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Abstract

Climate change and the expanding global population are placing immense
pressure on our planet’s natural resources and ecosystems. Sustainable re-
source management is crucial to protect human communities and support
necessary economic activities. Specifically, the safety of water resources
and food production chains necessitate access to frequent and reliable data
on pathogenic infections. Since conventional laboratory-based techniques
are limited (too expensive or too slow), the recent pandemics and out-
breaks highlighted the need for early diagnostic tools to screen pathogens,
combining accurate and rapid detection with simplicity and accessibility.

This thesis first investigates how rapid diagnostic tests, i.e., Lateral
Flow Assays (LFA), take advantage of porous paper-like membranes to
develop highly specific colorimetric biosensors for the diagnostic of pro-
teins (human immunoglobulins) and critical pathogens (Bacillus cereus) at
the point-of-care, in a user-friendly and rapid (15 min) format.

The second part of this work tackles the challenges presented by opti-
cal LFAs (low sensitivities) by exploring the accommodation of electrical
detection techniques on LFAs towards improved performance.

By means of a multidisciplinary approach covering microbiology, nano-
technologies, material science and electrical engineering, this thesis offers
a complete characterization of the LFAs in order to support future research
and development of LFAs for pathogen diagnostics, and the integration of
sensitive and reusable electrical readers on LFAs.

However, the biosensor technologies developed in this thesis are not
neutral. Many aspects condition their long-term use, such as the socio-
ecological and economic implications of their production, dissemination,

| v
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use and end-of-life. Therefore, a systemic approach is proposed early-on
in the research process to improve the understanding of the implications
of the biosensor design choices on their environmental performances, and
orient our decisions towards an appropriate design and manufacturing
process for paper-based pathogen biosensors.

vi
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Introduction

Pathogenic outbreaks are major threats to global health and food safety.
The frequency of outbreaks has been steadily increasing [1]. Bacterial in-
fections are the second leading cause of death worldwide [2]. Early diag-
nosis is critical to identify the responsible pathogen, and thus is a vital step
in confining and treating infected people or foodstuffs. There are several
approaches for detecting pathogens in samples. However, these conven-
tional methods to identify pathogens require the isolation of a single bac-
terial colony, obtained after a time-consuming culturing step lasting up to
several days. This delay results in a slow decision making process for the
management of the infections, and in detrimental impacts on the health-
care system or our ecosystems. During critical pathogenic outbreaks, we
therefore need faster tools to prevent the spread of contamination, whether
to improve the management of our ecosystem resources or to promote food
safety.

The need to test the bacteriological quality of our resources in critical
situations has led to the development of early diagnostic tools that can be
used directly at the Point-of-Need (PoN)?, i.e. at the place where the sam-
ple is taken, saving precious time. When the pathogenic bacteria can be
detected by means of biosensors, the detection time can even be reduced
to minutes or hours (Figure 1).

Indeed, biosensors are bio-detection platforms, generally taking advan-
tage of micro- and biotechnologies, and integrating all the measurement

IPoN diagnostics in the healthcare sector is called Point-of-Care (PoC) diagnostics. PoC
are the most widely deployed tools, such as PoN is often replaced by PoC in the common
language.
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systems necessary for generating a signal of the pathogen detection that
can be directly read and interpreted by the end-user. This way, they com-
bine selective bio-recognition interfaces and relatively sensitive and fast
transducers (e.g. optical of electrical), which makes them true lab on a
chip (LoC). Since the goal of the biosensor is to replace the lab, a biosen-
sor must possess several functionalities, including the ability to collect the
sample, its handling and treatment, its analysis and the communication of
its results in a legible form. Overall, the need for PoN generally requires
that these biosensors are easy to use so that they can be appropriated by
the general public. The WHO has established a series of guidelines for the
development of PoN biosensors: they must be accessible, low-cost, rapid,
sensitive, and be able to be performed directly at the site of the test, not in
distant laboratories [3].

Therefore, it is anticipated that biosensors could make a substantial im-
pact in fields where traditional detection methods fall short. For instance,
they can swiftly diagnose epidemics or food-borne infections, enabling the
isolation of the infected and stopping the spread of the disease, as well
as identifying the source of the infection. Additionally, biosensors could
prove advantageous in settings such as developing countries where access
to an analytic laboratory might be challenging, if not impossible.

However, several aspects condition the long-term use of biosensors that
go well beyond its technical performances. A critical prerequisite for the
possibility of deriving concrete actions from a PoC device is that the data it
generates is effectively interpreted and usable by end-users, thus implying
the need for reliability of the measurement and confidence in the result,
ease of interpretation, communication or reporting to relevant stakehold-
ers [4]. In certain circumstances, particularly in the food chain, data about
pathogenic contamination must be generated using certified methods in
order to be used in practice. The biosensor technology must therefore be
compliant with, for instance, an ISO or AFNOR certification process. Fi-
nally, in view of the growing awareness of the global environmental im-
pacts generated by human action, an increasing number of organizations
are imposing constraints on the life cycle of products, such as single-use
clinical devices among which are included the PoC devices, so that these
are manufactured in the most efficient way possible, or that their end-of-
life is anticipated.
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0 | Introduction

Thesis Methodology and Objectives The previous observations natu-
rally leads to the main research question of this thesis:

What technology is it desirable to use or develop for the early detection of pathogens
in critical settings ? How can we engineer appropriate PoC devices for the next
pathogenic outbreaks ?

The need to identify the appropriate technology requires studying the
systemic impacts of a technology, i.e. taking a holistic view of the research
topic. Systemic means understanding the entire problem studied and iden-
tifying the links and barriers between the factors that make it up. Ashby et
al. has recently proposer a pedagogical, 5-steps methodolgy for studying
research questions using a systemic approach, with the aim of developing
appropriate or “sustainable” technologies [5] :

e Step 1: Clarify the research prime objective : what are the motivations
to study the development of novel biosensors for pathogen detection ?
What could be the scale of application of new technology compared to
the problematic one ?

¢ Step 2: Identify the stakeholders and their concerns. If the concerns are
not addressed by the new biosensors, it will face obstacles and may fail
to gain acceptance, therefore failing to deliver positive societal value.

Key elements of the two first steps are gathered on Figure 1.

* Step 3: To get further in the identification of the appropriate biosensor,
we need facts to be discussed and compared between PoC biosensor
technologies, and facts need research. A systemic approach of a tech-
nology necessitates the research about its design and performances, the
materials used, alongside its energy requirements, the environmental im-
pacts generated by the technology, its implications on society, its relation
with the economy and its compliance with legislation.

Step 3 covers most of this thesis work. In particular, the researched facts
focus on technical specificity of the biosensors. They are expressed in the
three research questions of this thesis, which are related to the three tech-
nical parts of this thesis (see thesis outline). In this thesis, paper-based
biosensors, such as colorimetric rapid tests, are selected quite early as promis-
ing candidate due to their large scale dissemination, acceptability and rel-

4|
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evance for PoC rapid diagnostics. Therefore, this thesis will aim at under-
standing their working principle, their limitations, their applicability to
pathogen detection, and how they could be improved with new electrical
transducers :

Research Question 1  What are the technologies, their performances and re-
search trends for pathogen PoC diagnostics ? How can we guide the design choices
towards the most appropriate biosensors, early in the the R&D process, taking into
account their technical performances as well as the environmental impacts associ-
ated with their material basis and their manufacturing ?

Research Question 2 How to develop colorimetric paper-based sensors and
what are their intrinsic limits of the performances ? How can we develop colori-
metric paper-based sensor for rapid detection of pathogens, with a relevant bioint-
erface ?

Research Question 3 What are the strategies available to increase the perfor-
mances of the paper-based sensors with electrical transducers ? What are the key
limiting factors when integrating electrical measurements on paper sensors and
LFAs ?

* Steps 4 and 5 : consist in the Synthesis and Reflection, respectively,
where we form a balanced judgement about the impacts of the technol-
ogy relative to the facts we found in step 3, and where we push the
reflection on other possible solution to the problematic, if necessary.

Steps 4 and 5 should take the form of a general technical discussion put
in perspectives with other facts, in particular coming from environmental
impact assessments, to form a holistic discussion.
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Thesis Outline  This thesis is organized in four parts, relative to the three
research questions, and the holistic discussion. A schematic outline of this
thesis is visible on Figure 2.

Part I - A systemic view of PoC pathogen sensors

¢ Chapter 1 consists in a state-of-the-art on conventional methods for pathogen
detection, describes the different class of biosensors existing for pathogen
diagnostics and proposes a comparison based on the performances com-
monly reported in the literature. In particular, it highlights the lack of
consideration for eco-design in the case of pathogen biosensors research
and development.

¢ Chapter 2 tackles this limitation by proposing a detailed methodological
framework to add environmental aspects in the development process of
PoC biosensors, supporting the choice of appropriate fabrication tech-
niques and materials. First, the main environmental indicators relative
to the materials used in PoC sensors are reviewed and communicated
in a convenient way for use. Then, simplified Life-Cycle Analysis are
proposed as a way to guide the sensor designer for the choice of man-
ufacturing technologies and materials, with quantified environmental
metrics.

The results of the state-of-the-art and environmental analyses conducted
in the first part of this thesis suggest suggest prioritizing research on paper-
based sensors in this thesis, and more specifically Lateral Flow Assays
(LFAs), due to their multiple convenient assets (quick, simple and cheap
assays for various diagnostics at the point of care).

Part II - Design of colorimetric LFAs for pathogen detection

¢ Chapter 3 provides an in-depth review of the fundamentals about the
development of colorimetric LFAs based on gold nanoparticles. This
chapter provide the readers with the necessary knowledge to under-
stand the basic principles governing an LFA and to take informed de-
cisions during lateral flow assay design and fabrication. It particularly
emphasizes the importance of considering all the interconnected param-
eters when optimizing LFAs.

* Chapter 4 proposes a step-by-step example procedure for the design,
fabrication and operation of a LFA for the quantitative detection of hu-

6 |
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man IgG, a small molecule relevant as a first detection use-case due to
its simplicity of integration on a colorimetric LFA. The chapter also in-
cludes some characterizations of the basic materials that will be further
used in this thesis. The results are thoroughly analyzed to gain a com-
prehensive understanding of the underlying factors contributing to the
relatively high detection limits observed in colorimetric LFAs.

* Chapter 5 leverages the knowledge from chapters 3 and 4 in order to
develop a simplified LFA for the detection of whole-cell Bacillus cereus.
In this chapter, a solution to the limitations of the usual bioreceptors in
LFA (antibodies) is proposed by the in depth characterization study for
the use of phage-binding proteins as biointerfaces. Their excellent bind-
ing properties to bacterial cells and their advantageous properties for
coating LFAs membrane and nanoparticles allowed to detect B. cereus
cells within 15 min in LFA format, which makes them relevant as futur
bioreceptors in LFAs for pathogen detection.

Part III - Towards electronic paper-based pathogen biosensors

* Chapter 6 Since colorimetric paper-based sensors have high intrinsic
limit of detection, a general design trend was identified in chapters 1
and 2 to integrate sensitivite, electrical transducers to the LFA. Here, we
propose a preliminary study of how electrodes (integrated or reusable)
and non-Faradaic impedance spectroscopy detection mode can be ap-
plied to simple piece of nitrocellulose-based membranes towards the de-
tection of pathogens. This chapter sets the basic models for impedance
measurements on paper-based sensors, and highlights its limitations.

¢ Chapter 7 leverages the knowledge from chapters 3 to 6 in order to in-
vestigate a prototype LFA with impedance detection, which final goal
aims at detecting the nanoparticles commonly used as colorimetric la-
bels in LFAs. In order to set the basis for future works on the devel-
opment of electrical LFAs, this chapter proposes an in-depth characteri-
zation of the LFA electrical behaviour to assess the inherent complexity
associated with integrating electrical detection constraints into the LFA
system, which is already limited by its biochemical constraints.

The last section of this thesis consists in a conclusion, highlighting the
contribution of each chapter in addressing the original research questions

|7
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of the thesis and highlighting the main points of the discussions associated
with each chapter. It also investigates the most interesting prospects for fu-
ture research directions and applications. Then, a broader discussion aims
to offer holistic perspectives of PoC diagnostics, in particular by opening
up reflection to issues of dissemination, legal framework for use or even
industrialization.

Research objectives &

stakeholders [ Introduction to PoC diagnostics ]

Y

’ Chapter 1 - State-of-the-art |

Part I - A systemic view
of PoC biosensors

| Chapter 2 - PoC environmental footprint |

J
—
Part II - Design of () Y
: : Chapter 3 - LFA | _Chapter 4 - LFA|_|Chapter 5 - LFA for
colorimetric LFAs for fund [ " 1gG detection || pathogen detection
pathogen detection undamentals GJS CliEzEion | g [SENneE)

o~

Chapter 6 - Electrical tech- | Chapter 7 - Towards
niques for paper sensors “|  impedance LFAs

Part III - Towards
paper-electronics
pathogen biosensors \

Chapter 8 - Conclusion,
technical and systemic
perspectives

Part IV -
Conclusions

Fig.2 Schematic thesis outline. A review of the point-of-care pathogen biosensors
is performed in part I, including their associated environmental impacts. Parts II
and IIT are the main body of this thesis, presenting the developments and inno-
vations proposed towards the rapid and quantified bacteria detection with paper-
based sensors. The conclusion aims to bring together the results of parts I-III, in
addition to opening up perspectives for more holistic considerations to discuss the
appropriateness of the research carried out with regard to the thesis main research
question. Arrows indicate the prerequisites for conducting the research in each
chapter. In this configuration, the research methodology implemented during this
thesis can be considered systemic, according to the 5-steps method proposed by
Ashby.



1.1

State-of-the art of
point-of-care pathogen
detection

This chapter introduces the concepts of bacterial detection with point-of-
care sensors. First, it quickly describes the fundamentals of bacteria cells.
Then, we review the conventional detection techniques for pathogens. Fi-
nally, we overview the concepts of a biosensor and the different classes of
pathogen biosensors, with a special focus on point-of-care biosensors.

Fundamentals of microbiology

The microscopic agents responsible for many infections are bacteria (Figure
1.1). These microscopic agents can infect their host, i.e. penetrate within
the human body, via multiples routes of infection (e.g. inhalation, inges-
tion, abrasion to the skin, or via insect bite). As bacteria are ubiquitous in
nature, such as in the soil, on animals or in water, sources of natural infec-
tion are present everywhere. Food and water-borne infections can cause
mild to severe gastrointestinal symptoms, as well as life-threatening com-
plications. Typical food-borne pathogens include Escherichia coli, Salmonella

9
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spp., Listeria monocytogenes, Staphylococcus aureus, or members of the Bacil-
lus cereus group. The potential severity of these infections stems from the
low bacterial load required to cause severe illness, necessitating the use of
sensitive and accurate detection methods [6].

Capsule
Cell wall

Cytoplasmic
membrane

Nucleoid
Ribosome

Pilus
Plasmid

Flagellum

Fig. 1.1 Gram-positive bacterial cell structure. Common features of bacteria in-
clude the flagella, to propel the cell through its surroundings, and the pili, that
provides points of adhesion to surface of other cells. The size of whole bacterial
cell depends on the bacterial strains, but lies in the ym range (0.5 - 5 ym). Drawn
with BioRender.

Bacterial cells often are ovoids of a few ym long and a little less in di-
ameter. Some features are common for all bacteria: a cytoplasm, with a nu-
cleoid, ribosomes and often plasmids, a flagella, pili, a cytoplasmic mem-
brane and a cell wall, surrounded by a capsule (Figure 1.1).

The cytoplasm of, for example E. coli, contains approximately 15 000
ribosomes, several thousand copies of nearly 1000 different enzymes, a di-
verse array of metabolites and cofactors, and various inorganic ions. The
nucleoid contains a solitary circular DNA molecule, while the cytoplasm
contains one or more smaller circular DNA molecule known as plasmids.
In nature, certain plasmids confer protection against environmental tox-
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ins and antibiotics. In the laboratory, these DNA segments are particu-
larly amenable to experimental manipulation and exceedingly valuable to
molecular geneticists. [7]

The layers situated outside the cytoplasmic membrane form the cell
wall, which is notably responsible for determining the shape of the bacte-
rial cell, maintaining the integrity of the cell, preventing its lysis and reg-
ulating bacterial interactions with its environment and other structures. In
addition, the cell wall is also a criterion for bacterial classification: Gram-
positive! bacteria have a thick cell wall, while Gram-negative bacteria have
a thinner cell wall surrounded by an outer membrane (Figure 1.2).

Lipopolysaccharide (LPS)
Porin
~
A\
:] Outer
A membrane
A\
Peptidoglycan
Periplasmic
space
Cytoplasmic
II || || || |I “ “ Il “ II II II |I II Il “ membrane
Gram positive Gram negative

Fig. 1.2 Distinction between gram-positive and gram-negative bacteria. Gram-
positive bacteria have a thick cell wall which consists in a a thick, rigid layer of
peptidoglycan on the outer surface of the cytoplasmic membrane, the latter being
made of a thin bilayer of phospholipid molecules. Gram-negative bacteria have a
thinner cell wall surrounded by an outer membrane into which are inserted com-
plex lipopolysaccharides (LPS) and proteins called porins, allowing the passage of
small molecules. [7]

For Gram-positive bacteria, the cytoplasmic membrane (thin phospho-
lipid bilayer penetrated by proteins) is surrounded by the cell wall made of
a thick layer of polymers called the peptidoglycan (Figure 1.3), and a cap-
sule, i.e. a protective solid layer composed of polysaccharide and surface
proteins lying outside the peptidoglycan layer (not shown).

I They are called Gram-positive because they are colored by Gram’s stain.
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While the main function of peptidoglycan is to maintain cell integrity, it
also serves as an attachment site for proteins and polysaccharides, which is
of critical importance since it regulates many processes for bacterial recog-
nition and infection. The cell wall polysaccharides, usually covalently bound
to the peptidoglycan and closely associated with the cell wall, are consid-
ered as ubiquitous components of the cell envelope of gram-positive bac-
teria and play an important role as mediators of bacterial interactions with
their environment. In particular, cell surface components (polysaccharides
and proteins) are acting as specific receptors used by bacteriophages, i.e.
bacterial viruses, to bind and enter the targeted bacteria [8].

Polysaccharides
Peptidoglycan
Cytoplasmic
& O membrane
Membrane protein Cytoplasm

Fig. 1.3 Gram-positive bacterial cell wall structure consists in a thick, rigid layer
of peptidoglycan (PG) on the outer surface of the cytoplasmic membrane. A variety
of polysaccharides and other complex polymers are interwoven with the peptido-
glycan, and surrounding the whole is a porous capsule, a solid layer composed of
proteins (not shown). The bacterial cell wall regulates the contact with other cells,
including the recognition, attachment and infection of bacteriophages to its bacte-
rial host. Drawn with BioRender.
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Conventional methods for pathogen detection

The prevention and treatment of infectious diseases or pathogenic out-
breaks necessitate swift and accurate detection techniques for pathogenic
bacteria. Many sectors are reliant on pathogen identification, including the
food industry, clinical settings, and water and environmental systems, each
dealing with different types of samples (blood, foodstuffs, milk, water, ...).
The specific detection levels required for each pathogen highly depends on
its matrix. Table 1.1 provides examples of typical tolerated thresholds of
pathogens, or infection limits, expressed in Colony Forming Units (CFU),
which estimates the number of viable bacterial cells. These thresholds are
crucial since they guide the required limits of detection (LoD) of the ana-
lytical methods for pathogen detection.

Pathogen Matrix Treshold

All Drinking water <1-5CFU/100 mL

Escherichia coli Water effluents 10% CFU/100 mL
Dairy products (milk) 102 CFU/mL
Dairy products (cheese) 102-10° CFU/g

Salmonella Water effluents 10 CFU/100 mL
Foodstuffs <1CFU/g

Listeria Foodstuffs 102 CFU/g

B. cereus Dairy products 103-10* CFU/g

S. aureus Dairy products 10° CFU/g

Table 1.1 Detection levels tolerated for diverse pathogens in various matrices.
From AFSCA action limits [9], European rules relative to the pathogenic content
[10, 11]. According to local legislation, non-conformity to clean water is admitted
for enteric contamination in the order 5 CFU /100 mL [12].

Various analytical methods have been devised to detect pathogens in
clinical, food, and environmental specimens (see Figure 1.4). Among them,
four major methods include culture, enzyme-linked immunosorbent as-
say (ELISA), polymerase chain reaction (PCR), and Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS).
Their benefits and limitations are elucidated below and outlined in Table
1.2.
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Fig. 1.4 Schematic representation of four conventional techniques for identifica-
tion of baterial cells. Reprinted from [13].

The culture method, the oldest method used for bacterial identification,
is still considered as the gold standard. The process involves transferring
microorganisms from their original medium to a liquid or solid culture
medium to facilitate their growth (i.e. selective or non-selective growth
media such as Lysogeny broth, LB), which can range from a day (for in-
stance, Staphylococci and Escherichia species) to as long as nine or fifteen
days. To identify the bacteria involved, based on a single colony, visual
screening allow the colony count on the plates. Despite the prolonged
analysis time, this approach offers superior sensitivity, selectivity, and as-
sessment of viability and antibiotic resistance. [14]

The enzyme-linked immunosorbent assay (ELISA) uses interactions be-
tween antigens on a bacterial surface and specific antibodies, in a sandwich
configuration. ELISA procedure involves a bacterial incubation of more
than two hours on a surface functionalized with primary antibodies (typ-
ically in 96-well plates). Then, the surface is washed and incubated two
hours with secondary antibodies labeled with fluorescent probes. The flu-
orescence or colorimetric level is then measured to quantify the presence
of target bacteria. [15]

PCR (polymerase chain reaction) involves amplifying the bacterial DNA,
which is present in the cytoplasm and obtained after cell lysis, through nu-
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cleic acid amplification. Amplification requires successive cycles and need
specific temperatures, for a typical assay duration of 2 hours. Once the
DNA concentration in the sample is adequate, bacterial identification is
typically performed using gel electrophoresis. Maintaining sample pu-
rity is critical in preventing cross-contamination, necessitating qualified
personnel [15]. Real-time PCR monitors the amplification of a targeted
DNA molecule during the PCR (i.e., in real time), not at its end, as in con-
ventional PC, by using non-specific fluorescent dyes that intercalate with
any double-stranded DNA. Real-time PCR can be used for quantitative
monitoring of the targeted DNA molecule (named quantitative real-time
PCR, gPCR) and semi-quantitatively (i.e., above/below a certain amount
of DNA molecules).

MALDI-TOF MS (matrix-assisted laser desorption ionization time-of-
flight mass spectrometry) is a quick and widely adopted technique for the
rapid identification of bacteria, albeit at a relatively high cost. It involves
comparing the mass fingerprint of ions present in the target bacteria to a
reference database, enabling precise identification of bacterial strains in the
sample.

Culture ELISA PCR MALDI-TOF
Complexity Low Medium Very high Very high
Equip. cost Low Medium Very high Very High
LoD [CFU/mL] 1 102 — 108 1 10°
Assay time > 2 days >2h >1h 20 min*
Selectivity Low-Medium  High High High

Table 1.2 Conventional laboratory-based methods of pathogen detection, requir-
ing trained operator. (* after sample preparation). Combined from [6, 13].
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Biosensors for pathogen detection

In the previous section, we saw that the bulkiness, the relatively high-
costs, the requirements of well-equipped laboratory facilities and the time-
constraints involved in the conventional bacteria detection methods are
fuelling the interest in the development of simple, portable and low-cost
tools suitable for a rapid (~1 hour), sensitive, and precise detection of
harmful bacteria present in our environment. There is thus an urgent need
for analytical platforms that can combine high-sensitivity, accuracy and
rapid analysis with simplicity, portability and low cost. Biosensors aim
to address these drawbacks as they offer rapid and cost-effective method
of bacterial detection, sometimes directly at the point-of-care (PoC) with-
out the need for specialized users [16]. For example, the most prominent
biosensor is the electrochemical device for the monitoring and control of
diabetes, which has had an extraordinary success [17]. Until recently, it was
the only biosensor in this situation along with the pregnancy test based on
the lateral flow devices.

As described by Anthony Turner, a pioneer in the field of biosensors
since the 1970s [18], a biosensor can be defined as "a compact analytical de-
vice incorporating a biological or biologically-derived sensing element (such as an
enzyme, antibody, microbe or DNA) either integrated within or intimately associ-
ated with a physicochemical transducer". This broad definition highlights that
biosensors can be distinguished on their kind of transducer, recognition
element (e.g. bioreceptor), sample handling (microfluidics) and readout
interface (Figure 1.5).

Terget
pfluidics ; ]
Bioreceptors Transducer 1

>
Readout ™

Fig.1.5 The necessary steps involved in biosensors.

In this section, we present a simplified overview of the vast and rela-
tively prolific field of biosensor research, contributed by scientists coming
from various fields (applied physicists, electro- and mechanical engineer-
ing, analytical bio-chemistry, applied biotechnologies) [19]. The fact that
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biosensor science is multidisciplinary in nature gives rise to a somewhat
diverse state-of-the-art, often mixing notations and concepts from each
field, in such a way that it is complex to get a clear and up-to-date picture of
the state-of-the-art of biosensors for a specific application. Numerous good
reviews cover the field of (point-of-care) biosensors for pathogen diagnos-
tics [14, 15, 16, 20, 21, 22, 23, 24, 25]. Here, we propose an overview of gen-
eral principles of biosensors for bacterial detection, i.e. the main support
material that composes them and that very often dictates their functionali-
ties, the accessible detection modes, and their preferential application. The
detailed description of the physical principles of the biosensors studied in
this thesis are distributed within the corresponding chapters.

Functional representation of biosensors

The different building blocks and detection principles recently developed
for pathogen biosensors are described hereafter, and related questions and
issues are addressed.

A general architecture PoC diagnostics sensor is depicted on Figure 1.6,
which describes the sensor in terms of its building, or functional, blocks.
The functional blocks represent the necessary functionalities for the full op-
eration of a PoC biosensor towards detection of the target (e.g. pathogen).
This architecture includes the functions of physical support (substrate, sup-
porting all the other functions, especially microfluidics), the biointerface -
often composed of bioreceptors, the transducer including the functional ma-
terials necessary for detection and any additional reagents added to the
system to trigger the transduction mechanism, and the readout and pro-
cessing system, i.e. the interface (e.g. microcontroller) that converts the
signal emitted by the transducer output into a readable signal. Depend-
ing on the system studied, other blocks also exist such as external pumping
systems for microfluidics sample processing actuation, electrical measure-
ment tools (potentiostats, etc), data storage and communication, and power
supply or batteries.

The objective of this classification is to cover and characterize the tech-
nical specificities required for each PoC functionalities, and to support
qualitative comparison between alternatives offered by the classes of ma-
terials used in the PoC test design

| 17
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Fig. 1.6 Schematic representation of a generic biosensor architecture, describing
the sensor in terms of its necessary functional blocks to reach the biosensing func-
tionalities. The required functional blocks include the microfluidics, the transducer,
the bioreceptors, the readout and processing system, the data storage capacity and
communication, and possible power supply.

1.3.2 Material supports for biosensor applications

Substrate material serves as the device structural basis and used to sup-
port the other components and functions. For many of the PoC devices,
the biosensor device support is of critical importance, as it is generally
directly interfaced with the functionalities needed for sample treatment
and handling to the detection area, i.e. the microfluidics. Its structural
and mechanical properties have a decisive influence on the applicability of
the other functions as well, and related materials and manufacturing tech-
niques. To fulfil its roles, the substrate is usually thicker and larger than
the other functional components.

The microfluidic functions of a PoC device are generally provided by
manufacturing the substrate materials (e.g. to integrate microfluidic chan-
nels), or by adding another dedicated component on top of the substrate.
Microfluidic has undergone rapid growth with notable impacts to the an-
alytical chemistry community due to a number of capabilities. These in-
clude its ability to utilize small amounts of samples and reagents and to
perform separation and detection with high resolution and sensitivity, at
low cost and rapidly [26]. Conventional microfluidics fabrication involves
the use of glass [27], silicon [28], and polymers such as poly(methyl methacry-
late) (PMMA) or poly(dimethylsiloxane) (PDMS) [29, 30] as well-developed
substrates:
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¢ Silicon has good mechanical properties (high strength), high thermal
conductivity and a low thermal expansion coefficient, which makes
it an ideal substrate for the mechanical component of small precision
instruments. Most of these microfluidic devices are fabricated using
techniques from the microelectronics industry (for example, etching
of glass and silicon wafers following UV lithography) [31].

* PMMA, thermoplastic, is hard and stiff as polymers go, easy to pol-
ish but is sensitive to stress. It shares with glass a certain fragility. It
can be blended with several other polymers for improved mechan-
ical properties. PMMA is mainly shaped by casting (using a mold,
injection moulding) or low-cost extrusion.

* PDMS, or silicone, is a softer polymer, typically used in medical ap-
plications.

Paper, for its part, is a very promising substrate material for low-cost
microfluidic device for biochemical sensing. Recent studies have demon-
strated its interesting properties, including that it is easily printed, coated
and impregnated and its cellulose composition which is particularly com-
patible with biomolecules [32, 33].

Figure 1.7 shows different example of biosensors fabricated from dif-
ferent substrates. Different channel resolutions can be reached, mainly de-
pending upon the substrate material and the fabrication process. Profiting
from the microfabrication techniques, the silicon and glass substrates en-
able the definition of tiny microfluidic channels down to ~ 1um, while
paper channels are limited to > 100um. Paper, which is easily patterned
into discrete hydrophilic and hydrophobic zones, is able to wick fluids
by capillary action without external power sources [34]. However, sili-
con, glass or hard (PMMA) and soft (PDMS) plastic substrate-based mi-
crofluidics usually require an external actuator such as energy-powered
pumps. Depending upon the application, more advanced handling op-
erations could be necessary, requiring advanced microfluidics and actua-
tion designs. Finally, the possibility of the transducer manufacturing, re-
quiring the integration of functional materials, is highly dependant on the
functional properties of the substrate material (structural, physical, chem-
ical/processability, optical, electro-magnetic, thermal).
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Fig. 1.7 Examples of biosensors fabricated on different substrates. A. Microchip
fabrication of a silicon-based biosensor. The process flow involves the use of a
4-in. silicon wafer as a substrate. Different process steps (PECVD, e-beam depo-
sition, standard photolithography techniques) are used to pattern interdigitated
electrodes. To seal the microfluidics channels, a patterned PMMA cap is attached
onto the manufactured wafer. [35] B. A plastic-based microfluidic channels on top
of a glass substrate, fabricated by multilayer soft lithography [36]. C. Patterning of
microfluidic channels on a paper substrate, forming 9 reaction zones for colorimet-
ric detection [33].
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Biorecognition layer

Biosensors for diagnostics aimed at detection of a certain contaminant need
a biorecognition function to specifically isolate the target from the other
compounds that could be present in the sample and interfere with the
detection. Biorecognition can be implemented through several different
pathways, among others the fonctionalization of the device surface with
an immunological layer made of specific bioreceptors (e.g. made of anti-
bodies) to capture the antigens at the reaction zone in the device, or the use
of specific reagent that will activate only once they come into contact with
the target. Immobilization of biomolecules can be achieved using different
techniques, but each implies the binding of the biomolecule to functional
groups present on the substrate surface. The substrate should therefore
be inert against the biomolecules, biocompatible and should contain easily
modifiable groups to accomodate the chemistry of biomolecule binding.
Many protocols have been developed for the chemical functionalization of
silicon, glass and plastics substrates, although stability issues if the biore-
ceptor layer are still frequently reported. On the contrary, specific types
of paper materials and cellulose-derivative, such as the nitrocellulose, are
extremely well suited for the biofonctionalization with biomolecules [37] .

Transduction principles

The detection of the target in a PoC device happens via the transducer of
the device. The transducer converts the presence of bacteria within the
sensor into a physical signal, typically proportional to their number. Dif-
ferent detection modes are implemented in biosensor devices ; mainly op-
tical and electrical, thermic and acoustic transductions, implying particular
transducers that must be interfaced to the device. The electrochemical and
optical transducers are the most popular transducers for bacteria sensing.

Optical transducers Optical biosensors are the most widespread biosen-
sors. They measure the light intensity emitted from specific reagents, e.g.
chromogenic substrates (peptides that react with proteolytic enzymes un-
der the formation of color), functional nanomaterials (e.g. colorimetric la-
bels such as gold nanoparticles) or chromogenic bacteria themselves, which
are integrated to the detection scheme. They emit colour in various forms
depending on the emission spectrum and physical principle, that can be
visualised by the naked eye or with external optical camera in the visible,
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UV or IR spectrum. Optical properties of the materials constituting the
PoC are therefore of primary interest to ensure proper signal propagation
to the acquisition side, or to monitor the detection process.

Taking advantage of high-resolution camera and microscopy imaging,
the optical, fluorescent and colorimetric detection modes were developed
with light intensity measurement by means of optical sensor, in which the
optical signals are modified by the presence of the pathogens in the system,
and are captured by bulk optical attachment setups [38]. Other systems
benefits from the nanopatterns enabled by the manufacturing of silicon
wafers to detect the bacterial presence through changes in the optical prop-
erties of the nanostructured silicon substrates [39]. However, colorimetric
detection methods are increasingly benefiting from the huge deployment
of image capture devices in the last decades, such as smartphones, and
have been much reported for bacterial detection because of its wide po-
tential applications in point-of-care diagnostics [40, 41, 42]. Based on these
techniques, the detection of bacteria such as E. coli and Salmonella has been
reported [43] (see Table 1.3 for other examples).

Target  Substr.  Detection method LOD crumL-!  Ref.

Usual E. coli Glass Fluorescence 10 [44]
substrates  S. epi. Silicon  Capacitive 100 [45]
E. coli Silicon Capacitive 102 [46]
Paper E. coli Paper Colorimetric 10% [47]
substrates  E. coli Paper Colorimetric 102 [48]
E. coli Paper Amperometric <102 [49]

Table 1.3 Examples of biosensors for pathogen detection, compared for their tar-
get, substrate material, detection method and limit of detection. (Substr.: Substrate;
S. epi.: S. epidermidis)

Electrochemical transducers Electrochemical transducers consist of elec-
trodes applying electrical stimuli to the liquid sample to monitor its electro-
chemical answer. Electronic detection generally needs interfacing micro-
electronic transducers, often made of electrodes or other structure sensitive
to electrical properties in the device. The number and types of available
fabrication techniques greatly depends upon the substrate material, with
highly varying complexity, requirements (energy needs, reagents, emis-
sions) costs and throughput. For example, processing silicon-based PoC
could benefits from all the state-of-the-art, substractive microfabrication

22 |



Biosensors for pathogen detection | 1.3

techniques, while implementation of electronics on paper mainly relies on
recent developments in additive manufacturing to draw patterns made of
conductive nanomaterial-based inks.

Electrochemical measurements (mainly amperometry, potentiometry and
impedimetry) have shown broad applications of quantitative detections
for important analytes in food safety, environmental and clinical diagnos-
tics, owing to their reliability (precise quantification and low detection
limits), and can be integrated and miniaturized to enable portability, at
relatively low-costs. Simplified electrochemical measurements carried out
with handheld devices provide a promising option for real time detections
of pathogens [38]. Table 1.3 refers relevant examples.

1.3.5 Towards PoC paper-based pathogen biosensors

As described above, conventional biosensor systems, although relying on
mature manufacturing processes and materials, still require cumbersome
components (pumps, sample processors, optical/electrical detectors) and
complex setups for operation [34]. This, in addition to bulkiness and over-
all cost of the readout devices, hinders the development of portable and
cost-effective detection.

On the other hand, research on microfluidic paper-based analytical de-
vices (1PADs) has been focused on the development of point-of-care diag-
nostic devices [50], but applications for environmental monitoring or food
analysis have only recently emerged [51]. #PADs are highly attractive to
make diagnostic accessible to scientists as well as for interested unskilled
citizen groups [51]. This technology exploits low-cost cellulose materials
and their ability to wick fluids to a detection zone by capillary action with-
out the need for external pumping mechanisms [52], enabling highly sim-
ple and portable biosensors. One of the most famous #PADs is the lateral
flow assay (LFA), based on colorimetric detections. However, either in aca-
demic literature or in the industry, the limit of detection (LOD) of current
uPADs and LFAs designed for bacteria detection is not low enough to en-
sure, for example, the potability of water for the E. coli O157-H7 bacteria
(ref. [47] in Table 1.3). However, at the light of the pathogen thresholds
reported on Table 1.1, these colorimetric sensors could provide valuable
information about the pathogen presence in food samples.
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The microfluidic paper-based electrochemical devices (4PEDs) trend
is an added value to the yPADs since it combines the merits of paper as
a solid support, to the high sensitivity and selectivity of bioelectrochemi-
cal detection [53]. Indeed, most paper-based microfluidic devices rely on
optical methods of detection (colorimetric, fluorescence) which can suffer
from a lack of quantification. Although colorimetric assays are the best
choice for some applications, electrochemical sensing provides a more ver-
satile and quantitative methodology for others [54]. Electronic methods of
detection profiting from the paper porosity are attracting increasing inter-
est and novel ways of integrating electronic elements are being explored
with printed electronics [31, 55]. uPEDs present a conceptually different
approach to common electrochemical biosensors, combining simple, low-
cost and accessible fabrication strategies (e.g. inkjet- and screen-printing
using Ag or Au nanoparticle-based conductive inks) on paper substrates
with high functionality for the device. As an example, after bacteria con-
centration through nanoparticle-based magnetic separation, Luo at al. ob-
tained sensitivity as low as ~10> CFU/mL for E. coli O157:H7 by electrical
measurements with two printed electrodes on the paper biosensor surface
(ref. [49] in Table 1.3).

Figure of Merit of desirable biosensors

In order to compare different kinds of biosensors, it is crucial to quan-
tify their performances based on various figures of merit (FoM), charac-
terizing many key aspects of biosensing. As a matter of fact, the World
Health Organization outlined the design guidelines in the research and
development for such new point-of-care (PoC) devices. It is known as the
ASSURED principles : the PoC biosensors must be Affordable, Sensitive,
Specific, User friendly, Rapid and Robust, Equipment Free, Deliverable to
end users.

Table 1.4 is an attempt to associate quantitative metrics, or FoM, to the
ASSURED design guidelines, in order to allow a fair comparison between
different kind of biosensors.
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Figures of Merit (FoM)

Affordable

Sensitive

Specific

User
friendly

Rapid

Robust

Equipment
Free

Deliverable

¢ Affordable to the end-users and the relevant institutions.

* Typically 0.5 - 10 €/test (+ need to consider the testing envi-
ronment and associated necessary costs).

Highly sensitive tests minimize the false negatives. Related to
performances of the transducers :

e Limit of Detection (LoD), i.e. the minimal detectable concentra-
tion of bacterial cells. This critical concentration (CFU/mL) is
often computed as” LOD = piyiank + 3 X Opiank

e Sensitivity (S) is the change of the sensor output (e.g. intensity
of colorimetric signal, or electrical resistance) per unit varia-
tion of the bacterial concentration

* Dynamic Range (DR) is the range of detectable analyte concen-
tration from the lowest (LoD) to the highest detectable level,
or saturation. Useful for quantification.

Closely related to binding performances of the bioreceptors.

* Ability to have low false positive rates with samples con-
taining for example many background biological components
other than the target, and that can interfere with transducer.

* Multiplexing is the ability to simultaneously detect several dif-
ferent bacteria within a sample using a single sensor with dif-
ferent functionalizations.

Tests should be easy to perform in 2-3 steps (e.g. sample prepara-
tion) and require minimal user training with no prior knowledge
of diagnostics.

* The response time is related to the transducer performances,
and is the time needed to obtain a stable biosensor output
from its initial state.

¢ The analysis time encompasses all the detection, from sample
collection, pre-treatment and response time until results are
collected. Should be around 15-60 min.

* Ability for the bioreceptors to provide adequate binding de-
spite the complex environments (withstand flow, avoid signal
drift due to biofouling, retain bioreceptor binding properties).

e Also refers to the ability of the test to withstand the supply
chain and provide accurate results within its shelf-life.

* Reproducibility, quantifying sensor-to-sensor variability.
Ideally the test do not require any special equipments or facilities,
or can be operated in small portable device with limited power
requirements.

Refers to organizational logistic structure of procuring, shipping
and distributing diagnostic tests even in resource-limited settings

Table 1.4 The ASSURED criteria and related FoM. These FoM will be used in this
thesis to compare the relevant biosensors. [3]
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1.4 State-of-the art conclusion

In this section, we have provided a brief overview of the current sta-
tus of point-of-care (PoC) biosensor devices. Based on a representa-
tion of a biosensor through the different functional blocks that are
necessary for a performing diagnostic tools, we discussed the differ-
ent technologies available for the main sensor functionalities. Re-
cently, the field of POC diagnostics has advanced significantly, with
a wealth of tools and information that can be leveraged to develop
improved assays. These advancements in the different technologies,
from paper-based devices to silicon-based biochips have enabled fea-
tures like multiplexing, on-device sample processing, real time sens-
ing and the generation of highly sensitive signals to the presence of
contaminant in samples. Considering all the attributes of biosensors
discussed above, it seems that both silicon and paper-based sensors
offer functionalities that can be of great interest to allow the design
of rapid pathogen biosensors at the point-of-care. While silicon offer
the potential for higher-sensitivity assays that provide rich diagnostic
information, paper substrates still enable maintaining the affordabil-
ity and ease of use of traditional lateral flow tests.

First conclusion Since the goal of this thesis is first and foremost to
identify the appropriate technology to enable rapid pathogen biosens-
ing in critical situations, the technical aspects raised in this section
lead us to select paper-based biosensors as the priority technology
for developing targeted pathogenic biosensors. While paper-based
biosensors have demonstrated advantageous properties and perfor-
mances for some clinical applications and potential for use in food
safety applications, their efficacy has yet to meet the demands of many
critical applications such as the detection of waterborne pathogens
and various food-borne pathogens. Indeed, it is expected that, when
coupled with advanced microelectronics or ubiquitous smartphone-
based readers, these assay improvements have the potential to over-
come their disadvantages of low sensitivities and high detection lim-
its. This, in turn, could give rise to a new generation of PoC diagnostic
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tools, which have the potential to be used in a variety of settings [56].

Since paper-based biosensors have not been much studied in our
laboratory at UCLouvain, our research plan consists in : Part I (i)
first, study and implement the basic principles and manufacture of the
most common colorimetric paper-based biosensors, the lateral flow
assays (LFAs) and (ii) assess their performances to the detection of
whole-cell bacteria. Then, in Part III we (iii) detect pathogens on pa-
per with electrical detection methods, and (iv) explore the possibility
to integrate reusable electrodes on conventional LFAs for increased
performances.

Second conclusion  The current state-of-the-art provides information
on a large number of technical characteristics of PoC biosensors, i.e.
those referred as the design questions on Figure 1. However, perfor-
mance criteria covering the other stages of a biosensor’s life cycle
are extremely underreported in the state of the art. For instance,
when environmental impacts related to sensor manufacturing are men-
tioned (such as raw materials, manufacturing, and end-of-life stages on
Figure 1), they are seldom quantified, thus hindering any objective
decision-making regarding the choice of the most suitable sensor. Sim-
ilarly, scientific publications do no consider the possible externalities
associated with the use of sensors in field situations (during the use
phase).

The conclusion drawn is that the present knowledge on sensors
solely considers the traditional performance figure of merits, thus hin-
dering a comprehensive decision-making process towards an appro-
priate biosensor technology. In order to make informed choices, it
is crucial to incorporate other aspects, including environmental con-
siderations, in design practices and establish a methodology to im-
plement them. Therefore, in chapter 2, we propose an evaluation
of the environmental impacts of the research conducted in paral-
lel with technical developments, to direct the progress towards so-
lutions that are both technically and environmentally appropriate.
The other economic and social dimensions will be introduced in Part
IV of this thesis.







2.1

Eco-design methodology for
early-stage research

Introduction

Since diagnostic devices for emerging disease detection such as LFAs has
become commonplace in the clinical field (the focus shifts towards bring-
ing testing as close to the patient as possible, i.e. at the Point-of-Care), the
popularity of diagnostic testing has driven a surge in demand for rapid
tests in the global market (Figure 2.1 A). Therefore, the number of applica-
tions and the production volumes of PoC diagnostic devices are expected
to increase at the global scale'. This increase in rapid test uses is also sup-
ported by more stringent regulations and quality standards regarding mi-
crobiological and chemical contamination in environmental resource and
food safety as well (e.g. mycotoxins diagnostics in diaries), requiring a
more extensive and frequent monitoring of these criteria. As an example of
widespread PoCs, pregnancy rapid tests, which were initially introduced
in the 1980s, are now extensively utilized, with approximately 3 million
tests sold annually in France. More recently, LFA gained public recogni-
tion due to the COVID-19 pandemia. During the crisis, LFA were used for

Ihttps://www.maximizemarketresearch.com/market-report/rapid-test-market/
544/
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the first time as part of a large-scale testing strategy and billions of tests
have been provided worldwide since the start of the pandemic?.

As a result, the number of waste associated with diagnostic devices is
rapidly increasing, as many of these tests are single-use, with an extremely
short lifespan of just a few minutes (Figure 2.1 B). Typically, the percent-
age of single-use point-of-care (PoC) devices in hospital waste ranges from
5-20% and can account for tens to hundred of kg of wastes every day [57].
The huge number of tests distributed during the pandemic special context
was associated with more than 30,000 tones of wastes®. For example, it has
been reported that he UK’s LFA programme to date has produced enough

plastic waste to fill 19 Olympic-sized swimming pools*.

Most single-use PoC devices are made of plastic materials derived from
non-renewable sources, contributing to the escalating global medical waste
problem (Figure 2.1 C). A significant portion of PoC diagnostic waste falls
into the category of infectious waste, which requires separate collection
and treatment to eliminate the risk of infection. The incineration of infec-
tious waste is the most common method of treatment, resulting in green-
house gas (GHG) emissions [57]. In low-resource settings without proper
treatment facilities, testing devices are often burned on open pits in health
facility grounds or at municipal dump sites, releasing toxic pollutants. Ad-
ditionally, a significant amount of PoC device waste ends up in landfills or
municipal water supplies, increasing the risk of people being exposed to
hazardous reagents such as nanomaterials or cyanide derivatives used in
PCR cartridges [57]. Therefore, while single-use PoC tests have great po-
tential for global health, they also contribute to growing global challenges
related to plastic waste, GHG emissions, and human exposure to toxic pol-
lutants.

Beyond healthcare systems, the widespread adoption of PoC device at
the global scale could therefore cause significant risk for ecosystems and
human health if their entire life cycle is not properly considered. These
critical aspects may condition the technology relevance and acceptability
in the long term, and the impacts of these technologies must be collectively
managed towards robust decisions on their development and implemen-
tation.

2https://www.statista.com/statistics/1028731/covid19-tests-select-countries-worldwide/
Shttps://www.who.int/news/item/01-02-2022-tonnes-of-covid-19-health-care-waste-expose-t
“nttps://www.cambridge-design.com/blog/how-to-reduce-the-carbon-footprint-and-plastic-w
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Growing public interest in the sustainability of single-use tests, par-
ticularly in the amount of plastic needed to meet the demand for rapid
COVID tests’, highlights the need for responsible and sustainable prac-
tices in the PoC sector. However, many stakeholders in the PoC sector
have not yet integrated sustainability into their practices. In particular,
chapter 1 demonstrated that sustainability metrics are not yet scientifically
and systematically considered by researchers and developers in the design
of new biosensor platforms. An accessible approach for researchers work-
ing on innovative PoC devices is to modify the devices towards greater
sustainability [57]. This approach, often referred to as eco-design, consists
in the development and implementation of environmentally and socially
responsible principles in the design of a product to reduce the negatives
externalities generated by the design, the manufacturing, the use, and the
disposal of these PoC devices.

In light of this definition, implementing eco-design requires integrating
a multi-dimensional impact assessment (socio-economic, environment and
public health) of the innovation early in the research process, prior to its
deployment. Its interest lies in (1) informing the designer decisions, by
estimating the magnitude and significance of potential impacts of differ-
ent configurations of a developing innovation and guiding the design to-
wards the most appropriate technology, (2) contribute to the production of
a shared knowledge base about technologies and multi-stakeholder multi-
dimension impacts evaluation, and (3) prepare the justification of the choices
and the potential impacts if the question is put at the public agenda.

The research and development processes are inherently linked to signif-
icant uncertainty in the design of innovations (e.g., materials to be used,
manufacturing techniques, final design). Anticipating impacts in early-
stage innovation research is therefore complex, requiring a distinct scien-
tific approach with a methodology that uses reliable indicators for fair and
comparable assessments, tailored to the needs of developers. Specifically,
the methodology to be developed should be able to start with the existing
products, and environmental indicators should be able to help improve
the technology towards using more sustainable materials and generating

5Debate has raged on social media about why the tests need to use so much single-use plas-
tic and how they could be made more ‘sustainable’ (https://www.medicaldevice-network.
com/features/1fts-plastic-waste-sustainability/
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less toxic waste. Despite some recent attempts®, there is not yet a well-
established methodology for conducting a multidimensional impact as-
sessment that is applicable early in the life cycle of an innovation.

Integrating the systematic identification of multi-dimensional impact
causes into the research process requires methodologies beyond traditional
technical design principles. An appropriate methodology must emphasize
skills, tools, and interdisciplinary connections for defining actions within
the researcher’s boundaries.

Chapter contributions

This chapter attempts to develop and implemented a methodology to in-
tegrate environmental impacts at the early stage in the development of an
innovative PoC device.

Given the early stage in the innovation life cycle, this methodology
should:

1. Rely on various tools and analytical approaches, such as systemic
thinking, to perform and develop a comprehensive understanding of
the impact assessments of different device prototypes.

2. Integrates diverse information on economic, social, health, and envi-
ronmental consequences using a systemic approach.

3. Accommodate evolving knowledge and the continuous influx of in-
formation during the uncertain research and development process,
facilitating the incorporation of new insights over time.

4. Help to adopt a critical and reflective approach by articulating focus
from researchers’ objectives to societal implications through iterative
exchanges.

%For example, Granta Design introduced a methodology of selecting a sustain-
able design based on material and process trade-offs https://www.ansys.com/
blog/the-impact-of-materials-on-sustainability-part-2, and the European
Commission’s science and knowledge service (Joint Research Centre, JRC) pub-
lished technical reports on, for example, safe and sustainable chemicals and ma-
terials by designhttps://op.europa.eu/en/publication-detail/-/publication/
c3e396d0-0abe-11ee-bl2e-0laa75ed71al/language-en.
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5. Consider the broader context of the research on low-cost sensors for
pathogens diagnostics for environmental monitoring and food safety
: users, beneficiaries, producers, and other factors.

To this end, the chapter includes the following sections:

The first section introduces the concept of eco-design and mentions the
main tools for comparing technologies based on their environmental im-
pacts. In particular, simplified life cycle analysis is proposed as a suitable
tool.

In the second section, we explain an original framework to guide the
analysis of the systemic aspects of biosensor technologies ; it relies mainly
on life cycle analysis for earliest stages of research.

In the third section, we present the results of combined environmen-
tal and technical assessment, that is of importance for the development of
biosensors and draw conclusions useful for the research to be pursued in
the technical chapters 4, 5, 6 and 7 and, more generally, for the develop-
ment of PoC devices.

Eco-design of biosensors

Eco-design refers to the action for designers to concretely implement envi-
ronmental considerations in the design process. [58, 59]. This is one of the
levers that can be employed to mitigate one or several direct environmen-
tal impacts of the PoC presented in section 2.1, such as selecting the most
environmentally preferable solution among several material and manufac-
turing options during the PoC design process.

Eco-design can be applied along with Product Design Process (PDP),
i.e. the process through which a complete biosensor device, made of all its
components and sub-components, is designed, developed and optimized
in successive steps (see Appendix A for details) to answer the need of an
application (Figure 2.2 (a)). Figure 2.2(b) introduces eco-design alongside
the traditional PDP by referring to the common actions that aim at mini-
mizing the environmental direct impacts of a product over its whole life
cycle, as stated by ISO standards 14006:2020 [58]. This standard fosters the
co-optimisation of environmental and technical performance by integrat-
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ing environmental aspects into the design process by applying concrete

actions such as:

1. Energy Efficiency : minimize energy consumption during the device op-
eration and at every stage of production.

2. Materials Selection: selecting environmentally friendly and sustainable
materials during the manufacturing of PoC device. This involves con-
sidering factors such as the use of recycled or biodegradable materials,
minimizing the use of hazardous substances and greenhouse gaz emis-
sions, and promoting responsible sourcing practices to reduce the over-
all ecological footprint.

3. Durability and Longevity : promoting high-quality construction, ro-
bustness, and include easy disassembly, component replacement or up-
gradeability

4. Waste Reduction : Reduce the amount of raw materials used in the
product, eliminate landfill disposal at product end of life and support
recycling by following the 10’Rs scale [60] strategies for products and
components, including Reduction, Reuse, Repair, Remanufacture and
Recycling.

5. User-Friendly Design : ease of operation and maintenance procedures,
helping maximize the efficiency and effectiveness of the end-user using
these devices.

Project START ( a) Project END (b)

Customer requirements
A ____
Initial design |\—.
options ) Question user
needs and
specifications

<

Conceptual
design

Environmental
requirements and
Integration, targets

Embodiement tests and . o
desi P —— verifications Life-cycle thinking
esign and scenarii
Benchmarking

Detailed Design4X, material
design choices, energy
efficiency, ...

Environmental
details (material
declaration, ...)

Supply &
Manufacture

conventional PoC system design process Possible ecodesign actions

Fig.2.2 (a) Illustration of the product design process (PDP). Figure adapted from
[61]. (b) Generic ecodesign actions alongside the traditional PDP [58].
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Eco-design tools

To support the ecodesign throughout the different steps of the PDP, several
ecodesign tools can be used. They differ mainly in their recommendation
and assessment levels they can provide, as shown in Figure A.1 (Appen-
dices). The tools with high recommendation levels generally required low
levels of environmental assessments, therefore missing quantitative data
regarding the impacts of the product or service. On the contrary, precise
assessment tools usually provide a low level of recommendations as they
rather provide specific estimates on the impacts more than recommenda-
tions. As a result, much effort is required from the experts to translate the
quantitative impact indications provided by the method into clear and use-
ful recommendations for the targeted product or service.

Specifically, Life-Cycle Assessment (LCA) methodologies are key tool
for ecodesign because (i) they are based on already-existing standardized
ISO methodology, (ii) they provide quantitative environmental results over
the whole life-cycle of the devices, (iii) they consider several environmen-
tal indicators in order to detect impacts transfer, and (iv) they can help
improving designs iteratively. The standardized LCA methodology is de-
scribed in Appendices (Figure A.2). Although LCA tools offer a high level
of assessment, they require time, expertise and specific data. Consequently,
they usually come together with a non-negligible financial cost. This is
why Simplified LCA (sLCA) have been developed, where the scope of
impact categories is reduced and the study is often limited to the most
relevant life cycle phases [62]. They have the advantage of requiring less
information, being quick to carry out and easier to interpret, but the results
are more limited in the conclusions that can be drawn since the modelling
and hypotheses are simplified.

A methodology for eco-design in early research

Since the figure of merits referring to environmental impacts of the biosen-
sor technologies are very sparse or absent in the scientific literature of
biosensors, usual literature review and comparison of different sensors
does not support proper eco-design and informed choices between sen-
sor alternatives.
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Therefore, a methodological framework is proposed which aims at ini-
tiating environmental eco-design of biosensors during the early-design
phase of technology. In practice it should allow to arbitrate between con-
ventional and life-cycle environmental performances, and orient the decision-
making process towards the sustainable solutions. In particular, it consists
into :

1. Extend the conventional figure of merit for PoC material choice to
relevant indicators taking into account the environmental cost of the
PoC devices.

2. An appropriate eco-design method tailored to PoC devices is needed
for early-stage research, where uncertainties exist regarding available
data. It combines technical and environmental assessments in the
form of simplified LCA studies to support sound design decisions
for PoC devices by the co-optimisation of biosensor technical and en-
vironmental performances.

2.4.1 Theoretical elements of early-research environmental assessments

The proposed framework was formulated based on a literature review that
is described hereafter.

LCA, in most cases, is a decision-making tool in process selection, de-
sign, and optimization. However, as a tool designed to quantify the full
range of environmental impacts within a system, LCA has traditionally
been undertaken retrospectively, using data from existing large scale pro-
cesses. However, great potential for environmental improvement exists
using LCA within the design stage of any innovation where it is estimated
that about 80% of all environmental effects associated with a product are
determined in the design phase of development [63]. Indeed, multiple re-
search cycles still have to be run through before such technologies can be-
come available at an industrial scale. Integrating LCA early-on in the tech-
nology development process can improve the understanding of the impli-
cations of design choices on the environmental performance of the tech-
nological innovation [64, 65], forming the basis of eco-design. The earlier
LCA results can be integrated, the better, since they can prevent environ-
mental burdens whilst a limited amount of investment has been injected
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in the device development. Such innovation in an early stage of develop-
ment, known as emerging technologies, may exist as an industrial pilot,
in a lab environment, as a proof-of-concept or even only as a basic design

idea, depending on their technology readiness’.

A drawback of early research LCA is that only limited data and knowl-
edge on the developing technology is available at this stage. This is also
known as the design paradox [64]. As such, carrying out an eco-design of
PoC devices in their early stages of development is to create a contra-
dictory position: too precise an eco-design conducted too early in the de-
velopment of the technology will be confronted with too much uncertainty
about the results that emerge, whereas if one waits too late, the design deci-
sions will already have been made and the eco-design will have no impact.
This is probably the main reason for the few LCA study of early research
found in the literature, whereas there are plenty of retrospective LCA stud-
ies on products, whose actual impact is reporting and not eco-design.

Several authors also discuss options for methodological changes when
implementing LCA at early-research stages [66, 67, 68, 69, 70]. They mainly
suggest the use of a stepwise LCA procedure in parallel with the develop-
ment process instead of a retrospective assessment. Use of LCA in this
way often entails the assessment of lab or pilot-scale innovation to gener-
ate environmental data, which can then be used to optimise the developing
product or process. This data may also be used to compare with existing
industrial product or processes, to demonstrate or identify the environ-
mental advantages of the innovative process over the existing activities.

In addition to the myriad of methodological challenges that are debated
within the LCA community, full-scale LCA is often thought of as too diffi-
cult or time consuming to pursue at the research or development stage of
an innovation. There are number of methodological and practical difficul-
ties that arise from using LCA at this stage [63], including a lack of reliable
data. In fact, it is not relevant to implement a specific and complete LCA
at the beginning of the research process, and simplification of LCA cannot

"The technology readiness level (TRL) expresses a technology degree of maturity to reach
the market. It ranges from 0 to 9. The TRL encompasses the different phases of the technology
life-cycle : as a basic idea (0), as a proof-of-concept based on preliminary simulations (2-3), in
a controlled lab environment (4-5), as an industrial pilot (6-7), or a technology disseminated
at mass-scale (9).
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be avoided in the development of new products [71]. In this way, studies
have been conducted using simplified LCA of emerging products, identi-
fying the simplification options that are still producing reliable results (in
particular choices of the life cycle inventory (LCI) model and the result in-
dicator profile) [72].

Early-stage LCAs involve exploring numerous alternative technology
choices and prototypes. Emerging technologies and novel products differ
significantly from established materials or processes, resulting in varying
operational, in-use, and disposal data. LCAs at this stage face challenges
due to scale issues and technology uncertainties, making it problematic to
determine the functionality for assessment and find appropriate environ-
mental data for modelling the innovations. Published databases generally
contain outdated and generic data, which are difficult to update due to in-
tellectual property concerns in industries [73].

Finally, conducting a proper LCA requires to capture the specificity of
the field under study. The published works described above are either
proposing generic frameworks, or applied in common LCA field (build-
ing and chemistry), failing in capturing the specificity of micro- and nan-
otechnologies which are characterised by a large choice of materials and
complex manufacturing process. In fact, there are few or no LCA studies
of innovations such as the biosensors studied in this thesis, probably due
to the theoretical almost infinite number of design that biosensors (and mi-
crosystems in general) can take. A few works have been published, though
they are mainly focused on printed electronic systems [74, 75, 76, 77].

There is a need to understand how to combine the use of LCA and
an iterative approach in the case of micro- and nanotechnology innova-
tions to support the integration of environmental considerations and sus-
tainability into their design. An appropriate methodology for conducting
LCA in early research stages must be developed. When information is lim-
ited, the simplified LCA offers a solution by providing general guidelines
to prioritize the choice of design, materials, and components based on their
performance and environmental aspects.

Based on the experience from the collaborative work on LCA for mi-
croelectronics carried out during this thesis [73, 78], we propose and im-
plement an eco-design methodology for early-research on PoC biosensors.

| 39



2.4.2

2 | Eco-design methodology for early-stage research

The methodology propose to integrate multiple, iterative simplified LCAs
whose complexity evolve with the innovation development stage. The
specificity of microtechnologies are taken into account by identifying the
most important databases of the field. Some of the work described in the
next sections have been published [79, 80].

Decision-making framework description

Our framework is divided into 4 successive steps along the development
process that are schematically represented on Figure 2.3. It consists in
conducting parallel technical assessments (TA) and environmental assess-
ments (sLCA) of different biosensor technology candidates that could meet
the need of the application. These assessments, conducted in different
ways for the different TRLs, allow the comparison of candidates in the
form of a synthesis, closing each stage of the framework. The synthesis al-
lows to avoid making technological choices by default, but rather to iden-
tify the preferred options on the basis of objective criteria, including sys-
temic criteria. The assessment methodologies related to the different TRL
levels are described in the following sections.

Extending the conventional figure of merit for PoC

Step 0. The project starts with defining the problem statement, or the
research question, i.e. the development of a biosensor for a defined appli-
cation.

Step 1. Then, the start of every research project is generally accompanied
with a technical literature review, allowing to identify initial design op-
tions from the literature, by assessing what are the main technical risks,
and their associated traditional FoM, typically described along the AS-
SURED criteria in section 1.3.6. In our framework, we leverage this initial
technical screening of different biosensors by adding a first qualitative re-
view of the environmental metrics of the materials and processes that are
used in the different design options revealed by the literature review. Since
the metrics related to environmental impacts are not typically reported in
biosensor reviews, it is necessary to conduct a more thorough literature
search in the speciliazed field of environmental impact assessments. This
often involves drawing connections and taking inspiration from environ-
mental studies on topics in other technical areas, as studies on PoC devices
and microtechnologies in general are still relatively rare compared to those
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on energy systems or the chemical industry [57].

The environmental metrics of interest to be reported actually depends
on the application. Interestingly, in the case of PoC biosensors, we can
note that authors suggested to follow the REASSURED criteria, including
Real-time connectivity and Environmental-friendly guidelines. The latter
mainly proposes the substitution of single-use plastics with recycled ones,
and care about electronic circuits treatment. However, a deeper dive into
the sustainability aspects of the materials used in PoC diagnostics suggest
to evaluate at least the metrics reported in Table 2.1.

Environmental & Systemic Figures of Merit (FoM)
Embodied Represents the energy, CO, emissions or water consumption re-
Impacts quired for primary material production (including extraction,
processing and refining)
¢ Embodied energy [M]/kg]
* Carbon footprint, CO, ¢, [kg/kg]
* Water usage [L/kg]
* Energy [M]/kg], emissions [kg COy,/kg] and water [L/kg]
associated to required for manufacturing techniques
Material These metrics also includes economic and geopolitics aspects of
Sourcing material sourcing. Another interesting metric is the main sup-
plier countries.
¢ Abundance in earth’s crust (ppm by wt.)
¢ World production (Tonne/year)
e Price (€/kg)
e Critical material risks (contains > 5wt% critical elements?) :
yes/no

Table 2.1 The quantified environmental and systemic FoMs used in this work for
the initial technology screening.

In addition, required initial investment of the manufacturing tech-
niques required to process the PoC diagnostics is a relevant criteria, since
it will influence the technology affordability and/or transferability, as well
as reporting of material durability, i.e. the tolerance fo the materials to-
wards the environmental conditions. Finally, End-of-Life criteria such as
material recycling rate, biodegradability or downcycling possibility are of
great interest but sometimes face uncertainty/contestability.

The combination of this technical and environmental reviews, in the
form of a synthesis (e.g. a table listing the technical and environmental
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criteria), should allow the formulation of initial hypotheses on the ma-
terials, transducers, etc., that would be most appropriate to answer the re-
search question. Completion of this stage requires a first choice to be made
from the design options available, which is therefore partly subjective at
this stage. Since there is a lot of uncertainty, both in terms of technical and
environmental performance, it is best to keep several design options in
mind.

Integrate simplified LCA (sLCA) to make informed design decisions

The two next steps deals with the question How to integrate quantitative as-
sessment, such as SLCA, to guide the choices of technology early in the research
process ?

Step 2. Once the project has just started, a few (2-3) of the biosensor de-
signs are studied more or less in parallel to test the design hypotheses with-
out developing a whole sensor device. At this stage (TRL1), the biosensors
are still in the form of conceptual designs, meaning they do not need to
reach all the functionalities required. Instead, the early technical assess-
ments of the conceptual designs involve initial tests of the manufacturing
methods and their compatibility with some of the materials selected, the
first biointerface developments, first simulations to validate transducer hy-
potheses and first characterizations.

In parallel to these initial technical assessments, a first simplified life cy-
cle assessment (SLCA), in the form of an exploratory LCA, is carried out to
obtain an order of magnitude of the environmental impact of the selected
conceptual designs at the technology level. This stage is mainly useful for
getting to grips with simplified life cycle analyses, and consists in assess-
ing the footprint associated with the main materials and manufacturing
techniques considered at this stage. In this way, the level of granularity of
the study should not be excessive since the process details of each sensor
are not yet known. On the other hand, it allows very quickly to identify
the big hotspots of the different sensors technologies, which can include:
the adequacy of a manufacturing process for a certain design, unexpected
impact of a specific material on which the biosensor heavily rely, or some
materials or processes for which the data (formulation of chemicals, con-
sumption of machines, ...) are not available in the literature or subject to
intellectual property, preventing a proper assessment, etc.
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Fig. 2.3 Decision-making framework for the co-integration of technical and en-
vironmental performances in the early research of biosensors towards their eco-
design. At each TRL stage of the innovation development, the methodology uses
suitable tools based on data and knowledge uncertainty. At low TRL levels, sim-
plified environmental studies (sLCA) are used due to high design uncertainty and
limited data quality. The methodology includes a synthesis step to compare acces-
sible scenarios at each development stage and make informed design decisions.
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The synthesis phase of this step, gathering the findings from the TA
and the exploratory LCA, should mainly serves to close the door on less
promising concepts, or those with obvious shortcomings, both technical
and environmental. It also serves to find, for example, alternative pro-
cesses before having engaged too long with one specific, inconvenient, pro-
cess.

Step 3. The first technical results for the different concepts have been
achieved, and embodiment designs are being explored, and include some
of the critical functions and components required for the biosensors. This
way, the technical assessment tackles the development of first prototypes
at the lab scale that can show the relevance of the initial biodetection con-
cepts in a controlled environment (TRL 3-4). Since the embodiement de-
signs already involve some advanced functionalities, it allows to study in
deeper details the impacts a the different process steps level, particularly
for the fabrication processes involving many steps.

The simplified LCA in this step takes the form of a craddle-to-gate anal-
ysis, meaning it only considers the impact generated by the production of
the materials and the manufacturing of the device (see Figure A.2 (a)), also
called “pre-consumer waste footprint”. The use phase, associated usage
of energy to actuate the PoC device, and all the transports (supply raw
materials, to the use location or to the end of life treatment location) are
excluded from the scope. Our method considers the calculation of 3 main
indicators contributing to environmental impacts: embodied energy, car-
bon footprint and water consumption.

This study is particularly suited to highlighting hotspots within the
manufacturing process, e.g. a production step with a significantly higher
impact than another or that can can be substituted, the assessment of al-
ternative materials with same functionalities, or already assess the use of
certain components, such as the electronic components for sensor readout.
In this way, the developments at TRL 3-4 might involve the frequent modi-
fications of some biosensor design parts, and the sLCA at this stage could
be used in a dynamic way to support quick design choices.

However, according to the fact that possible future states are explored
and to the approximations in the data available, it still inherently adds a
layer of uncertainty. Therefore, the output of sSLCA should not be inter-
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preted as an absolute result but rather as a comparative indication of what
might happen in terms of order of magnitude [64].

From simplified environmental assessments to systemic eco-design

Step 4: Beyond stage 3, eco-design stands out from exploratory and sim-
plified approaches that need to be implemented beforehand. In fact, where
sLCA was relevant due to the lack of precision of the data flows (energy,
materials, reagents) involved in the development of biosensors, the design
of biosensors at TRL>4 is relatively well established since they begin to
be technically evaluated in increasingly real use-cases (trials in the case of
medical diagnostics). In this way, eco-design based on complete LCA of
the devices and its usage framework must be implemented, taking into
account as many stages of the life cycle as possible (particularly the in-
fluence of transportation, use phase, and end-of-life stages of biosensors)
and integrating a greater number of impact indicators, in order to have the
most realistic view possible of the impact associated with the deployment
of these devices within society. This would allow a fine eco-design of the
PoC biosensors.

At this point in the methodological framework, it involves reflection
on societal-level impacts, the steps of eco-design must be taken over by
interdisciplinary and transdisciplinary teams of scientists that conduct
systemic analyses and who are accustomed to studying in a cross-cutting
way, through articulated design practices, the various externalities related
to the manufacture and use of sensors. We are thus at a pivotal moment
in the development of the sensors where it is necessary to go beyond the
framework of environmental impacts to study technological choices in the
light of issues of societal responsibility. Examples of critical reflections are
presented in the discussion (section 8.2).

Results & Discussion

In this section, we apply the framework developed in section 2.4 to the
research project of this thesis. Since the technical and environmental as-
sessments have been conducted in parallel during the thesis, this section
reflect the chronology of the full PhD project, some of the technical results
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described in the following paragraphs are much more detailed in the tech-
nical chapters of the thesis.

Step 0 - Project definition

The project statement was defined in this thesis Introduction, i.e. the de-
velopment of rapid PoC pathogen biosensors for critical situations.

Step 1 - Initial design options

Technical state-of-the-art The state-of-the-art for this project was pre-
sented in chapter 1. The three main technologies identified to develop the
biosensors are depicted on Figure 2.4. Their respective technical charac-
teristics are reported in section 1.3. It is clear that their respective FoM
attributes are not identical, which generally tends to naturally orient them
towards different use cases. Paper sensors are used for rapid diagnostic
or screening where low detection levels are required. In the literature, the
term "paper-based biosensors" is often used in a confusing manner to de-
scribe a range of PoC sensors made from cellulose or paper-like porous
substrates, such as nitrocellulose membranes®, or sensors composed of an
assembly of these membranes, like lateral flow assays (including glass fiber
and a housing plastic cassette in addition to nitrocellulose and cellulose
materials). In this chapter, we choose to adopt the same terminology for
consistency. Plastic sensors, for example based on flexible polymers, are
typically developed for wearable biosensors or PoC devices requiring mi-
crofluidics instrumentation. In this chapter, it refers to all sensors in which
the main functions, particularly microfluidics and the transducer element,
are assembled on a main plastic substrate, such as PDMS, polyester, or PET.
Silicon sensors, on the other hand, offer excellent performance in terms of
sensitivity and detection levels, but often require the use of complex and
bulky instrumentation, although the trend towards integration allows for
increasingly smaller sizes. Nevertheless, they all offer numerous examples
of pathogen detection in the literature and are therefore relevant to this
study. We refer to all sensors in which the main functions of microfluidics
and transductions are based on systems fabricated on silicon substrates as
"silicon-based MEMS biosensors".

8Even though nitrocellulose has a completely different chemical structure from cellulose,
we still use the term "paper-based” to describe sensors made from paper-derivative sub-
strates.
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Paper biosensors Plastics biosensors Silicon & MEMS biosensors

Fig. 2.4 The three main technologies identified from the state-of-the-art as the
initial design options to develop PoC biosensors. Paper biosensors encompass all
sensors in which microfluidic functions are integrated on cellulose substrates or
porous paper-based substrates (such as nitrocellulose for LFAs), or sensors that
combine these porous supports. Plastic biosensors and silicon biosensors refer to
sensors in which microfluidic functions and the transducer are built on polymer
and silicon substrates, respectively. Paper picture from [3], plastic- and silicon-
biosensors from [81].

Systemic criteria literature review A deep review of the FoM introduced
in Table 2.1, applied to the different materials composing the design op-
tions depicted on Figure 2.4, are reported in Figures 2.5, 2.6 and A.3, high-
lighting the large disparities between materials. The embodied energy, car-
bon fooprint and water are the energy, emissions or water consumed in
making one kilogram of material, which include the raw material extrac-
tion, purification or processing stages. These figures were compiled based
on published data and specialized organization reports [5, 82, 83, 84, 85,
86, 87, 88, 89]. When key data was missing, we have developed our own
models for the impact factors of materials (EE, CFP, and Water) by defining
the material manufacturing process in a similar manner to what is done in
existing databases (e.g., Ansys-Granta Edupack). This approach ensures
that the numbers obtained from our models are directly comparable to the
EE, CFP, and Water values from these databases. For example, the nitrocel-
lulose embodied energy and carbon footprint have been computed in the
frame of Odile Crahay’s master thesis, by modelling the whole fabrication
process of the nitrocellulose membranes used in PoC devices (see Figure
A.4). The computed EE and CFP for nitrocellulose membranes are 91.4
[M]/kg] and 7.5 [kgCO, /kg] [90]. The linear evolution of the CFP with the
EE in log-scale suggests that the reported carbon footprint are not arising
only from the conversion factor [kgCO,/kWh] expressing the emissions
linked to the primary energy generation.
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Carbon footprint, CO2eq [kg/kg]

Fig.2.5 Embodied Energy and Carbon Footprints of classes of materials used in biosensors. Data gathered from several sources.
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Synthesis n°l The results from the review performed in step 1 are de-
picted on Table 2.2. Each biosensor technology has distinct specifications
and qualities, primarily resulting from the type of materials composing its
main substrate (paper-like membranes, plastics, or silicon), and from the
manufacturing techniques and materials compatible with these substrates
(introduced in section 1.3), which define the accessible functionalities.

Whereas the highly advantageous characteristics of porosity (and as-
sociated spontaneous capillarity) of paper and paper-like materials allow
for the development of highly user-friendly and cheap sensors without
the need for external microfluidic actuation, the limited number of man-
ufacturing techniques (mainly additive fabrication techniques, printing or
cutting) and materials (often functional polymeric or nanomaterial-based
inks) compatible with these substrates make it challenging to implement
sophisticated transduction systems with high performance. However, since
the materials and techniques involved are relatively simple and abundant,
they are also associated with lower expected environmental impacts and
have a connotation of sensors that are democratic and accessible for all.

On the other hand, plastic-based sensors are the most widespread de-
vices in the literature due to their convenience in development and han-
dling, thanks to the overall mastery and ease of polymer machining. No-
tably, the most significant achievements in current microfluidic devices
include all sample preparation tools used in biochemistry, ranging from
micro-well plates to more complex mixing channels [91]. Given the com-
patibility of plastic substrates with the integration of a wide range of func-
tional materials, numerous components ranging from electrodes to com-
plex circuits can be directly integrated onto the substrate, offering tremen-
dous opportunities for the development of advanced and multifunctional
biosensors. This is well exemplified by the rapidly growing field of flexible
electronics, which is expected to revolutionize several domains. However,
most of these tools remain single-use plastic devices, and the main issues
related to their waste (and the general context of medical wastes) has al-
ready been discussed in detail in section 2.1 (see Figure 2.1).

Finally, silicon-based biosensors relying on microfabrication techniques
receive significant attention in the literature due to the very wide range of
functionalities and good performances they can offer, making them highly
promising candidates in general. However, a major limitation, similar to
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plastic biosensors, is the need to integrate complex, expensive, and often
bulky instrumentation to achieve their microfluidic and transduction func-
tions. This often restricts their current role to analytical biosensing tools
in laboratory settings and makes it more challenging for them to be used
directly at the point-of-care. Furthermore, the entire production chain of
these biocapteurs involves materials and manufacturing techniques asso-
ciated with high embodied energy and emissions. For example, the ex-
traction and refining of metals and semiconductors, including silicon, con-
tribute to significant environmental impacts. Additionally, the operation
and maintenance of cleanrooms for fabrication and assembly require sub-
stantial energy consumption [92]. Due to their complex and miniaturized
integration, which involves multiple layers of materials, the end-of-life
management of these microfabricated devices also remains a challenge,
particularly with regard to electronic waste (WEEE) which has garnered
increasing public attention (just like the issue of medical waste described
earlier).

Paper Plastics Silicon
Technical . o :
review User friendly Ubiquitous Powerful & versatile
Rapid, passive Processable Functional (fab.)
Proper  biofunc- Proper handling Integrated
tionalization - Needs microflu- - Relatively  complex
- Low sensitivities idics actuation instrumentation
- High LoDs
ls,gvsit:;llc Cheap Abundant - High EE and CFP for
Relatively ~ abun- - Non-renewable most of materials and
dant materials materials mainly manufacturing tech.
Low EE and CFP - End-of-life emis- - Supply risks (critical)
- High water usage sions - No End-of-life

Table 2.2 Synthesis n°1 relative to the review of the three initial design options
for the development of PoC biosensors for pathogen diagnostics. (EE: Embodied
Energy, CFP: Carbon Footprint)

Despite the significant advantages of plastic substrates for the develop-
ment of biosensors, the above-mentioned issues associated with single-use
plastic devices prompt us to consider the possibility of implementing al-
ternatives. Therefore, there is likely an interest in exploring other avenues
for sensor fabrication. Based on this argument, and because of its need of
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complex instrumentation required for microfluidic and electronic compo-
nent actuation, making it not appropriate with PoC diagnostics biosensor
technologies that rely solely on plastic substrates to support all critical
functions will not be considered as sensor candidates in the subsequent
work. We emphasize here on the rejection of fully integrated plastic sen-
sors (microfluidics and integrating transduction components and materi-
als using additive printing technologies) that require external actuation for
microfluidics and transduction. Plastic is indeed used in many other types
of paper-based or silicon-based sensors, for example, as a component of
the packaging for protection or general device ergonomics (e.g., for lateral
flow assays). However, in those cases, its role is subsidiary and depends
solely on the final test design, rather than defining the initial design of crit-
ical sensor functions (microfluidics, transduction, biointerfaces) that are of
interest at this stage of sensor development.

For their part, silicon-based sensor also requires significant instrumen-
tation, however their high performances and the opportunity of integra-
tion and chip reusing (when used under the form of electronic readers)
might balance its drawbacks to reach the proper functionalities.

At the lights of their advantages and drawbacks, we identify the most
relevant technology options as the paper- and silicon-based technologies,
for user-friendliness, and high performances and versatility, respectively.
We think that these major advantages would profit to the development of
the biosensors in this thesis. However, given the paper-based biosensor
low performances, and given the relatively high expected environmental
impacts of materials and manufacturing techniques, as well as the limited
accessible end-of-life scenarios of silicon-based technology, we postulate
that the appropriate biosensor design might result from the combina-
tion of both technologies, with a special focus on reusing the silicon-based
electronics.

It is important to note that the choices made at this stage are difficult,
and still based on subjective "semi-quantitative" analysis. Thus, they are
still subjected to bias that are strongly influenced by our preconceptions (or
our mental representations) of these technologies, influenced by our scien-
tific background, environment or even global public opinion. For example,
the advanced silicon-biosensors made from conventional microelectronics
facilities are often seen as the "microcircuits of the fluidic world", a "cool"
research topic [91], which has led to a surge in academic research over the
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last 2-3 decades, even though the number of products actually developed
and disseminated as a result of these researches has not yet followed this
trend.

Step 2 - Exploration of conceptual designs

The developments from the second step of the framework were conducted
during the two first years of this thesis. Some of the results of the early
technical assessment and the environmental assessment were published in
[80], and [93, 94] presented deeper results on the technical assessments.

Early technical assessment After having identified the complementary
performances of both the paper-based and silicon microelectronics biosen-
sors in synthesis n°1, we established conceptual pathogen biosensor de-
signs. These designs aimed at combining the advantageous microfluidic
properties of paper-like materials (nitrocellulose) with electrodes as trans-
ducer, resulting in microfluidics electrical paper-based devices (uPEDs).
From these designs, we proposed two paper-electronics manufacturing
processes to reach the necessary electrical functionalities, based on the ad-
ditive manufacturing (inkjet printing) and conventional microfabrication
(sputtering) of conductive materials (carbon nanotubes (CNTs) and alu-
minum (Al), respectively) onto the paper substrate (Figure 2.7). Early tech-
nical characterisations of the designs demonstrated the adequacy of the
materials and manufacturing process to integrate suitable conductive tracks
for electrodes on paper (see [80] and section 6.4.4 of this thesis). The fab-
rication and characterization of silicon-based biosensors has already been
demonstrated in our lab [13]. Additionally, we also investigated the func-
tionalization of supports with bioreceptors. While our laboratory had al-
ready demonstrated that robust functionalization of silicon sensors with
bioreceptors can be complex [95], our functionalization tests of nitrocellu-
lose with antibodies (see section 4.2.4 of this thesis) and towards pathogen
capture (see section 5.4.2 of this thesis) proved to be extremely positive .

Exploratory Life Cycle Assessment - Methodology In parallel of the early
technical assessments, we carried out a prospective environmental impact
analysis of the two proposed uPEDs design strategies to support the ma-
terial and fabrication process choices, and guide the early researches on
uPEDs. We used a simplified LCA method to evaluate the environmen-
tal impacts of the two different yPEDs, and compared the results with a
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silicon-based (Si) biosensor originating from traditional microelectronic
fabrication techniques.

The simplified LCA approach was considered in this work, included
(1) setting the study scope (functional unit and system boundaries) by de-
veloping the adequate device models, (2) conducting the life cycle inven-
tory analysis to quantify the materials and energy inputs, and (3) identify-
ing environmental impacts through the specified life cycle phases.

We consider the three kinds of devices to have similar functionalities:
at this stage, they only consist in the transducer part of the sensor, limited
to the fabricated sensitive materials and the substrate (cellulose, nitrocel-
lulose or silicon). As such, the sensing devices modelled here are not fully
functional sensors. Each sensing device is assumed single-use because of
the complexity linked to the biosensor cleaning procedures [96]. Then, we
modelled the sensor material constituents, fabrication processes and en-
ergy flows (see Figure 2.8). On this basis, Tables A.1 and A.2 in Appendices
present the life cycle inventory results for the reference flows, consisting in
the material and process quantities required to fabricate 1000 CNT-uPEDs,
Al-uPEDs and Si-PDMS devices, respectively.

Paper-CNT sensor Paper-Al sensor Silicon biosensor
P> Paper support P Paper support P> Silicon support
P> Conventional printer » Microelectronics fab. P Microelectronics fab.
P> Conductive inks (CNTs) > Aluminum electrodes (cleanrooms)
EXel Sl

L,

Fig. 2.7 Material and manufacturing strategies for two of the conceptual designs
combining paper substrate for microfluidics and biofunctionalization, and the ad-
dition of conductive tracks to support the electrical transduction principle, chosen
from step 1. Materials, manufacturing and first characterizations of these concep-
tual design were explored during the first developments of the thesis. In order to
benchmark with a highly performing sensors previously developed in our lab, we
performed a comparative exploratory LCA of the two conceptual paper-electronics
processes, and from the silicon-based microelectronic device [13].
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Exploratory Life Cycle Assessment - Results The data collected was
then used to determine the environmental impacts for such a quantity
of product through their embodied energy (EE) and CO, footprint (CFP).
To this end, we refer to the specific EE and CFP of materials and pro-
cesses (see Table A.3 in Appendices for details). The EE for each kind
of sensor can be expressed as EE = EE,ueriats + EEprocesses and CFP =
CFPyateriats + CFPprocesses- As reported in Figure 2.9, Al-uPEDs and Si-
PDMS devices have significantly higher environmental impacts than CNT-
uPEDs. Specifically, we see that the processes requiring classical cleanroom
facilities show drastically greater energy and CO, impacts than inkjet-printing
of CNT-inks, i.e. EEA;—ypED,process = 4415 MJ and EEs;ticon, process = 3262 MJ
against EECNT—;PED,process = 23 MJ. We observe similar trends for the car-
bon footprints. This is consistent with the energy-intensive process tools
and high number of harmful chemicals required in classical microelectron-
ics processes (e.g. successive depositions and etchings) compared to the
simplicity of purely additive technique.
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Fig. 2.9 Environmental impacts (embodied energy and carbon footprint) of the
materials and manufacturing processes required to produce 1000 CNT-uPEDs, Al-
uPEDs and Si-PDMS sensors.

The much higher impacts presented by the fabrication process of Al-
uPEDs compared to CNT-uPEDs is mainly due to the metallization equip-
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ment is adapted to ym- and mm-sensor fabrication, not to cm-wide paper-
based devices (~ 5 cm). Hence, a much higher number of runs of the met-
allization step is then required to fabricate the same number of Al-uPEDs
than Si-based sensors (8 mm in dimensions).

It was also found that the carbon nanotubes synthesis are responsible
for most of the EE and CFP involved in the fabrication of CNT-uPEDs.
Indeed, The conventional synthesis of carbon nanomaterials by chemical
vapor deposition (CVD) has a massive CO,-positive footprint, emitting
as much as 600 tonnes CO, per tonne of carbon product [97]. Substitute
nanoparticle-based inks (e.g. Ag or more environmental friendly carbon
nanomaterials [98]) could be considered to reduce material impacts.

Synthesis n°2 As a general conclusion of the early technical and envi-
ronmental assessments, we saw that paper-based sensors are promising
candidates, and it is worth considering them further as biosensors of inter-
est.

The early assessments of printed paper-CNTs transducer showed that
additive inkjet-printing of conductive inks seems appropriate for paper-
electronics manufacturing given the properties of paper and the size of the
resulting transducers, although its capacity to provide with higher produc-
tion levels should be considered. For example, serigraphy-based printing
techniques (screen-printing, flexography) are usual methods for mass pro-
duction of printed surfaces and could be easily derived to produce yPEDs.
However, the electrical characterizations that were performed on the de-
vices are not advanced enough to assert that this technology can effectively
be used as a biosensor device for pathogen detection. Further in-depth re-
sults are expected to draw a relevant conclusion. The environmental as-
sessment also shown that specific nanomaterial-based inks must be chosen
accordingly to their adaptability with the manufacturing process and their
environmental impacts. In addition, it is important to mention that the tox-
icology impacts of nanomaterials on living being should not be underesti-
mated, but rather taken into account, although they may vary depending
on the sources [99].

Regarding the sputtered paper-Al interdigital electrodes, further char-
acterizations have been conducted, demonstrating the feasibility of detect-
ing bacteria in water. However, at the light of the sSLCA results, it is critical
to consider the appropriateness of the manufacturing technique with pro-
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duction level required and the size of the devices, especially for single-use
sensing solutions. In this regard, metallization is not a good candidate as a
mean to produce yPEDs with improved environmental impacts.

Therefore, the fabrication process of yPEDs can still be optimized by
selecting adequate nanomaterials and fabrication methods.

For functional Si-based devices, even though the performances in bac-
terial detection are no longer in question, Figure 2.9 indicates that Si-based
transducers would be competitive with the paper-based ones in term of
environmental impacts if they could be washed and reused about 5 to 10
times for instance. Interestingly, recent studies have developed protocols
for regenerating metallic electrodes ~ 20 times in electrochemical biosen-
sors based on conventional microfabrication [100].

Printed paper Sputtered paper Silicon
F];:qfly Simple & versa- Good electrode ma- Controlled, versa-
tile process terials tile process
Process suitable Bacterial detection Miniaturization
with biofunction- demonstrated Integrated
alization Not convenient Cleanrooms
Functionalities with biological
not yet demon- process
strated Not versatile design
Exploratory Low impact : Hichl - .
LCA pact pro ighly  emitting High EE and CFP

cess & materials
Nanoparticle tox-
icology

High EE & CFP of
nanoparticles

(and costly) micro-
fab.  process not
suited at all with
paper-devices due
to their large size

from process (high
number steps) and
materials

Could be decreased
if transducer reused

Table 2.3 Synthesis n°2 relative to the exploration of the conceptual designs.
Printed paper refers to CNT-uPEDs while Sputtered paper refers to Al-uPEDs. (EE:
Embodied Energy, CFP: Carbon Footprint)

At the light of Table 2.3, we conclude that the advantageous properties
of paper and derivatives (nitrocellulose) for immobilization of biomolecules
and capture of bacteria is a definitive advantage in the design of a PoC
biosensor for pathogen diagnostics. Given the ease of developing bioint-
erfaces on nitrocellulose and the relatively complex interpretation of elec-
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trical measurements of bacteria on nitrocellulose membranes, the results
of this second stage of conceptual design evaluation have highlighted the
clear advantage of colorimetric tests based on nitrocellulose, such as LFAs,
as they exploit the best properties of nitrocellulose. Therefore, it seems that
the exploration of the design and development of colorimetric lateral flow
assays paper-based sensors is justified in parallel with the research path of
integrating electrical transducers with the nitrocellulose substrate.

Regarding the paper-based biosensor based on conductive inks (CNTs)
and printing technology, it is evident that it offers interesting environmen-
tal properties due to low-energy manufacturing processes, despite uncer-
tainties surrounding the actual impacts associated with the nanomateri-
als used. To assess the true relevance of this technology in the case of
PoC biosensors for pathogen detection, further characterizations and tech-
nical evaluations would be required. However, these tests demand ad-
vanced additive manufacturing infrastructures that are not directly acces-
sible to us at the moment. Therefore, we have decided not to continue
with the technical research and development on this topic in this thesis,
but rather to follow the state of the art from publications in the scientific
literature. Given the increasing interest in the paper-based printed elec-
tronics paradigm, driven by environmental constraints, articles regularly
investigate the technical performance and environmental aspects of such
devices, providing valuable insights.

Furthermore, we have decided to exclude the use of microfabrication
techniques such as sputtering on paper-based substrates from further de-
velopment. Despite being a favoured approach in many recent works’
due to the familiarity and general mastery of these manufacturing pro-
cesses and the excellent performance achieved (e.g., high conductivity), it
does not seem realistic to consider large-scale production of paper-based
pathogen biosensors due to obvious environmental impacts and colossal
financial costs. Moreover, the reliance on advanced microfabrication facil-
ities does not align with the objectives of this thesis, which aim to develop
biosensors that are accessible and appropriate (as stated in the desirable
figures of merit in section 1.3.6). Therefore, we will focus on alternative
manufacturing methods that align better with our goals and prioritize en-
vironmental sustainability and cost-effectiveness.

9For example, see works pre-published in https://www.biorxiv.org/content/10.
1101/2023.03.09.531916v1 (2023)
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Finally, based on the promising results from previous published works
within our research group [6, 13] and the electrical characterizations of ni-
trocellulose membranes using advanced measurement tools, we acknowl-
edge the potential of using advanced electronic transducers, provided that
they are not single-use and can be effectively reused. Their ability to yield
promising results is valuable. Additionally, the utilization of these trans-
ducers, which rely on conventional microfabrication techniques, opens the
door to various other detection techniques such as electromagnetism or
electrochemistry. Considering their demonstrated performance in other
published works, these detection methods and associated transducers have
arole to play in the development of biosensors for pathogen diagnostics in
applications that require low limits of detection. However, the integra-
tion of reuse constraints raises questions as it necessitates designing, from
the early-research stages, with considerations for separating the transducer
from the contaminated parts of the sensor while maintaining measurement
robustness.

Step 3 - Embodiment designs

Based on the results of step 2, the following pathogen biosensor candidates
are selected to further evaluate their technical performance. As stated in
section 2.4.2, the embodiment designs (TRL>3) include some of the critical
functions required for a relevant biosensor.

In this way, we propose to investigate 4 types of biosensor devices in
step 3 (Figure 2.10). In practice, the technical assessments of a few se-
lected embodiment designs are conducted in chapters 4, 5, 6 and 7 of
this thesis. Their environmental assessments by means of simplified LCAs
are currently performed, in parallel to the technical research process. At
present, a synthesis for Step 3 is not feasible. This step requires further
in-depth research and the coordinated efforts of multiple sensor designers.
As the mentioned designs approach higher TRLs, the research and amount
of data required to conduct environmental analyses increase significantly.
However, a few key elements and results that have already been obtained
are summarized below.
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3rd Gen. Platform

(a) ‘ (b) (d)

Fig. 210 Embodiment designs selected from the previous framework steps. The
technical assessment of (a) colorimetric paper-sensors (LFA) [3], and (b) reusable
electronic readers for LFAs are presented in the next chapters of this thesis. (c)
Printed electronic devices are still being evaluated, in the form of a scientific liter-
ature watch, including on their environmental impacts. [101] (d) Microfabricated
sensors are being explored in other PhD theses in Jean-Pierre Raskin’s group. [81]

Leveraging the promising results for pathogen capture, we decide to
develop colorimetric paper-based tests, such as lateral flow assays (Fig-
ure 2.10 (a)), for rapid pathogen diagnostics. The desire to develop LFAs is
also supported by the relatively low impact of paper substrates identified
in step 2. In this way, simplified LCA were performed in the frame of Odile
Crahay [90] and Josquin Vandeputte’s [102] master theses, similarly to the
exploratory LCA conducted in step 2, with striking results that the plastic
housing cassette commonly used accounts for about 90% of the embodied
energy and carbon footprint of the whole device : a LFA embodied energy
with vs. without cassette : 0.57 MJ/LFA vs 0.034 MJ/LFA, respectively.
Regarding carbon Footprint with vs. without cassette : 0.03 kgCO2/LFA
vs. 0.004 kgCO2/LFA, and for water usage with vs. without cassette: 0.42
L/LFA vs 0.23 L/LFA. This already suggests related eco-design strategies.
Indeed, as reported by eco-design studies of LFAs'’, popular idea circu-
lating for LFAs is to minimize the plastic test strip caseworks (without
compromising the essential functions of providing a stable platform, and
protecting the nitrocellulose test strip). It might be possible to halve the
caseworks mass and reduce the overall carbon footprint and plastic waste
by 15-20%. This would require significant investment in R&D, production
tooling, and regulatory approval hoops to jump through — but could be
worthwhile if future demand for tests stays high.

We propose to explore the use of colorimetric readers with the devel-

Onttps://www.cambridge-design.com/blog/how-to-reduce-the-carbon-footprint-and-plastic-wast
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oped LFA, ie. integrate electronic cameras to improve the LFA perfor-
mances by quantification of the colorimetric signal (Figure 2.10 (b)). The
technical assessment of such colorimetry reader is conducted in chapter 4.
However, it is now widely acknowledged that colorimetric readers associ-
ated with LFAs, particularly when sold on a large scale, generate a signif-
icant amount of electronic waste and unnecessary environmental impacts
relative to their technical benefits!!. Therefore, caution should be exercised
in integrating these readers, with a strong emphasis on avoiding single-use
devices.

Since we do not have the facilities to explore more in detail the technical
feasibility of inkjet-printed paper-based biosensors, we identify the clos-
est examples from the literature to pursue the comparative assessment. Re-
cent studies explored in detail the environmental features of paper-based
printed electronics [103, 74], and excellent example of technical and envi-
ronmental assessments of printed paper biosensors include [101] (Figure
2.10 (c)).

Finally, in view of their obvious qualities, we continue to explore the
use of microfabricated electromagnetic biosensors applied to paper sen-
sors for their single-use functionality (Figure 2.10 (d)). Being aware of
the dependence of these technologies on energy-intensive facilities (clean-
rooms) and the problematic supply chain of materials they involve (e.g.
critical metals), design practices are oriented towards the reuse of readout
systems. In practice, this research is the subject of other PhD theses in Jean-
Pierre Raskin’s group. Regarding their environmental assessment feature,
we performed a simplified assessment of silicon-based MEMS sensors for
co-optimization of sensitivity and environmental performances [78].

HLook at https://wuw.youtube.com/watch?v=N1x8HnousXg&t=9s&ab_channel=
DeusExSilicium for more details.
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Conclusion

This chapter proposes a methodology for the eco-design of innovative
technologies at early-development stage. First, it introduces sustain-
ability metrics such as the environmental impacts of the biosensor ma-
terials and fabrication, alongside conventional design figure of merits,
in order to account for the environmental footprint of an innovative
technology during its early-research stages. Then, it exemplifies the
use of simplified life cycle assessment (SLCA) as a tool to quantify
the environmental impacts of the developing technology, even at the
early-research stages presenting uncertainty about the data availabil-
ity and quality.

Eco-design results The environmental impacts of the materials and
processes (energy consumption and carbon footprint) considered in
the different sensor designs studied during this thesis have been ana-
lyzed. These environmental indicators are widely used to identify the
key drivers of environmental burdens in products and devices life cy-
cles. In addition, technical assessments of the sensor designs were
conducted. Findings from the environmental and technical assess-
ments were compared and discussed during synthesis steps. Results
from these syntheses were leveraged to support the most appropriate
choice of sensor technology, in particular for materials and manufac-
turing processes selection :

1. The exploration of different materials and fabrication techniques
for biosensors has highlighted the advantages and limitations of
each approach. Paper-based sensors offer simplicity and acces-
sibility, but face challenges in implementing high-performance
transduction systems. Plastic-based sensors are widely used due
to their convenience in development and manipulation, but their
single-use nature raises environmental concerns. Silicon-based
sensors exhibit advanced functionalities but require complex in-
strumentation and often remain limited to laboratory settings.

2. In addition, the integration of microfluidics and transduction el-
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ements on plastic substrates shows promise but necessitates ex-
ternal actuation, limiting their potential for point-of-care appli-
cations. As a result, we have decided not to continue research in
this direction.

3. The use of nitrocellulose in colorimetric tests, such as lateral

flow assays, has proven advantageous due to its favourable bio-
functionalization properties, technology maturity and accessi-
ble development process while offering relatively controlled en-
vironmental impacts despite the single-use format. The use-
fulness of rapid diagnostic tests at the point-of-care has been
repeatedly demonstrated, including in the case of large-scale
pregnancy tests or rapid tests for COVID-19. However, further
characterization and technical evaluations are required to fully
assess their suitability for pathogen detection. These reasons
served as the driving force for initiating research on these topics
in the chapters 4 and 5.

4. Electrical paper-based biosensors utilizing conductive inks, such

as carbon nanotube-based inks, have shown environmental ad-
vantages in terms of low-energy manufacturing processes. How-
ever, the uncertainties surrounding the environmental impacts
of nanomaterials used in these sensors call for further investi-
gation. The lack of access to necessary fabrication techniques
prevented further research in this direction during this thesis.
The continuation of monitoring this research avenue is carried
out through literature review.

5. The scalability and production of electrical paper-based biosen-

sors fabricated with microfabrication techniques, such as sput-
tering, are not considered feasible due to their incompatibility
with paper substrates and the associated environmental and cost
implications.

6. Advanced electronic transducers hold potential for high perfor-

mance biosensors, provided they are reusable and designed to
separate the transducer from the contaminated parts of the sen-
sor. Such a research direction is initiated in chapters 6 and 7.

Overall, the results of this chapter, based on technical and environ-

mental assessment (through a simplified LCA) conducted in parallel,
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allowed to identified the main biosensor designs and research direc-
tions studied in this thesis based on both the criteria of technical per-
formance and original results on environmental impacts. It highlights
the need for extensive research and collaboration among biosensor sci-
entists to advance further than the step 3 proposed in the framework.
The research performed in the next chapters thus intend to pursue the
technical assessment of LFAs for pathogen diagnostics and the accom-
modation of reusable electrical readers on LFAs, at the device level.
Environmental assessment are still conducted towards the design of
the most appropriate PoC pathogen biosensor. However, the increas-
ing complexity and data requirements necessitate a concerted effort to
conduct comprehensive environmental analyses.

Methodological perspectives The application of this methodology
aims to anticipate the environmental and societal impacts associated
with design decisions for innovative technologies. Considering these
impacts and their underlying causes early in the life cycle of inno-
vations entails the responsibility of the designer, but the multidimen-
sional nature of these impacts necessitates a multidisciplinary method-
ology. To provide a comprehensive approach, the methodology pre-
sented in this chapter should incorporate a broader range of indica-
tors, including those assessing the economic feasibility of the pro-
posed biosensor innovations. This is mentioned in steps 4 to 7 of
the proposed eco-design methodological framework (see Figure 2.3).
Some of these aspects are discussed in the perspectives of this thesis
8.2. This changes the way research and development are organized, as
it requires the involvement of stakeholders and information from en-
vironmental and socio-economic sciences at an early stage of develop-
ment. The inherent uncertainty in this complex situation necessitates
continuous critical reflection.

When conducted in this manner, multidimensional impact assess-
ment research in academia provides a valuable service to society by
going beyond the usual concerns related to industrial knowledge trans-
fer from laboratories or the pursuit of performance improvements typ-
ically outlined in technology roadmaps across various sectors. It pro-
poses a different approach by incorporating socio-economic, environ-
mental, and public health impact studies from the outset to guide
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decision-making in the early stages of research.

By practising this type of methodology, the university is able to
impact its three roles:

1. Research: By integrating a multidimensional approach to impact

assessment, the university promotes the generation of scientific
and technical knowledge that takes into account environmental,
social, and economic dimensions. It contributes to the advance-
ment of knowledge and of multidisciplinary research to produce
knowledge that is relevant for society.

. Education: By incorporating this methodology into educational

programs, the university educates students in a holistic and re-
sponsible approach to technological design and development.
Students acquire the necessary multidisciplinary skills to bet-
ter understand how to integrate environmental and social issues
into their future professional activities.

. Service to society : By implementing this type of methodology,

the university initiates a process and create knowledge that can
be transferred to economic actors, policy makers, and society
at large. Research findings and developed methodologies can
be used to guide decisions and actions aimed at promoting sus-
tainable development and social responsibility beyond the uni-
versity’s wall.




Fundamentals on lateral
flow assays

-
-@'— Chapter objectives
In chapter 1 of this thesis, we reviewed the biosensors suitable for
the rapid detection of pathogens at the point-of-care. Among oth-
ers, lateral flow assays (LFAs), although presenting some limitations,
possess advantageous properties to consider this technology further
as an appropriate solution to answer the objectives of this thesis.

In this chapter, we present a non-exhaustive yet detailed overview
of the general principles governing an LFA, its capabilities, and its
design, development and manufacturing processes. The chapter is
structured to present one by one the necessary components, high-
lighting the key characteristics developers should consider when se-
lecting the most suitable materials and reagents during LFA design

L and fabrication. )
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General principles and components of optical LFAs

The simplicity, rapidity, portability and low costs of lateral-flow assays
(LFAs) have made them one of the most used point-of-care (PoC) sensors
in various disciplines ranging from clinical diagnostics to environmental,
food safety and veterinary analysis [56]. Their success lies in their general
design that has remained almost unchanged since their first use as preg-
nancy tests in 1970s, which partly explained their adoption on an unprece-
dented scale during the COVID-19 pandemics, and demonstrated their fea-
sibility and acceptability on a global basis. [104]

The most common lateral flow devices are composed of different ele-
ments (Figure 3.1 a), each supporting a vital function of a fully functional
biosensor (Figure 3.1 b). A successful test primarily relies on the sponta-
neous, capillary flow of the sample throughout the strip, which consists
of assembling four contacting porous components disposed linearly: (1)
the sample pad, (2) the conjugate pad, (3) an assay membrane (e.g. ni-
trocellulose) with capture agents (e.g. antibodies) immobilized at test and
control lines, and (4) an absorbent pad to wick the sample through the de-
vice. As discussed further in this chapter, these pads are made of different
kind of papers-like materials.

a Control
Line
Sample S'ponta_neo'us flow
via capillarity Absorbent pad
!
§ Z/ /)
[ I :
Sample pad Conjugate pad
(cellulose) (glass' fiber)
e Transducer
Microfluidics | E.g.: Gold
b and substrate E ‘ nanoparticles ~20nm
E Target [E.g.: Protein @
pfluidics - ( ~5nm
! Bioreceptors
Transd. . . A\
E j__\ Membrane E.g.: Antibodies W
) ~7nm

Sandwich immunoassay

Fig.3.1 Principle and components of nanoparticle-based lateral flow assays.
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From a user perspective, the operation of a well-designed LFA diag-
nostic test is strikingly simple: the user adds a microliter-volume (100-
200uL) of liquid sample (e.g., blood, urine, saliva) onto the sample pad,
often made of cellulose. Then, the sample passively travels by capillary
forces to the conjugate pad (e.g. glass fiber), where previously dried nano-
labels (e.g. gold nanoparticles) conjugated to "detection" bioreceptors
specific to the target analyte are resuspended in the sample buffer. As the
sample flows, the target analytes are mixed and form complexes with the
conjugated nanoparticles. Once the complexes reach the test line, which is
typically coated, or striped, with a second “capture” bioreceptor, the an-
alyte is bound in a “sandwich” immunoassay disposition (Figure 3.1 c).
The accumulation of nanoparticles at the test line generates the signal,
which depends upon the nature of the nanoparticle. In the case of gold,
which expressed strong plasmonic absorption, the accumulation of gold
nanoparticles at the test line generates a strong red colour. Results are
typically available in less than 15 minutes and can be visually read (e.g. at
the naked eye, or with colorimetric reader) based on the development of
colour at the test line. A control line binds the excess unbound nanopar-
ticles, verifying that the sample has flowed appropriately along the strip
and that detection complex molecules are functional. [105, 56]

To be successful, research, development and innovation of LFA tech-
nology requires an understanding of the multidisciplinary scientific and
engineering principles involved in the LFA assay design. In this chapter,
we provide the basic knowledge to understand the principles governing
an LFA and to take informed decisions during LFA design and fabrica-
tion. It should help the reader to elaborate what is the best strategy for
making a successful LFAs that rely on nanobiotechnology for the detec-
tion of a specific target. In particular, it is important to note that the issues
addressed in this chapter must still be considered specifically for each new
target of interest as it may present specific LFA design constraints. The end
of the chapter is dedicated to the discussion of main research directions to
enhance the LFA as PoC diagnostics tools.

Fabrication, development and optimisation of LFA

This section provides an overview of the development and optimisation
process of a LFA. As introduced, an LFA is made of various materials and
reagents that are carefully interconnected to produce a sensor with the aim
of being easy to use yet still highly sensitive and specific. The advanta-
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geous properties of LFA are obtained by the linear combination of the
four main physical components of the LFA (sample, conjugate, mem-
brane and absorbent pads), each supporting one critical function of the
LFA. Figure 3.2 A expresses the major function supported by the different
pads : once the sample is dropped on the LFA, it first encounters the sam-
ple pad, which ensures that the characteristics of the sample match those
required for optimal detection (pH, ionic strength, viscosity, purity and
concentration of blocking agents). Next, the roles of the conjugate pad
are to release the labeled detection bioreceptor upon wetting, and to al-
low for a first analyte-bioreceptor interaction through mixing. Then comes
the membrane (also called detection pad). The roles of the membrane are
critical to the test performance : it must be easily coated with the capture
bioreceptors forming the two reaction area, i.e. the test line and the control
line and its pore network must conduct the sample through it at a certain
speed while allowing for interaction between the different reagents (ana-
lyte target, detection and capture bioreceptors) to perform the immunoas-
say. Finally, the absorbent pad should provides enough bed volume for
the complete flow of the sample. [106, 104, 107] In the following sections,
each of the components and the effect it has on the LFA will be examined
and discussed in detail.

LFA manufacturing The LFA device simplicity and the dried reagents
permits relatively easy manufacturing and eliminate the need for com-
plex facilities (e.g. cleanrooms) or storage conditions (e.g. refrigeration).
The manufacturing process is summarized on Figure 3.2. It mainly con-
sists in (1) the preparation of the biochemical reagents (nanoparticles and
conjugation with specific bioreceptors), (2) the coating and drying of the
membrane with capture bioreceptors to create the test and control lines,
and with blocking agents, (3) the deposition and drying of the conjugate
nanoparticles in the conjugate pad for storage, (4) the assembly of all the
pads via lamination on the supporting (or backing) adhesive card, and
(5) the subsequent cutting of the cards into individual strips. Packaging
step may be added where the individual strips are included into a plas-
tic housing cassette to ensure proper handling and operation of the LFA,
and storage into an aluminium pouch to ensure stable storage conditions.
Although LFA operation principle (i.e. immunochromatography) and
manufacturing process look simple, their development is far from being
straightforward and the manufacturing process must be highly controlled.
LFA technology has historically been associated with an inaccurate repu-
tation, because a few lateral flow tests subjected to variability and poor
accuracy in the results have already been adopted on quite a large scale
in the past [108]. Manufacturing tools, materials and processes account
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Fig.3.2 Fabrication of LFAs. A. Principal functions of the four main physical com-
ponents of the LFA. The judicious choice of material for each component, and their
careful interconnection is critical to the LFA performances. B. Simplified workflow
for the fabrication of an LFA. First, the nanoparticles are synthetised and conju-
gated with the detection bioreceptors (not shown). Then, all the reagents are dis-
pensed on the pads (capture bioreceptors on the assay membrane and conjugated
nanoparticles on the conjugate pad) and dried. Next, all the pads are mounted and
laminated on a sticky backing card in the correct order to ensure good flow along
the strip. The mounted card is finally cutted at the desired lateral flow width.

for a considerable share of the inter-assay variation, mainly because the
materials used in the LFA tests have historically been designed for other
applications. The requirements for increased LFA performances (repro-
ducibility and sensitivity) is imposing new standards on the manufactur-
ing process [109]. Therefore, proper regulation of both the tests and of
manufacturing process is highly important to maintain the quality in order
to ensure batch-to-batch reproducibility and strengthen belief in the LFA
results. LFA developers and manufacturers must thus critically consider
and evaluate the LFA development and manufacturing process to provide
the end user with a device with optimal performances, reproducibility and
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market readiness. [104]

LFA development process The design requirements - that LFA needs to
be simple to use, and that results must be easily readable and interpreted
by the user naked-eye - place constraints on the signal intensity at the test
line. The test line intensity must be strong enough and is often the ma-
jor figure of merit monitored to optimize the LFA parameters. Test line
signal strongly depends on the appropriate LFA functionalities (i.e. fluidic
process, bioreceptor capture on the membrane, specific target-bioreceptor
reactions) and its multiple parameters and reagents (Figure 3.3 A). There-
fore, designing new LFA applications necessarily involves the simulta-
neous optimization of its multiple, interconnected parameters, with the
goal to keep a user-friendly operation.

Some of these parameters are straightforward and predictable, such
as the antigen concentration in the sample which directly correlates with
test line intensity, and an appropriate sample preparation could remove
unwanted reagents from the sample that could interfere with the test. Oth-
ers parameters can be measured with usual analytical tools, such as the
membrane microstructure (pore size), physical properties (surface tension)
and surface (bio)chemical properties that influence the proper microflu-
idics, flow and speed. The same holds for nanoparticle concentration,
size, shape and physical properties. However, other crucial parameters
are not intuitively obvious, such as bioreceptor coverage, the orientation
on nanoparticle and membrane surfaces, which influence binding perfor-
mances, and the prevention of non-specific adsorptions and bioreceptor-
target binding affinity in LFA format. Their effects on the test line intensity
require time and the combination of different analytical and computational
techniques to be estimated. Nevertheless, Figure 3.3 A can serve as a guide
for considering all the factors that are at play in generating a test line sig-
nal, and that must be considered during the LFA development.

Because LFAs and sandwich immunoassays are now a mature tech-
nology, there are numerous industry-written guides and workshops that
discuss best practices for designing and manufacturing LFAs with high
sensitivity and specificity, that can be scaled up, and that are appropriate
for consumer use [110, 111, 112]. In addition, business-to-business com-
pagnies such as nanoComposix are providing services to support the LFA
development process for specific client demands [113].

LFA optimisation process When developing LFA, it is common to fol-
low an iterative step-by-step procedure to isolate and optimize the effect
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A Target Microfluidics Bioreceptors Transducer Readout
analyte (papers) (antibodies) (nanoparticle) (eye/camera)

Sample| | pores || react. |[ surface | | conc./ || Bind. diam. |[ conjug./ .

Int. = f]conc./|x| micro.|| Pre- || prop./ [x| orient./ ||affinity|X| conc. [[ shape [ orient./ | '"“’_“"

prep. [ |struct|| treat. | chem. | [blocking[l K g [|blocking| |Mation

B [t Assay complete
I
I
B § Yes ]
i Traget Bioreceptors
: No
I Characterization Field ready “Ta
: (ELISA, SPR, BLI, ITC) :
I I
! Cover tape —1—  Housing cassette i
' No '
o Bioreceptor short list : — =]
! Test reader — ' = —
% ! Yes : g
i '
2 : Nanoparticle Conjugation : ﬁ
| 5 S Sensitivity/specificity No_
: met using full assay !
| Characterization !
! (UV-vis, TEM, DLS) !
I '
| Stripping control line ——  Sample treatment !
! No !
I '
'

Bim Conjugate ready Sample pad ——  Sample pad bufer :
e L
I '

! Yes i
! Membrane Running buffer !

1 Sensitivity/specificity No_|
: Strippimg test line Membrane blocking (L RS :

'
e E ! No i fé — |
- ; True matrix ——  Running buffer i S b

- ©

£ - '

i '

: Conjugate pad ——— Conjugate pad buffer :

I '

i '

I '

| '

Fig.3.3 Development and optimisation of LEAs. A. Test line intensity is the ma-
jor parameter to be optimized for performant LFA development, which involves
the co-optimization of its multiple, interconnected parameters. While some param-
eters are predictable and easily optimised, others may require time and advanced
analytical techniques. Inspired from [110]. B. In order to easily optimize each of
the parameter and select their appropriate combination during the LFA fabrication
process, the ideal optimization route employs a step-by-step procedure. It includes
the specific bioreceptors selection, their conjugation to the nanoparticles and finally
a three-step LFA stick testing to progressively increase the LFA pads complexity to
optimize the effects of the matrices, reagents and pad materials on the LFA opera-
tion. Reproduced from [104].

that each component has on the LFA flow and test result. More gener-
ally, the optimization of an LFA relies on an iterative approach of trial and
error, depicted on Figure 3.3 B, as described by Hsieh et al [114] and re-
ported by Parolo et al. [104], which explain that the developer first defines
requirement of the desired LFA application (analytical performances and
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usability). On this basis, there is the first screening of bioreceptors to as-
sess the binding properties of the bioreceptor to the analyte in solution.
The resulting bioreceptors are then conjugated to the nanoparticle labels.
The conjugation and the stability of the conjugate should be optimized.
The next steps consists in assessing the specific capture and detection of
the analyte in the lateral flow assay format. To increase the complexity of
the LFA gradually, the developer first uses the half stick format (made of
membrane and absorbent pad only) to evaluate the combinations of mem-
branes, blocking agents, running buffers, test and control line coating con-
ditions and conjugates. If the original goals are met, developers may use
the 3/4 stick format to further evaluate the optimal preparation of the con-
jugate pad as well (type, drying, buffers and release). Finally, the sample
pad is incorporated to evaluate the overall sensing performance with real
sample matrix. Although this approach for LFA optimization heavily re-
lies on an iterative trial and error procedure, leading to a repetition of the
same optimization steps until specifications are met, it is still time- and
cost-efficient [115, 109].

Characterization techniques for LFA development The proper develop-
ment of an LFA involves the characterisation of materials at different
scales, from nanomaterials and interactions at bio-interfaces to macro-
scopic flow properties at the device scale. Due to their tiny dimensions,
characterization of nanobiomaterials is not straightforward, and requires a
“puzzle” of different nano- and bio-technologies that need to be compared
in order to draw thorough conclusions:

* The screening of bioreceptors uses standard biotechnology techniques
such as ELISA, or fluorescence microscopy techniques, which mainly
provide information on the quality of the interaction between a biore-
ceptor and its target, as well as on the specificity of the interactions.
These techniques can be qualitative or quantitative.

* The nanoparticle morphological characterizations, their conjugation
to bioreceptors, their optimization and stability are characterized us-
ing spectroscopy and microscopy methods, such as ultraviolet-visible
(UV-Vis) light, transmission electron microscopy (TEM) or dynamic
light scattering (DLS).

* The characterization at the bio-interfaces benefits from conventional
fluorescence microscopy and 3-D microscopies such as confocal laser
scanning microscopy (CLSM) and scanning electron microscopy (SEM).
SEM is often coupled with energy-dispersive X-ray spectroscopy (EDX)
to assess the surface physico-chemical properties (composition) of
the nanoparticles.
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¢ Finally, the assessment of the lateral flow assay global performances
mainly relies on the visual, colorimetric behaviour of the test strips,
either to analyse the proper flow in the LFA or to assess the test and
control line signal intensities arising from nanoparticle accumulation.
This is commonly performed by the naked eye or using adequate
scanners and cameras. The chapter 6 and 7 of this thesis also explore
the possibility to couple colorimetric evaluation of the LFA behaviour
with electrical techniques, to gain insights for example in the charge
transport within the flow.

Some of these techniques are used in chapter 4 to exemplify how to
set up an LFA from the selection of bioreceptors to the design of the final
device via an optimisation of each of the steps. Other advanced techniques
for the characterisation of biointerfaces are explored in chapter 5. For an
exhaustive review of characterization techniques involved in LFA research
and development, the reader is referred to the work of Hsieh et al. [114].

Major limitations in LFA development The simplicity of LFA operation
makes them appear deceivingly straightforward to develop and optimise.
At the cross-road between biology, chemistry, nano-physics and engineer-
ing, the science of LFAs involves a highly multidisciplinary background,
requiring adaptation to the specific research and development methods
(materials and processes) and languages of each domain. In particular, the
presence of two biological-material biointerfaces, one for the nanopar-
ticle and another for the membrane substrate, in the LFA creates numer-
ous challenges. Despite their importance, interface issues are often over-
looked and underappreciated due to their complex, multidisciplinary na-
ture. Therefore, solving interface issues can be tedious and/or viewed as
having limited innovative aspects, and for this reason they are often not
published in the literature. Anyway, many outstanding issues still remain
unsolved for LFAs, and as de Puig et al. points out, in biological fields that
intersect with nanotechnology and engineering, understanding and over-
coming issues at the interface between the different fields has facilitated
the success of innovative applications [110]. In the upcoming sections,
special importance will be given to understanding the interfaces required
in LFAs and how they influence the performance of LFAs.
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3.3 Review of optical LFA for environment and food safety

Figure B.1 in Appendix depicts the dynamics of the research conducted on
LFAs for the main fields of LFA applications. Clinical diagnostics is still the
main field of interest for LFA research, probably related to the amount of
funding granted for these applications. However, food safety has shown
strong increase of interest for LFA PoC diagnostics in the last decade. Table
3.1 presents several optical LFAs developed for the detection of pathogens
in the environmental and food safety fields, highlighting their main design
parameters and performances.

As depicted in Table 3.1, nowadays, several optical LFAs for pathogen
detection are already published in the literature. However, a relatively
small proportion of these tests has been able to reach the market so far. In
general, it is important to note that gold nanoparticle colorimetric LFAs
currently represent more than 80% of published studies in the literature or
on the market, highlighting the continued prevalence of these nanoparti-
cle labels in the field of LFAs to this day [116]. LFA specifically targeting
pathogens usually rely on antibodies (either monocolonal or polyclonal)
due to the widespread use of antibodies in immuno-diagnostics and their
maturity. Although presenting some drawbacks (see section 3.4), they al-
low to reach appropriate sensitivities and selectivities of the assays.

Typically, these Ab—AuNP-based LFAs present limit of detection (LOD)
is between 10° and 10° CFU mL~! without any additional sample prepa-
ration step. However, LOD can be further improved by using highly sen-
sitive fluorescent reporters or nanoparticles (e.g. CdTe quantum dots), em-
ploying magnetic nanoparticles for bacteria pre-concentration, or adding
incubation steps to let the bacteria grow and increase their numbers. Nonethe-
less, the aforementioned methods either require additional steps or expen-
sive detection systems (i.e. fluorescent readers) and long processing time
to achieve greater LOD, which is far from ideal for the end-user. Interest-
ingly, most of these LFA aim to target pathogenic strains of (e.g. E. coli
or Salmonella) in food samples, but few of them do it for environmental
sample analysis [47].
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Bioreceptors for biointerfaces in LFA

When designing a biosensor, the choice of the proper bioreceptor remains
a key element as it drives the specificity and sensitivity of the assay. [126]
Effective bioreceptors in LFA need three main characteristics: (i) stabil-
ity (i.e. preservation of its structure and functionality in the various LFA
buffers and after drying and rewetting), (ii) fast association kinetics (to
bind in the flow), and (iii) strong binding affinity for the target molecule
(to withstand the flow that remains for minutes).

The binding affinity and kinetics of the reversible bioreceptor interac-
tion with its target is physically described by a dissociation rate constant,
Kp [M], which relates the concentrations of the bioreceptor protein (P) and
its target ligand (L) to the amount of complex bioreceptor-target formed
(or dissociated) (PL), in the solution:

[P][L] = Kp[PL] (3.1

Kp thus serves as a quantitative metric to compare affinity properties
of receptors. A lower value of Kp corresponds to a higher affinity of ligand
for the protein'. Affinity binding properties are often assessed in conven-
tional immunoassays (e.g. ELISA). However, the operating principle of
LFA significantly differs as it requires the binding between target, nano-
labels and bioreceptors in a few seconds and under a flow. Actual affinity
binding properties of bioreceptors can thus significantly differ in LFAs, and
must be assessed during the LFA development. [104]

In LFAs, two bioreceptors are involved : the capture bioreceptors which
act as test line, and the detection bioreceptors that are conjugated to the
nanoparticles. In addition to the intrinsic binding performances, crucial
design aspects must be considered for the choice of the bioreceptors dur-
ing the development of a LFA sandwich assay :

¢ The detection bioreceptor should not interfere with the binding of the
test-line capture bioreceptor to the target.

¢ The conjugation and immobilization chemistries must be considered
separately for the detection and capture bioreceptors. To be properly
conjugated to a chosen nanoparticle, the bioreceptor must possess

1Kp is equivalent to the molar concentration of ligand at which half of the available ligand-
binding sites are occupied. The more tightly a protein binds a ligand, the lower the concentra-
tion of ligand required for half the binding sites to be occupied, and thus the lower the value
of K D-
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specific functional groups, depending upon the type of conjugation.
On the other hand, the capture bioreceptor must tolerate immobili-
sation on the assay membrane without unfolding of its structure and
the loss of its functionality.

Biorecept. Advantages Disadvantages
pAbs Multiple binding site, relatively ~Low specificity, cross-reactivity,
cost-effective high batch-to-batch variability
mAbs High specificity, low batch-to- Expensive, long development
batch variability process
Whole- Highly specific, stability under Use of whole phages as sensing
phages various conditions elements can result in a decrease
in signal intensity due to wrong
orientation
Aptamers  Cheaper than antibodies, abil- Binding activity is highly de-
ity to recognize any type of pendent on the ionic strength
target analyte, high stability of the buffer and the presence
and batch-to-batch reproducibil-  of interfering molecules in the
ity, in vitro generation buffer
Phage High specificity and stability, Not yet often used in biosens-
proteins low costs, recombinant protein ing applications, mainly be-

production (without animals)

cause only a few of them are

well characterized.

Table 3.2 Overview of common bioreceptors used in LFAs. The use of Abs for
protein detection with colorimetric LFA is explored in this chapter, whilst the use
of phages (or bacteriophages) proteins is explored for the LFA detection of whole-
cell bacteria. (Biorecept.: Bioreceptors. pAbs: polyclonal antibodies. mAbs : monoclonal
antibodies.)

Different bioreceptors are available for the detection and capture of tar-
gets in LFA (Table 3.2) :

Antibodies with regard to the most common targets detected by LFA
(section 3.3), antibodies (Abs), or Immunoglobulins (Igs), are the more
common bioreceptors applied in LFA. Antibodies are host proteins pro-
duced by the immune system to neutralize and eliminate pathogens. These
“Y shape” proteins possess an antigen-binding region that recognizes and
binds to antigenic agents through a specific recognition domain called epi-
tope (Figure 3.4). Therefore, a properly immobilized Ab can easily interact
with antigens on microbial surfaces and bind with its target. The chemical
functionalization of the Abs to substrates and labels is well-documented,
leading to ease and versatility of integration into different sensor systems.
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However, despite their ubiquitous applicability in LFA and other biotech-
nology fields, Abs present some limitations due to their production pro-
cess, which is still mainly dependent upon animal host infection and bleed-
ing. They can suffer from variability (batch-to-batch variation), low speci-
ficity, relatively high costs and need for ethical approval. Antibody gen-
eration using animal immunization raises scientific and ethical concerns
[127]. Also, generating, selecting Abs, and their mass production requires
16-24 months, which is much longer than the critical initial period when
an outbreak is emerging.

Certain antibodies can recognise several different epitopes on an anti-
genic target : they are called polyclonal Abs (pAbs). In contrast, mono-
clonal antibodies (mAbs) bind to a unique specific epitope. During the
testing of a sandwich assay using a monoclonal antibody and a polyclonal
antibody, the monoclonal antibody should be the detection bioreceptor as
it binds to just one epitope of the analyte, while the polyclonal antibody
should be the test-line capture bioreceptor (the binding to multiple epi-
topes maximizes the chances of the sandwich formation, and do not inter-
fere with the epitope available to the mAD). [126]

Antigen-binding site
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Fig.3.4 Binding of antibody to target antigen. a. Immunoglobulin G (IgG) is the
major class of antibody molecule of the organismm’s ongoing immunity to anti-
gens, and therefore one of the most abundant proteins in the blood serum. The
Fab region allows formation of the antigen-binding complex, made of the variable
domains of the protein, while the Fc remains constant. b. A ribbon model repre-
sentation of a complete IgG molecule. Conformation flexibility may be important
to the function of the IgG. Reproduced from [7].

Phages Bacteriophages, or phages, are viruses that infect and replicate
only within bacteria. Due to their concomitant evolution with bacteria,
bacteriophages possess highly specific mechanisms to recognize, adsorb
and subsequently infect their bacterial host for propagation, and are sta-
ble (i.e. ability to recognize their targets on a wide range of pH and tem-
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peratures), making them particularly suitable for biotherapeutics [128] or
bacterial binding and detection [129, 130, 131]. Bacteriophages are usually
made of two distinct parts, the head (capsid) containing phage DNA and
the tail responsible for bacterial recognition, adsorption and infection (Fig-
ure 3.5 a). Phages use specific binding proteins localized at their tail (3.5
b)) for the recognition of their bacterial hosts through binding of bacterial
receptors localized at the host surface. The binding properties of bacte-
riophages have shown potential for many biosensor applications, and dif-
ferent works have examplified the use of whole phages as bioreceptors in
various biosensors, including immunomagnetic separation [132], electro-
chemical sensors [133, 134] and LFA [135]. However, in view of the bacte-
riophage inadequate morphology, size (tenths of nm) and location of the
bacteriophage binding proteins, wrong orientation on the sensor surface
significantly reduces its binding capabilities to the bacterial target, and,
in turn, the sensor sensitivity. Obtaining a correct orientation of the phages
is still one of the technical barrier to their dissemination in biosensor ap-
plications. [126]

@ Random diffusion
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Fig. 3.5 Phage adsorption process. a. To survive, bacteriophages need to infect
and kill bacteria in a multi-step cycle that begins with bacteria recognition, attach-
ment and genome injection. The phage tail actively participates in the phage cycle
and involves different proteins, such as the interaction between Receptor Binding
Proteins (RBP), located at the distal part of the tail, and receptors at the surface
of the bacterial cell envelope (inset). b. Advances in cloning and gene expression
techniques allowed the understanding the molecular roles of the phage binding
proteins such as RBD and Dit. They can thus be produced individually as recom-
binant proteins and used as bioreceptors in biosensors. Reproduced from Audrey
Leprince’s PhD thesis (2022).
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Aptamers Also called “chemical Ab”, they have been investigated since
their discovery at the beginning of the 1990’s as bioreceptors for LFA to
address the restrictions from the Abs. They have several clear advantages
over Ab, including high stability, in vitro generation via the SELEX pro-
cess 2, ease in functionalization, and capacity for large-scale synthesis.
Aptamers are single-stranded DNA molecules that fold in a complex 2D
or 3D structure, bind to a target with high affinity and selectivity, and have
already been generated for many targets (hormones; drugs; heavy met-
als; proteins; toxins; enzymes; cancer cells; and bacterial, viral, and fungal
pathogens) in different biosensor configurations, especially electrochemi-
cal sensing [136]. Aptamer-based LFA tests already took advantages of ap-
tamers as bioreceptors; however, they do not solve the lack of sensitivity of
the LFA and their binding activity is highly dependent on the ionic strength
of the buffer and the presence of certain cations. [137, 138, 139, 140]

Phage proteins With recent progresses in the bacteriophage research field,
many proteins involved in the phage lytic cycle (recognition and binding
process, phage exit from host) have been isolated and their role identified
[141, 8], empowering their use as bioreceptors instead of their parental
phages. Examples includes the use of the receptor binding protein (RBPs)
[142, 143], the cell-wall binding domain (CBD) of the endolysin [144, 118],
or the distal tail protein (Dit) [145, 146] (3.5 b). The genes of the proteins
can be cloned and modified (by genetic engineering) to produce protein
variants. Their sequences can then be inserted and produced in other or-
ganisms such as bacteria, which is called recombinant protein production,
to achieve high protein production yield at low cost, and without having
to use animals [147]. Extensive characterizations have shown that phage
proteins could display broader host activity spectrum than their parental
phages, the latter being often so specific that they only target a subset of
one bacterial species [148]. Studies also shown that the use of engineered
phage proteins enhanced six times the capture efficiency of pathogens
compared to the wild type (WT) protein or the entire phage [146], making
them promising bioreceptor in sensors. The use of phage proteins as biore-
ceptors in LFA is the topic of chapter 5.

Other available bioreceptors, including Molecular Imprinted Polymers (MIP)
or peptides, are extensively covered in reviews [126].

2“Systematic evolution of ligands by exponential enrichment”
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3.5 Nanoparticle labels for optical detection

Nanostructured materials such as nanoparticles (NPs) express unique op-
tical, electronic and chemical properties. The property of individual NP
can be readily tuned by varying their surrounding bio-chemical environ-
ment. The binding event between the NP and an analyte can enhance or
alter its physicochemical properties, such as its interaction with light, con-
ductivity or redox behavior, that in turn can generate a detectable response
signal, and provide the opportunity to use them as suitable transducer or
labels in LFA tests. In addition, when concentrated at the TL and CL, their
accumulation enables to measure a sufficiently large signal that will con-
firm the presence (or not) of the target in the test. Depending on the NP
materials and properties, this signal can be colorimetric, fluorescent, elec-
trical, magnetic or thermal. Because NPs are key to assay performances
(sensitivity and LoD), many new nanomaterials with highly interesting
properties to improve LFA performance were developed in recent years
[149, 150]. Table 3.3 summarises the main classes of NPs proposed for
optical LFA [104, 151, 152, 153]. NPs associated with other transduction
mechanisms such as electrical or magnetism are introduced in chapter 7.

In this section we present a nanoparticles for colorimetric LFA and in
particular the gold nanoparticles (AuNPs) that are still the most widely
used in LFA (88% of recently developed LFAs [116]).

3.5.1 AuNP principles

Colloidal metal particles, in particular gold, have found many biological
applications, first as specific probes in light and electron microscopy back
in the 1950s, and more recently, since the 1980s, in membrane-based im-
munochromatographic tests such as LFA [154]. Indeed, gold nanoparticles
possess distinct physical and chemical attributes that make them excellent
labels for nanobiosensors :

1. AuNPs can be synthesized in a straightforward manner, at lower
costs, large-scale, with high stability and reproducibility, and can be
made in convenient well-defined though tuneable size (in the nanome-
ter range) and shapes (colloid, rods, stars, ...).

2. They possess unique optoelectronic properties, such as a strong col-
orimetric response (generation of an intense red color visible to the
naked-eye), tunable with their morphology.

3. They provide high surface-to-volume ratio with excellent biocom-
patibility.
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Label Size Advantages Disadvantages
COLORIMETRIC DETECTION
AuNP 10-100 Strong signal, naked-eye Only qualitative (quan-
[nm] detection, fast qualitative tification requires extra
response, easy synthesis, hardware), poor sensitivity
highly biocompatible, sim- & LoD if no enhancement
ple conjugation methods, method
stable in time, tunable size
and shape
CNPs 10-250  Qualitative naked-eye detec- Only qualitative (quantifi-
CNTs [nm] tion, high signal-to-noise ra-  cation requires extra hard-
tio, cheaper, stable ware), Weaker signal than
AuNPs, unspecific adsorp-
tions
Latex  200- Qualitative naked-eye de- Quantitative detection re-
beads 500 tection, resistant to chem- quires extra hardware, less
[nm] ical and physical damage, sensitive, Weaker signal than
cheaper, multiple colors AuNP, more complex syn-
thesis and conjugation, high
amount of dye needed
MNPs 10-800  Enable colorimetric & mag- More complex synthesis and
[nm] netic signal, enable sam- conjugation

ple pre-treatment & pre-
concentration

FLUORESCENCE DETECTION

QDs 1-10 Strong fluorescent intensity, Requires extra hardware
good sensitivity and LoD, (UV light and reader),
multiple colors available higher toxicity, complex

synth. and conjug.

UCNPs 10-80 Strong  visible  fluores- Requires extra bulky and

cent signal, no UV source
needed, no membrane auto-
fluorescence, enable low
target conc. detection

expansive hardware (NIR
laser), more expensive than
QDs (they are made of rare
materials)

Table 3.3 Overview of common labels used in optical LFAs. Owing to their ad-
vantageous properties, gold nanoparticles (AuNPs) are the most widely used de-
tection labels in LFAs. Carbon nanoparticles (CNPs) and nanotubes (CNTs), latex
beads, and magnetic nanoparticles or superparamagnetic beads (MNPs) are alter-
natives. Quantum dots (QDs) and Upconverting nanoparticles (UCNPs) have been
proposed to increase LFA sensitivities thanks to stronger, fluorescent signal emis-
sion.

4. AuNPs are suitable for biofunctionalization and can easily be ren-
dered immuno-specific by adsorption of protein bioreceptors, as found
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by Faulk and Taylor in 1971, for selective binding and detection of
molecules and biological targets. [155, 154]

These attributes make gold nanoparticles ideal for qualitative, naked-
eye detection, and have conducted them to be the most widely used detec-
tion labels in optical LFAs. Other nanomaterials, such as carbon nanopar-
ticles (CNPs) and quantum dots (QDs, e.g. CdSe nanoparticles) or upcon-
verting nanoparticles (UCNPs, e.g., Eu-based nanoparticles), also present-
ing respectively advantageous colorimetric and fluorescence capabilities,
are becoming popular in research papers to improve sensitivity and enable
quantification, but not in the same way (yet) than AuNPs mainly because
large-scale production of these novel nanomaterials and their use in com-
mercial tests could still be challenging or at higher costs (integration with
specific readers) [156].

Physics of AuNPs AuNDPs exhibiting an intense red color can be ex-
plained with quantum physics through surface plasmon resonance (SPR).
When the AuNPs are irradiated with light, as their size is much smaller
than the incident wavelength, the conduction electrons of the nanoparticle
surface oscillate in a collective fashion, which is known as SPR. This results
in a strong SPR absorbance in the visible spectroscopy region, and scatter-
ing of light. The absorption peak and color of AuNPs depend heavily on
the nanoparticle size, shape and coating (20 nm AuNPs strongly absorb
520 nm wavelength light and scatter red light). [157, 158, 159]

Synthesis of AuNPs Gold colloids are produced through the chemical
citrate reduction of a gold precursor (tetrachloroauric acid, HAuCly) in
acqueous solution, a method introduced by Turkevich in 1951 [160]. In
this method, illustrated in Figure 3.6 A, sodium citrate (NaCt) acts as both
reducing and stabilizing agent during the synthesis: first, citrate anions
reduce gold ions to atoms and stabilize colloidal AuNPs formed from clus-
tered atoms, and second, the steric repulsion between the negatively charged
HyCitrate™ anions adsorbed onto the AuNP surface contribute to parti-
cle stability and confers to the AuNP a negatively charged outer surface
[161]. It is possible to control AuNPs size and shape by varying the feed
ratio of gold salt to sodium citrate. Turkevich’s method typically provides
spherical AuNPs of 10—100 nm in diameter. For higher AuNP sizes, the
particles become less spherical, the size distribution becomes broader, and
the results are less reproducible. Today, the protocol has been modified
and improved, focusing on control of their size, shape, solubility, stability,
and functionality.
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A comprehensive overview of the nanoparticles used in LFA (especially
AuNPs and MNPs), their synthesis, their characterization and their prop-
erties was performed during Josquin Vandeputte’s master thesis [102].

AuNP characterizations

AuNPs are commonly characterized for size, aggregation and quality us-
ing a range of different yet complementary techniques: UV-visible (UV-
Vis) absorption spectroscopy, transmission electron microscopy (TEM) and
dynamic light scattering (DLS).

TEM images allow to study the morphology of gold nanoparticles by
direct vizualization, such as the black spheres observed on Figure 3.6 B.
Important morphological parameters of the gold nanoparticle solutions in-
clude their aggregation, their sizes and their polydispersity index (PDI).
PDI is defined as the standard deviation (¢) of the particle diameter distri-
bution divided by the mean particle diameter d : PDI = (¢/2d)?. PDI is
used to estimate the average uniformity of a particle solution, and larger
PDI values correspond to a larger size distribution in the particle sam-
ple. PDI can also indicate nanoparticle aggregation along with the consis-
tency and efficiency of particle surface modifications throughout the par-
ticle sample. A sample is considered monodisperse when the PDI value
is less than 0.1. From TEM micrographs, image software analysis can be
performed to study the size distribution of the AuNPs (Figure 3.6 C). For
their part, DLS measurements result in the hydrodynamic diameter of the
gold colloids in the solution, and also bring useful information about their
size distribution and number density.

To study their optical properties, the UV-vis curve of the AuNP solu-
tion can be recorded (Figure 3.6 D), showing the characteristic shape of
AuNP absorbance spectra. Three main characteristics are observed: (i)
non-zero absorption towards UV wavelengths, (ii) the characteristic ab-
sorption peak, or plasmonic peak, at 520 nm, (iii) near-zero absorption
from 580 nm to the infrared rays, which accounts for the red color of AuNPs.
The height of the absorption peak at 520 nm, i.e. the absorbance at 520
nm Aspg is commonly used to compare the different synthesized solution.
The absorbance is often referred as the optical density (OD) of the AuNP
solution, and can be used interchangeably. The width of the absorption
peak is characteristic of the AuNP dispersion in the solution (partially ag-
gregated AuNP have a wider plasmonic peak) and the color of the AuNP
solution (wider peak indicates changes from red to blue, while monodis-
persed AuNPs maintain the original red color).
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Fig.3.6 Synthesis and characterizations of gold nanoparticles. A. The synthesis of
gold nanoaprticles via the Turkevitch method implies the reduction of the gold salt
with citrate anions, that stabilizes the gold colloid formation by forming a coating
layer. It provides negative charge to the AuNP surface. Reprinted from [162]. B.
Common characterizations include TEM images of the AuNPs allow to study their
morphology (shape, curvature), and C. size distribution. D. The optical properties
of the 18 nm AuNPs synthesized in this thesis are studied using UV-vis spectra,
where the observed absorbance peak at 520 nm means a strong red colour emission
from the AuNP solution.

| 87



353

3 | Fundamentals on lateral flow assays

In addition to the morphological and optical properties, the concentra-
tion of the synthesized AuNP solution can be derived directly from UV-
Vis Spectra. Haiss et al. have studied the correlation dependence of the
number density of the AuNP in solution N [#/mL] with their size and
absorption spectra [163]. Since the diameter d of the AuNP has been deter-
mined by TEM images, then N can be determined from the absorbance® at
450 nm (Ays0), expressing a linear increase of the number density of AuNP
with Ay59 and a more complex, inverse correlation with the particle diam-
eterd :

A450 x 1014

N — 2
@[ — 0295 +1.36exp (— (475%) )]

(3.2)

AuNP conjugation to detection bioreceptors

Directly binding of bioreceptors to AuNPs to form the detection biointer-
face can be achieved through quick protein adsorption onto citrate-capped
AuNPs, creating the AuNP conjugates [164]. Here, we describe the basis
of the preparation and optimization of AuNP conjugates. In this chapter
we study the antibody conjugation to AuNP via adsorption. Phage protein
adsorption to AuNP is studied in detail in chapter 5.

The adsorption of proteins to gold nanoparticles is a three-step pro-
cess based on a combination of three separate but dependent phenomena
(Figure 3.7 A-B):

1. ionic interaction between the negatively charged nanoparticle and
the positively charged sites of the available protein amino acids (Fig-
ure 3.7 A);

2. hydrophobic attraction between the protein and the metal surface;
3. dative binding between the metal and the conducting electrons of

nitrogen and sulphur atoms of the protein (Figure 3.7 B).

This last binding process can only occur in proteins containing sur-
face cysteine residues, since these residues can irreversibly oxidize on the
AuNP surface : cysteine binds to the gold surface through chemisorption

3The use of Assp in the formula is justified by the fact that, for decreasing particle size, the
absorbance at surface plasmon resonance wavelength (typically 520 nm for 20 nm AuNP) is
increasingly damped relative to the absorbance at other wavelengths (typically A4sp remains
quasi-constant for AuNP of different sizes and can serve as a reference value). Therefore, the
ratio of the absorbance at different wavelengths was used to build the formula [163].
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via the sulfur atom presents in its thiol group*. For example, antibodies
possess thiol groups in cysteine amino acids located in the Fc constant re-
gion [165]. Although Au-thiolate bond formation is one of the most com-
monly used methods of biosensor surface functionalization (e.g. Au elec-
trodes in electrochemical sensors and AuNP in LFAs), making it one of the
most important chemistries in biosensor fabrication, it is still one of the
least understood chemistries currently in use. [166, 167, 168]

The protein adsorption process on gold is typically done spontaneously,
in solution, over a couple of hours. It generally results in randomly ori-
ented molecules on the AuNP surface, with an uncontrolled surface repar-
tition. Proper immobilization of bioreceptors on interfaces is critical for
the system as proper bioreceptor-antigen binding activity governs the LFA
sensitivity, dynamic range and reproducibility [126]. Therefore, the man-
ufacture of poor-quality and poorly characterised bioconjugates remains a
major issue that can result in the under performance of the LFA. An ap-
propriate conjugation process thus requires that proteins adsorb strongly
to colloidal gold to form stable AuNP conjugates, while the conjugate still
retains the good bioreceptor binding properties.

AuNP conjugate optimisations To prepare good quality and stable AuNP
conjugates, several parameters should be considered, including the iso-
electric point (pl) of the protein, the pH of the reaction, the concentration
of protein loaded onto the colloids, and the stability of the colloids :

* Generally, most proteins can be adsorbed onto the metal surface in
an optimal manner using buffer systems close to their pI value for
optimal protonation. Away from this pH, the adsorption decreases.

¢ The concentration of the bioreceptor loaded on the AuNPs can be
optimised in a process called the gold aggregation test (GAT), where
the addition of salt (NaCl) to AuNPs coated with different biorecep-
tor concentrations affects the colloidal stability of the AuNPs, lead-
ing to aggregation®. Once the AuNP are sufficiently coated with
bioreceptor proteins, aggregation cannot happen and they remain
monodispersed even at high salt concentrations. This analysis allows

4The reaction implies the concomitant loss of the -SH proton.

5 Adding salt to the AuNP solution conducts to the formation of a double-layer on the
surface of each particle. The first layer consists of ions absorbed onto the surface of a par-
ticle while the second one is composed of counter ions dissolved in solution which start to
surround the particles attracted by its surface charge. This second layer shields the original
charge of the particle, reduces the electrostatic repulsion forces acting between particles and
leads to AuNP aggregation. [169, 170]
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Fig. 3.7 Conjugation of protein bioreceptors to AuNPs through adsorption is a
passive three-steps process. It starts with A. a first reversible binding (and dissocia-
tion) through electrostatic interactions between the negatively charged citrate layer
and the protein that are positively charged at neutral or physiological pH, followed
by B. closer interactions that reorient the protein on the AuNP surface and ends up
with a strong, dative binding between the protein cysteine and the AuNP atoms.
C. To ensure stable AuNP conjugates, the passive adsorption process conditions
must be optimised during a gold aggregation test (1-2). The AuNP affinity binding
performance can be improved by orientation of the bioreceptors on the AuNPs (3,
optional), and the use of blocking biomolecules to reduce non-specific interactions

@).

for estimation of the minimum bioreceptor concentration to give sta-
ble conjugates (Figure 3.7 C).

* The pH of the conjugation is also optimized during the GAT : per-
forming a GAT experiment for three different pH (e.g. pH 7-8-9), one
can study the condition for which there is the smallest aggregation
amongst the AuNP conjugate solutions, which indicates the optimal
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pH for bioreceptor adsorption process (Figure 3.7 C).

The conjugation of nanoparticles, their subsequent immunoactivity and
stability can be monitored using UV /Vis absorption, fluorescence microscopy,
TEM, DLS, activity-based measurements including ELISA, and of course
LFA testing. There are illustrated in chapter 4 and chapter 5.

In addition, interfacing nanomaterials in complex biological environ-
ments is challenging and can result in undesirable side effects such as non-
specific adsorption, surface fouling, protein denaturation, and steric hin-
drance (Figure 3.10) [110]. The adequate conjugation of the AuNP bioin-
terfaces must address these interface challenges :

* Bioreceptor binding affinity to the target can be reduced because of
its attachment to a nanoparticle. Bioreceptor denaturation can occur
because of perturbing effects of the NP and its surface coating lig-
and, preventing proper interaction and binding. Most often, this is
manifested by a change in Kp.

* Random orientation of the bioreceptor on the NP surface can po-
tentially obscur its binding epitopes for the target, and lower or pre-
vent the target binding [171]. Engineering a specific orientation of
the bioreceptor immobilization could ensure that they remain func-
tional and their binding epitopes accessible (Figure 3.7 C) [164]. For
example, [172] have found that oriented immobilization of IgG on
NPs allows better recognition of analytes in LFA format, especially
in the case of small size analytes. [173]

e Finally, the interaction of the conjugated AuNP with its environment
can also lead to non-specific adsorptions of proteins, molecules in
presence, or onto the membrane matrix. To prevent or decrease non-
specific adsorption, it is common to add blocking agents to cover re-
maining site of the AuNP free of ligands, such as bovine serum al-
bumin (BSA) (Figure 3.7 C). However, the surface blocking ligands
added onto the NP surface can sterically obscure the binding epi-
topes of the bioreceptors. It is thus critical to know the sizes of the
bioreceptors and choose the blocking agents accordingly. Except the
BSA (66 kDa), other smaller molecules can be used to block the conju-
gated gold nanoparticles, such as thiol functionalized PEG molecules
(SH-PEG, a few kDa in size), of other smaller proteins: caseins (25kDa)
and ovalbumins (45kDa).
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3.6 Nitrocellulose membranes in LFA

3.6.1 Overview of nitrocellulose as substrate assay

Nitrocellulose (NC) membranes have been manufactured for filtration pur-
poses for decades. In the 1970s, molecular biologists discovered the utility
of nitrocellulose membranes as a substrate for biomolecule detection by
immobilization (e.g. the “Western blot” for protein transfer to nitrocellu-
lose), highlighting the unique ability of NC to interact with three of the
most important classes of biomolecules (proteins, DNA, and RNA) [56].
Building on this experience, LFAs were patented and introduced in the
1980s [109]. NC is the most common membrane used in lateral flow as-
says. In this section, we present general considerations regarding NC as
the assay membrane in LFA and we study the antibody adsorption on the
membrane. Phage protein binding to NC membranes is studied in chapter
5.

Also known as cellulose nitrate, NC is created commercially by the re-
action of cellulose (purified from plants, commonly wood pulp and cotton)
with nitric acid, replacing the cellulose hydroxyl groups (OH) with nitrate
groups (NOj) [174]. In terms of surface properties, NC is naturally hy-
drophobic. Membranes are made hydrophilic by the addition of rewet-
ting agents, i.e. a surfactant, during the membrane production process by
the manufacturer [109].

In the perspective of LFAs, critical properties of the membrane include
surface chemistry, which influences the immobilization of bioreceptors,
morphology (pore size distribution and porosity), which enables proper
fluid wicking, and optical properties since colorimetric detection is the pre-
ferred option for this type of device. The ubiquitous use of NC in LFAs can
therefore be found in its extremely functional and suitable properties as
an analytical membrane : relatively low-cost compared to other microflu-
idics substrates, true capillary flow with different wicking rates available,
high protein-binding capacity, relative ease of handling, and presenting an
ideal white background for colorimetry. Although it still has some draw-
backs (variable performance reproducibility between lots or with environ-
mental conditions such as relative humidity, shelf-life issues), a limited
number of alternative to NC membranes has been proposed [109].
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3.6.2 Nitrocellulose membrane properties for LFA development

In general, the NC membranes consist of a matrix of randomly oriented fi-
bres that are bonded together to form a tortuous maze of highly porous
channels. NC membranes are available with different microstructure
properties to allow optimisation during the LFA development, i.e. vary-
ing pore sizes, wicking rates and surfactant contents. Selecting a mem-
brane with appropriate pore sizes is really important in order to reach an
homogeneous flow of the complex analyte-gold conjugates, and especially
true when dealing with large analytes such as whole-cells bacteria. [111]
Membrane choice related to its pore size and wicking rate is discussed in
detail in section 3.8.

In this thesis, we characterized and used three different NC mem-
branes from Sartorius (Unisart CN95, CN140 and CN180) to optimise the
tests. SEM was used to visualise the surface morphology of the mem-
branes. Figure 3.8 shows SEM micrographs and the pore size distribu-
tion of the three NC membranes, obtained by the image analysis (Image]
software). Among the three membranes, CN95 membranes (Figure 3.8 A)
have the largest range in pore sizes that were scattered randomly within
the polymer matrix, with a broad distribution from about 5 ym to 20 ym,
with the mean pore size at 11.56 £ 6.64 ym. Compared to CN95, the CN140
membrane has a smaller pore range from about 1 ym to 12 ym, with a mean
pore size of 7.54 £ 6.71 ym (Figure 3.8 B). The pore size of the CN180 mem-
brane was more evenly distributed, with the smallest range of membrane
pores (Figure 3.8 C) and the mean pore size of 5.06 £ 3.56 ym. The smaller
pores are expected to offer good accessibility and large surface areas for
bioreceptor adsorption. However, in order to make bacterial cells migrat-
ing in the membrane, in view of the pore size distribution and membrane
morphologies, the CN95 and CN140 membranes have the highest poten-
tial. Complete characterization of NC membranes used in this thesis is
depicted on Table 3.5.

The void volume of a membrane is approximately 80% of the entire
membrane volume, and there is no significant difference in the void vol-
ume between CN 95 and CN 180, as referred by Sartorius.
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Fig.3.8 Pore size distribution and morphology of nitrocellulose membranes used
in this thesis, from Sartorius: A. CN95 B. CN140 C. CN180. Pore size distributions
follow a lognormal distribution, obtained by SEM micrographs analysis (Image]).
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3.6.3 Capture biointerfaces on the NC membrane

Proteins are the most common bioreceptors applied onto the membrane
surface to form the capture biointerface in LFA, test and control lines. The
protein-binding capacity of a membrane, loading capacity and the kinet-
ics of the protein-binding process are the parameters that determine the
suitability of a protein for the membrane. As already introduced for the
detection biointerface, consistent immobilization of bioreceptors to the test
and control lines is critical for the bioreceptor to maintain its original bind-
ing functionality, which influences the sensitivity of the diagnostic tests.

The adsorption of proteins bioreceptors to the porous nitrocellulose
membrane While it is well-established that the proteins (e.g. Abs or phages
proteins) will adsorb to porous NC membranes after their deposition, the
process is not fully understood yet. However, known principles should be
considered when trying to achieve protein immobilization at a test line,
or to prevent non-specific adsorption elsewhere. Proteins bind to NC
through adsorption, governed by a complex interplay of non-covalent
interactions between the two, including :

¢ Electrostatic interactions between the dipoles of the NC nitrate groups
(all of the NC membrane surfaces exhibit a negative charge) and dipoles
in the protein, giving rise to an electrostatic affinity (Figure 3.9). It is
expected to be the major factor that dominates the adsorption behaviour
(175];

* Hydrophobic forces from interaction between the carbon-containing ni-
trocellulose and the hydrophobic portion of the protein ;

¢ Hydrogen and Van der Walls forces.

o
©) ]
(0]
Cellulose O —N “ H
®

Fig. 3.9 Regarding the physiochemical properties of both NC membranes (left)
and proteins (right), the strong dipole of the nitrate group in the NC membrane
would interact with the strong dipole of the peptide bonds within the protein, such
that the electrostatic interaction is the main factor that dominates protein adsorp-
tion on NC.

The commonly accepted model for thermodynamically driven adsorp-
tion of protein to NC is that proteins are initially attracted to the mem-
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brane surface by electrostatic attraction. Long-term bonding is then ac-
companied by a combination of hydrophobic and hydrogen bonds. [56]
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Fig. 3.10 Idealized versus realistic capture and detection biointerfaces in LFA.
Both the detection and the capture biointerfaces present challenges including re-
sorption, non-specific adsorption, wrong orientation and lost of bioreceptor bind-
ing functions that may ultimately affect the LFA performances (sensitivity and
specificity). Their careful control and prevention (e.g. with blocking agents) helps
to reduce these unwanted effects. Reproduced from [110]. (mAbs : antibody, NP:
nanoparticle)

Just as for the detection biointerface on AuNP, interfacing bioreceptors
in NC membranes can result in challenges at the capture biointerface (Fig-
ure 3.10). These issues are even more acute in LFAs as there are many
different types of inorganic and bio-interfaces, often of a complex nature.
Some of them are summarized hereafter [110, 109] :

e The pH of the medium could affect the adsorption process on the NC.
Above their pl, the protein molecules demonstrates the highest inter-
molecular electrostatic interactions. These repulsive forces tend to un-
fold the proteins, which modifies its binding process. Protein unfolding
also decreases the compactness of its structure, tending to decrease its
loading capacity on the membrane.[175]

¢ The LFA, subjected to a fluid flow velocity, render protein adsorption
a kinetic, two-way process, such that the kinetics of protein adsorption
and desorption to the membrane must also be considered.
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* In addition, the presence of agents in the bioreceptor solution such as
salts and detergents may interfere with the protein adsorption, influ-
ence stability or promote desorption of the bioreceptors when the sam-
ple wicks through the test line. To maximize adsorption, binding pro-
teins should be applied to the NC free of other salts than the buffer itself,
surfactants, and sugars [109].

¢ Finally, real samples are more complicated than pure solutions. Lab-
oratory testing is often performed using controlled saline buffers, not
nearly as complex as samples obtained in the field that can contain inter-
fering agents. These factors can contribute to variability at the capture
biointerface. Sample preparation can greatly influence assay function-
ality and accuracy, although minimization of processing steps is more
convenient.

Binding affinity of immobilized capture bioreceptors NC is a much more
complex substrate compared to the flat glass, polystyrene, and metal sur-
faces that are typically used for ELISA or other assays. The binding be-
haviour of bound bioreceptor to its target can thus differ significantly. It
can lose binding affinity or denature due to NC effects. Many proteins lose
immunological activity after passively binding to membrane surface due
to inability to bind covalently or directionally to nitrocellulose. Also, pores
can trap biomolecules and decrease target binding efficiency. Finally, the
surfactant of a chosen NC membrane, used as rewetting agent, has to show
compatibility with the bioreceptor protein since not every protein is com-
patible with every surfactant. Indeed, to properly bind to the NC mem-
brane, the bioreceptor protein has to show higher affinity for the nitrocel-
lulose than the surfactant does with the aim of coming into close proxim-
ity to the NC surface. Therefore, it is mandatory to assess the bioreceptor
binding performances to the target in the LFA format. [109, 176]

Blocking Typically many of these adsorption issues are mitigated by
membrane blocking. The main purpose of blocking a NC membrane is
to prevent non-specific binding, i.e. the binding of targets and labelled
conjugate to the membrane at areas other than the test and control lines.
In addition, blocking also stabilizes the test and control line bioreceptors,
controls and stabilizes the flow-rates and hydration characteristics. Block-
ing is typically performed via adsorption of non-specific proteins such as
albumin (e.g. bovine serum albumin, BSA) or casein [109].

Test and control lines deposition To lay down the test and control line
proteins on the membrane, the membrane is functionnalized, or striped,
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with proteins in solution in particular pattern suitable with the LFA for-
mat (line or dot) using either contact or non-contact dispensing systems:
bio-spotters. Piezoelectric, non-contact dispensing bio-spotters provide
the best solution for quantitatively dispensing proteins onto nitrocellulose,
while continuous, contact spotters allows the easiest and fastest deposi-
tion of protein lines, but can mechanically damage the sensitive NC sur-
face [109]. The main parameters influencing the striping process are the
bioreceptor concentration (typically ~ 1 mg/mL), the flow rate and speed
(defining the quantity of bioreceptor solution dispensed on the membrane,
typically ~ 1 yL/cm for the flow rate and 20 mm/s for the position, and
the TL position and size (see section 3.8).

Drying After dispensing the test and control lines, the NC membranes
are dried to remove surface fluids and end up with a stable coating of
immuno-active bioreceptors. The drying process enables the proper bind-
ing of the bioreceptors to the NC membrane through the process described
above (electrostatic, then hydrophobic interactions, and finally the protein
reorganization, defining whether or not the protein will remain active). It
is thus critical to the final performance of the test. [109]

Sample, conjugate and absorbents pads

Conjugate pad The conjugate pad (CP) performs multiple functions: (i)
storing the dried conjugated nanoparticles for detection, (ii) releasing them
upon wetting by the sample and (iii) providing the first interaction be-
tween the labeled bioreceptor and the target, and (iv) consistent transfer
of the labels and test sample onto the membrane (which ultimately deter-
mine how much analyte can be measured at the test line). Given its key
role in the LFA, preparation of the conjugate pad is one of the most criti-
cal stages during fabrication of the device. It is achieved in a similar way
than the test line striping, except that the conjugated AuNPs are instead
deposited on the CP with a sprayer. In particular, obtaining a consistent
drying, with the correct degree of moisture removal is critical to achiev-
ing stability of the dried conjugate and bioreceptors, facilitating their even
resuspension when contacted with the sample. CP materials are selected
according to the following criteria: low non-specific binding, high porosity
for consistent flow characteristics and bed volume, and consistent mechan-
ical properties regarding compressibility or material release, and are most
commonly glass fibers [109, 104, 111]. Their key properties are summarized
in Table 3.4.
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Fig. 3.11 Morphology of A. glass-fiber conjugate pads and B. cellulosic sample
and absorbent pads. SEM was used to visualise glass fiber diagnostics pad and
cellulose fiber sample pad (SureWick, Millipore, Burlington).

Sample pad The sample pad (SP) is used to perform multiple tasks as
well, mainly to promote the even and controlled distribution of the sam-
ple onto the conjugate pad. It controls the rate at which liquid enters the
conjugate pad, preventing flooding of the device, and enhancing the ability
of the sample to solubilize the detector conjugated labels. When impreg-
nated with proteins, viscosity enhancers and buffer salts, the sample pad is
also used to standardize the sample buffer conditions in order to prevent
non-specific binding of AuNPs and analytes downsteam and favours the
binding of immunocomplex formation at the test line.

Sample pads are most commonly made of cellulose (Figure 3.11 B) due to
their advantageous propertie (Table 3.4). When using cellulose filters, care
must be taken to ensure sufficient and consistent contact with the underly-
ing CP material [111]. SPs are sometimes made of glass fibers, which have
opposite structural properties to cellulose but still enable even distribution
of the sample over the conjugate pad. In this thesis, LFAs developed chap-
ter 4 use SP made of cellulose, while LFAs developed in 7 use glass-fibers.

Absorbent pad Absorbent pads are placed at the distal end of the test
strip (Figure 3.11). The primary function of the absorbent pad is to control
or increase the total volume of sample that enters the test strip. This in-
creased volume can be used to wash unbound detector particles away from
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the test and control lines, thereby lowering the background and enhancing
assay sensitivity [111]. If the strip design does not include an absorbent
pad, the volume of sample analyzed in the strip is determined solely by the
bed volume of the membrane, which is only a few uL, see section 4.2.4.Di-
mensions of the SP should be based on the volume of liquid that must pass
through the membrane, for example if a washing step is required with ex-
tra buffer. Absorbent pads are made of high bed volume materials, such as
the cellulose used for the sample pad.

Material Description Advantages Disadvantages

Glass Mainly CP, 100-500 Good hold-up vol- Poor tensile proper-
fibers pum thick, web of umes, low non-specific ties, difficult to slit
fibers, large pores  binding and web handle
Cellulose Mainly SP and AP, Very low non-specific ~Sometimes too high
300-1000 ym thick, binding, uniform, good hold-up volumes (>
compact fibers of bed volume, tolerance 50 uL/cm?), weak
consistent density, to chemicals present in when wet
large pores, cheap  the SP buffer

Table 3.4 Overview of common materials used for conjugate pads (mainly glass
fibers) and sample and absorbent pads (mostly cellulose).

Finally, the assembly of the different pads and membrane on the strip
is the last step before storing. It implies :
e Lamination : the different materials are stuck to an adhesive plastic
backing surface, forming the laminate (Figure 3.2 B).

* Cutting : cut the final test strip from the laminate, most commonly with
guillotine cutter (Figure 3.2 B).

* Cassette Assembly : typical LFA test strips are placed in a plastic hous-
ing cassette to prevent material damages and end-user handling errors
to facilitate result reproducibility.

* Packaging : packaging the cassette in a foil pouch with a desiccant for
humidity control in the range of 20% RH (relative humidity).
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Paper-based fluidics in LFA

Since the functionality of the LFA test depends directly on the spontaneous
liquid flow through each porous materials and the test strip as a whole, it is
important to understand its microfluidics behaviour and how to optimize
flow within the strip. [109]

The passive fluid transport in paper is a spontaneous process enabled by
capillary action. Capillary flow, or wicking, within the paper matrix is a re-
sult of the interplay between cohesive and adhesive forces between the lig-
uid and the paper surface. Cohesive forces, such as surface tension, arise
due to intermolecular attraction between fluid molecules at the liquid-air
interface, while adhesive forces (i.e., van der Waals force) result from in-
termolecular attraction at the liquid-fiber interface. If the replacement of
the liquid-air interface by the liquid-paper fiber interface induces energy
reduction in the system, i.e. if the adhesive forces between the liquid and
the paper outweigh the cohesive intramolecular forces within the liquid,
then the liquid is said to be wetting on the paper ® and a positive capillary
force and related pressure drives the liquid movement towards remain-
ing dry paper fibers (Figure 3.12 A). The surface properties of the paper
dictate adhesion and, consequently, the degree of wetting. Physically, this
adhesion is quantified by the fluid contact angle at the liquid-fiber inter-
face and the surface tensions at the interfaces. [177] The Lucas-Washburn
equation, which balances capillary force and the viscous resistance to fluid
propagation (drag) is typically used to model fluid transport in paper :

_ [vRccoso
I(t) = MTt (3.3)

where [(t) is the distance travelled by the fluid front under capillary
pressure, or wetting length, v is the liquid-air surface tension, R is the
effective pore radius of the paper matrix, 0 is the liquid-fiber contact an-
gle, u is the fluid viscosity, and t is the time (Figure 3.12 A). Although
some of its underlying assumption are highly simplifying, equation 3.3 en-
ables a simple but predictive model for the fluid transport in paper strips’,
notably highlighting that the liquid front speed (capillary flow rate) is
proportional to the radius of the pores and decays exponentially as the
water front moves along the membrane. The flow rate is thus constantly

bor the surface is said hydrophilic in the case of water

"Theory behind spontaneous capillarity in paper, alternative models taking into consid-
eration geometry and design, and experimental validations in different relative humidity
conditions were extensively studied in the frame of Odile Crahay’s and Ramy Moumneh’s
master theses [90, 178].
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changing (which makes it difficult to measure) and flow in LFAs can be
described by four flow regimes [179]. In practice, lateral flow membranes
are assessed and compared on the basis of capillary flow time (or wicking
time), which is the time required for water to travel up and completely fill
a 4-cm long strip of membrane. Capillary flow time [s/4 cm] is thus in-
versely related to capillary flow rate. Example of the capillary flow times
for the membranes analyzed in section 3.6.2 are summarized in Table 3.5.
[109, 177, 180]

A B
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Fig. 3.12 Fluid transport in paper and time-scales in LFAs. A. The Lucas-
Washburn equation 3.3 is used to model fluid transport in paper strips. The liquid
front I(t) is proportional to the wicking time, but the liquid front speed decreases
over time. (P, is the capillary pressure). Reproduced from [177]. B. Depiction of
the various time scales within a lateral flow assay, moving top to down from the
macro- to microscale. Strikingly, the advection time across the NC pores is lower
than time required to established a bioreceptor-target binding. Therefore, correct
positioning of the test line on the LFA is critical to have proper flow speed at TL to
allow the binding. Inspired from [179].

The capillary flow rate is the membrane’s most critical performance
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parameter in LFA as it determines how rapidly a test strip runs and how
sensitive the detection system will be. Indeed, the success of LFA depends
on the capabilities for analytes and bioreceptors to bind each other under a
flow which aims at mixing and transporting them to the test line, making
it a dynamic system. However, bioreceptor-target binding depends on the
finite time period that the components are sufficiently close at the molec-
ular level to bind to one another. The assay sensitivity is thus generally
inversely proportional to the flow rate, which modulates the time avail-
able for reaction, i.e. the effective concentrations of bioreceptors and target in
equation 3.1 and in turn the number of bound complex.

The exponential decay of the flow rate along the membrane also means
the test line location has an impact on the sensitivity : the further it is
placed from the the conjugate pad, the more time is allowed for the la-
belled detection bioreceptors and the target to interact, thus increasing the
number of possible immune complexes to be captured onto the test line
[104, 111]. Typically, the test line is dispensed 12-13 mm from the NC
membrane origin, and the control line 4-5 mm further [181].

Unisart CN95 CN140 CN140 CN180
Backing yes no yes yes
Thickness [pm] 240-270 120-160 225-255 225-255
Pore size [um] 11.56 + 6.64 7.54 £6.71 754 £6.71 5.06 + 3.56
Capillary speed [s/4cm] 65-115 90-150 95-155 135-175

Table 3.5 Specifications and characteristics of the Unisart nitrocellulose mem-
branes used in this thesis (Backing : 100 ym polyester, clear). Capillary speed and
thickness from [182]. Pore sizes from section 3.6.

Finally, mass transport of the various components and particles in LFA
is governed by flow (advection), diffusion, and dispersion® owing to mem-
brane porosity, but is typically flow-dominated during the first minutes of
the test. Mass transport timescales must be taken into account (Figure
3.12 B), e.g. in multiple-steps LFA where diffusion can occur. In particular,
the transport of charges in paper-based microfluidics is studied in chapter
7. In some situations, the need of a stationary flow rate for continuous
mass transport across the LFA may lead to modifications of the absorbent
pad geometry in order to increase the unwetted volume, compensating
for increase of the viscous forces [183, 184]. Also, it has been shown that
modifying the classical LFA architecture by increasing sample, conjugate

8Molecular diffusion is the process of molecular transport associated with the stochastic
movement of molecules due to a concentration gradient. Mechanical dispersion is the process
of mechanical mixing that takes place in porous media as a result of the movement of fluid
through the pore space.
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and absorbent pads width may lead to higher LFA sensitivity thanks to its
higher potential of label concentration at the TL [104].

Colorimetric assay evaluation

The binding and accumulation of nanoparticles at the test line (TL) and
control line (CL) generates the colorimetric signal. The appearance of sig-
nal in the TL and CL indicates the presence of the target analyte in the
sample, while an only colored CL indicates its absence. The absence of
visible TL and CL makes the LFA unreliable and is often indication of
a malfunction of the strip, either binding affinity or microfluidics issues.
Successful optical detection in LFA depends on the signal intensity of the
AuNPs accumulated in the NC membrane. The signal intensity of accu-
mulated AuNPs at the TL directly correlates with the target concentration
in the sample. Micrographs showing the accumulation of different sizes of
AuNP at the TL are presented on Figure 3.13.

Nitrocellulose

s = el D (e itr S608Y P Duplr g 3200K%
| “outectsFeszots  Sugestts 00 Dtecormsez  —o
Fig. 3.13 SEM images of AuNP accumulation at the test line for two different
AuNP sizes : 40-nm AuNP (left) and 150 nm gold nanoshels (white dots on the NC
matrix, right). These micrographs illustrate the disparate length scales between
AuNPs and nitrocellulose pore sizes. Left picture from [114], right from [185].

The binding process to form an immunosandwich at the TL is lim-
ited by target-bioreceptor binding kinetics rather than by the flow mass
transport (Figure 3.12 B). The LFA microfluidics makes the target and con-
jugated AuNPs flow evenly throughout the entire thickness of the mem-
brane, in order to interact with capture bioreceptors. As shown in section
4.2.4, even though capture bioreceptors may be more concentrated on the
side of the membrane to which it is applied (or concentrated due to the dry-
ing process) in some situations, in most of the cases no discernible gradi-
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ent of capture bioreceptors is observed in the nitrocellulose. Consequently,
AuNPs are captured and distributed evenly through the thickness of the
membrane. However, due to the absorption spectra of the nitrocellulose
[186], any AuNP bound deeper than ~10 ym from the surface becomes
invisible to the user (Figure 3.14), as its color is masked by the membrane’s
opacity, and the amount of visible signal is thus inversely proportional to
membrane thickness.

ST> Visible zones
ample flow Top %
10 um _i_ e
Membrane
interior not
visible

10,umI o

Bottom

Fig.3.14 Schematic of the test line cross-section. Due to the opaque optical prop-
erties of the nitrocellulose, only the AuNPs situated approximately in the first 10
pm are visually perceived. Inspired from [111].

Most LFA are read by visual inspection after 5-30 minutes (Figure ??),
in a qualitative or semi-quantitative way. However, quantitative readout
data can also be captured from optical LFAs [104, 105] :

* Qualitative detection The presence of the TL and/or CL is qualitatively
analysed by the naked eye, leading to a yes/no answer. This intuitive
analysis is the reason for the popularity of the LFA, such as pregnancy
tests.

* Semi-quantitative detection The intensity of the TL is still read by the
naked eye, but is then approximately compared to a calibrated colori-
metric ladder indicating the level of contamination (similar to pH or
alkanility paper-strips test for water), which is useful for the detection
of a defined target concentration threshold (e.g. E. coli in water).

* Quantitative detection The development of LFA optical readers and
the ubiquity of smartphones has facilitated the quantitative analysis of
LFAs by image analysis. However, to achieve quantification, the fabri-
cation process must provide highly reproductible strips to avoid batch-
to-batch deviations, and an accurate calibration curve must be used as
reference. The illumination is critical when reading an LFA as it could
influence the analysed color intensity.

| 105



3.10

3 | Fundamentals on lateral flow assays

In chapters 4 and 5, we study the colorimetric detection of human IgG

and whole-cells pathogens, respectively.

Summary of chapter contributions

In this chapter, we carried out an overview of the scientific basis of
colorimetric LFA technology, from design to development and fabri-
cation, following a breakdown according to its basic functions as a
biosensor (substrate, microfluidics, bioreceptors, transducer and vi-
sual readout).

First, we reviewed the design process of a LFA, emphasising on the
strong interdisciplinary background required (engineering, material
sciences, biology and chemistry) to properly develop and optimize a
lateral flow test for a specific application.

Then, for each function, we identified the principal properties of
the materials or the main design parameters that will be investigated
throughout the following chapters of this thesis : the lateral flow im-
munoassay format, functional gold nanoparticles (morphology, opti-
cal properties and number calibration), nitrocellulose substrate (mor-
phology and pore size distribution), the different paper-like materials
composing the LFA (sample, conjugate and absorbent pads), and the
bioreceptors (antibodies, bacteriophage proteins) to functionalize the
nitrocellulose membrane. The ability to reach the LFA performances
(sensitivity and specificity) results from the co-optimisation of these
multiple, interconnected parameters.
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“("Chapter objectives
In order to support and exemplify the theory and methodological
approaches introduced for each LFA functionality in chapter 3, here
we present and discuss the step-by-step implementation in our lab
of a LFA based on gold nanoparticles for the colorimetric detection
of a protein (human immunoglobulin, H IgG). This model target is
chosen for the ease of exploring and experimenting with the LFA
development process.

This chapter presents most of the basic characterization methods
for LFAs. The detailed assessment of the results of the human IgG
LFA allows to identify the main limitation of colorimetric LFAs in
a quantitative manner, and to propose ways to increase their sen-
sitivity performances. The findings from this chapter will then be
applied in chapter 5 to explore the development of a rapid test for
pathogen detection, and chapters 6 & 7 to explore new transduction

L mechanisms on LFAs. )

| 107



4.1

4 | LFA design for quantitative human IgG detection

Materials and Methods

The choice of the parameters that guide the LFA design are described in
Table 4.1 and on Figure 4.1:

Parameters Description

Target H IgG proteins. Size ~150 kDa, appropriate for sandwich immunoassay
Targeted conc. 0 - 1000 ng/mL as relevant thresholds from literature'

Detection biore.  Anti-human IgG (whole molecule) polyclonal antibody produced in goat
TL bioreceptors ~ Same as detection bioreceptor (valid because pAbs)

CL bioreceptors ~ Chicken anti-goat IgG (to capture the detection bioreceptor)

Label NPs Homemade 20 nm AuNPs for colorimetric detection

Assay = mem-
brane

SP, AP, CP
TL/CL location

Evaluation

Here, the membrane choice was not optimized: the wider pores were
chosen to ensure proper flow and mixing (Sartorius CN95)

SP /AP are made of cellulose, and the CP from glass fibers. The materials
used are specifically developed for rapid diagnostics applications from
Millipore (SureWick, presented in section 3.7).

Generic from literature to ensure proper binding time, i.e. TL located
12mm from membrane bottom, TL/CL separated by 5mm (section 3.8)
Qualitative and quantitative detections are performed

Table 4.1 Specifications used for the design of AuNP-based LFA for human IgG

detection.

We will not describe here the whole development process from half-
stick LFA to full-stick LFA that was followed during the development pro-
cess (half-stick actually consists in the perform of certain process steps
only). Rather, we focus on the full-stick LFA. The followed LFA devel-
opment process is described in Table 4.2 :

pAb a-H IgG
H IgG
20 nm AuNP
CN 95
nitrocellulose pAb a-goat
J’ IgG
. T
omm 5 mm i 1
Glass fibers TL CL SP, AP : cellulose

Fig.4.1 Design specifications of an AuNP-based LFA for H IgG detection.
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Process step Description

AuNP synthesis ~ AuNP synthesis and characterizations (morphology and optical proper-
& charac. ties) are reported in section 3.5.2.

AuNP conjug. As advised in section 3.5.3, a gold aggregation test (GAT) is performed
& optim. in order to optimise the pH and the Abs concentration. A blocking step

with BSA and no specific orientation of the Abs are considered.
TL/CL coating Bioreceptor coating on NC & AuNP deposition on CP : use of a contact
biospotter from BioDot, followed by drying. Blocking of the membranes

with BSA.
Assembly Lamination on backing card by hand.
Cutting 3-mm width, with automatic guillotine cutter.
Packaging No housing cassette. No storage as tests were performed directly after

process fabrication.
LFA operation Drop-casting ~70uL of sample solution onto the SP, dropwise. After
15min, TL and CL stabilizes. Triplicate experiments were performed.
Readout & re- By eye for qualitative detection. The strips were scanned with a profes-
sults analysis sional scanner for the quantitative analysis. Analysis of the TL and CL
intensity is performed with a software (Image]).

Table 4.2 Process steps and parameters for LFA H IgG fabrication and operation.

The protocols that were followed to perform the LFA development pro-
cess steps, optimizations, and result analyses are reported in Appendices.

Results

AuNP synthesis

The synthesis of "homemade" 20 nm-size AuNP solutions was performed
with the Turkevich method, as reported in section 3.5.1 (Figure 3.6 A).

AuNP characterizations

The size and morphology of the "homemade" AuNPs synthesized in this
chapter were characterized by TEM (LEO 922 OMEGA Energy Filter TEM,
120 kV, and HR-TEM from ICN2, Barcelona). The black spheres indicate
the AuNPs with spherical shapes (Figure 3.6 B). Different sizes in the range
of 15 to 25 nm are observed. Although presenting some aggregation, the
nanoparticles are overall well dispersed, and have monodispersed sizes.
From TEM micrographs, image software analysis were performed to study
the size distribution of the AuNPs (Figure 3.6 C), showing a mean AuNP
diameter of 18.3 £ 1.7 nm. To study their optical properties, the UV-vis
curve of the AuNP was recorded (Figure 3.6 D), showing the character-
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istic shape of AuNP absorbance spectra. Three main characteristics are
observed: (i) non-zero absorption towards UV wavelengths, (ii) the char-
acteristic absorption peak, or plasmonic peak, at 520 nm, (iii) near-zero
absorption from 580 nm to the infrared rays, which accounts for the red
color of AuNPs. The height of the absorption peak at 520 nm, i.e. the ab-
sorbance at 520 nm Aspg is commonly used to compare the different syn-
thesized solution. The absorbance is often referred as the optical density
(OD) of the AuNP solution, and can be used interchangeably. The width of
the absorption peak is characteristic of the AuNP dispersion in the solution
(partially aggregated AuNP have a wider plasmonic peak) and the color of
the AuNP solution (wider peak indicates changes from red to blue, while
monodispersed AuNPs maintain the original red color).

The concentrations of the different AuNP solutions used in this the-
sis ("homemade" AuNPs synthesized in this chapter, and "commercial"
AuNPs used in chapter 5) were then studied. Table 4.3 refers the num-
ber density of the homemade 18 nm AuNPs found with equation 3.2. Our
experimental AuNP number density, 1.04 %10 [AuNP/mL] was com-
pared with the reference tables published by the BBI company. The slightly
higher density of our solution could be explained by the smaller size of our
AuNPs than theirs, as well as a higher optical density for ours. Our AuNP
number density was also compared to the one computed by Khlebtsov et al.
for 16 and 21 nm-sized AuNPs, which are 0.47 and 1.11 x10'2 [AuNP/mL],
respectively [187]. The slight difference between our 18 nm and their 16 nm
AuNP densities could result from small differences in the synthesis pro-
cess conditions. All together, these results remain quite in the same range
of magnitude, though.

In order to calibrate the number density of the AuNP solutions that
we will use in chapter 5, which were provided by the Unisensor com-
pany, we recorded UV-Vis spectra for different dilutions in milliQ water
of AuNPs (Figure 4.2). The decreasing absorbance peak qualitatively cor-
relates well with the dilution factor of the solution. Original AuNP so-
lution OD was referred by Unisensor to 8, and the mean diameter was
referred to 40 nm. In section 5.4.3, we further characterized the AuNP size,
obtaining a mean diameter of approximately 42 nm. From the nanoparticle
diameter and solution absorbances, Table 4.3 reveals a linear dependence
of the computed number density of AuNPs with the solution dilution.
Again, AuNP solution from Unisensor shown lower density number than
that referred by BBI, though it remains in the same order of magnitude.
It could be explained by a slightly higher nanoparticle size for Unisensor
AuNPs than for BBI ones.
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AuNPs Diameter OD Aysp Density from Density from
origin [nm] 520nm  450nm  eq. 3.2 [#/mL] BBI [#/mL]
Home-made 18 1.13 0.7 1.04 x 102 7.00 x 10T
(20nm, OD1)
Uni., original 42 8 6.62* - 9.00 x 101
batch (40nm, OD10)
Uni., dil. 2x 42 4 2.03 2.14 x 101 450 x 101
(40nm, OD5)
Uni., dil. 4x 42 2.08 1.02 1.08 x 101
Uni., dil. 8x 42 1.06 0.55 5.84 x 1010 9.00 x 1010
(40nm, OD1)
Uni., dil. 10x 42 0.89 0.47 4.93 % 1010
Uni., dil. 20x 42 0.44 0.25 2.61 x 1010

Table 4.3 Determination of AuNP concentration from absorbance UV-Vis spectra
at 450 nm Aysg on Figures 3.4 D and 4.2, and comparison with reference tables pub-
lished by BBI company. Asyg is here referred to the AuNP OD, and is commonly
used for easy comparison of AuNP solutions with each other. (A : Absorbance, OD:
optical density, Uni.: Unisensor, dil.: diluted, * : this Aysg is expected to be a mea-
surement error linked with the spectrophotometer, see Appendix 3.1 for details.)

. |
3 . T T
—AuNPs OD8
25 :Elluted 2X
X
5 —8x
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® 20x
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0 ) ) P :
400 450 500 600 650 700

Wavelength [nm]

AuNPs OD8 — OD4 — OD1

Fig. 4.2 Calibration of 40 nm AuNP number in solutions. AuNPs provided by
Unisensor. UV-Vis spectra of dilutions of 40 nm AuNPs provided by Unisensor
were recorded in order to determine their respective AuNP density number with
respect to their OD reported in Table 4.3.
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4.2.3 AuNP conjugation with anti-H IgG antibodies

The optimal pH to perform the functionalization and the minimum an-
tibody concentration to fully cover the nanoparticles of AuNPs with the
detection bioreceptor were determined via a gold aggregation test (GAT).
Figure 4.3 depicts the results of a gold aggregation test for 20-nm diameter
AuNPs and anti-human IgG Abs.

The aggregation rate was qualitatively assessed by the naked eye. The
color gradient after addition of salt to the different anti-human IgG concen-
trations incubated with AuNPs indicates the aggregation for AuNP coated
with a too low Ab concentration. Fully aggregated AuNPs induced a color
change in the suspension from red to transparent (due to their precipita-
tion), visible in Figures 4.3 a-c (photos of the resulting GAT) for the 3 pH
conditions, while properly conjugated AuNPs maintained their original
red color.

The aggregation of the AuNPs was quantitatively measured using UV-
visible spectra (Figures 4.3 d-f). The AuNPs that aggregated during the
GAT showed a lower and wider absorbance peak shifted to the right. For
stable AuNP conjugates properly covered by the Abs, the peak position
was slightly shifted to higher wavelengths (in this case, 528 nm). This
shift is likely due to the different optoelectronic properties of the conju-
gates (AuNPs + antibody) compared to that of bare AuNPs. The binding
of biomolecules to the gold surface changes the electron field and thereby
the absorbance maximum [188, 189] compared to that of bare 20-nm-sized
AuNPs (maximum absorbance peak at 520 nm).

Further analysis (Figures 4.3 g-i) indicates that optimal conditions for
the conjugation are reached for pH 8 and anti-H IgG Abs concentration
value of 100 ug/mL. The bar charts of Figures 4.3 g-i, relative to the pho-
tos in a-c and the spectra in d-f, obtained by subtracting the absorbance
value at 520 nm from the one at 580 nm for each concentration (i.e. on each
recorded curve). This analysis allows for estimation of the minimum an-
tibody concentration to give stable conjugates. The higher the calculated
value the narrower the peak, indicating more monodispersed AuNPs.
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4.2.4  Study of the antibody coating of NC membranes

In order to assess the proper coating of antibodies inside nitrocellulose
membranes to form the test and control lines, the functionalization of un-
backed nitrocellulose membranes (Unisart CN140, Sartorius, Gottingen,
Germany) with antibodies was studied by epifluorescent microscopy. Top
and cross-section views of the functionalized membranes were observed
in order to reveal the distribution of the bioreceptors in the membrane
after coating. The coating was performed by drop-casting 0.1 mg/mL
GFP-tagged antibody dispersed in aqueous solution (Goat anti-Human
IgG Alexa Fluor 488, ThermoFisher) to cover 1 cm? NC piece samples. Af-
ter washing and drying steps, microtomy was used to produce extremely
thin sections of the functionalized NC membranes (Figure C.1). Fluores-
cence images (Olympus IX71) of the functionalized unbacked NC top sur-
face and cross-section were recorded.

Antibody coating of the NC membrane was found to be complete
and homogeneous on the top surface area (Figure 4.4 A) and on the whole
membrane thickness (Figure 4.4 B and Figure C.2), on the contrary of the
study of Mujawar ef al. where non-homogeneous distribution of the de-
posited antibodies was observed in Unisart membranes by CLSM, result-
ing in doughnut-shaped spots [190]. The automatic deposition by a non-
contact inkjet-printer (~ 250 pL droplet volume) used in their study, com-
pared to ours (drop-casting ~ 50 L), could explain this difference. Indeed,
for a piece of NC membrane that measures 1 cm x 1 cm x 0.014 cm (i.e.,
140 pm thick) has a volume of 0.014 cm? (14 uL). With 80% porosity, the
volume of air comprising the pores is 11.2 uL (0.8 x 14 uL). The volume
of air is also referred to as the membrane’s bed volume or void volume.
The bed volume of a membrane or other porous material can be used to
calculate the total volume of liquid reagent required to wet it out. In our
study the antibody volume used for coating was thus enough to cover the
entire NC inner area, while it was probably not the case in the study of
Mujawar et al. where the tiny Ab solution migrated and dried in a circular
fashion (the well known coffee ring effect in paper-microfluidics) on the
NC membrane quickly after deposition.

Therefore, if one wants to functionalize the entire thickness of a NC
membrane with bioreceptors, the deposited volume must be adjusted ac-
cordingly (e.g. by slowing down the biospotter speed in the case of test line
printing).
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Fig. 44 Top and side-view of CN140 unbacked nitrocellulose membrane func-
tionalized with GFP-tagged antibodies and observed under epifluorescent mi-
croscopy. The functionalization process, through Ab adsorption, permits an rel-
atively homogeneous coating over the surface and membrane thickness.
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LFA qualitative evaluation

In order to proceed to the test, 70 uL of dilutions of human IgG in PBS
buffer (1, 3, 10, 30, 100, 300, 1000 ng/mL) were drop-casted on the sample
pad. After 15 min, stabilization of the TL and CL intensities can be assessed
at the naked-eye. The TL color intensity increases with the human IgG con-
centration in the sample (Figure 4.5). The presence of a CL indicates that
the LFA reaction (passive migration of the sample along the strip) occurred
correctly. It can be seen that the colour intensity of the CL was lower in the
case of higher concentrations when compared to strips that used low target
concentrations, since high target analyte concentrations (in a sandwich as-
say) may lead to a dramatic depletion in the concentration of AuNPs after
the test line.

_— R - CL
TL
1 3

10 30 100 300 1000
Human IgG concentration [ng/mL]

Fig. 4.5 Qualitative evaluation of H IgG detection with regards to its concentra-
tion. At the naked-eye, the TL color intensity increases with the H IgG concentra-
tion in the sample.

Quantitative evaluation and calibration curve

After the qualitative evaluation, the strip were scanned, the peak colour
intensity (in gray scale) of the test line was calculated with an image pro-
cessing software, and plotted versus the target H IgG concentrations (Fig-
ure 4.6). The peak intensity was obtained by subtracting the peak value of
the test line from the background value for each LFA, and the mean and
standard deviation (n = 3) were computed for each concentration.

Then, in order to obtain quantitative evaluation from LFAs and to de-

termine the limits of detection (LoD) and the dynamic range of the LFA,
we performed a data curve fitting to generate a calibration curve for H
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IgG detection between the signal intensities and the human IgG concentra-
tions. For assays that employ protein-protein binding interactions or study
protein binding kinetics, a sigmoidal relationship is commonly observed
as shape of the binding curve. These curves are effectively described by
a four-parameter logistic curve (a sigmoidal curve) representative of the
Hill equation [104, 7, 191] :

XI'I

y = start + (end-start) X S

with y the signal intensity from the TL (i.e. fraction of target-binding

sites of the test line antibodies occupied), x the ligand concentration (i.e.

human IgG concentration in the sample), k corresponding to Kp, and with

the start and end values corresponding to the non-responsive and satu-
rated signals, respectively.

(4.1)

The Hill model reflects the underlying binding kinetics of cooperative
ligand binding to multiple-subunits proteins, which is representative of
our system since antibodies possess two epitopes 3.4. Hill model and its
match with a four-parameter logistic curve is further described in Appen-
dices 3.3.

From the fit, we extracted the value of the affinity constant Kp = 148 &
38 [ng/mL] for the capture bioreceptor-human IgG interaction. In molar
terms, it translates to 0.98 nM ~ 10~? [M] (Appendices 3.3.1), which lies
well within the range of affinity constants that are reported in the litera-
ture for IgG protein interactions [192]. The fitted value of Kp confirm us
that the binding affinity of the bioreceptor is not affected by its attachment
in the nitrocellulose membrane. This supports the use of this antibody as
bioreceptor in the LFA format for H IgG detection. Also, the degree of
cooperation # fitted from the calibration curve (n = 1.56 £ 0.35) confims
that the binding of one molecule of IgG facilitates the binding of the others
(the measured n will always be less than the actual number of bioreceptor-
target binding sites), see Appendices C for details.

Then, we calculate the limit of detection (LoD), equal to the mean
Ublank + 3 X Tplank its standard deviation (blank not shown on Figure 4.6),
which corresponds to ~ 28 ng/mL. The dynamic range (DR) of our LFA
test is from ~ 34 to 400 ng/mL (computed as between 10% and 90% of
the maximum signal, therefore expressed in normalized signal change). Our
LoD and DR lie in the same order of magnitude as reported by [156], but
are slightly higher than another study [104].

This latest results tends to indicate that our LFA could still be optimized
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in order to reach a lower limit of detection. In fact, for analytes of this size,
such as many protein markers, the LoD of published LFA could reach ~
1 ng/mL or slightly lower concentrations (see [187, 104, 156, 176] among
others).

Model Hill1

Eauati y = START + (END - START) * x| ] 110 =

quation n/ (ki + xin) 100 o
! 50 | [Pt Test line peak value [a.u.] T g
3 START 9,16568 * 1,13331 i 90
ré END 55,75142 + 6,66857 t T ] Q
— [ [k 147,58687 * 37,83698 180 N
o n 1,56266 £ 0,34771 1 o)
3 40 [ [Reduced chi-sar 1,5982 170 2
—_— R-Square (COD) 0,99701 ] 0
g | |Adj. R-Square 0,99478 . 160 &

: 1 >
w© 30 10 2
e = 140 o
w 130 2
E 20 B 7 Qa
3 120 o
)
O o A T 410 —2
0 1n &
= 10 | 410 =
'E LoD! i Dynamic range ' ]
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1

10 100 1000
Human IgG concentration [ng/mL]

Fig. 4.6 Calibration curve for the quantitative detection of H IgG. Black dots are
mean value + standard deviation (n=3).

One reason for our higher LoD and DR with respect to other works
could be the fact that, in order for a four-parameter logistic curve to reach
best data fit, we need to use a range of target concentrations that generates
both non-responsive and saturated signals. We could therefore extend the
range to lower and concentrations to reach a better match (and expecting
a shift of the calibration curve towards lower concentrations). However,
our blank value 6.45 & 2.26 [a.u.] already indicates that we are close to
non-responsive signals.

Sensor response calibration in terms of AuNP number

For various reasons, it is interesting to quantify the number of nanopar-
ticles that are bound to the TL, and how they correlate to the sensor con-
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centration thresholds identified in the previous section. It can serve to bet-
ter calibrate the number of AuNDPs that are conjugated and deposited in the
conjugate pad in order to properly adjust the sensor sensitivity. Estimation
of relationships between the number of analyte molecules and the number
of AuNPs needed to reach low detection levels is also relevant in order to
design experimental strategies to improve the LFA sensitivity. Finally, it is
also particularly interesting to know the typical number of AuNP bound at
the TL when considering other transduction principles of the AuNP, such
as magnetism or electro-chemical detections, for simulation purposes or
prospective comparison of the sensor sensitivities.

Estimation of AuNP number bound at the test line considering ideal
interactions In Appendices 3.3.2, we computed that each LFA strip con-
tains about 6.25 x 10' AuNPs available for binding to the target. Then,
we computed the number of H IgG molecules that are injected in each LFA,
depending on the sample concentration in H IgG. When compared to the
H IgG concentrations of interest (Table 4.4), we see that at the top part
of the sensor DR, close to the saturation, the number of H IgG molecules
exceeds the number of AuNP in the sample, which in turn results in the
sensor saturation. On the opposite, at the bottom of the calibration curve,
we observe that the number of H IgG in the LFA reaches ~ 10% of the total
AuNP number.

H IgG [ng/mL] H IgG [#/LFA] Max number of
AuNP bound at TL

1000 (satur.) 2.81 x 1011 6.25 x 1010

400 (high DR) 1.12 x 101 6.25 x 1010

34 (low DR) 9.56 x 10° 9.56 x 10°

28 (LoD) 7.9 x 10° 7.9 x 10°

1 (non-respons.) 2.81 x 108 2.81 x 108

Table 4.4 Sensor response calibration in terms of AuNP number by comparison of
the H IgG molecule numbers in the sample used to the AuNP number in each LFA
strip. Ideal interactions considered. Number of H IgG molecule in the sample and
the number of AuNP/strip are computed in Appendices 3.3.2. (satur. : saturation,
non-respons.: non-responsive)

To take conclusions about the number of AuNP bound at the TL de-
pending on the H IgG concentration, we need to hypothesise the number
of H IgG that bound to a AuNP, and then their fraction that success-
fully bound to the TL. The maximal theoretical sensitivity, or the minimal
theoretical LOD, of an ideal colorimetric LFA can be evaluated assuming
that one analyte molecule corresponds to one AuNP captured in the test
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zone. Using this assumption, we can only express the maximum possible
number of AuNP bound at the TL that are contributing to the signal as an
ideal, upper limit. It is unlikely for two AuNPs to bind to a single H IgG
molecule regarding their size difference, as here the target and the antibod-
ies are in the same nm-size range (Figure 3.1). In addition, in our system,
these IgG molecule would anyway not contribute to the signal since they
would have no more free epitope to bind at the TL.

If we suppose that each H IgG molecule binds to one nanoparticle, the
highest signal intensity would arise if all the AuNP would bind the H IgG
in the assay and then at the TL, i.e. about 6.25 x 10! AuNPs. In this case,
this is limited by the AuNP number in the solution. On the contrary, in
the ideal situation, the lowest number of AuNP that we are able to detect
with our colorimetric sensor (i.e. the detection limit) is therefore at most
about 7.9 x 10° AuNPs.

Taking into account non-idealities of real systems Considering the im-
perfect mixing between the H IgG and AuNPs, it turns out that many of
the AuNP are actually not attached to the H IgG during the LFA assay,
even when they are not in excess in the system.

At high H IgG concentrations, e.g. 400-1000 [ng/mL], the observation
of a CL indicates that some free AuNPs are remaining in the sample and
not bound to H IgG or captured at TL. The actual number of AuNPs con-
tributing to the TL signal is thus lower than 6.25 x 10! AuNPs. How-
ever, a clue that the number of AuNPs that are bound to H IgG is quite
substantial at these concentrations comes from the fact that the intensity of
the CL starts to decrease seriously, see Figure 4.5). Indeed, the significant
depletion in the unbound AuNPs that can travel accross the TL to reach
the CL suggests that a large fraction is bound at the TL.

At lower H IgG concentrations, where the number of AuNPs is in ex-
cess compared to the number of H IgG molecules, the fraction of AuNP
bound to the TL is highly dependent upon H IgG binding at the test
line and their interactions, which mainly drives the AuNP accumulation
at the TL. However, in an LFA experiment, not all analyte molecules in-
teract with the AuNP-antibody conjugate, and some of them pass through
the membrane in a free form, therefore reducing the number of possibly
accumulated AuNPs. Even though it is very unlikely that two AuNPs can
bind to a single H IgG analyte, the opposite effect would in fact tend to
occur when using antibodies with a high affinity for the analyte : a single
AuNP can bind several or even hundreds of analyte molecules. Evidently,
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such an unwanted effect would decrease the assay sensitivity by reducing
the total number of AuNP accumulated at the TL for a given H IgG in the
sample.

Proper estimations of the number of AuNPs bond at the TL should also
consider the non-specific interactions that can happen between AuNPs
not bound to the IgG and the TL bioreceptors, although the blocking of
our LFA NC membrane and our AuNP conjugates with BSA should signif-
icantly lower the non-specific interations. In addition, the AuNP conjuga-
tion tends to create some small-size aggregates of a few number of AuNP
(see observation made in section 5.4.3), such that one label attached to one
H IgG molecule could actually consist in several AuNPs.

Quantitatively accounting for non-idealities in this exercise is challeng-
ing. However, based on the previously stated ideal estimation, we can
hypothesize that the maximum number of captured AuNPs at the TL at
the limit of detection (LOD) for H IgG is about 10° AuNPs..

Going further: refining the estimation Going into more details, we can
quantify the AuNP number density per surface area of the TL. For a TL
of approximately 0.5-1 mm-width (typical width of the TL, arising from
the spreading of the capture bioreceptor solution after its deposition on
the NC membrane with the biospotter), and 3-mm size (width of the strip),
our range of AuNP number density lies between ~ 1x10% and ~ 2x10%
[AuNP/mm? TL]. This is ~ 10-100 x higher than the AuNP number den-
sity reported by Klhebtsov et al. for AuNP of similar size (~ 1x10” to ~
2x108 [AuNP/mm? TL]), however obtained with smaller volumes (~ 10-
20x) [187]. Nevertheless, their results support our discussion about the
number of AuNP bound to the TL : for different protein/antibody couples,
they computed that in practice, around the LoD, an order of magnitude of
~ 10? target molecules was needed to deliver one AuNP at the TL. This
confirm that the Max number of AuNP bound at TL reported in Table 4.4 are
indeed highly idealized, upper limits for AuNP concentration at TL, and
that the reality is probably minimum 10-100 times lower because of the
non-idealities of such a complex nano-biological system.

It follows that we can refine our first hypothesis such that the LoD
of the colorimetric human IgG LFA expressed in terms of AuNP number
captured at the TL probably lies in the range of maximum 107 - 108 AuNP
bound at the TL. Since lower LoDs of LFA for protein detection have been
reported (see above), the lower bound could probably be as low as 10°
AuNPs accumulated at the TL.
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Strategies to increase AuNP-based LFA sensitivity

In view of the non-idealities discussed in this section, in order to decrease
the LoD of AuNP-based LFA, two main options are identified to increase
the sensitivity of the sensor at low H IgG concentrations, i.e. either

1. Increase the number or the contrast of AuNDPs that bind at the TL for
low human IgG concentrations, or

2. Implement a transducer that is more sensitive than image analysis to
the number AuNPs at the TL at the LoD concentration.

Regarding the first option, a possible solution is to preincubate the analyte
with conjugated AuNPs before the LFA is run in order to decrease the prob-
ability of unbound AuNP and IgG analyte in the flow, or include an addi-
tional run of the conjugates through the membrane after a conventional
LFIA has been finished [187]. However, this would add unwanted process
step execution. Similarly, Panferov et al. recently proposed to use dielec-
trophoretic assembly of antibody-antigen complexes in the LFA instead of
relying only on passive capillarity, which shows a 10-fold improvement in
the LoD of H IgG as compared to conventional LFA as presented in this
chapter, reaching a LoD of 0.6 ng/mL [193].

Also, in order to avoid situations where a single AuNP binds many
of the H IgG, which reduces the assay sensitivity, we could imagine low
antibody loading on the AuNP surface. This way, it would increase the
number of AuNP bound to H IgG. Of course, reducing the Ab coating of
the AuNP might lead to less probable binding to H IgG in the LFA flow,
such that it would be necessary to optimise the coating with respect to the
TL intensity [104]. It would also require a greater care of AuNP blocking
to avoid non-specific interations.

Finally, increasing the diameter d of the nanoparticle (e.g. up to 60 or
100 nm) would allow to increase the signal per AuNP and thus the color
density generated by the TL via an increased surface nanoparticle density
[194]. Therefore the LOD decreases, and scales like ~ d—31. However, scal-
ing of the AuNP also increases the degree of receptor interaction, i.e. the
AuNP will capture more analytes (which scales like ~ d?, decreasing the
sensitivity, leading to a global rule of LoD for colorimetric LFA in ~ d~ 1.
This latter capture effect may be avoided with less antibody coating on the
AuNP. [187]

Regarding the second option, it could be of interest to integrate external
transducers more sensitive to the AuNP presence at the TL, for example
by being sensitive to the AuNP that are accumulated deeper than 10 ym
in the NC at the TL (Figure 3.14), and thus non-visible at the naked eye or
with conventional camera [195, 149].
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Summary of chapter contributions

In this chapter, we exemplified the design, fabrication and optimiza-
tion of a colorimetric LFA based on gold nanoparticles for the detec-
tion of a simple model protein, human IgG, yet relevant because of the
ubiquitous detection of proteins and relatively small sized analytes in
LFA diagnostics.

The statistical analysis carried out for the colorimetric detection
of H IgG led us to derive the limit of detection and dynamic ranges
of the LFA, which shows a LoD of around 28 ng/mL and a dynamic
range that encompass 40-400 ng/mL. This is still 1 order of magni-
tude higher than other LFAs published in the literature, suggesting
optimization of our LFA is still possible.

In addition, we also converted this LoD in terms of the number
of AuNP accumulated at the TL. The derivation of this limit of detec-
tion in terms of the number of AuNP is of fundamental importance
in the understanding of the LFA limitations : the lowest number of
detectable analytes that is visible with a colorimetric LFA is limited by
the possibility of accumulated AuNP to be visible in the NC, which
depends primarily on the binding mechanim between the target and
the labels, and the AuNP properties, such as its size.

For 20 nm AuNP, it is therefore seen that the lowest number of
detectable AuUNP accumulated at the TL is about 10® — 108 at most.
Because of the unidealities in analyte-AuNP binding in the complex
environment of an LFA, one AuNP will never be attached to only 1
molecule to be detected. Instead, experiment showed that tens to hun-
dreds of molecules are actually required to bind one AuNP, such that
the lowest number of molecule that can be detected in LFA sand-
wich immunoassay format is in the range of 108-10!° molecules, i.e.
approximately in the ng/mL concentration range for proteins of the
size of human IgG.

Because many bioreceptor-target systems used in sandwich im-
munoassay behave just as protein-ligand interactions (e.g. IgG de-
tection with antibodies), it means that this range of LoD could be
extended to many systems that target such kind of analyte”. This is
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confirmed by the reviews on the topic [195]. However, in more com-
plex biological systems however, such as bacterial cell immunodetec-
tion, this rule is probably not valid anymore since the interactions are
of a different nature and the scale that are at play are completely dif-
ferent (a bacterial cell sizes in the ym range, i.e. 102-10% times larger
than a protein).

“This is valid for AuNP-based sandwich immunoassay. The LoD of competitive
AuNP-based LFAs, or other optical LFAs using fluorescent quantum dots or other
nanoparticles, could significantly vary.
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Phage-protein based LFA for
Bacillus cereus detection

(. 1

“(”Chapter objectives

In chapters 3 and 4, the LFA principles, advantages and major limita-
tions for the colorimteric detection of small sized analytes (proteins)
were studied. In this chapter, we explore how these findings could be
applied to the detection of pathogens, a much more complex biolog-
ical system, with colorimetric LFAs. A complete step-by-step devel-
opment of colorimetric LFAs for the detection of Bacillus pathogens
is proposed, from the selection and characterization of new, inno-
vative, bioreceptors (phage proteins) to the implementation of the
detection of Bacillus cells in simplified LFAs devices.

A manuscript gathering the collaborative research conducted in
this chapter is in preparation : G. Le Brun, M. Nuytten, A. Leprince,
M.-C. Eloy, D. Magnin, K. Glinel, A. Gillis, ]J. Mahillon, J.-P. Raskin.
Engineering bacteriophage-binding proteins for highly specific de-
tection of Bacillus cells with gold-nanoparticle lateral flow assay, in
preparation. Audrey Leprince and Manon Nuytten, from the Labora-
tory of Food and Environmental Microbiology (Earth and Life Insti-
tute, UCLouvain), identified, produced and characterized the phage

proteins, and performed the bioinformatic analyses.
N J
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Introduction and motivation

The detection and identification of bacterial pathogens in food and the en-
vironment have become of primarily importance for health and ecosys-
tem safety reasons [2]. The Bacillus cereus group includes several species
known for their pathogenic potential including the causative agent of an-
thrax: B. anthracis. Also, some B. cereus strains are commonly recognized as
food poisoning agents representing a serious threat in the food safety field
as their toxins were the most frequently reported cause of food poisoning
outbreaks in 2020 at the EU level (EFSA & ECDC icrobiolspec. GPP3-0032-
20). Conventional, standardized detection methods for B. cereus in food
and environmental samples, such as agar plate-based counting (ISO 7932),
require long incubation periods (up to 72h for the whole detection pro-
cess) and costly laboratory settings [196]. Since more than two decades,
the emergence of nanobiotechnologies, molecular chemistry processes and
functional nanomaterials have enabled the development of point-of-care
diagnostic biosensors to address these drawbacks, including LFAs.

As introduced in section 3.4, antibodies are still the gold standard biore-
ceptors for LFAs. Their limitations (variability in specificity and stability,
high prices due to dependency and high pressure on the suppliers, un-
ethical production process) especially highlighted during the COVID-19
pandemics, call for the urgent need to find alternatives to the Abs when it
comes to the development of new diagnostics tests.

In this chapter, we propose to replace antibodies with the specific bind-
ing proteins used by the bacteriophages for their adsorption on the surface
of bacterial cells. These affinity proteins can be engineered (customized
from their genetic sequences) and produced recombinantly, allowing for
a thorough investigation of the suitability of the engineered proteins as
bioreceptors for diagnostic purposes using LFAs. Their microstructural
characterization and engineering has been largely facilitated by the emer-
gence of accurate bioinformatics tools including AlphaFold2, the Deep-
Mind’s machine-learning protein structure prediction program that has
largely revolutionized structural biology [197].

In LFA, the most common immobilization method has always been di-
rect physical adsorption of the affinity bioreceptors to the nitrocellulose
(NC) assay membrane and strong adsorption to gold nanoparticles (AuNP)
detection labels, due to the suitability of antibodies (advantageous surface
charge and cysteine residues). However, the phage protein binding prop-
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erties were not assessed in detail to form LFA biointerfaces, or under LFA
working conditions. This lack of experimental data and understanding of
interactions occurring at the interface level reduces the ease of design of
phage protein-based LFAs, such that developers still uses phage proteins
as "black boxes" in biointerfaces. Since the performance of LFAs critically
depends on the immobilization of its bioreceptors to the NC membrane
and the AulNPs [175], studies drawn attention towards the importance
of comprehensive characterisation of bioreceptors both before and during
their implementation into LFAs to understand whether the selected biore-
ceptors exhibit the required binding properties (stability, strong binding
affinity and fast binding kinetics). [191, 176].

The aim of this work is to investigate and validate the use of phage
proteins as credible alternatives to antibodies for the capture and detec-
tion of whole-cell Bacillus in LFA formats.

Concept

In this work, we used two recently identified phage binding proteins as
specific bioreceptors for LFAs: the cell wall binding domain (CBD) of an
endolysin (PlyB221) and an evolved distal tail (EvoDit-Gp28), encoded re-
spectively by Deep-Blue [148] and Deep-Purple [141] bacteriophages tar-
geting B. cereus group. The phage proteins were selected based on their
host spectrum, their size and their binding efficiency on the bacterial cells.
Keeping in mind the specificities of the LFA settings, PlyB221 and EvoDit-
Gp28 were implemented into LFA capture and detection biointerfaces, re-
spectively. To assess their suitability as bioreceptors in LFAs, the need for
a thorough assessment of their binding properties motivated the use of a
panel of computational and experimental nanobiotechnology characteriza-
tion techniques, both at the microstructure and the biointerface levels. A
step-by-step approach was followed (Figure 5.1) :

1. First, activity and microstructural computational analysis of PlyB221
and EvoDit-Gp28 were performed to predict the protein molecular
structures and their binding orientation on nitrocellulose and gold
nanoparticles, respectively (Figure 5.1 a).

2. Then, we developed protocols for the optimal implementation of the
capture and detection biointerfaces. Their implementation was com-
plemented by detailed characterizations. Immobilization of PlyB221
on the NC membrane was assessed by fluorescence microscopy (CLSM)
in order to confirm preservation of binding functionalities through
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the specific capture of Bacillus cells (Figure 5.1 b). The proper con-
jugation of EvoDit-Gp28 to AuNPs, and the conjugate stability was
evaluated with UV-vis, DLS and TEM. Binding functionality and speci-
ficity of the protein-AuNP conjugates onto Bacillus whole-cells in con-
trolled buffers was also quantified by SEM (Figure 5.1 b).

3. Finally, we demonstrate the concept of direct and specific detection of
bacterial cells in controlled buffer in a simplified LFA format. A half-
stick assay based on gold nanoparticles for the colorimetric B. cereus
detection was used to assess the specificity of the protein biointer-
faces and to confirm their compatibility with the conditions encoun-
tered in a LFA (Figure 5.1 c).

In particular, we designed the phage-protein biointerfaces in order to
maintain the ease of use of the LFA, i.e. one of its bigger requirement to
reach practical uses. Indeed, Kong et al. already set up a prototype lateral
flow device based on the use of a single phage binding protein, an engi-
neered CBD of endolysins encoded by bacteriophage targeting B. cereus.
Although their research is promising as they reached functionality of the
CBD-based LFA, the quality of the biointerfaces made of the CBD were
poorly assessed (based on hypotheses only) and the use of a single phage-
protein did not allow them to develop a convenient LFA : operating the
device involves two separated steps and the replacement of the absorbent
pad (AP) in a vertical scheme, thus preventing a user-friendly operating.
Since not all the functionalities of Ab-based LFAs were substituted by their
work, further research was needed before claiming achievement of a fully
functional LFA based on phage proteins.

To the best of our knowledge, our approach of assessing and combining
multiple recombinant phage proteins as specific bioreceptors in AuNP and
NC-based LFAs have not been designed and demonstrated, particularly
for the phage distal tail (Dit) proteins which have never been used as LFA
bioreceptor. Our prototype lateral flow assay demonstrated the utility of
using two recombinant phage proteins to keep a user-friendly LFA format
suitable for the point-of-care, with minimal sample preparation and oper-
ations steps, thus overcoming the limitations of reported phage protein-
based LFAs. The approach described herein and our results are therefore
expected to expand the use of bacteriophage proteins for advantageous
biointerfaces in LFAs and paper-based diagnostics towards the specific de-
tection of other bacterial cells.
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a. Bioreceptors b. Biointerfaces c. Half-LFA device
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Fig. 5.1 Schematic of the chapter contributions. This study proposes the inte-
gration of two phage binding proteins as bioreceptors for AuNP-based LFA, and

investigates their binding properties at the a. molecular-, b. biointerface-, and c.
device-level.

5.3 Material and Methods

All the materials and methods are in the Appendices D.

5.4 Results

5.4.1 Phage proteins displaying binding properties

Investigation of engineered PlyB221 properties as capture receptor

PlyB221 is the endolysin encoded by the B. cereus Deep-Blue phage (Herelle-
viridae family). Its peptidoglycan-degrading activity, involved in phage-
mediated lysis of the bacterial host at the end of the phage replication cycle,
has been confirmed and characterized in a previous work [148]. PlyB221
was shown to display a broad activity spectrum (see Appendices Figure
D.2), targeting all the tested strains of the B. cereus group. PlyB221 turned
out to be active in a pH range from 6 to 9 and to withstand up to 200 mM
of NaCl without loss of activity. The binding activity of its Cell Wall Bind-
ing Domain (CBD), the domain of the protein responsible of its specificity,
was also confirmed through Cell Wall Decoration Assay (CWDA), fusing a
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green fluorescent protein (GFP)-tagged CBD adsorbed onto the bacteria.

Further in silico analysis, including protein structure prediction using
the machine learning method AlphaFold2 were performed (Figure 5.2).
PlyB221 CBD consists of two tandem SH3 domains (Figure 5.2 A-C). The
two tandem SH3 domains of PlyB221 CBD exhibit 76% amino acid se-
quence identity, and the predicted structure of the PlyB221 SH3 domains is
very similar to that of another endolysin encoded by a phage targeting B.
cereus (Figure 5.2 D). The CBD binds to the peptidoglycan (PG) at the bacte-
rial cell surface via the tandem SH3 domains conferring the host specificity
to the endolysin [198]. The whole structure of PlyB221 was predicted by
AlphaFold2 with high confidence (Figure D.3).

In this work, the capture agent used in the test line of the LFA is
6His::GFP::PlyB221 CBD (named PlyB221 hereafter; Molecular weight (MW):
20,5kDa; isoelectric point (pl): 5,79), which is basically the CBD of PlyB221,
N-terminally fused to a fluorescent GFP, and displaying a hexa-histidine
tag used for purification of the recombinant protein by affinity techniques.
The protein adsorption on NC membrane depends on various physiochem-
ical interactions between the two partners including electrostatic attrac-
tion, van der Waals interactions, hydrophobic interactions and hydrogen
bonding (section 3.6.3) [199].

Figure 5.2 E highlights the positive charges of the protein purification
tag (displaying a hexa-histidine tag) that are likely to interact with the
strong dipole (-) of the nitrate group of the NC membrane (electrostatic
affinity). Indeed, the purification tag contains ca. 2 times more positive
residues than the GFP and ca. 3 times more positive residues than the
CBD. Notably, at the pH used in the LFA, the side chains of Arginine and
Lysine are predicted to be positively charged. Figure 5.2 F shows a uniform
distribution of hydrophobic and hydrophilic residues between domains
which is therefore not likely to play a role in preferential binding of the
protein to the NC (ca. 85% of residues are hydrophobic or hydrophilic
residues in each domain).

Surface EvoDit-Gp28 cysteine residue binds to AuNP

The B. cereus Deep-Purple phage (Siphoviridae family) encodes an EvoDit-
like (evolved distal tail) protein termed EvoDit-Gp28 [141]. This protein
turned out to bind to numerous B. cereus strains. EvoDit proteins are doc-
umented as accessory proteins, assisting phage adsorption (phage binding
to bacteria followed by viral DNA injection into the host). Indeed, the re-
versible binding of EvoDit proteins are thought to allow the phage to be in
close proximity to the bacterial surface to facilitate the search for the spe-
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cific receptors that will be irreversibly linked by the phage receptor binding
protein (RBP).

Further bioinformatic analyses of EvoDit-Gp28 confirmed the presence
of a Carbohydrate Binding domain (CBM), comprising long stretches and
folds, which binds the bacterial cell surface (Figure 5.3 A-C). The predicted
structure of the EvoDit-Gp28 CBM fold is very similar to the CBM2 fold
of Lactobacillus casei phage J-1 (Figure 5.3 D) [200] The whole structure of
EvoDit-Gp28 was predicted by AlphaFold2 with high confidence (Figure
D.4).

In this work, the AuNP labels were conjugated with the 6His::EvoDit-
Gp28 protein, named EvoDit-Gp28 hereafter. As introduced in section
3.5.3, the orientation adopted by proteins on AuNP surfaces determines
its activity and interactions with bacteria or other living organisms. The
adsorption of proteins to AuNP is a three-step non-covalent process based
on a combination of three separate but dependent phenomena: (a) ionic in-
teraction between the negatively charged nanoparticle and the positively
charged sites on the protein; (b) hydrophobic attraction between the pro-
tein and the metal surface; (c) dative binding between the metal and pro-
tein cysteine residues in proteins, as it was shown that cysteine has the
highest affinity towards AuNP and can irreversibly oxidize on the AuNP
surface [166, 167].

As shown in Figure 5.3 E-F, the 6His purification tag of EvoDit-Gp28 is
predicted to be the part of the protein harbouring the most positive charges
(bottom-right part in Figure 5.3 E) whereas the galectin region contains
the most hydrophobic residues. Figure 5.3 G highlights the three cysteine
residues comprised in EvoDit-Gp28. Recently, Xu et al. (2022) have devel-
oped a model enabling high-throughput predictions of protein behaviour
on gold nanoparticles considering both residues affinity scale and surface
accessibility [201]. This algorithm was applied to EvoDit-Gp28 and pre-
dicted an attachment of the protein to the AuNPs by the Cys residue of
the 6His purification tag, located away from the bacteria binding surface
of the CBM, therefore leaving its access sterically unaffected (Figure 5.3 H).

The binding of the proteins used in this work (PlyB221 and EvoDit-
Gp28) to overnight B. cereus culture was confirmed through cell wall deco-
ration assays (Figures 5.4 A and 5.5 A). To further assess the specificity of
the binding events observed between the proteins and B. cereus cultures,
controls were performed by cell wall decoration assays with E. coli ATCC
8739 strains (insensitive to the parental phages), showing no binding to
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the bacterial surfaces (Figures 5.4 B and 5.5 B). Finally, the purity of the
recombinant proteins was evaluated by SDS-Page (Figure D.5).
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Fig. 5.2 In silico analysis of PlyB221. A. PlyB221 two domain organization. The
enzymatic active domain (EAD) domain is responsible for the bacterial cell lysis,
while the CBD domain (made of two SH3 domains) is responsible for the adsorp-
tion on the cell surface. B. Predicted PlyB221 CBD secondary structure. C. Ribbon
representations of SH3 domains predicted structures. The domain boundaries pre-
dicted by AlphaFold2 are indicated with dotted lines. D. Superposition of PlyB221
SH3 (pink) and LysPBC5 SH3 (grey) domaines. LysPBC5 belongs to another bac-
teriophage targeting B. cereus). E. Electrostatic surface potential distribution of the
PlyB221 CBD protein used as capture bioreceptor in our study. PlyB221 is fused to
a GFP and a His-tag for the protein purification. Blue and red indicate positive and
negative charge potential, respectively. E. Hydrophobicity coloring. Turquoise in-
dicates hydrophilic residues and beige lipophilic residues. Figures were generated
with ChimeraX [Pettersen et al., 2021].

132 |



Results | 5.4

1 182 435 495 aa

A. CBM2 phage J-1
S —

L )
belt Carbohydrate Binding Domain (CBM)

N =D — ey N m )
B. ﬁmz B3p4 B501B6 B7 B8 B9 Bi0 P11B12B130:2P14 P15P16
| 1
1 £ 1
D. | |
- C. !
Z-score: 22.6 (N :
, RMSD: 2.8 < 1
1 [Lﬁ \% RS, 1
1 1
1 1
PDB ID: 51Y8 | H
1 1
Hydrophobicity
E. G.

hydrophitic [ tipophilic

0‘*&%

," "
<

AuNP binding surface
(Cys residue)

Bacteria binding
surface

Fig. 5.3 In silico analysis of EvoDit-Gp28. A. EvoDit-Gp28 domain organiza-
tion. B. Predicted EvoDit-Gp28 CBM secondary structure. C. Ribbon representa-
tions of CBM domain predicted structures. The domain boundaries predicted by
AlphaFold2 are indicated with dotted lines. D. Superposition of EvoDit-Gp28 CBM
(pink) and J-1 EvoDit CBM2 (grey) domains. E. Electrostatic surface potential dis-
tribution of 6His::EvoDit-Gp28. Blue and red indicate positive and negative charge
potential, respectively. E. 6His::EvoDit-Gp28 hydrophobicity coloring. Turquoise
indicates hydrophilic residues and beige lipophilic residues. G. Surface and rib-
bon representations of 6His::EvoDit-Gp28 with cysteine residues highlighted in
green. H. Ribbon representation of the prediction of preferred bound surface of
6His::EvoDit-Gp28 on AuNP taking both the affinity scale and the surface acces-
sibility into account using blue to red scale (red highlighting the most preferred
bound surface) [201]. The accessible area of the protein calculation with NACCESS
stand-alone program is depicted by surface representation (Ding et al., 2006). Fig-
ures were generated with ChimeraX (Pettersen et al., 2021).
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Fig. 54 Cell wall binding assay of Deep-Blue PlyB221 to (A.) B. cereus ATCC
10987 and (B.) E. coli ATCC 8739 (control). The CBD of PlyB221 was fused to a
GFP tag to assess their binding capacities. Overnight cultures were incubated with
ca. 50 ug of proteins and observed using epifluorescent microscope. Fluorescent
revelation of bacterial shapes confirms the binding of GFP-fused PlyB221 onto B.
cereus bacterial surfaces, but not onto E. coli, suggesting that the binding specificity
of the phages proteins is retained when produced as recombinant proteins. The
overlays between the contrast phase and fluorescent images are shown in Figure A
(Image] treatment).

Fig. 5.5 Cell wall binding assay of Deep-Purple EvoDit-Gp28 to (A.) B. cereus
ATCC 10987 and (B.) E. coli 108 (control). EvoDit-Gp28 was fused to a GFP tag to
assess their binding capacities. Overnight cultures were incubated with ca. 50 ug
of proteins and observed using epifluorescent microscope. Fluorescent revelation
of B. cereus bacterial shapes confirms the binding of EvoDit-Gp28 onto bacterial
surfaces. The cell wall binding assay of Evo-Dit-Gp28 to E. coli shows negligible
green fluorescent background, therefore confirming the insensitivity of this strain
to the phage proteins. The overlays between the contrast phase and fluorescent
images are shown in Figure A (Image] treatment).
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5.4.2 PlyB221 coating on NC membrane as specific capture biointerface

Immobilised PlyB221 shows advantageous orientation on NC membranes

A consistent immobilization of PlyB221 onto the NC membrane is criti-
cal for the bioreceptor to maintain its original binding functionality, which
influences the binding performances of the test line of the resulting LFA
device, and consequently its sensitivity. Our previous bioinformatic anal-
yses strongly suggest an attachment of PlyB221 CBD to the NC membrane
through its purification tag, mainly through electrostatic attraction between
the positively charged residues of the purification tag to the negatively
charged NC membrane.

Regarding the preferential orientation of the CBD, i.e., the epitope ca-
pable of binding to the bacteria, it is important to note that the strong neg-
ative charges on the fused GFP could be responsible of electrostatic repul-
sion within the whole protein, promoting the unfolding of its different do-
mains. The GFP could therefore likely play the role of a "spacer” between
the purification tag attached to the NC membrane and the CBD, allowing
reduced steric hindrance of the CBD, and good orientationn for binding
to bacterial cells (Figure 5.6).

Similarly to the methodology used in section 4.2.4, we validated the
nitrocellulose membrane homogeneous functionalization with GFP-fused
PlyB221 proteins by fluorescence images in the membrane. By means of
confocal laser fluorescence microscopy (CLSM) experiments, we explored
the in-depth functionalization of the NC. Figure 5.7 A shows the charac-
teristic porous microstructure within the CN95 nitrocellulose membrane
revealed by the GFP-fused PlyB221. This confirms the SEM membrane im-
ages depicted on Figure 3.8 A. The size of Bacillus cells, about 0.5-1.0 ym
x 2-5 ym [202], and their tendency to form aggregates [203], justifies the
choice of the NC with large pore diameter since clogging and retention to
the membrane should be avoided.
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Fig.5.6 Preferred orientation of PlyB221 after immobilization on NC membranes.
Bioinfromatic analyses suggest that the adsorption of the protein onto NC is ther-
modynamically driven by the electrostatic attraction of the positively charged 6His
and negatively charged NC membrane. The GFP, strongly negatively charged
could act as a spacer, allowing good orientation and high accessibility of the pro-
tein binding domain (CBD) to the bacterial cells.

Binding properties of PlyB221 are retained after immobilisation

Then, in order to validate the preservation of PlyB221 binding functionali-
ties after immobilization, CLSM was used to visualise the capture of Bacil-
lus whole-cells within NC membranes. Bacillus suspension containing 107
CFU.mL! cells expressing the cyan fluorescent protein (CFP) were incu-
bated on previously functionalized NC membranes with PlyB221 proteins,
washed with PBS and observed with CLSM laser settings such as to cap-
ture both the wavelength emissions from the GFP-fused PlyB221 and CFP-
fused retained bacterial cells.

The visualisation of Bacillus cells in the pores, both within (Figure 5.7
B) and with 3D CLSM images (Figure 5.7 C) of the NC membranes sug-
gests strong affinity and robust capture of B. cereus cells by the PlyB221
biointerface. 3D CLSM images of the membrane were also acquired with-
out bacteria incubation (Appendices Figure D.6) to serve as control. Time
series images were also acquired over 60 seconds in order to assess the dy-
namic of the bacterial cell capture on the NC membrane (data not shown).
Although some bacteria may disappear from the microscope focus follow-
ing the natural convection of the buffer in the sample, the capture of most
bacteria was stable over time. SEM images of immobilized and fixed bac-
terial cells as a comparative visualisation technique confirmed the results
of fluorescent CLSM images (Figure 5.7 D).
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Fig. 5.7 Confocal laser scanning microscopy (CLSM) images of immobilized
PlyB221 binding proteins on the nitrocellulose membrane (green or turquoise) and
captured Bacillus whole-cells in the pores (blue). A. CLSM image of a functional-
ized membrane without bacterial cells (negative control). B. CLSM image of cap-
tured bacteria within the NC membrane (5 - 10 um deep). C. 3D image of the func-
tionalized NC membrane surface presenting captured bacterial cells, built from Z-
stack CLSM images on 15 ym height. D. SEM images of functionalized NC mem-
brane incubated with Bacillus cells. The compacted aspect of the NC results from
the glutaraldehyde fixing. In all the images, the bacterial cells captured at the sur-
face of the membrane pores are represented by white arrows.
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5.4.3 AuNP-EvoDit-Gp28 conjugates as specific detection biointerface

As AuNPs are the transducers of colorimetric LFAs, their morphology (shape,
size and size distribution) and optical properties are crucial to achieve the
sensitivity and reproducibility of the visual signal required by LFAs. In
addition, the immobilization of the detection bioreceptor, EvoDit-Gp28, on
the AuNPs must be carefully optimised to retain the AuNP properties and
the binding functionality of the EvoDit with Bacillus cells. Finally, the bind-
ing performance of the AuNP conjugates must be validated to ensure their
implementation in LFAs.

Based on previous works for the LFA detection of whole-cell bacteria
[47], 40 nm round-shaped AuNPs were selected as colorimetric labels to
build the detection biointerface. Their morphological properties were char-
acterized with TEM and DLS, while optical properties were characterized
with UV-vis. TEM images of the bare AuNPs confirmed their homoge-
neous and highly spherical shape (Figure 5.8 A), and further TEM image
analysis show an average diameter of 42.5 & 3.5 nm (Figure 5.8 B). DLS
experiments were also conducted on the bare AuNPs, confirming an av-
erage hydrodynamic radius of roughly 18 nm (Figure 5.8 D). The UV-vis
spectrum of the 40 nm AuNPs shows a sharp absorbance peak around 522
nm due to the SPR of the nanoparticles, meaning they emit a deeply red
colour (Figure 5.8 E and inset).

AuNP conjugation to EvoDit-Gp28

Next, we conjugated the AuNPs with the EvoDit-Gp28 binding proteins.
As introduced in section 3.5.3, electrostatic interactions dominate the early
stages of protein binding onto the AuNP surface, i.e., in the seconds to min-
utes range. Then, reorganization of the protein layer occurs to maximize
the number of favorable interactions. In the third step, a dative binding,
i.e. the formation of a strong thiol-gold bond between the protein cystein
residue and the AuNDP, definitively anchors the protein on the AuNP. Bioin-
formatic studies identified the Cys residue of the EvoDit-Gp28, located in
its 6His-tag region (Figure 5.3 G), concerned by the binding to the AuNP.
This ensures an ideal orientation of the EvoDit-Gp28 on the AuNP surface
since the CBM, responsible of the binding to the bacterial cell, is exposed
radially to the AuNP towards the outside of the surface, thus maximizing
binding probabilities. The conjugation process followed is depicted on Fig-
ure 5.9.

The optimisation (pH and protein concentration) of the AuNP conjuga-

tion with EvoDit-Gp28 binding proteins was performed via a gold aggre-
gation test (Appendices Figure D.7). Most stable conjugates for the lowest
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protein concentration was obtained at pH 8 with EvoDit-Gp28 concentra-
tion of 80 ug/mL. In LFA, the properties of the conjugated gold labels are
critical for a performing assay. We characterized the AuNP conjugates to
evaluate the conjugation process. TEM images showed blurred corona (~
10 nm thickness) around the AuNPs, which has already been previously re-
ported as successive protein layers adsorbed on the AuNPs (Figure 5.8 B)
[204]. The TEM images also showed repetitive occurrence of small aggre-
gates (2-10) of AuNPs, suggesting small aggregation during the conjuga-
tion process. This was supported by DLS experiments showing a slightly
higher hydrodynamic radius (around 42 nm) for the conjugated AuNPs,
associated with a broader range of small aggregate sizes (Figure 5.8 D).
Similar aggregation has already been reported for 40 nm AuNPs but other
bioreceptors (antibodies) [47]. The AuNPs-EvoDit-Gp28 shows a peak at
528 nm, i.e. a peak shift of 6 nm from the bare AuNP solution (Figure 5.8
E and inset). This shift reflects the binding of the proteins onto the AuNP
surface.

In addition, in order to prevent the non-specific adsorption of the AuNP
conjugates during the LFA operation, which could decrease the LFA sen-
sitivity and specificity, the AuNPs were consequently blocked with a BSA
layer (Figure 5.9). The adsorption of the BSA onto the AuNP surface was
characterized by UV-vis, showing a similar absorbance peak location than
conjugated AuNPs with phage proteins only (Figure 5.8 E and inset).

Finally, stability of the AuNP conjugates blocked with BSA was as-
sessed over one week by UV-vis. The absorbance peaks remained un-
changed (Figure 5.8 F), confirming good stability of the conjugate particles.
We did not test the stability over a longer period of time since the AuNP
conjugates were stored at most a few days before subsequent use in LFA
detection experiments.
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Fig. 5.8 Characterization of AuNP-EvoDit-Gp28 conjugates. A. TEM images of
the bare and B. conjugated 40 nm AuNPs with EvoDit-Gp28. C. Size histogram
of the bare AuNPs shown in A, obtained from TEM image treatment (Image]). D.
Size distribution by intensity of the hydrodynamic radii of bare and conjugated
AuNPs measured by DLS. E. Uv-vis spectra of bare AuNPs, AuNPs conjugated
with EvoDit-Gp28 and AuNPs blocked after conjugation. The slight shift of the
absorbance peak from 522 nm to 528 nm reflects the immobilization of the proteins
ot tl}e AuNP surface (inset). . Stability study of the AuNPs conjugates over one
week.
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Fig. 5.9 Conjugation process of AuNPs with EvoDit-Gp28. Bioinformatics stud-
ies showed that adsorption of the EvoDit-Gp28 onto the AuNPs occurs through the
most available Cystein group of the protein. This ensures an oriented immobiliza-
tion of the protein, with the CBM (rose domain, responsible of bacterial binding)
oriented outwards. The process conditions (pH and protein concentration) were
optimized, and bovine serum albumin (BSA) was added as blocking agent to pre-
vent non-specific binding in the LFA.
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AuNP labelling of B. cereus cells

Following successful AuNP bioconjugation to EvoDit-Gp28, we study the
extent of AuNP-labelling of the bacterial cells at the microscopic (biointer-
face) level. This section has three objectives :

1. to assess the functionality of the immobilized protein on the AuNP,
i.e. examine the performance of the interaction;

2. to evaluate the specificity of AuNP binding onto the bacterial surface;

3. to characterize the number of AulNPs bound to the bacteria cells.

While the first and second reasons are evident, the third relates to the
need to quantify the consistency of the AuNP adsorption onto the Bacil-
lus cells. As a reminder, in section 4.2.7 (chapter 4), we investigated the
LFA quantitative response calibration in terms of AuNP number for a sim-
ple and fairly predictable protein antigen-antibody, allowing to derive the
fundamentals detection limits of the system in terms of AuNP number. In
order to extend this methodology to the detection of pathogens, we need
to study and quantify the binding process of AuNP to the bacterial cells.

AuNP interaction with bacterial cell surface To examine the interaction
between EvoDit-Gp28 immobilized on AuNPs and bacteria in aqueous so-
lutions, conjugates AuNPs were incubated with bacterial suspensions. The
successful bacteria labelling with the AuNPs was confirmed by scanning
transmission electron microscopy (STEM) images of the incubated suspen-
sions, showing an interaction between the AuNPs and the bacterial surface
(Appendices Figure D.8). However, bacterial residues on the pictures com-
plicates the image analysis process.

In order to provide a better contrast between the cell surface and the AuNP,
and allow the AuNP quantification, the bacteria-AuNPs complexes were
fixed with glutaraldehyde in solution, which also implies several wash-
ing steps. Figure 5.10 A shows unlabelled bacteria, exhibiting a rod shape.
Bacteria are retaining their size and shapes after fixation. When in presence
of AuNP conjugates, the STEM pictures of fixed complexes clearly show an
in-homogeneous covering of the AuNPs on the bacterial surface (Figure
5.10 B and inset), with a high contrast. Since the bacteria labelled with
AuNPs where washed several time in buffers during the fixation process,
Figure 5.10 B shows that washings did not desorb the AuNPs from the cell
surface, indicating a strong interaction on the surface of the bacteria. TEM
images of AuNP binding onto bacterial cells were also previously reported
observed, with a lesser contrast though [205].
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A relatively random arrangement of AuNP binding on the bacterial
surface is observed, where we could have expected a distribution of AuNPs
more concentrated at the poles of the bacteria for example, which often
have more receptors accessible to bind antibody-conjugated nanolabels, as
shown by Russo et al. [206]. It is thus difficult to raise conclusion about the
surface repartition of the bacterial bioreceptors involved in EvoDit-Gp28
binding.

AuNP-EvoDit

Fig. 510 STEM images of glutaraldehyde-fixed bacterial suspensions. A. Unla-
belled bacteria, exhibiting a rod shape and sizes varying from 1 to 3 yum. B. When
incubated with AuNP conjugates, the STEM pictures of fixed bacteria highlight the
AuNPs (black spheres) strongly bound to the bacterial surface since the interac-
tion has withstood many washings. Use of glutaraldehyde fixation significantly
increases the contrast between bacterial cells and AuNPs conjugates.

AuNP labelling specificity Then, the specificity of the AuNP-labelling
onto Bacillus pathogens was assessed by comparing the extend of the AuNP
binding onto bacterial surfaces of different Bacillus strains. 107 CFU.mL~!
Bacillus thuringiensis (B.t.) AW43 cells, sensitive to the EvoDit-Gp28 (see
Figure D.2) were incubated with AuNP conjugates at DO9 to serve as refer-
ence. To prove the specificity, we incubated AuNP conjugates with Bacillus
weihenstephanensis (B.w.) KBA4, insensitive to EvoDit-Gp28 (Figure D.2), in
the same proportions. To study the extend of possible non-specific adsorp-
tion of AuNPs on the pathogens, we incubated B.t. AW43 with AuNPs
coated only with BSA, which shows no specific interaction with the bac-
terial cell surface receptors since it is used as blocking agent. Finally, a
negative control was included without AuNP conjugates. STEM images of
the fixed bacteria-AuNP complexes were recorded.

Figure 5.11 depicts qualitative observation and quantitative analysis
of AuNP-labelling on the bacterial strains. After recording STEM im-
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ages, image analysis (Image]) was performed on the high contrast images
to quantitatively measure the surface coverage of bacterial cells by AuNPs.
STEM images with reference B.t. AW43 show significant binding between
of the AuNP conjugate on the cell surface (Figure 5.11 C). Adhesion effi-
ciency is confirmed by statistical image analysis, showing 7.85 & 3.05 %
bact. surface coverage, or 0.13 4 0.07 yum? /bact. (Figure 5.10 D), with some
variation between bacteria.

Negative control pictures are not shown, but are highly similar to Figure
5.10 A. The tiny AuNP coverage of the bacterial surface measured with the
image analysis algorithm for negative control (0.19 4 0.23 % bact. surface
coverage, or 1.3 x 1073 £ 1.7 x 10~3 um? /bact., Figure 5.11 D) relates to
measurement errors due to the bacteria varying shapes, sometimes includ-
ing black area from outside the bacterial surface.

As depicted on Figure 5.11 A and D, the incubation of B.t. AW43 suspen-
sions with BSA-capped AuNPs significantly reduces the overall binding
(1.14 £ 1.69 % bact. surface coverage, or 2.4 x 1072 £ 4.6 x 1072 ym? /bact.)
as compared to B.t. AW43. The relatively high variability computed (pres-
ence of several outliers) and the image observation of a few yet relatively
large AuNP-BSA covered areas on the bacterial surface (black spots on
Figure 5.11 A) could be explained by medium-large size aggregates aris-
ing from the uncontrolled BSA coating, facilitating non-specific adsorption
onto bacterial cells due to their size.

Finally, the incubation of insensitive B.w. KBA4 with AuNPs significantly
reduces the binding proportion as compared to sensitive bacteria (0.49 +
0.47 % bact. surface coverage, or 9.1 x 1073 41 x 1072 um? /bact.), con-
firming the specificity of the conjugates (Figures 5.11 B and D).

To assess the significance of the AuNP binding between the different
controls and the reference, we performed a two-sample t-test on the % bac-
terial surface covered by the AuNPs. The statistical test confirmed that the
means of the AuNP binding coverage for B.t. AW43 do differ significantly
from the means of the control conditions (p-value < 10~ for each).

Taken together, our results suggest good binding functionalities of
the AuNP-EvoDit-Gp28, including sufficient EvoDit-Gp28 immobilization
orientation and preservation of their specificity. The slight adsorption of
BSA-capped AulNPs onto bacterial surfaces however raises attention to-
wards the possibility of non-specific adsorption, especially when consider-
ing the complex and uncontrolled environment of the LFA final device.
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Fig. 511 STEM images to assess the specificity of the AuNP labelling onto bac-
terial cells. Control conditions, including A. BSA-capped AuNP (without phage
protein bioreceptor) and B. B.w. KBA4 bacteria (insensitive to EvoDit-Gp28) were
compared to C. reference B.t. AW43 strain, sensitive to EvoDit-Gp28. D. The quan-
tification of the AuNP-labelling on the bacterial cells indicates significant reduction
of the AuNP binding events for the control conditions as compared to the reference
strain, suggesting binding functionality (strong adsorption and specificity) of the
prepared AuNP-EvoDit-Gp28 conjugates. Two separate experiments showing sim-
ilar differences were performed, and the data presented are means of n bacterial
cells. Significant shifts (** p < 0.001) are indicated. (Neg. control : negative control,
i.e. observation of reference strain bacteria without AuNPs)

AuNP labelling quantification In chapter 4, we proposed a quantitative
view of the AuNP number accumulation in the LFA and the correlation
with LFA signal intensity for a model antigen-antibody system with a sim-
ple interaction pattern (maximum two binding sites for the labels on the
protein due to a limited number of epitopes and its small size). However,
in more complex systems such as adsorption of AuNP coated with phage
proteins on large bacterial cells, which are ~ 10?-10° x larger than a pro-
tein, the rules derived in chapter 4 are probably not valid anymore since
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the interactions are of a different nature.

Indeed, bacteria likely have a large number of specific receptors acces-
sible for phage protein binding on their cell wall, allowing the binding
of many nanoparticles. To predict the amount of AuNP required to suffi-
ciently cover the bacteria and allow for the emission of light intensity, this
section calibrates the bacterial surface area covered for different concen-
trations of AuNP conjugates, or different AuNP Optical Densities (OD,
i.e. the measured absorbance of the AuNP conjugate at 520 nm).

STEM was used to further characterize the complexes that formed be-
tween the bacteria and different concentrations of AuNPs. In order to
mimic similar amounts of AuNPs and sample volume used in application,
e.g. in a 5mm wide LFA, we incubated 150 uL of overnight bacterial sus-
pensions with 35 yL of AuNP conjugates :

e The choice of overnight bacterial suspensions at 107 CFU.mL ™! is jus-
tified by the relevance of studying the binding of AuNPs for the extreme
case where bacteria would be the most numerous in the sample.

* The choice of the AuNP OD used for this study was based on previ-
ous experience and published works. The use of AuNPs at OD4 was
reported by Anfossi et al. [207] for toxin detection and by Bergua et al.
[47] for pathogen detection using 40 nm AuNP-based LFAs. Therefore,
we selected OD 1, 4 and 9 as a range to calibrate the bacterial surface
coverage.

As qualitatively shown on Figures 5.12 A-C, under these three condi-
tions, different amounts of adsorbed AuNPs were exhibited on the bac-
terial cell surfaces. Again, quantitative image analysis was performed to
quantify the bacterial coverage by AuND, expressed in [% bacterial surface
covered] and [;4m2 /bact.], depicted on the box-plot (Figure 5.12 D) and
reported on Table 5.1 for each AuNP OD used. We then computed the
number of AuNPs captured by each bacteria, and thus the proportion of
the initial AuNP solution that effectively bound on the bacterial cells of the
sample, for each OD (see Appendices D section 4.6.2 for the computations).

The bacterial surface coverage with AuNP determined in this section is
used to discuss the binding efficiency between AuNPs and bacteria. In-
deed, the number of AuNP bound per bacteria gives interesting insights
into the minimal number of bacteria required to generates colour at the
TL. While we have seen in the previous chapter that many proteins are
needed to transport a single AuNP to the TL and generate signal (in the
order of magnitude of 10> molecules), the dynamics are completely differ-
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Fig. 5.12 Calibration of AuNP binding to Bacillus cells qualitatively observed by
STEM images for different concentration of AuNPs: A.OD 1, B. OD 4 and C. OD 9.
Quantitative image processing permits the quantification of the AuNP labelling of
bacterial cells. Quantitative results are reported in Table 5.1. (OD: optical density.
n>100 for each condition, from two independent experiments)

ent in the case of pathogen-based LFAs. The results of our study show that
a pathogen can transport up to ~ 10> AuNPs if the initial concentration
of AuNP conjugate incubated with the bacteria is sufficient. Thus, a con-
sequent number of AuNPs accumulated at the TL will be achieved with
a much smaller number of pathogen targets in the sample than was re-
quired for the proteins (we estimated that 108-1010 protein analytes were
required in the sample to generate a visible signal via AuNP accumulation
at the TL). Given the different interaction dynamics of small proteins and
pathogens with their nanolabels, it can be reasonably be assumed that
the intrinsic detection limit of optical LFAs for whole-cell pathogen de-
tection will fall in the range 10*-10° bacterial cells per mL. This is indeed
a good picture of the LoD referred in the literature for whole-cell pathogen
detection with AuNP-based LFAs, without any visual signal enhancement
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strategy, summarized by Bergua ef al. [47] and in Table 3.1.

Finally, the proportion of bound AuNP can be used to assess the ideal
number of AuNP to be considered during the design of the LFA to achieve
consistent binding to the bacterial cell targets. According to Figure 5.12
and Table 5.1, it seems that AuNP conjugates at OD 9 is appropriate in
order to significantly cover the bacterial surface, and that the AuNPs must
be added in excess to obtain a relatively similar ratio of adsorbed AuNPs
to bacteria for every detection experiment [205].

AuNP  AuNP number Bact. cover. Bact. cover. Numb. AuNP AuNP

OD [#/sample] [% bact. surf.] [ym2 /bact.] [#/bact] bound [%]
1 3.15 x10° 2.54+218 0.044 +0.04 35432 1.67
4 1.4 x1010 3.92 +1.67 0.066 +0.03 53 £25 0.38
9 3.15 x 1010 7.82 +3.05 0.13 £ 0.072 103 +58 0.17

Table 5.1 Calibration of AuNP binding to bacterial cells, corresponding to the
results depicted on Figure 5.12. The number of AuNP bound to the bacteria was
computed from the bacteria surface area covered by the AuNPs. By knowing the
initial bacterial cells and AuNP numbers in the incubated samples, the proportion
of initial AuNP solution bound to the bacteria surface was expressed, highlighting
a low efficiency binding (< 1 %), probably due to the size difference between the
bacterial cells and the AuNP labels. Computations are reported in Appendices
4.6.2. (OD: optical density, Bact. cover.: Bacteria surface coverage)

Proof-of-concept of Bacillus whole-cell detection in LFA format

Finally, in order to check the compatibility of the phage protein biointer-
faces and binding performances with the condition encountered in a LFA
(i.e., under a constant flow within a nitrocellulose membrane), we used the
half-stick assay format to perform the detection of whole-cell.

Establishment of a half-stick LFA

The use of dotted half-sticks rather than full LFA is recommended in our

case as they are fast to prepare, they offer versatility in determining the

most appropriate detection protocol and smaller reagent amounts are re-
quired (taking into account that the phage proteins were expressed and
purified in our lab facilities) [176]. The half-stick consisted in a nitrocellu-

lose membrane assembled with cellulose sample pads (Figure 5.13 A):

* As reported by Bergua et al., due to their large sizes, the proper flow
of whole-cell bacteria is challenging and must be optimized by select-
ing the appropriate nitrocellulose membrane. To this end, we selected
two nitrocellulose (NC) membranes based on their mean pore size and
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pore sizes distribution that could allow the flow of large bacterial cells
(CN95 and CN140, see section 3.6.2). NC membranes were adhered to
laminated cards .

* Absorbent pad (AP) made of cellulose membrane was assembled on the
laminated card, overlapping 2 mm with the NC membrane. Regarding
the vertical disposition of the half-stick, in order to provide enough bed
volume and prevent a quick decrease in the necessary flow to drive the
bacterial cells to the test area, we assembled two consecutive pieces of
AP in a row at the end of the strip. Then the card was cut into 5 mm-
wide lateral flow strips.

* The test line, or testing area on the NC membrane was formed by manu-
ally dropping 0.3 uL of GFP-PlyB221 solutions at 1 mg.mL~! onto nitro-
cellulose half-sticks as Test Dots (T-Dot), and then dried for 1h at 37°C.
This avoids the use of test line dispensers which consume significantly
more capture receptor solution.

* Since the objective of the half-stick study is to assess the binding prop-
erties of the developed phage binding-protein biointerfaces in a LFA
format, we did not include a proper control area made of specific biore-
ceptor for the capture of the detection bioreceptors. Rather, to evaluate
the binding performances we compare the signal intensity of the T-Dot
with the intensity of a downstream circular area of the size of the T-Dot,
which is considered as background signal intensity from the membrane.
The background signal intensity is thus subtracted from the measured
T-Dot signal in order to obtain the T-Dot Peak Value used to compare the
different LFA detection conditions.

* The detection protocol consisted in incubating 150 uL of the bacterial
suspension of interest with 35 yuL of AuNP-EvoDit-Gp28 (prepared as
in section 5.4.3) in a 96-well plate during 5 min to allow for binding of
AuNP conjugates on the bacterial cells. Then, the half-stick dotted strip
was immersed vertically in the well. After 15 min, the T-Dot color in-
tensity was stable, the half-stick were scanned with a professional reader
and the images analysed with Image].

Half-LFA optimization

We optimized the half-stick assay in terms of the NC membrane for ap-
propriate flow by testing the half-stick performance for different Bacillus
strains sensitive to the phage-binding proteins, Bacillus thuringiensis (B.t.
AWA43) and two Bacillus cereus strains (B.c. ATCC10987 and B.c. VD021).
Figure 5.13 B depicts the T-Dot intensity values resulting from the half-stick
assay for the CN140 and CN95 NC membranes, in a relative scale with re-
spect to the T-Dot intensity value of the CN95 membrane. Indeed, CN95
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membrane provides the highest sensitivity for the detection of 10° and 107
CFU.mL~! bacterial suspension, for the three tested Bacillus strains. CN140
membranes were showing retained red color at the bottom of the half-stick,
suggesting partial clogging of the pores due to bacterial cells. In general,
many strips showed partial clogging of the pores at the bottom of the stick
when testing the 107 CFU.mL ! bacterial concentration. Therefore, the de-
gree of overlapping between the conjugate pad and the NC membrane will
be critical for an optimal flow of the bacteria and the AuNPs between the
pads, and must therefore be considered in the full LFA format.

Sensitivity estimation

The half-stick assays, i.e. a prototype lateral flow assay using the phage
binding proteins, shows the ability to significantly detect 10° and 107 CFU.mL !
bacterial suspension in 15 min (Figure 5.13 C). The blank signal corre-
sponds to the T-Dot intensity signal for half-stick assessed without bac-
terial cells in the tested sample. Although B.t. AW43 shows slightly lower
T-Dot intensity, the successful detection of the three tested Bacillus strains
proved the versatility of the prototype LFA for the rapid detection of whole-
cell Bacillus pathogens in suspension. Since the quantification of such whole-
cell pathogen AuNP-based LFA should fall around 10*-10° CFU.mL~!, we
should test lower concentrations of bacterial suspension to confirm our hy-
pothesis and determine the LoD of our prototype LFA.

Half-LFA specificity towards B. cereus

Finally, we assessed the specificity of the half-stick detection towards Bacil-
lus cells. To this end, we selected different bacterial species, Bacillus pathogens
from the same genus but non-specific, i.e. Bacillus subtilis (B.s. Bs168), and
pathogens from other genus and therefore non-specific as well the phage
binding proteins, i.e. Staphylococcus epidermidis (S.e. ATCC12228), showing
strong reduction of the binding at the T-Dot, and hence its signal inten-
sity. However, signal is not always as low as the blank (negative control),
meaning that non-specific binding occurs between the AuNP conjugate,
the control strains and the PlyB221 capture bioreceptors. In order to study
the non-specific interactions in the LFA format, we also tested the detection
of all the strains at 107 CFU.mL~! with BSA-coated AuNPs. The signal in-
tensities are reduced as compared to the detection of the sensitive Bacillus
strains since the BSA is insensitive to the bacteria, but the residual signal
indicates that non-specific adsorption still occurs, supporting the results in
Figure 5.11 showing a few but significant non-specific adsorption of BSA-
coated AuNP on the bacterial surfaces. This should be further optimised
by membrane blocking with BSA, for example.
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Fig. 5.13 Half-stick testing for phage-protein binding assessment in LFA format.
A. Schematic representation of the test dot based on half-stick LFA : PlyB221 pro-
tein was manually dropped on the NC membrane as capture bioreceptor at the test
dot location. Half-stick testing was performed by dipping the strip in the sam-
ple previously incubated with the AuNP detection conjugate. B. Half-stick testing
with CN140 and CN95 NC membrane reveals that CN95 is more appropriate to
whole-cell bacteria flow as its T-Dot intensity is twice as strong as that obtained
with the CN140 membrane, most probably due to its larger pores. C. The detec-
tion of 10° and 10 CFU.mL™! suspension of the three Bacillus strains (B.t. AW43,
B.c. ATCC10987 and B.c. VDO021) with respect to blank (no bacteria, neg. con-
trol) confirmed the good binding properties of the phage proteins in a prototype
LFA format. Significant results (*p < 0.05, **p < 0.01) are indicated. D. Different,
non-sensitive to phage proteins, bacterial species were tested for the specificity val-
idation of the half-sticks. In addition, AuNPs coated with BSA were tested to eval-
uate the non-specific adsorptions. Although signal intensities were significantly
reduced for the controls, they remained a bit higher than the negative controls, in-
dicating remainning non-specific adsorption of the pathogens in the strips. All the
conditions were tested with triplicate half-sticks (1 = 3). Experiments B and (C-D)
were performed using different batches of half-sticks.

| 151



5.5

5 | Phage-protein based LFA for Bacillus cereus detection

Discussion

Recombinant phage affinity proteins represent a useful class of affinity
proteins that have thus been far under-utilized in paper-based diagnos-
tics. Phage affinity proteins can be expressed recombinantly in bacterial
cells (produced by self-replication in bacterial cells, followed by purifica-
tion), making them a simpler, lower-cost and more sustainable alternative
to the animal-based production of antibodies customarily used in lateral
flow-based diagnostics [191]. In addition, their detailed characterization
showed that they present high affinity to the bacterial cells and could dis-
play broader host activity spectrum than their parental phages, the latter
being often so specific that they only target a subset of one bacterial species
[148]. Phage proteins are therefore expected to be promising bioreceptor al-
ternative to antibodies for use in LFA formats.

Here, we have leveraged the customizability of recombinant affinity
proteins isolated and characterized encoded by bacteriophage targeting
B. cereus cells to develop biointerfaces made of these endolysin CBD and
evolved distal tail (EvoDit) proteins onto nitrocellulose and gold nanopar-
ticles, respectively, for the detection of whole-cell B. cereus in colorimet-
ric lateral flow assays. The proteins used in this study are encoded by
two bacteriophages, Deep-Blue and Deep-Purple, whose infection activity
was proved by activity and binding experiments against members of the
B. cereus group.

First, we used recently developed bioinformatic algorithms in order to
predict the microstructure of the phage protein and their preferential ori-
entation on the biointerfaces. In particular, it demonstrated the oriented
affinity for the EvoDit protein to bind on gold nanoparticles.

Then, we developed and assessed the capture and detection biointer-
faces on the nitrocellulose membranes and AuNPs, respectively. In par-
ticular, we performed a quantitative analysis of the number of AuNP that
could bind to each bacterial cell, in order to derive a model of the AuNP
conjugate binding affinity to the cells.

In presence of AuNP conjugate in excess, we showed that ~ 100 AuNP
could bind to each bacterial cell. However, since every bacteria expresses
its specific binding receptor in a different way on its cell membrane, and
probably in a different proportion, care must be taken about the general-
ization of these results to others systems or even to other Bacillus strains.
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Ideally, the quantitative relationships outlined in this chapter on the bind-
ing of AuNDPs to bacteria must be reconsidered for each new system stud-
ied.

Nevertheless, based on this number of AuNP bound to each bacterial
cell, and the minimal number of accumulated AuNP required at the TL
to show colorimetric signal found in chapter 4, we derived the theoretical
limit of detection of whole-cell pathogen detection in AuNP based LFA,
ranging from 10%-10° bacterial cells per mL.

As mean of comparison, the rapid SARS-CoV-2 antigen test can detect
virus at the levels equivalent to approximately 10° to 10° SARS-Cov-2 vi-
ral genome copies per millilitre, i.e. 10° to 10° virus particle per mL [208].
Viruses are ~ 10 X larger than a protein (between 50 and 140 nm for SARS-
CoV-2virus), or ~ 10 x smaller than the bacterial cells studied in this chap-
ter. Their binding process to specific AuNPs should therefore be different
than nm-sized proteins or ym-bacteria. In this case, we can assume that
several AuNPs could bind to a single virus, explaining that the detection
of viruses requires a smaller number of molecules than proteins, and hence
show lower LoD than proteins in terms of molecule number. However,
due to their smaller size, the number of AuNP bound to the viruses should
be significantly lower than than of whole bacterial cells. This could explain
the 10-102 x lower LoD (in molar terms) for bacteria than the LoD reported
for viruses.

Finally, as introduced in section 3.4, effective bioreceptors in LFA need
three main characteristics: stability, a fast association kinetics and strong
binding affinity for the target molecule. While the stability of phage binding-
proteins has been shown by previous studies [148, 209], and the strong
binding affinity in the form of LFA biointerfaces has been studied and
demonstrated experimentally in this chapter, the association kinetics for
the target cell surface receptors needs to be determined to fully character-
ize the binding properties of the phage proteins as bioreceptors in LFAs.
To support our experimental results on the phage protein binding proper-
ties and justify their use as biointerfaces, their binding affinity constant
Kp could be determined. Although this requires advanced biotechnol-
ogy techniques, and this characterization is not fully within the scope of
this thesis, a literature analysis of the affinity constant of phage binding-
proteins has been performed in order to allow quantified comparison with
other affinity systems (Figure 5.14). In particular, the Kp of several phage
endolysin CBD have been reported by Schmelcher ef al. [210, 211] and
Kong et al. [130], indicating that CBDs feature and strong binding affinity
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(Kp values of pico- to nanomolar range) to bacteria, in addition to their
high specificity. Figure 5.14 shows that Kp values for CBD lie in the range
of Kp values typically reported for antigen-antibody system, the gold stan-
dard in affinity immunoassays. This, in addition to the results reported
in this chapter, suggests that the phage binding proteins are indeed very
promising alternative candidates to antibodies for bioreceptors in LFAs.
No Kp values for distal proteins such as the EvoDit have been reported so
far in the literature. This could be a research direction of great interest for
the microbiologists involved in bacteriophage binding protein identifica-
tion and characterization.

Typical receptor-ligand interactions

CBD-bacteria
(reported in litterature) Slequence-specific protein-DN/‘\

Antibody-antigen

Biotin-avidin

[
= Enzxme—substrate
L \H\Hi Y] B S T R S S TTT] B S T R S S U T T] S S U T T S S A TTT] S S U T TR S S W A TTT] B T TR S S A T YT BTSSR AT
1076 107 1072 1010 10°® 10° 10 102
high affinity Protein dissociation constant Ky [M] low affinity

Fig.5.14 Binding affinity constants of major protein-ligand complexes. The Kp of
several phage endolysin CBD was reported in the literature, indicates strong bind-
ing affinity to bacteria. Kp values for CBD lie in the range of Kp values typically
reported for antibody, which are currently the mainstream bioreceptor technology
(Kp for IgG antibody extracted from LFA detection experiments in chapter 4 is ~
10~ [M]), suggesting their use as performing bioreceptors in LFAs. Partly inspired
from [7].

Conclusion

Taken all together, the results presented in this study demonstrated the
potential of recombinant affinity phage proteins as capture and detection
biointerfaces in LFAs for whole-cell pathogen detection. The use of two
different phage proteins allowed to overcame the limitations displayed by
the other study using phage proteins within LFA [118], which had a much
less suitable mode of operation for PoC detection due to the use of the same
CBD as capture and detection bioreceptor. While the advantageous bind-
ing properties of the phage-proteins were thoroughly characterized and
demonstrated at the molecular-, biointerface- and LFA device-level, their
performance in terms of LFA LoD still need to be validated against tra-
ditionnal antibody-based methods. This way, the next work should focus
on the determination of the assay ultimate LoD towards B. cereus detection.
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Because recombinant phage proteins can be produced in large quanti-
ties and show very good binding affinity to their host, the results of this
study strongly support their large usage as bioreceptors instead of the cur-
rently used antibodies in pathogen LFAs.
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Impedance detection of
pathogens in nitrocellulose

(. 1
“(” Chapter objectives

In chapter 5, we introduced the design of paper-based colorimetric
LFA for pathogens detection. Our results showed that the intrin-
sic limit of detection of AuNP-based LFAs for whole-cell pathogen
detection are constrained to ~10°> CFU.mL~!. This limits their prac-
tical uses in many application, such as pathogen diagnostics of wa-
ter environments that need to detect much lower thresholds. In or-
der to decrease the paper-based sensor limit of detection, a higher
sensitivity to the targeted pathogen is required. Possible solutions
highlighted in the previous chapters include either time-consuming
sample pre-enrichment steps, or the use of more sensitive transduc-
tion mechanisms than colorimetry, such as electrical transducers that
have shown excellent sensitivities to their environment [13]. The
purpose of this chapter is to initiate the accommodation of electri-
cal transducers to the complex and highly inhomogeneous medium
of porous paper substrates towards the detection of pathogens.

This chapter is partly adapted from [94], a journal publication re-
sulting from a solid collaboration with Margo Hauwaert in the con-

L text of her master thesis [212]. )
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Abstract

Paper substrates are promising for development of cost-effective and ef-
ficient point-of-care bio-sensors, essential for public healthcare and envi-
ronmental diagnostics in emergency situations. Most paper-based biosen-
sors rely on the natural capillarity of paper to perform qualitative or semi-
quantitative colorimetric detections. To achieve quantification and better
sensitivity, technologies combining paper-based substrates and electrical
detection are being developed. In this work, we demonstrate the poten-
tial of electrical measurements by means of a simple, parallel-plate elec-
trode setup towards the detection of whole-cell bacteria captured in nitro-
cellulose (NC) membranes. Unlike current electrical sensors, which are
mostly integrated, this plug & play system has reusable electrodes and
enables simple and fast bacterial detection through impedance measure-
ments. The characterized NC membrane was subjected to (i) a biofunction-
alization, (ii) different saline solutions modelling relevant water samples,
and (iii) bacterial suspensions of different concentrations. Bacterial detec-
tion was achieved in low conductivity buffers through both resistive and
capacitive changes in the sensed medium. To capture Bacillus thuringiensis
cells, the model microorganism used in this work, the endolysin cell wall
binding domain (CBD) of Deep-Blue, a bacteriophage targeting this bac-
terium, was integrated into the membranes as recognition bio-interface.
This experimental proof-of-concept illustrates the electrical detection of
~107 CFU.mL~! bacteria in low-salinity buffers within 5 min, using a very
simple setup. This offers perspectives for affordable pathogen sensors that
can easily be reconfigured for different bacteria. Water quality testing is a
particularly interesting application since it requires frequent testing, espe-
cially in emergency situations.

Keywords paper-based sensors; nitrocellulose; impedance measurements;
dielectric properties; parallel-plate electrodes; interdigital electrodes; en-
dolysins; Bacillus thuringiensis.

Introduction

The benefits of paper, or paper-derivative, such as capillarity, ease of biore-
ceptor functionalization, low price, straightforward handling and manu-
facturing made it a valuable platform for biodetection assays as presented
in chapter 3 for the LFA. In order to enables new functionalities (sam-
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ple pre-treatment, multi-reactions or multi-detection schemes), the highly
simple structure of the LFA (1-dimensional fluid transport) have recently
evolved into microfluidic paper analytical devices (1PADs), introduced
by Whitesides in the 2000’s [213], presenting more complex structures en-
abling 2- or even 3-dimensional fluid transport.

The opportunities offered by the uyPADs functionalities include the inte-
gration of new transducers to complement the conventional colorimetry,
such as electrodes, enabling the design of new microfluidic paper electro-
chemical devices (yPEDs) that are performing electrochemical detection of
bio-analytes on paper substrates.

Conventional electrical biosensors rely on the monitoring of changes
in material electrical properties when bacteria bind in close proximity from
the surface of, e.g., interdigital electrodes (IDE) designed on a solid sub-
strate (e.g. silicon, glass, plastics). These biosensor benefit from advanced
microelectronic manufacturing and materials, enabling the manufacture of
electrodes on a microscopic scale, i.e. in the order of magnitude of the
size of pathogens, making it possible to be sensitive to these contaminants
[13,214,215]. The signal response, often proportional to the number of bac-
teria, is used as an electrical fingerprint of the sample to provide fast, pre-
cise and quantified information about the bacteria presence in water. Im-
pedimetric pathogen sensors based on microelectronics technologies can
reach LoD as low as 10> CFU.mL ™! in short time period (e.g. 20 min) for
label-free detection of whole-cell pathogens. For a comprehensive review
of microtechnology-based impedimetric pathogen biosensors, see [13].

However, particular mechanisms of electron transfer between electrodes
and specific bacterial cells, as well as within the cells, are still under fun-
damental studies in bioelectrochemistry [216]. Further, the production and
usage of electrical biosensors face significant obstacles. Grafting a biorecog-
nition layer, e.g., bacteriophages, phage-proteins or antibodies, on the sur-
face of conventional surface-based electrical biosensors faces problems such
as reproducibility, uniformity and stability over time [95]. The functional-
ization protocol needs to be adapted to every surface material and grafting
molecule. In addition, the capture percentage of bacteria by the biorecog-
nition layer is relatively low since only bacteria in close vicinity to the
surface bind to the specific receptors. Many of the target pathogens are
thus flowing over the electrode without binding, decreasing the sensor
sensitivity. Finally, conventional surface-based electrical biosensors utilize
gold electrodes functionalized with bioreceptors/antibodies using classi-
cal thiol chemistry, introduced in section 3.4 for the coating of nm-sized
AuNPs [217, 218]. However, insufficient chemical stability of thiolates on
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large planar surface area is one of the most serious problems for their ap-
plications in ambient and aqueous environments [219].

Despite the aforementioned drawbacks of both individual sensing tech-
nologies, studies have shown that the integration of highly sensitive elec-
tronic transducers with yPADs! is an attractive approach to circumvent
these drawbacks and capitalize on the advantages of paper substrates and
electrical biosensors [54]. Given the favorable electrostatic properties of
nitrocellulose, bioreceptors can be readily immobilized through the whole
pore volume of the paper membrane, thus drastically increasing the num-
ber of interactions with targeted pathogens. Unlike surface-based meth-
ods, electrical measurements taking advantage from paper-porosity thus
allow to quantify the number of bioreceptor-bacteria conjugates in the whole
tested sample volume. However, the development of electrical paper-
based sensors remains very challenging for two main reasons :

1. Due to significantly different properties of paper-based and more
conventional substrates for electronic circuits, innovative design meth-
ods are needed. Alternative manufacturing techniques, e.g., con-
ductive ink-based inkjet- or screen-printing to manufacture sensors
such as IDE, are being explored towards integrated sensing devices
[31, 55, 220]. However, integrating electronics on paper substrates
shows difficulty of implementation because of the inhomogeneous
nature of the paper, resulting in low electrode resolutions (~ hun-
dreds of ym) and high electrical resistances [221] with respect to the
classical design of microelectrodes suitable for bacteria sensing (~ a
few ym finger gaps) [13].

2. Prior works that attempted to accommodate electrical bacteria detec-
tion on common uPADs were mostly based on direct charge trans-
fer measurements [222, 49]. However, these require cumbersome re-
dox probes. Furthermore, electrical measurements are influenced by
the ionic strength of the analyzed solution. Direct current measure-
ments are particularly affected by this ionic background noise, since
they only measure the solution resistance, inversely proportional to
the number of ions. When dealing with aqueous samples presenting
varying electrical conductivities, it is therefore challenging to cali-
brate the sensor and to differentiate the electrical response of target
compounds from the electrical background signal.

Contributions In this chapter, we address the aforementioned challenges
by emphasizing three contributions towards paper-based electrical biosens-

IThis way, uPADs become microfluidic paper electrochemical devices (#PEDs)
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ing for simple and rapid bacteria detection in water :

1.

First, we propose a paper-based electrical sensor design profiting
from the porosity of the NC membrane to capture whole-cell bac-
terial suspensions with a high efficiency into the membrane pores.
The membrane is functionalized with the endolysin CBD (PlyB221)
introduced in chapter 5. Bacillus thuringiensis [148] were used as tar-
get pathogen in this work. This sensor design ensures high efficiency
binding and immobilizing capacity towards this specific bacteria, en-
abling further volume-based electrical measurements.

. Second, we demonstrate the relevance of the simple parallel-plate

setup presented in [93] to accomodate electrical detection on paper-
based substrates. This common material dielectric measurement sys-
tem can be judiciously used as sensor to perform electrical measure-
ments on NC membranes inserted in between the electrodes. This
plug-and-play setup eliminates the unpractical need to integrate elec-
tronics components directly onto the paper matrix.

. Third, non-Faradaic impedance sensing is proposed to monitor the

porous NC membrane permittivity changes caused by various elec-
trolyte solutions. Since no electron transfer occurs at the electrode
surface, changes in electrical properties are mainly observed through
volumic impedance properties. By measuring the later with an AC
signal, both resistive and capacitive properties are estimated at high
frequencies, which enables the label-free and non-intrusive detection
of bacteria immobilized by specific bioreceptors. Indeed, their pres-
ence in the membrane affects both the global conductivity and per-
mittivity [13].

This chapter is organized as follows :

1.

We begin by introducing the principles of the electrical impedance
spectroscopy (EIS) used in the chapters 6 and 7.

Then, we electrically characterized the biointerface formed by the
phage proteins on the nitrocellulose membrane.

In order to characterize the system behavior and ionic noise for aque-
ous solutions with different ionic strengths, we then analyzed and
calibrated the sensor response and resolution to dilutions of saline
solutions, used as models of real aqueous samples. An equivalent
electrical model of the sensing system was developed to quantify the
impact of ionic concentration on the total measured impedance.

Then, the sensing principle was validated in the presence of bac-
terial cells. A proof of concept of the simple and rapid (< 5 min)

| 161



6.3

6 | Impedance detection of pathogens in nitrocellulose

parallel-plate biosensor was demonstrated by detecting B. thuringien-
sis cells in low-conductive buffers.

5. Finally, the bacterial detection results with the plug & play parallel-
plate setup were compared with a planar fringing field electrodes
system, composed of IDE directly applied on a single side of the NC
membrane. The sensing principles of both parallel-plate and IDE de-
vices were modeled and analyzed using small-signal electrical equiv-
alent circuits, highlighting the contribution of ions in both bacterial
detection mechanism. Their potentials, advantages and limitations
are also discussed.

Impedance spectroscopy for pathogen biosensing

The theory elements of this section are gathered from several sources, which
can be consulted for a deeper understanding of the complex impedance be-
haviour or for numerous examples of applications for pathogen biosensing
[223, 224, 225, 226, 227, 228, 229, 230, 231, 232, 233], and from recent works
in our laboratory [13, 212].

Impedance spectroscopy is a powerful technique to investigate the elec-
trical properties of materials, or the features of surface-modified electrodes.
In impedance-based detection systems, a small-amplitude perturbing sinu-
soidal (AC) voltage signal of amplitude V} is applied over a range of fre-
quencies via one electrode to the electrochemical cell, comprising the elec-
trodes and the system under test, and the resulting AC current response is
measured using a second electrode and characterized by an amplitude I
and phase 6 with respect to the excitation signal. The complex impedance
Z(w) is calculated as the ratio between the complex system voltage, V (jw),
and the complex current, I(jw), the latter being generated by a impedance
analyzer (or frequency response analyzer) during the experiment :

Vijw) = Vet
I(w) ~ Iy e

Z(jw) = 6.1)
with w = 27rf the angular frequency, or pulsation, and have units of
rad.s~! and f the excitation frequency in Hz.

In biosensing applications, the derived impedance is representative of
the electrical signature of the sample at a certain time, and its dynamic.
For example, minute changes of the complex impedance Z(w) are moni-
tored when biological species bind between the electrodes. Two transduc-

162 |



Impedance spectroscopy for pathogen biosensing | 6.3

tion mechanisms using impedance are distinguished: (i) electrochemical
impedance spectroscopy, which utilizes electrochemical reactions from re-
dox probes (electroactive species such as [Fe(CN)s]>~747) to quantify the
electron transfer through the charge transfer resistance R, (Faradaic) and
(ii) electric impedance spectroscopy, which involves no electron transfer
between the two electrodes (non-Faradaic). For EIS involving electrochem-
ical reactions, it is critical to control the electrolyte potential to have repro-
ducible results. In that case, the impedance is measured between a counter
(CE) and a working electrode (WE), while a reference electrode (RE) main-
tains a constant potential in the electrolyte thanks to a potentiostat. In the
case of non-faradaic electrodes, the solution potential does not necessarily
need to be controlled since no electrochemical reactions occur. As a result,
a two electrode system is sufficient to probe the system impedance [13].

In impedance sensing, two graphical representations of the complex
impedance Z(w) are typically used and come from two possible decompo-
sitions of Z(w):

Z(w) = |Z(w)|- ) 6.2)
Re(Z(w)) + jIm(Z(w)) 6.3)

The complex impedance can be presented as the sum of the real, Re(Z(w)),
and imaginary, Im(Z(w)) components that originate mainly from the re-
sistance and capacitance of the cell, respectively. Based on equation 6.2,
Bode plots represent the impedance modulus |Z(w)| and phase 67(w) in
function of the frequency f. The Nyquist plot, also called the Cole-Cole
plot, is based on equation 6.3 and represents the opposite imaginary part
—Im(Z(w)) of Z(w) as a function of its real part Re(Z(w)).

For the purpose of illustrating typical curves observed during impedance
measurements, which are often directly displayed as Bode and Nyquist
plots, we consider a parallel RC circuit for its relevance in dielectric mate-
rial characterization and modelisation, including fibrous and porous ma-
terials [234]. The capacitor accounts for the dielectric constant of the mate-
rial, which relates to the electromagnetic energy stored in the material due
to polarization of its dipoles, while the resistor accounts for the dielectric
loss?. Note that biomatter is considered a dielectric substance, exhibiting
conductivity on application of an electric field. The impedance of a parallel
RC circuit is

ZDielectric losses account for loss of electromagnetic energy in a dielectric attributed to the
polarization and conduction currents [226].
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R
R2
ZW)l = \1roree (6.5)
¢(Z(w)) = atan(—wRC) (6.6)

Observing equation 6.4 and Figure 6.1, we see that when the frequency
is very high, the total impedance of a parallel RC-circuit tends towards
a closed circuit, which means that the circuit behaves more like a capac-
itor at infinite frequency. On the other hand, when frequency tends to
0, the total impedance tends towards R, independent from the frequency.
The impedance phase corresponding to a resistive behavior is 0° while the
phase corresponding to a capacitive behavior is -90°. The phase analysis
remains essential to attest the dominant behavior. Equation 6.6 indicates
the crucial value of w = 1/RC, called the relaxation angular frequency
or cutoff frequency, which corresponds to the frequency at which the max-
imum of the imaginary part occurs®, i.e. at the transition between both
resistive and capacitive behaviors.

10 ‘ o
105 N \ R=1 kQ
\\70 —20
SRL Y ' 5
2 o —40 RI/IC
N 10 R @
RIC
2|
10 —80C=10nF
10' —100
1¢ 10 100 10 10 1© 100 100 10 10
Frequency [Hz] Frequency [Hz]

Fig. 6.1 Representation of the complex impedance Z(w) for a 1-k{2 resistance R,
a 10-nF capacitance C and the parallel association of both using Bode plots of the
impedance modulus Z(w) and phase 87 versus the applied frequency f. Repro-
duced from [13].

Electrochemical transformations occurring at the electrode/electrolyte
interface can be understood and modelled by extracting components of the
electronic equivalent circuits that correspond to the experimental impedance
spectra. As several distinct configuration may result in the same impedance,
the equivalent circuit needs to make physical sense [212]. For impedance

3 Also seen as the dielectric loss factor reaches a maximum.
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measurements, a general electronic equivalent circuit, the Randles model
(Figure 6.2 A) is very often used to model interfacial phenomena for a
metal (i.e. the electrode) immersed in a liquid (e.g. the buffer contain-
ing the target bioanalytes). When solid materials are immersed in elec-
trolytes, charge redistribution occurs at the interface, giving rise to an elec-
trical double layer. The Randles model includes the ohmic resistance of the
electrolyte solution, Rs, the double layer capacitance, Cy;. Related to elec-
trochemical reactions, the Warburg impedance, Zy;, characterizes the ion
diffusion from the bulk electrolyte to the electrode interface through the
double layer, and the electron charge transfer resistance at the electrode-
solution interface R; that exists if a redox probe is present in the electrolyte
solution, i.e. in the case of a Faradaic impedance sensor.

A | Electrical double Iayer: B A
® @ ©) @ Frequency
Sy g
e o
B o o ©i
_ @ o o E
Bo “r. 2, =
- Re £
] —M- N
: Il
- & Co
- @ (57] S}
2o ® : >
" ® 6 ® e — < > ]
53} E R R Zre [Q]
3 )\D s ct

Fig. 6.2 A. Schematic representation and Randles equivalent electrical model for
a solid-electrolyte interface. When a metal is immersed in an electrolyte, charges re-
distribute to form an electrical double layer, with different charge distributions. R
is the charge transfer resistance, Z;, the Warburg impedance, Cj; the double layer
capacitance and R; the electrolyte resistance. Reproduced from [13]. B. Schematic
Faradaic impedance spectra presented as a Nyquist plot for a system where the
impedance is controlled by diffusion of the redox probe at low frequencies (Zy
dominant) and by the interfacial electron transfer at high frequencies (R¢). The
circle is representative of the pure RC parallel circuit, illustrating the interplay be-
tween the capacitive and resistive behaviours, while the off-centre is due to the
addition of R; in serie.

The resistance, capacitance and Warburg impedance are the basic cir-
cuit elements that are commonly used to describe impedance behavior of
an electrochemical cell. Sometimes, particularly when the electrode sur-
face is rough [224], the electronic properties of the interface cannot be de-
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scribed sufficiently well with a purely capacitive element, and a constant
phase element (CPE) is introduced to better represent the real phenom-
ena, which is a mathematical construction to described the observed data.
For detailed explanations, modelling and mathematical expressions of the
Warburg impedance and CPE, refers to [212].

Physically, Rs and Zyy represent bulk properties of the electrolyte solu-
tion and the diffusion of redox probes in solution, respectively. Therefore,
these parameters are not affected by chemical transformations occurring
at the electrode surface, but rather sensitive to dielectric changes in a vol-
ume lying between two planar electrodes (e.g. patterned at the top and
bottom of a microfluidic channel [13]). This is mainly used to detect large
cells (e.g. bacteria) suspended in the electrolyte, including bacterial count-
ing such as impedance flow cytometry. When used with conventional mi-
crofluidic channels (e.g. plastics), its main disadvantage is the inability to
selectively distinguish one bacteria from another since there is no specific
bioreceptor for their capture. On the other hand, Rt and C;; depend on the
insulating and dielectric features at the electrode/electrolyte interface (e.g.
binding of biomolecules on the electrode surface) and are the main param-
eters used to analyze the response of a surface-sensing impedance biosen-
sor. Surface-based method uses functionalized planar electrodes atop of a
solid substrate where bacteria progressively accumulates. The main disad-
vantage of this method is that many cells flowing atop the sensor are lost,
reducing the sensor sensitivity.

The parallel elements (Cy and Zy + Rt) of the equivalent circuit are
introduced since the total current through the working interface is the sum
of distinct contributions from the charge transfer (Faradaic process) and
the interfacial double-layer charging. Since all of the current must pass
through the uncompensated resistance of the electrolyte solution, R;, is in-
serted as a series element in the circuit [224].

In the Nyquist plot (Figure 6.2 B), the spectral information is not ex-
plicit. The semicircle is swep through in counterclockwise direction as the
frequency increases. Both graphs offer valuable information for under-
standing the spectral behavior of a measured sample. Although the spec-
tral information provided by Bode plots is more consistent for direct in-
terpretation of the EIS experiment results, Nyquist plots better represent
time constants and are suitable for vizualisation of impedance detection
relying on the change of frequency-independent parameters such as the
charge transfer resistance R, in Faradaic EIS [235].
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Materials and Methods

Materials

Nitrocellulose membranes on a polyester backing (UniSart Lateral Flow
CN95 Backed, 20 ym nominal pore size referred by the supplier - 12 ym
mean pore size found in section 3.6) were purchased from Sartorius (Ger-
many). Phosphate buffered saline (PBS 10mM, containing 137 mM NaCl,
2.7 mM KCl, 10 mM Na,HPOQOy, and 1.8 mM KH,PO,) and sodium chloride
solution (NaCl, 1 M) were purchased from Sigma-Aldrich (USA). Deion-
ized (DI) water was produced in our facilities (conductivity o = 6.6 x 10-°
S/m).

Biological procedures

Bacterial Strains and Growth Conditions

B. thuringiensis GBJ002 expressing the Cyan Fluorescent Protein (CFP) was
used as proof-of-concept for this study. Bacteria were plated on Lysogeny
Broth (LB)-agar plate containing kanamycin (50 #g/ml) and acid nalidixic
(25 ug/ml) and grown overnight (O/N) at 30°C. Next, an individual colony
was used to inoculate 5 mL of LB supplemented with antibiotics and the
suspension was incubated O/N at 30°C with agitation (120 rpm). Then,
the culture was washed twice with an appropriate buffer (water or diluted
PBS) to remove residual LB (centrifugation at 10000 x g for 5 min at room
temperature (RT)). The pellet was finally re-suspended in the appropriate
buffer yielding a bacterial suspension of ca. 108 CFU mL 1.

Phage Endolysins Expression and Purification

A detailed description of the expression and purification of the CBD of
PlyB221 endolysin, encoded by phage Deep-Blue can be found in [148].
The CBD was fused to a Green Fluorescent Protein (GFP) for fluorescence
assays. The protein concentration was adjusted to 1 mg/mL.

Preparation and Characterization of the CBD Biointerface for Specific Bacteria
Capture

A protocol for optimal biofunctionalization of the NC membrane pieces
with endolysin CBD based on simple physisorption was developed (Fig-
ure 6.3). Membranes were prepared by individually depositing and shak-
ing 50 uL of 1 mg/mL solution of purified CBD on the NC. Membranes
were then dried in an oven for 60 min at 37°C followed by desiccation for
30 min at RT to fix the proteins to the membrane. Following desiccation,
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membranes were washed twice during 2 min with deionized (DI) water
to remove proteins in excess. Membranes were wiped, dried, and finally
stored in a desiccation chamber at RT. Effective binding of specific bacteria
to the biointerface was assessed by depositing a droplet of B. thuringien-
sis suspension on the biofunctionalized membranes followed by a wash-
ing step (Figure 6.3). Bacteria immobilization in the membrane depth was
shown in chapter 5 (Figure 5.7).

Endolysin CBD = 2 Bacillus cells /
PlyB221 -~

NC membrane BN
Add endolysin Add
CBD bacteria
—
Q Wash Wash Q

Biofunctionalized ;: ’ ~

NC membrane w7 w7

Fig. 6.3 Protocol of the NC membrane biofunctionalization with an endolysin
cell-wall binding domain (CBD), PlyB221 and capture of B. thuringiensis cells. (1)
The deposition of the phage endolysin CBD in the NC membrane is followed by
drying, washing and desic-cator steps. (2) The bacteria are then deposited on the
membrane and specifically captured by the CBD.

Parallel-Plate Setup

Impedance Sensing

Figure 6.4A shows a schematic of the experimental system for the simple
parallel-plate measurements. The nitrocellulose membranes were held be-
tween the two parallel-plates of the dielectric test fixture (16451B, Agilent,
Santa Clara, CA, USA), connected to an impedance analyzer (LCR 4284A,
Agilent, USA). The impedance spectroscopy measurements were carried
out with the LCR, remotely controlled by a computer through the Labview
software (Labview National Instrument, Austin, Texas, USA) to perform
an automatic sweep from 1 kHz to 1 MHz, at voltage amplitude of 200
mV. Before impedance measurement, an open-circuit calibration was per-
formed. The impedance data were extracted in a magnitude-phase data-
structure. The ZVIEW software (Scribner Associates Inc, USA) is used to
fit the electrical equivalent model of the parallel-plate sensing system, as
presented in Figure 6.4A, and extract the model parameter values from the
measurements. The material real and imaginary dielectric constant are de-
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rived for a given membrane thickness by measuring its capacitance and
dissipation factor. An electrical model is used to differentiate the actual
dielectric properties of the NC from those of the polyester backing (Figure
6.4A).

Sensor Modelling

An analytical model of the NC membranes soaked with biological solu-
tions and inserted in between the two parallel-plate electrodes is estab-
lished to provide a physical understanding of the system. In presence of
an electrolyte, the equivalent electrical model considers a double layer ca-
pacitance (Cy). The equivalent circuit also considers the NC membrane,
modelled through the parallel association of its capacitive (Cyc) and con-
ductive (Ryc) properties, as well as the polyester backing, modelled us-
ing its capacitive properties only (Cpggcking), since its dielectric losses are
considered to be negligible in the studied frequency range. The value of
the polymer backing capacitance (~100 pF) is determined experimentally
through measurement of its permittivity by means of dielectric measure-
ments (Section 6.4.3 Impedance Sensing). Cyc and Ryc, representing the
electrical properties of the NC membranes saturated with saline solutions
or bacterial suspensions, strongly depend on the ionic concentration in the
solution. The double layer capacitance, representing the interfacial prop-
erties is given by [13]:

Cy = €0€r 501 A, (6.7)

€0€r 0l kBT
2‘12]\]avcions103

with Cj; the double layer capacitance, kp the Boltzmann constant, cjy;s
molar ionic concentration of the solution in which the double layer oc-
curs, €4, the relative permittivity of this solution and A, the surface of
the parallel-plate electrode. The values for Cy at different ionic concen-
trations were simulated using COMSOL Multiphysics v.5.4 (COMSOL AB,
Stockholm, Sweden) based on equation 6.7, and lie in the 10 — 100 uF range.
Regarding the values of the other parameters, their influence can therefore
be neglected at the considered frequencies between 1 kHz and 1 MHz.

The equivalent model has three cut-off frequencies:
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Ca + CBacking
A = (6.8)
27t - Rnc - [CaiChacking + Cne (Car + Chacking )]

Ca + CBacking

 CatComm 6.9
f2 277 - Cdchacking -
1
o i (6.10)
IDE Setup

Interdigital Electrode Design and Fabrication on NC Membranes

The deposition of IDE on nitrocellulose substrate was conducted using a
physical vapor deposition (PVD) e-gun evaporation technique. Gold IDE
were deposited by applying patterned nickel masks on top of the nitro-
cellulose membrane. This deposition technique is more cumbersome than
screen-printing and inkjet printing techniques, which are usually used for
deposition of electrodes on paper [236]. However, these have the disadvan-
tage of not allowing precise electrode deposition on chemically untreated
nitrocellulose. Hence, PVD is chosen because it allows for precise deposi-
tion without inducing variability through additional treatment. The IDE
finger width and interdigit gap are 200 ym, which enables the detection of
dielectric properties over the whole NC membrane depth (~140 ym) [237].

IDE Impedance Sensing

Figure 6.4B shows a schematic of the experimental system for IDE mea-
surements. The IDE were connected through toothless crocodile clips to
an impedance analyzer (LCR 4284A, Agilent, USA) through BNC connec-
tors. The impedance spectroscopy measurements were carried out with
the LCR, remotely controlled by a computer through the Labview soft-
ware (Labview National Instrument, Austin, Texas, USA) to perform an
automatic sweep from 1 kHz to 1 MHz, at voltage amplitude of 20 mV. Be-
fore impedance measurement, an open-circuit calibration was performed
without any electrical contacts between the crocodile clips. The impedance
data were extracted in a magnitude-phase data-structure.

IDE Sensor Modelling

The equivalent circuit of the IDE in Figure 6.4B incorporates the surfacic
phenomenon of double layer capacitance through Cdl and the volumic
phenomena through C,;, R,ir, Cnc, and Ry, corresponding to the upper
air layer and lower nitrocellulose layer, respectively. Given the width of
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IDE fingers, the backing is not taken into account (Section 6.4.4 Impedance
Sensing). The double layer capacitance for IDE electrodes in contact with
a given solution is extended from equation 6.7 to

€0€
Cyp = ——orsdl A (N-1) (6.11)
eﬂer,solkBT
\/ zqzl\iavcitmslo3

with A, the surface per electrode finger and N the number of fingers.
The equivalent resistances and capacitances of the nitrocellulose and air
volume depend upon the cell constant, which is determined experimen-
tally and incorporates the geometric properties of the IDE [238], and €,
and o the relative permittivity and conductivity of the sensed nitrocellu-
lose and air volumes, respectively. Hence, it does not vary with frequency
nor with the electrical properties of the material.

Sensing of Saline Solutions as Models for Relevant Water Samples

Prior to electrical measurements, sodium chloride solutions of various con-
centrations (cnucy), 1072, 1074, 5x1074,1073,5%x1073,1072, 10! mol.L~!
[M], were prepared by dilutions of a 1 M NaCl solution in DI water, in or-
der to model the electrical properties of different types of relevant water
samples and biological buffers regarding the applications targeted in this
study (Table 6.1). Regarding the impedance measurements considered in
this study, the parameters of interest to be modelled are the mean ionic
strength of the liquid (through adjustment of cyj,c;), and hence its dielec-
tric properties (electrical conductivity and permittivity). Then, 50 uL of
the diluted sodium chloride solutions were deposited on NC membranes,
placed in between the parallel-plate electrodes, and reference dielectric or
impedance measurements were performed within 5 min. The parallel-
plates were wiped between each measurement to remove remaining water
and salt on the electrodes.

Modelled solutions cNact (M1 €501 |/] Oso1 [S/m]
PBS:1000 1.6 x 107% ~ 80 1.8 x 1073
Drinking/surface water ~1073 ~ 80 1071-1072
PBS/highly saline water 1-5 x 1071 ~ 70 1-5

Table 6.1 Modelling of the electrical properties at 20°C of real aqueous samples
and biological buffers using saline solutions at different concentrations. Mean
concentrations and therefore dielectric properties are considered as the physico-
chemical content of the water samples can vary from place to place [239, 240].
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A B Bacillus cells

/ Parallel Plate IDEs
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Nitrocellulose /

membrane
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Fig. 6.4 Experimental setups and corresponding electrical models investigated
towards bacterial detection in this work. (A) Parallel-plate probes are a common
material dielectric measurement system. The bacterial sample is deposited on the
NC membrane and captured at the test zone. A simple electrical model is proposed
to consider the dielectric effect of the polyester backing supporting the NC and
the electrical double layer that arises from charge redistribution at the interface
between the electrolyte and the probe. (B) Interdigital electrodes are generally used
as sensors to monitor impedance changes at the proximity of the metallic fingers,
here deposited on NC membrane. The bacterial samples are dropped on top of the
IDE-NC sensor. The model does not include the polyester backing as its impact on
the impedance seen by the IDE is negligible due to its depth.

Bacteria Detection in Physiological Buffers

Before depositing bacterial suspensions, 50 L of PBS buffer diluted 1000 x
(PBS :1000) in DI water was deposited on a previously biofunctionalized
membrane, and reference dielectric or impedance measurements were per-
formed within 5 min with parallel-plates or IDE, respectively. PBS:1000
was chosen as biological buffer because largest detection sensitivities were
shown to be achieved with low-salt buffer solutions [45, 13], and such low-
salt buffers have electrical properties similar to surface water samples (Ta-
ble 6.1). Five min is a time limit before which it is assumed that the wet
impedance has not changed by more than 5% due to drying. Then, sus-
pensions of 108, 107 and 10° CFU mL~! of stationary-state B. thuringiensis
resuspended in PBS 1:1000 were deposited (50 L) on top of the membrane
sample with a micropipette (Figure 6.4A and 6.4B) and spread within the
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membrane due to capillarity, and impedance or dielectric measurements
were per-formed. In order to observe the global sensitivity of the setup, in-
cluding both sensitivities of the impedance modulus and phase to bacteria
presence, the sensitivities (S) in the explored frequency range were com-
puted as the amplitude of the differences in complex impedance measured
with and without bacterial cells, in percent:

s ’ZBuct_ZPBS 6.12)

ZpBs
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6.5 Results

6.5.1 Characterization of Dry and Biofunctionalized Nitrocellulose

In order to characterize the impact of the biofunctionalization on the mem-
brane electrical properties, we performed dielectric measurements with
the parallel-plate electrodes on raw and CBD-biofunctionalized NC mem-
branes, under dry conditions. The measured permittivity of a raw nitro-
cellulose membrane drops from 1.52 to 1.5 between 1 kHz and 100 kHz
(Figure 6.5). The biofunctionalization is observed to cause a permittivity
reduction of approximately 1-3%.

1.54

1.52 F .

15— \
1.48 \

1.46 - J
1.44 - 4
142 — Biofunctionalized NC h
——Raw NC
1k 10k 100k

Frequency [Hz]

Fig. 6.5 Relative permittivity of raw and CBD-biofunctionalized nitrocellulose
membranes over 1 kHz - 100 kHz. The biofunctionalization process causes a small
decrease in the permittivity. Total number of samples: 7. Shaded area surrounding
the measurement curves: standard error (o).

The permittivity observed for the nitrocellulose membranes can be de-
scribed by simple modelling of the membrane actual permittivity. Since the
measurements were performed under dry conditions, the pores are filled
with air, and both the fibers and the pore content are insulating materi-
als. Modeling the permittivity of the bulk material is challenging due to its
membranous structure, making it difficult to extract the permittivity of the
nitrocellulose porous matrix as a standalone parameter. The nitrocellulose
matrix and the voids within the pores form an interconnected network.
Based on mixing rules for dielectric constants, we can approximate the
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bulk permittivity of dried nitrocellulose sheets using a linear volumetric
average of both values:

€aryNC = U€uir* (1 —0)enc (6.13)

with v representing the void fraction of the membrane. Based on the
bulk permittivity value of nitrocellulose (exc = 6.4, as reported by Dixon
* and an approximate porosity of 80% for the membranes (as provided by
Sartorius, the membrane supplier), we can predict a permittivity value of

edry,NC =2

The measured permittivity using the parallel plate test-fixture is ap-
proximately 1.52, which is slightly lower than the predicted value. Sev-
eral hypotheses emerge to explain this difference, including variations in
dielectric properties between the nitrate cellulose used for prediction and
the actual permittivity values of nitrocellulose, a real void volume different
from the nominal value provided by the supplier, and so on.

The difference between the two dielectric constant for raw and biofonc-
tionalized nitrocellulose membranes is small (between 1 and 3%). Second,
the bio-functionalization protocol can substantially modify the permittiv-
ity of the NC sheets by altering its pore surface properties. Indeed, under
conditions of low humidity reached after the desiccator step in the proto-
col, nitrocellulose membranes accumulate a significant static charge, affect-
ing the dielectric measurements. In addition, the difference in permittivity
could be explained by the electrostatic charge inherent to every protein.
A study by Low ef al. shown that the charge of a NC surface with im-
mobilised proteins changed to be almost the same charge as that of the
protein. Their finding strongly suggested that the protein (BSA) was ad-
sorbed onto the membrane pore walls and dominated the surface charge of
the NC membrane, which is therefore controlled by the protein properties
[175].

However, such small difference between the two membrane could sim-
ply result from a slight difference in handling due to the pressure applied
by the parallel-plate setup used with the Novocontrol measurement device
on the sample. Despite the presence of a micrometer screw to ensure a con-
sistently identical gap during measurements, slightly different conditions
could lead to variations in nitrocellulose thickness. Indeed, since the mem-

4https://www.dixonvalve.com/sites/default/files/product/files/
brochures-literature/dielectric-constant-values.pdf
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branes undergo a biofunctionalization process, the functionalized mem-
brane may undergo modifications such as slight swelling, although nitro-
cellulose membranes are relatively robust to these microstructural varia-
tions as they are not composed of cellulose fibers per se (unlike cellulose
sheets). The swelling, consequence of the drying of the nitrocellulose mem-
brane during the process steps, could lead to thickness modifications, or
even the reorganization of fibers following drying (however, as mentioned
above, nitrocellulose is relatively robust and less susceptible to microstruc-
tural property variations than cellulose sheets). At the light of all these
factors, it is difficult to assert that the permittivity of nitrocellulose mem-
branes is significantly modified after the biofunctionalization process.

Finally, the shaded area around the measurement curves in Figure 6.5
express the standard errors bars, indicate a certain variability in the mea-
surements. It could be explained since membranes present a foam-like
structure (Figure 3.8) resulting in structural anisotropy and surface inho-
mogeneity (the fibers within the matrix are not uniformly arranged), which
renders absolute measures of the permittivity difficult as the solver algo-
rithm assumes that the material under test is homogeneous [241].

6.5.2 Calibration of the Parallel-Plate Sensor to Electrolyte Conductivity

In order to understand the response of the parallel-plate sensing system
and allow to discriminate bacteria electrical contribution, it is of utmost im-
portance to characterize the effect of the background ionic noise resulting
from remaining dissolved salt in the biological suspensions. Not monitor-
ing or controlling the ionic concentration of the electrolyte where bacteria
are suspended could lead to misinterpretation of the electrical results, as
the supposed detection of elements could be cause by changes in the back-
ground ionic strength. To this end, we first characterized and calibrated
the response of the parallel plate setup to saline solutions.

The concentrations of the saline solutions were chosen to represent back-
ground ionic noise for different water sources of interest (Table 6.1). Impedance
measurements were first carried out to investigate the impedance modu-
lus and phase dependence upon the salt concentration between 1kHz and
1MHz. Figures 6.6A and B show that the sensor discriminates the differ-
ent saline concentrations through shifts of both impedance magnitude and
phase. A global decrease of the impedance magnitude is observed with
increasing NaCl concentration, since increased salt concentration increases
the conductivity o,,. This magnitude decrease is higher between 10 kHz
and 1 MHz, where the impedance phase is mostly resistive: this is where
Rnc has the most effect on the total complex impedance. Even if these
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peaks tend towards resistive impedance angles, they stay lower than -45°
given that no direct conduction path exists between the two parallel elec-
trodes due to the isolating backing (Figure 6.4A). At both sides of these
peaks, the phase decrease indicates a transition from a mixed to an ex-
clusively capacitive behavior, led by the volume capacity Cyc at higher
frequencies. We observe a frequency shift of the peak, shifting towards
higher frequencies when the salt concentration increases. This can be ex-
plained by equations 6.8 and 6.10: f; and f3 correspond to the middle of
the upwards and downwards flank of the peak. These cut-off frequencies
increase when the salt concentration increases, given the variation of Ryc
and Cyc in Table 6.2.

The working frequencies of the sensor towards detection of saline so-
lutions corresponding to ionic noise of interest (Table 6.2) lies in the range
10-200 kHz. The limit of detection of the system (LOD) lies between 10>
M and 10~ M since the sensing device was not able to differentiate sig-
nificantly (< 3¢) impedance modulus and phases. This LOD corresponds
to very low salinity electrolytes, less conductive than most of the buffers
considered in biological detection schemes, which is beyond the scope of
interest for the sensor-applications.

In order to quantify the impact of changes in salt concentration on the
global system impedance and quantitatively calibrate the sensor response
to the saline solutions, we extracted the values of Ryc and Cyc for the dif-
ferent salt concentrations based on the simple electrical equivalent model
of the parallel-plate setup (Figure 6.4A). The values of the components, ex-
tracted from the fitting of the raw impedance data depicted on Figure 6.6,
are reported in Appendices Table E.1. Figure 6.7 and Table 6.2 summa-
rize the observed changes in the parallel-plate equivalent circuit elements
for different NaCl concentrations. Between 1kHz and 1MHz, we observe
that the impedance measurements are particularly sensitive to the electri-
cal conductivity (o) of the electrolyte, as it directly influences Ryc.

The system is sensitive to both resistive and capacitive effects, even
though, comparatively, the increasing ionic strength of the solution is more
sensed through Ryc than Cyc (Table 6.2). In addition, the quantitative
evaluation of Ryc and Cyc also supports the LOD of 10~* M, as the differ-
ence in impedance, resistance and capacitance with the 107> M solution is
less than 3 times the standard deviation (0).
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Fig. 6.6 (A) Impedance measurements of the nitrocellulose (NC) membrane with
isolating backing as seen by the parallel-plate setup. The NC membrane is satu-
rated with saline solutions of different molar concentrations, modelling the dielec-
tric properties of the relevant water samples described in Table 6.1. A significant
decrease in the impedance modulus results from an increase of the ionic strength,
expressed as a drop in the membrane resistance Ryc. (B) The impedance phase
evolution over 10 kHz — 1 MHz highlights the contribution of both Ryc and Cyc
to the impedance of the system. As the resistive peak in the phase shifts with the
ionic strength, the system is therefore sensitive to saline electrolyte through both
Rnc and Cyc changes. (C) Dielectric relative permittivity of the system as seen
by the parallel-plate setup, with different diluted salt solutions in the nitrocellulose
membrane. Number of samples: 12 from two independent experiments. Shaded
area surrounding the measurements curves: standard deviation (). ¢ smaller than
the measurement line thickness if not visible on the graph.
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Fig. 6.7 Evolution of the nitrocellulose membrane A. resistance Ryc and B. ca-
pacitance Cyc subjected to NaCl solutions, whose concentration where selected to
model different types of water samples through their conductivities. The circuit
element values are obtained by fitting the simple electrical models to impedance
data on Figure 6.6.

cNact IM] 102 5x10~% 1073 5x1073 1072 10T
ARnC 1.9 x10* 2 -15% -35% -47% -57% -90%
ACNC 8.34 pF +5% +17% +15% +35% +22%

Table 6.2 Relative representation of the nitrocellulose membrane resistance Ryc
and capacitance Cyc evolution depicted on Figure 6.7, showing consecutive rela-
tive decreases and increments with the concentration of the NaCl solutions used to
model different types of water samples through their conductivities. The parallel-
plate setup is more sensitive to Ry, but is still responsive to capacitance changes
of the membrane.

Dielectric measurements were carried out to corroborate the impedance
measurements. Relative permittivity of NC membranes soaked with 1074
M and 10~3 M NaCl solutions, modelling respectively highly diluted PBS
(PBS:1000) and slightly saline solutions, was extracted over the frequency
range of interest (Figure 6.6C). The permittivity of the saturated membrane
with backing shows an increase of the system permittivity with the salt
concentration. This is reflected in the increasing value of Cnc extracted
from the impedance measurements (Table 6.2), even if the proportions are
different since this system permittivity considers also the double layer and
backing permittivity while Cxc only incorporates the volume of the nitro-
cellulose.
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6.5.3 Detection of B. thuringiensis Cells with the Parallel-Plate Setup

After the characterization of the sensor response to ionic background noise
in aqueous solutions, impedance measurements of B. thuringiensis resus-
pended in the low-salt buffer PBS:1000 was investigated to assess the elec-
trical model proposed in Section 6.4.3 to the detection of label-free, whole
bacterial cells. As the impedance measurements are extremely sensitive
to the electrical conductivity oy, of the electrolyte, it is almost impossible
without labels to directly predict the bacterial concentration from a single
measure since two samples with identical bacterial loads but different con-
ductivities would result in different signals. Effective discrimination of the
electrical footprint of the bacterial cells from the ionic background noise
thus requires comparing the sensor signal to an appropriate control value.

We therefore performed differential measurements, comparing the sig-
nal obtained with samples of 108,107 and 10° CFU mL~! of B. thuringiensis
to blank PBS:1000 measurements (Figure 6.8A). Significant differences with
108 CFU mL~! and without bacterial cells were observed between 10 kHz
and 1 MHz for both impedance modulus and phase, where the membranes
soaked with bacterial solutions show a lower value of impedance modulus
than the blank reference PBS:1000 buffer. The measurements for bacterial
cells and PBS:1000 follow the same typical decrease of impedance modu-
lus than observed for low salinity solutions (Figure 6.6A). The phase peak
of the membrane filled with 108 CFU mL~! bacterial suspension (Figure
6.8B) is also subjected to a shift towards higher frequencies. The bacte-
ria and PBS:1000 impedance modulus and phase curves show good fitting
with the impedance modulus and phase of the NaCl solutions. In particu-
lar, PBS:1000 impedance curves lie in between the impedance curves of 2 x
10~* M (not shown) and 5 x 10~* M NaCl solutions, while the impedance
of the solution containing the 108 CFU mL~! bacterial suspension lies be-
tween the 5 x 107% M and 1073 M curves. Regarding the PBS:1000 buffer,
the approximative correspondence of its dielectric properties to the range
of 2-5 x 10~* M NaCl solution is confirmed as the salt concentration used
to model this buffer is precisely 1.6 x 10~# (Table 6.1). To deepen the com-
parison between the bacterial and saline solutions, we have extracted the
membrane resistance Rxc and capacitance Cnc of the electrical model un-
der the PBS:1000 and 108 CFU mL~! bacteria conditions (see Appendices
Table E.2 for the data). Ryc and Cyc extracted for the PBS:1000 condition
diverges of around 5% from the 5 x 10~* M NaCl condition, against about
10% between the solution containing 108 CFU mL~! bacteria and the 102
M NaCl model solution. For their part, the 107 and 10® CFU mL~! bac-
terial suspensions show a significant drop in impedance modulus (Figure
6.8A, inset) relative to the PBS:1000 buffer. However, unlike the 10% CFU
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mL~! suspensions, the shift in the phase peak is not significant for the 107
and 10° CFU mL~! bacteria solutions (Figure 6.8B) and can therefore not
be used to assess the bacteria presence in the membrane. In addition, the
impedance modulus and phases of 107 and 10° CFU mL~! suspensions are
overlapping over the whole spectrum. This suggests an intrinsic limit of
detecltion of the parallel plate towards bacteria detection about 10’ CFU
mL™".

Dielectric measurements were carried out to substantiate the bacterial
detection results through impedance measurements (Figure 6.8C). Here
again, the relative shift between PBS:1000 with and without bacteria fol-
lows a similar tendency than the model saline solutions. This tends to
confirm the similarities in dielectric property variations between solutions
with and without bacteria, and the differences in salt concentration. It is
thus consistent with the hypothesis that bacteria are sensed through in-
crease in ionic concentration.
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Fig. 6.8 (A) Impedance measurements performed on a nitrocellulose (NC) mem-
brane as seen by the parallel-plate setup. The NC membrane is saturated with
PBS:1000 (reference buffer) or with PBS:1000 containing 108,107 and 10° CFU mL !
of B. thuringiensis cells. The global impedance is decreasing, and the phase is sub-
jected to a shift in presence of bacterial cells in the buffer, showing high similarities
with the response of slightly saline solutions. (B) The impedance phase evolution
over 10 kHz - 1 MHz, presenting a phase peak, indicates an interplay of Ryc and
Cpc in the impedance of the system when subjected to bacteria. (C) Dielectric per-
mittivity of the system as seen by the parallel-plate setup, when subjected to low-
salt buffer with and without bacterial cells. Number of samples: 12 from two in-
dependent experiments. Shaded area surrounding the measurements curves: stan-
dard deviation (o).
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6.5.4 Comparison with Another System: B. thuringiensis Detection with
the IDE Setup

In order to assess the detection results obtained with the plug-and-play
parallel-plate system where the electrodes are deported, we considered
to deposit metallic IDE directly on top of the nitrocellulose membrane to
reach an integrated sensing device.

1mm

Fig. 6.9 Optical microscopy images of Au-IDE (200 ym of interdigit gap) de-
posited on a nitrocellulose membrane. The inset is a zoom in image (magnification
% 20) of the electrode showing the Au deposition on the membrane surface as well
as in the first microns of the membrane thickness due to NC porosity.

Gold IDE Deposited on Nitrocellulose Membranes

Au-IDE were succesfully deposited on top of the NC membranes, showing
good adherence with the support (Figure 6.9). The Au-deposited thin-film
follows the porous microstructure of the membrane, and shows good con-
ductivity.

Detection of B. thuringiensis with the IDE setup

Interdigital electrodes, which are among the most commonly used peri-
odic electrode structures for fringing field detection [237], were used for
impedance measurements in order to substantiate the parallel-plate mea-
surements results. An important advantage of this electrode design is that
only a single-side access to the test material is required.
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Figure 6.10A shows a lower impedance modulus due to bacterial pres-
ence, with a resistive angle. This express that bacterial solutions are sensed
through a decrease in the solution resistance resulting from an increase in
conductivity. Given the single-side access to the material, the conductive
phenomena of the nitrocellulose soaked with PBS:1000 are not shielded by
the isolating backing layer, resulting in highly resistive impedance phase
over the 1kHz — 1 MHz range. The sensitivity towards 105 CFU mL~! B.
thuringiensis cells was evaluated over the whole spectrum, and presents a
plateau of > 18% at 10 kHz — 0.3 MHz, resulting essentially from the almost
stable difference of the impedance modulus in this frequency range. Due
to the very resistive nature of the phase over this range, the modulus re-
mains quasi-independent of the frequency.

Regarding the possible influence of electrode roughness on the impedance
measurements, we stated that their particular microstructure following the
nitrocellulose membrane porosity does not have a critical influence on our
detection system. Indeed, since the non-Faradaic impedance measure-
ments are performed above 1kHzn they are much less sensitive to sur-
face phenomena occurring at the electrolyte-metal interface (e.g., measur-
ing changes in properties near the electrode surface due to variations in
double-layer capacitance CpL or charge transfer resistance R.t) than to
bulk electrolyte properties within the volume of the nitrocellulose mem-
brane.

Sensitivities towards B. thuringiensis cells

The sensitivities towards 108 CFU mL~! B. thuringiensis cells in low salin-
ity buffers were evaluated over the whole spectrum for both parallel-plate
and IDE setups. The spectral sensitivities of the systems were computed
from the complex impedance of the blank PBS:1000 buffer and the bacterial
suspension (Figure 6.11).
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Fig. 6.10 (A) Impedance measurements performed on nitrocellulose (NC) mem-
brane as seen by the IDE, with and without bacterial cells in PBS:1000 buffers. The
impedance modulus presents a constant impedance shift representing a decrease
in the solution resistance. (B) Since a direct conduction path exists between their
electrodes, the impedance seen by the IDE has a character that is rather resistive
as expressed by the highly resistive phase over a large spectrum. Number of sam-
ples: 12 from two independent experiments. Shaded area surrounding the mea-
surements curves: standard deviation (o).

Regarding the parallel-plate (Figure 6.11A), a maximal sensitivity of
about 21% is observed around 30 kHz for the parallel-plate setup. The sen-
sitivity computed from the complex impedance is superior to the modulus
sensitivity (around 17% at 40 kHz) as it includes both contribution from
the impedance modulus change and phase shift around this frequency
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(depending on the interplay between Ryc and Cnc). In this system, the
sensitivity does not remain constant over the spectrum as Cyc has a non-
negligible contribution to the detection.

Contrary to the parallel-plate, the sensitivity of the IDE setup presents
a plateau of > 18% at 10 kHz — 0.3 MHz (Figure 6.11B), resulting essen-
tially from the almost stable difference of the impedance modulus in this
frequency range. Due to the very resistive nature of the phase over this
range, the modulus remains quasi-independent of the frequency.
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Fig. 6.11 Spectral sensitivities of the (A) parallel-plate and (B) IDE setup towards
108 CFU mL~! B. thuringiensis cells in low salinity buffers. The sensitivity includes
both contribution from the modulus and the phase shift. The IDE sensitivity ex-
presses their high response towards resistance changes through a plateau between
10 kHz and 0.3 MHz, while the parallel-plate sensitivity presents a peak because of
the interplay between Ryc and Cyc in the sensing mechanism.

Discussion

The main objective of this work is to accommodate electrical sensing on

paper sub-strates towards simple, rapid, quantitative bacteria detection in
aqueous solutions.

First, we took advantage of the NC support to develop an innova-
tive volume-based electrical detection setup by applying the membrane
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between the electrodes of a parallel-plate prober for dielectric measure-
ments. This setup forms a simple plug-and-play sensing device which
is responsive to the electrical properties of the NC membrane. A nitro-
cellulose membrane functionalized with a specific biointerface is indeed
an adequate substrate to support the volume-based electrical detection of
bacterial suspensions. Such a detection scheme is attractive as the whole
sample volume contribute to the sensing, increasing the contribution from
targeted bacteria with respect to surface-based methods. The parallel-plate
detection scheme based on impedance spectroscopy proposed in this work
is much more straightforward both in fabrication and handling than most
of the paper-based electrical biosensors encountered in the literature. They
often rely on direct current monitoring requiring to apply more complex
electrode systems to the paper (usually three electrodes, for reference, work-
ing and counter electrode) and involving electrochemical reactions which
are relatively complex to interpret in ionic medium [242, 243]. These paper-
based sensors usually rely either on the application of conducting pastes
showing high electrode and contact resistances (generally requiring cus-
tom, hand-made electrical connections) [243, 244], or more complex and
expansive fabrication processes from the microelectronics industry.

Then, we quantified the presence of 108 and 10" CFU mL~! B. thuringien-
sis in diluted physiological buffer (PBS diluted 1000 x). An important fea-
ture is the rapidity of the sensing mechanism: the whole detection protocol
lasts less than 5 min. Using a simple electrical model including the elec-
trical properties of the NC membrane and the capacitive contribution of
the polyester backing, the interplay of both capacitive and resistive prop-
erties of the electrolyte are observed. The detection mechanism, based on
ion concentration, was determined by the parallel-plate characterization of
NC membrane filled with different saline solutions, and helped us under-
standing the sensor differential response for various electrolyte solutions.
Similarities can be drawn in the complex impedance difference between
the saline solutions and for biological buffer with and without bacterial
cells. In particular, close correspondence is observed between electrical
properties of PBS:1000 and ~ 2 x 10~* M NaCl solution, while signals
from the 108 CFU mL~! bacterial suspensions are representative to those
of the ~ 10~* M condition. These results, supported by dielectric measure-
ments, suggest that the electrical model proposed for the sensing of NC
membranes soaked with ionic solutions can be extended to bacterial solu-
tions. Further, it also endorses the concept of bacteria detection through
its surroundings ions, which has already been discussed in [45]: the dif-
ferences in sensor response are attributed to the slight difference in ionic
content, i.e., electrical conductivity, between sterile PBS:1000 and bacterial
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resuspension in PBS:1000. Indeed, centrifugation steps lead bacterial cells
to release ions due to osmotic pressure and damaged cell walls [245].

Both for saline solutions and bacterial suspensions, an interesting phase
shift occurs in the phase peaks between 10 kHz and 1 MkHz, driven by
changes in f3 due to both Cyc and Ry variations. Although the resis-
tive character of the sensor is predominant (changes in Ry affect the total
module more than Cy), the possibility to monitor NC membrane prop-
erty changes through variation of Cyc renders this setup versatile in use
and potentially more robust again ionic noise, strongly affecting Ryc. To
assess the relative advantage of the parallel-plate setup over traditional
paper-based sensors, we also applied gold microelectrodes (IDE) to the
NC membrane using a standard microfabrication process. The IDE sensor
is only reactive towards Ryc, and shows a high sensitivity to bacteria over
a larger frequency range than the parallel-plate. Indeed, the electrode dis-
position does not prevent a direct conduction path between the two elec-
trodes.

Finally, the biointerface obtained by functionalizing the NC membrane
with endolysin cell-wall binding domain (CBD) aimed at specifically cap-
turing bacterial cells through the whole membrane pore surface. Although
specific immobilization capacity towards this bacteria within NC mem-
branes was already demonstrated in chapter 5, the specificity of electrical
biosensors towards whole-cell pathogens is usually assessed with the ab-
sence of electrical signal in absence of bioreceptors or in presence of only
non-target pathogens. Therefore, the detection specificity of our system
remains to be studied, and will be the topic of future works. When con-
sidering specificity of the detection, it will be of upmost importance to use
a complete lateral flow assay with controlled flow as support to perform
the electrical detection and a related robust detection protocol integrating
the necessary washing and subsequent incubation steps. A relevant pro-
tocol for the specific electrical detection of whole-cell bacteria with the
parallel-plate setup could consist in (i) bacterial suspensions deposition
and capture on two different NC pads : one functionalized with biorecep-
tors and one non-functionalized, (ii) washing steps with de-ionized water
to remove non-specific unbound pathogens and ions non-related to bac-
terial presence (e.g. ions from the buffers), (iii) a short incubation step
would allow for ion release from the captured bacteria due to osmotic pres-
sure, and (iv) a differential electrical measurement between the function-
alized and the non-functionalized aera.
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Limitations and Perspectives

Despite its dependence on bacterial concentration, two reasons make the
detection of bacteria through higher ionic content unsuitable for point-
of-care specific and highly sensitive bacterial sensing in paper-based
sensors. First, the resulting signal is strongly affected by experimental pro-
cedures such as manipulation, affecting the baseline sample conductivity.
Secondly, the sensing principle in the form presented here is inadequate
for real-world applications involving the detection of pathogens in com-
plex saline solutions. The high electrical conductivity of these solutions is
hardly affected by bacterial ion release. In addition, the proposed detection
method lacks robustness in environments with various living organisms
that are potential ion sources. As a result, the signal-to-noise ratio (SNR) is
low. The specificity and sensitivity of the electrical detection can be im-
proved by nanoparticles (NP) to specifically label whole bacterial cells.
In [246, 46, 247], E. coli O157:H7 were detected through amplified conduc-
tance and permittivity changes by means of to the conjugation of specific
graphene or gold NPs to the bacteria. In other works, the highly inten-
sive response of Si-NPs and Au-NPs conjugated to bioanalytes at radio
frequencies (RF) was used to amplify the dielectric contrast of bioanalytes
in solutions [248, 249] or to act as microantenna in NC membranes [250].

The ability for the parallel-plate setup to monitor changes of both con-
ductive and dielectric properties in the NC membrane makes it possible
to select the type of NP (conductive or dielectric) that increases the SNR
the most. Conjugating diverse types of NPs with bacterial cells offers
promising perspectives for highly specific electrical bacterial detection
on lateral flow assays, and will be the focus of the next chapter.

Beyond the handling of electrical measurements on paper sensors, which
was one of the objectives of this chapter, perspectives can emerge from the
limitations we have identified from our system. Possible applications for
our system are worth to be explored in the field of cell counting. In-
deed, cell counting is currently performed by impedance flow cytometry
(ICF), which involves the detection of dielectric footprint of bacterial cells
flown in ym-scale microfluidics channels, in between two parallel, planar
electrodes in a volume-based detection setup. Flow cytometry is currently
performed with empty microfluidic channels, enabling an accurate count-
ing and statistical size analyzis of a large number of cells (> 10.000 in less
than 2 min) [251]. We can consider a paper-based alternative to flow cytom-
etry by optimizing the volume-based electrical detection system described
here. A limitation of flow cytometry is its inability to specifically detect
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bacterial cells. Our paper-based approach can extend the volume-based
detection of flow cytometry to specific detection through capture in the ni-
trocellulose membrane. However, the washing steps must be critical and
controlled, and a system set up for differential measurements compared to
a controlled blank.

Finally, since 1950s it is known that the number of the red blood cells
(RBC) are correlated to the blood conductivity [252]. Recently, simple
RBC quantification procedures based on impedance measurements have
been proposed. Since our system is sensitive to the condutivity of the solu-
tion in the piece of nitrocellulose, this system could be used to quantify the
number of RBC present in a blood sample, through a simplified handling
of sample directly deposited on the piece of cellulose materal. Of course,
a calibration curve is required, relating the amount of ions (and thus the
conductivity of the liquid) to a number of cells. Electrical sensing of blood
conductivity was also proposed to quantify the blood damage (hemolysis),
i.e. the rupture of red blood cells that can occur during clinical procedures.
As red blood cells rupture, they release their hemoglobin and raise the con-
ductivity of the entire fluid. Change in blood conductivity can be related
directly to the level of hemolysis [253]. With a paper microfluidics support
instead of usual capillaries, the spontaneous separation of the blood cells
from the plasma could be included thanks to the paper capillarity and its
blood filtration properties, which were already demonstrated [254].

Conclusion

In this chapter, an innovative method for the electrical characterization
of cellulose-based membranes is proposed towards the development of
a quantitative paper-based biosensors. It consists in the use of a simple
parallel-plate setup as sensor to perform impedance measurements on the
membrane inserted within the electrodes. The sensing principle was stud-
ied and validated by detecting saline solutions of different molar concen-
trations spread within nitrocellulose membranes. We then demonstrated
the proof-of-concept of the detection of bacteria: impedance-based detec-
tion of 108 CFU mL~"! of B. thuringiensis cells was presented without la-
belling nor signal enhancement strategies. The bacteria are detected through

an overall increase in ions in the membrane caused by their presence. Impedance

measurements were also performed with interdigital electrodes integrated
on the membrane and confirmed the parallel-plates results. Finally, newly
discovered endolysin CBD are introduced as specific bioreceptors and de-
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posited inside the nitrocellulose membrane, enabling successful bacterial
cell capture over the whole membrane volume.

In conclusion, by combining the benefits of cellulose-based membrane,
novel protein bioreceptors and precise impedance measurements with a
reusable plug-and-play setup, we obtained promising results towards the
development of an simple and sensitive electrical biosensor for whole-cell
pathogen detection with a speed of response under 5 min. To overcome
the limitations presented by our system (specificty of the detection) and
reach the very low limit of detection required for example for drinking
water assessment, it is necessary to integrate signal enhancement strate-
gies. The next chapter will explore the use of nanoparticles as labels to
increase the analytical performances of the device. The development of
such versatile tools creates novel opportunities in situations that require
rapid and frequent pathogen detection, such as the detection of E. coli in
drinking water. Sensing applications could be extended to the detection
of various pathogens and viruses as well, through appropriate and direct
modification of the biointerface.
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Towards impedance lateral
flow assays

-
-@'— Chapter objectives
In chapter 6, we introduced impedance measurements to accommo-
date the electrical detection of pathogens on paper-substrates with
a simple setup, although presenting many functional limitations for
its intended use as specific and sensitive pathogen biosensor. The
LFA advantageous properties of rapidity, integration of functional
nanoparticles and passive microfluidics, enabling washings and thus
detection specificity, are essential to address these limitations. In this
chapter, we apply the detection methodology used in chapter 6 to
the LFAs developed in chapter 4, with the aim of discovering the
challenges, opportunities and key best practices for designing high-
performance electrical LFA sensors.

The work in this chapter was partly carried out during a research
stay at Prof. Arben Merkog¢i’s Nano-Bioelectronics & Biosensors group
in Barcelona (Spain) during summer 2021, a collaboration that is
still ongoing. The results were presented at the World Congress on

L Biosensors 2023. )
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Introduction & motivation

By means of a plug-and-play yet stable parallel plate setup, in chapter 6
we rapidly detected volumic impedance property change of nitrocellu-
lose membranes due to the presence of 108 CFU mL~! bacterial cells in
low conductive buffers (representative water samples). The non-Faradaic
impedance spectroscopy measurements (1kHz to 1Mhz) showed high sen-
sitivity to the ionic content of the samples. These label-free detection re-
sults, although preliminary and based on a very simplified system, raise
the fair comparison with a classical IDE electrode system fabricated on NC
membranes. Therefore, it suggests that this external (i.e. non-integrated)
and reusable system could be a sensitive and very practical alternative to
the conventional electrode systems embedded in the paper substrate.

However, the clear challenges offered by the system, i.e. (i) the non-
specific detection of bacteria through their ion release and (ii) the static
detection setup in NC that implies no control on the microfluidics sample
buffer properties (e.g. conductivity), offering only a slight control on the
bacterial capture or the washing steps, make this detection method inad-
equate (complicated to implement + experimental bias), thus motivating
the integration of electrical measures with a complete LFA setup. Indeed,
LFAs involve label nanoparticles that specifically binds to the target bacte-
ria, assumes a proper and specific immobilization of the targets, allow the
control of some of the microfluidic properties such as sample buffer con-
ductivity, and enable washing steps. In addition, due to the LFA geometry,
it facilitates the integration of a differential measurement on the same de-
vice, as advised in section 6.6.

The objective of this chapter is to take advantage of the LFA dynamic
properties and capabilities in order to imagine new electrical detection
systems on LFAs, and propose concrete guidelines to overcome the chal-
lenges mentioned above. It is organized as follows. In section 7.2, we
review the state-of-the-art of the electrical transducers applied to LFAs, in
particular for the detection of gold nanoparticles (AuNPs). Based on the
state-of-the-art conclusions, section 7.3 propose a step-by-step strategy to
tackle the challenges offered by integration of electrical measurements on
AuNP-based LFA. We apply this strategy in section 7.4 in order to explore
electronic systems (sensing modalities, materials and devices) that would
be the most relevant to develop. Finally, the implementation outcomes and
the lessons learned are put into perspective with other relevant work in the
section 7.5, and future research directions are proposed.
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State-of-the-art

In this section, we present the main types of nanoparticles used in LFA
as transducer labels and the corresponding detection modalities that can
be operated. It is then followed by an overview of the state of the art of
LFA integrated with electrical, electrochemical or electromagnetic readers,
in order to identify the major trends in the design of non-optical LFAs.
Finally, since our work focus on the use of gold nanoparticles, we review
the sensing modalities that have already been exploited to sense AuNPs,
especially under LFA formats.

Co-integration of electronic readers and nanoparticle-based LFAs

Colorimetric LFAs mainly take advantage of the color change of nanopar-
ticles, due to the surface plasmonic resonance. However, nanomaterials
offer a large number of other unique properties due to the confinement of
electrons within them. The use of different types of nanoparticles makes
it possible to take advantage of their excellent physico-chemical proper-
ties (surface plasmon, very high conductivity, appearance of magnetism,
redox behavior, etc) in order to detect them through different detection
modalities. Many excellent reviews offer detailed viewpoints of the highly-
performing transducers that can be integrated in LFAs with regard to the
NP properties [115, 149, 151, 152, 183, 195, 255, 256, 257, 258, 259] : The lit-
erature provides information on four families of nanoparticle-based trans-
duction modes that can be applied to lateral flow assays (Figure 7.1):

1. Optical LFAs, mainly integrating gold nanoparticles (colorimetric de-
tection), or carbon nanoparticles such as graphene expressing fluores-
cence under certain excitation conditions;

2. Thermal contrast LFA;

3. Magnetic LFAs, mainly based on the detection of magnetic iron oxide
nanoparticules (MNPs) accumulation to the test line by means of sensi-
tive probes (Hall effect sensor, giant magnetoresistance (GMR) sensor);

4. Electrical and electrochemical LFAs, based on the use of metallic nanopar-

ticles (Au, Ag), oxides or materials with catalytic properties (Pt).
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Fig.7.1 Major existing detection methods on LFA taking advantage of the original
properties of nanoparticles (NP). Detection methods are categorized on the basis of
the type of transduction offered by NPs, which can serve both as a direct marker
for detection or as an element for triggering / amplifying another signal. Repro-
duced from [257] (CNT: carbon nanotubes, GO : graphene oxide, MNP : magnetic
nanoparticles, CNB : cellulose nanobeads, BP : black phosphor)

According to Figure 7.1, LFAs with non-optical readout are thus also
possible. In fact, lower detection limits and more quantitative results can
be achieved in comparison with colorimetric-based LFAs, but they require
specific readers.

In order to understand the dynamics of the developments implemented
to improve the performance of LFAs, it is useful to analyze the distribu-
tion of the different detection methods and types of nanoparticles mainly
used in rapid tests at the present time to realize the omnipresence of the
use of gold nanoparticles within LFAs. Colorimetric detection methods
currently represent more than 80% of developments, fluorescence around
15%, while electrochemical and magnetic methods share the remaining 5%.
This is also reflected in the distribution of the markers used in the LFA tests
(Figure 7.2). Electric and magnetic detection modes are not yet strongly
represented among LFAs. Indeed, the apparent barriers of these meth-
ods are that the research and their use can be initially more expensive and
more complex than their optical counterparts, which has constrained their
development [260].
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Fig. 7.2 Overview of the la-
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However, they are the subject of intense research and development at
present due to their high potential for performance (quantitative, sensitive,
and digital measurements), miniaturization (through integration), porta-
bility and cost reduction compared to optical readers. The interest of elec-
trical and magnetic detection techniques compared to the use of (optical)
colorimetry can be justified by the diagram in Figure 7.3: where only the
nanoparticles present in the first 10 ym of the thickness of the test line
participate in the generation of the signal (surface detection), all of the
nanoparticles present at the test line interact with the electric and magnetic
fields respectively. Therefore, in this volume-based detection, a greater
number of markers participate in the disturbance of the electric or mag-
netic field probing the zone, making these latter modes of detection more
sensitive than their optical counterparts.

Nitrocellulose

membrane Colorimetric Metalic or

4 4 magnetic labels

Backing

Optical detection Electro(chemical) or magnetic
detections

Fig. 7.3 Comparison of optical, electrical and magnetic detection methods for
nanoparticle-based LFA. The electric and magnetic transducers are sensitive to all
the markers (NP) accumulated in the detection zone, unlike the optical detection
modes sensitive only to the nanoparticles present in the first 10 ym. These methods
are therefore more sensitive, enabling lower detection limits. Adapted from [261]
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Comparison A comparative overview of relevant electro(chemical), ther-
mal and magnetic LFAs in the literature is provided in Table 7.1. A per-
formance comparison is proposed with their optical counterparts. Because
each sensor is designed specifically for its application, such as the sensor
principle, electrode dispositions or nanoparticles, it is difficult to provide
an objective comparison of these works. However, some key conclusions
can be drawn :
¢ It is shown that the use of alternative sensing modality to colorimetry
by means of additional readers leads to lower LoD (~ 10-100 x) for
each type of target (proteins or whole-cell pathogens) as compared to
the colorimetric LFA reference.

* As a striking example , we can cite the work of Sinawang et al. [262]
aimed at obtaining quantitative detection and lowering the detection
limits of optical LFAs [263] for the detection of a virus protein (dengue
virus NS1 protein) by means of adding an electrochemical reader unit
to the test line on the LFA where the AuNP are accumulated.

¢ Interestingly, in another example combining electrochemical and colori-
metric detection on the same AuNP-based LFA [264], the LoD for the
biomarker was the in the same range for both the colorimetric and the
electrochemical response of the test line. In that case, the authors justi-
fied the interest of their dual detection methods as it can provide dou-
ble confidence on the same assay, and that the integration could poten-
tially avoid false results coming from one method, since they previously
shown that the colorimetric detection of 8-OHdG was regularly leading
to false results.

e In the case of electrical detection modalities, the choice of electrodes
is often focused on screen-printed electrodes, either carbon- or metal-
based (Au, Ag) inks, that are directly integrated onto the LFA substrate
or under the substrate on the plastic backing. This can probably be
explained by the accessibility and the diffusion of this manufacturing
technique, low-cost and simple to implement, even on inhomogeneous
substrates such as paper.

* Finally, the use of AuNPs as a signal enhancement strategy in the dif-
ferent sensing modalities is still widely spread, either of course for their
colorimetric properties, but also as an electrochemical reaction catalyst
increasing charge transfert [265, 262], for their ease of functionalization
with the electroactive reagent, which is therefore carried by the AuNP
and specifically delivered to the target, or for their thermal properties
[266].
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In view of the previous sections, it seems interesting to exploit the
properties of gold nanoparticles to improve LFA detection systems, for
several reasons: (i) they still equip most LFAs at present and are therefore
very well established within the various LFA manufacturers and devel-
opment processes, (ii) their manufacturing process is largely mature, and
they can be produced in large quantities in high quality and stability, at
lower costs compared to other NPs, and (iii) they offer numerous electrical
detection schemes (impedimetric and electrochemical) [155].

Electrochemical detection techniques of AuNPs

In this section, we describe in more detail the physical principles of the
electro(chemical) detection modalities available to detect gold nanoparti-
cles in biosensor technologies [233, 273, 274, 275, 276, 277]. Methods for the
electrical detection of AuNPs within biosensors in the literature are mainly
divided into impedimetric detection modes, analytical electrochemistry
methods and detection at higher frequencies.

Impedimetry

The complex impedance behaviour was introduced in section 6.3. Impedi-
metric detection modes are divided into electrical impedance spectroscopy
(no electron transfer occurs at the solid-electrolyte interface, non-Faradaic),
and (ii) electrochemical impedance spectroscopy (in presence of electroac-
tive species, Faradaic).

In non-Faradaic electrical impedance spectroscopy, the detection in-
formation is mainly contained within the dielectric properties of the sys-
tem. In this sense, it is also called electrochemical capacitance spectroscopy.
Applied to the detection of gold nanoparticles within an LFA, two elec-
trodes can be applied on either side of the test area and measure the differ-
ence in capacitance induced by the presence of the metallic labels (AuNPs)
within nitrocellulose composing the LFA (Figure 7.4).

The value of the volume capacity of the test area can be approximated
to C = %, with S the surface of the electrodes, d the distance between
the two electrodes,and € is the dielectric constant of the rapid test volume
at the test area, which is the physical parameter mainly modified by the
presence of AuNPs. The working frequency ranges must be well defined,
typically between 1 kHz and 1 MHz. The correlation between the variation
of the capacitance (and therefore of the overall impedance) and the concen-
tration of nanoparticles makes it possible to obtain quantitative values of
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the presence of contaminants in the test.

Other examples of non-Faradaic impedance sensors based on AuNPs
are depicted in [274, 278, 279]. Although not already applied to an LFA, Pal
et al. interestingly used microelectrodes to detect AuNP-labelled pathogen
through changes in R; at 0.1 MHz [222].

Electrodes arranged on either side of the test line on a
LFA, filled with sample (dashed). A

NN N

ACA

Evolution of the capacitive signal
perceived by the electrodes as a
function of the transport of metallic
nanoparticles in the test area

Time

Fig.7.4 Illustrative diagram of the concept of a capacitive LFA for the continuous
monitoring of the LFA. Modified from patent Nguyen, V., et al. (2013) An electronic
lateral flow test arrangement and method (WO2013083686A1).

For their part, sensors based on electrochemical impedance spectroscopy
(Faradaic) take advantage of the electrochemical reactions between the species
present in the sample (the contaminants directly, or the nanoparticles) and
the electroactive species added to the medium (often [Fe(CN)s]>~/47). In
this case, the transfer of electrons between the electrodes is quantified by
means of the charge transfer resistance R at the surface of the electrodes,
modified in the presence of the AuNPs.

In the study by Jolly et al. [280] aimed at detecting DNA strands, they
partly used impedance spectroscopy in Faradaic mode to detect changes
in Rt due to the introduction of AuNPs near the surface. Figure 7.5 illus-
trates the recorded impedance plots: a decrease of about 30% in impedance
was observed due to the reduction of R.; after incubation of AuNPs on the
biosensor. This decrease in resistance is the result of the attachment of
AuNPs (positively charged) to the surface of the electrode, which results
in a decrease in the resistance to the negative redox couple in the solution.
The need for surface effect diminishes the advantages of volume sensing
mentioned above. Wan et al. present a similar detection principle [205].
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Fig. 7.5 Illustration of the principle of detection of gold nanoparticles by means
of Faradaic impedance spectroscopy. The AuNPs must be in close proximity to the
surface in order to influence (decrease) the resistance to the transfer of R.; charge
of the solution containing the sample (here DNA strands attached to the surface of
the electrode) and the electroactive species (redox). Modified from [280].

Analytical electrochemical methods

Other analytical methods have been used for AuNP detection purposes.
AuNPs can also be chemically oxidized in Br, or HCI to form an elec-
trochemically active species, AuCly~, which can then be detected using
analytical electrochemistry modes such as differential pulse voltammetry
(DPV). This is the scheme put in place by Ng at al. [281], Figure 7.6. The
higher the number of nanoparticles (proportional to the number of pathogens
in the sample), the higher will be its oxidation peak observed by DPV. The
author obtained a quantitative detection with extremely low detection lim-
its for the detection of bacillus Mycobacterium tuberculosis (1 CFU mL~1), a
pathogen responsible for tuberculosis and of interest to be detected in or-
der to prevent and stem the spread of the disease. Similar examples are
described in the excellent works of de la Escosura et al. [276, 282, 247].

Detection of AuNPs at high frequencies

Finally, it is worth mentioning that beyond detection techniques by im-
pedimetry or analytical electrochemistry, studies have attempted to detect
gold nanoparticles at higher frequencies on a nitrocellulose membrane. In
this study, the gold nanoparticle, subjected to a silver enhancement pro-
cess, were behaving like antennae on nitrocellulose supports using a reader
without RFID wire (915 MHz) to detect very low concentrations of IgG pro-
teins (Figure 7.7 [250].

202 |



SA-SPCE

O AuNP

@ Biotin
® BSA

State-of-the-art | 7.3

Fig. 7.6 Diagram of detection
of gold nanoparticles using an-
alytical electrochemistry meth-
ods such as DPV. The gold
nanoparticles are detected by
means of their oxidation via
Pre-oxidation | DPV HCI. The use of these tech-

Hel niques makes it possible to
greatly reduce the detection
limits, but requires a more com-
plex measurement system with
) 3 electrodes as well as the ad-
) dition of the oxidizing agent,
which complicates the manipu-
lations. From [281]
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Fig. 7.7 Working principle of dipole antenna biosensor based on gold nanoparti-
cle capture on a nitrocellulose membrane [249] : (a) cross-sectional view of the an-
tenna gap with gold nanoparticle conjugated anti-rabbit IgG forming a sandwich
structure (top-view of NC membrane microphotograph); (b) cross-sectional view
after the gap is bridged using silver enhancement (top-view of NC membrane mi-
crophotograph); (c) 915 MHz dipole antenna based RFID biosensor; (d) illustration
of the differential RFID based detection system, where L1 and L2 correspond to the
farthest distance the RFID tag can be interrogated by an RFID reader.
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7.3  State-of-the-art conclusion and chapter contributions

To overcome the limitations of colorimeteric LFAs, electrical and magnetic
transduction make it possible to take advantage of the signal generated by
all the markers present in the reaction zone (test line). In particular, sev-
eral electrical detection principles, essentially based on impedimetry, take
advantage of the electrical properties of gold nanoparticles to generate an
electrical signal sufficiently defined to obtain high sensitivities and quanti-
tative detections of analytes. There is great interest in combining these de-
tection methods with existing conventional LFAs in order to improve their
performance. However, very few of these detection principles are already
integrated on LFAs, which leaves many challenges and opens the door to
the study of their integration. The study of the state of the art shows that:

1. Gold nanoparticles could be a good candidate to detect electrically,
given their ubiquity.

2. Faraidic electrochemical impedimetry for the detection of gold nanopar-
ticles can achieve high sensitivities. However, the incorporation of a
redox reagent complicates the manipulations (influencing the relia-
bility of the test, crucial to ensure the competitiveness of rapid tests),
and makes necessary a three-electrode system more complex to inte-
grate into the LFAs due to the LFA geometry (the electrodes are often
directly printed and does not support reusing).

3. Non-Faradaic impedance detections, where the dielectric fingerprint
of the AuNPs is used directly to identify and quantify the presence
of contaminants, was already demonstrated and would be simpler to
implement on LFA. However, to the best of our knowledge there is
no such sensor yet for the detection of AuNPs within LFAs.

4. Detection methods must be studied and evaluated on the basis of
several criteria: response time, detection limit, quantification range,
signal-to-noise ratio, and ease of interfacing the sensitive probes with
LFA microfluidics. The costs and reliability of the tests must be taken
into account as well. Since electrical sensing modalities are sensitive
to many species in the samples, validity of the electrical tests results
must be a priority, for example by an optical control.

Chapters 4 and 5 concluded that the intrinsic LoD of AuNP-based LFAs
are driven by the interactions between the targets, the labels and their ac-
cumulation to the test line. Chapter 6 showed that non-faradaic impedance
spectroscopy is a powerful tool for highly sensitive biosensors (easy imple-
mentation of simple electrodes, well documented), but demands delicate
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interpretation given its extreme sensitivity to electrical properties of the
buffers involved in LFA.

Taken all together, the study of impedance detection on AuNP-based
LFA seems like a reasonable choice to initiate the implementation of
electrical LFAs and gain experience on the key features of their inter-
facing.
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Chapter contributions Here, we propose a step-by-step strategy to tackle
the challenges offered by the integration of electrical measurements on
AuNP-based LFAs. In particular, this chapter introduces the necessary
characterizations to qualify and model the LFAs and the interactions they
involve, enabling the design of nanoparticle detection strategies.

1. First, a LFA design suitable with non-faradaic impedance measure-
ments is proposed, taking advantage of the plug-and-play parallel
plate electrode disposition and the flexibility offered by the LFA fab-
rication process. This innovative design allows for both impedimet-
ric and optical detection in the same device, and integrate a differ-
ential detection scheme for control measurement on the same device.
Basic characterizations are performed to optimize the impedance mea-
surement parameters, such as the frequency range. An equivalent
electrical model of the LFA test zones is established. The impact
of the porous membrane on the model parameters is considered by
means of a simple analytical model.

2. Second, we calibrate the impedance response of conventional LFAs.
The calibration provides insights into the intrinsic electrical noise and
electro-fluidic phenomena occurring within the detection area, which
result from the specific LFA microfluidics (i.e. capilarity) and the
high complexity of the buffers required for proper LFA functional-
ities. The calibration is performed with respect to the buffer conduc-
tivity and to the operating time of the LFA.

3. Then, the combination of colorimetric and electrical characteriza-
tions of an engineered LFA design is proposed as a mean to study
and control the electro-fluidic properties of the LFAs. The electrical
phenomena observed can thus accurately be linked to the propaga-
tion of fluids successively added in the LFA, enabling the design of
effective washing steps.

4. These results are leveraged to set up a strategy to reveal the dielec-
tric footprint of the AuNPs and their accumulation at the test line.
As a prospective study, we evaluate a simplified system made of con-
jugated AuNPs that accumulate on a test line made human IgG pro-
tein. To date, the sensitive electrical detection of AulNPs within a
LFA still remains to be demonstrated. Further works are currently
conducted to this end.

Finally, we compare relevant works on electrical transduction of LFAs
in the light of our methodology. The lessons learned from our implemen-
tation are used to propose a research path.
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7.4 Results

7.4.1 Implementation

It is desirable to perform affinity impedance measurements on gold nanoparticle-
based LFAs since this kind of LFA is the most widely developed, used and
accepted. To design the prototype impedance-based LFA, we leveraged
the experience from chapter 4 to adapt the AuNP-based LFA for human
IgG (H IgG) colorimetric detection with the outcomes of chapter 6 to de-
sign a plug-and-play setup relying on the parallel plate approach (Figure
7.8 A). In this design, the LFA is inserted in a cassette designed specifically
for our application, and integrating electrodes made of sputtered gold (500
nm) on a plastic support (PET). The choice of gold was made in order to
avoid oxidation of the electrodes, a problem which had been revealed with
the IDEs in the chapter 6. A 500 nm-thickness was supposed to be enough
in order to withstand handling of the PET, cutting and attachment in the
cassette.

This setup is design in such a way that two pairs of parallel and planar
electrodes are disposed on the LFA. A first pair of electrodes is the detec-
tion pair, and disposed at the conventional colorimetric test line, such that
it becomes the "impedance test line" as well. A second pair of electrodes is
disposed at the end of the detection membrane, closer to the absorbent pad,
and serve as the impedance control (blank) since no particles are supposed
to bind at that place. The two electrode pairs are forming a differential
measurement setup. In order to secure a visual control on the proper flow
of the LFA, just like any colorimetric LFA, the colorimetric test line is still
visible thanks to a aperture in the cassette. In addition, the design of the
cassette allow to observe visually the accumulation of the AuNP at the TL
from the sides of the electrode notches.

Since our goal is to demonstrate the impedimetric detection of AuNP
concentrated at the TL, we simplify the sandwich immunoassay to an ac-
cumulation assay. In this configuration, which is a "competitive-like" assay,
the human IgG target proteins are disposed at the TL, and AuNP conju-
gates with anti-human IgG antibodies can thus reliably accumulate at the
TL when properly flown into the LFA (Figure 7.8 B).
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Fig. 7.8 Implementation of non-Faradaic impedance measurements on AuNP-
based LFA. (A) The experience with the parallel-plate in chapter 6 is leveraged to
design a reusable and plug-and-play differential scheme with two electrodes pairs,
integrated in an ad-hoc cassette, that can provide impedance measurements at the
test line and farther on the LFA in a location without labels, thus serving as blank
measurement. The colorimetric test line was kept accessible to allow visual assess-
ment of the LFA flow, and help the interpretation of electrical measurements. (B)
The fabrication protocol of AuNP-LFA from chapter 4 where modified to ensure
the accumulation of a significant number of gold labels at the test line, by direct
functionalization of the TL with the target to be detected, i.e. human IgG.

Figure 7.9 shows the reusable, 3D printed cassette with the gold planar
electrodes disposed in the differential scheme. To perform the impedance
measurements, each electrode pairs was connected to an independent impedance
meter (Metrohm pSTAT Multi-4 potentiostat, a 4-channel potentiostat with
frequency response analyzer modules). Since the quality of the measure-
ment is highly dependent of the close contact between the electrodes and
the nitrocellulose membrane, clamping screws are added to control the
pressure and ensure reproducible clamping.
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Fig. 7.9 3D-printed setup for non-Faradaic impedance measurements on LFAs,
enabling real-time optical and electrical monitoring.

Sensor modelling to support LFA design choices

Conventional AuNP-based LFAs use nitrocellulose membranes casted on
a polyester support, or backing, which easy the handling. All the pads are
then laminated on a second plastic support card. In chapter 6, we per-
formed the impedance measurements directly on the nitrocellulose mem-
branes with a backing, providing a sensitivity to ionic concentration through
the dielectric properties of the membrane soaked with electrolyte (both re-
sistance and capacitance changes). Here, the electrodes are produced in
a much more homemade, uncontrolled, and unshielded way compared to
the probe parallel plate. Therefore, the interfacing of simple gold planar
electrodes with the backed NC membrane was assessed and compared to
the use of unbacked NC membrane, that are produced and supplied with-
out the polyester backing. In order to make the unbacked nitrocellulose
accessible to the electrodes on either side of the membrane, an opening
was inserted in the supporting card, and the membrane was stuck on both
sides of the support card to form a bridge between the sample pad and the
absorbent pads sides, ensuring a proper over the entire strip.

As depicted on Figure F.1 (Appendix F), the resolution of impedance
measurements in the presence of two model fluids with opposite resis-
tive dielectric properties (DI water is highly resistive whereas PBS, highly
saline, tolerates the ionic polarisation of its medium very well) suggests
the need to use NC membrane without backing for our system in order to
remove the capacitive effect of the backing, which drastically increases the
global impedance and prevent to be sensitive to any other element of the
proposer sensor equivalent circuits.
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The comparison of the two setups, with backed or unbacked nitrocel-
lulose membranes, was further studied based on the electrical equivalent
models depicted on Figure F1. Their corresponding total impedance ex-
pression are given in Equation 7.1 and 7.2, respectively, highlighting the
significant contribution of the backing capacitance to the impedance of the
system.

V4 ! + ! + ( ! + jwC )_1
backed = - LFA
e ]chacking ]wcdl RrFa /

 jwRLEACLEA(Car + Cacking) + jwRLFACBackingCal + Chacking + Car

jewCaiCpacking (jwRLpACLEA +1)

7.1)
1 -1
z = - - + jwC )
unbacked ]wcdl (RLFA ] LFA
_ 1+ jwRera(Crea + Car) (7.2)

~ jwCy(1+ jwCrraRppa

In chapter 6, at saline conditions (typically PBS buffers opps ~ 1.6
[S/m]) we saw that due to the high electrolyte permittivity and ionic con-
centrations, Cy is extremely large (~ 1-100 uF/cm?). Since CBacking =~ 100
pE the backing capacitance dominates in series with Cj;. The double layer
is screened by the backing insulator layer [13], the latter implying a high
total impedance of the system, even at high ionic concentrations. How-
ever, when the backing is removed, the global impedance of the system
decreases as the displacement current, generated by the polarization aris-
ing from the alternative electric field, can flow through the solid-electrolyte
interfaces much more easily. Therefore, the measured impedance is lower
and driven by R4, i.e. the conductivity of the buffers, over a wider range
and at lower frequencies.

Figure 7.10 depicts the impedance spectra of the electrical equivalent
models, including or not an insulating layer characterised by a Cpgeking =
100 pF (measured). The volume capacitance of the NC membrane, soaked
with aqueous electrolytes, is approximated to Crpg = % ~ 100 pF with
€g = 8.85 x 10712 Em~! the permittivity of free-space, €, ~ 80 Em~! the
permittivity of water, A = 107> m? the surface area of the electrodes at
the test and control lines, and d = 1.4 x 10~% m the thickness of the un-
backed nitrocellulose membrane. The resistance value of the NC mem-

brane soaked in PBS and deionized water was estimated as Rjpy = %d
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with p the resistivity of the solution, d the thickness of the NC membrane,
A the surface area of the electrodes. The dielectric properties of the PBS are
opps ~ 15 mS/cm, and ppps ~ 0.66 £2.m. Therefore, in unbacked disposi-
tion, Rpps can be approximated with 10 (2. For DI water, the Rp; estima-
tion based on the theoretical resistivity value reflects less the observations.
DI water is supposed to be highly resistive, i.e. pp; ~ 10 [M{2.cm]. How-
ever, in practice we see that the resistance measured with DI water is often
in the same range as the one of PBS diluted 1000 x. Therefore, the exper-
imental manipulations result in a measured resistance DI water solutions
being maximum 10 2, which is used in the model. For the backed NC
membranes, the Rpgs and Rp; used in the model are 10° and 10° (2, re-
spectively, reflecting our previous experimental observations.
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Fig. 710 Modelling of A. backed and B. unbacked nitrocellulose membranes,
with representative parameters (see text). These models confirm the experimen-
tal observations made on Figure F.1. The observation of a significant shift between
the DI and PBS samples over the frequency range of interest suggests to consider
the use of an unbacked NC membrane in the impedance LFA prototype. DI and
PBS bulffers can be considered as the lower and higher bound in term of electrical
conductivity among all the electrolytes that will be applied to the LFA.

As highlighted in the literature (section 7.2.2), one possible way to de-
tect pathogens or specific labels in solution with non-Faradaic impedance

| 211



7 | Towards impedance lateral flow assays

measurements is to be sensitive to changes in the system resistance Ry ra
due to their perturbing effect in the local electrical field. This strategy is
not widely spread, or demonstrated with microelectrodes benefiting from
significant electrical field alterations when bioanalytes manage to bind in
their close vicinity. In this work, we chose to leverage the sensitivity of the
prototype setup to the fluid dielectric properties to try extending the use
of non-Faradaic impedance to AuNP-based LFAs. Therefore, the final LFA
design involved the use of unbacked nitrocellulose membranes.

Selection of impedance spectroscopy parameters

The first set of experiments was performed by taking impedance measure-
ment of buffers alone in the LFA strip using a frequency sweep from 0.1
Hz to 1 MHz (Figure 7.11 in order to calibrate impedance response under
conditions relevant to LFA operation. PBS buffer and DI water were used
as lower limit and upper limits of fluid resistivities, respectively, as any
buffer used in LFAs are dilutions of these buffers and have intermediate
resistivities that are proportional to the PBS or DI. They are depicted on
Figure 7.11, mainly as dilutions of the 10 mM PBS stock solution.

Figure 7.11, described by equation 7.2 explains the properties of impedance
measurement of the LFA soaked with electrolytes, which depends on fre-
quency. In the low frequency zone (f < 10 kHz), the double layer capaci-
tance is the main contributor to the high impedance modulus |Z| and is
the main driver of total impedance, so that the resistance of the medium
can be ignored (Figure 7.11, Cy; region). At high frequencies (f > 10 kHz),
the resistance of the medium is the most important contribution to total
impedance, which is independent from the frequency. This region is de-
fined as the resistive region, in which free ion conduction in the medium
dominates the total impedance response of the system (Figure 7.11, R; re-
gion). Therefore, changes of medium resistance due to accumulation of
analytes or labels can be measured at the highest signal to noise ratio with-
out the capacitance buildup at the electrodes by operating at a single fre-
quency, e.g. 100 kHz.

Further analysis of the phase angle 6 was carried out to distinguish be-
tween impedance change due to conductivity and impedance change due
to capacitance changes. If there is a change in impedance but no change
in the phase angle, which remains highly resistive (i.e. close to 0 °), then
the change is due to the resistivity of the medium. However, if the change
in modulus is also accompanied by a change in 6, so the system also dis-
plays a capacitive change. This was clearly observed with the setup used
in chapter 6. Here, at 100 kHz, the phase angle is significantly close to 0
for every conditions, such that the impedance changes are mainly sensed
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through RLFA .

This also confirmed that the resistance value observed for the DI water
sample lies in the same range as 1000x diluted PBS, although resistivity
of DI water was supposed to be significantly higher, suggesting contam-
ination of the sample and influence of other parameters (such as the NC
membrane) once the measurements are performed on the LFA.

Then, we extracted the parameters corresponding to the equivalent cir-
cuit (Figure 7.12 A) from recorded impedance spectra from Figure 7.11.
Fitting the spectra, conducted with Zview software, enabled the extrac-
tion of Ry r4 and comparison with the recorded impedance modulus | Z|
to demonstrate the accuracy of the hypothesis of sensing mainly through
Rrra at 100 kHz (Figure 7.12 B): Ry 4 extracted very similar to the impedance
modulus at 100 kHz because impedance is dominated by the medium re-
sistance at high frequencies (electrolyte + nitrocellulose membrane).
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Fig.7.11 Selection of impedance spectroscopy parameters. Impedance spectrum
measurements on LFA test line (0.1Hz - 1IMHz, 10 mV) subjected to various elec-
trolyte, with PBS and DI water as the lower and upper resistivity limits as any
buffer used in LFAs have intermediate dielectric properties. PBS: buffers are dilu-
tions of the initial PBS 10 mM stock solution. CPB is the conjugate pad buffer, i.e.
the main buffer influencing the physico-chemical properties during the LFA oper-
ation.
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Fig.7.12 A.Equivalent circuit of the impedance-based LFA Impedance. B. Values
of the equivalent circuit Ry p4 parameter as extracted by fitting the model to the PBS
and DI curves displayed on Figure 7.11. The highly close value between the value
of the resistance extracted and the impedance modulus at 0.1 MHz confirms the
mainly resistive behaviour of the unbacked nitrocellulose LFA at this frequency.

Data analysis

To account for fabrication differences among the electrode pairs used (ge-
ometries), among the fabricated LFAs and from the variability of LFA inter-
facing in the cassette (pressure differences), the results are typically based
on a subsets of the performed measurements :

* Non-working channels (poor contact/pression, bad connections) were
excluded based on noise and impedance amplitude evaluation.

¢ Evaluation of the channel quality based on the background noise (rough
or smooth curve).

¢ Variability within and between working electrodes pairs was studied
by statistical measures (means and standards deviation of impedance
amplitude for different frequencies) and depicted on Figures F.2 and F.3.

The variability analysis (Appendix 6.2) suggests strong influence of
the LFA fabrication protocol and the electrode pair used on the recorded
impedance. This calls to avoid absolute comparison of the recorded impedances
between the electrodes pairs (for example comparison of the test and con-
trol line electrodes), or between different LFAs. Therefore, the develop-
ment of the LFA testing protocol must take this consideration into account
in order to ensure the accuracy of the measurements interpretation.

7.4.2 Calibration

In view of the results of chapter 6 and the sensitivity analysis carried out in
section 7.4.1, it is therefore anticipated that the impedance measurements
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will be very sensitive to the specificities of full LFA tests. It includes the
inhomogeneity related to its manufacture, its materials, or the complex de-
sign with interconnection of several substrates (SP-CP-NC-AP) that influ-
ence the microfluidics of the system). One can also expect a variable sen-
sitivity to the buffers involved to enable the LFA functionalities (the CPB
introduced in section section 7.4.1 for the release and proper fluidics of the
NPs within the LFA, residual BSA related to blocking, etc).

All of these factors contribute to the complexity of interpreting the re-
sults of impedance measurements from LFAs, and contribute to significant
variability between measurements. It is therefore critical to characterise
the system behaviour in experimental conditions representative to LFA
operation.

To this end, we further monitored the response of our impedance LFA
prototype to model saline solutions (dilutions of the 10 mM PBS stock
buffer). Since the calibration to the electrolyte conductivity conducted in
section 7.4.1 was performed in a static disposition, i.e. 15 min after the
drop-casting on the sample on the LFA, no more flow was expected within
the LFA. However, here, we performed continuous measurements of the
impedance at 100 kHz over the complete LFA operating time in order
to understand the effect of the LFA fluidics on the impedance measure-
ments. This calibration is used to determine the impedance "background
noise" generated by the LFA in various electrolytes.

This study of the electro-fluidic dynamics of the LFA, which aims to
understand the physical phenomena within the LFA and the influence on
the interpretation of the measurements, includes analysis of the evolution
of the flow within the first moments after release, the dynamics of mass and
charge transport (ionic displacement) within it and the influence of evapo-
ration on the results. These studies on LFA are usually carried out empir-
ically by means of optimisation via colorimetric tests or liquid mass con-
tent analysis. The characterization of such parameters with non-faradaic
impedance measurements has not been reported before, to the best of our
knowledge.
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Temporal response highlights different fluidic regimes

Figures 7.13 shows the evolution of the impedance modulus measured at
1kHz over the 1000 first seconds of the LFA operation time. It can be ob-
served that when the fluid arrives at the electrode area, an initial drop of
impedance is measured during a period of 100 secondes, followed by a
progressive stabilization of the impedance. This impedance curve show
high similarities with the flow rate evolution over the LFA time duration
reported by Gasperino et al. (Figure 7.14). They identified 4 main fluidic
regimes during an LFA operation : (1) fast flow during the NC membrane
wetting, (2) the absorbent pad impregnation from the membrane, (3) ab-
sorbent pad filling, and (4) progressive drying of the LFA from the LFA
sides.
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Fig. 7.13 Different fluidic regimes highlighted by monitoring impedance evo-
lution over the LFA operation time. After an initial drop of about 100 sec, the
impedance progressively increases to stabilize after about 7 min, once the absorbent
pad drives the capillarity action. The initial decrease in impedance can be at-
tributed to the higher number of ions transported by the fluid during the first fast
fluidic regime driven by the membrane wetting.

In order to understand the origin of the impedance drop, we need to
understand the charge transport dynamic happening in the LFA at that
moment. Charge transport in microfluidics is described by the Péclet
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number, Pe, which is defined as

convection rate V.re
Pe — - 7.3
€ diffusion rate D 73)

with V which is the velocity of the moving fluids through the LFA mem-
brane, r¢ is the characteristic size of the pores inside the membrane, and D
is the diffusivity of the species transported in the fluids.

To obtain an estimation of the velocity of the moving fluid, we recorded
the advance of the fluid front over time during the first seconds of the LFA
operation (see Appendices Figure F.4). From these measurements, we com-
puted a fluid flow velocity V ~ 8 x 107* m/s. Since the diffusion coeffi-
cients of the NaCl solution Dy,c; is 1.61 x 1072 m? /s [283], and the mean
pore size r¢c ~ 11.5 ym computed in section 3.6.2 for CN95 membranes, Pe
=~ 5.96, and the transport of ions in the LFA is dominated by the convection,
i.e. convection rate due to capillarity is higher than the diffusion rate. This
initial fast fluid transport, resulting in fast ionic charge transport between
the electrodes, could explain the subsequent lower monitored impedance
during this very precise moment of the LFA operation.
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Fig.7.14 Gasperino et al. also reported 4 main fluidic regimes, including the initial
fast fluidic transport over the first 50 seconds. The duration of the initial fast fluid
transport depends on the LFA geometry. Reprinted from [179]

Finally, we also measured the impedance evolution over a much longer
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period of time (~ 3h), which revealed the drying process of the LFA (Fig-
ure?7.15). This study allows us to select the appropriate timeframe during
LFA operation to perform the measurements at a moment where the LFA
fluidic is not influenced by transcient effects such that the intial fast flow
or the drying of the LFA. In particular, the timeframe between 15 min and
~ 2h looks promising to keep a constant, steady flow of ions and remove
background noise of the LFA operation.
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Fig. 7.15 LFA drying study by impedance measurements. The timeframe be-
tween 15 min and ~ 2h indicates a constant, steady flow of ions through the LFA,
i.e. in between the electrodes, which thus remove some of the background noise of
the LFA operation

Control of LFA electro-fluidic properties

In order to control the dielectric properties of the LFA, in this section we
assessed the possibility of washing the LFA ionic content during the LFA
operation time. In conventional microfluidics (i.e. plastic microchannel ac-
tuated with a pump), washing of the test area is achieved by progressively
adding new buffers in the microfluidic circuit to force the buffer present at
the test area to move further downstream in the circuit, thus replacing the
properties of this fluid at the test area by those of the new buffer. In our
case, we try to apply this strategy to the LFA case, by continuously mon-
itoring the impedance response of the test zone. We apply a procedure
consisting in a successive addition of small buffer volumes of different
resistivity, alternating between a highly conductive PBS with high ionic
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content and low resistivity, and PBS diluted 1000 in non-conductive DI
water.

Coupling optical and electrical measures highlights fluid mixing in LFAs

First, we studied the dynamic impedance response to fluid resistivity in
conventional LFA formats (60 mm x 5 mm, cellulose sample and absorbent
pads). The results, depicted on Figure 7.16 A for the impedance modulus
show a progressive decoupling of the impedance response with the added
buffer resistivity. In addition, an unexpected decrease of the impedance
was observed at the end of the last washing step, inconsistent with the ex-
pectations (i.e. increasing impedance). Monitoring of the phase angle over
the whole operation is depicted on Figure F.5.

In order to understand the origin of the progressive decoupling of the
impedance response with the added buffer and the inconsistent increas-
ing impedance after 2h, we simulated the progressive propagation of PBS
and PBS:1000 buffers by means of coloured fluids in order to observe their
flows and to highlight their possible interactions (Figure 7.16 B). We ob-
served that the addition of the red fluid, simulating the PBS, was leading
to an increasing mixing of the buffers at the test line (dashed rectangle on
Figure 7.16 B), seen at 45 and 105 min, explaining the global decrease of
impedance over time.

These observations indicate that the microfluidic principle of conven-
tional LFA format, i.e. capillarity with a limited bed volume, cannot be ap-
proximated with the operation of conventional microfluidic circuits (plastic-
based) for a precise control of the fluid properties at a certain place of the
channel. Indeed, due to the limited wetting capacity of the absorbent pad,
the flow will eventually stops (more or less quickly depending on the AP
size), leading to a mixing of the fluids within the LFA. These results suggest
that conventional LFAs are not appropriate for controlling the electro-
fluidic properties of the flow.
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Fig. 716 Impedance sensing of successive buffers in conventional LFA. A. Each
coloured area starts when the corresponding buffer is added to the LFA (red:
PBS, blue: PBS:1000). Here, we drop-casted 75 uL of PBS to start the LFA oper-
ation. Then, we successively alternated the addition 50 uL buffers (PBS or diluted
PBS:1000) on the LFA at specific time intervals : PBS:1000 (15 min), PBS (15 min),
PBS:1000 (15 min), PBS (20 min). The last addition consisted in a PBS:1000 washing
(40 min). The impedance-LFA showed a response consistent with the resistivity
of the buffers added during the first 3 injections. Then, an increasing response
time to the last sample buffer was observed until the resistivity of the added fluids
and the resistance of the measured nitrocellulose membrane completely decoupled.
Strikingly, whereas we expected to completely wash the LFA of the majority of its
ions with highly resistive PBS:1000 at the end of the LFA test time, a drop in resis-
tance was observed, uncorrelated with the added PBS:1000. B. Simulation of the
successive buffers highlights fluid mixing (at 45 and 105 min), consistent with the
impedance measurements. Therefore, a conventional LFA is not suitable for precise
control of the ionic content at the test line area.
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Engineering LFA design to control LFA electro-fluidic properties

To overcome the limitations presented by the conventional LFA format, in
this section we introduce an innovative LFA design enabling the precise
control of the ionic content in the LFA on a timescale adequate for the
proper functioning of the impedance-LFA.

LFA design engineering Since we observed that the bed volume was the
limiting factor for controlling dynamic washing steps, that involve succes-
sive addition of buffers, here we propose to engineer the absorbent pad of
conventional LFA to obtain an LFA design suitable for true flow control,
similar to what is obtained for conventional microfluidic channels. The
idea of flow control was already developed for other paper-based applica-
tion, mainly the development of paper-based batteries [184, 284]. In that
case, the requirement of a continuous supply of reactive species, in order
to keep a constant ionic concentration at the reaction zone, involved the
design of a paper microfluidic channel that can maintain the same flow ve-
locity over a long period of time. This was obtained by designing the paper
microfluidics channel as a fan, with a large surface area, such that the in-
crease in viscous forces due to the fluid progression in the paper channel
is compensated for by the increase in capillary force thanks to the larger
pore contact area available to the fluid, see section 3.8. Very recently, a first
study of an electrochemical paper-based sensor leveraged this approach to
allow the continuous-flow electrochemical detection of biomolecules in a
three-electrodes configuration [285].

Here, we take advantage of this strategy by integrating a fan-like ab-
sorbent pad, aimed at increasing the available bed volume and enabling
precise control on the LFA flow over the period of time necessary to per-
form the impedance measurements.
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Fig. 7.17 LFA design engineering for efficient control on ionic content. The fan
absorbent pad increases the total bed volume of the LFA, i.e. capacity, and thus
permits a continuous flow for a much larger sample volume.

Device characterization with model fluids Figure 7.18 depicts that the
flow control in the fan-LFA results in the possibility to control the dielectric
properties of the flow through the implementation of consistent washing
steps. Dynamics of washings in fan LFA 1 - 15 min period (except first).
The phase angle evolution is shown on Figure F.6. + limitations
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Fig. 7.18 A. Characterization of the engineered LFA design for efficient control
on ionic content. This is reflected in the impedance response, which is driven by
the addition of the buffer in a much more precise way than for conventional LFA
(depitced on Figure 7.16. Therefore, adequate washing steps are possible to imple-
ment with this setup. B. The fan absorbent pad increases the total bed volume of
the LFA, i.e. capacity, and thus permits a continuous flow for a much larger sample
volume than conventional LFA.

Optimisation of time and sample volume In order to fully characterize
the concept of controlling the dielectric properties of LFA flow by washing
ionic species in LFA with successive buffers, we perform a second dynamic
impedance measurement on the engineered LFA, with a time period of 20
min between two injection of buffers (Figure 7.19 A). The colorimetric ex-
periment carried out in parallel (Figure 7.19 B) allowed to visualise the
reason for the time lag between the injection of the buffer and its visualisa-
tion thanks to the impedimetric signal of the test line: the time required for
the new liquid front to clear the previous buffer in the nitrocellulose mem-
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brane increases with the cycles (dashed area). Therefore, the dynamics of
the washing steps must be taken into account when integrating washings
in the detection protocol. The phase angle evolution with time is reported
on Figure F.7.

Another interesting feature of the engineered fan-LFA is the possibil-
ity to perform staircase calibration of the sensor response to electrolyte of
different condutivities (Figure 7.20).
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Fig. 7.19 Characterization of the engineered LFA design for efficient control on
ionic content. This is reflected in the impedance response, which is driven by the
addition of the buffer in a much more precise way than for conventional LFA (de-
pitced on Figure 7.16. Therefore, adequate washing steps are possible to implement
with this setup.
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Fig.7.20 Example of staircase calibration enabled by the engineered fan-LFA.

Differential measurements estimates the ionic fluid velocity

A delay of 200 seconds between the TL and the CL is reported from the dif-
ferential impedance measurements when the highly conductive PBS buffer
is injected in the LFA. However, is the delay due to the flow convection
across the LFA due to the capillarity, or rather due to diffusion in the flow
due to the presence of two fluids with different concentrations ?
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Fig. 7.21 Characterization of the engineered LFA design for efficient control on
ionic content. This is reflected in the impedance response, which is driven by the
addition of the buffer in a much more precise way than for conventional LFA (de-
pitced on Figure 7.16. Therefore, adequate washing steps are possible to implement
with this setup.
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Origin of charge transport in LFA

Finally, to complete the characerization of the prototype impedance-LFA
setup, we need to determine the origin of the ionic velocity previously
computed. Indeed, even though Figures 7.18 and 7.19 clearly reported a
control over the ionic content at the test line location, the kinetics of the
charge transport within the LFA is not determined, and could still poten-
tially mix convection and diffusion of the ions in the LFA.

We used again the Péclet number from Equation 7.3 to obtain insights
into the dominant charge transport mechanism within the LFA. We de-
termined the velocity of the flow by comparing the velocity of the mov-
ing fluids from the colorimetric measurements (Figure 7.19 B) and from
the impedance response delay between the TL and the CL observed in the
impedance differencial measurements (Figure 7.21), which were 0.5 x 1074
and 0.45 x 10~ m/s, respectively. Therefore, according to the average
fluid flow velocity V o~ 0.475 x 10~% m/s, the diffusion coefficients of the
NaCl solution Dy,c; is 1.61 x 1077 m? /s and the mean pore size rc ~ 11.5
pum for CN95 membranes, Pe o~ 0.57, and the transport of ions in the LFA
during the successive depositions is dominated by the diffusion, i.e. the
diffusion rate is higher than the convection rate due to capillarity.

Towards the specific impedimetric detection of AuNPs in LFA

Concept

The various challenges raised in Chapter 6 and in this chapter, which are
in order of appearance:

* The need to be able to make differential measurements between a
test line and an impedimetric control line to ensure that the observed
impedance variation is due to the presence of targets at the test line.

* The high variability of the observed results due to the variability of
the electrodes, the manufacturing process of the LFAs, and the in-
trinsic inhomogeneity of the LFAs prevents the results obtained with
one pair of electrodes from being compared absolutely with the mea-
sured impedance.

* The particular nature of LFA microfluidics based on capilarity and
its mode of operation of the LFA, which implies that it is almost im-
possible to exert perfect control over the electrical properties of the
LFA, or that it is at best possible to approach control, but only over a
certain period of time (before end-flow mixing).
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This section proposes a strategy for impedimetric detection of AuNPs
incorporating measurements to address the above challenges. Performing
an impedimetric detection measurement on the LFA requires taking many
precautions, including the steps to prepare the ideal detection medium
within the LFA (i.e. controlled dielectric properties), depicted on Figure

7.22:

1! [Q]

Always perform differential measurements as proposed in section
7.4.3. Care should be taken to allow sufficient time for equilibration
so that the fluid in which the measurement is to be made is evenly
distributed under the test line and the control line.

Relative impedance measurements must be made for each electrode,
asitis the difference in impedance between a controlled situation and
the situation of accumulation of AuNPs that must be made visible. In
this way, taking advantage of the relative impedance measurements
of the presence of AulNPs at the test line, the two relative signals from
the TL and CL can be compared.

Finally, it is critical to select the timeframe over which the impedance
measurement can be made within the LFA, to ensure that undesir-
able effects such as end-of-flow mixing do not occur and screen the
detection signal.
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Fig.7.22 Proposed methodology for specific, differential impedance detection of
AuNPs in an engineered LFA.
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First detection results

Typical impedance detection results of accumulation of AuNPs at the TL
are depicted on Figure 7.23 and F.8. Figure 7.23 shows the overlay re-
sults for test line and control line impedance measurements at 100kHz per-
formed on two independent cassettes (cassette 1 and cassette 2) recorded at
the same time since our multi-channel impedance meter possesses 4 chan-
nels. The proper binding of the AuNP to the TL were ensure by visually
check that the CL has well reacted (Figure 7.23 photo) First, we can notice
that the impedance modulus measured by the different electrode pairs are
different, as observed in the variability analysis. It supports the relative
impedance change analysis. Second, we observe the impedance delay of
the fluid between the TL and the CL, for each point of the measurement.
Third, we observed quite a lot of variability in the response of the end-flow
mixing area, suggesting not to use the impedance plateau observed in this
timescale as a proper detection "detection zone".

Cross section view at TL
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Fig. 7.23 First results of AuNP impedance detection (impedance modulus). The
results for two impedance-LFA cassettes are reported, which were tested simulta-
neously.
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In order to quickly compare the results obtained for the accumulation of
AuNPs with a reference measurement, we performed negative control ex-
periments by removing the conjugated AuNP from the solution and con-
ducting the impedance measurements at 100kHz with LFA wicking only
with the running buffer. Typical results are depicted on Figure 7.24 and
F9, showing again the delay between the TL and the CL and the same
characterisitc curve than with the accumulation of AulNPs at the TL, with
highly variable end-flow mixing area.
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Fig. 7.24 As negative control for the
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impedance detection of the AuNPs, we re-

moved the conjugated AuNP from their running buffer, which was then used as a

buffer for the LFA.
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Discussion and Perspectives

The characterization methodology presented in this chapter allowed for a
detailed understanding of certain charge transport phenomena occuring
within the LFA, which significantly influence the non-Faradaic impedance
measurements proposed as detection mode. Taking into account this elec-
trical background noise of the LFA, a detection scheme was proposed to
highlight the accumulation of gold nanoparticles within an LFA using sim-
ple resistive impedance measurements via parallel plate electrodes placed
on either side of the TL.

However, no conclusions can be drawn from the initial measurements
presented at the end of the chapter regarding the dielectric detection of
the AuNPs accumulated in the LFA. As this chapter’s topic is still under
research, a more detailed analysis on a much larger number of measure-
ments must still be carried out. Nevertheless, the small size of the gold
nanoparticle (20-40 nm) could make them difficult to be detected by volu-
mic non-Faradaic impedance spectroscopy because they represent only a
tiny proportion of the total liquid volume at the test line, and so have little
influence on the volume dielectric properties of the LFA at the test line and
on the impedance measurements. Different strategies can be applied to en-
hance the signals from the LFAs nanoparticle, including chemical enhance-
ment methods (silver enhancement, double gold conjugation and induced
gold aggregation) or the use of the gold nanoparticle catalytic properties
to enhance an electrochemical reaction (substrate + HyO,), generating a
larger current.

Using the silver enhancement reaction on the gold nanoparticles, the
AuNP size can increase up to 10 microns [207]) through silver growth am-
plification: Ag is nucleated on captured GNPs in the test region by flowing
Ag-reducing reagents through an LFA after a normal assay. The result-
ing Ag layer on the AuNP label surface increase the dimensions of the
nanoparticles up to a few microns. Figure 7.25 describes in detail the prin-
ciple of the silver enhancement for the LFA test developed by Fujifilm. In
colorimetric LFA, it has been shown that the size increase due to the Ag re-
duction amplifies the color intensity of the test region. With this method, a
colorimetric sensitivity gain of approximately 10-fold relative to that with-
out Ag enhancement has been achieved.

In our case, we can expect that the larger size of the Ag-enhanced AuNP
could induce a more significant effect on the change in dielectric proper-
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ties of the volume located in between the electrodes than individual 20-
nm AuNPs, and therefore expect an increase of the sensitivity of the non-
Faradaic impedance measurements to the AuNPs at the test line.

To showcase the concept of size enhancement, a first Ag size enhance-
ment test was performed on gold nanoparticles bound to the test line of
the LFA. This first test is intended to evaluate the relevance of the signal
increase and/or cumbersomeness of the additional steps in view of the
final application of the impedance LFA. After having accumulated gold
nanoparticles at the TL with an “accumulation assay” as presented in sec-
tion 7.4.1 (Figure 7.26 A), the LFAs presenting the red test lines were dip
10 min in a mix of silver nitrate (0.3 % w/v in water) and other of hydro-
quinone (3 % w/v in 0.5 M citrate buffer pH 4.0). The resulting TL, after
chemical enhancement, shows a significantly stronger colorimetric signal
at the TL (Figure 7.26 B), especially for low quantities of AuNPs in the LFA
(4-6 g/mL), suggesting size increase of the AuNPs through silver reduc-
tion.

In order to validate the increase of the size of the nanoparticles bound
at the TL, direct visual analysis of the nanoparticles size at the TL must be
performed by SEM images. The next step is then to apply the electrodes at
the test line of the LFA with larger-sized Ag-enhanced AuNPs in order to
investigate the change of dielectric properties brought by the size increase.
This is the subject of future work on this system.

| 231



7 | Towards impedance lateral flow assays

Tuberculosis test procedure
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Fig.7.25 The principle, procedure, and test device of Fujifilm SILVAMP TB LAM
[286]. Different from the conventional test strip, this modified device contains
two additional buttons located at both ends, which are used to store the silver ion
reagent and reducing agent. Consequently, silver growth amplification can be eas-
ily achieved by completely pushing the two buttons to release the corresponding
growth solution. Compared with the AlereLAM assay for the diagnosis of tuber-
culosis in people with HIV as recommended by the WHO, FujiLAM displays supe-
rior diagnostic sensitivity thanks to the increasing size of the nanoparticle without
compromising specificity and simplicity, although an additional signal amplifica-
tion step is required.
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AuNP per test [pL]

10 min in enhancing solution silver nitrate + hydroquinone

Fig. 7.26 The chemical silver enhancement method increases the sensitivity of a
simple colorimetric assay of 20 nm gold nanoparticles accumulated at the test line
(A.), thanks to the larger size of the silver-coated gold nanoparticles expressing a
stronger colour (especially seen for 4-6 pg/mL of AuNPs in the LFA) (B.). The
failure of silver enhancement for 8 pg/mL is due to experimental errors. Next
experimental validations of the size-enhancement include direct visual assessment
of the nanoparticle morphologies by SEM observation. Then, the goal is to apply
the electrodes at the test line of the LFA with larger-sized Ag-enhanced AuNPs to
investigate the change of dielectric properties brought by the size increase.
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Conclusion and Perspectives

In this thesis, we investigated the design of point-of-care (PoC) biosen-
sors for pathogen detection, mainly intended for critical situations. The
main aim of this work was to investigate the development of an appro-
priate technology to fulfil this need. The appropriateness of the technol-
ogy was studied by mean of a systemic research methodology, as proposed
by Ashby et al. [5]. In this thesis, systemic can be summarized as iden-
tifying the links and barriers between all the dimensions that define our
research question, which are depicted on Figure 8.2. This methodology
imply successive stages in order to cover the essential dimensions of a sys-
temic analysis. Therefore, the organisation and the key aspects investi-
gated in this thesis are closely linked to this methodology. Each investi-
gated aspect has resulted in innovations that address existing challenges
in the field of point-of-care (PoC) biosensing and paper-based biosensor
technologies. The main contributions are outlined hereafter.

In the first part of this thesis, a critical overview of the state-of-the-art
of biosensors for the detection of pathogens was proposed, complemented
by an analysis of environmental impacts in order to help guide the design
choices (material and manufacturing process) minimising environmental
burdens. From these chapters, we selected the paper-based sensors to ini-
tiate the development of the PoC pathogen biosensor.

In chapter 1, the state of the art observed that each class of PoC diag-

nostic devices has individual advantages on certain figure of merits, and
that the most promising PoC devices are those that combine technologies
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to combine their advantages. In particular, colorimetric lateral flow assays
(LFAs) are well suited to be disseminated thanks to their user-friendliness,
while electrical biosensors have shown superior performances.

The challenge lies in integrating the advantages of different sensor tech-
nologies, making appropriate integration choices, and anticipating the im-
pacts, including environmental aspects. The current state-of-the-art in PoC
sensors primarily focuses on traditional performance criteria, neglecting
other important factors, which hinders a holistic decision-making process.
To enable informed choices, it is essential to incorporate additional aspects,
specifically environmental considerations, into design practices and estab-
lish a methodology for their implementation.

Chapter 2 tackles this challenge by proposing a innovative framework
to integrate eco-design questions right from the start of the research pro-
cess, yet over-viewing all the development stages of a technology (TRLs
0 to 9). This framework proposes to (i) include more systemic figure of
merit, such as environmental metrics, in the initial design choices, and (ii)
to integrate simplified Life Cycle Analysis during the biosensor research
process, in order to guide the design choices (materials and manufacturing
techniques) towards to most appropriate technology, both in term of tech-
nical and environmental performances. In the chapter and the proposed
framework, special attention has been drawn to gather knowledge, data
and references that could be further used by other researchers to apply this
methodology in a simplified way on other use-cases. The main findings of
this chapter demonstrate that the use of paper or related substrates such as
nitrocellulose can reduce the environmental costs of PoC sensors by rely-
ing on materials and fabrication techniques that are less energy-intensive
than sensors fully integrated on plastic or silicon substrates.

However, the conclusions drawn from such a methodology combining
technical and environmental assessments must be approached with cau-
tion and critical thinking, as it is often challenging to compare two devices
of different technologies with the exact same functionalities. One notable
example is the difficulty in achieving technical performance of paper-based
sensors that is on par with silicon-based sensors.

Nevertheless, paper-based technology appears promising for develop-
ing relevant sensors to meet our needs while potentially offering environ-
mental advantages.

In the second part of this thesis, we introduced in detail the most con-
ventional paper-based sensor technology, i.e. the colorimetric lateral flow
assay (LFA). A detailed study has provided insight into the physical origins
of the high detection limits observed in colorimetric LFAs. Furthermore,
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based on the understanding gained from these chapters, new bioreceptors
are proposed to facilitate the development of LFA prototypes for the detec-
tion of Bacillus cereus cells.

In chapter 3, we perform a complete overview of the multidisciplinary
colorimetric LFA technology, with a special attention to attentively de-
scribe all the technical challenges involved in the LFA development pro-
cess. This chapter provides the necessary foundation to undertake the de-
sign of colorimetric LFAs for any biochemical target.

We leveraged this knowledge in chapter 4 to design, develop and oper-
ate a colorimetric LFA for the quantitative detection of a model protein,
human IgG. In addition to having taken over the complete development
of an LFA, the significant contribution of this work was to understand the
intrinsic detection limits of gold nanoparticle (AuNP)-based LFAs, in the
case of protein detection. The main aim is to extend this defined model to
other analytes, such as pathogens in Chapter 5. The importance of under-
standing the intrinsic limitations of the sensors is justified so as to be able
to imagine new design scenarios to overcome these limitations which is the
topic of Chapters 6 and 7.

In chapter 5, we accommodate the previously described AuNP-based
LFAs to the detection of whole-cell pathogens. Taking advantage of in-
novative bioreceptors derive from bacteriophages, we perform a complete
characterization of the necessary biointerfaces for LFA, from the molecu-
lar to the device level. The results, showing rapid (15min) detection of
B.cereus are promising in the quest for user-friendly while specific LFAs for
pathogen detection in food safety of environmental diagnostics.

Then, after having explored the details of colorimetric LFAs for pathogen
detection, in the third part of the thesis we introduced new transduction
mechanisms with the long-term goal of improving the previously found
performances of colorimetric LFAs.

In chapter 6, we accommodate electrical detection of pathogen onto
simple paper-like substrates. The use of a particularly appropriate electri-
cal transducer (external electrodes accommodated to nitrocellulose mem-
branes in a plug-and-play system) was validated with conventional electri-
cal sensor to detect label-free B. cereus cells in aqueous samples. The major
limitation of this label-free detection technique is the lost of the specific de-
tection obtained on LFAs in chapter 5.
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Therefore, chapter 7 aims at tackling this challenge by integration this
plug-and-play electrical setup onto LFAs, with the objective of reaching
specific detection of the gold nanoparticles used as label in most of the
LFAs. Although the specific detection of AuNP is still to be demonstrated,
the in-depth electrical characterizations of LFAs have allowed us to un-
derstand the main constraints associated with integrating impedance mea-
surement systems into conventional LFAs. The combination of the bio-
chemical constraints inherent to LFAs with the sensitivity of impedance
measurements to the components of LFAs necessitates a re-engineering
of LFA platforms to incorporate electrical measurement systems. This in-
cludes enlarging the absorbent pad to allow for longer measurement times
beyond the conventional 15 minutes of colorimetric LFAs and achieving
stabilization of the electrical responses of LFAs. Promising research av-
enues have been initiated to reduce the interference between biochemical
and electrical constraints, primarily focusing on increasing the sensitivity
of measurements to the presence of nanoparticles.

Taken all together, the works performed in this thesis have essentially
contributed to :

* Having build successful and highly relevant links and collaborations be-
tween the different disciplines involved in the design and manufacture
of the LFAs studied in this thesis. In particular, the success in sharing a
common language between disciplines such as biology, engineering and
nanoscience, which allowed researchers from different backgrounds to
express all their skills, is one of the greatest strengths of the research
carried out during this thesis. In the hope that it will be useful to others.

¢ Then, thanks to the many collaborations that have taken place within
this thesis, the implementation of LFA R&D in our laboratory at UCLou-
vain could be leveraged towards the development of paper-based sen-
sors for other applications.

¢ In particular, the development of a LFA for pathogen detection based on
innovative, highly performing bioreceptors shows potential for further
development. One could imagine this device to be used in food-safety
diagnostics in the coming years.

* Although being deeply different sciences, the integration of electrical
sciences and biotechnologies offers a lot of opportunities. At the re-
search level and beyond.

* Finally, the investigation of an eco-design framework at the early-research
stage has been a highly prospective process regarding the few exem-
plary studies. This process, although already interesting as an exam-
ple, would benefit enormously from being applied to other case studies,
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being pursued in wider impact research projects (such as the microelec-
tronics sector), or even from being pursued in the development of higher
TRLs.

Technical perspectives

In light of the hybrid biotechnology-engineering work method employed
in this thesis, two main technical perspectives have been identified.

Firstly, the possibility of expanding the use of phage proteins to wider
applications. Their strength, which lies in their ability to be engineered
and produced at low cost, could be used to develop multiplexed LFAs, en-
abling the simultaneous detection of multiple pathogens on a single LFA
(Figure 8.1 A). The expected benefits of this technology include a potential
reduction in global diagnostic costs and time, and the opening up of new
applications that are currently inaccessible [105, 259].

Second, we have seen that conventional biosensor systems still require
cumbersome components (pumps, sample processors, optical/electrical
detectors) and complex setups for operation [34]. This, in addition to bulk-
iness and overall cost of the readout devices, hinders for portable and
cost-effective biodetection. To address the challenge, researchers have at-
tempted to integrate smartphone with (bio)sensors and bioelectronics to
reduce the overall size and cost of the system [38]. The recent concept of
using mobile phones for improving healthcare, particularly in developing
countries, has been proposed due to their portability and their ubiquitous
availability [287]. By end 2014, 55% of all mobile-broadband subscriptions
were estimated to be in the developing world'. Mobile phones are also
equipped with most of the bulky functional blocs of a sensor system, such
as the necessary circuits for processing, storing and communicating the
results as well as the power requirements, i.e. processor, visual display
and battery, depicted on Figure 8.1 B. Utilizing its built-in function mod-
ules, smartphone could be employed as controller, analyzer, and displayer
for rapid, real-time, and point-of-care monitoring, which can significantly
simplify electronic design, minimize volume size and reduce cost of the
detecting systems [38]. Therefore, utilizing mobile phones for diagnostics
applications (e.g. water quality assessment or food control) offers a unique
approach to increase the availability and accessibility of diagnostic test-

CTFacts and Figures. The world in 2014. [Online] https://www.itu.int/en/ITU-
D/Statistics/Documents/facts /ICTFactsFigures2014-e.pdf
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ing, especially in developing countries that lack adequate resources and
laboratory facilities [288]. Smartphone-based electrochemical sensors were
reported in the literature to detect nitrate, heavy metals and various bacte-
rial antigens in water for in-field environmental monitoring [288, 289, 290].

A S
T \\\ W Ny (U
Multiple TL CL -

I Target ” Biorec. “ Comm. |

Fig. 8.1 Perspectives of the works conducted in this thesis. A. "Biotechnology"
perspectives include the opportunity to combine multiple phage proteins, specific
to different bacterial strains, to enable the multiplexed detection of different bacte-
rial strains in the same sample, which is expected to significantly help screening
pathogen contamination in high-risk environments, such as the agri-food sector.
B. The "engineering" perspectives mainly include the integration of highly sensi-
tive transducers to the conventional LFA, mainly to increase their sensitivity, which
is expected to decrease their LoD. Many different transducers are worth being ex-
plored, such as magnetic transducers, high performance cameras, or judiciously
developed electrochemical modes. Critical care is required to keep the sensor user-
friendliness, even with such transducers. In addition, as it can be seen on the pic-
ture, interfacing such handheld devices with the ubiquitous yet powerful smart-
phones would allow to meet all the functionalities necessary for a high performance
sensor which are not present in the current colorimetric sensors (tab in A).
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Towards systemic perspectives for PoC paper-based sensors

The systemic discussion which should be conducted to conclude the 5-step
methodology for systemic assessment of a technology consist in finding
and discussing facts on different critical aspects of the PoC paper-based
sensors diagnostics considered in this thesis. The steps 1 and 2 were briefly
presented in the introduction of this manuscript. On Figure 8.2, we see
that the fact-finding (step 3) related to the Design, Materials & Manufac-
ture and Environment were conducted and discussed within the different
chapters of this thesis (chapters 1, 3, 4, 5, 6, 7 for Design, and chapter 2
for Materials & Manufacture and Environment). Therefore, the systemic
discussion would include facts from the three not yet covered dimensions
from Figure 8.2 : Society, Economics and Regulations. Some of these key-
words have already started to be explored with the help of other scientists
and would merit inclusion in a broader discussion on anticipating the im-
pacts of the technological innovations presented in this thesis.

Reflections about the environmental impacts have already been initi-
ated in the eco-design methodology in chapter 2 section 2.4.2. This method-
ology can serve as an excellent basis for initiating systemic perspectives. To
shift from an eco-design primarily focused on anticipating environmen-
tal impacts to an eco-design that evaluates multi-dimensional impacts, i.e.
societal-level impacts, the last steps of eco-design methodology must be
taken over by interdisciplinary and transdisciplinary teams of scientists
that conduct systemic analyses and who are accustomed to studying in
a cross-cutting way, through articulated design practices, the various ex-
ternalities related to the manufacture and use of the PoC sensors. At these
steps, we are thus at pivotal stages in the development of the sensors where
it is necessary to go beyond the framework of environmental impacts to
study technological choices in the light of issues of societal responsibility.
Examples of critical reflections may include:
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Step 2 — Stakeholders
* Who are the stakeholder?
* What are their concerns?

Step 1 — Objective
* Project goal?
¢ Physical and time scales?
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Fig. 8.2 Necessary components of an appropriate technology, from a systemic
perspective. The role of this thesis was to explore the design and environmental
facts associated with the quest for the appropriate technology for PoC pathogen
diagnostics. The other dimensions should be explored with inter- and trans-
disciplinary teams of scientists to result in a complete multidimensional study as-
sessing the impacts of the proposed innovations in this thesis.

* The end-of-life perspectives, which are extremely difficult to realisti-
cally take into account within an LCA. Several barriers explain the diffi-
culty of integrating end-of-life stages (recycling, collection, recovery, re-
conditioning, etc): they are subject to enormous heterogeneity between
different countries due to varying legislations and opaque modes of op-
eration. Generally, considerations for safe and sustainable disposal have
typically been excluded from design requirements so far. Accuracy, re-
liability, usability, and affordability are the main drivers in the indus-
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trial diagnostic device sector [57]. However, change is on the horizon.
Regulators around the world are now requiring more sustainability for
single-use products, for example in the US [291] or the EU [292].

e The perceptions and the social acceptability of innovations must be
studied. Priority is given to questions related to the use and dissemi-
nation of nanomaterials in biosensors, which are very little taken into
consideration and for which very little information is disclosed about
their impacts, both on humans and on the ecosystems [64].

* The questions of implementation of the developed innovations. In
particular, are we dependent on a particular production chain that would
make the innovation non-resilient in the event of a supply chain disrup-
tion? Are there any particular constraints on production, such as the
need to rely to specialized techniques?

* The regulatory considerations can present bottlenecks that delay the
uptake of PoC devices on a global scale, especially in crisis situation.
For instance, lack of regulatory harmonization between regions mean
tests approved in one jurisdiction could not granted wider authorization
[105].

* The question of equity in accessibility or distribution of the developed
technologies for the users and beneficiaries identified during step 1 of
the methodology [105]. Typically, for such PoC diagnostic applications
whose objective is to benefit a large number of people, especially in low-
income countries, the question of the investments required for the man-
ufacture, supply and dissemination of the sensors arises seriously (re-
lated to the Deliverable criteria in Table 1.4). Similarly, the possibilities
of technology transfers must be considered to allow users to appropri-
ate these technologies. As a reminder, in the context of PoC diagnostic
tests, the user and the beneficiary are often the same person (see Figure
1). According to the relatively low initial investment required to acquire
a sufficient R&D chain for laboratory-scale productions of paper-based
biosensors, it is anticipated that the development of these relatively af-
fordable technologies could be easily transferred to countries with fewer
resources, and benefit a larger population [213].
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1.1

Complementary
Informations for
Environmental Assessments

The Product Design Process (PDP)

Traditionally, the design of a product starts with the identification of a mar-
ket need, or the customer requirements; i.e., identifying the need for a func-
tion. Concepts (general working principles) are identified by the designer
to fill the need during the conceptual design stage. The most promising
concepts are elaborated in the configuration of a technical system with
technical requirements, layout, materials and scale (embodiment design).
One or more of these are selected for detailed development, analyzing per-
formance, safety and cost (detailed design). The detailed design enables
the construction of a prototype that, after testing and development, goes
to manufacture, market launch and, eventually, to the product customer
verification. [59]
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Eco-design tools
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Fig. A.1 Overview of generic ecodesign tools with their associated recommenda-
tion level and assessment level. Figure adapted from [293].

LCA methodology

According to 1ISO14040 [294], LCA is a standard quantification method that
facilitates the estimation of multiple impact categories related to a product.
Specifically, a LCA study aims at modeling several life cycles phases (i.e.,
modeling of extractions and acquisition of raw materials, production, use
and waste treatments), including all the energy and additional materials,
products and emissions involved in these phases. The transfer of poten-
tial impacts between life cycle phases, impact categories, or particular pro-
cesses can therefore be identified and limited (or avoided).

The iterative steps for conducting a LCA study are presented in Figure
A.2 (a) and the fundamental concepts of LCA are introduced in the rest
of this section. The goal must define clearly the intended application of
the study because it will frame the further steps of the methodology. The
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goal may be showing the environmental impact of a product based on an
individual or comparison analysis, evaluating it based on a norm or a stan-
dard, evaluating its redesign alternatives, or facilitating the construction of
ecological policies around it. On the other hand, the scope definition or
the system boundary includes the limits of the product system (the life
cycle model of a product in terms of unit processes; and elementary, prod-
uct and intermediate flows) and the level of details of the environmental
assessment, which depends on the functional unit. The functional unit de-
fines the quantification of selected function in a LCA study and guides the
definition of a product system. The definition of functional units is gen-
erally given as a sentence and needs to be detailed enough to assure ap-
propriate impact estimation. For instance, “monitoring the domestic wa-
ter consumption over a year”. Functional units quantify the performance
characteristics of a product to provide a reference to which the inputs and
outputs are related. The definition of the functional unit is critical as it al-
lows the identification of the reference flow, which is the quantity of prod-
uct systems, material, energy, or even additional products needed to fulfil
the functional unit as it is expressed.

The inventory analysis step involves the description and the data col-
lection processes needed to model a product system, according to the func-
tional unit evaluated by a LCA study. It includes the calculation proce-
dures to quantify relevant inputs and outputs of unit processes of a product
system and its outcome catalogues the flows crossing the system bound-
ary. The inventory analysis includes key calculations of material and pri-
mary energy inputs for a product system and key calculations of its output
emissions to air (e.g., CO, emissions), earth and water (e.g., toxic nanoma-
terials).

The impact assessment step consists of applying a Life Cycle Impact As-
sessment (LCIA) method to estimate the environmental impacts of a prod-
uct system by associating the outcomes of the inventory analysis with spe-
cific impact categories and impact characterization factors. LCA databases
include the majority of global LCIA methods (e.g., ReCiPe), local LCIA
methods (e.g., CML-IA for Europe), and Single-impact-based LCIA meth-
ods (e.g., IPCC).
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Fig. A.2 (a) Life Cycle Assessment framework (adapted from 1SO14040 [58]). (b)
Generic representation of the different life-cycle phases and the system boundary
of a cradle-to-grave LCA study. It considers unit processes from the raw material
extraction to the production, transport, use phase and end-of-life.

1.4  Additional details of impact factors used in this thesis

This section presents some of the details about the embodied energy, car-
bon footprint and water consumption of material production and manu-
facturing techniques used alongside with Figures 2.5, 2.6 in the eco-design
methodology.

1.4.1 Energy requirements of manufacturing techniques
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Fig. A.3 Work in the form of electricity used per unit of material processed ex-
pended in twenty typical manufacturing techniques, as a function of the rate of
material processed (numbers in the brackets represent the reference cited therein).
Modified from [295].

Modelling nitrocellulose fabrication process
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Fig. A4 System boundary and life cycle inventory considered for the modelling of the nitrocellulose fabrication process. Ma- ~ __
terial (including chemicals) and energy flows were computed to derive the whole energy consumed and emissions related to the
nitrocellulose fabrication process.
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Eco-design of pathogen PoC biosensors

1.5.1 Step 2 - Exploration of conceptual designs

1.5.2

CNT-uPEDs Al-uPEDs

Electricity 2.25 kWh Electricity 390 kWh

Paper 16 kg Paper 16 kg

CNTs 0.04 kg Al 0.15 kg

Water 22 kg Ag 0.2kg

Surfactant 09 kg Ar 6.03 kg
N, 3.465 kg
H, 0.225 kg
He 0.405 kg
HNO, 0.2kg
Ethanol 0.2kg
Formaldehyde 0.02 kg

Table A.1 Inputs for the manufacturing of 1000 CNT-uPEDs and 1000 Al-uPEDs.

Material/Energy =~ Consumption Material/Energy =~ Consumption
Electricity 226 kWh TMAH 0.02 kg
Wafer 0.08 kg Ethyl Lactate 0.186 kg
Al 0.003 kg HMDS 0.154 kg
Al, O, 0.001 kg C,Fg 0.003 kg
PDMS 1.5kg CHF, 0.001 kg
H,0, 4.6kg CH, 2.5kg
H,50, 16 kg NF; 0.06 kg
Ar 0.27 kg NH, 0.11kg
N, 88.75 kg HF 4.6kg
He 0.018 kg IPA 12 kg
H, 0.01 kg H,PO, 12 kg

Table A.2 Main inputs for the manufacturing of 1000 Si-PDMS sensors.

Inventory for specific embodied energies and carbon footprints

The specific embodied energies and carbon footprints for the raw materials
and energy supply used in this work are available in the literature (see [92])
and extracted from CES EduPack Sustainability Edition database.
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Material EE CFP Material EE CFP
Mgl [REE%] Mikgl (8% ]
Electricity 10.5 0.447 Paper 51.5 1.17
[MJ/kWh] - [S52]
Wafer 7657 372 Ethyl Lact. 3.1 0.26
Al 225 17 HMDS 3.1 0.26
Ag 1450 100 HNO; 15 1.3
CNTs 11925 600 Surfact. 17 14
Al,O4 53 2.7 C,Fg 1 86
PDMS 140 7.3 CHF,; 59 5.1
H,0, 12 1 CH, 38 3.3
H,50, 0.04 0 NE; 40 34
Ar 3.6 0.31 NH, 31 2.7
N, 0.66 0.06 H,PO, 3.1 0.26
He 0.83 0.07 HF 18 1.5
H, 8.5 67 IPA 3.1 0.26
Ethanol 3.1 0.26 Formald. 3.1 0.26

Table A.3 Inventory for specific embodied energies (EE) and carbon footprints
(CEP).
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Evolution of LFA research dynamics

About half a century after its development, the LFA technique is increas-
ingly used thanks to its overall evolution and its characteristics that reduce
costs and analytical workload, while improving efficiency. workflow and
turnaround times. The LFIA has become one of the reference tests for ob-
taining results quickly without the need for sophisticated and expensive
laboratory equipment, whether at the level of clinical tests, food safety,
veterinary and environmental monitoring. Although they can be criticized
for too low reliabilities or sensitivities, the interest of the scientific commu-
nity for LFAs remains high, as shown by the growing number of research
articles aimed at improving one or more aspects of the technique. The
improvement of sensitivity and the possibility of reporting quantitative re-
sults have been the most studied aspects in the last decades.

Interestingly, over the past 10 years, Food Safety has seen the highest
growth with a CAGR of 21%, while Clinical Application has seen a CAGR
of 16%, followed by veterinary application (13%) and environmental ap-
plication (9%). Researchers’ efforts to push LFA technologies forward are
evidenced by the 18% average annual growth rate of articles published on
technical improvement issues (sensitivity, quantification, reliability) [116].
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It thus appears that the original research carried out within the frame-
work of this project is relevant in view of the growing needs for more ef-
ficient diagnostic technologies for the food safety sector, but not only as
shown in Figure B.1.

(A)

W Ciinical (42%)
W Food safety (41%)
0 veterinary (5%)

Environmental (4%)
W Other (8%)

Number of publications

2010 2012 2014 2016 2018

Year of publication

Fig. B.1 Overview of (A) LFAs and (B) multiplex LFAs application fields over the
period 2010-2019. The food security sector occupies an important place. From [116]
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Additional recommendations for UV-vis experiments

Differences in the AuNP solution number densities observed in Table 4.3
could be caused by the UV-vis measurement itself, as it is not recommended
to trust recorded OD above 1 since the linearity of the relationship between
sample concentration and recorded OD is not linear anymore. Therefore,
it is necessary to extrapolate OD above 1 with measurements of sample di-
lutions, which could be source of dilution inaccuracies.

Typically, such an experimental measurement error was observed in Ta-
ble 4.3 were the measured A5 for the original batch of Unisensor AuNPs
was 6.62, instead of the ~4 expected. In this case, the inaccurate mea-
sured value can be attributed to the inaccurate measurements with the
spectrophotometer.

| 257



C | Supplementary Materials for LFA H-lIgG detection

3.2 Additional coated NC membrane characterizations

Fig. C.1 Side-view of CN140 unbacked nitrocellulose membrane. Microtomy sec-
tions were prepared and observed under optical microscope.

(1) Length 133,89 ym

Fig. C.2 Side-view of CN140 unbacked nitrocellulose membrane functionalized
with GFP-tagged Abs and observed under epi-fluorescent microscopy.
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Hill model and calibration curve fitting

The Hill model is used to fit signal intensities from LFA quantitative as-
sessment. The binding properties of a bioreceptor-ligand system can be
quantitatively described by binding affinity models such as introduced in
section 3.4. They study the propensity of a protein to bind to its target, in
function of the target concentration. From Figure 4.6 we can study the de-
gree of response of the capture antibody to the concentration of the human
IgG in the sample, i.e. the binding affinity between the receptor and the
target.

When a protein possesses more than one binding site, just as it is the
case for antibodies (see Figure 3.4), the binding of one site to the target
often facilitates the binding of the others (i.e. increases the affinities of
any remaining unfilled binding sites), in a process called cooperative lig-
and binding. Such cooperative binding has some important physiological
functions as it permits a much more sensitive response to the target con-
centration, and it can be observed directly on the calibration curve by the
shape of the curve. Cooperative binding is characterized by a sigmoidal
binding curve. Quantitative model of the binding affinities, such as the
Hill model, have been derived and can be fitted to the quantitative data in
order to extract the binding affinity of the system.

For a protein (e.g. antibody) with n binding sites, the equilibrium reac-
tion with its ligand introduced in equation 3.1 becomes

[PIL]" = Kp[PL,] (CI)

Studying the evolution of a protein binding affinity to its target in func-
tion of the target concentration implies to determine the fraction 6 of ligand-
binding sites on the protein that are occupied by the ligand :

_ binding sites occupied ~ [PL,]
~ total binding sites ~ [PL,] + [P]

(C.2)

Expressing equation C.2 in terms of the target concentration, it comes
that

[L]"
[L]" +Kp
Therefore, the binding affinity of the bioreceptor antibody depends on

the ligand (i.e. target) concentration, modulated by #, the Hill coefficient,
which is actually more a measure of the degree of cooperativity than the

6= (C.3)
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exact number of binding sites on the protein : if n equals 1, ligand binding
is not cooperative. However, a n greater than 1 indicates positive coop-
erativity in ligand binding, i.e. that the binding of one molecule of lig-
and facilitates the binding of the others (via conformational changes and
protein-protein interactions).

From equation C.3, it is observed that the fraction of ligand-binding
sites occupied approaches saturation asymptotically as [L] increases, gen-
erating a sigmoid binding curve. The [L] at which half of the available
ligand-binding sites are occupied (at 8 = 0.5) corresponds to Kp.

Figure 4.6 actually expresses this fraction of target-binding sites of the
test line antibodies occupied with respect to the target concentration, and
we can use a four-parameter logistic curve (a sigmoidal curve) represen-
tative of the Hill equation :

n
x4 k"

with y the signal intensity from the TL (i.e. fraction of target-binding
sites of the test line antibodies occupied), x the ligand/target concentra-
tion (i.e. human IgG concentration in the sample), k corresponding to Kp,
and with the start and end values corresponding to the non-responsive and
saturated signals, respectively. The possibility to fit the data with a four
parameter logistic curve thus requires studying a range of target concen-

trations sufficiently wide to generates both non-responsive and saturated
signals.

y = start + (end — start) x (C4)

Generally, sigmoidal approximation is accepted for competitive immunoas-
says (since they more closely represent an Hill model than an immune
sandwich assay). Sometimes, linear approximation of the initial part of
concentration dependence could be preferred for immune sandwich assays
[104]. If the fit is not more appropriate using higher and lower concentra-
tion, it is still possible to approximate the fit to a linear curve on a range of
target concentrations focused on the dynamic range of the fitted sigmoidal
curve.

3.3.1 Molar expression of Kp

To determine the molar [M] expression of Kp from the fitted value [ng/mL],
we used a molecular mass of IgG typically quoted at 150,000 daltons (150
kDa), which is equivalent to 150 000 g/mol. Thus, 1 ng/mL IgG = 0.006
nM.
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3.3.2 Sensor response calibration in terms of AuNP number

From section 3.5.2, we know that the 20-nm AuNP density at DO 1is ~ 1
x 10'2 [AuNP/mL]. During the conjugation process, 1.5 mL of the AuNP
solution is used, i.e. 1.5 x 10'> AuNPs. The conjugated AuNPs are con-
centrated 3 x, leading to 0.5 mL of coated 20-nm AuNPs at ~ 3 x 102
[AuNP/mL] (DO 3). 0.5 mL of conjugated AuNDPs is used to fill 8 cm of
the CP glass fiber, which corresponds to 24 LFAs (3-mm width). Each LFA
strip therefore contains ~ 21 yL of AuNPs, or 62.5 x 10’ AuNPs.

From the human IgG concentrations [ng/mL] used and the volume of
sample solution used (70uL), the corresponding number of H IgG molecules
can be determined via the H IgG molar mass (their size of 150 kDa means a
molar mass of about 150 000 [g/mol]') and Avogadro number N4, = 6.023
x 10% [#/mol]. Table C.1 express the conversion :

H IgG [ng/mL] HIgG HIgG HIgG
[mol/mL] [mol/sample] [#/sample]
1000 (satur.) 6.67 x 10712 467 x 10713 281 x 10°
400 (high DR) 2.67 x 10712 1.87 x 10713 112 x 10°
34 (low DR) 227 x 10718 1.58 x 10714 9.56 x 10°
28 (LoD) 1.86 x 10713 1.3 x 1071 7.9 x 10°
1 (non-respons.) 6.67 x 10715 4,67 x 10716 2.81 x 108

Table C.1 Conversion of the H IgG concentrations in molecule number. (satur. :
saturation, non-respons.: non-responsive, # : protein macromolecule)

A similar discussion about the number of hCG molecules as the cutoff
of pregnancy LFAs test is available at this url : https://dcndx. com/blog/
antibody-labeling-analyte-detection/#_ftnl.

!This number comes from IgG’s tetrametric structure. IgG contains two heavy
chains (50 kDa each) and two light chains (23.5 kDa). 50 + 50 + 23.5 +23.5 = 150
kDa. See https://www.aatbio.com/resources/fag-frequently-asked-questions/What-is-the-
molecular-weight-mw-of-Immunoglobulin-G-IgG
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4.1 Materials and Methods

4.1.1 Phage protein production, purification and affinity testing
a. Cloning & expression b. Protein purification

PET30 (ﬁ)

E. coli BL21(DE3) expression strain . Affinity purification
7 (Ni-NTA columns)

c. Cell wall decoration assays

Bacill Il G?:c;‘t)gige r;\;\, Fluo. microscopy
acillus cells N | P
{\/ p
‘ Washes ¥ &
+ Y 3 el
aie! &

Fig. D.1 Schematic summary of the production process and binding affinity anal-
ysis of the two different proteins used in this work (PlyB221 and evoDit-Gp28).
a. the genome coding for the part of the phage protein of interest (e.g. the bind-
ing module)is inserted into a plasmid. If necessary, a sequence coding for a green
fluorescent protein (GFP) is included. The plasmid is then inserted into an E. coli
expression strain and the phage protein fused with the GFP is recombinantly pro-
duced (by bacteria replication). b. Then, the protein are separated, or purified, from
the bacteria metabolites and proteins on affinity purification columns. c. Finally,
the phage protein fused with a GFP is incubated with fresh bacterial culture and
observed at the fluorescence microscopy in a Cell Wall Decoration Assay (CWDA)
to evaluate the degree of the phage protein binding onto the bacterial cell surface,
i.e. adsorption on the outer membranes, which reveals their binding activity for
the bacterial strain in the culture. Illustrations from Manon Nuytten.
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Phage protein binding spectra
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Fig. D.2 Summary of the binding spectra exhibited by the two different proteins
used in this work (PlyB221_CBD from Deep-Blue and evoDit-Gp28 from Deep-
Purple bacteriophages) with the host spectra of their related phages. The host sen-
sitivity is indicated as follows: green: sensitive; yellow: affected by lysis at high
phage concentrations; gray: insensitive. Regarding the proteins, the results of the
cell wall decoration assays are represented with blue if binding of the protein was
observed and gray if there was no binding. Stars indicate emetic strains. The bind-
ing spectra identified for the two proteins are broader the their parental phage host
spectra. The protein affinities are therefore advantageous to envision specific de-
tection of many strain members from the bacillus cereus familly. Reprinted from
Audrey Leprince’s PhD thesis [209].

| 265



4.3

43.1

4.3.2

D | Supplementary Materials for phage protein-based LFAs

Supplementary materials for the in silico analyses

In silico analysis of PlyB221

PlyB221 Enzymatically Active Domaine (EAD, aa 1-135) consists of five a-
helices and one B-sheet containing three antiparallel -strands. Two helices
(a3 and «4) are supposedly forming a flap over the subdomain comprising
the B-sheet and three a-helices (x1, a2 and «5) (Figure D.3 A-C).

PlyB221 CBD consists of two tandem SH3 domains displaying eight -
strands which are composed into two anti-parallel -sheets (Figure 5.2 A-
C). The two tandem SH3 domains of PlyB221 CBD exhibit 76% amino acid
sequence identity and can be superposed with a Root Mean Square Devia-
tion (RMSD) of 0.190A for 60 C « positions. Overall, Dali server highlights
that the predicted structure of the PlyB221 SH3 domains is very similar
(RMSD: 1,156 A between 39 pruned atom pairs) to that of the SH3 domains
of LysPBC5, the endolysin encoded by the B. cereus PBC5 phage (Figure
5.2 D), for which crystal structure indicated that the CBD binds to glycan
strands of the peptidoglycan (PG) in a bidentate manner via distal S-sheet
motif of the tandem SH3 domains conferring the host specificity to the en-
dolysin [198].

The whole structure of PlyB221 was predicted by AlphaFold2 with high
confidence (predicted local distance difference test - pLDDT, above 80 which
is comparable to experimental results) with the only exception of the linker
regions (Figure D.3 D). The relative orientation of the different domains
has also to be interpreted with caution as shown by the Predicted Aligned
Error (PAE) metric (Figure D.3 E).

In silico analysis of EvoDit-Gp28

Further bioinformatic analyses of EvoDit-Gp28 confirmed the presence of
a Carbohydrate Binding domain (CBM) fold comprising 16 B-strands and
several long stretches and loops (Figure 5.3 A-C). The core of the structure
is a B-sandwich of 2 B-sheets, each gathering 6 -strands. The N- and C-
termini form two antiparallel B-strands (81 and 16) that join the CBM fold
to the rest of the protein. Dali server indicated that the predicted structure
of the EvoDit-Gp28 CBM fold is very similar (RMSD: 1,354A between 108
pruned atom pairs) to the CBM2 fold of Lactobacillus casei phage J-1 (Figure
5.3 D) [200]. Similarly to the J-1 CBM2 fold, Dali server highlighted a sig-
nificant EvoDit-Gp28 CBM hit with an acidic lectin (PDB ID: 1FAY, RMSD:
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2.8A) that has been co-crystallized with saccharides (i.e. methyl-alpha-D-
galactose), suggesting that the region involved in binding to bacterial sur-
face saccharides may be a cavity opposite to the N- and C-termini. The
whole structure of EvoDit-Gp28 was predicted by AlphaFold2 with high
confidence (pLDDT <90, Figure D.4 A) and even the relative orientation
of the different domains is predicted with high confidence (Figure D.4 B).
The N-terminus of the EvoDit-Gp28 (i.e. belt domain) is involved in the
formation of the hub structure of the Dit upon hexameric assembly (Fig-

ure D.4 C-D), the CBM supposedly pointing out of the structure for proper
interaction with the bacterial surface.

305 313 aa

A
L ) L )
Enzymatically Active Domain (EAD) Cell wall binding domain (CBD)
B. —AN—AANI/ N> AAN——3
al o2 Bl a3 adf2 a5 B3

pLDDT

D.
10l Mo

FE

Fig. D.3 In silico analysis of PlyB221. A. PlyB221 two domain organization de-
fined by BLASTp search. B. Predicted PlyB221 EAD secondary structure (a he-
lixes in green, 8 strands as orange arrows and disordered regions as grey lines) C.
Ribbon representations of EAD predicted structure. The domain boundaries pre-
dicted by AlphaFold2 is indicated with dotted lines. D. AlphaFold2 PlyB221 model
coloured in red-blue scale representing the pLDDT score for residue, with blue rep-
resenting low pLDDT and red high pLDDT E. Predicted aligned error for PlyB221.
Figures were generated with ChimeraX (Pettersen et al, 2021).
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galectin

Fig. D.4 In silico analysis of EvoDit-Gp28. A. AlphaFold2 EvoDit-Gp28 model
coloured in red-blue scale representing the pLDDT score for residue, with blue
representing low pLDDT and red high pLDDT. B. Predicted aligned error (PAE) for
EvoDit-Gp28. C. Ribbon representation of EvoDit-Gp28 with domains colouring;:
belt in blue (aa 1-121), galectin in dark grey (122-182 / 436-495) and CBM in pink (aa
182-435). D. Surface representation of EvoDit-Gp28 hexameric assembly predicted
by Symmdock (top view) and ribbon representation of one EvoDit-Gp28 monomer.
Figures were generated with ChimeraX [?](Pettersen et al, 2021).

Gel of purified phage proteins

A. B
72
55 — W G
43 —

Fig. D.5 SDS-page gel of purified 6His::EvoDit-Gp28 (62,6 kDa - Al
6His::GFP::PlyB221_CBD (50,5 kDa - B.). Proteins were expressed in E. coli
BL21(DE3) and purified using affinity techniques (Ni-NTA columns) thanks to their
hexa-histidine tag. Relevant protein sizes (kDa) are shown on the left.
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PlyB221 capture biointerface on NC membrane

3D CLSM images of the membrane were acquired without (Figure D.6 A)
and with bacterial cell incubation (Figure D.6 B) to serve as control. 3D
images of the membrane structure makes it possible to observe in detail
the preferential choices of location for bacterial capture as a result of the
size of the pores in the membrane and its morphology.
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Fig. D.6 3D image of the functionalized NC membrane surface A. without and
B. with incubated, washed and captured bacterial cells, built from Z-stack CLSM
images on 15 ym height.
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4.6 AuNP-EvoDit-Gp28 as specific detection biointerface

4.6.1 Results of the gold aggregation test

Figure D.7 depicts the results of a gold aggregation test for 40-nm diame-
ter AuNPs and purified EvoDit-Gp28 phage binding proteins. (a-c) Photos
of the resulting gold aggregation test. The color gradient after addition
of salt to the different EvoDit-Gp28 concentrations incubated with AuNPs
indicates the aggregation for AuNP coated with a too low protein con-
centrations. (d-f) UV-vis spectra obtained for the different tested condi-
tions. It is important to note that the peak position for stable conjugates
will be slightly shifted to higher wavelengths (in this case, 528 nm) due
to different optoelectronic properties of the conjugates (AuNPs + EvoDit-
Gp28) compared to that of bare AuNPs (in this case, 520 nm), see Figure
5.8 E. The higher the calculated value the narrower the peak, indicating
more monodispersed AuNPs. On the contrary, lower and broader peaks
indicates aggregation of the AuNPs. (g-i) Bar charts, relative to the pho-
tos in a-c and the spectra in d-f, obtained by subtracting the absorbance
value at 520 nm from the one at 580 nm for each concentration (i.e. on
each recorded curve). This analysis allows for estimation of the minimum
EvoDit-Gp28 concentration to give stable conjugates. In this case, the pH
showing the best optical properties of the conjugate (i.e. low aggregation)
is 8, and the lowest EvoDit-Gp28 concentration showing retained optical
properties of the conjugated AuNPs is 80 ug/mL. (Abs, absorbance; a.u.,
arbitrary units.)
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Fig.D.7 Gold aggregation test for 40-nm AuNPs and EvoDit-Gp28 phage binding proteins. Description in Appendices D section

4.6.1.
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4.6.2 AuNP labelling of B. cereus cells

Fig. D.8 STEM images of bacterial cells incubated with AuNP conjugates, with-
out glutaraldehyde fixation. The bacterial residues on the pictures prevent the
proper AuNP discrimination on the bacterial surface and provide a highly in-
homogeneous background, complicating the image analysis process. This problem
was solved by bacterial cells fixation with glutaraldehyde.

AuNP labelling quantification

Here, we detail the computations of the number of AuNP attached to the
bacterial cells from the STEM images in section 5.4.3, showing incubated
bacterial cells with different AuNP concentrations. For simplifications, and
because results from Table 4.3 obtained by our UV-vis measurements may
be more approximate to the actual number densities of AuNPs than the
ones performed in industrial facilities with calibrated protocols (see Ap-
pendices 3.3.2), the nanoparticle number density from the BBI tables are
used (Table 4.3). From their optical densities, the number density of par-
ticles of 40 nm AuNP of OD 1, 4 and 9 is approximately equivalent to
~9x 10", ~ 4 x 10" and ~ 9 x 10" AuNP/mL.
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For the STEM imaging experiments, samples were prepared by incu-
bation of 150 uL of overnight bacterial suspensions and 35 uL of AuNP
conjugates at the OD of interest. The number of bacteria and AuNPs in
the samples are reported on Table 5.1. Since the mean surface area covered
by the AuNPs on the bacterial surface was quantified with image analysis
software (ImageJ) from the STEM images, the number of AuNP per bac-
teria can be computed by dividing this mean surface area by the visible
surface area of a single 40-nm AuNP on the pictures, which is 4 * 7 * 202
= 1256 nm?. These results are reported on Table 5.1 for each AuNP OD
condition.

Since 150 uL of overnight bacterial suspensions at 107 CFU/mL were
incubated with the AuNP conjugates, it means that the total number of
AuNP that have bound to bacteria during incubation is approximately 1.5
%106 bacteria multiplied by the mean number of AuNP bound to the bac-
terial surface. The proportion of the initial AuNP solution in the sample
that have bound during the incubation is directly derived from the initial
number of AuNP in the sample and the the number of bound AuNP, and
reported in Table 5.1.
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Saline solution Rnc [£2] Cnc [pFl Chacking [PF]
cNact [mol/L] Mean (y) £s.d. () Mean (u) = s.d. (0)
107° 202 923 + 4855 9.028 £ 0.071 100
1074 191 393 + 2426 8.336 £+ 0.024 100
5x 1074 164 160 + 7400 8.819 + 0.123 100
1073 105 279 + 3813 10.32 +£0.13 100
5x 1073 55512 + 322 11.85 £ 0.051 100
1072 23 422 + 2096 16.08 + 0.397 100
1071 2165 + 76 19.75 4+ 0.431 100

Table E.1  Results from the fitting of impedance data (Figure 6.6) to the simple
electrical equivalent model used for the parallel-plate setup. All fit were accurate
(R? < 0.2). Mean (i) + standard deviation (s. d.) on twelve measurements from
two independent experiments.

Biological solution Ryc [£2] Cnc [pF] Cracking [PFI
Mean (y) £s.d. (c) Mean (u) £ s.d. (0)

PBS:1000 156 313 + 1580 8.223 + 0.025 100

B.  thuringiensis 118 317 £ 2426 9.312 + 0.018 100

108 CFU mL~!

Table E.2 Results from the fitting of impedance data (Figure ??) to the simple
electrical equivalent model used for the parallel-plate setup. All fit were accurate
(R? < 0.2). Mean (u) £ standard deviation (s. d.) on twelve measurements from
two independent experiments.
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6.1 Implementation

6.1.1 Sensor response with and without NC membrane backing

The accommodation of non-Faradaic impedance measurements on a func-
tional LFA suggested to favor the use of a plug-and-play, reusable electrode
setup similar to the parallel-plate explored in chapter 6. The resulting setup
is depicted on Figure 7.8. The integration of the LFA to this setup forces us
to question the applicability of the backing currently applied under the
membrane for its structural support to allow sensitive detection via direct
access of the probes to the test areas of the membrane.

In section 7.4, the response of the prototype impedance LFA with and
without backing of the NC membranes towards changes in the fluid re-
sistivity was studied and modelled and reported on Figure F.1. In order
to provide sensitivity to the labels and analytes within the LFA, which are
supposed to modify Rj g4, a setup with unbacked nitrocellulose membrane
was selected.
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Fig. E1 Comparison of impedance measurements on backed and unbacked NC membranes. Each red- or blue-ish curve repre-
sent an independent tested device, either with deionized water of PBS solution. Each device was tested minimum 3 times (n = 3).
The displayed curves represent the mean of these n measurements, and the error bars represent the standard deviations.
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6.2  Variability analysis of electrode pairs and LFAs
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3 4500 — 2500 " 2500 ; 2500 i

7 lDIwéter

4000 m ABS
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E 13000/ ]
3 1500 | 11500 11500 |
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3 2000 - ]
g 1000 11000} 11000
® 11500 | ]
g
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500 |

0 0 0 0

Fig. E2 Intrinsic variability (intra-variability) for impedance measurements on
LFA soaked with PBS buffer and DI water with the same electrode pair. 5 measure-
ments (n = 5) were performed on independent LFAs with the same electrode pair.
The difference between the LFA was more seen with high resistivity electrolyte (DI
Water). Each measurement was performed after 15 min of an operating LFA filled
with the buffer.
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Fig. E3 Variability between different electrode pairs (inter-variability) was as-

sessed by impedance measurements of independent LFAs (n = 5) soaked with DI
water, after 15 min of LFA operation. These measurements showed difference in

the absolute measured impedance from the two electrode pairs, and in their respec-

tive intrinsic variability, highlighting the complexity of direct comparison between

measurements resulting from two electrode pairs.
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6.3 Calibration

Flow in LFA with and without pinza

30
— Neutral
——error

25+ — Pinza ]
——error
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—
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0 I I
0 5 10 15 20
Front distance [mm]

Fig. F4 Flow velocity in LFA first seconds, with and without the cassette contain-
ing the gold electrodes.
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6.4  Control of LFA electro-fluidic properties

6.4.1 Coupling optics and impedance highlights fluid mixing in LFAs

20

PBS PBS: PBS PBS PBS ‘PBs:1odo‘
1000 :1000

T T
Conventional LFA

o

9 @100kHz []
5

_1 00 1 1 1 1
0 20 40 60 80 100 120 140 160 180
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Fig. E5 Impedance sensing of successive buffers in conventional LFA : evolution
of the phase angle.
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6.4.2 Engineered LFA device characterization with model fluids

PBS:1000 PBS:1000__ _PBS:1000
PBS l PBS | PBS
T - —

End of flow mix'ing

o

9 @100kHz ]

1 1 1 1 1 1 1 1

40 60 80 100 120 140 160 180 200
Time [min]

Fig.F.6 Characteriation of the engineered LFA design for efficient control on ionic
content. This is reflected in the impedance response, which is driven by the addi-
tion of the buffer in a much more precise way than for conventional LFA (depitced
on Figure 7.16). Therefore, adequate washing steps are possible to implement with
this setup.
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Fig. F7 Characterization of the engineered LFA design for efficient control on
ionic content. This is reflected in the impedance response, which is driven by the
addition of the buffer in a much more precise way than for conventional LFA (de-
pitced on Figure 7.16. Therefore, adequate washing steps are possible to implement
with this setup.

284 |



Towards the specific impedimetric detection of AuNPs in LFA |
6.5

6.5 Towards the specific impedimetric detection of AuNPs in LFA

First detection results
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Fig. E8 First results of AuNP impedance detection (impedance modulus).
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Fig. F9 As negative control for the impedance detection of the AuNPs, we re-

moved the conjugated AuNP from their running buffer, which was then used as a
buffer for the LFA. Impedance phase angle.
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