another 10 min prior to use.

For the static setup, 3 pL of glucose solutions ranging from 0.1 to 1 mmol L' in PBS

(0.01 mol L', pH 7.4) was added in each paper disk.

I11.3.2.2.Enzymatic assays on paper for lactate

Lactate oxidase (LOx) was combined with HRP and TMB to detect lactate, similarly to
glucose enzymatic assay. The oxidized and native paper disks were modified with 1 pL of a
solution with both enzymes (LOx at 40 U mL™! and HRP 30 U mL!) and dried for 30 min.
Then 1 pL of TMB 15 mmol L™! in methanol was added, and the papers were allowed to dry
for 10 min before lactate solution application.

Glycolate was chosen to inhibit the LOx kinetics and improve the concentration range
of the assay. Glycolate solution was prepared by dissolving glycolic acid and neutralizing the
pH to 7.0 with NaOH solution. The glycolic solution was then diluted in water to reach final
concentrations of 200 and 400 mmol L. For the enzymatic inhibition tests, 1 pL of glycolate
solution was dropped on the paper disks 15 min prior to the addition of the enzymes. For the
tests with chitosan, the inhibitor was added after chitosan modification, which was similar to
the glucose assay. For static setup, 3 pL of lactate solutions in PBS was added in each paper
disk.

For the kinetics study of the inhibition test, the R channel values were plotted over time
for every concentration of lactate, obtaining a horizontal asymptote profile. The reaction rate
was extracted from the plot by calculating the slope of the linear descending region from the R
values vs. time plot. For the Lineweaver-Burk plot, the inverses of the lactate concentration (x-

axis) and the reaction rate were plotted (y-axis).

I11.3.3.Colorimetric enzymatic assays in in-vitro microfluidic device

A microfluidic device similar to the wearable patch was fabricated to emulate the
colorimetric assay in wearable devices. The device consisted of two channels connected
diametrically to a chamber where the functionalized paper was placed, as illustrated in Figure

II1.2. One of the channels was also attached to an inlet hole through which the syringe pump
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was connected. In all setups, the flow rate was fixed at 5 pL min~! to mimic the highest flow

rate in the relevant physiological range (1 to 5 uL min").!!!2

Figure 1.2 - (A) Dimensions of the PDMS microfluidic channels for in-vitro assay. (B)
Assembled microfluidic device.

Source: Own authorship.

Two sets of systems were evaluated. One of them consisted of pumping a solution of 1
mmol L! of glucose in PBS for 5 min, followed by pumping only PBS for another 5 min, to
evaluate the washing off the color on the paper. The second setup consisted of the inverse order
of solutions, i.e., pumping first the PBS then the glucose solution, to evaluate the washing off
the reagents from the paper disks. Both native and oxidized papers functionalized with the

enzymes and the dye were assessed.

I11.3.4.On-body measurement of glucose and lactate in sweat

For the on-body assay, the SD-based device consisted of nine inlet holes connected
through channels of 250 um to a central chamber (d = 650 um) where the functionalized paper
was placed, as illustrated in Figure III.3A. The chamber was also connected with an outlet
channel to prevent back-pressure and allow the constant flow of sweat into the chamber. The
pattern was sealed with double-sided polystyrene adhesive that was previously cut by a laser
cut in the layout as shown in Figure II1.3B. The cuts along the circumference of the adhesive
were created to improve the conformal attachment onto the skin. Figure II1.3C illustrates the
transversal view of the wearable device and the sweat flow through the microfluidic channel.

For the on-body measurement, the SD-based wearable device was placed on the
subject's back or arms previously cleansed with alcohol. The subject then exercised for 30 min

on a stand-bike or outdoor bike to provide sweat for the analysis.
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Figure II1.3 - (A) Design of the wearable microfluidic device with the dimensions. (B) Layers
of the wearable device on top of the skin. (C) Transversal view of the wearable
microfluidic device.

Source: Own authorship.

I11.3.5.Color Analysis

For the analysis of the colorimetric assay, a cellphone was used to record the color
progression. The information was extracted as frames for every one second of the recording.
The frames were later analyzed by a MATLAB algorithm developed by the author, consisting
of the following steps:

i.  Identify the paper disks in the frames;
ii.  Find the pixels that compose the paper disk, i.e., that are arranged within a
circle with a diameter that fits the paper disk;
iii.  Analyze the color distribution in RBG values for each pixel within the circle;
iv.  Calculate the average of each color space (red, blue, and green), taking all the

pixels within the circle.

The RGB was chosen as the color model since the assay consisted of a color transition
from colorless to blue. It is important to state that the observed color is represented by the model

1.13

as its complementary color, as shown in Table III.1."° Therefore, the colorimetric assays in this

work had the most pronounced change in the red channel.

Table III.1 - Relation between RGB channel, observed, and complementary colors.

Channel color Observed color Complementary color
R Blue Orange
G Red Green
B Yellow Purple

Source: Adapted from Benedetti et al.'?

This procedure was repeated for all paper disks in every assay. The averages and the

standard deviations were calculated by the final RGB values from each paper disk. In a kinetic
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study, the same paper disk was analyzed over predefined time stamps (10 s interval up to 2 min,
30 s interval up to 5 min, and 1 min interval up to 10 or 15 min). For the concentration curves,
the paper disks were analyzed after a time determined in the kinetics study (when the color

reaches the saturation).

I1I.4. RESULTS & DISCUSSION

I11.4.1.Characterization of the microfluidic channels with Shrinky-Dinks mold

The prestressed plastic shrinks upon heating it above its glass transition temperature
(100 °C). Along with the shrinkage of the thermoplastic, the heating process also induces the
diminishing of the pattern of materials deposited on its surfaces, such as thin metal films or
printed layers of toner. As shrinkage occurs dimensionally, the height increases. Since the toner
melts at temperatures above 100 °C, the stress on the supporting thermoplastic forces its
structure to shrink along into a solid embossing. As previously showed by Grimes et al.,® the
shrunk toner presented rounded corners, which resulted in rounded PDMS microfluidic

channels, as can be observed in Figure II1.4A.

Figure I11.4 - Microfluidic channels fabricated with SD-based molds. (A) Vertical cut of PDMS
channel sealed with thin layer of PDMS. (B) Microfluidic channel depth and width
in function of printing layers. Error bars indicate the standard deviation for three

samples.
(A) 40 600
T o T
2 30 ¢ 500 =
[ ]
< o | s
o @ L S
8 201 i | 400 =
— . -
g ! e
€ 10 300
© ¢ , @ )
: .
T (]
0 T T T T T T 200

1 2 3 4 5 &
Printing layers

Source: Own authorship.

The depth of the PDMS channels is regulated by the height of the toner on the mold,
which can be adjusted by the number of printing layers. As shown in Figure I11.4B, the channel
depth increased with printing layers, reaching up to 34.4 um for 6 layers of printed toner. The
nominal width of the channel, i.e., adjusted in the drawing software, was 352.8 um. The final

PDMS channel presented a width of 247 + 10 um for 1 printing layer, corresponding to 30% of
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the nominal width. The decrease in width resulted from the pattern’s shrinkage during the mold
fabrication process. However, after four layers of printed toner, the channels broadened above
the nominal width, resulting in 362 + 19 pum of width. This can be explained by the spreading
of toner during the heating process since it presents in its melted state. Furthermore, the
alignment of the printed design for consecutive printings becomes troublesome, which can also
result in the broader channels as well as difficulties in achieving reproducible channels.
Considering the difficulties on aligning several printing layers and the required minimum depth
for a functional microfluidic channel, the following experiments were performed in
microfluidic channels fabricated with Shrinky-Dink molds with four printed layers.

The fabrication of the SD molds is straightforward and requires simple equipment, a
laser printer and an oven, allowing the microfluidics fabrication in low-resource laboratories.
The channels resulting from these molds presented depth and width with low standard deviation
for a few printing layers. More importantly, the molds are reusable, avoiding time and resource
waste. This technique is adaptable for many applications, and its limitation relies on the printers’
resolutions.

The PDMS channels cast by Shrinky-Dink molds with four toner layers presented a
final depth of 26.4 + 0.67 um. For the on-body and in-vitro devices, the length of the channels
was 2.5 mm, measured with a caliper. The calculated volume of the channels was 23.9 nL. For
the chambers, the calculated volume was 87.6 nL, considering a diameter of 6.5 mm also
measured with the caliper. The large diameter combined with the thin layer of PDMS resulted
in the collapse of the chamber due to the lack of structural support in the center of the chamber,
obstructing the flow.® However, placing the paper disk (d = 3 mm) in the middle of the chamber
prevented the collapsing and carried the reagents necessary for the colorimetric assay.

Both wearable and in-vitro devices were reusable after the colorimetric assay. The
PDMS piece was detached from the double-sided adhesive with isopropanol. The adhesive and
the paper disks were discarded after the assay. Before new usage, the PDMS piece was
abundantly washed in DI water and sonicated in isopropanol to remove any interferents trapped
in the structure. Moreover, the PDMS stands high temperature, such as in an autoclave, and

deeper cleaning of the channels can be performed if necessary.
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I11.4.2.Optimization of enzymatic colorimetric assay

I11.4.2.1.Effect of chitosan on glucose enzymatic assay

As briefly discussed in CHAPTER I, the first enzymatic sensor and many following
biosensors for glucose are based on its oxidation by the GOx. The peroxide resulting from the
oxidation of glucose is consumed by the HRP, which oxidizes the colorless TMB to a cation
radical, forming a charge-transfer complex with maximum absorbance at 370 and 650 nm
(Figure IIL.5). TMB can oxidize once more to form a second oxidized product with maximum
absorbance at 420 nm, which is only stable in acidic conditions.'* Although this strategy of
applying GOx, HRP, and a chromogenic reagent is largely described in the literature, only a
few works achieved enough sensitivity to detect glucose at a lower range of concentrations
found in sweat (from 0.01 to 1.11 mmol L™ according to Lee et al." or 0.02 to 0.6 mmol L™

according to Nery et al.'®).

Figure III.5 - One electron oxidation process of TMB to a cation radical and subsequent
formation of charge-transfer complex in the presence of H202 and HRP.

H,C CH, H,C CH,
H,C VB CH, o H,C CH,
H,C CH

.
OH- + HN O O NH, Charge transfer complex
Amax =370, 652 nm

Cation radical

Source: Adapted from Josephy et al. 14

Chitosan is a biopolymer with a backbone similar to cellulose but with amine groups,
that protonate at pH lower than 6.2 (Figure II1.6). Moreover, this biopolymer is biodegradable,
biocompatible, and biofunctional. It has been widely applied in the biosensing field as an

immobilization support of biomolecules.!” Chitosan-modified paper-based devices have
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improved the sensitivity of colorimetric enzymatic assays for glucose and uric acid.'® Figure
I11.7 illustrates the effect of chitosan on glucose colorimetric assay, which resulted in a more
intense blue color, represented in the graph by lowering the values of red channels. Chitosan
improves the color uniformity and intensity by providing solid support for the enzymes to be

adsorbed and ensuring a more effective reactive area.'s

Figure II1.6 - Chitosan chemical structure.

OH

HO (o) fo)

Source: Adapted from Koev et al.l’

Figure II1.7 - Chitosan effect on glucose colorimetric assay for the channels (A) red, (B) green,
and (C) blue. Tested conditions: (i) without chitosan, (ii) with acetic acid, (iii)
with 1 pL of chitosan, (iv) with 2 puL of chitosan, and (v) with 3 uL of chitosan.
Error bars represent the standard deviation for three samples.
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Source: Own authorship.

The volume of chitosan deposited on the paper disk influenced on the final color, which
can be explained by the distribution of the chitosan through the cellulose fiber. For 1 pL of
chitosan, the volume was too small to cover the paper disk in uniformly, which contributed to
the significant deviation of color among the replicates. Two and three puL of chitosan showed
similar performance. However, due to the faster drying of the chitosan required to continue the
next functionalization steps and lower consumption of reagents, two pL of chitosan was applied
for the following experiments, including for the concentration curve illustrated in Figure I11.8.
The glucose concentration curve is shown for each color channel in the concentration range
relevant in sweat. The red channel showed the most change in color with increasing glucose

concentration. However, the color intensity saturated around 0.5 mmol L.
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Figure IIL1.8 - Concentration curve of glucose in PBS from 0 to 1 mmol L™! for (A) red, (B)
green, and (C) blue channels. Linear fit represented by the dotted line from 0 to
0.5 mmol L' and parameters inserted in the graphs. Error bars represent the
standard deviation for three measurements.
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111.4.2.2. Effect of an inhibitor on lactate enzymatic assay

Lactate is oxidized to pyruvate by the enzyme lactate oxidase (LOx), forming peroxide
as a co-product:

Lactate + LOx — FMN — Pyruvate + LOx — FMNH:2

Similarly to GOx, LOx also depends on a redox cofactor, flavin-mononucleotide (FMN),
which receives the electrons from the lactate. The FMNH2 recovers its oxidized states by
promoting the reduction of oxygen to peroxide:

LOx —FMNH2 + O2 — LOx - FMN + H202

The peroxide is then consumed by the HRP and the colorless TMB is oxidized to its
blue product, as shown in Figure IIL.5.

The change in color from TMB was evaluated for lactate in a concentration range
typically reported in sweat, from 1 to 60 mmol L™!, as shown in Figure II1.9A — C. Even without
the addition of chitosan, the response saturated after 1 mmol L for all color channels. The
saturation can be explained by the LOx Michaelis-Menten constant (Kwm) of 0.43 mmol L™ for
L-lactate. At the Kw, the reaction rate reaches half of the maximum rate (Vmax), and the enzyme
is saturated by the substrate.!” A linear range for lactate can be achieved in a concentration
range closer to the Km value, such as from 0 to 1 mmol L! in PBS, as illustrated in Figure

II1.9B - D.
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Figure II1.9 - Lactate concentration curve from 0 to 60 mmol L! in (A) red, (B) green, and (C)
blue channels and from 0 to 1 mmol L' in (D) red, (E) green, and (F) blue
channels. Linear fits are represented as dotted line and parameters are inserted in
the graphs. Error bars represent the standard deviation for three measurements.
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One alternative for quantitatively measuring higher concentrations of lactate in sweat is
diluting the sample to a final concentration that fits into the linear range. However, sample
preparation steps are impractical for wearable devices if in situ measurement is desired unless
they are integrated into the device. Vaquer et al. developed a wearable paper-based device for
lactate detection in sweat by modulating the enzyme with an inhibitor.?® Enzymatic kinetic
parameters, such as V,,,,, and K, are modified in the presence of inhibitor, which has different
effects in the kinetics depending on the type of inhibition. Among the reversible inhibition types
discussed in CHAPTER I, competitive inhibitor competes with the substrate to bind at the
enzyme’s active site, requiring larger amounts of the substrate to achieve the 1},,, (Figure

ML10A).
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Figure I11.10 - Kinetics of a competitive inhibitor. (A) Reaction of the enzyme with the substrate
and a competitive inhibitor. (B) A typical graph of the competitive inhibitor
effect on the kinetics of the enzyme. (C) Double-reciprocal graph of the
enzymatic kinetics without and with inhibitor. Intercept on the vertical and
horizontal axis represent, reciprocally, the 1/Vmax and the 1/ Ky
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At sufficiently high substrate concentration, the competitive inhibition can be annulated,
reaching the V4, .>' The effect of the competitive inhibitor on the enzymatic kinetics is
illustrated in Figure III.10B. In the presence of the competitive inhibitor, more substrate is
required for the enzyme to reach the V,,,,. This effect corresponds to an increase of the Kj,

without altering the V},,,,. The V4, can be calculated by an asymptomatic approach or by

linearizing the Michaelis-Menten equation:

S K
Vo= Voar- (s 4 ) = Yo = Mg Vist + Y/

max Vmax

Eq ITI-1

The 1/V vs. 1 / 5] graph is known as the Lineweaver-Burk plot or double-reciprocal plot. The

vertical and horizontal interceptions correspond to the reciprocal of V;,,,, and the reciprocal of
K, respectively. In the presence of competitive inhibitors, the Lineweaver-Burk plot present
the same y-axis intercept from the plot in the absence of the inhibitor. On the other hand, the x-

axis intercept increases in the presence of the inhibitor (Figure I11.10C).
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Competitive inhibitors present similar chemical structures of the substrate since they
occupy the reaction binding site. For lactate, it has demonstrated that D,L-2-hydroxybutyrate,
oxalate, D-lactate, and glycolate inhibit the enzyme LOx in a competitive manner, with
dissociation constant (Ki) of 15 mmol L', 5.3 mmol L', 2.9 mmol L}, and 1.2 mmol L,
respectively.!” Chemical structures of the competitive inhibitors are shown in Figure IIL.11.
Strong inhibitor, i.e., small Kj, requires larger amounts of the substrate to surpass the inhibition
effect. Therefore, among the competitive inhibitors, glycolate inhibition effect should require a
higher lactate concentration for the enzyme to reach saturation. Consequently, the linear range

for the enzymatic assay for lactate should confine relevant concentration ranges in sweat.

Figure III.11 - Chemical structures of L-lactate (A) and LOx inhibitors: (B) 2-hydroxybutyrate,
(C) D-Lactate, (D) Oxalate, and (E) Glycolate. The Kj; and Ki are displayed as

well.
(A) L-Lactate (B) 2-hydroxybutyrate (C) D-Lactate (D) Oxalate (E) Glycolate
Ho i
o
K, = 0.43 mmol L™ K, =15 mmol L' K = 2.9 mmmol L™ K, = 5.3 mmmol L™ K, =1.2 mmmol L™

Source: Adapted from Duncan et al.’?

The effect of glycolate on the LOx kinetics is illustrated in Figure I11.12. The V,,,, was
not altered with the addition of glycolate at two different concentrations. Without the inhibitor,
the maximum rate was reached with 1 mmol L™! of lactate. However, in the presence of the
inhibitor, the Vmax was reached after 50 mmol L™! of lactate, increasing the apparent Km by
modulating the enzyme’s affinity for its substrate. The inhibitor concentration for the following
experiments was set at 400 mmol L! to detect lactate at higher concentration range in sweat.
The resulting concentration curve of lactate was able to linearly distinguish lactate from 10 to

75 mmol L ! in PBS in the R channel.
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Figure II1.12 - (A) Effect of glycolate (Gly) on LOx kinetics. (B) Linearized Lineweaver-Burk
plot. (C) Lactate concentration curve from 10 to 75 mmol L™! in the presence of
400 mmol L' of glycolate. Linear fit for the concentration curve is represented
by dotted line and its parameters are insert in the graph. Error bars represent the
standard deviation from three measurements.
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I11.4.3.Flow influence on the colorimetric detection

Although the colorimetric assay was optimized for both analytes of interest, it is
necessary to evaluate the effect of the flow on the performance of the assays since the sweat
rate will influence the final wearable device. The sweat rate was simulated by coupling a syringe
pump into the SD-based microfluidic device where the functionalized paper was placed. The
flow rate was set at 5 pL min™! to mimic the highest flow rate in the relevant physiological
range (1 to 5 pL min™").!112

In the first setup, 1 mmol L' of glucose flowed through the channel. When the solution
reached the chamber, the paper rapidly absorbed the solution through capillarity combined with
the outside pumping source. After the wetting, the paper developed the blue color from the
oxidation of TMB, as observed in Figure III.13A. The color eventually saturated after 3 min,
as observed in plateauing of the normalized R values (calculated as the difference from time 0
s) from Figure II1.13B. Then, PBS solution was pumped through the chamber to evaluate the
stability of the color. The color did not fade with the constant flow of PBS; on the contrary, it
turned more intense compared to the first frame from PBS pumping (Figure II11.13C). When the
inverse order of solution was tested, an interesting effect happened. At first, when the PBS was
flowing through the chamber, no color was developed, as expected (Figure III1.13D — E).
However, with the pumping of glucose, the paper disk did not turn blue immediately after 10 s,

as happened for the first setup. In fact, even after 150 s, the blue color did not emerge (Figure
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II1.13E). However, the edges of the paper disk started to gain a light blue coloration, indicating

the oxidation of the chromogenic reagent at the border rather than in the center (Figure I11.13D).

Figure II1.13 - (A) Frames of the paper disk in the microfluidic chamber wetting with glucose
1 mmol L! followed by PBS under a flow rate of 5 pL min~!. Normalized R
values along time when pumping (B) glucose 1 mmol L' followed by (C) PBS.
(D) Frames of the paper disk in the microfluidic channel wetting with PBS
followed by glucose 1 mmol L™! under a flow rate of 5 pL min!. Normalized R
values along time when pumping (E) PBS followed by (F) glucose 1 mmol L.
Normalization was calculated regarding to the first point (0 s). Error bars
represent the standard deviation from 3 measurements.

Source: Own authorship.

The border effect can be explained by the preferred path line created by the presence of
the paper in the center of the chamber (Figure III.14). For the first solution, the paper is dry;
therefore, the capillarity force from the paper helps the solution to wet the fibers (Figure
II1.14A). However, because the paper is already wet, the cellulose fibers act as a flow resistance
for the second solution, which flows around the paper disks rather than in the center (Figure
II1.14B). For the second system, glucose solution was pumped through the chamber after the
passage of PBS. In this case, the color development was observed only at the edge of the paper

disk. With sufficient time, the glucose should diffuse through the paper to result in a uniform
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blue disk. However, considering a diffusion constant of approximately 7 x 107% cm? s! for

glucose in water (at 27 °C)?? and the area of 0.0314 cm? for the paper disk, the calculated time
for the glucose to diffuse through the paper disk is around 75 min, which is much longer than
the performed experiment. Moreover, the ability of glucose to diffuse in porous media, such as
paper, is slower than in free solution, requiring even longer time for the entire paper to change

the color to blue.

Figure II1.14 - Simple schematics of solution path line through the chamber with the (A) dry
and (B) wet paper disk. The blue circles represent the solution particles, the red
arrows represent the velocity vector of the particles, and the yellow arrow
represents the capillarity from the paper.
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I11.4.3.1.Native and oxidated papers for glucose colorimetric assay under flow

The native and oxidized papers were evaluated as substrates for glucose detection under
the influence of the flow. Figure I1I.15 shows the color development on native (Figure III.15A)
and oxidized paper (Figure I11.15B) along time by flowing glucose 1 mmol L', For native
paper, the color saturation was reached around 150 s, while in the oxidized paper, the color
saturated faster, around 90 s. However, the oxidized paper lacked in color intensity, represented
for higher values of RGB. Therefore, the native paper was chosen for the following experiments
since the sensitivity gain is more advantageous than fastness in this case. Furthermore, it was
shown in the previous section that the reagents were not washed off from the paper even for the
native paper, and the color was stable along time.

The concentration curve was performed in the microfluidic chamber with functionalized
native paper for glucose at 0 to 1 mmol L' in PBS. The frames for each concentration are
shown in Figure 14A. Among the color channels, the red channel was more sensitive, as
expected, for the change in glucose concentration, with a sensitivity of —102.3 L mmol!. The
linear region was achieved from 0 to 0.8 mmol L™! (equivalent to 14.4 mg dL") since the color
saturated after that. The limit of detection calculated according to IUPAC was below the linear

region of the curve since the standard deviation from the blank measurements was low.
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Therefore, Miller and Miller’s statistical approach was applied, resulting in a LOD of 0.05
mmol L™ and LOQ of 0.15 mmol L™!. The SD-based microfluidic device with the colorimetric

biosensors showed good reproducibility of 2.40%, calculated as the RSD from three different

microfluidic devices.

Figure II1.15 - Color development along time for flowing 1 mmol L™! of glucose in (A) native
paper and (B) oxidized paper. Error bars represent the standard deviation for

three measurements.
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Figure II1.16 - Glucose colorimetric assay in microfluidic chamber. (A) Paper disks after
flowing glucose from 0 to 1 mmol L™!. Concentration curve of glucose at same
concentration range in (B) red, (C) green, and (D) blue channels. Linear fits are
represented as dotted line and the parameters are inserted in the graphs. Error
bars represent the standard deviation for three measurements.
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I11.4.3.2. Lactate colorimetric assay under flow

Native paper without chitosan was tested in the microfluidic chamber for the flow

influence study by flowing lactate 50 mmol L™! in PBS (Figure I11.17A). Even after 10 min, the
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color did not reach saturation differently from the stationary setup. Since chitosan has improved
the sensitivity for glucose assay, chitosan was added to the native paper disk for lactate
detection. However, the color reached low values of R, implicating the color saturation after 50
mmol L! of lactate. Then oxidized paper was tested with and without chitosan (Figure I11.17B).
Like the native paper, chitosan improved the color intensity and reached color saturation around
5 min (600 s). Therefore, oxidized paper functionalized with chitosan was tested for the lactate

concentration curve under the influence of the flow.

Figure I11.17 - Color progression for lactate 50 mmol L™! in R channel over time for (A) native
and (B) oxidized paper with and without chitosan. Error bars represent the
standard deviation for three measurements.
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The concentration curve for lactate in the microfluidic device is illustrated in Figure
II1.18. The red channel showed the best sensitivity from the three colors channels, with — 0.563
L mmol ! from 10 to 75 mmol L', It is important to state that from 0 to 10 mmol L' of lactate,
there is another linear range with higher sensitivity, not evaluated in this work since the relevant
range of lactate in sweat is from 5 to 60 mmol L™!.* Since the Miller and Miller’s statistical
approach assumes the linear regression with the blank measurements as the first points, it was
not possible to adequately estimate the LOD for this device. For future work, a lower
concentration range must be evaluated in a biosensor without the enzymatic inhibitor and
integrated into the final wearable device. The sensors showed good reproducibility of 3.69%,

calculated as the RSD from three different microfluidic devices.
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Figure I11.18 - Lactate colorimetric assay in microfluidic chamber. (A) Paper disks after flowing
lactate from 0 to 75 mmol L°!. Concentration curve of lactate at same
concentration range in (B) red, (C) green, and (D) blue channels. Linear fits are
represented as dotted line and the parameters are inserted in the graphs. Error
bars represent the standard deviation for three measurements.

Source: Own authorship.

I11.4.4.Sweat analysis by SD-based wearable device

The microfluidic device for on-body measurement was first tested to evaluate the flow
of sweat into the chamber. For the test, each inlet hole was stained with blue food dye to
visualize the sweat flowing through the channel to the chamber. As shown in Figure III.19A,
initially, the inlet holes were saturated with condensate sweat produced during the exercise until
sufficient sweat was accumulated in the inlet to push through the channel. In fact, the natural
pressure associated with perspiration (approximately 70 kPa) pumps the sample through the
channels.* The sweat reached the chamber and the paper disk in less than 10 min of intense
indoor biking. Around 10 min (Figure III1.19B), it was possible to capture the capillary force
from the paper disk pulling the sweat, resulting in a more intense shade of blue. In the following
minutes, more sweat was collected by the other inlets, filling the chamber. It was observed that
the accumulated sweat in the chamber was not sampled from all nine inlets. For some of the
inlets, the sweat did not flow through, which can be explained by the absence of glands to
secrete sweat in the inlet area and by the change in the pressure inside the chamber. When the
chamber is empty, the pressure pulling the sweat inside the channel is high. However, once the
chamber is filled with solution, fresh sweat from other inlets has less volume to occupy;
therefore, the pressure pulling new sweat decreases as the chamber is filled. To fully understand
the flow in such device and optimize the sweat collection, fluid dynamic simulations will be
performed. After 20 min, sweat without the dye started filling the chamber, pushing the
previously collected sweat with the dye out of the device through the outlet channel. At 25 min,

almost all colored sweat is pumped out of the chamber, and fresh sweat is accumulated,
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demonstrating the continuous sampling of sweat. This feature is vital for further wearable
devices coupled with continuous detection methods. After 30 min of exercise, the paper disk
remained blue since the sample flowed around rather than through the fibers, as explained
previously in Section 1I1.4.3. Regardless, the wearable device demonstrated efficient sweat

sampling during physical activity without detaching from the skin and disturbing the user.

Figure II1.19 - Sweat flowing in the wearable device. (A) Images of the wearable devices during
30 min of indoor biking. (B) Sequential frames from left to right of the chamber
at 10 min illustrating the capillary force from the paper disk pulling the sweat.

(A)

0 min
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(B) ) ” R

ot 9L Ot Ot Ot Ot O Or O Ot
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Source: Own authorship.

111.4.4.1.0n-body measurement of glucose and lactate

The colorimetric assays for glucose and lactate were tested as a wearable device by
coupling with the on-body microfluidic chamber. Within 30 min of indoor biking, the chambers
were filled with sweat. For glucose, the paper remained colorless for the on-body measurement
during physical activity, as shown in Figure II1.20A. The glucose assay was tested multiple
times, including after high-calory meals, and the color was not developed. Then sweat samples
were collected in a plastic tube after 30 min of exercise. The samples were spiked with glucose
to reach a final concentration of 0.2 mmol L™!. The spiked sweat was then applied on a
functionalized paper, and the blue color was achieved, proving that the sweat did not interfere
in the colorimetric assay. For hypoglycemia and hyperglycemia, respectively, glucose
concentration in sweat ranges from 10 umol L' to approximately 1 mmol L™!. Concerning the
applicability of the biosensor for long-endurance athletes, glucose is more likely to be found at
the lower concentration range. Moreover, the tested subjects were all healthy, and the glucose

levels in sampled sweat could be below the LOD for the assay. For detecting glucose at a lower
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concentration range, other transduction methods could be integrated into the wearable device,

such as electrochemical detections as described in CHAPTER IV.

Figure II1.20 - On-body measurement for (A) glucose and (B) lactate before and after 30 min
of exercise.

(A) Glucose (B) Lactate

Before Before

Source: Own authorship.

The lactate assay showed a change in the coloration of the paper disk, as illustrated in
Figure 18B. According to the concentration curve on the previous section, the R values
extracted from the colored paper disk (R = 160.9) fall in the range from 0 to 10 mmol L™! of
lactate, which was not calibrated analytically. Unfortunately, under current conditions, the
device could only detect lactate qualitatively. The smaller concentration of lactate found in
sweat compared to the literature might be due to the dilution effect of the lactate by the sweat.
This effect can be minimized by including a sweat volume measurement to compensate for the
dilution. Vaquer et al. integrated a lactate colorimetric biosensor with a volumetric sweat sensor.
It was shown that the volume of the sweat in the sensor affected the colorimetric response of
the lactate sensor. Therefore, the colorimetric output was divided by the sample volume
measured in the volumetric sensor to correct the dilution effect.?

The wearable device was also tested outdoors in a triathlon test, as shown in Figure
III.21. The device was placed in the forearm before biking (Figure I11.21A). After 20 km of
outdoor biking, around 40 min, the biosensor indicated the presence of lactate, however their
color intensity was below the linear range from the concentration curve (Figure I11.21B).
Moreover, the exposure of the paper disk to the sunlight might have degraded the reagents,
resulting in a yellowish background. In fact, the chromogenic reagent used in the assay, TMB,
is light-sensitive. Therefore, for outdoor monitoring of lactate, the device should be placed in

regions under the clothing to block direct sunlight.
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Figure II1.21 - Wearable device for lactate measurement during outdoor biking. Photos of the
wearable device at the forearm at the (A) beginning of the test and (B) after 20
km of biking.

Source: Own authorship.

IILI.S. CONCLUSION

The Shrinky-Dinks-based mold for the fabrication of wearable microfluidics has been
demonstrated in this work. The channel’s depth is tunable by the amount of toner printed on
the thermoplastic sheet, enabling various applications. Furthermore, the shrinking process holds
the shape of the printed design, making variable geometries molds for the PDMS casting. The
channel presented rounded corners resulting from the melting of the toner during the shrinking
process. The difficulty of this fabrication method is aligning the printing layers to achieve
higher molds for creating deep PDMS channels. The limitation of this technique lies in the
printer configuration. Although it has shown its applicability, the microfluidic devices benefit
from a fluid dynamic simulation study, especially for the effect of a porous material in the
chamber obstructing the flow.

The microfluidic device is easily coupled with colorimetric assays to detect analytes
present in the sweat if there is a specific colorimetric reaction. For glucose and lactate, the
detection was based on similar enzymatic reactions, constituted of the oxidase enzyme (glucose
oxidase and lactate oxidase) and horseradish peroxide, coupled with a chromogenic reagent,
TMB in this case. For glucose detection, the device did not present enough detectability to sense
glucose at concentrations lower than 0.2 mmol L' found in hypoglycemia cases. For detecting
lactate at a relevant concentration in sweat, the assay was modulated by adding a competitive

enzymatic inhibitor, glycolate. With the addition of glycolate, the colorimetric assay detected
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lactate from 10 to 75 mmol L™!. The wearable device endured intense physical activity for 30
to 40 min and detected lactate under 10 mmol L' range. The low concentration of lactate
detected might be due to the dilution effect during the sweating, which could be normalized by
the sweat volume. Furthermore, for accurate detection of lactate in a low concentration range,
a second sensing area without adding the enzymatic inhibitor could be added into the device.

One of the drawbacks of the colorimetric assay is the low sensitivity (narrow range of
detected concentration) observed for glucose detection. This wearable microfluidic device can
be integrated with the flexible wrinkled electrodes presented in the next CHAPTER IV. A
PDMS layer with the wrinkled electrodes could be used as the top layer of the device to seal
the PDMS microfluidic channels by using O2 plasma. The final device could also be integrated
with wireless data transfer electronics and coupled with a mobile app for real-time measurement
of glucose in sweat. Moreover, integrating with an electrical or electrochemical transduction
system eliminate chromogenic reagents, commonly light sensitives.

The SD-based wearable devices are lightweight and conformal to the skin, allowing
their attachment for long periods without causing any discomfort to the user. The presented
final device might not be ready for commercial use yet. However, it demonstrates the potential
of wearable devices for individualized analysis of performance in sports. Although the devices
were applied to track key biomarkers for physical activity, they can be adapted to analyze the
sweat in a diagnosing context to promote personalized medicine. Furthermore, these devices
could be applied in many clinical studies to prove the correlation of many analytes between

blood and sweat, which is still a concern for the applicability of sweat in clinical diagnostics.
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Chapter IV

IV.1. INTRODUCTION

Colorimetric assays are widely applied transduction method in biosensors because of its
inherent simplicity and potential for instrument free analysis. However, color changes are
limited by the background surface and the detection often presents limited dynamic range and
low sensitivity.! Moreover, colorimetric detection is susceptible to errors from environmental
illumination. Electrochemical transduction offers an alternative system providing enhanced
sensitivity and detectability. Furthermore, electrochemical detection systems are easily
miniaturized, which enables the integration to platforms of low consumption of chemicals and
sample, low-cost of fabrication and portable. However, its miniaturization results in the decay
of the electrochemical signal since it is proportional to the area of the sensing electrode.’
Furthermore, the portable electronics are not as equally robust as traditional systems, which
results in higher electromagnetic interference and noise.

A strategy to improve the signal of miniaturized electrochemical system is to enhance
the electrochemically active surface area (EASA) of the sensing electrode. There are several
methods to deposit and electrodeposit materials that increase the EASA, such as porous carbon-
based and metallic nanostructures.>*

The shrink electrodes are a simple approach to fabricate high EASA electrodes without
the need of specific equipment or cleanroom. These electrodes are fabricated by the heat-
induced shrinking of a memory-shape polymer (substrate) coated with a thin metallic film
(electrode). Because of the stiffness mismatch between the polymer and the metal, the latter
deforms during the shrinking process of the polymer when it is heated above its glass transition
temperature. The resulting electrodes present a rough surface with micro- and nano-wrinkles
created during the shrinking process.>® The final electrode exhibit a smaller geometric area than
the initial area, but with a higher EASA.°

The shrink electrodes can be transferred to an elastomer, such as polydimethylsiloxane
(PDMYS), creating highly flexible and stretchable electrodes. Because of the high conformation
to the skin, the flexible electrodes can be applied as wearable devices for sensing of body
movements at elbow, fingers and knees.” The shrink electrodes were also applied as respiration
and beat-to-beat blood pressure sensors because of the high sensitivity to conformation change
of the skin.®?

Gold shrink electrodes were applied for electrochemical detection in previous works
showing an increase in the electrochemical signal. Pegan et. al® achieved 6.6-fold increase in

electrochemical signal in sulfuric acid (H2SO4) for an electrode with 20-fold reduction in
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geometric area. This indicated that only a part of theoretical surface was electrochemically
active. Hauke et. al® applied a hydrophilic polymer on the wrinkled electrode to improve the
wettability of the surface, increasing the EASA by 2-fold, still not fully accessing the surface
area. All the study published before characterized the wrinkled electrodes in H2SO4 solution

and the stretchable electrodes were not yet characterized.

IV.2. AIMS

Electrochemically characterize gold wrinkled electrode in both non-stretchable and
stretchable substrate in H2SO4 and ferricyanide/ferrocyanide ([Fe(CN)s]>7*). Apply stretchable

gold electrode for detection of glucose as proof-of-concept.

IV.3. MATERIALS & METHODS

IV.3.1. Fabrication of the electrodes

IV.3.1.1.Fabrication of wrinkled electrodes

Polyolefin (PO) is a shape-memory polymer and was used as a shrinking substrate. PO
was placed on a silicon wafer for support. A solution of poly(methyl methacrylate) (PMMA)
dissolved in toluene was used as a sacrificial layer to further dissolve it in acetone during the
transference process (described below). The PMMA was spin coated at 3200 rpm and dried
overnight. Masks for the electrode design was laser cut from adhesive and applied on the
PMMA film as stencils for the metal deposition. Gold was deposited on the PO/PMMA at a
thickness of 80 nm via sputtering (Quorum 150R). The PO/PMMA/Au was removed from the
silicon wafer for the thermal-induced shrinking process. The films were shrunk in a convection

oven at 140 °C for 13 min.

IV.3.1.2.Transference of the wrinkled electrodes to elastomer

A silicon-based elastomer (commercial name Ecoflex™) was used as a flexible and
stretchable substrate. Before the application of the elastomer, the wrinkled gold film was treated
for at least 1 hour with 3-(mercaptopropyl)trimethoxysilane (MPTMS) in ethanolic solution to
promote the chemical bonding of the gold to the silicon-based polymer. Ecoflex™ was drop

casted onto the gold film treated with MPTMS and cured overnight at 60 °C. The transference
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of the wrinkled film to the elastomer was completed by dissolving the PMMA between the gold
film and the PO in acetone. Once the gold wrinkled films were lifted off from the PO, they were

in isopropanol bath for an hour and dried overnight.

1V.3.2. Electrochemical characterization

IV.3.2.1.Electrochemical characterization of unshrunk, shrunk, and stretchable

electrodes

Electrochemical measurements were performed on a Reference 600 potentiostat (Gamry
Instruments). The unshrunk, shrunk and transferred gold electrodes were used as working
electrodes, and commercial silver/silver chloride (Ag/AgCl) as reference, and platinum (Pt)
wire as counter electrodes, respectively. Cyclic voltammetry was performed in H2SO4 0.5 M
solution from 0 to 1.5 V at 10, 25, 50, 100, 250, 500, and 1000 mV s™'. The same scan rates
were applied for measurements in [Fe(CN)s]* 7+~ 5 mmol L ! solution in 0.05 mol L™! phosphate

buffer saline (PBS) at pH 7.4 from —0.2 to 0.7 V.

IV.3.2.2.Electrochemical characterization of stretchable electrodes under strain

A stretching device was fabricated to control the strain of the stretchable electrodes and
maintain them under strain while an electrochemical measurement was performed. Cyclic
voltammetry was performed at every 30% strain until it reached 210% of its length. This
procedure was repeated in H2SO4 and [Fe(CN)s]*7* solutions. The electrodes were allowed to

relax overnight before repeating the stretching procedure for the second time on the next day.

I1V.3.2.3.Sheet resistance measurement of stretchable electrodes

A Signatone Pro4 Resistivity Test System with an SP4 inline probe was used to measure
the sheet resistance of stretchable electrodes before, during, and after strain. The stretchable
electrodes were firstly measured without any previous strain. Then, the sheet resistance was
measured again on the electrodes under 200% strain of its length. The electrodes were stretched

up to 210% 10 times and relaxed for 5 min. The sheet resistance was measured again.
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1V.3.3. Glucose detection

The stretchable electrodes were evaluated for the detection of glucose, an important
biomarker for physiological condition. The potential at which glucose oxidized was measured
in 5 mmol L' glucose solution in PBS at pH 7.2 by cyclic voltammetry from —1to 1 V at a
scan rate of 20 mV s,

Chronoamperometry was performed at 0.3 V, and glucose was titrated into 20 mL of
PBS at pH 7.4 every 30 s. This procedure was repeated for non-strained electrodes (n = 3) and
pre-strained electrodes (n = 3). For the pre-strained electrodes, the electrodes were stretched up

to 210% of its length 10 times and relaxed overnight.

IV.4. RESULTS & DISCUSSION

IV .4.1. Shrinking of the electrodes

The initial working area of the electrode was 10.5 cm? and, after the thermal-induced
shrinking process, the geometric area of shrunk electrode was 0.48 cm? (Figure IV.1). The
shrinking factor, defined as the ratio of geometric areas of the unshrunk to the shrunk or
transferred electrodes, of the PO is 21.8. The wrinkled film when transferred to the elastomer
shrunk once more to the final area of 0.31 cm? due to the lift-off process in acetone, resulting

on a shrinking factor of 33.4.

Figure IV.1 - Photo of the gold electrodes, from left to right: Unshrunk electrode, shrunk
electrode on PO, and shrunk electrode on elastomer substrate.

T =

Source: Adapted by permission from Imamura et al. Adv. Mater. Technol, 2020, 5, 1900843 © 2020 WILEY-
VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.
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IV.4.2. Enhancement of the electrochemical signal

The wrinkles contribute to a high surface area, which correlates to the current. The
EASA of the wrinkled electrodes was evaluated by measuring the current via cyclic
voltammetry in H2SO4 and [Fe(CN)s]*”* solutions. The current densities of the electrodes were
obtained by dividing the raw current by the geometric area (Figure IV.2A and B). The current
densities for shrunk and transferred electrodes are larger than for the unshrunk electrode in both
solutions. The signal enhancements were calculated as the ratio of the current densities of
processed electrodes to unshrunk electrodes. In H2SOs4, the shrunk and transferred electrodes
obtained a signal enhancement of approximately 21- and 32- fold respectively (Figure IV.2C),
an improvement of 2.5-fold over previous work by Hauke et al.> Because the wrinkles are
naturally hydrophobic due to the air pockets between the wrinkles, there is a surface wettability
restriction. The hydrophobicity was overcome by treating the wrinkled film with oxygen plasma,
which makes the surface hydrophilic, removing the need of coating polymers as the previous

work.

Figure IV.2 - Current density voltammograms of unshrunk, shrunk, and transferred electrodes
in (a) H2SO4 and (b) [Fe(CN)s]*7*". (c¢) Shrinking factor and signal enhancement
for shrunk and transferred gold electrode expressed as ratios. Error bars represent
the standard deviation from three measurements.

Source: Adapted by permission from Imamura et al. Adv. Mater. Technol, 2020, 5, 1900843 © 2020 WILEY-
VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.

Several methods can be applied to estimate the surface area of nanostructured electrodes,
such as gas sorption, underpotential deposition of metal, capacitance measurement by
electrochemical impedance spectroscopy or cyclic voltammetry, and cyclic voltammetry in
H2S04. The latter method was chosen to characterize the wrinkled gold surface of the shrunk
and transferred electrodes since it can be easily performed and provides a good estimate of the

EASA.'""!! This method was reported to provide an estimated surface area that aligns with
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2 and nitrogen adsorption/desorption isotherms.!* Scanlon et al.

underpotential deposition'
evaluated the EASA of nanoporous gold by several methods and demonstrated that the gold
oxide reduction in H2SO4 was the most accurate and reliable method when compared to the
assessment of monolayers, redox reactions of [Fe(CN)s]>”*, [Ru(NH3)s]*”* and O2, and
double layer capacitance.!" In H2SOs, the cyclic voltammetry measurement enables the
oxidation of the gold to gold oxide starting at 1.0 V and the successive reduction of the gold
oxide back to gold at 0.7 V on the reverse scan. The charge associated with the reduction of

gold oxide at relatively slow scan rate is directly proportional to the surface area by the

following relation:

EASA = ¢/, Eq IV-1

in which @ is the charge, which is calculated by integrating the area under the reduction peak
and c is the specific charge equivalent, which equals to 390 uC cm™2 for polycrystalline gold.'*
Table IV.1 shows the calculated values for EASA of shrunk and transferred gold electrodes

based on the integrated area under the reduction peak of gold oxide in H2SO4 at 100 mV s,

Table IV.1 - Charge and surface area of shrunk and transferred gold electrodes.

SHRUNK TRANSFERRED
Charge (mC) 4.10£0.05 431+£042
EASA (cm?) 10.5+0.14 11.1 +£1.09

Source: Reproduced with permission from Imamura ef al. Adv. Mater. Technol, 2020, 5, 1900843 © 2020 WILEY-
VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.

Despite the limitations of this method to accurately assess surface area due to the
possibility of multilayer formation instead of monolayer, this method provides an approximated
value of shrunk and transferred surfaces areas with the initial geometric area of the unshrunk
electrode (10.5 cm?). Furthermore, the signal enhancement of 21- and 32-fold in H2SOs
respectively for shrunk and transferred electrodes matches the shrinking factor. Therefore, we
can conclude that the surface area is maintained after shrinking and transferring the thin film
and the access to the entire surface area during the electrochemical measurement in H2SO4 was

preserved. However, the signal enhancements in [Fe(CN)s]> 74

solution are approximately 14-
and 13-fold for shrunk and transferred electrodes respectively (Figure IV.2C). This indicates
that the signal enhancement depends on the solution where the electrochemistry measurement
is performed. The lower signal enhancements achieved in this solution can be explained by the

diffusion-limited reaction of [Fe(CN)s]*"*, as schematically shown in Figure IV.3. As the
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potential is applied, the concentration of [Fe(CN)s]>7* at the outermost surface of the electrode
approaches zero, and a concentration gradient forms in the solution. Diffusion takes place at
the surface of the electrodes as the reaction proceeds; however, the diffusion of electroactive
species is impeded by the morphology of the wrinkles. A significant portion of the inner surface
of the gold wrinkles is therefore not accessed by the [Fe(CN)s]>7* ions because the time for
diffusion deep into the wrinkles is not sufficient, leading to the disagreement between signal
enhancement and shrinking factor. Similarly, the electrochemical behavior of nanoporous gold
was reported by Scanlon,'! Collinson,'” and Jia'® wherein high-surface area, porous electrodes

were shown to be biased against redox couples like [Fe(CN)s]* "+

Figure IV.3 - Schematics of the electrochemical reactions at wrinkled gold surface. (A) Gold
oxidation nonlimited by diffusion. (B) [Fe(CN)s]*7*" diffusion-limited reaction.

(A) without E E=E_..(B) withoutE E=E,__.
o) o ) @ )
0) [6) 6) 5) 0
o o 5) 50 o
) Apply E o ) Apply E o
Au o —_— © Au @ _— e @
O o O o o o o o ©
o o Q. e ©
[Fe(CN)6]3* —0
e © O [Fe(cn) - © ©
Au(OH)s ’ from bulk

Source: Own authorship.

IV.4.3. Electrochemical signal of electrodes under and after strain

Figure IV.10)application as a wearable device by conforming onto the skin (Figure
IV.4). As shown in Figure IV.4B and C, the wrinkled structures are retained during the
transference process. The straining of the electrodes results in the stretching and opening of the
wrinkled (Figure IV.4E and F). As the electrode is stretched, the neighboring wrinkles are
separated from each other and some cracks on the metal film are formed, as illustrated in Figure
IV.5A.'® This phenomenon results in the increase of the electrical resistance of the metal film
when the electrode is maintained at the strained state, as can be observed on Figure IV.5B.
Subsequently, once the electrode returns to the relaxed state, the electrical resistance decreases
since the wrinkles are once again close to each other, shortening the electron pathway. However,
the relaxed wrinkled electrode is more resistive after the stretching due to the formed cracks in
the film. The sheet resistance values before strain, at 100% strain and after relaxing are shown
in Table IV.2. It is important to state that the cracks are continuously introduced to the metal

film from handling and natural stress release before the electrode is strained. Stretching the
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electrodes induces the crack formation, increasing the number and sizes of the cracks (Figure
IV.5A). However, stretching the electrode several times eventually stabilizes the wrinkled film
since no more cracks are formed and the resistance eventually plateaus, as can be observed in

Figure IV.5C.

Figure IV.4 - Stretching of the electrode. (A) Photo of electrode transferred to elastomer
substrate. SEM of the unstretched electrode at (B) 1.1 and (C) 12.9 k x
magnification. (D) Transferred electrode being stretched. SEM of the stretched
transferred electrode at (E) 1.1 and (F) 12.9 kx magnification.

Source: Adapted by permission from Imamura et al. Adv. Mater. Technol, 2020, 5, 1900843 © 2020 WILEY-
VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.

Figure IV.5 - (A) Schematics of the crack formation on the transferred gold electrode with
strain. (B) Normalized resistance response with 200% strain across 10 cycles.

Source: Adapted by permission from Imamura et al. Adv. Mater. Technol, 2020, 5, 1900843 © 2020 WILEY-
VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.
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Table IV.2 - Sheet resistance of transferred gold electrode before straining, at 100% strain, and
after relaxation.

State of electrode Sheet Resistance ()
Before strain 2.44+£0.08
At 100% strain 4.88+0.50
After relaxation 2.96+0.26

Source: Reproduced with permission from Imamura ef al. Adv. Mater. Technol, 2020, 5, 1900843 © 2020 WILEY-
VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.

The effect of the strain on the electrochemical signal was evaluated in H2SO4 and
[Fe(CN)s]>7* by stretching the electrode up to 210% of its length in increments of 30% (Figure
IV.6). Stretching the electrodes resulted in a greater peak height for faradaic current without
significant increase in the capacitive current in both solutions. Since the faradaic current scales
with the surface area, the increase in signal can be explained by newly exposed surface area
due to the crack formation. The increase in the surface area seemed to has a major effect than

the increase in resistance with the crack formation.

Figure IV.6 - Cyclic voltammograms of transferred gold electrode stretched up to 210% of its
length in (A) H2SO4 and (B) [Fe(CN)s]*’*". (C) Signal increase measured as
peak height before and after stretch in H2SO4 and [Fe(CN)s]*> 74",

Source: Adapted by permission from Imamura et al. Adv. Mater. Technol, 2020, 5, 1900843 © 2020 WILEY-
VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.

The signal increase in Figure IV.6C was calculated as a ratio between the peak current of
the electrode stretched at a specific strain and unstrained electrode. It was observed a 20%

increase in signal in H2SO4. However in [Fe(CN)s]* 74~

a greater increase in signal with strain
was achieved. This indicated that crack formation was not the only phenomenon contributing
to the 60% signal enhancement in [Fe(CN)s]*>7* solution. Stretching the electrode exposed the
wrinkle “pockets”, as shown in the micrograph in Figure IV.4E and F, which were isolated

from the solution and thus not accessed by the electroactive species [Fe(CN)s]** due to its
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diffusion. This results in less rough surface and the [Fe(CN)s]> 74

ions can more easily access
the inner surface area.’> As the electrode is stretched, the wrinkled electrode behaves more
likely to a planar electrode, overcoming the diffusion limitations of the [Fe(CN)s]** reaction.
This phenomenon combined with the new surface area exposed by the crack formation explain
the 60% increase in signal.

After the first straining protocol, the elastomer of the electrode relaxed overnight and
the current was measured again in a relaxed state in H2SO4 and [Fe(CN)s]>*", as shown in the
voltammograms in Figure IV.7A and B. It was observed a gain in signal of 16 and 13% in
H2S04 and [Fe(CN)s]>*~ respectively when compared to unstrained virgin electrode. The gain
in signal is explained by the new surface area created by the cracks formed during the first
straining protocol. The same straining protocol was applied once again on the previously
stretched electrodes in both solutions. The gain in signal was calculated as a ratio of the peak
current at specific strain over the peak current of the pre-strained electrode in a relaxed state
(Figure IV.6C). The current did not increase significantly in H2SO4 upon stretch because all the
cracks were already formed during the first strain protocol. Conversely, in [Fe(CN)s]*7*", the
signal continued to increase upon strain. This demonstrated that the access to the surface area
of the wrinkled can be controlled by stretching the electrode to facilitate the diffusion of
[Fe(CN)s]>* species. Stretching the electrodes prior the electrochemical measurement showed
to increase the signal in both solutions due to the crack formation. Therefore, the stretching
protocol was used as an electrode preconditioning step to maximize the electrochemical
response of the flexible electrodes, which further improved the detection of biomarkers at low
concentration.

Figure IV.7 - Cyclic voltammograms of transferred gold electrodes in (A) H2SO4 and (B)
[Fe(CN)s]> 7 before and after stretching to 210% of its length and relaxing
overnight. (C) Signal increase measured after relaxing the electrodes overnight
in H2SO4 and [Fe(CN)s]> 74",

Source: Adapted by permission from Imamura et al. Adv. Mater. Technol, 2020, 5, 1900843 © 2020 WILEY-
VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.
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IV.4.4. Glucose detection

Glucose is an important biomarker for health tracking and its detection is commonly
studied and optimized. Therefore, as a proof-of-concept, the detection of glucose with flexible
electrodes were evaluated. The gold flexible electrode detected glucose without enzyme at
physiological pH at 0.3 V (Figure IV.8). It is hypothesized that glucose oxidizes at this potential
through an oxidation mechanism proposed by Pasta et al.,'” summarized in Figure IV.9. First,
the glucose adsorbs at the gold surface through dehydrogenation reaction (Figure IV.9A). Then
the adsorbed glucose is directly oxidized to gluconate (Figure IV.9B) or it is oxidized to

gluconolactone, which reacts with a hydroxide and then converts to gluconate (Figure IV.9C).

Figure IV.8 - (A) Cyclic voltammograms of stretchable electrode in phosphate buffer (black),
and 5 mmol L™! glucose (red). (B) Close-up view from 0 to 0.4 V.

Source: Adapted by permission from Imamura et al. Adv. Mater. Technol, 2020, 5, 1900843 © 2020 WILEY-
VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.

Figure IV.9 - Mechanism of glucose oxidation at gold surface. (A) Adsorption of glucose at the
gold surface by dehydrogenation. (B) Direct oxidation to gluconate. (C)
Oxidation to glucolactone then conversion to gluconate.

Source: Adapted from Pasta ef al."”
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Based on the potential at which glucose oxidation was observed, chronoamperometry

was used to measure sequential addition of glucose into phosphate buffer saline solution at pH

7.2 (Figure IV.10). On unstrained flexible electrode, glucose was detected in a concentration

range from 1 pmol L™! to 1 mmol L! (Figure IV.10A and Figure IV.10B), which is adequate

for glucose detection in the sweat of hypoglycemic and hyperglycemic patients (20 uM to 0.6

mM).'"® The limit of detection (LOD) was calculated according to IUPAC Eq I — 2. The

calculated LOD of glucose on unstrained electrode was 0.27 umol L.

Figure IV.10 - (A) Amperometry detection of glucose from 1 x 107 to 1 mmol L™! in PBS
using unstrained electrode. (B) Linear correlation of current values with
glucose concentration in unstrained electrode (R? = 0.9972). (C) Amperometry
detection of glucose from 1 x 107! to 1 mmol L' in PBS using pre-strained
electrode. (D) Linear correlation of current values with glucose concentration
in pre-strained electrode (R? = 0.9969).
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VCH Verlag GmbH & Co. kGaA, Weinheim. DOI: 10.1002/admt.201900843.
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The glucose detection was also evaluated on flexible electrodes that were previously
stretched up to 210% of its length and then relaxed overnight as a preconditioning step (Figure
IV.10C and D). The glucose titration was performed on these pre-strained electrodes in relaxed
state (without strain) in the next day. Although the sensitivity was slightly lower than for
unstrained electrodes, the pre-strained electrodes detected glucose in a broader range of
concentration from 0.1 umol L™! to 1 mmol L™! with a calculated LOD of 22 nmol L™}, an order
of magnitude lower than on unstrained electrodes. The lower range of detection of glucose on
pre-strained electrode is due to a significant improvement to signal-to-noise ratio (SNR) of an
order of magnitude. The improvement in SNR is attributed to the mechanical stabilization of
the wrinkled film during the preconditioning step. As stated in Section IV.4.3, the strain cycle
promotes the crack formation into the film and the electron pathways are stabilized. As well as
the electrical resistance eventually plateaus with strain cycle, the noise during the
electrochemical measurement is also likely to reduce. Comparatively, the achieved LOD of 22
nmol L™! is lower than those reported for flexible electrodes with and without use of enzyme.
Table IV.3 compares the figures of merit obtained in this work with other published works on

flexible glucose sensors.

Table IV.3 - Summary of published flexible enzymatic and non-enzymatic glucose sensors. (To
be continued).

. Linear range Sensitivity LOD
Group Electrode Material [mol L] [A L mol ! cm?| [mol L] Enzyme
This work Wrinkled Au 1x107-1x103 0.047 2x1078 No
Reduced graphene oxide-
Toi et al."® polyurethane with Au 1x10°-1x1073 0.140 5% 107 No
wrinkles
Chan et al > Wrinkled Au 1x103-1x1072 0.860 9x 10 No
NiP 1x10°-1x%x1073 1.625
L 170.1-
21 . -7
Sedighi et al. SnOx/PANI/CuO/cotton 1.3 10 No
1x103-1x1072 1.325
Bae et al.? Nanoporous Au 1x10°-1x1073 0.2534 nr? No
Yoon et al.® Nanoporous Pt coated 0-12x102 6.84% 10°¢ 3% 10°3 No
with Nafion
. Nanowire Au .
24 ) 4 -2 5
Zhali et al. functionalized (NaOH) 0-8x10 2.37x 10 1x10 Yes
Zhao et al. Au Fiber (PBS) 0-5x10* 1.17 x 1072 2x107 Yes
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Table IV.3 - Summary of published flexible enzymatic and non-enzymatic glucose sensors.

(End)
. Linear range Sensitivity LOD
Group Electrode Material [mol L] [A L mol! cm] [mol L] Enzyme
Bandodkar ef al.?® | Prussian Blue carbon ink nrd 2.3 %1072 3x10° Yes
Porous Au with Prussian .
27 -5 _ -3 a) a)
Lee et al. Blue and Nafion 1x10>-1x10 nr nr Yes
Reduced graphene oxide
Xuan et al.?® with Au and Pt alloy 0-24x1073 4.5x%10? 5% 107 Yes
nanoparticles
Yang et al.?® Cr/Auw/PEDOT:PSS 3x108-3x10* nr? 3x 1078 Yes
25x108%-8x10* 2.633
Lin et al.>® Ni/Cu/MWCNT 2.5x10% No
2x103-8x1073 2.437
Liu et al®! In203 nanoribons on Au 1x108-1x1073 nr® 1x10°8 Yes
Pellitero ef a2 | Oraphite modified with 1x104-1x107 0.08 1%10° Yes
Prussian Blue

a) nr= Not reported
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IV.S. CONCLUSION

High surface area electrodes were fabricated by heat-induced shrinking of a polymer
coated with thin metallic film without the need of specific equipment or cleanroom. The shrink
electrodes were characterized by the wrinkled structures on the surface, responsible for the high
surface area, which was explored for electrochemical measurements. The wrinkled films were
transferred into an elastomer substrate to further apply as a wearable sensor.

It was observed an increase in the electrochemical signal of 32- and 13-fold in H2SO4
and [Fe(CN)s]*”* for the transferred films. The initial surface area before the shrinking and
transfer was maintained and fully accessed during the electrochemical measurement in H2SOa.

IF7* is a diffusion-dependent reaction, the morphology of the

However, because Fe(CN)e
wrinkles hinder the diffusion of the electroactive species into the inner surface of the wrinkles.
Therefore, it was observed a lower signal increase in Fe(CN)s]*”* solution. Stretching the
electrodes contributed to further increase the electrochemical signal by creating more surface
are through cracks formation and by opening the wrinkles allowing the Fe(CN)s]*”* ions to
access the inner surface of the wrinkles. The strain cycle also improved the SNR by stabilizing
the wrinkled film. This effect was observed during the measurement of glucose. On pre-strained
electrode, the LOD was 22 nmol L', an order of magnitude lower than the one calculated for
the non-strained electrode. The achieved LOD is among the lowest reported in the literature.
Selectivity study must be carried to ensure the detection of glucose in complex matrix such as
sweat before its application as wearable sensor. Nevertheless, these findings encourage the
application of the flexible wrinkled electrode as an electrochemical sensing surface of important

biomarkers in a miniaturized setting, enabling POC applications and individualized monitoring

in a form of wearable devices.
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V.1. INTRODUCTION

With the advance of the COVID-19, the need for a faster and cheaper diagnosis to better
counter the spread of the disease was evident. The gold standard for diagnosing COVID-19 is
analyzing nucleic acid content in nasopharyngeal samples by RT-PCR, performed in clinical
setups. During voluminous demand of testing, RT-PCR has struggled to analyze large number
of samples in a short time. Besides, RT-PCR requires chemical supplies for the tests, which
entails expensive diagnose for widespread testing. As previously discussed in CHAPTER 1,
POC testing has been exploited to diagnose diseases centered in the patient rather than in
clinical setups, facilitating the widespread of the diagnosis. Although there are commercially
available POC lateral-flow assays (LFA) for COVID-19, most of them consist of serological
tests, of which cornerstone is the detection of the antibodies produced by the immune system
against the virus. These antibody detection tests, however, can rarely inform the current state
of the infection and give poor information for tracing the virus spread. On the other hand,
antigen-based diagnosis, i.e., detecting the whole virus or parts of it, is more appropriate to state
the viral load in the patient. Since the pandemic began, many alternatives to PCR for diagnosing
COVID-19 have been reported in the literature. Table V.1 summarizes the published works on
POC for diagnosing COVID-19 based on detecting the antigen.

Table V.1 - Summary of peer-reviewed published works on antigen-based POC diagnosis for
COVID-19. (To be continued)

Ref Target Sample Transduction Description Figures of merit
analyte
Lateral flow immunoassay .
1 | SI subunit NSS Colorimetric | with ACE2 and antibody | -OD forvirus =
. . In NSS: 1.86 x 10° copies mL
against S1 subunit
LOD for RBD
VTM, In PBS: 12.6 nM
2 RBD and saliva, nasal Fluorescence SWCNT immobilized with
VLP fluid, and ACE2 proteins LOD for VLP
sputum In 10% sucrose: 35 mg L™!
(corresponds to 17 nM of RBD)
Plasmonic immunosensor
Optical based on toyoidal' )
3 S protein PBS (plasmonic elgctrodynamlcs Wlth LOD for S protein
metasensor) colloidal AuNP conjugates | In PBS: 319.2 fg mL!
with antibody against S1
subunit
Electrodes with PDMS well
4 S1 subunit Standgrd Electrical in which the sample an.d the | LOD for S1 sqbunit
solution cell membrane with antibody | Standard solution: 1 fg mL™!
against S1 subunit
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Table V.1 - Summary of peer-reviewed published works on antigen-based POC diagnosis for

COVID-19. (End)

Ref Target Sample Transduction Description Figures of merit
analyte
LOD for S protein
In PBS: 1fg mL™!
i . . In CTM: 100 fg mL™!
S protein CTM, CM, Field-Effect- Graphene-based FET with nC gm
5 and cultured NSS Transist tibod inst S protei
virus ransistor antibody against S protein LOD for Virus
In CM: 1.6 x 10 pfu mL™!
In NSS: 2.42 x 10? copies mL!
SWCNT-based FET LD for S protein
6 S and N NSS Field-Effect- functionalized with U0 lE
proteins Transistor antibodies against S protein f .
and N protein LOD for N protein
In PBS: 0.016 fg mL"!
LOD for S1 subunit
. -1
. . Field-Effect- | SWCNT-based FET with | " Puffer:4.12 fg L.
7 S1 subunit Saliva . . . .
Transistor antibody against S1 subunit . .
Quantification range:
In saliva: 0.1 to 5000 fg mL™!
. Field-Effect WSe2-based FET LOD for S protein
8 S protein PBS . functionalized with antibody ) 1
Transistor . . In PBS: 25 pg mL
against S protein
LOD for S protein
Untreated saliva: 19 ng mL™!
Magnetlc begds supporting | y o el N protein
immunological chain and . 4
. . Untreated saliva: 8§ ng mL
S and N secondary antibody with
. Untreated . .
9 proteins, . Electrochemical alkaline phosphatase as .
. saliva . LOD for virus
and virus label. Enzymatic by-product . . .
. (with anti-S antibody)
detected by SPE modified In PBS: 6.5 pfu mL-!
with carbon black $O0P
(with anti-N antibody)
In PBS: 6.5 x 103 pfu mL"!
LOD for S protein
. -1
S protein In PBS: 229 fg mL
10 inacagldate d VTSI?/}IV;’SS Electrochemical Graphite leféglz()dlﬁed with LOD for inactivated virus
Vir:,ls ’ In VTM: 2.07 pfu mL"!
(corresponds to 10 RNA copies
mL™)
Electrochemical paper-based
. analytical device LOD for RBD
1 RBD Serum | Electrochemical | g 0 iohalized with SARS- | In PBS: 0.1 ng mL"!
CoV-2 IgM
LOD for S protein
. -1
PBS and SPE modified with graphene In PBS: 20 pg mL
12 S protein nglhll}lfls;s Electrochemical la;f;:tri gg((li fgnz;i;?alsl1z§gtggh LOD for virus
v ag P In viral solution: 5.5 x 10° pfu
mL!
PBS and Vertical-flow cellulose paper ;OP]])B ;01.11; gr(gﬁig
13 N protein fortified Colorimetric test with affinity pairs Song
saliva against N protein In saliva: 3.8 ng mL™!

* ACE2 — Angiotensin converting enzyme 2; CM — Culture medium; CTM — Clinical transport medium; FET —
Field-effect transistor; LOD — Limit of detection; NSS — Nasopharyngeal swab specimen; PBS — Phosphate buffer
saline; RBD — Receptor-binding domain; SPE — Screen-printed electrode; VLP — Virus like particle; VIM — Virus
transportation medium.
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Another concern for promoting widespread testing is the sampling method. Invasive
methods such as nasopharyngeal swabs require trained professionals for the sampling step,
which are not abundantly available in low-resources setting and high-demand scenarios, such
as a pandemic. Furthermore, the swab causes discomfort and induces coughing and bleeding, a
hazardous exposure to the health care workers.'* Saliva arises as an interesting alternative as a
biological fluid for diagnosing COVID-19 since it can be safely self-collected at home without
requiring medical professionals, relieving the health care system.'*!® In fact, a study comparing
nasopharyngeal swab specimens (NSS) and saliva showed higher rates of positive results in
RT-PCR for the latter, inducing more sensitive diagnoses for COVID-19.!> Many POC related
in the literature adopted saliva as a biofluid of analysis since it has been proven to be adequate
for the diagnoses.

The most common target analyte to diagnose COVID-19 is the Spike (S) protein, which
consists of the outermost protein of the virus (Figure V.1) and is responsible for initiating the
cell infection. S protein consists of two subunits: S1 and S2. The S1 subunit contains the
receptor-binding domain (RBD), which binds to the angiotensin-converting enzyme 2 (ACE2),
an enzyme attached to the membranes of the cells in the host. Therefore, S1 is essential for
initiating the viral entry in the host’s cell. Meanwhile, the S2 subunit forms the stalk region and
maintains the S fused to the viral membrane.'® In addition to the S protein, nucleocapsid (N)
proteins are also investigated for diagnosing COVID-19. N proteins bind to the viral genome
in a conformation resembling beads on a string and are located inside the virus, only released
upon infection.' The N protein has already been proved to be a reliable marker for early
diagnoses of SARS-CoV,!” and studies suggest the same conclusion for SARS-CoV-2 as
well.>%19 In fact, the detectability of the biosensors for N protein was better when compared to
S protein.®’ However, when tested to detect the whole virus, the biosensors with the antibody
against N protein as bioreceptor showed less effective discrimination between positive and
negative samples (higher false-negative output)® as well as lesser detectability (high limit of
detection).” The poorer performance of the biosensor using the anti-N protein antibody for
detecting the whole virus can be attributed to the lower amount of the N proteins on the SARS-
CoV-2 virus compared to the S protein. Besides, their inner location in the virus limits their
presence in unprocessed biological fluids.

Although LFA is commonly employed for serological tests, it can also be adapted for
antigen detection. Lee ef al. used two different bioreceptors for the sandwich-like detection of
SARS-CoV-2: ACE2 and antibody against S1 subunit.! The ACE2 was immobilized in the

nitrocellulose strip to capture the virus while the antibody was conjugated onto the colorimetric
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probe (red cellulose nanobeads). The ACE2-based LFA for antigen detection detected down to
1.86 x 10° copies mL™' in NSS.! Although the adaptation of LFA for antigen detection is
promising for widespread testing, there is still room for improvement regarding the limit of
detection (LOD). Other optical transduction techniques such as fluorescence and plasmonic

were reported for detecting the virus.?>

Figure V.1 - SARS-CoV-2 structure and main components: (A) Envelope protein, (B)
membrane protein, (C) spike protein, (D) nucleocapsid protein, and (E) lipid
membrane.

Source: Own authorship.

Commonly deployed transduction techniques in POC testing are electrochemical and
electrical detection. These techniques are often chosen since they present great sensitivity and
detectability, suitable for detecting low amounts of virus or its parts in biological fluids.
Furthermore, their ease for miniaturization and integration to electronic systems enables device
portability and data acquisition, ideal for widespread testing. Among the electrical transduction
reported for POC testing of SARS-CoV-2, biosensors based on field-effect transistor (FET)
have been widely employed. FET is a type of transistor consisting of three terminals: source,
drain, and gate. At the latter, an electric field is applied, inducing a current change in the channel
between the source and the drain terminals.?® Carbon-based nanomaterials, such as graphene
and carbon nanotubes (CNT), are introduced in the channel within the transistor structure to
promote faster response time due to their enhanced conductive properties. In FET biosensors
employing carbon-based nanomaterials, the virus is captured by bioreceptors immobilized on
the nanomaterials, modifying the channel conductivity, detected at the output.’* For the
detection of SARS-CoV-2, graphene sheets and single-wall carbon nanotube (SWCNT) were
used within the transistor structure.>”” Low LOD in the order of femtogram (107'°) per milliliter

were reported for S protein. Seo ef al. tested the graphene-based FET biosensor in NSS,
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detecting the whole virus down to 2.42 x 10% copies mL'.5 Other materials have been exploited
for FET since graphene can increase the off-state current leakage inducing false-signals. Fathi-
Hafshejani et al. applied tungsten diselenide (WSe2) in the FET structure to avoid the current
leakage, and the biosensor detected the S protein at 25 pg mL™! in PBS.® For the detection of
SARS-CoV-2, carbon-based FET showed better analytical features. In fact, the LOD was even
comparable to the current molecular diagnostic tests, which range from approximately 50 — 100
copies.>?!

As for electrochemical detection, different approaches were reported for detecting
SARS-CoV-2, including using paper as substrate for diminishing the production cost,
nanostructures and magnetic beads to improve detectability, and graphite lead as an alternative
working electrode. Electrochemical paper-based analytical device (ePAD) is a suitable
approach for diagnosing infectious disease since paper can be safely disposed of by incineration
after its use. The ePAD developed by Yakoh ef al. detected RBD at nanogram per milliliter
range, above the detection level required to diagnose COVID-19 in real NSS.!! Screen-printed
electrodes (SPE) are commonly employed for POC testing due to their lightweight and
portability. These electrodes can be modified with different nanomaterials, such as carbon-
based nanostructures, to improve the analytical performance. Graphene was deposited onto the
working electrode to enhance the conductivity and improve the performance compared to crude
SPE. The limit of detection achieved with a graphene-modified SPE was at 20 pg mL 1,2 still
not sensitive enough for detecting SARS-CoV-2 in biological fluids. SPE can be coupled with
magnetic beads to improve the detectability of the sensor by concentrating the analyte at the
detecting zone. Fabiani et al. detected the whole virus down to 6.5 pfu mL™! using the magnetic
beads as support for the immunological chain.” Another low-cost, miniaturized electrochemical
system was developed by Lima et al. with graphite leads as the working electrode and a plastic
vial.!” The graphite leads were modified with ACE2 for the specific recognition of the S protein,
detecting the virus in concentration as low as 2 pfu mL~!, which corresponds to 10 RNA copies
mL .1 As can be seen, electrochemistry is a versatile transduction technique that can be

applied in many different ways to detect the same analyte.

V.2. AIMS

This chapter presents two electrochemical approaches co-developed by the author for

detecting SARS-CoV-2 in saliva:
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Paper I.  Detection of the SARS-CoV-2 spike protein in saliva with Shrinky-Dink©
electrodes (DOI: 10.1039/D1AY00041A, full paper attached in ANNEX 3)

Paper II.  Electrochemical immunosensors using electrochemically formed gold
nanostructures for detecting the S proteins from both SARS-CoV and SARS-
CoV-2. (DOI: 10.1007/s00216-022-03956-1, full paper attached in ANNEX 4)

The works are compared, highlighting the differences between them as well as their

advantages.

V.3. MAIN DIFFERENCES

V.3.1. Fabrication method: Shrinky-Dinks vs. SPE

In paper I, the electrodes consisted of a set of wrinkled electrodes in a geometry similar
to a common SPE for POC application, entitled mini cells. Thermoplastic polystyrene (PS)
sheet was masked with laminating adhesive. The working and counter electrodes design was
laser cut only in the adhesive layer, which was removed in the electrodes region to form a
positive mask for the sputtering step. The gold was then sputtered to form working and counter
electrodes with 60 nm layer. The PS sheet was heated in a convection oven at 130 °C to promote
the shrinking of the electrodes. Then, a PDMS mask was placed on the shrunk PS for hand
application of Ag/AgCl ink, forming the reference electrode. In paper II, the electrochemical
cell consisted of screen-printed electrodes (SPE) on a polyethylene terephthalate (PET) sheet.
A polyester mask was applied onto the PET sheet and a carbon paste ink was spread out with a
squeegee. The mask was then removed for the curing step in an oven at 90 °C for 30 min. The
Ag/AgCl ink was applied by hand and cured at 90 °C for 45 min. The working areas were
isolated with an insulator tape. The fabrication steps for both types of electrodes are illustrated
in Figure V.2.

In a lab setup, the SPEs are easily batch fabricated, with an outcome for dozens of
electrodes per sheet of PET. The production of mini cells, on the other hand, are limited by the
size of the chamber of the sputter machine. Besides, the peeling step of the laminating adhesive
can be cumbersome. However, if scaled up for large production, industrial sputters can handle
the sputtering of many electrodes at once, being less time-consuming.

In both works, the electrochemical analysis was performed in a drop, and required

sample for the diagnosis in the order of microliters, promoting the POC application.
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Figure V.2 - Fabrication processes of the (A) minicells and (B) SPEs.
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Source: (A) Reproduced from Zakashansky et al. Anal. Methods, 2021, 13, 874-883. © Royal Society of
Chemistry 2022. DOI: 10.1039/D1AY00041A. (B) Own authorship.

V.3.2. Electrochemical modification

To improve the detectability of electrochemical transduction, two different approaches
were evaluated. For the SPE, gold was electrochemically deposited in a form of nanostructures
on the working electrode. The deposition was performed by applying a constant potential at —4
V in a solution of hydrogen tetrachloroaurate (III) in sulfuric acid for 9, 30, and 90 s (Figure
V.3A). The increase in the deposition time resulted in larger amount of gold deposited on the
working electrode surface, which can be observed on the color of the WE areas in Figure V.3A
and on the SEM images in Figure V.3C - F. In the SEM images, the light spots correspond to
the gold structures and the dark regions to carbon components from the ink. The gold structure

changes with different deposition time, increasing the size of the agglomerates.
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Figure V.3 - (A) SPE before and after electrodeposition of gold for 9, 30, and 90 s. (B)
Elemental mapping of SPE after electrodeposition of gold for 9 s. Pink and

yellow shades represent carbon and gold, respectively. SEM images of (C) bare
SPE and modified with gold electrodeposited for (D) 9 s, (E) 30 s, and (F) 90 s.

SPE/Au - 9s SPE/Au-30s  SPE/Au-90s

Wi

C).SPE
(PE = 1

Source: Own authorship.

The influence of the amount of gold deposited on the WE were evaluated by cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The CV scans in H2SO4
from 0 to 1.5 V showed typical oxidation and reduction peaks profile for gold around 1.1 V and
0.4 V respectively after depositing the gold. In fact, the peak currents increased with longer
deposition time, which indicate more gold at electrodes surface, corroborating with the SEM
images. For the SPE without modification (in black in Figure V.4A), the voltammogram
consisted of mostly capacitive current due to the absence of any electrochemical reactions at
the surface of the electrode. The presence of gold also contributed to the conductivity of the
electrodes, as can be observed in the EIS and CV measurements in [Fe(CN)s]*"*~ from Figure
V.4B and C, respectively. The Nyquist plots consisted of semicircles and straight diffusion lines.
The diameter of the semicircle corresponds to the resistance to charge transfer (Rcr). The SPE
initially present a large Rcr since carbon-based electrodes are not quite conductive. With the
deposition of gold, the Rcr decreased monotonically due to the presence of sites of gold that
enhanced the electron transfer. The improved electron transfer can also be inferred from the CV
measurements in Figure V.4C. The larger peak currents from oxidation and reduction of
[Fe(CN)s]* are indicative of lower resistance of electron transfer in electrochemical reactions.
Furthermore, the presence of gold structures increased the roughness of the electrode surface,
as can be observed in the SEM images Figure V.3D - F, increasing the electrochemically active
surface area (EASA), which also contributes to enhancing the current related to electrochemical

reactions.
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Figure V.4 - Electrochemical characterization of the SPE (black) modified with gold
electrodeposited for 9s (red), 30s (blue), and 90s (yellow). (A) CVs in H2SO4
at 100 mV s'. Insert shows a zoomed view of the CV of SPE. (B) Nyquist
plots in [Fe(CN)s]*”*~ from 10 kHz to 10 mHz. (C) CVs in [Fe(CN)s]*7*~ at
100 mV s'.

Source: Own authorship.

For the mini cells, the enhancement on the EASA was achieved by the wrinkling of the
gold thin film with the shrinking of the pre-stressed thermoplastic. The wrinkled electrode, as
discussed in CHAPTER 1V, showed an enhanced current in comparison to an electrode with
same geometrical area. When compared to commercial disk electrodes with same geometric
area, the Shrinky-Dink (SD) wrinkled electrodes showed enhanced peak current and current
density of the redox probe (Figure V.5). The increase in the peak current is attributed to more
redox probe tethered at the larger surface area of the Shrinky-Dink wrinkled electrodes. The
increase in the current density comes from the larger EASA by the shrinking of the metal film,
as extensively discussed in CHAPTER IV. The increased EASA is achieved during the
fabrication process, not requiring any treatment or deposition of materials on the electrodes,

like for the SPE.

Figure V.5 - Peak currents and peak current densities of redox probe methylene blue in

comercial disk and SD wrinkled electrodes with same geometric areas.
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Source: Reproduced from Zakashansky et al. Anal. Methods, 2021, 13, 874-883. © Royal Society of Chemistry
2022. DOI: 10.1039/D1AY00041A.
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V.3.3. Bioreceptor

SARS-CoV-2 virus was recognized by different bioreceptors in the works discussed in
this chapter. The SPE/Au electrodes were modified with monoclonal antibodies specific to the
S protein of the SARS-CoV. Although they are different viruses, the S protein from the first
variant of SARS-CoV-2 (Wuhan-Hu-1 strain) retains 76% of overall protein sequence identity
from SARS-CoV and the antibody can recognize the former at some extent.?> The mini cells,
on the other hand, were functionalized with aptamers specific for the RBD of the S1 protein.
Since the RBD is indispensable for the infection and is responsible for the specificity of the
virus, an aptamer produced to recognize this region rather than the entire S protein will likely
decrease cross-reactions with other coronaviruses and enhance the specificity of the
biosensor.?* As extensively discussed in CHAPTER I, antibodies and aptamers have similar
affinity reactions to recognize the antigen and target analyte respectively. However, aptamers
are smaller than antibodies which can result in more dense recognition sites in same area. In
fact, the aptamer used for the detection of S1 protein consisted of 51 bases with molar weight
of 15.8 kDa.? IgG antibodies typically present a molar weight of 150 kDa. Moreover, aptamers
are cheaper to produce and can be easily modified with functional groups and probes.

The gold in the SPE not only improved the electrode conductivity but also contributed
for the immobilization of the antibodies. For the immobilization, mercaptoacetic acid (MAA)
was used to form the monolayer on top of the gold structures. Then, the carboxylic groups from
the MAA were activated by the pair 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) to facilitate the anchoring of the antibodies through imide
bond. Finally, the surface was blocked with bovine serum albumin (BSA) to avoid nonspecific
interactions (Figure V.6A). The modification of the surface of the electrode was followed by
EIS measurements. Overall, the Rct increased with the addition of layers of organic compounds
on the electrode (Figure V.6B), except after EDC/NHS activation step, which can be explained
by the change in the pH (from 7.4 to 6) during the activation. The Rcr also increased after
incubating the electrodes in PBS solution with S protein for 30 min. In fact, the presence of the
S protein from SARS-CoV was confirmed by confocal fluorescence microscopy. S protein was
labelled with fluorescein and incubated in the functionalized electrode. The SPE before
incubation has not showed any fluorescence signals (Figure V.6C), meanwhile, after the

incubation, fluorescence was observed at the surface (Figure V.6D).
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Figure V.6 - Functionalization of the SPE. (A) Steps of the modifications on the SPE: (i) Bare
Au; (i) MAA,; (ii1) EDC-NHS; (iv) Ab; (v) BSA; (vi) S protein. (B) Nyquist plots
of the SPE after each functionalization step. Fluorescence images of the electrode
with (C) MAA/EDC-NHS/Ab, and (D) after incubation with fluorescein-labeled
protein S from SARS-CoV. Amplification 20 x.
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The analytical signal for the quantification of the SARS-CoV viruses consisted of Rcr.
The Rcr increased with larger concentrations of S protein for SPE with gold deposited for 9,
30, and 90 s (Figure V.7A — C). All electrodeposition conditions differentiated the S protein
from the BSA, negative control. However, the Au deposition time affected the sensitivity of the
detection of the S protein. Electrodeposition of 9 s showed spherical and homogenous gold
deposition, as shown in the MEV from Figure V.3D, which positively influenced the
electroanalytical performance of the electrode. Furthermore, the analytical signal is based on
an impedance measurement, which is inversely related to conductivity. Although 9 s of
deposition time showed minor increase in the faradaic currents (Figure V.4A and C), these
electrodes responded better for the detection of S protein since the analytical signal is based on
impedance. For same concentrations of S protein from SARS-CoV and SARS-CoV-2, and BSA,
the electrodes yielded different values of Rcr. The Rer values for the SARS-CoV-2 was lower
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than from SARS-CoV since the antibody is specific for the latter. However, it was specific
enough to distinguish from the negative control (BSA). To improve the biosensor’s selectivity
towards COVID-19, the antibody can be switched to one specific for the SARS-CoV-2. The
immobilization protocol would remain the same. Furthermore, antibodies specific for other

strains of the virus can be applied for the detection of other variants, if necessary.

Figure V.7 - Calibration curves of S protein and BSA for different Au deposition times: 9 (A),
30 (B), and 90 s (C). S protein and BSA were incubated for 30 min prior to EIS
measurements. (D) Sensitivities for S protein and BSA for each Au deposition
condition. (E) Ret signals from SARS-CoV, SARS-CoV-2, and BSA at 10~° mol
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The SPEs modified for 9s of electrodeposition were also tested for the detection of the
S protein in processed saliva, which consisted of the supernatant of the centrifuged saliva
samples (Figure V.8A). The Rcr increased linearly with increasing concentration of S protein
spiked in saliva (Figure V.8B) from 107! to 10”7 mol L™! (equivalent to 0.35 ng mL ' — 3.5 ug
mL™! considering a molar weight of 35.1 kDa for the S protein). As negative control, BSA
spiked in saliva was also tested. The increase in Rcr for successive incubations of BSA was
higher than in PBS, resulting from other components in saliva. It is important to state that in
saliva, there are inherent proteins, including human serum albumin. The addition of BSA in

saliva was to ensure the higher Rcr detected for the S protein. The electrode was also tested for
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inactivated SARS-CoV-2 viruses at 10° PFU mL™! in saliva (Figure V.8C). The increase in the
Rcr again was larger for samples with the viruses over just saliva. The typical physiological
concentration of the virus in saliva for positive patients ranges from 10° to 10’ PFU mL™,

showing the applicability of diagnosing COVID-19 in saliva.?*

Figure V.8 - Application of the proposed immunosensor in biological samples. (A) Nyquist
plots after incubation of S protein from SARS-CoV from 10! to 10" mol L™! in
saliva samples. (B) Calibration curves for S protein from SARS-CoV and BSA in
saliva. (C) Nyquist plot for detection of inactivated SARS-CoV-2 viruses in
saliva. The inset shows the Rcr obtained for negative (in the absence of the virus)
and positive (in the presence of 10° PFU mL™" of the virus) samples.

Source: Own authorship.

Aptamer-based biosensor was based on a different detection strategy. The aptamer was
labelled with an electrochemical redox probe, methylene blue (MB). The labelling process can
be costly, however, it dispenses the use of electrochemical redox pair solutions such as
[Fe(CN)s]**~ and generates the output in common buffer, or even in the sample itself.
Moreover, the labelling enables reversible and continuous electrochemical measurements by
regenerating the aptamer after every binding event.?? Electrochemical aptamer-based (EAB)
sensors rely on the binding-induced conformational change of the aptamer, which results in the
change of the electron transfer rate of the redox probe. The electron transfer rate depends on
the distance from the redox probe to the surface of the electrode as well as the presence of any
obstructions in the way. The closer the redox probe is at the surface and the less obstructive is
the passage, the faster the electron transfer rate will be, which is showed by larger peak current.
The conformational change of the aptamer can lead to a decrease (Figure V.9A) or increase
(Figure V.9B) in the electron transfer, depending on the oligonucleotide structure and
interaction with the target analyte. The electron transfer rate then can be accessed by
chronoamperometry, cyclic voltammetry, pulsed voltammetry, and electrochemical impedance

spectroscopy. In this work, a type of pulsed voltammetry, square wave voltammetry (SWV),
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was chosen because of the minimal charging current (reduced non-Faradaic current) and
enhanced detectability.

Figure V.9 - Simple schematic of binding-induced conformational change of an aptamer and
the effect on the current. Binding to a target leads to a (A) decrease or (B) increase
in electron transfer rate and consequently, on current.

Source: Own authorship.

Firstly, the aptamer response to S1 protein was studied in a conventional
electrochemical cell, composed of commercial disk gold electrode as the working electrode, Pt
wire as counter electrode, and Ag/AgCl as reference electrode. The working electrode was
functionalized with aptamer by forming the sulfide bond between the gold surface and the sulfur
from the 3° end. To avoid any nonspecific interactions, the electrode was further incubated in
mercaptohexanol (MCH) to form a monolayer. The monolayer also confer biocompatibility to
the bioelectronic interface.”® Upon addition of S1 protein, the peak current from the MB
decreased in intensity (Figure V.10A). Since the binding-induced conformational change of the
aptamer was not confirmed, the change in peak current might be due to the obstruction of the
electron transfer in the presence of the S1 protein.

EAB sensors are highly dependent to the frequency. The output of an electrochemical
methods is composed of electrokinetic, faradaic, mass, and charge transport phenomena, which
are generated by applying a voltage at the bioelectronic interface. Each one of the
physicochemical phenomena has a time constant. The phosphate groups of the nucleotides
result in a negatively charged backbones that move according to the field caused by the voltage
perturbation. Depending on the voltage, the backbone moves toward or away from the electrode

surface, disturbing the frequency of electron transfer and, consequently, affecting the current
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measured.? To optimize the analytical parameters of the biosensor, the frequency of the square-

wave voltammetry was evaluated (Figure V.10B).

Figure V.10 - Response of commercial disk gold electrodes functionalized with the aptamer
upon addition of S1 protein. (A) SWVs upon addition of S1 protein at 10 Hz.
(B) Titration curves at different frequencies. Error bars represent the standard
error from three electrodes.
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Source: Reproduced from Zakashansky et al. Anal. Methods, 2021, 13, 874-883. © Royal Society of Chemistry
2022. DOI: 10.1039/D1AY00041A.

For each frequency, a non-linear fit was applied, known as Hill-Langmuir isotherm:

TTL
9:[]Am+UV) Eq V=1

where 6 is the fraction of the receptor bound to the target, [T] is the target concentration, K, is
the dissociation constant of the receptor, and n is the Hill coefficient, which establishes the
extent of the interaction between the receptor and the target. For example, at 5 Hz, the n was
approximately equivalent to 1, indicating a single binding event per receptor. However, a
narrower dynamic range was achieved in this condition. To compromise between the aptamer’s
affinity and high sensitivity, frequency of 10 Hz was chosen. Once the square wave
voltammetry frequency was optimized, the mini cells were functionalized with the aptamers
and MCH. The mini cells were then incubated in samples of 10% saliva spiked with increasing
concentrations of S1 protein, as shown in Figure V.11. The zero point in the Figure V.11
represents the first incubation of 10% saliva without S1 protein. For the saliva samples
containing S1 protein, the signal changes were normalized to the zero point. The EAB mini cell
quantified down to 1 ag mL™! of S1 protein, the lowest concentration reported for an antigen-

based detection for SARS-CoV-2 (Table V.1).
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Figure V.11 - Titration curve of S1 protein performed at 10 Hz in 10% saliva. Error bars
represent standard error of the mean among five SD wrinkled mini cells.
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Source: Reproduced from Zakashansky et al. Anal. Methods, 2021, 13, 874-883. © Royal Society of Chemistry
2022. DOI: 10.1039/D1AY00041A.

V4. CONCLUSION

Two electrochemical biosensors for diagnosing SARS-CoV-2 were described in this
chapter. The main differences of the biosensors are in the fabrication and electrochemical
modification of the electrodes, and in the bioreceptor chosen to detect the virus. One of the
approaches based on the SPE modified with electrodeposited gold nanostructures to enhance
the electrochemical output and promote the immobilization of antibodies as bioreceptor. The
fabrication of SPE is simple, requiring equipment that are commonly available in a low-
resource lab. The biosensor distinguished the SARS-CoV from the negative control (BSA),
both spiked in saliva. Even though the SPE/Au applied antibodies specific for the S protein of
SARS-CoV, it detected the inactivated SARS-CoV-2 virus in processed saliva down to 10°
PFU mL .

The second biosensor consisted of the Shrinky-Dink wrinkled electrodes, which present
larger EASA due to the shrinking process of metal films in the fabrication process. The larger
EASA actuated to enhance the electrochemical signal and to accommodate larger number of
bioreceptors, creating a surface with denser recognition sites. For the fabrication of these
electrodes, a sputtering chamber is required, and the production outcome is limited by the size
of the chamber. Moreover, the peeling of the adhesive during the fabrication can be an intricate
process. Although the fabrication of the Shrinky-Dink wrinkled electrodes can be cumbersome,
the signal amplification for more sensitive electrochemical detection is inherent to the process,
not requiring further modification. For recognition of the SARS-CoV-2, an aptamer specific for

the RBD region of the S1 protein was used. The analytical signal for the mini cells consisted of
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redox probe MB attached to one of the ends of the aptamer. The functionalized mini cells
quantified S1 protein down to 1 ag mL™" in 10% saliva samples, in contrast to the Au-modified
SPE that quantified down to 0.35 ng mL! in processed saliva. The higher detectability of the
mini cells is attributed to the higher surface area of the electrodes, enhancing the faradaic
current from the MB and the bioreceptor density at the surface. Unfortunately, it was not
possible to evaluate the mini cells for detecting the whole virus, as was performed for the SPE.

The aptamer has shown great advantages over the antibodies. Firstly, the aptamers used
in the mini cells were specific for the RBD region, which ensures higher specificity to the
SARS-CoV-2 rather than to other coronaviruses. However, the binding mechanism of this
aptamer has not been fully understood since it consists of new oligonucleotide sequence. The
binding mechanism of an aptamer is crucial to many EAB sensors that rely on the
conformational change upon binding to the target to produce the analytical signals. Nonetheless,
the aptamer for RBD provided monotonical changes in signal for the mini cells, capable of
correlating with S protein concentrations. Other advantage of the aptamers is the synthetic
production, resulting in lower batch-to-batch variation, and enabling precise modifications,
such as addition of tailing groups to immobilize at different surfaces and probes for several
transduction techniques, colorimetric, electrochemical, fluorescence, and others. The addition
of the redox probe MB to the aptamer provided an inherent source of the analytical signal
without the need of electrochemical redox pair, such as the [Fe(CN)s]*”*~, which are light and
time sensitives.

Although the two biosensors differed in many aspects, both analyzed small volume of
samples, at microliter range. Their small feature and the availability of portable potentiostat
enable the diagnosing of COVID-19 in the POC. These biosensors are cheaper and do not
require further chemical supplies, unlike the PCR technology. The use of saliva instead of the
NSS as sample also illustrates the possibility of applying them with minor risk for the health
care works or even applying outside clinical setups. Finally, this chapter demonstrated the
diversity of the electrochemical detection as a transduction method for POC sensors and how

the biorecognition element plays an important role in the performance of a biosensor.
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In this dissertation, the challenges on miniaturization of biosensors were discussed in
Chapter I and pointily addressed under the chemical aspect. Chapter II optimized the
immobilization of biomolecules on paper by oxidating the cellulose with NalO4. The oxidation
was extensively characterized since it affected the physicochemical properties of the paper.
Changes in size, cellulose structure, mechanical properties, capillarity, and chemical groups
density were observed. Moreover, the oxidized paper quantified the protein amount in urine,
detecting early cases of microalbuminuria. The oxidation promoted covalent bonding of
biomolecules to the paper, a commonly used substrate as platforms for analytical devices to
detect important biomarkers in many biological fluids. The stronger attachment of biological
components on paper ensures the development of more robust and reproducible uPADs.

Chapter III described an alternative fabrication method for wearable microfluidic
devices using the toy Shrinky-Dinks (SD), which consists of a thermoplastic sheet that shrinks
by heating above the glass transition temperature, decreasing the drawn or printed features on
the surface. The SD wearable devices dispense photolithography, an expensive method that
requires a cleanroom. As a proof-of-concept, a wearable colorimetric device for glucose and
lactate was demonstrated. Although the assays lacked detectability and sensitivity to detect
glucose and lactate in sweat, the SD-based microfluidic channels demonstrated the capability
of continuously collecting sweat without disturbing the user. The SD-based molds enable easy
fabrication of wearable devices, which lead the health care for personalized medicine.

For more sensitive detection of biomarkers in sweat, the SD wearable device can be
coupled with wrinkled electrodes, described in Chapter IV. The wrinkled electrodes were
fabricated by the same premise of SD wearable devices. By heating a thin layer of metal on a
thermoplastic sheet, the metal crumpled to follow the shrinking of the plastic. Consequently,
the final electrode has a smaller geometric area with a high surface area due to the wrinkles.
Since the electrochemical current is proportional to the surface area of the electrode, the
wrinkled electrodes demonstrated higher current density compared to electrodes with the same
geometric area. The wrinkled metal was further transferred to an elastomer, resulting in flexible
and stretchable electrodes, ideal for wearable applications. The stretchable wrinkled electrodes
quantified glucose at broader concentration range from 0.1 pmol L' to 0.1 mmol L™ in
physiological pH. A fully integrated device for continuous sensing of glucose in sweat can be
achieved by coupling the SD wearable microfluidic channels with the stretchable electrodes.

The improved sensitivity of these electrodes allows the detection of biomarkers at low
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concentration in small volume of biological fluids, which is one of the concerns on
miniaturization of clinical analysis.

With the COVID-19 outbreak, the scientific community urged to develop new
technologies to counter the spread of the disease. Chapter V described two studies co-developed
by the author during the pandemic aiming for faster and more accessible diagnosis tools for
widespread testing for COVID-19. Both were based on electrochemical transduction methods,
but they differed in fabrication, electrochemical modifications, and the bioreceptors. Although
differently approached, both biosensors detected the S protein in a small sample volume,
(microliter range), without requiring chemical supplies, unlike the gold standard PCR.
Furthermore, their small features and the availability of portable potentiostat enable the
diagnosing of COVID-19 at the POC.

The diversity of the studies described in this dissertation enlightens the many
opportunities in the field of biosensors. Although none of the biosensors described in this
dissertation have reached the market, hopefully, the improvements obtained on immobilization,
microfabrication process, and sensitivity will contribute to further works on the development
of biosensors to finally reach commercial ends and wide spread the diagnostic tools to broaden

the access to health care.
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Abstract

The oxidation of paper by periodate was investigated and systematically characterized by Fourier-transform infrared (FTIR)
spectroscopy, scanning electron microscopy, X-ray diffraction, goniometry, and dynamic mechanical analysis. For the first time,
in situ FTIR microscopy analysis was performed, yielding chemical images of carbonyl groups on the cellulose fibers. The
enhancement of protein immobilization on oxidized paper was quantified by a colorimetric assay with Ponceau dye, demonstrating
that 0.5-h oxidation suffices to functionalize the paper-based devices. The oxidized paper was applied as a sensor for protein
quantification in urine, a test able to detect levels of proteinuria and even microalbuminuria. The quantification was based on the
capture of proteins through covalent bonds formed with the carbonyl groups on the oxidized paper followed by the staining of the
region with Ponceau dye. There is a linear dependency between human serum albumin (HSA) concentration and the length of the
stained blot from 0.1 to 3 mg mL ™. This method correlated linearly with a reference method showing a higher sensitivity
(0.866 cm mL mg ') than the latter. The limit of quantification was 0.1 mg mL ™", three times lower than that of the commercial strip.

Keywords Paper-based analytical devices - Periodate - Protein immobilization - Proteinuria - Microalbuminuria - Colorimetric
assay

Introduction

The use of paper as a substrate for analytical purposes has
been reported since the 1850s with the creation of urine test
strips [1]. In the early 1900s, paper began to be widely used
for chromatography and electrophoresis [2], and a few years
later, the pH paper test was introduced and commercialized
[3]. However, 10 years ago, Whitesides and co-works
reintroduced paper as a low-cost substrate for inexpensive,
low-volume, portable, and multiple assay microfluidic devices

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00604-020-04250-6) contains supplementary
material, which is available to authorized users.

24 Emanuel Carrilho
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Trabalhador Sao-Carlense, 400, Sdo Carlos, SP 13566-590, Brazil

Instituto Nacional de Ciéncia e Tecnologia em Bioanalitica —
INCTBio, Campinas, SP 13083-970, Brazil

[4]. Since then, several studies centered on the use of paper as
a substrate for point-of-care (POC) testing have been pub-
lished, and the field of paper microfluidics has emerged.

The popularity of the microfluidic paper-based analytical
devices (LPADs) is mainly due to its capacity of explore the
capillarity of the paper to transport fluid, besides other natural
properties as lightness, flexibility, and possibility of physical
and chemical modifications [5, 6]. During the fabrication pro-
cess of WPADs, several instruments and materials can be ex-
plored to pattern paper into channels and adequate the sample
zone for assays [5, 7, 8]. Thus far, a large number of works have
employed colorimetric assays, which produce a response easily
visualized by eye or digital images [9]. For biorecognition of
the analyte, biomolecules such as enzymes, antibodies, and
aptamers have been immobilized on the surface as a bioreceptor
to provide specificity [5, 10, 11]. The bioreceptor plays a sig-
nificant role, since it recognizes a specific target molecule, and
its concentration is of interest. Furthermore, to prevent nonspe-
cific bonding, generic proteins can be added to block the cellu-
lose surface [12, 13].

The immobilization of the bioreceptor is a crucial step to
guarantee the reproducibility and robustness of the device.

@ Springer
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The main immobilization techniques on cellulose surface are
adsorption, bioaffinity interaction, covalent immobilization,
or a combination of the three [10]. The performance of the
immobilization is evaluated by the final biomolecule stability,
conformation, activity, and orientation on the surface. Based
on these criteria, the covalent immobilization can be pointed
out as the most stable approach, because it provides a uniform
adhesion of the biomolecules [10]. However, such approach
firstly requires a chemical activation to yield functional groups
on the paper surface, through which the covalent bonding will
be established [10, 14]. Since paper is a substrate typically
composed by compressed fibers of cellulose, a treatment with
periodate (IO, ) promotes oxidation of hydroxyl groups of the
glucose monomers to aldehyde groups, which are more reac-
tive. The resulting oxidized species react with amine groups of
the proteins in a given assay preparation [10, 15].

Although the oxidative treatment has been frequently
claimed as a promising one [15-17], the literature lacks an
in-depth characterization and standardization of this process.
Because of this, the origin and the progress of the oxidation
process and its impact on the protein immobilization remain
unanswered. Here, we widely characterize physical character-
istics of Whatman chromatography paper (CHR #1) after the
oxidation with sodium periodate (NalO,), including a new
approach based on microspectroscopic chemical images (mi-
croscopy — Fourier-transform infrared/FTIR spectroscopy) in-
troduced for the first time. We evaluated the immobilization of
bovine serum albumin (BSA) as a model protein on the oxi-
dized substrate for development of paper-based sensing de-
vices. The oxidized paper was applied for a protein quantifi-
cation strategy as an alternative assay for proteinuria, a con-
dition defined by the excess of protein in the urine that can be
diagnostic for diseases [18].

Materials and methods
Chemicals and solutions

Sodium meta-periodate (NalO,4), bovine albumin serum
(BSA), and human albumin serum (HSA) were purchased
from Sigma-Aldrich (https://www.sigmaaldrich.com).
Sodium phosphate dibasic and monobasic were purchased
from J. T. Baker (https://us.vwr.com). Supersaturated NalO,4
solutions at 0.5 M were prepared in ultrapure water before the
oxidation. Whereas higher concentrations were not possible,
lower concentrations of NalO, were not evaluated since
longer oxidation time would be required to achieve the same
oxidation efficiency. The phosphate buffer 10 mM was
prepared in ultrapure water at pH 3.8, 4.8, and 5.8. The BSA
solutions were prepared in ultrapure water before the
immobilization protocol. The distaining solution was 10%
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(v/v) of acetic acid in distilled water. The Ponceau 0.1%
(w/v) solution was prepared in the same distaining solution.

Paper oxidation with NalO, and characterization

The chromatography paper was oxidized in NalO, solution
for predetermined time: 0.5, 1.0, 2.0, 4.0, 8.0, 12, and 24 h.
The paper was totally immersed in 25 mL of NalO, 0.5 M
solution and then kept away from the light. After the
established time, the paper was washed abundantly with dis-
tilled water and then left to dry in the desiccator. After the
oxidation, the paper dimensions were measured with a digital
caliper Mituoyo, ABSOLUTE Super Caliper SERIES 500
(https://www.mitutoyo.com).

The functional groups of the native and oxidized paper
were evaluated by infrared spectroscopy PerkinElmer
Spectrum Frontier (www.perkinelmer.com) with universal
attenuated total reflection (ATR) accessory (diamond/ZnSe
crystal). Spectra were recorded between 4000 and 600 cm ™!
by accumulation of 32 scans with a resolution of 4 cm ', We
also evaluated the distribution of functional groups along the
cellulose fibers by micro-FTIR spectroscopy using an FTIR
spectrometer (Vertex 70v) coupled with an FTIR microscope
Hyperion 3000, Bruker (https://www.bruker.com). The
measurements with this equipment were performed in the
transmittance mode using a spectral resolution of 4 cm ™' and
256 scans in the mid infrared (4000-600 cm ') spectral range.
The FTIR microscope was equipped with liquid N, cooled, a
64 x 64 elements focal plane array (FPA) detector. Each ele-
ment of the FPA worked as an individual detector, making
possible the measurement of 4096 spectra from the probed
sample area in a single detection with a spatial resolution of
approximately 2.5 um. The 2D and 3D chemical images were
obtained by integrating the area under the peak corresponding
to a specific vibrational mode in the FTIR spectrum. A piece
of the sample was cut and placed directly on the IR transparent
CaF2 window for the measurements. All the FTIR spectra
shown are the difference spectra, in which the absorption sig-
nals corresponding to the background were subtracted from
those of the samples.

The native and oxidized papers were evaluated by X-ray
diffraction Bruker, Model D8 Advance (https://www.bruker.
com). The diffractograms were acquired in interval from 5 to
60 degrees with step of 0.02 degree and irradiation time of 0.
5 s. The contact angle of the paper with water was measured
for the native and oxidized paper for 12 h in a goniometer
(KSV CAM 200) equipped with CAM 2008 software. The
surfaces of the native chromatography paper and oxidized
for 24 h were visualized by scanning electron microscopy
(SEM; Zeiss LEO-440). The samples were sputter coated
with gold before the SEM analysis. Dynamic mechanical
analysis (DMA, TA Instruments Q800 https://www.
tainstruments.com) using the tension film clamps
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characterized the native and oxidized (for 24 h) papers. For
this analysis, the native paper was cut in the dimensions of
303 mm and 54.5 x 1.76 mm. The larger specimen was
oxidized for 24 h, as described in the protocol above. After
the oxidation, the specimen shrunk to the same dimensions of
the smaller native paper.

BSA immobilization assay

The performance of the oxidative treatment on paper was
evaluated by the capacity of the paper as a platform to immo-
bilize bovine serum albumin (BSA). The BSA was chosen as a
proof of concept for immobilization since it is a well-studied
and widely used protein in the bioanalytical field. Due to the
shrinkage of the paper, only the paper samples oxidized up to
4 h were evaluated for protein immobilization. BSA concen-
trations of 1 to 8 mg mL ™" were tested on all the samples of
paper. The pH of the phosphate buffer used on the percolation
step was BSA pl +1 (3.8, 4.8, and 5.8). Each combination of
oxidation time and BSA concentration was made in triplicate.
For the protein immobilization assay, 0.5 pL of the protein
solution was dropped 0.5 cm above the first circle (d=
0.8 mm). Then, the paper chip was stood up with the first
circle immersed in a phosphate buffer until almost all the
waste circle (d =15 mm) was wet. The device was immersed
quickly in a Ponceau solution and then washed 3 times with
10 mL of the distaining solution. The paper was dried in an
oven at 80 °C with an absorbent paper on it. The dried paper
was scanned by a digital scanner HP® Scanjet 200 Flatbed
(https://www8.hp.com) and then analyzed on ImageJ®
software, by which the lengths of the blot and the color
intensity on the protein application spot were measured.

Quantification of HSA in human urine

For this experiment, chromatography paper chips with
narrower channel (2 mm) were oxidized for 4 h. The members
of our research group donated the urine samples for the assay.
All the 7 samples were mixed together to create a urine pool
which was used for the analysis. The urine pool was spiked
with HSA to result a final concentration of 10 mg mL™" from
which concentrations of 0.1, 0.5, 1.0, 1.5, 2.0, 3.0, and 5.0
were prepared by dilution in urine pool. 0.5 puL of the sample
was spot in the oxidized paper chip, and the protocol for BSA
immobilization described above was applied.

The urine samples were analyzed by Bradford method,
considered as a reference method to quantify proteins. For this
analysis, 2 pL of the urine sample were mixed with 798 pL of
water and 200 pL of Bradford reagent. The mix reacted for
20 min before the measurement on ThermoFisher NanoDrop
2000c spectrophotometer (https://www.thermofisher.com) at
595 nm in a quartz cuvette of 10 mm wide. The urine
samples were measured in triplicate.
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Results and discussion
Characterization of oxidized paper by NalO,

The exposure of the cellulose to the periodate results in the
opening of the D-glucose rings, the cellulose monomer, by
oxidizing the hydroxyl groups of C2 and C3 to aldehydes.
The papers oxidized for 0.5 and 2 h were analyzed by
micro-FTIR spectroscopy, which yielded 2D and 3D chemical
images of the samples, shown in Fig. 1. It is worth mentioning
that micro-FTIR spectroscopy has been introduced as one of
the most promising techniques for understanding surface re-
dox chemistry [19-21]. For the oxidation process, chemical
maps showing the surface changes can be obtained by
selecting specific vibrational modes with a focal plane array
detector, which allows the simultancous collection of IR spec-
tra from 4096 microscopic regions. Here, in a pioneering way,
we expanded the micro-FTIR spectroscopy for in situ and on-
a-paper analysis to understand how the oxidation process af-
fects the chemical composition in specific 2D spatially re-
solved regions. First, we acquired a photomicrograph of the
sample, as shown in Fig. 1a and Fig. 1b for the paper oxidized
for 0.5 and 2 h, respectively. The infrared data measured with-
in the scanned area resulted in individual spectra as shown in
Fig. Ic and d, where the > C=O stretch band at 1733 cm " is
observed (the chemical groups of the samples oxidized for 0.5
to 24 h were also analyzed by a regular FTIR equipment,
shown on Fig. S1.) The area under this peak was integrated
to yield the 2D (Fig. le and f) and 3D chemical images
(Fig. 1g and h), where we observed the carbonyl bond distri-
bution along the cellulose fibers. As the native paper does not
contain the aldehyde group, it was not possible to reconstruct
the image. The blue regions represent the absence of carbonyl
group, and they correspond to the pores in the micrograph.
The region in red shows the aldehyde group on the fibers. The
distribution of the red color is not homogenous at this magni-
fication scale, and further and deeper characterization is re-
quired to infer about homogeneity. There was no significant
change in the aldehyde group distribution between the 0.5-
and 2-h oxidation. This is further evidenced on the BSA im-
mobilization assay.

The cleavage of the glucose ring, however, can modify the
physicochemical properties of the paper. In fact, the paper
shrunk after long periods of exposure to periodate (Fig. 2a),
as described by Martinez et al. [22]. The decrease in the geo-
metric area was more significant than in the volume because
of aslight increase in the thickness of the paper, from 0.18 mm
in the native paper to 0.43 mm in the 24-h oxidized paper
(Fig. 2b). Tt is important to note that there was no evidence
for significant mass decrease (data not shown). Therefore, the
shrinking is mainly attributed to the aggregation of the fibers
and reducing the pores size, as observed in the micrographs in
Fig. 2a.
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Fig. 1 Micro-FTIR spectroscopy of the paper treated for 0.5 h(a, ¢, e, g)
and 2 h (b, d, f, h) recorded with focal plane array (FPA) detector in the
spectral range from 4000 to 900 cm ! at spectral resolution of 4 cm ' with
256 spectra co-added. a, b Optical image showing a part of the sample
paper, where fibers are easily seen. The area marked in red was selected

Furthermore, the paper also showed increased rigidity. To
characterize the mechanical properties of the paper oxidized
for 24 h, the tensile test was performed. The strain vs. stress
profile of the 24-h oxidized paper was unique, with a region of
negative strain (Fig. 3a). Even with the negative strain region,
the oxidized paper required a higher pressure (15.3 + 1.6 mPa)
to promote the rupture of a strip with same dimensions of the
non-oxidized strip (10.3 = 1.2 mPa), showing that the oxidation
increased the stiffness. This is explained by the higher density
of fibers on the oxidized paper than on the native one, as their
sizes were kept the same for this experiment.

The conversion of hydroxyl to carbonyl groups results in
the disarrangement of the cellulose chains, structured by the
intra- and interchain hydrogen bonds between monomer units.

Fig. 2 a Shrinking of the paper chip after 24 h of exposure on 0.5 M of
10, (middle) and micrographs in 500 and 3000 times of magnification of
the native chromatography paper (left) and of the oxidized paper (right). b
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for the extraction of the spectra and consequent chemical images. ¢, d
Micro-FTIR spectra of the treated paper with the integrated spectral bands
highlighted. e, f 2D chemical image showing the distribution of C=0
(carbonyl) spectral band along the cellulose fibers. g, h 3D chemical
image

In addition, the opening of the glucose ring disarranges the
linear pattern of the chains. All these effects contribute to
decrease the cellulose crystallinity along with the course of
the oxidation by periodate, as can be observed on Fig. 3b.

The capillarity of liquids occurs through the hydrogen
bonds between the water molecules and the p-D-
glucopyranoside hydroxyl groups. With the decrease of hy-
drogen bonding sites, the paper exposed to periodate for
prolonged times absorbed water more slowly (Fig. 3c). Also,
the hydrophilicity of the cellulose diminishes with loss of
hydroxyl groups, resulting in an increased contact angle for
the paper oxidized for 12 h (Fig. 3¢). Therefore, an excessive
oxidation of the paper by periodate hindered the capillarity,
which enables the solutions to flow without pumping.
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Fig. 3 a Stress-strain curve for chromatography paper without (
and after (: ) exposure to periodate for 24 h; specimen dlmemmm.
30 x 3 mm. b Whatman N° 1 chromatography paper diffractogram, with
the index peaks of the crystalline planes, and in the insertion,

BSA immobilization assay

With the aldehyde groups on the oxidized paper, the protein

covalently binds through their amine groups, forming a Schiff

base (imine bond). During the percolation of phosphate buffer,
the unbound proteins at the application spot were carried away
through the strip until finding a free binding site on the paper
to immobilize. After spotting the protein in the paper, it did not
require a rigid time control as in typical adsorption protocols,
which usually let the protein adsorb for at least 30 min [21,
23]. For the visualization of protein in the device, Ponceau
staining was used. Ponceau bonded specifically with protein
through electrostatic interaction, defining a red-colored area
on paper where the protein is bound, as shown in the Fig. 4a.
The signal change in this system consisted on the blot length
rather than the color density since the proteins were allowed to
diffuse through the channel and not confined in a delimited
space such as for spot tests. There is an adsorption process that
is dependent on the number of active sites, resembling frontal
chromatography; on the equilibrium regime, the proteins ad-
sorb to all available adsorption sites, and as there is local
saturation, the increase in concentration makes the front to
advance. As the BSA concentration increased, the blot exten-
sion also increased (independent of the paper oxidation), dem-
onstrating a correlation between the amount of the protein and
the extension of the blot, as shown in the Fig. 4b. Looking at
the same BSA concentration, there was a decrease of the blot
size after the oxidative treatment. This indicated a reduced
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diffractograms of the oxidation progress. ¢ 1st and 10th frames of a water
drop above native chromatography paper and after oxidation of 12 h;
contact angles inserted on the frames

displacement of the protein because of the improvement on
the protein immobilization on the cellulose surface upon con-
tact. There was no significant difference in the blot length after
treatments, indicating that the exposure of the paper for 0.5-h
sufficed to promote the immobilization of any concentration
of BSA on Whatman CHR #1 paper (this was confirmed by
two-way ANOVA and Tukey’s test, Tables S1-S6). The num-
ber of active sites at 0.5 h was enough to immobilize all the
protein available at any concentration, which led to a possible
steric hindrance. Reaction might continue; however, because
proteins are such large molecules, the immobilization is lim-
ited by the availability of the pores and not by the density of
aldehyde groups anymore.

For 1 mg mL ™' BSA concentration, there was no signifi-
cant difference on the blot length even for the non-treated
paper, as can be seen in the bars in Fig. 4b and in Table S3.
This is explained by the low total amount of protein. For small
concentration of protein, the device required more sensibility
to distinguish the blot from different concentrations and oxi-
dation times. One strategy to increase the sensibility of the
assay in a range of low protein concentration is to narrow
the width of the channel, as we did for the urine protein as-
sessment. Although the blot length did not differ from each
other, there was a less intense color on the blot for the non-
treated paper, even for the BSA 1 mg mL™" (Fig. S2). This
illustrated that the oxidation of the paper changes the proper-
ties on the immobilization of proteins. It is important to
state that these results are characteristic of this experimental
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Fig.4 a Paper chips from native (0 h) and oxidized papers for 0.5, 1.0,
2.0, and 4.0 h after the immobilization with 0.5 uL of BSA at 1.0,2.0, 4.0,
and 8.0 mg mL ! solutions. b Graphical relation between oxidation time,
BSA concentration, and the blot length

set up and may vary from different type of papers, treatments,
and proteins.

The pH of the buffer solution was evaluated in the immo-
bilization of BSA 4 and 8 mg mL ™. The blot length was
smaller in the pH=pl (Fig. S3). This result agrees with the
work of Garcia et al. [23], which studied the BSA adsorption
on chromatography paper 3 MM. In line with their work, the
area where protein was immobilized in pH further from pl was
led by the repulsion between the charged proteins. Once a
protein was bonded to the paper, the next protein was repelled
by the mutual charges, resulting in a monolayer distribution of
the protein and spreading of the blot. At the pI, even with the
protein attached to the paper, the next protein can immobilize
in a near binding site of the oxidized paper, stacking the pro-
teins and exploring more binding sites of the paper. Also, the
proteins at their pI aggregate furthering the immobilization of
proteins in proximity.

Although the treatment for 0.5 h in periodate was enough to
promote the protein immobilization on CHR paper, the oxida-
tion of the paper during 4 h exhibited better repeatability be-
tween blot lengths, as can be seen in Fig. 4b, and presented a
high linear correlation between the BSA concentration and the
blot length (Fig. S4). Prolonged times of exposure to NalO,
promoted a more homogenous oxidation of the cellulose,
resulting in a minor variation of the blot length. Therefore,
the paper oxidized for 4 h was evaluated as a platform for
determining protein in urine.

Quantification of HSA in urine

As an application of oxidized paper device, we tested it as a
sensor for quantification of total protein in human urine. The
level of protein in urine from health individuals is less than
30 mg per day, considering the daily volume of urine is from 1
to 3 L [24]. High levels of protein are characterized as
microalbuminuria (the protein concentration ranges from
0.01 to 0.3 mg mL ™) and proteinuria (the protein concentra-
tion is above 0.3 mg mL™") [18]. The pool of all samples
resulted in no blot in the channel (as shown in the first device
of the Fig. 5a), indicating healthy levels of protein. Thus, to
simulate a proteinuria sample, the urine pool was spiked with
human serum albumin (HSA) to reach concentrations of 0.1,
0.5,1.0,1.5,2.0,3.0, 5.0, and 10.0 mg mL™". At HSA levels
lower than 0.1 mg mL™", it was not possible to visualize any
color; therefore, the limit of quantification of HSA in this
device was 0.1 mg mL™". In the analytical curve illustrated
in Fig. 5b, there are two regions of correlation between the
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Fig. 5 a Paper chips oxidized for
4 h after the immobilization of
0.5 uL of HSA 0, 0.1, 0.5, 1.0,
1.5,2.0, 3.0, 5.0, and

10.0 mg mL ™" in urine pool.

b Plot of blot length vs. HSA
concentration in urine pool; error
bars indicate the standard
deviation from 5 chips

HSA concentration and blot length. The first region that in-
cludes concentrations from 0.1 to 3.0 mg mL™" is linear (R =
0.995). In this region, the blots spread within the channel,
where there is a direct correlation to the length. For higher
concentrations, the linearity was lost because the blot reached
the drain pad and the lateral spreading of protein attenuated
the length-increasing rate. This was characterized as a satura-
tion region. In practice, if a urine sample results in a blot that
reaches the saturation circle, the subject is under a severe
proteinuria case. Increasing the channel length increases the
dynamic range of this assay. For analytical comparison, the
quantification of protein in urine was also performed by
Bradford method, which consists in the colorimetric reaction
between the peptide bonds of the protein with the Bradford
reagent. The increase in the concentration of protein enhances
the color intensity, which can be measured by UV/vis spec-
troscopy at 595 nm. The same range of HSA levels in urine
was analyzed by the Bradford method, and the analytical
curve is shown in Fig. S5. The signal obtained by the paper
chip method was plotted against the absorbance signal from
Bradford method, as shown in the Fig. S6. The Pearson’s
correlation of 0.9942 indicated that the proposed method cor-
related with the reference Bradford method, validating the
paper chip method to quantify protein in urine. Despite the
lower limit of quantification achieved by the Bradford method
(LOQ=0.02 mg mL™"), the paper chip method showed a
better sensitivity (Fig. S7) and does not require a spectropho-
tometer or large amount of Bradford reagent. The figures of
merit from both methods are summarized on Table S7.
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In a commercial urine test strip, the protein level is given by
a color scale in semi-quantitative values of 0.3, 1.0, 3.0, and
20 mg mL~". A color less intense than the corresponding
0.3 mg mL ! is considered as a trace. Therefore, the urine
dipstick is not sensitive enough to distinguish normal levels
of protein from microalbuminuria, which is a clinical marker
for early diabetic nephropathy and concomitant cardiovascu-
lar disease [18]. Our device quantitatively determined levels
of protein three times lower than the commercial strip, yield-
ing early symptoms of health problems. Moreover, our chip
can be applied for detection of any protein in general that
binds to the aldehyde groups of the oxidized cellulose and is
stained by Ponceau dye, unlike the commercial test in which
colorimetric reagents are specific for albumin.

Conclusion

By understanding the oxidation of the paper by periodate, we
enhanced the immobilization of proteins, which is an impor-
tant construction step of biosensing devices in both lateral
flow and flow-through assays. The oxidation for 0.5 h was
enough to promote the BSA immobilization on paper.
However, the oxidation process must be controlled and well-
characterized; otherwise, it can drastically modify the physical
properties of the paper, as highlighted in this work. The
prolonged exposition of the paper to periodate resulted in
the reduction of capillarity, loss of crystallinity, and shrinkage
of the substrate. We introduced a new approach to characterize
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the paper by visualizing the distribution of the chemical
groups along the cellulose fibers. This work evidenced the
importance of an in-depth characterization of the surface mod-
ification of the substrate to apply as an analytical device, en-
couraging future practices to deeply investigate other chemi-
cal processes in paper or other substrates. An alternative de-
vice for proteinuria diagnosis was also developed, which is
instrument-free and straightforward. Although there is already
a commercial urine dipstick for protein screening, our device
arises as a quantitative determination for total protein, and it
diagnosed microalbuminuria. The analysis by the presented
device requires multiple steps that are being optimized for
practical purposes, as well as the device layout, but it showed
a potential diagnose technology.

Associated content The following files are available free of charge. FTIR
spectra for all oxidized papers; ANOVA and Tukey’s analysis; variation
of color intensity in the protein application spot; variation of the blot
length with phosphate buffer pH; correlation of the blot length with in-
crease of BSA concentration; analysis of HSA in urine by Bradford
method and comparison between methods (PDF).
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Stretchable Sensors for Nanomolar Glucose Detection
Amanda Imamura, ddia Zakashansky, Kenny Cho, Lancy Lin, Emanud Carritho,

and Michelle Khine™

Biosensors that detect analytes in sweat face the challenge of maintaining
sensitivity upon miniaturization. Various materials and processes have been
developed to aeate nanostructured electrodes with high surface areas to
mitigate this issue. The need remains, however, for biocompatible materials
that can be scalably integrated into wearable devices. This paper details a
gold thinfilm electrode fabricated using a thermoplastic shape memory
polymer to create hierarchical wrinkled structures via the miniaturization
process, followed by transfer onto a soft, stretchable substrate. The final
stretchable electrode, which is »30 times smaller than that of the original,
unshrunk electrode, retains its original surface area. E ven more remarkably,
further enhancement in cuirent density is achieved upon stretching the
electrode to 210% of its original length; improved sensitivity remains stable
after relaxation of the polymer. Stretching aids diffusion limited reactions,
such as the reduction and oxidation of [F e{CN ) F-'4 . The stretchable
electrodes sensitively detect glucose without enzymes or additional labels

at physiological pH in the range of 1 ~ 10-7—1 " 10" m with a calculated
limit of detection of 222 ~ 10-8 m, among the lowest reported for a flexible,

surface area[”™ To overcome this issue.
nanosiructured decirodes with smal geo-
melric foolprints have bean fabricaled
1o achieve highar surface area than thdr
planar  counterparts.[¥71 Wearable sen-
sors in particular should be biocompatible
and withsiand physidlogicd sirains duetio
molion and deformalion of human skin,
which is ~30%.[%14

Strelchable gold decirodes have been
evdualed as glucose deleclion plalforms
Chan e d. danonsiraled sability a
sirains up to 230% with thdr solution-pro-
cessed wrinkled gold glucose sensor, with
alimit of detection {LOD)of 1 x 103min
artificial sweat P Zha et al. reported gold
nanowirebased decirodes funciondized
with glucose cddase that ware siretched
1o 20% sirain to delect glucose concentra-
fions of 1 x 10°% min a solufion of NaOH,
while Zhao & d. demonsiraled a gold-fibar

enzyme-free sensor.

Wearable techndlogy has been widdy developed with increasing
inferest in continuous physidlogicd monitoring during daily
adivilies " More insight info the user's health siale can be
obtained @ molecular leval with andlysis of biomarkers presant
in sweal, such glucose, ethandl, laclic add, ions, corlisal,
and snal proteins.P 71 Becirochemica delection of these bio-
markers is afractive because it can achieve dinically relevant
sensitivity and accuracy and is easlly integraled into dectronic
MG'I"ISB'"]

Integraling dedrochemical transducas into wearable
devices necessitales minialurization of the decirodes. This neg-
alivdy impacls the signaio-ncise ralio (SNR) of the eledrica
response, as currant is direclly rdaled o the sansing elecirode

A Imamura, | Zakashansky, K Cho, L Lin, Frof. M. Khine

Materials Sdence and Enginesting

Biomedicd Enginearing

University of Cdlifornia, Invine

Inving, CA92697, USA

Emal: mkhine@ud edu

A Imamura, Frof. E Canilho

Instituto de Quimica de 5o Carlos

Universidade de 530 Paulo

Sap Calos, Sao Paulo 13566 590, Brazl
The ORAD identification number{s) for the author{s) of this atide
be found under https#/ doi_orgf 101002 admt 201900843

DOI: 10.1002f acini 201900843

Al Maler Technol. 2000, 5 1000843

182

1000843 (10f6)

based sensor funclionalized with glucose

oxidase capable of delecting 6 x 10% M

glucose in phosphaebuffared solulion
{PBS) undex strains up to 200% .22 K is aitica to have low
deteclion limits and high sensiivity due to lower concentrafion
of glucose in sweat in comparison with other biclogica fluids.
In this work, we infroduce a highly sirelchable dlectrode with
the lowest limit of deleclion 1o the best of our knowledge for
fladble enzyme{ree glucose sensing al physiological pH.

We introduce streichable wrinided dectrodes for deciro-
chanical smsing by depositing thin god metd thin film
on palydefin {PO), which shrinks to 5% of its origind area
During the shrinking process, the dliffness mismalch between
the palymer and the gold thin film leads to buckling of the
gold and resulis in hierarchical, wrinkled strudures The
shrinking facior (the ralio of the average unshrunk electrode’s
geomelric area to tha of the processed dlecirode) of the pre-
siressed thamoplastic PO is 21.8. The wrinkled thin film is
then fransfared io an dastomer. The fransfar of the decirode
from shapememory palymear o dastomer resulis in addifiona
shrinking due to lift-off process, with a tolal shrinking factor
of 334 (Rgure 1a). The transfared elecirodes retain the wrin-
Kled siructures {Rgure 1b-d) and upon applicaion of sirain,
the wrinkles sireich and ssparale from each other as cracks are
sustained in the gold thin film {Agure 1e-g).

Heclrochemiica properties of the wrinkled decirodes ware
characlerized by measuring the elecirochemica aclive sur-
face area (EASA) in different solutions. The wrinkled shruc-
tures contribute 1o high surface area, which directly cordates
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Figure 1. a) Photo of the gold electrodes, from left to right: Unshrunk electrode, shrunk electrode on PO and shrunk electrode on elastomer
substrate. b) Photo of electrode transferred to elastomer substrate. SEM of the unstretched, transferred electrode at c) 1.1 and d) 12.9 k x magnifica-
tion. e) Transferred electrode being stretched. SEM of the stretched transferred electrode at f) 1.1 and g) 12.9 k x magnification.

with the Faradaic current. The electrodes were measured by
cyclic voltammetry in H,SO, and [Fe(CN)*”/* solutions
(Figure S1, Supporting Information) and the current densities
were obtained by dividing the current by the geometric area
(Figure 2a,b). The current densities of shrunk and transferred
electrodes were observed to be greater than the unshrunk,
planar electrode in both solutions. In our previous work,?l a
6.6-fold increase in electrochemical signal was observed in
H,SO, for an electrode that had a 20-fold reduction in size,
indicating that only a portion of the theoretical surface area was
electrochemically active. Even with the application of a hydro-
philic polymer to the electrode surface,'?l the EASA increased
only by twofold, therefore not fully achieving access to the orig-
inal surface area available before shrinking.'l Better surface
wettability was achieved in this work by modifying the wrinkled
surface with oxygen plasma. This method renders the surface
hydrophilic and improves surface wetting, removing the need
for the hydrophilic polymer coating.

In H,S0,, signal enhancements (the ratio of current densi-
ties of processed electrodes to unshrunk electrodes) of 21- and
32-fold were achieved for shrunk and transferred electrodes,
respectively (Figure 2c), an improvement of 2.5-fold over our
previous work.'2l The diffusion-independent reaction occur-
ring in the H,SO, solution is the oxidation of gold to gold oxide
starting at 1.0 V and the reduction of gold oxide to gold at 0.7 V.
The surface area of the shrunk and transferred Au electrodes
were calculated by the charge corresponding to the reduction
of gold oxide (Table S1, Supporting Information). The calcu-
lated surface areas match well with the initial geometric area of
unshrunk electrodes (10.5 cm?). Therefore, the signal enhance-
ments of 21- and 32-fold in H,SO, match the shrinking factor,
suggesting that access to the original surface area was preserved.

Interestingly, the signal enhancements are different
depending on the solution in which the measurement was per-
formed. The signal enhancements in the [Fe(CN)¢]*7/+~ solution

Adv. Mater. Technol. 2020, 5, 1900843
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are ~14- and 13-fold for shrunk and transferred electrodes,
respectively. The lower signal enhancement in this solution is
due to the [Fe(CN)]>/* reaction being a diffusion-limited pro-
cess with relatively fast electron transfer kinetics. As the potential
is applied, the concentration of [Fe(CN)¢]*/* at the outermost
surface of the electrode approaches zero, and a concentration
gradient forms in the solution. Diffusion takes place at the sur-
face of the electrodes as the reaction proceeds; however, the dif-
fusion of electroactive species is impeded by the morphology of
the wrinkles. A significant portion of the inner surface of the
gold wrinkles is therefore not accessed by the [Fe(CN)¢]>/*" ions
because the time for diffusion deep into the wrinkles is not suffi-
cient, leading to the disagreement between signal enhancement
and shrinking factor. Similarly, the electrochemical behavior
of nanoporous gold was reported by Collinson,?¥ Jia,?! and
Scanlon, ) wherein high-surface area, porous electrodes were
shown to be biased against redox couples like [Fe(CN)qJ>/+.
A high dependence of signal enhancement on scan rate was
more evident for the diffusion-limited reaction in [Fe(CN)g*~/*
than for H,SO,; higher signal enhancement can be achieved at
greater scan rates (Figure S2, Supporting Information).

The electrochemical behavior of the transferred, stretchable
electrodes with applied strain was characterized by stretching
the electrodes in H,SO, and [Fe(CN)¢]*/*~ up to 210% of
its length in increments of 30% (Figure 2d,e). Two separate
phenomena are occurring simultaneously upon stretching
the electrode: 1) an increase in crack formation that eventu-
ally stabilizes at a certain number of stretching cycles; and
2) the cracking leads to an increase in EASA. We confirmed
both hypotheses as follows. For 1), we cycled the electrodes
outside of solution and witnessed an increase in resistance
upon cycles (Table S2, Supporting Information) which eventu-
ally plateaus (when the cracks are formed). Our previous work
detailed this phenomenon for strain sensor applications.?’]
For 2), we witnessed higher electrochemical current after
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Figure 2. Current density voltammograms of unshrunk, shrunk, and transferred electrodes in a) H,SO, and b) [Fe(CN)]*/#". ¢) Shrinking factor and signal
enhancement for shrunk and transferred gold electrode expressed as ratios. Cyclic voltammograms of transferred gold electrode stretched up to 0-210%
of its length in d) H,SO, and e) [Fe(CN)¢]*/+". f) Signal increase as measured by peak height before and after stretching up to 210% of its length and gain
in signal in H,SO, and [Fe(CN)g]>/+". Cyclic voltammograms of transferred gold electrodes in g) H,SO, and h) [Fe(CN)4*/* before and after stretching
to 210% of its length and relaxing overnight. i) After relaxing the electrodes overnight, the procedure in (f) was repeated in H,SO, and [Fe(CN)[*~/*~.

stretching. As shown in the voltammograms in Figure 2d.e,
stretching the electrode resulted in a greater peak height for
the faradaic current without significant increase in the capaci-
tive current. Since the faradaic current scales with surface
area, the increase in signal can be explained by newly exposed
surface area due to crack formation. A 20% increase in signal
was observed in H,SO, (Figure 2f); however, the enhancement
to signal after stretching was greater in the [Fe(CN)4]>~/* solu-
tion than in H,SO, (Figure 2f). This indicated that crack-based
formation of new surfaces was not the only phenomenon con-
tributing to the 60% signal enhancement in the [Fe(CN)g]> /4
solution. We hypothesize that stretching the wrinkled surface
leads to the exposure of wrinkle “pockets” that were previ-
ously isolated from the solution and thus not accessed by

Adv. Mater. Technol. 2020, 5, 1900843
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[Fe(CN)g]>~/*~. This, combined with the newly exposed areas
caused by the formation of cracks, resulted in additional reac-
tive surface area being accessed by [Fe(CN)¢>/*~ and a subse-
quent increase in current (Figure 2f). It was visually evident
in scanning electron microscopy (SEM) images (Figure 1f,g)
that the larger-scale wrinkles deform to accommodate the
stretching of the substrate at high strains. This results in sur-
face that is less rough and the [Fe(CN)¢]*/*~ ions are able to
more easily access the inner surface.?*l The total enhance-
ment to current density increases to approach the shrinking
factor as in the H,SO, solution. The stretched, wrinkled elec-
trode therefore behaves more similar to a planar electrode at
high strains and allows us to overcome the diffusion limita-
tion of the [Fe(CN)¢]*/* reaction described above.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Amperometry detection of glucose from 1x 1075-1 x 1073 m in PBS using unstrained electrode. b) Linear correlation of current values with
glucose concentration in unstrained electrode (R? = 0.99). c) Amperometry detection of glucose from 1 x 107-1 x 107> m in PBS using prestrained
electrode. d) Linear correlation of current values with glucose concentration in prestrained electrode (R? = 0.99).

Importantly, comparing the voltammograms of unstrained
electrodes before and after stretching, we observe a gain in
signal of 16% and 13% in H,SO, and [Fe(CN)¢]*/*", respec-
tively (Figure 2 gh). This gain in signal can be attributed
to the cracks formed during the straining protocol. Further
evidence of wrinkled deformation facilitating diffusion in
[Fe(CN)g]>~/*~ is that after initial crack formation and relaxa-
tion, stretching the electrode again continues to increase
the current in [Fe(CN)s]*”/*" solution. Conversely, in H,SO,
the current does not significantly increase with strain upon
subsequent stretching of the electrode (Figure 2i). The
increase in current with strain in the [Fe(CN)¢]*”/*" solution
after relaxation demonstrated that access to the surface area
can be controlled by stretching the electrode to facilitate dif-
fusion and increase EASA. Straining the electrode was thus
used as a preconditioning step to maximally increase the elec-
trical response of the transferred electrodes, which can fur-
ther improve detection of biomarkers at low concentration in
sweat.

The transferred electrodes were thus evaluated for label- and
enzyme-free electrochemical detection of glucose in the clini-
cally relevant concentration range found in sweat, saliva, and
tears. Glucose is a commonly studied biomarker, and as a proof
of concept, the measurements were taken at physiological pH.
The transferred electrode detects glucose without the use of
enzymes through its oxidation mechanism at 0.3 V (Figure S4,
Supporting Information).®!

Adv. Mater. Technol. 2020, 5, 1900843
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Chronoamperometry was used to measure sequential addi-
tion of glucose to PBS pH 7.2 (Figure 3). The unstrained,
transferred electrode showed a LOD of 2.68 x 10”7 m which
is adequate for glucose detection in the sweat of hypogly-
cemic and hyperglycemic patients (2 x 107°-6 x 107 m).?%
The detection of glucose using prestrained electrodes was
evaluated after being stretched up to 210% of its length. The
prestrained electrodes exhibited a broader linear range of
detection (1 X 107-1 x 107 m) due to a significant improve-
ment to SN) of an order of magnitude. The corresponding
LOD of prestrained electrodes was 2.22 X 107® m, an order
of magnitude lower than in unstrained electrodes. We
hypothesize that the improved LOD is due to an improve-
ment in SNR, attributed to the mechanical stabilization of
the wrinkled thin film. Before the strain cycling, cracks are
continuously introduced to the metal film (from handling
and natural stress release) and the electrode is mechani-
cally dynamic. By driving crack formation (illustrated in the
schematic in Figure S3, Supporting Information), the metal
film and electron pathways are stabilized, which also likely
reduces the noise during electrochemical measurement of
surface activity. After straining the electrode outside of the
solution, the standard deviation of noise of resistance meas-
urements decreased by almost sixfold, on average, while the
standard deviation of the noise of an electrode measured
before a glucose injection in solution decreased by an order
of magnitude after straining.
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The achieved LOD is lower than those reported for elec-
trodes utilizing structures with nanoparticles of gold, platinum,
or other alloy combinations with carbon,'%3%31 as well as for
nanoporous substrates and electrodes functionalized with glu-
cose oxidase.’>””] Table S3 (Supporting Information) com-
pares the figures of merit obtained in this paper with other
published works investigating flexible, glucose sensors. The
range of detection achieved using the flexible, prestrained
electrodes is relevant for monitoring blood sugar via sweat in
diabetic patients, as well as for noninvasive methods utilizing
saliva, tears, or any application that requires detection of small
changes in glucose concentration.3¥4%

In summary, we introduce high surface area electrodes
on soft, stretchable substrates for electrochemical detection
of nanomolar quantities of glucose at physiological pH. The
method for fabricating the enhanced EASA electrodes requires
neither a cleanroom, nor specialty materials or equipment. The
wrinkled, transferred gold electrode shows a 32-fold increase
in current density compared to a planar electrode of equal geo-
metric size. Stretching the electrode introduces cracks to the
wrinkled film and provides additional surface area. Stretching
the electrode also resulted in the “unfolding” of some of the
wrinkles, which facilitated electroactive species to reach areas
not accessed otherwise in reactions limited by diffusion, such
as in the redox reaction of [Fe(CN)g]>~/*".

Straining the electrode therefore functions as a precondi-
tioning step to improve the SNR and enhance the LOD by an
order of magnitude over unstrained electrodes. These improve-
ments are crucial for overcoming the challenge of detecting
low concentrations of biomarkers. The prestrained, wrinkled
gold electrodes demonstrate a LOD of 2.22 x 107® M, among
the lowest reported for enzyme-free glucose detection. Further
investigation into the detection of other biomarkers of clinical
interest is currently being developed based on these findings.

Experimental Section

Fabrication and Transfer of Wrinkled Electrodes: Detailed protocol is
described in the Supporting Information. The average geometric area of
the shrunk and transferred electrode were 0.48 and 0.31 cm?, respectively.
Samples were prepared for SEM imaging with sputtered iridium (6 nm)
and were taken using the GAIA Tescan system (8 kV, 0.20 pA).

Electrochemical Characterization: Electrochemical characterization was
performed on a Reference 600 potentiostat (Gamry Instruments) with
the unshrunk, shrunk, and transferred electrodes as working electrodes,
Pt wire as the counter electrode and Ag/AgCl as the reference electrode.
Cyclic voltammetry was first performed in a H,SO, 0.5 m solution
from 0 to 1.5 V at 10, 25, 50, 100, 250, 500, and 1000 mV s~'. The
process was repeated in 0.005 m [Fe(CN)g]>/4~ solution in 0.05 m PBS
solution at pH 7.4 from —0.2 to 0.7 V.

Electrochemical Characterization of Transferred Electrodes Under Strain:
A stretching system was developed to maintain the flexible electrodes
under strain, while an electrochemical measurement was performed.
Cyclic voltammetry was performed at every 30% strain of electrode
length in H,SO, and [Fe(CN)¢]*/*~ solutions until it reached 210% of
its original length. The electrode was allowed to relax overnight before
repeating the stretching procedure.

Glucose Detection with Stretchable Electrode: The glucose oxidation
potential was measured in a 5 x 107 m solution of glucose in PBS
(pH 7) by cyclic voltammetry. Chronoamperometry was performed
at 0.3 V and glucose was titrated into 20 mL of PBS (pH 7.4) every
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30 s. The titration was performed for nonstrained electrodes (n = 3)
and prestrained electrodes (n = 3). An analytical calibration curve was
plotted using current values corresponding to sequential additions of
glucose. The sensitivity was obtained from the slope and the limit of
detection was calculated according to IUPAC.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Using the children'’s toy, Shrinky-Dink®, we present an aptamer-based
electrochemical (E-AB) assay that recognizes the spike protein of
SARS-CoV-2 in saliva for viral infection detection. The low-cost
electrodes are implementable at population scale and demonstrate
detection down to 1 ag mL " of the S1 subunit of the spike protein.

Introduction

In 2020, the World Health Organization (WHO) announced the
respiratory disease COVID-19 outbreak to be a pandemic.' The
first cases of COVID-19 were in the Chinese city of Wuhan and it
quickly spread to other continents. The high infection rate of
the pathogen, severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), makes the management of the disease more
difficult than previous coronaviruses, such as SARS-CoV-1 and
MERS-CoV. Human-to-human transmission of SARS-CoV-2 can
occur through droplets like other coronaviruses; however, there
is a critical difference in SARS-CoV-2 viral load distribution
throughout the time of infection that contributes to its rapid
spread. Unlike SARS-CoV-1 or the common flu, whose viral
loads are associated with the symptom onset, the high shedding
of SARS-CoV-2 even among pre-symptomatic patients increases
the risk of transmission of the virus. Several studies on the
transmission of COVID-19 by asymptomatic patients have
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already been reported in recent literature.>* Due to the high
transmission rate, measures such as “lockdowns” and “self-
quarantining” were adopted, but the number of confirmed
cases is still rising in many countries, including the United
States. The widespread shortages of medical resources and
materials reflect the overwhelming nature of the spread of this
illness.

Due to the mode of transmission of COVID-19, the imple-
mentation of population-scale testing including asymptomatic
people is recommended.® Although the WHO recommends
immediate diagnosis as a crucial management step to thwart
the spread of infectious diseases, a massively deployable diag-
nostic for SARS-CoV-2 has yet to be realized.

In the U.S., more than 1.6 million tests are performed per day
with a daily positive rate of 13.4% as of January 7, 2020.*” The
gold standard methods for diagnosing COVID-19 are based on
polymerase chain reaction (PCR), including reverse transerip-
tion polymerase chain reaction (RT-PCR), which is a complex
and expensive technique performed in centralized clinical
laboratories. The turnaround time can be days, if not weeks,
due to the currently overwhelming demand placed on labora-
tory equipment and manpower necessary to analyse specimens.
Additionally, a major concern regarding the PCR-based tests is
the high rate of false-negatives. Another concern regarding
current tests is the invasive sampling method. Nasopharyngeal
swabs induce coughing and occasionally cause bleeding, which
is a risk of transmission to healthcare workers. An easier and
more accessible fluid is saliva. Using saliva not only removes the
discomfort and increases the accessibility of current tests, but
could provide results when nasopharyngeal swabs cannot.® Yet,
there still has not been (at the time of completion of this
manuscript) a single screening or diagnostic test approved for
over-the-counter (OTC) use by the FDA, which would allow users
to collect their own saliva specimens, without having to mail
them to a centralized laboratory for processing, and read results
on the spot.

One alternative diagnostic approach is immunoassays,
which detect the antibodies against SARS-CoV-2; however, these
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are more suitable to establish whether an individual was
previously infected with COVID-19 and are not recommended as
a diagnostic tool or for contact tracing the spread of the
disease.” In contrast, during the critical first few days post
infection, the detectable viral load peaks. With no indication of
infection, the asymptomatic individual can effectively spread
the virus to many people. Recent studies indicate that approx-
imately 20% of infected patients remain asymptomatic but are
infectious.”*®

We note that virus copies present in saliva range from 10>~
10" copies per mL throughout the duration of the infec-
tion.®"""'® Because these numbers are low, it is critical to
establish an adequately low limit of detection for the assay.
Here, we demonstrate an innovative platform that obviates the
need for specimen processing and uses nucleic acid aptamers to
recognize viral spike protein within clinically relevant concen-
tration ranges.

Critical to the development of sensitive diagnostic assays,
aptamers have a significant advantage: the kinetic parameters
of aptamer-target binding can be easily tuned to invoke
a specific and measurable response.'” By tagging aptamers with
a redox indicator such as methylene blue (MB), the change in
MB electron transfer rate upon binding to the target molecule
can be measured. Specifically, electrochemical aptamer-based
(E-AB) sensors use this strategy to achieve response times on
the order of seconds or faster and provide equilibrium results
within 30 minutes.® The limit of detection (LOD) for E-AB virus
sensors depends on the target analyte, aptamer and most
importantly, sensor design; the LOD can be brought to lower
ranges through amplification methods to accommodate the low
concentrations (aM-nM) of analyte present in physiological
conditions.”" In 2009, an E-AB sensor was used to detect the
nucleocapsid protein of the SARS-CoV virus with a LOD of 2 pg
mL™", which falls in the lower range of concentrations of
detectable viral load in nasopharyngeal and saliva samples.*>*
Most recently, several publications have reported sensors for
the detection of the SARS-CoV-2 virus in various media utilizing
both antibody- and oligonucleotide-based capture methods.
The detection scheme presented by Moitra et al. results in an
easy-to-read optical signal; however, the limit of detection
achieved using this method is 10° ng mL*, which is signifi-
cantly higher than the concentration of spike protein found in
saliva.>* Chen et al. have also recently investigated three single-
stranded DNA probes for the detection of the N-protein of SARS-
CoV-2 with a reported LOD of 10 ng mL ‘. Among the diag-
nostic methods using antibodies for antigen recognition,
a field-effect transistor sensor was reported by Seo et al. to have
a LOD of 100 fg mL ™" in buffer solution, and an electrochemical
sensor was reported by Eissa et al. to have an LOD of 0.8 pg
mL "> A study was also recently published in which an
oligonucleotide targeting four different regions within the N-
gene of the SARS-CoV-2 virus was used to detect SARS-CoV-2
viral RNA.*” The N-gene of the SARS-CoV-2 virus is located
inside the virus and is released upon infection of cells. By
contrast, each virus is thought to contain up to 100 spike
proteins, based on the evaluation of genetically similar SARS-
CoV viruses, each with a receptor binding domain (RBD)
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capable of binding to an oligonucleotide specific to that
region.>*** For this reason, we chose the S1 subunit of the
spike protein, which contains the RBD, as the detection target.

Recently, Song et al. discovered two aptamers targeting the
RBD from SARS-CoV-2 by using an ACE2 receptor competition-
based selection strategy (SELEX).** For the biorecognition of our
sensor, we selected the hairpin-structured 51-base aptamer
called CoV2-RBD-1C with a dissociation constant of 5.8 nM,
which is comparable to that of existing antibodies raised
against the spike protein. The measurements performed by
Song et al. suggest that the aptamer binds to several amino
acids of the RBD, which is essential for highly specific detec-
tion.** The current diagnostic methods for COVID-19 often face
shortages of chemicals and involve invasive sampling methods.
We propose here a point-of-care E-AB platform based on high-
surface area Shrinky-Dink®© electrodes, which are broadly
available and can be manufactured at large scales without
extensive surface modification. An aptamer proven to be
specific to the RBD region was chosen to enable non-invasive
detection of SARS-CoV-2 spike protein in saliva.

Results and discussion

We have previously demonstrated signal enhancement in the
form of greater dynamic range of detection on electrodes made
using the 80's children's toy, Shrinky-Dink®, which saturates
the color of a drawing made on a thermoplastic polystyrene
sheet that shrinks when heated (Fig. 1).**** Our group published
on Shrinky-Dink Microfluidics in Lab-on-a-Chip in 2008 and it
has since become a workhorse in laboratories around the
world.*** In this study, we demonstrate using Shrinky-Dink
wrinkled (SDW) electrodes for sensitive detection of the S1
subunit of the spike protein of SARS-CoV-2 with the purpose of
providing a low-cost screening and diagnostic device for the
COVID-19 infection. Fig. 1 demonstrates the fabrication process
of SDW electrodes, beginning with sputtering pre-stressed
polystyrene with gold, followed by shrinking and immobiliza-
tion of aptamers and 6-mercaptohexanol (MCH). The structured
surface of the SDW gold electrode, shown in the scanning
electron microscopy image, supports a high surface area for
loading of MB-modified aptamers, which respond to the S1
protein domain by decreasing electron transfer currents from
MB. The wrinkled gold surface has been extensively investigated
in previous publications from our group and others.?>?3¢4°
To determine the functionality and affinity of the aptamers
in the E-AB format, all initial experiments were first performed
on commercial disc (CD) Au electrodes (CH Instruments, 2 mm
diameter) in a standard 3-electrode electrochemical cell
(Fig. 2A). The commercial gold electrodes were functionalized
with the aptamers and backfilled with blocking MCH mono-
layers. Upon exposure of the electrode surface to a buffered
solution containing S1 protein, we observed a decrease in the
MB peak height of square wave voltammograms (Fig. 2B). The
binding of a relatively large protein, such as the S1 protein (78.3
kDa), to the MB-modified aptamer produces an increase in
resistance to the transfer of electrons from MB to the electrode
(presumably via steric hindrance), leading to a decrease in the
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Fig.1 Process flow to create SDW E-AB sensors. First, a thin layer of gold
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Shrinking (130°C)

MCH Aptamer
incubation incubation
— | < —

is sputtered onto polystyrene plastic, which is shrunk to create wrinkles

(SEM inset shows representative wrinkle morphology). The wrinkled surface is incubated with aptamers conjugated with MB, then incubated with
MCH as the blocking molecule. After functionalization, the wrinkled surface was exposed to the S1 protein. Arrows indicate change in electron
transfer with and without the spike protein attached (through the RBD). Graphiillustrates change in current due to the change in electron transfer

for spike bound MB on SDW electrodes upon addition of S1 protein.

MB peak similar to that presented in the work of Kang et al.*' In
the E-AB sensors, the mechanism of detection relies on binding-
induced conformational changes that, in turn, alter the electron
transfer rate between a redox reporter and the surface of the
electrode.”* The distance between the reporter and the elec-
trode surface directly affects electron transfer kinetics in the
system; at small distances, and with little obstruction, electron
transfer occurs at a faster rate than at greater distances or in the
presence of obstructing molecules. These differences in elec-
tron transfer rates translate to differing time constants of
current passed, which become relevant when considering
measurement parameters.** For the SARS-CoV-2 RBD aptamer
used in this study, no conformational change has yet been
demonstrated. Thus, we speculate that the changes in signal
observed in this study upon target binding are due to the
physical obstruction of electron transfer from the reporter to
the gold surface by bound spike proteins.

The change in peak current correlates with increasing
concentrations of S1 protein, as shown in Fig. 2B. We evaluated

the change in signal in response to increasing S1 protein
concentrations on CD Au electrodes by performing a titration
curve in phosphate-buffered solution (Fig. 2C). Measurements
were taken at square-wave frequencies ranging from 5 to 50 Hz.
Non-linear regression using the Hill isotherm was used to
determine the optimal square-wave frequency producing
maximum signal gain and broadest dynamic range. This anal-
ysis resulted in Hill parameters that reported varying receptor—
ligand affinity (Kp) and binding stoichiometry with square-wave
frequency. The Hill coefficient n was ~1 at 5 Hz and the data
displayed highest sigmoidicity at this frequency, indicating
single binding site physics for the interaction between the S1
protein and the aptamer. Frequencies above 5 Hz produced
isotherms with slightly lower n values (e.g., n = 0.78 at 50 Hz)
but broader dynamic range. Based on these calibrations, 10 Hz
was chosen as the optimal compromise between sensor affinity
and sensitivity for our platform.

The signal change in response to addition of S1 protein on
CD electrodes confirmed the viability of the chosen aptamer
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Fig. 2

(A) Beaker cell configuration with CD electrode. (B) Raw peak height change in current with increasing concentrations of S1 protein in

phosphate buffer solution on CD electrodes. (C) Titration curves collected at various frequencies. Error bars represent standard error of the mean

among three electrodes.
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probes; however, using CD electrodes for screening and diag-
nostic applications is not feasible. CD electrodes cost $90 each,
and given the contagious nature of the disease, reusing them
presents significant practical challenges. For a truly deployable
and scalable approach, the entire sensor must be disposable.
With such considerations of cost of production and scaling in
mind, we investigated electrodes fabricated with a simple
sputtering deposition process on a commercial polystyrene
substrate. Before the shrinking process, the adhesion of sput-
tered gold on polystyrene is too weak and the gold thin film can
delaminate. When shrunk, however, the resulting SDW elec-
trodes are extremely robust and retain their original surface
area, resulting in enhanced current density and dynamic
range.” Because of the advantages in cost and performance, we
initiated experiments on SDW gold electrodes (Fig. 3A) with the
goal of detecting the S1 protein directly in saliva.

The total accessible electrochemically active surface area
(EASA) of SDW electrodes was confirmed to be greater than that
of CD electrodes, as calculated by integration of the reduction

(A) (8)
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peak of gold oxide in sulfuric acid for the respective electrode
types (Fig. S1t). The electrodes were of equivalent geometric
areas. The wrinkles provide a diffusion-based challenge to
surface coverage, as previously described.*> With longer incu-
bation time, however, this limitation was overcome. The
outcome was a greater number of moles of aptamers tethered to
the surface of SDW electrodes relative to the same geometric
area of CD electrodes. The increased aptamer density resulted
in greater absolute MB peak heights on SDW electrodes. Fig. 3B
demonstrates the MB peak current densities of CD and SDW
electrodes are comparable, with the CD electrodes displaying
greater variability as measured by the magnitude of the stan-
dard deviation between 3 independent electrodes.

To determine whether the introduction of S1 protein to
saliva would produce a differentiable signal change relative to
untreated saliva, titration curves were built by measuring
square wave voltammograms at 10 Hz with SDW electrodes
exposed to varying concentrations of S1 protein. The change in
signal with increasing concentrations of S1 protein is shown in
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(A) Beaker cell configuration with SDW electrode. (B) Methylene blue absolute peak current and peak current density comparison between

CD and SDW electrodes with equivalent geometric areas. (C) Raw peak height change in current with increasing concentrations of S1 protein in
10% saliva on SDW electrodes. (D) Normalized change in signal produced from sequential incubations of saliva spiked with increasing
concentrations of S1 protein minus signal from sequentially incubated blank saliva samples. Hill fit represented in red. Error bars represent
standard error of the mean calculated from the propagated standard deviation of the two data sets at each point.
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(A) Process workflow for fabrication of mini cells beginning with (i) laminating adhesive masking film onto pre-stressed polystyrene,

followed by (ii) laser cutting working and counter electrode designs, (iii) sputtering 60 nm Au, (iv) peeling away film, (v) shrinking at 130 °C, (vi)
applying PDMS mask and Ag/AgClink comprising the reference electrode, (vii) curing the Ag/AgClink, and functionalizing the working electrode
surface with (viii) aptamers and (ix) MCH. (B) Sensit Smart (PalmSens) potentiostat next to a SDW mini cell with scale provided in centimeters.
Electrode arrangement (left to right): counter (60 nm Au), working (60 nm Au) and reference (Ag/AgCl ink). (C) Comparison of change in peak
height of the gold reduction peak during cycling in sulfuric acid between individual SDW electrodes and SDW mini cells. Peak height and area
under the peak stabilized by 120 cycles at 1000 mV s~ (D) Titration curve of 51 protein performed at 10 Hz in 10% saliva. The zero point
represents the first incubation of 10% saliva with no S1 protein and all subsequent signal changes with sequential S1 additions were normalized to
the zero point. Error bars represent standard error of the mean among five SDW mini cells.

Fig. 3C. A slight shift in the reduction voltage of MB was
observed and attributed to binding-induced changes in the
local pH at the surface of the electrode. The titration curve
displayed in Fig. 3D was derived from two electrode sets. One
set was incubated in saliva, and the second in saliva spiked with
S1 protein. Both sets were incubated in saliva for the same total
amount of time. The two separate datasets can be found in
Fig. 52.1

As evidenced from Fig. 3D, SDW electrodes showed a smaller
overall signal change than CD electrodes; we attribute this to

This journal is @ The Royal Society of Chemistry 2021

the SDW electrode measurements being performed in saliva, as
opposed to buffer solution as in Fig. 2. A loss of signal gain in
measurements collected from human media compared to
buffer solution has been documented previously.*®

To improve the portability of our sensor, we next fabricated
an entire miniaturized electrochemical cell, abbreviated as
“mini cell”, using the same shrinking process used for indi-
vidual SDW electrodes (Fig. 4A). The SDW mini cells' working
and counter electrodes were created by sputtering gold onto the
pre-stressed polymer a reference electrode on the shrunk
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substrate; thus, all three electrodes were located on one
substrate, allowing electrochemical measurements within a 250
uL droplet instead of the 20 mL used in the beaker cell. The
performance of the SDW mini cell was evaluated by character-
izing the gold oxidation and reduction in sulfuric acid.
Compared to measurements collected using the commercial
reference and counter electrodes, the SDW mini cell demon-
strated similar performance, with slightly increased peak-to-
peak separation (AE,) between oxidation and reduction peaks
(Fig. S3t). The SDW mini cell was connected to a PalmSens USB
drive-sized potentiostat (Fig. 4B) with alligator clips to demon-
strate collection of measurements in any location (non-lab
environment).

We observed that during the cleaning protocol performed in
sulfuric acid, the area under the peak and peak height of the
SDW mini cell increased more than that of individual SDW
electrodes (Fig. 4C). We hypothesize that because the SDW mini
cell contains an additional source of gold (the counter elec-
trode), there may be a greater rate of gold deposition onto the
working electrode occurring during the sulfuric acid cycling,
leading to a greater final EASA in the SDW mini cell. The peak
height stabilized by the 120th cycle, after which the function-
alization of the working electrode on the mini cell proceeded in
the same way as for SDW electrodes. We next evaluated the SDW
mini cell for detection of the S1 protein in saliva.

The signal gain of more than 60% at the highest concen-
tration of spike protein was greater in the SDW mini cells than
in the individual SDW electrodes, in which the maximum
change was approximately 16% (Fig. 4D). Because the aptamer
functionalization protocol (incubation time, aptamer and MCH
concentrations) was the same for both individual SDW elec-
trodes and SDW mini cells, the larger surface area of the SDW
mini cell working electrode resulted in a lower probe density.
This was also reflected in the differences in peak current
densities of MB between individual SDW electrodes and SDW
mini cells. Previous studies have shown that a lesser probe
density can contribute to greater sensitivity to signal change,
which was found to be the case in this study.*** We therefore
demonstrate the detection of the S1 protein with greater signal
change in the SDW mini cells than individual SDW electrodes.
From these results, we believe the SDW mini cell to be a prom-
ising option for further investigation of portable individual
tests.

The SDW mini cell demonstrated detection of as little as 1 ag
mL~" S1 protein in 10% saliva, with the full comparison to
system noise described in the SI. This is thus far, to the best of
our knowledge, the lowest limit of quantification reported for
the detection of the SARS-CoV-2 antigen using an E-AB sensor.
Additionally, our low-complexity process does not involve the
use of costly materials and does not rely on enzymatic reactions
or biotinylation, which is known to cause interference with
clinical samples.

Conclusions

Although biosensors have largely utilized antibodies to recog-
nize target molecules or pathogens in the previous decades, an
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equally specific alternative has recently emerged. Aptamers that
selectively bind to specific targets have extensively been
demonstrated to be promising as a diagnostic tool for disease
detection through molecular recognition, and have been
prominently investigated.'>***=* In this study, an aptamer
specific to the RBD region of the SARS-CoV-2 spike protein was
selected as the probe for the detection of the SARS-CoV-2 in
saliva.

The SDW electrodes used in this study demonstrated sensi-
tive detection of the S1 protein at 1 ag mL™" in pooled saliva
diluted to 10%. The facile fabrication process and the sensitivity
to low concentrations of S1 protein indicate a promising
opportunity to increase the accessibility of SARS-CoV-2
screening and widespread testing of asymptomatic people.
The biosensor still needs to be validated to detect the whole
virus but given the location of the S1 protein at the outermost
layer of the virus, we expect that this should not be an issue.””

In future studies, the varying performance at different
frequencies as well as different probe densities should be
investigated to better understand aptamer behaviour on the
molecular level. Additionally, we expect using aptamers specif-
ically designed for binding-induced conformational changes
would produce even more sensitive results than with the
aptamer used in this study, which has no confirmed confor-
mational change upon binding with the S1 protein. Impor-
tantly, this SDW platform allows for ease in substituting
different aptamers, enabling detection of a wide range of ana-
Iytes for future epidemics.

Materials and methods
Chemicals

DNA aptamers were chosen according to prior literature.’* The
oligonucleotide modified with methylene blue at the 5" end and
a thiol group at the 3’ end was purchased from Integrated DNA
Technologies, Inc with the following sequence: /5MeBIN/CA
GCA CCG ACC TTG TGC TTT GGG AGT GCT GGT CCA AGG
GCG TTA ATG GAC A/3ThioMC3-D/.

Aptamer reducing buffer was purchased from Base Pair
Biotechnologies. Aptamers were diluted in phosphate buffer
solution. The S1 protein was purchased from GenScript (Cat.
no. Z03501). 6-Mercaptohexanol (MCH), monobasic potassium
phosphate (KH,PO,) and dibasic potassium phosphate
(K,HPO,) were purchased from Sigma Aldrich. Pooled saliva
was purchased from CellSciences.

Phosphate buffer solution was prepared with KH,PO, and
K,HPO, at 0.1 M. Sulfuric acid (H,SO, - Sigma Aldrich) was
prepared in water at 0.5 M. In experiments involving saliva, the
saliva was diluted to a final concentration of 10% in phosphate
buffer.

SDW electrode fabrication

The electrode design was created by applying an adhesive
polymer (Grafix Frisket Film, Grafix Arts, OH) shadow mask
stencil to the polystyrene (Grafix Shrink Film KSF50-C, Grafix
Arts, OH) prior to sputtering. A Q150R Plus - Rotary Pumped
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Coater was used to sputter 60 nm of gold onto the pre-stressed
polystyrene to create the working electrode. The substrate was
de-masked and placed into a conventional oven at 130 °C for 13
minutes until fully shrunk. Following this step, the electrode
was treated with oxygen plasma for 3 minutes to achieve
temporary hydrophilicity to ensure full surface wettability
during the following cleaning step.

SDW mini cell fabrication

The SDW mini cells' working electrode and counter electrodes
were created by applying an adhesive mask to the polystyrene
prior to sputtering. Following the same protocol as for indi-
vidual SDW electrodes, 60 nm of gold was sputtered onto the
pre-stressed polystyrene to create the working and counter
electrode. The substrate was then de-masked and placed into
a conventional oven at 130 °C for 13 minutes until fully shrunk.
Following this step, the reference electrode was painted onto
the shrunk polystyrene using commercially available Ag/AgCl
ink (Creative Materials). The working and counter electrodes
were treated with oxygen plasma for 3 minutes to achieve
temporary hydrophilicity, while the Ag/AgCl electrode was
covered to prevent oxidation.

Cleaning electrodes

Commercial electrodes were polished using the 0.5 pm-sized
alumina particles included in the kit provided with the elec-
trodes prior to cycling in sulfuric acid. The electrodes were then
individually immersed in a 0.5 M solution of H,SO, and sub-
jected to 120 cycles at 1000 mV s * followed by five cycles at
100 mV s~ " in the potential window of 0-1.5 V.

Individual SDW electrodes were similarly immersed in
a 0.5 M solution of H,SO, and subjected to 120 cycles at
1000 mV s * followed by five cycles at 100 mV s ' in the
potential window of 0-1.5 V.

SDW mini cell electrodes were cleaned by drop-casting a 250
uL drop of 0.5 M solution of H,SO, onto the surface, ensuring
coverage of all three electrodes’ working areas, and subjected to
120 cycles at 1000 mV s~ followed by five cycles at 100 mVs™" in
the potential window of 0-1.5 V.

The last cycle at 1000 mV s~ for each electrode type is shown
in Fig. S3.1

Aptamer preparation

Aptamers were received in liquid form and diluted to
a concentration of 100 pM. For each experiment, a small volume
of aptamer solution (100 pM) was combined with a reducing
buffer (Basepair Technologies) at a 1: 2 volume ratio for one
hour to reduce the 3’ ends of the aptamers. Following the
reduction step, the solution was diluted with phosphate buffer
solution to a final concentration of 1 uM. 1 uM is an excessive
concentration to use, but additional studies must be carried out
to determine optimal concentration of probes for incubation.
Optimal probe density must also be investigated in order to
confirm optimal sensor sensitivity. Probe density affects the
magnitude of signal change and is assumed to be a function not
only of initial concentration of applied aptamers, but also of
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incubation time and temperature.®® In the case of oligonucleo-
tides greater than 24 bases, such as in this investigation, the
probe density is greatly affected by incubation time.*” From the
SDW mini cell experiments, it was evident that a lesser probe
density contributed to enhanced signal gain.

Functionalization of electrodes with aptamers

A 30 pL drop of the aptamer solution at 1 uM was applied to
each electrode and allowed to incubate 4 and 8 hours, respec-
tively, for CD and SDW electrodes, at room temperature. The
aptamer incubation time was optimized for SDW electrodes;
from previous investigations, it is clear that the wrinkled
morphology presents diffusion limitations for molecular access
to the surface.”* Thus, the incubation time of aptamers was
increased to ensure adequate surface coverage by the aptamer
probes. During this time, the aptamers formed thiol bonds with
the gold surface. The presence of the characteristic MB peak at
—0.28 V confirmed the attachment of the aptamer to the gold
surface. The peak height collected from each type of electrode
(CD, SDW individual and mini cell) was normalized to their
respective EASA for comparison of current density. The current
density was assumed to correlate with the density of MB and the
aptamer probes to which it is attached on the electrode surface.
The results of a two-sample ¢-test show a rejection of the null
hypothesis at the 5% significance level that the current densi-
ties of CD electrodes and individual SDW electrodes have an
equal mean, indicating that the individual SDW electrodes may
have a greater probe density. We believe this may be attributed
to the longer incubation time chosen for SDW electrodes to
compensate for diffusion limitations posed by wrinkles. In
contrast, due to the greater EASA of the SDW mini cell working
electrodes, the probe density was found to be lesser than that of
individual SDW electrodes.

Blocking of electrodes with MCH

Blocking the electrode surface avoids nonspecific binding with
interfering species in real samples, enhances the stability of
aptamers, and passivates any remaining EASA. A six-carbon
blocking molecule, MCH, was chosen as the blocking agent
because it has been shown to create more stable monolayers
than a 2- or 3-carbon molecule, although at the expense of
greater conductivity of the SAM achieved using shorter chains.”
After the incubation with the aptamers, the electrodes were
rinsed and incubated with 30 pL of 3 mM MCH in phosphate
buffer for 18 and 39 hours, respectively, for CD and SDW elec-
trodes (both individual and mini cell), at 4 °C.

Titration curve of S1 protein on CD electrodes

After functionalization and blocking, the commercial gold
electrodes were measured in 20 mL of phosphate buffer with
a Gamry Reference 600 potentiostat with a commercial Ag/AgCl
reference electrode (Gamry) and a platinum coil (BASi) as the
counter electrode. Following the collection of a baseline
measurement, the electrodes were incubated for one hour with
increasing concentrations of S1 protein in phosphate buffer
solution.
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Titration curve of S1 protein on SDW gold electrodes

Six SDW gold electrodes were incubated with aptamers and
blocked with MCH, as described above. All six electrodes’ MB
peak heights were measured after every functionalization step
in phosphate buffer solution with the same setup for commer-
cial electrodes. Three of the electrodes were incubated for one
hour with 10% pooled saliva in phosphate buffer then rinsed
carefully with phosphate buffer solution. The three remaining
electrodes were incubated for one hour with 10% pooled saliva
containing 0.1 fg mL ™" S1 protein. The MB signal from all six
electrodes was measured again in phosphate buffer solution.
Subsequent incubation steps were performed in the same way,
with all electrodes incubated with either un-spiked saliva or
saliva containing increasing concentrations of S1 protein with
every incubation. All electrodes were rinsed before all
measurements. Measurements were collected after establishing
signal stability across 10 consecutive measurements in phos-
phate buffer solution at 10 Hz (Fig. S41) to ensure signal
stability was within 5% normalized change. The same protocol
was performed after saliva addition to ensure no signal drift
prior to performing subsequent S1 protein titrations (Fig. S5t).

Titration curve of S1 protein on SDW mini cells

The working electrodes of the SDW mini cells were incubated
with 10% saliva for 1 hour containing no S1 protein to consti-
tute the zero point of the titration curve. The SDW mini cells
were then incubated with 10% saliva containing the following
concentrations of S1: 0.001, 0.01, 0.1, 1.0, 10, 100, and 1000 fg
mL " *. The SDW mini cell was rinsed following each incubation
period at 1 hour, and a 250 pL drop-cast of phosphate buffered
solution was applied to cover all three electrodes to collect
measurements from the PalmSens Sensit Smart.

Electrochemical measurements

Gamry Reference 600 potentiostat. Conventional potentio-
stat settings were measured in a phosphate buffer solution with
a potential window starting from —0.7 to —0.35 V. Frequencies
measured at: 5, 10, 25, 50, 75, 100, 150, 200 and 250 Hz. The
amplitude was set to 25 mV with a step size of 2 mV.

PalmSens Sensit Smart. All mini cell measurements were
measured in a phosphate buffer (pH 7.4) solution with
a potential window starting from —0.7 to —0.35 V. Frequencies
measured at: 5, 10, 25, 50, 75, 100, 150, 200 and 250 Hz. The
amplitude was set to 25 mV with a step size of 2 mV.
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Abstract

This paper reports the development of a low-cost (< US$ 0.03 per device) immunosensor based on gold-modified screen-
printed carbon electrodes (SPCEs). As a proof of concept, the immunosensor was tested for a fast and sensitive determination
of S proteins from both SARS-CoV and SARS-CoV-2, by a single disposable device. Gold nanoparticles were electrochemi-
cally deposited via direct reduction of gold ions on the electrode using amperometry. Capture antibodies from spike (S)
protein were covalently immobilized on carboxylic groups of self-assembled monolayers (SAM) of mercaptoacetic acid
(MAA) attached to the gold nanoparticles. Label-free detection of S proteins from both SARS-CoV and SARS-CoV-2 was
performed with electrochemical impedance spectroscopy (EIS). The immunosensor fabricated with 9 s gold deposition had
a high performance in terms of selectivity, sensitivity, and low limit of detection (LOD) (3.16 pmol L™"), thus permitting
the direct determination of the target proteins in spiked saliva samples. The complete analysis can be carried out within
35 min using a simple one-step assay protocol with small sample volumes (10 uL). With such features, the immunoplatform
presented here can be deployed for mass testing in point-of-care settings.

Keywords SARS-CoV - SARS-CoV-2 - S protein - Diagnosis - Immunosensor - Gold nanoparticles

Introduction

The crisis with COVID-19 has highlighted the need for ana-

lytical devices to monitor and detect high-incident diseases

caused by viruses and other pathogens with rapid propaga-

tion and mutations. Low-cost, portable analytical sensors

[1-3] are perhaps the only alternative for the diagnosis of

such infections as the one caused by the coronavirus (SARS-

CoV-2) [4, 5]. Indeed, the lack of such sensors explains

why developing countries could not test their population

to the extent recommended by the World Health Organiza-

tion, which would have been essential for the monitoring

to prevent the person-to-person transmission chain [6, 7].

Mass testing has been almost entirely based on molecular

techniques, especially real-time polymerase chain reaction

(RT-PCR), which is not amenable to use outside special-

ized laboratories. At the research level, various methods

~ have been used to diagnose SARS-CoV-2 infection via the
ao Carlos, Araras, . S . . .

SP 13600-970, Brazil detection of S or N proteins in different biological matri-

ces [8-10]. A summary of the sensors developed in recent
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months is presented in the Supplementary Material (Section
S1 and Table S2). Of particular relevance to our work are the
electrochemical immunoassays. For example, carbon black-
based screen-printed electrodes (SPE) and magnetic beads
(MBs) were used to immobilize antibodies and detect S and
N proteins with limits of detection (LOD) of 19 ng mL~!
and 8 ng mL~!, respectively [8]. A working electrode
(WE) coated with graphene oxide (GO) was modified with
8-hydroxyquinoline (8H), 1-ethyl-3-(3-dimethylamino-pro-
pyl)carbodiimide (EDC), and N-hydroxysuccinimide (NHS)
coupled with gold nanostars (AuNS), generating an ultrasen-
sitive sensor that could detect the trace of viruses in aquatic
biological media [6].

Electrochemical sensors with a set of electrodes, viz.
working (WE), reference (RE), and counter (CE) elec-
trodes, allow for multi-target detection, simple arrays,
portability, and fast responses, being ideal for applica-
tions in situ [2, 11, 12]. Analytes can be detected and
quantified through redox reactions when binding occurs
between the target and the biorecognition element [13],
and, therefore, the sensing performance depends strongly
on the WE material [14, 15]. SPEs are suitable for mass
production and miniaturization at low prices, being
advantageous compared with typical solid electrodes
[16-18]. They may be produced on almost any type of
substrate, either rigid or flexible, and on stretchable
surfaces, using different materials [19], including paper
[20], ceramic [21], and polymers [22]. When used in con-
junction with nanomaterials, SPEs may lead to highly
sensitive electrochemical sensors [2, 23]. In this context,
electrodeposited gold on SPEs enhances electrochemical
activity [24] owing to a facilitated electron transfer and
catalytic activity for oxidation and reduction reactions
[2, 23, 25, 26]. Gold deposition as a film ensures high
conductivity and large surface-area-to-volume ratios, and
enables modification with biomolecules. The properties
of the gold layer may be tuned by varying the deposition
potential (E,) and deposition time (¢,), thus permitting the
optimization of sensing performance [24, 27, 28].

In this study, we developed an immunosensor based on
gold-carbon composite material, which detected the S pro-
teins of SARS-CoV and SARS-CoV-2 as a proof of concept.
To the best of our knowledge, this is the first time a single
biosensor is used to detect both pathogens.

Materials and methods
Chemicals
Hydrogen tetrachloroaurate (III), mercaptoacetic acid

(MAA), EDC, NHS, bovine serum albumin (BSA),
potassium hexacyanoferrate (II) trihydrate, potassium

@ Springer

hexacyanoferrate (IIT), fluorescein 5(6)-isothiocyanate
(FITC), and sulfuric acid (H,SO,) were purchased from
Sigma-Aldrich (USA). Carbon paste ink (ELETRODAG
423SS E&C) was obtained from LOCTITE® (Germany),
and Ag/AgCl ink (90,701) was acquired from TICON (Bra-
zil). Anti-SARS-CoV S protein antibodies (40,150-D006)
and SARS-CoV S protein (40,150-VO8B2) were purchased
from Sino Biological (China), while SARS-CoV-2 glycopro-
tein S1 (ab273068) was obtained from Abcam (EUA). Poly-
ethylene terephthalate (PET) sheets for electrode fabrication
were obtained from local stationery shops and cleaned with
isopropyl alcohol before use.

Fabrication of screen-printed electrodes

The screen-printing technique was used to produce car-
bon electrodes (Fig. 1a). First, a customized polyester
screen (77 mesh) (Silk Center, Brazil) was designed
using AutoCAD software and produced by Iasa Segmen-
tos Industriais (Brazil). The carbon paste ink was then
manually printed on a PET sheet with a polyurethane
squeegee. The printed devices containing the three elec-
trodes were then cured at 90 °C for 30 min. The reference
electrodes were manually painted with Ag/AgCl ink and
dried at 90 °C for 45 min. An insulator adhesive tape
was used to delimit the geometric area of the working
electrode at 12.56 mm?>.

Electrodeposition of gold

All electrodes received an electrochemical pretreatment
with sulfuric acid (0.5 mol L™!) within a potential range
between —2.5 and +2.5 V at a scan rate of 100 mV s~ [29].
Two voltammetry cycles were performed, and the sulfuric
acid was completely replaced after each cycle. Gold nano-
particles were electrogenerated on screen-printed electrodes
by applying a constant potential of —4.0 V in an electro-
chemical cell containing 20 mL 5.0 mmol L™" hydrogen tet-
rachloroaurate (I1T) solution with 0.5 mol L™" sulfuric acid
under vigorous stirring for 9 s (or 30 s or 90 s) (Fig. 1b) [30].

Optical characterization of the modified electrodes

Images of the gold nanostructures were obtained with
a scanning electron microscope (SEM) (ZEISS, LEO
440, model 7060) equipped with an OXFORD® system
detector. A Thermo Scientific Prisma E Scanning Elec-
tron Microscope (SEM) with ColorSEM Technology
and integrated energy-dispersive X-ray spectroscopy
(EDS) was used to assess the chemical composition of
the modified electrodes. The antigen—antibody interac-
tion was studied using a confocal fluorescence micro-
scope Zeiss LSM 780 with an argon laser. SARS-CoV
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Fig. 1 Step-by-step immunosensor fabrication. a Fabrication steps of the screen-printed electrodes. b Electrochemical treatments, Au deposition,

and modification of working electrodes with antibodies

S protein was labeled with fluorescein isothiocyanate
(FITC) by mixing the two molecules in a 1:20 ratio
for 1 h at room temperature (25 °C). Dialysis was then
used to remove unbound FITC. The fluorescence of the
modified electrodes was measured in the absence and
presence of labeled S proteins, validating its binding to
the biosensor surface.

Electrochemical characterization of the modified
electrodes

Modified electrodes using different gold electrodeposition
conditions were characterized using cyclic voltammetry
(CV). Bare carbon electrodes and devices submitted to 9,
30, and 90 s of gold deposition protocol were evaluated.
First, CV was performed in a potassium hexacyanoferrate
(IT)/(T1T) solution (4 mmol L™~! each, 0.1 mol L~! PBS, pH
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7.0) (2 cycles, 100 mV s7!, from — 0.3 to 0.7 V). The elec-
trodes were also submitted to CV in 0.1 mol L™! sulfuric
acid to assess the amount of gold present on the electrode
(2 cycles, 100 mV s~!, from 0.0 to 1.5 V).

Functionalization of the gold surface
with antibodies

Modified-gold electrodes were pretreated with cyclic vol-
tammetry (CV) (0.0-1.5V, 100 mV s~ 10 cycles) in sul-
furic acid (0.1 mol L™, ultrapure water). Then, 20 uL of an
MAA solution (10 mmol L', ultrapure water) was incu-
bated on the gold working electrode. After 2 h, electrodes
were washed with ultrapure water and dried using a low N,
stream. Next, 20 uL of a mixture of EDC and NHS (10 mmol
L~" and 20 mmol L™! respectively) in MES buffer 100 mmol
L' (pH 6.0) was incubated on the modified electrode for
1 h to promote the antibody attachment on the carboxylic
groups [12, 31-34]. The electrodes were then rinsed using
MES buffer (100 mmol L', pH 6.0) and dried using N,.
Twenty microliters of 1 ug mL™" anti-protein S antibod-
ies (PBS, 0.1 mol L, pH 7.0) was added to the electrode
for 1 h. The antibody’s concentration applied is within the
concentration range reported in the literature for the manu-
facture of immunosensors used for SARS-CoV-2 detection,
which range from 1 ng L™! to 100 pug L™! [31, 32, 35-40].
Electrodes were washed using PBS (0.1 mol L™!, pH 7.0)
and dried with an N, gas stream. Finally, a BSA solution
(1% wi/v, 30 min, 0.1 mol L' PBS, pH 7.0) was incubated
on the electrode for 30 min for blocking the bioreceptor layer
[33, 35-37]. After washing the modified electrode with PBS
(0.1 mol L%, pH 7.0) and drying it with N,, the biosensor
was ready for use. A similar protocol for building the immu-
nosensor was recently described by Stefano et al. [40]. The
samples were added to the working electrode and incubated
for 30 min (0.1 mol L™' PBS, pH 7.0). After this period,
electrodes were carefully washed using PBS (0.1 mol L™,
pH 7.0), and electrochemical measurements were performed
(Fig. 1b). Unless indicated otherwise, positive samples were
composed of SARS-CoV S protein, while negative samples
were composed of BSA. To reduce the evaporation of the
droplets, all the solutions for incubation were performed in
a closed container with wet wipes. All procedures were per-
formed at room temperature (25 °C).

Electrochemical immunosensing

The charge transfer resistance (R.,) of the immunosensors
was determined using electrochemical impedance spectros-
copy (EIS) in a potassium hexacyanoferrate (II)/(III) solu-
tion (4 mmol L™! each, 0.1 mol L~' PBS, pH 7.0). First, to
activate the double layer of the biosensor, a CV was per-
formed (2 cycles, from —0.3 to 0.7 V, 100 mV s™1). Then,
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EIS measurements were performed in open circuit condi-
tions (OCP) (10 kHz to 100 mHz, E,. 10 mV). The reproduc-
ibility of the immunosensor was investigated by analyzing
the signal of three parallel assemblies after the interaction
with 107 mol L™! protein S. The variability is quantified in
terms of relative standard deviation (RSD) in the signals.
Repeatability was assessed using RSD of ten successive
measurements in a single immunosensor after interaction
with 107 mol L™! S protein. The LOD was estimated as
the analyte concentration corresponding to an R, =b,, + 3s,,
where b,, is the mean value for blank samples, and s, is the

m
standard deviation of the blank measurements (n=6) [41].

Biological samples

Saliva was used as a biological sample to test the practi-
cal application of the device. A pooled human saliva was
obtained from Innovative Research (IRHUSL5SML) and
centrifuged at 8000 rcf for 10 min prior to use. Then, the
supernatant was spiked with SARS-CoV S protein to reach
concentrations from 10~ to 107 mol L ™! and one sample
was prepared with inactivated SARS-CoV-2 viruses at 10°
PFU mL ™. For the electrochemical analysis of fortified bio-
logical samples, SDS 0.05% (w/v in PBS) was used as the
washing solution between incubations.

Results and discussion
Characterization of Au-modified SPCEs

The photographs of Au-modified SPEs in Fig. 2a indicate
an increased deposition of Au as the electrodeposition time
increases. The chemical composition of the films was con-
firmed through elemental mapping and EDS measurements
in Fig. 2b, Figure S1, and Figure S2. While bare SPE has
a carbon-based surface, Au features appear with increas-
ing Au deposition. A homogeneous thin film was noted for
bare SPE, coated with Au structures with regular size and
morphology. Different Au structures are shown in the SEM
images of Fig. 2c—f, with no significant defects for bare SPE
and Au-coated SPEs. The bright spots on the images can be
attributed to Au, while other features in Fig. 2c are graphite
flakes and carbon nanoparticles from SPE ink. According to
Image] processing, the Au nanoparticles increased with elec-
trodeposition time, reaching diameters 143 +31, 425 + 161,
and 752 +207 nm (n=10), for 9, 30, and 90 s, respectively.
The Au deposition was characterized using cyclic voltam-
metry in 0.1 mol L™! sulfuric acid. Figure 2g shows no redox
peaks for bare SPE (black), as expected. The CVs for SPE/
Au are typical of surfaces containing Au in 0.1 mol L™!
H,S0,, with anodic and cathodic peaks at+1.15 V (E,,)
and+04V (Epo) due to oxidation (formation) and reduction
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Fig.2 a SPE before and after electrodeposition of gold for 9, 30,
and 90 s. b Elemental mapping of an SPE after electrodeposition of
gold for 9 s. Pink and yellow shades, respectively, represent carbon
and gold. ¢ Bare SPE. SPE modified with gold nanostructures elec-
trodeposited during d 9 s, e 30 s, and £ 90 s. g Cyclic voltammograms
in 0.1 mol L™! H,SO, for bare SPE (black), SPE modified with gold
nanostructures electrodeposited during 9 s (red), 30 s (blue), and 90 s
(yellow) at—4.0 V in a 5.0 mmol L™" hydrogen tetrachloroaurate (IIT)
solution containing 0.5 mol L™" sulfuric acid. Scan rate 100 mV s~'.

of Au oxides, respectively [42]. The concentration of elec-
troactive species (//mol cm™2) of AuNPs on the sensor was
estimated with I"=Q/nFA, where Q (C) is the background-
corrected electric charge calculated by integrating the
cathodic peak, n is the number of electrons, F is the Faraday
constant (96,485.34C mol™"), and A is the geometric sur-
face area (0.012 cm?). The estimated charges (Q) were 111,
392, and 966 pC, and the concentrations of electroactive
species were 9.6, 34, and 83 X 1073 mol cm™2 for AuNPy,,
AuNP;,, and AuNPy, respectively (Figure S3). The values
of I'increased in the order: AuNPy < AuNP;) < AuNPy, as
expected with the increase in AuNPs with longer deposition
times already observed with SEM and EDS. The increase in

The insert shows a zoomed view of the CV of SPE. h Nyquist plots
for bare SPE (black), SPE modified with gold nanostructures elec-
trodeposited during 9 s (red), 30 s (blue), and 90 s (yellow) in 0.1 mol
L' PBS containing 4.0 mmol L! [Fe(CN)ﬁ]‘H}’ from 10 kHz to
100 mHz. i CVs for bare SPE (black), SPE modified with gold micro-
structures electrodeposited during 9 s (red), 30 s (blue), and 90 s
(yellow). CV conditions: 0.1 mol L' PBS containing 4.0 mmol L!
[Fe(CN)g]*~~ at a scan rate of 100 mV s~

AuNPs on the electrode leads to an increased reduction peak
from Au* to Au’, corroborating the cyclic voltammograms
in Fig. 2g.

The shape and morphology of the nanoparticles affect the
electrochemical properties of modified electrodes, primarily
due to the electroactive areas [43, 44]. Thus, the electrodep-
osition time is a crucial factor, as observed in Fig. 2d—f, with
peak current increasing with time due to increased surface
area. Thicker films preclude electron transfer and induce a
large capacitive current, while the small capacitance prevail-
ing with thin films enhances sensitivity [24]. The impor-
tance of patterning SPE with Au structures became appar-
ent in the increased electron transfer compared to bare SPE
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electrodes, as inferred from CV and EIS measurements. Fig-
ure 2h shows the Nyquist diagrams for the four electrodes
consisting of semicircles and diffusion straight lines. These
were analyzed using a modified Randles equivalent circuit
[Ry(CPE[R Zy])], where Ry is the solution resistance, R,
is the charge transfer resistance, Zy, is the Warburg imped-
ance, and CPE is a constant phase element. The apparent
heterogeneous electron rate constant was determined using
k.“pp=RT/F2RchA, in which F is the Faraday constant, C is
the probe redox concentration in solution (4.0 mmol L"), R
is the gas constant (8.3145 ] K™ mol™), T is the tempera-
ture (298 K), A is the geometric area (0.1256 cm?), and R
is the charge transfer resistance obtained by fitting the data.
kqpp values calculated for bare SPE and SPE/Au are listed in
Table S1. R, for SPE/Au (< 88 Q) is smaller than for bare
SPE (1335 Q) due to the synergy in having SPE and Au sites
for electron transfer. The significant increase in k,,, (from 15
to 5x 10* times, depending on the gold amount) for the SPE/
Au electrode confirms the increased electron transfer during
the redox process [45]. The same effect can be observed in
the CV in [Fe(CN)6]4_/3' (Fig. 2i), in which the peak cur-
rent of the oxidation/reduction of the redox pair increased
with longer electrodeposition times. This observation has
important implications for the performance of electroanalyti-
cal devices. The electrochemical behavior of gold-modified
electrodes was also assessed in mechanical flexion tests.
Even after 50 successive manual bending cycles, no signifi-
cant changes in current or potential of [Fe(CN )6]4_/3_ oxida-
tion peaks were observed (deviations of 6.0% and 5.3% for
current and potential, respectively, n=3) (Figure S4).

(A) YO AU +()MAA - (i) EDCINHS
#(iW)Ab 4(v}BSA m(vi) S protein (10 mol L")
750 -| o
a L]
B "\'» 4
o5 2001

W W v v

Fig.3 a Nyquist plots in 0.1 mol L™' phosphate buffer containing
5.0 mmol L™ [Fe(CN)¢]**/*~ using: (i) bare SPCE/AuNP (inverted
triangle, black), (ii) SPCE/AuNP/MAA (diamond, red), (iii) SPCE/
AuNP/MAA/EDC-NHS (triangle, yellow), (iv) SPCE/AuNP/MAA/
EDC-NHS/antibody (circle, green), (v) SPCE/AuNP/MAA/EDC-
NHS/antibody/BSA (left-pointing triangle, blue), (vi) and SPCE/
AuNP/MAA/EDC-NHS/antibody/BSA/antigen ~ (square,  purple).
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Assembling the immunosensor

An immunosensor was assembled with a modified SPE
with a gold deposition time of 9 s and monitored through
the Nyquist diagrams in Fig. 3a. The use of a 9-s dep-
osition time is justified by the increased sensitivity of
these devices, as shown in “Analytical performance of the
immunosensor.” The immobilization of MAA as a self-
assembled monolayer (SAM) on the electrode caused R
to increase to 212.9 Q (curve: diamond, red) from 144.5
Q for the bare electrode (curve: inverted triangle, black).
A significant decrease to 76.8 Q occurred with the immo-
bilization with EDC/NHS, probably due to the pH used in
the reaction (6.0). Antibody immobilization on the SPCE/
AuNP/MAA/EDC-NHS surface increased R slightly to
92.4 Q. With BSA immobilization for blocking active
carboxylic acids, R increased to 259.3 Q. The incubation
of 107® mol L~" antigen (SARS-CoV S protein) on the
SPCE/AuNP/MAA/EDC-NHS/Ab immunosensor led to
a further increase in R, to 362.4 Q due to hindered elec-
tron mobility with the formation of the antigen—antibody
complex. This complex represents an additional barrier
between the electrode and [Fe(CN)¢]*~*"redox probes.
Similar behavior was observed by Brazaca et al. [34] and
Huang and co-workers [46], who considered the results to
indicate biosensor assembling, decreasing the chances of
a false positive response during impedimetric assays. The
antibody-antigen interaction was also investigated using
confocal fluorescence microscopy. The images taken
before and after the interaction between MAA/EDC-NHS/
Ab functionalized electrode and a fluorescein-labeled

(B) Negative control

(C) Positive control

Conditions: 0.1-100,000 Hz frequency range with pulse amplitude
10 mV. Inset: equivalent circuit to fit the experimental data. The
insert brings R, values (€2) after each functionalization step calcu-
lated using [R(CPE[R Zy])] as an equivalent circuit. Fluorescence
images of b MAA/EDC-NHS/Ab functionalized electrode, and ¢
functionalized electrode after detection of fluorescein-labeled protein
S from SARS-CoV. Amplification 20 x
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Fig. 4 Calibration curves of S protein and BSA for different Au depo-
sition times: 9 (a), 30 (b), and 90 s (c). d Sensitivities for S protein
and BSA for each Au deposition condition. EIS conditions: 0.1 mol

SARS-CoV S protein in Fig. 3b and ¢ confirm the effec-
tive biological recognition.

Analytical performance of the immunosensor

Calibration curves obtained from R, for devices constructed
with three gold electrodeposition times (9, 30, and 90 s) are
shown in Fig. 4. All the immunosensors could differentiate
SARS-CoV S protein from BSA, with R? and/or sensitiv-
ity values being significantly decreased for the BSA control
assays. The highest sensitivity and selectivity were observed
for the immunosensor containing fewer AuNPs (9 s elec-
trodeposition), as indicated in Fig. 4D with R>=0.988 and
sensitivity 1.00 Q L mol™' mm™2. With 9 s electrodeposi-
tion time, homogeneous spherical AuNPs are generated, thus
confirming that the shape and morphology affect the elec-
troanalytical performance [47]. For longer deposition times
(30 and 90 s)—or larger gold nanostructures—the sensitivity
is lower (0.258 and 0.274 Q L mol~' mm™ for 30 and 90 s,
respectively), with poor reproducibility (>25%, n=3) which
might be due to gold leaching. Although the longer deposi-
tion time led to increased electrochemical currents (“Char-
acterization of Au-modified SPCEs”), electrodes with 9 s
electrodeposition exhibited better analytical parameters for

Samples at 10¢ mol L™

L~! PBS containing 4.0 mmol L™ [Fe(CN)4]*™*~ at OCP. e R, sig-
nals from SARS-CoV, SARS-CoV-2, and BSA at 10™° mol L™ in
PBS

detecting the S protein since the resistance to charge transfer
was the parameter of interest rather than the electrochemi-
cal current. Furthermore, the cost of the sensing units is
decreased with less gold being deposited, and therefore the
9 s electrodeposition time was used in subsequent studies.

All the sensing results reported so far were obtained with
SARS-CoV protein as the target analyte. We now report on
the use of the same immunosensor to detect SARS-CoV-2 S
protein. Figure 4e shows that SPEs modified with 9 s gold
deposition time could distinguish 10~ mol L™! S protein
from SARS-CoV, S protein from SARS-CoV-2, and BSA
(control) with a statistically significant difference using
the ANOVA-Tukey test (p <0.05). To confirm this statisti-
cal significance, we plotted the data for BSA, SARS-CoV,
and SARS-CoV-2 at the same concentration of S protein
(10° mol L™ in PBS) using principal component analy-
sis (PCA). Figure S5 indicates excellent distinction of the
samples, with more than 94% of data explained by PCA.
We emphasize that all measurements were performed with
the proteins separately and at the same concentration (BSA,
SARS-CoV, and SARS-CoV-2).

As expected, R after interaction with S protein from
SARS-CoV-2 had an intermediate value due to its lower
interaction rate with the antibodies than the S protein from
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SARS-CoV. R, differs in each case which means that the
immunosensor platform may be used to differentiate SARS-
CoV viruses. The reason the immunosensor could be used to
detect both S proteins, from SARS-CoV and SARS-CoV-2,
is associated with their similar features. Indeed, SARS-CoV
and SARS-CoV-2 are closely related, and their S proteins
have an overall protein sequence identity of 76%. The S1
receptor-binding domain is less conserved than the S2 fusion
domain (76 and 90% identity, respectively) [48]. Accord-
ing to the producer of anti-S protein antibodies used in this
study, there is cross-reactivity with SARS-CoV-2 S protein
[49]. The same was observed by Bates [50], who measured
cross-reactivity for most SARS-CoV structural protein-tar-
geted antibodies evaluated against SARS-CoV-2 S protein.

The reproducibility in device fabrication was tested with
three immunosensors obtained with 9 s gold deposition,
which were made to interact with 107 mol L™ S protein.
The immunosensor reproducibility was good, with an RSD
of 5.12% (n=3). Although the immunosensor was designed
to be disposable, the repeatability of the sensor was evalu-
ated to ensure signal stability. This was done with ten suc-
cessive measurements in a single device, and the response to
107 mol L™' SARS-CoV S protein varied with a 4.51% RSD
(n=10). The LOD of the immunosensors was 3.16 pmol L!
or 83.7 pg mL~!.

It is worth mentioning that the values used for quantify-
ing S protein throughout this paper correspond to the total
R, value from EIS measurements. Therefore, it corresponds
to the biosensor itself (MAA, EDC/NHS, antibody, BSA
blocking layer) plus the analyte. We have decided to use
the total R, value instead of AR (before and after sam-
ple interaction) due to two main reasons. The first one is
the simplification of the test for the user, requiring a single
measurement. Furthermore, since using AR, involves two
measurements rather than one, the reproducibility of the

tests may be affected [41]. Indeed, the RSD% values (n=3)
for R, are 5.37% before and 5.12% after sample interaction,
while RSD% was 9.64% for the difference.

Application of the immunosensor in biological
samples

Since saliva is a common means of transmission of infec-
tious diseases [51], human saliva samples were applied to
evaluate the analytical performance of the immunosensor
produced with 9 s gold electrodeposition. As with other
coronaviruses, the spike protein is abundantly expressed
during virus infection and is most effective at inducing anti-
body responses in the host. Then, early diagnosis can be
made by detecting antibodies against the SARS-CoV spike
protein [52, 53]. SARS-CoV S protein concentrations (from
10~ to 1077 mol L™") were added to commercial human
saliva supernatant obtained after centrifugation of the bio-
logical fluid. To assure that the changes in R, are due to
antigen—antibody interactions, a control was conducted with
saliva samples spiked with BSA in the same concentration
range. To reduce nonspecific interactions between saliva
components and the immunosensor, the latter was washed
after sample incubation using PBS with the addition of a
surfactant (SDS). Figure 5 shows the Nyquist plot (Fig. 5a)
and the calibration curves (Fig. 5Sb) for human saliva spiked
with SARS-CoV S protein (blue) and BSA (red). The curves
are similar to those where PBS was used, with R, increas-
ing linearly (R*=0.996) with the analyte addition (in log
scale). As expected, a higher sensitivity was observed for S
protein (5.935 QL mol~! mm?) compared to BSA (1.725
Q L mol™! mm~2). However, R, is significantly higher
than in the curves with PBS, probably due to nonspecific
interactions with other saliva components. The increase
of R? (R*=0.929) and sensitivity related to BSA curves

(A) (8) (C)

12 — - 900 20 —
SARS-CoV S Protein in saliva ® SARS-CoV S Protein in saliva — SARS-CoV-2 in saliva (+)
= No Protein 5 BSAin saliva - Saliva (-)

09 + 10 mol L~ 700 154
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Fig.5 Application of the proposed immunosensor in biological sam-
ples. a Nyquist plots after incubation of S protein from SARS-CoV
from 107" to 1077 mol L™" in saliva samples. b Calibration curves
for S protein from SARS-CoV and BSA in saliva. ¢ Nyquist plot for
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detection of inactivated SARS-CoV-2 viruses in saliva. The inset
shows the R, obtained for negative (in the absence of the virus) and
positive (in the presence of 10° PFU mL™" of the virus) samples
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corroborates this hypothesis. This behavior is probably due
to the successive incubations in saliva and not due to the
concentration of BSA itself. Therefore, considering a single
incubation (30 min), the immunosensor can differentiate
control and positive samples. It can distinguish S protein
and BSA in concentrations ranging from 107! to 10~7 mol
L~ (n=3) even in a complex environment, indicating its
potential applicability in biological samples.

Last, the biosensors were tested regarding their ability to
detect inactivated SARS-CoV-2 viruses in saliva samples.
As expected, the measured R, was significantly increased
in the presence of the virus (10° PFU mL™") due to interac-
tion with the immunosensor (Fig. 5c¢). As the typical range
of positive cases of patients infected with SARS-CoV-2 is
from 10° to 10’ PFU mL"!, the proposed method exhib-
ited excellent performance at a fortified sample at 10° PFU
mL~!, showing potential applicability to clinical samples.
It is also interesting to note that biosensors with similar or
higher LODs than the one presented here were tested in real
saliva clinical samples and showed great agreement with
RT-PCR [8].

A list of immunosensing platforms for SARS-CoV and
SARS-CoV-2 is shown in Tables S2 and S3, in the supple-
mentary material. It is worth mentioning that none of the
devices from the literature have been tested for the detection
of both SARS-CoV and SARS-CoV-2, which is the case
here. The immunosensor that we reported is competitive
with other platforms. Even though its LOD is higher than
more sophisticated immunosensors, its low cost (US$ 0.03)
and potential direct applicability to biological samples rep-
resent considerable advantages. The immunosensor is also
advantageous due to the ease of preparation and manipula-
tion, as it is label-free.

Conclusions

The fabrication of SPCEs decorated with electroformed gold
nanoparticles was optimized and characterized. As a proof of
concept, the electrodes were functionalized with a SAM and
alayer of anti-S protein antibodies for a sensitive determina-
tion of S proteins from SARS-CoV and SARS-CoV-2. The
label-free immunosensing platform had a LOD of 3.16 pmol
L~" and provided quantitative results in fortified human
saliva using only 10 pL in a 30 min single incubation step.
The high analytical performance exhibited by the disposable
immunosensor and its simple operation—with no need for
signal amplification strategies—make the method a poten-
tial alternative to identify SARS-CoV and SARS-CoV-2 in
point-of-care settings. The immunosensor for S protein is
competitive with other affinity electrochemical biosensors
in terms of simplicity, test time, and sensitivity. Moreover,
if necessary, the antibodies used in its construction can be

updated to detect new variants of the disease. The features of
the simple immunosensor are promising for the deployment
of mass testing in any country. For the commercialization,
efforts are still needed for a complete validation with a more
significant number of samples and of different nature, in
addition to a comparison with gold-standard techniques such
as ELISA immunoassays and RT-PCR. Regardless, the gold-
based immunosensor demonstrated good analytical perfor-
mance and can be explored as an alternative for a faster and
cheaper diagnosis of COVID-19.
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